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a b s t r a c t

The research of long persistent luminescence (LPL) materials has yield brilliant results in many fields.

However, the efforts are still needed for the regulation of the LPL performance. In this work, a series of

LPL metal organic halides with rich halogen-bond interactions, Py-CdX2 (X=Cl, Br, I) were synthesized

through self-assembly by CdX2 and pyridine solvent. The steady-state emission redshifted and phospho-

rescence lifetime declined as the halogen atoms are aggravated. Three halides exhibit adjustable emission

from blue to green and multiple phosphorescence from green to yellow at room temperature by changing

the excitation wavelengths. Surprisingly, Py-CdX2 can emit the visible color-tunable LPL from green to yel-

low after removing different excitation sources at ambient conditions. Combing the results of theoretical

calculation and experimental analysis, it is found that heavy atom effect and the rich intermolecular halo-

gen bond help realize LPL and multiple triplet states originated from the pyridine ring and the halogens.

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

Medica, Chinese Academy of Medical Sciences.

Long persistent luminescence (LPL) have raised particular

attention among researchers for their potential uses in persistent

luminescence imaging, anti-counterfeiting, information encryption,

smart materials and biotherapy [1–7]. Most organic molecules can-

not emit LPL effectively due to the low intersystem crossing (ISC)

efficiency and weak spin-orbit coupling (SOC). In fact, researchers

have achieved LPL in pure organic phosphors by introducing

lone-pair electrons (e.g., N, O, P, or S), thus effectively facilitating

ISC according to the EI-Sayed rule [8,9]. For further improving

the spin-orbit coupling and system rigidity, coordination metal

ions are introduced into the luminescent system [10–14]. The LPL

performance (e.g., emission wavelength, lifetime and quantum effi-

ciency) of pure organic phosphors can be potentially strengthened

and tuned by the coordination assembly strategy through rational

metal selection and organic molecular design.

Organic linkers commonly used in coordination systems include

aromatic carboxylic acids and nitrogen heterocyclic derivatives,

which are not only the building blocks of coordination assem-

bly but also play a dominant role in generating ultra-long LPL

emission. Importantly, coordination effects and intermolecular

interactions can increase the rigidity of the organic linker, thereby
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greatly suppressing non-radiative losses and maximizing the LPL

output. In 2016, Yan’s group reported two kinds of CdII-based coor-

dination polymers with green LPL lifetime in which up to 755ms

by choosing 1,3-benzenedicarboxylic acid and benzimidazole as

the organic building blocks [15]. It was found that interlayer

C–H···π interaction and π-π interaction increase the rigidity of

organic molecules and promoted LPL emission. Halogen atoms

are one of the most widely used non-metal atoms in organic and

metal-organic systems since it can form the halogen-bond inter-

actions such as C–H···X, C-X···N, X-X and C-X···π , which suppress

non-radiative transitions of triplet excitons to promote LPL and

modulate LPL [16–21]. In 2020, Li’s group synthesized three co-

ordination polymers with plenty of intermolecular interactions in

the framework, such as Br···N, Br···C and Br···H by simultaneously

bonding halogen (Cl, Br, I) and organic luminescent units to a

metal source, which presents a tunable long-lived lifetime from

54.39ms to 16.28ms and to 1.51ms [22]. Since purely organic LPL

systems have been largely constructed and well documented over

the past decade [23–26], the effective realization and tuning of

LPL properties in metal-organic hybrids remains a challenge.

To avoid complicated synthesis and introduce nitrogen het-

eroatom to generate triplet state, in this work, a series of metal

organic halide (named Py-CdX2, X=Cl, Br, I) with a rich halogen-

bond network were obtained by self-assembly of CdX2 (X=Cl, Br,

I) and available pyridine solvent under hydrothermal condition.

https://doi.org/10.1016/j.cclet.2023.109360
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Fig. 1. Crystal structure of Py-CdX2. (a) 1D chain structure of Py-CdCl2 with 1D metal halide chain (cyan chain). (b, c) A 2D plane and a 3D network in Py-CdCl2 formed

through C–H···Cl interactions along the a direction and the bc plane. (d, e) 0D molecular structure of Py-CdBr2 and Py-CdI2. (f, g) A 2D plane and a 3D network in Py-CdBr2
formed through C–H···Br interactions (all of CdCl4N2, CdBr2N4 and CdI2N4 display cyan octahedrons and hydrogen atoms are omitted for clarity).

