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Abstract: Various fluorescent organic materials are widely known for their potential 

applications in light-emitting diodes, organic lasers, anti-counterfeiting and bio-imaging. 

However, poor emission efficiency and stability issues limit their usability. Here we report the 

syntheses, crystal and electronic structures, and optical characterizations of two new hybrid 

organic-inorganic group 12 halides, (P-xd)ZnCl4 and (P-xd)CdCl4 (where (P-xd) = p-

xylylenediammonium). Single crystals of both compounds can be conveniently synthesized by 

solution chemistry methods from their low-cost, low toxicity and easily available precursors. (P-

xd)ZnCl4 possesses a crystal structure featuring alternating layers of organic cations and 

completely separated anionic [ZnCl4]2- tetrahedral units of zero-dimensional (0D) connectivity. 

In contrast, (P-xd)CdCl4 adopts similar layering of organic cations sandwiched between 

perovskite sheets of two-dimensional (2D) connectivity, which are formed by corner-sharing 

anionic [CdCl6]4- octahedral units. The structural, optical, and electronic studies suggest that the 

incorporation of organic and inorganic structural units into a hybrid structure improves its blue 

emission efficiency with nearly 23 times and 4 times higher photoluminescence quantum yield 

(PLQY) values in (P-xd)ZnCl4 and (P-xd)CdCl4, respectively, as compared to the organic 

precursor. Notably, PLQY of 23% for (P-xd)ZnCl4 is the highest reported to date for Zn-based 

hybrid organic-inorganic metal halides, where emission originates from the organic component. 

Both (P-xd)ZnCl4 and (P-xd)CdCl4 demonstrate considerably improved air-, thermal- and 

photostability, which suggest their suitability for potential practical applications such as 

fingerprint detection and solid-state lighting. 
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1. Introduction 

The structural versatility and tunability of organic fluorescent materials have attracted the 

attention of researchers over the decades for their intended uses in solid-state lasers, light-

emitting diodes (LEDs), sensors, anticounterfeiting and bio-imaging applications.1-4 The 

photoluminescence (PL) efficiency of pure organic molecules is generally weak because of the 

concentration quenching effect and nonradiative recombination of excitons influenced by the 

structural arrangements, aggregation, stacking patterns, etc.5-10 Therefore, many strategies have 

been developed to improve the optical properties of organic molecules by structural 

modifications including functional group introductions, polymer matrix embedding, and metal-

organic framework constructions.11-15 However, the suitability of these methods is limited due to 

the multi-step synthesis methods and involvement of complex molecular structures. 

Notwithstanding these challenges, further development of this field is of great importance to 

achieve the desired photophysical properties of emissive organic centers for practical 

applications. 

Separately, solution-processable hybrid organic-inorganic metal halides (HOIMs) have also 

attracted much attention in the past decade because of their low cost, ease of synthesis via a 

variety of methods, tunable structural dimensionality and broadly tunable photophysical 

properties.16-19 The crystal structure dimensionality, which refers to the connectivity of the 

inorganic part of the structure in this field, can be manipulated by varying organic, metal and 

halogen sites in pseudo-ternary A – B – X (A = organic cation, B = metal cation, X = halide 

anion) HOIMs.20 Importantly, the control over chemical compositions and structural 

dimensionality of HOIMs provides an avenue for an unprecedented control over photophysical 

properties of these hybrid materials. Thus, it was demonstrated that progressive lowering of the 

structural dimensionality of HOIMs results in increasing charge localization and higher exciton 

binding energies.16,21 Highest charge localizations are often observed in compounds possessing 

zero-dimensional (0D) connectivity of structural units in which quantum confinement effect is 

maximized, thereby facilitating the formation of stable excitons at room temperature, and 

providing enhanced excitonic emission.17  

In addition to the structural dimensionality changes, the desired experimental control over 

photophysical properties of HOIMs can also be achieved by incorporating photoactive An+ 

organic cations into A – B – X hybrids. Pursuing this idea, many hybrid organic-inorganic 

materials containing photo-active organic components have been explored in recent years. 

Typically, the resultant photoemission properties of high-efficiency light emitting HOIMs 

mainly originate from the inorganic structural units, or the synergistic contributions of both 

organic and inorganic units.22-25 In comparison, less attention is devoted to the optimization of 

light emission originating from the organic components in HOIMs; in principle, periodical 

embedding of photoluminescent organic molecules into an inorganic structural framework can 

also produce high-efficiency light emitters for target practical applications. Recent studies on Pb-

, Bi- and Sn-based hybrid halide perovskites featuring quinoline derivatives report significant 

improvements of light emission efficiency in HOIMs (as compared to the precursor organics), 

supporting the validity of this idea.26-28 Further extending this strategy, if the photoactive unit in 
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the structure is the organic part, one can explore earth-abundant, low-cost, and environmentally 

stable metal halides as guest materials, e.g., instead of the undesirable, toxic and heavy metal Pb-

based halides. 

In this context, group 12 metals have attracted great attention due to their low cost, earth-

abundance and low toxicity (e.g., Zn), and low electronegativity (e.g., Zn, Cd); the latter is 

particularly important as it indicates that Zn and Cd halides are likely to have wide inorganic 

bandgaps due to their large metal-halogen electronegativity differences.21,22,29-35 Advantageously, 

unlike high electronegativity metals such as Bi, Sn and Pb, the large bandgaps of [(Zn, Cd)-X] 

inorganic frameworks lead to mostly optically inactive metal halide centers in the visible range, 

allowing for a targeted visible emission from the organic cations. However, although the 

incorporation of zinc and cadmium halides in organic lattice have been reported to improve the 

emission efficiency of organic photoactive components, photoluminescence quantum yield 

(PLQY) values of the literature reported Zn- and Cd-based HOIMs are typically low (<20%).22,30 

In the few Zn-based hybrid materials with PLQYs higher than 20% (e.g., 42.5% in 

(C9H15N3)ZnCl4, 35.47% in (EP)ZnBr4 (EP = 1-ethylpiperazine) and 24.58% in (BP)ZnBr4 (1-

phenylpiperazine)), inorganic structural units or the synergetic effects of both organic and 

inorganic structural units contribute to their light emission properties.33,34 The light emission 

contribution from both organic and inorganic components may lead to unpredictability of PL 

properties of Zn-based HOIMs as major changes occur in PL as compared to the expected 

emission solely from the organic structural components. 

