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Abstract 42 

 43 

Solid-state magic angle spinning NMR is a powerful technique for probing the atomic-level microstructure 44 

and structural dynamics in hybrid and all-inorganic metal halide perovskites (MHPs). It can be used to 45 

measure dopant incorporation, phase segregation, halide mixing, decomposition pathways, passivation 46 

mechanisms, short- and long-range dynamics and other local properties. Here, we review the practical 47 

aspects of recording solid-state NMR experiments on halide perovskites that have already enabled unique 48 

insight into new compositions, dopants and passivation agents. We discuss the applicability, feasibility and 49 

limitations of 1H, 13C, 15N, 14N, 133Cs, 87Rb, 39K, 207Pb, 119Sn, 113Cd, 209Bi, 115In, 19F and 2H NMR in typical 50 

experimental scenarios. We highlight the pivotal complementary role of solid-state mechanosynthesis 51 

which enables highly sensitive NMR studies by providing large quantities of high-purity materials of 52 

arbitrary complexity, and of DFT chemical shift calculations. We examine the broader impact of solid-state 53 

NMR on materials research and how seven decades of experience benefit structural studies of halide 54 

perovskites. Finally, we summarize some of the open questions in the field of perovskite optoelectronics 55 

that could be addressed using solid-state NMR. We thereby hope to stimulate wider use of this technique 56 

in the materials and optoelectronics communities. 57 

  58 
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 59 

 
The nuclei of most isotopes in the Periodic Table possess non-zero spin. When an external magnetic field 
– typically 10-20 T – is applied to a sample containing non-zero spin isotopes, the initially randomly 
oriented spins align themselves either parallel (lower energy) or anti-parallel (higher energy) relative to 
the field – this phenomenon is known as the Zeeman effect. This results in the appearance of energy 
levels, akin to optical spectroscopies, with the corresponding energy required to drive these transitions 
lying in the radio frequency range of the electromagnetic spectrum. The transitions can be perturbed 
using short (μs) radio frequency pulses and during the return to equilibrium, they emit radiofrequency 
waves at the transitions frequencies which can be picked up by a coil in the form of a free induction 
decay (FID). Fourier transformation of the FID, which is a time-domain signal, yields a spectrum, which 
represents the signal in the frequency domain. The main features of an NMR signal are its full width at 
half maximum (FWHM) and position (chemical shift). The unique capability of NMR to study the local 
structure lies in the fact that the transition frequencies are highly sensitive to the local environment and 
are therefore affected by the chemical identity and geometrical arrangement of the nearest and next-
nearest neighbours as well as the distribution of the electron density in their vicinity, which in turn depend 
to the electronegativity of the corresponding elements and type of bonding. Since electron densities can 
be readily calculated using methods of computation chemistry, it is now relatively easy to predict the 
position of NMR signals in an arbitrary material. The approach linking computational structure 
prediction, NMR parameter calculation and experimental solid-state NMR is the foundation of a powerful 
approach to studying the local structure in materials – NMR crystallography. Beyond structural insight, 
NMR can also be used to access information on dynamics occurring on the timescale between 
picoseconds and seconds. Dynamics within the structure is what drives the return to equilibrium 
(relaxation) in NMR experiments. Consequently, relaxation measurements can be used to access the 
correlation times and activation of energies of the corresponding dynamic processes. 
 
Glossary 
 
Solid-State Nuclear Magnetic Resonance (NMR) – A spectroscopic technique to probe the local 
environment of nuclei in molecular and extended solids. 
Chemical shift – the resonance frequency of a species relative to a frequency standard, usually expressed 
in parts-per-million (ppm). 
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Quadrupolar effects – the asymmetric distribution of negative charge around quadrupolar nuclei (i.e. 
with nuclear spins >1/2) leads to complex line shapes which depend on the extent of asymmetry, making 
them a powerful tool to study the local electronic environment.  
Magic Angle Spinning (MAS) – An experimental protocol in which the solid sample is spun at high 
rates (typically 10-100 kHz) around an angle of 54.7356° relative to the external magnetic field, leading 
to substantially improved spectral resolution. 
Cross-Polarization (CP) – An experimental protocol allowing the detection of various nuclei with 
substantially improved sensitivity by transferring to them the intrinsically higher polarisation of nearby  
1H (protons).  
T1 (longitudinal) relaxation – The process by which the nuclei return to thermal equilibrium after being 
perturbed – it determines how fast an NMR experiment can be repeated to acquire more scans and 
improve the signal-to-noise ratio (SNR). T1 is usually determined by structural dynamics and 
paramagnetic dopant concentrations.  
T2 (transverse) relaxation – The process occurring after pulse excitation by which the initially coherent 
system of nuclear spins loses its phase coherence leading to finite line widths in the NMR spectrum – the 
longer the T2 time (i.e. the slower the T2 relaxation), the narrower the line widths. T2 is usually determined 
by structural dynamics and paramagnetic dopant concentrations.  
Paramagnetic Relaxation Enhancement (PRE) – the unpaired electrons of paramagnetic species such 
as transition metal ions can couple strongly to nuclei and cause their rapid T1 and T2 relaxation. This 
effect is distance-dependent and provides a means of studying paramagnetic dopant incorporation into 
materials.  
Nuclear Quadrupole Resonance (NQR) – A spectroscopic technique in which the magnetic resonance 
signal from quadrupolar nuclei (i.e. with nuclear spins >1/2) is detected in the absence of an external 
magnetic field. It yields information complementary to NMR and in the case of halogens is often more 
practical.  
Spin-Diffusion (SD) – The process of continuous energy exchange between abundant spins of the same 
kind (e.g. 1H, 19F) which is driven by dipolar couplings and therefore makes it possible to detect spatial 
proximities between different species in the NMR spectrum. 
Halometalate – any phase containing halides coordinated to a metal cation (e.g. iodoplumbate – [PbI6]4-

, bromostannate(IV) – [SnBr6]2-). 
Dynamic Nuclear Polarisation (DNP) – a sensitivity-enhancement NMR protocol which allows signal 
enhancements of a factor of up to ~660, particularly from surfaces, which translate to up to 440 thousand 
times faster signal acquisition. 

 60 

1 Introduction 61 

The synthesis and structure of methylammonium lead halide perovskites was first reported in 1978 and 62 

their spectroscopic characterization followed shortly afterwards.1 In 1985, extremely rapid reorientation of 63 

methylammonium inside the cubooctahedral perovskite cavity was discovered using solid-state NMR.2 64 

Subsequent millimeter-wave,3 IR4 and more detailed solid-state NMR spectroscopy investigations5–8 65 

confirmed and further explored the peculiar dynamic behaviour in this class of compounds. 66 

Methylammonium tin(II) MHPs were first reported in 1994 and also in this case dynamic disorder of the 67 

organic cation was noted.9 Caesium-based MHPs have been known since much earlier, with the first report 68 

of CsSnI3 in 192510 and of the black perovskite CsPbI3 in 1959.11  69 

A renaissance of interest in MHPs followed the 2009 report and the two subsequent works which reported 70 

MHPs used as visible-light sensitizers for photovoltaic solar cells based on mesoporous TiO2.12–14 A 71 



  

5 
 

number of features have contributed to the subsequent success of MHPs in optoelectronics: facile solution 72 

synthesis, optoelectronic properties being largely immune to lattice defects, long photogenerated charge 73 

carrier lifetimes, and compositional tunability, to name a few. The power conversion efficiency of 74 

perovskite solar cells has risen from 3.8% to over 25% within a decade.12,15 Considerable advances in MHP-75 

based light emitting devices, including light-emitting diodes (LEDs) and lasers, have also been made in 76 

recent years.16,17  77 

The generic stoichiometry of MHPs can be represented as ABX3, where A is a small cation such as 78 

methylammonium, (CH3NH3+, MA), formamidinium (CH3(NH2)2+, FA), caesium, or their mixture. The 79 

inorganic sublattice is formed by [BX6]4− octahedra, where B is a divalent metal (Pb2+, Sn2+, Ge2+) or their 80 

mixture while X is a halide: I−, Br− or Cl−, or their mixture (Figure 1). A closely related group of materials 81 

with a mixture of divalent and trivalent metal ions (e.g. Ag+ and In3+) on the B site is known as double 82 

perovskites (or elpasolites) with the general formula of A2B’B”X6. We also note that the term “perovskite” 83 

is currently used to designate a large number of halometalate phases with various stoichiometries loosely 84 

related to the phase prototype structure of CaTiO3, e.g. Ruddlesden-Popper and Dion-Jacobson phases 85 

(referred to as layered perovskites) or antifluorites (referred to as vacancy-ordered perovskites). The most 86 

efficient perovskite solar cells today are based on complex mixtures of A-site cations, halides and the 87 

compositions are typically doped with small organic molecules or inorganic dopants to further improve 88 

their optoelectronic performance.18 Until very recently, the atomic-level mechanism of action of different 89 

dopants was largely hypothetical since there were no protocols to probe their structure at the atomic level 90 

in complex perovskite formulations.  91 

To fill this important gap, we and others have developed a range of solid-state NMR experimental 92 

approaches which make it possible to investigate phenomena such as A-, and B- cation mixing,19–25 phase 93 

segregation resulting from doping with ions which do not incorporate into the perovskite structure,22,26,27 94 

halide mixing,28–31 interfacial passivation mechanisms,32–35 ambient degradation mechanisms,31,36 and 95 

cation and anion dynamics.6,37–40,40–42 Some aspects of solid-state NMR of MHPs have been recently 96 

reviewed.43,44 Here, we provide a broad overview of progress so far, we focus on practical aspects of 97 

applying solid-state NMR to MHPs and point to the areas where it has the potential to provide new 98 

unparalleled information. 99 

The rapid advance of solid-state NMR for MHPs has been largely possible due to the advent of their 100 

solid-state mechanosynthesis,45–48 yielding large quantities of crystalline material (>1000 mg) of any 101 

desired composition with no use of solvents. We have demonstrated this by preparing large libraries of 102 

hybrid and all-inorganic mixed-cation (Cs, MA, FA) and mixed-halide lead and tin31 materials doped with 103 

small organic cations,33,35,49 alkali and alkaline earth19,26,27 and transition21,22 metals. Other groups have 104 

demonstrated the applicability of mechanosynthesis to mixed-halide systems and found optimal 105 

experimental conditions to prepare pure-phase all-inorganic perovskite phases with different 106 

dimensionalities,29,30,50–52 including MHP nanocrystals.53,54 An alternative approach to obtaining bulk solid 107 

perovskite samples is to use solution55 of high-temperature melt56 synthesis. Smaller amounts can be 108 

obtained by using thin film material scraped off of glass substrates after spin coating. The use of mass-109 

limited thin film samples is feasible and straightforward for 1H,32 and has been demonstrated for 13C, 133Cs 110 

and 14N, although at the price of long acquisition times (>12 hours).19,20 The advent of sensitivity-enhanced 111 

detection protocols made acquisition of 207Pb spectra on thin films of MHPs possible.57  112 
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 113 

