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Introduction

Multi-stimuli responsive materials, whose original properties

Facile preparation, mechanochromic luminescence
and excitation wavelength-dependent emission of
tetra(1H-benzold]imidazol-2-yl)ethene Zn(n)
complexes and their applicationst

Su-Jia Liu,? Yong-Sheng Shi,1*° Rui-Ying Wang,? Tong Xiao,® Zhong-Gang Xia,?
Rui Wang® and Xiang-Jun Zheng (= *@

Nowadays, benzimidazole and its derivatives are widely assembled into multifunctional materials with
various properties such as mechanochromism, photochromism, thermochromism and electrochromism.
Herein, two novel zinc(i) coordination compounds, [Zno(L?)Bral-2H,0 (1) and [Zn,(L?)Cll-2H,0 (2) (L2 =
tetra(1H-benzold]imidazol-2-yl)ethene), have been constructed via one-pot facile synthesis from bis(1H-
benzoldlimidazol-2-yl)methane (LY and zinc(i) salts. The ligand L? with a C=C double bond was in situ
formed by C—C coupling of two sp®-C atoms of L* in solvothermal synthesis, which provides a new strat-
egy to generate the conjugation system conveniently. Impressively, complex 1 shows distinct fluor-
escence and phosphorescence dual emission due to the heavy atom effect of bromide ions. Complexes 1
and 2 exhibit high-contrast mechanochromic luminescence properties due to the transformation from a
crystalline state to an amorphous state. In addition, they also exhibited excitation wavelength-dependent
luminescence in crystalline states and DMF systems. As the excitation wavelength increased, their lumine-
scence color in DMF solution changed significantly from blue to yellow. Theoretical calculations show
that the complexes have multiple emission centers due to the locally excited nature and intramolecular
charge transfer. Due to their excellent excitation wavelength-dependent luminescence properties, PMMA
films based on complexes 1 and 2 were prepared and could be applied in anti-counterfeiting and UV
protection.

plexes with excellent properties. As a star molecule for aggrega-
tion-induced emission luminogens, tetraphenylethene (TPE)
has been paid a lot of attention.’** If the phenyl group is

can be changed differently due to some external stimulus such
as force,"® heat,” ™ pH"™ and light,"*2° now have a wide
range of applications in information storage and encryption,
sensors, and other fields.>'>° Compared to common organic
materials, metal-organic complexes have high designability
and adjustable luminescence properties. By selecting suitable
ligands and metal ions, it is possible to develop new simple
synthetic methods to construct multi-stimuli responsive com-
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changed to the benzimidazole group, more coordination sites
and hydrogen bonding sites would be introduced besides the
original character of TPE. More importantly, the introduction
of hetero nitrogen atoms would be beneficial for phosphor-
escence. Bis(1H-benzo[d]imidazol-2-yl)methane (L'), as a
unique nitrogen-containing heterocyclic compound, possesses
rotatable aromatic rings and may form weak intermolecular
interactions (such as hydrogen-bond interaction and =n---xn
stacking interaction). In addition, the methylene group in the
L' structure is highly active and can turn into a carbonyl com-
pound by an in situ reaction in the presence of metal ions.*®
This process was proved to proceed through a ligand oxygen-
ation mechanism. This character provides a possibility to
create complexes based on ligands with novel structures and
diverse stimulus-response properties. Zhang’s group success-
fully synthesized a tetra(1H-benzo[d]imidazol-2-yl)ethene Cu(i)
complex through a freezing-melting process for the removal of
oxygen and a solvothermal method.>®
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Inspired by the above research, in this work, we have
designed and synthesized two binuclear complexes [Zn,(L?)
Br,]-2H,0 (1) and [Zny(L*)Cl4]-2H,0 (2) through simple in situ
self-assembly of zinc bromide/chloride and L' without the
freezing-melting process. The ligand L? is an analogue of TPE.

Both complexes 1 and 2 exhibit fluorescence and phosphor-
escence dual emission behaviours, and complex 1 shows
obvious phosphorescence emissions due to the presence of
the heavy-atom effect. After grinding, complexes 1 and 2 show
high-contrast mechanochromic luminescence properties,
which can be attributed to a transition from a crystalline state
to an amorphous state. Furthermore, complexes 1 and 2 show
excitation wavelength-dependent emission in their crystalline
states and DMF solution systems, which can be ascribed to the
structure of multiple emission centers. Their major emissions
in DMF solution exhibit an obvious red-shift with the increase
of the excitation wavelength, leading to a transformation of
their emission colour from blue to yellow. Owing to the out-
standing excitation wavelength-dependent emission properties
of complexes 1 and 2, their PMMA films were successfully
made and applied in anti-counterfeiting and UV protection.

