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Circularly polarized luminescence (CPL) is important to chiral photonic technologies. In molecular

systems, besides their intrinsic chemical structures, architectures of molecular assemblies at the

mesoscopic scale also account for the final macroscopic CPL properties. Herein, tunable CPL responses

can be induced through architectural regulation of these molecular assemblies in suspension and solid

states. A liquid crystalline assembled system of DPCE-ECh exhibiting a smectic C* phase with a high

dissymmetry factor (gCD = �0.20 and glum = +0.38) is reported. The intense and apparent CD and CPL

of the film stem from the intrinsic helical structure of the molecular assembles with a weak contribution

of Bragg reflection, where the helical axis is perpendicular to the optical axis and parallel to the direction

of the glass substrate. To the best of our knowledge, this large glum factor is very rare for organic

compounds even in the assembled state formed by annealing at the smectic liquid crystalline

temperature. Interestingly, a strong CPL signal with a glum value of +0.18 is still recorded when DPCE-

ECh is annealed in a chiral isotropic liquid (Iso*) state. On the other hand, DPCE-ACh can form two

coexisting phases of chiral hexagonal and smectic liquid-crystalline phases due to intermolecular

hydrogen bonding. The non-periodic molecular orientations of DPCE-ACh break its helical structure to

give a weak negtive CPL signal of the order of 10�3. This work thus provides a new insight for

developing efficient chiroptical materials in the aggregate state that have profound implications for

high-performance CPL-based devices.

Introduction

Development of circularly polarized luminescent (CPL) materials

has gained increasing interest owing to their potential applica-

tions in stereoscopic optical information storage and processing,1

optical recognition sensors,2–5 quantum computing,6 and circu-

larly polarized electroluminescence for 3D displays.7–20 The CPL

response of a molecular system is quantified by the dissymmetry

factor (glum),
21–27 where glum = 2(IL � IR)/(IL + IR) and IL and IR

denote the emission intensitiy of left- and right-CPL, respectively.

The common strategy to achieve CPL is to synthesise molecules

with a specific chiral configuration.28–32 However, the CPL

response of synthetic advanced materials not only relies on chiral

functions on the molecular level, but also depends on the meso-

scopic architectures of the molecular assemblies. Through a self-

assembly approach, nanostructured chiral materials are able to

transfer and amplify the molecular functions to an amplified CPL

property at a specific length scale.33–41 Therefore, an investigation

on the relationship between the hierarchical structure of molecu-

lar assembles and their corresponding CPL properties is still an

important issue to achieve efficient CPL materials.

Normally, the luminescence normalized dissymmetry factor

of organic systems ranges between 10�4 to 10�2.3,5,16–27 In rare

cases, extremely high g-values exceeding 0.2 or even up to 1

have been reported for polyfluorene thin films8–10,42–44 or

cholesteric organic systems.45–51 In a polyfluorene system, the

circular polarization is largely determined by the anisotropy of

the cholesteric dielectric medium. The glum value is thickness

dependent and a strong CPL effect originates from the selective

CP reflection due to the long-range cholesteric ordering (Bragg

reflection).10,44 The helical axis of this system is perpendicular
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to the direction of the substrate. In cholesteric films, hierarchical

chiral mesoscopic structures were found. A strong CPL response

can be generated from the sum of two main contributions,

including the inherent chiral supramolecular structure and

birefringence pattern (Bragg reflection). However, these doped

cholesteric systems often suffer from the problems of incompat-

ibility and instability. Thus the pursuance of a strong chiroptical

signal from pure organic compounds remains challenging.

Akagi’s group reports a glum of +0.29 in a chiral bithiophene-

phenylene copolymer film annealed in a chiral nematic state.45

They also report a high glum of �0.23 in chiral disubstituted

polyacetylene without no chiral dopant.46

Recently, chiral molecular assemblies with an aggregation-

induced emission (AIE) effect have become the focus of

attention.52–55 Benefiting from the enhanced emission inten-

sity upon aggregation of AIEgens, an efficient CPL response can

be generated in the solid state to realize their applications in

devices.17 Although significant progress has been achieved to

access efficient glum value increase, approaches to controlling

the mesoscopic structure and the ensuing CPL properties are

still limited.41–47 Therefore, the CPL properties of chiral lumino-

gens in the condensed matter state might have profound

implications for high performance CPL-based devices at the

macroscopic scale. Herein, two rod-like aggregation-induced

emission luminogens with a rigid core containing an ester or

amide linkage and a cholesterol moiety at one end and long

aliphatic chains at the other end, namely, DPCE-ECh and

DPCE-ACh, are presented and illustrated in Fig. 1A. In the solid

state, DPCE-ECh self-assembles into a supramolecular liquid-

crystalline smectic C* (SC*) phase and shows an impressive

highly positive CPL response with a glum of +0.380� 0.011 and a

gCD of �0.20. The intense and apparent CD and CPL of the film

stem from the intrinsic helical structure of the molecular

assemblies with a small contribution of Bragg reflection, where

the helical axis is parallel to the direction of the glass substrate.

To the best of our knowledge, this large glum factor is very rare

Fig. 1 (A) Molecular structures of DPCE-ECh and DPCE-ACh. (B) Schematic illustration of chiral supramolecular assemblies in solution and liquid

crystalline states and their corresponding glum values.
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for organic compounds even in the assembled state formed by

annealing at the smectic liquid crystalline temperature. On the

other hand, DPCE-ACh can form two coexisting phases of

hexagonal and smectic liquid-crystalline phases with a weak

negative CPL response. The glum falls in the range of �0.61 �

10�3 to �5.96 � 10�3. Such non-periodic molecular orienta-

tions give a weak CPL signal of the order of 10�3. The large

difference in |glum| is attributed to the amplified artifact

induced by the birefringent domains of the thick film.

