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a b s t r a c t

The development of circularly polarized luminescence (CPL) materials with high performance is signifi-

cantly important. Herein, we develop a facial strategy for fabricating a CPL-active system by employing an

achiral luminescent metal-organic cage (MOC) and chiral boron dipyrromethene (BODIPY) molecules. CPL

is achieved by taking advantage of the radiative energy transfer process, in which BODIPY molecules act

as energy acceptors and MOCs act as donors. The CPL performance (maximum luminescence dissymme-

try factor up to ±1.5×10−3) can be tuned by adjusting the ratio between MOCs and BODIPY. White-light

emission with the CPL feature is obtained by using a ternary system including MOC, chiral BODIPY, and

Rhodamine B. The present work provides a facile and universal strategy to construct a CPL-active system

by integrating achiral luminophores and chiral molecules.

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

Medica, Chinese Academy of Medical Sciences.

Circularly polarized luminescence (CPL) has attracted the in-

creasing attention of scientists owing to its potential applications

in a wide range of fields, including 3D displays [1], optical infor-

mation storage [2], chiroptical sensors [3], and optoelectronic de-

vices [4,5]. The construction of a circularly polarized luminescent

system is inseparable from the two elements of chirality and lu-

minescence. Generally, the covalent combination of chiral moieties

and luminophores is the most common design strategy to directly

fabricate CPL-active materials, while tedious synthesis is often un-

avoidable [6]. Besides, multicomponent co-assembly systems can

be established through non-covalent interactions [7] (such as hy-

drogen bonds, π–π stacking interactions, and electrostatic inter-

actions) between achiral luminophores and chiral components, in

which achiral luminophores are endowed with CPL by chirality

transfer [8]. In these multicomponent systems, one of the great-

est merits is to reduce the synthesis difficulty of complex chiral

systems. Meanwhile, intermolecular energy-transfer approaches in-

cluding Förster resonance energy transfer (FRET) [9] and photon

upconversion (UC) [10] have been reported in polymers [11], gels

[12], liquid crystals [13], and metal-organic materials [14], which

are confirmed to be effective in amplifying and modulating CPL.
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Although the preparation of CPL materials has made considerable

progress to date, it is still of great significance and challenge to

develop new CPL materials through simple methods.

Metal-organic cages (MOCs) are endowed with tunable func-

tionalities through coordination-driven self-assembly of rationally

designed organic ligands and selected metal ions. Owing to their

well-defined cavities and great molecular dispersibility, MOCs have

played an important role in the fields of molecular recognition

and separation [15,16], catalysis [17–20], biomedicine [21], etc. For

instance, MOCs can be used as a research platform to construct

supramolecular photoluminescent materials derived from rigid aro-

matic organic ligands or lanthanides luminophores [22]. With the

increasing demand for chiral functional materials, some CPL-MOCs

have also been reported in the recent literature [23,24]. Wong

and Law et al. developed the first CPL-active lanthanide cage by

self-assembly of chiral ligands and europium (Eu) [25]. Thereafter,

Yan et al. synthesized a Eu4L4 cage with CPL property via a chi-

ral ancillary ligand induction strategy [26]. Besides, Qiu and Zhu

et al. found that the twisted chiral MOC obtained by the coordina-

tion of chiral luminescent helicene ligands with zinc ions can emit

CPL [27]. Clever et al. employed a shape-complementary assembly

strategy of chiral ligand and achiral luminescent ligand to construct

two cases of heteroleptic CPL-MOCs [28,29]. Furthermore, the CPL

of MOCs has been triggered by host–guest approach. Sun et al. re-
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Scheme 1. Schematic illustration for CPL generation in the system of 1 and (R/S)-

BB.

alized that lanthanide−organic cages through chiral induction of

chiral guests successfully displayed CPL [30]. Liu et al. used chiral

hexahedral cages to encapsulate dyes to achieve CPL [31]. More-

over, we reported the introduction of functional groups by post-

synthetic modification (PSM) is an efficient strategy for MOCs to

induce CPL [32]. However, all of the above examples have limita-

tions that require chirality transfer. The biggest challenge lies in re-

laying chiral information from chiral moieties to the entire MOCs

and selectively forming a stereoisomeric structure. To overcome

this difficulty, the fluorescence-selective absorption mechanism has

been applied to constructing polymer-based CPL materials [33–35].

Inspired by related research, we hypothesize that a CPL-active sys-

tem can be established based on energy transfer between lumines-

cent MOCs and chiral organic molecules without chirality transfer.

