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structures and advanced functions.[6–8] 
MOFs can be endowed with homochiral 
property by incorporating with chiral 
ligands or supramolecular chirality 
around metal centers, which can be 
applied as potential materials for asym-
metric catalysis[9] and enantioselective 
recognition.[10] However, the application 
of chiral MOFs as CPL-active materials 
has not been extensively studied yet and 
limited examples have been reported. 
Duan  et  al. reported the first example of 
CPL-active zeolitic imidazolate frame-
works by a ligand-exchange approach in 
2019.[11] Thereafter, Zhang  et  al. synthe-
sized new chiral MOF thin films exhib-
iting CPL property.[12] Recently, Liu  et  al. 

have employed the aggregation-induced emission (AIE) ligand 
for the construction of CPL-active MOFs.[13] Moreover, sev-
eral CPL-active MOF materials have been achieved by using 
host–guest approach.[14–18] For example, Liu  et  al. found that 
the chiral γCD-MOF can emit CPL with the full-colored region 
after accommodating guest luminophores, such as dye mole-
cules, AIE molecules, and Ru-complexes.[19] To improve the 
CPL response, one important strategy adopted for organic 
systems is through the controlling self-assembly of chromo-
phores.[20,21] However, this strategy has not well been applied 
in the study of CPL-active MOF materials.

Herein, we report three enantiomeric pairs of MOFs with 
eta topology and cubic MOCs (metal–organic cages), which 
were obtained by solvothermal subcomponent self-assembly 
of 4-formyalimidaozle or its derivatives, chiral 1,2-diaminocy-
clohexane (DCH), and ZnBr2 (Scheme 1). The change of the 
substituent of imidazole ligand on 2-position leads to yield dis-
tinct assembles, in which the ligands adopt the “opened” (MOFs) 
or “closed” (MOCs) conformations. All enantiopure MOFs and 
MOCs showed strong circular dichroism (CD) signals and photo
luminescence (PL) with similar quantum yields (QYs) and life-
times in solid state. Surprisingly, only MOFs emit CPL. Density 
functional theory (DFT) calculations revealed that the possible 
mechanism is due to the efficient intramolecular charge transfer 
from the chiral cyclohexane moiety to the imidazolyl chromo-
phore for “opened” conformation ligand in MOFs.

2. Results and Discussion

Previously, we found that the solvothermal subcomponent 
self-assembly is a convenient method to synthesize MOFs and 

The fabrication of circularly polarized luminescence (CPL) active materials 
by self-assembly is still in its challenge. In this work, a family of homochiral 
metal–organic frameworks (MOFs) and metal–organic cages (MOCs) are 
constructed by solvothermal subcomponent self-assembly. These MOFs feature 
an eta topology with trifold helical chains, while the MOCs adopt a cubic 
cage structure. The chiral ligands show two distinct types of conformations: 
“opened” and “closed” in MOFs and MOCs, respectively. Although 
homochiral MOFs and MOCs show similar spectra of circular dichroism and 
photoluminescence with similar quantum yields and lifetimes, the MOFs yield 
clear CPL signals and the CPL of MOCs are silent. The turn-on CPL in MOFs 
achieved by tuning the conformation of ligands and controlling self-assembly 
provides a new approach for development of CPL-active MOF materials.
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1. Introduction

Circularly polarized luminescence (CPL) materials, emitting 
the differential left- and right-handed circularly polarized 
light, have attracted great interest in recent years due to their 
promising applications in chemical sensors,[1,2] biological 
probes,[3] 3D display,[4] and optical data storage.[5] Various 
materials including organic molecules, polymers, metal–
organic complexes, and liquid crystals have shown CPL-active 
properties. MOFs representing an interesting type of porous 
crystalline materials have been widely studied for their novel 
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MOCs.[22–24] Here, the homochiral MOFs P-1 and M-1 could 
be synthesized from a 2:1:2 mixture of ZnBr2, 2,5-dimethyl-
H-imidazole-4-carboxaldehyde, 1R,2R-DCH or 1S,2S-DCH, in 
a mixed solvent of N,N′-diethylformamide and methanol (2:1, 
v/v) (for details, see the Supporting Information)), respec-
tively. By replacing 2,5-dimethyl-H-imidazole-4-carboxaldehyde 
with 2-methyl-1H-imidazole-4-carboxaldehyde, homochiral 
MOFs P-2 and M-2 were obtained under the same conditions, 
while MOCs Δ-3 and Λ-3 were yielded by utilizing imidazole-
4-carbaldehyde. These results indicate that the 2-methyl group 
on imidazole plays a structure-direct role on forming frame-
work structures in P-1, M-1, P-2, and M-2. Similar phenomenon 
was observed in our previous report, in which the metal–
organic tetartoidal cages were obtained with the 2-methyl group 
on the imidazolyl and cubic cages would be formed in the 
absence of steric effect of the 2-methyl group.[25]

