
Chinese Chemical Letters 35 (2024) 110074

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Synthesis and properties of tetraphenylethene cationic cyclophanes

based on o-carborane skeleton

Rongjian Chena, Jiahui Liua, Caixia Lina,∗, Yuanming Lia, Yanhou Gengb,c,∗, Yaofeng Yuana,∗

a Key Laboratory of Molecule Synthesis and Function Discovery (Fujian Province University), Department of Chemistry, Fuzhou University, Fuzhou 350108,

China
b School of Materials Science and Engineering and Tianjin Key Laboratory of Molecular Optoelectronic Science, Tianjin University, Tianjin 300072, China
c Joint School of National University of Singapore and Tianjin University, International Campus of Tianjin University, Fuzhou 350207, China

a r t i c l e i n f o

Article history:

Received 18 February 2024

Revised 22 May 2024

Accepted 30 May 2024

Available online 31 May 2024

Keywords:

o-Carborane

Tetraphenylethene

Cationic cyclophanes

Nucleotides

AIE effect

a b s t r a c t

Two o-carborane based tetraphenylethene (TPE) cationic cyclophanes O1·4PF6 and O2·4PF6 were syn-

thesized through an SN2 reaction. Their structures were confirmed both possessing Z-shaped cavities in

single crystal analysis. The optical properties of these macrocycles were systematically investigated using

UV–vis spectroscopy and fluorescence techniques. It is worth noting that the introduction of a methoxy

group to the TPE unit enables the synthesis of a near-infrared-emitting macrocycle O2·4PF6. The recogni-

tion behaviors of these two macrocycles towards nucleotides were investigated using various techniques

including fluorescence titration, UV–vis titration, and transmission electron microscopy (TEM). Interest-

ingly, these cyclophanes exhibited aggregation-induced emission (AIE) effects in water or under the in-

duction of nucleotides.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supramolecular chemistry research has been closely linked with

the development of macrocyclic chemistry. The rational design and

efficient synthesis of novel macrocyclic hosts play a crucial role

in advancing research in the field of supramolecular chemistry

[1-3]. Cationic cyclophanes represent a novel class of macrocyclic

hosts capable of solubilization in water or organic solvents through

counterion conversion, such as the pioneering research on violo-

gen cyclophanes reported by the Hünig team and the “blue box”

discovered by Professor Stoddart’s [4-6]. Cationic cyclophanes have

been developed and extensively applied in research fields such

as mechanically interlocked molecules [4,7-9], host-guest chem-

istry [10,11], optoelectronic materials [12,13], catalysis [14] and

biomedical imaging [15,16]. Tetraphenylethene (TPE) is a typical

aggregation-induced emission (AIE) unit with high quantum yields,

facile modification and convenient synthesis. In supramolecular

chemistry, TPE derivatives are also commonly used as building

blocks for constructing many macrocycles or cages [17-19]. Cao et

al. groups have developed a series of cationic macrocycles or cages

containing TPE, which are capable of recognizing anions or biolog-

ically active molecules [20-28].
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Carborane is a three-dimensional cage-like structure with a

icosahedron shape. It has advantages such as three-dimensional

aromaticity, good redox properties, thermal stability, rigid struc-

ture and high boron content [29]. Due to the unique structure and

properties of carborane, macrocycles based on carborane skeleton

have been well studied since the 1990s [30-34]. For example, Jin

and coworkers have utilized carborane as the framework structure

to develop a series of metal-coordinated macrocycles and cages,

which can achieve the separation of light hydrocarbons through

interactions such as dihydrogen bonding [35-38]. Carborane em-

bedded necklace-shaped nanohoops with high a solution quantum

yield were synthesized by Li and coworkers [39]. Very recently, our

group reported carborane-based triangular aromatic alkyne macro-

cycles, which also demonstrated the AIE effect and can identify ni-

troaromatic compounds [40].

