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a b s t r a c t

Post-synthetic installation strategy is an effective approach to improve the functions of metal-organic

frameworks (MOFs). Herein, a pair of chiral MOFs is successfully constructed through solvothermal sub-

component self-assembly and exhibit circularly polarized luminescence (CPL). These MOFs contain coor-

dinatively unsaturated Zn sites and channels, which allow the installation of pyridyl-terminated pillars

into the original structure. Such a post-synthetic installation process reinforces the MOFs’ rigidity and

increases the photoluminescence quantum yields (PLQYs). Furthermore, the luminescence dissymmetry

factors (glum) of these post-modified MOFs are amplified after installing the pillars. This work provides

an appealing strategy for boosting the CPL performance of chiral MOFs.

© 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) materials have ex-

hibited widespread potential applications in the field of three-

dimensional (3D) displays [1], information storage and encryption

[2], asymmetric synthesis [3], and biological probes [4], and at-

tracted intensive research interest of scientists. Compared with

the method of using a linear polarizer and a quarter-wave plate,

the chiral materials can directly emit right- or left-CPL, thus

avoiding a loss of light intensity [5]. Many CPL-active materials

have been developed, generally focusing on chiral lanthanide

complexes [6–8], small molecules [9,10], polymers [11], liquid

crystals [12], and supramolecular assembly systems [13,14]. How-

ever, it remains challenging to maximize both the luminescence

dissymmetry factor (glum) and photoluminescence quantum yield

(PLQY) simultaneously due to the inherent trade-offs.

As typical porous crystalline materials, metal-organic

frameworks (MOFs) constructed from metals and organic link-

ers have attracted great attention due to their tunable pores,

beautiful structures, and potential applications [15–18]. MOFs

can be both luminescent and chiral and are ideal materials for
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exploring CPL functions. MOFs may offer an elegant solution to

overcome the challenge of trade-offs between PLQY and glum
[19–21]. The strategies for obtaining CPL-active MOFs mainly

involve decorating organic luminophores on chiral linkers and

incorporating luminescent auxiliary ligands into the framework

[22–28]. Although a series of CPL-active MOFs have been reported,

the development of MOF materials with high CPL performance is

still a big challenge [29,30].

Post-synthetic modification (PSM) of MOFs is a useful technique

for preparing new MOFs, which can usually enhance the perfor-

mance of the parent MOFs [31–34]. The inclusion of various guests

into the cavities of MOFs has been demonstrated to be a signifi-

cant strategy of PSM. The guest will enhance the CPL performance

of the parent MOFs [35–37]. For example, the γ -cyclodextrin MOFs

with chiral voids exhibited better CPL performance after encapsu-

lation of dye molecules [38,39]. Zang and co-workers synthesized

a pair of crystalline enantiomeric (P)-(+)/(M)-(−)-EuMOF⊃MAPbX3

adducts, in which achiral MAPbBr3 perovskite nanocrystals were

embedded by chiral MOFs [40]. The chiral adducts showed mul-

tiple responsive CPL properties upon a diversity of external stim-

uli including chemicals and temperatures. The installation of a sec-

ondary organic linker into the pre-determined sites of the parent

MOF is a useful PSM strategy to functionalize the MOFs [41–44].

https://doi.org/10.1016/j.cclet.2023.109380
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Scheme 1. Schematic representation for synthesis and post-synthetic installation of

CPL-active MOFs.

Fig. 1. The crystal structure of R-1: (a) Coordination environment of the Zn2+ cen-

ters; (b) right-handed (P)21 helical chain along the c axis; (c) view of the 3D frame-

work along the b axis (top) and a parallelogram-shaped cavity by four Zn4 atoms

(down), and (d) acs topology. Color codes: Zn, cyan; C, gray; O, red; N, blue; H,

omitted.

However, limited examples have been reported for chiral MOFs

by using this PSM strategy, especially for boosting the CPL perfor-

mance of MOFs.

