
Results in Optics 7 (2022) 100228

Available online 8 March 2022
2666-9501/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

A novel star-shaped Schiff base compound: Synthesis, properties and 
application in w-LEDs 

Wenyan Fang b, Zhi Cao c, Qiman Liu b, Yihan Chu b, Hanfei Zhu b, Weiwei Zhou b,*, 
Jiaxiang Yang a,* 

a College of Chemistry & Chemical Engineering, Key Laboratory of Functional Inorganic Materials of Anhui Province, Anhui University, Hefei 230039, PR China 
b School of Chemistry and Materials Engineering, Huainan Normal University, Anhui, Huainan 232038, PR China 
c Materials Research Institute of Athlone Institute of Technology, Athlone, Ireland   

A R T I C L E  I N F O   

Keywords: 
α-cyanostilbene derivative 
Star-shaped Schiff base 
white light-emitting diodes (w-LEDs) 

A B S T R A C T   

A novel star-shaped Schiff base compound (3) was designed, synthesized and characterized. The thermal stability 
of 3 was measured. The photophysical properties and solvent effects of 3 were investigated and further analyzed 
by density functional theory (DFT). The LEDs of 3 were made, and white light was obtained. The results indicate 
that as-synthesized compound 3 has high thermal stability, favorable fluorescence emission in both solution and 
the solid states (i.e. dual-state luminescence), in addition, the solid of 3 may be used for white light-emitting 
diodes (w-LEDs) due to its favorable fluorescence emission and high thermal stability.   

1. Introduction 

White light-emitting diodes (w-LEDs) show a lot of merits, such as 
energy conservation, environmental protection, high luminous effi
ciency (LE), and long service life, it has increasingly gained popularity in 
industrial production and human living (Pust et al., 2015). The 
phosphor-converted w-LED (PC-WLED) is the most popular approach to 
produce white light. The typical PC-WLED composed of blue chip and 
yellow phosphor has a simple, compact, and robust architecture 
featuring a high LE. However, it suffers from a poor color rendering 
index (CRI) and a cool correlated color temperature (CCT) (Cho et al., 
2017). A w-LED with better photometric and colorimetric performances 
is favorable and desirable. In addition, different applications, e. g. 
general illumination, backlighting in liquid–crystal displays (LCD), (Li 
et al., 2018) high-power laser lighting, (You et al., 2021) lamps for 
greenhouse crop growth, (Li et al., 2020) exert different requirements on 
the emission position and profile of the phosphors. Therefore, numerous 
efforts are dedicated to developing highly efficient red/green/blue/ 
yellow phosphors compatible with the blue/near-ultraviolet LED chips 
(Wang et al., 2018; Ye et al., 2010). 

Even if an abundance of phosphors were exploited extensively with 
various spectral features in the past few years, they could be classified 
into two categories based on containing rare-earth (RE) elements or not. 
The former serves as the commercial mainstream products at the present 

stage. The classic representatives are red CaAlSiN3:Eu2+, green β-sialon: 
Eu2+ and yellow YAG:Ce3+ phosphors (Xia and Liu, 2016). Although 
excellent in comprehensive performance, they may encounter potential 
economic and environmental pressures induced from the process of 
mining and refining of the nonrenewable RE. Keeping it in mind, it is of 
great significance to seek alternatives with eco-friendliness, low cost and 
superior performance. The RE-free phosphors under consideration so far 
mainly involve the Mn4+/Mn2+-activated inorganic materials, (Zhou 
et al., 2018; Zhou et al., 2019) quantum dots (QD), (Won et al., 2019; He 
et al., 2020) perovskite, (Shao et al., 2019) organic (Kundu et al., 2020) 
and polymer luminescent materials; (Kim et al., 2020) as well as met
al–organic frameworks (MOF) (Wang et al., 2019; Lustig et al., 2020). 
Tremendous progress was achieved for these materials in recent years, 
and the preliminary device performances were demonstrated (Zhang 
et al., 2021). 