In this work, we report two new Zn- and Cd-based HOIMs (P-xd)ZnCl4 and (P-xd)CdCl4, 

containing p-xylylenediammonium (P-xd) as the organic component. Xylylenediamine and its 

derivatives can act as structurally flexible chromophore due to the presence of two electron 

donating amine centers, yet their optical properties are widely unexplored. Here, the introduction 

of Zn and Cd halides polyhedral units into the p-xylylenediammonium lattice leads to the 

formation of 0D and 2D-connectivity of inorganic structural units in (P-xd)ZnCl4 and (P-

xd)CdCl4, respectively. Both compounds exhibit wide optical bandgaps of ~4.36 eV. While the 

organic precursor salt is a weak blue emitter, (P-xd)ZnCl4 and (P-xd)CdCl4 display bright blue 

emission with nearly 23 and 4 fold improved PLQY values, respectively. The structural analysis 

and experimental results of both compounds are discussed in conjunction with theoretical results 

to reveal the underlying mechanism of the emission properties of these compounds. The much-

improved air, thermal and photostability of the novel compounds allow their consideration for 

potential practical applications, which is demonstrated through their use in fingerprint detection 

and solid-state lighting. 

2. Experimental Section 

2.1. Materials 

Zinc(II) chloride (98+%, Alfa Aesar), cadmium(II) chloride (≥99%, Acros Organics), p-

xylylenediamine (>99%, Tokyo Chemical Industry), and hydrochloric acid (36%, Alfa Aesar) 

were purchased and used as received with no further purification. All synthetic procedures were 

carried out in ambient air in a fume hood unless otherwise stated. 
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2.2. (P-xd)Cl2 (p-xylylenediammonium chloride) synthesis 

A 1.00 g (7.00 mmol) amount of p-xylylenediamine was dissolved in 10 ml of deionized 

water in a beaker followed by the addition of 1.2 mL (14.00 mmol) of 12M hydrochloric acid. 

The solvent was slowly evaporated at room temperature. The colorless crystalline solids of (P-

xd)Cl2 were collected and dried under vacuum. The purity of the product was ensured from the 

similarity of the powder x-ray diffraction (PXRD) data of the product with the reported data.36 

The product was stored at room temperature and ambient conditions. 

2.3. (P-xd)ZnCl4 synthesis 

(P-xd)Cl2 (209 mg, 1.00 mmol) and ZnCl2 (136 mg, 1.00 mmol) were dissolved separately in 

3 mL deionized water at room temperature after which solutions were mixed together to get a 

clear precursor solution. The precursor solution was evaporated at 50 ℃ for 4 hours and then 

allowed to cool to room temperature. The colorless needle shaped crystals of (P-xd)ZnCl4 were 

collected and dried under vacuum and stored in ambient conditions for further characterization. 

2.4. (P-xd)CdCl4 synthesis 

(P-xd)Cl2 (209 mg, 1.00 mmol) and CdCl2 (183 mg, 1.00 mmol) were dissolved separately in 

3 mL deionized water at room temperature; mixing of these solutions yielded a clear precursor 

solution. The precursor solution was evaporated at 50 ℃ for 4 hours and then allowed to cool to 

room temperature. The colorless flat crystals of (P-xd)CdCl4 were collected and dried under 

vacuum and stored in ambient conditions for further characterization. 

2.5. Preparation of luminescent inks using (P-xd)MCl4 (M = Zn, Cd) 

Two grams of polymethylmethacrylate (PMMA) were added to 6 ml of toluene and stirred at 

room temperature until PMMA was completely dissolved. Solution-grown single crystals of the 

title compounds were ground into a polycrystalline powder sample, from which 300 mg was 

used for the ink preparation; powder sample was dispersed into the PMMA solution by stirring 

for one day. This luminescent ink was used for printing latent fingerprints, graffiti, and coating a 

365 nm commercial UV LED chip to fabricate blue light-emitting diodes. 

2.6. Powder X-ray Diffraction (PXRD) measurements 

Powder X-ray diffraction (PXRD) measurements were carried out at room temperature using 

a Rigaku MiniFlex600 system equipped with a Ni-filtered Cu Kα radiation source. PXRD scans 

were performed on polycrystalline samples in the 3 – 90° (2θ) range with a step of 0.02°, and the 

XRD patterns were analyzed using a PDXL2 software package. Obtained PXRD patterns were 

fit using the decomposition method. To test the air-stability of (P-xd)MX4 (M = Zn, Cd), powder 

samples were left on a laboratory bench under ambient air conditions (20 °C and 30% relative 

humidity) for four months, during which periodic PXRD measurements were performed. 

2.7. Single Crystal X-ray Diffraction (SCXRD) measurements 

Single crystal X-ray diffraction (SCXRD) measurements were performed using a Bruker D8 

Quest Kappa-geometry diffractometer with an Incoatec Iμs microfocus Mo K𝛼 X-ray source and 

a Photon II area detector. The data were corrected for absorption using the semiempirical method 

based on equivalent reflections, and crystal structures were solved by intrinsic phasing methods 

as embedded in the APEX3 v2015.5-2 program. Site occupancy factors were checked by freeing 

occupancies of each unique crystallographic positions. Details of the data collection and 
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crystallographic parameters are given in Table S1. Atomic coordinates, equivalent isotropic 

displacement parameters, and selected interatomic distances, and bond angles are provided in 

Tables S2-S4. The Crystallographic Information Files (CIFs) were deposited in the Cambridge 

Crystallographic Data Centre (CCDC) database (deposition numbers 2221549 – 2221550). 

