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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  

• The ACQ-to-AIE transformation was 
successfully realized. 

• The mechanism of ACQ-to-AIE trans
formation was discussed in detail. 

• AIE-active DCC can be prepared in large 
scale and high-yield. 

• DCC shows the matching fluorescence 
peak with crop absorption. 

• DCC shows excellent photostability in 
doping film.  
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A B S T R A C T   

Low cost and strong fluorescence emission are two important guarantees for luminogens used as light conversion 
agents. By one-pot multicomponent approach and inexpensive starting materials, three dicyanopyridine (DP) 
derivatives named as DCP (2-amino-6-methoxy-4-phenylpyridine-3,5-dicarbonitrile), DCO (2-amino-6-methoxy- 
4-(4-methoxyphenyl) pyridine-3,5-dicarbonitrile) and DCC (2-amino-4-(4-cyanophenyl)-6-methoxypyridine-3,5- 
dicarbonitrile) were designed and synthesized. 

Meanwhile, the ACQ-to-AIE transformation was successfully realized by altering substituent groups rather 
than traditional rotor–stator theory. Based on crystal analysis and theoretical calculations, the ACQ-to-AIE 
transformation is attributed to the tunable stacking modes and intermolecular weak interactions. Owing to 
matched fluorescence emission, low lost, high yield, and AIE activity, DCC is used as light conversion agents and 
doped in EVA matrix. The light conversion quality confirms that DCC can not only convert ultraviolet light, but 
also significantly improve the transmittance of 25 %/40 % EVA, whose photosynthetic photon flux density at 
400–500 nm and 600–700 nm increased to 30.67 %/30.21 % and 25.37 %/37.82 % of the blank film, respec
tively. After 20 h of UV irradiation (365 nm, 40 W), the fluorescence intensities of DCC films can maintain 92 % 
of the initial values, indicating good photostability in the doping films. This work not only provides an excellent 
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and low-cost light conversion agent, but also has important significance for ACQ-to-AIE transformation of 
luminogens.   

1. Introduction 

The study found that α-Carotene, lutein, chlorophyll a and chloro
phyll b play a decisive role in photosynthesis of plants [1–4]. Further
more, α-Carotene and lutein have strong absorption in the blue-violet 
light (430–480 nm) region, and chlorophyll a and chlorophyll b have 
two strong absorption bands in the blue-violet light (430–480 nm) and 
red light (600–700 nm) regions [5–13]. Thereby, we know that not all 
sunlight is beneficial for plant photosynthesis. Among of sunlight, the 
ultraviolet light below 380 nm is harmful to crop growth, while the 
green light at 500–580 nm is basically not absorbed [14,15]. Based on 
the theory of photoecology and light conversion effects, light conversion 
agent can convert ultraviolet light and yellow-green light into blue- 
violet light and red–orange light required for plant photosynthesis, 
which not only reduces plant diseases and insect pests, but also boosts 
crop growth, improves crop quality and shortens crop growth cycle 
[16–21]. The main evaluation criteria of light conversion agents include 
excellent spectral matching, persistent photostability, high trans
mittance, good compatibility and low cost [22]. At present, among all 
kinds of light conversion agents, inorganic salt light conversion agents 
have good high-temperature resistance and are easy to prepare and 
store, but their compatibility with organic film resin is poor, and their 
crystallinity is high, which easily leads to uneven dispersion and poor 
transmittance. Organic complexes have high luminous efficiency, good 
photothermal stability, and good compatibility with polymer matrix, but 
whose disadvantages lie in narrow convertible spectra, cumbersome 
preparation, and high costs. Owing to good resin compatibility and 
adjustable emission wavelength, organic fluorescent dyes have attracted 
more and more attention as light conversion agents [23–26]. However, 
large scale applications of organic fluorescent dyes are still limited due 
to complex preparation process, high costs, and easy photobleaching/ 
photodegradation [22,27]. 