Although carborane-based macrocycles or cages have been well

developed, the water-soluble derivatives are still limited due to the

hydrophobic of carborane. To overcome the solubility issue and

improve the applicability in aqueous solvents of carborane-based

macrocycles, in this study we introduced o-carborane into read-

ily soluble cationic cyclophanes. Moreover, to confer optical prop-

erties on the macrocycle, we chosed the TPE unit as functional

block to synthesize two novel fluorescent macrocycles O1·4PF6 and

O2·4PF6. Notably, O2·4PF6 displayed a near-infrared (NIR) emitting

by introducing methoxy groups on the outer side of the TPE unit,
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Scheme 1. Synthesis of cyclophanes O1·4PF6 and O2·4PF6 .

while the near-infrared emitting macrocycles without porphyrin

structures are rare reported [41]. The cationic cyclophanes O1·4PF6
and O2·4PF6 have Z-shaped hydrophobic cavities and positively

charged electrostatic binding sites, which gives them the potential

to accommodate electron-rich guests and bind to anions [42]. Nu-

cleotides, with their electron-rich bases and phosphate groups, are

ideal guest molecules. Thus, we explored the recognition proper-

ties of O1·4PF6 and O2·4PF6 towards nucleotides.

In the synthesis (Scheme 1), we employed template-free and

highly diluted reaction conditions. Firstly, 1.0 equiv. of 1,2-bis(4-

bromomethylphenyl)-o-carborane (1a) was reacted with 2.0 equiv.

of TPE derivative 2a or 2b containing pyridine groups for one

day without isolating the intermediate product. Then, an addi-

tional equivalent of dibromide 1a was added, and the reaction

was continued for five days to obtain the crude product with Br−

counterion. Subsequently, the Br− counterion was transformed into

PF6
− for facilitating the purification and separation of macrocy-

cles, resulting in separation yields of 25% for O1·4PF6 and 37% for

O2·4PF6, respectively. Most cyclization experiments typically re-

quire a two-step synthesis [41,43,44] or need the introduction of

a template for cyclization [45,46]. For some reported one-pot ring

closure reactions without the template, the resulting yields were

generally below 20% [15,23]. In contrast, our approach does not

require a two-step synthesis or using a template, and the yields

are higher. The macrocycles O1·4PF6 and O2·4PF6 were success-

fully characterized using 1H NMR, 13C NMR, HR-MS and single-

crystal X-ray diffraction. In the 1H NMR spectra (Fig. 1) of O1·4PF6
and O2·4PF6, it can be found that the chemical shifts of the two

macrocycles are similar except for the benzene ring of the TPE

units outside the ring, indicating that they have similar cyclic

structures. Additionally, compared with the corresponding non-

macrocyclic compounds T1·2PF6 and T2·2PF6, the proton chemical

shifts of the pyridine and the TPE moieties in the ring (d, e, f, g)

are higher than those of the non-cyclized compounds (d′, e′, f′, g′),
which could be attributed to the shielding effect after cyclization,

since the chemical shifts of the exocyclic benzene ring of TPE unit

(i, h) and (i′, h′) are similar. Moreover, for the benzene ring con-

nected to the methylene, the chemical shift of the hydrogen atom

(a) linked to the o-carborane is higher than that of hydrogen atom

(b) adjacent to the pyridine unit, since the pyridinium cation is a

stronger electron-withdrawing group than o-carborane.

