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基于聚集诱导发光的水杨醛酰腙衍生物的力致荧光变色和 
Al3＋检测性质研究 

贾俊辉*    温娟娟 
(山西师范大学化学与材料科学学院  磁性分子与磁信息材料教育部重点实验室  临汾 041004) 

摘要  设计合成了一种基于水杨醛的酰腙衍生物(Z)-N'-[4-(二乙基胺基)-2-羟基苯亚甲基]苯甲酰肼(DHBH). 该化合物

不仅表现出优良的聚集诱导发光(AIE)性能, 而且表现出可逆的力致荧光变色性能. 粉末 X 射线衍射和场发射扫描电镜

结果表明, 该 DHBH 在外界压力刺激下发生力致荧光变色性能的原因是其晶态与无定形态之间的相互转化. 此外, 
DHBH 可以选择性地识别铝离子, 并且显示出很好的抗干扰性, 对铝离子的荧光分析检测限为 4.01×10－9 mol/L. 
关键词  力致荧光变色; 聚集诱导发光; 铝离子; 酰腙 

Mechanofluorochromic Luminescence, and Al3＋ Detection of an 
Aggregation-Induced Emission-Active Salicylaldehyde-Based 

Acylhydrazone Derivative 

Jia, Junhui*    Wen, Juanjuan 
(Key Laboratory of Magnetic Molecules and Magnetic Information Material, Ministry of Education, 

College of Chemistry and Material, Shanxi Normal University, Linfen 041004) 

Abstract  In this work, a versatile salicylaldehyde-based acylhydrazone compound (Z)-N'-(4-(diethylamino)-2-hydroxy- 
benzylidene)benzohydrazide (DHBH) has been designed and easily synthesized. And it not only showed aggregation-induced 
emission (AIE), but also reversible mechanochromic luminescence. The results of powder X-ray diffraction (PXRD) and field 
emission scanning electron microscopy (FESEM) revealed that the mechanofluorochromic (MFC) mechanism was the trans-
formation between ordered crystalline and amorphous states upon external stimuli. In addition, compound DHBH displayed 
selective turn-on fluorescence with Al3＋ and the probe exhibited good response and anti-interference performance. The detec-
tion limit for Al3+ was calculated to be about 4.01×10－9 mol/L.  
Keywords  mechanofluorochromic luminescence; aggregation-induced emission; aluminium ion; acylhydrazone 

 

1  Introduction 
In recent years, the developing novel aggregation-in- 

duced emission (AIE)-active solid-state luminescent or-
ganic materials exhibiting environment-sensitive, stimu-
li-responsive switchable fluorescence have been attracted 
tremendous interest.[1-3] As a kind of smart material, 
mechanofluorochromic (MFC) materials have been 
achieved rapid development in mechano-sensors, optical 
information, memory chips, storage media and security 
inks, whose solid-state fluorescence color and/or intensity 
can be tuned by physical approaches, such as grinding, 

rubbing, pressing, shearing, heating, or vapor fuming.[4-26] 
In the past few years, some new AIE-active mechano- 
chromic materials based on tetraphenylethylene (TPE), 
9,10-divinylanthracene, phenothiazine, or triphenylamine 
have been designed and synthesized.[9,19,27-31] Moreover, 
according to our previous work, some acylhydrazone de-
rivatives exhibited reversible MFC-active properties.[32-33]  

Aluminum (Al) is one of the most abundant metal ele-
ments in the Earth’s crust, which is widely used in industry 
and our daily life. As a result, a considerable amount of  
Al3＋ ions have been accumulated in environment, causing 
water contamination.[34] Nevertheless, the strong hydration 
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and poor coordination makes the determination of Al3＋ ion 
much more difficult in comparison to the determination of 
other metal cations, such as Cu2＋, Pb2＋, Hg2＋, Zn2＋, and so 
on.[34] Moreover, although a considerable number of 
chemosensors have been designed for sensing Al3＋, they are 
relatively fewer in comparison to those for sensing other 
metal ions.[34-37] Furthermore, designing multifunctional 
organic molecules with AIE characteristics that also dis-
plays fluorescence responses for Al3＋ with a lower detec-
tion limit and high selectivity through simple synthetic 
methods is of current interest. 

