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Abstract 

The work presented in this thesis describes the synthesis, structure, and optical 

properties of three different classes of halide-based perovskite materials, namely, metal 

halide perovskites of ABX3 type, halide double perovskites of A2B'B"X6 type, and 

“vacancy-ordered perovskites” of A2BX6 type that have recently been used in various 

applications, including photovoltaic solar cells, light-emitting diodes, photodetectors, 

hard radiation detectors, photocatalysis, and many more. The materials were prepared 

by conventional solvent-based synthesis, and solvent-free mechanochemical and high 

temperature synthesis routes. A thorough investigation of long- to short-range 

structural investigation has been undertaken for these materials to understand their 

complete structural motifs, where, powder X-ray diffraction is used to determine their 

average long-range structure and crystallinity, and solid-state nuclear magnetic 

resonance (NMR) spectroscopy is used to study their short (< 5 Å) and medium (5−10 

Å) structure, dynamics (ion and polyhedral dynamics), degradation kinetics, and 

mechanisms of these materials. UV-vis-NIR diffuse reflectance spectroscopy has been 

used to determine the optical absorption properties and bandgap values for these 

polycrystalline materials, whereas steady-state and time-resolved photoluminescence 

spectroscopy have been used to understand their optical light emission properties.  
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Preface 

This thesis is an original contribution by Abhoy Karmakar and co-workers. A portion 

of the research presented in this thesis has been done in collaboration with other 

national and international researchers, whose contributions are summarized below. 

 Chapter 2 of this thesis has been published and reprinted with permission from 

Karmakar, A.; Askar, A. M.; Bernard, G. M.; Terskikh, V. V.; Ha, M.; Patel, S.; 

Shankar, K.; Michaelis, V. K. Mechanochemical Synthesis of Methylammonium Lead 

Mixed-Halide Perovskites: Unraveling the Solid-Solution Behavior Using Solid-State 

NMR. Chem. Mater. 2018, 30, 2309−2321. Copyright 2018 American Chemical 

Society. In Chapter 2, my research contribution includes the synthesis, NMR data 

collection, data analysis, characterization, and preparation of the manuscript. A portion 

of the synthesis of methylammonium lead mixed-halide perovskites and its powder X-

ray diffraction and UV-vis absorption measurements was performed in collaboration 

with Abdelrahman Askar and Prof. Karthik Shankar at the Department of Electrical 

and Computer Engineering of the University of Alberta. The solid-state NMR data at 

21.14 T and the CASTEP computational results were accomplished in collaboration 

with Dr. Victor Terskikh from the National Ultrahigh-Field NMR Facility for Solids at 

the University of Ottawa. Moreover, the DFT computation data to determine 207Pb 

shielding parameters were supported by Michelle Ha and Dr. Guy Bernard from the 

Michaelis group at the University of Alberta.  

 Chapter 3 has been published and reprinted with permission from Karmakar, 

A.; Bhattacharya, A.; Sarkar, D.; Bernard, G. M.; Mar, A.; Michaelis, V. K. Influence 

of Hidden Halogen Mobility on Local Structure of CsSn(Cl1-xBrx)3 Mixed-Halide 

Perovskites by Solid-State NMR. Chem. Sci. 2021, 12, 3253−3263. Copyright 2021 

Royal Society of Chemistry. In Chapter 3, my research contribution includes the 

synthesis, NMR data collection, data analysis, characterization, and preparation of the 

manuscript. A portion of the solid-state high-temperature synthesis to prepare cesium 

tin(II) mixed-halide perovskites and its unit cell parameter analysis from the powder 

X-ray diffraction data was carried out in collaboration with Amit Bhattacharya and 

Prof. Arthur Mar from the Department of Chemistry at the University of Alberta. The 

X-ray diffraction data were collected by Rebecca Funk from the Department of Earth 
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and Atmospheric Sciences at the University of Alberta. The variable temperature 119Sn 

NMR measurements were collected with the help of Dr. Guy Bernard from the 

Michaelis group at the University of Alberta. The elemental analysis using EDX 

spectroscopy and the FESEM images were collected with the support of Dr. Guibin Ma 

from the Department of Earth and Atmospheric Sciences at the University of Alberta. 

 Chapter 4 of this thesis has been published and reprinted with permission from 

Karmakar, A.; Dodd, M. S.; Agnihotri, S.; Ravera, E.; Michaelis, V. K. Cu(II)-Doped 

Cs2SbAgCl6 Double Perovskite: A Lead-Free, Low-Bandgap Material. Chem. Mater. 

2018, 30, 8280−8290. Copyright 2018 American Chemical Society. In Chapter 4, my 

research contribution includes the synthesis, data collection, data analysis, 

characterization, and preparation of the manuscript. The solid-state NMR data at 21.14 

T were acquired in collaboration with Dr. Victor Terskikh from the National Ultrahigh-

Field NMR Facility for Solids at the University of Ottawa. The EPR measurements and 

their data analysis were performed with the collaboration of Prof. Enrico Ravera of the 

Department of Chemistry at the University of Florence. The ICP-OES measurements 

were carried out by Susanna Pucci at the University of Florence. The TGA data were 

acquired with help from Wayne Moffat and Jennifer Jones from the Analytical and 

Instrumentation Laboratory, Department of Chemistry at the University of Alberta. 

 Chapter 5 has been published and reprinted with permission from Karmakar, 

A.; Bernard, G. M.; Meldrum, A; Oliynyk, A. O.; Michaelis, V. K. Tailorable Indirect 

to Direct Band-Gap Double Perovskites with Bright White-Light Emission: Decoding 

Chemical Structure Using Solid-State NMR. J. Am. Chem. Soc. 2020, 142, 10780–

10793. Copyright 2020 American Chemical Society. In Chapter 5, my research 

contribution includes the synthesis, data collection, data analysis, characterization, and 

preparation of the manuscript. The solid-state NMR data at 21.14 T and the CASTEP 

computational results were accomplished in collaboration with Dr. Victor Terskikh 

from the National Ultrahigh-Field NMR Facility for Solids at the University of Ottawa. 

The PL lifetimes were measured in collaboration with Prof. Alkiviathes Meldrum from 

the Department of Physics at the University of Alberta. The DFT computation 

calculations were performed in collaboration with Dr. Anton Oliynyk (University of 

Alberta and Manhattan College). The ICP-OES measurement were performed by Brett 
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Feland at the Natural Resources Analytical Laboratory, University of Alberta. The 

TGA data was acquired with the help of Wayne Moffat and Jennifer Jones from the 

Analytical and Instrumentation Laboratory, Department of Chemistry at the University 

of Alberta. The elemental analysis using EDX spectroscopy and the FESEM images 

were collected with a support of Dr. Guibin Ma from the Department of Earth and 

Atmospheric Sciences at the University of Alberta. 

 Chapter 6 of this thesis has been published and reprinted with permission from 

Karmakar, A.; Mukhopadhyay, S.; Gachod, P. G. B.; Mora-Gomez, V. A.; Bernard, G. 

M.; Brown, A.; Michaelis, V. K. Uncovering Halogen Mixing and Octahedral 

Dynamics in Cs2SnX6 by Multinuclear Magnetic Resonance Spectroscopy. Chem. 

Mater. 2021, 33, 6078–6090. Copyright 2021 American Chemical Society. In Chapter 

6, my research contribution includes the synthesis, data collection, data analysis, 

characterization, and preparation of the manuscript. The DFT calculations were 

accomplished in collaboration with Pierre G. B. Gachod, Victor Arturo Mora-Gomez, 

Prof. Alex Brown at the Department of Chemistry, University of Alberta. The 

elemental analysis using EDX spectroscopy and the FESEM images were collected 

with the support of Dr. Guibin Ma from the Department of Earth and Atmospheric 

Sciences at the University of Alberta. 

 Please note that minor details such as symbols, figures, and table numbering, 

etc. have been modified from their original published articles. 
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CHAPTER 1 
 

Introduction: Background of Perovskite Materials 

and Solid-State NMR Spectroscopy 

 

1.1 Historic Background of Perovskite Materials 

The journey of perovskite-based material research started in 1839, when a German 

scientist, Gustav Rose, during his visit to Russia, discovered a new mineral of calcium 

titanium oxide, CaTiO3, in the Ural Mountains.1 This mineral was named “perovskite” 

in honor of the Russian mineralogist Lev von Perovski. Nearly five decades later, in 

1893, H. L. Wells and his coworkers from the Sheffield Scientific School synthetically 

prepared a series of cesium lead halide compounds with the similar general formula of 

CaTiO3 (ABX3 type).2 Later, in 1926, the crystallographic structure of CaTiO3 was 

demonstrated first by Victor Goldschmidt.3 The term “perovskite” has been applied to 

the entire class of formulations with the perovskite structure. So, what defines a 

perovskite structure? A perovskite structure is defined as any ABX3 (or equivalent) 

stoichiometry with a three-dimensional network of corner-sharing BX6 octahedra 

surrounding a larger A-site cation, where the ionic radius of the A-site is larger than 

the B-site (rA > rB).4–6 Initially, it was considered as the highest symmetric cubic 

structure, however, it was found later that a vast majority of ABX3 compounds have 

similar corner-sharing BX6 octahedra but reduced or lower structural symmetry due to 

distortions of the BX6 octahedral units. For example, the original CaTiO3 mineral have 

a structure that is not truly cubic but rather a slightly deformed modification of the 

cubic structure (orthorhombic structure) at room temperature.7 In 1945, Helen D. 

Megaw also demonstrated that the structure of BaTiO3 is, in fact, tetragonal at room 

temperature, and that the ideal cubic structure is a slight modification of the tetragonal 

structure, which occurs at a higher temperature (~200 oC).8 Starting from the 1950s to 

date, researchers focused on the development of oxide-based perovskites for potential 

applications as fuel cells, catalysts, gas sensors, glass-ceramics, ferroelectric or 

superconducting applications, lasers, etc.9–15 
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 Though the preparation of cesium lead halide compounds was reported by 

Wells et al., the structural and physical properties were not investigated until the 1950s. 

For the first time, in 1958, the “perovskite” structure and photoconductivity properties 

of colorful cesium lead halides, namely, CsPbX3 (X = Cl, Br, I), were reported by C. 

K. Møller.16 D. Weber first reported the preparation of organic-inorganic hybrid 

methylammonium lead halide perovskites, MAPbX3 (methylammonium or MA = 

CH3NH3
+) in 1978 and their spectroscopic characterizations were started afterwards.17 

Using solid-state NMR spectroscopy, Wasylishen and coworkers reported a rapid 

reorientation of methylammonium cation inside the cuboctahedral cavity for the first 

time in these compounds in 1985.18 Along with solid-state NMR spectroscopy, other 

spectroscopic techniques such as millimeter-wave and infrared were further used to 

understand the dynamics and phase transition behaviors in these compounds.19–24 The 

optoelectronic properties of halide perovskites were explored in commercial 

applications in early 2000.25  The modern era of halide perovskite research began in 

2009 when Kojima et al. applied methylammonium lead bromide and iodide 

perovskites, MAPbBr3 and MAPbI3, respectively, in photovoltaic solar cells and 

reported maximum photoconversion efficiencies (PCEs) of 3.81%.26 Since then, 

interest in halide perovskites has spiked and led to the introduction of new chemical 

formulations, enhanced optical and electrical properties, improved device fabrication 

techniques, and initial steps toward commercialization.27–29 

 

1.2 Halide Perovskites: Structures and Current Interests 

1.2.1 ABX3 Metal Halide Perovskites  

The general chemical formula of metal halide perovskites can be written as ABX3, 

where A = Cs+, CH3NH3
+, CH(NH2)2

+; B = Pb2+, Sn2+; X = Cl−, Br−, I−. In the ABX3 

perovskite structure, BX6 octahedra are attached to each other in a corner-sharing 

manner. The stability of the ABX3 perovskite structure is elucidated by a semiempirical 

geometric parameter, known as the Goldschmidt tolerance factor (t) (Eq. 1.1), whereas 

the BX6 octahedral stability is defined by another semiempirical geometric parameter, 

known as the octahedral factor (μ) (Eq. 1.2). 

t = 
(𝑟𝐴+𝑟𝑋)

√2(𝑟𝐵+𝑟𝑋)
      (Eq. 1.1) 
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 μ = 
𝑟𝐵

𝑟𝑋
      (Eq. 1.2) 

where rA, rB and rX are the ionic radii of A, B, and X site ions, respectively.30,31 When 

t = 0.75 – 1.00,32 a stable 3D perovskite structure typically forms with corner sharing 

BX6 octahedral connectivity. The BX6 octahedra are usually stable when μ = 0.442 – 

0.895.31 The values of t and μ provide information on the probability of perovskite 

structural stability for a given ABX3 formula. 

 

 
 

Figure 1.1. Crystal structure diagram of (a) ABX3 metal halide perovskite, (b) 

A2B′B″X6 double perovskite, and (c) A2BX6 “vacancy-ordered perovskite”. 

 

 In a cubic perovskite structure, as shown in Figure 1.1a, the A-site cation resides 

in the center of the cuboctahedron, and the B-site is octahedrally coordinated with six 

X-site halogens. Several structural phases (or polymorphs) of halide perovskites can 

exist in lower symmetry structures (such as orthorhombic or tetragonal) than that of the 

highly symmetric cubic structure due to the tilting of the BX6 octahedral units and 

deviation of the B−X−B bond angle from 180o. For example, at room temperature, 

CH3NH3PbCl3, CH3NH3PbBr3, CH(NH2)2PbX3 (X = Cl, Br, I), and CsSnBr3 have cubic 

structures,33–36 CH3NH3PbI3 is a tetragonal structure,37 while CsPbX3 (X = Cl, Br) are 

orthorhombic structures.38–40 Some non-perovskite phases that are stable at room 

temperature convert to the perovskite phase at higher temperature. For instance, the 

room temperature non-perovskite phases of CsSnCl3 (monoclinic) and CsPbI3 

(orthorhombic or δ-phase) form a perovskite phase above 379 K and 588 K, 

respectively.41,42 On the other hand, perovskite phases also can be obtained by homo- 

or hetero-valent ion mixing in the A-, B-, and/or X-sites of ABX3, which ultimately 

alter optical properties and can enhance their ambient stability. For example, stable 
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perovskite phases of A-site mixed Csx[CH(NH2)2]1−xPbI3,
43 B-site mixed 

CH3NH3Pb1−xSnxI3,
44 A- and X-site mixed (CH3NH3)x[CH(NH2)2]1−xPb(Br1−xIx)3 

(where 0 ≤ x ≤ 1)45 compositions can be obtained easily under ambient conditions.   

 Lead halide perovskites (APbX3) have shown attractive optical and electrical 

properties for photovoltaic solar cells, light-emitting diodes (LEDs), lasers, 

UV−vis−NIR photodetectors, X-ray and γ-ray detectors, photocatalysis, and other 

applications.46–52 The perovskite-based solar cells reached a power conversion 

efficiency (PCE) of 25.5% following a decade of research, whereas the commercialized 

crystalline-Si based solar cells took nearly five decades to obtain a comparable PCE.53 

Despite their attractive optoelectronic properties, the application of lead halide 

perovskites face significant challenges due to their poor chemical stability and risk of 

heavy metal lead toxicity.54,55 Tin halide perovskites (ASnX3) are highly promising 

lead-free alternatives currently showing a PCE of 10−14%;56 however, the poor 

ambient stability of ASnX3 perovskite drastically reduces their performance within an 

hour.57 Lead-tin mixed APb1−xSnxX3 perovskites are more ambient stable alternatives 

than ASnX3 perovskites and contain lower lead concentrations than those of the APbX3 

counterparts.58 CH3NH3Pb1−xSnxI3 and CH(NH2)2Pb1−xSnxI3 recently have been shown 

to improve chemical stability in photovoltaic devices, reaching a PCE of 25%.44,58  

 

1.2.2 A2B′B″X6 Double Perovskites  

Variants of the ABX3 perovskite structure can be obtained by replacing or partially 

removing B-site cations to form ordered and vacancy-ordered perovskite structures.59 

In the ordered perovskites, the two B-site cations are replaced heterovalently by a 

combination of two cations that are located at specific crystallographic sites.59 Because 

of the double occupancy in the B-site, these perovskites often are called “double 

perovskites”. The general formula of halide-based double perovskites can be written as 

A2B′B″X6, where A = Cs+; B′ = a monovalent cation (e.g., Ag+, Na+); B″ = a trivalent 

cation (e.g., Bi3+, Sb3+, In3+), and X = Cl−, Br−, I−.59 The crystallographic structure of 

A2B′B″X6 is shown in Figure 1.1b. 

 In 2016, Slavney et al. and McClure et al. reported independently for the first 

time the visible light absorbing capability of lead-free Cs2AgBiX6 (X = Cl, Br) double 
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perovskite materials.60,61 Unlike ABX3-type lead and tin halide perovskites, halide 

double perovskites exhibit a much higher thermal and ambient stability.60 The majority 

of the double perovskite materials are chloride based with larger bandgaps (>2 eV) and 

exhibit bandgaps that are indirect in nature.59 However, a handful of low-bandgap 

double perovskites have been reported recently in literature. For example, Tl doped 

Cs2AgBiBr6 (ca. 1.5 eV), Cs2AgTlBr6 (0.95 eV), etc.62,63 Double perovskites also have 

shown excellent photoluminescence (PL) properties both in bulk and nanocrystalline 

phases.59,64,65 The PL properties can be enhanced either in the presence of an activator 

(e.g., Mn2+)66 or by changing the chemical compositions on the B′ and/or B″ sites.65,67 

For example, orange light-emitting Mn2+ doped Cs2AgInCl6 bulk and nanocrystalline 

materials exhibit an enhanced photoluminescence quantum yield (PLQY),68,69 

broadband white light emitting Bi-doped Cs2AgxNa1−xInCl6 (0 ≤ x ≤1) double 

perovskites with stable PLQY of 86% more than 1000 h.65   

 

1.2.3 A2BX6 “Vacancy-Ordered Perovskites”  

Another structurally comparable variant of perovskite-like materials is known as a 

“vacancy-ordered perovskite” material. The most studied of these is the A2BX6 type, 

where A = monovalent cations (Rb+, Cs+, CH3NH3
+, CH(NH2)2

+, etc.), B = tetravalent 

cations (Sn4+, Te4+, Pd4+), X = Cl−, Br−, I−.70 The crystallographic structure of A2BX6 

generally adopts the K2PtCl6 structure (space group Fm3̅m), as shown in Figure 1.1c, 

which can be compared with the ordered double perovskite structure, where half the B-

sites are removed in an ordered fashion and the other half are occupied by a +4 metal 

ion to form isolated BX6 octahedral units. Please note that A2BX6 materials informally 

are referred to as “vacancy-ordered perovskite” or “vacancy-ordered double 

perovskite”, although these materials do not belong to the perovskite family. The 

isolated BX6 units in A2BX6 provide a degree of dynamic freedom as compared to 

ABX3 perovskites.71,72 Recently, the rotational disorder of isolated SnI6 octahedral 

units has been uncovered by X-ray pair distribution function analysis.71 Unlike lead- 

and tin-containing ABX3 perovskites, vacancy-ordered perovskites of the type A2BX6 

exhibit a much higher ambient stability. For example, the lower bandgap (1.25−1.62 

eV) Cs2SnI6 material recently has been used in thin-film photovoltaic devices that 
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exhibit a much higher air stability and promising optoelectronic properties,73 and 

Cs2SnX6 nanocrystalline materials have shown tailorable light emission properties and 

photocatalytic activity.74–76   

 

1.3 Mechanochemistry: A Solvent-Free Synthesis Approach 

The conventional synthesis methods of advanced functional materials are time 

consuming and often involve the use of hazardous solvents or heat treatment. 

Mechanochemical synthesis methods, on the other hand, offer an alternative 

environmentally friendly material preparation route that may occur under solvent-free 

or solvent-assisted reaction conditions.77–79 Mechanochemical synthesis of materials is 

enabled by milling or grinding of their starting precursors and the following reaction 

condition shown in Eq. 1.3:78 

A (s)  +  B (s)

Mechanochemical 
synthesis (milling or grinding)
→                         AB (s)   (Eq. 1.3) 

 Mechanochemistry refers to the activation reaction process caused by 

mechanical energy. An important driving force behind the development of 

mechanochemical synthesis is the ability to break and form non-covalent bonding 

interactions quickly, leading to the formation and/or transformation of the desired salt, 

polymorphs, molecules, etc. at room temperature without the assistance of a bulk 

solvent.77,79 Solvent-free mechanochemical synthesis is highly beneficial to the 

environment because solvents are usually hazardous for living creatures as well as for 

the environment. Therefore, mechanochemical synthesis recently has been explored to 

synthesize a broad variety of organic, inorganic, and organic-inorganic hybrid 

functional materials, such as organic molecules, metal-organic frameworks, covalent-

organic frameworks, graphite, metallic alloys, perovskites, battery materials, etc.77–81  

 Metal halide perovskite materials can be prepared by various synthetic routes 

with or without the use of hazardous solvents or costly heat treatments. For example, 

bulk perovskite materials often are prepared using various solution-based processes, 

high temperature synthesis, vapor deposition, mechanochemical synthesis, etc.82–85 

Mechanochemical synthesis is an easy material preparation route by manual hand 

grinding using a mortar and pestle or by automated ball-milling (Figure 1.2) that 
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recently has emerged as a promising synthetic route for halide perovskites and other 

metal halide materials.79 Mechanochemical synthesis has many advantages over the 

more commonly used complementary synthesis routes, such as lower toxicity 

associated by avoiding the use of organic or inorganic solvents as well as fine control 

of stoichiometry of the final samples and scalability.79 By grinding or milling the binary 

precursor salts, the desired phase-pure perovskite materials (ABX3 type) can be 

obtained by the following equation (Eq. 1.4):78  

AX (s) + BX2 (s)  

Mechanochemical 
synthesis (milling or grinding)
→                        ABX3 (s)  (Eq. 1.4) 

 

 

 

Figure 1.2. Schematic diagram of mechanochemical synthesis technique using ball 

milling or manual hand grinding to prepare perovskite materials from their starting 

precursors.  

 

In Eq. 1.4, A is a monovalent organic or inorganic cation (MA+, FA+, Cs+, or their 

mixture), B is a bivalent cation (Pb2+, Sn2+, or their mixture), and X is a monovalent 

halide anion (Cl−, Br−, I−, or their mixture). In 2013, mechanochemical synthesis of 

lead halide perovskite was demonstrated by Stoumpos et al.; a phase pure product was 

obtained by hand grinding the starting precursors with a mortar and pestle followed by 

thermal annealing under vacuum.86 In 2015, Prochowicz et al. reported the formation 
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of a phase-pure product of MAPbI3 using an automated electric ball milling instrument 

without the need of any further treatment.85  

 

1.4 Investigation of Local Chemical Structure and Dynamics 

Using Solid-State NMR Spectroscopy 

Understanding the structure-property-function relationship is crucial to unravel the 

working principle of advanced functional materials including halide perovskites.87 The 

structural investigations of new inorganic and hybrid materials usually are undertaken 

with X-ray, electron, or neutron-based diffraction techniques, as well as vibrational 

spectroscopy.  X-ray diffraction-based techniques are used extensively, providing 

information about the average long-range structure of the material. On the other hand, 

solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful 

nondestructive analytical technique that provides vital information on the short- and 

medium-range chemical structure (<10 Å resolution) as well as on the ion dynamics 

present in materials.35,88 As such NMR spectroscopy has been used extensively to 

explore the local structure and dynamics of a variety of materials, including porous and 

bulk compounds, nanocrystalline semiconductors, organometallic compounds, and, 

more recently, they have been applied to study metal halide perovskite materials.35,89,90  

 NMR spectroscopy is a versatile tool that enables one to understand the nature 

of chemical environments, polyhedral geometry, ion dynamics, particle size, 

crystallinity, and degradation kinetics of halide perovskites. A detailed discussion of 

NMR theory is beyond the scope of this thesis; however, a brief overview of some 

relevant fundamental NMR concepts and terms are presented below. The readers are 

referred to several textbooks and articles for further understanding.91–97 

 Essentially, all elements that form halide perovskites have an NMR-active 

nucleus, with common ones, such as 1/2H, 13C, 14/15N, 35/37Cl, 73Ge, 79/81Br, 107/109Ag, 

113/115In, 119Sn, 121/123Sb, 127I, 133Cs, 207Pb, and 209Bi (Table 1.1). The major magnetic 

and electromagnetic interactions that couple with the nucleus of interest in NMR 

spectroscopy are the Zeeman interaction (HZ), magnetic shielding (HMS), direct and 

indirect spin-spin interactions (HD and HJ, respectively), and quadrupolar interactions 
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(HQ), as shown in Eq. 1.5.98,99 The magnitude of these interactions may vary from less 

than 1 Hz to several MHz.  

Htotal = HZ + HMS + HD + HJ + HQ    (Eq. 1.5) 

 

Table 1.1. Properties of NMR active nuclei in halide-based perovskites.100,102 

 

Isotope 

 

Nuclear 

spin, I 

Natural 

abundance (%) 

Frequency 

ratio, Ξ (%) 

Quadrupolar 

moment, Q (fm2) 

1H 1/2 99.9885 100.000000 N.A. 

2H 1 0.0115 15.350609 0.2860 

13C 1/2 1.07 25.145020 N.A. 

14N 1 99.632 7.226317 2.044 

15N 1/2 0.368 10.136767 N.A. 

35Cl 3/2 75.78 9.797909 −8.165 

37Cl 3/2 24.22 8.155725 −6.435 

73Ge 9/2 7.73 3.488315 −19.6 

79Br 3/2 50.69 25.053980 31.3 

81Br 3/2 49.31 27.006518 26.2 

107Ag 1/2 51.839 4.047819 N.A. 

109Ag 1/2 48.161 4.653533 N.A. 

113In 9/2 4.29 21.865755 79.9 

115In 9/2 95.71 21.912629 81.0 

119Sn 1/2 8.59 37.290632 N.A. 

121Sb 5/2 57.21 23.930577 −36.0 

123Sb 7/2 42.79 12.959217 −49.0 

127I 5/2 100 20.007486 −71.0 

133Cs 7/2 100 13.116142 −0.343 

207Pb 1/2 22.1 20.920599 N.A. 

209Bi 9/2 100 16.069288 −51.6 
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1.4.1 Zeeman Interaction and Boltzmann Distribution of Nuclear 

Spin States 

In the absence of an external magnetic field (B0 = 0), nuclear spin states of the same 

absolute values (e.g., ±1/2, ±3/2, ±5/2, etc.) are degenerate in energy. When a nucleus 

is placed in an external magnetic field (B0 > 0), the nuclear spins interact with the 

external magnetic field, and the degeneracy of the nuclear spin states is lifted such that 

they split into distinct energy levels. The energy level diagram for a spin I = 1/2 nucleus 

in the absence and presence of an external magnetic field is shown in Figure 1.3.  

 

 

 

Figure 1.3. Zeeman interaction of a spin I = 1/2 nucleus (e.g., 1H, 13C, etc.) with 

increasing magnetic field strength.  

 

The Zeeman interaction is expressed by its Hamiltonian as shown in Eq. 1.6,98 

HZ = −γ (𝐼�̂�, 𝐼�̂�, 𝐼�̂�) [
1 0 0
0 1 0
0 0 1

](

𝐵0,𝑥
𝐵0,𝑦
𝐵0,𝑧

)   (Eq. 1.6) 

where γ is the magnetogyric ratio and 𝐼�̂�, 𝐼�̂� and 𝐼�̂� are the spin angular momentum 

operators along the x-, y- and z- axes, respectively. As the direction of the external 
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magnetic field is usually defined along +z axis in the laboratory frame, meaning that 

B0 = (0, 0, B0,z), the Hamiltonian in Eq. 1.7. can be simplified as 

HZ = −γB0𝐼�̂�    (Eq. 1.7) 

After a quantum mechanical operation with the Zeeman Hamiltonian, the energy eigen 

value is obtained as shown in Eq. 1.8:99  

E = −mγħB0    (Eq. 1.8) 

The energy difference between these energy levels is proportional to the strength of the 

applied magnetic field as shown in Eq. 1.9, where a spin I = 1/2 nucleus is considered 

for an example. 

ΔE = E−1/2 − E+1/2 = γħB0   (Eq. 1.9) 

νL = 
γ𝐵0

2𝜋
    (Eq. 1.10) 

 Each NMR-active isotope has a specific frequency, defined as the Larmor 

frequency (νL), which corresponds to the Zeeman splitting in the applied magnetic field, 

as shown by Eq. 1.10. The Larmor frequency typically falls into the radiofrequency 

(RF) region (i.e., in the order of MHz), and hence it is a low energy spectroscopic 

method in the electromagnetic spectrum. 

 The relative populations of two spin states can be determined by the Boltzmann 

distribution,99 

𝑛upper

𝑛lower
= 𝑒

−Δ𝐸
𝑘𝑇⁄  = 𝑒

−γħ𝐵0
𝑘𝑇⁄   (Eq. 1.11) 

where nupper and nlower are the populations of higher and lower spin states, respectively, 

ΔE is the energy difference between two spin states, k is the Boltzmann constant, and 

T is the absolute temperature. 

 A typical sample used in a solid-state NMR experiment contains about 1020 (on 

the order of mmol) nuclei of interest. For a 13C nucleus at B0 = 11.75 T, νL = 125 MHz, 

and ΔE = 0.83 × 10−25 J. Then 
𝑛upper

𝑛lower⁄ = 0.99998 at T = 298 K. Thus, only a 

small proportion of nuclear spins contributes to the NMR signal, and the amplitude of 

the detected NMR signal is proportional to the difference in the population between the 

two spin states. The population difference between upper and lower states, ndiff, can be 

obtained from Eq. 1.12 as:  
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ndiff = (𝑛upper + 𝑛lower) ∙  
1 − 𝑒

−𝛥𝐸
𝑘𝑇⁄

1+ 𝑒
−𝛥𝐸

𝑘𝑇⁄
    (Eq. 1.12) 

Under the high temperature approximation, i.e., ΔE/kT << 1, which is appropriate for 

NMR, one can write:  

ndiff = (𝑛upper + 𝑛lower) ∙ (
Δ𝐸

2𝑘𝑇⁄ ) = (𝑛upper + 𝑛lower) ∙ (
γħ𝐵0

2𝑘𝑇
⁄ )  (Eq. 1.13) 

From Eq. 1.13, we can conclude that the sensitivity of NMR signal can be enhanced 

either by increasing the magnetic field strength (i.e., B0) or by decreasing the 

experimental temperature (i.e., T). A small proportion of spins contributes to the NMR 

signal, typically on the order of 1/1000 to 1/10000. 

 

1.4.2 Magnetic Shielding and Chemical Shift 

The total magnetic field strength experienced by a nucleus depends on the local 

electronic environment around that nucleus. In the presence of an external magnetic 

field (B0), electrons around a nucleus create a secondary local magnetic field, which 

may be opposite to or align with B0. The magnetic shielding Hamiltonian98 can be 

written as: 

HMS = γ (𝐼�̂�, 𝐼�̂�, 𝐼�̂�) [

σ𝑥𝑥 σ𝑥𝑦 σ𝑥𝑧
σ𝑦𝑥 σ𝑦𝑦 σ𝑦𝑧
σ𝑧𝑥 σ𝑧𝑦 σ𝑧𝑧

](

𝐵0,𝑥
𝐵0,𝑦
𝐵0,𝑧

)  (Eq. 1.14) 

Since B0 = (0, 0, B0,z), the full magnetic shielding Hamiltonian in Eq. 1.15 can be 

simplified as: 

HMS = γ[σ𝑥𝑧𝐵0𝐼�̂� + σ𝑦𝑧𝐵0𝐼�̂� + σ𝑧𝑧𝐵0𝐼�̂�]   (Eq. 1.15) 

Considering that the Hamiltonian only interacts with the Zeeman Hamiltonian: 

HMS = γσ𝑧𝑧𝐵0𝐼�̂�    (Eq. 1.16) 

 The magnitude of the observed local magnetic field (Bobs) at a nucleus can be 

expressed by Eq. 1.17,  

Bobs = B0 (1− σ𝑧𝑧)    (Eq. 1.17) 

where the induced magnetic field is proportional to the applied external magnetic field 

strength (B0). 
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 The observed frequency (νobs) of the nucleus within a sample deviates slightly 

from νL due to the change in the local magnetic environment around the nucleus of 

interest, as described by Eq. 1.18, 

νobs = νL(1− σ𝑧𝑧(θ))    (Eq. 1.18) 

where the value of σzz(θ) depends on the orientation of the chemical shift tensor within 

the external magnetic field, B0. For a powder sample, the value of the shielding constant 

(σzz(θ)) for a given nucleus can be determined as:99  

σ𝑧𝑧(θ) = 
1

3
 Trσ̿PAS + 

1

3
∑ (3 𝑐𝑜𝑠2θj  − 1)
3
j=1 σjj  (Eq. 1.19) 

σ̿PAS = [
σ11 0 0
0 σ22 0
0 0 σ33

]   (Eq. 1.20) 

where, σ̿PAS is written as shown in Eq. 1.20, Trσ̿PAS is the trace of the magnetic 

shielding tensor, and θj is the angle between the component σjj (j = 1, 2, 3) and B0. In 

the principal axis system (PAS), three magnetic shielding tensor components are 

defined such that σ11 ≤ σ22  ≤  σ33, i.e., the σ11 component is in the direction of 

minimum shielding and the σ33 is the direction of the highest shielding.  

 Since it is not straightforward to obtain magnetic shielding parameters 

experimentally, NMR spectroscopists often uses the term called chemical shift (δ) to 

quantify the interaction.101 The chemical shifts are given relative to an agreed reference 

compound, such as δ = 0 for 13C nucleus in TMS. The experimentally observed 

chemical shift of a nucleus is expressed by the frequencies of the sample and the 

reference compound (νref) as shown in Eq. 1.21:102  

𝛿 = 
ν𝑜𝑏𝑠−ν𝑟𝑒𝑓

ν𝑟𝑒𝑓
    (Eq. 1.21) 

𝛿 = 
σ𝑟𝑒𝑓 − σ

1 − σ𝑟𝑒𝑓
 ≈ (σref − σ)   (Eq. 1.22) 

The chemical shift is usually reported in parts per million (ppm) by multiplying the 

numerator by 106. 

 However, the chemical shift also can be expressed by the magnetic shielding 

parameters, as shown in Eq 1.22, which usually is used to calculate the chemical shift 

values from the magnetic shielding values obtained from theoretical computations. 

Note that the approximation in Eq. 1.22 is valid for nuclei with small chemical shift 
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ranges (e.g., 1H, 13C, etc.), but a significant error may occur for heavier nuclei with 

large chemical shift ranges (e.g., 119Sn, 195Pt, 207Pb). 

 For liquid NMR spectra, the anisotropy of the chemical shift tensor is averaged 

out because of fast molecular tumbling in the solvents, and a single sharp isotropic 

chemical shift is observed (assuming no other residual couplings). However, for solid 

powder samples, the molecules are oriented in all possible orientations with respect to 

the external magnetic field, and hence the observed NMR powder pattern is the sum of 

chemical shifts from all crystallites, which ultimately gives a broad NMR signal with 

a characteristic lineshape. The electronic environment around a nucleus in a solid 

molecule/material is typically non spherical (i.e., anisotropic), hence, the chemical shift 

is anisotropic, changing as the orientation of the molecule changes with respect to the 

applied magnetic field. This is called the orientation dependence of magnetic shielding. 

The magnetic shielding tensor in Eq. 1.20 can be rewritten in terms of chemical shift 

as follows: 

δ̿PAS = [

δ11 0 0
0 δ22 0
0 0 δ33

]    (Eq. 1.23) 

The chemical shift tensor can be described by the principal components, where three 

chemical shift tensor components are defined such as δ11 ≥ δ22 ≥ δ33, i.e., δ11 component 

is in the direction of the largest chemical shift (least shielded) and δ33 component is in 

the direction of the lowest chemical shift (highest shielding). According to the 

Maryland convention, the average shift (isotropic chemical shift, δiso), full breadth of 

anisotropy (span, Ω) and the shape of the anisotropic peak (skew, κ, where −1 ≤ κ ≤ 1) 

are expressed by Eqs. 1.24, 1.25, and 1.26, respectively.103  

𝛿iso = 
δ11+δ22+δ33

3
    (Eq. 1.24) 

Ω = 𝛿11 – 𝛿33     (Eq. 1.25) 

κ = 
3(δ22−δ𝑖𝑠𝑜)

Ω
      (Eq. 1.26) 

 An isotropic chemical shift is observed for a nucleus which resides in a 

spherically symmetric chemical environment because in this case δ11 = δ22 = δ33, 

whereas if δ11 = δ22 ≥ δ33 (κ = 1) or δ11 ≥ δ22 = δ33 (κ = −1) yields an axially symmetric 

powder pattern under non-spinning sample conditions, as shown in Figure 1.4. The 
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chemical shift anisotropic interaction typically is found to be on the order of 0 to several 

1000 ppm. This interaction increases with increasing magnetic field strength and hence 

this interaction may be minimized at a lower magnetic field.  

 

 

 

Figure 1.4. Simulated solid-sate NMR spectra under non-spinning condition of 13C 

nucleus (I = ½) at 9.4 T (ω0/2π = 100 MHz) with different κ values due to the 

anisotropic magnetic shielding. Here, δiso = 0 ppm, Ω = 200 ppm; 250 Hz Gaussian line 

broadening was applied. Spectra were simulated with the WSolids program.104 

 

1.4.3 Direct and Indirect Spin-Spin Interactions  

There are two spin-spin interactions, namely, the direct dipolar and indirect J-coupling 

interactions.105 The direct spin-spin interaction, commonly known as dipole-dipole 

interaction, occurs when the nuclear magnetic moment of a nucleus couples to those of 

surrounding nuclei. Eq. 1.27 describes the interaction energy (U) between nuclear spins 

I and S, with a distance of r12 and the magnetic dipolar moments of 𝛍𝑰 and 𝛍𝑺, 

respectively.  

U = 
μ0

4𝜋
 { 
𝛍𝑰∙𝛍𝑺

𝑟12
3 − 3

(𝛍𝑰∙𝒓𝟏𝟐)(𝛍𝑺∙𝒓𝟏𝟐)

𝑟12
5 }   (Eq. 1.27) 

𝑟12 = [𝑥
2 + 𝑦2 + 𝑧2]1/2    (Eq. 1.28) 
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 Here, μ0 is the permeability constant of free space. The dipolar coupling 

constant, RDD is inversely proportional to the cube of the internuclear separation 

between the dipolar coupled nuclei given in Eq. 1.29, providing valuable information 

about molecular structure,103  

RDD = 
μ0ħ

8𝜋2
 γIγS <

1
𝑟12
3⁄ >     (Eq. 1.29) 

where, ħ is the Planck constant divided by 2π, γI and γS are the magnetogyric ratios for 

the dipolar coupled nuclei.  

The Hamiltonian for the direct dipolar interaction can be written as:98  

HD = RDD [�̂� + �̂� + �̂� + �̂� + �̂� + �̂�]   (Eq. 1.30) 

where: 

 �̂� = − (3 cos2θ – 1)𝐼𝑧𝑆𝑧           (Eq. 1.31) 

�̂� = − 
1

2
 (3 cos2θ – 1)(𝐼𝑧𝑆𝑧− 𝐼 ̅ ∙ 𝑆̅)    (Eq. 1.32) 

�̂� = − 
3

2
 sinθ cosθ e−𝑖ϕ (𝐼𝑧�̂�++ 𝐼+�̂�𝑧)   (Eq. 1.33) 

�̂� = − 
3

2
 sinθ cosθ e𝑖ϕ (𝐼𝑧�̂�−+ 𝐼−�̂�𝑧)   (Eq. 1.34) 

�̂� = − 
3

4
 sin2θ e−2𝑖ϕ 𝐼+�̂�+    (Eq. 1.35) 

�̂� = − 
3

4
 sin2θ 𝑒2𝑖ϕ 𝐼−�̂�−    (Eq. 1.36) 

Here, for the nuclear spins I and S, 𝐼+ and �̂�+ are the raising operators, and 𝐼− and �̂�− 

are the lowering operators, and θ and ϕ are the polar and azimuthal angles between the 

dipolar vector and the applied magnetic field along the z-axis, respectively.  

 The indirect spin-spin coupling, also known as J-coupling, refers to the 

coupling of two spins through chemical bonds, such as covalent or hydrogen bonding. 

This indirect interaction arises from the hyperfine interactions between the nuclei and 

the electrons. The J-coupling provides crucial information about chemical bonding, 

such as bond angles, which are used extensively in liquid NMR spectroscopy. The 

anisotropy in the J-coupling (ΔJ) is usually small for the lighter nuclei, however, it may 

be significant for heavier nuclei. For nuclei subject to noticeable J-coupling, the 

effective dipolar coupling, Reff, can be measured experimentally from the Eq. 1.37, 

although please note that this can be quite challenging to measure. 
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Reff = RDD − 
Δ𝐽

3
     (Eq. 1.37) 

In the context of solid materials, such as halide perovskites, the multiplet patterns are 

much more complex due to the multiple covalently bonded quadrupolar halogen nuclei 

(35/37Cl and 79/81Br: I = 3/2, 127I: I = 5/2, total abundance = 100%) to the observed B-

site nucleus (e.g., 207Pb, 119Sn, etc.)  

 

1.4.4 Quadrupolar Interaction  

The nuclear quadrupolar interaction is an important parameter for solid-state NMR 

spectroscopy because more than 70% of the NMR-active stable isotopes in the periodic 

table have a nuclear spin I > 1/2.106 Quadrupolar nuclei have a non-spherical charge 

distribution and hence possess a nuclear electric quadrupole moment (Q). Quadrupolar 

nuclei can have a charge distribution that is either prolate or oblate in shape, and have 

a positive and negative quadrupole moments, respectively (Figure 1.5a). 

 

 

 

Figure 1.5. (a) Nuclear charge distributions of spin-1/2 (spherical, Q = 0) and 

quadrupolar nuclei (prolate: Q > 0 and oblate: Q < 0). (b) Energy level diagram of a 

spin I = 3/2 quadrupolar nucleus showing the Zeeman, first- and second-order 

perturbation in a strong magnetic field (B0 >> 0).  
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 The magnitude of the quadrupole moment is a measure of the extent of 

divergence of the nuclear charge distribution from spherical symmetry. Quadrupolar 

nuclei interact with the surrounding electric field. The electrostatic potential for a point 

charge can be written by Eq. 1.38,  

V(r) = 
𝑒

𝑟
      (Eq. 1.38) 

where e and r are the elementary charge and the distance from the point charge, 

respectively. The electric field is the distance derivative of the electric potential, which 

can be expressed by Eq. 1.39: 

E(r) = 
−𝑒

𝑟2
      (Eq. 1.39) 

The electric field gradient (EFG or eq) is the distance derivative of the electric field, 

which can be written by Eq. 1.40: 

EFG = eq = 
2𝑒

𝑟3
     (Eq. 1.40) 

 The EFG is the sum of contributions from all charge particles in a molecule or 

in a crystalline solid at a particular nucleus of interest. The EFG at a nucleus is 

represented by a second-rank symmetrical tensor, where the principal tensor 

components usually are denoted by VXX, VYY, and VZZ such that |VXX| ≤ |VYY| ≤ |VZZ|. 

NMR spectroscopy provides information on the quadrupolar coupling constant (CQ; 

magnitude) and the asymmetry parameter (η; shape). CQ is directly proportional to the 

largest principal component of the EFG tensor at the nucleus, VZZ = eqzz, and the nuclear 

quadrupole moment is eQ. CQ and η are defined by Eqs. 1.41 and 1.42, respectively. 

CQ = 
𝑒2𝑞𝑧𝑧

ℎ
𝑄 = 

𝑒𝑉𝑧𝑧

ℎ
𝑄     (Eq. 1.41) 

η = 
𝑉𝑋𝑋 −𝑉𝑌𝑌

𝑉𝑍𝑍
     (Eq. 1.42) 

Here, h is Planck’s constant and the unit of CQ is in Hz. Because |VXX| ≤ |VYY| ≤ |VZZ|, 

thus 0 ≤ η ≤ 1. The quadrupolar frequency (νQ), which is related to the quadrupolar 

coupling constant and the nuclear spin number (I), is defined as:  

νQ = 
3𝐶𝑄

2𝐼(2𝐼−1)
.     (Eq. 1.43) 

The quadrupolar Hamiltonian is expressed by the following equation:98 
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HQ = 
𝑒𝑄

2𝐼(2𝐼−1)ℏ 
(𝐼�̂�, 𝐼�̂�, 𝐼�̂�) [

𝑉𝑥𝑥 𝑉𝑥𝑦 𝑉𝑥𝑧
𝑉𝑦𝑥 𝑉𝑦𝑦 𝑉𝑦𝑧
𝑉𝑧𝑥 𝑉𝑧𝑦 𝑉𝑧𝑧

](

𝐼�̂�
𝐼�̂�

𝐼�̂�

)  (Eq. 1.44) 

Under the high-field approximation, which assumes that the internal NMR interactions 

are negligible as compared to the Zeeman interaction, the impact of the quadrupolar 

coupling constant can be described by the first two terms of the quadrupolar 

Hamiltonian. Hence, the solid-state NMR spectra of the quadrupolar nuclei often are 

modelled in terms of the first- and second- order quadrupolar interactions to the 

Zeeman interaction (Figure 1.5b). The powder patterns for the nuclear spin I = 3/2, 5/2, 

7/2, and 9/2 nuclei are shown in Figure 1.6. The total breadth of the powder pattern 

including the higher order transitions is given by Eq. 1.45:  

Δνtotal = (2𝐼 − 1)𝜈𝑄    (Eq. 1.45) 

From equations 1.43 and 1.45, one may determine CQ from the breadth of the spinning 

sideband manifold of a magic-angle spinning spectrum of a quadrupolar nucleus of 

interest. 

 

 

 

Figure 1.6. Simulated full breadth solid-sate NMR powder pattern spectra of half-

integer quadrupolar nuclei (I = 3/2, 5/2, 7/2 and 9/2) with ω0/2π = 100.0 MHz, δiso = 0 

ppm, CQ = 10.0 MHz, η = 0, Ω = 0, 250 Hz gaussian line broadening. The x-axis is 

scaled in units of CQ. Spectra were simulated with the WSolids program.104 
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 Obtaining NMR spectra of quadrupolar nuclei with all detected transitions may 

be very challenging and is not always practical since such spectra may span up to 

several MHz. Thus, NMR spectroscopists usually measure CQ from the central 

transition (CT, i.e., mI = −1/2 ↔ mI = 1/2) spectra. The CT is impacted by the second-

order quadrupolar interaction and often results in broad powder patterns. The shape of 

the NMR powder pattern is described by the asymmetry parameter as shown in Figure 

1.7. Under non-spinning sample conditions, the breadth of the CT (ΔνCT) of the powder 

pattern can be expressed by the following equation:107  

ΔνCT = 
(25+22𝜂+ 𝜂2)

144

𝜈𝑄
2

𝜈𝐿
 [𝐼(𝐼 + 1) − 

3

4
]    (Eq. 1.46) 

while the line width of the CT peak under the magic-angle spinning conditions, ΔνCT
MAS, 

is expressed as: 

ΔνCT
MAS = 

(𝜂+ 6)2

504

𝜈𝑄
2

𝜈𝐿
 [𝐼(𝐼 + 1) − 

3

4
]   (Eq. 1.47) 

 

 

 

Figure 1.7. Simulated solid-sate NMR powder pattern spectra of non-spinning sample 

of a half-integer quadrupolar nucleus (e.g., 35Cl: I = 3/2) with ω0/2π = 49.0 MHz, δiso = 

0 ppm, CQ = 5.0 MHz, Ω = 0, 250 Hz Gaussian line broadening. The central transition 

is shown with different η values due to the second-order perturbation of the Zeeman 

interaction. Spectra were simulated with the WSolids program.104 
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 From equations 1.46 and 1.47, one can demonstrate that the breadth of the CT 

peak increases with CQ (i.e., through νQ) and decreases with increasing the magnetic 

field strength, B0 (i.e., through νL). If the magic-angle spinning frequency is greater 

than the breadth of the CT peak for the sample, then it may be reduced by 

approximately 60-70 % (Figure 1.8). However, the linewidth and lineshape for the 

magic-angle spinning NMR spectra is still defined by CQ and η.  

 

 

 

Figure 1.8. Simulated solid-state NMR spectra of a half-integer quadrupolar nucleus 

(e.g., 35Cl: I = 3/2) with ω0/2π = 49.0 MHz, δiso = 0 ppm, CQ = 5.0 MHz, Ω = 0, 250 Hz 

Gaussian line broadening. The central transition is shown with non-spinning and 

magic-angle spinning sample conditions. Spectra were simulated with the WSolids 

program.104 

 

1.4.5 Magic Angle Spinning  

NMR spectra of solid samples traditionally were collected under non-spinning sample 

conditions. The solid-state NMR powder samples consist of millions of tiny crystallites 

with random orientations in the applied magnetic field, resulting in a characteristic 

powder pattern, vide supra. The powder pattern of the NMR signal contains various 
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possible information about the anisotropic interactions of the system. Multiple such 

interactions cause broadening of the NMR signal and create challenges in determining 

their orientations and magnitudes. Magic angle spinning (MAS)108 is an experimental 

process where solid NMR samples are rotated rapidly about an axis 54.74o from the 

applied external magnetic field to attenuate the orientation dependence of internal 

NMR interactions (e.g., chemical shielding anisotropy, direct dipole-dipole, etc.) From 

the Legendre polynomials, some anisotropic interactions contain a common term, 

P2(cosθ) (Eq. 1.48) when the powder sample is placed in a magnetic field, 

P2(cosθ) = (3cos2θ − 1)/2    (Eq. 1.48) 

P4(cosθ) = (35cos4θ − 30 cos2θ + 3)/8  (Eq. 1.49) 

where θ can vary between 0o to 90o within the magnetic field. However, at an angle θ 

= 54.74o (which is known as “magic-angle”), then, under sample spinning conditions 

P2(cosθ) = 0. If one considers only I = ½ nuclei, then orientation-dependent anisotropic 

interactions can be neglected if one can spin solid NMR samples at an “infinite” 

frequency under the magic-angle orientation. This is the concept of magic-angle 

spinning (MAS), which frequently is used nowadays by the solid-state NMR 

community.  

 In principle, the MAS frequency must be either equal or greater than the 

magnitude of the anisotropic interactions to remove it completely for I = 1/2 nuclei. 

Hence, MAS of solid samples partially or fully eliminates the effect of these anisotropic 

interactions, depending on their magnitude. MAS of solid samples not only simplifies 

the NMR spectra but also improves the signal-to-noise ratio and mimics the NMR 

spectra of the compounds in solution. If the MAS frequency is significantly less than 

the breadth of the NMR spectrum obtained in the absence of MAS, then the NMR 

signal breaks into a series of spinning sidebands, and the spinning sideband manifold 

can mimic the powder pattern of the non-spinning sample, as shown in Figures 1.9. If 

the MAS frequency is higher than the breadth of the NMR spectrum, then a sharp NMR 

peak is observed, which corresponds to the isotropic chemical shift of the nucleus of 

interest with a nuclear spin I = 1/2 or > 1/2 with negligible CQ (Figure 1.9). For 

example, consider a non-spinning sample containing a 13C nucleus (I = 1/2) exhibit a 

span value of 200 ppm or 20 kHz at a magnetic field of 9.4 T. To obtain a “solution-
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like” isotropic 13C peak, one should spin the sample ≥ 20 kHz MAS frequency (Figure 

1.9). 

 

 

 

Figure 1.9. (a) Schematic diagram of magic-angle spinning of sample placed in NMR 

stator. (b) Simulated solid-state NMR spectra under non-spinning and magic-angle 

spinning sample conditions for a 13C nucleus (I = ½) at 9.4 T (ω0/2π = 100 MHz) with 

δiso = 0 ppm, Ω = 200 ppm, κ = 0, and 250 Hz Gaussian line broadening. Spectra were 

simulated with the WSolids program.104 
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 The quadrupolar interaction depends on two distinct spatial terms, namely, 

P2(cosθ) and P4(cosθ), as shown in Eq. 1.48. and 1.49, respectively. A θ = 30.6o or 70.1o 

is required to average out the contribution from the P4(cosθ) term. As discussed above, 

P2(cosθ) can be removed by MAS, whereas the P4(cosθ) is averaged only partially 

under MAS conditions, and the breadth of the central transition is reduced by a factor 

of approximately 60−70 % (see above, Figure 1.8).   

 

1.4.6 Nuclear Spin Relaxation − T1 and T2  

Spin-lattice relaxation (T1), which is also known as longitudinal relaxation, is a 

consequence of the energy exchange between the nuclear spin and the surrounding 

lattice by the emission of phonons. Spin-lattice relaxation times depend on the coupling 

strength between the spin system and the lattice. Multiple relaxation mechanisms are 

possible for spin-lattice relaxation in diamagnetic samples. These mechanisms 

includes: (i) the magnetic dipole-dipole interaction, (ii) the electric quadrupole 

interaction, (iii) the chemical shift anisotropy interaction, (iv) the scalar coupling 

interaction, and (v) the spin-phonon Raman scattering interaction.97,109,110,111,112  

 Following a radiofrequency pulse, the spin-lattice relaxation process helps to 

restore the magnetization towards the applied external magnetic field (B0), i.e., along 

the z-axes, whereas spin-spin relaxation (T2) describes the magnetization along x-y 

plane. Both T1 and T2 occur simultaneously until the perturbed nuclear spin 

reestablishes equilibrium. The spin-lattice relaxation for a liquid phase sample, shown 

in Figure 1.10a, can be described by Eq. 1.50,  

Mz(t) = Mz(∞) (1 − 𝑒
−𝑡

𝑇1
⁄

)   (Eq. 1.50) 

where Mz(t) and Mz(∞) are the magnetization along the z-direction at time t and ∞, 

respectively. NMR spectroscopists typically set the relaxation delay to 5×T1 to obtain 

quantitative results for the NMR spectra. However, the relaxation processes for nuclei 

in solids can be complicated and may require multi-exponential terms or stretched 

exponential terms to model them accurately.113,114  
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Figure 1.10. T1 and T2 relaxation decay curves for a nucleus with T1 = 4.6 and T2 = 2.0 

arbitrary units.  