We obtained block-like crystals of O1·4PF6 by evaporating a

mixture of xylene and acetonitrile as the solvent (Fig. 2a and

Table S3 in Supporting information). O1·4PF6 exhibits a center-

symmetric structure, and the cavity of the ring resembles a

distorted Z-shape structure. We measured the size of the ring

and found that the main cavity of the ring is approximately

10.0 Å×17.6 Å. The central pyridinium cation is not perfectly paral-

lel, with one cation slightly inward and the other outward. The dis-

tance between the two methylene groups in the cyclic compound

with an o-carborane framework is approximately 8.3 Å, which is

longer than the distance between the two methylene groups in

the non-cyclized compound 1a. The side length connecting the o-

carborane is 5.8 Å, and the C–C bond length in the o-carborane

is 1.72 Å, which is similar to the pre-cyclization state and longer

than the pure o-carborane C–C bond length of 1.62 Å [47]. The

angle between the benzene ring connected to the o-carborane

and the Ccage-Ccage bond is 120.0°. The two benzyl groups are

also oriented in the same direction, with angles of 110.6° and

112.3°, respectively, slightly larger than the ideal tetrahedral an-

gle of 109.5°. These results suggest that compound 1a, which con-

tains the o-carborane skeleton, exhibits a certain degree of de-

formability. Moreover, the two TPE units have different confor-

mations, coexisting in P and M configurations, making the cyclo-

phane internal racemic. In the crystal, we also discovered that

the cavity of the ring can accommodate two m-xylene molecules

and two counterions. The counterions are present in the central

part of the Z-shaped cavity, while the m-xylene solvent molecules

are located on both sides of the Z-shaped cavity. There are many

weak interactions between the cyclophane and the counterions,

solvent molecules and within the cyclophane itself. In addition to

π ···π , CH···π , CH···F interactions, BH···HC dihydrogen bonding in-

teractions were also found, as shown in Fig. 2b. The stacking of

O1·4PF6 crystals demonstrates the formation of tunnel-like struc-

tures (Figs. 2c and d). Similarly, O2·4PF6 crystals were obtained

by using a volatile acetonitrile-p-xylene mixed solvent. The crystal

data is shown in Table S6 (Supporting information). The crystallo-

graphic analysis (Fig. S93 in Supporting information) demonstrates

that O2·4PF6 shares a cavity structure akin to that of O1·4PF6,
with marginally different cavity sizes ascribed to the variance of

solvents used. The TPE units inside O2·4PF6 also adopt an internal

racemic structure. Introducing methoxy groups on the outer side of

the tetraphenylethylene does not significantly affect the molecular

cavity structure. We also discovered that O2·4PF6 can accommo-

date three p-xylene solvent molecules. This indicates that the ring-

shaped cavity structure has the potential to accommodate guest

molecules.

The cyclophanes O1·4PF6 and O2·4PF6 consist of o-carborane

and tetraphenylethylene structures, and the C–C bonds of o-

carborane can undergo intramolecular vibrational energy dissipa-

tion in solution, while the four phenyl rings in tetraphenylethy-

lene can freely rotate in solution, thereby dissipating energy. The

vibrational motion of the C–C bonds in o-carborane and the ro-

tation of the phenyl rings in tetraphenylethylene result in the
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Fig. 1. 1H NMR spectra (500 MHz, 298 K, CD3CN) recorded for (a) T1·2PF6 , R=H; (b) O1·4PF6 , R=H; (c) T2·2PF6 , R=OMe; (d) O2·4PF6 , R=OMe.

Fig. 2. The single-crystal X-ray structures of (a) O1·4PF6 and (b) weak intermolecular interactions between molecules. Illustration of the packing of O1·4PF6 along the (c)

a-axis and (d) b-axis. Color code: C, gray; N, blue; B, pink. For clarity, all hydrogen atoms, counterions, and solvent molecules are omitted.

overall molecular motion, leading to weak luminescence in solu-

tion. Furthermore, the intramolecular motion may be influenced to

different extents in different solvent environments, thus exhibit-

ing different optical properties. We conducted the UV–vis spec-

troscopy and fluorescence spectroscopy tests of these two cyclo-

phanes in various solvents. The results (Fig. 3, Tables S1 and S4 in

Supporting information) demonstrate that these two cyclophanes

exhibit varying absorption and emission wavelengths in different

solvents. From the UV–vis absorption spectra, it can be observed

that the maximum absorption wavelength of O1·4PF6 is around

380 nm, while for O2·4PF6, it is around 405 nm. O2·4PF6 ex-

hibits a more significant redshift compared to O1·4PF6, which is

attributed to the introduction of methoxy groups. In the fluores-

cence emission spectra, the maximum emission peak of O1·4PF6
in acetonitrile solution is at 621 nm, while it undergoes varying

degrees of blueshift in other solvent environments. We normal-
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Fig. 3. (a) UV–vis absorption spectrum and (b) fluorescence emission spectrum of O1·4PF6 (1.0×10−5 mol/L) under different solvent conditions, λex =365 nm. (c) UV–vis

absorption spectrum and (d) fluorescence emission spectrum of O2·4PF6 (1.0×10−5 mol/L) under different solvent conditions, λex =400 nm. UV light illuminated fluorescence

images of (e) O1·4PF6 and (f) O2·4PF6 in different solvents. A-I are acetonitrile, acetone, methanol, tetrahydrofuran, dioxane, dimethyl sulfoxide, dichloromethane, chloroform,

water.

