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Abstract 

Mixed halide azetidinium lead perovskites AzPbBr3-xXx (X = Cl or I) were obtained by 

mechanosynthesis. With varying halide composition from Cl- to Br- to I-; the chloride and bromide 

analogs both form in the hexagonal 6H polytype while the iodide adopts the 9R polytype. An 

intermediate 4H polytype is observed for mixed Br/I compositions. Overall, the structure 

progresses from 6H to 4H to 9R perovskite polytype with varying halide composition. Rietveld 

refinement of the powder X-ray diffraction patterns revealed a linear variation in unit cell volume 

as a function of the average radius of the anion, which is not only observed within the solid solution 

of each polytype (according to Vegard’s law) but extends uniformly across all three polytypes. 

This is correlated with a progressive (linear) tuning of the bandgap from 3.43 to 2.00 eV. 

Regardless of halide, the family of azetidinium halide perovskite polytypes are highly stable, with 

no discernible change in properties over more than 6 months under ambient conditions. 

  



 
 

2 

Introduction 

Hybrid organic inorganic halide perovskites have created much excitement as promising materials 

for solar cells,1–3 light-emitting diodes,4,5 and photodetectors,6 and backlit liquid crystal displays.7 

These perovskite materials share a general formula AMX3, where the A-site cations occupy the 

interspace between MX6 octahedra (M being a heavy group 14 element). The compositional 

variations among A, M and X result in a diverse range of structures with distinct chemical, physical 

and optoelectronic properties, including band structure,8 primarily due to variations in M-X 

bonding interactions and connectivity of octahedra. The most common polytype of these 

perovskites is the (pseudo-) cubic perovskite formed from a cubic (c-) close-packed stacking 

sequence of AX3 layers and, as a result, corner-sharing MX6 octahedra. In Ramsdell notation9,10 

perovskites formed from entirely cubic close-packed AX3 layers are indicated by the label 3C, 

representing the three close packing layers of the aristotype cell and C for the (pseudo-)cubic lattice 

type. For lead halide perovskites, such 3C polytypes are favored for tolerance factors, 0.83 < t ≤ 

1,11 which arise for relatively small A-site cations such as Cs+ or methylammonium. For larger A-

site cations, and t > 1, hexagonal polytypes are obtained.12 These polytypes contain sequences of 

both cubic (c-) and hexagonal (h-) close-packed AX3 layers, or only hexagonal (h-) packing. The 

resulting polytypes are also readily described using Ramsdell notation such as 2H (hh…), 4H 

(hchc...), 6H (hcchcc…) etc, where, again, the numerical value describes the number of packing 

layers in the unit cell and H describes the lattice type, which is hexagonal in this instance (although 

rhombohedral variants such as 9R also exist). These sequences generate a number of possible 

combinations of corner-sharing and face-sharing octahedra. In general, the bandgap of perovskite 

materials can be tuned by modifying the ratio of corner-sharing to face-sharing13,14 octahedra as 

the nature of octahedral connectivity affects the M-X orbital interactions that determine the 

energies of the valence and conduction bands.  

Varying the halide composition is a common strategy for tuning the bandgap in hybrid halide 

perovskites.15–17 Nakamura et al.15 showed that the bandgap of 3C perovskite MAPbBrxI3-x (MA 

= methylammonium) varied quadratically from 1.65 to 2.38 eV with increasing Br content 

accompanied by a symmetry change from tetragonal to cubic. Gratia et al.17 reported a 

crystallization process with a progressive structural change from 2H, 4H and 6H to 3C depending 

on x in (FAPbI3)x(MAPbBr3)1−x (FA = formamidinium) and the annealing time of the perovskite 
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thin films; however, hexagonal polytypes were observed as phase mixtures in those compositions. 