Based on the above consideration, in this work, a simple 
AIE-active salicylaldehyde-based acylhydrazone derivative 
(Z)-N'-(4-(diethylamino)-2-hydroxybenzylidene)benzohyd-
razide (DHBH) (Scheme 1) was designed and synthesized, 
which exhibited reversible MFC property. Interestingly, 
DHBH exhibited high selectivity and sensitivity for Al3＋ 
with turn-on fluorescence response. And the detection limit 
for Al3＋ was found to be about 4.01×10－9 mol/L.  

 
Scheme 1  Synthetic route for DHBH. 

2  Results and discussion 
2.1  AIE properties 

Interestingly, the fluorescence emission of DHBH was 
quite weak in dilute THF solution (molecularly dispersed 
state, Φf＝0.02), in the solid state, however, the compound 
was highly emissive, indicating that aggregation had greatly 
enhanced its fluorescence emission, which manifested 
DHBH could be an AIE-active molecule.[38-40] And then the 
AIE properties were investigated by the typical AIE ex-
periments, which was performed by dissolving the com-
pound into pure THF then adding different volume fractions 
of water (fw, the volume percentage of water in THF/water 
mixtures).[9,12,33] As shown in Figure 1, the fluorescent 
emission intensity was almost the same as in pure THF with 
an increase of fw from 10% to 70% in mixtures. Then, it 
started to rise at fw＝80% and emitted a yellow fluorescence 
under 365 nm UV irradiation. Moreover, the fluorescent 
emission intensity was about 2.8-fold higher than that in 
pure THF solution, and the quantum yield of the mixture 
was determined to be as high as 0.15. Thus, the increase in 
photoluminescence (PL) intensity could be attributed to the 
AIE-effect caused by the formation of molecular aggregates 
when water was added into the solution. Further addition of 
water into the mixture, the fluorescent emission intensity 
decreased sharply. This phenomenon was often observed in 
the determination of AIE effect, which was due to the var-

ious kinds of nanoparticle suspensions and decreased the 
effective compound concentration in the solution and lower 
the fluorescence intensity at higher water contents.[41-42] The 
UV-vis absorption spectrum of DHBH showed little 
changes with fw increasing from 0 to 70%. With a further 
increase of the water fraction, the absorbance difference and 
leveling-off tail in the visible region were observed due to 
the Mie scattering, which indicated the existence of nano- 
aggregates in the mixture with high water content.[43-44] And 
the scanning electron microscopic studies also indicated the 
formation of aggregated states with different morphologies. 

 
Figure 1  (a) PL spectra of DHBH in THF/H2O mixtures solu-
tions with different fw (c＝1×10－5 mol/L), and (b) the emission 
intensity of DHBH at λmax with different fw in THF/H2O mixtures 
solutions 
Insert: the photos of DHBH in THF/H2O mixtures solution with different 
fw under 365 nm UV lamp 

2.2  Mechanofluorochromic (MFC) properties 
Generally, the AIE-active organic molecules bearing ro-

tatable aryl moieties with intermolecular loose stacking 
and/or weak π-π interactions usually exhibit MFC behav-
iors.[8,16,19,43,45-46] Based on the above empirical conclusions, 
the MFC properties of DHBH were investigated. As shown 
in Figure 2, the as-prepared solid emitted a cyan-blue light 
under 365 nm UV illuminations with a peak emission at ca. 
457 nm and the solid-state fluorescence efficiency was 0.25, 
but the ground sample emitted a yellow light with a peak 
emission wavelength red-shifting to ca. 523 nm (Figure 2a), 
at the same time the solid-state fluorescence efficiency 
reduced to 0.11. After fuming with dichloromethane (DCM) 
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for few minutes, the fluorescence color and maximum 
emission wavelength were both nearly restored. Repeated 
grinding and fuming processes showed similar results with 
little fatigue, which demonstrated that DHBH possessed 
nearly reversible MFC property. 