 

 Spin-spin relaxation (T2) determines the decay rate of the free-induction decay 

(FID). It is shown in Figure 1.10b, and is expressed by Eq. 1.51,  

Mxy(t) = Mxy(∞) 𝑒
−𝑡

𝑇2
⁄

    (Eq. 1.51) 

Here, Mxy(t) and Mxy(∞) are the net magnetization in the x-y plane at time t and ∞, 

respectively. Note that magnetic field inhomogeneity about the nucleus also contributes 

to the dephasing of the nuclear spin magnetization in the x-y plane; hence, an effective 

transverse relaxation time constant, T2*, is measured. These types of relaxation 

measurements can lend aid in further assessing NMR data as well as providing clues 

into the ion dynamics within perovskite materials. 

 

1.5 Research Motivation   

There are three major goals in this thesis. My first aim was to develop a suitable 

solvent-free synthesis method to prepare ABX3 (B = Pb2+ and Sn2+) perovskite 

materials.  This will allow for a detailed understanding of how synthesis influences 

their local chemical structure and halogen dynamics using solid-state NMR 

spectroscopy, in order to establish a structure-property relationship. My second goal 

was to find new lead-free compounds such as stable halide double perovskites, 

A2B'B"X6, that display suitable optical properties for lighting and solar cell 

applications. Third, I wanted to prepare mixed-halide compositions of perovskite-
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inspired Cs2SnX6 “vacancy-ordered perovskite” by a solvent-free mechanochemical 

synthesis technique as a potentially stable Sn-based material for optoelectronic 

applications.  

 The current interests of halide-based perovskite materials are already discussed 

extensively (see section 1.2). The bulk material of lead(II) and tin(II) containing 

perovskites are conventionally prepared by solvent phase synthesis routes which 

involve costly and hazardous solvents. Chapter 2 of this thesis will examine the 

advantage of using mechanochemical synthesis routes, namely, the automated electric 

ball-milling and manual hand-grinding techniques in preparing phase-pure products of 

MAPb(Cl1−xBrx)3 and MAPb(Br1−xIx)3 (0 ≤ x ≤ 1) mixed-halide compositions. Chapter 

3 of this thesis will explore the superiority of the solid-state high-temperature synthesis 

method in preparing the complete solid solution of cubic CsSn(Cl1−xBrx)3 perovskites, 

which were inaccessible using the traditional solvent phase synthesis route.  

 Although lead(II) and tin(II) halide perovskites have shown extraordinary 

optical and electrical properties in photovoltaic and optoelectronic devices, persistent 

challenges exist. For instance, lead(II) is a toxic element and soluble in water which 

may create long-term environmental and health risks. Tin(II) containing perovskites 

exhibit poor ambient stability and rapidly oxidized to tin(IV) in air. In Chapters 4 and 

5 I aim to find alternative lead(II) and tin(II) free materials, namely, halide double 

perovskites which are stable under the ambient atmosphere. My goal was to find new 

halide double perovskite materials exhibiting promising optical properties such as 

materials with a lower optical bandgap (1−1.5 eV) and efficient broadband white-light 

emission from a single material source.  

 An ambient stable alternative to the ABX3 (B = Pb2+ and Sn2+) materials, is 

A2BX6. These materials exhibit an optical bandgap spanning ca. 3 eV upon a change 

in halogen composition from chloride to bromide to iodide. A2BX6 materials are 

extensively prepared either by solvent phase or by high-temperature synthesis routes. 

In Chapter 6, I discuss the development of a solvent-free mechanochemical synthesis 

route to synthesize Cs2Sn(Cl1−xBrx)6 and Cs2Sn(Br1−xIx)6 mixed-halide compositions. 

 Among many other structural characterization techniques, diffraction-based 

techniques have been employed to study perovskite and perovskite-inspired materials, 
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however, they are limited to providing average long-range structural information. 

Solid-state NMR spectroscopy provides local chemical structure as well as dynamics 

information related to these materials. It is extremely important to understand how the 

microscopic structure and ionic dynamics of these materials play a crucial role in their 

performances ultimately in hopes of establishing a correlation between their structure 

and optical properties. 
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CHAPTER 2 
 

Mechanochemical Synthesis of Methylammonium 

Lead Mixed-Halide Perovskites: Unraveling the 

Solid-Solution Behavior Using Solid-State NMRR1 

 

2.1 Introduction 

Hybrid organic–inorganic metal halide perovskites have emerged as promising 

contenders for next-generation low-cost, high-efficiency solar cells. Fueled by 

intensive worldwide research efforts, perovskite solar cells (PSCs) surpassed the 22% 

photoconversion efficiency limit within a few years.1 This rapid improvement in PSC 

efficiencies is due to their promising intrinsic properties, such as long-range ambipolar 

carrier diffusion lengths, high absorption coefficients, and low exciton binding 

energies.2−4 A particularly promising area of research has been on mixed-halide 

perovskites (MHPs) of the type ABX3, where A = CH3NH3
+, B = Pb2+, and X = Cl–, 

Br–, and I–.5 One advantage that MHPs offer is the bandgap tunability made possible 

through the halide composition, which is important for applications such as tandem 

solar cells and light emitting diodes (LEDs).6 Additionally, MHPs offer enhanced 

stability against moisture, and thus their use to achieve more stable and higher-

performing PSCs is becoming routine.7,8 

MHPs possess an intriguing range of properties stemming from the degrees of 

freedom in their synthesis due to the relatively straight forward reversible-halide 

exchange both in solution and between gas and solid phases.9,10 Nevertheless, 

challenges with MHPs also have been reported. In particular, the consequences of 

halide ion mobility on the device performance11−13 and of phase segregation due to 

photoinduced halide ion migration14−17 must be considered. Among the many synthesis 

 
R1 The contents of this chapter have been copied and/or adapted from the following publication: 
Karmakar, A.; Askar, A. M.; Bernard, G. M.; Terskikh, V. V.; Ha, M.; Patel, S.; Shankar, K.; Michaelis, 
V. K. Mechanochemical Synthesis of Methylammonium Lead Mixed-Halide Perovskites: Unraveling 
the Solid-Solution Behavior Using Solid-State NMR. Chem. Mater. 2018, 30, 2309−2321. The 
supplementary data for this chapter is available in Appendix A: Tables A1–A7 and Figures A1–A17. 
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techniques for preparing perovskite materials, mechanochemical synthesis (MCS) has 

gained renewed interest due to the advantages it offers. MCS is a straightforward, 

green-chemistry method, which is highly efficient, simple, and reproducible. 

Moreover, it is a solvent-free method that also avoids high-temperature reactions and 

is capable of mass-yield production. MCS has been applied previously in other 

systems18−21 but recently has shown promise in the preparation of bulk and 

nanocrystalline perovskites,22−26 achieving enhanced material properties and device 

performance27,28 compared to those prepared using traditional solvent synthesis (SS). 

For instance, preparing CH3NH3PbI3 PSCs by MCS leads to a reduction in the 

interfacial trap density in fabricated PSCs in comparison to the same compound 

prepared through standard solvent synthesis.29 Recently, MCS was used to prepare 

complex mixed cation (Cs+, Rb+, CH(NH2)2
+, in addition to CH3NH3

+) lead halide 

perovskite materials used in the highest performing and most stable PSCs reported to 

date, revealing similar structural properties to the corresponding perovskite materials 

prepared by traditional two-step casting techniques.30 

The high mobility of halide ions in halide perovskites prompted us to investigate 

the potential of MCS in the synthesis of MAPb(XxX′1–x)3 (MA = CH3NH3
+

, X and X′ = 

Cl– and Br– or Br– and I–) MHPs for the first time from their parent MAPbX3 

compounds and to examine at the atomic scale the true halide mixing in the products. 

A suite of techniques, including solid-state nuclear magnetic resonance (NMR) 

spectroscopy, a powerful tool in probing the local- and medium-range chemical 

environments of NMR-active nuclides, were used in our investigation. Specifically, in 

this work 207Pb NMR spectroscopy was used to investigate the change in the Pb 

chemical environment of these MHPs, complemented by X-ray diffraction (XRD) data 

and quantum chemical calculations. The challenge is to synthesize stoichiometric and 

homogeneous mixed-halide variants, avoiding microscopic domains or inhomogeneous 

phase-separated solid mixtures. X-ray diffraction approaches are excellent for the 

determination of the long-range crystalline structure, while NMR spectroscopy is one 

of the few characterization tools capable of measuring atomic-level structure, providing 

direct information regarding the local chemical environment that is impacted by ion 

substitutions or rearrangements such as defect sites, solid solutions, or segregated 
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domains within solids.31−34 For example, it has been suggested that Cl and Br can 

substitute for one another in MAPbX3, forming a crystalline perovskite with different 

domains when synthesized using the traditional solvent synthesis as well as high-

temperature solid-state synthesis approaches.35 

In this report, we demonstrate two mechanochemical stoichiometric synthetic 

approaches that produce polycrystalline single-phase, ordered or locally disordered 

MHP solid-solutions with random halide arrangements about the Pb center, avoiding 

phase-segregated domains. The techniques used for the application of MCS 

(Scheme 2.1) were manual hand grinding (HG) using a mortar and pestle and a ball 

milling (BM) method. When appropriate, our MCS results are compared to those 

obtained from samples prepared by traditional SS protocols.35 MAPbI3 prepared using 

the MCS method has been shown to yield a product with superior solar cell 

performance compared to the corresponding product prepared via SS;27,29 thus, we 

demonstrate that the MCS route described herein for the more commonly used MHPs 

is a very promising technique as an efficient strategy for commercializing these systems 

for a wide variety of photovoltaic and optoelectronic applications. 

 

 

 

Scheme 2.1. MCS process for the preparation of MHPs. 

 

In the HG method, parent compounds are mixed in the required molar ratio 

using a mortar and pestle and the HG process continues for 1–2 h to obtain a uniform 

single-phase product. In MCS-BM, a similar approach is used, but instead of the HG 

process, an automated BM system is used for 1 h. 
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2.2 Experimental Section 

All starting precursor materials and solvents were obtained from commercial sources 

and used without further purification: lead(II) iodide (99%), lead(II) bromide (+98%), 

and lead(II) chloride (99%) from ACROS Organics (Morris Plains, NJ, U.S.A.); 

methylammonium chloride (MACl), γ-butyrolactone (GBL; >99%), and dimethyl 

sulfoxide (DMSO) from Sigma-Aldrich (St. Louis, MO, U.S.A.); and 

methylammonium bromide (MABr) and methylammonium iodide (MAI) from Dyesol 

LTD (Australia). 

 

2.2.1 Synthesis of MAPbX3 Using the Inverse Temperature 

Crystallization (ITC) Technique36,37 

MAPbCl3  

A 1 M MAPbCl3 solution was prepared by adding MACl and PbCl2 in a 1:1 V/V 

DMF/DMSO mixture at room temperature. A clear transparent solution formed, which 

was filtered with 0.2 μm filters. Then, the solution was distributed into small vials, with 

2 mL of solution each. These vials were placed in an oil bath at 60 °C, and the large 

crystals were allowed to grow for 6 h, then washed thoroughly with DMF, and 

immediately dried with an N2 gas flow. 

MAPbBr3 

A 1 M MAPbBr3 solution was prepared at room temperature by adding MABr and 

PbBr2 in dimethylformamide (DMF). The resulting mixture formed a clear transparent 

solution. The solution was filtered using 0.2 μm filters and then distributed into small 

vials with 2 mL of solution each. The vials were placed in an oil bath at 80 °C, and 

crystals were allowed to grow for 3 h, then washed thoroughly with DMF, and 

immediately dried with a dry N2 gas flow. 

MAPbI3 

A 1 M MAPbI3 solution was prepared by fully dissolving MAI and PbI2 in GBL at 

60 °C such that it became a bright yellow solution. The solution was filtered using 

0.2 μm filters and then distributed into small vials, with 2 mL of solution each. The 

vials were placed in an oil bath at 110 °C. Crystals were allowed to grow for 3 h, then 
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washed thoroughly with GBL, immediately dried with an N2 gas flow, and then stored 

under vacuum in the dark. 

 

2.2.2 Synthesis of MAPb(XxX′1–x)3 MHPs 

To synthesize MHPs using the MCS-HG approach, MAPbX3 and MAPbX′3 were 

loaded with molar ratios set to achieve the desired mixed-halide composition. For 

example, to prepare MAPb(Cl0.5Br0.5)3, 159.66 mg of MAPbBr3 was loaded in a mortar 

with 115.21 mg of MAPbCl3, and hand grinding was applied for 1–2 h. For MCS-BM 

techniques, the same ratios of precursors as for the MCS-HG approach were loaded 

into either a planetary (RETSCH Planetary Ball Mill PM 100) or a shaker ball mill 

(SPEX SamplePrep 8000M Mixer/Mill). We note that, by adjusting the time, ball size, 

and speed of impacts, one can utilize a planetary mill to obtain similar results to HG 

within a fraction of the time (i.e., 5–60 min), with good reproducibility. All synthetic 

procedures were carried out under ambient lab conditions in air. All results presented 

here for the MCS-BM method were obtained from parent compounds processed by the 

shaker ball mill for 1 h. 

 

2.2.3 Diffuse Reflectance (DR) Spectroscopy of MHP Perovskites 

A Varian Cary 400 UV–visible spectrophotometer, equipped for the analysis of small-

quantity fine powdered samples, was used to obtain DR data. Each sample was packed 

into a black boat (loaded with ∼100 mg/sample), with each measurement acquired 

between wavelengths of 300 and 900 nm. 

 

2.2.4 Powder X-ray Diffraction (XRD) Measurements 

Fine powder samples were mounted on a glass slide and analyzed using a Bruker D8 

Advance Diffractometer equipped with a Cu Kα source and a VANTEC-500 2D 

detector. All data were acquired at room temperature with a 2θ range of 10°–60° and 

0.005° resolution. 
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2.2.5 Solid-State Nuclear Magnetic Resonance Spectroscopy 

The 1H NMR spectra were acquired at 7.05 T (1H, 300.4 MHz) on a Bruker Avance 

300 NMR spectrometer with a Bloch pulse using a 4.0 μs π/2 pulse (γB1/2π = 62.5 kHz) 

and a recycle delay of 60 s. Samples were packed in 4 mm OD ZrO2 rotors, and spectra 

were acquired with a magic-angle spinning (MAS) frequency of 10 kHz. All 1H spectra 

were referenced to TMS (δ (1H) = 0.0 ppm) by setting the 1H peak of adamantane to 

1.85 ppm. 

The 13C NMR spectra were acquired at 7.05 T on a Bruker Avance 300 NMR 

spectrometer equipped with a 4 mm double resonance MAS NMR probe. 13C (νL = 75.5 

MHz) cross-polarization (CP)38 MAS NMR spectra were acquired with a spinning 

frequency of 10 kHz, a 4.0 μs π/2 pulse (γB1/2π = 62.5 kHz) for 1H, a contact time of 

3.5 ms, and a recycle delay time of 60 s. All 13C spectra were referenced to TMS (δ(13C) 

= 0.0 ppm) by setting the high frequency 13C peak of solid adamantane to 38.56 ppm.39 

All spectra were acquired with TPPM high-power 1H decoupling (γB1/2π = 62.5 

kHz).40 

The 207Pb NMR spectra were acquired at 7.05, 11.7, and 21.1 T on Bruker 

Avance 300, 500, and Avance II 900 NMR spectrometers, respectively. Nonspinning 

207Pb NMR spectra were collected using a 4 mm double resonance H/X Bruker probe 

using either a Hahn-echo41 ((π/2)x-τ1-(π)y-τ2-ACQ, where τ represents the interpulse 

(τ1) and refocusing delays (τ2)) or a modified quadrupolar-echo42−44 pulse sequence to 

achieve broader excitation width and minimize line distortions at higher magnetic field 

strengths. A recycle delay of 5.0 s, a 4.0 μs π/2 pulse (γB1/2π = 62.5 kHz), and τ1 values 

of 20–30 μs were used for all of the measurements to minimize the impact of the echo 

delay on the quantitative assessment of peak areas. T2 values were measured using a 

spin–echo pulse sequence and are summarized in the Appendix A. At 11.7 and 21.1 T, 

the variable offset cumulative spectra (VOCS)45 approach using between 3 and 5 steps 

with a 50 kHz transmitter stepping frequency across the spectral range was used to 

ensure acquisition of the complete, undistorted spectrum; the subspectra were added 

using the skyline projection method. Two-dimensional 207Pb EXSY (exchange 

spectroscopy)46 spectra (21.1 T) were acquired using a series of mixing times between 

10 μs and 2 ms. A total of 64 to 128 slices were collected in the indirect dimension 
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using a 2 μs increment, and between 512 and 3840 coadded transients were acquired 

per slice, depending on the mixing time. All 207Pb NMR spectra were referenced to 

PbMe4 (δ(207Pb) = 0.0 ppm) by setting the 207Pb peak of nonspinning solid MAPbCl3 

measured at 293 K to −647.5 ppm.47 

 

2.2.6 NMR Processing, Fitting Procedures, and NMR Considerations 

Spectra were processed using Topspin 3.5 Bruker software with between 250 and 

500 Hz exponential apodization, and the data were fit using both OriginPro 8 and 

WSOLIDS48 software. To assess the quantitative nature of the unique [PbXxX′6–x]
4– 

chemical environments observed in the 207Pb NMR spectra, all data were fit using two 

distinct fitting procedures to assess the distributions of sites. Within Origin, all data 

were fit using Gaussian lineshapes and up to seven distinct Pb environments. Spectra 

were also fit using WSOLIDS, with seven distinct Pb environments to incorporate the 

anisotropic components, as surmised from spectra acquired at multiple magnetic fields 

and from the results of density functional theory (DFT) calculations. See the Appendix 

A for a more thorough explanation of the fitting procedure, including errors and 

statistical analysis. To ensure maximum resolution, these samples initially were 

assessed using a combination of multiple magnetic field strengths (i.e., 7.05, 11.75, and 

21.1 T), nonspinning and magic-angle spinning (MAS) NMR methods, and 

experiments with and without 1H decoupling. The benefit of MAS is minimal, (see 

Appendix A, Table A1) removing a small effect from heteronuclear dipole couplings 

between Pb and X,47,49−53 while high-power proton decoupling did not affect the overall 

line shape or width significantly compared to those obtained without 1H decoupling. 

This is attributed to the fast motion of the MA cation that rotates rapidly within the 

cuboctahedron, therefore, its 1H nuclei self-decouple from the Pb. Chemical shift 

anisotropy was detectable under certain conditions with low mixed-halide doping using 

a combination of MAS and nonspinning experiments (see below and Appendix A). 

Overall, site resolution increased at higher magnetic field strengths. To gauge the effect 

of using an echo pulse sequence to quantify Pb chemical environments, a series of 

spectra were acquired with varying τ values (10–50 μs); the difference in the relative 

intensities across all sites (MCS-HG, MAPb(Cl0.5Br0.5)3) was neglible (<2%), ensuring 
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a robust approach. MAS spectra routinely were avoided to limit the impact of unwanted 

frictional heating on the 207Pb chemical shifts, which are known to be extremely 

sensitive to temperature.47 Hence, most 207Pb NMR spectra were acquired under 

nonspinning conditions without 1H decoupling. 

 

2.2.7 Quantum Chemical Calculations 

Relativistic Calculations on Model [PbClxBr6–x]4– Anions 

Density functional theory (DFT) calculations of the 207Pb magnetic shielding on a series 

of 10 [PbClxBr6–x]
4– octahedral model anions were carried out using the Amsterdam 

Density Functional (ADF) 2017 modeling suite.54−57 The structures were modeled by 

assuming octahedral coordination about the Pb, with a Pb–Cl bond length of 2.834 Å, 

derived from XRD data (vide infra), and a Pb–Br bond length of 2.966 Å.57 A 

calculation for [PbI6]
4– also assumed octahedral symmetry and a bond length of 3.146 

Å.57 Relativistic effects were calculated using the zeroth order regular approximation 

(ZORA) method, along with the ZORA/QZ4P basis set, which is optimized for 

relativistic calculations.58,59 All calculated shielding values were converted to chemical 

shifts using δcalc (ppm) = −(σcalc – 8858.4 ppm); the relationship was determined from 

a linear regression between experimental chemical shifts and the calculated magnetic 

shielding values of the three parent compounds, MAPbCl3, MAPbBr3, and MAPbI3. 

All principal components of the calculated 207Pb magnetic shielding tensors are 

available in the Appendix A and are defined using the Maryland Convention.60,61 All 

DFT calculations used the Perdew, Burke, and Ernzerhof (PBE) functional in the 

generalized gradient approximation (GGA).62−64 

 

2.2.8 Periodic Calculations 

Gauge including projector augmented wave (GIPAW) based DFT calculations, a plane-

wave basis set ideal for computing properties in periodic systems,65 were undertaken 

on model 2 × 2 × 2 supercells with primitive symmetry, as implemented in the CASTEP 

program (version 4.4). In these calculations, 207Pb magnetic shielding values were 

obtained on a series of structures generated by systematically replacing Cl for Br in 

MAPbCl3. The calculations used the PBE functional in the GGA for the exchange-
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correlation energy62,63 and ultrasoft pseudopotentials.66 All calculations were 

performed on an HP xw4400 workstation with a single Intel Dual-Core 2.67 GHz 

processor and 8 GB RAM. No further optimizations were performed regarding the unit 

cell. An all-atom geometry optimization was performed on the 50:50 fac and mer 

isomers. However, these did not provide significant changes to the calculated magnetic 

shielding parameters, and all forces on heavier atoms were below the 0.48 eV/Å 

threshold. Thus, no further optimization within the computed structures were 

performed. All calculations were performed with a coarse accuracy basis set and a 

maximum plane-wave energy of 250.34 eV. 

 

 

 

Figure 2.1. 207Pb NMR spectra of nonspinning (a) MCS-BM (blue), (b) MCS-HG 

(red), and (c) SS (black) samples of MAPb(Cl0.5Br0.5)3, acquired at 7.05 T (300 MHz, 

1H), 11.7 T (500 MHz, 1H), and 21.1 T (900 MHz, 1H). The gray dotted lines are the 

best fits for the spectra obtained for the samples prepared with the mechanochemical 

synthesis methods. 
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2.3 Results and Discussion 

Figure 2.1 shows 207Pb NMR spectra of MAPb(Cl0.5Br0.5)3 prepared using the MCS-

BM (Figure 2.1a), MCS-HG (Figure 2.1b), and SS (Figure 2.1c) approaches, acquired 

at magnetic field strengths ranging from 7.05 to 21.1 T.  

The 207Pb NMR spectra exhibit multiple sites, regardless of synthetic approach, 

illustrating the complex short-range Pb structure present in these otherwise simple 

primitive cubic crystalline solids (Pm3̅m space group).67 The resolution achieved at 

higher magnetic field strengths suggests distinct local Pb chemical environments, with 

a potential to assign the various arrangements of halide ions within the MHPs 

qualitatively and quantitatively. This initial finding suggests that each [PbXxX′6–x]
4– 

unit bears distinct NMR chemical shifts for the various Pb-halide octahedral 

arrangements, demonstrating a binomial-like distribution characteristic of solid 

solution random halide mixing behavior. 

To date, most of the hybrid perovskite studies have relied extensively on 

diffraction-based approaches.68,69 Solid-state NMR spectroscopy, however, is 

emerging rapidly as an extremely informative analytical structural tool in 

characterizing both local structure and dynamics within photovoltaic perovskite 

materials.30,35,47,49,51,70−74 In particular, 207Pb is an information-rich, receptive spin-1/2 

nucleus that exhibits a very large chemical shift range; therefore, it is sensitive to even 

minor changes in local chemical environment. However, unlike solution NMR 

spectroscopy, solid-state NMR spectra are often subject to broad lines typically arising 

from various anisotropic interactions. For lead halide perovskites, these can include 

unfavorable T2 characteristics, small heteronuclear dipolar coupling contributions (<1 

kHz), 207Pb-35/37Cl, 207Pb-79/81Br, or 207Pb-127I indirect spin–spin (J-coupling) 

interactions, and the potential of magnetic shielding anisotropy when the nucleus is not 

at a center of cubic symmetry.35,47,49−51,70,72 For the work presented here, line 

broadening also may result from the presence of isomers such as cis and trans 

[PbX4X’2]
4– and fac and mer isomers in the [PbX3X′3]

4– mixed-halide octahedron 

environments or from localized disorder within the lead octahedra similar to the effects 

often seen in lead-containing glasses.75,76 Therefore, the chemical shifts of the peak 

maxima, δcs, are reported below instead of conventional isotropic chemical shift, δiso, 
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since at lower magnetic field strengths, J-based splitting72 may become apparent, or at 

higher magnetic fields (e.g., 35 T), magnetic shielding anisotropy77 may begin to 

dominate the spectrum. The observed 207Pb NMR results (i.e., broad peaks and 

chemical shift distributions) for the BM, HG, and SS samples discussed above 

warranted further investigation to assess and interpret the local atomic structure. 

 

2.3.1 MAPb(ClxBr1–x)3 Hand Ground Mechanochemical Synthesis 

To unravel the complex nature of anion mixing about the Pb center of the MHPs 

prepared with the SS and MCS methods, a series of standards of various 

MAPbCl3/MAPbBr3 molar ratios (100/0, 95/5, 83/17, 75/25, 50/50, 25/75, 5/95, and 

0/100) were synthesized using the inverse temperature crystallization (parent 

compounds)36,37 and MCS-HG (MHPs) methods and analyzed by 207Pb NMR 

spectroscopy to assess the changes in the first coordination sphere about the Pb. 

 

 

 

Figure 2.2. 207Pb NMR spectra (B0 = 11.7 T) of (a) nonspinning MAPb(Cl0.05Br0.95)3 

prepared by MCS-HG and (b) nonspinning and (c) MAS (ωr/2π = 13.5 kHz) NMR 

spectra of MAPb(Cl0.95Br0.05)3 prepared by MCS-HG. The δcs are marked with ‡, and 

the spinning sideband is identified by an asterisk (*). 
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Figure 2.2a shows a nonspinning 207Pb NMR spectrum for MAPb(Cl0.05Br0.95)3, 

with two peaks located at δcs ≈ 340 and 175 ppm. The pattern seen in Figure 2.2 is 

consistent with a spectrum expected for a sample with two distinct NMR sites, but is 

also similar to that expected for a single NMR site experiencing chemical shift 

anisotropy (CSA). 

To investigate, an MAS spectrum of the sample was obtained at 7.05 T at a 

spinning frequency of 13 kHz. The spectrum, which is slightly asymmetric, can be 

simulated best with two NMR sites separated by approximately 135 ppm or 8.5 kHz 

(i.e., less than the spinning frequency and hence a second NMR site rather than a 

spinning sideband) and with the expected intensity of approximately 30% for the low 

frequency site (Figure A1). This result is corroborated by DFT calculations (Table A2), 

which predict that [PbCl1Br5]
4– appears at approximately 50 ppm to lower chemical 

shift from the peak for [PbBr6]
4–. Likewise, the 207Pb NMR spectrum for 

MAPb(Cl0.95Br0.05)3 (Figure 2.2b) also contains two peaks, at δcs ≈ −641 and −400 ppm; 

the corresponding MAS spectrum for the latter (Figure 2.2c) yields similar values, 

δiso
MAS ≈ −621 and −450 ppm. The peak at −450 ppm, attributed to [PbCl5Br1]

4– units, 

appears to be a doublet. However, close examination reveals that the peak is 

asymmetric, appearing skewed toward its high-frequency edge (see Figure A2 for an 

expansion of this region and for a comparison with a spectrum obtained at 7.05 T). As 

seen from this expansion, the peaks do not represent two distinct NMR sites since, in 

such a case, the chemical shifts of these peaks would be the same regardless of magnetic 

field strength. A 207Pb nucleus within a [PbCl5Br1]
4– unit under MAS conditions is 

subject to 1J(207Pb,35/37Cl) interactions to the five Cl nuclei and a 1J(207Pb,79/81Br) 

interaction to the Br, but the latter is expected to dominate.72 However, the large nuclear 

quadrupolar coupling expected for 79/81Br (NQR frequencies of 70.451 and 58.842 

MHz that have been reported for MAPbBr3)
78 will result in an asymmetric splitting 

pattern79 rather than the four equal intensity peaks one may expect in the absence of a 

large quadrupole interaction. The presence of a spinning sideband for the NMR site at 

−450 ppm is consistent with the asymmetry of the [PbCl5Br1]
4– unit, and the fact that it 

is shifted to higher frequency by approximately 170 ppm is qualitatively in agreement 

with the trend predicted by DFT calculations (vide infra). 
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At dopant level halide substitutions (i.e., ≤5%), the halide ion transitions into 

the lattice replacing a Br for Cl (or Cl for Br) and immediately affects the lattice 

parameters (vide infra) of the solid-solution and the corresponding δcs(
207Pb) chemical 

shifts of [PbBr6]
4– or [PbCl6]

4–, reflecting the sensitivity of 207Pb NMR spectroscopy to 

changes within the material. Thus, it is not surprising that the chemical shift of a slightly 

Br-doped material is greater than that for the pure parent material (MAPbCl3) since the 

207Pb resonance of the MAPbBr3 parent complex appears at a higher chemical shift. 

Accounting for the 5% dopant concentration and for the coordination number of Pb 

(i.e., 6), 26.5% of the Pb centers are coordinated directly to a Br (or Cl) dopant within 

their octahedra. Fitting the peak areas of the 207Pb NMR spectra for MAPb(Cl0.05Br0.95)3 

and for MAPb(Cl0.95Br0.05)3, respectively, yielded ratios of 0.72:0.28 (±0.05) and 

0.28:0.72 (±0.02) for the [PbBr6]
4– and [PbCl1Br5]

4– units of the former and for the 

[PbCl5Br1]
4– and [PbCl6]

4– units of the latter. Therefore, the lower-frequency resonance 

in the 207Pb NMR spectrum for MAPb(Cl0.05Br0.95)3 is assigned to a [PbClBr5]
4– local 

six-coordinate environment; likewise, the higher-frequency resonance observed in 

MAPb(Cl0.95Br0.05)3 is assigned to [PbCl5Br1]
4–. A small CSA contribution (span, Ω = 

δ1 – δ33 ≈ 200 ± 30 ppm) was determined for the MAPb(Cl0.95Br0.05)3 by using a 

combination of MAS and nonspinning experiments at 11.7 T; this was only possible 

for this sample due to the narrow resonance of the [PbCl6]
4– octahedra (Figure 2.2c). 

Using this finding and the DFT results (vide infra), we expect only a minor 207Pb CSA 

contribution from the [PbClBr5]
4– environment found in the MAPb(Cl0.05Br0.95)3 

sample; unfortunately the breadth of these two sites and the lack of resolution between 

them limits our ability to isolate potential anisotropic shielding as well as dipolar and 

J-coupling contributions or to investigate spin–lattice or spin–spin relaxation 

mechanisms accurately. 

As Cl replaces Br, the 207Pb spectra break into additional resonances due to the 

formation of new Pb–X bonds, whereby peak maxima shift to lower chemical shifts 

toward that for the parent compound, MAPbCl3 (Figure 2.3a). These spectra 

demonstrate the sensitivity of 207Pb NMR spectroscopy, as exemplified by the 

extremely large chemical shift range (∼17 000 ppm) for this nucleus,80 to the halide 

environment about the Pb center in these samples.52,81 See Figure A3 and the 
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accompanying section in the Appendix A for a discussion of how the spectra for the 

MHPs illustrated above were deconvoluted.  

 

 

 

Figure 2.3. (a) Nonspinning 207Pb NMR spectra (11.7 T) of MCS-HG MHPs and their 

parent compounds. The assignment of the NMR peaks is shown at the top (the shaded 

areas are guides to the eye to identify specific NMR sites in the various spectra, and 

the dashed lines indicate simulated spectra). See the Appendix A for an explanation of 

how these spectra were fit. (b) Linear relationship of δ(207Pb) with substitution of Cl 

with Br (experimental, circles, and δiso(
207Pb) quantum chemical calculations (ADF), 

triangle). (c) Powder X-ray diffraction data. Dotted lines are guides to the eye. (d) A 

plot of cell parameter (R2 = 0.994) and experimentally determined bandgaps extracted 

from Tauc plots (R2 = 0.994) vs Br mole fraction for the MHP series. 
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A clear, although smaller, increase in the chemical shift also is observed for the 

resonance attributed to [PbCl6]
4– with increasing Br content, as shown in Table 2.1; this 

is attributed to the change in the unit cell parameters as it expands to allow Br 

incorporation (Figure A4). Table 2.1 summarizes the distinct 207Pb δcs values for each 

[PbClxBr6–x]
4– (x = 0–6) octahedron. Using these data, we determined a linear 

correlation between δcs(
207Pb) and the hexa-substituted Pb-X chemical environments 

(Figure 2.3b) that can be used to identify the distinct [PbClxBr6–x]
4– environments 

according to δcs(
207Pb/ppm) = 160M – 640, where M is the number of Br atoms in the 

first coordination sphere of Pb. Moreover, a similar linear relation exists between the 

electronegativity of the mixed-halide ions and the chemical shift in 207Pb NMR spectra 

for each of the corresponding [PbClxBr6–x]
4– environments (Figure A5). The 207Pb 

NMR line widths for MAPbX3 increase as X is substituted from Cl to Br to I (Table 

A1); therefore, the 207Pb resonance for a site with more Br neighbors is expected to be 

broader than that for a site with more Cl neighbors and likewise when I is substituted 

for Br.47,49,70 The 207Pb spin–spin relaxation times (T2) for the individual [PbXxX′6–x]
4– 

chemical environments present in the MCS-HG MAPb(Cl0.5Br0.5)3 sample range from 

54 μs for [PbBr6]
4– to 98 μs for [PbCl6]

4–, with a small systematic increase in T2 as Cl 

replaces Br about the Pb center (Table A3). Previous studies on the parent materials 

indicate the T2 values to be nearly 1 order of magnitude apart (∼60 μs for MAPbBr3 vs 

∼300 μs for MAPbCl3).
35,70 These findings further support our conclusion that MCS 

produces a homogeneous halide mixture. 
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Table 2.1. Assignment of 207Pb NMR peak positions (δcs, ppm) for parent and MCS-

HG mixed-halide Perovskites.a 

 

Samples PbBr6 PbClBr5 PbCl2Br4 PbCl3Br3 PbCl4Br2 PbCl5Br PbCl6 

MAPbBr3 355       

MAPb(Cl0.05Br0.95)3 340 

360b 

175 

225b 

     

MAPb(Cl0.25Br0.75)3 321 149 -38 −116 −266   

MAPb(Cl0.50Br0.50)3 309 119 43 −114 −326 −480 −587 

MAPb(Cl0.75Br0.25)3  142 53 −160 −360 −500 −622 

MAPb(Cl0.83Br0.17)3    −174 −368 −520 −627 

MAPb(Cl0.95Br0.05)3      −400 

−450c 

−641 

−621c 

MAPbCl3       −646 

δcs (ppm) 332 

(30) 

134  

(40) 

8  

(45) 

−144 

(30) 

−317  

(50) 

−473 

(50) 

−616 

(30) 

aUncertainties in peak positions range from 5 to 40 ppm, unless noted data is for 

nonspinning spectra at 11.7 T.  

bDetermined from a deconvolution of an NMR spectrum obtained under MAS 

conditions at 7.05 T.  

cδiso determined from 207Pb MAS NMR spectroscopy 

 

The XRD patterns (Figure 2.3c) for all MCS-HG samples confirm that these 

consist of a single phase that adopts the cubic Pm3̅m perovskite structure, with 

diffraction peak positions shifting to higher 2θ values with increasing Cl content.82 

Substituting the chlorine anion (r = 167 pm) with a larger bromine anion (r = 182 pm) 

increases the lattice parameter, linearly obeying Vegard’s law describing solid solution 

behavior, as shown in Figure 2.3d.83 The MCS-HG synthesis method shows a single 

cutoff energy in the DR spectra (Figure A6), which corresponds systematically to an 

increase in the bandgap energy from pure MAPbBr3 to pure MAPbCl3 (Figure 2.3d). 

A series of DFT calculations on model [PbXxX′6–x]
4– anions (ADF) and periodic 

solid (CASTEP) models was performed to assess the sensitivity of the 207Pb chemical 

shift to halide substitution, and results are presented in Tables A2 and A4. As shown in 



54 
 

Figure 2.4a, the calculated shielding values for the model anions correlate with the 

experimentally determined chemical shifts. The calculated isotropic chemical shifts 

also reveal a linear relationship, increasing systematically as Cl anions are replaced by 

Br anions from [PbCl6]
4– to [PbBr6]

4– (Figure 2.4b). The calculated δiso(
207Pb) values 

obtained using the model anions are shown for comparison in Figure 2.3b, revealing a 

linear trend to lower chemical shift as Cl is substituted for Br, consistent with our 

qualitative (experimental δcs(
207Pb) NMR) assignments of distinct local Pb octahedra 

found in MHP solid solutions discussed above. Further expanding the model anions to 

include MAPbI3 and Br/I MHP reveals excellent agreement between the calculated and 

experimentally determined (vide infra) δcs(
207Pb), demonstrating that the combination 

of the calculated and experimental NMR parameters can be used to assign the distinct 

short-range order for six-coordinate (i.e., [PbXxX′6–x]
4–) chemical environments (Figure 

2.4c). This confirms the qualitative nature of the NMR method in assessing the atomic 

structure of these single-phase solid-solution materials, which is not obtainable using 

other traditional analytical methods. We note that the same overall trend is seen for the 

periodic structure models computed using the GIPAW method within CASTEP; 

however, the range of calculated shielding values appears to be double those computed 

with ADF or determined experimentally (Tables A2 and A4 and Figure A7). A possible 

cause for this is the neglect of relativistic effects on the Pb in the CASTEP calculations; 

better agreement may be achieved by further optimization of the Pb pseudopotential, 

but this is beyond the scope of the work presented here. 
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Figure 2.4. Anion model quantum chemical calculations (ADF) of [PbXxX′6–x]
4– 

octahedra: (a) calculated shielding vs experimental isotropic chemical shift for the 

parent perovskites, MAPbX3, where X = Cl, Br, or I; (b) calculated isotropic chemical 

shift with Br substitution for Cl anions (calc. δiso(
207Pb/ppm) = 172.25x – 592.57, where 

x = number of Br neighbors) and (c) relation between calculated isotropic chemical 

shift and experimental chemical shift of parent compounds MAPbX3, X = Cl, Br, and 

I and their respective MHP (Cl/Br or Br/I) (calc. δiso(
207Pb/ppm) = 1.03(expt. 

δcs(
207Pb/ppm)) + 75.3). 
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The results summarized in Figure 2.3 are those for a material with very fluid 

properties, whose chemical structure can be adapted readily to accommodate any 

mixture of halide anions randomly using an MCS method. The diffraction peaks are 

sharp and of high quality, and the one-dimensional 207Pb NMR spectra suggest a 

binomial-like distribution of Pb sites, based on the observed δCS, whose assignment and 

CSA were estimated through the assistance of DFT calculations (Figure A3). A 

systematic shift in the bandgap as halide substitution occurs supports the conclusion 

that these materials exhibit solid-solution behavior, readily adjusting their local 

([PbXxX’6-x]
4–) and long-range (lattice constant) structure as Cl is replaced by Br. To 

ascertain that these materials are neither phase-separated nor located within micro/nano 

scale domains, we investigated these materials using a two-dimensional exchange 

NMR spectroscopy method. 

Figure 2.5 shows a series of 207Pb 2D EXSY NMR spectra obtained for MCS 

sample MAPb(Cl0.5Br0.5)3, acquired with mixing times of 10 and 50 μs, and of 2 ms, 

compared with those for the parent compounds, MAPbCl3 and MAPbBr3. The spectra 

for the parent samples obtained with a 10 μs mixing time consist of oval-shaped peaks 

aligned with the diagonal; with increased mixing time, the peak for MAPbBr3 becomes 

circular and that for MAPbCl3 broadens. These observations indicate that self-

exchange is occurring for both parent compounds and that the rate of exchange is 

greater for MAPbBr3. In contrast to the spectra for the parent compounds, that for 

MAPb(Cl0.5Br0.5)3 acquired with the shortest mixing time of 10 μs already displays 

signs of exchange for the individual sites denoted 5, 4, and 3 (i.e., [PbCl2Br4]
4–, 

[PbCl3Br3]
4–, and [PbCl4Br2]

4–, respectively); increasing the mixing time to 50 μs led 

to a significant increase in the intensity of the cross peaks. The spectrum obtained with 

a 2 ms mixing time reveals extensive exchange, with cross-peaks among the seven 

distinct [PbXxX′6–x]
4– chemical environments detected. The observation of exchange 

for the latter sample confirms that the sample is a solid solution since neither phase-

separated materials nor micro/nano domains would yield EXSY spectra susceptible to 

fast exchange between the NMR sites that may be attributed to various [PbXxX′6–x]
4– 

units. The response to the magnitude of the mixing time in the 2D EXSY46 experiment 

is an indication of the exchange process, which is typically either a chemical exchange 
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process or a spin diffusion process (i.e., by the direct 207Pb–207Pb dipolar interaction, 

RDD, for the samples considered here). RDD scales as the inverse cube of the internuclear 

separation between the coupled nuclei84 and thus, based on the crystal structures for the 

parent compounds, is expected to be on the order of 25 Hz. Relatively long mixing 

times would be required to see cross peaks in 2D EXSY spectra induced by spin 

exchange. In addition, less than 5% of the 207Pb nuclei form 207Pb207Pb spin pairs, and 

thus the EXSY experiment is expected to be relatively insensitive to exchange induced 

by spin diffusion. Hence, the spectra illustrated here are an indication primarily of a 

halide chemical exchange process. Note that, regardless of exchange process, 

correlations are expected only for a domain-free solid-solution material. 

 

 

 

Figure 2.5. Two-dimensional 207Pb EXSY NMR spectra of MAPbCl3, MAPbBr3, and 

MCS-HG MAPb(Cl0.5Br0.5)3 obtained using (a) 10 μs (red), (b) 50 μs (black), or (c) 2 

ms (blue) mixing times. Spectra were acquired at 21.1 T under nonspinning conditions 

at ambient temperature. Note that the upper spectra are each a superposition of two 

separate spectra, one for MAPbCl3 and one for MAPbBr3. 
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Careful analysis of multiple-field NMR spectra (Figure 2.1), as well as XRD, 

energy dispersive X-ray (EDX) and DR data, indicate that both the MCS-HG and SS 

methods create a pure, single-phase crystalline solid. The relative populations of 

[PbClxBr6–x]
4– chemical environments obtained using these methods, while somewhat 

different, behave similarly as the halide distribution changes from Br- to Cl-rich 

species. Closer examination of the Cl/Br concentrations in the SS sample, as 

determined by EDX, reveals that the targeted MAPb(Cl0.5Br0.5)3 composition is, in fact, 

MAPb(Cl0.58Br0.42)3. The nonstoichiometric product obtained with the SS approach is, 

nevertheless, consistent with a binomial-like distribution once accounting for the new 

composition, with the expected chlorine-rich lead octahedra (i.e., [PbCl6]
4–, 

[PbCl5Br1]
4–, [PbCl4Br2]

4–, and [PbCl3Br3]
4–) chemical environments (Figure 2.1b,c 

and Table A5) over other halide mixing combinations, as determined from an analysis 

of the NMR spectra. Likewise, the sample prepared by the SS method follows Vegard’s 

law, with the lattice constants correlating to the final stoichiometry (see Figure A8 for 

the XRD pattern of this MHP prepared using the SS method). As for the sample 

prepared by MCS, there is no indication of phase-separated domains or amorphous 

structure in the experimental data. In a two-component mixture of MAPbCl3 and 

MAPbBr3 subjected to MCS, the thermodynamics are different from those in the three-

component mixture resulting from SS (i.e., MAPbCl3, MAPbBr3, and the solvent). The 

former yields a stoichiometric final product, while the latter yields a Cl-rich final 

product due to the altered driving forces for SS (i.e., nucleation and growth) compared 

to the high-energy MCS method.85−87 

 

2.3.2 MAPb(ClxBr1–x)3 Ball Milling Mechanochemical Synthesis 

Figure 2.6 shows powder XRD and nonspinning NMR spectra, as well as Tauc plots 

for the MAPb(Cl0.5Br0.5)3 sample prepared using solvent synthesis, hand grinding, and 

ball milling, illustrating the impact of these synthesis approaches on structural and 

physical properties. Powder XRD data for the samples indicate that the same crystal 

structure is obtained in all three cases, but the diffraction line widths indicate that the 

MCS-BM method yields products that produce broader lines (Figure 2.6a). The SS and 

HG samples indicate random distributions of halide environments about the octahedral 
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Pb position [PbClxBr6–x]
4–, with the resonance centered at −100 ppm being attributed 

to the [PbCl3Br3]
4– chemical environment, vide supra. At low magnetic fields, the 207Pb 

NMR spectrum of the BM sample is featureless (Figures 2.1, 2.6b, and A9), appearing 

Gaussian-like in shape, with evidence of multiple Pb octahedral environments only 

emerging from higher-field 207Pb NMR data (21.1 T, Figure 2.1a).  

As for the SS and HG samples, the solid-solution behavior is preserved for the 

BM samples. However, the high-energy milling process introduces short-range 

structural disorder in the otherwise well-ordered cubic environment. This creates a 

distribution of Pb-X distances and angles and thus leads to local disorder at the Pb sites, 

as is evident from the observed line widths that indicate a distribution of 207Pb chemical 

shifts, while XRD data indicate that long-range periodic crystallinity is maintained 

(Figure 2.6a). The increase in line width of the powder XRD pattern and the 

amorphization of the well-defined microscopic crystalline solids, as observed in field 

emission scanning electron microscopy, FESEM (Figures A10 and A11), as well as the 

impact on the MA cation as indicated by 1H and 13C MAS NMR spectroscopy (Figures 

A12 and A13, respectively), further support the conclusion of local structural disorder 

determined from the 207Pb NMR spectra. 

To examine how the local disorder evolved over time, we obtained 207Pb NMR 

spectra of samples of MAPb(Cl0.75Br0.25)3 prepared with 5 min and with 1 h of BM 

(Figure A14); these spectra confirm that the halide ions quickly begin to mix, already 

forming a highly ordered random solid solution after 5 min of BM. After 1 h of further 

high-energy milling, a degradation of the local octahedral structure occurs, and the 

[PbClxBr6–x]
4– octahedra exhibit short-range local disorder (NMR data) within an 

otherwise preserved hierarchical periodic crystalline solid framework (XRD data). 
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Figure 2.6. Comparison of data for the MAPb(Cl0.5Br0.5)3 MHP prepared using three 

distinct synthetic approaches: solvent synthesis and mechanochemical synthesis via 

hand grinding or ball milling. (a) Powder XRD diffraction patterns, (b) nonspinning 

207Pb NMR spectra, B0 = 21.1 T, and (c) Tauc plots. The straight black lines indicate 

the bandgap energies at the intersection with the abscissa. 
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Figure 2.7. (a) Nonspinning 207Pb NMR (7.05 T) and (b) powder X-ray diffraction data 

for MAPbBr3 (red), MAPbI3 (blue), and MAPb(Br0.5I0.5)3 (green 1 h, black 2 h). The 

MHP samples were prepared by the MCS-HG method for 1 and 2 h. The black arrows 

in the NMR spectra (a) indicate incomplete random halide mixing after 1 h (green 

trace), with small remnants of the parent compounds according to the NMR and XRD 

data (b, green arrow, 1 h). The black arrow in panel b indicates complete mixing of a 

single-phase solid solution after 2 h. 
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The impact of these synthetic approaches and corresponding structural changes 

on their optical responses were analyzed using DR88 data (Figure A15); these results 

indicate similar optical bandgaps for all three MAPb(Cl0.5Br0.5)3 samples, but preparing 

the MHP via the MCS route reduces the bandgap energy by 0.039 eV when compared 

to the SS technique (2.605 eV for HG vs 2.644 eV for SS). This change is attributed to 

the fact that the stoichiometry is preserved when using the MCS approach, as 

determined by the EDX analysis (Table A5), which indicates that a 1.04:1.0 Cl/Br ratio 

is obtained for the HG samples (1.09:1 Cl/Br for MCS-BM), while a 1.39:1.0 Cl/Br 

ratio (i.e., a chlorine-rich solid solution) is obtained for the SS sample, despite the 1:1 

synthetic molar ratio of the starting reagents for the preparation of all samples. The 

MCS approach clearly provides superior ease and control of the composition of the 

solid solution compared to the SS approach, where the final solid product is driven 

thermodynamically, requiring one to adjust reactant concentrations in order to achieve 

a 1:1 synthetic molar ratio. Hence, these results demonstrate that this new solvent-free 

approach allows one to obtain a homogeneous solid solution using low- (HG) or high-

energy (BM) mechanical force chemical synthesis. 

 

2.3.3 MAPb(BrxI1–x)3 Mechanochemical Synthesis 

To investigate the application of the MCS synthetic approach further, a 1:1 molar 

mixture of MAPbBr3 and MAPbI3 was prepared. To determine if the transition from 

phase-separated parent compounds to a randomly mixed solid solution can be 

visualized, a sample that was manually hand ground over a period of 2 h was 

characterized by NMR spectroscopy and by XRD, after 1 and 2 h of hand grinding 

(Figure 2.7). The halide ions begin to exchange, immediately forming a solid solution, 

and after 1 h of hand grinding, the sample is mixed almost randomly, although XRD 

and NMR data indicate some of the parent compounds also remain. HG for an 

additional hour completes the random mixing of the local [PbBrxI6–x]
4– octahedra, 

improving the quality of the solid solution, as seen by the narrow diffraction peaks in 

the XRD data and by a Gaussian-like resonance in the NMR spectrum. The results 

indicate that the lower energy MCS-HG approach is effective in creating a single-phase 

MHP, with a binomial-like distribution similar to that obtained from a sample prepared 
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by high-temperature solid-state synthesis.35 Contrary to the case for the Cl/Br MHP 

system, we were unable to resolve multiple resonances for the Br/I system in the 

corresponding 207Pb NMR spectra, although spectra of the parent compounds indicate 

that substituting I with Br has the same effect as substituting Br with Cl: a shift to lower 

frequency. The low resolution is attributed primarily to the Pb–I J-couplings for 

[PbBrxI6–x]
4– and the much shorter spin–spin relaxation, such that the FWHM for 

MAPbI3 is ∼26 kHz,35,49,51,72 with further complications arising from the various 

octahedral arrangements and their respective isomers, as discussed above for the Cl/Br 

solid solutions. 

Figures A16 and A17 show the powder XRD and DR data for the parent 

compounds and the final 50/50 Br/I MHP solid solution prepared by the MCS-HG 

technique. These data illustrate the benefit of side-stepping the thermodynamically 

driven solution process (i.e., avoiding the Br-rich phase)35 with a stoichiometric MCS 

approach that yields an equal Br/I halide composition, based on XRD and δcs(
207Pb) 

data analysis. 

