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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 AI** and the probe exhibited good response and anti-interference performance. The detec-
tion limit for A" was calculated to be about 4.01 X 102 mol/L.
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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.'*] 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,
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rubbing, pressing, shearing, heating, or vapor fuming.!*2
In the past few years, some new AlE-active mechano-
chromic materials based on tetraphenylethylene (TPE),
9,10-divinylanthracene, phenothiazine, or triphenylamine
have been designed and synthesized.[!231 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
A" ions have been accumulated in environment, causing
water contamination.*#! Nevertheless, the strong hydration
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and poor coordination makes the determination of A’* ion
much more difficult in comparison to the determination of
other metal cations, such as Cu?", Pb>", Hg?", Zn?", and so
on.3* Moreover, although a considerable number of
chemosensors have been designed for sensing AI**, they are
relatively fewer in comparison to those for sensing other
metal ions.?*371 Furthermore, designing multifunctional
organic molecules with AIE characteristics that also dis-
plays fluorescence responses for A" 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
AlE-active salicylaldehyde-based acylhydrazone derivative
(Z2)-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 A"
with turn-on fluorescence response. And the detection limit
for A" was found to be about 4.01 X 10™? mol/L.
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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, @r=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 AlE-active molecule.’®4% 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 (fi, the volume percentage of water in THF/water
mixtures).”>'233 As shown in Figure 1, the fluorescent
emission intensity was almost the same as in pure THF with
an increase of f,, from 10% to 70% in mixtures. Then, it
started to rise at f, =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
AlE-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-
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ious kinds of nanoparticle suspensions and decreased the
effective compound concentration in the solution and lower
the fluorescence intensity at higher water contents.*!*?! The
UV-vis absorption spectrum of DHBH showed little
changes with f,, 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.*344 And
the scanning electron microscopic studies also indicated the
formation of aggregated states with different morphologies.
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Figure 1 (a) PL spectra of DHBH in THF/H20O mixtures solu-
tions with different v (¢c=1X10"3 mol/L), and (b) the emission
intensity of DHBH at Amax with different f in THF/H20 mixtures
solutions

Insert: the photos of DHBH in THF/H,O mixtures solution with different

fwunder 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 m-m interactions usually exhibit MFC behav-
iors.[8:16,1943:45-46] Baged 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.
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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

1730 http://sioc-journal.cn/

© 2021 Chinese Chemical Society & SIOC, CAS

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.[13:16:24.27-28:46-501 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 <<t> 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 <<t>
were caused by a change of a molecular arrangement after
grinding.[>!

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 P2i/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 t***7 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,

Chin. J. Org. Chem. 2021, 41, 1728~1733
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Table 1 Data for DHBH before and after being grinded.

Sample 7%/ns ai1/% 71°/ns a2b/% °/ns %  a/%%  w/ns Jem/nm s
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

“The average lifetime (z5) was calculated according 7= Za{irf

i=1 i=1

z 0.7, ; ®Fractional contribution; ¢ 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.!®

2.3 Fluorogenic responses of DHBH for A"

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, Cu?",
Co*", Cd*", A", Zn?", Ag", Fe?", F&*', Ni¥', Hg?",
Mn?*, Ca2" and Na* ions in DMSO. As shown in Figure 5,
the fluorescence emission peak of DHBH (10 pmoleL™})
emerged at around 481 nm in DMSO (Lex=395 nm). In-
terestingly, after the addition of different kinds of metal ions
to DHBH, only A" 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 A",
Generally, upon complexation with DHBH through OH and
imine (CH=N) groups to AI’", 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.!?

Furthermore, the Job’s plot measurement revealed that
1 I 1 stoichiometry complex formation occurred between
DHBH and AI*". 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+AI"+ NO; —H']" complex, which con-
firmed the formation of 1 : 1 DHBH-AI"complex.[3 To
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Figure 5 (a) Fluorescence emission spectra and (b) color
changes of DHBH (10 pmolsL ') upon addition of 10 equiv. of
various metal ions (K*, Cu*, Co?", Cd?*, AI¥*, Zn?", Ag", Fe?",
Fe3', Ni2", Hg?", Mn?", Ca2", and Na") in DMSO solutions un-
der 365 nm UV irradiation (1ex=395 nm)

better understand stoichiometry, binding behavior and
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sensing mechanism of DHBH to AI**, 'TH NMR titration
experiment was performed in the presence of 1 equiv. of
AP in DMSO-d; 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 ¢
8.42 to 9.23 with adding AI*". Further, the broading of the
aromatic region in DHBH-AI" 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 AI>*.

To evaluate the ability of resisting interference from
other metal ions, the fluorescence emission changes of
DHBH to A" in the presence of other coexistent metal
ions (K, Cu?', Co?', Cd*", Zn*", Ag", Fe*', Fe*', Ni*",
Hg?’, Mn?", Ca®’, and Na ") were also investigated (Figure
6b). It is quite clear that the competitive metal ions barely
interfered with the detection of DHBH to AI’" at the same
conditions, which illustrated that DHBH exhibited high
selectivity for AI*". Interestingly, only a little decrease in
fluorescence intensity was observed when 20 equiv. of
Na,EDTA was added to the solution of DHBH-AI*", which
indicated that the binding affinity of DHBH with A" was
considerably higher than that of Na,EDTA. Based on the
linear plot relationship experiments, the detection limit of
A" was calculated to be about 4.01X10 ° pumoleL ™!,
which is quite lower than the limit specified by the WHO.[%

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 A"
and the detection limit of AI*" was calculated to be about
4.01X10°° umol=L"!. 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 ‘C 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 (2)-N'-
(4-(diethylamino)-2-hydroxybenzylidene)benzohydrazide
(DHBH) was obtained with 90% yield. Yellow solid, m.p.
226~228 C; '"H NMR (600 MHz, DMSO-ds) J: 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=38.7,2.1 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); 3C NMR (151 MHz,
DMSO-ds) o: 162.6794, 160.2081, 150.6398, 150.4730,
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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 (lex=395 nm); (b) competitive selectivity of
DHBH-AP" (10 pum) in the presence of 10 equiv. of various
anions

(1) Blank, (2) K", (3) Cu®", (4) Co*", (5) Cd*", (6) A", (7) Zn*>", (8)
Ag”, (9) Fe*", (10) F&*™, (11) Ni¥¥, (12) Hg®", (13) Mn®", (14) Ca*",
(15)Na*

133.6570, 132.1180, 132.1014, 128.9539, 127.9399,
106.9101, 104.1147, 97.9852, 44.2649, 13.0190. HRMS
caled for CsH2N30, [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. "H NMR and *C NMR spectra were recorded with a
Mercury Plus instrument at 600 MHz and 151 MHz by
using DMSO-d; 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, @r=0.85) and the excitation wavelength was 390
nm. The emission quantum yields and fluorescence life-
times were measured using an Edinburgh FLS920 fluores-

Chin. J. Org. Chem. 2021, 41, 1728~1733
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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 Ko radiation (A=0.15418 nm) by em-
ploying a scanning rate of 0.026 (°)*s ' in the 20 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 'H NMR, *C 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/.
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