2.8. Thermogravimetric Analysis and Differential Scanning Calorimetry (TGA/DSC) 

measurements 

Simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) 

were measured on ~10 mg samples of the title compounds on a TA Instruments SDT 650 thermal 

analyzer system. Crystals were heated up from 25 °C to 475 °C under an inert nitrogen gas flow 

at a rate of 100 mL/min, with a heating rate of 5 °C/min. 

2.9. Photoluminescence measurements 

Room-temperature photoluminescence (PL) emission and photoluminescence excitation 

(PLE) measurements were carried out on single crystal samples of the respective title compounds 

using HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer with Xenon lamp source and 

Quanta-Φ integrating sphere. Data were collected using the two-curve method in a varied range 

from 250 to 750 nm. The Commission Internationale de l’Eclairage (CIE) color plots were 

generated using a GoCIE software. For the photostability measurement, the polycrystalline 

sample of the respective title compound was placed inside the Quanta-φ integrating sphere on the 

Jobin Yvon Fluorolog-3 spectrofluorometer. The sample was then exposed to the full power of 

the Xenon lamp at its PL excitation maximum wavelength. Periodic PLQY measurements were 

taken every 5 min under these conditions for a total of 60 minutes. 

Photoluminescence lifetimes were collected at room temperature using an Edinburgh 

Instruments FLS980 spectrometer using time-correlated single photon counting (TCSPC) at the 

indicated emission wavelengths. The samples were loaded into a 1 mm pathlength quartz cuvette 

that was placed at a 45° angle relative to the excitation source, and they were excited using an 

EPLED-320 pulsed LED diode (Edinburgh Instruments, center wavelength = 313.8 ± 10 nm, 

pulse width = 0.9498 ns). The emission signal was collected at 90° relative to the excitation 

source and passed through a Czerny-Turner monochromator (300 nm focal length, 1800 

grooves/mm grating, 1.8 nm/mm linear dispersion) prior to being collected with a Hamamatsu 

R928P side window photomultiplier tube in a cooled housing (operating temperature: -20 ℃). A 

350 nm longpass filter was placed between the sample and the monochromator to filter out 

scattered light from the excitation source. Reconvolution fits of the photoluminescence decays 

and the instrument response function (IRF) were performed using the Edinburgh Instruments 

F900 software package; the fits for each compound are shown in Fig. S10, and the lifetime 

results are compiled in Table S5.  

2.10. Diffuse reflectance measurements 

UV-vis diffuse reflectance data were collected on powder samples of the title compounds 

using a PerkinElmer Lambda 750 UV-vis-NIR spectrometer with a 100 mm Spectralon InGaAs 

Integrating Sphere over a range of 250-1100 nm. Diffuse reflectance data were then transformed 
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to pseudo-absorption spectra utilizing the Kubelka-Munk function 𝐹(𝑅) = 𝛼
𝑆⁄ =

(1 − 𝑅)2

2𝑅
⁄ , 

where 𝛼 is the absorption coefficient, S is the scattering coefficient, and R is the reflectance. 

2.11. Density Functional Theory (DFT) Calculations 

DFT calculations were performed with the Vienna ab initio simulation package (VASP 

5.4),37,38 applying the projector augmented-wave (PAW) potential. The Kohn-Sham equations 

were solved using a plane wave basis set with an energy cutoff of 500 eV. A 323 k-point 

sampling was used for the primitive cell of the (P-xd)ZnCl4 structure and 344 k-point 

sampling for the (P-xd)CdCl4 structure. The experimentally determined crystal structures were 

optimized using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional,39 including 

the zero damping D3 correction of Grimme,40 as inclusion of London dispersion is important in 

modeling the π–stacking demonstrated for (P-xd)ZnCl4 and (P-xd)CdCl4, previously emphasized 

for treating halide perovskites,41 and has been applied.42 Geometries were fully relaxed regarding 

lattice parameters and interatomic distances until forces were less than 0.01 eV/Å. The Heyd-

Scuseria-Ernzerhof (HSE06) range-separated functional was employed for band structure 

calculations.43,44 

3. Results and Discussion 

3.1. Structure, stability, optical and electronic properties 

(P-xd)ZnCl4 and (P-xd)CdCl4 can be grown as flat needle and thin plate crystals (Fig. 1), 

respectively, using a simple, low-cost water solution synthesis method. A schematic 

representation of the employed synthetic method is shown in Scheme 1 (see section 2.3 and 2.4 

for more details). The easy accessibility of optoelectronic metal halides through simple solution 

processing is one of their advantageous characteristics. The phase purity and crystallinity of the 

as-synthesized products were ensured by PXRD measurements at room temperature (Fig. 1c and 

d). The crystals of (P-xd)ZnCl4 and (P-xd)CdCl4 are colorless under ambient light and emit blue 

light under UV irradiation (Fig. S1). 

 
Scheme. 1 Schematic representation of the synthesis process of (P-xd)ZnCl4 and (P-xd)CdCl4 

from (P-xd)Cl2. 