Herein, we report a pair of chiral MOFs, {[Zn2(R/S-

L)(H2O)3](NO3)2}n (R/S-1, R/S-H2L=6,6′-[(1R/S,2R/S)−1,2-

cyclohexanediylbis(nitrilomethylidyne)]bis[3-(4-pyridinyl)phenol]),

which are synthesized via the subcomponent self-assembly

of 2–hydroxy-4-(pyridin-4-yl)benzaldehyde (HPB), chiral 1,2-

diaminocyclohexane (R/S-DCH), and Zn2+ ions under solvothermal

conditions (Scheme 1). MOFs R/S-1 feature 3D structures with

acs topology and have open metal sites and channels for post-

synthetic modification. The organic ligands 4,4′-bipyridine (bpy)

and 1,2-di(4-pyridyl)ethylene (dpe) were employed as the pillars

for the PSM of R/S-1. After post-synthetic installing pillars, the

glum (±1.5×10−3) and PLQY (4.4%) of MOFs R/S-1 are amplified to

±3.5×10−3 and 8.4%, respectively, providing a useful strategy for

boosting the CPL performance of MOF materials.

Solvothermal reactions of Zn(NO3)2·6H2O, HPB, and R/S-DCH in

a mixed solvent (DMF/EtOH) gave flaky crystals of R/S-1 (for de-

tails, see Supporting information). Single-crystal X-ray diffraction

revealed that both R-1 and S-1 crystallize in a chiral orthorhombic

space group P212121. Hence the structural description is restricted

to the R-1. As shown in Fig. 1a, the asymmetric unit of R-1 con-

tains four Zn2+ ions, two R-L, and six terminal water molecules.

There are three kinds of Zn2+ ions with different coordination

environments. Zn1 and Zn2 atoms have pentacoordinate environ-

ments and adopt two different distorted square pyramidal geome-

tries. Zn1 coordinates with two nitrogen atoms (N1 and N2) and

two oxygen atoms (O1 and O2) from one R-L and one nitrogen

atom N3 from another ligand. The bond distances of Zn–O and Zn–

N are in the range of 2.010(6)–2.053(6) Å and 2.021(7)–2.071(8) Å,

respectively. The formed metallosalen ligands (denoted as R-ZnL)

bridge each other to construct an infinite right-handed 21 helical

chain (Fig. 1b and Fig. S1a in Supporting information). The helical

chains extend to form a two-dimensional (2D) layer substructure

in the bc plane with Zn3 as connecting atoms (Fig. S1b in Sup-

porting information). The Zn3 has a distorted octahedral geome-

try by coordinating with four oxygen atoms of two adjacent R-ZnL

and two oxygen atoms of terminal water molecules. The bond dis-

tances of Zn3–O are in the range of 2.086(5)–2.090(5) Å. In ad-

dition, the Zn4 atom adopts a similar octahedral geometry sur-

rounded by four water-oxygen atoms (Zn4–O distances are 1.97(2)–

2.058(17) Å) and two nitrogen atoms (Zn–N bonds are 2.124(10)–

2.131(7) Å) from two R-L ligands. Finally, the 2D substructures

are connected to each other through Zn4 atoms, forming a chiral

3D framework structure (Fig. 1c and Fig. S1c in Supporting infor-

mation). It is worth noting that four adjacent Zn4 atoms form a

parallelogram-shaped cavity with lengths of ca. 11.0 and 14.4 Å, of-

fering anchorable sites and chiral pockets (Fig. 1d). The S-1 shows

the enantiomeric structure features to R-1 (Fig. S2 in Supporting

information). There are two types of channels along the b and c

axes, which are filled with solvent molecules and NO3
− anions (Fig.

S3 in Supporting information). PLATON calculations revealed the

accessible voids of R-1 and S-1 are 4515 Å3 (51.1%) and 4329 Å3

(47.6%) per unit cell, respectively. From the perspective of topolog-

ical analysis, simplifying the dimer substructure containing two R-L

ligands as a 6-connected node (Fig. S4 in Supporting information),

the underlying topology of R-1 and S-1 can be obtained as the acs

net with minimal transitivity [11] and a point symbol of {49.66}

(Fig. 1d) [45,46].

