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ABSTRACT: Herein we report a novel chiral bismacrocycle with unex-

pected dual emission and tunable aggregation-induced emission colors. A 

facile four-step synthesis strategy is developed to construct this rigid 

bismacrocycle, (1,4)[8]cycloparaphenylenophane (SCPP[8]), which pos-

sesses a 1,2,4,5-tetraphenylbenzene core locked by two intersecting poly-

phenylene-based macrocycles. The luminescent behavior of SCPP[8] 

shows the unique characteristics of both aggregation-caused quenching ef-

fect and aggregation-induced emission (AIE) effect, inducing remarkable 

redshift emission including near white-light emission. SCPP[8] is configu-

rationally stable and possesses a novel shape-persistent bismacrocycle scaf-

fold with a high strain energy (up to 127.83 kcal/mol). In addition, SCPP[8] 

displays enhanced circularly polarized luminescence properties due to AIE 

effect. 

 

Aggregation-induced emission (AIE) phenomenon has enor-
mous potential applications in biological probes, chemical sensors, 

and optoelectronic materials.1-3 The concept of AIE has received 

much attention since B. Z. Tang et al. described it in 2001 and great 

progress has been made since then.4-9 In many traditional systems, 
luminophores often emit strongly in their dilute solutions but meet 

with varying degrees of aggregation-caused quenching (ACQ) ef-

fect when they are aggregated or clustered. In contrast, non-emis-

sive luminogens are induced to emit by the aggregate formation in 
the AIE systems.6 Therefore, AIE luminogens (AIEgens) show re-

markable advantages over typical ACQ molecules, especially in 

their aggregate and solid states.10-11 However, in the literature, ma-

terials with both AIE and ACQ effects that can emit both in the 
solution and aggregated state are rarely reported. The solution and 

solid dual-emissive luminogens can exactly fill the gap between 

ACQ and AIE materials, providing many interesting properties 

such as stimuli-responsive fluorescence and white-light emis-
sion.12-16 Most of the AIE systems have been identified on the basis 

of intensity turn-on at a specific wavelength. If AIE sensors have 

tunable emission colors based on the manipulation of aggregation, 

they can endow a dimension with the discriminative power and al-
low naked-eye visualization.17 Therefore, the development of novel 

dual-emissive luminogens is highly desired. 

Typical AIEgens, such as hexaphenylsilole (HPS) and 

tetraphenylethene (TPE), have been well studied (Scheme 1).18-20 
In solution, the dynamic rotations of the phenyl rings in TPE as a 

relaxation channel for the excitons to dissipate. Upon aggregate 

formation, such motion is restricted due to the restricted 

intramolecular rotation (RIR) and intermolecular π-π stacking 
interaction derived from the highly twisted molecular 

conformation.21-22 By immobilization of propeller-shaped AIE 

molecules with various functional groups, new AIEgens will form 

and exhibit many different properties.23-25 This design approach 

also takes advantage of the emission features in the AIE-active core, 
providing new systems with novel physical properties and 

applications.12, 26-27 Moreover, when attaching chiral moieties to the 

propeller-shaped structures, many new applications are reported in 

chiral sensors and chiroptical materials.28-31 1,2,4,5-
tetraphenylbenzene (1,2,4,5-TPB) is another kind of AIEgens that 

also features a propeller-shaped structure (Scheme 1),32 which is an 

attractive building block for the construction of chiral molecules 

with novel AIE properties. In sharp contrast to linear para-
phenylenes, cycloparaphenylenes (CPPs) are radial π-conjugated 

macrocycles that compose of para-connected benzene rings with 

unique properties.33-36 By bridging two CPP-based macrocycles in 

a central benzene, a chiral bismacrocycle molecule with AIE-active 
1,2,4,5-TPB core can be formed. Although we recently synthesized 

a [10]CPP-based bismacrocycle,37 its poor solubility and large ring-

size prevent us to resolve the enantiomers and study the chiral 

properties. The synthesis of a smaller bismacrocycle is even more 
attractive due to better solubility for enantiomeric resolution and 

excellent size-dependent properties for AIE study. So far, no such 

an example was reported. 

 

 
 

Scheme 1. Top: Typical examples of structural motifs of AIEgens. Bottom: 

Structure of SCPP[8] molecule. 

