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a b s t r a c t

Three discrete tetrahedral metallo-supramolecular cages were designed and constructed using truxene-

pended base ligands. Owing to the synergistic rigidifying effect of unsymmetric cyano-substituted oligo(p-

phenylene-vinylene) (u-COPV) suspended by the truxene skeleton, the resulting supramolecular cages

were confirmed to exhibit significant aggregation-induced emission (AIE) accompanied by an interest-

ing solvatochromic fluorescent behavior as well as a porous honeycomb-like state during aggregation.

In particular, the anti-counterfeiting performance and emission behaviors of the cages in the solid state

under external hydrostatic pressure were investigated.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supramolecular chemistry is the chemistry that achieves the

combination of molecules through non-covalent interaction and

multiple synergies to obtain the molecular aggregates with or-

dered structure and specific functions or properties [1,2]. Purpose-

ful selection of suitable angularity, directionality, and stoichiometry

of the precursors can be used to construct discrete supramolec-

ular cages with definite cavity structure and size [3–6]. In this

regard, subcomponent self-assembly has attracted significant at-

tention as the most powerful bottom-up strategy for the prepa-

ration of highly organized structures with diverse functionalities

in an “order-out-of-chaos” and a well-controlled manner [7–10].

Meanwhile, the elucidation of structure-property relationships be-

tween rigid nanospheres and its pended fluorescent or phospho-

rescent matrixes facilitates investigations, targeting unique photo-

physical properties and subsequently benefiting its wide applica-

tions in various fields [11,12]. The design and synthesis of novel

multi-dimensional structures have always been the main theme

of supramolecular research not only because of such interesting
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structures, but also as a result of a wide range of applications

in various fields, including catalysis [13,14], molecular recognition

[15–17], biological imitation [18–20], guest sequestration [21–22],

drug delivery [23], and membrane transportation [24,25], etc.

The non-radiative decay of luminescent molecules is well

known to occur because of the geometric distortion of the chro-

mophore, which always competes with fluorescent or phospho-

rescent efficiency. Since the establishment of aggregation-induced

emission (AIE) by Tang and coworkers in 2001, various luminescent

systems have been established, which have rendered a far-reaching

effect on the development of bioimaging and biosensing and or-

ganic optoelectronic materials, etc. [26,27]. Compared to traditional

luminogens that exhibit marginal or no luminescence in solutions

due to active intramolecular motion, molecules with AIE properties

exhibit a superior luminous ability in the aggregated state due to

the restriction of the intramolecular motion (RIM) mechanism [28–

31]. Pressure induced materials under the action of external force,

fluorescence produce clear change of materials, heating, recrystal-

lization or solvent method such as fumigation reversible recovery

to the initial state of light, this materials in pressure sensor, in-

formation storage display, pressure sensor and other fields has a

broad application prospect of wide application [32,33].
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Scheme 1. Synthesis of unsymmetric cyano-substituted oligo(p-phenylene-vinylene).

Scheme 2. Synthesis of supramolecule cages C1 and C2.

At present, most of the supramolecular cages with aggregation-

induced luminescence effect come from ligands with aggregation-

induced luminescence such as tetraphenylethylene, and most of

them have hexahedral [34], quadrangular prism [35,36] or pla-

nar structures [37], which are beneficial to their stacking in the

aggregated state. Truxene is a seven-ring polyaromatic structure

with applications in the fields of synthesis, photoluminescence and

organic electronics [38–41]. In this paper, trimeric indene with

aggregation-induced emission enhancement (AIEE) was used to

prepare tetrahedral-type supramolecular cages with aggregation-

induced emission, and two tetrahedral-type aggregation-induced

emission supramolecular cages were obtained by adjusting the lig-

ands.

Scheme 1 shows the facile preparation of suspended unsym-

metric cyano-substituted oligo(p-phenylenevinylene) u-COPV by

convergent synthetic steps. Our synthesis aimed to efficiently con-

struct the key suspended moiety 10, which carries the required

pyridyl aldehyde moiety on its skeleton. Borate ester 2, which

could be easily obtained by the Suzuki coupling reaction with

4-bromobenzeneacetonitrile and bis(pinacolato)diboron, was ob-

tained in an excellent yield, and benzilic aldehyde 5 was generated

in a 60% yield by the reaction of 3 and 4, followed by hydrolysis

with dilute hydrochloric acid. Next, the sequential protection and

Suzuki coupling transformation of 6 afforded compounds 7 and 8

in 90% and 85% yields, respectively. Finally, the condensation and

deprotection of 8 with pre-synthesized 5 afforded the correspond-

ing dissymmetric cyano-substituted oligo(p-phenylene-vinylene) 10

in a 45% yield. All building blocks were obtained according to stan-

dard synthetic procedures and completely characterized (Figs. S1–

S15 in Supporting information).