Other benefits of mixed halide perovskites include improving solar cell power conversion 

efficiency18,19 and the stability of the perovskite materials.20,21 For example, Jeon et al. reported 

that incorporating 15% Br in FAPbI3 lead to optimum power conversion efficiency of solar cells.18 

Furthermore, Jun et al. reported that mixing 15-20% Br in MAPbI3 resulted in solar cells that could 

keep 95% efficiency for more than 15 days after exposure to humidity, while the efficiency of 

MAPbI3 cells dropped below 50% after the exposure.20  

One of the most commonly studied organic cations used at the A-site of this class of perovskites 

is methylammonium (MA+). MA-containing perovskite materials are often used as a reference 

point for studies of the optoelectronic properties of hybrid perovskites. However, poor resistance 

to moisture remains an obstacle to the commercialization of MA-containing perovskites, especially 

for MAPbI3, which decomposes to PbI2 in the presence of water.22,23 Other cations have been 

investigated to address the poor stability, such as formamidinium,24,25 Cs+,26,27 azetidinium28 and 

guanidinium29, amongst others.  

Mechanosynthesis has been reported as a simple and effective way to obtain organic-inorganic 

hybrid perovskites (OIHPs). 16,30–32 In addition, grinding is an environmentally friendly (solvent 

free) approach that permits mass production and can reduce the particle size of the samples by 

mechanical force.33 Many studies have shown that electrically powered ball milling is sufficient 

to synthesize single phase perovskite.30,31 Hong et al.34 reported a successful solvent-free large 

scale mechanosynthesis of around 250 g of CsSnX3 (X = I, Br or Cl) and FAPbI3. By contrast, it 

has been reported that when using solution precipitation, the stoichiometry of precipitation 

products does not always match that of the reaction solution.35–37 This does not occur in 

mechanosynthesis. Thus, the latter method is used to synthesize mixed A-cation,31,32 mixed metal38 

and mixed halide perovskites16 with a more carefully controlled composition. Chen et al.16 reported 

a mechanosynthesis of mixed halide perovskite APbX3 (A = MA and FA, X = Cl, Br and I), which 

yielded full-spectral emissions with a photoluminescence quantum yield of up to 92 %. Both 

mechano- and precipitation synthesis methods can be used to obtain pure phase OIHPs and have 

no obvious impact on the stability of compounds.39  

Azetidinium (Az+) is a four-membered ring ammonium (CH2)3NH3+, which is calculated to be a 

possible candidate for organic-inorganic hybrid perovskite with a tolerance factor ranging from 
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0.98 to 1.02 (from AzPbI3 to AzPbCl3 perovskite).40,41 The preparation of both AzPbBr313 and 

AzPbI342 from solution have been reported, where 6H and 9R perovskites were obtained, 

respectively. Our previous study on AzPbBr313 showed that the material remains stable in ambient 

air for over 6 months. AzPbI3 crystals were able to partially maintain the 9R crystalline state after 

being submerged in distilled water for 50 days42 and an AzPbI3 thin film was reported to withstand 

exposure to moisture without decomposing28, although the exposure time was only for a few 

seconds.  

In the current study, a family of azetidinium mixed halide perovskites, AzPbBr3-xXx (X = Cl or I) 

were prepared by mechanosynthesis and their structures and optical absorption analyzed by both 

powder and single-crystal X-ray diffraction and absorption spectra, respectively. Besides the 6H 

polytype reported previously for AzPbBr3,13 and 9R polytype reported for AzPbI3,42 the chloride 

analogue is shown to also adopt the 6H structure and an intermediate hexagonal 4H polytype is 

identified for mixed Br-I compositions. All three polytypes can also be obtained by solution 

precipitation synthesis. Overall, the structure progresses from 6H to 4H to 9R perovskite polytypes 

with varying halide composition and with various degrees of solid solution formation within each 

structure type. The structural progression corresponds to a change in ratio of corner-sharing to 

face-sharing octahedra (Supporting Information, Table S1). Despite this variation in octahedral 

connectivity, the unit cell volume (normalized per formula unit) as a function of anion average 

radius varies linearly not only within each solid solution (in accordance with Vegard’s law), but 

also across the entire polytype range. A tuneable bandgap is achieved ranging from 2.00 to 3.43 

eV, which varies linearly as a function of average anion radius and the variation factor is similar 

to the reported factor of APbBr3-xXx (A = MA, or FA, X = Cl or I).43–45 The azetidinium halide 

perovskite polytypes remain highly stable for at least 6 months when stored in the ambient air. 