Compared with other materials, organic photoelectric functional 
materials have special advantages, such as definite molecular structure, 
easy to tailor, modify, functionalize, and high luminous efficiency, 
tunable photoelectronic properties, simple manufacturing process, easy 
purification processes, low cost and so on (Kundu et al., 2020; Liao et al., 
2020; Yuan et al., 2018; Zhang et al., 2018; Naqvi et al., 2021; Shen 
et al., 2020). Besides the advantages above, organic LEDs are glare-free. 
They can provide exceedingly homogenous illumination (Gather et al., 
2011). Hence, it is of great significance to synthesize organic 
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luminescent materials from low-cost raw materials to apply in w-LEDs 
by mild condition and simple operation course. Among organic com
pounds, Schiff bases are a category of compounds containing C––N 
groups. A variety of Schiff bases can be easily synthesized from a 
condensation reaction between different carbonyl compounds and pri
mary amines. Schiff bases have many advantages, such as easy synthesis, 
robustness against light and chemicals, remarkable photophysical 
properties. It can be used as a pigment, dye, fluorescent probes, elec
troluminescent devices, light-harvesting materials, and it can also be 
used as an intermediate to generate various derivatives (Kushwah et al., 
2019; Deng et al., 2020; Weng et al., 2020). However, the application of 
Schiff bases in w-LED is rarely reported (Fang et al., 2018; Beata et al., 
2020). Thus, in this paper, an organic small molecule compound 3 (a 
star-shaped α-cyanostilbene derivative Schiff base) was designed, syn
thesized and characterized by 1H NMR, MS and FT-IR. The thermal 
stability, optical performance and application in w-LEDs of 3 were 
studied. 

2. Experimental 

2.1. Synthesis 

The synthesis routes of intermediates (1, 2) and target product (3) 
are presented in Scheme 1. 

2.1.1. Synthesis of 1 and 2 
Intermediate 1 (triformylphloroglucinol) was synthesized by Duff’s 

reaction according to the literature method (Chong et al., 2003; Lu et al., 
2014). FT-IR (KBr, ν/cm− 1): 2920, 2897, 2851, 1643, 1599, 1433, 1390, 
1255, 1193.26, 1151, 968, 874, 819, 786, 608 (shown in Fig. S1). In
termediate 2 was synthesized by three steps as follow (Gupta et al., 
2018): Firstly, the 3-(4-hydroxyphenyl)-2-(4-nitrophenyl) acrylonitrile 
was synthesized by a typical Knoevenagel reaction from 4-hydroxyben
zaldehyde and 4-nitrophenylacetonitrile with the piperidine catalyst, 
then the nitro group was reduced to an amino group via a reduction 
reaction by using Na2S in 1,4-dioxane. Lastly, intermediate 2 was 

Scheme 1. The synthesis routes of compounds 1–3.  
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synthesized utilizing a typical Williamson reaction from 2-(4-amino
phenyl)-3-(4-hydroxyphenyl) acrylonitrile and 1-butylbromide in DMF 
and NaOH. 

2.1.2. Synthesis and characterization of target product 3 
Target compound 3 was easily prepared by the Schiff-base reaction 

