N
N

N

HAL

open science

Nuclear Quadrupolar Resonance Structural

Characterization of Halide Perovskites and

Perovskitoids: A Roadmap from Electronic Structure
Calculations for Lead—Iodide-Based Compounds
Claudio Quarti, Régis Gautier, Marios Zacharias, Axel Gansmuller, Claudine
Katan

» To cite this version:

Claudio Quarti, Régis Gautier, Marios Zacharias, Axel Gansmuller, Claudine Katan. Nuclear
Quadrupolar Resonance Structural Characterization of Halide Perovskites and Perovskitoids: A
Roadmap from Electronic Structure Calculations for Lead—Iodide-Based Compounds. Journal of the
American Chemical Society, In press, 10.1021/jacs.4c09877 . hal-04861798

HAL Id: hal-04861798
https://hal.science/hal-04861798v1

Submitted on 2 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04861798v1
https://hal.archives-ouvertes.fr

https://doi.org/10.1021 /jacs.4c09877

NQR structural characterization of halide perovskites
and perovskitoids: a roadmap from electronic
structure calculations for lead-iodide based
compounds

Claudio Quarti,** Régis Gautier,® Marios Zacharias,® Axel Gansmuller,? Claudine Katan °*

2 Laboratory for Chemistry of Novel Materials, Materials Research Institute,
University of Mons-UMONS, Place du Parc 20, Mons B-7000, Belgium

® Univ Rennes, CNRS, Ecole Nationale Supérieure de Chimie de Rennes,
ISCR - UMR6226, Rennes, France

¢ Univ Rennes, CNRS, INSA Rennes,
Institut FOTON - UMR6082, Rennes, France

d Université de Lorraine, CNRS, CRM2 UMR 7036, F-54000 Nancy, France

* corresponding authors: Claudio.QUARTI@umons.ac.be, claudine.katan@univ-rennes.fr

Abstract

Metal halide perovskites, including some of their related perovskitoid structures, form a
semiconductor class of their own, which is arousing ever-growing interest from the scientific
community. With halides being involved in the various structural arrangements, namely pure corner
sharing MXe (M is metal, X is halide) octahedra, for perovskite networks, or alternatively a combination
of corner-, edge- and/or face-sharing for related perovskitoids, they represent the ideal probe for
characterizing the way octahedra are linked together. Well-known for their inherently large
qguadrupolar constants, which is detrimental to the resolution of nuclear magnetic resonance (NMR)
spectroscopy, most abundant halide isotopes (3*37Cl, 7®'Br, '?]) are in turn attractive for magnetic
field-free, nuclear quadrupolar resonance (NQR) spectroscopy. Here we investigate the possibility of
exploiting NQR spectroscopy of halides to distinctively characterize the various metal halide structural
arrangements based on density functional theory (DFT). Our calculations nicely match the available
experimental results. Furthermore, they demonstrate that compounds with different connectivity of
their MXg building blocks, including lower dimensionalities such as 2D networks, show distinct NQR
signals in a broad spectral window. They finally provide a roadmap of the characteristic NQR frequency
ranges for each octahedral connectivity, which may be a useful guide to experimentalists, considering
the long acquisition times typical of NQR. We hope this work will encourage the incorporation of NQR
spectroscopy to complete our knowledge of the structural diversity of metal halides.



https://doi.org/10.1021 /jacs.4c09877

Introduction

Halide Perovskites (HP) and perovskitoid compounds are currently at the center of a feverish research
activity, following their record-breaking performances in photovoltaics.? Bulk 3-dimensional (3D),*?
2-dimensional (2D),*>® and mixed HP 3D/2D phases,’®!! are nowadays widely investigated as
photoactive materials in solar cells and light-emitting devices, thanks to their large absorption
coefficient (10° cm™),*? suitable optical absorption energy onset,>** and long carrier lifetimes and
diffusion lengths.>” Besides, these solution-processed compounds offer an unparalleled
compositional and structural tailorability, paving the way for new functionalities, and fields of
applications.’®?! They indeed sustain different chemical compositions, as in the case of halide
substitution (I=Br=>Cl) and mixing.'>?? In addition, they allow for the formation of very diverse
atomistic nano-architectures. Considering the MXs (M=metal, X=halide) octahedra as fundamental
building blocks, these may be organized in corner-shared, edge-shared and face-shared fashion, as
illustrated in Figure 1, or even a combination of these. %