 

2.4 Conclusions 

This work demonstrates the utility of the mechanochemical synthetic approach for the 

preparation of randomly ordered halides in single crystalline MHP solid solutions with 

enhanced stoichiometric control, compared to that achieved using traditional solvent 

synthesis protocols for the Br/Cl MHPs. Increasing the grinding time and introducing 

a high-energy milling process maintains the long-range crystalline structure, but it can 

create a highly disordered local [PbXxX′6–x]
4– octahedral environment due to 

rearrangements of bond lengths and angles about the Pb center. Carefully tuning the 

compositions using the MCS-HG method, monitored by one- and two-dimensional 

207Pb NMR spectroscopy and supported by quantum chemical calculations, we 

identified seven distinct Pb octahedral chemical environments in the Br/Cl MHPs and 

demonstrated that the synthetic approach can be extended to other Pb-containing 

mixed-halide perovskites. The 207Pb NMR spectra as well as the XRD results for the 

Cl/Br MHPs obtained using either solution synthesis or MCS of bulk samples indicate 

single-phase solid solutions with random halide distributions absent of amorphous or 
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phase segregated domains. A stoichiometric MAPb(Br0.5I0.5)3 MHP, which has not 

been achieved previously using traditional room temperature solvent synthesis, was 

prepared at room temperature using the MCS-HG technique. While ongoing 

development of perovskite solar cells will require careful characterization, our study 

has shown that the combination of both X-ray diffraction and solid-state NMR 

spectroscopy are vital to properly characterize these intrinsically complex materials. 
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CHAPTER 3 
 

Influence of Hidden Halogen Mobility on Local 

Structure of CsSn(Cl1−xBrx)3 Mixed-Halide 

Perovskites by Solid-State NMRR2 

 

3.1 Introduction 

Lead halide perovskites APbX3 (A = Cs+, CH3NH3
+, CH(NH2)2

+; X = Cl−, Br−, I−) show 

attractive optical and electrical properties for solar cells, lasers, light-emitting diodes, 

X-ray detectors, and other applications,1–6 with power conversion efficiencies now 

exceeding 25%,7 but they face significant challenges for commercialization because of 

poor chemical stability8 and risk of lead toxicity.9,10 Among lead-free alternatives, the 

tin-substituted analogues have been highly promising, showing power conversion 

efficiencies of up to 10%.11 Most of these compounds are iodides such as CH3NH3SnI3, 

CH(NH2)2SnI3, and CsSnI3, which have bandgaps (1.2–1.4 eV) close to the optimum 

value (1.34 eV) to maximize efficiency.12,13 The hybrid organic–inorganic compounds 

CH3NH3SnI3 and CH(NH2)2SnI3 are more efficient but suffer from poor thermal 

stability because of the presence of the volatile organic cations; the purely inorganic 

compound CsSnI3 is more thermally stable but oxidizes rapidly in air (Sn(+2) → 

Sn(+4)).13,14 Among the bromide analogues, CsSnBr3 exhibits greater thermal and air 

stability, imparted by the Cs+, than CH3NH3SnBr3, which degrades in air within an 

hour.13,15 Solar devices fabricated with CsSnBr3 do not have to be encapsulated, lasting 

for hours with diode characteristics being retained.13 The bandgap of CsSnBr3 (1.75–

1.80 eV)13,16,17 lies in the optimal region for tandem solar cell technology.18 

Recently, the mixed-halide perovskites CsSn(Cl1–xBrx)3 have been prepared in 

the form of nanocrystals or thin films, in which the bandgap can be adjusted with 

 
R2 The contents of this chapter have been copied and/or adapted from the following publication: 

Karmakar, A.; Bhattacharya, A.; Sarkar, D.; Bernard, G. M.; Mar, A.; Michaelis, V. K. Influence of 

Hidden Halogen Mobility on Local Structure of CsSn(Cl1-xBrx)3 Mixed-Halide Perovskites by Solid-

State NMR. Chem. Sci. 2021, 12, 3253−3263. The supplementary data for this chapter is available in 

Appendix B: Experimental section, Tables B1–B8 and Figures B1–B14. 
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composition, making them suitable for optoelectronic applications such as light 

emitting diodes and lasers.19,20 However, some of the structural details of these mixed-

halide perovskites are unclear because the end-members are known to exhibit multiple 

phase transitions: CsSnCl3 adopts a monoclinic structure at room temperature (own 

type; space group originally reported as P21/n, but standardized as P21/c) and 

transforms to the cubic perovskite structure (space group Pm3̅m) above 379 K,21 and 

CsSnBr3 undergoes complicated phase transitions at low temperature, but ultimately 

attains the cubic structure above 292 K.22 Because the physical properties depend 

sensitively on the structure and stability of these mixed-halide perovskites, it is 

essential to determine the local and long-range atomic arrangement, to unravel the 

dynamics of halogen mobility, and to evaluate changes entailed by different synthetic 

methods and exposure to ambient conditions. 

To date, halide perovskites have been extensively characterized by X-ray 

diffraction (XRD), which gives information about the average long-range structure. 

However, solid-state nuclear magnetic resonance (NMR) spectroscopy is an invaluable 

method to investigate local structure (e.g., halide distribution, domain structure) and 

dynamics in perovskites.23–38 In particular, 133Cs (I = 7/2, 100% abundance) and 119Sn 

(I = 1/2, 8.59% abundance) are ideal NMR-sensitive nuclei, useful for probing the local 

structure of the A and B sites in perovskites ABX3,
30,37,39–45 as well as of sites in other 

types of compounds.46–49 

Here we target the preparation of CsSn(Cl1−xBrx)3 to ascertain if a complete 

solid solution with the cubic perovskite structure can be attained for the entire range. 

Powder XRD and NMR spectroscopy were carried out to determine the long-range 

structure and the local coordination around the Cs and Sn sites by Cl and Br atoms, 

which could be ordered or disordered. Optical bandgaps were measured by UV-visible 

absorption spectroscopy and correlated with composition. Given the ambiguity about 

the nature of CsSnBr3, we evaluate whether samples prepared by various methods show 

important structural differences which could influence their optical properties. The 

activation energy for rapid halogen dynamics in CsSnBr3 was quantified by variable-

temperature 119Sn NMR spectroscopy. Finally, the stability of CsSnBr3 under ambient 

conditions was assessed by examining the products and pathways of its degradation. 
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Figure 3.1. CsSnCl3: (a) monoclinic structure at room temperature, (b) cubic 

perovskite structure above 379 K, (c) UV-visible absorption spectra collected at room 

temperature, and (d) Rietveld refinements of powder XRD patterns. 

 

3.2 Results and Discussion 

3.2.1 Monoclinic and Cubic Phases of CsSnCl3 

At room temperature, CsSnCl3 adopts a monoclinic structure (space group P21/c) 

containing isolated [SnCl3]
− ions in trigonal pyramidal geometry with Sn–Cl bonds of 

2.50–2.55 Å (Figure 3.1a). If three much more distant Cl atoms at 3.21–3.77 Å are 

included, the coordination geometry around the Sn atoms (coordination number (CN) 

with 3 shorter and 3 longer bonds, CN3 + 3) could also be described as distorted 

octahedron.21 Above 379 K, CsSnCl3 transforms to the cubic perovskite structure 

(space group Pm3̅m) containing a network of corner-sharing ideal [SnCl6]
4− octahedra 

with Sn–Cl bonds of 2.78 Å (Figure 3.1b).21,50 However, as described later, the cubic 
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form can be obtained at room temperature as a metastable phase. From le Bail fitting 

of the powder XRD patterns (Figure 3.1d), the cell parameters were refined to be a = 

5.7286(6) Å, b = 7.6936(11) Å, c = 16.9175(15) Å, and β = 106.505(4)° for the 

monoclinic phase and a = 5.5894(5) Å for the room temperature cubic phase, in good 

agreement with previously reported values.50,51 The room temperature UV-visible 

absorption spectra show that the monoclinic phase has a larger optical bandgap (3.33 

eV) than the cubic phase (2.83 eV) (Figure 3.1c), consistent with the less delocalized 

electronic structure associated with the discrete [SnCl3]
− units in the former. 

 

 

 

Figure 3.2. (a) 133Cs and (b) 119Sn NMR spectra collected at room temperature for 

monoclinic and cubic CsSnCl3. The 133Cs NMR spectra were acquired at 11.75 T with 

a magic-angle spinning frequency of 13 kHz. The 119Sn NMR spectra were acquired at 

7.05 T for monoclinic and 11.75 T for cubic CsSnCl3 under non-spinning sample 

conditions at 293 K. In (a), the asterisks (*) indicate spinning side bands. 
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The lack of a simple relationship between the monoclinic and cubic structures 

of CsSnCl3 implies a reconstructive phase transition involving considerable mobility 

of atoms, because the process takes place at a relatively low temperature. In preparation 

for a detailed examination of the dynamics of this process, the local environments 

around the Cs and Sn atoms within the monoclinic and cubic phases were first probed 

by solid-state NMR spectroscopy to establish a frame of reference. 

The 133Cs NMR characteristics depend strongly on local electronic and 

chemical environments. The position and widths of the 133Cs resonances, as measured 

by their isotropic chemical shift (δiso) and full-width-at-half-maximum (fwhm) values, 

are quite different within the monoclinic (δiso = 168.5(1) ppm, fwhm = 320 Hz) and 

cubic structures (δiso = 64.7(1) ppm, fwhm = 138 Hz) (Figure 3.2a). The 133Cs spin-

lattice relaxation time decreases significantly from the monoclinic (T1 = 252 s) to the 

cubic structure (T1 = 15 s), which may be related to greater mobility of Cl atoms in the 

latter.21 The local environment of Cs atoms surrounded by Cl atoms is less symmetrical 

within the monoclinic structure (CN10, bicapped square prismatic), giving rise to a 

manifold of spinning sidebands due to a small quadrupole coupling constant (CQ) of 

190 kHz, whereas it is highly symmetrical within the cubic structure (CN12, 

cuboctahedral) for which CQ is ∼0 kHz. At a magic-angle spinning (MAS) frequency 

of 13 kHz, a single low-intensity spinning side band is observed in cubic 

CsSnCl3 (Figure B1), which is most likely due to intrinsic defects (e.g., Cl 

vacancies).52 The distinctly different 133Cs NMR spectra for these two forms of 

CsSnCl3 can then be exploited to quantitatively determine their relative amounts in 

more complex samples obtained by various synthetic procedures. 

Similarly, the 119Sn NMR features serve as helpful diagnostics of these forms 

of CsSnCl3 (Figure 3.2b). The lower symmetry monoclinic form exhibits a broad 

pattern characteristic of chemical shift anisotropy (δiso = −295(2) ppm, span Ω = 870(5) 

ppm, skew k = 0.95(2)), whereas the higher symmetry cubic form exhibits a symmetric 

resonance (δiso = −560(1) ppm, fwhm = 1.8 kHz) with no evidence for chemical shift 

anisotropy. 
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Figure 3.3. (a) Time-dependent 133Cs NMR spectra (B0 = 11.75 T, ωr/2π = 13 kHz 

MAS; a short-tip angle and an optimized 300 s recycle delay were used for 

quantification) of a sample of CsSnCl3 prepared by quenching in ice-water. The spectra 

are normalized to the highest intensity. The asterisks (*(m)) indicate positions of 

spinning side bands for the monoclinic phase. (b) Plot of 133Cs NMR peak area (±2%) 

as a function of time for the cubic phase. 

 

3.2.2 Trapping Cubic CsSnCl3 at Room Temperature 

According to recent reports, cubic CsSnCl3 can be obtained as a metastable phase at 

room temperature by ball milling,53 or by “briefly heating” the monoclinic form to 380 
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K.44 However, questions still remain about how long this cubic phase persists under 

ambient conditions, and to our knowledge, there has been no systematic study on its 

stability upon exposure to air. 

Two separate samples of CsSnCl3 were prepared by reaction of CsCl and SnCl2, 

which were loaded into sealed and evacuated fused-silica tubes, and heated at 673(10) 

K for 15 h in a box furnace (see Experimental section in Appendix B). For the first 

sample, the tubes were cooled slowly at 5 K min−1 to room temperature. This sample 

contained a mixture of cubic and monoclinic phases with the latter >50%, as revealed 

by both powder XRD and 133Cs NMR spectroscopy performed within 24 hours of 

synthesis (Figure B2). After 6 days at room temperature, the sample transformed to 

mostly the monoclinic phase, with <10% of the cubic phase remaining. For the second 

sample, the tubes were cooled at 5 K min−1 to 573 K, followed by quenching in an ice-

water bath. Although the powder XRD data suggest a phase-pure sample consisting of 

only the cubic phase (lower part of Figure 3.1d), the 133Cs NMR spectrum shows a 

small amount (6%) of the monoclinic phase (Figure 3.3a). Time-dependent 133Cs NMR 

spectra were collected on the sample, kept at room temperature, at various intervals up 

to 72 days. The proportion of the cubic phase decreases monotonically in an 

exponential manner, with 65% remaining after 10 days and 14% after 72 days (Figure 

3.3b and B2c). This process is much slower than a similar one that we have recently 

reported for the transformation of metastable γ-CsPbI3 perovskite to δ-CsPbI3 non-

perovskite at room temperature, which is complete within 2 hours, as monitored 

by 133Cs NMR spectroscopy.41 

 

3.2.3 Cubic CsSn(Cl1−xBrx)3 Solid Solution: Synthesis, Long-range 

Structure and Optical Properties 

The multiple phase transitions encountered for both CsSnCl3 and 

CsSnBr3 make it challenging to prepare a complete mixed-halide solid solution 

CsSn(Cl1−xBrx)3 having the cubic perovskite structure over the entire range for x at 

room temperature. Moreover, the parent end-members only adopt the stable cubic 

structure above room temperature (>379 K for CsSnCl3 and >292 K for 

CsSnBr3).
21,22 Samples of CsSn(Cl1−xBrx)3 prepared by solution methods were reported 
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to form monoclinic phases for Cl-rich compositions (x < 0.50) and cubic phases for Br-

rich compositions (x > 0.50) at room temperature.16 The retention of cubic CsSnCl3 as 

a metastable phase at room temperature, presented above, suggests that it may yet be 

possible to prepare a complete solid solution with the cubic structure through similar 

high-temperature reactions of CsX and SnX2 (X = Cl, Br). As detailed in the 

experimental section, the critical step is rapid quenching (see Appendix B). 

Freshly synthesized samples of CsSn(Cl1−xBrx)3 show colors starting from faint 

yellow (CsSnCl3) and gradually evolving with increasing Br content to orange, red, and 

finally black (CsSnBr3), consistent with a decrease in the bandgap (Figure 3.4a). The 

samples are polycrystalline with micron-sized particles having uniform distribution of 

all elements (Cs, Sn, Cl, Br) down to this scale, as seen in elemental mapping images 

collected on a field-emission scanning electron microscope (Figure 3.4b and B3). The 

chemical compositions, as determined by energy-dispersive X-ray analysis, agree well 

with the nominal compositions CsSn(Cl1−xBrx)3 loaded in the reactions (Table B1). 

 

 

 

Figure 3.4. (a) Photographs of freshly synthesized CsSn(Cl1−xBrx)3 (top to bottom, x = 

0, 0.10, 0.33, 0.50, 0.67, 0.90, 1), (b) scanning electron micrograph and elemental maps 

for CsSn(Cl0.50Br0.50)3, (c) powder XRD patterns, (d) plots of unit cell parameters and 

bandgaps, and (e) UV-visible absorption spectra. 
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Powder XRD patterns collected at room temperature confirm the cubic 

perovskite structure (space group Pm3̅m) for all members of the solid solution (Figure 

3.4c and B4). The refined unit cell parameter for CsSn(Cl1−xBrx)3 increases linearly 

from 5.5894(5) Å for CsSnCl3 to 5.8031(3) Å for CsSnBr3, in accordance with Vegard's 

law, with no deviations being shown (Figure 3.4d and Table B2). Strict adherence to 

Vegard's law behavior has also been observed in lead-containing mixed-halide 

perovskites.35,36 

UV-visible absorption spectra, which were converted from diffuse reflectance 

spectra using the Kubelka–Munk function, show gradual shifts in the absorption edge 

to lower energy with increasing Br content in CsSn(Cl1−xBrx)3 (Figure 3.4e). With the 

assumption of a direct bandgap, the linear regions in the Tauc plots of (αhν)2 vs. E were 

extrapolated to extract optical bandgap values (Figure B5). The bandgap in 

CsSn(Cl1−xBrx)3 decreases linearly with increasing Br content from 2.83 eV for 

CsSnCl3 to 1.79 eV for CsSnBr3 (Figure 3.4d), similar to the behavior seen in lead-

containing mixed-halide perovskites.35,36,41 

 

3.2.4 Cubic CsSn(Cl1−xBrx)3 Solid Solution: Local Structure 

using 133Cs and 119Sn NMR Spectroscopy 

The local environments of Cl and Br atoms around the Cs and Sn atoms in 

CsSn(Cl1−xBrx)3 were probed by NMR spectroscopy. The Cs atoms reside in a 

cuboctahedral site surrounded by 12 halogen atoms (Figure 3.5a). For the end-

members, the 133Cs chemical shifts are similar but distinguishable: δiso = 64.7 ppm for 

CsSnCl3 and δiso = 64.0 ppm for CsSnBr3.
44 Interestingly, the 133Cs resonances are 

quite sharp for all members of CsSn(Cl1−xBrx)3, with fwhm ranging from 70 to 150 Hz 

(or 1.1 to 2.3 ppm) (Figure 3.5b). This result is in contrast to the lead-containing 

analogues CsPb(Cl0.50Br0.50)3, where much broader 133Cs resonances (fwhm of 2 kHz) 

were observed and attributed to inhomogeneities caused by the numerous possible 

arrangements of Cl and Br atoms.41 The sharper 133Cs NMR spectra for 

CsSn(Cl1−xBrx)3 imply that rapid halogen dynamics must be taking place even at room 

temperature, such that the effects of the 12 surrounding halogen atoms are averaged.44 
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Most surprisingly, the 133Cs chemical shift does not vary monotonically 

between the end-members; rather, it is displaced to higher frequency relative to the end-

members and reaches a maximum of δiso = 74.7 ppm in CsSn(Cl0.50Br0.50)3. The 

relationship between the chemical shift δiso and the Br content x can be fitted to a 

parabolic curve, following the quadratic function δiso(
133Cs)/ppm = 64.8 + 40.6x − 

41.5x2 (Figure 3.5c). A comparable nonlinear change in 89Y and 119Sn NMR chemical 

shifts has been observed in pyrochlores.54,55 A similar nonlinear change in 133Cs NMR 

chemical shifts was recently reported for mixed-halide double perovskites 

Cs2AgBi(Cl1−xBrx)6 due to a non-additive effect of nearest and next-nearest neighbours 

on the chemical shift for 133Cs nuclei and the associated extended halide environment.56 

 A mixture of Cl and Br atoms in the cuboctahedral environment around the Cs 

atoms would be expected to enhance quadrupolar coupling interactions because of the 

lowering of symmetry and correspondingly to increase the manifold of 133Cs spinning 

side bands, as was previously observed in the lead-containing analogues 

CsPb(Cl0.50Br0.50)3.
41 However, at a MAS frequency of 13 kHz, only a single spinning 

side band of low intensity was observed for all members of CsSn(Cl1−xBrx)3 (Figure 

B1), which could occur if the environment contains identical halogen atoms (not 

possible here) or if the halogen dynamics are sufficiently rapid (i.e., much shorter than 

the correlation times) such that only average values are measured for the relevant 

interactions. The 133Cs spin-lattice relaxation times T1 vary nonlinearly between 10 to 

35 s with increasing Br content (Figure 3.5c and Table B3). These short relaxation 

times, on the order of seconds, are consistent with the absence of significant covalent 

bonding interactions between Cs and halogen atoms, similar to previous observations 

for CsPb(Cl0.50Br0.50)3.
42 
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Figure 3.5. (a) Local cuboctahedral environment of 12 halogen atoms around the Cs 

atom. (b) Room temperature 133Cs NMR spectra for CsSn(Cl1−xBrx)3, acquired at 11.75 

T with a magic-angle spinning frequency of 13 kHz. (c) Plots of δiso(
133Cs) 

and 133Cs T1 values as a function of Br content. The δiso plot was fit to the 

equation δiso(
133Cs)/ppm = 64.8 + 40.6x − 41.5x2 (R2 = 0.999). 
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The Sn atoms in CsSn(Cl1−xBrx)3 reside in an octahedral site surrounded by six 

halogen atoms (Figure 3.6a). For the end-members, the 119Sn NMR spectra show 

symmetric-like lineshapes with clear differences in isotropic chemical shifts for 

CsSnCl3 (δiso = −562 ppm) and CsSnBr3 (δiso = −289 ppm) (Figure 3.6b). There is no 

evidence of spinning side bands, consistent with a highly symmetric chemical 

environment. As the Br content increases, the 119Sn chemical shift gradually displaces 

to higher frequency (Figure 3.6b and Table B4) and the linewidth increases from 

CsSnCl3 (fwhm = 1.8 kHz) to CsSnBr3 (fwhm = 19.0 kHz) (Figure 3.6c). For CsSnBr3, 

the 119Sn NMR linewidth and lineshape are unchanged whether the magnetic field (B0) 

is 7.05 or 11.75 T (Figure B6). Furthermore, the linewidth (fwhm = 21 kHz) only 

decreases slightly when magic angle spinning is applied (fwhm = 19 kHz) (Figure B7); 

the small decrease is attributed to a reduced heteronuclear dipolar coupling 

between 119Sn and 79/81Br. The observed linewidths may also be influenced by indirect 

spin–spin coupling between 119Sn and six surrounding quadrupolar nuclei (I = 3/2 

for 35/37Cl and 79/81Br) as recently reported in CH3NH3PbCl3 and CsPbCl3.
24,28 For the 

Br-rich samples, the 119Sn signal-to-noise ratio drastically deteriorates upon increasing 

the echo delays from 24 to 94 μs, due to fast T2 relaxation (Figure B8).44 These results 

are similar to previous observations on the lead-containing analogues.24,28,31,35,36,41 

The occurrence of single symmetric-like 119Sn resonances and the absence of 

spinning side bands imply that the chemical environment around the Sn atoms is 

uniform. If a distribution of several types of SnCl6−nBrn (n = 0–6) octahedra were 

present, they would give rise to multiple Sn resonances and possibly spinning side 

bands due to magnetic shielding anisotropy, but neither of these are observed. As 

before, the most probable explanation is that rapid halogen dynamics is taking place in 

CsSn(Cl1−xBrx)3 on the timescale of the NMR experiment, resulting in averaged 

chemical environments around the Sn atoms. This situation contrasts with the lead-

containing analogues CsPb(Cl1−xBrx)3, where multiple chemical environments around 

Pb atoms are observed.41 The 119Sn NMR chemical shift can be further correlated with 

the bandgap in CsSn(Cl1−xBrx)3 (Figure B9). The decrease in bandgap is accompanied 

by a displacement of the 119Sn NMR chemical shift to higher frequency, suggesting a 

dominating paramagnetic shielding contribution. 
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Figure 3.6. (a) Local octahedral environment of 6 halogen atoms around the Sn atom. 

(b) Room-temperature 119Sn NMR spectra for CsSn(Cl1−xBrx)3, acquired at 11.75 T 

with a magic-angle spinning frequency of 10 kHz. (c) Plots of 119Sn T1 and 119Sn 

linewidth values as a function of Br content. 
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The 119Sn spin-lattice relaxation times decrease dramatically from 

CsSnCl3 (T1 = 3.5 s) to CsSnBr3 (T1 = 0.006 s), a difference of three orders of 

magnitude which is comparable to recent observations on CH3NH3SnX3.
44 The 

decrease is monotonic with increasing Br content (Figure 3.6c and Table B4). It has 

been shown previously that the T1 relaxation mechanism is dominated by the scalar 

coupling strength 1J(119Sn, X) (X = 35/37Cl or 79/81Br) for tin halides.44,57,58 The 

smaller T1 value for CsSnBr3 compared to CsSnCl3 is consistent with 1J(119Sn,79/81Br) 

being larger than 1J(119Sn,35/37Cl). In addition to J-coupling, chemical exchange 

processes due to the rapid halogen dynamics at room temperature may also play a 

significant role in the 119Sn T1 values for the Br-rich samples, as discussed later. 

 

 

 

Figure 3.7. Room temperature (a) 133Cs NMR spectra with magic-angle spinning (5 

kHz) and (b) 119Sn NMR spectra with no magic-angle spinning, acquired at 11.75 T, of 

CsSnBr3 samples prepared by solvent synthesis (SS), high-temperature (HT) reactions, 

and ball-milling (MCS). In (a), the asterisks (*) indicate spinning side bands and the 

daggers (†) mark peaks attributed to Cs2SnBr6. 
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3.2.5 Local Structure of CsSnBr3 Prepared by Solvent, High-

Temperature, and Mechanochemical Routes 

There have been many reports of halide perovskites being prepared by nonconventional 

routes, either in the presence or absence of solvent. For example, solvent-free 

“mechanochemical synthesis” routes involving ball-milling have been proposed to be 

advantageous for large-scale production of perovskite photovoltaic 

materials.59,60 However, it is unclear whether samples prepared by these 

nonconventional routes are really identical to more traditional solution-based methods 

on a local atomic-level. To understand this, samples of CsSnBr3 were prepared by three 

routes (solvent synthesis, high-temperature reaction, and ball-milling) and analyzed 

by 133Cs and 119Sn NMR spectroscopy. 

The 133Cs NMR spectra show resonances appearing in the same position, being 

sharpest for the sample prepared by solvent-synthesis (fwhm = 15 Hz), and growing 

increasingly broader for those prepared by high-temperature reaction (fwhm = 70 Hz) 

and ball-milling (fwhm = 120 Hz) (Figure 3.7a). For these spectra acquired under slow 

magic-angle spinning (5 kHz), the spinning side band manifold increases along the 

same order. These observations indicate that the solvent-synthesized sample has the 

most well-ordered structure containing fewer defects, whereas the ball-milled sample 

has the most locally disordered structure exhibiting a wide distribution of environments 

and more defects.27,35 The higher defect concentrations in our ball-milled sample are 

maintained because no further post-grinding annealing treatment was performed. It is 

worth noting that one may minimize or circumvent the formation of grinding induced 

defects by performing a subsequent heat treatment after ball milling.61,62 

The 119Sn NMR spectra for these samples (Figure 3.7b) show even greater 

differences in chemical shifts, which span a range of almost 100 ppm, and linewidths: 

the sharpest at −386 ppm (fwhm = 7.5 kHz) for the solvent-synthesized sample, an 

intermediate one at −284 ppm (fwhm = 21 kHz) for the sample prepared at high 

temperature, and the broadest at −295 ppm (fwhm = 34 kHz) for the ball-milled sample. 

The 119Sn spin-lattice relaxation times depend greatly on the synthetic route: T1 = 25 

ms for the solvent-synthesized sample, 7 ms for the high-temperature sample, and 3 ms 

for the ball-milled sample (Table B5). A faster relaxation process implies greater local 
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surface disorder/defects in the ball-milled sample, consistent with the conclusions from 

the 133Cs NMR spectra and the 119Sn NMR linewidths. This greater disorder is also 

reflected in broader peaks in the powder XRD patterns for the ball-milled sample 

compared to the other samples (Figure B10); all samples exhibit micron sized 

crystallites. However, the optical bandgaps extracted from the UV-visible absorption 

spectra appear to be virtually identical (within experimental error), with values ranging 

from 1.77 eV for the solution-synthesized sample to 1.81 eV for the ball-milled sample. 

We note this disorder may also be related to the UV-vis absorption profile being 

different for the ball-milled sample (Figure B11). 

 

 

 

Figure 3.8. (a) Variable temperature 119Sn NMR non-spinning spectra acquired at 

11.75 T and (b) plots of 119Sn T1 and NMR chemical shift vs. inverse of absolute 

temperature for solvent synthesized CsSnBr3. 
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3.2.6 Spontaneous Halogen Mobility in CsSnBr3 

The presence of point defects or vacancies enables ionic migration within perovskites 

and plays an important role in photovoltaic efficiency and material stability, while also 

being responsible for photocurrent hysteresis characteristics.63–65 Metal halide 

perovskites ABX3 can exhibit a vacancy transport hopping mechanism through A-, B- 

or X-site migration,66 but X-site (halogen) diffusion is most probable as the halogen 

vacancy formation energy is comparable to the halogen ionic diffusion activation 

energy barrier (ca. 0.30 eV) in organic–inorganic hybrid perovskites.52,67,68 The 

analysis of the 133Cs and 119Sn NMR spectra above suggests that halogen atoms may 

be highly mobile in CsSn(Cl1−xBrx)3 even at room temperature. To deconvolute the 

halogen dynamics, variable-temperature 119Sn NMR spectroscopy was performed on 

the parent CsSnBr3 compound, prepared by solution synthesis. As the temperature 

increases from 230 to 418 K, the 119Sn resonances shift monotonically to higher 

frequency by about 75 ppm (Figure 3.8 and Table B6), following the cubic dependence 

δiso(
119Sn)/ppm = 364.25 – 497.09×

103

𝑇(𝐾)
 + 107.16×{

103

𝑇(𝐾)
}2 – 7.56×{

103

𝑇(𝐾)
}3 The 119Sn 

NMR linewidth narrows from 14.7 to 4.5 kHz, the effective spin–spin relaxation 

time (T2*) increases from 68 to 222 μs (Figure B12 and Table B6), and most notably, 

the spin-lattice relaxation time (T1) decreases drastically from 0.635 to 0.0009 s, a 

difference of three orders of magnitude (Table B6). In accordance with an Arrhenius 

relationship, a plot of log10[T1(
119Sn)/s] vs. [1000/T (K)] yields a linear dependence 

(Figure 3.8b) from which an activation energy of 28.9 ± 1.2 kJ mol−1 (0.30 ± 0.01 eV) 

for the halogen dynamics was extracted (see Appendix Note B1). Although this result 

is in contrast to the metallic behavior previously suggested from electrical conductivity 

measurements,67 it is in excellent agreement with those for other Sn- and Pb-based 

perovskites and metal halide solid ionic conductors including CH3NH3SnBr3 (0.30–

0.37 eV),44,67,68 CH3NH3PbI3 (0.29 eV),69 CsPbCl3 (0.29 eV),70 CsPbBr3 (0.25 

eV),70 CsSnCl3 (0.2 eV, theoretical),71 α-SnI2 (0.29 eV),72 PbCl2 (0.20–0.30 

eV),70,73 and PbBr2 (0.23–0.25 eV).70,74 These observations support the conclusion that 

CsSnBr3 behaves like an ionic conductor and Br− mobility is responsible for the fast 
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relaxation process of 119Sn nuclei in CsSnBr3, as observed recently in the organic–

inorganic hybrid CH3NH3SnBr3 perovskite.44 

The above NMR results suggest that the replacement of Pb with Sn in 

perovskite appears to enable faster halogen mobility, which causes an averaging of the 

relevant interactions through halide dynamics. The faster halogen dynamics alter the 

electrical properties for tin halide perovskites. For example, cubic CsSnCl3 was shown 

to have high ionic conductivity >10−4 S cm−1 at 313 K, fueling its potential as a solid 

electrolyte candidate for chloride ion batteries.71 We further note that a higher 

concentration of B site vacancies (ca. 2.9%)71 was reported in CsSnCl3 than that for 

CH3NH3PbI3 (ca. 0.4%).75 The higher B site vacancies in tin halide perovskites is most 

likely associated with Sn(+2) oxidation (Sn(+2) → Sn(+4) vs. Pb(+2)), which may 

cause an increase in the rate of halogen dynamics. 

 

3.2.7 Air Stability and Degradation Pathways for CsSnBr3 

CsSnBr3 shows higher thermal and moisture stability than the organic–inorganic hybrid 

CH3NH3SnBr3. Nevertheless, CsSnBr3 slowly degrades over time under ambient 

conditions, becoming partially oxidized to Cs2SnBr6, and the UV-visible absorption 

spectra change drastically (Figure B13). Powder XRD and solid-state 133Cs and 119Sn 

NMR spectroscopy were performed to elucidate the decomposition pathways and the 

nature of the degraded products. A sample of CsSnBr3 was freshly synthesized by high-

temperature reactions and stored in a parafilm-sealed glass vial under ambient 

laboratory conditions (298 K and 50–70% humidity) over 300 days. The powder XRD 

pattern of the degraded sample was compared to those for various reference standards 

(pristine CsSnBr3, Cs2SnBr6, CsBr, SnO2, SnBr4, and SnBr2) (Figure 3.9a). In addition 

to CsSnBr3, which still constituted about 40% of the sample, significant amounts of 

Cs2SnBr6 and CsBr, and smaller amounts of SnBr4 were formed, but no SnO2 or 

SnBr2 were present. The powder XRD pattern also shows an increased background, 

suggestive of amorphous contributions. 
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Figure 3.9. Degraded CsSnBr3 sample that was exposed to ambient laboratory 

conditions over 300 days. (a) Powder XRD pattern compared to reference standards 

shows presence of CsSnBr3 (p), Cs2SnBr6 (⊗), CsBr (♦), and SnBr4 (#). The blue lines 

indicate the absence of peaks due to SnO2 and SnBr2. (b) 133Cs NMR spectrum, 

acquired at 11.75 T with a magic-angle spinning frequency of 5 kHz, shows the 

presence of CsSnBr3, Cs2SnBr6, and CsBr. The asterisks (*) indicate spinning side 

bands and the dagger (†) indicates an unidentified Cs-containing degradation product. 

(c) 119Sn NMR spectrum, acquired at 11.75 T with magic-angle spinning frequencies 

of 0 to 13 kHz. 

 

 Complementary information about crystalline and amorphous components can 

be obtained from the solid-state NMR spectra. For quantitative analysis, the NMR 

parameters were optimized to achieve maximum sensitivity (Tables B7 and B8). 

The 133Cs NMR spectrum of the degraded sample was compared to those for three 

reference standards (pristine CsSnBr3, Cs2SnBr6, and CsBr) (Figure 3.9b). Based on 

assignment of the 133Cs NMR resonance areas, the sample consisted of 40% 

CsSnBr3 (65 ppm), 45% Cs2SnBr6 (113 ppm), 8% CsBr (260 ppm) and 7% of an 

unidentified Cs-containing phase (230 ppm). The 133Cs resonances are slightly broader 

for Cs2SnBr6 (fwhm of 320 Hz, compared to 170 Hz for the solvent-synthesized 

standard) and for CsBr (fwhm of 370 Hz, compared to 270 Hz for the standard). This 

broadening implies that Cs2SnBr6 and CsBr formed during the slow degradation 
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process have smaller crystallite sizes than in the reference standards.44 The powder 

XRD pattern also shows broadening of diffraction peaks for these phases (Figure 3.9a). 

In the 119Sn NMR spectrum of the degraded sample, the resonances span about 

8800 ppm (1.6 MHz at B0 = 11.75 T, Figure 3.9c and B14), with spin-lattice relaxation 

times extending over four orders of magnitude (Table B8). Hence, the 119Sn NMR 

acquisition parameters were optimized within different spectral regions (Table B8). 

Region 1 shows that a significant amount of CsSnBr3 is present. The 119Sn resonance 

intensity for CsSnBr3 is highly sensitive to the magic-angle spinning frequency; 

because these spectra were acquired with a spin echo, for which the delay depends on 

the spinning frequency, the signal is weakened due to the fast T2 relaxation process 

when slower MAS frequencies are used. Region 2 shows a 119Sn resonance at −600 

ppm, which corresponds to SnO2, and a broad underlying component, which most 

likely corresponds to SnBr4, indicating that oxidation from Sn(+2) to Sn(+4) has taken 

place. The 119Sn signal for SnO2 in the degradation product is much broader (fwhm = 

3.7 kHz) than in the bulk SnO2 standard (fwhm = 0.2 kHz). Although crystalline 

SnO2 was not detected in the powder XRD pattern, the broadness of the 119Sn NMR 

signal suggests that it may either be amorphous or in the form of nanodomains (<10 

nm)76 embedded within other phases in the sample. Region 3 confirms the presence of 

Cs2SnBr6, as seen by the 119Sn resonance at −1964 ppm. Region 4 reveals a weak 119Sn 

signal that is assigned to metallic β-Sn and is Knight-shifted77 to higher frequency; 

however, this signal was detected only after two million scans, implying only a trace 

amount of β-Sn that likely originated as an impurity in the starting material SnBr2 used 

in the synthesis, as shown in Figure B14. Based on the XRD and NMR results, two 

simultaneous pathways are proposed for the room-temperature oxidation of CsSnBr3: 

(1) 2 CsSnBr3 + O2 (air) → Cs2SnBr6 (crystalline) + SnO2 (amorphous or nano-sized) 

(2) 2 CsSnBr3 + O2 (air) → SnBr4 (crystalline) + 2 CsBr (crystalline) + SnO2 

(amorphous or nano-sized). 

 

3.3 Conclusions 

The complete solid solution CsSn(Cl1−xBrx)3 (0 ≤ x ≤ 1) exhibiting the cubic perovskite 

structure for all members, was prepared by rapid quenching of samples reacted at high 
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temperature. In particular, this method is able to trap the end-member CsSnCl3 as a 

metastable cubic phase (instead of the monoclinic phase) at room temperature. The 

long-range structure was elucidated by powder XRD and the local structure and 

dynamics by 133Cs and 119Sn solid-state NMR spectroscopy. In contrast to the lead-

containing analogues CsPbX3, the halogen atoms in CsSn(Cl1−xBrx)3 are much more 

mobile. The rapid halogen dynamics in CsSnBr3 were analyzed by measuring the 119Sn 

spin-lattice relaxation times at variable temperatures, giving a low activation energy of 

28.9 ± 1.2 kJ mol−1 for the diffusion of Br atoms. Although CsSnBr3 can be prepared 

by various synthetic routes that apparently have similar long-range structures, as 

ascertained by powder XRD and optical properties, the local structure and degree of 

crystallinity differ, as revealed by NMR spectroscopy; in particular, samples prepared 

by mechanochemical synthesis tend to show greater local polyhedral disorder and 

vacancies, resulting in a reduction of the spin-lattice relaxation of 119Sn. In a study of 

CsSnBr3 exposed to air, insight into the degradation pathways was sought by NMR 

spectroscopy, which revealed the formation of amorphous or nano-sized SnO2, not 

detected by conventional diffraction methods. The results suggest that although the 

photophysical properties of Sn-containing perovskites are attractive, and their 

bandgaps are tunable through halide substitution and not highly affected by synthetic 

methods despite differences in local structure, challenges remain in ensuring their 

ambient long-term stability. 
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CHAPTER 4 
 

Cu(II)-Doped Cs2SbAgCl6 Double Perovskite: A 

Lead-Free, Low-Bandgap MaterialR3 
 

4.1 Introduction 

With an impressive increase in photoconversion efficiency (PCE) within the past 

decade,1,2 hybrid organic–inorganic lead halide perovskites have prompted global 

research due to their potential use in high-efficiency solar cell technologies. However, 

despite their promising electronic properties and low production costs for photovoltaic 

and optoelectronic applications,3−8 commercialization of lead halide perovskites has 

been hindered by their instability9,10 as well as by long-term health and environmental 

concerns11,12 mostly related to the leaching of Pb2+ due to their water solubility.13−15 

The general formula for perovskites of recent interest in photovoltaic research 

is ABX3, where A = Cs+, MA+, or FA+ (MA = methylammonium, FA = 

formamidinium), B = Pb2+ or Sn2+, and X = Cl–, Br–, or I–. An important property of 

these compounds is their bandgap tunability, achieved by modifications of the A, B, 

and X positions. To improve the photovoltaic efficiency and stability of metal halide 

perovskites, alternative synthetic design approaches have included the incorporation of 

A-site mixed cations6,16−18 and mixed halides19,20 as well as isovalent (Sn2+, Co2+, 

Sr2+)21−23 or heterovalent (Bi3+, Au3+, In3+)24 B-site cations. These modifications 

influence the photovoltaic performance and optical properties and can lead to enhanced 

stability.25−27 Although MASnI3 is an attractive less toxic alternative to the 

isoelectronic Pb2+ sister materials, displaying a bandgap of 1.15 eV,28 it is unstable 

under ambient conditions due to rapid oxidation to Sn4+ which negatively impacts the 

photovoltaic properties of the material.29 

 
R3 The contents of this chapter have been copied and/or adapted from the following publication: 

Karmakar, A.; Dodd, M. S.; Agnihotri, S.; Ravera, E.; Michaelis, V. K. Cu(II)-Doped Cs2SbAgCl6 

Double Perovskite: A Lead-Free, Low-Bandgap Material. Chem. Mater. 2018, 30, 8280−8290. The 

supplementary data for this chapter is available in Appendix C: Experimental section, Tables C1–C6 and 

Figures C1–C16. 
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Recent research has shown that replacing the B-site cation with a combination 

of trivalent (B′), and monovalent (B″) cations results in the formation of 

A2B′B″X6 double perovskites that mimic the ABX3 perovskite structure while 

displaying enhanced air and moisture stability,30−35 as well as bandgap 

tunability.36−38 For example, Cs2BiAgX6 (X = Cl, Br) shows visible light absorption 

with indirect bandgaps of 2.77 and 1.95 eV for X = Cl and Br, respectively.30,32 Similar 

bandgap tunability also has been observed by alloying of Sb3+ and In3+ in 

Cs2BiAgBr6.
36 In 2017, Deng et al.39 successfully synthesized Cs2SbAgCl6 double 

perovskites with an indirect bandgap of 2.6 eV, while Tran et al.37 prepared a series of 

B′-site mixed-cationic Cs2(SbxIn1–x)AgCl6 (0 ≤ x ≤ 1) double perovskites that show an 

indirect to direct bandgap modification. The structural and photophysical properties of 

nanocrystals,40,41 low-dimensional (i.e., 2D) double perovskites,42 hysteresis-free solar 

cells,43 and highly stable thin films44 of Cs2BiAgBr6 double perovskite have recently 

been reported. A small bandgap Tl-containing Cs2AgTlBr6 double perovskite has 

emerged;45 unfortunately, the acute toxicity of thallium makes it ill-suited to replace 

lead. A new class of layered double perovskite, namely, Cs4CuSb2Cl12, displays a 

reduced bandgap, although at the cost of photovoltaic efficiency due to the restriction 

in structural dimensionality.46,47 The search continues for a less-toxic, low-bandgap 

(ca. 1–1.4 eV) 3D double perovskite material synthesized from inexpensive and highly 

abundant elements. 

Altering the optical and electronic properties for semiconductors is an attractive 

approach in modern device applications.48,49 For example, homo- and heterovalent 

metal ion doped lead halide perovskites have been reported to enhance the optical and 

electronic properties of both nanocrystalline50−53 and bulk materials.24,29,54 Likewise, 

double perovskites can be modified through a similar metal doping approach. For 

example, Slavney et al.38 reduced the bandgap of Cs2BiAgBr6 by successful Tl doping, 

and Nandha and Nag55 enhanced the visible light emission properties of 

Cs2InAgCl6 via Mn2+ doping. 

The ns2 outer shell electronic configuration of the B-site in the 3D ABX3 (B = 

Pb2+, Sn2+) perovskite structure is responsible for strong direct bandgap absorption and 

superior photovoltaic properties. Occupied and unoccupied 6s2 and 6p0 orbitals, 
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respectively, of Pb2+ contribute to form valence band maximum (VBM) and conduction 

band minimum (CBM), respectively.56 A2B′B″X6 double perovskites allow a large 

diversity of B′- and B″-sites and hence diverse orbital compositions in its band edges. 

Because double perovskite materials exhibit dominant metal-to-metal charge transfer 

(MMCT), their electronic band structure relies heavily on the energies of B′- and B″-

site metals’ frontier orbitals.45 For example, it has been shown when Pb2+ is replaced 

with isoelectronic Bi3+ and Tl+ in MA2BiTlBr6, a direct bandgap material is formed, 

whereas replacing Tl+ with Ag+ yields an indirect bandgap material, 

Cs2BiAgBr6.
32,38 Similarly, the Cs2SbAgCl6 double perovskite shows an indirect 

bandgap transition, where the Sb-5s/Ag-4d and Sb-5p orbitals are the main contributors 

to the VBM and CBM, respectively.37 Vargas et al. have reported a layered 2D double 

perovskite, Cs4Sb2CuCl12, that exhibits a direct transition with a narrow bandgap (ca. 

1 eV) due to the presence of an unpaired electron in Cu2+ (3d9 configuration).46 The 

[CuCl6]
4– octahedra are inserted between [SbCl6]

3– layers, corner sharing to each 

[SbCl6]
3– neighbor in the extended crystalline structure. These corner-shared octahedra 

are similar to the 3D perovskite network, which is crucial for their major photovoltaic 

success in lead-halide perovskites.56 The much smaller bandgap of Cs4Sb2CuCl12 is due 

to favorable orbital overlap of the Cu-3d orbitals with Cl and Sb orbitals, which 

broadens the VBM and minimizes the bandgap.46 We hypothesized that dilute 

incorporation of 3d9 orbitals near the VBM of Cs2SbAgCl6 may allow us to narrow the 

bandgap while the 3D double perovskite structural network remains unaltered. A 

closely related band edge modification has been reported by describing energy- and 

symmetry-matching of Tl-doped Cs2BiAgBr6 double perovskite.38 These observations 

inspired us to investigate the possibility of preparing de novo doped 3D double 

perovskite materials that yield reduced optical bandgaps for photovoltaic applications 

while maintaining desirable practical properties. Herein, we describe the synthesis of a 

lead-free, inexpensive, and highly abundant element, heterovalent Cu2+ doping 

analogue of Cs2SbAgCl6 with a bandgap of ca. 1 eV. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a powerful 

analytical tool that allows one to characterize atomic-level short- and medium-range 

structure, as well as dynamics in hybrid perovskites.15,57−71 NMR spectroscopy was 
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used to decode the local atomic structure of the Cs2SbAgCl6 parent and Cu2+-doped 

Cs2SbAgCl6 double perovskite materials. In addition to NMR spectroscopy, powder X-

ray diffraction (PXRD) was used to confirm the crystalline structure and phase purity, 

while optical properties were obtained using diffuse reflectance (DR). Materials were 

further characterized using field emission scanning electron microscopy (FESEM), 

energy dispersive X-ray (EDX), electron paramagnetic resonance (EPR), and 

thermogravimetric analysis (TGA) techniques. Finally, the long-term stability to 

environmental thermal and humidity stimuli of the materials was tested to assess their 

potential for long-term use as photovoltaic materials. 

 

 

 

Figure 4.1. (a) Photographs and (b) FESEM images of Cs2SbAgCl6 (i.e., x = 0.00) and 

Cu2+-doped polycrystalline materials. Here, the x values indicate nominal Cu2+ loading 

(see the Appendix C). The scale bar at the lower left of the FESEM images is 2 μm. 

 

4.2 Results and Discussion 

The polycrystalline antimony–silver-based double perovskite, Cs2SbAgCl6, was doped 

with Cu2+ by synthetic loading via solvent synthesis to produce 

Cs2Sb1−aAg1−bCu2xCl6 (a + b = 2x, x = 0.00 (i.e., parent compound), 0.01, 0.05, and 

0.10). The nominal composition is reported due to the low Cu concentrations and 

associated challenges in elemental analysis of these materials (Table 

C1). Figure 4.1 shows photographs and the corresponding FESEM images for the 

Cs2SbAgCl6 parent and the Cu2+-doped materials. The FESEM images confirm that the 
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materials are composed of multifaced micrometer-sized polycrystals. The PXRD 

pattern (Figure 4.2a and Figure C1) of Cs2SbAgCl6, which matches earlier 

reports,39 indicates a face-centered cubic double perovskite structure (Fm3̅m space 

group) with a = b = c = 10.699 Å unit cell dimensions. The nearly identical PXRD 

patterns for Cs2SbAgCl6 and the doped materials indicate single-phase crystalline 

solids. 

 

 
 

Figure 4.2. (a) Powder XRD patterns for Cs2SbAgCl6 (x = 0.00) and for Cu2+-doped 

Cs2SbAgCl6 materials. An expansion of the highly intense (220) peak in the PXRD 

patterns is shown in (b), illustrating its shift toward higher 2θ values and its broadening 

as the Cu2+ content increases from x = 0.00 to 0.10. The dotted line is a guide for the 

eye. (c) FWHM values of PXRD patterns as a function of Cu2+ content (x = 0.00–0.10). 
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Closer examination of the PXRD patterns (Figure C2) indicates trace quantities 

of AgCl in the parent material, with increasing AgCl concentration as Cu is 

incorporated into the sample. Qualitatively, these findings may suggest that 

[AgCl6]
5– octahedra in the Cs2SbAgCl6 double perovskite lattice are being replaced 

with [CuCl6]
4– octahedra upon Cu2+ doping, forming vacancies to maintain charge 

balance and causing the formation of insoluble AgCl. The elemental analysis of these 

materials using EDX spectroscopy (Table C1) provides a clearer interpretation, 

indicating a decrease in Ag+ concentration with increasing Cu2+ doping, while the 

concentrations of Cs+, Sb3+, and Cl– are, within experimental uncertainty, unchanged. 

Note that the initial Sb3+:Ag+ loading ratios are kept constant at the beginning of the 

synthesis for all samples (see the Appendix C). 

 

 

 

Scheme 4.1. Schematic representation of the (a) Cs2SbAgCl6 double perovskite 

structure and of possible Cu2+-doped analogues where [CuCl6]
4– replaces (b) [AgCl6]

5–

or (c) [SbCl6]
3– or (d) where Cu2+ replaces Cs+, leading to a formation of a neighboring 

vacancy. 
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Scheme 4.1a displays the crystal structure of the Cs2SbAgCl6 double 

perovskite, showing that [SbCl6]
3– and [AgCl6]

5– octahedra are coordinated to each 

other in alternating corner-sharing configurations with a Cs+ ion residing at the center 

of the cuboctahedra, thus maintaining an extended 3D perovskite crystal structure. 

There are, in principle, three positions in which Cu2+ can be incorporated into a double 

perovskite crystal lattice: the [AgCl6]
5– or the [SbCl6]

3– octahedra may be replaced with 

[CuCl6]
4– (Scheme 4.1b or 3.1c, respectively), or Cu2+ may occupy an A-site of the 

lattice (Scheme 4.1d), leading to the formation of a neighboring vacancy. Because of 

the large difference in the Pauling electronegativity (χP) of Cs (0.79) compared to that 

of Cu (1.90), a structure that includes six covalent Cu–Cl bonds rather than 12 Cu–Cl 

ionic interactions is favored. Additionally, since χP for Ag (1.93) is very close to that 

for Cu but significantly different from that for Sb (2.05), the [CuCl6]
4– octahedra in the 

doped material are expected to primarily replace the [AgCl6]
5– octahedra, as illustrated 

in Scheme 4.1b. In summary, we hypothesize that substitution of Ag+ by Cu2+ produces 

a Ag+ cationic vacancy to maintain charge balance neutrality of the doped materials. 

The EPR spectra (vide infra) of the sample at the lowest copper loading are consistent 

with the presence of tetragonally distorted [CuCl6]
4– octahedra:72−74 the spectrum is 

substantially axial, with the downfield g∥ feature, ∼2.3, sizably broadened by 

unresolved hyperfine couplings and with the g⊥ component, ∼2.0, shifted slightly 

upfield with respect to literature values. With increased doping, a peak at ∼2.15 

appears, indicating the presence of exchange-coupled copper pairs.75 This intriguing 

observation suggests that copper–copper pairs form with a higher than statistical 

probability. Exchange coupling is expected to emerge because of the interaction of the 

electrons on one copper center with electrons on another copper center, through the 

orbitals of intervening nonmagnetic atoms between them.75 This can happen through 

two bonds, as it would be for a Cu–Cl–Cu arrangement as well as through four bonds, 

as it would be for a Cu–Cl–M–Cl–Cu arrangement. A tempting explanation for the 

observed EPR spectrum is the formation of Cu–Cl–Cu pairs in the form of two 

elongated octahedra that share a vertex and have orthogonal elongation axes. The 

emergence of such Cu–Cu pairs if the substitution was random would be expected 
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around 6%, 30%, and 60% for x = 0.01, 0.05, and 0.1 Cu2+-doped materials, 

respectively, including triplets and quartets. 

The ionic radius for Cu2+ (0.87 Å) is slightly less than that for Sb3+ (0.90 Å) and 

significantly less than that for Ag+ (1.29 Å);76 thus, a decrease in the lattice parameter 

due to the incorporation of Cu2+ into the crystal lattice is expected. For 

example, Figure 4.2b shows that the highly intense (220) peak in the PXRD pattern 

shifts slightly toward a higher 2θ value with copper incorporation, suggesting that the 

average lattice parameters are decreasing for the doped materials and that the Cu2+ ion 

has substituted into the lattice. The full width at half-maximum (FWHM) of the 

diffraction peaks also increases systematically with increasing dopant concentration. 

These results imply local nonuniform microstrain structural defects in our doped 

materials (see below).77 Such defects have also been observed in heterovalent 

Bi3+ doping of the MAPbBr3 perovskite.78 We have computed the extent of microstrain 

by measuring the FWHM values of the PXRD peaks in our materials with and without 

Cu2+ doping. The steadily increasing FWHM values (Figure 4.2c) are consistent with 

increased Cu2+ incorporation into the crystal lattice. 

Similar to other halide double perovskites,30,38 Cs2SbAgCl6 shows 

characteristics of a material with an indirect bandgap.37,39 Figure 4.3a shows the DR 

and normalized absorbance spectrum of the Cs2SbAgCl6 parent and of the Cu2+-doped 

(x = 0.10) double perovskites (see Figure C3 for the complete set of the series), which 

indicate a dramatic shift of the optical band edge upon Cu2+ doping. The Tauc plots 

(Figure 4.3b,c) show that Cu2+ doping (x = 0.10) reduces the indirect bandgap from 

2.65 eV for Cs2SbAgCl6 to 1.02 eV. Assuming a direct allowed transition, Tauc plots 

give bandgaps of 2.84 eV for Cs2SbAgCl6 and 1.34 eV for the Cu2+-doped material (x = 

0.10) (Figure C3). This finding is consistent with the pictures shown in Figure 4.1a, 

where a drastic visual color change from yellow to black occurs upon Cu2+ doping, 

further supporting the conclusion of a reduced bandgap, absorbing in the near-IR range. 

Similar observations have been reported in other doped double perovskite 

systems,38 Cu2+ alloyed Cs4Sb2MnCl12 material,79 and other Cu2+-containing 

perovskites.80 We note that the band edge is not sharp for the doped materials compared 

to that for Cs2SbAgCl6. This result suggests lattice disorder/defects in the doped 
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materials and is consistent with the NMR results, discussed below. Band tailing is also 

observed in layered halide double perovskites,42 thin film hybrid lead mixed-halide (Br, 

I) perovskite films,81 and doped lead halide perovskites.24,78 Our experimental results 

agree well with past theoretical calculations by Volonakis et al.,82 who showed that the 

calculated indirect bandgaps are 2.6 and 2.1 eV for Cs2SbAgCl6 and Cs2SbCuCl6, 

respectively. Our experimental results show a similar decrease in the measured 

bandgap as copper is introduced into our materials. The stark difference between the 

experimental determined bandgap of our Cu2+-doped materials (vs calculated 

Cs2SbCuCl6, diamagnetic 3d10 Cu(I)) is attributed to the oxidation state; paramagnetic 

3d9 Cu(II) enters the double perovskite lattice in the materials presented here. 