(Jia and Li, 2015) from compounds 2 and 1 in absolute methanol using a 
catalytic amount of HOAc. The specific steps are as the following steps: 
Compound 1 (0.10 g, 0.48 mmol), 2 (0.46 g, 1.57 mmol) and three drops 
of glacial acetic acid were added in absolute methanol (20 mL). The 
mixture was stirred under reflux for about 48 h. Reaction progress was 
detected by thin-layer chromatography (TLC). The resulting solution 
was cooled to room temperature and then was filtered. The precipitate 
was washed several times with methanol and dried under vacuum. 
Finally, the yellowish solid target product 3 was obtained (0.37 g, yield: 
75%). FT-IR (KBr, ν/cm− 1): 2955, 2930, 2869, 2213, 1620, 1565, 1508, 
1453, 1283, 1235, 1175, 998, 829, 583, 531 (result is shown in Fig. S1). 
1H NMR (400 MHz, CDCl3, δ in ppm): 0.98–1.04 (m, 9H), 1.41–1.54 (m, 
6H), 1.67–1.78 (m, 5H), 3.58–4.03 (m, 7H), 6.46–7.25 (m, 20H), 
7.42–8.33 (m, 10H), 12.41–13.00 (m, 3H) (as shown in Fig. S2). MALDI- 
TOF-MS: m/z = 1033.212 (M + H), calc’d for C66H60N6O6 = 1032.219 
(M) (as shown in Fig. S3). It can be seen in Fig. S2 that the chemical shift 
of Schiff base 3 is more complex at 6–9 ppm and 12–14 ppm. This may 
result from the presence of keto-enol tautomer and the cis (Z) – trans (E) 
isomers of the C––C bond (Atzin-Macedo et al., 2020; Zbačnik et al., 

2017; Ogawa et al., 1998; Cembran et al., 2004). Compound 3 was found 
to be soluble easily in common organic solvents, such as benzene, 
tetrahydrofuran (THF) and chloroform, but is insoluble in ethanol, pe
troleum ether and water. 

3. Results and discussion 

3.1. 1. Thermal property 

It is common knowledge that good thermal stability is conducive to 
the application of organic materials. To estimate the thermal stability of 
3, thermogravimetric analysis (TGA) was performed under a nitrogen 
atmosphere at a heating rate of 10 ◦C min− 1, as presented in Fig. 1. It is 
clear that weight loss of 3 locates in the range of 365–498 ◦C, the tem
perature of 5% weight loss (Td) is at 367 ◦C, and the quickest decom
position temperature occurs at 396 ◦C (Kong et al., 2013; Fang et al., 
2017). The above data indicate that 3 possesses high thermal stability 
and is suitable for application in optical devices. 

3.2. Optical properties 

The photophysical properties of the THF solution and the solid of 3 
were evaluated, respectively. The spectra of UV–vis absorption and 
fluorescence are presented in Fig. 2. As seen in Fig. 2b, the target 
compound 3 possesses fluorescence emission in both the solution and 
solid states. The absolute emission quantum yields (ΦF) are 15.33% and 
2.11%, respectively (Fig. S5–6). The maximum emission peaks locate at 
492 nm and 571 nm, respectively. The emission wavelength maxima of 
solid 3 exhibits a considerable bathochromic effect of 79 nm compared 
with the one of 3 in solution. It is probably because the appropriate 
molecular packing mode of solid 3 restricts the intramolecular rotation 
and enhances the degree of the conjugation. 

Fig. 1. The TGA curve of 3 recorded under a nitrogen atmosphere at a heating 
rate of 10 ◦C ⋅ min− 1. Inset is DTG curves. 

Fig. 2. (a) UV–vis and (b) emission spectra of 3 in THF solution (c = 1.0 × 10− 5 M) and in the solid-state, excitation wavelength using the maximum absorption 434 
nm. The inset in (b) represents the fluorescence photographs of 3 in THF solution (1) and in the solid-state (2) under irradiation of 365 nm UV lamp. 

Table 1 
Photophysical parameters of compound 3 in various solvents.  

Compound Solvents λ[a]ab λ[b]em k (×104) [c] Δν [d] Δf [e] 

3 benzene 438 493  13.28 2547  0.0026 
DCM 436 491  14.19 2569  0.2185 
THF 434 492  13.77 2558  0.2097 
EA 430 487  14.62 2722  0.1997 
ethanol 429 529  8.05 4406  0.2903 
AN 426 489  8.76 3024  0.3055 
DMF 437 493  13.93 2599  0.2751 