Three halides exhibit adjustable photo-luminescence from blue to

green and multiple phosphorescence from green to yellow at room

temperature by changing the excitation wavelengths. More im-

portantly, Py-CdX2 successfully emit the visible color-tunable LPL

from green to yellow after removing different excitation sources at

ambient conditions. Combing the results of theoretical calculation

and experimental analysis, it was found that heavy atom effect and

the rich intermolecular halogen bond help realize LPL and multiple

triplet states were produced by the pyridine and halogens.

The block crystals of Py-CdCl2, Py-CdBr2, and Py-CdI2 were

obtained in a mixture of pyridine organic solvent and the cor-

responding CdX2 salts. Powder X-ray diffraction (PXRD) patterns

of the samples exhibited excellent agreement with the simu-

lated ones, thereby confirming the single-phase nature of the

prepared products (Fig. S1 in Supporting information). The for-

mation of the metal organic halides is also confirmed by their

Fourier transform infrared spectroscopy (FT-IR) spectra (Fig. S2

in Supporting information). Thermogravimetric analysis (TGA)

measurements revealed that the thermal behaviors of Py-CdCl2,

Py-CdBr2 and Py-CdI2 exhibit similarities. Their weights of the

samples remain nearly constant within the temperatue range of

300–400K, indicating their exceptional stability in ambient atmo-

spheric conditions and ensuring the reliability of characterization

and subsequent practical applications (Fig. S3 in Supporting in-

formation). Single-crystal X-ray diffraction revealed that Py-CdCl2
crystallized in a monoclinic crystal sysytem P21/n space group and

corresponding crystallographic data list in Table S1 (Supporting

information). The asymmetric unit consisted of half a Cd2+ ion,

one Cl− and one pyridine molecule. Of which, Cd2+ ion displayed

an twisted octahedral geometry, coordinated by four Cl− ions (Cl1,

Cl1#1, Cl1#2 and Cl1#3) from metal halides and two N atoms

(N1 and N1#1) from pyridine molecule (Fig. S4 in Supporting

information). Interestingly, the Cl− ion played a crucial role as

a μ2-Cl bridging, facilitating the connection between Cd2+ ions

to form a highly organized one-dimensional spring-like structure

(Fig. 1a). The molecular stacking is significantly influenced by non-

covalent intermolecular interactions, which play a crucial role in

stabilizing the framework and facilitating molecular luminescence.

As shown in Figs. 1b and c, a two-dimensional (2D) plane and

a three-dimensional (3D) network were formed through C–H···Cl
interactions along the a direction and the bc plane. Under the

same synthetic condition, Py-CdBr2 and Py-CdI2 exhibited zero-

dimensional (0D) structures due to the different radius of the halo-

gen atom (Figs. 1d and e). Different from Py-CdCl2, Py-CdBr2 and

Py-CdI2 are isostructural and crystallized in orthorhombic crystal

system with the Ccce space group. The asymmetric unit consisted

of half a Cd2+ ion, one X− (Br− for Py-CdBr2 and I− for Py-CdI2),

one and a half of coordination of pyridine molecules and a half of

lattice pyridine molecule. In Py-CdBr2 and Py-CdI2, Cd
2+ exhibited

the similar coordination environment to that in Py-CdCl2, where

it is coordinated by four N atoms (N1, N1#1, N2 and N2#2) from

pyridine molecules and two X− ions from metal salts (Br1, Br1#1

for Py-CdBr2 and I1, I1#1 for CdI2) (Figs. S5 and S6 in Support-

ing information). Similarly, inter- and intramolecular C–H···Br or

C–H···I interactions assembled 0D molecule to form 2D planes and

3D networks along differents direction and planes (Figs. S5 and

S6 in Supporting information). The bond lengths of Cd-N, Cd-Cl,

Cd-Br, and Cd-I in these complexes range from 2.35 Å to 2.46, 2.65,

2.75 and 2.97 Å, respectively, which is similar to those of typical

Cd-based complexes (Tables S2–S4 in Supporting information).