With the u-COPV ligand in hand, the self-assembly of truxene-

based amine 11 (1.0 equiv.), pyridyl aldehyde (3.2 equiv.), and zinc

bis(trifluoromethylsulfonyl)imide (1.0 equiv.) was accomplished in

acetonitrile at room temperature for 8h, affording desired tetrahe-

dral cage C1 as a yellow solid in a medium yield. Notably, the self-

assembly of cage C2 was conducted at 70 ◦C for 8h to increase

the solubility of 10 in acetonitrile (Scheme 2 and Figs. S16–S21 in

Supporting information).

To further support the formation of tetrahedral structures, NMR

spectroscopy was also employed to obtain structural information

about the self-assembled products. Compared with truxene-based

amine 11, cage C1 exhibited 10 sets of aromatic protons, corre-

sponding to the pyridine and benzene moieties of the structure

(Fig. 1a). NMR signals of cage C2 were observed as clusters of

peaks, suggesting that the tetrahedral cage exists as a mixture of

diastereomers in solution, in contrast to the other cages prepared

by subcomponent self-assembly (Fig. 1c) [42,43]. In addition, sig-

nificant upfield shifts (1.0–1.2 ppm) of the methylene and methyl

moieties compared with that on the free ligand indicated that the

ethyl group extends into the cavity after the assembly of tetrahe-

dral cages (Fig. 1b).

Electrospray ionization mass spectrometry (ESI-MS) data

demonstrated that cages C1 and C2 are substantially stable in

solution (Figs. S22 and S23 in Supporting information). As shown
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Fig. 1. 1H NMR (600MHz, CD3CN, 298K) spectra of C1 (a), 11 (b) and C2 (c). ESI-MS

spectra of C1 (d) and C2 (e).

Fig. 2. Energy-minimized molecular model of cage C2 (Zn, yellow; N, blue; C, gray).

Hydrogen atoms and counter anions are omitted for clarity (a) side view hiding the

branched chain and (b) top view.

in Figs. S22 and S23, the ESI-MS of cage C1 revealed one dominant

set of peaks with continuous charge states ranging from 5+ to 8+

due to the successive loss of (trifluoromethyl-sulfonyl)imide anions

(Fig. 1d). Experimental isotope patterns for each peak matched

well with simulated isotope patterns, indicative of the formation

of a supramolecular ensemble with the proposed stoichiome-

try (Fig. 1e). After deconvolution, the average molar masses of

self-assembled cages C1 and C2 were 6697 and 10,827Da, respec-

tively, matching well with their expected chemical compositions

[(C75H66N6)4Zn4(NTf2)8] and [(C150H114N12)4Zn4(NTf2)8]. Experi-

mental data rules out the possibilities of forming other undesired

complexes and isomers. The 2D DOSY spectrum revealed that cage

C1 and cage C2 are single products, with corresponding diffusion

coefficients of 3.26×10−10 m2/s and 8.57×10−10m2/s.

A number of efforts focused on gathering complete data of

single-crystal X-ray analysis have been unsuccessful; hence, a sim-

ulated molecular model of cage C2 is constructed (Fig. S44 in

Supporting information). The simulated molecular model analysis

revealed that the supramolecular cage structure of C2 perfectly

matches the designed tetrahedron-like architecture, where truxene

units, u-COPV moieties, and Zn(II) centers comprise the faces, ex-

tended “tails”, and vertices, respectively (Fig. 2). Half of the ethyl

chains of the truxene moieties pointed into the cavity, while the

rest of the faces pointed outwards. The distance between two ad-

jacent Zn(II) centers in the tetrahedron was 24.2 Å, as measured by

Materials Studio software.

Fig. 3. (a) Emission spectra (c=1.0 μmol/L, λex =430nm), (b) changes of emis-

sion intensity and (c) fluorescence photographs (5 μmol/L) of C1 in mixtures of

CH3CN/Et2O with different fe.

Supramolecular cages exhibited absorption bands similar to

those observed for ligands, and supramolecular cages exhibited

red-shifted lower-energy absorption bands compared with those

of their constituent ligands (Fig. S25 in Supporting information).

This result may be attributed to the coordination of the metal with

nitrogen atoms and perturbing the electronic structure of the lig-

and [44]. Notably, the red-shift degree of the absorption band of

cage C2 was clearly greater than that of C1. Therefore, the elec-

tronic density of dissymmetric u-COPV and π-back bonding from

the Zn(Ⅱ) center to nitrogen π ∗ is conjectured to enrich the lig-

and π-system and lower the energy required for excitation. Sol-

vent polarity marginally affected absorption spectra of amine 11,

while solvent polarity exhibited a clear effect on the assemblies

(Fig. S26 in Supporting information). Cage C1 exhibited orange flu-

orescence in a low-polarity solvent such as acetone, and DMSO led

to green emission in conjunction with the blue-shift of the emis-

sion band. Solvent polarity has a greater effect on u-COPV groups

with a greater degree of conjugate, resulting in a supramolecular

cage C2 showing more solvent discoloration effects in different sol-

vents (Figs. S27-S33 in Supporting information).