 

The results of SCXRD experiments for (P-xd)ZnCl4 and (P-xd)CdCl4 are summarized in 

Tables S1-S4. Although (P-xd)ZnCl4 and (P-xd)CdCl4 are not isostructural, both crystallize in 

the monoclinic crystal system within the centrosymmetric space group P21/c. (P-xd)ZnCl4 adopts 

a crystal structure built upon inorganic anionic [ZnCl4]2- tetrahedra completely separated from 
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each other (0D-connectivity) by the organic cationic (P-xd)2+ units (Figs. 1e and S2a). Notably, 

the anionic [ZnCl4]2- tetrahedra extend along the bc-plane, alternating with layers of the cationic 

(P-xd)2+ units along the a-axis, resulting in a pseudo-layered crystal structure. Such type of 

pseudo-layered packing structure of alternating inorganic and organic units is a common feature 

for many low dimensional hybrid metal halides including other group 12 metal halides.22,30,31,34 

In the 0D-connectivity of (P-xd)ZnCl4, Zn2+ is coordinated with four Cl- in slightly distorted 

tetrahedral environment; [ZnCl4]2- tetrahedra feature Zn-Cl bond lengths and Cl-Zn-Cl bond 

angles ranging from 2.26136(6) Å to 2.2828(7) Å and 110.78(3)⁰ to 115.21(3)⁰, respectively (see 

Fig. S4a). The polyhedral distortions in metal halides are most typically attributed to the 

presence of stereoactive lone pairs on metal centers (e.g., in lead halide perovskites), however, 

since Zn2+ has a 3d10 electronic configuration, the distortion in the present case is most likely due 

to the optimized packing of organic and inorganic molecular anions. This agrees with the 

observations made for 0D hybrid zinc halides where the presence of distortion in [ZnCl4]2- is 

related to the arrangements of organic cations in the adjacent organic layers.22,30,33-35 

Interestingly, the inorganic and organic units are stacked in two different rotational positions, 

allowing the organic units to maintain the shortest distance of their protonated end towards the 

nearby anionic sites, where the rotational direction repeats in every other layer (see Fig. S2a). 

These types of rotational packings also help to avoid the steric hinderance among the adjacent 

structural units. Moreover, because of such packing, the shortest intermolecular Cl--Cl distance 

of 3.826 Å is observed between the adjacent [ZnCl4]2- tetrahedra, which is more than twice 

longer than the Shannon ionic radius of chloride ion (2 × r(Cl-) = 3.62 Å) (see Fig. S5a).45 Such 

large distances between neighboring tetrahedral inorganic anions is indicative of minimal 

electronic coupling between the inorganic tetrahedral anions, which is typical for 0D structures 

with increased charge localization and quantum confinement. Notably, the pure (P-xd)Cl2 crystal 

structure also possesses pseudo-layered arrangements of (P-xd)2+ organic cations, however, all of 

the cations are packed in the same orientation (see Fig. S3).36  
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Fig. 1 Photographs of the single crystals of (a) (P-xd)ZnCl4 and (b) (P-xd)CdCl4. Room-

temperature PXRD patterns (in black) fitted using the Pawley method (in red) for (c) (P-

xd)ZnCl4 and (d) (P-xd)CdCl4. Difference between the measured and calculated patterns are 

shown in blue. Polyhedral representations of the crystal structures of (e) (P-xd)ZnCl4 and (f) (P-

xd)CdCl4 along the b-axis. Orange, violet, green, blue, and black spheres represent zinc, 

cadmium, chlorine, nitrogen, and carbon, respectively. For clarity, H atoms are not depicted. 

In comparison, (P-xd)CdCl4 adopts a 2D layered perovskite structure with alternating layers 

of organic cations and n = 1 inorganic [CdCl4]2- sheets made of vertex connected [CdCl6]4- 

octahedra; the organic cationic (P-xd)2+ layer is similar to that of (P-xd)ZnCl4 structure (Fig. 1f 

and S2b). The markedly different structures of (P-xd)ZnCl4 and (f) (P-xd)CdCl4 can be explained 

using Pauling’s Radius Ratio Rules. Thus, based on the ratios of metal cation (rM) and chloride 

anion (rCl) Shannon radii,45 µ = rM/rCl, an octahedral coordination environment is preferred by 

Cd(II) in chlorides (μoct = 0.525), whereas the octahedral factor of μoct = 0.409 calculated for 

Zn(II) in chlorides is below the acceptable range of 0.414–0.732 for an octahedral structure. 

Given the 2D connectivity of the [CdCl6]4- octahedra in (P-xd)CdCl4, this compound is expected 

to have reduced quantum confinement compared to the 0D compound (P-xd)ZnCl4.16,21 The 

structure of (P-xd)CdCl4 possesses two different rotational positions of [CdCl6]4- anions and (P-

xd)2+ cations while layering along c-axis (see Fig. S2). Interestingly, cadmium halide octahedra 

can be highly distorted such as in the case of (C6H11NH3)2CdBr4, in which the [CdBr4]2- 

perovskite layer is formed by very distorted [CdBr6]4- octahedra featuring 4 close and 2 
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elongated bonds.32 This has been attributed to the templating influence of the organic cation via 

hydrogen bonding interactions. In the case of (P-xd)CdCl4, the Cd-Cl bond distances in [CdCl6]4- 

anions range from 2.55 Å to 2.67 Å.46 Fig. S4 shows the coordination environments around 

metal centers in (P-xd)ZnCl4 and (P-xd)CdCl4, including select metal halide bond lengths and 

bond angles. The bridging chlorines of the octahedral layer have bond distances of 2.67 Å (Cd1-

Cl1) while the singly bound chlorines have a bond distance of 2.55 Å (Cd1-Cl2). The bridging 

chlorine also displayed the highest distortion angle of 159.3° (Cd1-Cl1-Cd1), while the highest 

distorted bond angle within the octahedron is 87.410° (Cl1-Cd1-Cl2). This creates a wave-like 

pattern within the perovskite layer. The long Cl--Cl interlayer distances (>7.396 Å) suggests 

negligible interactions between the adjacent inorganic sheets in (P-xd)CdCl4 (Fig. S5b). 

 
Fig. 2 (a) Hydrogen bonding contacts in (P-xd)ZnCl4. (b) Intermolecular distances in the cationic 

(P-xd)2+ layer in (P-xd)ZnCl4 (red sphere represents imaginary central atom; coloring of atoms is 

identical to that in Fig. 1). 