We employed powder X-ray diffraction (PXRD) to test the phase

purity of R/S-1. As shown in Fig. S5 (Supporting information), the

experimental PXRD patterns of R/S-1 were well consistent with

their simulated patterns, suggesting that the samples of R/S-1 were

pure phase. Thermogravimetric analysis (TGA) revealed that R/S-

1 was stable up to around 300 °C under N2 atmosphere (Fig. S6

in Supporting information). We also checked the chemical stabili-

ties of R-1. The PXRD studies revealed that the crystallinity of R-

1 is retained after soaking in low-boiling point organic solvents,

while the stability in high-boiling point organic solvents and water

is poor at room temperature for 24h (Fig. S7 in Supporting infor-

mation).

The solid-state UV–vis absorption spectra of R/S-1 are identi-

cal, showing main absorption peaks at 306 and 388nm, which can

be ascribed to π–π ∗ transition of R/S-L and the charge transfer of

the ligand-to-metal (LMCT) (Fig. 2a), respectively [47]. The solid-

state dichroism (CD) spectrum of R-1 exhibited a negative Cotton

effect at λmax =413nm, while a positive mirror-image spectrum of

S-1 was observed, confirming the optical activity of bulk materi-

als (Fig. 2b). The absolute values of absorptive asymmetric factor

(gabs) of MOFs R/S-1 were about ±5.6×10−4 (Fig. S8 in Support-

ing information). Upon being excited at 480nm, both R-1 and S-1

emitted yellow light at approximately 578nm (Fig. 2c and Fig. S9

in Supporting information). The photoluminescence of R/S-1 is red-

shifted compared with those of the reported R/S-ZnL (at 560nm)

[48]. The photoluminescence quantum yields of R/S-1 are deter-

mined to be 4.4% by diffuse light within an integrating sphere (Ta-

ble S2 in Supporting information). The decay lifetime of R-1 and

S-1 are 2.14 and 2.19ns at room temperature, respectively, sug-

gesting that they have fluorescent emission characteristics. Their

fluorescent emissions probably originate from intra-ligand charge

transfer (ILCT) and/or LMCT transitions [49]. Furthermore, we in-

vestigated the CPL behaviors of R/S-1. As shown in Fig. 2d, the mir-

ror image CPL signals of R-1 (negative) and S-1 (positive) were ob-
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Fig. 2. (a) Solid-state UV–vis absorption spectra, (b) ECD spectra, (c) normalized

emission spectra, and (d) CPL spectra of R-1 and S-1.

Fig. 3. (a) Ligand R-L and the secondary linkers for the post-synthetic installation

in R-1. (b) 1H NMR spectra of the digested samples of R-2dpe (top) and R-2bpy

(down).

served at around 560nm with glum =±1.5×10−3. The glum values

are higher than that of the reported mononuclear Zn2+ complex

of R-HL (−6.0×10−4) [49]. The amplification of CPL is inseparable

from the well-ordered helical arrangement of the chiral emitters

[50,51].

As shown in Fig. 1c, Zn4 atoms in R-1 coordinated to termi-

nal water can serve as binding sites for an organic ligand. The dis-

tances between two adjacent Zn4 atoms are 11.0 and 14.4 Å, re-

spectively. Thus, when bidentate organic ligands with suitable sizes

were judiciously selected, MOFs R/S-1 could be modified by in-

stalling organic pillars. Two pyridyl-terminated linkers with differ-

ent lengths were selected (Fig. 3a), including 4,4′-bipyridine (bpy)

and 1,2-di(4-pyridyl)ethylene (dpe). The lengths of two linkers be-

tween the pyridyl-nitrogen atoms are ∼7.66 and 10.06 Å, respec-

tively, which is a good match for the required length (∼11.76 and

14.35 Å) when two coordination bonds (around 2.0 Å) are calcu-

lated.