Results and discussion
Synthesis and characterization

The synthetic procedures of DPCE-ECh and DPCE-ACh are

outlined in Scheme S1 (ESI†). Their structures were confirmed

by NMR and high resolution mass spectroscopies (Fig. S1–S15,

ESI†). Thermogravimetric analysis (TGA) revealed that the two

compounds have high decomposition temperatures (Td) which

could go up to 300 1C (Fig. S16, ESI†), suggesting that they are

thermally stable. In dilute THF solution, DPCE-ECh and DPCE-

ACh show an absorption band centered at 364 and 360 nm,

respectively (Fig. S17A, ESI†). DPCE-ECh and DPCE-ACh exhibit

similar fluorescence spectra with a peak maximum centered at

430 nm (Fig. S17B, ESI†). As shown in Table S1 (ESI†), the two

compounds are weakly emissive in THF solutions with quantum

yield FF, soln. of 0.005 and 0.003 and emissive in solid powders

with FF, solid of 0.12 and 0.114. Their aAIE (FF, solid/FF, soln.)

values were calculated to be 24 and 38, suggesting a typical AIE

feature for these compounds.

Chiroptical properties in solution and suspension

The weakly-emissive THF solutions of DPCE-ECh and DPCE-ACh

become progressively emissive upon addition of water (Fig. 2A

and Fig. S18, S19, ESI†), demonstrating an AIE phenomenon.

Such chiral AIEgens with cholesterol moieties are promising

candidates for chiral induction, which might be capable of

displaying supramolecular helicity with the assistance of the

long alkoxy chains. The chiroptical properties of the aggregates

generated in THF/water mixtures with different H2O fractions

( fw) were then investigated (Fig. 2B–E and Fig. S20–S35, ESI†).

The aggregates of DPCE-ECh with an ester linkage are CD silent

regardless of water fraction variation (Fig. S20–S28, ESI†).

Fig. 2 (A) Fluorescence photographs of DPCE-ECh and DPCE-ACh in THF/H2O mixtures with different water fractions (fw). (B) CD spectra and

corresponding (C) gabs factor of DPCE-ACh in THF/H2O mixtures with different fw. (D) CPL spectra of DPCE-ACh in THF/H2O mixtures at fw = 60%.

(E) glum factor of DPCE-ACh in THF/H2O mixtures with fw from 40% to 90%. Solution concentration: 5 � 10�5 M.
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In contrast, at fw Z 40%, aggregates of DPCE-ACh with an

amide linkage exhibit obvious CD signals with negative and

positive Cotton effects at wavelengths between 300 nm and

400 nm (Fig. 2B). It is noted that at fw = 60%, an induced

positive split-type Cotton effect consisting of a positive Cotton

effect at 375 nm and a negative Cotton effect at 338 nm was

observed in DPCE-ACh aggregates, suggesting the formation

of organized helical superstructures in solution.56–58 The

maximum absorption anisotropy factor (gCD) reaches 2.78 �

10�3 at 375 nm (Fig. 2C). In addition, the UV-Vis absorption

intensities in the long wavelength region began to increase

substantially when fw = 60% (Fig. S25, ESI†); this could be

attributed to the production of large aggregates with strong

light scattering.59 The above CD and UV data further proved the

formation of large-sized helical aggregates with the addition

H2O into THF solvent ( fw = 60%). However, the continuous

increment of fw to 90% leads to a dramatic decrease in gCD by an

order of magnitude (+2.3 � 10�4 at 375 nm, Fig. 2C), suggesting

the dissociation of the chiral helical aggregates. Analogous to

CD spectroscopy, CPL reflects the chiroptical properties of the

luminescent materials upon excitation. Consistent with those

of CD results, the isolated species in THF solution and aggre-

gates in the THF/H2O mixture of DPCE-ECh are all CPL silent

(Fig. S29–S35, ESI†). However, the DPCE-ACh aggregates sus-

pended in the THF/H2O mixture show a positive CPL signal at

fw = 40% with a glum of 2.0 � 10�4 (Fig. 2D). The detailed glum
values of DPCE-ACh aggregates in the THF/H2O mixture are

depicted in Fig. 2E. The maximum glum reaches B6.0 � 10�4 at

fw between 50% and 70% (Fig. 2E).