 

The pseudo-layered structures of both (P-xd)ZnCl4 and (P-xd)CdCl4 exhibit H-bonding 

interactions from both nitrogen positions of (P-xd)2+. Here we will discuss the situation for (P-

xd)ZnCl4 in detail as a representative compound. In (P-xd)ZnCl4, all three H atoms attached to 

N-atom maintain Cl··H distances ranging from 2.24 Å to 2.59 Å (Fig. 2a), suggesting moderately 

strong H-bonding interactions.47 These H-bonding distances are aligned very well with other 

similarly organized pseudo-layered hybrid zinc halide systems.22,30,48 The H-bonding interaction 

in (P-xd)ZnCl4 is slightly stronger than that of the pure (P-xd)Cl2 organic salt where the shortest 

Cl··H distance is 2.28 Å (Fig. S6a). Moreover, the presence of H-bonding in both N-atom sites 
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keeps the (P-xd)2+ organic units in highly ordered arrangements and makes the structure of (P-

xd)ZnCl4 very stable. Similar types of H-bonding are also present in (P-xd)CdCl4 with Cl··H 

distances ranging from 2.32 Å to 2.50 Å. In addition to the H-bonding interactions, π–stacking 

interactions of neighboring (P-xd)2+ units also contribute towards the structural stability and 

rigidity of (P-xd)ZnCl4 and (P-xd)CdCl4. Due to the presence of different rotational positions of 

(P-xd)2+ units as discussed above, two neighboring aromatic rings maintain 4.95 Å distances 

throughout the bilayer structure in (P-xd)ZnCl4 (Fig. 2b). In comparison, this distance in the 

precursor organic salt (P-xd)Cl2 is 4.35 Å (see Fig. S6b). To summarize, the inclusion of 

inorganic polyhedral units in the organic (P-xd)2+ lattice to obtain (P-xd)ZnCl4 and (P-xd)CdCl4, 

leads to the alternating packing of organic and inorganic units in their structures and changes in 

H-bonding interactions, and consequently, results in increased structural rigidity and effective 

suppression of the aggregation of organic units. The latter is important for the optical properties 

of resultant hybrids as aggregation of organic molecular units is a known cause of quenched PL 

in organics. 

 

 

Fig. 3 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

measurement results for (a) (P-xd)ZnCl4 and (b) (P-xd)CdCl4. (c) Normalized 

photoluminescence quantum yield (PLQY) under continuous irradiation over 60 minutes at 

PLEmax for (P-xd)Cl2, (P-xd)ZnCl4 and (P-xd)CdCl4. 

 

To determine the ambient air stability of the as synthesized samples, periodic PXRD 

measurements of (P-xd)ZnCl4 and (P-xd)CdCl4 were carried out under ambient conditions (i.e., 

20 ˚C and relative humidity of 30%) over a period of 4-months. The results suggest that (P-

xd)ZnCl4 and (P-xd)CdCl4 are stable in air for months (Fig. S7). Moreover, both (P-xd)ZnCl4 

and (P-xd)CdCl4 showed improved thermal stability with no significant loss of weight up to 300 

˚C based on thermogravimetric analysis (TGA) (Fig. 3). The differential scanning calorimetry 

(DSC) results for both compounds are in good agreement with the melting point measurement 

experiments. The TGA/DSC results suggest that both compounds decompose above 300 ˚C. The 

first decomposition events starting at ~300 ˚C for both compounds are characterized by the 

release of white fumes (observed during MP measurements). The corresponding weight loss 

percentages of 32% and 28% of (P-xd)ZnCl4 and (P-xd)CdCl4, respectively, and releases of 

white fumes suggest the release of two molecules of NH4Cl from each compound. This event is 

followed by a second transition near 350 ˚C where melting transitions of the remaining sample 

occurs. The TGA/DSC results of pure organic salt, (P-xd)Cl2, also demonstrated the occurrence 

of a thermal event starting at ~300 ˚C accompanied by 85% weight loss (Fig. S8). These results 
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suggest improved air and thermal stability of both hybrid compounds reported in this work 

compared to the previously reported group 12 metal halides such as R2MCl4 (M = Zn, Cd; R = 

C13H12N), (4AMP)2ZnBr4 (4AMP = 4-aminopyridinium), (4AMP)2HgBr4·H2O, 

(R)ZnBr3(DMSO), (R)2CdBr4·DMSO, and (R)CdI3(DMSO) ((R) = C6(CH3)5CH2N(CH3)3, and 

DMSO = dimethyl sulfoxide), and (H2TTz)ZnX4·MeOH (TTz = 2,5-bis(4-

pyridinium)thiazolo[5,4-d]thiazole, and X = Cl, Br).22,31,35,49 Finally, the photostability of (P-

xd)ZnCl4 and (P-xd)CdCl4 were also measured by irradiating the as-synthesized materials with 

their corresponding excitation maxima for over 60 minutes. The optical properties of both (P-

xd)ZnCl4 and (P-xd)CdCl4 remained unchanged after 60 minutes of UV exposure (Fig. 3c), 

which indicates high photostability of these materials in addition to their air and thermal stability 

properties. Altogether, the improved stability of (P-xd)ZnCl4 and (P-xd)CdCl4 make them 

potential candidates for optical applications. 

Fig. 4 shows the UV-vis optical absorption and photoluminescence excitation (PLE) and 

emission (PL) spectra of (P-xd)Cl2, (P-xd)ZnCl4 and (P-xd)CdCl4. (P-xd)Cl2 is a colorless salt 

that emits weak blue light under UV irradiation (Fig. 4a). The broadband PL spectrum with a 

maximum at 436 nm and vibronic features at 415 nm and 465 nm was recorded for (P-xd)Cl2 

under 274 nm excitation, and is assigned as emission from the S1 excited state of the organic 

cation that is most likely ππ* in nature.28,49 Single crystals of (P-xd)ZnCl4 and (P-xd)CdCl4 also 

show similar PL spectra but with significantly brighter blue emission and PL maxima at 443 nm 

and 435 nm under 285 nm and 287 nm excitation, respectively. Since both excitation and 

emission peak positions and shapes are largely similar, the photoemission at their corresponding 

excitation maxima for (P-xd)ZnCl4 and (P-xd)CdCl4 can be mainly attributed to the organic 

molecular units. To confirm the organic dominated photoluminescence of (P-xd)ZnCl4 and (P-

xd)CdCl4, we performed in-depth optical spectroscopy and computational investigations, which 

are discussed next. 