Experimental Methods 

Synthesis 

PbBr2 (98%), PbI2 (98%) and hydroiodic acid in water (57%) were purchased from Alfa Aesar. 

Hydrobromic acid in water (48%) and AzCl (95%) were purchased from Fluorochem. All other 

reagents and solvents were obtained from commercial sources and used as received. 
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For preparation of azetidinium iodide (AzI), potassium hydroxide (1.30 g, 23 mmol, 1.5 equiv.) 

was dissolved in 3 mL DI water and mixed with azetidinium chloride (1.45 g, 15 mmol, 1 equiv.) 

under stirring for 30 min. The intermediate azetidine was extracted at 80 ℃ under reduced pressure 

and condensed with liquid nitrogen. Hydroiodic acid (3 mL, 23 mmol, 1.5 equiv.) was then added 

into the condensed azetidine solution and stirred for 30 min at room temperature. The solvent was 

then removed under reduced pressure at 80 ℃. The crude products were dissolved in 3 mL EtOH 

and the product recrystallized from diethyl ether. The recovered solid was dried under vacuum for 

24 h before use. White needle-like crystals were obtained. The NMR of AzI is shown in Figure 

S1. Yield: 86%. Mp.:137-138 °C 1H NMR (500 MHz, DMSO-d6) δ (ppm) 8.42 (s, 2H), 3.98 – 

3.89 (m, 4H), 2.37 (p, J = 8.3 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ (ppm) 46.53, 18.93. 

Elemental Analysis. Calculated for C3H8NI: C, 19.48; H, 4.36; N, 7.57; I, 68.59; Found: C, 19.61; 

H, 4.24; N, 7.66. 

AzPbCl3 samples were prepared by dissolving AzCl and PbCl2 (1:1) in DMSO (2 mL, 0.4 M) at 

room temperature and in air. After stirring for 1 h clear solutions were obtained. DCM (8 mL) was 

added slowly into the solution and the vial was shaken for 1 min and then left to stand for 10 min 

before vacuum filtration. The resulting powders were washed with 10 mL DCM twice and dried 

under vacuum for 24 h. The samples were white powders. Precipitation synthesis attempts of 

AzPbBr1.5I1.5 and AzPbI3 samples were carried out by mixing appropriate molar ratios AzI, PbBr2 

and PbI2 or AzI and PbI2 in DMF (0.15 M) or DMF/γ-butyrolactone (1:1, 0.05M) at room 

temperature. Sonication and stirring were applied to aid in dissolving the raw materials. DCM (20 

mL) was added slowly into the solution and the vial was shaken for 1 min and then left to stand 

for 2 min before vacuum filtration. The resulting powders were washed with 10 mL DCM twice 

and dried under vacuum for 24 h. 

Preparation of both AzPbClxBr3-x and AzPbIxBr3-x solid solutions with 0 ≤ x ≤ 3 was carried out by 

mechanosynthesis. Appropriate molar ratios of Az/halide source (AzPbCl3, AzBr or AzI) and 

lead/halide source (PbCl2, PbBr2 or PbI2) were ground together in a Fritsch Pulverisette planetary 

ball mill at 600 rpm for 1 hour using 60 cm3 Teflon pots and high-wear-resistant zirconia media 

(nine zirconia grinding media 10 mm diameter spheres).  

