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a b s t r a c t

Perylene derivative with circularly polarized luminescence (CPL) at aggregated state was seldom re-

ported due to the strong ACQ (aggregation-caused quench) effect at aggregation. In this work, a novel

cholesterol-tetraphenylethylene-perylene derivative (TPE-P) was designed and synthesized in moderate

yield. It exhibited liquid crystalline behavior with orderly hexagonal columnar mesophase and good flu-

orescence emission at long wavelength (600-700 nm) not only in solution but also at aggregated states

based on the AIE (aggregation-induced emission)-FRET (fluorescence resonance energy transfer) effect

between tetraphenylethylene unit and perylene moiety. Moreover, the circular dichroism (CD) and CPL

studies suggested the effective chiral transfer from cholesterol unit to tetraphenylethylene unit and pery-

lene skeleton due to the spiral liquid crystalline self-assembly. The CD and CPL signals showed the order

of THF < THF-hexane < solid film < meosphase, indicating that the higher spiral orderly degree resulted

in the stronger chiral transfer. The largest |glum| value for mesophase excited at 320 nm was as high as

1.5×10−2 based on the combining effect of AIE-FRET and chiral transfer. This research not only reported

a novel CPL perylene derivative at aggregated state, but also confirmed that the combination of AIE-FRET

effect and chiral transfer of liquid crytalline phase was an effective method to construct normal dye with

excellent CPL property in aggregated state.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, circularly polarized luminescence (CPL) mate-

rials had exhibited great application prospect in novel chiral dis-

play materials such as chiral light-emitting transistors, optical in-

formation storage and processing, color image projection, and 3D

displays [1–11]. CPL reflects the chiral information of the fluores-

cent material at excited state, which not only depends on the chi-

ral characteristic of single molecule, but also is usually decided by

the molecular self-assemble behavior at aggregated state. Through

self-assembly of chiral molecules, the helical aggregates could be

obtained, which can further transfer and/or amplify the CPL prop-

erties of chiral materials. On the other hand, liquid crystal was the

well-known molecular aggregate with the orderly self-assemble

system. At present, studies have shown that chiral light-emitting

liquid crystals can be formed by doping chiral molecules in com-

mercial liquid crystal molecules to afford a stable chiral configura-

tion [12]. The chiral liquid crystalline materials with CPL properties

were also reported in some cases [13–24]. Although the remark-
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able progress had been achieved in liquid crystals with CPL prop-

erties, however, the design and synthesis of novel CPL liquid crys-

talline materials based normal fluorescence dyes with good CPL

emission at aggregated state was still a challenging work.

Perylene diimide (PDI) derivatives, as typical excellent chro-

mophores with strong long-wavelength emission, have been used

as effective building blocks for design and synthesis of CPL emis-

sion materials [25–33]. For examples, Cheng’s group reported cir-

cularly polarized luminescence of chiral perylene diimide with D/L

alanine moiety [34]. Zeng et al. prepared diagonally π-extended

perylene-based bis(heteroacene) with CPL activity [36]. Miguel

and co-worker synthesized a simple perylene diimide cyclohex-

ane derivative bearing CPL and two-photon absorption (TPA) prop-

erties [37]. Wang group presented CPL materials based on PDI-

embedded double [8] helicenes [38]. Although these chiral pery-

lene derivatives exhibited good CPL properties in solution, they

usually showed weak even no CPL emission in aggregate states

due to the strong aggregation-caused quench (ACQ) effect. On the

other hand, it was well-known that the aggregation-induced emis-

sion (AIE) was the opposite luminescence phenomenon of ACQ

effect, exhibiting good fluorescence emission at aggregate states.

https://doi.org/10.1016/j.cclet.2021.10.050

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. The synthetic route for title compound TPE-P.

The AIE molecules with good CPL properties had been also con-

structed successfully by grafting chiral groups on AIE moieties

[38–40]. Recently, our group prepared several perylene liquid crys-

tals with excellent solid fluorescence by introducing AIE groups

onto perylene skeleton [41,42], supplying a new strategy for de-

signing perylene derivative with CPL property at aggregate states.