To solve the above problems, it is urgent to seek and design lumi
nogens with short synthesis routes, high yield, and aggregation induced 
emission (AIE) characteristic [28,29]. On the one side, developing 
simpler methods to prepare light conversion agents is one of the key 
research areas in the entire field of light conversion films. Multicom
ponent reactions (MCRs) have been widely used in the synthesis of 
bioactive compounds in heterocyclic, pharmaceutical, and combinato
rial chemistry due to their advantages such as short reaction time, high 
yield, and simple treatment procedures [30–32]. In the past decade, 
multi-component reactions have been considered an important tool in 
organic chemistry because they can synthesize novel small molecular 
materials with excellent application performance. More importantly, the 
short synthesis routes and high yield are beneficial to reduce the cost 
[33–35]. On the other side, AIE luminogens can emit strong fluorescence 
in the aggregated state, and thereby enhance light conversion efficiency. 
According to the reported literatures [36–38], some 3, 5-dicyanopyri
dine (DP) derivatives can be constructed by one-pot multicomponent 
approach and inexpensive starting materials, but it still needs some 
harsh reaction conditions due to the presence of sodium methoxide[39]. 
Moreover, DP derivatives are typically used as a corrosion inhibitor and 
drug, but the corresponding optical performance is rarely explored. 
Generally, AIE luminogens are constructed based on the concept of rotor 
and stator, whose propeller-like or twisted molecular configurations can 
suppress intermolecular π-π interactions, thereby avoiding aggregation 
induced quenching (ACQ) [40]. Different from traditional concept of 
rotor and stator, changing electronic effect of substituent groups can 
adjust intramolecular charge transfer and further trigger different 
intermolecular stacking mode in theory, thus achieving a transformation 
between ACQ and AIE [41–44]. It is worth mentioning that introducing 

different substituent groups is a faster and convenient mode compared 
with traditional rotor and stator. However, this ACQ-to-AIE trans
formation mode was rarely reported before. 

As shown in Scheme 1, here highly substituted pyridine derivatives, 
named DCP with neutral functional group (H), DCO with electron- 
donating functional group (-OMe), and DCC with electron- 
withdrawing functional group (–CN) were obtained through an effi
cient one-pot multicomponent reaction [39,45,46]. The synthesis pro
cess uses aqueous sodium hydroxide solution instead of sodium 
methoxide, and it can be found to have the characteristics of simple 
synthesis steps, low cost, and high yield. From electron donating sub
stituents (OMe) to hydrogen, to electron withdrawing substituents (CN) 
[47], ACQ-to-AIE transformation is successfully realized, which is 
mainly attributed to different intermolecular interactions and the 
resulting distinct intermolecular stacking modes. By selecting 25 % 
ethylene vinyl alcohol copolymer (EVA, polyvinyl alcohol accounts for 
25 % of the weight of the EVA copolymer) and 40 % EVA (polyvinyl 
alcohol accounts for 40 % of the weight of the EVA copolymer) as the 
doping matrix, various doped films were prepared [48–50]. Taking 
advantage of strong intramolecular and intermolecular hydrogen bonds 
of EVA, the diffusion of oxygen into the light conversion film can be 
effectively inhibited, and thereby yielding excellent photostability 
[51,52]. Crystal analysis combined with theoretical calculations, as well 
the tests of absorption spectra, emission spectra, AIE activity, photo
stability, and light conversion quality, luminescence performance and 
the corresponding intrinsic mechanism were discussed in detail. 

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 DMSO as the solvent in all cases. 
UV–vis absorption spectra were obtained on a MaPada UV-3200PCS 
spectrophotometer. Fluorescent emission spectra were obtained on a 
Hitachi F-2500 fluorescence spectrophotometer. MALDI/HRMS was 
recorded on an UltrafleXtreme MALDI-TOF/TOF mass spectrometer 
(Bruker, Germany). Single-crystal X-ray diffraction data were collected 
by Oxford Diffraction Xcalibur Eos diffractometer equipped with an Eos 
detector and operating graphite monochromated MoKα radiation (λ =
0.71073 Å). Thermal stability was determined by thermogravimetric 
analyzer (TGA, SDT Q600) over a temperature range of 20–1000 ◦C at a 
heating rate of 10 ◦C min− 1 under N2 atmosphere. 

2.2. Materials 

All the chemicals and reagents used in this study were of analytical 
grade without further purification. In general, all the intermediates and 
final compounds were purified by column chromatography on silica gel 
(200–300 mesh), and crystallization from analytical grade solvents. 
Reactions were monitored using thin layer chromatography (TLC). The 
synthetic methods of target compounds were shown as Scheme 1. 