 

Figure 2  (a) Solid state emission spectra of DHBH in different 
states, and (b) powder wide-angle X-ray diffraction patterns of 
DHBH in different states at room temperature 
Inset: photographic images of DHBH in response to mechanical grinding 
and fuming with dichloromethane or heating under the irradiation of 365 
nm UV light 

To gain the mechanism of MFC property, the power 
X-ray diffraction (PXRD), and field emission scanning 
electron microscopy (FESEM) measurements were per-
formed. As shown in Figure 2b , many sharp and strong 
diffraction peaks were found for the pristine DHBH sample, 
but only wide and weak diffraction peaks appeared for the 
ground DHBH sample, indicating that the pristine powder 
was changed to the disordered amorphous one from the 
well-ordered crystalline state via the grinding process. In-
terestingly, when the ground sample of DHBH was fumed 
with DCM vapor for few minutes, the sharp and intense 
peaks similar to that of the pristine one reappeared, indi-
cating that the ground sample restored to an ordered crystal- 
line state through molecular repacking, which led to the 
revitalization of emission (Figure 2a). The distinct molec-
ular arrangement can also be confirmed by the FESEM 

results. As shown in Figure 3, the pristine and fumed with 
DCM or tetrahydrofuran (THF) samples presented 
block-like or rod-like structures, whereas, the ground one 
showed a certain disordered amorphous state, which indi-
cated their diverse morphologies at different states. Ac-
cordingly, the MFC behaviors should be attributed to the 
phase transition from the crystalline states to the amorphous 
states.[13,16,24,27-28,46-50] Time-resolved emission-decay be-
havior of DHBH before and after grinding was studied, 
respectively, and the lifetime data were shown in Table 1. 
The weighted mean lifetimes ＜τ＞ of DHBH decreased 
from 3.75 ns to 1.79 ns upon grinding. The results indicated 
that DHBH in the ground state had the shorter lifetime than 
that in the pristine solid state and the differences in ＜τ＞ 
were caused by a change of a molecular arrangement after 
grinding.[51]  

 
Figure 3  FESEM images of DHBH in the states of pristine (a), 
grinding (b) and fuming with DCM (c) and THF(d). 

From the results presented above, the mechanochromic 
luminescence of DHBH was ascribed to the force-induced 
transformation of molecular packing. In order to well un-
derstand the MFC behavior of DHBH, we intended to gain 
single crystals structure. Furthermore, it was of great im-
portance to analyze the single crystal structures of the 
compound. Fortunately, the DHBH crystal (CCDC: 
2009241) was cultured from ethyl alcohol successfully. The 
molecular conformations and intermolecular interactions 
were shown in Figure 4. The DHBH crystal was a mono-
clinic system with the space group P21/c. The aromatic 
(diethylamino)phenol B and phenyl A moieties were not 
coplanar, and the dihedral angle between the planes A and B 
is 36.25°. As a result, whole molecule adopted the twisted 
conformation in the solid state. It can be obviously seen that 
there are no distinct π…π interactions in the crystal which is 
prone to quenching emission in the solid state. Multiple 
intermolecular weak interactions including  C—N…O 
bond (0.2921 nm), C16…C16 (0.3374 nm) bond and 5 
types of weak hydrogen bonds with distances ranging from 
0.2099 to 0.2871 nm existed in the crystal of DHBH,  
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Table 1  Data for DHBH before and after being grinded. 

Sample τsa/ns α1/% τ1c/ns α2b/%  τ2c/ns  α2b/%  α3b/%% τ2c/ns λem/nm Φs 
Pristine 3.75 97.07 0.01 2.50 1.19 0.42 0.42 7.38 457 0.25 

Grinding 1.79 93.52 0.02 5.76 0.67 0.72 0.72 4.22 523 0.11 
a The average lifetime (τs) was calculated according 2

1 1

n n

i i i i
i i

τ α τ α τ
= =

=  ; b Fractional contribution; c Fluorescence lifetime. 