Solid-state ultraviolet (UV)–visible absorption of Py-CdX2 red-

shifts with increasing halogen number (Fig. S7 in Supporting

information). The strong absorption up to 300nm is attributed

to the π-π ∗ transition of the pyridine, while the absorption at

300–350nm is attributed to the n-π ∗ transition. The prompt emis-

sion of Py-CdCl2 was located at 420nm with a shoulder at 470nm

under 340nm excitation (Fig. 2a). Prompt emission of Py-CdBr2 be-

came wider and was located at 430nm and 500nm (Fig. 2b), while

green emission dominated in Py-CdI2 (Fig. 2c). As can be seen in

Fig. 2d, as the halogen is aggravated, the emission red shifted from

blue light to cool white light with the CIE coordinates varying

from (0.26, 0.29) to (0.27, 0.31) to (0.28, 0.36). The photolumi-

nescence (PL) quantum yield of Py-CdCl2, Py-CdBr2 and Py-CdI2
was measured to be 6.5%, 4.9% and 3.1%, respectively decreasing

with increasing halogen atomic number when excited by 340nm

wavelength at room temperature. The excitation spectra unfold an

identical pattern in Py-CdCl2 and Py-CdBr2 with maximum peaks

at 300nm and 340nm, while the excitation spectra of Py-CdI2 nar-

rows with maximum at 350nm (Figs. S8–S10 in Supporting infor-

mation). When excited from 260nm to 440nm, the prompt emis-

sion of Py-CdX2 varied from the blue to yellow-green regions (Fig.

S11 in Supporting information). When the excitation wavelength

is around 280nm, the Commission Internationale d’Eclairage (CIE)

coordinate that appear closest to standard white light, which are

(0.26, 0.33), (0.26, 0.36) and (0.28, 0.35), respectively in Py-CdX2

(Table S5 in Supporting information). The time-gated spectra of Py-

CdX2 left at green region when delayed 1ms (Figs. 2a–c), showing

that the phosphorescence peak does not change with halogen un-
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Fig. 2. PL properties of Py-CdX2 at ambient conditions. (a–c) Prompt and delayed emission spectra. (d) Comparison of prompt emission. (e, f) Time-gated spectra and

corresponding phosphorescence decay curves (λex =340nm, delayed 1ms).

der the same excitation (Fig. 2e). They are confirmed by exponen-

tial decay with a time constant of 209 ms@500nm for Py-CdCl2,

23 ms@500nm for Py-CdBr2 and 5 ms@510nm for Py-CdI2 (Fig.

2f), showing the law of significantly shorter lifetime as the halogen

atom aggravated as reported in the literature [22]. The fluorescent

nature in ∼420nm is also confirmed by exponential decay with

a time constant of 3–9ns for Py-CdX2 (Figs. S8–S10). The prompt

emission redshifted and phosphorescence lifetimes increased in

the vacuum, indicating oxygen sensitivity of triplet excitons (Figs.

S8–S10). Time-gated spectra and time-resolved emission spectra

of Py-CdX2 were virtually identically at room temperature, also

demonstrating that the non-radiative deactivation of Py-CdBr2 and

Py-CdI2 was severe, resulting in a much shorter phosphorescence

lifetime (Fig. S12 in Supporting information).

To gain further insight into the phosphorescent emission of

Py-CdX2, temperature-dependent photoluminescence and decay

curves were carried out from 300K to 77K (Figs. S13 and S14 in

Supporting information). Emission intensities were enhanced with

decreasing the temperature, while the fraction of phosphorescence

in Py-CdCl2 and Py-CdBr2 was rapidly enhanced, so that the emis-

sion red shifted (Fig. S13b). The CIE coordinates were in the cold

white light of (0.25, 0.31)@Py-CdCl2, (0.26, 0.33)@Py-CdBr2 and

(0.28, 0.38)@Py-CdI2 at 77K (Table S6 in Supporting information).