ized the fluorescence spectra, which clearly show the degree of

blueshift. Among them, the maximum emission peak of O1·4PF6
in water is 590 nm, blueshifted by 31 nm, while in chloroform, it

is 539 nm, blueshifted by 82 nm. Under UV irradiation, the flu-

orescence enhancement behavior of O1·4PF6 in these two solu-

tions can be clearly observed, emitting green light in chloroform

and yellow light in water. Absolute quantum yield testing shows

that compared to other solvents, O1·4PF6 exhibits higher fluores-

cence quantum yield behavior in water and chloroform solutions,

indicating chloroform and water are poor solvents for O1·4PF6
that can cause its aggregation. Similarly, the maximum emission

peak of O2·4PF6 in acetonitrile is at 704 nm, while in water it

is at 661 nm, and in chloroform, it is at 627 nm, blueshifted by

43 nm and 77 nm, respectively. Under UV irradiation, O2·4PF6
emits bright red light in water and chloroform, while emitting

weaker light in other solvents, indicating that water and chloro-

form are also their poor solvents. Here, we also found that sim-

ple structural modification by introducing methoxy groups can

tune the molecular luminescent properties. In acetonitrile solution,

O2·4PF6 exhibits a redshift absorption of 33 nm and a fluorescence

redshift of 83 nm compared to O1·4PF6. This inspires the devel-

opment of new macrocycles through structural control. Moreover,

both O1·4PF6 and O2·4PF6 exhibit large Stokes shifts in different

solvents. The Stokes shift range for O1·4PF6 in different solvents is

159–251 nm, while for O2·4PF6 it is 205–301 nm (Tables S1 and

S4). Fluorophores with large Stokes shifts have great applications

in the field of bioimaging and sensing [48].

To investigate the difference in optical properties between

the cyclized compounds O1·4PF6 and O2·4PF6 and the non-

cyclized model compounds T1·2PF6 and T2·2PF6, we also per-

formed photophysical property tests on T1·2PF6 and T2·2PF6 (Ta-

ble S7, Figs. S94–S97 in Supporting information). In acetonitrile

solvent, T1·2PF6 exhibits UV–vis absorption at a wavelength of

365 nm and a maximum emission wavelength of 596 nm, while

T2·2PF6 exhibits absorption at a wavelength of 390 nm and emis-

sion at a wavelength of 695 nm. Similarly, the introduction of

methoxy groups causes a redshift in both the UV–vis and fluores-

cence spectra of T2·2PF6 compared to T1·2PF6. Moreover, they ex-

hibit stronger fluorescence emission ability in water than in ace-

tonitrile. The cyclized compounds and their corresponding non-

cyclized model compounds have similar UV–vis absorption and flu-

orescence spectra shapes, but the maximum absorption and emis-

sion wavelengths are redshifted. This indicates that the main lu-

minescent ability of the cyclized compounds is concentrated in

the tetraphenylethene derivatives containing pyridinium, but the

cyclized compounds O1·4PF6 and O2·4PF6 have stronger conju-

gation behavior than the non-cyclized compounds T1·2PF6 and

T2·2PF6. The optimized structures and frontier orbital information

of molecules 2a, 2b, T12+, T22+, O14+ and O24+ were obtained

through theoretical calculations (Table S8 and Figs. S98–S102 in

Supporting information). The results show that the molecular or-

bitals of the HOMO and LUMO energy levels of O14+ and O24+ are

mainly distributed in the tetraphenylethene derivatives containing

pyridinium that participate in cyclization, while the part with an

4
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Fig. 4. (a) Fluorescence spectra and (b) plot of maximum emission intensity of O1·4PF6 (1.0×10−5 mol/L) versus H2O fraction in MeCN–H2O mixture. (c) The solid-state

fluorescence spectrum and (d) solid-state fluorescence lifetime of O1·4PF6 . (Inset) Fluorescence images of O1·4PF6 versus H2O fraction (0–99%) in MeCN–H2O mixture under

UV light (365 nm). λex =365 nm, Ex/Em slit=3 nm.

o-carborane as the framework hardly contributes. This also indi-

cates that the photophysical properties mainly originate from the

tetraphenylethene derivatives containing pyridinium.