 

 

 

Figure 4.3. (a) UV–VIS–NIR DR (solid lines) and normalized absorption (dotted lines) 

spectrum for Cs2SbAgCl6 parent (i.e., x = 0.00) and the maximum Cu2+-doped (x = 

0.10) materials. The Tauc plots showing indirect bandgaps of (b) 2.65 eV for 

Cs2SbAgCl6 (x = 0.00) and (c) 1.02 eV for the maximum Cu2+-doped material (x = 

0.10). Note that DR spectra are converted to absorbance by using the Kubelka–Munk 

equation (see the Appendix C). 
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It is worth mentioning that low doping concentrations of Cu2+ in 

Cs2SbAgCl6 double perovskite would cause a localized state near the band edges, 

which would be responsible for a localized transition. As the dopant Cu2+ concentration 

increases within the lattice, the average Cu–Cu distances between defect sites will 

decrease dramatically throughout the lattice. These localized impurity states will then 

form a delocalized state, resulting in an overall narrowing of the bandgap in higher 

doped materials. Similar effects have been reported in Tl-doped double perovskites and 

in other semiconducting doped systems.38,83,84 Our experimental EPR results (above) 

show Cu2+–Cu2+ coupling at higher Cu2+ doping concentrations in Cs2SbAgCl6, 

supporting the possibility of forming a delocalized state due to suitable Cu–Cu 

distances. 

 

 

 

Figure 4.4. Solid-state (a) 121Sb and (b) 133Cs NMR spectra for Cs2SbAgCl6 materials 

with Cu2+ doping as indicated; the former spectra were acquired for nonspinning 

samples at 21.1 T, and the latter were acquired at 11.75 T at a spinning frequency of 

13.0 kHz. Contributions of three 133Cs MAS NMR peaks to the total area of the 133Cs 

NMR spectra are shown in (c). (d) X-band EPR spectra of Cu2+-doped 
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Cs2SbAgCl6 materials; the arrow indicates the broad and featureless high 

field gII component of the signal corresponding to isolated Cu2+ sites. Note the data 

presented in (a) were acquired using a selective 90° pulse to emphasize the higher 

frequency resonance that is subject to a sizable quadrupole coupling constant. 

 

The PXRD and DR results indicate local structural disorder within the doped 

double perovskites. To further elucidate these finer structural details, NMR 

spectroscopy, a powerful nondestructive analytical technique, was used to further 

decode the short- and medium-range structure of the A (133Cs) and B (121Sb) 

sites. Figure 4.4a shows the 121Sb NMR spectrum for nonspinning Cs2SbAgCl6 (x = 

0.00) acquired at 21.1 T, displaying a sharp central transition resonance, centered at 

817 ppm. Because Cs2SbAgCl6 has cubic symmetry and the Sb chemical environment 

has octahedral coordination to six Cl– anions and the six next-nearest Ag+ cations, 

second-order quadrupolar broadening is not expected. Nevertheless, a broad underlying 

component spanning from ∼1150 to 500 ppm is detected, which breaks into a series of 

spinning sidebands when spun at the magic angle; this is attributed to signals from the 

satellite transitions for crystallites exhibiting slight imperfections/defects. Fitting both 

nonspinning and magic-angle spinning data obtained at two magnetic field strengths 

(B0 = 11.75 and 21.1 T) enables the determination of a small 121Sb quadrupole coupling 

constant (CQ) of 1.1 ± 0.3 MHz for the Cs2SbAgCl6 parent double perovskite (Figure 

C4a). This is consistent with other cubic antimony-containing complexes where even 

slight distortions about the symmetric Sb3+ nucleus can give rise to considerable 

quadrupole coupling constants with visible second-order broadening (e.g., CQ = 2–3 

MHz for K2SbF6), a consequence of the sizable 121Sb quadrupole moment (−36.0 

fm2).85 

 Upon Cu2+ incorporation, a second broad 121Sb NMR resonance appears to high 

frequency of the sharp resonance (Figure 4.4a). The breadth of the peak is attributed to 

the change in the electric field gradient about the [SbCl6]
3– octahedra that occur when 

neighboring Ag+ cations are replaced with Cu2+, that is, [(SbCl6)Ag5Cu], resulting in a 

sizable quadrupole coupling (Figure C4b). Also, a systematic increase in the area of the 

peak centered at ∼900 ppm is observed (Figure C5). Because of the differences in 
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quadrupole coupling constants between the two sites, we refrain from fitting the two 

resonances quantitatively, although qualitatively the broad resonance increases with 

Cu2+ doping. Closer examination of the central transition assigned to [(SbCl6)Ag6] 

indicates that this NMR site is also impacted by Cu2+ incorporation, with the FWHM 

of the peak at δiso = 817 ppm increasing from 2.8 ± 0.3 kHz (x = 0.00) to 7.5 ± 0.5 kHz 

(x = 0.10) (Figure C5). The broadening is attributed to a reduction of the medium-range 

cubic symmetry about Sb3+ as Cu2+ is incorporated into the cubic lattice, impacting the 

electric field gradient about Sb, and to the presence of a paramagnetic species (Cu2+, 

d9 system), which reduces the spin–lattice relaxation times (T1) of 133Cs and increases 

the NMR line widths under magic-angle spinning (T2*) for 133Cs and 121Sb NMR 

(Table C2). The 121Sb Gaussian-like line shape of the Cs2SbAgCl6 parent double 

perovskite is commonly observed in hybrid perovskites and is attributed to indirect 

spin–spin coupling (J-coupling) between 121Sb and the six-coordinated 35/37Cl anions 

(see the Appendix C).85 

Figure 4.4b shows the 133Cs MAS NMR spectra of Cs2SbAgCl6 with and 

without Cu2+ doping. The small quadrupole moment for 133Cs, Q = −0.34 fm2, and high 

nuclear spin, I = 7/2, combined with its 100% natural abundance, make it an attractive 

NMR nucleus that behaves as a pseudo I = 1/2 nuclear spin.86 Because Cs+ resides in a 

cubooctahedral void surrounded by alternating [SbCl6]
3– and [AgCl6]

5– octahedra 

(Scheme 4.1a), it is an ideal method to probe local structural defects within the 

Cs2SbAgCl6 lattice as there is only one crystallographic position for this nucleus. A 

peak at δiso = 82 ppm in the 133Cs MAS NMR spectra (labeled Peak-1 in Figure 4.4b) 

is observed for all samples. A new resonance emerges at δiso = −10 ppm (Peak-2), as 

Cu2+ is incorporated. Because we expect Cu2+ to substitute Ag+, this peak is tentatively 

assigned to a Cs+ surrounded by four Sb3+, three Ag+, and one Cu2+ (Scheme 4.1b 

and Figure C6b). As the Cu2+ doping increases further (x ≥ 0.05), a third resonance 

begins to emerge at δiso = −100 ppm (Peak-3) albeit with very low intensity (<3% at x = 

0.10, Table C3), which we tentatively assign to 133Cs nuclei proximate to two Cu2+ sites 

(Figure C6c). Peak-1 also broadens as the Cu2+ doping increases (Figures C7 and C8, 

Tables C4 and C5) due to the incorporation of paramagnetic Cu2+, as discussed above 

for the 121Sb NMR spectra. In fitting the δiso(
133Cs) peaks, we found that the area for 
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Peak-1 decreases linearly, whereas those for Peak-2 and Peak-3 increase linearly with 

Cu2+ doping (Figure 4.4c and Table C3). The incorporation of Cu2+ results in the 

appearance of new 133Cs resonances, which exhibit a linear relationship with synthetic 

Cu loading (Figure C9). Using these tentatively assigned 133Cs chemical shifts, and 

knowledge that each copper center will impact eight cesium centers, we can also obtain 

an estimate of Cu2+ incorporation postsynthesis (Table C1), although this does not 

account for potential Cu2+ clusters and hence is expected to be a lower limit. 

 

 

 

Figure 4.5. (a) Variable temperature 133Cs MAS NMR spectra of Cu2+-doped material 

(x = 0.10) acquired at 11.75 T with a spinning frequency of 13 kHz. Arrows (black and 

red) are guides to the eye. (b) Temperature dependence of the 133Cs chemical shift of 

Peak-3; the asterisks (∗) and crosses (†) indicate spinning sidebands and Peak-3, 

respectively. (c) Temperature dependence of the chemical shifts for the three distinct 

peaks in the 133Cs NMR spectra. 

 

 For the samples considered here, the first observation is that Peak-2 and Peak-

3 are shifted to lower frequency. There are two mechanisms for paramagnetic shift: the 

through-space interaction between the nuclear spin and the average magnetic moment 

of the paramagnetic center (pseudocontact shift), and the interaction between the 

nuclear spin and the unpaired spin density at the nucleus itself (Fermi contact).87 Given 

that the pseudocontact contribution to the shift, based on the EPR spectrum 

(Figure 4.4d) and on geometrical arguments,87−90 is expected to be positive and smaller 

than 1 ppm (see the Appendix C), we conclude that the main source of the shift is Fermi 

contact. The fact that the shift is to lower frequency indicates that contact occurs 
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through the spin-polarization mechanism.91,92 The Fermi contact shift is the interaction 

of the nucleus with the unpaired spin electron density at the nucleus itself. Therefore, 

Fermi contact reports on the electronic structure about the nucleus. The observation of 

Fermi contact indicates that the nature of the interaction of the cesium ions with the 

lattice is not just ionic but has some degree of covalency (i.e., orbital overlap). Finally, 

the mechanism of the Fermi contact suggests that the overlap is not with penetrating 

orbitals such as the 6s, but rather with p- or d-type orbitals. 

 To further investigate the contributions from the paramagnetic Cu2+ center to 

the three distinct 133Cs NMR chemical shifts discussed above, a series of variable-

temperature 133Cs NMR measurements from 238 to 343 K on the x = 0.10 Cu2+-doped 

material were undertaken. The impact of paramagnetic species on the NMR spectra 

offers a wealth of information, encoded in the changes in chemical shifts and in a 

reduction of relaxation times as a consequence of the interaction between the nuclei 

and the unpaired electrons.87,93 The observation of paramagnetic effects on the nuclei 

may provide substantial information about the electronic structure at the paramagnetic 

centers. The temperature dependence is a revealing feature of the behavior of 

paramagnetic systems and thus has proven useful in studies of a variety of 

solids.91,94−104 All three 133Cs NMR peaks shift to higher frequency as the temperature 

is increased (Figure 4.5a,b and Table C6), but each has a distinct temperature 

dependence.74−76,80,81 Peak-1 changes slowly with temperature; the small temperature 

dependence (0.08 ppm/K) for this peak is attributed to the temperature-induced changes 

in local structure, such as changes in the unit cell or position within the cuboctahedron 

(confirmed from variable temperature NMR spectroscopy on the Cs2SbAgCl6 parent 

material, Figure C10). In contrast, the much larger temperature dependence of the 

chemical shifts of Peak-2 and Peak-3 (0.35 and 0.70 ppm/K, respectively) are a clear 

indication of the impact of neighboring Cu2+ ions, confirming that the Cs residing in 

the A site of the double perovskite is in proximity to the induced defect site with 

increasing incorporation of copper. Extrapolating to “infinite temperature” gives the 

diamagnetic isotropic chemical shift of ∼96 ± 7 ppm, which is within the expected 

chemical shift range for the diamagnetic Cs2SbAgCl6 parent material (x = 0.00, 

δiso(
133Cs) = 85 ± 1 ppm) at 343 K (Figure 4.5c). The fact that the temperature 
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dependence is Curie-like (i.e., the paramagnetic effect decreases with increasing 

temperature) and additive indicates either that contact occurs through two uncoupled 

copper centers or that the coupling between the two copper centers is smaller than the 

thermal energy (which is consistent with observations reported previously).75,87 

 

 

 

Figure 4.6. Stability experiments of Cs2SbAgCl6 parent (i.e., x = 0.00) and the 

maximum Cu2+-doped (x = 0.10) materials under the indicated conditions: (a) 133Cs 

MAS NMR spectra acquired at 11.75 T with a frequency of 13 kHz, and (b) PXRD 

patterns. (c) TGA analysis data for materials without (x = 0.00) and with trace 

Cu2+ doping (x = 0.01), showing similar thermal stability. 

 

Cesium-133 MAS NMR spectra and PXRD patterns for cesium-containing 

chlorides, including CsCl, Cs3Sb2Cl9, Cs4CuSb2Cl12, and Cs2CuCl4, were acquired 

(Figure C11).46,105 These spectra are distinct from those for Cs2SbAgCl6 parent and 

Cu2+-doped materials. The distinct chemical shifts for each 133Cs resonance as a 

function of temperature also correlate well with the EDX, ICP, and PXRD results (vide 

supra), leading to further confidence that we are observing Cs+ in a cuboctahedron with 

one and two Cu2+ neighbors; this is consistent with the structure expected for a Cu2+-

doped Cs2SbAgCl6 double perovskite and not from Cs-containing impurity phases. 

 

4.3 Long-term Stability 

A major concern with lead-containing hybrid perovskites is their low stability upon 

exposure to light, moisture, and heat.10,13−15 Therefore, we examined the moisture and 

thermal stability of both the Cs2SbAgCl6 parent and of the Cu2+-doped materials. 
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Polycrystalline materials were placed in a custom-built humidity chamber (Figure C12) 

with a relative humidity (RH) of 55 ± 5% under otherwise normal laboratory conditions 

for 365 days (x = 0.00) and 30 days (x = 0.10). Based on analyses of the 133Cs MAS 

NMR spectra (Figure 4.6a), PXRD patterns (Figure 4.6b and C13) and absorption 

spectra (Figure C14), there are no indications of decomposition from either material, 

and their bandgaps are retained under humid conditions. TGA indicates that materials 

with (x = 0.01) and without Cu2+ doping are stable up to 250 °C (Figure 4.6c), similar 

to the thermal stability for the copper–antimony ⟨111⟩ perovskite (245 °C) reported by 

Vargas et al.46 Long-term thermal stability studies were undertaken by heating these 

materials at 110 °C for 6 days under otherwise ambient conditions; 133Cs NMR, PXRD, 

and absorption spectra analysis (Figures 4.6, Figure C13 and C14, respectively) again 

indicate high structural and optical stability with no evidence of decomposition. 

 

4.4 Conclusions 

In this work, we have investigated Cs2SbAgCl6 and its Cu2+-doped double perovskite 

materials. The PXRD, EPR, and NMR results indicate a well-ordered double perovskite 

cubic crystal structure with Cu2+ integrated into the lattice, creating local defect sites 

in multiple local Cs+ and Sb3+ arrangements, whereby Cu2+ preferentially substitutes 

for Ag+. These findings are further reinforced by EDX measurements and are consistent 

with Pauling electronegativity arguments. The optical properties of the material are 

directly related to the Cu2+ doping, which leads to a reduction of the optical indirect 

bandgap, from 2.65 eV for the parent material to 1.02 eV for the x = 0.10 Cu2+-doped 

material. The material’s feasibility for photovoltaic applications was further examined 

through thermal and moisture exposure, demonstrating long-term structural and 

photophysical stability up to 365 days. Previously it has been shown that heterovalent 

doping in lead halide perovskites leads to an increase in conductivity and the formation 

of an n-type semiconductor.54 Likewise, a series of DFT calculations for double 

perovskites including the parent compound studied here (Cs2SbAgCl6) indicate these 

materials exhibit small carrier effective masses (<0.4me), which are comparable to 

those calculated for MAPbI3.
82,106 Although further study is needed, based on the 

observations discussed above, we propose that Cu2+ doping creates a cation defect, 
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which could lead to an increase in conductivity. In summary, the antimony–silver based 

double perovskites presented here exhibit several desirable properties in comparison to 

lead halide perovskites including the potential for greater bandgap tunability and 

superior stability, as well as being composed of inexpensive and highly abundant 

elements. 
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CHAPTER 5 
 

Tailorable Indirect to Direct Bandgap Double 

Perovskites with Bright White-Light Emission: 

Decoding Chemical Structure Using Solid-State 

NMRR4 

 

5.1 Introduction 

Lead halide perovskite (LHP) materials, with a generic formula ABX3 (where A = Cs+, 

CH3NH3
+, CH(NH2)2

+; B = Pb2+; X = Cl–, Br–, and I–) have emerged as a potential 

disruptive technology due to their remarkable photoconversion efficiencies of 25.2% 

(single-junction) or 28% when combined with silicon tandem solar cells.1 Beyond their 

exciting photovoltaic properties, perovskites have been used in a variety of cost-

efficient optoelectronic and electronic applications including light-emitting devices, 

photodetectors, lasers, water splitting, and X-ray imaging.2−7 Lighting consumes 

approximately 20% of the electricity produced globally with growing demand from 

both developed and developing countries. Identifying sustainable energy solutions, 

such as highly efficient and low-cost materials for light-emitting diode (LED) 

applications, is essential. For example, LEDs are expected to produce energy savings 

of billions of dollars annually in the United States alone.8 

Recently, halide perovskites have emerged as an attractive light-emitting 

material due to their near unity photoluminescent quantum yield (PLQY), widely 

tailorable narrow-band visible-light emission, and cost-efficient solution 

processability.2,4,9 Building beyond their photoluminescent properties, structural 

modifications in LHPs to form two-dimensional (2D) LHPs has yielded materials that 

 
R4 The contents of this chapter have been copied and/or adapted from the following publication: 

Karmakar, A.; Bernard, G. M.; Meldrum, A; Oliynyk, A. O.; Michaelis, V. K. Tailorable Indirect to 

Direct Band-Gap Double Perovskites with Bright White-Light Emission: Decoding Chemical Structure 

Using Solid-State NMR. J. Am. Chem. Soc. 2020, 142, 10780–10793. The supplementary data for this 

chapter is available in Appendix D: Experimental section, Tables D1–D6 and Figures D1–D27. 
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show broad-band emission in the visible-light range. For example, the intrinsic broad-

band white-light emission which is observed upon ultraviolet excitation is attributed to 

self-trapped excitons in these 2D LHP materials.10−12 One such attractive broad-band 

white-light emitting 2D LHP material is (EDBE)PbBr4 (EDBE = 2,2′-

(ethylenedioxy)bis(ethylammonium)) with a PLQY of 9%.12 White-light emission 

from a single-material source is an attractive avenue for lighting and display 

applications, since a single-source emitter simplifies device structure and fabrication, 

avoiding color instability due to the different degradation rates and self-absorption 

issues encountered with mixed and multiple emitters.13,14 

Though LHPs have excellent potential for optoelectronic and photovoltaic 

applications, they suffer from commercialization concerns due to their poor chemical 

stability15,16 and have long-term environmental and societal concerns associated with 

prolonged use of Pb-containing materials.17,18 For example, bulk LHP materials as well 

as thin films or LHP solar-cell devices have been shown to undergo chemical 

decomposition while exposed to ambient light, humid environments, or elevated 

temperatures.16,19,20 Moreover, these lead salts are highly soluble in water, which over 

time has lasting environmental and toxicological implications.21,22 One avenue being 

explored to circumvent the lead toxicity of LHPs involves partial (or full) substitution 

of isoelectronic and low-toxicity elements (i.e., Sn2+, Ge2+) into these materials. 

Unfortunately, tin(II) and germanium(II) halide perovskite materials are prone to 

oxidation, creating additional challenges associated with their long-term chemical 

stability.23 

 As a result of the vast structural and elemental diversity present in the 

perovskite family, a series of lead-free, chemically stable halide double perovskite 

(HDP) materials are now being explored as sustainable alternatives to LHPs due to 

their attractive optical properties both in bulk and in nanocrystals (NCs).24−34 The 

general formula of a HDP is A2B′(III)B″(I)X6, where A is a monovalent cation, B′(III) 

and B″(I) are trivalent and monovalent cations, respectively, and X is a halide anion. A 

further benefit of HDP materials compared to LHPs is that they exhibit much higher 

thermal and moisture resistance.35−38 
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The vast majority of HDPs reported are chloride based with wide bandgaps 

ranging above 2 eV, limiting their ability as solar-absorbing materials. However, these 

materials have exhibited good photoluminescent (PL) properties with promising 

quantum yields.24,32 For example, PL properties for HDPs can be achieved either in the 

presence of an activator (such as Mn2+)25,27,29,31,39,40 or by a chemical modification on 

the B′(III) and/or B″(I) site(s).24,30,41 Orange-light emission of Mn2+-doped 

Cs2InAgCl6 NCs has been demonstrated with PLQYs enhanced by an order of 

magnitude (i.e., ca. 1.6–16%) upon Mn2+ doping in Cs2InAgCl6 NCs.29 Bi-doped 

Cs2InAgxNa1–xCl6 HDP provided stable (>1000 h) warm white-light emission with a 

maximum PLQY of 86%,24 whereas Bi-doped Cs2InAgxNa1–xCl6 NC was found to 

have a maximum PLQY of ca. 22%.42 A broad orange-light emission has been reported 

from Bi-doped Cs2InAgCl6 NCs with a PLQY of 11.4%.34 

Altering the magnitude of the bandgap for perovskite materials upon metal 

alloying is one attractive avenue often reported in the literature.43−46 Converting 

materials from an indirect to a direct band-gap semiconductor is less common in 

semiconducting materials,47−49 although this offers one stream that could further enable 

fine tailoring of their optical properties. As most reported HDP materials are either 

indirect or direct band-gap semiconductors, this class of compounds can support this 

type of band-gap transformation. For instance, Cs2BiAgCl6 HDPs exhibit an indirect 

bandgap due to the presence of a lone pair on Bi3+ (6s2).36,50 In contrast, 

Cs2InAgCl6 HDPs are direct band-gap semiconductors due to the absence of a lone pair 

on In(III).51 

To date, diffraction-based techniques have been used extensively to evaluate 

the structural properties of HDP materials. These techniques provide long-range 

structural information but are devoid of detail pertaining to atomic-level structural 

properties. As a result, atomic-level structural insight of these currently developing 

HDP materials are not well discussed in the literature. It is essential to characterize the 

long-range crystalline nature of these materials as well as the complex evolution of 

short-range structure as Bi3+/In3+ cations are mixed in Cs2Bi1–xInxAgCl6 HDPs. Solid-

state nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful, 
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nondestructive analytical methods able to decode this complex structural evolution and 

provide insights for the dynamics of these perovskite-based materials.16,52−72 

These observations motivated us to prepare a series of bulk 

Cs2Bi1−xInxAgCl6 HDP solid solutions where changes in Bi3+/In3+ cationic ratios can be 

associated with an indirect (Bi rich) to direct (In rich) bandgap. This collection of HDPs 

demonstrates how tunable white-light PLQY behavior can be attained. We investigate 

the unique electronic structures from a first-principles point of view and the 

photophysical properties using UV–vis and PL techniques for these HDP 

semiconductors. We further explore the interplay of these materials using robust NMR 

and XRD measurements as well as density functional theory (DFT) calculations to 

reveal atomic-level chemical structural insights into the seemingly random 

Bi3+/In3+ cationic mixing (i.e., solid solution in Cs2Bi1–xInxAgCl6 HDP materials along 

with a high degree of B′(III)/B″(I) site ordering). Moreover, antisite defects (i.e., the 

disorder on B′(III) and B″(I) sites which have similar octahedral environments)73 and 

phase segregation upon Bi3+/In3+ mixing are also investigated for the complete HDP 

series. 

 

 

 

Scheme 5.1. Schematic presentation of the crystal structures of the Cs2InAgCl6 and 

Cs2BiAgCl6 parent materials and of their Cs2Bi1–xInxAgCl6 mixed Bi/In cationic 

analogues. 
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5.2 Results and Discussion 

5.2.1 B′-Site Selection Using Goldschmidt Tolerance Factor Directing 

Bi/In B′(III)-Site Exchange 

A semiempirical geometric parameter known as the Goldschmidt tolerance factor (t) is 

often applied to elucidate the structural stability of ABX3 perovskite materials. It is 

defined as: 

t = 
(𝑟𝐴+𝑟𝑋)

√2(𝑟𝐵+𝑟𝑋)
     (Eq. 5.1) 

where rA, rB, and rX are the ionic radii of the A, B, and X sites, respectively.74 Stable 

perovskite systems are typically formed with 3D octahedral connectivity when t = 

0.75–1.00.75 Another semiempirical geometric parameter is used to define the 

octahedral stability, known as the octahedral factor (μ), defined as: 

μ = 
𝑟𝐵

𝑟𝑋
       (Eq. 5.2) 

Usually, BX6 octahedra are stable when 0.442 ≤ μ ≤ 0.895.2 The combination 

of t and μ provides insight into the probability of the formation of a stable perovskite 

phase. As double perovskites have two different B sites (B′ and B″) and thus rB is taken 

as an arithmetic mean of B′ and B″ radii (rB′, rB″), one can increase the elemental 

dimensionality (i.e., cation and valency options increase). Applying Shannon’s ionic 

radii,76 one can obtain (t, μ) values for Cs2InAgCl6 and Cs2BiAgCl6 of (0.937, 0.539) 

and (0.900, 0.602), respectively. For mixed Bi/In cationic Cs2Bi1–xInxAgCl6 solid 

solutions, t and μ values span between 0.900 ≤ t ≤ 0.937 and 0.539 ≤ μ ≤ 0.602, 

respectively, suggesting that it is possible to form the desired stable perovskite phase 

for Cs2Bi1–xInxAgCl6 (0 ≤ x ≤ 1) solid solutions (Scheme 5.1). 

 

5.2.2 Elemental Composition, Morphology, and Thermal Stability 

The Cs2BiAgCl6 and Cs2InAgCl6 parent HDPs were synthesized via a solvent-phase 

synthesis approach starting from their chloride salts, namely, CsCl, BiCl3, InCl3, and 

AgCl, in concentrated hydrochloric acid media. The mixed Bi3+/In3+ cationic 

analogues, i.e., Cs2Bi1−xInxAgCl6 (nominal; x = 0 to 1, Table D1), were synthesized 

similarly using stoichiometric BiCl3:InCl3 nominal molar ratios. Further synthesis 

details are discussed in the Appendix D. Figure 5.1a illustrates photographs of 
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Cs2Bi1−xInxAgCl6 HDPs. The solvent synthesis approach leads to multifaceted 

micrometer-sized crystals confirmed through field-emission scanning electron 

microscopy (FESEM) as shown in Figures 5.1b and D1. Elemental analysis by energy-

dispersive X-ray spectroscopy (EDS) indicates that the molar ratio Cs+:B′3+:Ag+:Cl–, 

where B′ = In, Bi, or both, ≃ 2:1:1:6 (Table D1), which is the desired elemental 

composition for the HDP materials. Elemental mapping using EDS analysis shows a 

homogeneous distribution of all elements (Cs, Bi, In, Ag, and Cl) throughout the 

powdered solids (Figures 5.1b and D2). The accuracy of the Bi3+:In3+ compositional 

ratios in the final products were further confirmed using the inductively coupled plasma 

optical emission spectrometry (ICP-OES) technique (Table D1), which yielded results 

similar to the nominal Bi3+:In3+ batch compositional ratios (Table D2). 

 

 

 

Figure 5.1. (a) Photographs of Cs2Bi1–xInxAgCl6 HDPs under visible (upper row) and 

UV (lower row, λ = 365 nm) light. (b) FESEM image (2 μm scale) with corresponding 

EDS elemental mapping showing a homogeneous distribution of Cs (light green), Bi 

(dark green), In (orange), Ag (pink), and Cl (violet) for Cs2Bi0.085In0.915AgCl6 HDP 

polycrystals. 
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Figure 5.2. (a) UV–vis absorption spectra (black) and PL spectra (blue), (b) Tauc plots 

showing indirect (x ≤ 0.5, gray) and direct (x > 0.50, red) bandgaps, and (c) change in 

bandgap vs indium mole fraction for Cs2Bi1–xInxAgCl6 (0 ≤ x ≤ 1) HDPs. 

 

 

 

Figure 5.3. (a) HSE06 DFT band structure and density of states for Cs2BiAgCl6. (b) 

Indirect to direct bandgap transition in the Cs2Bi1–xInxAgCl6 compounds. (c) Electron 

localization function of the Cs2Bi1−xInxAgCl6 compounds. In c, the 100th slice is 

shown, with Bi, In, Ag, and Cl atoms located on the plane. Blue, low electron density; 

red, high electron density. 
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Thermal stability measurements using thermogravimetric analysis (TGA) for 

Cs2BiAgCl6 and Cs2InAgCl6 parents and for one Bi3+/In3+ mixed-cationic material, 

specifically Cs2Bi0.085In0.915AgCl6, are shown in Figure D3. TGA data indicate that the 

materials are all thermally stable up to 500 °C and that Bi3+/In3+ cationic mixing has a 

negligible effect on the thermal stability. 

 

5.2.3 Optical and Electronic Bandgap Tailoring 

The optical band-gap properties of Cs2Bi1–xInxAgCl6 HDPs were measured by UV–vis 

diffuse reflectance (DR) spectroscopy. Figure 5.2a shows the absorbance spectra for 

the Cs2Bi1–xInxAgCl6 HDPs. These absorbance data were obtained from DR 

measurements and analyzed using the Kubelka–Munk transformation method77 (see 

Materials and Methods in the Appendix D). The experimentally obtained indirect and 

direct bandgaps for the Cs2Bi1–xInxAgCl6 HDPs are shown in Figure 5.2b. 

Cs2BiAgCl6 is reminiscent of an indirect band-gap semiconductor due to the mixing 

between frontier orbitals of Bi and Ag in the valence and conduction band extrema. 

This has been identified as the origin of the indirect bandgaps of Bi–Ag-based HDPs 

in past studies.36,78 As substitution of Bi3+ with In3+ proceeds in a migratory fashion to 

form Cs2InAgCl6, a direct band-gap material emerges, where valence-band maxima 

and conduction band minima originate from In-4d/Ag-4d and In-5s/Ag-5s states, 

respectively.51 On the basis of Tauc plots, (αhν)1/2 vs energy, Cs2BiAgCl6 exhibits an 

indirect bandgap of 2.70 eV (Figure 5.2b), agreeing well with an earlier calculated 

bandgap of 2.62 eV using a hybrid functional.36 A Tauc plot of (αhν)2 vs energy 

indicates that Cs2InAgCl6 has an experimental direct bandgap of 3.67 eV (ΔEg ≈ 1 eV). 

However, the experimental bandgap of Cs2InAgCl6 is much higher than the calculated 

fundamental bandgap of 2.5 eV because the associated direct band transition is parity 

forbidden.79 

This unique behavior for HDP materials, whereby they are either indirect or 

parity-forbidden direct band-gap materials, leads to inferior absorption behavior around 

the bandgap, rendering them unfavorable candidates for optoelectronic applications 

such as LEDs.37,79 These observations motivated us to investigate the optical properties 

of bulk polycrystalline mixed Bi3+/In3+ Cs2Bi1–xInxAgCl6 double perovskites. A band 
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structure calculation using DFT with the Heyd–Scuseria–Ernzerhof (HSE06) 

functional shows that Cs2Bi1–xInxAgCl6 materials with x ≤ 0.50 have an indirect 

bandgap, whereas materials with x > 0.50 possess a direct bandgap (vide infra). The 

indirect bandgap for Cs2Bi1–xInxAgCl6 increases linearly from 2.70 to 2.82 eV 

as x increases from 0 to 0.50. In contrast, the direct bandgap increases from 2.93 to 3.67 

eV in an exponential-like fashion for x values ranging from 0.65 to 1 (Figure 5.2c). The 

change in the bandgap of Cs2Bi1–xInxAgCl6 agrees well with the visual color of these 

materials (Figure 5.1a); for example, Cs2BiAgCl6 (x = 0) is pale yellow (2.70 eV), but 

as In3+ is incorporated, the material becomes increasingly white, with Cs2InAgCl6 (3.67 

eV) appearing as a microcrystalline pristine white solid. 

 

5.2.4 Indirect to Direct Bandgap Transition Using the Calculated 

Electronic Band Structure 

A transition from an indirect to a direct bandgap occurs with Bi to In substitution in the 

Cs2Bi1–xInxAgCl6 (0 ≤ x ≤ 1) HDP series. This case is similar to previously reported 

isoelectronic Sb to In substitution in Cs2Sb1–xInxAgCl6 compounds.50 The HSE06 DFT 

functional was applied to correct for the underestimated PBE bandgap (Figure 5.3a), 

which resulted in good agreement with the band-gap estimation (i.e., 2.52 (DFT) vs 

2.70 eV (expt.)). Similar HSE06 DFT bandgap and density of states (DOS) plots are 

available for the rest of the Cs2Bi1–xInxAgCl6 series (x = 0.25, 0.5, 0.75, and 1) in 

the Appendix D (Figures D4–D7). 

The transition from an indirect to a direct bandgap was observed in the 

Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDP series (Figure 5.3b). The valence band maximum 

(VBM) is indicated (Figure 5.3b), and for each sample it is located at the Γ point. The 

conduction band maximum (CBM), also indicated in Figure 5.3b, is different for each 

sample. For Cs2BiAgCl6, the CBM is at the L symmetry point, composing an indirect 

Γ–L bandgap. With 25% substitution of Bi with In atoms, the bandgap still remains 

indirect (Γ–K). The rest of the solid solution results indicate that the CBM lies between 

the K and Γ points: with the sample 50% substituted with In, the CBM is closer to K, 

while for the 75% Bi-substituted sample, the CBM is closer to the Γ point, and as a 

result, it is measured as a direct Γ–Γ bandgap, in good agreement with the experimental 
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values. The end-point compound, Cs2InAgCl6, has a direct Γ–Γ bandgap, with a HSE06 

DFT value of 3.51 eV, which agrees well with the experimental value of 3.67 eV. More 

information is listed in Table 5.1. 

 

Table 5.1. Calculated and experimental bandgap values for Cs2Bi1–xInxAgCl6. 

x 0 0.25 0.5 0.75 1 

CBM, eV 1.42 (L) 1.67 (K) 1.91 2.29 2.96 (Γ) 

VBM, eV −1.10 (Γ) −0.98 (Γ) −0.83 (Γ) −0.72 (Γ) −0.55 (Γ) 

HSE06 gap, eV 2.52 2.65 2.74 3.01 3.51 

Experimental gap, eV 2.70 2.76a 2.82 2.97b 3.67 

a The ICP-OES-detected composition is x = 0.28. b The ICP-OES-detected composition 

is x = 0.78. 

 

To further utilize DFT tools, electronic properties were investigated with 

electron localization function (ELF) and Bader charge analyses. Substitution of Bi for 

In gradually localizes more electron density on the Cl atoms (more intense red cloud 

about the Cl, Figure 5.3c); however, the Bader charge values indicate that there is only 

a dramatic charge change in the end member of the solid solution series (Table D3, 

Figure D8). In the systems with Bi/In substitution, Ag atom charge differences are 

negligible and are essentially close to the average Ag charge, regardless of the second-

neighbor atom, but the Cl atoms have a 2–3% charge difference, depending on whether 

Bi or In atoms are in the coordination environment, with the In atom giving a more 

negative charge on the bonded Cl atoms. 

Crystal orbital overlap population (COOP) analyses were undertaken on Cs–Cl, 

Ag–Cl, Bi–Cl, and In–Cl bonds (Figures D9–D12). These analyses indicate that mostly 

bonding states are present, resulting in a positive overall contribution in the bonds, with 

the overall population scaled to the amount of Bi and In in each individual compound. 

A strong antibonding character is observed near the Fermi level in the Ag–Cl 

interaction but with the overall bonding states prevailing. Substitution of Bi with In 

affects the Ag d-band splitting, which is more pronounced in the Bi-containing analogs, 

broadening the antibonding contributions. 
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5.2.5 Steady-State and Time-Resolved PL Spectra 

All Cs2Bi1–xInxAgCl6 samples exhibit broad PL emission ranging from 400 to 850 nm 

(Figures 5.2a and D13a) with a nearly constant spectral width of ∼200 nm full width 

at half-maximum (fwhm) (Figure D13b). The broad PL spectra at ambient temperatures 

have been attributed to strong electron–phonon Fröhlich interactions in HDP 

materials.80 In addition, the emission and excitation wavelengths do not affect the shape 

of PL excitation or emission spectra, as shown in Figure D14. This result indicates that 

the white-light emission originates from recombination of the same excitonic state for 

these HDPs. 

Cs2InAgCl6 shows a PL maximum at 570 nm (2.18 eV), whereas the PL 

maximum for Cs2BiAgCl6 is comparatively red shifted and centered at 605 nm (2.05 

eV) (Figure D13). The PL maxima extend to a wavelength of 626 nm (1.98 eV) for 

Cs2Bi0.50In0.50AgCl6, which is the reddest PL spectrum among the materials (Figure 

D13c). As a result, the PL emission for all of the materials appeared to be 

yellowish/orange in color. 

The luminescence of the indirect band-gap perovskite materials 

(Cs2Bi1−xInxAgCl6 with x ≤ 0.50) appeared visibly dim under a UV light, while the 

perovskites with direct bandgaps (Cs2Bi1−xInxAgCl6 with x > 0.50) revealed bright PL 

(Figure 5.1a). Cs2InAgCl6 in particular did not fit this general trend, however, as it has 

a direct bandgap but displayed faint emission due to the parity-forbidden band 

transition at the fundamental bandgap. The PLQY for Cs2Bi1–xInxAgCl6 increased 

gradually as a function of In concentration, reaching a maximum when x = 0.915 

(PLQY = 34 ± 4%); this is followed by a stark decrease in PLQY upon reaching the 

pure endmember Cs2InAgCl6, Figure 5.4a. Although Cs2InAgCl6 exhibits a direct 

bandgap, it too suffers from a low PLQY (<1%) due to the In-5s orbital beginning to 

dominate in the conduction band, which is in good agreement with DFT calculations 

(Figures D4–D7).79 As a result, the parity-forbidden transition from the valence band 

to the conduction band becomes quite long and is no longer competitive with the 

nonradiative (faster) recombination causing a lower PLQY. 
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Figure 5.4. (a) PLQY as a function of indium mole fraction (x) for 

Cs2Bi1−xInxAgCl6 HDPs. (b) PL decay for Cs2Bi0.085In0.915AgCl6 with λex = 364 nm and 

λem = 625 nm. (c) PXRD patterns, (d) expansion of the (111) peaks in the PXRD 

patterns, and (e) change in unit cell parameters with indium mole fraction for 

Cs2Bi1−xInxAgCl6 HDPs. In c, dotted line is a guide for the eye and asterisks (*) denote 

the positions of background signals for all Cs2Bi1–xInxAgCl6 HDPs (Figure D16). 

 

The time-resolved PL spectrum for Cs2Bi0.085In0.915AgCl6 (with maximum 

PLQY) is shown in Figure 5.4b. Several decay models were fit using a nonlinear least-

squares fitting algorithm, including a single exponential, a biexponential, and a 

stretched exponential (Figure D15). While the correct model is difficult to determine 

unambiguously from these data, the biexponential and stretched exponential gave the 

lowest sum of squares of the residuals and showed comparatively little bias in the 

residuals, Table D4. The biexponential model results yielded a fast component with a 

time constant of 279 ns (36%) and a slow component of 865 ns (64%). From these two 

components, a weighted mean time constant of 774 ns can be extracted for comparative 
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purposes. The stretched exponential yielded similar although slightly longer mean time 

constants calculated according to τ = τSE[Γ(2/β)/Γ(1/β)],81 where τSE is the time 

constant obtained from the stretched exponential model fit and β is the stretching 

parameter. A comparable behavior is observed for Cs2Bi0.22In0.78AgCl6, which gave a 

weighted mean biexponential lifetime of 978 ns. The PL decay traces and average 

lifetimes were nearly the same upon changing the wavelength from 550 to 700 nm 

(using a monochromator with an 8 nm band pass) for both materials (Figure D15 and 

Table D5). This result suggests that the broad-band emission is unlikely to arise from 

different mechanisms in these HDP materials. A similar observation has been noted in 

2D LHP material.82 In contrast, Cs2InAgCl6 shows two different transition mechanisms 

with short (<10 ns) and long (tens to hundreds of nanoseconds) PL lifetime 

components, where the longer lifetime component is attributed to the parity-forbidden 

transitions from CBM to VBM.83 We further note that the PL lifetime of 

Cs2InAgCl6 HDP is insensitive to the intensity of the pump laser,51 whereas different 

excitation flux may explain some of the differences in the reported dynamics in LHP 

materials.84,85 

 

5.2.6 Insight into HDP Chemical Structure from XRD and NMR 

Spectroscopy 

The Cs2BiAgCl6 and Cs2InAgCl6 parent materials are phase pure and adopt a face-

centered cubic double perovskite lattice (space group Fm3̅m) with unit cell constants 

of 10.7584(14) and 10.5000(12) Å, respectively. The small difference (<3%) in the unit 

cell parameters between Cs2BiAgCl6 and Cs2InAgCl6 allows formation of mixed-

cationic, Cs2Bi1–xInxAgCl6 HDP solid solutions that adopt the same Fm3̅m space 

group. Since the ionic radii of In3+ (r(In3+) = 80 pm) are less than those of Bi3+ (r(Bi3+) 

= 103 pm),76 the diffraction peak is sequentially shifted to a higher 2θ value with 

increasing In3+ content in Cs2Bi1–xInxAgCl6 (Figure 5.4c) as the unit cell decreases in 

volume. It has been shown that the appearance of a (111) diffraction peak is 

fundamentally related to the B′(III) and B″(I) site ordering in 

Cs2InAgxNa1−xCl6 HDPs.24 The appearance of (111) diffraction peaks in 
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Cs2Bi1−xInxAgCl6 HDPs also indicates a high degree B′(Bi3+, In3+) and B″(Ag+) site 

ordering (Figure 5.4d). 

The presence of an intense (111) diffraction peak for the Cs2BiAgCl6 parent 

indicates extremely well-ordered Bi3+ and Ag+ cationic sites, further supported by the 

NMR, vide infra. The peak intensity decreases with increasing In3+ concentration (i.e., 

Cs2Bi1–xInxAgCl6 HDPs) and becomes undetectable for the Cs2InAgCl6 parent 

material. The isoelectronic nature of In3+ and Ag+ cations limits the sensitivity of the 

(111) diffraction peak, and it becomes uninformative for B′(III) and B″(I) site cation 

ordering for the Cs2InAgCl6 parent and In3+-rich Cs2Bi1–xInxAgCl6 HDP materials. We 

therefore applied NMR spectroscopy to understand the atomic-level ordering of these 

materials. The cell parameters for the mixed-cation Cs2Bi1−xInxAgCl6 compounds 

extracted from the PXRD patterns show a linear relationship as a function of In 

concentration as shown in Figure 5.4e. This result is consistent with Vegard’s 

law,86 whereby the mixed B′(III) site HDP, Cs2Bi1–xInxAgCl6, demonstrates solid 

solution behavior. 

Diffraction approaches provide insight into the long-range structure of these 

Cs2Bi1−xInxAgCl6 perovskite materials. Most of the HDP parent materials rely on 

structural elucidation using these techniques. However, it has been shown that solid-

state NMR spectroscopy yields a deeper understanding of local (<5 Å)- and medium 

(5–10 Å)-range structure when cation and anion doping (or mixing) is present in 

perovskite-based materials.52,53,63,66−72 Previously, we used 133Cs and 121Sb NMR 

spectroscopy to unravel unique structural motifs for paramagnetic Cu(II)-doped 

Cs2SbAgCl6 HDPs.70 Here, we performed 115In, 133Cs, and 209Bi NMR spectroscopy to 

improve our structural understanding of the A(133Cs) and B′(209Bi and 115In) sites for 

Cs2Bi1−xInxAgCl6 solid solutions. 
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Figure 5.5. Solid-state 133Cs MAS NMR spectra (solid lines) and its overall best 

Gaussian fits (blue dotted lines) for Cs2BiAgCl6 and Cs2InAgCl6 parents and their In3+- 

or Bi3+-doped materials, namely, Cs2Bi0.924In0.076AgCl6 and Cs2Bi0.085In0.915AgCl6, 

respectively. Spectra were acquired at a magnetic field strength of 21.14 T with a 

spinning frequency of 30 kHz. Gray octahedra represent [AgCl6]
5–, red octahedra 

represent [InCl6]
3–, and blue octahedra represent [BiCl6]

3–. 

 

5.2.7 Cesium-133 NMR Spectroscopy of the A Site 

The cesium ion in Cs2InAgCl6 or Cs2BiAgCl6 resides in a cuboctahedral void 

surrounded by either four [InCl6]
3– or four [BiCl6]

3– octahedra alternating with four 

[AgCl6]
5– octahedra, as shown in Scheme 5.1. Their proximity to B′(III) sites of the 

Cs2Bi1–xInxAgCl6 materials makes 133Cs an ideal NMR nucleus to study changes 

occurring in the crystalline system. Quadrupolar 133Cs (nuclear spin, I = 7/2, Qm = 

−0.34 fm2, 100% natural abundance) is a highly sensitive NMR nucleus with excellent 

resolution, as it behaves as a pseudo-spin-1/2 nucleus, rendering it ideal to investigate 

small changes in its local coordination environment.87−90 Crystallographically, there is 

only one cesium site in the parent materials, Cs2InAgCl6 and Cs2BiAgCl6, giving sharp 

peaks (fwhm = 1 ppm) with distinguishable 133Cs NMR isotropic chemical shifts, 

δiso(
133Cs), of 122(1) and 77(1) ppm, respectively (Figure 5.5). The parent phases are 

highly symmetric with a high degree of B′(III)/B″(I) cation ordering and both B′(III) or 



146 
 

B″(I) sites giving tetrahedral symmetry at the Cs site; in other words, cesium cations 

reside at the center of a perfect cuboctahedra, surrounded by 12 chlorides with equal 

Cs–Cl distances for the parent materials (Cs2BiAgCl6 and Cs2InAgCl6). Hence, the 

vanishing CQ suggests a very low level of defects. 

To further understand the In3+/Bi3+ mixed-cationic Cs2Bi1–xInxAgCl6 system, 

we performed 133Cs MAS NMR spectroscopy on the complete series (Figure 

D17). Figure 5.5 shows 133Cs MAS NMR spectra for Bi3+-doped 

Cs2Bi0.085In0.915AgCl6 with three resolved 133Cs NMR resonances centered at 121, 115, 

and 109 ppm and with a ratio of 78:20:2 (fitted peak area; ±2%), which follow a 

binominal-like distribution (Figure D18 and Appendix Note D1). This statistical 

distribution suggests atomic-level solid solution behavior upon Bi3+/In3+ mixing that 

would be consistent with the associated Vegard’s analysis, vide supra. The peak at 

δiso(
133Cs) = 121 ppm is assigned to the parent Cs2InAgCl6, where Cs+ is surrounded 

alternatively by four [InCl6]
3– and four [AgCl6]

5– octahedra, whereas the other two 

peaks to lower frequencies at 115 and 109 ppm correspond to one [InCl6]
3– and two 

[InCl6]
3– octahedra substituted by one [BiCl6]

3– and two [BiCl6]
3– octahedra, 

respectively. 

Similarly, Figure 5.5 shows 133Cs NMR spectra for the In3+-doped component, 

i.e., Cs2Bi0.924In0.076AgCl6, which show three resolved δiso(
133Cs) peaks at 79, 83, and 

87 ppm with a fitted peak area ratio of 70:25:5 (±2%) that also follow a binomial-like 

distribution (Figure D18); these peaks are attributed to the bismuth parent 

(Cs2BiAgCl6), one and two [InCl6]
3– substitutions at a [BiCl6]

3– site, respectively. 

Though the local Cs environment for the third low-intensity 133Cs NMR resonances for 

both Cs2Bi0.085In0.915AgCl6 (109 ppm) and Cs2Bi0.924In0.076AgCl6 (87 ppm) are similar 

(i.e., Cs is surrounded by two [InCl6]
3– and two [BiCl6]

3– octahedra), the chemical shift 

is significantly different due to the composition and the long-range crystal structure. 

Beyond dopant quantities (i.e., <10%) of Bi3+ or In3+, the 133Cs NMR resonances 

broaden and shift to lower and higher frequencies between the two parent phases, 

further limiting resolution. For example, Cs2InAgCl6 has a δiso(
133Cs) of 122 ppm and 

a fwhm of ca. 130 Hz vs δiso(
133Cs) of 117 ppm and fwhm ca. 650 Hz for 

Cs2Bi0.22In0.78AgCl6, although both resonances correspond to Cs+ surrounded by four 
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[InCl6]
3– and four [AgCl6]

5– (Figure D17b). Gradual changes in isotropic chemical 

shifts as the unit cell volume changes have previously been observed for NMR 

spectroscopy of other halide perovskite systems, such as 133Cs (Cu2+-doped 

Cs2SbAgCl6) and 207Pb (APb(Cl/Br)3, where A = Cs+, CH3NH3
+, or 

CH(NH2)2
+.52,63,66,70 For higher In3+/Bi3+ mixed Cs2Bi1–xInxAgCl6 materials with 0.10 

< x < 0.90, 133Cs NMR resonances are inhomogeneously broadened due to the possible 

substitution patterns of Bi and In of the next-nearest neighboring octahedra and beyond, 

further limiting resolution. The Cs environments span a chemical shift range of 44 ppm, 

inhibiting baseline resolution and thus limiting our ability to deconvolute the 

multiple 133Cs NMR sites (Figure D17). Nonetheless, 133Cs NMR chemical shift 

maxima for CsIn0.50Bi0.50AgCl6, corresponding to two [InCl6]
3– and two 

[BiCl6]
3– within its cuboctahedron site, is exactly the average of the two parent 

resonances with δmax(
113Cs) = 99 ppm (Figure D17c). 

 

 

 

Figure 5.6. Solid-state (a) 209Bi and (b) 115In NMR spectra for the Cs2BiAgCl6 and 

Cs2InAgCl6 parent materials. NMR spectra were acquired at 21.14 T with and without 

magic-angle sample spinning as indicated. 
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5.2.8 Bismuth-209 and Indium-115 NMR Spectroscopy of the B′(III) 

Sites 

Both B′(III) site cations, 209Bi (N.A. = 100%) and 115In (N.A. = 95.7%), are 

quadrupolar nuclei (I = 9/2) with quadrupole moments (Qm(209Bi) = −51.6 

fm2 and Qm(115In) = 81 fm2)) that are more than two orders of magnitude greater than 

that for 133Cs. These intrinsic NMR properties can potentially lead to significant 

second-order quadrupolar broadening of the central transition.87,91−93 Figure 5.6a shows 

the nonspinning 209Bi NMR spectrum for the Cs2BiAgCl6 parent material acquired at 

21.14 T. Bismuth-209 NMR spectroscopy for Cs2BiAgCl6 gives a sharp resonance at 

ca. 4000 ppm with no evidence of second-order quadrupolar broadening as expected 

from its high local octahedral symmetry. A broad underlying component was observed, 

spanning between ca. 3600 and 4400 ppm, which breaks into a series of first-order 

spinning side bands upon magic-angle spinning (Figure 5.6a), corresponding to the 

satellite transition manifold. Comparing 209Bi NMR spectra at multiple magnetic field 

strengths, i.e., B0 = 7.05, 11.75, and 21.14 T (Figure D19), a small 209Bi CQ of 0.80 ± 

0.20 MHz is obtained for Cs2BiAgCl6, which leads to no significant second-order 

broadening (ca. 20 Hz) of the central transition, unlike the typically significant second-

order quadrupolar broadening (order of MHz) that is observed in cases where there is 

a lower symmetry chemical environment about Bi; for example, Bi(CH3CO2)3 results 

in a very large CQ of 256 MHz.93 Therefore, broadening of the central transition peak 

(fwhm = 2.8 kHz) under MAS conditions is not due to the second-order quadrupolar 

interaction. This line width is decreased from the 7.5 kHz observed in the absence of 

spinning, suggesting that heteronuclear dipolar coupling is also a factor but not the sole 

source of the observed broadening. A previous study on lead halide perovskite 

systems67,94 demonstrated that indirect spin–spin (J) coupling between the halide atoms 

and 207Pb is a significant factor in the observed 207Pb line widths in those 

systems.95 Thus, the broadening of the 209Bi central transition is attributed to both direct 

and indirect spin–spin interactions between 209Bi and the six directly 

coordinated 35/37Cl nuclei. The lack of resolution for these fine couplings is attributed 

to spin–spin (i.e., T2) relaxation. 
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The [BiCl6]
3– (or [InCl6]

3–) and [AgCl6]
5– octahedra are alternately arranged in 

the HDP crystal structure to form the Cs2BiAgCl6 (or Cs2InAgCl6) parent material. The 

central Bi atom is surrounded by six [AgCl6]
5– followed by a set of [BiCl6]

3– octahedra, 

which repeats (i.e., along one dimension the atoms are arranged as follows, Bi–Cl–Ag–

Cl–Bi). As such, the central [BiCl6]
3– octahedron is surrounded by a total of 12 

[BiCl6]
3– octahedra in the first B′(III) coordination sphere (∼8 Å) within the structure 

(Figure D20a). As the EFG is sensitive to the minute B′(III) site mixing, as the medium-

range symmetry begins to break down, distinct NMR line shapes and breadths for each 

possible combination can occur. The system becomes increasingly complex once 

significant Bi/In substitution is considered due to the multiple distinct Bi chemical 

environments. A second B′(III) coordination sphere (<12 Å) may further exacerbate 

this, where an additional six sites could also contribute to changes in the EFG for these 

large quadrupole-moment nuclei (Figure D20b). Therefore, the resulting 209Bi NMR 

spectra of these materials may appear broad and be spectrally unresolved due to the 

overlap of multiple chemical shifts and quadrupolar coupling parameters when solid 

solutions are formed. In light of the complex situation, assigning the source for any 

impacts at a given NMR site must be tentative. In the ensuing, we assume that a given 

center is only impacted by substitutions in the first B′(III) coordination sphere, because 

of the much greater distance of octahedra in the second B′(III) coordination sphere and 

lower probability of substitution at these sites (6 sites compared to 12 in the first B′(III) 

coordination sphere), but another possibility is that EFGs resulting from substitutions 

in the first B′(III) coordination sphere are such that their impact is not detected (vide 

infra) and that we are in fact detecting the impact from substitutions at the greater 

distance. 