2.3. Synthesis procedures 

2.3.1. 2-amino-6-methoxy-4-phenylpyridine-3,5-dicarbonitrile (DCP) 
To a stirred mixture of benzaldehyde (3.0 mmol) and malononitrile 

(6.0 mmol) in aqueous methanol (60 %, 20 mL), sodium hydroxide (3.5 
mmol) was added at room temperature. After the reaction was 
completed as monitored by TLC using ethyl acetate: hexanes 1:2, the 
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precipitate of desired products was filtered, dried, and recrystallized 
from methanol. A yellow solid was obtained in yield of 84 %. mp 
251.2–251.9 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.16 (s, 2H), 7.54–7.45 
(m, 5H), 3.93 (s, 3H) (Fig.S1†). 13C NMR (100 MHz, DMSO‑d6) δ 166.23, 
161.64, 161.24, 134.59, 130.75, 129.14, 128.82, 115.92, 115.50, 83.88, 
83.71, 55.22 (Fig.S2†). HRMS (MALDI-TOF): m/z 273.0749 [[M + Na] 
+, calculated 273.0747] (Fig. S3†). 

2.3.2. 2-amino-6-methoxy-4-(4-methoxyphenyl) pyridine-3,5- 
dicarbonitrile (DCO) 

A yellow solid (2.64 g) was obtained in 87 % yield. mp 
233.2–233.7 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 7.93 (s, 2H), 7.48 (d, J 
= 9.7 Hz, 2H), 7.12 (d, J = 8.7 Hz, 2H), 3.97 (s, 3H), 3.85 (s, 3H) (Fig. 
S4†). 13C NMR (100 MHz, DMSO‑d6) δ 166.36, 162.39, 161.24, 160.92, 
130.23, 126.51, 117.32, 115.76, 114.52, 85.04, 55.82, 55.17 (Fig.S5†). 
HRMS (MALDI-TOF): m/z 303.0853 [[M + Na] +, calculated 303.0853] 
(Fig. S6†). 

2.3.3. 2-amino-4-(4-cyanophenyl)-6-methoxypyridine-3,5-dicarbonitrile 
(DCC) 

2.58 g of yellow solid was obtained in 83 % yield. mp 
262.5–263.4 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.27 (s, 1H), 8.08 (d, J 
= 8.2 Hz, 4H), 7.76 (d, J = 8.3 Hz, 4H), 7.35 (s, 1H), 4.12 (s, 1H), 3.98 (s, 
7H) (Fig.S7†). 13C NMR (100 MHz, DMSO‑d6) δ 166.64, 162.71, 158.73, 
140.82, 133.58, 130.02, 117.89, 116.33, 115.17, 112.21, 83.74, 81.88, 
54.51 (Fig.S8†). HRMS (MALDI-TOF): m/z 298.0698 [[M + Na] +, 
calculated 298.0700] (Fig. S9†). 

2.4. Preparation of light conversion films 

Dissolve 25 % EVA (defined as EVAa) /40 % EVA (defined as EVAb) 
(1 g) and DCP (0.01 g) in a round bottom flask with 15 mL THF, then 
place in an ultrasonic oscillator for 3 h, and mix evenly. Pour the mixture 
onto a glass plate and spread it quickly with a glass rod. Finally, put the 
film into a fume hood until THF is completely volatilized to obtain 
corresponding DCP (1 % mass fraction) light conversion films, named 
DCP@EVAa/DCP@EVAb film. According to this method, other light 
conversion films were obtained. 

