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a b s t r a c t

Solid-state materials that exhibit pressure stimulus-response characteristics in a manner of emission sig-

nal, known as piezochromic luminescence (PCL), demonstrate great potential in photoelectric devices.

The weakened luminescence and insignificant color change in the aggregation state, however, hampers

their practical applications. Herein, a highly emissive coordination polymer, [Zn2(H4TTPE)(H2O)4]·H2O

(CUST-805), is successfully constructed by employing an AIE-active chromophore as the building block.

The structural characterization and photophysical properties are systematically studied. Owing to intrin-

sic twisted conformation and AIE feature of tetraphenylethylene-tetrazole ligand, CUST-805 achieves the

visible and reversible PCL from blue to green switched by different external stimuli. The transformation

between crystalline and amorphous states is proved to be the origin of present PCL behavior. Moreover,

on basis of electron and energy transfer quenching mechanism, the highly selective and sensitive sensor

based on CUST-805 is realized, showing the low detection limit of 0.29 ppm towards 2,4,6-trinitrophenol.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The coordination polymers (CPs) have received tremendous at-

tention in the industrial and academic communities since the pio-

neering work reported by Yaghi in the middle 90s [1–4]. CPs usu-

ally consist of metal nodes and organic linkers via covalent bonds

assembled into one-, two- and three-dimensional (1D-3D) crys-

talline networks [5–7]. In particular, their inherent advantages of

versatile structures, tunable pore sizes, and exposed active sites

[8,9], make CPs promising candidates for luminescence [10,11],

sensing [12–14], catalysis [15,16], and adsorption fields [17,18]. The

development of luminescent CPs has become a hot topic in the

past decade [19,20]. However, the traditional aggregation-caused

quenching (ACQ) effect of employed organic linkers always leads

to poor luminous efficiencies of the resulting CPs, limiting their

application in the optical field [21]. Significant advances have been

made in improving the emission efficiency, however, the challenges

remain.
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Recently, a fascinating photophysical phenomenon, aggregation-

induced emission (AIE), has attracted considerable attention, in

which AIE-active molecules exhibit weak or no emission in isola-

tion but strong luminescence in solid-state or when confined by

surrounding microenvironment [22–24]. Such promising character-

istics of AIE luminophores open a new avenue for the develop-

ment of solid-state luminescent materials with high efficiency as

well as desired functionality [25,26]. Tetraphenylethylene (TPE), the

most explored luminophore core, is commonly used as the build-

ing block to construct diverse AIE materials including pure organic

small molecules and organic-inorganic hybrid [27]. Dincă and col-

leagues have devoted enormous efforts to deciphering the intrinsic

mechanism of TPE-based MOF materials and demonstrated their

outstanding potential in turn-on sensors [28]. Zhou’s group uti-

lized an extended TPE-based carboxylate linker with zirconium salt

to give rise to highly fluorescent Zr-based MOF, whose emission

color is reversibly switched between blue and green upon differ-

ent external stimulations [29]. Restricted molecular motions in the

rigid matrix and switchable topologies under pressure endow CP

as a new family of piezochromic luminescent materials. Recent re-

views have summarized the processes and breakthroughs on AIE
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Fig. 1. The structure of CUST-805. (A) Zn cluster and (B) organic ligand viewed as

a pair of nodes lines, as well as (C) simplified of the self-assembled 1D chain along

the b direction. (D) Perspective view of the H2O cluster linking two chains. Hy-

drogen bonds are depicted as yellow striped bonds. Color modes: Zn, turquoise, N,

blue, O red, C gray-25%, H white.

chromophores-based materials [30–33]. However, the development

of stimulus-responsive CPs with strong luminescence and good re-

versibility is still in its infancy [34].

Taking the characteristic of iconic TPE moiety as well as ex-

cellent coordination ability of tetrazole together, herein, a high

emissive CP material named CUST-805, is designed and synthe-

sized accordingly, as shown in Fig. 1. CUST-805 can be easily pre-

pared by metal clusters Zn2+ ions and tetrakis[4-(1H-tetrazol-5-

yl)phenyl]ethylene (H4TTPE) under the solvothermal condition. The

characterizations and photophysical properties were systematically

investigated. As expected, the resulting CP not only exhibits bright

emission with the photoluminescence quantum yield (PLQY) of

46.4% but also has piezochromic behavior with the significant and

reversible color change and enhanced PLQY once the mechanical

grinding is applied. Inspired by the bright emission of CUST-805

in the aggregated state, a highly selective and sensitive explosive

probe toward 2,4,6-trinitrophenol (TNP) is also achieved.