Experimental section
Synthesis of L'

L' was synthesized based on a literature procedure.’” L': 'H
NMR (600 MHz, DMSO-dg) 5 (ppm): 12.38 (s, 2H), 7.51 (s, 2H),
7.43 (s, 2H), 7.11 (s, 4H), 2.46 (s, 2H) (Fig. S17).

Synthesis of [Zn,(L?)Br,]-2H,0 (1)

Complex 1 was synthesized using an in situ synthesis method
as shown in Scheme 1. L' (24 mg, 0.1 mmol), ZnBr,-2H,0
(78.4 mg, 0.3 mmol) and CH3;0H (4 mL) were mixed and
stirred at room temperature for 5 min. Then the resulting solu-
tion was placed in a 25 mL Teflon-lined stainless-steel reactor
at 120 °C for 48 h. The product was collected, washed in
CH;0H, and dried in air at room temperature. Yellow bulk
crystals of 1 (CCDC number 2373214) were collected. Yield:
40.86% (based on L'). IR (KBr pellet, cm™'): 3480 m, 3263 m,
1631 s, 1591 s, 1426 s, 1352 w, 1210 w, 1070 m, 940 w, 741 s
(Fig. S2at). Anal. caled for C3oH,4NgO,Zn,Br, (FW: 978.96): C,
36.77%; H, 2.45%; N, 11.44%; found: C, 36.75%; H, 2.49%; N,
11.40%.

CH3OH  hN NH
N
\/HI
i

Scheme 1 Synthetic routes of complexes 1 and 2.
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Synthesis of [Zn,(L?*)Cl,]-2H,0 (2)

The synthesis method of complex 2 is the same as that of 1,
and 2 can be obtained by replacing ZnBr,-2H,O with
ZnCl,-2H,0 in system 1. Yellow bulk crystals 2 (CCDC number
2373223) were collected. Yield: 45.07% (based on L'). IR (KBr
pellet, cm™"): 3463 m, 3243 m, 1613 s, 1426 s, 1361 s, 1222 m,
1064 m, 779 s, 744 s (Fig. S2bt). Anal. caled for
C30H,4Ng0,Zn,Cl, (FW: 801.12): C, 44.94%; H, 3.00%; N,
13.98%; found: C, 44.89%; H, 3.07%; N, 13.95%.

Results and discussion
Characterization of complexes 1 and 2

In the presence of zinc(n) ions, two L' ligands react through
carbon-carbon coupling to form the L* ligand via a one-pot
in situ reaction. It is speculated that this process involves a
ligand oxygenation mechanism and carbonyl olefination via
the McMurry coupling reaction.®3°

Single-crystal X-ray diffraction (XRD) studies indicate that
complex 1 crystallizes in the triclinic crystal system with the
space group P1 (Table S171). The asymmetric unit of complex 1
contains one Zn>" ion, half of the L? ligand, two Br~ ions and
a free H,0 molecule, which forms a binuclear [Zn,(L?)
Br,]-2H,O structure (Fig. 1a). After carbon-carbon coupling,
the double bond length is 1.347 A. The Zn-N bond length is in
the range of 2.039-2.049 A. The bond angles around Zn
centers range from 89.42° to 116.25° (Table S27). The dihedral
angle between the two benzimidazole rings, Cgl (C5-C6-N2-
C7-N1) and Cg2 (C10-C11-N3-C9-N4), is 85.0°. There are
hydrogen bond interactions between N3-H3:--Br2 and N2-
H2---O1 with distances of 2.67 A and 1.94 A, respectively. There
are also some other weak interactions that make complex 1
more stable, such as n---7 stacking between the benzene ring
Cg3 (C10-C11-C12-C13-C14-C15) and the benzene ring Cg3
on adjacent layers and C-H---x interactions between C13-H13
and the imidazole ring Cg1 (Table S37t). So, the 0D structure is
extended to a 2D chain structure due to these intermolecular
hydrogen bonds and weak interactions (Fig. 1b).