 

Herein, by immobilization of the AIE-active 1,2,4,5-TPB unit 

with rigid para-phenylene units, a novel inherently chiral and 

unexpected dual-emissive bismacrocycle was synthesized via a 
facile four-step synthesis. SCPP[8] can emit efficiently both in 

solution (cyan) and in aggregation (red). The fluorescence emission 

maximum of SCPP[8] in the aggregated state showed a remarkable 
redshift (102 nm) from that in the dilute solution. More intriguingly, 



 

multicolor cyan-white-red photoluminescence can be tuned by 
manipulating the aggregation, realizing near white-light emission 

with a CIE coordinate at about (0.33, 0.37). SCPP[8] possesses a 

novel scaffold of nonracemizable chiral structure with enhanced 

chiroptical properties due to AIE effect. The physical, (chir)optical, 
and inherently chiral properties were further investigated. 

 

 
 

Scheme 2. Synthesis procedure for inherently chiral SCPP[8] with 1,2,4,5-

TPB core. a) (i) Pd(PPh3)4, KOH, THF/H2O, 2 days at 73 ºC; (ii) H2SnCl4, 

THF, RT. 

 
The synthesis of small chiral bismacrocycle with a 1,2,4,5-

TPB core poses a great challenge because of the increasing strain 

energy in a small curved molecule. Despite many attempts, our 

previous approach37 using an -OTf functional group was 
unsuccessful for SCPP[8]. Next, we chose a 1,2,4,5-halogen-

substituted benzene to react with a C-shaped synthon to produce a 

macrocyclic precursor, followed by reductive aromatization to 

generate a bisubstituted macrocycle (Scheme 2). Since the 
bisubstituted benzene can rotate rapidly, the enantiomers cannot be 

separated. Under a similar coupling reaction, the bisubstituted CPP 

macrocycle was further reacted with the C-shaped synthon to lock 

the central benzene and fix its rotation, resulting in an inherently 
chiral bismacrocycle with a 1,2,4,5-TPB core locked by rigid 

polyphenylene units.  

The successful synthesis of SCPP[8] can be supported by 

different characterization techniques, including high-resolution 
mass spectrometry (HR-MS), 1H NMR, 13C NMR, 2D 1H-1H 

COSY NMR, 2D NOESY NMR, 2D (H, C)-HSQC NMR, and 2D 

(H, C)-HMBC NMR (Figures S1-S10). The molecular weight of 

SCPP[8] was determined by MALDI-TOF MS spectrometry. The 
main peak at m/z 1138.4593 was observed (calculated for C90H58 

[M]+: 1138.4538), which matched well with the calculated data. 

Besides, the crystalline solid can be obtained by slow diffusion of 

methanol into a SCPP[8] solution in dichloromethane (Figure 2b). 
Unfortunately, these crystals are extremely fragile, and the large 

crystals tend to break immediately once exposed to air. Therefore, 

so far the crystal structure of SCPP[8] cannot be resolved. 

SCPP[8] molecule is calculated to has exceptionally high 
strain energy up to 127 kcal/mol at the B3LYP/6-31G(d) level 

(Figure 1a). This bismacrocycle molecule is highly strained, and its 

ring strain is even much larger than the very small nanoring [5]CPP 

(119 kcal/mol).38 We concluded that the structural factors 
contribute to the unexpectedly large strain energy in SCPP[8]. 

Compared with the individual phenylene, the central benzene 

bridged by two carbon nanorings has much larger resistance to 
twisting. In addition, the limited conformational freedom in 

SCPP[8] leads to significant multiple repulsive interactions 

between adjacent phenylene fragments. The geometrical 

optimization results indicated that SCPP[8] features chiral C2 

symmetry, and the twist angle in the bridging phenyl is ~19.55o. 

The frontier molecular orbitals of [8]CPP and SCPP[8] are shown 

in Figures 1b and 1c, respectively. The energy levels of the 
occupied molecular orbitals of SCPP[8] move to higher positions 

than those of [8]CPP, while the unoccupied molecular orbitals 

move to lower positions than those of [8]CPP. Therefore, the 

SCPP[8] achieves a smaller HOMO-LUMO gap of ~2.780 eV 
compared to [8]CPP. 

 

 
Figure 1. (a) Homodesmotic equation for the calculation of strain energy 

for SCPP[8]. (b) LUMO and HOMO of [8]CPP. (c) LUMO and HOMO of 

SCPP[8]. 