3. Results and discussion 

3.1. Preparation and photo-physical properties in solution 

As shown in Scheme 2, preparation of DCP, DCO and DCC went 
through five intermediate processes. The yields of three compounds are 
basically the same, indicating that the electronic effects of OMe and CN 
groups did not affect the reaction process. For DCP, 1H NMR spectrum 
showed the presence of a singlet signal at δ 3.93 characteristic of OCH3 
group. It also exhibited a doublet signal at δ 7.50 for five aromatic 
protons and a singlet signal at δ 8.16 for the amino group (Fig. S1). 
Meanwhile, 13C NMR spectrum of DCP exhibited signals of the methoxy 
and nitrile carbons at δ 55.22, 115.50, 115.92 in turn, while the pyridine 
C-3 and C-5 appeared at δ 83.71 and 83.88 (Fig. S2). DCO and DCC 
provided similar structural features, and molecular structures of DCP 
and DCC were further confirmed by single crystal diffraction. The 
UV–vis absorption and fluorescence spectra of DCP, DCO and DCC in 
various organic solvents (1 × 10-5 mol/L) were investigated, as shown in 
Fig. 1 and Table S1†. The three dyes have two strong absorption bands at 
230–300 nm and 300–400 nm, which are attributed to π-π* transitions 
and intramolecular charge transfer (ICT) states, respectively. With the 
increase of the polarity of the solvents, the absorption maxima of the 
three dyes change slightly, but their emission maxima continue to red 
shift from Tol, DCM to DMSO, which is due to be a larger dipole moment 
in the excited state relative to the ground state. In the same solvent, it is 
noteworthy that emission maxima gradually redshift from DCP, DCO to 
DCC, which may be related to enhanced ICT effect in turn. Besides, DCP 
and DCO show the maximum absorption wavelength in Tol, illustrating 
stronger conjugation for two luminogens in Tol than DCM and DMSO, 
but for DCC in DMSO rather than Tol [53], which is plausible to asso
ciate the above phenomenon with different electronic effects of sub
stituents, although fully understanding the exact mechanism remains a 
challenge. The relative fluorescence quantum yields (PLQYs) of DCP, 
DCO and DCC were determined in Tol, DCM and DMSO by using quinine 
sulphate as the reference, and the resulting photophysical parameters 
were listed in Table S1. Overall, PLQYs of three compounds are not high 
in solution, which may be due to the rotational and vibration between 
the pyridine ring and the benzene ring. 

Scheme 1. Synthesis, ACQ-to-AIE transformation, mechanism, and application of dicyanopyridine derivatives.  
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3.2. Aggregation-induced emission 

To investigate the emission characteristics of DCP, DCO and DCC, the 
fluorescence emission spectra of three dyes were tested in THF-H2O 
mixed solution with different water fractions (fw, from 0 % to 90 %, v/v). 
Fig. 2 shows the fluorescence intensities of DCP and DCO decrease 
rapidly with the increase of fw, confirming obvious ACQ effect. Different 
from DCP and DCO, DCC shows apparent AIE behavior, whose fluores
cence intensity gradually enhances as fw increases from 0 % to 40 % and 
from 50 % to 90 %. To further explore the internal mechanism of ACQ 
and AIE behavior, emission maxima of three dyes were also analyzed. 
When fw increases 20 %, emission maxima of DCP shows obvious blue 
shift, and then present continuous shocks, which is difficult to give a 
clear explanation for the above phenomenon by the change of solvent 
polarity and the formation of aggregated state. Different from DCP, 
emission maxima of DCO continues to redshift with the increase of fw 
from 0 to 70 %. Subsequently, rapid blueshift can be observed at fw from 
80 % to 90 %. As speculation, the former may be due to the increased 
solvent polarity, resulting in the enhancement of ICT effect, while the 
latter should be attributed to aggregated state. Interestingly, emission 
maxima of DCC firstly red shift as fw increases from 0 % to 40 %, which 
may be due to the increase of solvent polarity. Then emission maxima 
blue shift sharply, suggesting the formation of aggregated state [54,55]. 
The similar molecular structure yields significantly different optical 
properties, which should be attributed to the push–pull electronic ability 
of the substituent group (OCH3 and CN) and different intermolecular 
stacking modes. The further intrinsic mechanism needs to be discussed 
by crystal analysis and theoretical calculation. 