Nevertheless, to extract some further structural insight, a strategic low-doping 

approach was performed and is shown in Figure 5.7a (209Bi NMR) and 7b (115In NMR) 

for Cs2Bi0.085In0.915AgCl6 and Cs2Bi0.924In0.076AgCl6. The low In3+-doping 

concentration in Cs2Bi0.924In0.076AgCl6 renders statistically improbable multiple 

substitutions (i.e., substitution of only one [InCl6]
3– octahedron out of 13 

[BiCl6]
3– octahedra, (

x(In)

x(In)+x(Bi)
 ~ 

1

13
). Therefore, the Bi center will recognize one 

[InCl6]
3– octahedron on average within the medium-range structure. Unfortunately, the 
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substitution during crystal growth will be random across the 12 possible B′(III) 

positions that are surrounding the Bi center. The same explanation is applicable for the 

In system (Cs2Bi0.085In0.915AgCl6) as well. The labels in Figure 5.7 represent new 209Bi 

and 115In NMR resonances for a single or double B′(III) site substitution(s) in our doped 

HDP system, as discussed below. 

Upon doping with In3+ to form Cs2Bi0.924In0.076AgCl6, a second broad low-

intensity 209Bi resonance appears to lower frequency (Figure 5.7a). The high-frequency 

resonance is assigned to (BiCl6)
3– surrounded by six {AgCl6}

5– octahedra and then by 

12 [BiCl6]
3– octahedra in the first B′(III) coordination sphere, noted as site-i (i.e., 

(BiCl6){AgCl6}6[BiCl6]12), with a center-of-gravity shift, δcgs ≈ 3980 ppm. The low-

intensity resonance to lower frequency with δcgs ≈ 3920 ppm (site-ii) is tentatively 

assigned to 209Bi nuclei where one of the [BiCl6]
3– positions in the first B′(III) 

coordination sphere has been replaced by a single [InCl6]
3– octahedron (i.e., 

(BiCl6){AgCl6}6[BiCl6]11[InCl6]1). 

Likewise, the 209Bi MAS NMR data for the same sample appears to have a low-

intensity third resonance at δcgs = ∼3860 ppm, which is tentatively assigned as the 

signal due to sites where two [BiCl6]
3– octahedra in the first B′(III) octahedral 

coordination environment are replaced by two [InCl6]
3–, i.e., site-ii′, 

(BiCl6){AgCl6}6[BiCl6]10[InCl6]2 (Figures 5.7a and D21). A slight broadening of the 

high-frequency resonance is also observed (ca. 2.8 kHz Cs2BiAgCl6 vs ca. 3.2 kHz for 

Cs2Bi0.924In0.076AgCl6) which is attributed to a reduction in medium-range symmetry 

about the central (BiCl6)
3– octahedron. 
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Figure 5.7. (a) Solid-state 209Bi NMR spectra for the Cs2BiAgCl6 parent, 

Cs2Bi0.924In0.076AgCl6, and Cs2Bi0.085In0.915AgCl6 materials. (b) Solid-state 115In NMR 

spectra for the Cs2InAgCl6 parent, Cs2Bi0.085In0.915AgCl6, and 

Cs2Bi0.924In0.076AgCl6 materials. Spectra were acquired at 21.14 T with and without 

magic-angle spinning as indicated. Asterisks (*) indicate spinning side bands. 

 

For Cs2Bi1–xInxAgCl6 samples with higher indium mole fractions (i.e., 

Cs2In0.28Bi0.72AgCl6, Cs2In0.50Bi0.50AgCl6, Cs2In0.78Bi0.22AgCl6), multiple resonances 

are observed to low frequency in the 209Bi NMR spectra compared to that for 

Cs2BiAgCl6 (Figure D22). These multiple sites correspond to distinct 209Bi chemical 

environments which arise from the variation of [InCl6]
3– and [BiCl6]

3– substitutions in 

the medium-range chemical environment with respect to the central (BiCl6)
3– unit. 

Interestingly, for the very low bismuth-containing material, Cs2Bi0.085In0.915AgCl6, two 

distinguishable 209Bi NMR sites centered at δcgs = ∼2280 and δcgs = ∼2450 ppm are 

observed (Figure 5.7a). The low-frequency Gaussian-like sharp 209Bi peak at 2280 ppm 

(site-iv) corresponds to a very symmetric (BiCl6)
3– octahedral site surrounded by 

[InCl6]
3– octahedra in the first B′(III) octahedral environment, i.e., 

(BiCl6){AgCl6}6[InCl6]12. The broad peak at the higher frequency region (δcgs = ∼2450 

ppm, site-iii) corresponds to a (BiCl6){AgCl6}6[BiCl6]1[InCl6]11 site. This composition 
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is also where the maximum PLQYs are observed, consistent with the importance of the 

doping of Bi in Cs2InAgCl6 as noted above. 

Indium-115 NMR spectra were acquired at 21.14 T for the complete series of 

Cs2Bi1–xInxAgCl6 solid solutions. Figure 5.6b shows the 115In nonspinning and MAS 

NMR spectra for the Cs2InAgCl6 parent material. Similar to the 209Bi NMR data 

discussed above, the 115In NMR spectrum shows a sharp central transition resonance, 

δcgs = ∼42 ppm. The absence of a second-order quadrupolar interaction is due to the 

octahedral symmetry of the In3+ environment formed by six coordinating Cl–, (InCl6)
3–

, and by the overall high symmetry of the medium-range structure (i.e., each In 

octahedron is surrounded by six {AgCl6}
5– and 12 [InCl6]

3–octahedra in the first B′(III) 

coordination environment, (InCl6){AgCl6}6[InCl6]12, site-I). The line shape is 

Gaussian-like with the bulk of the broadening attributed to both direct and indirect 

spin–spin coupling between 115In and six directly attached 35/37Cl to form 

InCl6
3– octahedra, as observed for the 209Bi NMR spectrum for Cs2BiAgCl6. Along 

with the central transition, a broad underlying component, spanning between ca. 500 

and −400 ppm, corresponds to the 115In satellite transitions.96,97 Using the field 

dependence of the quadrupole coupling interaction, a small CQ(115In) of 1.10 ± 0.25 

MHz was calculated for Cs2InAgCl6 (Figure D23). As bismuth is incorporated at low 

concentrations to form Cs2Bi0.085In0.915AgCl6, a second broad 115In MAS NMR 

resonance appears at higher frequency at δcgs = ∼50 ppm (site-II), along with the sharp 

resonance observed for the parent material (Figure 5.7b). The broadening in the new 

resonance is due to an increase in the EFG about the indium center as one 

[InCl6]
3– octahedron is replaced by a [BiCl6]

3– octahedron, breaking the medium-range 

symmetry, i.e., site-II, (InCl6){AgCl6}6[InCl6]11[BiCl6]1. Likewise, examination of the 

central transition peaks for the 115In MAS NMR spectra indicates a broadening with the 

fwhm increasing 160% from ca. 0.7 (Cs2InAgCl6) to ca. 1.1 kHz 

(Cs2Bi0.085In0.915AgCl6), similar to what was discussed above for the 209Bi 

spectra. Figure D24 shows 115In NMR spectra for the full Cs2Bi1–xInxAgCl6 HDP 

series. As the bismuth mole fraction increases, multiple 115In NMR resonances are 

observed in the higher frequency region (e.g., Cs2Bi0.22In0.78AgCl6), along with the 

central transition peak for the parent compound. However, for samples with much 



153 
 

higher bismuth mole fractions, i.e., for Cs2Bi0.50In0.50AgCl6 and for 

Cs2Bi0.72In0.28AgCl6, nearly Gaussian-like 115In NMR line shapes centered between ca. 

85 and 105 ppm, respectively, are observed. For materials with low indium, 

Cs2Bi0.924In0.076AgCl6, an asymmetric narrow line shape (δcgs = ∼115 ppm, site-IV) is 

observed. Site-IV corresponds to (InCl6)
3– octahedra surrounded by 12 

[BiCl6]
3– octahedra in the first B′(III) octahedral coordination environment (i.e., 

(InCl6){AgCl6}6[BiCl6]12). 

Turning our attention back to the cubic parent compounds, the observation of 

spinning side bands and nonzero CQs for 209Bi and 115In is direct evidence of the 

presence of defects. The exact concentration of defects cannot be determined precisely; 

however, some qualitative insight can be gained from examination of the 133Cs, 209Bi, 

and 115In NMR spectra of the parent compounds. The 133Cs MAS NMR spectra of the 

parent materials are dominated by a sharp single isotropic resonance with only a single 

low-intensity (<1%) spinning side band upon slow (5 kHz) magic-angle spinning 

conditions (Figure D17a). On the basis of past studies, the small spinning side band 

may be attributed to chloride vacancies (VCl) as halogen vacancies are one of the 

dominant and stable point defects in HDP due to their low formation energy.73,98 It has 

also been shown to be energetically favored to have alternating AgCl6 and BiCl6 site 

arrangements for Cs2BiAgCl6; the electronic configuration of B′(III) site cations plays 

an important role in the halogen vacancies, where Cs2InAgCl6 has a lower 

VCl formation energy than that for Cs2BiAgCl6 due to the absence of an s orbital in 

In3+ ion.99 The 133Cs quadrupole moment is ∼240 times smaller than that for 115In (or 

∼150 times smaller than that for 209Bi); therefore these small VCl defects would 

manifest more readily as a series of spinning side bands for both 115In and 209Bi spectra, 

which are shown in Figures D24a and D21a, respectively. Low alloying of Bi (or In), 

whereby we purposefully introduce new B′(III) sites (<10% loading), causes new 

resonances to appear in the 133Cs NMR spectra as well as increases the presence of 

spinning side bands across all three NMR-active nuclei (115In, 133Cs, and 209Bi) studied 

here, consistent with an increase in the quadrupole coupling interaction. With the 

sensitivity of the 133Cs chemical shift and its receptivity, a change in the surrounding 

eight B″(Ag)/B′(In or Bi) neighbors in the parent materials (i.e., an antisite defect) 
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should induce a new resonance as the alloying discussed above shows. Considering 

that a spinning side band at <1% intensity is detectable, we predict a new Cs chemical 

environment induced by an antisite defect would be observed in the parent 133Cs NMR 

spectra if present at ∼0.15% as each B site substitution would impact eight neighboring 

Cs sites in the extended unit cell.71 This is further supported by the very small 

quadrupole coupling constants for the 209Bi and 115In parent compounds where only a 

few first-order spinning side bands are observed from the satellite transitions and the 

PXRD (above), suggesting minimal intrinsic defects in these materials. Taking these 

factors into consideration, we estimate that intrinsic defects in the parent phases are 

less than 0.1%. This is in contrast to oxide-based perovskites where antisite defects are 

commonly observed.100−102 

 

5.2.9 Impact of Medium-Range Structure on 115In and 209Bi CQs 

Determined Using Quantum Chemical Calculations 

The medium-range structure discussed above was used to describe the appearance of 

additional 115In and 209Bi NMR resonances upon formation of the various 

Cs2Bi1−xInxAgCl6 solid solutions. As noted, when the extended symmetry begins to 

break down, the large 209Bi and 115In quadrupole moments result in sizable quadrupole 

coupling constants for 209Bi and 115In nuclei and their NMR line shapes are then 

dominated by second-order quadrupolar broadening (i.e., the peaks broaden 

drastically). For example, previous studies have shown that CQs can reach up to 256 ± 

10 MHz for 209Bi93 and 200 ± 4 MHz for 115In;91 this translates into resonances that 

span MHz (or 1000s of ppm) at moderate magnetic field strengths. 
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Figure 5.8. (a) Change in calculated CQ of the central 209Bi or 115In nuclei with a 

change in B′(III) site neighbors in the super lattice. Normalized (b) 209Bi and (c) 115In 

NMR spectra acquired at 21.14 T under nonspinning and magic-angle spinning (18 

kHz) conditions, respectively, for the samples as indicated. Normalized intensity in b 

and c corresponds to vertically scaled spectra with the same amount of Bi or In, 

respectively, for a sample for a given number of scans. Asterisks (*) in c indicate 

spinning side bands. 

 

To assess the range of possible CQs when Bi/In substitutions occur, DFT 

calculations were undertaken on a series of medium-range structural models shown 

in Figure 5.8a. The heavy atoms considered in this study as well as the size of the 

crystal lattice required to properly model the medium-range structure precluded 

calculation of EFGs for all possible combinations of substitution sites. However, 

calculations were undertaken with substitutions at a few symmetric positions to provide 

insight into the possible impact of these substitutions on the EFGs. Calculated 209Bi 

and 115In CQ values range from 0 MHz for the Cs2BiAgCl6 and Cs2InAgCl6 parent 

crystal structures to a maximum of 45.9 MHz (209Bi) or 25.7 MHz (115In) for nearly 

equal Bi/In populations (Figure 5.8a). The moderately sized quadrupole coupling 
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constants for these symmetrically substituted chemical environments hint that the 

couplings could increase further when nonsymmetric Bi/In substitutions within the 

multiple possible environments occur (Figure D20). For example, for 

Cs2Bi0.50In0.50AgCl6, only 5 of 12 possible B′(III) substitutions have populations > 

10%. If we now consider that each of these substitutions can have multiple 

arrangements across the first and second B′(III) coordination spheres, a daunting 

scenario develops where the probability for a particular unique arrangement is 

considerably less than 10%. Taking these factors into consideration and combining the 

changes in chemical shifts with the distribution of quadrupole coupling constants 

yields 115In and 209Bi NMR spectra that are unresolvable. Furthermore, if the CQ’s for 

any arrangement are larger than those predicted by the symmetrically substituted DFT 

calculations, it could render the site undetectable (vide infra) under the experimental 

conditions used here. We observed a significant loss in both 209Bi and 115In NMR signal 

intensities upon increments in In or Bi concentrations to form Cs2Bi1−xInxAgCl6 solid 

solutions. Interestingly, further increasing In or Bi concentrations, i.e., toward Bi-

doped Cs2InAgCl6 or In-doped Cs2BiAgCl6 materials, caused both 209Bi and 115In 

NMR intensities to increase (Figure 5.8b and 5.8c, respectively) due to an increase in 

medium-range coordination environment. The experimental 209Bi and 115In NMR 

results for the Cs2Bi1–xInxAgCl6 series are shown in Figures D25 and D26, respectively. 

Figures D27a and D27b show 209Bi and 115In NMR spectra one may expect for 

a two-site system, one with CQ = 0 and with 90% of the NMR sites and the other 

with CQ = 45 and 25 MHz, respectively, for 209Bi and 115In (i.e., the maximum values 

calculated via DFT). Clearly, sites with these magnitudes of CQ and such a low level 

of incorporation (i.e., very low doping levels) are beyond the detection limits of current 

instruments. Note also that these are “best-case” scenarios, in that other factors that 

may further negatively impact detectability, such as magnetic shielding anisotropy 

or T2 relaxation, were not considered in these simulations. Figures D27c and 

D27d illustrate the impact of CQ on the intensity of a given NMR site. These 

demonstrate that one may hope to observe 115In and 209Bi NMR sites impacted by 

substitution if the probability of that site is a significant percentage of the total. Figures 

D27e and D27f illustrate overlays of simulated NMR spectra expected for a system 
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with two sites with equal probability, one CQ = 0 and the other with 

significant CQ values. These simulated spectra illustrate that there may very well be 

undetectable 209Bi and 115In NMR sites in our NMR spectra. These simulations also 

demonstrate that considering that the NMR sites vary only in the nature of the 

substitutions at the first or second B′(III) coordination spheres (i.e., >7 Å) they will not 

vary greatly in isotropic chemical shifts, and thus, we cannot hope to resolve distinct 

sites even at the high field (21.14 T) used here. As noted above, for most of these 

systems, one needs to consider a minimum of 12 unique Bi/In positions, and thus, 

observed NMR sites are probably contributions from multiple distinct sites. As such, 

we refrain from fitting these data due to the lack of resolution and confidence in 

observing all Bi (or In) resonances. Wideline approaches103,104 such as WURST, 

CPMG, or VOCS, which have been successful to detect broad quadrupolar line shapes, 

would not provide the resolution that is needed here and thus probably would not help 

decipher these complex spectra. 

 

5.3 Conclusions 

We presented an analysis of a lead-free and environmentally stable 

Cs2Bi1−xInxAgCl6 double perovskite series in which indium composition (x) can be 

tuned from 0 to 1. The Bi/In alloying allows exquisite tailoring of the band-gap 

properties with an indirect to direct band-gap crossover occurring at x > 0.5. These 

HDP materials are capable of broad-band white-light PL emission upon ultraviolet 

excitation, and the emission efficiency highly depends on Bi/In compositional ratios. 

The Bi-rich materials with an indirect bandgap show lower PLQY as compared to In-

rich materials with a direct bandgap which has a maximum PLQY of 34 ± 4%. PL 

spectroscopy reveals white-light production from a unique source for these HDPs with 

an average PL carrier lifetime of approximately 1 μs. 

 The PXRD information elucidates comprehensive long-range structural 

behavior, indicating solid solutions through a Vegard’s analysis for these 

Cs2Bi1−xInxAgCl6 HDPs. Building beyond these findings a unique short- and medium-

range structural evolution can be uncovered using a combination of solid-state NMR 

spectroscopy of exotic quadrupolar nuclei. Specifically, we have shown that there is a 
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high degree of B′(III)/B″(I) site ordering; complementary XRD and NMR results reveal 

complete Bi3+/In3+ mixing with no evidence of phase segregation or antisite defects 

(<0.1%) in these HDPs. Furthermore, a maximum PLQY is observed when Bi is 

surrounded by 12 In neighbors about its medium-range structure. This work 

demonstrates the intricate atomic-level chemical structural information afforded by 

NMR spectroscopy of these newly developed solid-state optoelectronic-based HDP 

materials, especially when cationic mixing is present. 
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CHAPTER 6 
 

Uncovering Halogen Mixing and Octahedral 

Dynamics in Cs2SnX6 by Multinuclear Magnetic 

Resonance SpectroscopyR5 

 

6.1 Introduction 

Lead halide perovskites (APbX3; A = Cs+, CH3NH3
+, or CH(NH2)2

+; X = Cl–, Br–, or 

I–) have gained tremendous attention as semiconducting materials due to their desirable 

optical and electrical properties including photovoltaic solar cells,1 light-emitting 

diodes,2 hard-radiation detectors,3 photocatalytic reactions,4 and so forth.5,6 Although 

lead-containing perovskites have a high power conversion efficiency (PCE) of 25.5% 

in photovoltaic solar cells,7 they unfortunately suffer from mediocre chemical 

stability8−11 and the potential risk of lead toxicity.12,13 The tin(II) halide perovskites 

ASnX3 are possible alternatives with lower toxicity, but they exhibit a lower PCE of 

up to 10% and rapidly oxidize in air (Sn2+ to Sn4+).14−17 

A2BX6 (A = Cs+, CH3NH3
+, and CH(NH2)2

+; B = Sn4+; X = Cl–, Br–, and I–) 

materials, generally adopt the K2PtCl6 structure type (space group Fm3̅m) and 

demonstrate much higher ambient stability and lower toxicity.18 The structure of 

A2BX6 can be described as an ABX3 perovskite, with half of the B-sites removed in an 

ordered fashion,19 with 12 halogens surrounding the A-site to form a 

CsX12 cuboctahedron, whereas the B-site is octahedrally coordinated with six halogens 

to form BX6 octahedra (Figure 6.1a). The iodide analogue, Cs2SnI6, has a bandgap 

(1.25–1.62 eV) close to the optimum value (1.34 eV) to maximize the thin-film solar 

cell efficiency.18,20,21 Recently, Cs2SnI6 has shown promising optoelectronic properties 

to develop air-stable and lead-free perovskite photovoltaics.22 The mixed-halide 

 
R5 The contents of this chapter have been copied and/or adapted from the following publication: 

Karmakar, A.; Mukhopadhyay, S.; Gachod, P. G. B.; Mora-Gomez, V. A.; Bernard, G. M.; Brown, A.; 

Michaelis, V. K. Uncovering Halogen Mixing and Octahedral Dynamics in Cs2SnX6 by Multinuclear 

Magnetic Resonance Spectroscopy. Chem. Mater. 2021, 33, 6078–6090. The supplementary data for this 

chapter is available in Appendix E: Tables E1–E12 and Figures E1–E23. 



170 
 

analogues Cs2SnBrxI6−x reveal bandgap tailorability with the halogen 

composition,23 making them suitable as hole-transporting materials in solid-state dye-

sensitized solar cells.24 On the other hand, Cs2SnX6 nanocrystals have demonstrated 

tunable light emission and photocatalytic activity.25−27 Recently, doped (Bi3+ and Sb3+) 

Cs2SnCl6 has been shown to produce efficient blue and orange-red light emissions; this 

development brings about de novo opportunities for these materials as solid-state 

lighting candidates.28−30 

 

 

 

Figure 6.1. (a) Crystal structure of Cs2SnX6, local CsX12 cuboctahedral environment 

of 12 halogens around cesium, and local SnX6 octahedral environment of 6 halogens 

around tin. (b) Optical absorption spectra (inset—photographs) and (c) powder XRD 

patterns of solvent-synthesized Cs2SnX6 parents. 

 

To date, A2BX6 materials have been extensively characterized by X-ray 

diffraction (XRD) techniques, which provide information about the average long-range 
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structure but not about the local chemical environments. Fundamentally, it is essential 

to correlate the bulk photophysical properties with the microstructural characteristics 

for perovskites. Solid-state nuclear magnetic resonance (NMR) spectroscopy is a 

robust analytical characterization tool to determine short-range (<5 Å) and medium-

range (5–10 Å) structures as well as ion dynamics in perovskites.16,31−47 More 

specifically, 133Cs (I = 7/2, Qm = −0.34 fm2, 100% abundance)48 is an ideal NMR-

active nucleus to identify the chemical environments around the A-site in 

perovskites.36,42,47,49−52 119Sn (I = 1/2, 8.6% abundance), the most receptive nucleus 

among three NMR-active tin isotopes (115Sn, 117Sn, and 119Sn) (Table E1),48 has been 

used to resolve the local B-site structural environments and halogen dynamics in 

ABX3 perovskites and other tin-containing compounds.16,17,53−59 Furthermore, 

the 119Sn NMR spectra display an extensive chemical shift range for diamagnetic Sn-

containing compounds, shown to span nearly 6000 ppm.16,60−62 Earlier variable-

temperature 35Cl nuclear quadrupolar resonance (NQR) experiments have been used to 

examine phase transitions of K2BCl6 (B = Pt, Pd, and Ir) compounds.63,64 

The present study shows an impressive ability to tailor the optical bandgap over 

a 3 eV range using a high-energy mechanochemical synthetic design of 

Cs2SnClxBr6−x and Cs2SnBrxI6−x mixed-halide materials. Powder XRD and NMR 

spectroscopy allow the identification of the long-, medium-, and short-range chemical 

and coordination environments around Cs and Sn sites upon interhalogen substitutions 

in mixed-halide analogues. The experimentally observed broad (>100 kHz) and 

multiple resonances in the 119Sn NMR spectra for the mixed-halide analogues are 

correlated with 119Sn magnetic shielding parameters obtained from density functional 

theory (DFT) computations and reveal the importance of the spin-orbit shielding term. 

Variable-temperature 119Sn NMR measurements allowed a tentative estimate of the 

activation energy for SnI6 octahedral anharmonic dynamics in Cs2SnI6. Finally, 

Cs2SnI6 materials prepared by the solvent or solvent-free synthesis routes are discussed 

to examine how the synthetic approach influences the local chemical structure and bulk 

optical properties. The comparison is important as mechanochemistry continues to be 

shown as an effective greener approach for synthesizing solids. 
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6.2 Results and Discussion 

6.2.1 Solvent-Synthesized Cs2SnX6 Parents 

Cs2SnX6 (X = Cl–, Br–, and I–) parents were prepared by solvent-assisted synthetic 

routes starting with CsX and SnX4 precursors (see the Experimental Section). As 

determined by energy-dispersive X-ray spectroscopy (EDS), the chemical 

compositions agree well with the expected Cs2SnX6 chemical formulation formed by 

solvent synthesis (Table E2 and Figure E1). Cs2SnX6 samples are polycrystalline with 

micron-sized particles as determined by field-emission scanning electron microscopy 

(FESEM) (Figure E2). The color of Cs2SnX6 changes from white (Cs2SnCl6) to faint 

yellow (Cs2SnBr6) to black (Cs2SnI6), consistent with a decrease in their optical 

absorption edge (Figure 6.1b). The powder XRD patterns are consistent with a cubic 

structure (K2PtCl6-type, space group Fm3̅m) for all three Cs2SnX6 parents at room 

temperature (Figure 6.1c). The cell parameters, as refined by Le Bail fitting of the 

powder XRD patterns, systematically increase for the Cs2SnX6 parents as the ionic 

radius of the associated halogen anion increases from 1.81 Å r(Cl–) < 1.96 Å r(Br–) < 

2.20 Å r(I–) (Table 6.1).65 

 

Table 6.1. Unit cell parameters, direct bandgap, and solid-state 133Cs and 119Sn NMR 

results for solvent-synthesized Cs2SnX6 parents. 

 

 

The optical absorption spectra, which are extracted from the diffuse reflectance 

spectra by the Kubelka–Munk function, exhibit a gradual shift of the absorption edge 

to lower energy as Cl is replaced by Br and followed by I in Cs2SnX6 parents 

(Figure 6.1b). Considering a direct bandgap property for these semiconducting 

Samples Cell 

parameter 

(Å) 

Bandgap 

(eV) 

133Cs NMR (νr = 5 kHz, 

B0 = 11.75 T) 

119Sn NMR (νr = 13 kHz, B0 = 11.75 T) 

δ(ppm) fwhm (Hz) δ(ppm) fwhm (kHz) T1 (s)  

Cs2SnCl6 10.3826(1) 4.48 125.8 ± 0.1 62 ± 2 –708 ± 1 1.5 ± 0.1 146 ± 6 

Cs2SnBr6 10.8377(2) 3.13 112.3 ± 0.2 175 ± 5 –1964 ± 2 5.2 ± 0.2 5.4 ± 0.2 

Cs2SnI6 11.6342(2) 1.42 –46.1 ± 0.1 66 ± 2 –4540 ± 5 11.5 ± 0.5 0.170 ± 0.007 
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materials,66 the optical bandgap values are extracted from the linear region in the Tauc 

plot of (αhν)2 against energy (Figure E3). The bandgaps for the Cs2SnX6 parents 

exhibit a dramatic decrease from 4.48 eV for Cs2SnCl6 to 1.42 eV for Cs2SnI6, spanning 

across 3 eV (Table 6.1). 

 

 

 

Figure 6.2. Solid-state (a) 133Cs and (b) 119Sn NMR spectra and (c) inversion recovery 

plot to measure 119Sn spin-lattice (T1) relaxation values for the solvent-synthesized 

Cs2SnX6 parents. The 133Cs and 119Sn NMR experiments were performed at 11.75 T 

with MAS frequencies of 5 and 13 kHz, respectively. 

 

Solid-state 133Cs and 119Sn NMR spectroscopy was used to investigate the local 

halogen environments around cesium and tin. The Cs atoms occupy a crystallographic 

site with a 4̅3m symmetry in Cs2SnX6. Twelve nearest neighbor halogen atoms 

surround each Cs atom to form a local CsX12 cuboctahedral environment (Figure 6.1a). 

Accordingly, the 133Cs magic-angle spinning (MAS) NMR spectra exhibit a single 

sharp resonance with chemical shifts of 125.8 ppm (full width at half maximum, fwhm 

= 62 Hz) for Cs2SnCl6, 114.6 ppm (fwhm = 175 Hz) for Cs2SnBr6, and −41.4 ppm 

(fwhm = 66 Hz) for Cs2SnI6, indicating one unique crystallographic Cs site (Figure 6.2a 

and Table 6.1). A gradual change in the 133Cs NMR chemical shift toward lower 

frequency is in agreement with a recent observation on CsSnX3 perovskites,16 but in 

contrast to CsPbX3 perovskites,36 where an opposite trend in the chemical shift was 

observed. Due to Cs residing in the center of a perfect CsX12 cuboctahedral 

environment in the Cs2SnX6 parents, a vanishing 133Cs quadrupole coupling constant 

(CQ = 0 kHz) is expected with no spinning sidebands (SSBs) under MAS conditions. 
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However, a low-intensity (<1%) SSB was observed under slow MAS (νr = 5 kHz) for 

all three Cs2SnX6 parents (Figure E4), which is associated with intrinsic defects such 

as halogen vacancies.49,67 

The Sn atoms in the Cs2SnX6 structure occupy sites with a m3̅m symmetry with 

six nearest neighbor halogen atoms surrounding Sn to form local SnX6 octahedral units 

(Figure 6.1a). The Cs2SnX6 parents exhibit symmetric 119Sn NMR resonances with no 

evidence of SSBs under MAS conditions (Figure 6.2b), consistent with the highly 

symmetric local SnX6 octahedral environment. The 119Sn NMR peaks for 

Cs2SnX6 shift toward a lower frequency with a chemical shift of −708 ppm for 

Cs2SnCl6, −1964 ppm for Cs2SnBr6 and −4540 ppm for Cs2SnI6, which represents a 

large change spanning over 3800 ppm for these diamagnetic tin-containing compounds. 

The trend of increased Sn shielding (to a lower frequency) with increased halogen 

atomic number observed here, a normal halogen dependence, is opposite to previous 

studies on Sn(II)-based perovskites (ASnX3), where an inverse halogen dependence 

was observed with a smaller chemical shift range (<1300 ppm).16,56,68 The 

unprecedented change in 119Sn chemical shifts was further studied using theoretical 

calculations, which revealed that the diamagnetic and paramagnetic shielding terms are 

nearly unchanged. Hence, the changes in the chemical shift originate from considerable 

spin-orbit effects, whereby this term changes ca. 4500 ppm as the halide anions increase 

in size (Table E3), demonstrating the importance of including the spin-orbit term in 

relativistic DFT calculations for these materials which contain heavy 

elements.69 The 119Sn NMR linewidths depend on the halogen in Cs2SnX6, increasing 

monotonically from 1.5 (Cs2SnCl6) to 5.2 (Cs2SnBr6) to 11.5 kHz (Cs2SnI6). For 

Cs2SnBr6, the 119Sn NMR linewidth and lineshape are independent of the magnetic 

field strength (B0 = 7.05 to 11.75 T, Figure E5), with no indication of shielding 

anisotropy. Furthermore, the 119Sn NMR linewidth decreases slightly (ca. 0.8 kHz) 

once MAS is applied (Figure E6), confirming a small contribution from heteronuclear 

dipolar coupling (through space) between Sn and Br nuclei (79/81Br: I = 3/2, total 

abundance = 100%). These findings suggest that a dominant 1J(119Sn,79/81Br) scalar 

coupling between 119Sn and the six directly bonded 79/81Br nuclei in SnBr6 octahedra is 

responsible for the 119Sn NMR linewidth.35,36,38,70 The 119Sn spin-lattice relaxation time 
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(T1) decreases from Cs2SnCl6 (T1 = 146 s) to Cs2SnBr6 (T1 = 5.4 s) to Cs2SnI6 (T1 = 

0.170 s), a difference of 3 orders of magnitude (Figure 6.2c and Table 6.1), which is 

comparable to recent observations on ASnX3 perovskites.16,17 The trend 

in 119Sn T1 values where the relaxation decreases dramatically with increasing halogen 

atomic number (Figure 6.2c) is the inverse of the trend in the scalar coupling strength, 

where 1J(127I,119Sn) > 1J(119Sn,79/81Br) > 1J(119Sn,35/37Cl). Similar results have been 

observed in other tin halide perovskite compounds.16,71,72 

 

6.2.2 Chlorine-35 NMR Spectroscopy in Cs2SnCl6 

The stable halogen elements are NMR active; but unlike 19F (I = 1/2), the heavier group 

17 elements are quadrupolar [nuclear spin, I = 3/2 (35/37Cl, 79/81Br) or I = 5/2 (127I)] with 

significant quadrupole moments (Table E1). 35Cl NMR spectroscopy has been used to 

investigate the local structural environments in pharmaceuticals, amino acids, lead 

halide perovskites, and organic and organometallic compounds, due to its overall NMR 

sensitivity as well as the insight into the structure that it 

provides.73−78 Crystallographically, the halogen atoms in Cs2SnX6 occupy a single site 

with symmetry 4mm, where each halogen is bonded to a single Sn atom (Figure 6.1a). 

Hence, this lower site symmetry of the X site in Cs2SnX6 is expected to impart a sizable 

electric field gradient (EFG) that will cause substantial spectral 

broadening. Figure 6.3 shows the frequency-stepped wide-band, uniform, and smooth 

truncation Carr–Purcell–Meiboom–Gill (WURST-CPMG)79,80 35Cl NMR spectrum of 

Cs2SnCl6. The ultrawideline NMR spectrum that spans ca. 2.7 MHz at 11.75 T was 

obtained in 12 steps using the variable offset cumulative spectrum (VOCS) technique 

(Figure E7). Fitting the central transition reveals that δiso = 560 ± 20 ppm, CQ = 32.0 ± 

0.3 MHz, and the quadrupolar asymmetry parameter, η = 0.00. The spectral lineshape 

is consistent with the presence of a terminal Cl atom in Cs2SnCl6, as the terminal Cl 

atoms are in a higher axial symmetric environment, which results in a large CQ and a 

low η. Moreover, the large 35Cl CQ values are consistent with chloride ions coordinated 

to a Sn(IV) ion in a local SnCl6 octahedral environment.78 In contrast, Cl atoms 

attached to Sn(II) ions show smaller CQ values of <30 MHz, as recently reported in 

metal tin chlorides.78 We note that the bulk and nanocrystalline forms of 
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CsPbCl3 perovskites exhibit smaller 35Cl CQ values of ca. 15.5 MHz (η = 0).76 The 

magnitude of the observed 35Cl quadrupolar interaction may, in principle, yield 

information on the dynamics of the SnCl6 octahedra. An early NQR study81 showed a 

modest temperature dependence to 35Cl NQR frequencies for K2PtCl6 of −940 

Hz∙K−1 in the 50–350 K range but the temperature dependence is significantly lower 

(−560 Hz∙K−1) for K2IrCl6; the temperature dependence was attributed to oscillations 

of the BCl6 units. Hence, any temperature dependence of the 35Cl CQ values due to the 

dynamics of the SnCl6 octahedra are anticipated to be relatively small (100–200 kHz, 

within our experimental error of 300 kHz) due to hardware limitations. 

 

 

 

Figure 6.3. Experimental (lower trace, blue) and simulated (upper trace, red) 35Cl 

WURST-CPMG solid-state NMR spectrum of the Cs2SnCl6 parent (νr = 0 kHz, B0 = 

11.75 T, sum of 12 frequency steps, 250 kHz/step). 

 

6.2.3 SnI6 Octahedral Dynamics in Cs2SnI6 

Anharmonic lattice dynamics of BX6 octahedra in halide perovskites play a vital role 

in optical and electrical properties of these materials.82−84 The isolated BX6 octahedral 

units in A2BX6 extend the degree of dynamical freedom compared to that for their sister 

materials, ABX3 perovskites (Figure 6.4a). Recently, X-ray pair distribution function 
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analysis on Cs2SnI6 has revealed asymmetry in the interoctahedral I–I distance, which 

can be correlated with the rotational disorder for the isolated SnI6 octahedral 

units.85,86 To further investigate this behavior, variable-temperature 119Sn NMR 

measurements were carried out on a solvent-synthesized Cs2SnI6 sample. 

As the sample temperature increases from 208 to 380 K, the 119Sn NMR 

resonance shifts linearly toward lower frequencies from −4522 to −4547 ppm (Table 

E4, Figures 6.4b and E8), attributed to a change in the interatomic distance as the 

temperature changes. The linewidth of the 119Sn NMR resonance is unaltered (fwhm = 

18 ± 1 kHz) across the temperature range studied, indicating that the 119Sn NMR 

linewidth in Cs2SnI6 is primarily driven by indirect (J) and direct (dipolar) spin–spin 

couplings between 119Sn and 127I nuclei. Most interestingly, the 119Sn NMR spin-lattice 

relaxation time (T1) changes drastically from 4.6 s (208 K) to 0.12 s (380 K); nearly a 

40-fold change in the T1 value over a 170 K temperature range. 

 

 

 

Figure 6.4. (a) Schematic diagram of SnI6 anharmonicity in the Cs2SnI6 structure. (b) 

Variable-temperature 119Sn T1 data (νr = 0 kHz, B0 = 11.75 T) as a function of the 

inverse of temperature (black text and points), and the 119Sn chemical shift as a function 

of temperature (red text and points) for solvent-synthesized Cs2SnI6. 
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Several interactions may contribute to the 119Sn spin-lattice (i.e., T1) relaxation 

for Cs2SnI6, such as chemical shift anisotropy (CSA), scalar relaxation, spin-phonon 

Raman scattering processes, magic-angle spinning-induced heteronuclear polarization 

changes, and dipole–dipole interactions (see Appendix E, Appendix Note E1 for a 

detailed discussion). It is possible to ascertain experimentally whether some of these 

interactions make significant contributions to T1(
119Sn). For example, a comparison 

of 119Sn NMR spectra for non-spinning samples acquired at 7.05 and 11.75 T 

demonstrate that CSA is negligible for this nucleus in Cs2SnI6 and hence cannot make 

a significant contribution to T1(
119Sn). As shown in Figure 6.4b, in the 208–380 K 

temperature range, a plot of ln(T1) versus 1000 T–1 yields a linear Arrhenius 

relationship. If other relaxation mechanisms contributing to T1(
119Sn) can either be 

quantified or discounted, the apparent Arrhenius relationship permits the determination 

of the activation energy (Ea) for SnI6 octahedral lattice dynamics. Such an approach 

has been used to investigate methylammonium (MA) cation dynamics in 

MAPbX3 perovskites,35,87 and a comparable temperature-dependent change 

in 119Sn T1 has been reported for the ionic conductors, CH3NH3SnBr3 and 

CsSnBr3 perovskites, where much higher activation energies (0.3–0.4 eV) were 

observed, in this case attributed to halogen migration.16,17 If one were to assume that 

the dipole–dipole relaxation mechanism is the primary relaxation process, a plot of 

ln[T1/s] against [1000/T(K)] is linear, allowing the determination of an activation 

energy of 12.45 ± 0.87 kJ/mol (0.129 ± 0.009 eV), in accordance with the Arrhenius 

relationship (see Table E4, Figure 6.4b, Appendix Note E2), suggesting a low energy 

barrier for the SnI6 octahedral lattice dynamics. Unfortunately, we are not able to 

discount contributions to relaxation from spin-phonon Raman scattering. A proper 

investigation of this mechanism requires that one obtain data over a much wider 

temperature range than our hardware permits. Hence, the activation energy for 

anharmonic SnI6 rotation discussed above must be considered tentative. 
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6.2.4 Mechanochemically Synthesized Cs2SnClxBr6−x and 

Cs2SnBrxI6−x Mixed Halides 

Halide perovskites are predominately prepared by solvent, high-temperature, or vapor 

deposition techniques.1,88,89 Mechanochemical synthesis is an entrenched “greener” 

synthetic route to prepare a broad range of advanced functional materials90−92 and has 

recently been applied successfully in the large-scale production of perovskite 

photovoltaic materials.36,38,93−96 Moreover, certain compositions of APbX3 mixed-

halide perovskites were achieved only by mechanochemical synthesis but not via 

solvent-synthesized routes.37,38,97 

Both manual hand-grinding using a mortar and pestle and automated electric 

ball milling have been used as solvent-free mechanochemical synthesis routes to 

prepare bulk halide perovskites.16,36−38,94,95 Recently, we have shown that, using a hand-

grinding approach, one can obtain phase-pure APbX3 perovskites within 

hours.36−38 We found that the hand-grinding preparation of Cs2SnI6 requires a 

substantially longer mixing time (6 h) compared to APbX3 perovskites. In comparison, 

electric ball milling is more efficient (1.5 h) over the labor-intensive manual route 

(Figure E9). The phase-pure Cs2SnClxBr6–x (x = 3) and Cs2SnBrxI6–x (x = 0, 1.5, 3, 4.5, 

and 6) samples were prepared by mechanochemical ball milling under ambient 

conditions (detailed synthesis is discussed in the Experimental Section, Table E5 and 

Figures E10 and E11). 

Figure 6.5a shows photographs of the ball-milled Cs2SnClxBr6–x and 

Cs2SnBrxI6–x samples; their colors are consistent with the optical bandgaps. The 

samples are micron-sized particles having uniform distributions of the constituent 

elements (Cs, Sn, Cl, Br, and I), as determined from elemental mapping images 

collected using FESEM (Figures 6.5b and E12). The elemental compositions of mixed-

halide analogues, as determined by EDS analysis, agree well with the nominal 

compositions (Table E2 and Figure E13). 

 



180 
 

 

 

Figure 6.5. (a) Photographs of ball-milled samples: (i) Cs2SnCl3Br3, (ii) Cs2SnBr6, (iii) 

Cs2SnBr4.5I1.5, (iv) Cs2SnBr3I3, (v) Cs2SnBr1.5I4.5, and (vi) Cs2SnI6. (b) Scanning 

electron micrographs and elemental mapping images of Cs2SnBr3I3. (c) Powder XRD 

patterns and (d) normalized optical absorption spectra of ball-milled Cs2SnClxBr6–x and 

Cs2SnBrxI6–x samples (except Cs2SnCl6, solvent synthesized). (e) Plots of unit cell 

parameters and bandgaps of ball-milled Cs2SnBrxI6–x series. 

 

The powder XRD patterns collected at room temperature are consistent with the 

cubic structure (space group Fm3̅m) for Cs2SnClxBr6−x and Cs2SnBrxI6−x (Figures 6.5c 

and E14). The powder XRD peaks are shifted toward a higher diffraction angle 

(Figure 6.5c), and the refined unit cell parameter increases as smaller halogens are 

replaced with larger variants (Table E6). The unit cell parameters in 

Cs2SnBrxI6−x against Br content shows no significant deviation from linearity, in 

agreement with Vegard’s law (Figure 6.5e). This finding suggests that Br and I atoms 

are randomly mixed in Cs2SnBrxI6−x, consistent with our previous observations in lead-

based mixed-halide perovskites.37,38 

The optical absorption spectra show that the absorption edge shifts to lower 

energy with greater Br content in Cs2SnClxBr6−x and I content in 

Cs2SnBrxI6−x (Figure 6.5d). As extracted from the Tauc plot of the direct bandgap, the 

optical bandgap values span about 3 eV for these samples (Table E6 and Figure E15), 



181 
 

which agrees well with previous observations.66,98 The bandgap in the 

Cs2SnBrxI6−x mixed-halide series decreases nonlinearly from 3.30 eV for Cs2SnBr6 to 

1.54 eV for Cs2SnI6 (Figure 5e). The nonlinearity of the direct bandgap in 

Cs2SnX6 mixed-halide samples was recently examined by DFT computations which 

suggested that the dipolar-disallowed fundamental bandgap becomes optically active 

once the local symmetry breaks.98 This behavior is different from the linear bandgap 

trend observed in lead-containing mixed-halide perovskites36−38 but is similar to the 

observed anomalous nonlinear trend in the mixed tin–lead perovskites.99 

A more complete local structural model for the mixed-halide samples can be 

obtained by solid-state 133Cs and 119Sn NMR spectroscopy to interrogate the A- and B-

sites, respectively. Figure 6.6a shows the 133Cs MAS NMR spectra for 

Cs2SnClxBr6−x and Cs2SnBrxI6–x. Cs2SnCl3Br3 exhibits an inhomogeneously 

broadened 133Cs NMR resonance (fwhm = 1.1 kHz) due to the spectral overlap of 

multiple local CsClmBr12−m (m = 0–12) environments according to the random 

distribution (Table E7 and Figure E16a).36 The asymmetric tailing in the 133Cs NMR 

spectrum toward a lower frequency is due to the broader linewidth associated with Br-

rich compounds (Table 6.1). The 133Cs SSB manifold is related to the local 

CsX12 cuboctahedral symmetry,49 an increase in the 133Cs SSBs in 

Cs2SnCl3Br3 indicates a perturbation of the EFG due to the lowering in the local 

cuboctahedral symmetry upon Cl and Br mixing and hence, an increase in the 

quadrupolar coupling constant (Figure E17). For the Cs2SnBrxI6−x series, the 133Cs 

NMR resonances span across 160 ppm between 115 and −45 ppm. The resonances are 

either spectrally unresolved for Br-rich or resolved for I-rich samples (Figure 6.6a). 

The Br-rich sample Cs2SnBr4.5I1.5 shows an inhomogeneously broadened 133Cs NMR 

peak due to the spectral overlap of multiple local CsBrmI12−m environments according 

to the random population distribution (Table E7 and Figure E16b), thereby limiting the 

spectral resolution. Cs2SnBr3I3, which contains equal proportions of Br and I atoms, 

exhibits a partial spectrally resolved 133Cs NMR resonance. Remarkably, I-rich 

Cs2SnBr1.5I4.5 shows spectrally resolved 133Cs NMR resonances, which correspond to 

six distinguishably local CsBrmI12−m (m = 0, 1, 2, 3, 4, and 5) environments 

(Figure 6.6b). The lowest chemical shift at −38.4 ppm (fwhm = 500 Hz) is assigned to 
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the CsI12 environment, which is comparable to the local chemical environment at −41.5 

ppm (fwhm = 110 Hz) for the Cs2SnI6 parent (Figure 6.6a). The observed broadening 

and shift of the resonance to a higher frequency is associated with the lower than cubic 

site symmetry as the next-nearest neighbors in the medium-range structure (>5 Å) 

consist of a mixture of Br and I atoms.49 The remaining peaks within the sets of 133Cs 

resonances in Cs2SnBr1.5I4.5 shift toward a higher frequency as I is substituted by Br 

(Figure 6.6c and Table E8), following a strict linear dependence (Eq. 6.1) with m in 

CsBrmI12−m. 

δ(133Cs)/ppm = 17.0∙m – 36.78   (Eq. 6.1) 

Furthermore, the observation of increased 133Cs linewidths for CsBrmI12−m peaks with 

an increased Br content (Table E8) is due to the broader linewidth attributed to 

Cs2SnBr6, which is three times larger than Cs2SnI6 (Table 6.1). The 133Cs spin-lattice 

relaxation times decrease linearly from 40 to 14 s with an increasing number of Br 

attached in CsBrmI12−m (Figure 6.6c). Acquiring the 133Cs NMR spectra with a 

quantitative recycle delay for Cs2SnBr1.5I4.5 (Figure E18), the fitted 133Cs peak areas 

for each CsBrmI12−m environment closely follows a binomial population distribution 

(Figure 6.6d and Table E8). This observation is consistent with random Br and I mixing 

at the local structure, forming an atomic-level mixed-halide solid-solution without 

evidence of phase segregation or domains. Our findings are consistent for these types 

of materials, where the Cs2Sn1−yTeyI6 (0 ≤ y ≤ 1) mixed B-site series, recently 

investigated using X-ray pair distribution function analysis, showed an asymmetry in 

the Cs–I/I–I pair correlation that was dependent on tellurium content.86 Similarly, a 

near-random halogen distribution has been found in a local SnX6 octahedral 

environment of Cs2SnClxBr6−x and Cs2SnBrxI6−x samples, studied by Raman 

spectroscopy.98 
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Figure 6.6. (a) Solid-state 133Cs (νr = 13 kHz, B0 = 11.75 T) NMR spectra of ball-

milled Cs2SnClxBr6−x and Cs2SnBrxI6−x samples (except Cs2SnCl6, solvent 

synthesized). (b) Experimental and fitted 133Cs NMR spectra, (c) 133Cs chemical shift 

and 133Cs T1 values, and (d) population distribution as a function of Br atoms in 

CsBrmI12–m for Cs2SnBr1.5I4.5. 

 

The 119Sn NMR spectra for the Cs2SnClxBr6–x and Cs2SnBrxI6–x series exhibit 

broad (hundreds of kHz) and partial spectrally resolved multiple 119Sn resonances 

(Figure 6.7). To achieve maximum 119Sn NMR sensitivity, optimized 119Sn recycle 

delays and VOCS (if required) were used due to their drastic differences in 119Sn T1 and 

large chemical shift spans (Table E9d). This observation contrasts with the recent 

observations on ASnX3 mixed-halide perovskites, where single 119Sn resonances are 

reported due to rapid halogen dynamics.16,17 However, the broadening and 
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multiresonance spectral behavior agrees well with 207Pb NMR spectra for 

APbX3 mixed-halide perovskites.36−38 

To understand the observed 119Sn NMR spectra for the mixed-halide analogues, 

the 119Sn magnetic shielding parameters of isolated octahedral clusters, that is, 

SnClnBr6−n (n = 0–6) for Cs2SnClxBr6−x and SnBrnI6−n for Cs2SnBrxI6−x, were computed 

using DFT, and the computational details are provided in the Experimental 

Section and Tables E10 and E11. The computed 119Sn isotropic chemical shifts are 

linearly shifted to a lower frequency as Cl is substituted by Br in 

SnClnBr6−n (Figure 6.8a) and Br is substituted by I in SnBrnI6−n (Figure E19). The 

computed magnetic shielding anisotropy parameters (span and skew) exhibit a wide 

range of values that depend on n values and on their positional isomers (cis/trans or 

fac/mer) in SnClnBr6−n and SnBrnI6−n; this is responsible for the increased NMR 

linewidths (Figures 6.7, 6.8 and E20). For example, the computed 119Sn span is 1058 

ppm for trans-SnCl2Br4 in Cs2SnClxBr6–x and up to 4702 ppm for trans-SnI4Br2 in 

Cs2SnBrxI6−x. The experimentally observed 119Sn NMR spectra in Cs2SnClxBr6−x and 

Cs2SnBrxI6−x are a combination of individual resonances of all possible SnClnBr6−n or 

SnBrnI6−n species according to their populations, following a random distribution 

(Table E12 and Figure E21). Along with magnetic shielding anisotropy, the 

experimental NMR spectra are further broadened by both indirect and direct spin–spin 

coupling between 119Sn and six quadrupolar halogens (35/37Cl, 79/81Br, or 127I) in 

SnClnBr6−n or SnBrnI6−n, vide supra. Due to the complex nature of these parameters, 

inability to acquire ultrafast MAS, sensitivity, and less spectral resolution among the 

ten possible unique halogen arrangements including the isomers in SnClnBr6−n or 

SnBrnI6−n, we refrain from quantitively deconvoluting the experimental 119Sn NMR 

spectra for Cs2SnClxBr6−x and Cs2SnBrxI6−x, but these are discussed qualitatively below. 

The multiple 119Sn NMR peaks in mixed-halide samples correspond to several 

distinct local Sn octahedral environments. Guided by the DFT computations, the five 

spectrally distinguishable 119Sn NMR resonances in Cs2SnCl3Br3 are tentatively 

assigned by peak maxima and by a spectral region (Figure 6.7b, blue dotted lines): 

SnCl6 (−707 ppm), SnCl5Br1 (−966 ppm), SnCl4Br2/SnCl3Br3/SnCl2Br4 (−1291 ppm), 

SnCl1Br5 (−1610 ppm), and SnBr6 (−1962 ppm). The 119Sn NMR peaks for 
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Cs2SnBrxI6–x are much broader due to the stronger 1J(119Sn,79/81Br) and 1J(127I,119Sn) in 

SnBrnI6–n along with their higher magnetic shielding anisotropy (thousands of ppm) 

predicted by DFT (Table E10) and thus are unresolved. Nevertheless, using the DFT 

results as a guide, four spectrally resolved 119Sn NMR resonances can be tentatively 

assigned (peak maxima) for Br-rich Cs2SnBr4.5I1.5 as follows: SnBr6 (−1962 ppm), 

SnBr5I1 (−2434 ppm), SnBr4I2 (−2842 ppm), and SnBr4I2/SnBr3I3 (−3378 ppm) 

(Figure 6.7c). 

 

 

 

Figure 6.7. Solid-state 119Sn (non-spinning, B0 = 7.05 T) NMR spectra of (a) ball-

milled Cs2SnClxBr6−x and Cs2SnBrxI6–x and solvent-synthesized Cs2SnCl6, (b) 

Cs2SnCl3Br3, and (c) Cs2SnBr4.5I1.5. The local SnClnBr6–n and SnBrnI6–n environments 

are tentatively assigned in (b,c) from the DFT computations. The blue dotted lines 

represent the tentative chemical shift ranges for the SnClnBr6–n octahedra according to 

the DFT computed results; positional isomers (cis/trans or fac/mer) are not shown for 

clarity. 
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6.2.5 Influence of Synthesis Routes on the Local Structure of Cs2SnI6 

A feature of photovoltaic perovskites is that they can be synthesized by various 

avenues, with or without solvents; however, the local chemical structure resulting from 

these approaches is poorly understood. Thus, to elucidate the structure, solid-state 133Cs 

and 119Sn NMR spectroscopy was performed for three Cs2SnI6 samples prepared by 

three different preparation techniques, namely, the solvent-free ball-milling and hand-

grinding routes and solvent-based synthesis. 