X-ray crystallography revealed that P-1, P-2 crystallize in space 
group P64, while M-1 and M-2 crystallized in space group P62. The 
two enantiomeric pairs are isotypic (Figure S1a–d, Supporting 
Information). Hence the structural description is restricted to the 
P-1. The asymmetric unit of P-1 contains one ZnII ion, one Br 
anion, and a half of R-L1 (R-H2L1  = N,N′-((1R,2R)-cyclohexane-
1,2-diyl)bis(1-(2,4-dimethyl-1H-imidazol-5-yl)methanimine)). Each 
ZnII ion adopts a tetrahedral geometry and coordinates with three 
nitrogen atoms (Zn−N 1.993(4)–2.103(4) Å) and one Br atom (Zn−
Br 2.3524(9) Å, Figure 1a). In P-1, R-L1 is deprotonated and coor-
dinated with four ZnII ions, exhibits an “opened” conformation 
(Figure S2b, Supporting Information). The imidazolyl groups of 
R-L1 bridging ZnII ions fabricate a trifold right-handed extensive 
helix in P-1 with a pitch of 13.054 Å (Figure 1b). For M-1, the left-
handed helix is formed by linking imidazolyl and ZnII ions. The 
trifold helical chains are further linked by the cyclohexane groups 
to generate a 3D chiral porous framework, which contains 1D 
helical channels. The total potential solvent area volumes are 

2956.1  Å3 (52.6%), 2884.4  Å3 (51.9%), 2823.2  Å3 (54.0%), and 
2884.0  Å3 (55.7%) per unit cell for MOFs P-1, M-1, P-2, and 
M-2, respectively. By treating ZnII as the vertices and both imi-
dazolyl group and cyclohexane group of ligands as linkers, the 
frameworks can be simplified as chiral eta network (or (8,3)-a net, 
Figure S3, Supporting Information), which contains one kind of 
three-connected vertex and helices of one hand.[26]

The enantiomers Δ-3 and Λ-3 crystallize in the chiral space 
group R3, which feature eight-nucleus chiral cubic cage struc-
tures (Figure  1d). The structure of Δ-3 is described in detail. 
Two types of ZnII centers are discovered in Δ-3. Six ZnII ions 
adopt square-pyramidal coordination geometry (Figure  1c) and 
ZnII center is chelated with one R-L3 (R-H2L3 = N,N′-((1R,2R)-
cyclohexane-1,2-diyl)bis(1-(1H-imidazol-5-yl)methanimine) 
and bounded with one imidazole group from another R-L3 
(Zn−N 1.964(18)–2.177(12)  Å). Other two ZnII ions adopt tet-
rahedral geometry and each ZnII center is coordinated by 
three N atoms (Zn-N 1.91(2)–2.028(10)  Å) and one Br anion 
(Zn–Br 2.407(11)–2.410(7)  Å, Figure S1f, Supporting Informa-
tion). Interestingly, the in situ formed R-L3 in Δ-3 cages exhibit 
a “closed” conformation (Figure S2e,f, Supporting Information), 
which is obviously different from the “opened” conformation of 
the ligands in P-1, P-2, M-1, and M-2. The “closed” ligand link 
Zn2+ centers to form the chiral cubic cage structure of Δ-3.