 

The photophysical properties of SCPP[8] were further studied 

by UV-Vis absorption spectroscopy, fluorescence spectroscopy, 

and time-resolved fluorescence decay (Figure 2). A single 
macrocyclic [8]CPP was used as a reference compound for 

comparison. The lower symmetry of SCPP[8] (C2) in comparison 

with the circular CPPs (D2) results in a more complex pattern of 

electronic transitions, as determined in time-dependent density 
functional theory (TD-DFT) calculations. The absorption band of 

SCPP[8] was in the region between 265 and 436 nm, and the 

maximum absorption peak (λmax) appears at 368 nm (Figure 2a). 

The extinction coefficients reach up to 1.22 × 105 M−1·cm−1. To 
identify the difference of optical properties, density functional 

theory calculations were performed by using Gaussian 16 software. 

In accordance with the aforementioned decrease in the HOMO-

LUMO gap, the absorption spectrum of SCPP[8] showed an 
obvious redshift compared with [8]CPP. Based on the calculated 

results, an excellent correlation between the calculated and 

experimental absorption spectra was observed. The three main 

absorption peaks can be attributed to the transition of HOMO-2 → 
LUMO for the peak at 368 nm, HOMO → LUMO+2 for the peak 

at 346 nm, and HOMO-1 → LUMO+5 for the peak at 305 nm. In 

addition, the observed absorption peak of [8]CPP at 340 nm can be 

assigned to the transition of HOMO-1 → LUMO and HOMO → 
LUMO+1. The redshift effect of the absorption spectrum in 

SCPP[8] compared to [8]CPP was ascribed to the shift of the 

frontier molecular orbitals.  
The steady-state fluorescence emission spectrum of SCPP[8] 

was further measured (Figure 2c). SCPP[8] and [8]CPP showed 

cyan and yellow fluorescence in tetrahydrofuran (THF) with 

fluorescence maxima at 475 nm and 533 nm, respectively. The 
fluorescence quantum yield (ΦF) was determined to be ~3% using 

anthracene in ethanol as the reference (ΦF = 30%), and the yield is 

lower than that of [8]CPP (ΦF = 10%), which probably results from 

its high proportion of nonradiative decay in the low-energy 
emission region. 



 

The fluorescence lifetime (τs) of SCPP[8] in THF was 
measured by time-resolved fluorescence decay using the time-

resolved photoluminescence (TRPL) technique. The emission 

lifetime of SCPP[8] was determined to be τ = 4.23 ns at 475 nm by 

mono-exponential decay fitting when excited at 390 nm (Figure 2d). 
 

 
Figure 2. (a) UV-Vis absorption spectra of SCPP[8] (blue) and [8]CPP 

(purple) in THF. Simulated curve of UV spectrum for SCPP[8] (dotted line). 

(b) Photos of SCPP[8] in THF solution (I), as powder (II) under 365 nm 

UV light, as crystal (III), and as powder (IV) under daylight. (c) 

Fluorescence spectra of SCPP[8] (red) and [8]CPP (blue) in THF. Insert: 

[8]CPP and SCPP[8] in THF solution under 365 nm UV light. (d) Emission 

lifetime for SCPP[8]. 

 

Traditional organic luminescent materials can emit efficiently 

either in dilute solution or in the aggregated state. However, an 

interesting phenomenon was found when we studied the 
luminescence behavior of SCPP[8]. Upon excitation with 365 nm 

UV light, SCPP[8] in THF solution emitted cyan fluorescence, 

while the powder sample exhibited an orange fluorescence. The 

powder and crystal of SCPP[8] were orange under daylight (Figure 
2b). All these observations indicated that SCPP[8] has different 

emission properties upon aggregation with possible AIE effect. The 

luminescent properties of the SCPP[8] were further investigated in 

H2O/THF mixtures with different water fractions (fw), in which 
THF is a good solvent and water is a poor solvent. The fluorescence 

intensity of SCPP[8] maximized at ~475 nm decreased as the water 

fraction was increased, showing an obvious quenching effect due 

to aggregation. An interesting phenomenon was observed at fw > 60 
vol %. A new emission band appeared at ~577 nm and the 

fluorescence intensity was further enhanced when a higher content 

of water was added, which could be ascribed to the obvious AIE 

effect (Figure 3a). Meanwhile, the maximum emission wavelength 
was redshifted by 102 nm, from 475 nm to 577 nm. For comparison, 