[a] The wavelength of the maximum absorption. [b] The wavelength of the 
maximum emission, excited using the absorption maximum 434 nm, [c] 
Extinction coefficient (L ⋅ mol− 1 ⋅ cm− 1), [d] Stokes’ shift (cm− 1), [e] orientation 
polarizability. 
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As seen in Fig. 2a, two obvious absorption peaks are appeared at 365 
nm and 434 nm, respectively. The values of the extinction coefficients 
(k) of the two absorption peaks are both higher than 1 × 104 L ⋅ cm− 1 ⋅ 
mol− 1 (Table 1), which suggests that the electron transition of 3 is 
permitted. For a deeper understanding of the absorbing behavior of 3, 
theoretical calculations were performed using the density functional 
theory (DFT). Geometry optimizations and electronic properties of 
compound 3 were carried out at a theoretical level of the B3LYP/6-31G 
(d), and the electronic excitations related to the absorption spectra of the 
compound were performed using the time-dependent-DFT (TD-DFT) 
(Frisch et al., 2009). Among keto-enol tautomer and E-Z isomers, the 
enol structure is the most stable from the calculated results of model 

compounds (As can be seen in Fig. S4). The experimental and calculated 
values of the maximum absorption (λmax), oscillator strengths, and the 
major contributions of orbital and HOMO-LUMO energy gaps are pre
sented in Table S1, respectively. The calculated maximum absorptions of 
3 are 359 nm and 435 nm respectively, which is nicely consistent with 
the experimental result (365 nm and 434 nm) of the absorption spec
trum. From the investigations of the frontier molecular orbital (FMO) 
energy levels, the corresponding absorption band at the 365 nm is 
predicted to be a joint contribution combination of two electronic 
transition modes, H → L + 3 (65.8%) and H – 2 → L + 2 (12.6%), the 
band at the 434 nm is contribution combination of H → L (61.3%) and H 
− 2 → L (10.6%), which are probably attributed to the sum of π-π* and 

Fig. 3. The frontier molecular orbital levels and electron clouds distribution of compound 3.  

Fig. 4. UV–vis (a) and emission (b) spectra, solution concentration are all 1.0 × 10− 5 M, excitation wavelength using the maximum absorption 434 nm. Lippert- 
Mataga plot of compound 3 in different polarities solvents (c). Photograph of the fluorescence variation of 3 taken under UV irradiation in different solvents (d). 
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intramolecular charge transfer (ICT) transition, while the absorption 
peak at 365 nm corresponds to π-π* transition (Naqvi et al., 2021; Zhang 
et al., 2018; Bucinskas et al., 2015) photophysical properties of the THF 
To further understand the ICT processes, the DFT calculations were also 
used to research the electron cloud distributions of ground and excited 
states (Fig. 3). As shown in Fig. 3, as the main contribution FMO H → L of 
434 nm, the electron cloud of the highest occupied molecular orbital 
(HOMO) is mainly distributed on the one branch of conjugated moieties 
formed connecting the central benzene ring and α-cyano-substituted 
stilbene by C––N. The electron cloud of the lowest unoccupied molecular 
orbital (LUMO) is very concentrated on one α-cyano-substituted stilbene 
moieties because of the strong electron-withdrawing ability of –CN, less 
distributed on the central benzene ring, and as the main contribution 
FMO H → L + 3 of 365 nm, the distribution of electron cloud on H and L 
+ 3 is essentially the same, electron transfer is almost nonexistent. It 
indicates that compound 3 has a weak intramolecular charge transfer 
(ICT) effect. 