Immediately noticeable is the fact that the excitation and emission properties of the organic 

salt and (P-xd)ZnCl4 are largely identical, except for the presence of a higher energy emission 

peak in the organic salt at 315 nm. The loss of this high energy shoulder peak in the hybrid 

compound (P-xd)ZnCl4 may be due to different orientations and packing of the organic 

molecular units in (P-xd)ZnCl4. In the specific case of (P-xd)ZnCl4, the zinc chloride tetrahedra 

possess a wide bandgap and are not expected to demonstrate band-to-band transitions in the 

visible range.35 However, below gap emission from [ZnX4]2- tetrahedra, e.g., due to self-trapped 

excitonic (STE) emission, can contribute to the visible light emission of hybrid zinc halides.22,33 

In the present case, the spectral range of PL for (P-xd)ZnCl4 largely is identical to that of the 

precursor organic salt, and no other additional contribution is immediately noticeable. Therefore, 

the broadband emission with peak maximum at 443 nm of (P-xd)ZnCl4 can be attributed to 

emission from the S1 excited state of the organic cation. Similarly, the emission of (P-xd)CdCl4 

with peak maximum at 435 nm can also be attributed to the organic structural units. Our 

attribution to the organic originated blue emission of both compounds in this paper is further 

supported by the similar values of the Commission Internationale de l’Eclairage (CIE) color 

coordinates of the organic salt and compounds (P-xd)ZnCl4 and (P-xd)CdCl4 at (0.14, 0.09), 

(0.14, 0.13) and (0.14, 0.14), respectively, obtained under UV irradiation at PLEmax of the 

corresponding compounds (see Fig. S9). 

To further support the assignment of the observed luminescence to the organic molecular 

emission, PL lifetimes of all three compounds were collected using time-correlated single photon 
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counting (TCSPC). Excitation with 320 nm leads to similar PL behavior across the series, with 

the organic salt and both the Zn- and Cd-based hybrids exhibiting PL lifetimes of ~4 ns (Fig. 

S10) at 443 nm wavelength (see Table S5). This is in a good agreement with the fast emission 

originating from the organic component at this spectral region. Note that nanosecond-range short 

lifetimes attributed to fast singlet emission from organic molecules were also reported for several 

other Zn and Cd based hybrids (see Table S6).22,35,49 

 

  

Fig. 4 Photoluminescence excitation (PLE) (blue) and photoluminescence emission (PL) (red) 

spectra at room temperature: (a) (P-xd)Cl2, (b) (P-xd)ZnCl4 and (c) (P-xd)CdCl4. The insets 

show the light emission of the corresponding compound under excitation at PLEmax. Optical 

absorption data obtained using the Kubelka–Munk function, F(R), for (d) (P-xd)Cl2, (e) (P-

xd)ZnCl4 and (f) (P-xd)CdCl4. CT indicates the weak absorption corresponding to the charge 

transfer between the organic orbitals and inorganic bands. 

To better understand the optical transitions in these compounds, optical absorption data were 

obtained using diffuse reflectance measurements (Fig. 4d – f). All three compounds are colorless, 

and unsurprisingly, they do not absorb in the visible region. The obtained absorption data for the 

organic salt, (P-xd)ZnCl4 and (P-xd)CdCl4 are largely similar. The nearly identical absorption 

spectra and similar onsets of absorption indicates that the states around the band gap have major 

contributions from the organic structural part in (P-xd)ZnCl4 and (P-xd)CdCl4. The high energy 

absorption bands above ~4 eV correspond to ππ* transitions within the (P-xd)2+ cations. The 

excitation maxima for both (P-xd)ZnCl4 and (P-xd)CdCl4 match with the onsets of sharp 

absorption peaks at 4.39 eV and 4.36 eV, respectively (see Fig. 4). These results support the 

assignment of photoemission to organic molecular emission in (P-xd)ZnCl4 and (P-xd)CdCl4. 

Despite the overall similarities, however, there are also noticeable differences below 4 eV. 

Unlike the pure organic salt and (P-xd)ZnCl4, a weak absorption band with an onset of ~3.4 eV 

is present in the optical absorption spectrum of (P-xd)CdCl4 (indicated by a red circle in Fig. 4f). 
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This weak absorption feature below 4 eV is attributed to a charge transfer from the organic 

orbitals to the inorganic bands (see the computational discussion below). Indeed, past work on 

low-dimensional hybrid metal halides has shown that such charge transfers between spatially 

separated structural parts lead to small optical matrix elements and weak absorption onsets. 

Furthermore, the presence of inorganic mid-gap states may contribute to the spatial separation of 

charge carriers in different structural units and may reduce the emission efficiency.50 

 

 

Fig. 5 Comparison of photoluminescence emission spectra for (P-xd)Cl2, (P-xd)ZnCl4 and (P-

xd)CdCl4. 

The emission efficiency of the as-prepared materials was evaluated through 

photoluminescence quantum yield (PLQY) measurements carried out at their respective 

maximum excitation wavelengths (Fig. 5). The pure organic salt (P-xd)Cl2 is measured to have a 

PLQY of 1.21% corresponding to its weak blue emission. The incorporation of the inorganic 

structural units greatly improves the emission efficiency of the organic component, leading to 

23.06% and 3.97% PLQYs for (P-xd)ZnCl4 and (P-xd)CdCl4, respectively. Notably, PLQY of 

23.06% for (P-xd)ZnCl4 is the highest reported for self-activated hybrid organic-inorganic zinc 

halides (see Table S6). The greater intermolecular separations of organic units in (P-xd)ZnCl4 

and (P-xd)CdCl4 compared to the organic precursor salt results in considerable enhancement of 

PLQY values in hybrid materials.24,28 The lower PLQY of (P-xd)CdCl4 compared to that of (P-

xd)ZnCl4 can be attributed to multiple factors, such as their drastically different crystal and 

electronic structures (see below). The 2D-connectivity of inorganic structural units in (P-

xd)CdCl4 is expected to lead to more charge delocalization throughout the material, and indeed 

the optical absorption data suggests there may be contributions to the optical properties from 

both the organic and inorganic structural units. Furthermore, the PLE and PL spectra of the 

organic salt and (P-xd)CdCl4 noticeably overlap within the 300 nm to 420 nm region, while the 

excitation and emission spectra of (P-xd)ZnCl4 show markedly less overlap in this region (Fig. 