3.3. Single-crystal analyses 

To ascertain the internal mechanism of ACQ-to-AIE transformation, 
DCP (CCDC 2268953) and DCC (CCDC 2268954) crystals are analyzed, 
as shown in Fig. 3. crystal DCP is a triclinic system with the space group 
P-1, in the unit cell two molecules adopts head to tail antiparallel 
stacking mode. There is a strong tendency to establish π-π stacking in
teractions between pyridine units, whose plane to plane (Cp-Cp) and 
centroid to centroid (Cg-Cg) distances are 3.647 Å and 3.909 Å respec
tively. It is widely known that that π-π stacking often causes fluorescence 
reduction or quenching, which is consistent with the ACQ characteristics 
of DCP. Furthermore, DCP shows distorted molecular configurations 
with and dihedral angle of 58.89◦ between benzene ring and pyridine 
unit, and neighboring molecule generate varied intermolecular 
hydrogen bonds and weak intermolecular interactions. By contrast, DCC 
has very different molecular packing from DCP, in the unit cell four 
molecules divided into two groups adopt antiparallel stacking modes, 
but no π-π stacking interactions are found. Compared with DCP, DCC 
show more and stronger (2.254 and 2.333 Å) intermolecular hydrogen 
bonds and weak intermolecular interactions, and twist of molecular 
configuration slightly increased, whose dihedral angle between benzene 
ring and pyridine unit increases to 59.17◦. Thereby, strong 

intermolecular interactions and lack of π-π stacking can be responsible 
for AIE behavior of DCC, while similar molecular conformations are 
independent of ACQ-to-AIE transformation. 

3.4. Theoretical calculation 

To further explain the inherent mechanism of ACQ-to-AIE trans
formation, theoretical calculation of DCP and DCC were accomplished 
by extracting single crystal structures, which were fully reoptimized by 
employing Gaussian16 program package at PBE-def2svp level. The 
corresponding excited state and energy calculations were performed at 
PBE0-def2tzvp level and optimized by using dispersion correction. For 
comparison, ground state and excited state of DCP and DCC monomer 
were firstly investigated (Table 1 and Fig. 4). The results show that DCP 
and DCC have similar molecular configuration, whose dihedral angles 
between ring A and B are about 55◦ in the ground state. When molecule 
transitions to the excited state from the ground state, DCP and DCC 
present more planar molecular configuration. The dihedral angle of ring 
A-B is reduced to 40◦ and 0◦ for DCC and DCP respectively, meanwhile, 
B ring of DCP gives 25◦ bending. Furthermore, both DCP and DCC show 
intramolecular charge transfer characteristics, and electron density 
distribution of the highest occupied molecular orbital (HOMO) is mainly 
concentrated on B-ring of DCC and DCP, but electron density distribu
tion of the lower unoccupied molecular orbital (LUMO) is distributed 
over the whole molecule of DCC and DCP (Fig. 4b). The aggregated state 
molecule models of DCC and DCP were established by using the OMION 
method. As shown in Fig. S10, the dimer in the 3*3 supercell center are 
selected as the upper layer, which is optimized by adopting PBE-def2svp 
basis set, and the excited state calculations are performed with PBE0 
functional and def2tzvp basis set, while the remaining molecules are 
used as lower layers to freeze atomic coordinates, and the force fields of 
all atoms are fitted by using universal UFF method. The results showed 
that DCC and DCP molecules yield tiny conformational deformation 
from the ground state to the excited state, but their stacking modes 
present significant differences (Fig. S11). By comparison, DCP shows 
closer molecular stacking, whose centroid distances are 4.62 Å and 4.90 
Å respectively from ground state to the excited state, while the corre
sponding centroid distance increases to 6.61 Å from 6.02 Å for DCC. 
Subsequently, intermolecular noncovalent interactions were carried out 
by interaction region indicator (IRI) analysis. The blue, green and red 
regions represent intermolecular strong, hydrogen bonding and weak 
interactions, and potential resistance in turn, and all isosurfaces were set 
to 1. As shown in Fig. 5, red area is absent in the calculation, and the 
blue regions are all located at the bonding site, while the green area is 
located between the surfaces of two face to face molecules. Compared 
with DCC, wider green areas can be observed in DCP dimer due to 
intermolecular π-π stacking occurring on DCP instead of DCC. Owing to 
intermolecular π-π stacking, the oscillator intensity (f) of DCP signifi
cantly decreases from molecule monomer to aggregated state, corre
sponding to ACQ characteristic of DCP. For DCC, the aggregation- 
induced enhancement activity was not found in the calculation, whose 
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Scheme 2. The reaction mechanism of DCP, DCO and DCC.  
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f dropped to 0.059 from 0.097 rather than increased possibly due to the 
existence of weak interactions between DCC molecules in the above 
calculation model (Table 1). Even so, the above-mentioned theoretical 
calculation methods are expected to be used to predict fluorescence 
emission trend of the same series luminogens from single molecule to 
aggregated state. 