Inspired by this successful attempt, in this paper, a novel PDI liq-

uid crystal with cholesterol (chiral unit)-tetraphenylethylene (AIE

unit)-perylene (emitting skeleton) structure was designed and syn-

thesized. This PDI material displayed good CPL emission at aggre-

gated states based on the effective chiral transfer of spiral orderly

liquid crystalline self-assembly and the AIE-FRET (fluorescence res-

onance energy transfer) effect between tetraphenylethylene and

perylene unit, which was firstly observed for PDI derivative.

As perylene liquid crystals had been confirmed extensively as

orderly self-assembly aggregates [43–55], four cholesterol units

and two dodecyl units were introduced on the periphery of pery-

lene to form the orderly liquid crystalline self-assembly. On the

other hand, tetraphenylethylene was the typical AIE emitting unit

at aggregated state. Its emission wavelength (400-600 nm) over-

lapped with the absorption wavelength (440-600 nm) of PDI skele-

ton, suggesting the possibility of AIE-FRET effect between these

two moieties. The synthetic route was designed as Scheme 1.

Firstly, hydroxyl-tetraphenylethylene derivative 3 with two choles-

terol units was prepared by reacting compound 2 with hydrox-

ybenzophenone under typical reaction condition of Zn-TiCl4/THF

system. Secondly, according to the published procedure [41], by

bromination reaction with Br2 and then ammonolysis with dode-

Fig. 1. DSC curves of TPE-P upon second heating and first cooling. Inserted picture:

The liquid crystalline texture under POM at 150 °C (×400 times).

cylamine, perylene tetracarboxylic anhydride was smoothly trans-

ferred to compound 5 in yield of 65%. Finally, by treating com-

pounds 3 and 5 in K2CO3/MeCN system, the target compound

(TEP-P) was obtained in 76% yield after column chromatogra-

phy. The structure of TPE-P was confirmed by FT-IR, 1H NMR,
13H NMR, MALDI-TOF-MS and elemental analysis. All analysis data

were well in consistent with the structure (Supporting infor-

maiton). For example, a singlet and two doublets were distin-

guished for PDI skeleton, suggesting the symmetrical substituent

of two tetraphenylethylene units on perylene skeleton.

Firstly, the liquid crystalline property of TPE-P was investigated

with the assistance of differential scanning calorimetry (DSC), po-

larizing optical microscope (POM) and X-ray diffraction (XRD).

Fig. 1 showed the DSC curve of TPE-P upon the second heating

and the first cooling. The corresponding thermal data were sum-

marized in Table S1 (Supporting information). It can be seen in

Fig. 1 that two endothermic peaks were observed at 130.2 °C and

262.8 °C during the second heating, and two exothermic peaks ap-

peared at 127.2 °C and 246.3 °C on cooling. These reversible ther-

mal transition peaks corresponded to the phase transition charac-

teristics of crystalline-mesophase-isotropic phase. Due to the large

molecular weight with a certain viscosity, these DSC curves exhib-

ited broad peaks and a slight hysteresis on cooling. Furthermore,

POM was used to observe the mesomorphic texture of TPE-P. Dur-

ing the heating and cooling process, significant phase changes of

Iso-Col and Col-Cr were distinguished. The liquid crystalline tex-

ture under POM observation at 150 °C was exhibited as the in-

serted picture of Fig. 1. The typical focal-fan texture indicated the

hexagonal columnar mesophase, which was further confirmed by

the following XRD analysis.