Photoluminescent decay curves in Fig. S14 showed the exponential

decay ascribed to phosphorescence. At low temperatures, compar-

ing Py-CdBr2 and Py-CdI2, the lifetime of Py-CdCl2 increases more

rapidly due to more rigid one-dimensional structure (Fig. S15

in Supporting information). The fitted phosphorescent lifetimes

of Py-CdCl2 are from 215 ms@300K to 629 ms@77K. The fitted

lifetimes of Py-CdBr2 and Py-CdI2 are 133ms and 17ms at 77K,

respectively (Table S7 in Supporting information). At 77K, the

time-gated spectra under 340nm excitation maintain the same

profiles as at room temperature which implies that no new excited

states appear at low temperatures (Fig. S16 in Supporting informa-

tion). Considering the absorption range in UV–visible absorption

spectra and the excitation spectra of halides up to 400nm and

there may be multiple emissions, excitation-dependent time-gated

emission spectra of Py-CdX2 were likewise collected at room

temperature (Fig. S17 in Supporting information). The results show

that phosphorescence can be modulated in a wide range of exci-

tation wavelengths from 270nm to 410nm. Time-gated emission

redshifts as the excitation wavelength grows, varying from 500nm

to 560nm at Py-CdCl2, 480nm to 580nm at Py-CdBr2 and 490nm

to 590nm at Py-CdI2. Corresponding CIE coordinates of delayed

photoluminescence spaned from green to yellow light (Table S8 in

Supporting information).

Due to the excitation-dependent phosphorescent nature, five

representative excitation light sources of 275, 311, 365, 385 and

405nm were selected to collect the LPL images and time-evolved

spectra of Py-CdX2 (Figs. S18–S21 in Supporting information).

After the flashlight is removed, the LPL spectra can be captured by

the instrument, showing excitation adjustable LPL. LPL emission

changed from 500nm to 575nm in Py-CdCl2, 500nm to 580nm

in Py-CdBr2 and 530nm to 585nm in Py-CdI2 (Figs. 3a–c). The

time-evolved LPL spectra of Py-CdCl2 and Py-CdBr2 at 365nm ex-

citations are shown in Figs. 3d and e, which is optimally matched

excitation wavelength. Fig. 3f shows the corresponding images of

bulk sample of Py-CdX2 under and after the removal of different

flashlight irradiations at ambient conditions. Since the mismatch

of excitation wavelengths, it is difficult for the camera to capture

LPL photos after removal of 275, 311nm excitation in Py-CdCl2 and

Py-CdI2. However, after removing the 311nm light, green LPL in

Py-CdBr2 can be observed. Yellow-green LPL in Py-CdX2 can be ob-

served with the naked eye over a duration >1 s after the removal

of the 365nm light source. As for the 385nm and 405nm light

source, LPL color is yellow (Fig. S21 in Supporting information).

The above shows that LPL color of Py-CdX2 successfully changes

from green to yellow in accordance with the spectral change law.

To further get insights into the mechanism of the luminescence

of Py-CdCl2, theoretical calculations were performed through

Vienna ab initio simulated package (VASP). The frontier orbital

analysis indicates that the highest occupied molecular orbitals

(HOMO) mainly located at the chlorine atoms and pyridine ring,

and the lowest unoccupied molecular orbitals (LUMO) located in

the pyridine (Fig. 4a). Obviously, the halogens as heavy atoms

were involved in the electronic structure and affect optical per-

formance. This result showed that the photoemission containing

singlet and triplet mainly came from the localized emission from

pyridine units and charge transfer between halogens and pyridine

further proving the existence of multiple triplet states. Total/partial

electronic density of state (TDOS and PDOS) showed that the band

gaps of Py-CdCl2 is 3.30 eV and confirmed that p orbitals of the

halogen participated in frontier orbitals (Fig. S22 in Supporting

information).
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Fig. 3. (a–c) LPL spectra of Py-CdX2 after removal of 275, 311, 365, 385 and 405nm flashlights (collected after 8ms). (d, e) Time evolving LPL spectra of Py-CdCl2 and

Py-CdBr2 after removal of 365nm excitation. (f) The LPL photos of Py-CdX2 after removal of various flashlights at ambient conditions.