Single crystals of AzPbCl3, AzPbBr1.5I1.5 and AzPbI3 for comparison with mechanosynthesized 

samples were prepared by slow diffusion of antisolvent DCM/acetonitrile/acetonitrile into DMSO, 
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DMF/DSMO (4:1) and DMF/γ-butyrolactone (1:1) solution, respectively. AzPbCl3 appears as 

white needle-like crystals while AzPbBr1.5I1.5 and AzPbI3 crystals are bright yellow and dark red, 

respectively. During crystallization of AzPbBr1.5I1.5, there was evidence of formation of crystals 

of other compounds; in one case indexing of the data suggested the presence of AzPbI3. This 

suggests that the mixed halide is not favored against the single-halide forms of the complex during 

recrystallization and vice versa. Given some of the data-issues encountered (vide infra), it is 

possible that the selected crystals of AzPbBr1.5I1.5 may have contained domains or crystallites of 

AzPbBr3 or AzPbI3. 

Single crystal samples prepared by precipitation synthesis and powder samples prepared by either 

precipitation or mechanosynthesis routes were characterized by single crystal and powder X-ray 

diffraction (SCXRD and PXRD, respectively). SCXRD data were collected at either at 293, 173, 

or 93 K using a Rigaku FR-X Ultrahigh Brilliance Microfocus RA generator/confocal optics with 

XtaLAB P200 diffractometer [Mo Kα radiation (λ = 0.71075 Å)]. Intensity data were collected 

using ω-steps accumulating area detector images spanning at least a hemisphere of reciprocal 

space. Details of structure solution and refinement are provided in the Supporting Information. 

PXRD was carried out either using a PANalytical Empyrean diffractometer with Cu Kα1 (λ = 

1.5406 Å). Rietveld refinements of PXRD data using GSAS46 were used to confirm phase 

formation and for determination of lattice parameters. 

Optical properties were determined from solid-state absorption spectra recorded using a JASCO-

V650 double beam spectrophotometer and bandgaps were calculated using the ‘Band-Gap 

Calculation’ program of the spectrophotometer which applies the Tauc method.  

Sample morphologies were investigated using a Jeol JSM-5600 Scanning Electron Microscope 

with an accelerating voltage set at 5 kV. 

1H and 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance 

spectrometer (500 MHz for 1H, 126 MHz for 13C). 1H and 13C NMR spectra were referenced to 

residual solvent peaks with respect to TMS (δ = 0 ppm). 

Melting points of the perovskite were measured in a capillary using an Electrothermal MEL-TMP 

1101D melting point apparatus. 
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Results and Discussion  

Commercially available AzCl was found to be too impure (< 90%, discussed in Supporting 

Information and shown in Figure S2) to use in the mechanosynthesis, so AzPbCl3 prepared by 

precipitation synthesis, with purity confirmed by powder X-ray diffraction (PXRD), was used as 

the Az/Cl source. Attempts to prepare AzPbCl3 by mechanosynthesis using commercial AzCl 

required a stoichiometric excess of AzCl to converge to the desired product. While PXRD showed 

successful preparation of single-phase AzPbCl3 using this excess (Figure S3), the presence of small 

amounts of AzCl, which may not be detectable by PXRD, cannot be excluded. Thus, the following 

analysis of AzPbCl3 was based only on precipitation-synthesized samples.  

The color progression (Figure 1a) of the as-synthesized AzPbClxBr3-x is subtle and ranges from 

white (AzPbCl3) to pale yellow (AzPbBr3); the colors of the AzPbBrxI3-x series, by contrast, show 

a clear and systematic change from pale yellow (AzPbBr3) to red orange (AzPbI3). The PXRD of 

the mixed halide perovskites are shown in Figures 1b and 1c. The PXRD of AzPbCl3 shows the 

same 6H hexagonal structure as AzPbBr3,13 Single crystal X-ray diffraction (SCXRD) at ambient 

temperature and 173 K confirms the 6H polytype (Figure 2) with space group P63/mmc [PXRD 