 
Figure 4  (a) Molecular conformation of DHBH viewed along b-axis, (b) intermolecular interactions between molecules of adjacent 
columns along a-axis, and (c) the planforms of molecular stacking of DHBH viewed from c-axis 

Inset: fluorescent image of DHBH single crystal under UV light

which led to the formation of the highly ordered monoclinic 
structure and contributed to the enhanced emission in the 
solid state. Such twisted conformation and loose intermo-
lecular packing of DHBH facilitated the destruction of the 
crystal lattices when the external mechanical stimuli was 
applied to the pristine sample.[16]  
2.3  Fluorogenic responses of DHBH for Al3＋ 

The ability of achieving highly selective response to the 
target analyte over other competitive species is an important 
characterization for an excellent chemosensor. And the 
metal-binding performance of DHBH was investigated by 
fluorescence emission measurement toward K ＋ , Cu2 ＋ ,  
Co2＋, Cd2＋, Al3＋, Zn2＋, Ag＋,  Fe2＋, Fe3＋, Ni2＋, Hg2＋,  
Mn2＋, Ca2＋, and Na＋ ions in DMSO. As shown in Figure 5, 
the fluorescence emission peak of DHBH (10 µmol•L－1) 
emerged at around 481 nm in DMSO (λex＝395 nm). In-
terestingly, after the addition of different kinds of metal ions 
to DHBH, only Al3＋ caused a significant enhancement 
(97-fold increment) in the emission intensity, but others had 
little effect on the fluorescence (Figure 6a), indicating that 
DHBH was a highly selective fluorescent probe for Al3＋. 
Generally, upon complexation with DHBH through OH and 
imine (CH＝N) groups to Al3＋, induced rigidity in the 
complex and helped to produce a large CHEF (chela-
tion-enhanced fluorescence) effect, which caused an en-
hancement of PL intensity.[52]  

Furthermore, the Job’s plot measurement revealed that 
1∶1 stoichiometry complex formation occurred between 
DHBH and Al3＋. This stoichiometry was also supported by 
the high resolution mass spectrum (HRMS) results. The 
peak of m/z 399.1241 (calculated 399.1243) can be ascribed 
to [DHBH＋Al3＋＋ 3NO－－H＋]＋ complex, which con-
firmed the formation of 1∶1 DHBH-Al3＋complex.[53] To 

 

Figure 5  (a) Fluorescence emission spectra and (b) color 
changes of DHBH (10 µmol•L－1) upon addition of 10 equiv. of 
various metal ions (K＋, Cu2＋, Co2＋, Cd2＋, Al3＋, Zn2＋, Ag＋, Fe2＋, 
Fe3＋, Ni2＋, Hg2＋, Mn2＋, Ca2＋, and Na＋) in DMSO solutions un-
der 365 nm UV irradiation (λex＝395 nm) 

better understand stoichiometry, binding behavior and 
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sensing mechanism of DHBH to Al3＋, 1H NMR titration 
experiment was performed in the presence of 1 equiv. of   
Al3＋ in DMSO-d6 as depicted. It was found that the proton 
signal of phenolic proton (OH) disappeared and the imine 
(CH＝N) proton of DHBH were downfield-shifted from δ 
8.42 to 9.23 with adding Al3＋. Further, the broading of the 
aromatic region in DHBH-Al3＋ complex indicated that the 
overall electron distribution occurs in complex. The above 
findings demonstrated that the probable binding mode was 
that the oxygen atoms of hydroxyl group and the nitrogen 
atom of imine group coordinated with Al3＋. 