Such a wide structural variety however raises a fundamental concern, on how to efficiently
discriminate among these different structures. How to quickly characterize, for instance, freshly
synthesized compounds with a brand-new composition or samples containing phase mixtures? X-Ray
Diffraction (XRD) is the spearhead technique to access the atomic structure of materials. It easily
allows to confirm the formation of a target structure, given a reference diffraction pattern, and to fully
resolve the atomistic crystalline structure of materials. Still, XRD provides information on long-range
order and it may greatly benefit from other techniques with complementary features, notably those
able to probe materials on a local scale. Within the stream of the so-called Nuclear Magnetic
Resonance (NMR) crystallography, we propose here the Nuclear Quadrupolar Resonance (NQR), as an
ideal technique to characterize new perovskite-derived materials, in particular, focusing on the
chemical environment of the halides, which are actually involved in the most diverse chemical
environment (different octahedral connectivity, dimensionalities, etc.). The inherently large nuclear
quadrupolar moment of most abundant halides isotopes, in fact, which largely complicates their NMR
response, is instead ideal for NQR spectroscopy.6?’

Tovborg-Jensen successfully exploited NQR to study phase transitions in CsPbCls,?® observing
the merging of two NQR signatures associated with the 3*Cl nuclei above 320 K temperature,
consistently with the tetragonal=>cubic phase transition previously reported by Mgller.? Subsequent
NQR studies by Van Vriel and Armstrong,® Plesko et al.3! and by Hidaka et al.>? allowed to propose
specific space group sequences along the various temperature induced phase transitions and to
highlight the presence of an additional one around 200 K.3? Volkov et al., instead focused on the 8!Br
NQR measurements to investigate the phase diagram of CsPbBrs, also reporting NQR signatures for
the non-perovskite 8-phase of CsPbls.3®* NQR spectroscopy of bromine perovskites was later
undertaken by Sharma et al., who studied both CsPbBr; and CsSnBrs.3* Late eighties/early nineties
witnessed the first NQR studies on hybrid, inorganic/organic perovskites, with Yamada et al. and Xu
et al. performing NQR measurements of MAGeCl;,>* MASNnBrs;,*® and MAPbXs (X=Cl, Br, 1),*
(MA=methylammonium). An additional study by Asaij et al. focused on the NQR of 3Cl nuclei in
vacancy ordered HP phases, with different metal sites.® The interest in the use of NQR for the
structural characterization of HPs re-kicked in these last years, following the arise of HP-based
optoelectronic devices, with Franssen et al.,*® and Senocrate et al.*®*! exploiting NQR of '?’I to
characterize the ion dynamics and defect mobility in MAPbIs. The characterization of HPs via NQR
measurements of the halides has been then expanded by Yamada et al., who performed temperature-
resolved %I NQR measurements of the black-phase of FAPbls (FA=formamidinium) across the
tetragonal= cubic phase transition, as well as of its non-perovskite 8-phase, at room temperature.*?
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This was followed by Piveteau et al. who reported the NQR characterization of CsPbBr; and CsPbls HPs
thin films and nanoparticles.*** NQR spectroscopy also recently contributed to the intrinsically
challenging characterization of HP with mixed compositions, namely, FA;-,CsPbBrs composition,* FA;.
«CsxPbls (with x<0.1) and FAPb(l1..Bry)s (x<0.04%).%¢ Last but not least, the effect of additives on the
structure and stability of 3D HP phases have also benefited from NQR measurements.*’~*°

NQR has however an important limitation, that is, the search for characteristic resonances
may be difficult and extremely time-consuming. Typical frequency windows probed in one NQR
measurement correspond in fact to around 1 kHz, at time, which makes the exploration of frequency
domains of tens (for 3*7Cl) or hundreds (for 7*/*'Br and **’1) of MHz very demanding, at least in absence
of any external indication. It comes very attractive therefore to have at least an initial guess of the
expected spectral region, as from referring to an analogue compound with known NQR properties.
Alternatively, the availability of parameter-free, first-principle simulations is emerging as a precious
tool to obtain reasonable, informed guesses for the NQR frequencies.**™*° Recently, Sarkar et al.
performed DFT simulations in combination with NMR measurements of 3**’C| nuclei, to investigate
the NQR properties of cesium chloride compounds with different metal sites, as well as lead-chloride
compounds with different dimensionalities.®® DFT-computed quadrupolar couplings properly
paralleled the experimental results, supporting the finding that quadrupolar coupling itself can be
related to the chloride-metal coordination number. This demonstrates that NQR is indeed directly
informative of the atomic arrangement on a very local scale, discriminating between different types
of octahedral connectivity. Very recently, Hooper et al. performed a combined
theoretical/experimental study of the NQR properties of 3D, 2D and 0D lead-bromine compounds,
once more demonstrating the strength of this synergic approach.?