The 133Cs NMR spectra of these three Cs2SnI6 samples show resonances in the same 

spectral positions with nearly identical linewidths (Figure 6.9a). However, the slight 

asymmetry of the underlying 133Cs resonance for the ball-milled sample corresponds to 

a higher local structural disorder as compared to solvent-synthesized and hand-ground 

samples. The 119Sn NMR spectra for all three Cs2SnI6 samples show symmetric 

resonances with different chemical shifts and linewidths (Figure 6.9b). The solvent-

synthesized and hand-ground samples exhibit sharper resonances at −4535 ppm (fwhm 

= 17 kHz) and −4527 ppm (fwhm = 17 kHz), respectively, whereas, the ball-milled 

sample shows a broad resonance at −4505 ppm (fwhm = 20 kHz). The sharper 119Sn 

resonance indicates that the solvent-synthesized sample has a more ordered structure 

with minimum defects, whereas the broader 119Sn resonance indicates the presence of 

the higher defect concentration in the ball-milled sample. Ball-milling is a high-energy 

grinding technique that causes grinding-induced defects as compared to the low-energy 

manual hand-grinding route. The 119Sn spin-lattice relaxation depends significantly on 

the synthesis routes with T1 = 0.01 s for the ball-milled sample, which is an order of 

magnitude less than that of the solvent-synthesized counterpart. The faster relaxation 

process for the ball-milled sample suggests higher local structural disorder and defects, 

which is consistent with the conclusion based on 119Sn NMR linewidths.17,100,101 
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 Figure 6.8. DFT-computed results for SnClnBr6–n: (a) optimized geometries, (b) 119Sn 

isotropic chemical shift as a function of number of Cl, and (c) simulated 119Sn NMR 

spectra. 

 

The higher structural disorder is also reflected in broader peaks in powder XRD 

patterns for the ball-milled sample as compared to the structurally well-ordered solvent-

synthesized sample (Figure E22). The different degrees of crystallinity in 

Cs2SnI6 samples are also reflected in the optical absorption properties, where a tailing 

is observed in the optical absorption edge for the mechanochemically prepared 

Cs2SnI6 samples as compared to that for the solvent-synthesized counterpart (Figure 

E23). The optical absorption edge tailing in mechanochemically synthesized 

Cs2SnI6 samples suggest the presence of a higher structural disorder or defect 

concentration consistent with the observation of broader linewidths in the solid-

state 119Sn and 133Cs NMR results. 
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Figure 6.9. Solid-state (a) 133Cs (νr = 5 kHz, B0 = 11.75 T) and (b) 119Sn (non-

spinning, B0 = 7.05 T) NMR spectra of Cs2SnI6 samples prepared by solvent-synthesis 

(SS), hand-grinding (HG), and ball-milling (BM) routes. 

 

6.3 Conclusions 

The macro- to microscopic structures and bulk photophysical properties of Cs2SnX6 (X 

= Cl, Br, and I) parent perovskites prepared by the solvent synthesis route were 

evaluated using powder XRD and multinuclear magnetic resonance spectroscopy. 

Sn−119 NMR spectroscopy revealed a massive chemical shift range spanning ca. 4000 

ppm that, according to DFT computations, is dominated by a large spin-orbit 

component. Likewise, the 119Sn spin-lattice relaxation times change by 3 orders of 

magnitude for these materials as the halide anion increases in size. The 35Cl quadrupole 

coupling constant for Cs2SnCl6 is nearly double that for the hybrid and non-hybrid 

lead(II) chloride perovskites, APbCl3, consistent with Cl bound to Sn in a +4 oxidation 
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state. The rapid octahedral dynamics of SnI6 units in Cs2SnI6 are remarkable for the 

polyhedral motion in these stable “static” solids. 

The complete Cs2SnClxBr6–x and Cs2SnBrxI6–x (0 ≤ x ≤ 6) solid-solution mixed-

halide series exhibit attractive optical bandgaps spanning approximately 3 eV, which 

were successfully prepared by a solvent-free ball-milling synthesis route at room 

temperature. According to solid-state 133Cs and 119Sn NMR spectroscopy, the mixed-

halide analogues undergo a complete random distribution of Cl/Br or Br/I halogens at 

the atomic level, with no evidence of the halogen-rich phase segregation or domains 

under dark conditions. Furthermore, the broad 119Sn NMR resonances observed in 

mixed-halide samples, supported by magnetic shielding parameters obtained by DFT, 

assisted in assigning the unique Sn chemical environments, reinforcing the complex 

nature one must contend with due to considerable shielding anisotropy. 

The bulk optical bandgap properties for the Cs2SnI6 samples prepared by 

solvent-free and solvent-based synthesis routes are sensitive to local structural changes, 

as confirmed by NMR. For example, materials prepared by high-energy ball-milling 

tend to show a lower degree of crystallinity (i.e., higher local structural disorder), 

resulting in faster 119Sn relaxation and a slight increase in the bandgap (0.14 eV) 

compared to those for the solvent-synthesized counterpart. Overall, solid-state NMR 

spectroscopy, alongside powder XRD and DFT, bestows an unprecedented ability to 

unravel the complex chemical structure and dynamics present within A2BX6 materials, 

whereby random halogen arrangements and defects govern the optical bandgaps. 

In conclusion, these results have shown a unique optical bandgap tailorability 

of a lead-free alternative for perovskite-based materials used for photovoltaic and 

optoelectronic applications. This work has also demonstrated multiple synthesis routes 

to prepare the low bandgap Cs2SnI6 material with and without the use of solvents; 

however, their optical properties rely heavily on the nature of the local chemical 

structure (concentration of defects) in the final synthesized products. 

 

6.4 Experimental Section 

All starting precursors and solvents were purchased from commercial sources and used 

directly without further purification: CsCl (Terochem Laboratories Ltd., 99.7%), CsBr 
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(Sigma, 99%), CsI (Sigma, 99.9%), anhydrous SnCl4 (Sigma, 98%), SnBr4 (Alfa 

Aesar, 99%), SnI4 (Alfa Aesar, 95%), HCl (Caledon Laboratory Chemicals), HBr 

(Anachemia, 48%), and acetonitrile (Sigma, 99.5%). 

 

6.4.1 Synthesis 

Solvent Synthesis of Cs2SnX6 (X = Cl, Br, and I): Cs2SnCl6 and Cs2SnBr6 

The starting materials, SnX4 (1 mmol) and CsX (2 mmol) (X = Cl, Br) were weighed, 

taken in a clean vial, and 5 mL of concentrated HX (aq) was added to the mixture. The 

solution mixture was heated using a hot plate set to 120 °C and stirred at 300 rpm 

continuously for 1 h using a magnetic stir bar. The solution was cooled to room 

temperature over a period of 2 h. The precipitates were filtered by vacuum filtration 

using a Buchner funnel, followed by washing with 95% ethanol, and allowed to dry 

overnight. The samples were stored in clean sealed vials under ambient conditions for 

further use. Cs2SnI6 was synthesized following a previous report with some 

modification.102 SnI4 (0.25 mmol) and CsI (0.5 mmol) starting precursors were 

weighed and taken in a molar ratio of 1:2 in a clean vial and 2 mL of the acetonitrile 

solvent was added to the mixture. The solution mixture was stirred using a magnetic 

stir bar for 3 h until a homogeneous mixture was obtained. Then, the solvent was boiled 

off by heating the vial over a hotplate set to 80 °C. The remaining black powder was 

stored in a sealed vial under ambient conditions until needed. 

Mechanochemical Synthesis of Cs2SnXxX6–x
′ (X, X′ = Cl/Br, Br, and Br/I, I): Ball-

Mill Synthesis 

The starting materials to prepare the Cs2SnClxBr6–x (x = 3) and Cs2SnBrxI6–x (x = 0, 1.5, 

3, 4.5, and 6) samples were first ground using an agate mortar and pestle for 5–10 min. 

The mixture was then transferred to a 50 mL zirconia grinding vessel, containing ca. 

50 g of zirconia balls (3–8 mm diameter) and sealed under ambient conditions. The 

sample was ground in an electric planetary ball-mill instrument (Changsha Deco-PBM-

V-0.4L) at a rotation frequency of 550 rpm for 0.5 h. The inner wall of the vessel was 

scraped by using a clean spatula and sealed again. This process was repeated to achieve 

a total 1.5 or 3 h of grinding time. 
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The Cs2SnBr6 and Cs2SnI6 parents were prepared by ball-milling from solid 

CsX and SnX4 (X = Br and I) binary precursor salts; however, Cs2SnCl6 was prepared 

only by the solvent-assisted synthesis route to avoid the handling of SnCl4, which is a 

hygroscopic liquid. We note that an excess SnBr4 may be required for the ball-milling 

preparation to obtain phase-pure Cs2SnBr6 (Figure E10) due to the compound’s 

physical properties, a low melting point (31 °C) and a hygroscopic nature, whereas 

phase-pure Cs2SnI6 can easily be obtained by ball-milling with proper starting 

precursor compositions (CsI/SnI4 = 2:1) due to SnI4’s considerably higher melting 

point of 144 °C. Therefore, to avoid the direct use of SnCl4 and SnBr4 as starting 

precursors under our ambient condition ball-milling preparations, Cs2SnCl3Br3 (x = 3) 

mixed halides were synthesized from the Cs2SnCl6 and Cs2SnBr6 parents, while 

Cs2SnBrxI6–x (x = 1.5, 3.0, and 4.5) mixed halides were obtained from the appropriate 

molar ratios of Cs2SnBr6, CsI, and SnI4 (Table E2). On the other hand, the grinding 

time is a crucial parameter in the ball-milling process. The phase-pure product of the 

Cs2SnBr6 and Cs2SnI6 parents was obtained in 1.5 h, whereas the Cs2SnClxBr6–x and 

Cs2SnBrxI6–x mixed-halide analogues required grinding times of 3 h under the same 

experimental conditions (Figure E11). The quantities of the starting materials and 

grinding times are summarized in Table E5. Hand-ground synthesis of Cs2SnI6: a 

mixture of 2 mmol of CsI and 1 mmol of SnI4 were hand ground using an agate mortar 

and pestle for up to 6 h until phase-pure Cs2SnI6 was obtained. We note that the targeted 

phase-pure Cs2SnI6 sample was not obtained after 4 h of grinding time as confirmed by 

powder XRD (Figure E9). 

Powder XRD 

Powder XRD patterns were collected on a Rigaku Ultima IV powder diffractometer 

equipped with a Co Kα (Kα1 = 1.78900 Å and Kα2 = 1.79283 Å) radiation source at 38 

kV and 38 mA, and a D/Tex Ultra detector with an Fe filter to eliminate the Kβ (= 

1.62083 Å) radiation. All the samples were loaded on zero background plates, and the 

data were collected in the continuous scan mode between 5 and 90° in a 2θ angle with 

a step size of 0.0200°. All the data presented in the main text were converted to a Cu 

Kα (Kα1 = 1.54056 Å and Kα2 = 1.54439 Å) source. The profile fitting of the powder 
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XRD data was performed using FullProf suite software, and the unit cell parameters 

were refined. 

Some complementary powder XRD patterns (Figure E9) were collected on an 

Inel multipurpose diffractometer equipped with a Cu Kα (= 1.540596 Å) radiation 

source at 40 kV and 50 mA, and a CPS 120 detector. 

EDS and FESEM 

The samples were examined on a Zeiss Sigma 300 VP field-emission scanning electron 

microscope instrument equipped with dual silicon drift detectors for EDS to determine 

chemical compositions. 

Diffuse Reflectance Spectroscopy 

The diffuse reflectance spectra for all the samples were collected using a Cary 5000 

UV–vis–NIR spectrophotometer in the 2000–200 nm wavelength range and calibrated 

using a Spectralon (>99%) reflectance standard. The diffuse reflectance data were 

converted to pseudo-absorbance spectra using the Kubelka–Munk 

transformation103 through: α ∼ (1 – R)2/(2R), where R = absolute reflectance and α = 

pseudo-absorbance. Direct bandgaps were determined from the Tauc plot upon the 

extrapolation of the intercept value in a (αhν)2 versus E(eV) plot. 

 

6.4.2 Solid-State NMR Spectroscopy 

Cesium-133 NMR Spectroscopy 

Solid-state 133Cs NMR spectroscopy was performed at 295 K on a Bruker AVANCE 

NEO 500 spectrometer (B0 = 11.75 T) under MAS conditions using a 4 mm H/X MAS 

Bruker probe (ω0/2π(133Cs) = 65.6 MHz). The samples were packed into 4 mm (outer 

diameter) zirconia rotors with Kel-F caps. All 133Cs NMR data were acquired using a 

1.38 μs short tip angle (π/8) Bloch decay pulse sequence with an optimized recycle 

delay. Detailed experimental parameters for 133Cs NMR measurements are shown 

in Table E9a,c,e. All the 133Cs NMR spectra were referenced with a 0.1 M CsNO3 (aq) 

solution at δ(133Cs) = 0.00 ppm. 

Tin-119 NMR Spectroscopy 

Solid-state 119Sn NMR measurements were performed at B0 = 7.05 and 11.75 T on 

Bruker AVANCE NEO 300 and 500 NMR spectrometers, respectively, under both 
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MAS and non-spinning sample conditions using 4 mm H/X MAS Bruker probes. All 

the samples were packed into 4 mm (outer diameter) zirconia rotors with Kel-F caps. 

The 119Sn NMR spectra were acquired using either a 4.0 μs π/2 (γB1/2π = 62.5 kHz) or 

a 1.7 μs π/2 (γB1/2π = 147.1 kHz) Hahn-echo pulse sequence [(π/2)x – τ1 – (π)y – τ2 – 

ACQ, where τ represents the inter-pulse and refocusing delays], with an optimized 

recycle delay. The detailed experimental parameters for 119Sn NMR measurements are 

presented in Table E9b,d,f. 

Variable-temperature (200 < T(K) < 400) 119Sn NMR measurements were 

performed on a Bruker AVANCE NEO 500 NMR spectrometer (B0 = 11.75 T) using a 

4 mm H/X MAS double resonance probe under non-spinning sample conditions. The 

sample was packed into a 4 mm (outer diameter) zirconia rotor with a Vespel cap. 

Temperatures were controlled using a Bruker VT unit. The sample temperature was 

calibrated using the 207Pb chemical shifts of the CH3NH3PbCl3 powder.104 

The 119Sn spin-lattice relaxation time (T1) was measured using an inversion 

recovery pulse sequence (π – τD – π/2 – ACQ or π – τD – π/2 – τ – π/2 – ACQ, where 

τD and τ are the variable delay and echo delay, respectively). All the 119Sn T1 values 

were calculated by fitting the peak intensity values using a mono-exponential decay 

function: It = I∞ + Ae–t/T
1, where It and I∞ are the NMR signal intensities measured at 

time t and at infinity, respectively, and A is the pre-exponential constant. 

All 119Sn NMR spectra were referenced by setting the isotropic peak of 

tetracyclohexyl-tin(IV) powder to δ(119Sn) = −97.35 ppm, a secondary reference with 

respect to Sn(CH3)4 at δ(119Sn) = 0.00 ppm. 

Chlorine-35 NMR Spectroscopy 

Solid-state 35Cl NMR measurements for Cs2SnCl6 were performed at 295 K on a 

Bruker AVANCE NEO 500 spectrometer (B0 = 11.75 T) under non-spinning sample 

conditions using a 4 mm H/X MAS Bruker probe (ω0/2π(35Cl) = 47–50 MHz). A 

powdered sample was packed into a 4 mm (outer diameter) zirconia rotor fitted with a 

Kel-F cap. The 35Cl NMR spectra were acquired using a frequency-stepped WURST-

CPMG pulse sequence79,80 (50 μs pulse width, 512 scans, 50 echoes, and 5 kHz spikelet 

spacing), and the overall spectra were constructed by taking the skyline projection of 
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12 sub-spectra (Figure E7). 35Cl NMR spectra were referenced by setting the peak for 

0.1 M NaCl (aq) to δ(35Cl) = 0.00 ppm. 

DFT Computations 

The structures and properties of the SnClnBr6–n and SnBrnI6–n (n = 0–6) environments 

were obtained using DFT and carried out using ADF.105−107 The geometries were 

optimized using the PBE0 exchange–correlation functional108 with the TZ2P basis 

sets,109 chosen to avoid the convergence issues and the computational cost of larger 

basis sets. The gradient convergence criterion for the geometry optimizations was set 

to 1.0 × 10–7. Optimizations were done at the relativistic scalar ZORA level of 

theory.110,111 Sn shielding tensor components were obtained using the PBE0 functional 

and TZ2P basis set. Shielding tensors for Sn in SnClnBr6–n and SnBrnI6−n (n = 0–6) 

octahedral clusters were calculated using the FXC parameter112 (unless otherwise 

specified) at the relativistic spin-orbit ZORA level of theory.113 The 119Sn NMR spectra 

were simulated using the WSolids1 NMR simulation package (WSolids1, Version: 

1.21.3, 2015, K. Eichele, Universität Tübingen). 
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CHAPTER 7 
 

Summary and Looking Towards the Future 

 

7.1 Summary 

7.1.1 ABX3 Metal Halide Perovskites  

In the last decade, metal halide perovskites, ABX3, have gained tremendous attention 

in the photovoltaic and optoelectronic community for their applications in solar cells, 

laser, light-emitting diodes, photocatalysis, X-ray detectors, and many more.1,2 In 

Chapters 2 and 3, synthetic development, along with a thorough structure-property 

investigation of Pb2+- and Sn2+-containing metal halide perovskites, respectively, were 

discussed. 

 Chapter 2 described the advantage of using a mechanochemical approach 

versus the conventional solvent phase synthesis in preparing phase-pure products of 

methylammonium lead mixed-halide perovskites, namely, MAPb(Cl1−xBrx)3 and 

MAPb(Br1−xIx)3 (0 ≤ x ≤ 1) materials. The careful selection of Cl/Br and Br/I mixed-

halide compositions ultimately allowed for fine tailoring of their optical bandgap 

properties using solvent-free mechanochemical synthesis. For example, a 

stoichiometric MAPb(Br0.5I0.5)3 mixed-halide perovskite composition, previously 

impossible to prepare using a traditional solvent-based synthesis approach, was 

synthesized successfully using the mechanochemical synthesis route described herein. 

The average and local structure of these materials were understood using powder X-

ray diffraction and solid-state NMR spectroscopy, respectively. One- and two-

dimensional 207Pb NMR spectroscopy enabled the identification, for the first time, of 

seven chemically distinct [PbXxX′6–x]
4– octahedral environments in MAPb(Cl1−xBrx)3 

mixed halide perovskites. Chemical assignments were supported further by quantum 

chemical calculations. Furthermore, 207Pb−207Pb 2D EXSY data provided crucial 

information identifying atomic-level halide mixing and halogen mobility within these 

compounds.  
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           Chapter 3 described the complete solid solution of CsSn(Cl1−xBrx)3, exhibiting 

the cubic perovskite structure for all compounds prepared by the high-temperature 

solid-state synthesis method. The average long-range structure was determined by 

powder X-ray diffraction, while the local chemical structure and rapid halogen mobility 

were identified by 133Cs and 119Sn solid-state NMR spectroscopy. This work provided 

one of the first pieces of evidence contrasting with lead halide perovskite analogues 

(APbX3), where halogen anions within tin(II) halide perovskites, CsSn(Cl1−xBrx)3, 

exhibit faster anion mobility. The rapid halogen mobility in CsSnBr3 was studied by 

variable temperature 119Sn T1 measurements, where a low activation energy of 28.9 ± 

1.2 kJ∙mol−1 for the bromine ion diffusion was determined. Furthermore, the 

degradation mechanism of CsSnBr3 perovskite under ambient laboratory conditions 

was monitored by powder X-ray diffraction 133Cs and 119Sn NMR spectroscopy.  

 

7.1.2 A2B′B″X6 Double Perovskites  

Although lead halide perovskites (APbX3) have gained tremendous attention in the 

photovoltaic and optoelectronic community, their application faces remarkable 

challenges for commercialization because of a lack of ambient stability and the risk of 

lead toxicity.3–5 On the other hand, tin(II) halide perovskites ASnX3 are low toxic 

alternatives, but they also are subject to poor ambient stability and rapidly oxidize (Sn2+ 

→ Sn4+) in air.3 Among lead-free and chemically stable alternatives, halide double 

perovskites A2B'B"X6 have proven highly promising because of their attractive optical 

properties.6 However, the absorption profiles of most reported halide double 

perovskites exhibit larger optical bandgaps (>2 eV) that are aligned poorly with the 

solar spectrum, as the optimum bandgap value to maximize the thin-film solar cell 

efficiency is 1.34 eV.6 In Chapter 4, a new lead-free and low bandgap halide double 

perovskite was discussed, and Chapter 5 described another halide double perovskite 

composition, which emits bright broadband white-light upon ultraviolet light 

excitation.  

           Chapter 4 described the solvent-phase synthesis of a Cu(II)-doped Cs2SbAgCl6 

double perovskite material, exhibiting a low bandgap of ca. 1 eV. This material 

exhibited much higher thermal and moisture stability than the well-known Pb(II)- and 
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Sn(II)-based ABX3 perovskite materials. Powder X-ray diffraction, solid-state NMR, 

and EPR spectroscopy were performed to determine the incorporation of paramagnetic 

Cu(II) ions into the Cs2SbAgCl6 parent structure. Variable temperature 133Cs NMR 

spectroscopy confirmed that Cu(II) ions impact 133Cs NMR spectra through a Fermi 

contact interaction. 

           Chapter 5 depicted the synthesis of a single-material broadband white-light-

emitting Cs2Bi1−xInxAgCl6 double perovskite materials. Density functional theory 

(DFT) calculations indicated an indirect–direct bandgap transition occurring when x > 

0.50. All the materials emit in the entire visible light spectrum upon ultraviolet light 

excitation, and a maximum photoluminescence quantum yield of ca. 34% was recorded 

for In-rich materials (92% In). The long- to short-range structures of these materials 

were studied extensively by powder X-ray diffraction and solid-state NMR 

spectroscopy of quadrupolar nuclei (115In, 133Cs, and 209Bi), respectively, to elucidate 

the key role of Bi incorporation and its optical performances. 

 

7.1.3 A2BX6 “Vacancy-Ordered Perovskites”           

A developing class of lead-free and ambient stable alternative to the ABX3 type (B = 

Pb2+ and/or Sn2+) materials is A2BX6, a “vacancy-ordered perovskite”.6,7 These 

compounds are made of low toxic elements and exhibit much higher ambient stability 

than the ABX3 perovskite materials which were discussed in Chapters 2 and 3.6 For 

example, Sn(IV)-containing Cs2SnX6 materials recently have shown attractive optical 

and electrical properties in thin-film solar cells, photocatalysis, and light emitting 

applications.8–11   

 In Chapter 6, the solvent-free mechanochemical synthesis of Cs2SnX6 mixed-

halide materials was discussed. The solvent-free mechanochemical synthesis using the 

ball-milling route yielded a series of mixed-halide compositions of Cs2SnClxBr6−x and 

Cs2SnBrxI6–x (0 ≤ x ≤ 6), which exhibited attractive optical bandgaps spanning ca. 3 eV 

throughout the halogen compositions. An atomic-level analysis by solid-state 119Sn and 

133Cs NMR spectroscopy and quantum chemical calculations confirmed the solid-

solution behavior of Cs2SnClxBr6–x and Cs2SnBrxI6–x materials. Finally, the octahedral 
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dynamics of SnX6 unit in Cs2SnX6 was uncovered by variable temperature 119Sn NMR 

measurements.  

 In summary, I believe that the most significant research contributions resulting 

from my Ph.D. research are: (i) an investigation of rapid X-site dynamics in ABX3 type 

perovskite materials, (ii) development of lead-free low bandgap as well as broadband 

white-light emitting halide double perovskite materials, and (iii) uncovering local 

structure and octahedral dynamics of SnX6 unit in Cs2SnX6 materials.   

 

7.2 Future Research Priorities Based on my Ph.D. Research 

7.2.1 Stage-I 

The next stage for metal(II)-based perovskites will involve the solvent-free 

mechanochemical synthesis of two-dimensional (2D) layered Ruddlesden−Popper and 

Dion−Jacobson halide perovskite-like materials. Organic-inorganic hybrid 2D layered 

perovskite materials show enhanced ambient stability compared to their 3D 

counterparts. The 2D layered perovskite materials have gained tremendous interest as 

candidates for next-generation optoelectronic devices due to their high degree of 

modification via inorganic ions and organic linking ligands.12 The general formula of 

2D layered metal halide perovskites can be written as A2
′ An−1BnX3n+1, where 

A′ represents R−NH3
+ or NH3

+−R−NH3
+ (R = large aliphatic alkyl chain or an aromatic 

group), A represents small organic or inorganic cations (CH3NH3
+, CH(NH2)2

+ and 

Cs+), B is a divalent metal ion (Pb2+ and/or Sn2+), X is a halide anion (Cl−, Br−, I−), 

and n is the number of metal halide monolayer sheets between organic layers. A strict 

2D structure is formed when n = 1, a quasi-2D structure is formed once n = 2−5, and 

n = ∞ for a conventional 3D structure. The atomic-level structure and bonding between 

large organic cations and the inorganic metal halide framework still are understood 

poorly. Solid-state NMR spectroscopy of multiple NMR-active nuclei (e.g., 1/2H, 13C, 

19F, 14/15N, 119Sn, 133Cs, 207Pb, etc.) is emerging in this field just now. It will be vital to 

inform on the ordered/disordered structures present in these materials. Furthermore, 

halide perovskite materials exhibit dynamic processes, such as reorientation modes of 

organic cations, cation diffusion and halogen migration, which are challenging to 

capture using diffraction methods. Two-dimensional homo- and hetero-nuclear 
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correlation NMR spectra of these solid materials is a natural evolution in identifying 

and deconvoluting the unique chemical environments, distances for intermolecular 

distances and ion diffusion. Dipolar-based 2D homonuclear correlation experiments 

such as DQ−SQ (1H−1H, 13C−13C, 19F−19F), and EXSY (207Pb−207Pb), and 

heteronuclear HETCOR (13C−1H, 133Cs−1H, 207Pb−1H, 207Pb−19F, etc.), are promising, 

with further accessibility using emerging fast MAS methods, strategic isotopic 

labeling, or even high-field dynamic nuclear polarization. Interestingly, nuclear 

quadrupole resonance (NQR) spectroscopy of the halide ions in the X-site (35/37Cl, 

79/81Br, 127I; Table 1.1), is gaining traction to be used in understanding medium-range 

effects such as dopants, vacancies, and influence on local chemical environments. 

Although Br and I have sizeable quadrupolar interactions, limiting rapid studies 

indicate that 35/37Cl NMR appears attractive. To predict the NQR/NMR spectra, 

quantum chemical calculations will play an increasingly important role in predicting 

where these resonances may appear and assembling larger structural models to assist 

in interpreting the experimental results. 

 

7.2.2 Stage-II 

Further developments in halide double perovskite, A2B'B"X6, materials will continue 

to advance to fill requirements for optoelectronic applications, such as low energy LED 

technologies. The targeted materials which I would like to suggest are Na/Ag alloyed 

Cs2BiNaxAg1−xCl6 (0 ≤ x ≤ 1) as these materials exhibit a broadband orange-light 

emission upon ultraviolet excitation.13 The influence of Na+ and Ag+ mixing on its 

chemical structure is understood poorly. Considering the advances of solid-state NMR 

spectroscopy that I have outlined in this thesis, it is anticipated that 23Na, 133Cs, and 

209Bi NMR spectroscopy will have favor in determining the Na+/Ag+ ionic distributions 

within the B'(I) site of Cs2NaxAg1−xBiCl6. Further exploration through variable 

temperature 23Na NMR spectroscopy may be worthwhile in assessing whether or not 

these materials behave as a Na-ion conductor, a growing area of interest for sodium-

based energy storage materials.  
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7.2.3 Stage-III 

Interest in the "vacancy-ordered perovskites" A2BX6 is growing rapidly due to their 

increased stability and ease in accommodating both distinct A-, B- and X-sites. One 

area meriting further research is mixed A-site cationic materials. Organic−inorganic 

hybrid materials, namely, methylammonium and rubidium alloyed 

[(CH3NH3)xRb1−x]2SnI6 (0 ≤ x ≤ 1) compounds would be targeted directly. The 

(CH3NH3)2SnI6 parent material exhibits a cubic structure at room temperature, whereas 

Rb2SnI6 exhibits a tetragonal structure.14,15 A cubic to tetragonal structural change upon 

incorporating Rb+ into [(CH3NH3)xRb1−x]2SnI6 materials is expected, although the exact 

moment at this switch occurs is unknown to date. The concept of this project is inspired 

by one of the recent works from our group on kesterite /stannite-based solar-cell 

materials.16 Since the short- versus long-range arrangements have not been 

characterized well for these materials, it is not known how the physical properties are 

related to structural changes entailed by A-site CH3NH3
+ and Rb+ mixing. Solid-state 

NMR spectroscopy of multiple NMR-active nuclei (14N, 87Rb, 119Sn) will provide 

crucial information about the local structure which can be correlated with their optical 

properties.  
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Appendix A: Supplementary Data for Chapter 2 

 

Mechanochemical Synthesis of Methylammonium 

Lead Mixed-Halide Perovskites: Unraveling the 

Solid-Solution Behavior Using Solid-State NMR 

 

Table A1. 207Pb NMR linewidth (FWHM) of MAPbX3. 

 

MAPbX3 FWHM (Hz) 

non-spinning, 

21.1 T 

FWHM (Hz) 

non-spinning, 

7.05 T (ref.1) 

FWHM (Hz) 

MAS, 14.1 T 

(ref.1) 

FWHM (Hz) 

MAS, 14.1 T 

(ref.2) 

X = Cl 3,700 3,700 3,000 3,000 

X = Br 15,000 15,300 17,000 15,900 

X = I 25,500 19,800 30,500 21,100 

 

 

Table A2. DFT quantum chemical calculations (ADF) on [PbClxBr6−x]
4− anions. 

 

Environment σiso (ppm) δiso (ppm)a Ω (ppm) κ 

[PbCl6]
4− 9538 −914 0.0 0.00 

[PbCl5Br]4− 9300 −675 282 1.00 

trans-[PbCl4Br2]
4− 9084 −460 537 1.00 

cis-[PbCl4Br2]
4− 9082 −458 283 −0.57 

mer-[PbCl3Br3]
4− 8890 −266 470 0.09 

fac-[PbCl3Br3]
4− 8881 −257 92 −1.00 

trans-[PbCl2Br4]
4− 8736 −112 354 −1.00 

cis-[PbCl2Br4]
4− 8709 −85 252 0.51 
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[PbClBr5]
4− 8584 41 149 −1.00 

[PbBr6]
4− 8534 90 0.0 0.00 

aδiso,calc (ppm) = −(σiso,calc − 8858.4 ppm) 

 

Table A3. Spin-spin relaxation time (T2, µs) of parent and 50/50 MCS MHP. 

 

Sample [PbBr6]4- [PbClBr5]4-/ 

[PbCl2Br4]4- 

[PbCl3Br3]4- [PbCl4Br2]4/ 

[PbCl5Br]4- 

[PbCl6]4- 

MAPb(Cl0.5Br0.5)3 54a 57a 66a 93a 98a 

MAPbCl3 - - - - 150b, 

75c, 321d MAPbBr3 70c, 63d - - - - 

a21.1 T, (T2, spin-echo, non-spinning)  

b11.75 T, (T2, spin-echo, non-spinning)  

cRef.1 (T2*, MAS, 14.1 T)  

dRef.2 (T2, spin-echo, non-spinning, 9.4 T) 

 

Table A4. DFT GIPAW periodic-based quantum chemical calculations (CASTEP). 

 

Environment σiso (ppm) Ω (ppm) κ 

[PbCl6]
4− 5799 0.1 −0.68 

[PbCl5Br]4− 5514 428 −1.00 

[PbCl4Br2]
4− 5217 44 1.00 

[PbCl4Br2]
4− 5195 894 −1.00 

[PbCl3Br3]
4− 4886 924 −0.01 

[PbCl3Br3]
4− 4909 1.4 −0.98 

[PbCl2Br4]
4− 4564 480 −0.99 

[PbCl2Br4]
4− 4545 946 1.00 

[PbClBr5]
4− 4209 483 1.00 

[PbBr6]
4− 3842 0.04 0.15 
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Table A5. Elemental atomic ratios for the MHP samples determined using the EDX 

technique. 

 

Sample Cl  

(at. %) 

Br  

(at. %) 

Ratio Cl+Br (X) 

(at. %) 

Pb 

(at. %) 

X : 

Pb 

MAPb(Cl0.25Br0.75)3 

–HG 

5.8 19.2 1:3.3 25 8.8 2.8:1 

MAPb(Cl0.50Br0.50)3 

–HG 

10.8 10.4 1.03:1 21.2 7.7 2.8:1 

MAPb(Cl0.75Br0.25)3 

–HG 

5.9 1.9 3.01:1 7.8 2.7 2.8:1 

MAPb(Cl0.50Br0.50)3 

–BM 

7.3 8.0 1:1.09 15.3 5.5 2.8:1 

MAPb(Cl0.50Br0.50)3  

–SS 

6.94 5.0 1.38:1 11.9 5.12 2.3:1 

 

 

 

 

Figure A1. 207Pb NMR spectrum of an MAS sample of MAPb(Cl0.05Br0.95)3 acquired 

at 7.05 T with a spinning frequency of 13 kHz (upper trace). The dashed line is the 

simulated spectrum and is the sum of a site at δCS = 360 ppm (red trace) and at δCS = 

225 ppm (blue trace). The latter has 30 % the intensity of the former.  
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Figure A2. 207Pb NMR spectra of an MAS sample of MAPb(Cl0.95Br0.05)3 acquired at 

11.7 T at 13.5 kHz (upper red trace) and at 7.05 T with a spinning frequency of 13 kHz 

(lower, blue trace). The truncated peak is attributed to [PbCl6]
4− units—see Figure 2.2 

of the manuscript for a full spectrum of the sample acquired at 11.7 T. The peaks 

marked with ‡ are attributed to [PbCl5Br1]
4− units. The asterisks indicate spinning side 

bands.  

 

Deconvolution of 207Pb NMR Spectra 

In principle, a 207Pb NMR spectrum for a MHP of the type [PbXxX`6−x]
4− (0 < x < 6) 

may consist of 10 distinct sites arising from the isomers summarized in Table A6. In 

fact, as discussed in the manuscript, only seven distinct peak maxima were identified. 

These have been attributed to one each of the seven possible [PbClxBr6−x]
4− octahedra, 

with the assumption that the chemical shift difference between each pair of geometric 

isomers (e.g., cis- and trans-[PbCl4Br2]
4−) is not resolved because of the moderate field 

strength used here and because there is significant overlap for these sites. Our 

calculations support this conclusion, with differences between geometric isomers ≤ 27 

ppm (see Table A2) compared to an average chemical shift difference between distinct 

anion units of greater than 160 ppm. Experimental data for the [PbClxBr6−x]
4− anions 

are not available, but studies on a series of [PtClxBr6−x]
2− anions are instructive.3,4 As 

for 207Pb, the coordination about the 195Pt is octahedral, and the 195Pt chemical shift is 
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even more sensitive to its environment than that for 207Pb. For example, the chemical 

shift difference between [PtCl6]
2− and [PtBr6]

2− is almost 1900 ppm,3,4 compared to 

approximately 1000 ppm for the corresponding 207Pb anions. Nevertheless, these 

groups both report chemical shift differences of 3 ppm or less between each of the three 

pairs of geometric isomers. 

 

 

 

Figure A3. Simulated 207Pb NMR spectra for (a) MAPb(Cl0.25Br0.75)3 (b) 

MAPb(Cl0.5Br0.5)3 and for (c) MAPb(Cl0.75Br0.25)3 acquired at the indicated fields fit 

according to the population distributions indicated by the bar charts, following a 

binomial-like distribution based on Gaussians. Data were further fit (d-f) using insight 

from the DFT calculated shielding parameters (g) determined using ADF on model 

anions, whereby the site distribution of seven unique Pb environments were fixed at a 

binomial distribution and slight changes to the CSA parameters were implemented to 

obtain best overall fits. Errors were assessed using the Gaussian fitting procedure at 

multiple field strengths. NB: c = cis; t = trans; f = fac & m = mer. 



283 
 

Table A6. Probabilities for the [PbClxBr6−x]
4− anions.a 

 

Isomer Probability/%a 

[PbCl6]
4− 100 

[PbCl5Br1]
4− 100 

t-[PbCl4Br2]
4− 50 

c-[PbCl4Br2]
4− 50 

m-[PbCl3Br3]
4− 50 

f-[PbCl3Br3]
4− 50 

t-[PbCl2Br4]
4− 50 

c-[PbCl2Br4]
4− 50 

[PbCl1Br5]
4− 100 

[PbBr6]
4− 100 

aProbabilities listed here are those expected in the absence of thermodynamic or other 

governing factors. 
bc = cis; t = trans; f = fac & m= mer 
 

Although seven distinct peak maxima were identified (Table 1.1), the anions, apart 

from [PbCl6]
4− and [PbBr6]

4−, are subject to CSA. Thus, a further complication is that 

the geometric isomers are predicted to have different lineshapes, Figure A3g (but 

similar chemical shifts, as discussed above). Since the spans of these sites are greater 

than the chemical shift differences between neighboring sites, there is significant 

overlap, rendering it impossible to isolate the contributions from separate sites. For the 

simulations, initial populations were based on the theoretical values obtained from the 

assumption of a binomial distribution, and initial lineshapes were based on the 

calculated values (Table A2). These were adjusted to obtain simulated spectra that best 

fit experimental spectra, as illustrated in Figure A3d-f. To compare the agreement 

between the fits of the experimental data and those expected on the basis of 

computational results, the areas under five regions were determined; these are 

summarized in Table A7. 
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Table A7. Percent contribution to the total area of the 207Pb NMR spectra for MHPs 

from a given [PbClxBr6-x]
4− unit. Spectra acquired at 11.75 T 

 

Samples  [PbBr6]4− [PbClBr5]4− 

+ 

[PbCl2Br4]4− 

[PbCl3Br3]4− [PbCl4Br2]4− 

+ 

[PbCl5Br]4− 

[PbCl6]4− 

MAPbBr3 (%)a 100 0 0 0 0 

 (%)b 100 0 0 0 0 

MAPb(Cl0.05Br0.95)3 (%)a 73.5 26.3 0.2 0 0 

 (%)b 72 (5) 28 (5) 0 0 0 

MAPb(Cl0.25Br0.75)3
4 (%)a 17.8 65.3 13.2 3.7 0 

 (%)b 20.5 (5) 61.5 (14) 13 (3) 6.5 (2) 0 

MAPb(Cl0.50Br0.50)3
4 (%)a 1.6 32.8 31.2 32.8 1.6 

 (%)b 1.5 (1) 21 (5) 50 (10) 27 (5) 1 (1) 

MAPb(Cl0.75Br0.25)3
4 (%)a 0 3.7 13.3 65.3 17.8 

 (%)b 0 1.75 (1) 21 (9) 65.5 (17) 13 (5) 

MAPb(Cl0.95Br0.05)3 (%)a 0 0 0.2 26.3 73.5 

 (%)b 0 0 0 28 (2)c 72 (2)c 

MAPbCl3
 (%)a 0 0 0 0 100 

 (%)b 0 0 0 0 100 

aTheoretical binomial distribution for seven sites (n = 6), using Gaussians as a first 

approximation. 

bExperimental results based on 11.75 T.  

cAssessed from MAS NMR experiments at 7.05 and 11.75 T. 

 

 

 

Figure A4. Sensitivity of experimental δcs(
207Pb) for [PbCl6]

4− (left) and [PbBr6]
4− 

(right) as the unit cell changes (a = b = c) to accommodate halide mixing. 
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Figure A4. Relationship between MHP physical properties (Bandgap (Eg)) and 

electronegativity (χP; χP = ∑ 𝑎(i)χ(i)𝑖 , where, a(i) = fraction of halide ‘i’ (Cl or Br) and 

χ(i) = Pauling electronegativity of halide ‘i’ (𝜒(Cl) or 𝜒(Br)) with atomic structure from 

X-ray diffraction (unit cell parameter, a (Å)) and NMR spectroscopy (chemical shift, 

δ(207Pb)/ppm). 
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Figure A6. Diffuse reflectance spectra for MCS-HG MAPb(ClxBr1-x)3, with x = 0.75, 

0.50, and 0.25, along with those for their parent compounds, MAPbBr3 and MAPbCl3. 

 

 

 

Figure A7. Comparison of DFT calculated isotropic 207Pb shielding parameter (ppm) 

on Cl/Br substituted [PbXxX’6−x]
4− octahedra using a 2 × 2 × 2 supercell (GIPAW) as 

implemented in CASTEP (a) or on a model anion as implemented in ADF (b). 
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Figure A8. Powder XRD pattern for MAPb(Cl0.5Br0.5)3 prepared using the SS method. 

 

 

 

Figure A9. 207Pb NMR spectra for non-spinning MAPb(ClxBr1−x)3, where x = 0, 0.25, 

0.50, 0.75 and 1. MCS-BM method was used to prepare MHPs (purple, blue and green). 

Samples were ball milled for a period of 1 hr. All spectra were acquired at 7.05 T.  
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(a) MAPb(Cl0.25Br0.75)3 – HG                               (b) MAPb(Cl0.5Br0.5)3  – HG          

 

                           

(c) MAPb(Cl0.75Br0.25)3 – HG                               (d) MAPb(Cl0.5Br0.5)3 – SS             

 

                            

(e) MAPb(Cl0.5Br0.5)3 – HG                                  (f) MAPb(Cl0.5Br0.5)3 – BM   

 

Figure A10. FESEM images for the MHP samples prepared by SS, MCS-HG and 

MCS-BM. 
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Figure A11. FESEM images for MCS-BM MHP sample MAPb(Cl0.5Br0.5) high (top, 

200 nm) and low (bottom, 2 µm) magnification. 

 

 

 

Figure A12. 1H NMR spectra of MAPb(Cl0.5Br0.5)3 samples acquired at 7.05 T with 10 

kHz MAS; samples prepared by the indicated techniques. 
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Figure A13. 13C CP NMR spectra of MAPb(Cl0.5Br0.5)3 samples, obtained at 7.05 T 

with 10 kHz MAS. The samples were prepared by the indicated techniques. 

 

 

 

 

Figure A14. 207Pb NMR spectra of non-spinning MAPb(Cl0.75Br0.25)3, prepared by 

using the MCS-BM method for 5 min and 1 hr (top) and XRD pattern, obtained after 

using the MCS-BM method for 5 min (bottom). 
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Figure A15. Diffuse reflectance spectra for MAPb(Cl0.5Br0.5)3, prepared by BM, HG, 

and SS, along with those for the parent compounds, MAPbBr3 and MAPbCl3. 

 

 

 

Figure A16. Comparison between XRD patterns of MAPb(Br0.5I0.5)3 prepared by 

MCS-HG (2 hr) and those for the parent compounds, MAPbI3 (tetragonal) and 

MAPbBr3 (cubic). 
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Figure A17. Diffuse reflectance spectra of the MAPb(Br0.5I0.5)3 sample prepared by 

MCS-HG, along with those for the parent compounds, MAPbBr3 and MAPbI3. 
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Appendix B: Supplementary Data for Chapter 3 
 

 

Influence of Hidden Halogen Mobility on Local 

Structure of CsSn(Cl1−xBrx)3 Mixed-Halide 

Perovskites by Solid-State NMR 

 

Experimental  

Materials 

Starting materials were purchased from the following commercial sources and were 

used without further modification: CsCl (Terochem Laboratories Ltd. 99.7%), CsBr 

(Sigma, 99.99%), SnCl2 (Alfa Aesar, >99%), SnBr2 (Alfa Aesar, 99.2%), SnBr4 

(Sigma, 99%), HBr (Anachemia, 48%), and H3PO2 (Sigma, 50 wt.% in H2O). 

 

High-Temperature Synthesis of CsSn(Cl1−xBrx)3 (0 ≤ x ≤ 1)  

Various members of the solid solution CsSn(Cl1−xBrx)3 were prepared by reactions at 

high temperature.  CsX and SnX2 (X = Cl, Br) were combined in stoichiometric ratios 

on a 0.5-g scale, finely ground using an agate mortar and pestle, pressed into pellets, 

and loaded into fused-silica tubes which were evacuated under a pressure of 10-3 mbar 

and sealed. The tubes were heated at 1.5 K/min to either 673 or 723 K (depending on 

composition), held at that temperature for 15 h, and then cooled to room temperature 

at 5 K/min. The samples were stored in glass vials and further characterized under 

ambient conditions. 

 Cubic CsSnCl3 was obtained as a metastable phase at room temperature as 

follows: a sample of CsSnCl3 prepared as described above was heated to 673 K, kept 

at this temperature for 15 h, cooled to 573 K at 5 K/min, and then quenched in an ice-

water bath. 

 

Mechanochemical Synthesis of CsSnBr3  
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A mixture of 1.5 mmol each of CsBr and SnBr2 was ground using an agate mortar and 

pestle for 10 min. Within an argon-filled glove box, the mixture was transferred to a 

50-mL zirconia grinding vessel (containing ca. 50 g of zirconia balls with 3−8 mm 

diameter), which was sealed with parafilm to minimize exposure to air. The sample 

was ground in a Changsha Deco DECO-PBM-V-0.4L electric planetary ball mill at a 

rotation frequency of 550 rpm for 0.5 h. The vessel was opened to scratch its inner wall 

by using a clean spatula and sealed again under an inert atmosphere (Ar glove box). 

This process was repeated four times for a total of 2.5 h of grinding time. 

  

Solvent Synthesis of CsSnBr3 

A mixture of 1 mmol each of CsBr and SnBr2 was placed in a 40-mL glass vial to which 

4.5 mL of concentrated HBr and 0.5 mL of H3PO2 were added. The mixture was heated 

under a nitrogen atmosphere to 120 °C on a hot plate, with continuous stirring by a 

magnetic stir bar. A black precipitate formed immediately. After the mixture was 

heated for 0.5 h, it was cooled over 1 h to room temperature. The precipitate was filtered 

under reduced pressure, washed with isopropyl alcohol, dried for 0.5 h, and quickly 

packed into a 4-mm o.d. ZrO2 rotor for the solid-state NMR experiments. 

 

Solvent Synthesis of Cs2SnBr6 

A mixture of CsBr (2 mmol) and SnBr4 (1 mmol) was placed in a 10-mL glass vial to 

which 5 mL of concentrated HBr was added. The mixture was heated to 120 °C on a 

hot plate, with continuous stirring by a magnetic stir bar. A white precipitate formed 

immediately. After the mixture was heated for 1 h, it was cooled over 1 h to room 

temperature. The precipitate was filtered using a Buchner funnel, washed with 95% 

ethanol, dried overnight, and stored in a vial under ambient conditions. 

 

Powder X-ray Diffraction  

Powder XRD patterns were collected on a Rigaku Ultima IV diffractometer equipped 

with a Co K radiation source (K1, 1.78900 Å; K2, 1.79283 Å) operated at 38 kV and 

38 mA, and a D/Tex Ultra detector with a Fe filter to eliminate K radiation (1.62083 

Å). The samples were placed on zero background plates. Data were collected in 
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continuous scan mode between 5 and 90 in 2 with a step size of 0.0200. Profile 

fitting was performed using the FullProf suite of software and unit cell parameters were 

refined. 

 

Energy-dispersive X-ray Spectroscopy and Field Emission Scanning Electron 

Microscopy 

Samples were examined on Zeiss Sigma 300 VP field emission scanning electron 

microscope equipped with dual silicon drift detectors for energy-dispersive X-ray 

spectroscopy to determine chemical compositions. 

 

UV-Visible Diffuse Reflectance Spectroscopy  

Diffuse reflectance spectra were collected on a Cary 5000 UV-vis-NIR 

spectrophotometer between 200 and 800 nm and calibrated with a Spectralon (>99%) 

reflectance standard. The diffuse reflectance spectra were converted to absorption 

spectra using the Kubelka-Munk function, /S = (1−R)2/2R, where  is the Kubelka-

Munk absorption coefficient, S is the scattering coefficient, and R is the reflectance. 

Direct bandgaps were extrapolated from the intercepts in Tauc plots of (h)2 vs E 

(eV). 

 

Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy 

I. Cesium-133 NMR Spectroscopy: Solid-state 133Cs NMR measurements were 

performed at 11.75 T (1H, 500 MHz) on a Bruker Avance NEO 500 spectrometer, under 

magic angle spinning (MAS) conditions using a 4 mm H/X MAS Bruker probe with 

ωo/2π(133Cs) = 65.6 MHz. All samples were packed into 4 mm o.d. ZrO2 rotors and 

NMR data were acquired using a Bloch decay pulse sequence using a short tip angle 

pulse of 1.38 µs (π/2 pulse = 5.5 µs, solution γB1/2π = 45.5 kHz) with an acquisition 

time of 100 ms and an optimized recycle delay of 10 to 1800 s. The nuclear spin-lattice 

relaxation time (T1) values of 133Cs nuclei for all samples were measured using an 

inversion recovery pulse sequence. The T1 values were calculated by fitting the peak 

intensity values using a three-parameter exponential decay function: I(t) = I(∞) + 𝐴𝑒–𝑡/𝑇1, 

where I(t) and I(∞) are the NMR signal intensities measured at time t and at t infinity, 
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respectively, and T1 are A are the spin-lattice relaxation time and pre-exponential 

constant, respectively. All 133Cs NMR spectra discussed here were referenced by 

setting a 0.1 M CsNO3 (aq.) solution at (133Cs) = 0.00 ppm. 

II. Tin-119 NMR Spectroscopy: Solid-state 119Sn NMR measurements were performed 

at 11.75 T (1H, 500 MHz) on a Bruker Avance NEO 500 spectrometer under both MAS 

and non-spinning conditions using a 4 mm H/X MAS Bruker probe with ωo/2π(119Sn) 

= 186.5 MHz. All samples were packed into 4 mm o.d. ZrO2 rotors and NMR data were 

acquired using a 4.0 µs π/2 (γB1/2π = 62.5 kHz) either with a Hahn-echo pulse sequence 

((π/2)x − τ1 − (π)y − τ2 − ACQ, where τ represents the interpulse and refocusing delays) 

or with a Bloch pulse sequence with an acquisition time of 4-5 ms and an optimized 

recycle delay of 0.01-200 s. Variable temperature (VT) 119Sn NMR spectra were 

acquired between 230 and 418 K with the same instrument under non-spinning 

conditions using a Bruker VT unit and calibrated using the 207Pb chemical shifts of 

MAPbCl3.
2 Dry N2(g) was used as the VT gas and gas flow rates were adjusted to reach 

the target temperatures. The 119Sn T1 values were measured using an inversion recovery 

pulse sequence as discussed in the 133Cs NMR experimental section. All 119Sn NMR 

spectra were referenced by setting the 119Sn signal of a tetracyclohexyl-tin(IV) powder 

to 𝛿(119Sn) = −97.35 ppm, a secondary reference with respect to Sn(CH3)4 at 𝛿(119Sn) 

= 0.00 ppm. 

 

Table B1. Elemental analysis of CsSn(Cl1-xBrx)3 materials measured by EDS. 

 

Sample 

(Nominal 

composition) 

Elemental atomic % %Cl : 

%Br Cs Sn Cl Br 

CsSnCl3 19.3 19.4 61.3 - 100 : 0 

CsSn(Cl0.90Br0.10)3 18.9 19.5 54.6 7.0 89 : 11 

CsSn(Cl0.67Br0.33)3 18.8 19.4 39.6 22.2 64 : 36 

CsSn(Cl0.50Br0.50)3 18.8 18.6 29.4 33.2 47 : 53 

CsSn(Cl0.33Br0.67)3 18.3 19.1 19.0 43.6 30 : 70 

CsSn(Cl0.10Br0.90)3 19.4 18.7 6.0 55.9 10 : 90 

CsSnBr3 17.3 18.0 - 64.7 0 : 100 
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Table B2. Unit cell constants (a) and direct bandgap values for CsSn(Cl1−xBrx)3 

materials. 

   

Sample Unit cell constant, a (Å)  Direct bandgap (eV) 

CsSnCl3 (cubic) 5.5894(5) 2.83 

CsSn(Cl0.90Br0.10)3 5.6108(3) 2.71 

CsSn(Cl0.67Br0.33)3 5.6642(3) 2.42 

CsSn(Cl0.50Br0.50)3 5.6991(6) 2.26 

CsSn(Cl0.33Br0.67)3 5.7353(7) 2.10 

CsSn(Cl0.10Br0.90)3 5.7830(2) 1.87 

CsSnBr3 5.8031(3) 1.79 

 

Table B3. Room temperature solid-state 133Cs NMR experimental parameters, 

chemical shifts, fwhm and spin-lattice relaxation (T1) values for CsSn(Cl1−xBrx)3 

materials. The 133Cs NMR spectra were acquired at 11.75 T using a Bloch pulse 

sequence. 