3.5. Light-conversion quality 

The doped films were prepared by dissolving DCP/DCO/DCC and 
EVAa/EVAb at a weight ratio of 1:100. For convenience of description, 
DCP@EVAa and DCP@EVAb are defined according to the light con
version agent and doped matrix. Based on the above rule, other doped 

films are named as DCO@EVAa, DCC@EVAa, DCO@EVAb and 
DCC@EVAb in turn. Under UV radiation, DCP@EVAa and DCP@EVAb 
films emit deep blue fluorescence, whose emission wavelengths are 417 
nm and 400 nm respectively (Fig. 6 and Table S4†). Obviously, DCP is 
not suitable for use as a light conversion agent due to short emission 
wavelength. Interestingly, both DCO with electron donating group 
(OMe) and DCC electron withdrawing group (CN) exhibit bathochromic- 
shift fluorescence emission. Moreover, emission maxima of DCO and 
DCC match with the absorption maxima of chlorophyll a and b very well 
in doping film. Furthermore, the light conversion quality of the doping 
films is measured and evaluated by using the HiPoint HR-450 analyzer, 
and the blank film without dye was chosen as a control. Fig. 6 shows 
DCC@EVAa and DCC@EVAb have the highest spectral intensity, while 

Fig. 1. Normalized UV–vis absorption spectra of (a) DCP, (c) DCO and (e) DCC in various solvents (solution concentration: 10 µM). Normalized fluorescence spectra 
of (b) DCP, (d) DCO and (f) DCC in various solvents (solution concentration: 10 µM, inset is the irradiation of different solvents under 365 nm UV illumination). 
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spectral intensity of DCO@EVAa and DCP@EVAa films increases 
slightly compared with that of blank film, which should be attributed to 
their AIE/ACQ characteristic. It is noteworthy that EVAb films exhibit 
higher spectral intensity and photon flux density (PFD) than the corre
sponding EVAa films, which should be because the increase of PVA units 
in EVAb is conducive to enhance transmittance of films and inhibit non- 
radiative energy loss of luminogens. Further research found that the 
spectral intensities of the DCC doped films were lower than that of the 
blank film before 400 nm, but they present significant enhancement 
compared to the blank film at 400–780 nm. In addition, not only did the 
blue-violet light (400–500 nm) significantly increase, but yellow green 
light (500–600 nm), red orange light (600–700 nm), and near-infrared 

light (700–780 nm) also significantly increased for DCC doped films 
than the blank film, indicating excellent ultraviolet light conversion 
performance and improved transmittance. More exactly, the photosyn
thetic photon flux density (PFD) of DCC@EVAa and DCC@EVAb films 
decreased by 5.51 % and 1.85 % compared to that of the blank film at 
380–400 nm respectively, but their PFD increased by 30.67 %, 30.21 % 
and 25.37 %, 37.82 % at 400–500 nm and 600–700 nm in turn (Fig. 7 
(b), (e) and Table S2†), indicating that DCC doped films have a signifi
cant improvement effect on blue-violet light and red orange light. It is 
worth mentioning that DCC doped films hardly change the ratio between 
blue-violet light and red orange light (Fig. 7 (c), (f) and Table S3†), 
which is also very important for the growth of many crops. 

Fig. 2. Fluorescence emission spectra of (a) DCP, (c) DCO and (e) DCC in THF-H2O mixtures with different water contents (solution concentration: 10 µM). 
Fluorescence intensity at emission peak, emission maxima and water fraction of (b) DCP, (d) DCO and (f) DCC. Solution concentration: 10 µM. (inset: images in THF- 
water mixtures with different fractions of water under 365 nm UV illumination). 
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3.6. Photostability and thermal stability 

From the above, AIE-active DCC is the best light conversion agent. 
Next, its photostability are investigated by enhancing ultraviolet radi
ation (365 nm, 40 w). Fig. 8 shows that the fluorescence intensities of 

the three EVAa films can maintain 94.65 %, 89.42 %, and 91.95 % of the 
initial values after 20 h of UV irradiation, indicating that the dicyano
pyridine derivatives have good photostability in the doping films. 
Compared with series EVAa, series EVAb have stronger fluorescence 
emission and smaller intensity fluctuation. We know that the polyvinyl 
alcohol unit in EVA copolymer can form strong intermolecular and 
intramolecular hydrogen bonds, inhibit non-radiative vibration and 
relaxation, and oxygen diffusion, thus improving the photostability and 
fluorescence intensity. 