4a – c). These results suggest negligible self-absorption in (P-xd)ZnCl4 while the organic salt and 

(P-xd)CdCl4 suffer from self-absorption of their emitted light, contributing to their reduced 

emission efficiency values.  
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Electronic band structures and density of states (DOS) were calculated for (P-xd)ZnCl4 and 

(P-xd)CdCl4, which were based on optimized structures of the experimentally determined crystal 

structures. Employing the many-body GW and GW-BSE methods for accurate determination of 

the fundamental gap and optical gap, as we previously showed for the parent 3D lead iodide 

perovskite,51 is desirable, but such calculations are formidable for the HOIMs structures studied 

here. The fundamental bandgap is underestimated when using the PBE exchange-correlation 

functional, and thus could be in better agreement with the optical gap for these materials, which 

demonstrate relatively larger exciton binding energies due to quantum and dielectric 

confinement. In using the range separated hybrid functional HSE rather than PBE (see 

computational details in Section 2.11.), the fundamental bandgap would be calculated more 

accurately, and thus expected to be larger than the experimentally determined optical gap values. 

The band structures and projected DOS (PDOS) calculated with the HSE functional are 

summarized in Fig. 6. Band dispersions are stronger overall for (P-xd)CdCl4 due to its higher 

2D-connectivity than for the 0D-connectivity of the structural units in compound (P-xd)ZnCl4. 

The PDOS for (P-xd)ZnCl4 indicate similar energies near the valence band maximum (VBM) for 

the inorganic and organic components, while the electronic states from the inorganic part are 

further away from the conduction band minimum (CBM). In contrast, the electronic states from 

the inorganic component of (P-xd)CdCl4 are below the states from the organic component in 

CBM, while the VBM has major contribution from the organic component. Detailed 

examinations of the PDOS are shown in Fig. S11. The individual analysis of the inorganic 

component indicates that the Cl p orbital mainly contributes to the VBM of the inorganic 

component in both (P-xd)ZnCl4 and (P-xd)CdCl4, and hybridization occurs between Zn or Cd ns 

orbitals and Cl p orbitals in the CBM.  

 

Fig. 6 HSE band structure (left panel) and PDOS (right panel) plots for (a) (P-xd)ZnCl4 and (b) 

(P-xd)CdCl4. 

 

The VBM-CBM bandgaps for the organic cations are 5.03 and 5.05 eV for (P-xd)ZnCl4 and 

(P-xd)CdCl4, respectively, corresponding to the experimental sharp absorption peaks from the 

organic cation at 4.39 and 4.36 eV, respectively. A similar wide bandgap trend is predicted 

correctly, while the overestimation results from lack of optical gap calculation at high accuracy 
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for compounds with large exciton binding energies, as discussed above. Indeed, the band 

structures and PDOS calculated with the PBE exchange-correlation functional (summarized in 

Fig. S12), result in bandgap values of 3.99 and 4.03 eV for the (P-xd)ZnCl4 and (P-xd)CdCl4 

organic components, respectively. The HSE band structure and PDOS indicate a smaller 

bandgap, of 4.22 eV, for the inorganic component of (P-xd)CdCl4, consistent with the 

experimental mid-gap. The inorganic component in (P-xd)CdCl4 with a 2D rather than a 0D-

connectivity has weaker DOS near the CBM than the DOS from the organic cation. The 

experimental PL emission characteristics of (P-xd)ZnCl4 and (P-xd)CdCl4 can be rationalized by 

the results obtained from these electronic structures. According to literature studies, typically 

hybrid materials possessing Type-I alignment (Fig. S13a), where the VBM and CBM both 

consist of similar types of structural units, exhibit high emission efficiency.24,28,34,49,52 In the case 

of (P-xd)ZnCl4, as both the VBM and CBM are consist of the organic component, optical 

transitions localized on the same structural units occur, yielding considerably high PLQY. On the 

contrary, hybrids containing Type-II alignment (Fig. S13b), where the VBM and CBM are 

composed of different types of structural units, exhibit comparatively low PLQY due to the 

spatial separation of charge carriers and an increase in non-radiative recombination of 

excitons.31,50,53 Here, in the case of Type-II alignment in (P-xd)CdCl4, the high energy excitons 

concentrate in the organic units upon excitation at PLEmax. Then part of the excitons undergo 

quick relaxation to the lowest-lying excited states coming from the ionically bonded (unlike 

organometallic compounds) inorganic 2D network, where energy dissipates and facilitates the 

non-radiative recombination of excitons, resulting in a much lower PLQY in (P-xd)CdCl4 

compared to (P-xd)ZnCl4. Therefore, high energy excitation of (P-xd)CdCl4 probably 

corresponds to the emission characteristics of organic component with emission peak at around 

440 nm. Similar types of emission pathways are also observed for several Cd based Type-II 

hybrids.31,32,54 

In summary, the results of the thorough investigation of the optical and electronic properties 

of (P-xd)ZnCl4 and (P-xd)CdCl4 led us to attribute the blue emission of (P-xd)ZnCl4 to its 

organic structural components. Although, both organic and inorganic units play important roles 

in the PL properties of the compound (P-xd)CdCl4, the organic structural component is the major 

contributor to its blue emission at PLEmax. The electrons are excited from the ground state (S0) to 

a high energy singlet state (Sn) upon UV excitation, and then relax to a low energy singlet state 

(S1) via fast internal conversion. Finally, the radiative recombination of electrons and holes to 

reform the ground state produces their bright blue emission. This proposed mechanism (Fig. 