 

Sample  νrot  

(kHz) 

Recycle 

delay (s) 

133Cs fwhm 

(Hz) 

± 5  

𝛿(133Cs) 

(ppm) 

± 0.1 

T1(133Cs) 

 (s) 

CsSnCl3 (cubic)  

 

 

 

 

13.0 

300 138 64.7 14.8 ± 0.2 

CsSn(Cl0.90Br0.10)3 60 92 68.6 9.8 ± 0.2 

CsSn(Cl0.67Br0.33)3 100 82 73.7 15.3 ± 0.4 

CsSn(Cl0.50Br0.50)3 60 114 74.7 19.7 ± 0.1 

CsSn(Cl0.33Br0.67)3 60 149 73.4 25.0 ± 0.1 

CsSn(Cl0.10Br0.90)3 60 125 67.7 35.3 ± 0.1 

CsSnBr3 60 70 64.0 34.9 ± 0.1 
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Table B4. Room temperature solid-state 119Sn NMR experimental parameters, 

chemical shifts, fwhm and spin-lattice relaxation (T1) values for CsSn(Cl1−xBrx)3 

materials. The 119Sn NMR spectra were acquired at 11.75 T using a Hahn-echo (νrf = 

62.5 kHz). 

 

Sample  νrot 

(kHz) 

Recycle 

delay  

(s) 

𝛿(119Sn) 

(ppm) 

 

119Sn 

fwhm 

(kHz) 

± 0.1 

T1(119Sn) (s) 

CsSnCl3 (cubic)  

 

 

 

 

10.0 

10 −562 ± 1 1.8 3.5 

CsSn(Cl0.90Br0.10)3 1 −544 ± 1 1.4 3.4 

CsSn(Cl0.67Br0.33)3 1 −510 ± 1 1.7 2.4 

CsSn(Cl0.50Br0.50)3 5 −487 ± 1 2.7 3.0×10−1 

CsSn(Cl0.33Br0.67)3 1 −458 ± 2 4.3 2.7×10−2 

CsSn(Cl0.10Br0.90)3 0.01 −365 ± 5 17.0 8.0×10−3 

CsSnBr3 0.20 −289 ± 5 19.0 5.6×10−3 

 

Table B5. Room temperature solid-state 119Sn NMR experimental parameters, 

chemical shifts, fwhm and spin-lattice relaxation (T1) for CsSnBr3 materials prepared 

by the solvent synthesis (SS), high temperature (HT) and mechanochemical synthesis 

(MCS) methods. The 119Sn NMR spectra were acquired at 11.75 T using a Hahn-echo 

(νrf = 62.5 kHz). 

 

Sample νrot 

(kHz) 

Recycle 

delay (s) 

𝛿(119Sn) 

(ppm) 

119Sn fwhm 

(kHz) 

T1(119Sn) (s) 

CsSnBr3 (SS)  

 

0.0 

0.05 −386 ± 2 7.5 ± 0.2 0.025 ± 0.001 

CsSnBr3 (HT) 0.2 −284 ± 5  21.0 ± 0.5 0.007 ± 0.001 

CsSnBr3 (MCS) 0.2 −295 ± 10 34.0 ± 1.0 0.003 ± 0.001 
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Table B6. Variable-temperature 119Sn NMR parameters for CsSnBr3 (SS) acquired 

under non-spinning sample conditions at 11.75 T using a 4.0 µs π/2 Bloch pulse 

sequence. 

 

T(set) 

(K) 

T(calibrated) 

(K) ±2 

δiso(119Sn)†  

(ppm) 

Ω† 

(ppm) 

κ† 119Sn 

fwhm 

(kHz)  

± 0.1 

119Sn 

T2* 

(ms) 

119Sn T1  

(ms) 

233 229.5 −393 85 −0.1 14.7 0.068 635(200) 

253 250.9 −393 75 −0.1 13.6 0.074 390(85) 

273 273.6 −390 75 −0.25 10.6 0.094 123(12) 

292.4 295.4 −386 35 −1.0 7.2 0.139 25(1) 

313 318.7 −371 0 NA 6.5 0.154 14(1) 

333 341.5 −364 0 NA 6.1 0.164 8.8(5) 

353 366.4 −350 0 NA 5.7 0.175 4.12(15) 

373 385.5 −334 0 NA 6.0 0.167 2.16(9) 

393 407.6 −319.6 0 NA 5.4 0.185 1.14(5) 

403 417.9 −317.7 0 NA 4.5 0.222 0.92(2) 

NA – not applicable 

† - δiso, Ω and κ are isotropic chemical shift, span and skew, respectively, where δiso = 

δ11+ δ22+ δ33

3
, Ω = (δ11 – δ33) and κ = 3( 

δ22 − δiso

Ω
) 

 

Appendix Note B1  

The variable temperature 119Sn spin-lattice relaxation time (T1) is related to the absolute 

temperature values for CsSnBr3 (SS) as shown in Table B6. log10[T1/s] linearly depends 

on [1000/T(K)] (i.e., an Arrhenius relationship) within the temperature range of 230 to 

418 K. The slope of the Arrhenius fit is related to the activation energy as Ea = 

(2303⸱R)⸱(slope), where R = 8.314 J/(mol⸱K). A slope value of 1.51 ± 0.06 K was 

obtained from the least-squares Arrhenius fit; hence Ea = 28.9 ± 1.2 kJ/mol or 0.30 ± 

0.01 eV 
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Table B7. Solid-state 133Cs NMR acquisition parameters and experimental conditions 

used for the CsSnBr3 areal degradation study (see Figure 9b in the manuscript). The 

133Cs NMR spectra were acquired at 11.75 T using a Bloch pulse sequence.  

 

Material T1 (s) νrot 

(kHz) 

Recycle 

delay (s) 

# of 

scans 

Acquisition 

time (min) 

CsSnBr3 (degraded) -  

 

5 kHz 

1800 4 120  

CsSnBr3 34.9 60 4 4 

Cs2SnBr6 170 500 4 33 

CsBr 631 300 4 20 

 

Table B8. Solid-state 119Sn NMR acquisition parameters and experimental conditions 

used for the CsSnBr3 areal degradation study (see Figure 9c in the manuscript). The 

119Sn NMR spectra were acquired at 11.75 T using a Hahn-echo (νrf = 62.5 kHz). 

 

Material T1 (s) νrot 

(kHz) 

Recycle 

delay (s) 

# of scans Acquisition 

time (min) 

 

CsSnBr3  

(degraded) 

region-1 - 0 0.2 512 1.7  

region-1 10 0.2 512 1.7 

region-2 - 10 100 512 853 

region-3 - 10 100 512 853 

region-4 - 12 0.01 2,000,000 736 

CsSnBr3 0.006 10 0.2 1024 3.4 

Cs2SnBr6 12.3 10 100 32 53 

SnO2 3.1ref.3 10 30 32 15 

SnBr4 1.95ref.4 0 3 512 25.6 

           SnBr2            

SnBr2 region 

(trace metal grade)   

β-Sn region  

1.12ref.4 13 1.5 512 12.8 

0.00012ref.4 12 0.005 2,000,000 537 
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Figure B1. Room temperature solid-state 133Cs NMR spectra of CsSn(Cl1−xBrx)3 

materials at 11.75 T with a magic angle spinning frequency of 13 kHz. Expansion 

shows the corresponding spinning side band. 

 

  

 

Figure B2. Room temperature PXRD (a) and 133Cs NMR spectra (b) of CsSnCl3 

materials prepared by the high-temperature sealed-tube method followed by slow-

cooling (5 K/min). PXRD patterns were collected within 24 h of synthesis and 133Cs 

NMR spectra were acquired at 11.75 T after six days of synthesis. The asterisks (*) in 

(b) indicate spinning sidebands for monoclinic CsSnCl3. Plot of 133Cs NMR peak area 

for the cubic CsSnCl3 phase as a function of time (up to 72 days) showing mono-
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exponential like decay kinetics for the cubic to monoclinic phase transition in CsSnCl3 

(c). The data points between 10 to 72 days are missing because of the sudden 

institutional lockdown (~ 60 days) during the first wave of COVID-19 pandemic in 

early 2020. 

 

 

 

Figure B3. FESEM images and the corresponding EDS elemental mapping for Cs, 

Sn, Cl and Br for the CsSn(Cl1−xBrx)3 materials (top to bottom: x = 0.00, 0.10, 0.33, 

0.67 and 1.00).   
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Figure B4. Room temperature experimental and fitted PXRD diagrams for the 

CsSn(Cl1−xBrx)3 series. All the diffraction data are fitted assuming a cubic (Pm3̅m) 

space group symmetry.  

 

 

 

Figure B5. Tauc plots showing direct bandgaps of the cubic phases of CsSn(Cl1−xBrx)3 

materials; c-CsSnCl3 (a), CsSn(Cl0.90Br0.10)3 (b), CsSn(Cl0.67Br0.33)3 (c), 

CsSn(Cl0.50Br0.50)3 (d), CsSn(Cl0.33Br0.67)3 (e), CsSn(Cl0.10Br0.90)3 (f) and CsSnBr3 (g). 
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Figure B6. Solid-state 119Sn NMR spectra of CsSnBr3 at 7.05 and 11.75 T under non-

spinning sample conditions. The scales are vertically normalized. 

 

 

 

Figure B7. Solid-state 119Sn NMR spectra of c-CsSnCl3 (a), CsSn(Cl0.50Br0.50)3 (b) and 

CsSnBr3 (c) at 11.75 T acquired with spinning frequencies of 0 and 10 kHz. The scales 

are vertically normalized. 
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Figure B8. Solid-state 119Sn NMR spectra of CsSn(Cl0.10Br0.90)3 at 11.75 T acquired 

with spinning frequencies between 0 to 13 kHz with the Hahn-echo pulse sequence and 

with various echo-delays as indicated. The scales are vertically normalized.  

     

 

 

Figure B9. Solid-state 119Sn NMR chemical shifts vs the inverse of direct bandgap 

values for the CsSn(Cl1−xBrx)3 series.  
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Figure B10. Room temperature PXRD patterns for the CsSnBr3 parent material 

synthesized by the solvent synthesis (SS), high temperature (HT) and 

mechanochemical synthesis (MCS) methods. The dagger (†) indicates signal from 

Cs2SnBr6. 

 

 

 

Figure B11. UV-Vis absorption spectra (a) and Tauc plots showing direct bandgaps 

(b-d) for the CsSnBr3 parent material synthesized by the solvent synthesis (SS), high 

temperature (HT) and mechanochemical synthesis (MCS) methods.   
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Figure B12. 119Sn T2* (i.e., 
1

fwhm
) relaxation time as a function of absolute temperature 

(230-418 K) for the CsSnBr3 (SS) material. 119Sn NMR spectra were acquired at 11.75 

T under non-spinning sample conditions. The data were fit by a least-squares method 

with the following equation: T2*/ms = −0.098(0.023) + 7.36(0.77)✕10−4⸱T/K. 

 

 

 

Figure B13. UV-Vis absorption spectra for a CsSnBr3 sample that was stored under 

ambient laboratory conditions over 300 days (degraded CsSnBr3), pristine CsSnBr3 and 

Cs2SnBr6.  
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Figure B14. Solid-state 119Sn NMR spectra of the degraded CsSnBr3 parent and SnBr2 

starting precursor at 11.75 T acquired with spinning frequencies of 12 kHz with 

2,000,000 scans each. 
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Appendix C: Supplementary Data for Chapter 4 

 

Cu(II)-Doped Cs2SbAgCl6 Double Perovskite: A 

Lead-Free, Low-Bandgap Material  

 

Experimental 

Materials and Methods  

All starting precursor materials and solvents were obtained from commercial sources 

and used without further purification: CsCl (>99%, Acros Organics, NJ, USA), Sb2O3 

(99%, Sigma Aldrich Co., St. Louis, MO, USA), AgNO3 (EM Science, NJ, USA), 

CuCl2•2H2O (Aldrich Chemical Company, Inc, USA), HCl (EMD Chemical Inc., 

Darmstadt, Germany), H3PO2 (50 wt. % in H2O, Sigma-Aldrich Co., St. Louis, MO, 

USA). All reactions were performed under ambient conditions. 

 

Synthesis of Polycrystalline Cs2SbAgCl6 

Freshly prepared AgCl was used in this synthesis. AgCl was formed by adding 10 M 

HCl (in excess) to an aqueous solution of AgNO3, resulting in the precipitation of a 

white solid, which was filtered using a Buchner funnel, washed with 95% ethanol and 

dried under suction filtration. First, 4 mL of 10 M HCl and 1 mL of H3PO2 solvent were 

placed into a vial and heated to 120 °C using a hot plate with gentle stirring using a 

magnetic stir bar. Then 0.5 mmol of solid Sb2O3 (0.146 g) and 1 mmol of freshly 

prepared AgCl (0.143 g) were added to the hot solvent mixture, followed by the 

addition of 2 mmol of CsCl (0.337 g); immediately, a pale-yellow precipitate was 

observed (later confirmed via PXRD and EDX to be Cs2SbAgCl6). The mixture was 

heated for one hour and then left at room temperature for two hours. The polycrystalline 

solid was filtered using a Buchner funnel and washed with 95% ethanol, followed by 

overnight drying. We note that a small amount of Cs3Sb2Cl9 can form as an impurity 

during the synthesis as shown in Figure C15.  
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Synthesis of Polycrystalline Cs2Sb1-aAg1-bCu2xCl6 (a+b = 2x, x = 0.01, 0.05, and 

0.10) 

AgCl was prepared as described above.  

For x = 0.01: 0.034 g of CuCl2•2H2O (0.20 mmol) was dissolved in 5 mL of 10 M HCl 

and a homogeneous solution was obtained. In a separate reaction, 10 mL of 10 M HCl 

was placed into a vial and heated to 120 °C with gentle stirring using a hot plate 

equipped with a magnetic stirrer. 1 mmol of white solid Sb2O3 powder (0.292 g) and 2 

mmol of freshly prepared AgCl (0.287 g) were dissolved in the hot solvent mixture. 

Following dissolution, 4 mmol of CsCl (0.673 g) and 0.04 mmol (corresponding to 

0.0068 g or 1 mL solution) of CuCl2•2H2O, prepared as described above, were added 

to the solution. A black precipitate was immediately observed. The mixture was heated 

for one hour and then left at room temperature for two hours. The polycrystalline solid 

was filtered using a Buchner funnel, washed with 95% ethanol, and followed by 

overnight drying.  

For x = 0.05, 0.10: 10 mL of 10 M HCl was placed into a vial with gentle stirring and 

heated to 120 °C using a hot plate equipped with a magnetic stir bar. 0.95 mmol (0.277 

g) or 0.90 mmol (0.262 g) of white solid Sb2O3 powder and 1.9 mmol (0.272 g) or 1.8 

mmol (0.258 g) of freshly prepared AgCl, for x = 0.05 and 0.10, respectively, were 

dissolved in the hot solvent mixture. Following dissolution, 4 mmol of CsCl (0.673 g) 

and 0.2 mmol (0.034 g) or 0.4 mmol (0.068g) of CuCl2•2H2O, for x = 0.05 and 0.10, 

respectively, were added to the solution. Immediately following this step, a black 

precipitate was observed. The mixture was heated for one hour and then allowed to 

stand at room temperature for two hours. The polycrystalline solid was filtered using a 

Buchner funnel, washed with 95% ethanol, and allowed to dry overnight. 

 

Diffuse Reflectance (DR) Spectroscopy  

A Cary 5000 UV−Vis−NIR spectrophotometer, equipped for the analysis of small-

quantity fine powdered samples, was used to obtain DR data (Analytical and 

Instrumental Laboratory, University of Alberta). Each sample was packed into a black 

boat (∼100 mg/sample) and each measurement was acquired between the wavelengths 

of 2500 and 200 nm. 
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The diffuse reflectance spectra were converted to pseudo-absorbance spectra using the 

following Kubelka-Munk transformation:5 α ~ 
(1—𝑅)2

2𝑅
, where R = absolute reflectance 

and α = pseudo-absorbance. The direct and indirect bandgaps were measured by taking 

the intercept upon extrapolation of the linear regions of (αh𝜈)2 vs E(eV) and (αh𝜈)1/2 vs 

E(eV) plots, respectively. 

 

Powder X-Ray Diffraction (PXRD)  

Powder X-ray diffraction (PXRD) measurements were collected on an Inel MPD multi-

purpose diffractometer (40 kV, 50mA) system (Department of Chemistry, University 

of Alberta) equipped with a CPS 120 curved position sensitive X-ray detector and Cu 

Kα radiation source (1.540596 Å). Samples were placed on a plastic sample holder and 

2θ data were collected from 0.290o to 113.767o with a step increment of 0.029o. 

 

Energy Dispersion X-Ray (EDX) Measurements  

The energy dispersive X-ray (EDX) analysis was performed using a low vacuum JEOL 

JSM-6010LA InTouchScope (Scanning Electron Microscope Laboratory, University 

of Alberta), equipped with the latest Bruker Silicon Drift Detector. 

 

Inductively Coupled Plasma-Optical Emission Spectrometric (ICP-OES) 

Measurements 

The inductively coupled plasma-optical emission spectrometric (ICP-OES) analysis 

was performed using a Argon plasma ICP spectrophotometer Perkin Elmer Optima 

2000 OES DV (Laboratorio di Microanalisi, University of Florence) instrument. The 

samples were dissolved in aqua regia.  

 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed using a Perkin Elmer Pyris 1 instrument 

(Analytical and Instrumental Laboratory, University of Alberta) with a nitrogen gas 

flow of 20 mL/min and a heating rate of 5 °C/min. The temperature range was 25-800 

°C. 
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Humidity and Thermal Stress Tests 

A small amount of freshly prepared Cs2SbAgCl6 (x = 0.00) and highest Cu2+-doped (x 

= 0.10) materials were placed in a custom-built humidifying chamber at 55 ± 5% 

relative humidity at 295 K (Figure C12). The samples were placed in a fume hood 

within this chamber in the presence of normal laboratory light (natural and artificial). 

After one year (x = 0.00) or one month (x = 0.10), the samples were removed from the 

humidifying chamber, and further analyses including, PXRD, 133Cs MAS NMR, and 

DR were collected. 

A small amount of freshly prepared Cs2SbAgCl6 (x = 0.00) and highest Cu2+ doped (x 

= 0.10) materials were placed in an oven at approximately 110 °C for six days, then 

removed and placed on the bench to cool to ambient temperature. Samples were then 

analyzed by PXRD, 133Cs MAS NMR spectroscopy and DR experiments to confirm 

purity and stability of the samples. 

 

Electron Paramagnetic Resonance (EPR) Spectroscopy 

EPR spectra were acquired at X-band (9.77 GHz) on a Bruker ELEXSYS spectrometer 

(CERM, University of Florence), equipped with a standard ST4102 cavity. Field 

modulation was 20 G at 100 kHz and four scans were taken for each sample under 

ambient conditions. MW power was set to 50 mW; no evidence of saturation was 

observed. 

 

Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy 

 121Sb NMR: Antimony-121 NMR spectra were acquired at 7.05 T (300 MHz, 1H) and 

11.75 T (500 MHz, 1H) on Bruker Avance 300 and 500 NMR spectrometers, 

respectively, using a non-selective Bloch pulse (short tip angle) or a selective (1.3 s 

/2, γB1/2π = 65 kHz) Hahn-echo pulse sequence ((π/2)x − 𝜏1 − (π)y − 𝜏2 − ACQ, where 

𝜏1 and 𝜏2 represent the inter-pulse and refocusing delays, respectively), 1,000 to 29,000 

co-added transients and a recycle delay of 2 s. Samples were packed in 4 mm OD ZrO2 

rotors (80 µL fill volume) and spectra were acquired under non-spinning and magic-

angle spinning (MAS) conditions with a spinning frequency between 10 and 12 kHz. 

Additional 121Sb NMR spectra were acquired at 21.1 T (900 MHz, 1H) on a Bruker 
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Avance II 900 NMR spectrometer using a 4 mm H/X MAS Bruker probe and a 

modified solid-echo pulse sequence ((π/2)x − 𝜏1 − (π)y − 𝜏2 − ACQ),6-8 γB1/2π = 83 kHz 

(1.0 s /2,), 1,024 co-added transients and a recycle delay of 2 s. All 121Sb NMR 

spectra were referenced by setting the peak for 0.5 M KSbF6 to 𝛿 = 0.00 ppm.1,2 

133Cs NMR: Cesium-133 NMR spectra of the Cs2SbAgCl6 parent (x = 0.00) and of the 

Cu2+-doped (0.01, 0.05, and 0.10) materials were acquired at 11.75 T (500 MHz 1H) on 

a Bruker Avance 500 NMR spectrometer, with a Bloch pulse using a short pulse (1.25 

s, γB1/2π = 50 kHz), 64 to 512 co-added transients and a recycle delay between 60 

and 500 s. Samples were packed in 4 mm OD ZrO2 rotors and spectra were collected 

under MAS conditions (ωr/2π = 13 kHz). Variable temperature NMR spectra were 

acquired at 238, 291, 323, and 343 K using appropriate relaxation delays (determined 

using a saturation recovery pulse sequence) to obtain pseudo-quantitative spectra (some 

paramagnetic quenching is likely due to the presence of Cu2+).  The sample and probe 

temperature were permitted to stabilize for 10-15 minutes prior to each VT data point 

acquisition. The temperatures were calibrated with 207Pb NMR using MAPbCl3.
3 

Cesium-133 NMR spectra of Cu2+ doped Cs2SbAgCl6 materials (x = 0.01, 0.05, and 

0.10) were acquired at 21.1 T (900 MHz 1H) on a Bruker Avance II 900 spectrometer 

using a 2.5 mm H/X MAS Bruker probe and a solid pulse (1.0 s /4 pulse) with 10 s 

recycle delays. Samples were packed in 2.5 mm OD ZrO2 rotors and spectra were 

collected using a spinning frequency of 30 kHz. 133Cs 2D exchange spectroscopy 

(EXSY)9 spectra were acquired at a spinning frequency of 30 kHz with π/2 pulses of 

2.0 μs, recycle delays of 5 s, 96 to 128 co-added transients and 128 t1 increments; 

mixing times ranged from 0.1 ms to 1 sec (Figure C13). All 133Cs NMR spectra were 

referenced by setting the 133Cs peak of a 0.1 M CsCl solution to 𝛿 = 0.00 ppm.  
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Table C1. Nominal and elemental analyzed results (EDX, ICP-OES and 133Cs NMR) 

for Cs2SbAgCl6 (x = 0.00) and for the Cu2+-doped (x = 0.01, 0.05, 0.10) materials.  

 

xa Atom% by EDX b Cu Composition 

Cs Sb Ag Cl Cu Nominal 

 (at. ratio %) 

Cu/Cs   

Cu/Sb 

ICP-OESc 

(at. ratio %) 

Cu/Cs  

Cu/Sb 

133Cs 

NMR 

% 

Cu2x
d 

(±0.5) 

0.00 21.64 

(0.93) 

11.24 

(0.63) 

9.72 

(0.74) 

57.40  

(0.90) 

- - - -- -- - 

0.010 21.04 

(0.42) 

11.07 

(0.54) 

10.31 

(0.14) 

56.84 

(1.05) 

0.74 

(0.46)  

1.00 2.00 0.55 

 

1.07 

 

0.43 

 

0.050 21.84 

(0.74) 

11.12 

(0.47) 

8.78  

(0.72) 

57.18 

(0.78) 

1.08  

(0.69) 

5.00 10.53 1.52 

 

3.48 

 

2.54 

 

0.100 22.12 

(0.71) 

11.19 

(0.60) 

6.80  

(0.51) 

58.33  

(1.20) 

1.55  

(0.94) 

10.00 22.22 2.53 
 

6.09 3.94 
 

a x is the nominal Cu2+ composition in Cs2Sb1−aAg1−bCu2xCl6. 

b EDX is energy-dispersive X-ray spectroscopic analysis (in quintuplicate). 

c ICP-OES is inductively coupled plasma-optical emission spectrometric analysis (in 

triplicate). 

d Cu2x is % Cu2+ concentration in the final product of Cs2Sb1−aAg1−bCu2xCl6 from 133Cs 

NMR. 

Note: Uncertainties are provided in the parentheses, as the dopant concentrations are 

near the detection limits, hence the larger uncertainties. Figure C9 shows a nearly linear 

relationship between quantitatively measured Cu concentrations and the Cu/Sb atomic 

ratio by synthetic loading (nominal composition). Due to the low Cu concentrations 

and associated challenges in elemental analysis of these materials, we refer to all Cu-

doped materials via their nominal composition, x. 
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Table C2. 133Cs and 121Sb NMR relaxation parameters (T1 and T2*) for Cs2SbAgCl6 (x 

= 0.00) and for the x = 0.10 Cu2+-doped materials. All 133Cs NMR relaxation parameters 

(T1 and T2*) were measured at 11.75 T and whereas all 121Sb NMR relaxation 

parameters (T2*) were measured at 7.05 T. 

  

x 133Cs (T1), sec 133Cs (T2*), ms 121Sb (T2*), µs 

0 51 ± 6 6 ± 1 360 ± 40 

0.10 2.7 ± 0.5 1.3 ± 0.1 130 ± 30 

 

Table C3. Calculated contributions from the three 133Cs MAS NMR peaks (Peak-1, 

Peak-2, and Peak-3) and the fitted line equations. 

 

133Cs NMR 

Peak  

Area % for x (± 1 %) Fitted Linear Equation 

0.00 0.01 0.05 0.10 

Peak-1 100 97.4 79.8 67.5 𝛿iso(133Cs) / ppm = −334(32) x + 

100(2); R2 = 0.973 

Peak-2 0 2.5 19.1 29.6 𝛿iso(133Cs) / ppm = 305(34) x + 

1(2); R2 = 0.963 

Peak-3 0 0.2 1.1 2.9 𝛿iso(133Cs) / ppm = 29(3) x + 0(0); 

R2 = 0.971 

 

Table C4. FWHM values for 133Cs MAS NMR spectra (Peak-1 and Peak-2 of Figure 

C5) for Cs2SbAgCl6 without or with Cu2+ doping, acquired at 11.75 T, T = 291 K and 

a spinning frequency of 13 kHz. 

 

     Cu2+ composition (x) FWHM (Hz) 

Peak-1 Peak-2 

0.00 200(5) - 

0.01 205(5) 1350(20) 

0.05 615(10) 1360(10) 

0.10 770(10) 1350(10) 
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Table C5. FWHM values of 133Cs MAS NMR spectra (B৹=21.1 T, ωr/2π = 30 kHz) 

for Cs2SbAgCl6 (Figure C6). 

 

Cu2+ composition 

(x) 

FWHM (Hz) 

Peak-1 Peak-2 Peak-3 

0.01 305(5) 1625(25) − 

0.05 1035(10) 2080(20) 2500(200) 

0.10 1410(10) 2310(20) 2700(100) 

 

Table C6. Temperature dependence of chemical shifts and fitted line equations for 

Peak-1, Peak-2, and Peak-3 of the 133Cs MAS NMR spectra for the Cu2+-doped material 

(x = 0.10); acquired at 11.75 T with a spinning frequency of 13 kHz. 

 

𝛿iso(133Cs)  Temperature (T/K) Fitted Linear Equation 

 238 291 323 343 

Peak-1 77 82 84 85 𝛿iso(
133Cs) / ppm = −6.3 (1000/T) + 102.9; 

R2 = 0.999 

Peak-2 −34 −13 −3 3 𝛿iso(
133Cs) / ppm = −30.9 (1000/T) + 89.9; 

R2 = 0.999 

Peak-3 −147 −105 −87 −74 𝛿iso(
133Cs) / ppm = −60.4 (1000/T) + 95.4; 

R2 = 0.998 
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Figure C1. Enlargement of powder XRD patterns for Cs2SbAgCl6 (x = 0.00) and for 

Cu2+-doped Cs2SbAgCl6 materials. 

 

 

 

Figure C2. Powder XRD patterns for AgCl, Cs2SbAgCl6 and for the latter with the 

indicated level of nominal Cu2+ doping. The presence of AgCl in the double perovskite 

materials is indicated, with the relative intensity of the AgCl (200) peak increasing as 

the Cu2+ doping increases (dotted red box). Please note that the PXRD pattern for AgCl 

is simulated.4 
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Figure C3. UV-VIS-NIR DR (a), and normalized absorption (b) spectrum for 

Cs2SbAgCl6 parent (i.e. x = 0.00) and all Cu2+-doped (x = 0.01, 0.05, and 0.10) 

materials. The DR spectra is converted to absorbance by using the Kubelka-Munk 

equation (see Materials and Methods). The Tauc plots, which yield, assuming a direct 

allowed transition, bandgaps of 2.84 eV for Cs2SbAgCl6 (x = 0.00) (c), and 1.34 eV for 

the maximum Cu2+ doped material (x = 0.10) (d). 

 

 

 

Figure C4. Comparison of 121Sb NMR spectra of Cs2SbAgCl6 parent under non-

spinning and magic-angle spinning (18 kHz) conditions at 21.1 T (a). Comparison of 

121Sb NMR spectra acquired at 7.05, 11.75, and 21.1 T for non-spinning Cs2SbAgCl6 

with Cu2+ doping of x = 0.10, showing the improved Sb site resolution with increasing 
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magnetic field strength. Data were acquired with a selective central transition pulse, 

optimized for the larger CQ resonance to higher frequency (i.e. for the peak centered at 

≈ 900 ppm) (b).  

 

 

 

Figure C5. Comparison of 121Sb NMR spectra acquired at 7.05 T (a) and 21.1 T (b) for 

non-spinning Cs2SbAgCl6 (x = 0.00) and for this material with Cu2+ doping (x = 0.01, 

0.05, and 0.10), showing both the intensity of the high-frequency peak (δ ~ 900 ppm) 

and illustrating that the linewidth of the parent peak (i.e. the low frequency peak) 

increases with Cu2+ doping (insert). 

 

 

 

 

Figure C6. Schematic representation of Cs2SbAgCl6 double perovskites without (a), 

and with Cu2+ doping at one (b) or two (c) sites. This representation assumes that 

[CuCl6]
4− will generally only substitute [AgCl6]

5− sites (see the Chapter 4). 
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Figure C7. Comparison of 133Cs MAS NMR spectra for Cs2SbAgCl6 without (x = 0.00) 

and with (x = 0.01, 0.05, and 0.10) Cu2+ doping, acquired at 11.75 T with a spinning 

frequency of 13 kHz, showing that the linewidth of Peak-1 increases with Cu2+ content 

(left), and that the relative intensities (with respect to the normalized Peak-1) of Peak-

2 and Peak-3 increase with Cu2+ doping concentration (right). Spinning sidebands are 

indicated with an asterisk (*). 

 

 

 

 

Figure C8. Comparison of 133Cs MAS NMR spectra for Cs2SbAgCl6 with or without 

Cu2+ doping, acquired at 21.1 T with a spinning frequency of 30 kHz, showing that the 

linewidth of Peak-1 increases with Cu2+ content (left), and that the relative intensities 

(with respect to the normalized Peak-1) of Peak-2 and Peak-3 increase with Cu2+ 

doping content (right). 
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Figure C9. Linear relation of Cu/Sb atomic ratio % before (nominal) and after (final 

product) the synthesis based on the ICP-OES data (left) and Cu-composition based on 

133Cs MAS NMR spectra acquired at 11.75 T against nominal Cu/Sb atomic ratio % 

(right). 

 

133Cs NMR Analysis 

From the crystal structure of Cs2SbAgCl6, the Cs+ ion resides in the cubooctahedral 

void, surrounded by a total of eight (four Ag+ and four Sb3+) octahedral sites (Figure 

C6a). Similarly, each Ag+ or Sb3+ site is also surrounded by eight Cs+ ions. Since the 

peaks labeled Peak-2 in the 133Cs NMR spectra arise from Cu2+ substitution in a Ag+ 

site, each Cu2+ ion is surrounded by eight Cs+ ions. If we neglect the minor contribution 

giving rise to Peak-3, then from the 133Cs NMR spectra, the total Cu2+ concentration in 

the final product is given by Eq. C1. 

(2x) = 
1

8
× (Area/%)     (Eq. C1) 

where Area/% refers to the percent contribution of Peak-2 to the total 133Cs spectrum. 

For example, when x = 0.10, the area for Peak-2 in the 133Cs NMR spectrum is 29.5 % 

and thus, 

(2x) = (a+b) = ( 
1

8
× 29.5) % = 3.37 % = 0.037    (Eq. C2) 

Hence, x = ( 
1

2
× 0.037) = 0.0185. 

Please note that the general formula of Cu2+ doped material is: Cs2Sb1−aAg1−bCu2xCl6 

(a + b = 2x) and that the (2x) value represents the fraction of octahedral sites (Sb3+ or 

Ag+) that are substituted by Cu2+ ions.  
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Figure C10. Temperature dependent 133Cs MAS NMR spectra of Cs2SbAgCl6 parent.  

 

 

 

 

 

Figure C11. Cesium-133 MAS NMR spectra (B৹ = 11.75 T, top) and PXRD patterns 

(bottom) for Cs2SbAgCl6 (x = 0.00 and 0.10), Cs4Sb2CuCl12, CsCl, Cs2CuCl4 and 

Cs3Sb2Cl9. The asterisks (*) indicate spinning sidebands. 
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Figure C12. Photograph of the custom-built humidifying chamber. 

 

 

 

Figure C13. Enlarged version of powder XRD pattern for the stability experiments of 

Cs2SbAgCl6 parent (x = 0.00) and the maximum Cu2+-doped (x = 0.10) materials 

under the indicated conditions. 

 



324 
 

 

 

Figure C14. Absorption spectra of Cs2SbAgCl6 parent (x = 0.00, red) and the 

maximum Cu2+-doped (x = 0.10, black) materials under the indicated conditions. The 

absorption spectra were extracted from DR data by using the Kubelka-Munk equation 

(see Materials and Methods). 

 

Determination of the Pseudocontact Contribution 

The pseudocontact contribution to the shift arises because of the interaction of the 

nuclear spin with the average magnetic moment of the paramagnetic center, which does 

not average to zero in the case when magnetic susceptibility of the metal center is 

anisotropic. It can be related to the magnetic susceptibility through the Kurland-

McGarvey equation10 and, for the case of S=1/2 spins, it can be directly related to the 

electron g-matrix from EPR: 

𝛿pc =
1

12𝜋𝑟3
𝜇0𝜇B

2𝑆(𝑆 + 1)

3𝑘𝑇
(𝑔‖
2 − 𝑔⊥

2)(3𝑐𝑜𝑠2𝜃 − 1) 

Using 𝑔‖ = 2.3 and 𝑔⊥ = 2.0, at about 4.5 Å the expected PCS value is 1.2 ppm, to 

which a further contribution amounting to about 20% coming from the temperature 

independent paramagnetism could be added.11 
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121Sb NMR Lineshape Analysis of Cs2SbAgCl6  

Since 121Sb has a large quadrupole moment (Q = -36.0 fm2) and I = 5/2, the lineshape 

and breadth of the NMR spectra are often dominated by the quadrupolar interaction. 

However, for the parent Cs2SbAgCl6 material, the Sb sites are located at an octahedral 

position within a cubic space group such that the overall EFG would be expected to be 

zero. In practice, slight defects or distortions within the lattice may impact the 

symmetry about some 121Sb nuclei, such that a quadrupolar interaction is detected 

despite the octahedral symmetry. Analysis of the spectra acquired under non-spinning 

and MAS conditions as well as at multiple field strengths assist in determining these 

interactions. Other anisotropic interactions that may contribute to the linewidth and 

shape include magnetic shielding anisotropy, and direct (dipolar) and indirect (J-

coupling) spin-spin coupling. A small quadrupolar interaction of 1 MHz would lead to 

a 30 Hz second order broadening contribution at 21.1 T, while the non-spinning 

linewidth is 3.2 kHz. The linewidth remains nearly constant across three magnetic field 

strengths (Bo = 7.05, 11.75 and 21.1 T). Since magnetic shielding scales linearly with 

field and the second order quadrupole broadening is inversely related, these anisotropic 

interactions are negligible in their contribution (i.e. < 1 ppm). Magic-angle spinning 

reduces the linewidth by nearly 50% (1.5 kHz) to a FWHM of 1.8 kHz, indicating a 

contribution from heteronuclear dipole coupling between 121Sb and 35/37Cl; the 

remaining MAS linewidth is attributed to indirect spin-spin coupling between 121Sb 

(N.A. = 57.2 %) and the six coordinating 35/37Cl anions (35Cl: N.A. = 75.8%, I = 3/2 

and 37Cl: N.A. = 24.2%, I = 3/2). The Gaussian-like 121Sb peak is attributed to the 

complex splitting pattern arising from spin-spin coupling of 121Sb to the two Cl 

isotopes, further complicated by the quadrupole coupling interaction expected for the 

Cl isotopes, which is expected to be significant since these nuclei are not in a high-

symmetry position. Hence, a complex J-splitting pattern that is unresolved at 7.05 T is 

observed.1 
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Figure C15. Cesium-133 MAS NMR spectra for Cs2SbAgCl6 and impure Cs2SbAgCl6 

double perovskite and Cs3Sb2Cl9. 

 

 

 

Figure C16. Two-dimensional 133Cs EXSY NMR (Bo = 21.1 T; ωr/2π = 30 kHz) 

contour plots of Cu2+-doped Cs2SbAgCl6 (x = 0.10) with 1 ms (blue) and 500 ms (red) 

mixing times, showing no Cs exchange. 
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Appendix D: Supplementary Data for Chapter 5 

 

Tailorable Indirect to Direct Bandgap Double 

Perovskites with Bright White-Light Emission: 

Decoding Chemical Structure Using Solid-State NMR 

 

Experimental  

Materials and Methods 

All starting materials and solvents were purchased from various commercial sources 

and used without further purification: CsCl (Tecrochem Laboratories Ltd., AB, 

Canada), BiCl3 (MilliporeSigma, MO, USA), InCl3 (Alfa Inorganics, Inc., MA, USA), 

AgNO3 (EM Science, Darmstadt, Germany), HCl (Caledon Laboratory Chemicals, 

ON, Canada). All materials were synthesized and characterized under ambient 

atmosphere and temperature. 

 

Synthesis of Polycrystalline Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDPs 

AgCl salt was freshly synthesized by the addition of an excess amount of concentrated 

HCl to an aqueous solution of AgNO3, resulting in a solid white precipitate. This white 

solid was filtered with a Buchner funnel, washed with 95% ethanol, and then dried 

under vacuum filtration. Afterwards, 1 mmol of freshly prepared AgCl in conc. HCl (at 

ca. 120 °C and constant stirring), (1–x) mmol of BiCl3 and x mmol of InCl3 were added 

to the hot conc. HCl solvent within the vial, followed by an addition of 2 mmol of CsCl 

powder. White (when x = 1.0) to yellow (when x = 0.0) precipitates were observed 

immediately. The mixtures were heated for an hour with medium stirring and then 

allowed to stand at room temperature for two more hours. The precipitates were then 

filtered using a Buchner funnel and washed with 95% washing ethanol. These solid 

samples were stored in vials under ambient conditions and used for further 

characterization. 
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Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction measurements for the polycrystalline solid samples were 

collected on an Inel MPD multi-purpose diffractometer (40 kV, 50 mA) system 

equipped with a CPS 120 curved position sensitive X-ray detector and a 1.540596 Å 

Cu Kα radiation source. All samples were placed on a plastic sample holder and 2θ data 

from ~ 0° to 113° were collected. The cell constants were determined from the profile 

fitting of the PXRD patterns using the FullProf Suite software. 

 

Energy-dispersive X-ray spectroscopy (EDS) and Field Emissive Scanning 

Electron Microscopy (FESEM) 

The FESEM measurements were performed using a Zeiss Sigma 300 VP equipped 

with dual silicon drift detectors for EDS measurements. 

 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

A Thermo iCAP 6000 series ICP-OES spectrometer was used for Bi and In 

concentration measurements. The samples were dissolved in aqua regia and the 

resultant solution was further diluted with deionized water. 

 

Thermogravimetric Analysis (TGA) 

TGA analyses were performed on a Perkin Elmer Pyris 1 Thermogravimetric Analyzer. 

The samples were heated under an N2 atmosphere at a heating rate of 5–10 oC/min from 

25–800 oC. 

 

UV-Vis Diffuse Reflectance (DR) Spectroscopy 

All the UV-Vis diffuse reflectance spectra for the polycrystalline Cs2Bi1−xInxAgCl6 

double perovskite samples were collected using a Cary 5000 UV−Vis−NIR 

spectrophotometer. For each sample, a small amount (50 to 100 mg) of powder was 

packed into a black boat and measurements were obtained at wavelengths between 200 

and 800 nm. The instrument was calibrated with a Spectralon (>99%) reflectance 

standard. 
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 All the DR spectra were converted to pseudo-absorbance spectra using the 

Kubelka-Munk1 transformation as follows: α ~ (1−R)2/(2R), where, R and α are the 

absolute reflectance and pseudo-absorbance, respectively. The indirect and direct 

bandgaps were experimentally determined from the intercept values upon extrapolation 

of the linear regions of (αh𝜈)1/2 vs E(eV) and (αh𝜈)2 vs E(eV) plots, respectively. 

 

Steady-State and Time-Resolved Photoluminescent (PL) Spectroscopy and PLQY 

Photoluminescence spectroscopy was performed using a 365+351 nm Ar ion laser 

source. A 400-nm longpass filter was used to block the scattered laser light and the 

spectra were measured with an intensity-calibrated Ocean Optics USB2000 

spectrometer. Time-resolved PL measurements were performed using a pulsed laser 

excitation of 365+351 nm Ar ion laser interfaced to an acousto-optic modulator (~10 

ns response time) and a Hamamatsu H7422 PMT. 

 The PLQY was measured using a Photon Technology International (PTI) MP1 

Fluorescence System with a 75 W Xenon arc lamp as an excitation source and equipped 

with an integrating sphere. Solid BaSO4 was used as a reference sample. Equivalent 

amounts of sample and reference solids were taken in melting point capillary tubes 

which were placed in the integrating sphere for further measurements. Samples and the 

reference were excited at λmax = 370 or 380 nm and emission spectra were collected 

between 410 to 900 nm, respectively. 

 

Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy 

(i) Cesium-133 NMR spectroscopy: (a) Solid-state 133Cs NMR spectra were acquired 

at 21.14 T (900 MHz, 1H) on a Bruker Avance II 900 spectrometer under magic angle 

spinning (MAS) conditions using a 2.5 mm H/X MAS Bruker probe with γBo/2π(133Cs) 

= 118.0 MHz and the sample spinning at a spinning frequency of 30 kHz. All samples 

were packed into 2.5 mm o.d. ZrO2 rotors. A Bloch decay pulse sequence was used 

with a 0.50 µs pulse width (~20° tip angle, γB1/2π (solid) = 111 kHz), an acquisition 

time of 20 ms, an optimized recycle delay of 90 s (see Figure D18, Table D6) and 32 

co-added transients.  
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 (b) Solid-state 133Cs NMR measurements were performed at 11.75 T (500 MHz, 

1H) on a Bruker Avance 500 spectrometer under MAS conditions using a 4 mm H/X 

Bruker MAS probe with γBo/2π(133Cs) = 65.6 MHz and a MAS frequency of 13 kHz. 

All samples were packed into 4 mm o.d. ZrO2 rotors. Data were acquired using a Bloch 

decay pulse (π/2 pulse of 1.25 µs, γB1/2π (solution) = 50.0 kHz), an acquisition time of 

50-100 ms, a recycle delay of 300-5000 s and 1-8 co-added transients.  

 All 133Cs NMR spectra discussed here were referenced by setting the 133Cs 

NMR peak of a 0.1 M CsCl aqueous solution to 𝛿 = 0.0 ppm. 

(ii) Bismuth-209 NMR spectroscopy: (a) Solid-state 209Bi NMR spectra were acquired 

at 21.14 T (900 MHz, 1H) on the Bruker Avance II 900 spectrometer. Non-spinning 

209Bi NMR spectra were collected using a 4 mm H/X MAS Bruker probe with 

γBo/2π(209Bi) = 145 MHz. Samples were packed in 4 mm thick-walled Bruker o.d. ZrO2 

rotors and a modified quadrupolar-echo pulse sequence2,3 ((π/2)x − τ1 − (π/2)y − τ2 − 

ACQ), where τ1 and τ2 represent the inter-pulse and refocusing delays, respectively) 

was used to achieve broader excitation width and minimize line distortions at higher 

magnetic field strengths with a solid 1.0 µs π/2 pulses (γB1/2π (solution) = 50 kHz). An 

echo delay of 20 µs was used for all the measurements. A recycle delay of 0.5 s and 

16,000 to 80,000 co-added transients were used for each non-spinning 209Bi NMR 

measurement. 

 Magic-angle spinning 209Bi NMR spectra were collected using a 2.5 mm H/X 

MAS Bruker probe with γBo/2π(209Bi) = 145 MHz with magic-angle spinning 

frequency of 30 kHz. The spectra were acquired using either a Bloch decay pulse of 

0.2 µs (short tip angle ~ 20° solid) or a modified rotor-synchronized quadrupolar-echo 

pulse sequence2,3 ((π/2)x − τ1 − (π/2)y − τ2 − ACQ), where τ1 and τ2 represent the inter-

pulse and refocusing delays), with a 0.5 µs π/2 pulses (γB1/2π (solution) = 100 kHz). 

An echo delay of 33 µs was used for rotor-synchronized quadrupolar-echo experiments. 

A recycle delay of 0.5 s and 1,000-48,000 co-added transients were used for each 209Bi 

MAS NMR measurement. 

 (b) An additional 209Bi NMR measurement for Cs2BiAgCl6 parent material 

were performed at 7.05 T (300 MHz, 1H) and 11.75 T (500 MHz, 1H) on a Bruker 

Avance 300 and 500 spectrometers with γBo/2π(209Bi) = 48.5 and 80.7 MHz, 
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respectively, using a 4 mm H/X Bruker MAS probe. Samples were packed in 4 mm 

o.d. ZrO2 rotors and magic-angle spinning (MAS = 10 kHz) spectra were acquired 

using a Bloch decay pulse of 1 µs (solid π/2; γB1/2π (solution) = 50 kHz) and non-

spinning spectra were acquired using a Hahn-echo pulse sequence ((π/2)x − τ1 − (π)y − 

τ2 − ACQ), where τ1 and τ2 represent the inter-pulse and refocusing delays), with a 1.0 

µs π/2 pulses (γB1/2π = 50 kHz). An echo delay of 40 µs and recycle delay of 0.2-1.0 

s were used. 

 All 209Bi NMR spectra discussed above were referenced using saturated 

Bi(NO3)3 in a concentrated HNO3 solution to set the 209Bi peak at 𝛿 = 0.0 ppm.  

 (iii) Indium-115 NMR spectroscopy: Solid-state 115In NMR spectra were acquired at 

21.14 T (900 MHz, 1H) on the Bruker Avance II 900 spectrometer with the 4 mm H/X 

MAS Bruker probe with γBo/2π(115In) = 197.1 MHz, using either a Bloch decay pulse 

of 0.2 µs (short tip angle ~ 20° solid) or a modified quadrupolar-echo pulse sequence2,3 

((π/2)x − τ1 − (π/2)y − τ2 − ACQ), where τ1 and τ2 represent the inter-pulse and 

refocusing delays), with a solid 1.0 µs π/2 pulses (γB1/2π (solution) = 50 kHz). 115In 

MAS NMR spectra were acquired using the Bloch decay pulse and a spinning 

frequency of 18 kHz. Non-spinning 115In NMR data were acquired using the 

quadrupolar-echo pulse sequence with an echo delay of 20 µs and 4,000-40,000 co-

added transients. A recycle delay of 1 s was used for all the measurements.  

 An additional 115In NMR measurement for Cs2InAgCl6 parent material were 

performed at 11.75 T (500 MHz, 1H) on a Bruker Avance 500 spectrometers with 

γBo/2π(115In) = 109.6 MHz, using a 4 mm H/X Bruker MAS probe. Samples were 

packed in 4 mm o.d. ZrO2 rotors and magic-angle spinning (MAS = 10 kHz) spectra 

were acquired using a Bloch decay pulse of 0.7 µs (solid π/2; γB1/2π (solution) = 71.4 

kHz) and non-spinning spectra were acquired using a solid-echo pulse sequence ((π/2)x 

− τ1 − (π/2)y − τ2 − ACQ), here τ1 and τ2 represent the inter-pulse and refocusing delays), 

with a 0.7 µs solid π/2 pulses (γB1/2π = 71.4 kHz). An echo delay of 40 µs and recycle 

delay of 2.0 s were used. 

 All 115In NMR spectra were referenced using 0.1 M In(NO3)3 in 0.5 M HNO3 

to set the 115In peak at 𝛿 = 0.0 ppm. 
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Quantum Chemical Calculations 

(i) Electronic Band Structure Calculations: Five structural models of the 

Cs2Bi1−xInxAgCl6 compounds were used for calculations, with x = 0, 0.25, 0.5, 0.75, 

and 1. Structure optimization, total energy calculations, band dispersion, density of 

states, and electron localization function calculations4–6 were performed with the 

Vienna Ab Initio Simulation Package (VASP) within the density functional theory 

framework.7,8 The electronic wave functions were defined with the plane-wave basis 

set and projector-augmented wave potentials.9 The structural optimization electronic 

convergence criteria were set to 1 × 10−8 eV, and the ionic optimization was set to 1 × 

10−2 eV/ Å.  A 500 eV plane wave cutoff energy was used and the integration of the 

first Brillouin zone was carried out using a Monkhorst−Pack k-point grid of 8 × 8 × 8. 

The HSE06 functional was implemented to estimate the bandgap (corrected for the 

significant underestimation of the Perdew-Bruke-Ernzerhof (PBE) bandgap), which 

resulted in Eg = 2.52 eV and 3.51 eV for Cs2BiAgCl6 and Cs2InAgCl6, respectively, 

which is in a good agreement with the experimental values (2.70 eV and 3.67 eV, 

respectively). The calculated bandgap values were obtained by implementing a mixture 

of PBE : Hartree−Fock (75:25). To analyse the valence electron charge redistribution, 

a Bader charge analysis was employed.10 

(ii) DFT: A series of gauge-including projector-augmented wave (GIPAW) DFT 

calculations were performed to assess the impact of B’(III)-site substitutions on the 

209Bi and 115In electric field gradients (EFG), implemented within version 4.4 of the 

CASTEP software.11 Using a primitive symmetry supercell the computed EFGs were 

obtained on a series of model structures by varying the Bi/In substitutions. All 

calculations used the PBE functional in the GGA for the exchange- correlation 

energy12,13 and ultrasoft pseudopotentials14 on all-atom geometry-optimized primitive 

clusters. Calculations were performed with a coarse accuracy basis set and a maximum 

plane-wave energy of 244.90 eV using an HP xw4400 workstation with a single Intel 

Dual-Core 2.67 GHz processor and 8 GB RAM. The computed EFGs were converted 

to quadrupole coupling constants using 0.81 and 0.516 barn for the 115In and 209Bi 

quadrupolar moments.15 The DFT calculations were performed on the most symmetric 

substitutions that could be accommodated with current hardware that is restricted in 
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handling large unit cell volumes. Therefore, the presented calculations are considered 

“best-case” symmetric scenarios. The non-symmetric Bi/In substitutions within the 12 

possible environments could increase the experimental quadrupolar coupling constants 

beyond these values. Considering the potential for sizable quadrupole couplings and 

populations there is the potential for invisible Bi (or In) environments. 

 

Table D1. Elemental analysis of Cs2Bi1−xInxAgCl6 mixed-cationic double perovskites 

measured by EDS and ICP-OES. 

 

Sample 

(Nominal 

composition) 

Atom% by EDSa Atomic ratio of In : Bi 

Cs Bi In Ag Cl Nominal EDS ICP-OES 

Cs2InAgCl6 18.83 

(1.15) 

- 9.96 

(0.89) 

9.56 

(0.72) 

61.65 

(1.85) 

1.00: 

0.00 

1.00: 

0.00 

- 

Cs2Bi0.01In0.99AgCl6 19.46 

(0.80) 

0.00 

(0.00) 

10.08 

(0.34) 

9.05 

(0.52) 

61.40 

(1.09) 

0.99: 

0.01 

1.00: 

0.00 

0.981:0.019 

Cs2Bi0.05In0.95AgCl6 19.20 

(0.46) 

0.05 

(0.04) 

9.28 

(0.15) 

9.71 

(0.32) 

61.76 

(0.82) 

0.95: 

0.05 

0.99: 

0.01 

0.915:0.085 

Cs2Bi0.25In0.75AgCl6 18.82 

(0.56) 

1.65 

(0.17) 

7.74 

(0.29) 

9.46 

(0.46) 

62.33 

(1.20) 

0.75: 

0.25 

0.82: 

0.18 

0.78:0.22 

Cs2Bi0.35In0.65AgCl6 19.28 

(0.36) 

2.58 

(0.41) 

6.65 

(0.50) 

9.11 

(0.69) 

62.38 

(1.02) 

0.65: 

0.35 

0.72: 

0.28 

0.65 :0.35 

Cs2Bi0.50In0.50AgCl6 19.98 

(0.70) 

4.65 

(0.45) 

4.85 

(0.28) 

10.48 

(1.04) 

60.04 

(1.90) 

0.50: 

0.50 

0.51:0.49 0.50: 0.50 

Cs2Bi0.75In0.25AgCl6 19.68 

(0.44) 

7.06 

(0.37)  

2.18 

(0.29) 

10.07 

(0.93) 

61.00 

(0.78) 

0.25: 

0.75 

0.24:0.76 0.28: 0.72 

Cs2Bi0.95In0.05AgCl6 19.98 

(1.21) 

8.87 

(0.52) 

0.33 

(0.09) 

9.32 

(0.54) 

61.50 

(1.18) 

0.05:0.95 0.04:0.96 0.076:0.924 

Cs2BiAgCl6 20.37 

(1.75) 

10.22 

(0.40) 

- 9.37 

(0.64) 

60.03 

(1.57) 

0.00: 

1.00 

0.00:.00 - 

aStandard deviation of EDS measurements based on 5-point measurements. 
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Table D2. Chemical formula of Cs2Bi1−xInxAgCl6 pre- and post-synthesis as 

determined by EDS and ICP-OES elemental analysis. 