Since cyclophanes O1·4PF6 and O2·4PF6 contain TPE structural

units, and TPE is a typical AIE group, cyclophanes can exhibit an

AIE effect. Photophysical tests in different solvents showed that

water and chloroform are poor solvents for the cyclized com-

pounds. We tested the fluorescence spectra of O1·4PF6 at different

water contents (Figs. 4a and b). As the water content increases, the

fluorescence does not change significantly when the water content

is below 70%, but a significant enhancement and blue shift of flu-

orescence occur after exceeding 70%, with the maximum fluores-

cence intensity reaching 90%, and the maximum fluorescence en-

hancement reaching 95 times. The intensity slightly decreases at

99%, possibly due to the settling of nano-aggregates. This indicates

that O1·4PF6 exhibits good AIE behavior and the aggregation state

occurs after a water content of 70%. Similarly, O2·4PF6 (Fig. S63 in

Supporting information) also exhibited similar AIE effects in aque-

ous solution. However, in chloroform (Fig. S30 in Supporting infor-

mation), aggregation only occurs when the chloroform content ex-

ceeds 80%, and obvious green fluorescence appears only when the

chloroform content reaches 99%, existing in the form of a suspen-

sion. This demonstrates that the aggregation behavior of O1·4PF6
differs between water and chloroform. We believe that chloroform

can enter the cavities of the cyclized compounds more effectively

than water, displacing the good solvent and further restricting the

intramolecular rotational motion. This leads to the non-planarity of

the phenyl rings in the tetraphenylethene structure and a decrease

in conjugation, resulting in the maximum blue shift. To further

demonstrate the correlation between the fluorescence performance

and molecular motion, we conducted temperature-dependent flu-

orescence spectroscopy tests on O1·4PF6 (Fig. S31 in Supporting

information). As the temperature decreases, the fluorescence grad-

ually increases, and below the freezing point of acetonitrile, the

fluorescence emission ability is significantly stronger than in the

solution state. This indicates that lower temperature can cause re-

striction of intramolecular motions, thereby resulting in fluores-

cence enhancement. We also investigated the solid-state lumines-

cence behavior of the cyclized compounds (Figs. 4c and d, Table

S7 in Supporting information). In the solid state, O1·4PF6 emits

intense orange-yellow fluorescence at 596 nm, with a lifetime (τ )
of 4.31 ns. In the aqueous phase, the lifetime is slightly longer at

5.24 ns, while in pure acetonitrile solvent, it is only 0.73 ns. This

indicates that the aggregated state exhibits better luminescence

behavior. However, the emission wavelengths of the cyclized com-

pounds are inconsistent in water, chloroform, and the solid state,

which is mainly due to the different conformations they adopt in

the aggregated state.

Bio-molecule nucleotides contain phosphate groups, pentose

sugars, and nitrogenous bases, forming various types of nucleotides

with life information according to different connection methods.

Nonetheless, these molecules lack fluorescent groups and are dif-

ficult to be detected and identified. Fluorescence detection, char-

acterized by its exceptional sensitivity, is a widely employed an-

alytical technique [49-51]. Our cyclized compounds have cationic

groups, cyclic hydrophobic cavities, and fluorescent groups, and we

anticipated that these TPE cationic cyclophanes can recognize and

detect nucleotides through electrostatic interactions, hydrophobic

interactions and other interactions. Nine nucleotides (Scheme S2

in Supporting information) were selected for detection, including

AT with no phosphate, AMP and GMP with one phosphate, ADP

and GDP with two phosphate groups, and ATP, UTP, CTP and GTP

with three phosphate groups. We conducted fluorescence titra-

tion experiments by gradually adding aqueous solutions of vari-

ous nucleotides to acetonitrile solutions of O1·4PF6 and O2·4PF6
(Figs. S41–S49, S75–S83 in Supporting information). We selected to

present a column chart of fluorescence enhancement by adding 4.0

equiv. of different nucleotides (Fig. 5). O1·4PF6 and O2·4PF6 show

minimal fluorescence response to AT. O1·4PF6 demonstrates signif-

icant enhancement towards AMP, ATP, ADP, UTP, CTP and the fluo-

rescence saturation was achieved around 40.0 equiv. of nucleotides.