Figure 1. Challenges related to studying of structure and dynamics in MHPs materials. Solid-state 114 

NMR is perfectly placed to address component mixing, chemical transformations, elucidate binding modes, 115 

coordination environments and structural dynamics. 116 

 117 

In what follows, we describe the experimental strategies developed so far through specific examples 118 

that highlight the information content provided by solid-state NMR and by detailing the rich science that 119 

has ensued (Figure 1). The review is structured as follows: we first give a brief overview of the current 120 

position of solid-state NMR in materials research in general (section 2), discuss how this decades-long 121 

experience translates to its emerging applications in MHP research specifically (section 3) and give an 122 

overview of the approaches developed to date (section 4). We first focus on the protocols developed for A-123 

site cations (section 5) and additives that do not incorporate into MHPs (section 6). We then move on to B-124 

site cation dopants in lead MHPs and how 207Pb NMR specifically can be used to study the halide 125 

composition (section 7). In section 8, we describe the use of 119Sn to study halide coordination and redox 126 

transformations in tin MHPs. In section 9, we discuss the progress made in solid-state NMR of MHPs based 127 

on silver, indium and bismuth. Section 10 is devoted to the effects of doping on the symmetry of the A-site 128 

cation cage, as probed by 14N. In section 11 we summarize the studies of structural dynamics in MHPs by 129 
2H and 14N NMR. We close by discussing some of the open questions, challenges and milestones where 130 

solid-state NMR can provide substantial insight.  131 

2 Solid-state NMR as a general tool for studying the local structure and dynamics of solid 132 

materials 133 

Since its discovery in 1946,58,59 NMR of solids has been extensively used to study solid materials60 134 

such as natural61,62 and synthetic63 polymers, oxide and non-oxide inorganics,64–66 glasses,67,68 zeolites,69–135 
71 metal-organic frameworks,72–74 cements,75–77 battery materials,78–80 semi-81 and superconductors82–84, 136 

metals and their alloys64 as well as nanostructures85,86. The key technological and conceptual breakthroughs 137 

which allowed its widespread use in materials research include the development of magic angle spinning 138 

to increase spectral resolution,87 cross-polarization (CP) to increase sensitivity,88 two-dimensional NMR to 139 

allow homo- and heteronuclear correlation experiments,89 tracing atom connectivity90 and measuring 140 

internuclear distances91. More recently, the key challenge of high-resolution solid-state NMR, namely its 141 

comparatively low sensitivity, has been addressed by the advent of Magic Angle Spinning (MAS) Dynamic 142 

Nuclear Polarisation (DNP)92,93 and in particular the impregnation methods for surface enhancement in 143 
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materials.94 MAS DNP has allowed surface-sensitive studies in porous and structural materials, polymers, 144 

nanoparticles, pharmaceuticals, and biomolecular structures, that up till then had been out of reach. DNP 145 

also considerably increases NMR detection sensitivity in the bulk of materials where the high polarization 146 

is carried from the surface into the bulk by spin diffusion. This process is general and has been demonstrated 147 

in both protonated95 and proton-free solids96. The application of solid-state NMR to determine the structure 148 

of solids in combination with computational and diffraction-based strategies has been reviewed in a 149 

comprehensive monography on NMR crystallography.97  150 

The versatility of solid-state NMR in providing structural information is best illustrated by a 151 

selection of recent problems in materials research where it has been instrumental to establishing structure-152 

property relationships. In the context of battery research, 1H and 7Li MAS NMR have allowed to 153 

unambiguously establish the charge-discharge mechanism in an air-lithium battery endowed with 154 

unprecedented stability and performance owing to the addition of LiI.78 In heterogeneous catalysis, solid-155 

state NMR has recently allowed to determine the atomic-level structure of active sites in a variety of 156 

catalysts. For example,  13C-15N and 29Si-15N NMR distance measurements have been used to provide local 157 

structural constraints to determine the three-dimensional structure of an organoplatinum complex grafted 158 

on amorphous silica with a precision of 0.7 Å.98 In 2016, hexagonal boron nitride (h-BN) was demonstrated 159 

as a highly efficient and selective catalyst of oxidative dehydrogenation alkanes to olefins,99 and the atomic-160 

level structure of the catalytically active sites has been subsequently established using 11B and 14N solid-161 

state NMR.100,101  13C and 15N MAS NMR experiments have been used to establish the molecular 162 

mechanism of CO2 chemisorption in a large library of amine-functionalised MOFs intended for carbon-163 

capture applications.102 Finally, 1H and 29Si solid-state NMR has recently resolved one of the most long-164 

standing debates in the chemistry of cement by providing an atomic-level three-dimensional picture of the 165 

calcium silicate hydrate (C-S-H) phase, the main binder of concrete.76  166 

Computation of NMR parameters has been an essential component to the success of solid-state 167 

NMR in materials research. Not only does it provide a way to predict, assign and interpret experimental 168 

data, but it also allows to test structural models within the powerful framework of NMR crystallography.103–169 
105 Unlike diffraction-based methods, NMR directly probes the local atomic environment and therefore 170 

does not rely on the presence of long-range order. The advent of accurate DFT methods to calculate 171 

chemical shifts and quadrupolar parameters, in particular based on the Gauge Including Projector 172 

Augmented Wave (GIPAW) approach106–108 has enabled crystallographic elucidation of the local structure 173 

in highly disordered and amorphous solids such as glasses and ceramics but also polymorphs of 174 

pharmaceuticals, molecular crystals and extended solids.97 Molecular dynamics (MD) has been employed 175 

to account for subtle effects observed in NMR shifts and relaxation parameters induced by fast small-176 

amplitude motions.109 More recently, machine-learning approaches have been proposed to aid rapid and 177 

accurate calculation of NMR parameters.110,111 The great potential of combining solid-state NMR distance 178 

measurements with MD simulations has been showcased in a study elucidating the mesoscale spatial 179 

apportionment of functional groups in a series of mixed-linker MOFs, wherein the linkers have been shown 180 

to distribute in a random, alternating or clustered manner, depending on their functionalities and ratios.72 181 

Studies of dynamics are a particularly prominent area of solid-state NMR research owing to its 182 

unique capacity to probe timescales across over 12 orders of magnitude, corresponding to correlation times, 183 

τC, between picoseconds and seconds. Different timescales can be accessed using different NMR 184 

experiments, typically carried out as a function of temperature. Slow dynamics (τC ~ seconds) is typically 185 

related to changes in the conformation of molecules, diffusion of species and reorientation of long chains 186 

in solid polymers. Since different orientations or sites are characterised by different NMR chemical shifts, 187 

their interconversion can be probes using exchange spectroscopy (EXSY) experiments. Typical examples 188 

include the use of EXSY to study diffusion of lithium in ceramics112 and cathode materials113, gas diffusion 189 
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in zeolites114, and side-group flips and chain rearrangements in polymers115. Intermediate dynamics (τC ~ 190 

ms-μs) occurs on the same timescale as the FID acquisition (i.e. comparable to T2 relaxation) and therefore 191 

may strongly affect the line shape. A classic example of this is deuterium NMR,116 which has been used to 192 

study dynamics in, for example, organic molecules adsorbed in porous coordination polymers,117 MOF 193 

linkers,118,119 and glassy solids120. Fast dynamics (τC ~ μs-ps) occurs on a timescale comparable with the 194 

inverse of the NMR resonance frequency (tens to hundreds of MHz) and as a consequence affects spin-195 

lattice T1 relaxation. A large number of works have been carried out to study fast ion dynamics in 196 

amorphous solids and glasses,121  as well as lithium transport across numerous classes of inorganic materials 197 

relevant to energy storage122.  198 

A slightly more exotic way of studying ion diffusion via relaxation uses short-lived highly spin-199 

polarised (80-100%) β-emitters: radionuclides (β-NMR) or muons (muon spin resonance – μSR) implanted 200 

within the solid. Their β-decay violates parity conservation, hence the resulting β particle (electron or 201 

positron) is emitted preferentially along the direction of the radionuclide/muon spin. Spin-lattice relaxation 202 

decreases the polarisation of the β-active nuclei or muons leading to radiation asymmetry, which is a direct 203 

measure of the polarisation changes over time and reflects ion dynamics in the solid. Muon spectroscopy 204 

has recently emerged as powerful tool to study ion diffusion in battery materials.123 The use of β-NMR to 205 

study nanocrystalline and amorphous materials has been reviewed.124  206 

3 Standing on the shoulders of giants – seven decades of solid-state NMR research as the source of 207 

inspiration for studying MHPs 208 

In the context of MHP research, the tremendous amount of previous solid-state NMR research on 209 

materials is important for several reasons. Firstly, most of the experimental approaches developed for other 210 

materials can be applied to MPHs directly. For example, MAS is the principal way in which high-resolution 211 

NMR spectra are recorded today. Further, a variety of previously developed pulse sequences can used to 212 

obtain a comprehensive atomic-level picture of a new material: starting from simple one-dimensional 213 

spectra (Hahn echo, CP) to more advanced correlation experiments evidencing through-space (HETCOR,  214 

recoupling sequences) and through-bond (INADEQUATE, J-HMQC) proximity between nuclei, 215 

quantitative distance measurements (REDOR and its variants), to studying dynamics via relaxation 216 

measurements.  217 

Secondly, composites containing MHPs and other solid components have paramount importance in 218 

practical applications. Since those additional components in their pure form have been thoroughly 219 

characterised by solid-state NMR before, it is now possible to use that knowledge to analyse how their local 220 

structure is affected in composites with MHPs. For example, optoelectronic devices frequently interface 221 

PEDOT:PSS (a hole transport layer) and MHPs or use macromolecular additives such as PVP,125 PEG,126 222 

PMMA,127 or polycarbonates.128 A number of recent works have reported MHP-MOF hybrids with 223 

emergent properties129 as well as MHP-zeolite130 and MHP-glass131 composites acting as a stable 224 

encapsulation for the photoactive material. The atomic-level structure of the interface between the MHPs 225 

and the various polymers, and inorganic/hybrid matrices is yet to be uncovered. When MHPs are deposited 226 

on glass, spontaneous diffusion of ions can change the structure of both materials although this phenomenon 227 

also has not yet been characterised at the atomic level.132 A proof-of-concept photobattery based on a 2D 228 

MHP capable of both generating and storing energy via reaction with lithium, however the structural 229 

changes so far have only been studied using X-ray diffraction.133 These selected examples show the ample 230 

potential high-resolution solid-state NMR has in the field of broadly understood MHP optoelectronics. 231 

Finally, in the context of MHP research, coupling solid-state NMR experiments with DFT 232 

calculations of NMR parameters has allowed us and others to corroborate speciation of various additives 233 

by predicting their chemical shift and quadrupolar parameters in different structural scenarios, e.g. that of 234 

hypothetical incorporation into the MHP structure.19,24,26,134 For example, the NMR crystallography 235 
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approach allowed us to identify different binding modes of small organic molecules interacting with MHP 236 

surfaces via halogen bonding,135 while MD enabled us to qualitatively interpret dynamics-induced effects 237 

in CP spectra of MHPs featuring labile hydrogen bonding networks33 as well as rationalize the role of SCN- 238 

in aiding the formation and stabilization of α-FAPbI3.136 239 

4 Applicability of solid-state NMR to components present in MHPs 240 

Table 1 shows a rundown of the nuclei relevant to current MHP materials research. It summarizes 241 

the main structural/dynamic information yielded by each of the nuclei, typical experiment times as well as 242 

key experimental considerations. 243 

 244 

Table 1.  Main solid-state NMR strategies developed for halide perovskite research to date. 245 
Nucleus main information content typical 

measurement 
times* 

key experimental considerations ref. 