S14) is in excellent agreement with the reports on other hybrid materials whose PL properties are 

dominated by organic-based emission.27,28,35 

3.2. Applications 

The much improved air-, thermal- and photostability of (P-xd)ZnCl4 and (P-xd)CdCl4 allow 

us to make polymer-based luminescent inks to demonstrate their potential for practical 

applications. Bright blue luminescent inks were prepared by dispersing polycrystalline powder 

samples of (P-xd)ZnCl4 and (P-xd)CdCl4 in PMMA (see Fig. S15). Fingerprints are commonly 

used for control of access, national security, forensic investigations, and medical diagnosis.55 For 

a reliable identification of individuals, details of different features of latent fingerprints (LFP) are 

required.56,57 For this application, (P-xd)ZnCl4 has several added advantages including its high-

efficiency PL and earth-abundant and non-toxic elemental composition.58 Fig. 7 shows a 

luminescent fingerprint using the (P-xd)ZnCl4 ink on a glass surface. The magnified images of 
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the LFP patterns under UV irradiation clearly show the latent features of the fingerprint such as 

pore, island, hook, termination, etc., that are essential for distinguishing individuals. Naked eye 

visualization of these features indicates the strong potential of (P-xd)ZnCl4 for this application. 

Furthermore, the luminescent inks based on (P-xd)ZnCl4 and (P-xd)CdCl4 can also be used for 

anti-counterfeiting. To demonstrate this, graffiti of the word “OU” was drawn on black paper. In 

both cases, clearly discernible differences of the graffiti are observed under UV irradiation (Fig. 

8a and b), which indicates the suitability of (P-xd)ZnCl4 and (P-xd)CdCl4 for use as anti-

counterfeiting tags. Yet another potential application of emissive metal halides is their use as 

phosphors in solid-state lighting and displays.59,60 For these applications, the inexpensive 

preparation, earth-abundant elemental compositions, and broadband emission characteristics of 

(P-xd)ZnCl4 and (P-xd)CdCl4 are attractive. As a proof of concept, UV-pumped white LEDs 

were fabricated by coating the luminescent inks of (P-xd)ZnCl4 and (P-xd)CdCl4 onto 

commercial 365 nm LEDs. The fabricated LEDs show bright distinguishable bluish-white 

luminescence (Fig. 8), and the features of the PL spectra of (P-xd)ZnCl4 and (P-xd)CdCl4 are 

observed in the corresponding UV-pumped EL spectra. Further optimization of the material 

chemistries and structures could provide a route for preparation of single component white light 

emitting hybrid group 12 metal halides. 

 

 

Fig. 7 Ultra-bright blue luminescent latent fingerprints (LFP) based on a (P-xd)ZnCl4 ink 

visualized under UV irradiation. The magnified images represent the specific details: (1) bridge, 

(2) island, (3) pore, (4) hook, (5) cross-over, (6) enclosure, and (7) termination. 
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Fig. 8 Photographs of ‘OU’ graffiti prepared using luminescent inks of (a) (P-xd)ZnCl4 and (b) 

(P-xd)CdCl4 (top: under ambient light; bottom: under 245 nm UV light). (c-d) Photographs of 

white LEDs fabricated by coating commercial 365 UV LEDs with (P-xd)ZnCl4 and (P-xd)CdCl4, 

respectively (top: light-off state; bottom: light-on state). 

4. Conclusion 

In summary, this work reports synthesis, structural, optical, and electronic characterizations 

of two novel compounds, (P-xd)ZnCl4 and (P-xd)CdCl4. (P-xd)ZnCl4 possesses a crystal 

structure with completely isolated [ZnCl4]2- tetrahedral units with 0D-connectivity in a pseudo-

layered organic (P-xd)2+ matrix. In contrast, (P-xd)CdCl4 adopts a 2D layered perovskite 

structure containing corner-sharing [CdCl6]4- octahedral units with alternating layers of organic 

cations. The hybrid compounds (P-xd)ZnCl4 and (P-xd)CdCl4 are found to demonstrate 

improved ambient air-, thermal- and photo-stability. Our structural, experimental, and 

computational studies show that the emission of (P-xd)ZnCl4 originates from its organic 

component (P-xd)2+ with nearly 23 times increased PLQY than that of the organic precursor. In 

contrast, (P-xd)CdCl4 exhibits nearly 4 times higher PLQY than the organic precursor, but its 

PLQY is markedly lower than that of (P-xd)ZnCl4. This has been attributed to its different 

electronic structure; the top of the VB and bottom of the CB are dominated by contributions from 

the organic and inorganic structural components, respectively, yielding a Type-II band alignment 

for (P-xd)CdCl4. Notably, the PLQY of 23% for (P-xd)ZnCl4 is the highest reported to date for 

Zn-based HOIMs where the emission originates from the organic component. This remarkable 

increase in the PLQY of (P-xd)ZnCl4 is attributed to its unique crystal and electronic structure – 

(P-xd)ZnCl4 shows a Type-I band alignment with higher charge localization in its structural units 

of 0D-connectivity. The highly ordered structure of (P-xd)ZnCl4 features strong H-bonding 

interactions and intermolecular arrangements that reduce the concentration quenching of excitons 

within the organic molecules. The results of this work suggest that the emission efficiency of the 
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organic components can be much improved in a hybrid metal halide lattice while largely 

preserving the original photoluminescence peak and shape. Further structural and chemical 

composition optimizations may lead to even higher organic emission efficiencies when paired 

with group 12 metal halides. Ultimately, the incorporation of affordable and earth-abundant 

group 12 metals into hybrid halides may pave the way for their practical use in optical 

applications. 
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