Recently, we found that the pyrene-based luminescent hex-

ahedral Zn8L6 cage exhibits spontaneous aggregation and time-

dependent luminescence enhancement in diluted solutions. In this

work, we report a simple CPL system based on the achiral Zn8L6
cage and chiral BINOL-substituted BODIPYs (denoted as (R)-BB and

(S)-BB, respectively) by radiative energy transfer (Scheme 1). Due

to the effective spectral overlap, (R/S)-BB can effectively absorb

the fluorescence emission from the Zn8L6 cage through the pro-

cess of radiative energy transfer, which is demonstrated by the

pump-probe fs-transient absorption measurements. The value of

the luminescence dissymmetry factor (glum) of the system is pro-

portional to the concentration of (R/S)-BB with maximum glum up

to ±1.5×10−3, which is consistent with the value of absorption dis-

symmetry factor (gabs) of (R/S)-BB and with reverse signals. The

CPL of the mixed system is yielded by the selective absorption of

the right-handed or left-handed light, providing a useful strategy

for producing CPL-active materials.

The enantiomers (R/S)-BB were successfully synthesized from

commercially available 1,3,5,7,8-pentamethyl-F-BODIPY and enan-

tiopure (R/S)−1,1′-bi-2-naphthol according to the reported method

(see Supporting information for experimental details) [36]. The

Zn8L6 cage (denoted as 1) was synthesized by subcomponent

self-assembly of Zn2+, 1,3,6,8-tetra(4-aminophenyl)pyrene, and 2-

formylpyridine according to our previous work (detail see Support-

ing information) [37].

Fig. 1. (a) Normalized absorption (solid line) and emission (dashed line) of 1 (pur-

ple, λex =408 nm) and (R)-BB (orange, λex =480 nm) in CH3OH/DMF (v/v=200/1).

(b) Fluorescence emission spectrum of 1 with different molar fractions of (R)-BB

(excited at 408 nm). (c) Time-dependent photoluminescent emission spectra of (R)-

BB/1. Inset: photos of (R)-BB/1 at different times under UV light (concentration of

1=5.6×10−6 mol/L and (R)-BB=5×10−5 mol/L).

Our previous study showed that 1 is an efficient and stable

emitting material in a dilute solution after a period of incuba-

tion. Therefore, we employed the methanol solution of 1 after in-

cubation for this investigation. 1 exhibits an abroad fluorescence

band (from 425 nm to 675 nm) centered at around 480 nm in

methanol. (R/S)-BB has a strong absorption band from 425 nm to

550 nm with a maximum of about 498 nm. As expected, the ef-

fective spectral overlap between the absorption spectrum of (R)-BB

and the emission spectrum of 1 (Fig. 1a) was observed, indicat-

ing that an energy transfer process may occur between (R)-BB and

1. We mixed the (R)-BB and 1 (denoted as (R)-BB/1) with differ-

ent ratios in CH3OH/DMF (v/v=200/1), and then measured their

emission spectra. The emission intensity of 1 at 480 nm (λex =408

nm) decreased significantly when the proportion of (R)-BB was in-

creased (Fig. 1b). To further confirm intermolecular energy trans-

fer between 1 and (R/S)-BB, we measured the emission spectra by

using excitation light with different wavelengths. We excited (R)-

BB using 480 nm due to the obvious absorbance of (R)-BB at 480

nm (Fig. S6 in Supporting information). Weak fluorescence was ob-

served at 545 nm (photoluminescence quantum yield (PLQY)=1%),
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Fig. 2. (a) Fluorescence decay and (b) kinetic fitting of fs-Transient absorption spec-

tra at 700 nm for pristine 1 and in the present of (R)-BB (concentration=5×10−5

mol/L) in CH3OH/DMF (v/v=200/1).

which showed obviously lower intensity than that of spectrum ex-

cited at 408 nm (Fig. S7 in Supporting information). These ex-

periments show the occurrence of energy transfer between 1 and

(R/S)-BB, which boosts the fluorescence of (R/S)-BB. Based on the

time-dependent emission enhancement characteristic possessed by

1, we also measured the time-dependent emission of (R)-BB/1. The

luminescence at 545 nm of (R)-BB/1 originating from (R)-BB can

achieve synchronous growth within 5 days of incubation (Fig. 1c),

further demonstrating the energy transfer between (R)-BB and 1.