To evaluate the ability of resisting interference from 
other metal ions, the fluorescence emission changes of 
DHBH to Al3＋ in the presence of other coexistent metal 
ions (K＋, Cu2＋, Co2＋, Cd2＋, Zn2＋, Ag＋, Fe2＋, Fe3＋, Ni2＋, 
Hg2＋, Mn2＋, Ca2＋, and Na＋) were also investigated (Figure 
6b). It is quite clear that the competitive metal ions barely 
interfered with the detection of DHBH to Al3＋ at the same 
conditions, which illustrated that DHBH exhibited high 
selectivity for Al3＋. Interestingly, only a little decrease in 
fluorescence intensity was observed when 20 equiv. of 
Na2EDTA was added to the solution of DHBH-Al3＋, which 
indicated that the binding affinity of DHBH with Al3＋ was 
considerably higher than that of Na2EDTA. Based on the 
linear plot relationship experiments, the detection limit of 
Al3＋ was calculated to be about 4.01×10－9 µmol•L－1, 
which is quite lower than the limit specified by the WHO.[54]  

3  Conclusions 
In summary, a versatile AIE-active acylhydrazone com- 

pound DHBH has been designed and easily synthesized. 
And it showed reversible mechanochromic luminescence 
upon grinding/fuming or heating. In addition, compound 
DHBH displayed selective turn-on fluorescence with Al3＋ 
and the detection limit of Al3＋ was calculated to be about 
4.01×10－9 µmol•L－1. The present study provided insight 
into the development of novel multifunctional materials, 
which are promising for stimuli-responsive molecular 
switches. Other related work has been under research. 

4  Experimental section 
4.1  Synthesis and characterization 

Benzoyl hydrazine (0.204g, 1.5 mmol) and 4-(diethy- 
lamino)-2-hydroxybenzaldehyde (0.29 g, 1.5 mmol) were 
stirred at 80 ℃ for 6 h in 10 mL of ethanol. Then the reac-
tion mixture was cooled to room temperature, and the solute 
was deposited. These precipitates were filtered, washed 
with methanol, dried under vacuum for 24 h and (Z)-N'- 
(4-(diethylamino)-2-hydroxybenzylidene)benzohydrazide 

(DHBH) was obtained with 90% yield. Yellow solid, m.p. 
226～228 ℃; 1H NMR (600 MHz, DMSO-d6) δ: 11.77 (s, 
1H), 11.46 (s, 1H), 8.42 (s, 1H), 7.91 (d, J＝7.4 Hz, 2H), 
7.59 (t, J＝7.3 Hz, 1H), 7.53 (t, J＝7.5 Hz, 2H), 6.27 (dd,  
J＝8.7, 2.1 Hz, 1H), 6.13 (d, J＝1.8 Hz, 1H), 3.36 (q, J＝
7.0 Hz, 3H), 1.11 (t, J＝7.0 Hz, 5H); 13C NMR (151 MHz, 
DMSO-d6) δ: 162.6794, 160.2081, 150.6398, 150.4730, 

 

Figure 6  (a) Bar graph representing the change of the relative 
emission intensity of DHBH at 476 nm upon treatment with var-
ious metal ions (λex＝395 nm); (b) competitive selectivity of 
DHBH-Al3＋ (10 μm) in the presence of 10 equiv. of various 
anions 
(1) Blank, (2) K＋, (3) Cu2＋, (4) Co2＋, (5) Cd2＋, (6) Al3＋, (7) Zn2＋, (8)  
Ag＋, (9) Fe2＋, (10) Fe3＋, (11) Ni2＋, (12) Hg2＋,  (13) Mn2＋, (14) Ca2＋, 
(15) Na＋

  

133.6570, 132.1180, 132.1014, 128.9539, 127.9399, 
106.9101, 104.1147, 97.9852, 44.2649, 13.0190. HRMS  
calcd for C18H22N3O2 [M＋H]＋ 312.1706, found 312.1700. 
4.2  Measurements and instruments 