(ambient): a = 8.515(6) Å, c = 20.44(9); SCRXD (293 K): a = 8.5166(2) Å, c = 20.4424(6) Å; 

SCRXD (173 K): a = 8.4763(2) Å, c = 20.3303(6) Å]. The PXRD data of the Br-rich region for 

AzPbBr3-xClx samples show additional broad features in the base of the main peaks and which are 

especially evident around 12 – 14°. These features match well with the reported features from 

bimodal CdS particles47 and indicate the presence of multiple subpopulations of different sizes of 

6H perovskite particles. In our previous study, the PXRD of precipitation-synthesized AzPbBr3 

did not show such features.13 Scanning electron microscopy (SEM) of both mechano- and 

precipitation synthesized AzPbBr3 (Figure S4) indicate the presence of a large proportion of 

relatively smaller particles in the mechanosynthesized AzPbBr3, explaining the broad base of the 

PXRD peaks in Figure 1b.  
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Figure 1. (a) Photos and (b, c) PXRD patterns of mixed halide perovskite: AzPbBr3-xXx (X = Cl 

or I) with composition 0 ≤ x ≤ 3 (in x = 0.5 increments) prepared by mechanosynthesis, except 

AzPbCl3 which was prepared by precipitation synthesis. †6H, ‡4H, ¤9R indicate selected peaks 

for each corresponding polytype. 

 

AzPbI3 has been reported previously as a 9R polytype42 and Rietveld refinement (Figure S5) of 

PXRD data confirms that the 9R AzPbI3 perovskite can also be obtained easily by 

mechanosynthesis compared with the reported two-step recrystallisation method in solution.42 This 

is also confirmed by the SCXRD structure, although, as has been the case in previous attempts to 

determine the structure of AzPbI3 by SCXRD,42 the apparent crystal quality prevented the 

confirmation of the Az+ cation sites. This was observed for data collected at both ambient 

temperature and 173 K. In the case of this structure, both resulted in a lattice parameter, a, smaller 

than that determined by Rietveld refinement, the ambient temperature structure being closer to that 

seen in the refined PXRD data, however, both SCXRD structures had a c lattice parameter larger 

than that determined by Rietveld refinement [SCXRD (293 K): a = 9.0835(5) Å, c= 35.104(3) Å; 

SCRXD (173 K): a = 8.983(2) Å, c= 35.130(10) Å; PXRD (ambient) a = 9.101(1) Å, c = 35.00(2) 

Å]. The PXRD data of AzPbBrxI3-x (x ≤ 2) seem to indicate a structure that was neither 6H, 9R nor 

a two-phase mixture of these two polytypes; however, the hypothesis was that AzPbBrxI3-x (x ≤ 2) 
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is still some form of perovskite (or a mixture of perovskite polytypes). Analysis of the PXRD data 

of AzPbBr1.5I1.5, in particular, the d-spacing of the two major peaks at 11.41° and 12.86°, reveals 

the intermediate structure to be the 4H polytype with P63/mmc space group (Figure 2). The 4H 

perovskite structure has an (hc)2 stacking sequence in Jagodzinski notation, resulting in alternating 

face-sharing and corner-sharing octahedra. The goodness-of-fit parameters from the Rietveld 

refinement of AzPbBr1.5I1.5 to an adapted 4H model (Figure S6) indicate a good fit: c2 = 3.509, 

wRp = 7.5%. SCXRD of the AzPbBr1.5I1.5 single crystals prepared by precipitation suggested that 

a mixture of phases exist, potentially including the AzPbX3 single-halide material; no evidence of 

mixed phase was evident in the same compositions prepared by mechanosynthesis, again 

highlighting the need for caution for samples prepared using the kinetically-controlled 

precipitation route compared to thermodynamically-controlled mechanosynthesis.31 However, it 

did prove possible to isolate and structurally characterize AzPbBr1.5I1.5 by SCXRD. As was the 

case with the iodide compound, crystal quality precluded modelling of the Az+ sites, both for 

ambient temperature data, and for that collected at 173 K. Both structures showed lattice 

parameters smaller than that determined by Rietveld refinement (Table S2), the ambient 

temperature structure being closer to that seen in the refined PXRD data [SCXRD (293 K): a = 