A-site cations, dopants, molecular modulators 
1H A-site cation quantification, 

connectivity between perovskite 
and organic dopants 

seconds-minutes A-site cations well resolved due to 
nearly isotropic motion, organic 
cations in 2D/3D materials well-
resolved due to comparatively small 
dipolar interactions in halometalates 

23,32,37,137 

13C, 15N phase composition, local structure 
of A-site cations and organic 
dopants 

minutes (100 K) 
hours-days (RT) 

low-temperature (100 K) 
measurements considerably more 
sensitive 

20,37,49 

133Cs caesium speciation minutes (bulk 
phases), hours 
(dopants, thin 
films) 

highly sensitive, relatively slow 
relaxation, feasible even for 
submilligram sample quantities 

19,21,30,138,139 

Additives 
87Rb rubidium speciation seconds (bulk 

phases) 
minutes/hours 
(additives) 

highly sensitive, fast relaxation, 
feasible for submilligram sample 
quantities 

19 

39K potassium speciation minutes (bulk 
phases) 
hours/days 
(additives) 

moderately sensitive, high (>10 T) 
magnetic fields preferable, only bulk 
sample measurements are viable 

19,26 

B-site cations 
207Pb halide coordination environments of 

lead sites, presence of PbI2, 
degradation products, halide 
dynamics 

minutes (single 
halides), hours 
(mixed halides) 

sensitivity-enhanced techniques 
available (<1h measurement times 
for <20 mg of material), indirect 
probe of A-site cation composition 

28–

30,36,42,57,140 

119Sn halide coordination environments of 
tin sites, A-site cation composition, 
degradation products, halide 
dynamics 

minutes (for T1<1 
s), hours (for T1>1 
s) 

T1 very sensitive to composition (see 
Figure 2b). Very sensitive to tin 
oxidation state. Pure tin(II) 
halostannates give extremely broad 
spectra unless prepared under 
reducing conditions. 

31 

209Bi, 115In B-site cation mixing in Ag/Bi/In 
double MHPs 

minutes B-site cation mixing (Bi3+/In3+) leads 
to very broad signals due to sizable 
quadrupolar broadening. 

24 

Probes of dynamics 
14N very sensitive to cubooctahedral 

symmetry, A-site cation dynamics 
minutes (highly 
symmetric 
phases), hours 
(lower than 
cubooctahedral 
symmetry) 

most straightforward in 3D 
perovskites (nearly isotropic A-site 
cation reorientation in highly 
symmetric local environment), useful 
for studying phase transitions 

structure: 
20,37,49,141 
dynamics: 
6,37–40 

2H dynamics of A-site cations and 
organic additives 

seconds/minutes requires isotopic labelling (e.g. by 
NH3

+→ND3
+ exchange with heavy 

water) 

6,20,37,49 
42 

μ+ A-site and halide dynamics hours requires a large amount of material 
(~1 g) and a pulsed muon source 

142,143 

*on bulk (50-100 mg) samples. Measurement times on thin films (1-5 mg) need to be substantially longer. 246 
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 247 

Besides yielding structural information, 1H, 207Pb, 13C and 15N NMR have also been used to study dynamic 248 

processes in MAPbI3.40,144 19F MAS NMR has been used to evidence the interaction of microcrystalline 249 

FA0.85MA0.15PbI2.55Br0.45 with a fluorine-containing molybdenum complex,145 study the atomic-level 250 

interaction between MHPs and a passivation agent capable of engaging in halogen bonding,135 and the 251 

speciation of BF4- in MAPbI3.146 As the use of fluorine-containing doping agents becomes more 252 

widespread, the field will likely see more solid-state NMR studies employing 19F MAS NMR. The local 253 

structure of other halogens has been studied using 35/37Cl, 79/81Br and 127I NMR and NQR measurements 254 

and the subject has been recently thoroughly analysed in a recent review in the context of micro- and 255 

nanocrystalline MHPs.147–150 256 

One of the key experimental considerations in multi-nuclear solid-state NMR is the choice of 257 

optimal experimental parameters so as to maximize the signal-to-noise ratio (SNR) during the accessible 258 

measurement time window. The recycle delay, which is adjusted based on the longitudinal relaxation time, 259 

T1, may span up to 6 orders of magnitude, depending on the nucleus and temperature. Figure 2 shows 260 

typical T1 values for nuclei pertinent to MHPs research. Notably, 133Cs is characterized by relatively long 261 

relaxation times, typically in excess of 100 s. Relaxation times well below 1 s (207Pb, 14N, 2H), contribute 262 

to the ease of detection due to the faster possible scan repetition rates. As a rule of thumb, optimal SNR per 263 

unit time is obtained when the recycle delay is set to 1.3⋅T1, while quantitative results require 5⋅T1. 264 

Quantification is straightforward for most nuclei and acquisition schemes, but it is important to point out 265 

that the most efficient way of obtaining 13C and 15N data, i.e. through 1H-13C and 1H-15N cross-polarization 266 

(CP), is generally not quantitative. There exist well-established experimental schemes to make CP 267 

quantitative,151 although this has not yet been applied specifically to MHPs.  268 

Tin MHPs are particularly noteworthy since 119Sn relaxation times depend very strongly on the 269 

halide composition and dimensionality of the structure (Figure 2b). For example, quantitative detection of 270 

coexisting MASnCl3 (T1=60 s) and metallic tin (T1=0.1 ms) would require a recycle delay of 300 s which 271 

corresponds to 5⋅T1 for MASnCl3 and 3000000⋅T1	for	β-Sn.31	  272 
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 273 

Figure 2. Typical longitudinal relaxation times, T1, reported in the literature for different nuclei 274 

pertinent to MHPs. (a) Various nuclei in lead MHPs and related phases, (b) 119Sn in halides and 275 

halostannates. In general, T1 depends slightly on the magnetic field strength. The data collected here were 276 

recorded between 10 and 21 T and at room temperature under MAS unless noted otherwise. Further 277 

experimental details can be found in the respective reports referenced in the text. Adapted with 278 

permission.31 2020, American Chemical Society. 279 

 280 

5 A-site cation composition 281 

5.1 Quantification of MA/FA: 1H MAS NMR 282 

Solid-state 1H (proton) NMR spectra of organic solids are typically broad and featureless due to the 283 

presence of strong 1H-1H dipole-dipole couplings. Satisfactory resolution can be obtained by applying 284 

dipolar decoupling sequences152–155 or very fast magic angle spinning (MAS)156,157, which leads to partial 285 

averaging of the dipolar couplings. In comparison, solid-state 1H spectra of MHPs are exceptionally well-286 

resolved and more closely resemble liquid-state NMR spectra. The dipolar broadening is determined by the 287 

strength of dipolar coupling which is proportional to the inverse cube of the internuclear distance. While 288 

typical proton-dense organic solids contain a continuous network of 1H-1H contacts below 2 Å, the organic 289 

A-site cations in MHPs are separated by ~6 Å. More importantly, the A-site cation is reorienting nearly 290 
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isotropically on the picosecond timescale,6 which acts to very significantly reduce the effective dipolar 291 

coupling strength. This feature allows quantification of organic components in MHPs using commonly 292 

available MAS probes and moderate sample spinning rates (10-20 kHz). For example, 1H MAS NMR has 293 

been used to quantify the MA/FA ratio in bulk microcrystalline powders37,137,158 and thin films32,136, 294 

quantify the amount of organic passivation dopants,32 to show that MA is not appreciably volatile during 295 

prolonged 150 °C annealing of Cs/MA/FA thin films,32 and to monitor humidity-induced degradation of 296 

MAPbI3.159 A major advantage of 1H MAS NMR is its superior sensitivity which makes it amenable to 297 

studies on mass-limited (<1 mg) thin film samples. We have found that scraping the material off of ten 298 

2.5×1.5 cm glass substrates spin-coated with MHPs using the conventional antisolvent process160 leads to 299 

1-2 mg of material which is sufficient for the detection of high signal-to-noise ratio (SNR) 1H MAS NMR 300 

data. Since 1H spectra typically only span a range of about 15 ppm, an important consideration in 1H MAS 301 

NMR is whether the different organic species can be resolved in the one-dimensional spectrum (Figure 302 

3a). For example, MA and FA have chemical shifts which are sufficiently different to be fully resolved 303 

while for ethylammonium (EA) and MA, the NH3+ peaks overlap entirely but sufficient resolution is 304 

obtained for the CH3 and CH2 groups. 305 

 306 

 307 

Figure 3. Identification, quantification and proximity of organic cations in MHPs from 1H solid-state 308 

NMR. (a) 1H MAS NMR spectra of iodoplumbate phases at 21.1 T, 20 kHz MAS and 298 K: MAPbI3, 309 

EAPbI3 (EA – ethylammonium), GUAPbI3 (GUA – guanidinium), α-FAPbI3, IMPbI3 (IM – imidazolium), 310 

FA0.97MA0.03PbI3 (thin film, annealed at 150 °C for 30 minutes, quantitative). The spectrum shows that MA 311 

is quantitatively preserved in the composition despite prolonged high-temperature annealing. Adapted with 312 

permission,32 2019, Nature Publishing Group. (b) A schematic representation of a perovskite lattice 313 

interacting with a small organic passivation agent. (c) Typical thickness of the perovskite and passivation 314 

layer in MHP solar cells. (d) 1H-1H spin-diffusion measurement evidencing atomic-level proximities in a 315 

MHP thin film surface-passivated with imidazolium (IM). Adapted with permission.32 2019, Nature 316 