All the raw materials were used without further purifica-
tion. All the solvents were purchased from Beijing Chemi-
cal Works (Beijing, China) and were of analytical reagent 
grade. 1H NMR and 13C NMR spectra were recorded with a 
Mercury Plus instrument at 600 MHz and 151 MHz by 
using DMSO-d6 as the solvents. HRMS were recorded with 
a Bruker Impact II in MeOH. The UV-Vis absorption 
spectra were obtained using a VARIAN Cary 5000 spec-
trophotometer. Photoluminescence measurements were 
obtained on a Cary Eclipse fluorescence spectrophotometer. 
The fluorescence quantum yields in solvents were measured 
by comparing with a standard (9,10-diphenylanthracene in 
benzene, ΦF＝0.85) and the excitation wavelength was 390 
nm. The emission quantum yields and fluorescence life-
times were measured using an Edinburgh FLS920 fluores-
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cence spectrophotometer under air at room temperature. 
The XRD patterns were obtained on an Empyrean X-ray 
diffraction instrument equipped with graphite-mono- 
chromatized Cu Kα radiation (λ＝0.15418 nm) by em-
ploying a scanning rate of 0.026 (°)•s－1 in the 2θ range 
from 5° to 60°. Surface morphologies of DHBH solid 
sample at different states were investigated by means of 
JSM-7500F field emission scanning electron microscopy 
(FESEM) and all the solid samples were prepared before 
they were pasted into the slide plate. 
 
Supporting Information  1H NMR, 13C NMR, HRMS 
spectra, and the data of DHBH crystal and related Figures. 
The Supporting Information is available free of charge via 
the Internet at http://sioc-journal.cn/. 

References 
[1] Li, Q.-Q.; Li, Z. Acc. Chem. Res. 2020, 53(4), 962.  
[2] Wang, C.; Li, Z. Mater. Chem. Front. 2017, 1, 2174.  
[3] Yang, J.; Li, Z. Chin. J. Org. Chem. 2019, 39, 3304 (in Chinese). 

(杨杰, 李振, 有机化学, 2019, 39, 3304.) 
[4] Sagara, Y.; Kato, T. Nat. Chem. 2009, 1, 605.  
[5]  Yoshii, R.; Suenaga, K.; Tanaka, K.; Chujo, Y. Chem 2015, 21, 

7231.  
[6]  Jia, J. H.; Wu, Y. Dyes Pigm. 2017, 147, 537.  
[7] Oda, K.; Hiroto, S.; Shinokubo, H. J. Mater. Chem. C 2017, 5, 

5310.  
[8] Jia, J. H.; Wu, Y.-Y. Dyes Pigm. 2017, 136, 657.  
[9] Jia, J. H.; Zhao, H. X. Tetrahedron Lett. 2019, 60, 252.  

[10] Chen, X. T.; Wei, R.-R.; Xiang, Y.; Zhou, Z. J.; Li, K.; Song, P. S.; 
Tong, A. J. J. Phys. Chem. C 2011, 115, 14353.  

[11] Jia, J. H.; Xue, P. C.; Lu, R. Tetrahedron Lett. 2016, 57, 2544.  
[12] Jia, J. H.; Zhang, H. J. J. Photochem. Photobiol., A 2018, 353, 521.  
[13]  Butler, T.; Zhuang, M.; Fraser, C. L. J. Phys. Chem. C 2018, 122, 

19090.  
[14]  Gan, K. P.; Yoshio, M.; Kato, T. J. Mater. Chem. C 2016, 4, 5073.  
[15]  Luo, W. J.; Zhang, Y. R.; Gong, Y. Y.; Zhou, Q.; Zhang, Y. M.; Yu-

an, W. Z. Chin. Chem. Lett. 2018, 29, 1533.  
[16]  Santhiya, K.; Sen, S. K.; Natarajan, R.; Shankar, R.; Murugesapan-

dian, B. J. Org. Chem. 2018, 83, 10770.  
[17]  Huang, L. L.; Liu, J. W.; Liu, L.; Yang, Q. Y.; Ma, Z. Y.; Jia, X. R. 