3.3. Solvent effect 

It is well known that absorption and emission spectra can be affected 
by the surrounding medium. The polarity of solvent can lead to the 
change in intensity, maximum wavelength and shape of spectra. This 
phenomenon is known as solvatochromism (Galer et al., 2014). Thus, 
the impacts of polarities on the optical properties of 3 in several various 
solvents were examined. The spectra of absorption and emission, 
Lippert-Mataga plot, and photograph of solvatochromism are given in 
Fig. 4. The Lippert-Mataga plot relates stokes shift (Δυ) according to Eq. 
(1). Where υab and υem are the wavenumbers (cm− 1) of the absorption 
and emission, respectively; Δf is solvent polarity parameters; h, c and a 
represent Planck’s constant, the velocity of light and the Onsager radius, 
respectively; Δμ = μe − μg is the dipole moment difference between the 
ground and excited states. The values of Δf were obtained through 
equation (2). Where ε and n are the dielectric constant and refractive 
index of the medium, respectively. 

The measured photophysical parameters, the calculated Stokes’ shift 
(Δυ) and the solvent polarity parameters (Δf) are summarized in 
Table 1. From Fig. 4a and Table 1, there are two similar absorption peaks 
at about 360 nm and 430 nm of 3 in benzene, dichloromethane (DCM), 
THF, ethyl acetate (EA) and N,N-dimethylformamide (DMF), While 3 in 
ethanol and acetonitrile (AN), the fine structure of the absorption band 
almost disappeared and formed a broad peak, the extinction coefficient 
greatly reduced, and absorption peaks have a small blue shift. This may 
be due to the stronger interaction between the solvent and the solute 
molecules, when 3 is in strongly polar solvents (Hu et al., 2009; Zheng 
et al., 2019; Feng et al., 2020). For fluorescence spectra (Fig. 4b), the 
shift of emission peaks is small indicating a weak the ICT character of the 
compound 3. The emission intensity decreases with increasing polarity 
of solvent, especially the solution of 3 in ethanol or AN. We presume that 
aggregation or complexes may be formed due to low solubility, although 
apparently transparent and particle-free of 3 in highly polar media (Hu 
et al., 2009), and the molecule of 3 may undergo the change of 
conformation or the ratio of different isomers duo to the weak interac
tion of N⋯H or O⋯H.) (Atzin-Macedo et al., 2020; Zheng et al., 2019; 
Feng et al., 2020) In addition, the Lippert-Mataga plot of Δυ against Δf 
exhibits an upward straight line with some slope (Fig. 4c), which implies 
that the dipole moment in the excited-state is greater than the value in 
corresponding ground-state, and a weak ICT feature (Evecen et al., 
2016; Awuah et al., 2011; Hariharan et al., 2015; Yang et al., 2013; 
Jiménez-Sánchez et al., 2015). 

4. Electroluminescence 

To validate the application potentiality of the 3 in solid-state lighting 
devices, a LED was fabricated by integrating the 3 with the blue LED 
chips. The 3 was mixed homogenously with epoxy resin, coated on the 

Fig. 5. CIE1931 chromaticity coordinates of the constructed LEDs. The insets 
are the photographs of LED devices with a forward current of 50 mA. 

Fig. 6. The EL spectra of the constructed LEDs upon the driving current of 
50 mA. 

Table 2 
The EL parameters of the constructed LEDs upon driving current of 50 mA.  

Composition CIE 1931 LE / lm/ 
W 

CRI / 
% 

CCT / 
K 

Color 

20 G: 0 R* (0.2473, 
0.5072)  

32.21  29.9 7515 Green 

20G: 50 R (0.3177, 
0.3255)  

29.39  64.4 6255 Cold White 

20G: 70R (0.4127, 
0.3658)  

28.89  59.9 3116 Warm 
White 

*G:R denotes the amounts of sample 3 (G) and CaAlSiN3:Eu2+ red phosphor (R) 
in units of mg. 
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455 nm chips, and finally solidified in a drying oven at 150 ◦C for 2 h. 
The LED emitted bright green light, which was observed by naked eyes 
and confirmed by the CIE1931 chromaticity coordinates of (0.2473, 
0.5072), as shown in Fig. 5. The LE reaches up to 32.21 lm/W. 