To gain insight into the energy transfer mechanism between 1

and (R/S)-BB, fluorescence decay profiles for pristine 1 and in the

presence of (R)-BB were collected (Fig. 2a). The fluorescence life-

time of 1 remained unchanged after introducing (R)-BB. When the

concentration of (R)-BB was 5×10−5 mol/L, the PLQY decreased

from 73.4% to 18.6%. Given that the presence of (R)-BB only ex-

hibits a reduction in PLQY without affecting the emissive lifetime,

the energy transfer could not happen through FRET [38]. Addition-

ally, any discernible spectral changes were not displayed in the

UV−vis spectra of (R)-BB/1 in comparison to pristine 1 and (R)-

BB (Fig. S8 in Supporting information). The energy transfer mech-

anism is probably the process of radiative energy transfer. Further-

more, pump-probe fs-transient absorption measurements were car-

ried out (Fig. S9 in Supporting information). The transient absorp-

tion peaks and kinetic traces of 1 at 700 nm were unchanged after

the addition of (R)-BB (Fig. 2b). This result further corroborates the

occurrence of radiative energy transfer between 1 and (R)-BB.

Subsequently, we sought to test whether cage 1 could form a

host-guest with (R/S)-BB. Cage 1 dissolved in DMSO-d6 with excess

(R)-BB was characterized by NMR. As shown in 1H NMR spectra

(Fig. S10 in Supporting information), the peaks of (R)-BB/1 do not

show any shift as compared to the pristine 1 and (R)-BB, imply-

ing the absence of host-guest interaction. Moreover, the 1H-1H–

diffusion ordered spectrum (DOSY, Fig. S11 in Supporting infor-

mation) showed that all the peaks corresponding to 1 and (R)-BB

had two sets of diffusion constants, demonstrating that there is no

host-guest compound formed between them. Additionally, based

on theoretical calculation, 1 contains a cavity volume of about 1115

Å3 [37]. The molecular volume of (R/S)-BB is about 796 Å3, which

was calculated by using the accessible Connolly surface calculation

of Materials Studio. The packing coefficient (the ratio between the

guest volume and the host cavity volume) of (R/S)-BB for 1 is 71.4%.

This value is too big regarding Rebek’s 55% rule, further suggesting

that 1 cannot encapsulate (R/S)-BB in the solution.

The chiroptical properties of (R/S)-BB/1 were first evaluated by

circular dichroism (CD) spectroscopy. The pristine chiral (R/S)-BB

showed a significant Cotton effect. As illustrated by Fig. 3a, (R)-BB

and (S)-BB show mirrored Cotton effects at 250, 340, and 498 nm,

respectively. Although absorption (UV) increased sharply with achi-

ral 1 addition, no corresponding new CD signals were present. The

slightly decreasing CD signal intensity at 250 nm, is probably due

to a strong competitive absorption at 250 nm of 1 (Fig. 3a). These

results indicate that there is no ground-state chirality transfer be-

tween (R/S)-BB and cage 1. Furthermore, the absorption dissym-

metry factors (gabs) of (R/S)-BB at 260, 332, and 498 nm were cal-

culated to be 6.3×10−3, 2.4×10−3, and 1.0×10−3, respectively (Fig.

3b).

The CPL of (R/S)-BB molecules were measured. We found that

there was no obvious CPL signal presenting on their spectra (Fig.

S12 in Supporting information). Interestingly, the CPL signals were

observed in the (R/S)-BB/1 (Fig. 3c). When increasing the propor-

tion of (R/S)-BB, the intensity of the CPL signal increases gradu-

ally (Fig. 3d and Fig. S13 in Supporting information). This finding

means that the magnitude of the luminescence dissymmetry fac-

tor glum value is determined by the concentration of chiral (R/S)-

BB. Notably, the maximum glum value comes up to 1.5×10−3 (490

nm), which remains in the same order of magnitude as the value

of gabs (1.0×10−3) at 498 nm. Moreover, we further found some

correlations between CD and CPL spectra of (R/S)-BB/1. Specifically,

(R)-BB shows a negative Cotton effect at around 498 nm while the

CPL signal is positive. Conversely, (S)-BB displays a positive Cot-

ton effect at around 498 nm, but the CPL sign is negative. At the

same wavelength, the CPL signals are exactly opposite to the cor-

responding CD signals. Based on the above results, it can be spec-

ulated that the CPL was generated by chiral selective absorption of

the fluorescence of 1.

In order to verify the CPL generation mechanism more intu-

itively, CPL measurement experiments were performed by arrang-

ing the solutions of 1 and (R/S)-BB in independent sample cells.

As illustrated in Fig. S14 (Supporting information), the separated

system consists of two modes. In Mode 1, the sample cell of 1

is closer to the excitation source, followed by (R/S)-BB. Mirrored

CPL signals with maximum emission around 490 nm were also

observed in Fig. S14c, where 1→ (R)-BB showed a positive signal

while 1→ (S)-BB showed a negative signal. These results were con-

sistent with those from the mixture system of (R/S)-BB/1 (Fig. 3c).