Single-crystal X-ray diffraction (XRD) studies indicate that
the crystal structure of complex 2 is similar to that of 1
(Fig. S37), but the dihedral angles and the distances of inter-
molecular and intramolecular interactions are slightly
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Fig. 1 (a) Molecular structure of complex 1; (b) the stacking form of
complex 1.
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different (Table S31). The carbon-carbon double bond length
is 1.353 A. The Zn-N bond length is in the range of
2.029-2.040 A. The bond angles around Zn centers range from
89.82° to 118.90° (Table S2+).

Thermogravimetric analyses (TGA) were also conducted to
investigate the thermochromic behaviour of complexes 1 and 2
(Fig. S4t). The first weight loss of 3.7% and 4.6% starts from
25 to 100 °C corresponding to the removal of water molecules
(cal. 3.7% and 4.5%). The complexes began to decompose at
about 400 °C, demonstrating that they exhibit good thermal
stability.

Luminescence properties

The luminescence spectrum of complex 1 was recorded. When
excited at 428 nm, complex 1 showed two emission peaks at
463 and 640 nm, respectively (Fig. 2a). Then the lifetime of
these two emission peaks was determined (Fig. S51). The
decay curve showed that the emission peak at 463 nm had a
lifetime of 0.43 ns, which belonged to fluorescence emission.
The emission peak at 640 nm had a lifetime of 331 ps, indica-
tive of the nature of phosphorescence emission. This indicates
that complex 1 has dual emission behaviour of fluorescence
and phosphorescence.

The emission spectrum of complex 2 (Fig. 2b) shows a
single peak. However, it can be observed that its emission
peak has a tailing phenomenon at longer wavelengths. A peak-
splitting operation was carried out with two peaks at 515 and
570 nm obtained (Fig. S6at). The emission peak at 570 nm has
a lifetime of 6.55 ps, indicating that complex 2 also possesses
phosphorescent emission behaviour (Fig. S6bt). However, the
heavy-atom effect of Cl is not as obvious as that of Br, and the
phosphorescent emission of complex 2 is weak and covered by
the fluorescence emission peak, so it does not show an
obvious dual emission like complex 1.

Mechanochromic luminescence properties

As mentioned above, both Zn(i) complexes have rotatable ben-
zimidazole rings in their structures and display distorted
spatial conformations, which makes them a type of promising
stimulus-responsive material. The luminescence behaviour of
complexes 1 and 2 in different states was investigated to assess
whether they possess mechanochromic luminescence pro-
perties. As shown in Fig. 3a, when complex 1 was excited at
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Fig. 2 Excitation and emission spectra of complexes 1 (a) and 2 (b).
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Fig. 3 Emission spectra of complexes 1 (a) and 2 (c) in different states;
(b) photographs of complexes 1 (b) and 2 (d) in different states (original,
slightly ground, vigorously ground, and fumed) under sunlight and
365 nm UV illumination.

365 nm, its original crystal showed comparable intensity of
dual emissions at 463 and 640 nm, emitting light orange
luminescence. Upon slight mechanical grinding, the relative
intensity of these two peaks was altered, with a relative
decrease at 463 nm and a relative increase at 640 nm. After
thorough grinding, only the emission peak at 640 nm was left
and the luminescence colour appeared as orange-red. The
emission peak at 463 nm can be recovered after fuming the
fully ground sample with methanol vapour. The alternating
process between complete grinding and fumigation can be
repeated for multiple cycles (Fig. S7at). In addition, the colour
before and after grinding under room light changed from light
yellow to orange, which could be clearly observed, and it was
also confirmed by the solid-state UV-visible spectrum
(Fig. S8aft). All the above phenomena indicate that complex 1
has mechanochromic luminescence properties. Complex 2
also has similar properties, as shown in Fig. 3c. The original
crystal of complex 2 showed green luminescence emission at
515 nm. After slight grinding, the emission peak showed a red-
shift to 554 nm. Finally, after vigorous grinding, the fully
ground sample showed an orange luminescence emission at
630 nm. When fuming with methanol vapour, the emission
peak can recover to 515 nm. This alternating process can also
be repeated for many cycles (Fig. S7b7). The colour of complex
2 before and after grinding under room light also changed sig-
nificantly (Fig. 3d). In conclusion, the two Zn(u) complexes are
promising materials with excellent mechanochromic lumine-
scence properties.