Publishing Group. 317 

5.2 Atomic-level passivation mechanisms: two-dimensional 1H-1H and 19F-19F spin-diffusion 318 

One of the strategies developed to improve the performance and stability of MHP thin films relies on the 319 

deposition of a thin overlayer containing organic molecules, which have been speculated to bind to the 320 

MHP layer and thereby remove some of the defects relevant to non-radiative recombination processes. This 321 
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protocol is referred to as surface passivation and until recently its microscopic mechanism has been 322 

unknown. The presence of dipolar coupling in the solid-state allows 1H spins to communicate via 323 

magnetization exchange (spin diffusion, SD) making it possible to evidence spatial proximities between 324 

different groups of atoms, inter- and intramolecularly, in two-dimensional 1H-1H SD experiments.161,162 325 

The presence of off-diagonal cross-peaks linking groups of protons belonging to different molecules 326 

(indicated by blue circles in Figure 3d) is proof of their atomic-level spatial proximity. The length scale 327 

can be determined on the 10 Å - 100 nm range (depending on how the experiment is set up). We have used 328 

this approach to show the formation of physically attached 1D passivation layers of ethylammonium, 329 

guanidinium and imidazolium lead iodide on the surface of a 3D perovskite thin film (Figure 3b-d),32 the 330 

formation of layered haloplumbates with adamantly-based spacers,49 as well as mixed FA/5-331 

ammoniumvaleric acid33 and FA/MA136 haloplumbate phases directly responsible for the stabilisation of 332 

the black perovskite phase of FAPbI3. This approach also been applied to MAPbI3 passivated with 333 

tetrapropylammonium iodide.163 In the same vein, we have used 19F-19F experiments to study cross-talk 334 

between different binding modes of a fluorine-containing perovskite passivation agent.135 The study of SD 335 

dynamics is one of the cornerstones of NMR crystallography of organic solids.164,165 Its use for providing 336 

structural constraints in MHPs and in particular disordered passivation layers is an exciting but as yet 337 

unexplored avenue.  338 

5.3 Sensitive detection of A-site cations: low-temperature cross-polarisation 339 

The organic components of MHPs can be detected using 13C MAS NMR and their chemical shifts are 340 

sensitive probes of the local structure, allowing one to evidence the formation of new species, non-covalent 341 

interactions, and provide information on order and disorder. There are two main strategies for obtaining 342 
13C spectra in the solid state: direct excitation and the use of cross-polarization (CP)166. The latter scheme 343 

uses the comparatively high Boltzmann polarization of protons which is transferred to 13C, thereby 344 

enhancing its detection sensitivity by a factor of up to 4. In addition, in CP, the recycle delay is determined 345 

by the relaxation of protons, which is often faster than that of 13C, making signal averaging faster. However, 346 

CP transfer relies on 1H-13C dipolar couplings which are largely suppressed by the fast reorientation of the 347 

A-site cation, rendering CP inefficient at room temperature (RT). This limitation can be overcome by using 348 

cryogenic temperatures (~100 K) to suppress the isotropic motion and restore the C-H dipolar couplings, 349 

thereby rendering 1H-13C CP efficient (Figure 4a). Cryo-NMR has the added benefit of intrinsically higher 350 

thermal polarization at 100 K, boosting sensitivity by an additional factor of ~3 with respect to RT, and 351 

shortening of 1H relaxation times in MHPs (e.g. 15 s at RT vs. 0.4 s at 100 K for MAPbI3, Figure 2a) 352 

allowing faster signal averaging. For example, we have shown that high SNR 1H-13C CP MAS spectra can 353 

be detected on a variety of hybrid haloplumbates in a matter of minutes for ~70 mg of material, which is 354 

an amount readily obtainable by mechanosynthesis or spin casting (Figure 4a).20,37,49 1H-13C CP MAS cryo-355 

NMR spectra are highly sensitive to phase composition, with significant shifts for as little as 5 mol% 356 

organic cation doping (Figure 4b). In contrast, the 13C direct excitation scheme is viable at RT but suffers 357 

from long 13C relaxation times (>10 s) and low sensitivity, necessitating acquisition times on the order of 358 

20-30 hours.137 While directly excited RT 13C spectra can resolve the perovskite (e.g. MAPbI3 and FAPbI3) 359 

and unreacted precursors (MAI, FAI, respectively), RT 13C chemical shifts are insensitive to phase 360 

composition (e.g. the MA/FA ratio).137 These advantageous features of 1H-13C CP cryo-NMR have allowed 361 

us to provide atomic-level proof of guanidinium incorporation into MA- and FA-based MHPs, putting to 362 

rest a long-standing debate over whether or not it incorporates into the structure (Figure 4b-c).20 The ease 363 

of detection and short experiment times make cryo-NMR a perfectly suited tool for routine investigation of 364 

new multi-cation MHPs materials. For example, we have applied it to evidence the formation of layered 365 

FA 2D/3D MHPs with adamantyl-based spacers and found (a) the formation of new FA environments 366 
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corresponding to FA directly interacting with the spacer, and (b) that increasing the FA/spacer ratio leads 367 

to progressively more locally disordered spacer environments, rather than a locally well-defined structure 368 

(Figure 5a).49,167 The formation of new FA environments interacting with the spacer is corroborated by the 369 
1H-15N CP data (Figure 5b) and together with the diffraction data allowed for a structural model of the 370 

layered phase to be established (Figure 5c). 15N is a 0.4% abundant spin I=1/2 nucleus with receptivity just 371 

2% of that of 13C, which makes its detection challenging even in bulk MHP samples at RT. However, the 372 

sensitivity benefits of cryo-NMR make the detection of 1H-15N CP spectra from MHPs viable. 373 

 374 

 375 

Figure 4. Phase composition in hybrid MHPs from 13C and 15N cryo-NMR. (a) RT vs 100 K 13C MAS 376 

NMR spectra demonstrating the substantial sensitivity improvement brought about by carrying out the 377 

measurement at cryogenic temperatures, (b) 1H-13C CP cryo-NMR data of GUA/MA MHPs showing the 378 

evolution of the GUA and MA local environment as a function of their ratio.20 The shift of the MA signal 379 

on introducing GUA into the composition is atomic-level proof of their mixing in the structure. (c) 380 

Structural model of GUA/MA mixing. The 13C spectrum of MAPbBr3 in panel (a) was adapted with 381 

permission.42 2016, Royal Chemical Society. Adapted with permission.20 2018, 2019, American Chemical 382 

Society..  383 

 384 
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 385 

Figure 5. Phase composition in layered iodoplumbates from 13C and 15N cryo-NMR. (a) 100 K 1H-13C 386 

CP cryo-NMR data of layered 2D/3D FA-based perovskites using an adamantyl-based spacer.49 The data 387 

evidence the increasing disorder as the FA/AI ratio increases visible as progressive broadening of the 388 

resonances. (b) The corresponding 1H-15N CP cryo-NMR spectra which corroborate the increasing disorder. 389 

Adapted with permission.49 2019, Wiley. (c) Structural model of the mixed AI/FA iodoplumbate. 390 

5.4 Phase composition of caesium-containing hybrid and all-inorganic perovskites: 133Cs MAS 391 

NMR 392 

Caesium in compositions with FA and MA has emerged as an essential component of MHPs for 393 

optoelectronics applications,168 while all-inorganic caesium MHPs, CsPbX3 (X=I, Br), have been used as a 394 

more thermally stable alternative.21 The atomic-level microstructure of these materials can be conveniently 395 

probed using solid-state 133Cs MAS NMR. 133Cs is a 100% abundant spin I=7/2 nucleus with receptivity 396 

284 times higher than that of 13C and a very small quadrupole moment, which makes it straightforward to 397 

obtain high SNR spectra from diluted samples and thin films. Since quantification requires data acquisition 398 

with a recycle delay of at least 5·T1, it is essential to verify the T1 of all Cs-containing phases present within 399 

the sample of interest and set this parameter based on the slowest relaxing species, which may have a T1 in 400 

excess of 100 s. 133Cs shifts span a wide range of ~500 ppm, which translates to superior spectral resolution 401 

of different structures (Figure 6a). 402 
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 403 

Figure 6. Speciation of diamagnetic metal ion dopants in MHPs. (a) 133Cs MAS NMR data for caesium-404 

containing halides and haloplumbates exemplifying the remarkable spectral resolution achievable in this 405 
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technique that allows quantification of caesium-containing phases in multi-phase mixtures. Note that the 406 
133Cs spectra shown here have a relative shift of -13 ppm with respect to those reported by Karmakar et al. 407 

due to a difference in referencing (here, δ=0 ppm for 1M aqueous solution of CsCl).50 (b-c) 39K and 87Rb 408 

MAS NMR data for rubidium and potassium doped MHPs, respectively. The only Rb- and K-containing 409 

phases in doped 3D MHPs are segregated non-perovskite phases – there is no incorporation of rubidium 410 

and potassium into the 3D perovskite structure of MHPs. (d) 113Cd MAS NMR distinguishes between 411 

tetrahedral and octahedral coordination environments. There is no incorporation of Cd2+ into hybrid MHPs. 412 

Adapted with permission.19,26,134 2017, 2018, 2020, American Chemical Society. 413 

 414 

5.4.1 Cs-doped hybrid perovskites 415 

Incorporation of Cs+ into hybrid MHPs has been previously evidenced using XRD where it leads to 416 

compelling shifts on the order of ~0.07° per every 10 mol% Cs+ replacing FA+ in the crystal structure.169 417 

We have evaluated Cs/FA mixing using 133Cs MAS NMR and found that Cs+ inside the FAPbI3 lattice 418 

yields a characteristic peak between 10-40 ppm with its large width consistent with static disorder, i.e. the 419 

presence of a distribution of different combinations of Cs+ and FA+ in the neighbouring cubooctahedral 420 

cages (Figure 6a, Cs0.20FA0.80PbI3).19  This broad spectral signature is also present in more complex 421 

multicomponent materials such as Cs/MA/FA iodide-bromide and chloride-doped MHPs.138 Incorporation 422 

of Cs+ can be corroborated in a 1H-133Cs heteronuclear correlation (HETCOR) experiment relying on 423 

dipolar coupling between the Cs+ and FA cations.19 424 

5.4.2 All-inorganic CsPbX3 (X=I, Br, Cl) perovskites 425 

The CsX-PbX2 (X=I, Br, Cl) phase diagram contains multiple phases whose structure is determined 426 

by the type of halide (Figure 6a). The presence of multiple halides leads to static disorder and considerably 427 

broader peaks, as has been shown for CsPbBr1.5Cl1.5138 and CsPbI2Br21. A library of 133Cs MAS NMR 428 

spectra of single- and mixed-halide ternary caesium haloplumbates has been reported, including all the 429 

known non-perovskite phases, complemented by 207Pb NMR data.50  430 
133Cs MAS NMR has provided insight into the lively debated origin of green fluorescence in 431 