8.958(4) Å, c= 14.846(6) Å; SCXRD (93 K): a = 8.851(5) Å, c= 14.760(8) Å; PXRD (ambient): 

a = 8.964(3)Å, c = 14.82(9) Å]. The PXRD of the samples from the antisolvent precipitation 

synthesis of 4H(AzPbBr1.5I1.5) and 9R(AzPbI3) indicate that it is possible to obtain the 

corresponding phase with antisolvent precipitation (Figure S7).  
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Figure 2. Structures determined from (both powder and single crystal) XRD data of different 

azetidinium lead halide perovskite polytypes: 6H (AzPbX3, X = Br, Cl), 4H (AzPbBr1.5I1.5) and 

9R (AzPbI3) viewed along a, where the AX3 stacking sequence is denoted with h- and c- for 

hexagonal and cubic close packed layers, respectively. 

 

The mechanosynthesized perovskite samples were re-examined by PXRD after being stored in 

ambient air for 6 months and no visual or structural decomposition was observed (Figure S8). The 

thermal stability of the Az mixed halide perovskite was tested by heating the mechanosynthesized 

powder samples to 100 ℃ (a commonly used annealing temperature6,48) for 2 or 15 hours. These 

heated samples were reanalyzed by PXRD, and the results are shown in Figure S9. The single 

halide perovskites AzPbX3 (X = Cl, Br, I) showed excellent thermal stability with no 

decomposition observed after 15 hours of heating at 100 ℃. For the mixed halide 4H AzPbBr1.5I1.5 

sample, however, weak additional peaks were observed suggesting the onset of partial 
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decomposition after 15 hours of heating. Such decomposition was not found in the samples after 

2 hours of heating at 100 ℃. These observations agree with the melting point tests which show 

that the melting points of the mixed halide compositions are lower than the single halide phases. 

The melting point of AzPbBr1.5I1.5 is 190-192℃, while the melting points of single halide 

perovskite AzPbX3 (X = Cl, Br, I) are 219-220 ℃, 233-234 ℃ and 228-232 ℃, respectively. This 

suggests that Az mixed halide perovskites are less resistant to thermal decomposition compared to 

the single halide perovskites.  

To study the solid solutions within, and transition between, these polytypes, the lattice parameters 

of each mechanosynthesized composition were determined by Rietveld refinement of PXRD data. 

The lattice parameters of the single halide perovskites AzPbX3 (X = Cl, Br, I) and also 4H-

AzPbBr1.5I1.5 are shown in Table 1. The average interlayer distance along the c-axis (𝑐̅) and lattice 

parameter a increase with the transition sequence from 6H to 4H to 9R. The cell volume 

(normalized to the number of formula units per unit cell) of those polytypes varies linearly as a 

function of average anion radius, Figure 3a (the average anion radius was calculated using rI = 220 

pm, rBr = 196 pm and rCl = 181 pm according to Shannon41). While this linear variation within 

each polytype solid solution is expected in accordance with Vegard’s law, it is interesting to note 

that the linear relationship extends continuously across all three polytypes. Presumably this reflects 

the AX3 close packing volume; however, it suggests that the polytype adopted is largely driven by 

the degree of Pb-Pb interactions, which is emphasized in face-sharing (h) layers. The substitution 

of increasingly large, and less electronegative, halide anions result in an expansion of MX6 

octahedra, which decreases the electrostatic (Madelung) energy of the ionic crystals and allows for 

more face sharing octahedral layers and Pb-Pb proximity. 
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Table 1. Lattice parameters and goodness-of-fit parameters for Rietveld refinement of PXRD data 

for single and mixed halide perovskite compositions. 