 

Nominal 

compositions 

Chemical composition of the products 

EDS ICP-OES 

Cs2InAgCl6 Cs2InAgCl6 Cs2InAgCl6 

Cs2Bi0.01In0.99AgCl6 Cs2Bi0.00In1.00AgCl6 Cs2Bi0.019In0.981AgCl6 

Cs2Bi0.05In0.95AgCl6 Cs2Bi0.02In0.98AgCl6 Cs2Bi0.085In0.915AgCl6 

Cs2Bi0.25In0.75AgCl6 Cs2Bi0.18In0.82AgCl6 Cs2Bi0.22In0.78AgCl6 

Cs2Bi0.35In0.65AgCl6 Cs2Bi0.28In0.72AgCl6 Cs2Bi0.35In0.65AgCl6 

Cs2Bi0.50In0.50AgCl6 Cs2Bi0.49In0.51AgCl6 Cs2Bi0.50In0.50AgCl6 

Cs2Bi0.75In0.25AgCl6 Cs2Bi0.76In0.24AgCl6 Cs2Bi0.72In0.28AgCl6 

Cs2Bi0.95In0.05AgCl6 Cs2Bi0.96In0.04AgCl6 Cs2Bi0.924In0.076AgCl6 

Cs2BiAgCl6 Cs2BiAgCl6 Cs2BiAgCl6 

 

Table D3. Bader charges for the Cs2Bi1−xInxAgCl6 series. 

 

Inx Cs Bi In Ag Cl 

0 +0.8794 +1.6453 N/A +0.6136 -0.6696 

0.25 +0.8838 +1.5053 +1.2798 +0.6034 -0.6367 

0.5 +0.8848 +1.4463 +1.2753 +0.5878 -0.6197 

0.75 +0.8835 +1.4746 +1.3183 +0.5703 -0.6158 

1.0 +0.8815 N/A +1.8006 +0.5559 -0.6075 

 

Table D4. Mono-, bi-, and stretched exponential fitting parameters of PL decay for 

Cs2Bi0.085In0.915AgCl6 and Cs2Bi0.22In0.78AgCl6 HDPs upon laser excitation of λex = 364 

nm and λem = 625 nm. 

 

 



336 
 

Sample Fitting 

Model 

Model 

Equations a 

Fitted 

Parameters 

Reduced 

𝜒2 

 

 

 

Cs2Bi0.085In0.915AgCl6 

Monoexp. I = a1 e−t/τ τ = 662 ± 2 ns 8.0*10-5 

Biexp. I = a1 e−t/τ1 + 

a1 e
−t/τ2 

τ1 = 279 ± 3 ns 

(a1 = 36%) 

τ2 = 865 ± 4 ns 

(a2 = 64%) 

7.2*10-6 

Stretched 

exp. 

I = a1 

e−(t/τSE)
β
 

τSE = 571 ± 1 ns 

β = 0.82 

7.6*10-6 

 

 

Cs2Bi0.22In0.78AgCl6 

Monoexp. I = a1 e
-t/τ τ = 925 ± 1 ns 2.4*10-5 

Biexp. I = a1 e
-t/τ1 + 

a1 e
--t/τ2 

τ1 = 403± 14 ns 

(a1 = 17%) 

τ2 = 1022 ± 5 ns 

(a2 = 83%) 

9.8*10-6 

Stretched 

exp 

I = a1 

e−(t/τSE)
β
 

τSE = 883 ± 1 ns 

β = 0.93 

9.6*10-6 

aIn equations: I = time-dependent luminescence intensity, a = amplitude, t = time, τ = 

time constant, β = stretching parameter (0 < β < 1). 

 

Table D5. Biexponential fitting of wavelength dependent PL decay for 

Cs2Bi0.085In0.915AgCl6 and Cs2Bi0.22In0.78AgCl6 HDPs upon laser excitation of λex = 364 

nm. 

 

 

Sample 

 

λem 

PL lifetime (τ) and their 

contribution (a) 

Average 

lifetime,a 

τavg/ns 

τ1/ns (a1) τ2/ns (a2) 

 

Cs2Bi0.085In0.915AgCl6 

550 

nm 

250 ± 3 

(37%) 

834 ± 3 

(63%) 

746 
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 625 

nm 

279 ± 3 

(36%) 

865 ± 4 

(64%) 

774 

700 

nm 

288 ± 4 

(35%) 

877 ± 4 

(65%) 

790 

 

Cs2Bi0.22In0.78AgCl6 

550 

nm 

405 ± 13 

(19%) 

1027 ± 5 

(81%) 

976 

625 

nm 

403 ± 14 

(17%) 

1022 ± 5 

(83%) 

978 

700 

nm 

464 ± 17 

(19%) 

1058 ± 7 

(81%) 

1003 

a Intensity average lifetime (τavg) = 
(a1τ1

2+ a2τ2
2)

(a1τ1 + a2τ2)
 

 

Table D6. Spin-lattice relaxation time (T1) values. 

(a) 115In and 209Bi T1 values at 7.05 T under non-spinning sample conditions. 

 

Sample T1(115In)/s T1(209Bi)/s 

Cs2InAgCl6 0.0380 ± 0.0003 NA 

Cs2BiAgCl6 NA 0.0250 ± 0.0004 
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(b) 133Cs T1 values at 11.75 T under magic-angle spinning (νrot =13 kHz) sample 

condition. 

   

 

 

Sample 

T1(133Cs)/s 

Cuboctahedron sites 

Site 1 

 

Site 2 

 

Site 3 

 

Site 4 

 

Site 5 

 

Cs2BiAgCl6 157 ± 23 - - - - 

Cs2Bi0.924In0.076AgCl6 235 ± 20 271 ± 26 - - - 

Cs2Bi0.50In0.50AgCl6 - - 548 ± 26 - - 

Cs2Bi0.085In0.915AgCl6 - - - 914 ± 38 920 ± 15 

Cs2InAgCl6 - - -  931 ± 5 

 

 

 

Figure D1. FESEM images of the Cs2Bi1−xInxAgCl6 series. 
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Figure D2. EDS elemental mapping of Cs, Bi, In, Ag, and Cl for Cs2Bi1−xInxAgCl6 

(top to bottom sequence, x = 1.00, 0.78, 0.50, 0.22, and 0.00).  
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Figure D3. Thermogravimetric analyses (TGA) for Cs2BiAgCl6, Cs2InAgCl6, and 

Cs2Bi0.085In0.915AgCl6. 

 

 

 

Figure D4. HSE06 DFT band structure and density of states for Cs2Bi0.75In0.25AgCl6. 
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Figure D5. HSE06 DFT band structure and density of states for Cs2Bi0.5In0.5AgCl6. 

 

 

 

Figure D6. HSE06 DFT band structure and density of states for Cs2Bi0.25In0.75AgCl6. 

 

 

 

Figure D7. HSE06 DFT band structure and density of states for Cs2InAgCl6. 

 

 

 

Figure D8. Average Bader charge change in the Cs2Bi1−xInxAgCl6 compound series. 
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Figure D9. Crystal Orbital Overlap Population (COOP) analysis of the Ag-Cl 

interactions. 

 

 

 

Figure D10. COOP analysis of the Cs-Cl interactions. 

 

 

 

Figure D11. COOP analysis of the In-Cl interactions. 
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Figure D12. COOP analysis of the Bi-Cl interactions. 

 

 

 

Figure D13. Normalized steady-state PL spectra (a), change in PL FWHM (b), and 

PL maxima (c) vs indium composition, x(In), in Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDPs. 

 

 

 

Figure D14. Normalized PL excitation spectra at variable emission wavelengths from 

500-700 nm (a), and normalized PL emission spectra with variable excitation 

wavelengths from 300-400 nm (b) for Cs2Bi0.085In0.915AgCl6 HDPs. 
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Figure D15. Experimental PL decay with λem = 625 nm and its monoexponential, 

biexponential, and stretched-exponential decay fit for Cs2Bi0.085In0.915AgCl6 (a) and 

Cs2Bi0.22In0.78AgCl6 (b) HDPs. Wavelength dependent PL decay plots for 

Cs2Bi0.085In0.915AgCl6 (c) and Cs2Bi0.22In0.78AgCl6 (d) HDPs. Samples were excited 

using laser excitation at 364 nm. 

 

 

 

Figure D16. Two background signals (grey highlighted region) appeared in all PXRD 

patterns at 2θ ~37o and ~ 43o for all Cs2Bi1−xInxAgCl6 HDPs. Here, we are showing 

PXRD of three representative materials (x = 0.00, 0.50, and 1.00) along with the PXRD 

signals from a blank sample holder. 
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Figure D17. Solid-state 133Cs NMR spectra for Cs2BixIn1−xAgCl6 samples at 11.75 T 

(a, b) and 21.14 T (c). The spectra are acquired under magic-angle spinning sample 

conditions with MAS frequencies of 5 kHz (a), 13 kHz (b) and 30 kHz (c). Spectra are 

scaled to the same vertical intensity. Please note that the different 133Cs chemical shifts 

at 11.75 and 21.14 T with magic-angle spinning frequencies of 13 and 30 kHz, 

respectively, are due to the temperature effect upon magic-angle spinning.16 The 133Cs 

NMR peak is shifted towards higher frequencies as the sample temperature is ~12 °C 

warmer during the measurement (assuming identical ambient conditions, a 4 mm rotor 

at 13 kHz will add ~ 24 °C vs. ~36 °C for a 2.5 mm rotor at 30 kHz, due to frictional 

heating).17 
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Figure D18. Normalized solid-state 133Cs NMR spectra that are showing spectral 

overlap of multiple cuboctahedral environments for Cs2Bi0.085In0.915AgCl6 (a) and 

Cs2Bi0.924In0.076AgCl6 (b). The spectra were acquired at 11.75 T with a spinning 

frequency of 13 kHz and with various recycle delay values as indicated. Gaussian fits 

of solid-state 133Cs NMR spectra for Cs2Bi0.085In0.915AgCl6 (c) and 

Cs2Bi0.924In0.076AgCl6 (e), acquired at 21.14 T with spinning frequencies of 30 kHz and 

recycle delay of 90 s. The bar diagrams show the binomial distributions of different 

133Cs cuboctahedral sites using Gaussian fits with various recycle delays for 

Cs2Bi0.085In0.915AgCl6 (d) and for Cs2Bi0.924In0.076AgCl6 (f) as indicated.  

 

Appendix Note D1 

The formula of the binomial distribution is as follows: P(x) = 
n!

x!(n−x)!
 px (1−p)n−x, 

where, n and p are the number of trials and the probability of a given trial, respectively.  

Here, n = 4, the fraction of bismuth present in B’(III) site is given by p = 0.085 and 

0.924 for Cs2Bi0.085In0.915AgCl6 and Cs2Bi0.924In0.076AgCl6, respectively, the number of 

[BiCl6]
4- sites in the cuboctahedron are x = 0, 1, 2, 3, 4. 

When, p = 0.085, then the probability P(0) = 70.1%, P(1) = 26.1%, P(2) = 3.6%, P(3) 

= 0.2% and P(4) = 0.0%. 
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And when p = 0.924, then P(0) =0.0% , P(1) = 0.2%, P(2) = 2.9% , P(3) = 24.0% and 

P(4) = 72.9%. 

 

 

 

Figure D19. Solid-state 209Bi NMR of Cs2BiAgCl6 at 7.05 T (a), 11.75 T (b), and 21.14 

T (c). The sample was acquired under non-spinning and magic-angle spinning (10 kHz 

at 7.05 T and 11.75 T, and 30 kHz at 21.14 T) conditions. 

 

 

 

Figure D20. Crystal structures of the mixed In-Bi HDPs, illustrating the 12 possible 

substitution sites in the first B'(III) coordination sphere (a) and the 6 possible 

substitution sites in the second B'(III) coordination sphere (b); the substitution atom is 

shown in red. 
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Figure D21. Solid-state 209Bi NMR spectra of Cs2BiAgCl6 and In3+-doped 

Cs2Bi0.924In0.076AgCl6 acquired with a magic angle spinning frequency of 30 kHz at 

21.14 T (a). Solid-state 209Bi NMR spectra of Cs2Bi0.924In0.076AgCl6 acquired under 

non-spinning and magic-angle spinning (30 kHz) conditions at 21.14 T (b). The 209Bi 

NMR sites in (b) correspond to distinguishable Bi sites with different medium-range 

structural environments. The asterisks (∗) in (b) indicate spinning sidebands. 

 

 

 

Figure D22. Solid-state 209Bi NMR spectra for Cs2Bi1−xInxAgCl6 acquired under non-

spinning conditions at 21.14 T. Spectra scaled to the same vertical intensity. 
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Figure D23. Solid-state 115In NMR spectra of Cs2InAgCl6 at 11.75 T (a) and 21.14 T 

(b). The sample was acquired under non-spinning or magic angle spinning conditions 

as indicated. Note: Spectral width was reduced for acquisition of the MAS NMR 

spectrum in pane b (bottom). 

 

 

 

Figure D24. Solid-state 115In NMR spectra of Cs2InAgCl6 and Cs2Bi0.085In0.915AgCl6 

acquired with a spinning frequency of 18 kHz at 21.14 T (a). Solid-state 115In NMR 

spectra of non-spinning (b) and of magic angle spinning (18 kHz, c) samples of 

Cs2Bi1−xInxAgCl6 acquired at 21.14 T. The asterisks (∗) in (c) indicate spinning 

sidebands. Spectra scaled to the same vertical intensity. 
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Figure D25.  Normalized intensities of 209Bi NMR spectra for non-spinning 

Cs2Bi1−xInxAgCl6 samples. The normalization signifies that the intensity is vertically 

scaled to the same amount of Bi in the sample for a given number of scans. 

 

 

 

Figure D26. Normalized intensities of the 115In NMR spectra for non-spinning (a) and 

18 kHz magic-angle spinning (b) Cs2Bi1−xInxAgCl6 samples as indicated. The asterisks 

(∗) in (b) indicate spinning sidebands. The normalization signifies that the intensity is 

vertically scaled to the same amount of In in the sample for a given number of scans. 
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Figure D27. Simulated 209Bi (a) and 115In (b) NMR spectra expected for spectra 

acquired at 21.14 T assuming a two sites model, with CQ = 0 and 45 MHz (209Bi) or 0 

and 25 MHz (115In); both spectra were simulated assuming 90 % of the sites were those 

with no quadrupolar interaction. In (c) and (d), 209Bi and 115In NMR spectra, simulated 

with the indicated CQ at 21.14 T, illustrate the relative impact of CQ on the intensity of 

that peak, assuming an equal probability for a given NMR site. The peak at −200 kHz 

and CQ = 10 MHz in (c) is due to the signal expected for the 3/2 – ½ transition.  In (e) 

and (f), Spectra with the indicated quadrupolar coupling, shown in red and black, are 

overlain with those for the nucleus with CQ = 0, shown in blue; the simulations assumed 

equal probabilities for the two sites in the spectra shown in (e) and (f). 
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Appendix E: Supplementary Data for Chapter 6 

 

Uncovering Halogen Mixing and Octahedral 

Dynamics in Cs2SnX6 by Multinuclear Magnetic 

Resonance Spectroscopy 

 

Table E1. Naturally occurring NMR-active isotopes in Cs2SnX6.
1 

 

Element Isotope(s) Nuclear 

spin (I) 

Natural 

abundance 

(%) 

Magnetogyric 

ratio  

(γ/107 rad s−1 

T−1)  

Frequency 

ratio 

(Ξ/%) 

Quadrupolar 

moment 

(Q/fm2) 

Cs 133Cs 7/2 100 3.5332539 13.116142 −0.343 

 

Sn 

115Sn ½ 0.34 −8.8013 32.718749 N.A. 

117Sn ½ 7.68 −9.58879 35.632259 N.A. 

119Sn ½  8.59 −10.0317 37.290632 N.A. 

Cl 35Cl 3/2 75.78 2.624198 9.797909 −8.165 

37Cl 3/2 24.22 2.184368 8.155725 −6.435 

Br 79Br 3/2 50.69 6.725616 25.053980 31.3 

81Br 3/2 49.31 7.249776 27.006518 26.2 

I 127I 5/2 100 5.389573 20.007486 −71.0 
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Table E2. Elemental composition analysis by EDS. 

 

Samples Synthesis 

route  

Atom% Halogen 

atomic 

ratio  
Cs Sn Cl Br I 

Cs2SnCl6 Solvent-

assisted 

21.7 11.0 67.3 - - 100% Cl 

Cs2SnBr6 20.5 10.2 - 69.3 - 100% Br 

Cs2SnI6 20.0 12.5 - - 67.5 100% I 

Cs2SnI6 Hand-

grinding 

18.5 12.6 - - 68.9 100% I 

Cs2SnCl3Br3  

 

ball-milling 

21.2 10.9 31.7 36.2 - 47% Cl : 

53% Br 

Cs2SnBr6 21.1 10.5 - 68.3 - 100% Br 

Cs2SnBr4.5I1.5 23.8 9.8 - 53.7 12.7 81% Br : 

19% I 

Cs2SnBr3I3 26.2 11.3 - 34.8 27.7 56% Br : 

44% I 

Cs2SnBr1.5I4.5 24.3 11.2 - 15.7 48.8 24% Br : 

76% I 

Cs2SnI6 20.2 11.8 - - 68.0 100% I 
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Table E3. Paramagnetic, diamagnetic and spin-orbit components of the total isotropic 

shielding tensors for the tin(IV) atoms of Cs2SnX6 (X = Cl, Br, I) at the 

ZORA/PBE0/TZ2P level of theory, including spin-orbit effects, without the FXC 

option. At experimental geometries (at optimized geometries in parentheses). 

 

Shielding tensor Cs2SnCl6 (ppm) Cs2SnBr6 (ppm) Cs2SnI6 (ppm) 

Paramagnetic  −2192.958 

(−2197.985) 

−2286.456  

(−2283.346) 

−2257.522 

(−2292.756) 

Diamagnetic 5109.444 

(5109.790) 

5105.075 

(5104.772) 

5108.829 

(5108.431) 

Spin-orbit 890.972 

(872.728) 

2095.717 

(2492.755) 

5395.917 

(5571.179) 

Total 3807.458 

(3784.533) 

4914.336 

(5314.181) 

8247.225 

(8386.854) 

Total (with FXC) 3853.663 

(3828.557) 

4991.516 

(5407.830) 

8159.092 

(8219.273) 

 

Table E4. 119Sn NMR parameters for the solvent synthesized Cs2SnI6 sample obtained 

at various temperatures at 11.75 T under non-spinning sample conditions. 

 

Calibrated 

temperature (K) 

119Sn chemical shift 

(ppm) 

± 2 

119Sn fwhm (kHz) 

± 1  

119Sn T1 (s) 

207.5 −4522 17.0 4.63 ± 1.26 

212.2 −4524 17.0 2.48 ± 0.41 

252.5 −4530 18.5 0.818 ± 0.130 

294.1 −4535 18.4 0.577 ± 0.106 

328.6 −4542 18.2 0.264 ± 0.098 

355.2 −4545 18.7 0.192 ± 0.034 

379.9 −4547 18.0 0.117 ± 0.021 
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Appendix Note E1 

The following relaxation mechanisms are possible contributors to 119Sn spin-lattice 

relaxation in Cs2SnI6: chemical-shift-anisotropy, scalar relaxation, spin-phonon Raman 

scattering processes, magic-angle-spinning induced heteronuclear polarization 

changes, and dipole-dipole interactions. Below, these are considered separately to 

determine which mechanism dominates for Cs2SnI6. 

 (1) The equation below describes the chemical-shift-anisotropy (CSA) 

contribution to T1.
2,3 If this mechanism dominates, then the T1 values should be strongly 

dependent on the magnetic-field strength, with the nuclear spin-lattice relaxation time 

following an inverse proportional relationship with the square of magnetic field 

strength. The 119Sn NMR spectra for Cs2SnI6 have similar FWHM, show no evidence 

of CSA and the measured 119Sn T1 change is small when going from 7.05 (T1 = 0.36 s) 

to 11.75 T (T1 = 0.58 s). Hence, the CSA mechanism cannot account for this 

observation. 

1

𝑇1
𝐶𝑆𝐴 = 

2

15
𝛾2𝐵0

2(𝛥𝛿)2 (
1

1 + 𝜔2 𝜏𝑐2
) 𝜏𝑐 

where 𝛥𝛿 =  the anisotropy of the magnetic shielding.  

 

 

 (2) The physical origins of the scalar relaxation process for both the first 

(chemical exchange) and second (fast quadrupolar relaxation 127I) kinds can be 

evaluated from the temperature dependence of the transverse relaxation times.3 Across 

a temperature range of ca. 170 K, we observed little to no change in the T2
* values 

based on an assessment of the FWHM (Table E4 and Figure E8a). In addition, the 

FWHM for the 119Sn NMR resonance does not change with magnetic field strength and 
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therefore we can assume T2
* is approximately T2.

4 From these two observations, scalar 

relaxation may be neglected as the dominant relaxation process in this instance.  

 

 

 (3) The spin-phonon Raman scattering5 mechanism is independent of the 

applied magnetic field strength and inversely proportional to the square of absolute 

temperature. The 119Sn relaxation rate (R = 1/T1) as a function of the square of the 

absolute temperature (T(K)2) is shown in Figure E8d. The data does not appear to 

follow a statistical rigid linear relationship (R2 > 0.9) suggesting this is not the primary 

relaxation mechanism responsible for 119Sn relaxation in Cs2SnI6 studied here. 

However, due to limitations in temperature range of our hardware and the sizeable 127I 

quadrupolar coupling constant for Cs2SnI6 computed by DFT (CQ (127I) = ~1.1 GHz), 

we cannot completely discount contributions from this mechanism. 

 (4) Magic-angle-spinning induced heteronuclear polarization change6 can arise 

when there is crossing between energy levels for I = 1/2 (e.g., 207Pb, 199Hg, 119Sn) spins 

and adjacent quadrupolar spin nuclei (I > 1/2) (e.g., 79/81Br, 127I in this work), but 

requires that these be close in nuclear Larmor frequencies (νL). If this is the case, the 

T1 value will change significantly when the sample is spun. For example, for PbI2 (B0 

= 11.75 T; νL(127I) = 100 MHz vs. νL(207Pb) = 104 MHz), a nuclear T1 of 1.5 s (non-

spinning conditions) is observed, but under slow magic angle spinning T1 decreases by 

two orders of magnitude (T1 = 0.013 s).6 For Cs2SnI6, minor changes (attributed to the 

effects of frictional heating) in 119Sn T1 is observed between non-spinning (0.6 s) and 

MAS (0.2 s) conditions at B0 = 11.75 T, respectively. The insignificant MAS-induced 

polarization change may be attributed to the much greater difference in Larmor 

frequencies for this spin pair (νL(127I) = 100 MHz vs. νL(119Sn) = 186 MHz). Therefore, 

this relaxation mechanism can be ignored.  
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 (5) The heteronuclear dipole-dipole coupling for a 119Sn−127I spin pair in 

Cs2SnI6 is ~370 Hz, but considering the six neighboring I, significant broadening due 

to this interaction is expected. This is confirmed by the fact that a sizable decrease in 

FWHM, from 18 to 11.5 kHz, is observed when comparing MAS (vr = 13 kHz) and 

non-spinning NMR spectra. This decrease in linewidth is attributed to magic-angle 

spinning attenuating the Sn-I heteronuclear dipole interaction. The change in nuclear 

T1 between MAS and non-spinning is attributed mainly to frictional heating (~30 K of 

sample heating).3  

 Using the Bloembergen, Purcell and Pound (BPP) model, the nuclear spin 

lattice relaxation rate for a dipole-dipole interaction2,3 (between nuclear spin I and S, 

where I = 1/2 and S = 5/2) can be written as: 

1

𝑇1
𝐷𝐷 = 

2

15
𝛾𝑆𝑛
2 𝛾𝐼

2 (
𝜇0
4𝜋
)
2

(
ℎ

2𝜋
)
2

𝑆(𝑆

+ 1) ∑ 𝑟𝑆𝑛−𝐼
−6

𝑆𝑛−𝐼

(
1

1 + (𝜔𝑆𝑛 − 𝜔𝐼)2𝜏𝑐2
+ 

3

1 + 𝜔𝐼
2𝜏𝑐2

+
6

1 + (𝜔𝑆𝑛 + 𝜔𝐼)2𝜏𝑐2
) 𝜏𝑐 

here, 𝛾𝑆𝑛−119 = −10.01926 × 10
7rad∙T−1∙s−1 

𝛾𝐼−127 =  5.37937 × 10
7rad∙T−1∙s−1 

(
𝜇0

4𝜋
) =  10−7 N∙A−2 

h = 6.626× 10−34J∙s 

S(127I) = 5/2 

𝑟𝑆𝑛−𝐼 = 2.909 × 10−10 m 

At 11.75 T, 𝜔𝑆𝑛 = 185.71 × 106 s−1 and 𝜔𝐼 = 100.01 × 106 s−1 

Note that a total six 127I nuclei are attached to each 119Sn nucleus. Hence, ∑ 𝑟𝑆𝑛−𝐼
−6

𝑆𝑛−𝐼 =

 6 × 𝑟𝑆𝑛−𝐼
−6  

 If we assume the correlation time, 𝜏𝑐 = 0.5 ns = 5 ×10−10 s, then 𝑇1
𝐷𝐷 =  5.42 𝑠; 

𝜏𝑐 = 1 ns = 10−9 s, then 𝑇1
𝐷𝐷 =  2.81 𝑠; while if 𝜏𝑐 = 10 ns = 10−8 s, then 𝑇1

𝐷𝐷 =  0.98 𝑠 

 The experimentally measured 119Sn T1 values range from 4.6 to 0.1 seconds 

over a temperature range of 208 to 380 K. Considering previous X-ray pair distribution 

function analyses that indicated rotational disorder for the isolated SnI6 octahedral 
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units,7,8 changes in temperature can modulate the anharmonic lattice dynamics of SnI6 

octahedra whereby higher temperatures increase the dynamics, reducing the 119Sn 

nuclear spin-lattice relaxation time.  

 Considering the five possible mechanisms listed above, if the dipole-dipole 

coupling is the primary relaxation mechanism, the associated activation energy would 

be attributed to the anharmonic lattice dynamics.  

 

Appendix Note E2 

Between the temperature range of 208 to 380 K, the data of ln(T1/s) vary linearly with 

[1000/T(K)] following an Arrhenius relationship [equation: ln(T1/s) = (1.49769 ± 

0.10503) × 
1000

T(K)
 – (5.92217 ± 0.39057)], as shown in Figure 6.4b in the Chapter 6. The 

slope of the Arrhenius plot is related to the activation energy as Ea = slope × 1000R, 

where R = 8.314 J/(mol⸱K). Therefore, Ea = 1.49769 × 1000 × 8.314 J/mol = 12.45 ± 

0.87 kJ/mol or 0.129 ± 0.009 eV.   

 

Appendix Note E3 

The binomial population can be calculated as: P(k) = 
a!

k!(a−k)!
 pk ∙ (1−p)a−k, where a = 

number of trials and p = probability of the given trial. For example:  

(i) CsBrmI12−m in Cs2SnBrxI6−x: a = 12; k = m = 0, 1, 2, 3, …, 10, 11, 12; p = interhalogen 

mole fraction = 0, 0.25, 0.50, 0.75, 1. 

(ii) SnBrnI6−n in Cs2SnBrxI6−x: a = 6; k = n = 0, 1, 2, 3, 4, 5, 6; p = interhalogen mole 

fraction = 0, 0.25, 0.50, 0.75, 1. 
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Table E5. Starting materials and their weights used for the ball-mill preparation of 

the Cs2SnClxBr6−x and Cs2SnBrxI6−x samples. 

 

Targeted 

samples 

Starting materials and weights Ball-milling time 

(h) 

Cs2SnCl3Br3 Cs2SnCl6 (179 mg) + Cs2SnBr6 (259 mg) 3.0 

Cs2SnBr6 CsBr (425 mg) + SnBr4 (505 mg)a 1.5 

Cs2SnBr4.5I1.5 Cs2SnBr6 (388 mg) + CsI (78 mg) + SnI4 

(94 mg) 

3.0 

Cs2SnBr3I3 Cs2SnBr6 (259 mg) + CsI (155 mg) + 

SnI4 (188 mg) 

3.0 

Cs2SnBr1.5I4.5 Cs2SnBr6 (129 mg) + CsI (234 mg) + 

SnI4 (281 mg) 

3.0 

Cs2SnI6 CsI (261 mg) + SnI4 (314 mg) 1.5 

amolar ratio of CsBr/SnBr4 is 2/1.15 to obtain a pure phase product as confirmed by 

powder XRD (see Figure E8). 

 

Table E6. Unit cell parameters and direct bandgap values for the ball-milled samples. 

 

Samples Cell parameter (a/Å) Bandgap (eV) 

Cs2SnCl3Br3 10.6334(3) 3.53 

Cs2SnBr6 10.8306(3) 3.30 

Cs2SnBr4.5I1.5 11.0835(9) 2.25 

Cs2SnBr3I3 11.3218(11) 1.80 

Cs2SnBr1.5I4.5 11.5029(9) 1.67 

Cs2SnI6 11.6441(4) 1.56 
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Table E7. Calculated population distributions (binomial) for the CsClmBr12−m and 

CsBrmI12−m environments in Cs2SnClxBr6−x and Cs2SnBrxI6−x (0 ≤ x ≤ 6). 

 

m in 

CsClmBr12−

m 

CsClmBr12−

m  

Calculated populations (%)  

Cs2SnCl6 Cs2SnCl3Br3 Cs2SnBr6 

0 CsBr12 - 0.02 100 

1 CsCl1Br11 - 0.29 - 

2 CsCl2Br10 - 1.61 - 

3 CsCl3Br9 - 5.37 - 

4 CsCl4Br8 - 12.09 - 

5 CsCl5Br7 - 19.34 - 

6 CsCl6Br6 - 22.56 - 

7 CsCl7Br5 - 19.34 - 

8 CsCl8Br4 - 12.09 - 

9 CsCl9Br3 - 5.37 - 

10 CsCl10Br2 - 1.61 - 

11 CsCl11Br1 - 0.29 - 

12 CsCl12 100 0.02 - 

m in 

CsBrmI12−m 

CsBrmI12−m  Calculated populations (%)  

Cs2SnBr

6 

Cs2SnBr4.5I1.

5 

Cs2SnBr3I

3 

Cs2SnBr1.5I4.

5 

Cs2SnI6 

0 CsI12 - 0.00 0.02 3.17 100 

1 CsBr1I11 - 0.00 0.29 12.67 - 

2 CsBr2I10 - 0.00 1.61 23.23 - 

3 CsBr3I9 - 0.04 5.37 25.81 - 

4 CsBr4I8 - 0.23 12.09 19.36 - 

5 CsBr5I7 - 1.15 19.34 10.32 - 

6 CsBr6I6 - 4.02 22.56 4.02 - 

7 CsBr7I5 - 10.32 19.34 1.15 - 

8 CsBr8I4 - 19.36 12.09 0.23 - 

9 CsBr9I3 - 25.81 5.37 0.04 - 

10 CsBr10I2 - 23.23 1.61 0.00 - 

11 CsBr11I1 - 12.67 0.29 0.00 - 

12 CsBr12 100 3.17 0.02 0.00 - 
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Table E8. Lorentzian profile fitted 133Cs MAS NMR spectra and 133Cs T1s for 

CsBrmI12−m environments in Cs2SnBr1.5I4.5.  

 

CsBrmI12−m  Calculated 

binomial 

population 

(%) 

Experimental  

(fitted 133Cs NMR spectra) 

133Cs T1 (s) 

Area% 

(± 3) 

𝛿iso 

(ppm) 

fwhm (Hz) 

CsI12 3.17 9.3 -38.4 499 39.9 ± 4.5 

CsBr1I11 12.67 18.1 -19.0 420 33.0 ± 3.5  

CsBr2I10 23.23 22.9 -1.5 529 27.9 ± 3.0 

CsBr3I9 25.81 23.0 14.9 757 23.7 ± 2.7 

CsBr4I8 19.36 19.0 30.7 1125 19.8 ± 2.3 

CsBr5I7 10.32 7.7 47.5 1195 14.2 ± 2.0 

 

Table E9. Solid-state 133Cs and 119Sn NMR experimental parameters. 

Table E9a. Solid-state 133Cs MAS NMR experimental parameters as discussed in 

Figure 6.2a in the main text. The 133Cs NMR spectra were acquired at 11.75 T using a 

1.38 µs (5.5 µs π/2) Bloch pulse sequence. 

 

Samples νrot 

(kHz) 

Recycle delay (s) # of 

scans 

Acquisition time 

(min) 

Cs2SnCl6  

5.0  

1200 4 80.0 

Cs2SnBr6 500 4 33.3 

Cs2SnI6 300 4 20.0 

 

Table E9b. Solid-state 119Sn MAS NMR experimental parameters as discussed in 

Figure 6.2b in the main text. The 119Sn NMR spectra were acquired at 11.75 T with 13 

kHz MAS using a 4.0 µs π/2 Hahn-echo pulse sequence. 
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Samples νrot 

(kHz) 

Echo delay 

(μs) 

Recycle 

delay (s) 

# of 

scans 

Acquisition time 

(min) 

Cs2SnCl6  

10.0  

 

70.9 

200 32 107 

Cs2SnBr6 15 512 128 

Cs2SnI6 1 1024 17 

 

Table E9c. Solid-state 133Cs MAS NMR experimental parameters as discussed in 

Figure 6.6a in the main text. The 133Cs NMR spectra were acquired at 11.75 T using a 

1.38 µs (5.5 µs π/2) Bloch pulse sequence. 

 

Samples νrot 

(kHz) 

Recycle delay 

(s) 

# of 

scans 

Acquisition time 

(min) 

Cs2SnCl6  

 

 

13.0  

1900 4 128 

Cs2SnCl3Br3 1900 30 950 

Cs2SnBr6 850 4 57 

Cs2SnBr4.5I1.5 600 8 80 

Cs2SnBr3I3 850 8 113 

Cs2SnBr1.5I4.5 850 16 227 

Cs2SnI6 450 4 30 
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Table E9d. Solid-state 119Sn NMR experimental parameters as discussed in Figure 6.7 

in the main text. The 119Sn NMR spectra were acquired at 7.05 T using either 4.0 µs 

(62.5 kHz) or 1.7 µs (147.1 kHz) π/2 pulse in a Hahn-echo pulse sequence. 

 

Samples νrot 

(kHz) 

νrf (kHz) Echo 

delay 

(μs) 

Recycl

e delay 

(s) 

# of scans Acquisit

ion time 

(min) 

Cs2SnCl6  

 

 

 

 

0.0  

62.5 24.0 200 64 213 

Cs2SnCl3Br3 147.1 27.0 210 768  2688 

Cs2SnBr6 62.5 24.0 15 256 64 

Cs2SnBr4.5I1

.5 

147.1 27.5 15 5120 × 2 

offsets 

1280 / 

offset 

Cs2SnBr3I3 147.1 27.5 15 5120 × 3 

offsets 

1280 / 

offset 

Cs2SnBr1.5I4

.5 

147.1 27.5 15 6144 × 2 

offsets 

1536 / 

offset 

Cs2SnI6 62.5 24.0 0.2 15360 54 

 

Table E9e. Solid-state 133Cs MAS NMR experimental parameters as discussed in 

Figure 6.9a in the main text. The 133Cs NMR spectra were acquired at 11.75 T using a 

1.38 µs (5.5 µs π/2) Bloch pulse sequence. 

 

Samples νrot 

(kHz) 

Recycle delay 

(s) 

# of scans Acquisition time 

(min) 

BM-Cs2SnI6  

5.0  

120 4 8 

HG-Cs2SnI6 120 16 32  

SS-Cs2SnI6 120 16 32 
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Table E9f. Solid-state 119Sn NMR experimental parameters as discussed in Figure 6.9b 

in the main text. The 119Sn NMR spectra were acquired at 7.05 T using a 4.0 µs π/2 

Hahn-echo pulse sequence. 

 

Samples νrot 

(kHz) 

Echo delay 

(μs) 

Recycle 

delay (s) 

# of 

scans 

Acquisition 

time (min) 

BM-Cs2SnI6  

0.0  

 

24.0 

0.05 10240 9 

HG-Cs2SnI6 0.2 10240 34 

SS-Cs2SnI6 1.5 20480 512 

 

Table E10. DFT computed NMR shielding parameters for structurally optimized 

SnClnBr6−n and SnBrnI6−n (n = 0−6) octahedral species determined using PBE0/TZ2P, 

incorporating relativistic effects with ZORA and spin-orbit coupling. Optimized 

structures are available in Table E11. 

 

Octahedral 

species 

Isotropic magnetic 

shielding, σiso 

(ppm) 

Isotropic 

chemical shift, 

𝛿iso (ppm)a 

Span, Ω 

(ppm) 

Skew, 

κ 

SnCl6  3828.6 -813.3 0.0 1.0 

SnCl5Br  4040.6 -1025.9 375.2 1.0 

cis-SnCl4Br2  4282.0 -1268.1 451.5 -0.95 

trans-SnCl4Br2  4247.5 -1233.5 748.7 1.0 

fac-SnCl3Br3  4550.7 -1537.6 20.6 -1.0 

mer-SnCl3Br3  4517.2 -1504.0 895.8 -0.17 

cis-SnCl2Br4  4812.0 -1799.7 458.6 0.93 

trans-SnCl2Br4  4780.4 -1768.0 1058.3 -1.0 

SnClBr5  5098.6 -2087.1 537.1 -1.0 
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SnBr6  5407.8 -2397.3 0.0 0.05 

SnBr5I  5927.2 -2918.3 1294.0 1.0 

cis-SnBr4I2  6461.9 -3454.6 1763.9 -0.97 

trans-SnBr4I2  6426.5 -3419.1 2616.8 1.0 

fac-SnBr3I3  6971.1 -3965.3 48.8 -1.0 

mer-SnBr3I3  6965.1 -3959.4 3579.8 -0.26 

cis-SnBr2I4  7440.4 -4436.0 1839.3 0.96 

trans-SnI4Br2  7461.3 -4457.0 4702.2 -1.0 

SnBrI5  7867.2 -4864.1 2426.9 -1.0 

SnI6  8219.3 -5217.3 0.2 0.01 

a Referenced with SnMe4 (σiso = 3017.74 ppm) at the same level of theory.  

δiso = 
σiso(reference,ppm)−σiso(sample,ppm)

1−{σiso(reference,ppm)×10
−6}

 

 

Table E11. Optimized Cartesian coordinates of SnClnBr6−n and SnBrnI6−n (n = 0−6) 

octahedral species described in Table E10. Units are Å. 

 

SnBr6  SnCl6 

Atom X Y Z Atom  X  Y  Z   

Sn -0.000003 -0.000003 -0.000003 Sn  -0.000001  -0.000001  -0.000001 

Br 2.639876 0.000003 0.000003 Cl  2.469410  0.000001  0.000001 

Br 0.000003 2.639881 0.000003 Cl  0.000001  2.469411  0.000001 

Br 0.000003 0.000003 2.639886 Cl  0.000001  0.000001  2.469412 

Br -2.639887 0.000003 0.000003 Cl  -2.469413  0.000001  0.000001 

Br 0.000003 -2.639892 0.000003 Cl  0.000001  -2.469414  0.000001 

Br 0.000003 0.000003 -2.639897 Cl  0.000001  0.000001  -2.469415 

SnI6  SnClBr5 

Atom  X  Y  Z Atom  X  Y  Z  

Sn  -0.000004  -0.000004  -0.000005 Sn  -0.000003  -0.000003  -0.018109 

I  2.893406  0.000005  0.000005 Br  2.641710  0.000004  -0.013676 
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I  0.000005  2.893414  0.000005 Br  0.000004  2.641715  -0.013664 

I  0.000005  0.000005  2.893421 Br  0.000004  0.000002  2.626767 

I  -2.893422  0.000005  0.000005 Br  -2.641721  0.000004  -0.013674 

I  0.000005  -2.893429  0.000005 Br  0.000004  -2.641726  -0.013666 

I  0.000005  0.000005  -2.893437 Cl  0.000003  0.000004  -2.475419 

SnCl5Br  SnBrI5 

Atom  X  Y  Z   Atom  X  Y  Z  

Sn  -0.000001  -0.000001  0.022119 Sn  -0.000004  -0.000004  -0.001161 

Cl  2.466313  -0.000002  0.012272 I  2.894896  0.000008  0.004809 

Cl  0.000003  2.466314  0.012272 I  0.000007  2.894905  0.004829 

Cl  0.000000  0.000002  2.486203 I  0.000002  0.000001  2.901733 

Cl  -2.466315  -0.000002  0.012274 I  -2.894912  0.000008  0.004811 

Cl  0.000003  -2.466317  0.012271 I  0.000007  -2.894921  0.004831 

Br  -0.000003  0.000005  -2.635972 Br  0.000005  0.000004  -2.626872 

SnBr5I  cis-SnCl4Br2 

Atom  X  Y  Z   Atom  X  Y  Z   

Sn  -0.000004  -0.000004  0.008609 Sn  -0.000001  0.020988  0.020987 

Br  2.636476  0.000003  -0.007286 Cl  2.464143  0.011742  0.011732 

Br  0.000003  2.636481  -0.007288 Cl  -0.000002  2.482497  0.012951 

Br  0.000004  0.000003  2.638473 Cl  0.000004  0.012945  2.482498 

Br  -2.636488  0.000003  -0.007281 Cl  -2.464145  0.011735  0.011738 

Br  0.000003  -2.636493  -0.007286 Br  0.000004  -2.632555  0.014093 

I  0.000005  0.000007  -2.910922 Br  -0.000002  0.014087  -2.632560 

trans-SnCl4Br2  fac-SnCl3Br3 

Atom  X  Y  Z  Atom  X  Y  Z   

Sn  -0.000000  -0.000000  0.000000 Sn  0.019967  -0.019970  -0.019969 

Cl  2.463699  0.000002  0.000000 Cl  2.479708  -0.012417  -0.012410 

Cl  0.000002  2.463700  -0.000000 Br  0.013551  2.630149  -0.013546 

Br  -0.000001  -0.000001  2.650822 Br  0.013540  -0.013549  2.630154 

Cl  -2.463700  0.000002  0.000000 Br  -2.630159  -0.013529  -0.013529 

Cl  0.000002  -2.463701  -0.000000 Cl  0.012417  -2.479710  -0.012428 

Br  -0.000001  -0.000001  -2.650822 Cl  0.012417  -0.012414  -2.479711 

 

mer-SnCl3Br3  cis-SnCl2Br4 

Atom  X  Y  Z   Atom  X  Y  Z 

Sn  -0.000001  -0.000000  -0.019922 Sn  -0.000003  -0.018998  -0.018998 
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Cl  -0.000005  2.462300  -0.011247 Br  2.644252  -0.014176  -0.014179 

Br  2.647077  0.000000  -0.014742 Br  0.000001  2.628099  -0.013039 

Br  0.000009  0.000000  2.629670 Br  0.000006  -0.013034  2.628104 

Br  -2.647083  -0.000000  -0.014744 Br  -2.644263  -0.014181  -0.014173 

Cl  -0.000005  -2.462300  -0.011247 Cl  0.000006  -2.477216  -0.011938 

Cl  0.000008  -0.000000  -2.479209 Cl  0.000001  -0.011933  -2.477217 

trans-SnCl2Br4  cis-SnBr4I2 

Atom  X  Y  Z  Atom  X  Y  Z   

Sn  -0.000002  -0.000002  0.000000 Sn  -0.000004  0.006369  0.006370 

Br  2.643734  0.000009  -0.000000 Br  2.634721  -0.008371  -0.008373 

Br  0.000009  2.643739  0.000000 Br  0.000003  2.633869  -0.006290 

Cl  -0.000005  -0.000005  2.461125 Br  0.000003  -0.006290  2.633877 

Br  -2.643740  0.000009  -0.000000 Br  -2.634734  -0.008370  -0.008368 

Br  0.000009  -2.643745  0.000000 I  0.000007  -2.906641  -0.003545 

Cl  -0.000005  -0.000005  -2.461125 I  0.000005  -0.003545  -2.906651 

trans-SnBr4I2  fac-SnBr3I3 

Atom  X  Y  Z  Atom  X  Y  Z  

Sn  -0.000002  -0.000002  -0.000000 Sn  0.004533  -0.004539  -0.004541 

Br  2.633990  0.000008  0.000000 Br  2.630937  0.007380  0.007376 

Br  0.000008  2.633995  0.000000 I  -0.004723  2.904260  0.004719 

I  -0.000005  -0.000005  2.904931 I  -0.004738  0.004719  2.904268 

Br  -2.633995  0.000008  -0.000000 I  -2.904277  0.004752  0.004755 

Br  0.000008  -2.634000  -0.000000 Br  -0.007351  -2.630945  0.007355 

I  -0.000005  -0.000005  -2.904931 Br  -0.007361  0.007353  -2.630953 

mer-SnBr3I3  cis-SnBr2I4 

Atom  X  Y  Z  Atom  X  Y  Z  

Sn  -0.000002  -0.000000  -0.004261 Sn  -0.000004  -0.002737  -0.002738 

I  2.900318  0.000000  0.002595 I  2.897433  0.003773  0.003770 

Br  -0.000007  2.633482  0.009317 I  0.000003  2.902460  0.005789 

I  0.000014  0.000000  2.903430 I  0.000004  0.005786  2.902467 

I  -2.900328  0.000000  0.002592 I  -2.897450  0.003774  0.003773 

Br  -0.000007  -2.633482  0.009316 Br  0.000007  -2.628388  0.008315 

Br  0.000012  0.000000  -2.630009 Br  0.000006  0.008312  -2.628396 

trans-SnBr2I4 

Atom  X  Y  Z  

Sn  -0.000003  -0.000003  -0.000000 
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I  2.896449  0.000014  0.000000 

I  0.000014  2.896458  -0.000000 

Br  -0.000007  -0.000008  2.633178 

I  -2.896459  0.000014  0.000000 

I  0.000014  -2.896469  -0.000000 

Br  -0.000007  -0.000007  -2.633178 

 

Table E12. Calculated population distribution (binomial) for SnClnBr6−n and SnBrnI6−n 

environments in Cs2SnClxBr6−x and Cs2SnBrxI6−x (0 ≤ x ≤ 6).  

 

Cs2SnClxBr6-x  Calculated population of SnClnBr6−n (%) 

SnCl6 SnCl5Br SnCl4Br2 

(cis + trans) 

SnCl3Br3 

(fac + mer) 

SnCl2Br4 

(cis + trans) 

SnClBr5 SnBr6 

Cs2SnCl6 100 - - - - - - 

Cs2SnCl3Br3 1.56 9.38 23.44 31.25 23.44 9.38 1.56 

Cs2SnBr6 - - - - - - 100 

Cs2SnBrxI6-x Calculated population of SnBrnI6−n (%) 

SnBr6 SnBr5I SnBr4I2 

(cis + trans) 

SnBr3I3 

(fac + mer) 

SnBr2I4 

(cis + trans) 

SnBrI5 SnI6 

Cs2SnBr6 100 - - - - - - 

Cs2SnBr4.5I1.5 17.80 35.60 29.66 13.18 3.30 0.44 0.02 

Cs2SnBr3I3 1.56 9.38 23.44 31.25 23.44 9.38 1.56 

Cs2SnBr1.5I4.5 0.02 0.44 3.30 13.18 29.66 35.60 17.80 

Cs2SnI6 - - - - - - 100 
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Figure E1. Elemental analysis via energy dispersive X-ray spectroscopy for the solvent 

synthesized Cs2SnX6 (X = Cl, Br, I) parents as indicated. 

 

 

 

Figure E2. FESEM images for the solvent synthesized Cs2SnX6 (X = Cl, Br, I) parents.  
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Figure E3. Tauc plots showing direct bandgaps of the solvent synthesized Cs2SnX6 (X 

= Cl, Br, I) parents. 

 

 

 

Figure E4. Solid-state 133Cs NMR spectra (frequency scale) of the solvent synthesized 

Cs2SnX6 (X = Cl, Br, I) parents at 11.75 T and νr = 5 kHz. The expansion shows the 

corresponding spinning side band. 
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Figure E5. Solid-state 119Sn NMR spectra (frequency scale) of solvent synthesized 

Cs2SnBr6 at 7.05 and 11.75 T under MAS (νr = 10 kHz) conditions. The scales are 

vertically normalized. 

 

 

 

 

Figure E6. Solid-state 119Sn NMR spectra (frequency scale) of solvent synthesized 

Cs2SnBr6 at 7.05 T under non-spinning and MAS (νr = 10 kHz) conditions. The scales 

are vertically normalized. 
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Figure E7. Solid-state 35Cl NMR subspectra with different frequency offsets (250 kHz 

step size), each acquired at 11.75 T using the WURST-CPMG pulse sequence. Each 

spectrum was acquired using the following parameters: recycle delay = 1 s, number of 

scans = 512, number of echos = 50, spikelet spacing = 5 kHz. 

 

 

 

Figure E8. Temperature-dependent 119Sn NMR data (νr = 0 kHz, B0 = 11.75 T) for the 

solvent-synthesized Cs2SnI6 sample. (a) 119Sn NMR spectra, (b) Arrhenius plot, plots 

of (c) 119Sn chemical shift against temperature and (d) inverse of 119Sn T1 against square 

of temperature.  
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Figure E9. Powder XRD patterns of ball-mill and hand-grind synthesized Cs2SnI6 

materials at different grinding times as indicated. The asterisk (*) indicates unreacted 

CsI present in the final hand-ground product. 

 

 

 

Figure E10. Powder XRD patterns for ball mill synthesized Cs2SnBr6 materials with 

different CsBr and SnBr4 molar ratios. The ball milling times are 1.5 and 3.0 h for top 

and bottom traces, respectively. The asterisks (*) indicate excess CsBr present in the 

final product. 
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Figure E11. Powder XRD patterns of the (a) Cs2SnCl3Br3 and (b) Cs2SnBr3I3 materials 

after 1.5 and 3.0 h of ball milling. 

 

 

 

Figure E12. FESEM images and the corresponding EDS elemental mapping for Cs, 

Sn, Cl, Br and I for the ball-milled Cs2SnCl3Br3, Cs2SnBr6, Cs2SnBr4.5I1.5 and 

Cs2SnBr1.5I4.5 samples as indicated. 



377 
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Figure E13. Elemental analysis via energy dispersive X-ray spectroscopy for the ball-

milled Cs2SnClxBr6−x (x = 3) and Cs2SnBrxI6−x (x = 0, 1.5, 3, 4.5, 6) samples, as 

indicated. 
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Figure E14. Experimental and fitted powder XRD diagrams for the ball-milled 

Cs2SnClxBr6−x (x = 3) and Cs2SnBrxI6−x (x = 0, 1.5, 3, 4.5, 6) samples. All the diffraction 

data are fitted assuming a cubic (Fm3̅m) space group symmetry. 

 

 

Figure E15. Tauc plots showing direct bandgaps of ball-milled Cs2SnClxBr6−x (x = 3) 

and Cs2SnBrxI6−x (x = 0, 1.5, 3, 4.5, 6) samples. 
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Figure E16. Calculated population distributions (binomial) of local cuboctahedral 

environments: (a) CsClmBr12−m in Cs2SnClxBr6−x (x = 0, 3, 6) and (b) CsBrmI12−m in 

Cs2SnBrxI6−x (x = 0, 1.5, 3, 4.5, 6). 

 

 

 

Figure E17. Solid-state 133Cs MAS NMR spectra of Cs2SnCl6, Cs2SnCl3Br3 and 

Cs2SnBr6 acquired at 11.75 T with a MAS frequency of 13 kHz. The expansion shows 

the corresponding spinning side band. 

 

 

 

Figure E18. Normalized 133Cs NMR spectra (B0 = 11.75 T, νrot = 13 kHz) exhibiting 

spectral overlap of multiple resonances with recycle delays of 10 and 850 s for 
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Cs2SnBr1.5I4.5. The 133Cs NMR spectra were acquired using a Bloch pulse sequence 

with a short tip angle (~20o). 

 

 

 

 

Figure E19. DFT computed results for SnBrnI6−n (n = 0−6) environments: (a) optimized 

geometries and (b) 119Sn isotropic chemical shift as a function of the number of attached 

Br atoms in SnBrnI6−n. 
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Figure E20. Simulated 119Sn NMR spectra for SnBrnI6−n (n = 0−6) environments. The 

principal tensor components were obtained from the DFT computations. 

 

 

 

Figure E21. Calculated population distributions (binomial) for local octahedral 

environments: (a) SnClnBr6−n in Cs2SnClxBr6−x (x = 0, 3, 6) and (b) SnBrnI6−n in 

Cs2SnBrxI6−x (x = 0, 1.5, 3, 4.5, 6). 
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Figure E22. Powder XRD patterns for Cs2SnI6 samples prepared by the ball-milling 

(BM) and solvent-synthesis (SS) routes. 

 

 

 

Figure E23. Normalized optical absorption spectra for Cs2SnI6 samples prepared by 

the ball-milling (BM), Hand grinding (HG), and solvent-synthesis (SS) routes. 
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