Next, the molecular packing behavior of TPE-P at mesophase

was studied by XRD analysis. As shown in Fig. 2, a sharp scatter-

ing peak and two weak emission peaks appeared at 2θ = 2.34°,
4.05° and 4.68°, respectively. These small angles indicated the d-

spacings of 37.72, 21.80 and 18.87 Å, which corresponded to the

ratio of 1:
√
3:2. Therefore, these d-spacings could be indexed as

[d100], [d110] and [d200] of columnar hexagonal mesophase. Also,

a wide diffusion halo of the molten alkyl chain at 2θ = 15-32°
was observed in the wide-angle region, indicating the average dis-

tance of 4.2 Å. A weak reflection at 24.67° (distance of 3.61 Å)

indicated the intracolumnar core-core distance for the hexagonal

columnar mesophase. All these XRD data supported the hexago-

nal columnar liquid crystal for TPE-P. On the other hand, the cal-

culated value of the lattice parameter (ɑ) was 43.55 Å based on

the XRD data, which was smaller than the linear diameter of TPE-

P (approximately 66 Å). This result might imply that the periph-

eral alkyl units were folded, curled or interdigitation at mesophase.
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Fig. 2. The XRD trace of TPE-P at 150 °C for mesophase.

Fig. 3. The proposed spiral molecular stacking of Colh mesophase of TPE-P.

Moreover, according to the formula of ncell = (ɑ2)(
√
3/2)(hρNA/M)

to calculate the average molecular number in per column (where

ɑ, NA and M were recognized as the lattice parameter, Avogadro’s

number and molecular mass, respectively), ncell was estimated as

1.11 (near 1). Therefore, the possible molecular stacking mode of

the hexagonal column for TPE-P was shown in Fig. 3, in which

one slice was composed of one molecule, and the self-assembly of

these chiral molecules produced the spiral columnar morphology

(Further CD and CPL investigation supported this spiral columnar

behavior).

The photophysical properties of TPE-P were studied by UV-vis

spectra and fluorescence spectra, and compared with that of pre-

cursors 3 and 5. The UV-vis spectra of compounds 3 (AIE unit), 5

(perylene without AIE moiety) and TPE-P were exhibited in Fig.

S9 (Supporting information). It can be seen that TPE-P possessed

the absorption peaks at 512 and 550 nm, which were the typical

absorption band of perylene skeleton. In addition, TPE-P showed

a strong absorption peak at 309-360 nm, which was consistent

with the absorption of compound 3. These phenomena indicated

that the perylene and TPE units in TPE-P exhibited their respec-

tive UV-vis absorption characteristics. Fig. S10 (Supporting infor-

mation) displayed the fluorescence spectra of compound 5 and

TPE-P in THF solution. Both of them had two fluorescence emis-

sion peaks at 550-700 nm. The obvious red shift of fluorescence

emission for TPE-P in comparison with compound 5 was ascribed

to the increasing push-pull effect and larger aromatic-conjugated

structure after the substitution of Br by TPE units. TPE-P exhibited

the higher fluorescence intensity than compound 5, which could

be attributed to the bigger steric hindrance of TPE units reducing

the ACQ effect of the perylene units.

The AIE performance of TPE-P and reference compounds 3 and

5 were further investigated in the THF-hexane mixtures. As shown

in Fig. S11 (Supporting information), with the increase of hexane

fraction, compound 3 displayed the gradual increasing fluorescence

at 400-600 nm, indicating the excellent AIE effect for compound

Fig. 4. (A) The fluorescence spectra of TPE-P (1 mol/L) in the THF-hexane with

different hexane fractions (λex = 510 nm). (B) The fluorescence spectra of TPE-P

(1 mol/L) in the THF-hexane with different hexane fractions (λex = 320 nm). In-

serted: The picture of solid film and the plot of fluorescence intensities vs. hexane

fractions and the fluorescence photos (under UV365 light) of TPE-P in THF-hexane

mixtures with ƒhexane = 0% and 95%, respectively.

Fig. 5. The proposed illustration of the AIE-FRET effect for TPE-P.

3. However, with the increase of hexane fraction, the fluorescence

of compound 5 decreased obviously (Fig. S12 in Supporting infor-

mation), suggesting the ACQ effect which was in accordance with

normal perylene derivatives. Since the fluorescence emission (400-

600 nm) of compound 3 in aggregate state overlapped with the

absorption band of the perylene skeleton of TPE-P (450-600 nm),

the AIE-FRET effect was expected between TPE and perylene unit.