To better understand the origins of the chiroptical properties

of DPCE-ECh and DPCE-ACh aggregates, scanning electron micro-

scopy (SEM) was employed to study their assembled structures in

THF/H2O mixtures with fw varying from 40%–90% (Fig. S36–S40,

ESI†). For DPCE-ECh, its aggregates maintain the spherical struc-

ture regardless of the water fraction variation (Fig. S36, ESI†). Such

a symmetrical morphology leads to a silent CPL response. For

DPCE-ACh, its aggregates show an obvious morphological evolu-

tion from an intertwined network ( fw = 40%, Fig. S37, ESI†) to left-

handed helical nanofibers ( fw = 60%, Fig. 3A and B). Benefiting

from the helical fibrous morphology, DPCE-ACh aggregates show

higher dissymmetry factors compared to those of the spherical

aggregates. On the other hand, M-helices and P-supra-helices are

found in DPCE-ACh suspension (Fig. 3A and B). According to

Michael D. Barnes’ report60 they thought that the measured g

value in the disperse phase represents a weighted average of all

possible orientations and interactions with the host. As for DPCE-

ACh in suspension, the |glum| value detected in this system can be

attributed to cancellation effects in ensemble measurements of a

randomly oriented (M-helices and P-suprahelices) bulk sample. As

seen in Fig. 3A, M-helices account for most of the proportion, thus

leading to a positive CPL signal. A careful examination of the

chemical structures of the AIEgens suggested that intermolecular

hydrogen bonding between the amide linkages and the chiral

nature of the cholesterol moiety of DPCE-ACh may serve as the

Fig. 3 SEM images of DPCE-ACh with M-helical nanofibers obtained from a THF/H2O mixture at fw = 60% in (A) 500 nm, (B) 200 nm. Solution

concentration: 1 � 10�4 M. Temperature-dependent CD (C) and temperature-dependent gabs factor changes (D) for DPCE-ACh in THF/H2O when fw = 60%.

Solution concentration: 1 � 10�5 M.
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external driving forces for the formation of the helical self-

assembled structure to generate CD and CPL signals. To gain

further insight into the dynamic nature of hydrogen bonding

within the induced helical fibrous structure,56 temperature-

dependent CD spectra are monitored on the DPCE-ACh-based

aggregates ( fw = 60%, Fig. 3C, D and Fig. S41, ESI†). At a low

temperature of 5 1C, the CD spectrum of DPCE-ACh aggregates

shows an obvious positive Cotton effect with an absorption peak

at 375 nm and gives a corresponding gCD value of +2.58 � 10�3.

The peak at 375 nm is ascribed to the achiral aromatic rigid core

of DPCE-ACh, which is induced by the molecular helical arrange-

ment. It is found that the CD signals of helical aggregates are

sensitive to the temperature. The CD signals gradually decrease

and completely disappear upon heating to 49 1C (Fig. 3C). Such

temperature-dependent gabs factor variations are summarized

and plotted in Fig. 3D. It is noted that the gCD of 375 nmwas only

+2.5 � 10�4 at the high temperature of 49 1C, indicating that the

hydrogen bonding became very weak and thus led to the

dissociation of the helical assembled structure of DPCE-ACh.

Chiroptical properties in the condensed phase

The rod-like molecular structure of the two AIEgens with a

cholesterol moiety and flexible tails at two ends makes them

promising for the formation of a liquid-crystalline phase in a

chiral fashion. DPCE-ACh was first explored considering its

capability to form helical fibers mentioned above. The phase

transition temperatures of DPCE-ACh in solid films are shown

graphically in Fig. 4A (top, Fig. S42, ESI†). Upon cooling the

isotropic liquid of DPCE-ACh to 210 1C, a smectic liquid-

crystalline phase with a fan-shaped texture followed by a colum-

nar liquid-crystalline phase with a mosaic texture is observed

(Fig. 4A, bottom; Fig. S43, ESI†). The molecular orientations in

the liquid-crystalline phases are revealed by 1D wide angle X-ray

diffraction (1D WAXD, Fig. S44–S46, ESI†). The 1DWAXD pattern

at 210 1C shows a sharp peak at 2y = 2.971 and a high-order

diffraction peak at 2y = 5.661. These two diffraction peaks are

associated with a smectic phase structure61,62 with a layer thick-

ness of 3.05 nm (Fig. 4B and Fig. S46, ESI†). The 1D WAXD

diagrams at 200 1C, 170 1C and 150 1C show the appearance of

three new peaks with scattering vectors of approximately

1 :O3 : 2, which are the typical reflection mode for the (100),

(110) and (200) planes of the hexagonal columnar liquid

crystals34,37,63,64 (Fig. 4B and Fig. S46, ESI†). Analysis of small-

angle X-ray scattering (SAXS) confirms the lamellar and columnar

organization of DPCE-ACh with a lamellar thickness of 3.05 nm

and a columnar diameter of 4.33 nm, respectively (Fig. S46, ESI†).

Electron density reconstruction was calculated according to the

method of a previously published paper.60 The electron density

Fig. 4 (A) (Top) Phase transition of DPCE-ACh recorded during the first cooling scan at a rate of 5 1Cmin�1. Abbreviation: Cry = solid crystal; S + H: smectic (S) +

hexagonal (H) columnar phase; Iso: isotropic liquid. (Bottom) POM texture of DPCE-ACh at 174 1C. (B) 1D WAXD pattern of DPCE-ACh recorded during the first

cooling process at a temperature of 150–210 1C (2y = 21–101; Inset: Low-angle diffractions). (C) Reconstructed electron density map of the columnar phase

generated from Fig. S46 (ESI†). Color scale is shown in the right column. (D) The proposedmolecular stacking of hexagonal columns for DPCE-ACh. (E) CD spectra

of front and back sides of DPCE-ACh films annealed at 180 1C for 45min at different rotation angles perpendicular to the light axis. The film thickness is 50 nm for