 AzPbCl3 AzPbBr3 AzPbBr1.5I1.5 AzPbI3 

Space group P63/mmc P63/mmc P63/mmc R3% 

Polytype 6H 6H 4H 9R 

a / Å 8.515(6) 8.758(2) 8.964(3) 9.101(1) 

c / Å 20.44(9) 21.42(5) 14.82(9) 35.00(2) 

volume / Å3 1284.2(6) 1423.3(0) 1032.0(4) 2510.8(3) 

𝑐 ̅/ Å * 3.408 3.570 3.707 3.889 

c2 3.066 4.697 3.509 1.545 

wRp 0.069 0.083 0.075 0.056 

* The average interlayer distance along c-axis. 

 

In addition to the 4H, 6H and 9R single phase solid solutions, intermediate two-phase regions of 

6H-4H and 4H-9R were also identified by PXRD, as shown in Figure 3a. For the 6H-4H two 

phase-region, the peaks of both phases could be readily identified, but the boundary of the 4H-9R 

two-phase region was difficult to ascertain due to the overlap of the major peaks (Figure 1b). 

Attempts at two-phase refinement of PXRD data of both two-phase regions were unsuccessful due 

to the overall breadth of peaks, overlap of major peaks and relatively low intensities of non-

overlapping peaks. As a result, no lattice parameters are provided for the 6H-4H two-phase region. 

For the 4H-9R two-phase region, the data for compositions AzPbBrI2 and AzPbBr0.6I2.4 which 

appear close to the phase boundaries were refined as single-phase 4H and 9R, respectively, as 

approximations, and the resulting lattice parameters matched quite well with the linear fit as a 

function of average anion radius. As a general comparison, the cell volumes as a function of 

average anion radius for 3C FAPbX3 and MAPbX3 mixed halide perovskites43–45 are shown in 



 
 

13 

Figure S10a and display similar linear behavior, but this unlike the AzPbX3 compositions of the 

current study all MA- and FA-compositions adopt a single (3C) polytype.  

 

 

Figure 3. a) Cell volume (per formula unit) of mixed halide perovskite determined by Rietveld 

refinement of PXRD data and b) the bandgap determined from absorption spectra of samples 

AzPbBr3-xXx (X = Cl or I) with composition 0 ≤ x ≤ 3 plotted as a function of average halide anion 

radius. Intermediate 6H-4H (shaded) and 4H-9R (hatched) two phase-regions are indicated. 

 

The optical properties of the different phases were studied by absorption spectroscopy (Figure 4). 

The absorption onsets are systematically red-shifted with increasing average anion size (from Cl 

to I). The absorption onset of AzPbBr3-xXx (X = Cl or I, 0 ≤ x ≤ 3) samples show a red shift from 

ca. 360 nm (3.44 eV, AzPbCl3), to ca. 450 nm (2.76 eV, AzPbBr3), to ca. 615 nm (2.02 eV, AzPbI3). 

The background absorption of intermediate compositions in AzPbClxBr3-x samples lies above the 

normalized zero baseline, especially for x = 2.5. This might result from a small number of Br-rich 

crystallites on the sample surface, the amount of which is too small to be detected in PXRD. The 

absorption of AzPbI3 bore close resemblance to the reported spectrum,42 where three well-defined 

transitions could be detected; the peak maxima of the three well-defined transitions are at 551, 506, 

470 nm while the reported transitions peak at 554, 503, 462 nm.  
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Figure 4. Absorption spectra of a) AzPbBr3-xClx b) AzPbBr3-xIx (0 ≤ x ≤ 3, in x = 0.5 increments); 

all samples were prepared by mechanosynthesis. 