To further understand the mechanism of mechanochromic
luminescence properties, PXRD experiments were performed.
The original samples of complex 1 and complex 2 showed
strong and sharp diffraction peaks, indicating their crystalline
nature (Fig. 4). After slight grinding, the diffraction peaks
became broad, yet some sharp peaks still remained, indicating
that the ordered arrangement changed a little. After complete
grinding, an amorphous state was observed, suggesting that

Dalton Trans., 2025, 54, 3619-3625 | 3621
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Fig. 4 (a) PXRD patterns of complex 1 before and after grinding and
fuming and (b) PXRD patterns of complex 2 before and after grinding
and fuming.

the change of luminescence emission was caused by the trans-
formation from a crystalline to an amorphous state. After
being fumed with methanol vapour, some characteristic diffr-
action peaks were recovered, indicating the recovery of the
lattice.

As mentioned above, complexes 1 and 2 exhibited high con-
trast mechanochromic luminescence properties, which can be
applied in force test paper. The sample of complex 2 was dis-
persed on filter paper to make the test paper. As shown in
Fig. 5, when writing “BNU” on the test paper with a glass stick,
a fuzzy orange handwriting can be seen under sunlight, and a
clear orange emission “BNU” can be seen under UV light.
Then exposure to methanol vapour could erase the letter
under sunlight and UV light.

Excitation wavelength-dependent emission properties

Considering that complexes 1 and 2 exhibit dual emission
with a wide range of excitation between 250 and 450 nm
(Fig. 2), we further investigate their luminescence with their
crystals and DMF solutions in detail. As shown in Fig. 6a,
complex 1 in the crystalline state exhibits a typical excitation-
wavelength-dependent emission. With the excitation wave-
length ranging from 300 to 420 nm, the luminescence spectra
show an obvious intensity change of bimodal peaks centered
at 463 and 640 nm. Generally, it can be observed that the emis-
sion intensity of these two bands gradually increases with the
increase of the excitation wavelength, but the change of emis-

Sunlight

UV light

Fig. 5 Photographs of the test paper of complex 2 taken under sunlight
and 365 nm UV light after writing and fuming with methanol.
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Fig. 6 Emission spectra of complexes 1 (a) and 2 (b) in the crystal state
excited by different excitation wavelengths; emission spectra of com-
plexes 1 (c) and 2 (d) in DMF solution excited by different excitation
wavelengths; the CIE chromaticity diagram revealing the dynamic
luminescence colour change of complexes 1 (e) and 2 (g) in DMF solu-
tion excited by different wavelengths; the dynamic luminescence colour
change of complexes 1 (f) and 2 (h) in DMF solution excited by light
from 300 nm to 440 nm.

sion intensity centered at 640 nm is much larger than that at
463 nm. According to the 1931 Commission Internationale de
I'Eclairage (CIE) coordinate diagram, its colour changed from
light orange to orange-red, with the change of the initial coor-
dinate (x = 0.3962, y = 0.3592) to (x = 0.4716, y = 0.3726)
(Fig. S9at). The change in luminescence of complex 2 in the
crystalline state is not obvious, because its heavy-atom effect is
not as significant as that of complex 1 (Fig. 6b).

Then complexes 1 and 2 in DMF solutions with a concen-
tration of 0.005 g dL™' were prepared, and their emission
spectra excited by different excitation wavelengths were
recorded (Fig. 6¢c and d). It can be seen that the major emis-
sion wavelength of complex 1 in DMF solution obviously
changes due to the increase of the excitation wavelength. It
gradually changed from 514 to 547 nm, and the colour
changed from cyan to yellow (Fig. 6f). The CIE coordinate

This journal is © The Royal Society of Chemistry 2025
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diagram showed the luminescence changes from the initial
coordinate (x = 0.2869, y = 0.381, cyan) to (x = 0.3877, y =
0.5106, yellow) (Fig. 6e). Similarly, the major emission wave-
length of complex 2 also changed from 451 to 550 nm,
accompanied by the colour changing from blue to cyan, which
finally became yellow (Fig. 6h). The CIE diagram also clearly
verified the change of this process from the initial coordinates
(x=0.2134, y = 0.2392, blue) to (x = 0.4159, y = 0.5340, yellow)
(Fig. 6g).