Dyes Pigm. 2020, 173, 107963.  
[18]  Sharber, S. A.; Mann, A.; Shih, K. C.; Mullin, W. J.; Nieh, M. P.; 

Thomas, S. W. J. Mater. Chem. C 2019, 7, 8316.  
[19]  Jadhav, T.; Choi, J. M.; Dhokale, B.; Mobin, S. M.; Lee, J. Y.; Mis-

ra, R. J. Phys. Chem. C 2016, 120, 18487.  
[20]  Li, K.; Su, X.; Wang, Y. X.; Tao, F. R.; Cui, Y. Z.; Zhang, H. Y.; Li, 

T. D. J. Lumin. 2018, 203, 50.  
[21]  Cui, Y.; Yin, Y. M.; Cao, H. T.; Zhang, M.; Shan, G. G.; Sun, H. Z.; 

Wu, Y.; Su, Z. M.; Xie, W. F. Dyes Pigm. 2015, 119, 62.  
[22]  Sun, H.; Sun, W.-H.; Jiang, Y.; Wei, J.-H.; Zhao, Y.; Zhang, R.; Ni, 

Z.-H. Dyes Pigm. 2020, 173, 107938.  
[23] Sagara, Y.; Takahashi, K.; Nakamura, T.; Tamaoki, N. Chem.-Asian 

J. 2020, 15, 478.  
[24]  Sagara, Y.; Seki, A.; Kim, Y.; Tamaoki, N. J. Mater. Chem. C 2018, 

6, 8453.  
[25]  Sagara, Y.; Komatsu, T.; Ueno, T.; Hanaoka, K.; Kato, T.; Nagano, 

T. Adv. Funct. Mater. 2013, 23, 5277.  
[26] Mao, W. G.; Chen, K.; Ouyang M.; Sun J. W.; Zhou, Y. B.; Wang, 

Y. S.; Song, Q. B.; Zhang, C. Chin. J. Org. Chem. 2014, 34, 161 (in 

Chinese). 
(毛文纲, 陈康, 欧阳密, 孙璟玮, 周永兵, 王永胜, 宋庆宝, 张
诚, 有机化学, 2014, 34, 161.) 

[27]  Ma, C. P.; Zhang, X. Q.; Yang, L. T.; Li, Y.; Liu, H. L.; Yang, Y.; 
Xie, G. Y.; Ou, Y.-C.; Wei, Y. Dyes Pigm. 2017, 136, 85.  

[28] Zheng, M.; Zhang, D. T.; Sun, M. X.; Li, Y. P.; Liu, T. L.; Xue, S. 
F.; Yang, W. J. J. Mater. Chem. C 2014, 2, 1913.  

[29]  Shi, H. J.; Liu, R.; Zhu, S. Q.; Gong, Q.-Q.; Shi, H.; Zhu, X. L.; 
Zhu, H. J. J. Fluoresc. 2016, 26, 2005.  

[30]  Zhao, F.; Chen, Z.; Liu, G.; Fan, C. B.; Pu, S. Z. Tetrahedron Lett. 
2018, 59, 836.  

[31] Li, A. S.; Liu, Y. J.; Han, L.; Xu, S. P.; Song, C. P.; Geng, Y. J.; Pan, 
L. Y.; Xu, B.; Tian, W. J.; Zhang, H. Y.; Xu, W. Q.; Cui, H. N. Dyes 
Pigm. 2019, 161, 182.  

[32]  Jia, J. H.; Wu, L. Org. Electron. 2020, 76, 105466.  
[33]  Jia, J. H.; Wu, L. Tetrahedron Lett. 2020, 61, 152486.  
[34]  Sharma, S.; Dubey, G.; Sran, B. S.; Bharatam, P. V.; Hundal, G. 

ACS Omega 2019, 4, 18520.  
[35]  Sahana, A.; Banerjee, A.; Lohar, S.; Banik, A.; Mukhopadhyay, S. 

K.; Safin, D. A.; Babashkina, M. G.; Bolte, M.; Garcia, Y.; Das, D. 
Dalton Trans. 2013, 42, 18520.  