when [8]CPP was dissolved in THF, the dilute solution showed 

strong yellow luminescence. With the gradual increase in the 

fraction of water, the emission became weakened and no any AIE 
effect was observed. At fw = 80 vol % and fw = 90 vol %, the 

emission was significantly quenched due to severe aggregate 

formation, indicating a typical ACQ effect (Figure S12 and Figure 

3d). For comparison, the emissive properties of our previously re-
ported [10]CPP-based bismacrocycle SCPP[10] with larger rings 

were also investigated in H2O/THF mixtures (Figure S11). How-

ever, SCPP[10] only showed some AIE effect with no dual-emis-

sive property and no such significant redshift in emission.  
The emission color changes of SCPP[8] from cyan to red were 

recorded in aqueous THF with fw = 0-99 vol % under 365 nm UV-

light (Figure 3c). Intriguingly, a near white-light emission was 

observed at fw = 60 vol %. In the literature, most organic white-
light emitters depend on the combination of several components 

that emit different colors of light.39-41 Compared with 
multicomponent emitters, single-molecule systems with white-

light emission have excellent stability, reproducibility, and a 

simplified fabrication process.42-44 The photoluminescence spectra 

of SCPP[8] at fw = 0-99 vol % were obtained, and their 
corresponding luminescent color coordinates were calculated and 

plotted in the CIE 1931 chromaticity diagram (Figure 3b). The near 

white-light emission has a CIE coordinate of about (0.33, 0.37). 

Therefore, SCPP[8] can be considered as a potential candidate for 
organic white-light emitting materials. 

 

 
 

Figure 3. (a) Fluorescence spectra of SCPP[8] in THF/H2O mixtures with 

different volume fractions of H2O (fw). (b) CIE 1931 chromaticity diagram 

of SCPP[8] in THF/H2O mixtures. Insert: The near white-light of SCPP[8] 

in aqueous THF with fw = 60 vol % under 365 nm UV light. (c) Emission 

color changes of SCPP[8] from cyan to red in aqueous THF with fw = 0-99 

vol % under 365 nm UV light. (d) Emission change of [8]CPP in aqueous 

THF with fw = 0-90 vol % under 365 nm UV light. 

 

The present fluorescence behaviors are quite different from 

those of traditional ACQ or AIE materials. SCPP[8] is an 

unexpected dual-emissive luminogen that can emit both in the 
solution and aggregated state. The luminescence behavior of 

SCPP[8] combines the characteristics of the ACQ effect and AIE 

effect, inducing tunable emission including near white-light 

emission. In contrast, the reference compound [8]CPP only shows 
a typical ACQ effect. Therefore, the unique photophysical 

properties in SCPP[8] can be attributed to the locked conjugated 

bismacrocycle structure and the AIE-active 1,2,4,5-TPB core. 

The structure of SCPP[8] consists of a twisted benzene ring 
bridged by polyphenylene units, resulting in a stable and rigid 

conformation. This excellent conformational stability enables 

complete enantiomeric resolution and characterizations. After 

purification by flash column chromatography, the resolution of 
racemic samples was achieved by a recycling HPLC system. After 

only two cycles, we succeeded in the isolation of the complete set 

of two enantiomers (P)-SCPP[8] and (M)-SCPP[8]. The extremely 

narrow peaks in HPLC strongly indicated excellent separation of 
the two enantiomers, and the molar ratio of the two isomers was 

determined to be approximately 1:1 (Figure S13). The enantiomeric 

relationship of the (P)-SCPP[8] and (M)-SCPP[8] was identified 

using CD spectroscopy. In Figure 4a, the CD spectrum of (M)-

SCPP[8] showed two negative Cotton effects at 299 and 371 nm 

and two positive ones at 336 and 467 nm. Being the enantiomer of 

(M)-SCPP[8], (P)-SCPP[8] gave the expected mirror-imaged CD 
spectrum, confirming their enantiomeric relationship. The 



 

magnitude of the CD spectra can be quantified by the dissymmetry 
factor (gCD), which is the ratio of CD intensity to the corresponding 

absorption. A large |gCD| of ~0.012 was obtained for the 

enantiomers of SCPP[8]. To further elucidate the absolute 

configuration of (P)-SCPP[8] and (M)-SCPP[8], we investigated 
the theoretical CD spectra on the basis of TD-DFT calculations, as 

shown in Figure 4a (dashed plot). The theoretical CD spectra of the 

resolved enantiomers were in good agreement with the 

experimental results. 
 