White crystals of CUST-805 were obtained by the solvothermal

reaction of H4TTPE and Zn2+ ions with a molar ratio of 1:5 in per-

cent of C2H5OH and NH3·H2O mixture. The synthetic details can be

found in supporting information (for experimental section) and the

visible images of CUST-805 crystals are depicted in Fig. S1 (Sup-

porting information). Single-crystal X-ray diffraction analysis indi-

cates that CUST-805 crystallizes in a monoclinic space group of

C2/c and adopts a 1D ribbon chain structure. The asymmetric unit

of CUST-805 is composed of two crystallographically independent

ZnII ions, four water molecules, one organic TTPE4−, and a free wa-

ter molecule (Fig. S2 in Supporting information). The two types of

ZnII metal center adopt a distorted triangular pyramid {ZnN2O2}

geometry, which is defined by two nitrogen atoms from TTPE4−

ligand and two oxygen atoms from two molecules (Fig. 1A), while

each TTPE4− ligand links four Zn nodes (Fig. 1B) are further self-

assembled to extend into a 1D ribbon chain along the b axis as

exhibited in Fig. 1C. The Zn-N bond distances vary from 2.4038(9)

Å to 2.4618(11) Å and the Zn-O bond lengths range from 2.236(2)

Å to 2.297(3) Å. In the crystal state of CUST-805, abundant inter-

actions of O-H· · ·O stacking could be observed along with the b

direction and thus giving rise to 2D layer, as illustrated in Fig. 1D

and Fig. S3 (Supporting information). Additionally, 3D supramolec-

ular architecture is formed via intermolecular interactions of O-

H…O and π-π stacking (3.55 Å) between neighboring 2D planes

(Fig. S4 in Supporting information).

The phase purity of synthesized CUST-805 is examined by pow-

der X-ray diffraction (PXRD) pattern. The diffraction spectrum of

the experimental product is consistent with the theoretical sim-

ulation data as exhibited in Fig. S5A (Supporting information). In

addition, CUST-805 shows relatively good thermal stability, as sup-

ported by the thermogravimetric analysis data (TGA) (Fig. S5B in

Supporting information). The main functional groups’ absorption

bands of CUST-805 are tested by the fourier transform infrared (FT-

IR) spectrum (Fig. S5C in Supporting information), which reveals

that the wide peak appeared at 3334 cm−1 represents the quan-

tity of the O–H groups of the water molecules and the bands at

1400-1650 cm−1 perhaps are related to the tensile vibrational of

aromatic CN. The bands at 800-1300 cm−1 area may be interre-

lated to the H4TTPE tetrazole ligands. Furthermore, the chemical

stability of CUST-805 is explored in Figs. S5 and S6 (Supporting in-

formation). There is no doubt that the excellent stability of CUST-

805, providing a nice foundation for further application.

To study the emission behavior of CUST-805, the emission spec-

tra in different states are measured. As illustrated in Figs. 2A and B,

the as-prepared white crystals of CUST-805 emit bright blue fluo-

rescence with an emission maximum of 464 nm under UV light.