To achieve white light, a certain amount of commercial CaAlSiN3: 
Eu2+ red phosphor was further added to compensate for the lacking red 
component. In this case, the electroluminescent spectra presented in 
Fig. 6 were mainly composed of three emissions originating in the blue 
LED, green 3 and red CaAlSiN3:Eu2+ phosphor, respectively. Table 2 lists 
the relevant parameters of LEDs. The cold and warm white lights were 
realized by tailoring the amount of 3 and red phosphor (Fig. 5), 
revealing the feasibility of the 3 in PC-WLED applications. The former 
exhibits the CCT of 6255 K, CRI of 64.4% and LE of 29.39 lm/W, while 
the latter has CCT of 3116 K, CRI of 59.9% and LE of 28.89 lm/W. 
Unsurprisingly, the increment in the ratio of Red-Green gives rise to 
slightly lower LE, as the red emission at around 650 nm is on the edge of 
photopic vision of human eyes. The LE is comparable to diphenylfu
maronitrile core-based dyes (29–40 lm/W), (Wu et al., 2020) and is 
significantly greater than carbon dots/Zr-MOF nanocomposite (1.7 lm/ 
W) (Wang et al., 2019) (see Table 3). 

Moreover, the device is driven under a series of driven currents of 
25–200 mA to monitor the performance variation. Fig. 7 indicates that 
higher current contributes to a higher power and thus more intense 
emissions. The LE is inevitably reduced from 30.62 lm/W to 22.4 lm/W 
because of the efficiency drop of blue chips at high current density. 
However, the whole EL profiles keep nearly unchanged. The variations 
of CIE1931 coordinate x and y are only 0.0046 and 0.0087, respectively. 
The CRI shows a slight fluctuation between 63.9% and 64.7%. These 
subtle changes confirm the excellent color stability of the packaged 
LEDs. Therefore, the 3 can be regarded as a promising candidate color 

converter for the high-power solid-state lighting devices. 

5. Conclusions 

In conclusion, a novel star-like α-cyanostilbene derivative-Schiff base 
compound 3 was designed and successfully synthesized through a sim
ple method. Thermogravimetric analysis indicated that compound 3 
exhibits high thermal stability. The investigation of theoretical calcu
lation and solvent effect revealed that the enol structure is the most 
stable form among keto-enol tautomer and E-Z isomers of 3, and a weak 
intramolecular charge transfer (ICT) characteris present in compound 3. 
In addition, 3 can be used to fabricate white light-emitting diodes (w- 
LEDs) due to its satisfactory fluorescence emission and high thermal 
stability. We expect our work would be valuable for the design and 
synthesis of new fluorescent materials with dual-state luminescence. We 
believe our research also provides idea and method for developing 
alternative material of RE-free phosphors for the application in w-LEDs. 
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Galer, P., Korošec, R.C., Vidmar, M., Šket, B., 2014. Crystal structures and emission 
properties of the BF2 complex 1-phenyl-3-(3,5-dimethoxyphenyl)-propane-1,3- 
dione: multiple chromisms, aggregation-or crystallization-induced emission, and the 
self-assembly effect. J. Am. Chem. Soc. 136, 7383–7394. 

Hu, R., Lager, E., Aguilar-Aguilar, A., Liu, J., Lam, J.W.Y., Sung, H.H.Y., Williams, I.D., 
Zhong, Y., Wong, K.S., Peña-Cabrera, E., Tang, B.Z., 2009. Twisted intramolecular 
charge transfer and aggregation-induced emission of BODIPY derivatives. J. Phys. 
Chem. C 113 (36), 15845–15853. 

Zheng, H., Ye, H.B., Yu, X.X., You, L., 2019. Interplay between n→π* interactions and 
dynamic covalent bonds: quantification and modulation by solvent effects. J. Am. 
Chem. Soc. 141, 8825–8833. 

Feng, Z.L., Jia, S.P., Chen, H., You, L., 2020. Modulation of imine chemistry with 
intramolecular hydrogen bonding: effects from ortho-OH to NH. Tetrahedron 76, 
131128. 
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