[36] Sinha, S.; Chowdhury, B.; Ghosh, P. Inorg. Chem. 2016, 55, 9212.  
[37]  Lee, S. A.; You, G. R.; Choi, Y. W.; Jo, H. Y.; Kim, A. R.; Noh, I.; 

Kim, S.-J.; Kim, Y.; Kim, C. Dalton Trans. 2014, 43, 6650.  
[38] Li, W.; Jia, X.; Guo, Z. B.; Jiang, W. T.; Zhang, P. Z.; Wei, C.; Li, 

X. L. Chin. J. Org. Chem. 2020, 40, 1934 (in Chinese). 
(李维, 贾旭, 郭振波, 姜文婷, 张平竹, 魏超, 李小六, 有机化
学, 2020, 40, 1934.) 

[39] He, Y. Q.; Zhao, B.; Kan, W.; Wang, L. Y.; Song, B.; Yin, G. M.; Bi, 
Y.; Chen, S. W. Chin. J. Org. Chem. 2019, 39, 3250 (in Chinese). 
(何玉倩, 赵冰, 阚伟, 王丽艳, 宋波, 殷广明, 毕野, 陈书文, 
有机化学, 2019, 39, 3250.) 

[40] Guan, X. L.; Li, Z. F.; Wang, L.; Liu, M. N.; Wang, K. L.; Yang, X. 
Q.; Li Y. L.; Lai, S. J. Acta Chim. Sinica 2019, 77, 1268 (in Chi-
nese). 
(关晓琳, 李志飞, 王林, 刘美娜, 王凯龙, 杨学琴, 李亚丽, 胡
丽丽, 赵小龙, 来守军, 雷自强, 化学学报, 2019, 77, 1268.) 

[41]  Qi, F.; Lin, J. J.; Wang, X. Q.; Cui, P.; Yan, H.; Gong, S. W.; Ma, C. 
L.; Liu, Z. P.; Huang, W. Dalton Trans. 2016, 45, 7278.  

[42]  Xu, D. F.; Wang, Y.; Li, L.; Zhou, H. K.; Liu, X. L. RSC Adv. 2020, 
10, 12025.  

[43]  Sun, T.; Cheng, D. D.; Chai, Y. S.; Gong, J.; Sun, M. Y.; Zhao, F. 
Dyes Pigm. 2019, 170, 107619.  

[44]  Qi, Y. P.; Wang, Y. T.; Yu, Y. J.; Liu, Z. Y.; Zhang, Y.; Du, G. F.; Qi, 
Y. RSC Adv. 2016, 6, 33755.  

[45]  Jia, J. H.; Zhao, H. X. New. J. Chem. 2019, 43, 2231.  
[46]  Xue, P. C.; Ding, J. P.; Shen, Y. B.; Gao, H. Q.; Zhao, J. Y. Dyes 

Pigm. 2017, 145, 12.  
[47]  Xue, S. F.; Qiu, X.; Sun, Q. K.; Yang, W. J. J. Mater. Chem. C 

2016, 4, 1568.  
[48]  Liu, X. D.; Li, A. S.; Xu, W. Q.; Ma, Z. Y.; Jia, X. R. Mater. Chem. 

Front. 2019, 3, 620.  
[49]  Panda, M. K.; Ravi, N.; Asha, P.; Prakasham, A. P. CrystEngComm 

2018, 20, 6046.  
[50] Dai, Q.; Zhang, J. Y.; Tan, R. H.; Wang, S.; Li, Y. Q.; Li, Q.; Xiao, 

S. Z. Mater. Lett. 2016, 164, 239.  
[51]  Cheng, D. D.; Xu, D. F.; Wang, Y.; Zhou, H. K.; Zhang, Y. H.; Liu, 

X. L.; Han, A. X.; Zhang, C. Dyes Pigm. 2020, 173, 107934.  
[52]  Jia, J. H.; Zhao, H. X. Org. Electron. 2019, 73, 55.  
[53] Zuo, Z. Y.; Tang, Y. P.; Lei, F. H.; Jin R. Y.; Yin, P. C.; Li, Y.; Niu, 

Q. F. Spectrochim. Acta, Part A 2020, 242, 118742.  
[54]  Berthon, G. Coord. Chem. Rev. 2002, 228, 319.  

(Li, L.; Fan, Y.) 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