Interestingly, the emission color of powders changes from blue

to green upon grinding with a pestle, which can be easily ob-

served by the naked eyes. The ground sample hereafter denoted

as CUST-805G exhibits a red-shifted wavelength with a peak of

520 nm compared with that of freshly prepared CUST-805. In ad-

dition to the bathochromic shifted spectrum, the photoluminescent

quantum yield is improved from 46.4% for CUST-805 to 84.9% for

CUST-805G (Fig. S7 in Supporting information). The tight packing

as well as the restricted rotations of the aromatic rings may be at-

tributed to the above phenomenon [35–37]. The excited-state life-

times (τ ) experiments are then determined to further understand

intrinsic photophysical processes. The decay lifetimes of CUST-805

and CUST-805G in the solid-state are 2.98 ns and 6.26 ns, respec-

tively, as demonstrated in Fig. S8 (Supporting information). The

radiative rate constants (kf =�/τ ) for CUST-805 is thus 1.6×108

s−1, which is close to 1.4×108 s−1 for CUST-805G. In contrast,

the non-radiative rate constant [knr = (1-�)/τ ] is greatly decreased

from 1.8×108 for CUST-805 to 2.4×107 s−1 for CUST-805G. More-

over, the solid absorption spectra of CUST-805 and CUST-805G are

investigated and the corresponding data are illustrated in Fig. S9

(Supporting information), and the TGA data of CUST-805G is shown

in Fig. S10 (Supporting information). The original white crystals

change into faint yellow with the board and red-shifted absorp-

tion bands for CUST-805G in comparison with that observed for

CUST-805, which is in good agreement with the photographic im-

ages shown in Fig. 2A. To prove that the present piezochromic pro-

cess is reversible, we conduct grinding and heating tests. The emis-

sion color, as well as the daylight color of CUST-805G, can revert

to the original color upon annealing the ground sample in a mix-

ture of ammonia and ethanol, resulting in a heated sample named

CUST-805H. Further grinding CUST-805H, the blue-emitting pow-

ders change into green-emitting again. Such color switching be-

tween blue and green are thus repeated four times without any

fatigue, suggesting good reversibility (Fig. S11 in Supporting infor-

mation). The sensitivity of CUST-805 response to pressure stimuli

in a reversible dynamic luminescence shift, which can be better

visualized by the CIE diagram (Fig. S12 in Supporting information).

To gain insight into the piezochromic luminescence property, X-

ray diffraction (XRD) patterns of CUST-805, CUST-805G and CUST-

805H in solid-states are studied. The pristine crystal of CUST-

805 exhibit numerous intense and sharp reflection peaks that

2



X. Han, J. Tong, G. Ding et al. Chinese Chemical Letters 34 (2023) 107255

Fig. 2. (A) The visual and fluorescence color change from CUST-805 to CUST-805G powder samples. (B) Fluorescent spectra of CUST-805 (solid line, blue), CUST-805G (solid

line, green), and CUST-805H (dotted line, blue) at room temperature. (C) PXRD patterns of CUST-805 (blue), CUST-805G (green), and CUST-805H (navy blue).

Fig. 3. (A, B) Emission spectra and (C) fluorescent images of CUST-805 under pres-

sure from 0 GPa to 14.26 GPa.

are indicative of a well-defined crystal structure. The diffraction

curves of CUST-805G, however, exhibit a wide and weak peak,

indicating that the amorphous states are formed. Some sharp

diffraction peaks appeared again for annealed sample CUST-805H,

as shown in Fig. 2C. These results demonstrate that the heat-

ing can convert amorphous ground samples to the crystalline

states possibly through molecular repacking, and hence the re-

versible piezochromic luminescence behavior. Piezochromic mech-

anism of CUST-805 may be related to morphology change from the

stretched and loose crystalline state to the more planar and tighter

amorphous phase [38].

The behavior of piezochromic effect is further verified by hy-

drostatic pressure instead of irregular grinding. Since both twisted

skeleton and variable spaces exit in CUST-805, the drastic frame-

work deformation would happen, if the mechanical force is im-

posed. We studied the luminescent change of CUST-805 under var-

ied high-pressures in the diamond anvil cell experiments. With

pressure increasing from 1 atm to 1.56 GPa, CUST-805 crystal dis-

plays red-shifted emission from blue (462 nm) to green (500 nm)

accompanied with enhanced emission intensity. Meanwhile, the

emission peak reaches its maximum intensity at 1.56 GPa. With

further compression to 14.26 GPa, the red-shifted emission is ob-

served from 500 nm to 550 nm, along with a monotonic decrease

in intensity (Figs. 3A and B). Furthermore, after 1.56 GPa, there is

a linear correlation between the emission logarithm of the rela-

tive intensity, ln(I0/Ii) and pressures (Fig. S13 in Supporting infor-

mation). The fluorescent images of CUST-805 under different pres-

sures are displayed in Fig. 3C. CUST-805 exhibits a red-shift tran-

sition, which may be due to its conformational flexibility and the

facile modification of weak intermolecular interactions under high

pressure [38,39].