In order to understand the mechanism of excitation wave-
length-dependent emission properties, the structures of com-
plexes 1 and 2 were optimized and calculated using the
Gaussian 09 program (opt freq wb97xd/sdd) (Fig. 7). It can be
seen that the highest occupied molecular orbital (HOMO) of
complexes 1 and 2 is distributed on the ligand moiety, particu-
larly on the C=C group, and the lowest unoccupied molecular
orbital (LUMO) is mainly located on ZnX, (X = Cl, Br) and the
central C=C group. The HOMO and LUMO are not separated.
This implies that the complexes have a locally excited nature
with a large contribution of intramolecular charge transfer,
generating multiple emission centers, which contributes to the
excitation wavelength-dependent emission.

Application in films

In recent years, luminescence anti-counterfeiting has attracted
increasing attention due to its excellent optical properties.®™**
Considering the excitation wavelength-dependent emission
performance of complexes 1 and 2, their potential application
in anticounterfeiting was explored. A type of PMMA film
device was made, hoping to greatly extend the application of
this material. First, a mixture of PMMA (5 g), complex 1/
complex 2 (5 mg) and DMF (100 mL) was stirred until they
were completely dissolved. Then the solution was placed on a
glass plate and heated in an oven until the solvent evaporated

LUMO

HOMO

Fig. 7 The optimized molecular configurations and HOMO and LUMO
of complexes 1 and 2.
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Fig. 8 Emission spectra of complexes 1 (a) and 2 (b) in the PMMA film
excited by different excitation wavelengths; the CIE chromaticity
diagram revealing the dynamic luminescence colour change of com-
plexes 1 (c) and 2 (d) in the PMMA film excited by different wavelengths
of light; (e) flexibility of the PMMA film; (f) complex 2 in the PMMA film
exhibiting different colours excited by 365 and 395 nm for anti-counter-
feiting applications.

completely to result in films. These films could be folded and
bent with good flexibility (Fig. 8e). As expected, the particular
properties of the designed film are similar to those in DMF
solutions (Fig. 8a and b).

The unique excitation wavelength-dependent emission pro-
perties make complexes 1 and 2 in PMMA films an excellent
system for anti-counterfeiting. After excitation with different
wavelengths of light, these films show different luminescence.
This process is clearly verified in the CIE diagram (Fig. 8c and
d). The coordinates of complex 1 change from (x = 0.2548, y =
0.3845, blue) to (x = 0.3210, y = 0.4986, yellow green), and
those of complex 2 also change from (x = 0.2466, y = 0.3168,
blue) to (x = 0.3928, y = 0.5314, yellow). Taking the PMMA film
of complex 2 as an example, we cut it into a pattern with the
“BNU” shape. As shown in Fig. 8f, its luminescence colour
appears blue under 365 nm excitation and yellow-green under
395 nm excitation, which shows a dual information anti-coun-
terfeiting process.

In addition, the PMMA films of complexes 1 and 2 have
unique absorption in the range of 250-450 nm (Fig. S107). So,
these films can also be used as UV protection devices, such as
sunglasses. In summary, excellent excitation wavelength-
dependent luminescence and UV absorption characteristics
make this PMMA film a type of ideal anti-counterfeiting and
UV protection device.
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Conclusions

In summary, we have successfully synthesized two multi-
stimuli responsive zinc(u) complexes (1 and 2) based on a TPE
analogue. We first found that bis(1H-benzo[d]imidazol-2-yl)
methane can undergo a carbon-carbon coupling process by
in situ synthesis in the presence of zinc(i) ions, which greatly
simplifies the operation steps compared with previous litera-
ture. Both complexes have fluorescence and phosphorescence
dual emission. Complex 2 has a better phosphorescence
behaviour due to the heavy-atom effect of bromide ions. They
exhibit high contrast mechanochromic luminescence. PXRD
indicates that the grinding and fuming processes of complexes
1 and 2 correspond to the transformation between crystalline
and amorphous states. The luminescence of complexes 1 and
2 was dependent on the excitation wavelength both in the crys-
talline state and in DMF solution. Theoretical calculations
imply that the complexes have multiple emission centers,
which contribute to the excitation wavelength-dependent emis-
sion. PMMA films of complexes 1 and 2 also show excitation
wavelength-dependent emission similar to that in DMF solu-
tion and have been proven to be excellent anti-counterfeiting
devices. Their strong absorption in the UV range endows them
with potential applications in UV protection. This work pro-
vides new insights into the syntheses of complexes with multi-
stimuli responses.
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