CD detection. (F) glum (500 nm) of front and back sides of DPCE-ACh films annealed at 180 1C for 45min at different rotation angles perpendicular to the light axis.
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map (Fig. 4C) of the phase based on the XRD result shows that

the high electron density (red) is concentrated at the center of

columns and low-density areas (green and blue) are located

at the column periphery associated with the alkyl chains and

the cholesterol side chains, respectively. On the other hand, as

DPCE-ACh is a hexagonal columnar mesophase, the average

number (n) of molecules per slice of the column could be

obtained by the following formula.65

n = (a2)(O3/2)(hrNA/M)

where the notation ‘‘a’’ is the hexagonal lattice parameter, NA is

Avogadro’s number, M is the molecular mass of the compound

and the density (r) of these samples is set as 1 g cm�3. After

calculation, the number of molecules (n) in one disk is approxi-

mately 2 for DPCE-ACh. Thus, the possible molecular stacking

mode for the hexagonal columns is shown in Fig. 4D, in which

a slice is composed of two molecules based on the hydrogen-

bonding interaction between N–H and CQO groups. These

results certainly support the fact that the hydrogen bond plays

the crucial role in inducing the columnar mesophase of the

asymmetrical diphenylacrylonitrile derivatives.

As illustrated in Fig. 4E, the film exhibits a negative signal at

415 nm with a gCD of �(1.92 � 0.063) � 10�3 after annealing at

180 1C. A moderate profile change in the CD spectrum was

obtained by rotating the sample at different angles around the

optical axis (Fig. 4F and Fig. S47–S49, ESI†), suggesting that the

LDLB effect35 (birefringent phenomenon) contributes the final

CD. Because DPCE-ACh forms two coexisting hexagonal and

smectic phases, the non-periodic molecular orientations break

its helical structure to give a weak CD signal of the order of

10�3. On the other hand, we also investigated the CPL spectra at

different angles on both sides in a 7 mm liquid crystal cell.

However, a large difference in |glum| was observed at different

angles on both sides and the |glum| falls in the range from

�0.61 � 10�3 to �5.96 � 10�3 (Fig. 4F and Fig. S50, S51, ESI†).

This phenomenon is attributed to the amplified artifact (Bragg

reflection) induced by the birefringent domains of the thick

film (7 mm).

The ester linkage of DPCE-ECh offers only a weak intermo-

lecular interaction and the relationship between the molecular

orientations and the chiroptical properties are also investi-

gated. The DSC trace of DPCE-ECh recorded during the first

cooling cycle shows three exothermic transitions at around 121,

86 and 30 1C upon cooling from 180 1C (Fig. 5A). The POM

image shows oily-streak textures that are typical of the sematic

phase in the liquid crystalline state at 85 1C (Fig. S52, ESI†). 1D

WAXD measurements were then carried out to monitor the

structural evolution. It is found that a sharp peak at 2y = 2.351

appears at 80 1C, indicating the formation of an ordered

structure. In addition, a high-order diffraction peak at 2y =

4.781 is also observed. The ratio of the scattering vectors of the

two peaks is approximately 1 : 2, indicating the formation of a

smectic structure (Fig. 5B and Fig. S53, S54, ESI†). Such an

ordered structure was retained in the temperature range of

86–33 1C. The transition recorded by DSC at 86 1C corresponds

to the clearing point (Fig. 5A). In the temperature range of 86–

121 1C (DSC), a broader and weaker peak compared with that

of the smectic phase was observed (Fig. S55, ESI†) and we

Fig. 5 (A) DSC thermograms of DPCE-ECh recorded at the second heating and first cooling scans (5 1C min�1). Inset: Phase transition of DPCE-ECh

determined from the first cooling DSC scans at a rate of 5 1C min�1. (B) 1D WAXD pattern of DPCE-ECh recorded in the first cooling process at a

temperature of 60–90 1C. (2y = 21–61, inset: high-order diffractions). (C) 2D SAXS and (D) 2D WAXS patterns of the mechanically aligned DPCE-ECh with

X-ray beam perpendicular to the shear direction. (E) CD spectra (404 nm) of front and back sides of DPCE-ECh films annealed at 70 1C recorded for

45 min at different rotation angles perpendicular to the light axis. The film thickness is 50 nm for CD detection. (G) glum (510 nm) of front and back sides of

DPCE-ECh films annealed at a temperature of 70 1C for 45 min at different rotation angles perpendicular to the light axis. The film thickness is 7 mm for

CPL detection. (F and H) gCD and glum of DPCE-ECh at different temperatures.
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identified it as the isotropic liquid phase. To further prove the

smectic structure of DPCE-ECh, 2D SAXS and wide-angle X-ray

scattering (WAXS) were carried out (Fig. 5C and D). The

oriented sample for the measurements was prepared by

mechanically shearing the melted film at 85 1C. As shown in

the illustration in Fig. S56 (ESI†), the point-focused X-ray beam

was aligned perpendicular to the shear direction. It is noted

that the diffuse peaks at smaller (Fig. 5C) and larger angles

(Fig. 5D, marked with a dashed line) are not orthogonal to each

other. This suggests that the director makes a tilt angle with

respect to the smectic layer and the angle rotates from layer to

layer to form a smectic C phase. CD experiments were con-

ducted to analyse the chiroptical activities of the DPCE-ECh

solid film on glass slides. Irrespective of rotating or flipping the

samples, strong and consitent CD signals were obtained

(Fig. 5E and Fig. S57, ESI†). This implied that the long helical

molecular stacking axis was perpendicular rather than parallel

to the optical axis (Fig. S58A, ESI†). In addition, the in-plane

molecular orientation was supposed to be aligned randomly. In

this sense, the LDLB effect in such a solid film could be

neglected and genuine chiroptical signals from the chiral

supramolecular structure resulted. A gCD value of �0.20 at

404 nm was achieved (Fig. 5F). Similarly, we also fabricated a

film in a 7 mm thick liquid crystal cell for CPL measurement.