 
 

Figure 4. (a) Experimental and theoretical CD spectra for (P)-SCPP[8] and 

(M)-SCPP[8]. The solid lines are the experimental spectra of (M)-SCPP[8] 

(blue) and (P)-SCPP[8] (red) in dichloromethane. The dashed lines are the-

oretical spectra of (M)-SCPP[8] (dark blue) and (P)-SCPP[8] (dark red) 

from TD-DFT calculations. (b) Temperature-dependent CD spectra of (M)-

SCPP[8] (blue) and (P)-SCPP[8] (red) from -10 °C to 125 °C at 15 °C 

intervals. (c) CPL spectra of (M)-SCPP[8] (blue) and (P)-SCPP[8] (red) in 

THF solution and in 90:10 H2O/THF solution. Excited at 355 nm. 

To gain insight into the configurational stability of (P)-

SCPP[8] and (M)-SCPP[8], we used temperature-dependent CD 

spectra to investigate the conformational behavior of these two 

enantiomers. Chlorobenzene was chosen as the solvent as it 
allowed access to a wide range of temperatures. To investigate the 

temperature-dependence of the CD-signals, the samples were 

heated from -10 °C to 125 °C, and CD spectra were recorded at 

15 °C intervals (Figure 4b). The results clearly showed that optical 
activity of (P)-SCPP[8] and (M)-SCPP[8] have no significant 

change even after heating to 125 °C. The slight change can be 

attributed to the influence of the solvent at different temperatures, 

and the change can be recovered by cooling down the solvent 
(Figure S14). This result showed that the resolved enantiomers of 

SCPP[8] are configurationally stable, maintaining their optical 

activity in a wide range of temperatures. These rigid 

bismacrocycles contain nonracemizable structures, and the 
geometry can preclude significant loss of enantiomeric purity 

during further research and application processes. Therefore, the 
isolation and characterization of SCPP[8] enantiomers shed light 

on a novel scaffold of nonracemizable chiral bismacrocycles with 

potential applications as chiroptical material. 

The circularly polarized luminescence (CPL) is quantified 
through the luminescence dissymmetry factor (glum), which is de-

fined as the ratio of the difference of the left- and right-circularly 

polarized light to half of the total luminescence.45 CPL-active ma-

terials fabricated from AIEgens show much larger dissymmetry 
factors in the solid state than the molecules in solution.1, 23, 46 Sig-

nificantly, (M)-SCPP[8] and (P)-SCPP[8] exhibited highly en-

hanced CPL signals in the aggregated state (Figure 4c). In a THF 

solution, the glum was 6.9 × 10-3 for (M)-SCPP[8] at 554 nm and -
6.1 × 10-3 for (P)-SCPP[8] at 558nm. In a H2O/THF (90:10, v/v) 

solution, the |glum| is ~3-fold larger than that in solution, which is 

1.9 × 10-2 for (M)-SCPP[8] at 562 nm and -1.8 × 10-2 for (P)-

SCPP[8] at 564 nm. The results showed a high luminescence dis-
symmetry factor compared with many established CPL-active or-

ganic molecules, whose factors are typically in the range of 10-3 to 

10-4.45, 47 Therefore, chiral SCPP[8] molecules have great potential 

in applications as CPL-active materials. 
 
Conclusion 

In summary, we report the construction of a dual-emissive 

SCPP[8] bismacrocycle by immobilization of 1,2,4,5-TPB core 

with two rigid macrocycles. The luminescence behavior of SCPP[8] 

combines the characteristics of the ACQ effect and AIE effect, in-
ducing tunable emission from cyan to red including near white-

light emission. The enantiomers of (M)-SCPP[8] and (P)-SCPP[8] 

are separated by a recycling chiral HPLC, and the high configura-

tional stability of two enantiomers are demonstrated by tempera-
ture-dependent CD spectra. Further, (M)-SCPP[8] and (P)-

SCPP[8] exhibit highly enhanced CPL properties due to AIE effect. 

(M)/(P)-SCPP[8] will have potential applications in AIE sensors, 

white-light emitters, and chiral materials. 
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