Conversely, it shows weaker enhancement towards GMP, GDP and
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Fig. 5. (a) The I-I0 of O1·4PF6 with 4.0 equiv. nucleotides. (b) The I-I0 of O2·4PF6 with 4.0 equiv. nucleotides. (c) UV–vis titration spectra of O1·4PF6 (1.0×10−5 mol/L) in

MeCN with ATP (0–10.0 equiv.). (d) Fluorescence emission spectra of O1·4PF6 (1.0×10−5 mol/L) in MeCN with the ATP (0–10.0 equiv.). (Inset) Fluorescence images of O1·4PF6
(1.0×10−5 mol/L) in MeCN (left) and with 10.0 equiv. ATP (right) under UV light (365 nm).

GTP, which have guanine as the base. This indicates that besides

the role of phosphate groups, the variation in bases also plays a

significant influence on fluorescence changes. As for O2·4PF6, it

shows the strongest recognition towards ADP, followed by GDP,

which is different from the behavior of O1·4PF6. This interesting

phenomenon can be primarily attributed to photo-induced elec-

tron transfer (PET), with O1·4PF6 having a stronger electron trans-

fer with guanine compared to O2·4PF6 [28]. In addition, we con-

ducted UV–vis titration (Fig. 5c, Figs. S32–S40 and S66–S74 in Sup-

porting information) and fluorescence titration (Fig. 5d, Figs. S41–

S49 and S75–S83 in Supporting information) experiments by grad-

ually adding 0–10.0 equiv. of nucleotides. We found that, except

for AT, both the UV–vis absorption enhancement ability and flu-

orescence enhancement ability showed a linear relationship with

the equivalent amount of added nucleotides. We calculated their

detection limits using LOD=3σ /k (Tables S2 and S5 in Support-

ing information), and they all exhibited low detection limits except

for AT. Furthermore, we compared the recognition abilities (Figs.

5a and b) of O1·4PF6 and O2·4PF6 with the non-cyclized model

compounds T1·2PF6 and T2·2PF6. The results showed that the

cyclic compounds exhibited stronger recognition abilities toward

nucleotides compared to the model compounds. This is primarily

due to the cyclic compounds having more positively charged struc-

tures, resulting in enhanced recognition abilities.

The size and morphology of the monomeric and aggregated

forms of O1·4PF6 and O2·4PF6 were studied utilizing transmission

electron microscopy (TEM) and dynamic light scattering (DLS) (Fig.

6, Figs. S60–S62, S91 and S92 in Supporting information). DLS anal-

ysis showed that O1·4PF6 exhibited a size distribution centered

around 1.0 nm in acetonitrile solution, indicating good solubility

in acetonitrile. Upon the addition of 10.0 equiv. of ATP, the particle

size distribution was concentrated around 60.0 nm. In the aque-

ous phase, the particle size distribution was concentrated around

30.0 nm, indicating aggregation occurred in both poor solvents and

upon the addition of nucleotides. TEM images also revealed that

O1·4PF6 in pure acetonitrile solution appeared amorphous, but af-

ter the addition of ATP, it self-assembled into solid nanospheres.

In water, TEM shows it formed hollow nanospheres of around

30.0 nm or irregular aggregates, which corroborated the results ob-

tained from DLS measurements. The fact that O1·4PF6 exhibited a

size of 30.0 nm in water indicated that it possessed a certain de-

gree of water solubility and retained its cation binding site. Nu-

cleotides are typically soluble in water and carry negative charges,

so we expected to investigate the binding ability of O1·4PF6 with

nucleotides through electrostatic interactions in aqueous solutions.