CPL spectra were also obtained by rotating the sample at

different angles on both sides (Fig. 5G). Strong CPL responses

with positive signals were observed in this annealled film with a

maximum glum value (average, 70 1C) of +0.380 � 0.011. How-

ever, different glum values ranging from 0.342 to 0.438 were

observed with varied angles and sides. The strong CPL response

is generated from the chiral supramolecular structure in which

the helical axis is perpendicular to the optical axis and parallel

to the direction of the glass substrate. The large difference in

glum (about 0.1) at different angles on both sides is attributed to

the birefringence pattern. Because the film thickness is 7 mm

for CPL detection which is much thicker than the film for CD

detection (50 nm), the artifact induced by the birefringent

domains is amplified in such a thick film. To the best of

our knowledge, such a large glum value (+0.380 � 0.011) with

a weak contribution of Bragg reflection is very rare for organic

compounds.

With increasing annealing temperature (470 1C), the dis-

symmetry factor (gCD and glum) of the thin film decreases

(Fig. 5F and H), indicating the dissociation of the smectic C

phase. Interestingly, when the isotropic liquid of DPCE-ECh

was annealed in the temperature range of 90–120 1C followed

by CPL measurement, a strong CPL signal with a gCD value of

�0.11 and a glum value of +0.18 was still recorded (Fig. S59–S71,

ESI†). The CPL response of the isotropoic state of DPCE-ECh

indicates that a twisted organization is still retained in aggre-

gates and such a twisting is still sufficient for CPL induction.

Thus, we identify this chiral isotropic state as a chiral isotropic

liquid (Iso*)66–68 in Fig. S55 (ESI†) (inset), which was recently

discovered as a new phase.

Normally, the measured g value in a disperse phase repre-

sents a weighted average of all possible orientations.60 In THF

solution, DPCE-ECh and DPCE-ACh (10�5 mol L�1) are soluble

and dispersed isolatedly. Therefore, the measured g value in

dilute solution comes from a single molecule itself. For a single

molecule, the chiral function is mainly focused on the choles-

terol unit and the luminescent function is mainly focused on

the diphenylacrylonitrile unit. Hence, no CPL signal is observed

in these single molecules. On the other hand, the aggregates of

DPCE-ECh keep the spherical structure regardless of the water

fraction variation. Such a symmetrical morphology leads to a

silent CPL response. Meanwhile, in the solid state, combining

the X-ray results and chiroptical activity of DPCE-ECh, a semctic

C* phase was identified finally. Moreover, SEM textures of the

fracture plane of DPCE-ECh with layered and arched structures

further support our hypothesis (Fig. S72, ESI†). Such a smectic

C* state leads to a giant CPL response. For DPCE-ACh, a

positive CPL signal is observed due to M-helical nanofiber

formation in suspension. A negative CPL signal is observed

due to the complex liquid crystalline (H + S) orientations in the

solid state. These findings demonstrate that the CPL response

(intensity and orientation) of synthetic advanced materials

not only relies on chiral functions on the molecular level, but

also depends on the mesoscopic architectures of the molecular

assemblies.

Conclusions

In summary, two AIEgens with rigid cores containing different

linkages are developed. These chiral AIEgens show a silent CPL

response when existing as species in THF solution. In contrast,

a tunable CPL response is achieved through regulating their

aggregated structures in solution and solid states. Driven by

the intermolecular hydrogen bonding in DPCE-ACh, opposite

CPL responses with glum of the order of 10�3 are obtained from

a M-helical nanofibrous structure and complex liquid crystal-

line (H + S) orientations. Meanwhile, DPCE-ECh exhibits a

liquid crystalline assembled system (smectic C*) with a high

dissymmetry factor (gCD = �0.20 and glum = +0.38). The intense

and apparent CD and CPL of the film stem from the intrinsic

helical structure of the molecular assemblies with a weak

contribution of Bragg reflection, where the lone helical mole-

cular stacking axis is perpendicular to the optical axis and

parallel to the direction of the glass substrate. To the best of

our knowledge, this large glum factor is very rare for organic

compounds even in the assembled state formed by annealing

at the smectic liquid crystalline temperature. This path opens

new capabilities for structural control of molecular assemblies

to generate versatile CPL responses that are inaccessible from

isolated AIEgens. These findings demonstrate that the CPL

response (intensity and orientation) of synthetic advanced

materials not only relies on chiral functions on the molecular

level, but also depends on the mesoscopic architectures of the

molecular assemblies. We hope that the present strategy for

constructing CPL-active materials in the condensed matter state

will open numerous opportunities for applications in photonic

devices.
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Experimental section
Chemicals and methods

All chemicals were purchased from Sigma-Aldrich and J&K

Chemical Co. and used as received without further purification

unless otherwise specified. Anhydrous THF and CH3CN were

used for fluorescence property investigation. Deionized water

was used throughout this study. Pre-coated glass plates were

used for TLC analysis. Column chromatography was carried out

by using silica gel (200–300 mesh) as the adsorbent.
1H and 13C NMR spectra were measured on a Bruker ARX

400 NMR spectrometer and reported as parts per million (ppm)

referenced to the internal standard TMS. High-resolution mass

spectra (HR-MS) were obtained on a Finnigan MAT TSQ 7000

Mass Spectrometer System operated in a MALDI-TOF mode.