Excellent thermal stability is a very important evaluation index for 
light conversion agent; thereby thermogravimetric analysis (TGA) of 
DCC was performed. It can be seen from Fig. 9 that the thermal 
decomposition process of DCC can be divided into two stages. The first 
stage shows a slow slope line between 201 ◦C and 412 ◦C, according to 
the weight loss; –CN is removed in this stage. The second stage occurs 
between 412 ◦C and 683 ◦C, whose rapid decomposition should be the 

Fig. 3. Molecular stacking mode of (a) DCP, (c) DCC and single crystal structure (b) DCP, (d) DCC.  

Table 1 
Fluorescence absorption, emission energy and oscillator strength of DCP and 
DCC.   

Eabs (eV)a fb Eem (eV)a fb 

DCP monomer  4.017  0.143  2.128  0.064 
DCC monomer  3.775  0.112  3.216  0.097 
DCP dimer  4.248  0.000  3.057  0.003 
DCC dimer  3.627  0.227  2.730  0.059 

a Eabs = Fluorescence absorption energy; Eem = Fluorescence emission energy. b 
f = Oscillator strength. 

Fig. 4. (a) Molecular configuration of DCP and DCC on ground state and excited state; (b) HOMO and LUMO diagrams of DCP and DCC on ground state.  
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result of decomposition, oxidation, and combustion. Overall, DCC can 
meet the application requirements of light conversion agent, and its 
initial decomposition temperature (Td) is up to 281 ◦C (Td is defined as 

the temperature at which the sample loses 5 % weight). 

Fig. 5. Intermolecular noncovalent interactions analysis by IRI maps (a) DCP, (b) DCC and (c) IRI comparison chart.  

Fig. 6. Normalized emission spectra of (a) and (b) DCP, DCO and DCC@EVAa/EVAb films (doping mass fraction: 1%); (c) Images of different doped films under 
UV light. 

Fig. 7. (a), (d) Light quality measured under blank and DCP, DCO, DCC@EVAa/b films; (b), (e) PFD of UV, visible and infrared light of blank and DCP, DCO, 
DCC@EVAa/b films; (c), (f) UV, visible and infrared light compositions of blank and DCP, DCO, DCC@EVAa/b films. 
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4. Conclusion 

In conclusion, three DP derivatives named as DCP, DCO and DCC 
were designed and synthesized by one-pot multicomponent approach, 
and they show obvious ICT effects in various solvents. By adjusting the 
electronic effect of substituents, the ACQ (DCP and DCO) to AIE (DCC) 
transformation was successfully realized. Crystal analysis and theoret
ical calculation indicate the ACQ-to-AIE transformation is attributed to 
different intermolecular stacking patterns. By contrast, DCC shows the 
strongest fluorescence emission and the best light conversion perfor
mance in doping films due to AIE activity. PFD of DCC@EVAa/EVAb 
films at 400–500 nm and 600–700 nm increased to 30.67 %/30.21 % 

and 25.37 %/37.82 % of the blank film, respectively. Obviously, DCC 
can not only convert ultraviolet light, but also significantly improve the 
transmittance of EVA films. More importantly, DCC exhibits excellent 
photostability and thermal stability in doping films, whose fluorescence 
intensities can maintain 92 % of the initial values after 20 h of UV 
irradiation (365 nm, 40 W), and its Td is up to 281 ◦C. Based on the 
convenient preparation, high yield, AIE characteristic, matched fluo
rescence emission, excellent light conversion quality, as well 
outstanding photostability and thermal stability, DCC has the potential 
to become an excellent light conversion agent, while successful ACQ-to- 
AIE transformation by adjusting the electronic effect of substituents will 
provide a new way for construction of AIE materials. More importantly, 
fluorescence emission trend of luminogens from single molecule to 
aggregated state are expected to be predicted by the above-mentioned 
theoretical calculation model. 
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