Therefore, we also conducted fluorescence titration experiments of

O1·4PF6 with the nucleotides AMP, ADP, ATP, CTP, GTP and UTP in

aqueous solutions (Figs. S50–S56 in Supporting information). While

AMP and ADP exhibited weak changes, ATP, CTP, UTP and GTP

mainly showed fluorescence quenching behavior. It may be due

to the aggregation of small nanoparticles into larger ones causing

sedimentation. However, among these triphosphate nucleotides,

GTP showed the most significant decrease in fluorescence inten-

sity because G was a fluorescence quencher. This is consistent with

the weaker fluorescence enhancement observed during GTP titra-

tion in acetonitrile, indicating that different bases still play an im-

portant role in fluorescence changes. Similarly, we also tested the

size of O2·4PF6 aggregates in water. TEM analysis (Fig. S92 in Sup-

porting information) showed that O2·4PF6 formed nanostructures

with a size of approximately 60 nm in water. O2·4PF6 also exhib-

ited fluorescence quenching behavior when detecting nucleotides

in the aqueous phase (Figs. S84–S90 in Supporting information).

However, at 10.0 equiv. of nucleotides, ATP showed the most sig-

nificant decrease in fluorescence intensity compared to other nu-

cleotides, rather than GTP. This may be due to that O2·4PF6 emits

red light, making it difficult for photo-induced electron transfer to

occur with GTP.

Due to the helical chirality of TPE, it can undergo P/M rotation.

However, the macrocycle O1·4PF6 exhibits an internal racemic

state in the crystal (Fig. 2a), lacking chirality. Additionally, circular
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Fig. 6. The DLS and TEM images of O1·4PF6 in acetonitrile (a, d), with the addition of 10.0 equiv. ATP (b, e) and in water (c, f).

dichroism (CD) spectroscopy tests conducted in acetonitrile con-

firmed the absence of chirality. Consequently, we anticipate that

introducing a guest molecule will induce chirality in O1·4PF6. At-
tempts were made to introduce different types of nucleotides into

O1·4PF6, and their CD spectra (Figs. S57 and S58 in Supporting

information) and circularly polarized luminescence (CPL) spectra

(Fig. S59 in Supporting information) were tested. However, no new

chiral signals were observed, indicating the failure of the chirality

induction strategy. This may be due to the strong electrostatic in-

teractions, which led to the rapid aggregation of O1·4PF6, prevent-
ing the change in the helical direction of the TPE moiety. Addition-

ally, the large cavity of the cyclophane may have made it difficult

for the chiral structure of the guest to simultaneously induce the

helical directions of both TPE units within the cyclophane.

In summary, we synthesized two macrocycles O1·4PF6 and

O2·4PF6 efficiently without a template, which contain the o-

carborane skeleton and tetraphenylethene cation. This expands

the family of supramolecular cyclic compounds containing carbo-

rane. The structures of the target compounds were confirmed

by single-crystal diffraction analysis, revealing the Z-shaped cav-

ities in both macrocycles. By adjusting the side groups without

changing the cavity size, the emission wavelength of the macro-

cycles can be tuned to achieve near-infrared emission, inspiring

the development of novel macrocycles. Both cyclophanes exhib-

ited solid-state luminescence, AIE effect, as well as the macro-

cycles exhibit multi-color fluorescence properties in different sol-

vents. Research on nucleotide recognition indicates that com-

pared to their model compounds, these two macrocycles exhibit

stronger fluorescence enhancement towards nucleotides in acetoni-

trile, and demonstrate low detection limits for other nucleotides

except for AT. In an aqueous environment, nucleotides primar-

ily exhibit fluorescence quenching behavior towards the macrocy-

cles, with GTP showing the most significant quenching effect on

O1·4PF6. DLS and TEM studies indicate that O1·4PF6 forms aggre-

gates in water, and its acetonitrile solution can self-assemble with

ATP to form solid nanospheres. Furthermore, the excellent fluores-

cence properties and large Stokes shift of these macrocycles hold

promise for future use in cellular imaging applications in the field

of biomedicine.
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