Cs4PbBr6.170–172 Several reports have shown that bulk and nanocrystalline Cs4PbBr6 exhibits strong green 432 

fluorescence and identified it as intrinsic to the parent 0D lattice while others ascribed it to impurities such 433 

as the 3D perovskite CsPbBr3 which also exhibits green fluorescence. 133Cs MAS NMR has been used to 434 

characterize Cs4PbBr6 NCs synthesized using different conditions and reported a phase-pure 0D material 435 

with no detectable 3D perovskite phase.170 These authors ascribed the green fluorescence to the presence 436 

of speculated 2D Cs2PbBr4 monolayer inclusions which were however not detected experimentally. The 437 

debate on the origin of green fluorescence in Cs4PbBr6 is therefore still wide open. Indeed, in other solid-438 

state NMR studies, it has been consistently observed that the only bromoplumbate phases formed within 439 

the CsBr-PbBr2 ternary phase diagram for various precursor ratios are CsPbBr3, Cs4PbBr6, an impurity 440 

phase (likely CsPb2Br5) or their mixtures, consistent with the data available in the ICSD database. Surface-441 

selective 133Cs NMR has been used to determine the surface termination of CsPbBr3 nanocubes.173 It has 442 

also been applied to study phosphonate-capped CsPbBr3 nanoplatelets and provided a unique picture of the 443 

complexity of their surface with distinct features seemingly corresponding to different facets and/or ligand 444 

binding modes.174 While the approach of elucidation of the atomic-level structure of nanocrystal surfaces 445 

from their solid-state NMR spectra, and linking the structure to their properties has been extensively 446 

employed in classic inorganic semiconductor nanocrystals85,175 this has only very recently started to be 447 

developed for hybrid and all-inorganic MHPs. 448 

6 Phase segregation of additives which do not incorporate into MHPs 449 
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Following the success of caesium doping in improving stability and optoelectronic properties, other alkali 450 

and alkaline earth metals have been explored as additives: rubidium,176 potassium,177 sodium,178 lithium,179 451 

barium,180,181 strontium,180,182–185 calcium180,186 and magnesium185,187,188. Unlike for caesium doping, in 452 

these cases the XRD powder patterns were, to within experimental error, identical for doped and undoped 453 

MAPbI3 while relative shifts of XRD reflections were observed only when doping mixed-halide 454 

compositions. We hypothesized that this may be owing to phase segregation of the additive, which leads to 455 

changes in the iodide-to-bromide ratio in the perovskite lattice. This may arise because the lattice parameter 456 

of mixed-HPs is a strong function of the I-to-Br ratio. For example, in a measurement employing a Cu K-457 

α X-ray source, the main perovskite peak shifts from about 2θ=14° in MAPbI3 to about 15° in MAPbBr3 458 

and takes on intermediate values in mixed-halide MAPbI3-xBrx compositions, roughly 0.1° per every +10 459 

mol% change in the halide ratio.189 This effect is even more pronounced for higher order reflections. We 460 

have investigated speciation of the two most widely used additives, rubidium and potassium, using 87Rb 461 

and 39K MAS NMR, respectively, and found that neither of these two cations incorporates into the structure 462 

of lead MHPs.19,26 In another study, we also looked at speciation of barium in CsPbI2Br and demonstrated 463 

that while it does not incorporate, it manifestly leads to changes in the intended I:Br ratio, which is the 464 

direct reason for the experimentally observed variation in optoelectronics properties.27 We view the effect 465 

of K+ and Rb+ addition as largely based on the same principle, whereby these cations may bind excess 466 

halides leading to a form of halide sequestration, which affects the defect density of the main MHP phase. 467 

In the same vein, we have recently elucidated that BF4- does not incorporate into MAPbI3 but rather it acts 468 

as a scavenger of excess MAI with which it forms a separate stable cocrystal phase.146 Since Rb+ and K+ 469 

are additives which do not incorporate into the 3D MHP structure, we highlight that the stoichiometries of 470 

the corresponding solid materials should always be referred to as formal stoichiometries. More generally, 471 

solid-state NMR speciation studies should be carried out whenever a new additive or a new composition 472 

are introduced. 473 

6.1 Rubidium speciation: 87Rb MAS NMR 474 

87Rb is a 28% abundant spin I=3/2 nucleus with receptivity 290 times higher than that of 13C and a moderate 475 

quadrupole moment, allowing high sensitivity detection even in mass-limited samples. Rubidium 476 

iodoplumbate, RbPbI3, is the only rubidium-containing phase detected in compositions formally denoted 477 

as Rb0.05FA0.95PbI3, Rb0.10FA0.90PbI3. and Rb0.05MA0.25FA0.70PbI3 (Figure 6c).19 A more complex situation 478 

results in the presence of caesium, for example in materials formally denoted as Rb0.05Cs0.10FA0.80PbI3 and 479 

Rb0.05Cs0.10MA0.25FA0.65PbI3. In these cases, the formation of a mixed-cation Rb1-xCsxPbI3 non-perovskite 480 

phase competes with the incorporation of caesium into the 3D perovskite lattice.19 The resulting structural 481 

and optoelectronic changes are therefore caused by the depletion of caesium from rather than incorporation 482 

of rubidium into the 3D perovskite lattice. Finally, when mixed-halide (I/Br) compositions are doped with 483 

rubidium, there exist more possible non-perovskite phases: RbPbI3, RbPb2Br5 and another previously 484 

undescribed bromide phase along with their mixed-halide analogues. We have identified a mixture of all 485 

these possible non-perovskite phases along with unreacted RbI and RbBr in the quadruple-cation 486 

composition reported previously.176 The 87Rb MAS NMR results have thereby unambiguously shown that 487 

there is no rubidium incorporation into the 3D perovskite lattice of organic-inorganic MHPs, settling the 488 

debate on its speciation in these materials. The result indicating a lack of rubidium incorporation has been 489 

corroborated using EDX SEM elemental mapping.190 490 

6.2 Potassium speciation: 39K MAS NMR 491 

39K is a 39% abundant spin I=3/2 nucleus with receptivity 3 times higher than that of 13C and a moderate 492 

quadrupole moment. The use of the highest available magnetic fields is therefore essential to provide 493 
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practical sensitivity. The added benefit of using high magnetic fields for studying half-integer quadrupolar 494 

nuclei is that the linewidth of their central transition is inversely proportional to the strength of the magnetic 495 

field, yielding a significant extra boost in both resolution and sensitivity. While bulk samples of KI, KPbI3 496 

and related materials from the KBr-PbBr2 phase diagram can be detected within minutes, sensitive detection 497 

in dilute potassium-doped perovskites may take up to 20-40 hours. We have applied 39K MAS NMR to 498 

study speciation of potassium in potassium-doped MAPbI3, MA1-xFAxPbI3, caesium-containing and mixed-499 

halide compositions as well as all-inorganic CsPbI2Br (Figure 6b).26 We have found that while there is no 500 

incorporation of potassium into any of these materials, the non-perovskite products that form strongly 501 

depend on the exact composition of the main perovskite phase. In potassium-doped MA/FA iodoplumbates 502 

(MA1-xFAxPbI3), the only potassium-containing species were unreacted KI and KPbI3. Doping a mixed-503 

halide iodide/bromide MA/FA material with KI led to a mixture of KI and KBr, indicating that KI 504 

preferentially reacts with bromides, extracting them from the parent 3D perovskite lattice. This result 505 

rationalizes the previously observed potassium-induced shifts in optical spectra and X-ray diffraction peaks 506 

of mixed-halide materials as being due to changes in the iodide-to-bromide ratio in the 3D MHP phase and 507 

is qualitatively identical to that observed for rubidium doping. The presence of caesium leads to the 508 

formation of mixed-cation K1-xCsxPbI3 non-perovskite phases which change the initial perovskite 509 

composition by depleting it of caesium. The same effect is observed in all-inorganic CsPbI2Br whereby a 510 

complex mixture of non-perovskite K1-xCsxPbI3-yBry is formed. In each of these cases it is possible to 511 

support the speciation of caesium by 133Cs MAS NMR which quantitatively shows the amount of caesium 512 

in the perovskite and non-perovskite phases. These results have been subsequently corroborated using 513 

HAADAF STEM elemental mapping.177 133Cs and 39K MAS NMR measurements have been used to 514 

elucidate speciation of potassium in K-doped CsPbBr3/Cs4PbBr6 light-emitting materials.191 While the 3D 515 

and 0D phases form concurrently, their molar ratio in the undoped and potassium-doped composition are 516 

considerably different. The authors found that potassium is only incorporated into the lattice of the 0D 517 

phase, Cs4PbBr6, to yield Cs4-xKxPbBr6 which acts as a matrix for nanocrystals of the 3D phase, CsPbBr3. 518 

  Finally, we note that while 87Rb and 39K MAS NMR provide information on speciation of the 519 

respective elements in the solid perovskite material, their speciation in DMF/DMSO-based precursor 520 

solutions is a separate subject. The atomic-level mechanism of action of these additives might be related to 521 

their effect on processes such as nucleation and subsequent crystallite growth through their effect on the 522 

molar ionic strength of the precursor solution as well as ion-ion-solvent interactions of the dissolved 523 

haloplumbate aggregates.192,193 Liquid-state NMR 87Rb and 39K studies are expected to provide more insight 524 

into processes occurring at these stages of growth. 525 

6.3 Cadmium speciation: 113Cd MAS NMR 526 

The addition of cadmium ions has been proposed as a method of band gap tuning and suppressing vacancies 527 

responsible for degradation in MHPs.194–197 Using the same principles as for the other elements discussed 528 

above, we have very recently applied 113Cd MAS NMR at 21.1 T to investigate speciation of cadmium in 529 

various MHPs.134 We have found that Cd2+ is not incorporated into MAPbI3 and FA-based mixed-cation 530 

(Cs, MA, FA) lead mixed-halide (I, Br) perovskites down to 1 mol% doping level but rather forms non-531 

perovskite halocadmate phases, MA2CdI4 or (MA/FA)2Cd(I,Br)4, in contrast to previous conclusions on 532 

cadmium incorporation based on XPS.197 On the other hand, we have found that Cd2+ incorporates into 533 

CsPbBr3 via Cd2+-for-Pb2+ substitution up to around 10 mol%, consistent with the previous HAADF STEM 534 

results.  535 

7 B-site doping and halide coordination environments 536 
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In this section, we summarise the recent progress on B-site doping by paramagnetic ions and the use of 537 
207Pb NMR to indirectly study the ordering of halides. 538 