 

The bandgap as a function of halide composition for the mixed halide perovskites is shown in 

Figure 3b. The bandgap of AzPbCl3 and AzPbI3 were calculated to be 3.43 ± 0.02 eV and 2.00 ± 

0.02 eV, respectively. The latter is in good agreement with the previously reported value of 1.97 

eV.42 The bandgap varies linearly as a function of average anion radius, despite the change of 

halide composition and octahedral connectivity. As discussed in our previous study, the varying 

ratio of corner-sharing to face-sharing octahedral connectivity changes the efficiency of Pb-X 

orbital overlap; in conjunction with the change in Pb-X bond length, average bond angles and 

covalency which give rise to the bandgap variation.13 Comparison of the behavior of the Az-based 

perovskites with corresponding MA-, and FA-based mixed halide perovskites shows that the lattice 

parameter progression as a function of halide composition is linear in all cases; however, the 

reported relation of bandgap versus halide composition is not consistent across these studies. Some 

studies reported a nonlinear relation, which is described as a bowing effect,20,43,49 while other 

studies document a linear progression50,51 as observed here. Bandgap “bowing” is often fitted to a 

second order polynomial, with a bowing parameter b as the binominal coefficient of the fitting 

equation. The bowing parameters of MAPbBr3-xXx (X = Cl or I) are relatively small (7 ´ 10-4 to 

0.33)20,43 compared to the bowing parameters (0.5 to 1.33) found for other mixed metal perovskite 

systems.52–55 Our study illustrates a good example of a linear variation between bandgap and halide 

composition, and it is as of yet unclear why both linear and non-linear relationship were reported 
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for other mixed halide perovskites with same organic cation and metal. However, this may related 

to anion segregation when prepared using kinetically-controlled precipitation routes. 31,56  

 

Summary and Conclusions 

Following on from studies on azetidinium lead bromide, mixed halide compositions, AzPbBr3-xXx 

(X = Cl or I), were successfully synthesized using a mechanosynthetic grinding method. The 

single-phase single halide materials AzPbX3 (X = Cl, Br or I) were shown to be stable in air for > 

six months and no decomposition was observed after 15 hours of heating at 100 °C. In addition to 

the 6H polytype reported previously for AzPbBr3,13 and 9R polytype reported for AzPbI3,42 

AzPbCl3 was also shown to form in the 6H polytype and an additional 4H polytype was found for 

AzPbBr3-xIx (ca. 0 < x ≤ 2) compositions. With varying halide composition, the structure progresses 

from 6H to 4H to 9R perovskite polytype. A complete (continuous) solid solution is formed for 

compositions with the 6H structure and partial solid solutions form between the 6H and 4H and 

4H and 9R polytypes. A linear variation in unit cell volume (scaled per formula unit) as a function 

of anion average radius is observed not only within the solid solution of each polytype (according 

to Vegard’s law) but continuously across all three polytypes, which, to the best of our knowledge, 

is the first time that Vegard’s law-type behavior has been observed across several polytypes. This 

linear relationship extending across all compositions is accompanied by a linearly tuneable 

bandgap ranging from 2.00 to 3.43 eV as a function of average anion radius without any 

observations of a “bowing effect”. The linear variation of bandgap across all AzPbX3 compositions 

(and polytypes) is comparable to that observed in APbBr3-xXx (A = MA, or FA, X = Cl or I) but 

which all adopt a single (3C) polytype.43–45  

 

Associated content 

Supporting Information 

The Supporting Information contains additional experimental information including: details of 1H 

NMR analysis, PXRD analysis, SCXRD analysis, SEM, examples of Rietveld refinement, details 
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of thermal stability, absorption spectra and bandgap analysis. The research data supporting this 

publication can be accessed at []. 
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For Table of content only 

 

Highly stable mixed halide perovskites AzPbBr3-xXx (X = Cl or I) were obtained by 

mechanosynthesis. A structural progression from 6H, 4H to 9R perovskite polytype with varying 

halide composition is observed. X-ray diffraction shows a linear variation in unit cell volume as a 

function of the average anion radius not only within the solid solution of each polytype but 

uniformly across all three polytypes. This is correlated with a linear tuning of the bandgap from 

3.43 to 2.00 eV.  

 