We soaked the single crystalline samples of R/S-1 in ethanol

solutions of bpy and dpe at room temperature for 72h to obtain

post-modified MOFs (denoted as R/S-2bpy and R/S-2dpe, respec-

tively). To confirm the successful PSM of R/S-1, the 1H NMR was

employed. As shown in Fig. 3b, the new chemical shifts belonging

to bpy and dpe were observed, suggesting they were installed in

MOFs R/S-1 successfully. The molar ratios between R-L and bpy in

R/S-2bpy were 1:1, which were calculated by using the peak inte-

gration. These results suggested that all water molecules binding

on Zn4 atoms were replaced by bpy ligands. For R-2dpe, the ratio

of the R-L to dpe linker was 2:1, suggesting that only half of the

water molecules of Zn4 were replaced with dpe ligands. These re-

sults are in agreement with their structural features. In R/S-1, for

each Zn4 atom, four adjacent Zn4 atoms are close to it with a dis-

tance of about 11.8 Å, which is suitable for installing a bpy pillar

(7.66 Å). Therefore, four water molecules on each Zn4 can be re-

placed by pyridyl groups of bpy, leading to a 1:1 ratio between R/S-

L and bpy. On the other hand, for installing dpe ligand (10.06 Å),

the distance between two adjacent Zn atoms requires about 14.0 Å.

For each Zn4 atom, only another two Zn4 are with a distance close

to 14.0 Å, which offers a “pocket” for dpe ligands. Not like bpy lig-

and, the pyridyl groups of dpe only replace two water molecules

of Zn4, giving a ratio of 2:1 between R/S-L and dpe.

Further, the electronic structure change after post-synthetic

installation was investigated by using X-ray photoelectron spec-

troscopy (XPS). The XPS spectrum of the pristine MOF R-1 showed

the presence of C 1s, O 1s, N 1s, and Zn 2p, respectively (Fig.

S11 in Supporting information). As shown in Fig. S12 (Supporting

information), the high-resolution N 1s spectra showed a gradual

increase of pyridinic N species at 398.98 eV (64.94% and 74.07%

for R-1 and R-2bpy, respectively) after the insertion of ligand bpy

[52,53]. It is worth noting that there is a negative shift in the bind-

ing energy of Zn 2p1/2 and Zn 2p3/2 from 1045.6 eV to 1045.2 eV

and 1022.1 eV to 1021.9 eV, respectively after the post-synthetic

installation. This shift indicates an increase in electron density

around Zn atoms due to the lower electron affinity of pyridinic N

species (Fig. S13 in Supporting information) [54]. The XPS results

further support that the post-synthetic installation is successful.

After the installation of the pillars, the quality of crystals R/S-

2bpy and R/S-2dpe was poor. Their PXRD was measured. The PXRD

patterns were close to that of parent R/S-1 and R/S-1, suggesting

the main framework structure was not changed after the installa-

tion of bpy and dpe pillars. Taking R-2bpy as an example, the crys-

tal structure was analyzed by PXRD experiments combined with

theoretical simulations performed in the Materials Studio software

package (for details, see Supporting information). The PXRD pat-

tern of R-2bpy exhibits a slight shift to a lower angle from 5.1°
to 4.9° corresponding to the [100] reflection, suggesting the frame-

work of R-2bpy has a slightly bigger unit cell after the insertion

of additional bpy linkers (Fig. 4a and Fig. S14 in Supporting infor-

mation). Thus, Pawley refinements of R-2bpy yield the optimized

unit cell parameters of a=35.9803 Å, b=17.2145 Å, c=14.8781 Å,

α =90.8594°, β =89.8389°, γ =90.5446°, and the space group of

P1, with good residual factors of Rp =5.03% and Rwp =7.07%. The

negligible difference plot in Fig. 4a suggests that the refined PXRD

patterns are in good agreement with the experimental data. As

shown in Fig. 4b, the simulated structural model of R-2bpy in-

dicates that the bpy linkers connect with Zn atoms and replace

all terminal water molecules. After linker installation, the Zn4 be-

comes a 6-connected node. The new framework can be simplified

as a (6,6)-c net with minimal transitivity [24] and the point symbol

of {3.44.57.63}{32.44.56.63} (Fig. S15a in Supporting information).