7.1 Transition metal doping  539 

Incorporation of Mn2+ and Eu2+ into CsPbX3 (X=Cl, Br, I) 540 

Transition metals and lanthanides are widely employed to enhance luminescence and stability of 541 

CsPbCl3, CsPbBr3 and mixed-halide perovskite nanocrystals.198–202 We have used Eu2+ doping to improve 542 

performance and stability of CsPbI2Br solar cells,21 and developed a simple solid-state NMR strategy 543 

allowing routine investigation of paramagnetic doping into MHPs. If a paramagnetic dopant is incorporated 544 

into the perovskite lattice, it causes substantial shortening of the 133Cs longitudinal relaxation time T1. 545 

Paramagnetic relaxation enhancement (PREs) is caused by dipole-dipole interactions between the nuclear 546 

spins (e.g. of 133Cs) and the unpaired electron spins of the dopant (e.g. Mn2+, Eu2+) and are therefore an 547 

atomic-level probe of incorporation of the dopant into the perovskite lattice (Figure 7a).203 This effect can 548 

be explored by measuring the longitudinal build-up curve (Figure 7b-c). While the build-up is yields a 549 

monoexponential T1 for undoped materials, it becomes stretched for perovskites doped with paramagnetic 550 

species (here Mn2+) owing to the presence of a distribution of relaxation times within the material, varying 551 

as a function of the 133Cs-Mn2+ distance. The build-up curves are measured using increments equally spaced 552 

on the logarithmic scale so as to evidence the possible presence of fast- and slow-relaxing components. In 553 

this way, we have demonstrated using 133Cs relaxation the incorporation of Mn2+ into the perovskite 554 

structures of CsPbBr3 (Figure 7b) and CsPbCl3, as well as Eu2+ into CsPbI2Br. Further, the distribution of 555 

the dopants can be determined by modelling different incorporation scenarios, and in the cases studied we 556 

found no dopant clustering, consistent with the previously reported HAADF-STEM maps.202 557 

Complementary information on the local structure of Mn2+ in the Mn-doped perovskite can be obtained 558 

from Electron Spin Resonance (ESR), which directly probes the transition metal ion.139  559 

 560 

 561 

Figure 7. Speciation of paramagnetic metal ion dopants in MHPs. (a) A schematic representation of the 562 

paramagnetic relaxation enhancement (PRE). T1 build-up curve for (b) 133Cs in CsPbBr3, (c) 1H in MAPbI3 563 
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in which Pb2+ was gradually replaced by Mn2+, and Co2+ respectively. The presence of Mn2+ in the 564 

perovskite structure leads to a pronounced PRE visible as faster return of the magnetisation to equilibrium. 565 

There is no PRE in the case of Co-doped MAPbI3. While Mn2+ incorporates into the perovskite structure 566 

of CsPbBr3, there is no incorporation of Co2+ into MAPbI3. Adapted with permission.139 2019, Royal 567 

Chemical Society. 568 

 569 

No incorporation of Co2+ into MAPbI3 570 

The PRE strategy is not limited to 133Cs as a probe. In principle any NMR active nucleus will 571 

experience a PRE from a nearby paramagnetic dopant. Co2+ has been identified as a promising solar cell 572 

modulator and suggested it incorporates into the perovskite lattice of MAPbI3 as a B-site dopant.204 We 573 

have subsequently investigated Co2+ speciation in this composition.139 Here, the 1H T1 build-up curve 574 

evidenced that the build-up time of the perovskite phase is essentially unchanged (Figure 7c), while a 575 

strong relaxation enhancement is expected for Co2+ incorporated in a close proximity of the MA protons in 576 

the lattice.203 This result has unambiguously shown that there is no Co2+ incorporation into the structure of 577 

MAPbI3 and an alternative explanation has to be sought to rationalize the optoelectronic improvements and 578 

structural changes observed. It is worth noting that the study by Klug et al. used acetate metal precursors 579 

to perform metal ion doping. However, the interaction of the acetate ion with MHPs and thus its possible 580 

contribution to the observed changes has not yet been elucidated at the atomic level and is therefore an open 581 

question. 582 

 583 

Incorporation of Cu2+ into Cs2SbAgCl6. 584 

Beyond PREs, the incorporation of paramagnetic dopants may lead to paramagnetic shifts.203 A new 585 

lead-free double-perovskite material has been recently developed in which Cu2+ doping leads to a 586 

considerable lowering of the band gap with respect to the pristine Cs2SbAgCl6 (~1 and 2.6 eV, 587 

respectively).25 The authors used 133Cs MAS NMR to investigate the atomic-level structure of the pristine 588 

and Cu2+-doped materials and found that incorporation of Cu2+ leads to the appearance of new caesium 589 

environments corresponding to sites with one and two Cu2+ nearest neighbours. The magnitude of the 590 

paramagnetic shift is directly related to the atomic-level mechanism of interaction between the caesium site 591 

and the Cu2+ dopant and provides evidence that there is a degree of covalency in the Cs+ interaction with 592 

the [SbAgCl6]2- sublattice mediated by p- and d-type orbitals (Fermi contact shift).203  593 

7.2 Halide coordination environments: 207Pb MAS NMR 594 

Halogens in MHPs are characterised by high asymmetry of the local electronic environment leading 595 

to high quadrupolar coupling constants (CQ) and in turn very broad NMR spectra. Direct acquisition of 596 

halogen NMR spectra is therefore challenging and has only recently been demonstrated.150 The large CQ’s 597 

make halide NQR a more preferable approach although its wider applicability to new materials is somewhat 598 

impeded by the comparable difficulty of finding the resonance frequency for an arbitrary halide 599 

coordination environment.44,150 The halide composition can be probed more readily in an indirect manner 600 

using lead NMR since the Pb2+ sites in MHPs are involved in the formation of covalent octahedral lead 601 

halide environments. 207Pb is a 22% abundant spin I=1/2 nucleus with receptivity 12 times higher than that 602 

of 13C, which allows facile detection in bulk perovskite samples. A library of 207Pb MAS NMR spectra of 603 

single- and mixed-halide MAPbX3 perovskites (X=I, Br, Cl) has been reported which shows that 207Pb 604 

chemical shifts and line widths are highly sensitive to the halide coordination environment of the lead site 605 

and therefore can be used to probe phase segregation and halide speciation in materials prepared using 606 

different processing protocols (Figure 8a).28,42 They also observed that the 207Pb longitudinal relaxation 607 

time, T1, is similar for all single-halide perovskites (~1 s) for a static sample, but that a substantial decrease 608 
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of T1 occurs for MAPbI3 (0.08 s) and MAPbBr3 (0.1 s) under MAS. This result was rationalized in terms 609 

of the MAS-induced halogen polarization exchange T1 relaxation mechanism205 and is an important 610 

experimental consideration as it allows for the use of significantly shorter recovery delays, which shortens 611 

the necessary experiment time (Figure 2a).  612 

This analysis has been extended to a series of mixed-halide MAPbCl3-xBrx materials in which the 613 

Cl/Br ratio was varied in small steps.30 207Pb NMR spectra on this group of compounds evidenced the 614 

formation of distinct [PbBr6]4-, [PbBr5Cl]4-, [PbBr4Cl2]4-, [PbBr3Cl3]4-, [PbBr2Cl4]4-, [PbBrCl5]4- and 615 

[PbCl6]4- coordination environments, each of which was resolved in the 207Pb spectrum (Figure 8b). The 616 

authors used 2D 207Pb-207Pb SD measurements to evidence that all the coordination environments originate 617 

from a single solid solution phase. Analogous analysis was carried out for MAPbI3-xBrx, although in this 618 

case the signals are considerably broader, which is ascribed to the presence of a 207Pb-127I J-coupling and 619 

renders the resolution of different [PbI6-xBrx]4- environments impossible. Single- and mixed-halide FAPbX3 620 

(X=I, Br, Cl) materials have been subsequently investigated and exhibited analogous behaviour.29 Also in 621 

this case the authors used 2D 207Pb-207Pb SD to evidence the formation of a solid solution of halides rather 622 

than a phase-segregated physical mixture (Figure 8c). 623 
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 624 

Figure 8. 207Pb solid-state NMR lead HPs as a means of probing lead-halide coordination and 625 

halide mixing. (a) 1D spectra of 3D single-halide lead HPs demonstrating that the 207Pb chemical shift is 626 

highly sensitivity to the type of halide and, to a smaller degree, to the type of A-site cation. (b) 1D spectra 627 

of mixed-halide MAPbCl3-xBrx materials showing resolved local lead environments corresponding to 628 

different Cl/Br ratios within an octahedron, (c) a 2D 207Pb-207Pb SD spectrum of FAPbCl1.5Br1.5 evidencing 629 

fast magnetization exchange between different local [PbX6]4- coordination environments and thereby 630 

supporting the formation of a solid solution in which the different local environments are in atomic-level 631 
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contact (the mixing times are indicated in bold; longer mixing times lead to correlation signals from more 632 

distant environments, on the order of <50Å). Sensitivity-enhanced NMR strategies allow detection from 633 

mass-limited samples (e.g. thin films). (d) A 207Pb-1H 2D CP-HETCOR spectrum of MAPbCl1.5Br1.5 as an 634 

example of a sensitive way of detecting 207Pb spectra from MHPs. In proton-detected approaches, the 207Pb 635 

signals is detected via the more sensitive 1H nuclei. (e) DNP is a general way of enhancing sensitivity in 636 

solid-state NMR by a factor of up to about 660. However, its application to MHPs has been faced with 637 

problems. DNP-enhanced 207Pb spectra of micro- and nanocrystalline MHPs demonstrating the challenge 638 

associated with hyperpolarization in this class of materials. Adapted with permission.29,30,37,50,57 2017-2020, 639 

American Chemical Society  640 

 641 

An important question related to 207Pb NMR is whether or not it can be reliably used to indirectly 642 

study the A-site cation composition. A summary of 207Pb chemical shifts reported for CsPbX3, MAPbX3 643 

and FAPbX3 (X=I, Br, Cl) offers an insight into this point (Figure 8a).28–30 It is clear that 207Pb can be used 644 

to distinguish between Cs, MA and FA chlorides and bromides. The difference between iodides is 645 

considerably smaller (<230 ppm) and given the large line width (~300 ppm) as well as strong temperature 646 

dependence of the shift, we conclude that it is not possible to reliably resolve Cs, MA and FA lead iodides 647 

using 207Pb NMR. The strong temperature dependence of the 207Pb chemical shift in MAPbCl3 has also 648 

been used as an advantage to accurately measure temperature in MAS NMR experiments.206 649 