Thermogravimetric analysis (TGA) was performed on a TA TGA

Q5000 under nitrogen at a heating rate of 10 1C min�1. Differ-

ential scanning calorimetry (DSC) analysis was performed on a

TA Instruments DSC Q1000 at a heating rate of 5 1C min�1. The

sample size was about 2 mg and encapsulated in hermetically

sealed aluminum pans, and the pan weights were kept constant.

The temperature and heat flow were calibrated using standard

materials such as indium and benzoic acid. Polarized optical

microscopy (POM) was carried out to observe the liquid crystal-

line textures of the samples on a Leitz Laborlux 12 microscope

with a Leitz 350 hot stage.

The morphological structures of the aggregates were inves-

tigated by a HITACHI-SU8010 scanning electron microscope

(SEM) at accelerating voltages of 200 and 5 kV. Stock solutions

of DPCE-ECh and DPCE-ACh in THF (10�3 mol L�1) were

prepared. A certain volume (30 mL) of such stock solutions

was transferred to small glass vials (5 mL). After addition of

appropriate amounts of THF, distilled water was added drop-

wise under vigorous stirring to afford 5 � 10�5 mol L�1 of

DPCE-ECh and DPCE-ACh solutions. The mixtures were

dropped on silicon wafers, the solvents were removed under

reduced pressure at room temperature, and the SEM images of

the aggregates on silicon wafers were taken.

To identify the liquid crystalline structure of DPCE-ECh and

DPCE-ACh, 1D XRD experiments were performed on a Philips

X’Pert Pro diffractometer equipped with a 3 kW ceramic tube as

the X-ray source (Cu Ka), an X’celerator detector, and a tempera-

ture control unit of Paar Physica TCU 100. The sample stage was

set horizontally. The diffraction peak positions of the 1D XRD

were calibrated with silicon powder for the wide-angle region

and silver behenate for the small-angle region, respectively. The

data were collected using a Mar165 detector and calibrated with

CeO2 powder. The sample temperature was controlled using a

Linkman THMSE600 hot stage. The heating and cooling rates in

the experiments were 5 1C min�1. The data were collected using

an exposure time of 120 s. The 2D SAXS andWAXS data of DPCE-

ECh were collected on a Xeuss 2.0 (Xenocs, France), and the

measurement details are listed in Table S2 (ESI†).

Absorption spectra were measured on a Milton Roy Spectronic

3000 Array spectrophotometer. Steady-state photoluminescence

(PL) spectra were measured on a PerkinElmer spectrofluorometer

LS 55. The lifetime and the absolute luminescence quantum yield

were measured on an Edinburgh FLSP 920 fluorescence spectro-

photometer equipped with an integrating sphere (0.1 nm step

size, 0.3 second integration time, 5 repeats).

Circular dichroism (CD) spectra were recorded with a Chirascan

spectrometer (Applied Photophysics, England). Circularly polarized

photoluminescence (CPPL) spectra of the films and solution

were recorded at a scan speed of 50 nm min�1 with a commer-

cialized instrument JASCO CPL-300 at room temperature with

a resolution of 15 nm. The film samples for CD and CPL

measurements were prepared by drop-casting on the quartz

substrate from the CHCl3 solution (5 mg mL�1) of DPCE-ECh

and DPCE-ACh, and subsequently by volatilization of CHCl3
solvent at room temperature. Samples were subsequently ther-

mally annealed for 45 min at the indicated temperatures.

Preparation took place under an inert atmosphere in a nitrogen

filled glove box. To freeze temporarily the phase of the DPCE-

ECh and DPCE-ACh, the film sample was quenched from the

indicated temperatures to liquid nitrogen temperature. The CD

and CPL response of the quenched sample was recorded over

the same time interval (per 3 min) at room temperature. The

magnitude of circular polarisation in the excited state is

defined as glum = 2 (IL – IR)/(IL + IR), where IL and IR indicate

the output signals for the left and right circularly polarized

luminescence, respectively. Experimentally, the value of glum is

defined as DI/I = [ellipticity/(32 980/ln 10)]/(unpolarized PL

intensity) at the CPL extremum.69

Electron density reconstruction was calculated according to

the method of a previously published paper.64 The diffraction

peaks were indexed on the basis of their peak positions, and the

lattice parameters and the space groups were subsequently

determined. Once the diffraction intensities are measured

and the corresponding space group determined, three dimen-

sional (3D) electron density maps can be reconstructed, on the

basis of the general formula

EðxyzÞ ¼
X

hkl

FðhklÞ exp½i2pðhxþ ky þ lzÞ� (1)

Here F(hkl) is the structure factor of a diffraction peak with index

(hkl). It is normally a complex number and the experimentally

observed diffraction intensity is

I(hkl) = KF(hkl)F � (hkl) = K|F(hkl)|2 (2)

Here K is a constant related to the sample volume, incident

beam intensity, etc. In this paper we are only interested in the

relative electron densities, hence this constant is simply taken

to be 1. Thus the electron density is

EðxyzÞ ¼
X

hkl

sqrt½IðhklÞ� exp i2pðhxþ ky þ lzÞ þ fhkl½ � (3)

For 2D structures I(hk) and eqn (4) were used:

EðxyÞ ¼
X

hk

sqrt½IðhkÞ� exp i2pðhxþ kyÞ þ fhk½ � (4)

As the observed diffraction intensity I(hkl) is only related to the

amplitude of the structure factor |F(hkl)|, the information
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about the phase of F(hkl), fhkl, cannot be determined directly

from experiment. However, the problem is much simplified

when the structure of the ordered phase is centrosymmetric,

and hence the structure factor F(hkl) is always real and fhkl is

either 0 or p.