Similarly, Pawley refinements of PXRD patterns of R-2dpe were

also performed to give space group of P1 with unit cell param-

eters of a=34.8964 Å, b=17.8539 Å, c=14.5903 Å, α =90.1203°,
β =89.7741°, γ =89.7630°, as well as refinement parameters of

Rp =8.63% and Rwp =5.90%. The resulting refined PXRD patterns

are in good agreement with the experimental data, as confirmed

by the negligible difference curve (Fig. 4c). As shown in Fig. 4d,

the longer linker dpe ligands are inserted into R-1 to form R-2dpe.

Two coordinated water molecules of Zn4 atom were replaced with

dpe ligands. For topological analysis, the Zn4 atoms can be consid-
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Fig. 4. PXRD characterization of (a) R-2bpy, (c) R-2dpe. Experimental PXRD pro-

file: orange; Pawley-refined profile: black; Bragg positions: green; difference: red-

dish brown; calculated patterns: blue. 3D structures along the b axis: (b) R-2bpy,

(d) R-2dpe.

Fig. 5. (a) ECD and (b) glum spectra of R/S-1 and R/S-2bpy.

ered as 4-connected nodes, and the framework of R-2dpe could be

treated as a (4,6)-c net with minimal transitivity [23] and the point

symbol of {44.510.6}{44.58.63} (Fig. S15b in Supporting information).

The photophysical properties of R/S-2bpy and R/S-2dpe were

also studied. As shown in Fig. 5a, the CD spectra of these two

MOFs showed a slight red shift between 250nm and 500nm. On

the other hand, the emission maximum of R/S-2bpy and R/S-2dpe

is also slightly red-shifted compared to the R-1 (Fig. S17 in Sup-

porting information), which could be associated with the further

extended π−π stacking states by pillars [55]. The Commission In-

ternationale de l’Eclairage (CIE) coordinates are calculated to be

(0.52, 0.47) and (0.54, 0.46), respectively (Fig. S18 in Supporting

information). Moreover, R-2bpy and R-2dpe show higher quantum

yields (8.4% and 6.7%) and shorter lifetimes (0.54 and 0.85ns) than

those of the parent R-1 (4.4%, 2.14ns). The enhancing quantum

yields and shortening lifetime are probably due to the enhance-

ment of the rigidity of the chiral framework, which can reduce the

nonradiative decay of the excited state and lead to pronounced flu-

orescence.

We also further measured the CPL spectra of R/S-2bpy and R/S-

2dpe. The R/S-2bpy and R/S-2dpe displayed enlarged mirror image

CPL signals (Fig. S19 in Supporting information). The correspond-

ing |glum| of R/S-2bpy was about 3.5×10−3, which was higher than

that of R/S-2dpe (2.7×10−3) and R/S-1 (1.5×10−3) (Fig. 5b). These

results show that MOFs R/S-2bpy have the best CPL performance

among these enantiomeric MOF materials. Thus, the post-synthetic

installation of pillars in CPL-active MOFs could facilitate chiral ex-

citon couplings and lead to significantly amplified CPL signals over

their assemblies.

In summary, we have successfully synthesized and character-

ized a pair of enantiomeric 3D MOFs based on the salen ligands

through solvothermal subcomponent self-assembly, and they con-

tain chiral chains and feature the acs topology. Their chirality and

CPL behaviors were carefully studied. These chiral MOFs contain

anchorable sites and pockets for the post-synthetic installation of

pillar ligands. 1H NMR, XPS, and X-ray crystallography studies re-

veal that the pyridyl-terminated linkers (bpy and dpe) can be in-

stalled into the chiral MOFs with distinct amounts depending on

their molecule size. The pillar ligands rigidify the parent frame-

work and lead to a remarkable enhancement of their PLQYs. The

glum values also amplified simultaneously. This work highlights

that post-synthetic installation is a powerful approach to enhance

the CPL activity of MOFs, which provides a preliminary method

to solve the problem of the trade-offs between glum and PLQY in

MOF materials. We can anticipate more MOFs with high CPL per-

formance can be prepared by using this useful strategy.
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