207Pb MAS NMR can be used to distinguish between α-FAPbI3 and δ-FAPbI3 and the resolution is 650 

sufficient to resolve these two phases in a mixture.37 Interestingly, while MAS does not significantly affect 651 

the 207Pb line shape of the 3D perovskite phases MAPbI3 and α-FAPbI3 (fwhm ~22-26 kHz), it leads to the 652 

appearance of a well-resolved chemical shift anisotropy (CSA) pattern in δ-FAPbI3 (fwhm ~1 kHz, Figure 653 

8a) made using mechanosynthesis suggesting that either (a) 207Pb-127I J-coupling is not the reason behind 654 

the broadening observed in MAPbI3 and α-FAPbI3 or (b) this interaction is self-decoupled in δ-FAPbI3. In 655 

this context, it is also important to invoke another recent result. A 207Pb spectrum of a solution-processed 656 

δ-FAPbI3 recorded under MAS has been reported in which the CSA pattern is not resolved suggesting that 657 

the synthesis protocol may slightly affect the local structure.207 We also note that the two measurements 658 

were carried out at different temperatures. Finally, 207Pb MAS NMR has also been used to analyse the 659 

degradation products of MAPbI3 and allowed the identification the MAPbI3 mono- and dihydrate which 660 

allowed kinetic studies of the degradation process.36 661 

While obtaining 207Pb spectra on bulk perovskite powders is straightforward, mass-limited samples 662 

pose a challenge. An in-depth study of sensitivity-enhancing protocols relying on fast-spinning MAS and 663 

Dynamic Nuclear Polarization (DNP)92 has been performed using MAPbBr3 as a model compound.57 The 664 

authors identified proton-detected 207Pb→1H CP-HETCOR experiments as currently the best way of 665 

increasing sensitivity at room temperature (a factor of 41 higher sensitivity compared to directly detected 666 
207Pb spin echo) and demonstrated this strategy to enhance sensitivity in a mixed-halide material, 667 

MAPbBr1.5Cl1.5 (Figure 8d). Low-temperature approaches, including DNP, also provide considerable 668 

enhancements. That said, while DNP has been used to enhance NMR sensitivity of materials by factors of 669 

over 200,95,208,209 it does not perform nearly as well in the case of MHPs, yielding enhancements of 10-20 670 

for MAPbCl3, 3-4 for MAPbBr3 and no enhancement at all for MAPbI3 due to very short (<1 s) 1H T1’s 671 

under typical MAS DNP conditions (i.e. at 100 K), which prevents efficient relayed DNP (Figure 8e). The 672 

successful application of MAS DNP to MHPs with enhancements on the order of 100-200 remains one of 673 

the open challenges in the field as it would allow highly sensitive NMR detection of perovskite dopants 674 

present well below 1 mol% in thin film compositions. 675 
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8 Local structure and redox chemistry of tin(II) MHPs: 119Sn MAS NMR  676 

119Sn (spin I = ½) is the most receptive of the three NMR-active isotopes of tin with a receptivity about 27 677 

times that of 13C. Some of the most fundamental and unusual properties of tin(II) MHPs, such as dynamic 678 

local cation off-centring, are the result of the stereochemical activity of the Sn2+ lone pair,210,211 and can be 679 

tuned by compositional changes.212 However, until very recently, there were no studies of the local structure 680 

in this class of materials using 119Sn NMR. Static variable-temperature 119Sn NMR has been first applied 681 

to study halide self-diffusion in MASnBr3 and FASnI3.213 We extended this approach by employing 119Sn 682 

MAS to characterize the local structure and redox chemistry of mixed-cation and mixed-halide tin MHPs, 683 

products of their degradation, as well as various related non-perovskite phases.31 The key challenge was to 684 

realise that the longitudinal relaxation of 119Sn strongly depends on the halide compositions and spans 6 685 

orders of magnitude in this class of compounds, which makes careful choice of experimental parameters 686 

essential to record spectra. We have shown that 119Sn readily distinguishes between the +2 and +4 oxidation 687 

state in these systems with the corresponding chemical shift difference being nearly 5500 ppm between 688 

MASnI3 and MA2SnI6, and 1700 ppm between MASnBr3 and MA2SnBr6, and that it is sensitive to the 689 

halide ratio in mixed-halide compositions. In addition, we used variable-temperature 119Sn T1 relaxation 690 

measurements at multiple magnetic fields to establish the activation energy for bromide hopping in 691 

MASnBr3. Interestingly, we have found that the tin(IV) site in MA2SnI6 is exceptionally deshielded, with 692 

an unprecedented chemical shift of -4684 ppm, while iodide-containing materials exhibit remarkably broad 693 

lines, spanning about 2500 ppm for the pure tin(II) iodide perovskites which we tentatively ascribed to 694 

coupling to the highly quadrupolar 127I nucleus. However, very recently, a highly resolved 119Sn spectrum 695 

of microcrystalline MASnI3 prepared in solution in the presence of the strongly reducing hypophosphorous 696 

acid, H3PO2 has been reported (Figure 9a).214 The spectral signature of this material has been found to 697 

evolve over time after exposure to air yielding unknown intermediate products whose NMR spectrum 698 

matches well that of MASnI3 prepared using mechanosynthesis in the absence of reducing agents in our 699 

study. Therefore, while the long-range structure of MASnI3 prepared in the presence and absence of H2PO3, 700 

as probed by XRD, is the same, the local 119Sn environment strongly depends on the synthesis conditions. 701 

Potential factors contributing to this include spontaneous disproportionation of the material prepared in the 702 

absence of reducing agents leading to disorder and the emergence of metallicity.215 Very recently, 119Sn has 703 

been evidence the formation of a solid solution with fully random Sn/Pb arrangements in CsSnxPb1–xBr3 704 

for any Sn/Pb ratio.216 705 
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 706 

Figure 9. Solid-state NMR of B-site cations in MHPs. (a) 119Sn spectra of MASnI3 prepared in 707 

the presence and absence of a strong reducing agent (H3PO2), and of MA2SnI6, as an example of the 708 

sensitivity of 119Sn NMR to the tin oxidation state, (b) 119Sn spectra of tin(II) halide perovskites with various 709 

A-site cations and halides illustrating the sensitivity of the 119Sn chemical shift and line shape to the local 710 

environment (c) 209Bi and (d) 115In spectra from Cs2Bi1-xInxAgCl6 double MHPs recorded at 21 T 711 

evidencing Bi/In mixing and illustrating the challenge associated with substantial EFG broadening when 712 

these nuclei are present in asymmetric local environments. Adapted with permission.24,31 2020, American 713 

Chemical Society 714 

 715 

9 Local structure and B-site mixing in silver-indium-bismuth double perovskites: 115In, 209Bi 716 

Indium (115In, 96%, spin I = 9/2) and bismuth (209Bi, 100% abundant, spin I = 9/2) are highly sensitive 717 

NMR-active nuclei. A comprehensive solid-state NMR study of bismuth-indium mixing in 718 

Cs2Bi1−xInxAgCl6 double perovskites has recently been reported.24 The study has shown that the simple 719 

endmembers, Cs2BiAgCl6 and Cs2InAgCl6, show no evidence of Ag/Bi and Ag/In anti-site disorder since 720 
115In and 209Bi in these materials show vanishingly small quadrupole coupling constants (CQ). CQ is a 721 

sensitive probe of local symmetry whereby any departure from ideal octahedral coordination and local 722 

ordering would lead to dramatic line broadening for these two nuclei. The fact that the CQ is not strictly 723 

zero can be ascribed to the presence of a low concentration of halide vacancies which are stable point 724 

defects in halide double perovskites. Further, the authors combined solid-state 209Bi/115In NMR with DFT 725 
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quadrupolar parameter calculations and X-ray diffraction to unambiguously show that the In3+/Bi3+ 726 

distribution in Cs2Bi1−xInxAgCl6 is fully random (i.e. there is no preferential clustering of either In3+ or Bi3+) 727 

for all Bi:In ratios (Figure 9c,d). The study was complemented by 133Cs data. We have very recently 728 

investigated halide mixing in closely related Cs2AgBiX6 (X = Cl, Br, and I) materials using 133Cs NMR and 729 

established their full binary halide mixing phase diagram.217 730 

10 The effect of dopants on the symmetry of the A-site cation cages: 14N MAS NMR 731 

14N is a 99.6% abundant spin I=1 nucleus with receptivity 100 times higher than that of 13C and a moderate 732 

quadrupole moment. However, as a spin I=1, it does not possess a central transition making it necessary to 733 

acquire the whole quadrupolar pattern which may span up to 7.5 MHz for highly asymmetric 14N 734 

environments.218,219 Well-established ultra-wide line acquisition protocols makes the task feasible.220  735 
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 736 

Figure 10. Incorporation of dopants and motional degrees of freedom as probed by nuclei sensitive 737 

to dynamics. (a) The shape of the 14N MAS NMR spectrum is highly sensitive to the local symmetry of 738 

the cavity in which the A-site cation (e.g. MA or FA) is reorienting. Any change made to the structure of 739 

the material, for example by incorporating dopants, has a substantial effect on the spectrum as it changes 740 

the local symmetry. This effect is demonstrated here by comparing pristine MAPbI3 and FAPbI3 to the 741 

corresponding materials doped with small amounts of guanidinium (GUA), caesium and to a mixed 742 

MA/FA material. (b) Conversely, addition of ions which do not incorporate into the perovskite structure 743 
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does not affect the local symmetry, as illustrated here for the case of potassium and cobalt added to 744 

MAPbI3. This result serves to corroborate the lack of capacity of these dopants to incorporate into the 745 

structure of MAPbI3. | Variable-temperature 2H NMR measurements are the most common approach to 746 

study dynamics in solids as the 2H line shapes strongly depend on the correlation time and symmetry of 747 

motion. These effects are illustrated here by (c) GUA(d6)PbI3 (a 1D non-perovskite phase) which is fully 748 

rigid at 100 K while acquires a degree of freedom at room temperature (-ND2+ rotation), and (d) 749 

GUA(d6)0.25MA0.75PbI3 (a mixed-cation 3D perovskite phase), which exhibits near-isotropic tumbling of 750 

GUA across the 100-300 K temperature range. The exact time scale and symmetry can be obtained from 751 

the spectra by simulations, as described in the original work. Adapted with permission.19,20,22,37 2017-752 