Fig. 4. (A) Fluorescent spectrum of CUST-805 in DMF containing different amounts

of TNP. (B) Corresponding S-V plots of TNP. Inset: the fitting curves of the linear

S-V plots for TNP at low concentrations (20 μmol/L). (C) Quenching percentage ob-

tained of different analytes (24 ppm). (D) Column diagrams of the relative fluores-

cence intensity of CUST-805 with different analytes at 496 nm. pink bars represent

the addition of various analytes in DMF and violet bars represent the subsequent

addition of TNP (24 ppm) to the above solutions (CUST-805+ analytes+TNP).

As studied above, 1D CPs possess more accessible active sites

and afford rapid mass transport and charge transfer, endowing

them enhanced performance in sensing applications [40,41]. Con-

sidering nitroaromatic explosives are a serious threat to human

health and national homeland security, sensitive and selective de-

tection of nitroaromatic explosives is of great significance [42–

44]. After the addition of 24 ppm TNP, the fluorescence inten-

sity of CUST-805 is reduced to only 2.3% of the original one

(Fig. 4A). In contrast, other nitroaromatic explosives, such as 4-

nitrophenol (p-NP), 1,3-dinitrobenzene (m-DB), nitrobenzene (NB),

2,4-dinitrotoluene (2,4-NT) and p-nitrotoluene (p-NT), have little

or no effect on the emission of CUST-805 (Fig. S14 in Supporting

information). The results demonstrate that CUST-805 has high se-

lectivity for TNP among a variety of nitroaromatic explosives (Fig.

4C). The fluorescence quenching efficiency can be quantified using

Stern-Volmer equation and the KSV is estimated to be 8.40×104

mmol/L on basis of S-V plot (Fig. 4B), which is comparable or even

better than those of the previously reported CP sensors for TNP de-

tection (Table S5 in Supporting information). Meanwhile, the TNP

sensor based on CUST-805 also shows a low detection limit of 0.29

ppm.
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These phenomena encouraged us to explore the ability of CUST-

805 to detect TNP under the interference of other potential ni-

troaromatic explosives. A slight fluorescence quenching occurred

upon the addition of 24 ppm others explosives. In contrast, once

adding 24 ppm TNP into the above mixture behaved a significant

and rapid emission quenching of CUST-805 is observed (Fig. 4D).

The assay outstanding data for TNP reveal that CUST-805 is an ex-

cellent sensor for the sensitive and selective detection of TNP.

To comprehend the high selectivity origin of CUST-805 for TNP,

the mechanism of quenching is investigated. TNP has the stabilized

lowest unoccupied molecular orbital (LUMO) energy levels among

all studied nitroaromatic explosives (Fig. S15 and Table S6 in Sup-

porting information), and the LUMO of H4TTPE has higher energy

compared to the LUMO of the TNP. Efficient electrons transfer thus

can easily occur from the LUMO of CUST-805 to TNP, thus resulting

in fluorescence quenching of CUST-805. To check whether the en-

ergy transfer quenching mechanism is involved in the sensing, the

UV-vis absorption spectra of nitroaromatic explosives are recorded

[45,46]. As shown in Fig. S16 (Supporting information), there is the

obvious overlaps absorption spectrum of TNP and emission spec-

trum of CUST-805, indicating the accessible fluorescence resonance

energy transfer between them, which further quenches emission of

CUST-805. Therefore, it is speculated that the synergy of electron

and energy transfer quenching mechanisms may be responsible for

the high selectivity and sensitivity of CUST-805 for the detection of

TNP.

In conclusion, we have employed AIE-active tetrakis[4-(1H-

tetrazol-5-yl)phenyl]ethylene and zinc(II) ion as a ligand and metal

node, respectively, to successfully construct a highly emissive CP.

The resulting CP, CUST-805, not only exhibits bright light with QY

of 46.4% but also efficient PCL behavior with the significant color

change from blue to green accomplished with an enhanced QY of

84.9%. The green-emitting color caused by grinding can recover to

the original one by heating treatment, and such switching can be

repeated many times without fatigue. The experiment result sug-

gests that the transformation from crystalline to amorphous states

is attributed to the present PCL behavior triggered by grinding.

Moreover, a linear correlation between emission intensity and hy-

drostatic pressure can be established. Moreover, a highly selective

and sensitive sensor towards TNP is also achieved. The excellent

performance of CUST-805 makes it a promising candidate for use

as pressure sensors, explosive detection as well as other optical

application, and the results obtained herein would provide a fea-

sible way to construct multifunctional coordination polymers with

highly emissive and controllable external stimulus-response behav-

ior in the future.
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