As illustrated in Fig. 4A, when excited at 510 nm (the absorption of

perylene skeleton), the fluorescence of TPE-P decreased with the

increase of hexane fractions. On the other hand, Fig. 4B showed the

opposite fluorescence change with excitation wavelength at 320

nm (the absorption of TPE unit), in which the fluorescence inten-

sities of TPE-P increased remarkably with the increase of hexane

fractions. The highest fluorescence intensity at fhexane = 95% in-

creased by three times in comparison with that in pure THF so-

lution. The obvious blue shift of maximum emission wavelength

might be ascribed to the decrease of polarity and TICT effect with

the increase of hexane fractions in THF-hexane mixtures. More-

over, no obvious fluorescence emission between 400 nm and 500
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Fig. 6. CPL spectra of TPE-P at mesophase (150 °C). (a) λex = 320 nm. (b) λex = 510 nm.

nm was observed for the TPE units in aggregated state. These phe-

nomena certainly supported the AIE-FRET effect for TPE-P in THF-

hexane solution. When excited at 320 nm for the absorption of TPE

unit, TPE unit exhibited AIE effect with fluorescence emission at

400-600 nm (as shown in Fig. S11), which was further transferred

to perylene skeleton, resulting in the disappearance of emission

at 400-600 nm and the increasing emission for perylene skeleton

(600-700 nm). According to the definition of energy transfer effi-

ciency (ΦET = 1 – IDA/ID, where IDA is the fluorescence intensity

when the donor is present, and ID is the fluorescence intensity of

the donor when there is no acceptor), the calculated energy trans-

fer efficiency was 90.8%. The AIE-FRET effect was further supported

by the fluorescence spectra at the aggregated states of solid film

and mesophase (simulation method by treating the film of TPE-

P on quartz plate for 30 min at 150 °C for its columnar phase

and then examining the emission rapidly at room temperature). As

shown in Fig. S13 (Supporting information), compound 5 possessed

no emission in solid film but TPE-P had good fluorescence emis-

sion at both solid film and mesophase although a little decrease

of fluorescence was observed at mesophase. These results were in

accordance with the above AIE-FRET effect. Also, one can see that

fluorescence wavelength at solid film and mesophase showed ob-

vious red shift in comparison with that in solution, which might

indicate the J-aggregation at solid film and mesophase. The abso-

lute fluorescence quantum yields (excited at 320 nm) of TPE-P in

THF solution, solid film and mesophase were 0.11, 0.32 and 0.28,

respectively. By comparing with the previous weak emission for

perylene derivatives in solid states [34–37], TPE-P exhibited the

excellent fluorescence in aggregated states. According to the above

analysis, the possible AIE-FRET emission mechanism of TPE-P was

proposed as Fig. 5.

Since TPE-P was surrounded by four chiral cholesterol moi-

eties, it was expected to exhibit the circular dichroism (CD) and

CPL property based on the orderly helical self-assembly at aggre-

gated states. Firstly, CD spectra were employed to investigate the

chiral information of TPE-P in the ground state. As displayed in

Fig. S14 (Supporting information), with the increase of hexane frac-

tions in THF-hexane mixtures, the CD signals changed obviously.

When fhexane < 80%, TPE-P showed the silent CD signal in the ab-

sorption zone. But when fhexane > 80%, TPE-P aggregates exhib-

ited the obvious CD signals at about 300-350 nm and the strong

CD signals between 450 nm to 580 nm (including the positive

Table 1

The CPL data of TPE-P.

Phase states λem Φf
d glum

e glum
f

THF 642 0.11 weak weak

THF-hexanea 615 0.26 −4.8×10−3 −4.3×10−3

Solid filmb 680 0.32 −7.2×10−3 −5.1×10−3

Mesophasec 694 0.28 −1.5×10−2 −1.3×10−2

a THF-hexane mixture with 95% of hexane.
b The THF solution of TPE-P was dropped onto the quartz glass and then the

solvent was volatilized to obtain the solid film.
c Mesophase at 150 °C.
d Fluorescence absolute quantum yield excited at 320 nm.
e λex = 320 nm.
f λex = 510 nm.