2019, American Chemical Society. 753 

 754 

However, the width of a 14N spectrum can be considerably smaller than expected based on the 755 

structural asymmetry. This arises if there are dynamic processes present which reorient the electric field 756 

gradient (EFG) tensor of the 14N nucleus at a rate which is comparable to or faster than the inverse of the 757 

quadrupolar coupling constant, CQ, e.g. 200 ns for a CQ=5 MHz. This is the case in liquids as well as some 758 

ionic solids such as NaCN221 and MHPs,6 where the CN- anion and organic A-site cation, respectively, are 759 

reorienting on the picosecond timescale in a cubic or nearly cubic local environment. In these cases, the 760 

shape of the 14N spectrum is not determined by the static CQ value, which would have been the case in the 761 

absence of motion, but rather by the asymmetry of the local environment, which in NaCN and KCN is due 762 

to lattice defects221,222 while in MHPs is a highly sensitive probe of the deviation from the native symmetry 763 

of the A-site cage of the undoped materials.37 We have demonstrated this by acquiring 14N MAS NMR 764 

spectra of MAPbI3 below and above the tetragonal-to-cubic phase transition. We have observed an 765 

analogous effect on cooling in FAPbI3,37 consistent with the α→β phase transition which lowers the 766 

crystallographic symmetry.223 767 

Consequently, 14N can be used to indirectly probe cation incorporation into MHPs. A-site cation 768 

mixing leads to a pronounced decrease in local symmetry which is reflected in the broadening of the 769 

spinning sideband (SSB) manifolds in the mixed-cation samples (Figure 10a). We have demonstrated that 770 

the local symmetry decreases upon incorporation of Cs+ into FAPbI3,19 GUA into MAPbI3 and FAPbI3,20 771 

MA into FAPbI3,37 and when 2D/3D layered perovskite phases are formed49,167. The lowering of the A-site 772 

cation cage symmetry in FA1-xCsxPbI3 has been recently predicted by ab initio molecular dynamics 773 

simulations and is in agreement with the experimental 14N data.224 Changes in the symmetry have also been 774 

observed in 3D MHPs doped with small amounts of organic molecular modulators,34,167 even if the 775 

molecules are not incorporated into the 3D perovskite structure but rather reside on its surface.34 776 

Conversely, no appreciable change in the shape of the 14N SSB manifold has been observed for dopants 777 

which do not incorporate into the 3D perovskite structure, such as K+ and Co2+ (Figure 10b). 778 

 779 

11 Cation Dynamics: 2H and 14N MAS NMR  780 
2H (deuterium) is a 0.01% abundant spin I = 1 nucleus with a receptivity of only 1% that of 13C and a 781 

moderate quadrupole moment. The low natural abundance requires isotopic enrichment which is 782 

straightforward for exchangeable protons. 2H is the most widely used probe of dynamics in solid state NMR 783 

spectroscopy since its line shape and relaxation are very sensitive to dynamics occurring in the millisecond 784 

to nanosecond regime.116,225,226 2H NMR of MAPbX3 (X=I, Br, Cl) was first used to study phase transitions 785 

and A-site cation ordering in single-halide MHPs.6 This model has been recently refined and apparent 786 

activation energies for the dynamics in the three single-halide perovskite materials in cubic and tetragonal 787 

phases were reported.39 We have reported 2H MAS data for FA(d4)0.67MA(d3)0.33PbI3 and found that rotation 788 
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of the ND3 and ND2 fragments around the C–N bond is very fast (correlation time τc < 10–6 s) down to 100 789 

K.37 We have also applied this framework to study the degrees of freedom of GUA in GUAPbI3 (a 1D non-790 

perovskite phase) and when it is incorporated into the 3D perovskite lattice of MAPbI3, in 791 

GUA0.25MA0.75PbI3 (Figure 10c-d),20 as well to evaluate the dynamics of large organic adamantyl-based 792 

spacers in layered 2D/3D perovskite materials.49 While the neat spacer, AI-d3, showed a classic spin I = 1 793 

pattern expected for an ammonium salt and indicative of only -ND3+ rotation, additional degrees of freedom 794 

were present in the layered FA-based iodoplumbate structure which led to considerable decrease in the 795 

effective 2H EFG anisotropy, which we identified be due to wobbling of the adamantyl backbone. Very 796 

recently, 2H NMR has been employed to evidence the formation of metastable MAPbI3-xClx solid solutions, 797 

thereby settling the long-standing debate on chloride incorporation into MAPbI3.227 798 

Beyond the structural information discussed above, 14N can also be used to study dynamics and 799 

since its quadrupole coupling constants are significantly larger than those of 2H, the lineshape is sensitive 800 

to faster motions, in the ns to ps regime.116 The local dynamic behaviour of the A-site cation is of 801 

considerable fundamental interest as it contributes to the dielectric properties of the material.228 In a seminal 802 

work, the correlation times of MA in MAPbX3 (X=I, Br, Cl) have been reported.6 We have applied 14N 803 

MAS NMR to mixed A-site cation MA/FA compositions to show that the correlation time of the two cations 804 

within the same material can be probed independently using the same motional model owing to the spectral 805 

resolution provided by MAS.37 To that end, we have used the model-free approach developed by Lipari and 806 

Szabo in which the motion is described by only two adjustable parameters.229,230 We have found significant 807 

differences in the correlation time of MA and FA within this model. These results were subsequently 808 

debated based on 1H relaxation of FAPbI3,41 meta-analysis of 1H relaxation data of MAPbI3,41 and 14N 809 

relaxation data of MAPbI3,39 pointing out that there are no significant changes in the correlation time of 810 

MA and FA in these two perovskite phases, using a different approach to the motional model. Further 811 

studies are required to refine the models for dynamics in these deceptively complex systems. Similarly, we 812 

have applied the model-free approach to calculate the correlation time of GUA in a mixed-cation GUA/MA 813 

3D perovskite. The theoretical framework developed by Lipari and Szabo is applicable to other, more 814 

complex MHPs and could, for example, corroborate the prediction that incorporation of caesium leads to a 815 

significant reduction in the FA tumbling frequency.224 Very recently, 1H and 14N NMR has been applied to 816 

elucidate the changes in dynamics of FA in CsxFA1-xPbBr3 as a function of the caesium content and 817 

proposed that caesium doping removes cooperative changes in dynamic degrees of freedom of FA which 818 

in turn leads to suppression of clear-cut phases transitions.141 819 

 820 

12 Outlook 821 

Fundamental understanding of the atomic-level mechanism of action of organic and inorganic 822 

additives is currently the limiting factor in the development of perovskite-based solar cell and LEDs. In 823 

order to rationally design new materials on-demand, it is essential to fully understand the structure-activity 824 

relationships in the existing and newly developed MHP compositions. Solid-state NMR has clearly 825 

established itself as the technique of choice for studying microstructure and structural dynamics in hybrid 826 

and all-inorganic halide perovskites, in particular owing to its capacity to quantitatively detect highly 827 

disordered and amorphous phases, including surface species. A broad range of experimental protocols have 828 

now been developed which make its routine application to a broad range of systems straightforward. There 829 

still remain areas where it can be further developed to provide a comprehensive description of previously 830 

reported but poorly understood phenomena. This in particular concerns the application of 6/7Li, 23Na, 43Ca, 831 
87Sr, 137Ba and 25Mg NMR to reveal speciation of the respective metal ion dopants in MHPs. Mechanistic 832 

understanding of Cl- incorporation into iodide-based lead MHPs, and compelling evidence for its presence 833 

or absence after thermal annealing,231 are yet to be demonstrated at the atomic level, potentially using 35/37Cl 834 
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NMR and NQR. We expect that faster and more accurate DFT calculations of NMR parameters will play 835 

a key role in aiding dopant speciation studies. Paramagnetic NMR protocols have opened up new 836 

opportunities for studying incorporation of essentially any transition metal or lanthanide into the structure 837 

of MHPs. While a number of sensitivity-enhancing protocols have been developed for rapid detection of 838 
207Pb spectra, the most promising technique, MAS DNP, remains untapped as it has so far been surprisingly 839 

inefficient in this class of materials. Further developments in this area, leading to enhancements on the 840 

order of 100-200, comparable to those seen in other microcrystalline organic and inorganic solids, are 841 

expected to be a game changer for MAS NMR characterization of defects, surface passivation agents and 842 

dilute dopants in MHPs. Beyond sensitivity, the resolution of 207Pb spectra of iodide-containing MHPs is 843 

subpar with respect to that of compositions based on other halides, the reasons behind which are not 844 

sufficiently well understood. Since the MHP compositions most pertinent to solar cell research are iodide-845 

rich, it is essential to fully elucidate the cause of the 207Pb line broadening and put forward methods to 846 

reduce it. 119Sn NMR is expected to allow detailed mechanistic studies of redox-active agents which are 847 

essential for obtaining efficient tin-based optoelectronic devices, which will be critical components of all-848 

perovskite tandem solar cells, for example. The effect the synthetic route has on self-doping in tin halide 849 

perovskites and how it changes over time are yet to be elucidated. This insight has the potential to drive the 850 

development of more stable tin-based materials. In the same vein, exploring the impact of different 851 

synthetic routes on the local structure may help understand the subtle differences in materials properties 852 

obtained using solution-, solid-state and vapour deposition. The local structure and dynamics of cations in 853 

new intrinsically disordered classes of hybrid halide materials, such as hollow perovskites, will be an 854 

important area of solid-state NMR research. There is a great potential for NMR crystallography methods 855 

either employing quantitative spin-diffusion dynamics or using chemical shift driven approaches in 856 

combination with DFT shift calculations to provide structural constraints in cases which are difficult to 857 

access using diffraction methods. A key example is the thin organic layers used as passivation agents for 858 

MHPs. Mechanisms of photodegradation, in particular when coupled with exposure to air, are still poorly 859 

understood at the atomic level. In particular, the development of high-resolution NMR strategies to study 860 

operating devices, albeit technically challenging, will be a game changer for the understanding of 861 

degradation mechanisms. In addition, we expect solid-state NMR to have a great impact on the 862 

understanding of other solar cell and LED components such as the hole and electron transport layers (HTL 863 

and ETL, respectively). These interfaces are critical for the device performance and stability and their 864 

presence may change the surface properties of the absorber material altogether. Since charge transport is 865 

critically dependent on the quality of the perovskite/HTL and perovskite/ETL interface, studies of these 866 

interfaces using MAS DNP are expected to provide insights into their atomic-level structure of similar 867 

importance to those previously reported for interfaces and surface sites in catalysts, nanocrystals and 868 

interfaces in hybrid bioinorganic materials, yielding for the first time structure-activity relationships at the 869 

atomic level in these challenging-to-characterise materials. Finally, we believe that it is essential to correlate 870 

local structural information from multiple complementary techniques – solid-state NMR, NQR, μSR, X-871 

ray and neutron total scattering, X-ray absorption spectroscopy (XAS) and ESR – to develop a truly 872 

comprehensive and self-consistent atomic-level picture of new materials. We expect that further technical 873 

and material developments will continue to drive rich atomic-level insight into these important 874 

semiconductor materials, helping to drive them towards new unforeseen applications and 875 

commercialization. 876 
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