The experiment of spatial separation manifests that CPL can be

produced without any interaction. The mechanism is that the flu-

orescence of 1 partially absorbed by (R/S)-BB, making the amount

of right-handed light and left-handed light is not equal. By con-

trast, when the position of 1 and (R/S)-BB was reversed in Mode

2, no CPL signal was observed (Figs. S14b and d). These results

convincingly demonstrate that the chiral organic molecules (R/S)-

BB can act like a molecular filter to yield CPL through the radia-

tive energy transfer. When normal fluorescence of 1 interacts with

(R/S)-BB, CPL will be generated. The CPL property can be evaluated

by glum quantified as glum =2(IL − IR)/(IL + IR), where IL and IR are

the intensities of the left- and right-handed CPL, respectively [39].

It should be noted that the unequal emission of the right-handed

and left-handed light in the mixed system is caused by the se-

lective absorption of the fluorescence of 1 by (R/S)-BB. Then, the

absorption asymmetry factor gabs is an important parameter re-

flecting the degree of difference in the absorption of left-handed

and right-handed circularly polarized light by chiral molecules

[23]. The glum value of the mixed system is determined by gabs
of (R/S)-BB.

For further studies, we synthesized another chiral O-BODIPY

molecule (R/S)-BB2 (detail see Supporting information) by chang-

ing the substituent group to achieve new UV–vis absorption. UV–

vis spectrum measurement showed that the absorption spectra

corresponding to the BODIPY unit were located at 588 nm (Fig. S15

in Supporting information). The reduction of fluorescence emission

of 1 certifies the occurrence of energy transfer from 1 to (R/S)-BB2

(Fig. S16 in Supporting information). The CD and CPL spectra of a

mixture of 1 and (R/S)-BB2 were also measured (Figs. S17 and S18

in Supporting information). Similar to (R/S)-BB/1, the CPL emission

wavelength is matched with the absorption peak at around 550

nm. Besides, the positive and negative CPL signals of (R/S)-BB2/1

3
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Fig. 3. (a) CD (top) and UV–vis spectra (bottom) of (R/S)-BB and (R/S)-BB/1. (b) Corresponding gabs spectra of (R/S)-BB. (c) CPL spectra of (R/S)-BB/1. (d) Corresponding glum
spectra in different molar fractions of (R/S)-BB in CH3OH/DMF (v/v=200/1) solution of (R/S)-BB/1 system (excited at 365 nm).

Fig. 4. (a) Fluorescence emission spectra and (b) the corresponding CIE 1931 chromaticity coordinates of (R)-BB/1/RhB. Inset: photograph under UV irradiation. (c) CPL of

(R/S)-BB/1/RhB (concentration=1.2×10−5 mol/L) in CH3OH/DMF (v/v=200/1) and the chemical structure of Rhodamine B.

are also opposite to their CD signals at around 550 nm. These re-

sults demonstrated that tunable circularly polarized emission could

be facile achieved by using this simple strategy.

White light-emitting materials are particularly important in

lighting devices and display media. To achieve white emission, the

red emission luminophore should be introduced into the system.

The dye molecule Rhodamine B (RhB) emitting red light was se-

lected. As shown in Fig. 4a, the emission spectrum of a mixture

of (R)-BB, RhB, and 1 displayed three distinct bands, originating

from the luminescence of 1, (R)-BB, and RhB, respectively. Their

intensities of emission bands can be tuned by changing the mixing

ratio. When the concentration of RhB increases, the luminescence

intensity of (R)-BB will decrease. This result indicated that an en-

ergy transfer process occurred between (R/S)-BB and RhB. Through

a two-step sequential intermolecular energy transfer process, we

successfully obtained a white-emitting solution using the mixture

of 1/9/2.1 molar ratio of 1, (R)-BB, and RhB, which could be con-

firmed by an inset fluorescence photo under 365 nm. As shown

in Fig. 4b, its Commission Internationale de I’Éclairage (CIE) 1931

chromaticity diagram coordinate value is (0.31, 0.32), which is very

close to the value of idea white light (0.33, 0.33). Moreover, the

white emission was also CPL-active (Fig. 4c).
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In summary, we have successfully developed a CPL-active

system based on achiral luminescent MOC and chiral BODIPY

molecules. Taking advantage of the optical activity of chiral BOD-

IPY, normal fluorescence emitted by MOC is powerfully trans-

formed into circularly polarized luminescence. The CPL signals can

be regulated by the absorbance of chiral BODIPY molecules. White

emission with the CPL feature is easily fabricated by introducing a

red luminophore. This work provides a facile and useful strategy

for the construction of CPL-active materials. We can predict that

advanced luminescent materials with excellent CPL performance

will be designed and prepared in the future by exploring this pow-

erful strategy.
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