Fig. 4. (a) The HOMO and LUMO of Py-CdCl2. (b) Jablonski diagram for LPL in the solid state. Fluo, Phos, ISC and Ex indicate fluorescence, phosphorescence, intersystem

crossing, and excitation, respectively. (c) (ⅰ) The application of Py-CdBr2 in the field of anti-counterfeiting. (ⅱ) Illustration for the mode of information encryption (yellow,

green and blue represent the color of the groove to differentiate colorless samples in daylight). (ⅲ) Example of multiple encryption and decryption.

The pyridine unit crystallizes and aggregates through coordina-

tion self-assembly since the nitrogen heteroatoms are conducive to

produce triplet state in the aggregation state. On the other hand,

the introduction of heavy atoms increased spin orbit coupling

and provided a more rigid microenvironment to hinder molecular

rotation and vibration so as to stabilize the triplet excitons. Thus,

the combination of heavy atoms and pyridine units enabled LPL

in the aggregated state. Meanwhile, the halogen atoms induced

coexistence of multiple phosphorescent peaks, realizing color

tunable LPL [12].

By combination of both experimental and computational re-

sults, it is informative to uncover the mechanism of luminescence

in these metal organic halides. First, the pyridine moiety in the

complex absorb photon and it came to the lowest excited sin-

glet state (S1) followed by blue fluorescence (Fluo). Then, green

phosphorescence (Phos, define as P1) is generated through effec-

tive ISC from S1 to the lowest excited triplet states (T1) of the

pyridine unit, while the yellow phosphorescence was generated

from the triplet state (T1A) of the aggregated state that heavy

atoms involved. Next, the T1 and T1A states relax further to the

4
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lower-energy triplet states, leading to the green and yellow LPL

(Fig. 4b). The interesting multicolor LPL properties of the material

encourage us to further explore the potential applications in the

field of anti-counterfeiting and information encryption. As shown

in Fig. 4c(i), the “ label ” prepared using Py-CdBr2 shows colorless

in daylight. Under irradiation with 311/365nm UV light, the "label"

is blue, and when the UV light was removed, green and yellow-

green LPL were exhibited, respectively. In addition, the multicolor

LPL can be applied to higher level information encryption. As a

proof-of-concept, a special information storage mode was designed

using Py-CdCl2, Py-CdBr2, and CdCl2 (Fig. 4c(ii)). Under 311nm UV

light, materials emit the same blue fluorescence, forming a blue

"8888" pattern. Interestingly, after the UV light was turned off,

Py-CdBr2 continued to light, while Py-CdCl2 and CdCl2 were non-

luminous, forming a green "8708" pattern. Furthermore, the effect

of heavy atoms leads to differences in LPL duration. After removing

the 365nm UV lamp, a yellow-green "8708" pattern is formed.

After 1 s, Py-CdBr2 continues to emit and the LPL of Py-CdCl2
disappears, thus the encrypted message is decoded as "3112" (Fig.

4c(iii)). This design has higher security, and the free combination

of materials can store a large amount of encrypted information.

In summary, we utilized self-assembly of a simple and acces-

sible solvent with CdX2 (X=Cl, Br, I) to obtain LPL metal organic

halides with the longest lifetime of 0.2 s at room temperature.

All halides display tunable emission varied from blue to green.

As expected, they successfully show excitation-dependent phos-

phorescence emission and LPL color varied from green to yellow.

Pyridine unit, heavy atom effects and rich halogen bonding inter-

actions produced and promoted multi- triplet states and efficient

LPL. This study enriches LPL materials by simple raw materials and

facile method. Such materials show great potential in applications

such as information storage, encryption and anti-counterfeiting

and so on.
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