The powder X-ray diffraction (PXRD) measurements of P-1, 
M-1, P-2, M-2, Δ-3, and Λ-3 have shown that observed PXRD pat-
terns are in good agreement with the simulated patterns (Figure 
S4, Supporting Information), suggesting pure phase of P-1, M-1, 
P-2, M-2, Δ-3, and Λ-3 were successfully obtained. Thermo-
gravimetric analysis and variable-temperature PXRD measure-
ments revealed that P-1, M-1, P-2, M-2, Δ-3, and Λ-3 are stable 
up to around 400  °C under N2 atmosphere (Figure S5, Sup-
porting Information) and around 250–350  °C in air (Figure S6,  
Supporting Information). We also checked the chemical 

Scheme 1.  Subcomponent self-assembly of compounds P-1, M-1, P-2, M-2, Δ-3, and Λ-3.
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stabilities of P-1, P-2, and Δ-3. The PXRD studies revealed that 
P-1, P-2, and Δ-3 are stable in common organic solvents (e.g., 
N,N′-dimethylformamide, MeOH, EtOH, and CH3CN) and water 
at room temperature for 24 h (Figure S7, Supporting Information). 
N2 gas adsorption measurements were performed at 77 K (Figures 
S8–S10, Supporting Information) for P-1, M-1, P-2, M-2, Δ-3, and 
Λ-3. Their Brunauer−Emmett−Teller surface areas were calculated 
to be 811, 843, 838, 833, 314, and 232 m2 g−1, respectively.

The photophysical properties of P-1, M-1, P-2, and M-2 were 
first studied in solid-state. The solid-state UV–vis absorption 
spectra of P-1 and M-1 are identical (Figure 2a), showing main 
absorption peaks at around 313 nm, which can be ascribed to 
π–π* transition of the imidazole rings. Similarly, both P-2 and 
M-2 show main absorption peaks at 310 nm (Figure S11a and 
Table S4, Supporting Information). The solid-state dichroism 
(CD) spectra have shown that P-1 and M-1 gave mirrored Cotton 
effect at 252 and 335  nm, respectively, which is in according 
with their opposite chirality (Figure 2b). The CD spectra of P-2 
and M-2 are akin to P-1 and M-1 (Figure S11b, Supporting Infor-
mation), respectively. For comparisons, the UV−vis and CD 
spectra of Δ-3 and Λ-3 were also performed in solid-state. The 
UV−vis spectra of Δ-3 and Λ-3 are identical and show a strong 
absorption maximum at around 286  nm (Figure S12a, Sup-
porting Information). The CD spectra of Δ-3 and Λ-3 show the 
mirrored Cotton effect located on 246 and 323 nm (Figure S12b, 
Supporting Information), respectively, suggesting that Δ-3 and 
Λ-3 are chiral and a pair of enantiomers.

As shown in Figure  2c, the emission spectra of both P-1 
and M-1 show a broad band centered at ≈520  nm at room 
temperature with a QY of 6.0% and 6.4%, which are comparable 
to other imidazolate-based framework, such as zeolitic imida-
zolate framework (ZIF)-8 (QY  =  4.73%), ZIF-71 (QY = 9.13%), 
and ZIF-365 (5.21%).[27–29] The average emission lifetime of 
P-1 and M-1 were 2.69 and 2.98  ns at 298  K (Table S4, Sup-
porting Information), respectively. The short lifetime suggested 
they emitted fluorescence and the emission bands probably 
originated from intraligand charge-transfer. Notably, both P-1 
and M-1 exhibited CPL response in the wavelength region of  
450–650 nm (Figure 2d). The measured luminescence anisotropy 
factors (glum, defined as glum = 2 ×  (IL – IR)/(IL + IR), where IL 

Figure 1.  The single-crystal structures of P-1: a) coordination geometry 
of ZnII and b) view of crystalline framework and the trifold right-handed 
helical chain. The single-crystal structures of Δ-3: c) the square-pyramidal 
coordination geometry of ZnII center and d) view of chiral cubic cage 
structure. Color scheme: Zn, cyan; Br, pink; N, blue; C, gray; H, omitted.

Figure 2.  a) Normalized UV−vis absorption spectra, b) CD spectra, and c) normalized solid state excitation (dotted line) and emission spectra (solid 
line) of M-1 and P-1 in the solid state. d) CPL spectra of the P-1 (red line), M-1 (black line), Δ-3 (blue line), and Λ-3 (green line) in the solid state.
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and IR are the intensities of the left and right CPL, respectively) 
of P-1 and M-1 at 520 nm are about ±2.3 × 10−3, which are com-
parable to those of previously reported MOFs.[11,12,14–18] For P-2 
and M-2, both the PL/CPL properties are similar with that of 
P-1 and M-1 (glum ≈ 1.0 × 10−3, Figure S13, Supporting Informa-
tion). The Δ-3 and Λ-3 also displayed green emission (≈525 nm) 
with a QY of 6.0% and 5.5% at room temperature (Figure S12c, 
Supporting Information), respectively. Unexpectedly, both Δ-3 
and Λ-3 are CPL silent (Figure 2d), although their PL properties 
and molecule structures of ligands are akin to that of P-1, M-1, 
P-2, and M-2. Thus, a CPL-on MOFs system is realized, which 
is probably due to the “opened” conformation of ligand and hel-
ical chain arrangement in the framework. In the literature, the 