Cotton effect at 530 nm and the negative Cotton effect at 483

nm). These CD signals were consistent with the absorption zone

of TPE units and perylene skeleton (by comparing with the UV-

vis absorption spectra of TPE-P, Fig. S15 in Supporting informa-

tion), indicating the chiral characteristic was successfully trans-

ferred from cholesterol units to TPE and perylene skeleton. Fur-

thermore, the CD spectra of TPE-P in solid film and mesophase

were studied. As shown in Fig. S16 (Supporting information), TPE-

P showed the positive Cotton effect at 450-600 nm. By comparing

with all these CD signal, it could be concluded that they showed

the order of THF < THF-hexane < solid film < meosphase. These

results were in accordance with the orderly aggregated degree. In

THF solution, the good solubility resulted in little aggregation. In

THF-hexane mixtures, the aggregation degree was enhanced grad-

ually with the increase of hexane fractions. In solid film, the or-

derly degree of aggregation increased obviously based on the slow

evaporation of solvent on quartz glass. At mesophase, TPE-P exhib-

ited the strongest CD signal due to the formation of orderly spiral

hexagonal columnar mesophase. All these results confirmed that

the chiral could be transferred and amplified based on the spiral

self-assemble system of liquid crystal as expected.

Furthermore, the CPL property of TPE-P, reflecting the chiral-

ity at excited state, was studied in four typical aggregated states

(pure THF solution, THF-hexane with 95% of hexane, solid film and

mesophase). The results were presented in Fig. 6 and Figs. S17-S19

(Supporting information). The corresponding CPL data were sum-

marized in Table 1. As can be seen that no obvious CPL signal was
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detected in the THF solution, but the remarkable CPL emissions

were observed in the aggregated states of THF-hexane mixtures,

solid film and mesophase. The CPL signals also showed the order

of THF < THF-hexane < solid film < meosphase, which were in

consistent with that of CD signals. As TPE-P possessed the AIE-

FRET effect, the CPL emission at excited at both 320 nm and 510

nm were explored. The results suggested that the asymmetry fac-

tor (glum) of CPL properties excited at 320 nm were bigger than

that excited at 510 nm. These phenomena could be explained by

that the good AIE-FRET effect enhanced the CPL emission of pery-

lene skeleton. The largest |glum| value for mesophase excited at

320 nm was as high as 1.5×10−2, which was outstanding among

all kinds of CPL perylene derivatives [24–35]. Based on these CD

and CPL analyses, the spiral columnar morphology for aggregated

state, especially for liquid crystalline state could be proposed in

Fig. 3 (middle part of spiral column). It was worthy of noting

that TPE-P was the first perylene CPL material at aggregated state

based on the effective chiral transfer of spiral orderly liquid crys-

talline self-assembly and the AIE-FRET effect.

In conclusion, a novel perylene derivative (TPE-P) with choles-

terol (chiral unit)-tetraphenylethylene (AIE unit)-perylene (emit-

ting skeleton) structure was designed and synthesized in moderate

yield. Its liquid crystalline behaviour was studied and the orderly

hexagonal columnar mesophase was proposed. Moreover, the AIE-

FRET effect between tetraphenylethylene unit and perylene skele-

ton was confirmed. TPE-P exhibited good fluorescence emission in

both solution and aggregated states. The obvious CD and CPL sig-

nals were observed in aggregated state with the order of THF <

THF-hexane < solid film < meosphase, indicating that the higher

spiral orderly degree resulted in the stronger chiral transfer. The

largest |glum| value was 1.5×10−2 for mesophase excited at 320 nm.

This research not only reported a novel perylene derivative with

good CPL property, but also supplied an effect method to construct

normal dye derivative with good CPL property at aggregated states

based on the combination of AIE-FRET effect and chiral transfer of

orderly spiral self-assembly of liquid crystal.
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