This makes it possible for a trial-and-error approach, where

candidate electron density maps are reconstructed for all

possible phase combinations, and the ‘‘correct’’ phase combi-

nation is then selected on the merit of the maps, helped by

prior physical and chemical knowledge of the system. This is

in particular useful for the study of nanostructures, where

normally only a limited number of diffraction peaks are

observed.

Synthesis of 3-(3,4-bis(dodecyloxy)phenyl)-2-(4-hydroxyphenyl)-

acrylonitrile (2)

A mixture of 4-hydroxyphenylacetonitrile (1.62 g, 12.0 mmol),

compound 1 (5.7 g, 12.0 mmol) and NaOH (0.96 g, 24.0 mmol)

in a mixed solution of 60 mL of EtOH and 30 mL of THF was

refluxed for 24 h. After cooling to room temperature, 24 mL of

HCl solution (1 M) was poured into the reaction mixture, then

the solvent of C2H5OH was removed by a rotary evaporator. And

water (60 mL) was added. The mixture was extracted with ethyl

acetate (3 � 50 mL). The combined organic layers were dried

with anhydrous Na2SO4 and evaporated under reduced pres-

sure to obtain the crude product. The residue was purified by

silica-gel column chromatography using hexane/ethyl acetate

(15 : 1) as an eluent. Compound 2 was obtained as a light brown

powder with 35% yield (2.48 g, 4.2 mmol). 1H NMR (400 MHz,

CDCl3) d (ppm): 7.62 (s, 1H), 7.52 (d, J = 8.4 Hz, 2H), 7.34–7.31

(m, 2H), 6.94–6.90 (m, 3H), 4.63 (s, 1H), 4.10–4.04 (m, 4H),

1.86–1.79 (m, 4H), 1.58–1.43 (m, 4H), 1.34–1.27 (m, 32H), 0.89

(t, J = 6.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) d (ppm): 155.9,

150.4, 148.7, 139.8, 126.6, 126.2, 123.2, 119.2, 118.2, 115.3,

112.4, 112.2, 107.4, 68.7, 68.5, 64.8, 31.3, 29.09, 29.06, 29.03,

28.83, 28.80, 28.77, 28.55, 28.48, 25.4, 22.1, 13.5. MALDI-TOF-

MS (C39H59NO3) calcd form/z = 589.9050, found:m/z = 589.4465

(M + H+).

Synthesis of ethyl-2-(4-(2-(3,4-bis(dodecyloxy)phenyl)-1-cyanovinyl)-

phenoxy)acetate (3)

A mixture of compound 2 (2.09 g, 3.55 mmol), excess ethyl

choroacetate (0.80 mL, 7.10 mmol), and K2CO3 (2.45 g,

17.75 mmol) was stirred and refluxed in 60 mL of MeCN and

30 mL of THF for 12 h at 90 1C. After cooling the room

temperature, the solvent was removed by a rotary evaporator.

And then water (60 mL) was added. The mixture was extracted

with CH2Cl2 (3 � 40 mL). The combined organic layers were

dried with anhydrous Na2SO4 and evaporated under reduced

pressure to obtain the crude product. The residue was purified

by silica-gel column chromatography (hexane/ethyl acetate =

20 : 1) to yield 2.01 g (84%) of the product as a yellow powder

after removal of the solvent. 1H NMR (400 MHz, CDCl3)

d (ppm): 7.63 (s, 1H), 7.59 (d, J = 9.2 Hz, 2H), 7.34–7.32

(m, 2H), 6.97 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.4 Hz, 1H), 4.67

(s, 2H), 4.30 (q, J = 6.8 Hz, 2H), 4.10–4.05 (m, 4H), 1.89–1.82 (m, 4H),

1.59–1.45 (m, 4H), 1.39–1.27 (m, 35H), 0.89 (t, J = 6.0 Hz, 6H);
13C NMR (100 MHz, CDCl3) d (ppm): 168.0, 157.6, 150.5, 148.4,

140.3, 127.9, 126.5, 126.1, 123.3, 118.1, 114.5, 112.4, 112.2,

107.1, 68.6, 68.4, 64.8, 60.9, 31.3, 29.1, 29.06, 29.01, 28.82,

28.79, 28.77, 28.55, 28.49, 25.44, 25.38, 22.1, 13.56, 13.52.

MALDI-TOF-MS (C43H65NO5) calcd for m/z = 675.9950, found:

m/z = 675.4874 (M+).