turn-on CPL of MOFs are usually realized by introducing chiral 
guests or luminophores into the cavities of the MOFs or chiral 
ligands on the surfaces of the MOFs.[11,14–17,19] This is first time 
observation of turn-on CPL in MOFs by tuning the conforma-
tion of ligand.

To further check the CPL activity, the microarea CPL proper-
ties of single crystals of P-1 and M-1 were further measured by 
a homemade experimental setup (Figure S14a, Supporting Infor-
mation).[30,31] The continuous laser at 365  nm excited single 
crystals of P-1 and M-1, the emitted green light was detected by 
charge coupled device (CCD) detector (Figure S14b, Supporting 
Information). A quarter-wave plate (λ/4) was utilized to convert 
the circular polarization into a linear polarization state. The 

Figure 3.  The PL intensity of a) the P-1 and b) M-1 as a function of the linear polarizer rotation angle, angle of λ/4 wave plate = +45° (red circles) and 
−45° (blue squares).

Figure 4.  a) The “opened” conformation of R-L1 in P-1 and c) “closed” conformation of R-L3 in cage Δ-3. The calculated major NTOs responsible for 
the absorption b) at 360 nm of R-L1 and at d) 315 nm of R-3.
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relationships between the maximum fluorescence intensity and 
rotating angle were recorded by fixing the fast axis of λ/4 wave 
plate and rotating the linear polarizer in front of a CCD with a 
step of 10°. As shown in Figure 3a, the maximum emission 
intensity values of a single-crystal P-1 for −45° linear polarized 
light occurred at about 20° and 200°, while it occurred at about 
110° and 290° for +45° linear polarized light, indicating the P-1 
is CPL-active. As expected, for M-1, the polarization directions 
of −45° linear polarized light and +45° linear polarized light are 
also nearly perpendicular (Figure 3b), which provide the solid evi-
dence of CPL.

To understand the mechanism for turn-on CPL in MOFs, 
we subsequently performed DFT and time-dependent DFT cal-
culations based on R-L1 and R-L3. The theoretical models of 
“opened” R-L1 and “closed” R-L3 were directly truncated from 
single-crystal structure of P-1 and Δ-3 (Figure 4a,c), respec-
tively. The calculated major natural transition orbitals (NTOs) 
responsible for the absorption at 360 nm of R-L1 show that the 
charge transfer is from the chiral cyclohexane moiety to the 
imidazolyl luminophore (Figure  4b), while that of R-L3 shows 
more localized charge transfer character within imidazolyl 
groups (Figure 4d). The whole chiral cyclohexane group of R-L1 
is involved in the charge transfer, which will probably yield 
the chiral excited electronic state to realize CPL activity. On 
the other hand, the imidazolyl groups bind with ZnII to form 
extended trifold coordination helical chains in P-1 (Figure 2b), 
which yield supramolecular chirality and will probably enhance 
the CPL activity of P-1.[21] In contrast, oligomeric cubic cage 
structure in Δ-3 (Figure  2d) will probably yield limited supra-
molecular chirality and not boost the CPL activity.

3. Conclusion

In summary, we have successfully synthesized and char-
acterized a series of homochiral Zn-imidazolate 3D MOFs 
and cubic cages with similar CD spectra and PL properties. 
The formations of eta MOFs or cubic cages are regulated by 
the substituents, providing a clue to tune the structures of 
metal–organic assembles. Unusual photophysical properties 
have been observed: the MOFs feature CPL activity, while the 
luminescent chiral cages are CPL-silent. The turn-on CPL in 
MOFs by tuning the conformation of ligands and controlling 
the self-assembly will probably expand the possibilities of 
MOFs as CPL materials.
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