To further investigate AIE properties of these supramolecular

compounds, fluorescence behavior was examined in a mixture of

acetonitrile and diethyl ether with different diethyl ether fractions

(fe). According to the results, C1 exhibited almost no fluorescence

as discrete molecules in a good solvent, such as acetonitrile, but C1

exhibited high luminescence with the increase in fe from 0% to 99%

(Fig. 3). SEM images can also prove that the supramolecular cage

C1 has an obvious aggregation state in fe from 0% to 99% (Fig. S41

in Supporting information). The fluorescence emission intensity in-

creased nearly 10 times, mainly attributed to the RIM mechanism,

which in turn suppresses non radiative relaxation and actuates the

energy released through a radiative pathway [45,46].

With the gradual addition of diethyl ether into the solution of

cage C2 in acetonitrile, the emission intensity increased consider-

ably (Fig. 4). With the degree of aggregation increases the distorted

molecules tend to be closer to the plane, leading to the red shift

of the fluorescence spectrum [47–49]. In other solvent systems,

such as dichloromethane/diethyl ether and tetrahydrofuran/diethyl

ether, cage C2 also exhibited an excellent AIE performance with a

clear color change (Figs. S34-S37 in Supporting information). No-

tably, due to the conjugation of u-COPV, there may be multiple

supramolecular branches stacked during the aggregation process,

the electron microscopy images of cage C2 revealed an interest-

3



L. Miao, X. Zhu, G. Liu et al. Chinese Chemical Letters 34 (2023) 107921

Fig. 4. (a) Emission spectra (c=1.0 μmol/L, λex =450nm), (b) changes of emis-

sion intensity and (c) fluorescence photographs (5 μmol/L) of C2 in mixtures of

CH3CN/Et2O with different fe. (d) Fluorescence photographs of C2 (5.0 μmol/L) in

mixtures of DCM/Et2O and THF/Et2O. (e) SEM photographs of C2 in CH3CN/Et2O

mixture with fe of 99%.

ing porous honeycomb-like structure during aggregation (Fig. S42

in Supporting information) [50,51].

To further explore the suitability of optical properties and

provide in-depth explanation on a possible new phenomenon

based on the modified metal-organic tetrahedral cage (Fig. 5), a

phenylpyridine-ethylene-tailored supramolecular cage C3 was also

synthesized and characterized to systematically explore its AIE be-

havior (Figs. 5a and b, Figs. S21, S24 and S38 in Supporting infor-

mation). After experimental exploration, cage C3 did not exhibit a

similar AIE fluorescent behavior in a mixture of acetonitrile and

Fig. 6. Information encryption using cages C1 and C2 as the inks.

diethyl ether with different diethyl ether fractions (fe) compared

to cage C2. Therefore, the typical AIE and solvatochromic fluores-

cent properties of cage C2 may be closely related to the functional-

ized u-COPV structure. The related results revealed that tetrahedral

supramolecular cages exhibit clear fluorescence quenching in ace-

tonitrile, and this dark emission fluorescence cannot be lit up by

the gradual addition of diethyl ether, and even in a water system.

In addition, whether the emission of two cages would respond

to external hydrostatic pressure in the solid state was examined

(Figs. 5c and d). The photomicrograph and spectra in the solid

state were collected under varying hydrostatic pressure conditions

(Figs. S39 and S40 in Supporting information). Both C1 and C2

have a red shift of 30 or 40nm under hydrostatic pressure, mainly

due to the pressure induced closer stacking of adjacent molecules

and enhanced intermolecular interaction. The u-COPV branch of

C2 tends to be flattened under pressure, and the intramolecular

charge transfer is enhanced, resulting in greater fluorescence red-

shift of C2 [52]. Meanwhile, the emission intensities of cage C1 and

cage C2 decreased with the increase in pressure. By the gradually

withdrawal of pressure, the fluorescence of cages C1 and C2 was

recovered to an intermediate level, and the corresponding emis-

sion wavelength was blue-shifted to the initial state. Finally, the

anti-counterfeiting performance of the cages was also investigated.

As the results shown, the “B, e, v, e” in Fig. 6 disappeared with

the solution infiltration, while this word reappeared in our field

of vision with gradual solvent evaporation (Fig. S43 in Supporting

information).

In summary, two tetrahedral metallo-supramolecular cages C1

and C2 were prepared by using zinc(II) with truxene-based amine

Fig. 5. (a) Structure of supramolecular C3. (b) Presentive ESI-MS spectra of C3. Fluorescence emission responses by the gradual withdrawal of photographs of C1 (solid) (c)

and C2 (solid) (d).
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and u-COPV, followed by detailed NMR and mass spectrometry

characterization. Owing to the tunable fluorescence rendered by

u-COPV and truxene-based amine, the cage assemblies were con-

firmed to exhibit significant AIE, accompanied by an interesting

solvatochromic fluorescent behavior and porous honeycomb-like

structures during aggregation. Furthermore, emission behaviors of

the cages in the solid state under external hydrostatic pressure

were investigated. More specifically, stimuli-responsive results and

anti-counterfeiting performance endowed high potential to these

supramolecular cages for the development of high-performance

fluorescent materials with tailored functionality.
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