Synthesis of 2-(4-(2-(3,4-bis(dodecyloxy)phenyl)-1-cyanovinyl)-

phenoxy)acetohydrazide (4)

A mixture of excess NH2NH2 (0.49 mL, 10.0 mmol) and com-

pound 3 (0.66 g, 1.0 mmol) in 40 mL of EtOH solution was

stirred for 10 h at room temperature. The reaction was exam-

ined by the TLC technique, which suggested the disappearance

of the starting materials. After the reaction, the precipitate was

formed and filtered. The obtained precipitate was purified by

recrystallization. After drying, compound 4 was collected as a

dark yellow solid in yield of 77%. 1H NMR (400 MHz, CDCl3)

d (ppm): 7.77 (s, 1H, NH), 7.64–7.60 (m, 3H), 7.33–7.32 (m, 2H),

6.97 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.8 Hz, 1H), 4.62 (s, 2H), 4.06

(t, J = 8.2 Hz, 4H), 3.97 (br, 2H, NH2), 1.87–1.84 (m, 4H), 1.50–

1.27 (m, 36), 0.89 (t, J = 6.4 Hz, 6H). 13C NMR (100 MHz, CDCl3)

d (ppm): 167.5, 156.7, 150.7, 148.4, 140.7, 128.6, 126.7, 125.9,

123.4, 118.0, 114.4, 112.4, 112. 2, 106.7, 68.7, 68.4, 66.4, 31.3,

29.08, 29.05, 29.01, 28.81, 28.78, 28.75, 28.56, 28.49, 25.43,

25.37, 22.1, 13.5. MALDI-TOF-MS: (C41H63N3O4) calcd for

m/z = 662.0, found: m/z = 662.3 (M), m/z = 685.2 (M + Na+),

m/z = 701.3 (M + K+).

Synthesis of DPCE-ECh ((3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-

17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 2-(4-(2-(3,4-bis-

(dodecyloxy)phenyl)-1-cyanovinyl)phenoxy)acetate)

Under a N2 atmosphere, a mixture of compound 2 (0.3 g,

0.5 mmol), compound 5 (0.23 mL, 0.5 mmol), and K2CO3

(0.28 g, 2.0 mmol) was stirred and refluxed in 30 mL of dry

MeCN for 24 h at 90 1C. The reaction was monitored by the TLC

technique, implying the disappearance of reactants. After the

reaction, the mixture was treated with 40 mL of HCl (1 M) and

extracted with 50 mL of CHCl3. The CHCl3 layer was parti-

tioned, washed with 20 � 3 mL of distilled water, dried over

anhydrous MgSO4, and then concentrated. The crude product

was purified by recrystalliztion in CH2Cl2/MeOH (1 : 5, v/v).

After drying, compound 6 was collected as a dark yellow solid

in yield of 90%. 1H NMR (400 MHz, CDCl3) d (ppm): 7.64

(s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.35 (m, 2H), 6.97 (d, J = 8.0

Hz, 2H), 6.92 (d, J = 8.0 Hz, 1H), 5.40 (br, 1H), 4.77 (br, 1H), 4.65

(s, 2H), 4.04–4.11 (m, 4H), 0.69–2.41 (m, 89H); 13C NMR

(100 MHz, CDCl3) d (ppm): 168.0, 158.3, 151.1, 149.0, 140.8,

139.2, 130.5, 128.4, 127.0, 126.7, 124.0, 123.1, 118.6, 115.0,

112.9, 107.6, 75.4, 69.7, 69.1, 65.6, 56.6, 56.2, 50.0, 39.5, 36.2,

31.9, 29.7, 29.4, 28.0, 24.0, 22.7, 19.3, 18.7, 14.1, 11.9. MALDI-

TOF-MS: calcd for m/z = 1054.7, found: m/z = 1055.9 (M + K+).

HR-MS (ESI) (C68H105NO5) [M + K]+: calcd: 1054.7624. Found:

1154.7697(M + K)+.
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Synthesis of DPCE-ACh ((3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-

17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 2-(4-((2-(2-(4-

(2-(3,4-bis(dodecyloxy)phenyl)-1-cyanovinyl)phenoxy)acetyl)-

hydrazono)methyl)phenoxy)acetate)

Under a N2 atmosphere, a mixture of compound 4 (0.17 g,

0.25 mmol) and compound 6 (0.25 mmol) was stirred and

refluxed in 30 mL of CH2Cl2–MeOH solution (3 : 1, v/v). Several

drops of glacial acetic acid were added as the catalyst. The

reaction was examined by the TLC technique, implying the

disappearance of reactants. After the reaction, most of the

solvents were distilled under reduced pressure at room tem-

perature. The obtained residue was further purified by recrys-

talliztion in CH2Cl2/MeOH (1 : 5, v/v) three times. DPCE-ACh

was collected as a yellow solid in yields of 88%. 1H NMR

(400 MHz, CDCl3) d (ppm): 9.45 (br, 1H), 8.17 (s, 1H), 6.90–

7.78 (m, 12H), 5.40 (br, 1H), 5.20 (br, 1H), 4.72 (br, 2H), 4.65 (s,

2H), 4.08 (br, 4H), 0.68–2.42 (m, 89H); 13C NMR (100 MHz,

CDCl3) d (ppm): 168.0, 163.7, 160.0, 159.7, 158.7, 149.2, 149.0,

144.9, 141.3, 140.7, 139.1, 129.6, 128.9, 127.4, 127.1, 126.6,

124.0, 123.2, 115.2, 114.9, 113.0, 112.7, 107.8, 107.2, 75.5,

69.2, 69.1, 67.2, 65.2, 56.8, 56.0, 55.4, 50.0, 42.3, 39.4, 38.0,

36.9, 36.6, 36.1, 35.8, 32.0, 29.7, 29.4, 27.9, 27.8, 26.1, 24.1, 23.7,

22.6, 21.0, 19.2, 18.5, 14.1, 11.7. MALDI-TOF-MS: calcd for m/z =

1192.7, found: m/z = 1194.0 (M + H+). HR-MS (ESI) (C77H113N3O7)

[M + H]+: calcd: 1192.8651. Found: 1192.8643 (M + H)+.
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