Inspired by these findings, we report here a series of DFT calculations of the NQR response of
35¢l, #Br and ¥l isotopes in various HPs and related compounds, covering a broad range of octahedra
connectivities and dimensionalities (see Figure 1). Due to their technologic relevance,*™ we limit our
investigations to lead-based compounds. For chlorine and bromine nuclei, we focus our study on most
sensitive isotopes of each element, i.e. 3°Cl and ®Br. Our results show that back-up from DFT
calculations can greatly contribute to the NQR characterization of HP materials and related
compounds. First, our DFT simulations show that NQR is able to discriminate the most diverse
structures sketched in Figure 1. Second, theoretical calculations greatly support the interpretation of
NQR signals, especially in the case when apparently small details are involved, as for the case of sites
differing only in terms of local symmetry, rather than from dimensionality or connectivity. Third, with
measurements probing only narrow frequency windows and requiring the long acquisition times, the
experimental NQR activity may greatly benefit from an initial guess for the search of signals, which
can be conveniently provided by DFT calculations. We close this investigation by reporting a roadmap
of the characteristic frequencies associated with the NQR transitions of ¥’I, for lead-iodide materials
with different octahedral connectivity.



https://doi.org/10.1021 /jacs.4c09877

face-sharing

corner-sharing

1D |
5-FAPDI, (il

y 3D
& CsPbly-y

@¥ butylammonium
- Pbl,

1D
5-CsPbl,

1D .
guanidinium *

2D Pbl,

Figure 1. Examples of different organization of the PbXs octahedra (corner-, edge- and face-shared
connectivity) and dimensionalities (3D, 2D, 1D and 0OD) in perovskites and perovskitoids compounds.

Methods

The NQR comes from the interaction of the quadrupolar moment typical of nuclei with spin I > %, with
the Electric Field Gradient (EFG) imposed by the electronic cloud around the nucleus, which therefore
carries information about its chemical environment. This interaction gives rise to a splitting of spin
levels |I,m;), which ultimately depends on two parameters, namely the quadrupolar coupling
constant Cq and the anisotropy parameter 1. A detailed mathematical treatment of the NQR
interaction is reported in the Section 1 of the Supporting Information.2®%’

For nuclei with spin /=3/2 (**Cl, 7°Br and 8!Br), the quadrupolar interaction leads to only one
signal, associated with two degenerate |3/2, 1/2) © |3/2, 3/2) and |3/2, - 1/2) © |3/2, - 3/2)
transitions. It is therefore yet not possible to retrieve both Cq and 1, with a single measurement. For
nuclei with spin /=5/2 (**’1), the quadrupolar interaction leads to two signals associated with the

transitions |5/2 + 1/2> TN |5/2 + 3/2> and |5/2 + 3/2> N |5/2 + 5/2> , which therefore allow to

extract both the Cq and 1. For spin /=5/2, we also highlight an important limit case, that nuclei
characterized by an axially symmetric chemical environment (n=0) present the following relationship

for the frequency (v) of the two signals: vs_s = 2v1

1 3. This will be important for the discussion of
2 2 2

o3
2
some compounds.

The EFG tensor components are computed here using periodic DFT simulations, within the
plane-wave/pseudopotential formalism, as implemented in the CASTEP suite code.’’™®° |t is worth
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mentioning that, though relatively unexploited for the case of halide perovskites, except for Ref.*, the
DFT simulation of the NQR properties of 1¥’| has been already exploited in the past.®*™®* For instance,
a pioneering study devoted to EFG of solid iodine under pressure demonstrated that DFT calculations
compare very well with experimental values determined by Md&ssbauer spectroscopy without taking
into account spin-orbit interaction.®* All the calculations reported in the main manuscript are based
on the PBE functional to describe the exchange-correlation potential,® with relativistic effects
included at the scalar relativistic level.

Spin orbit coupling (SOC) was shown to severely impact on the electronic properties of lead-
based halide perovskites,®® which motivated us to perform additional tests on its importance on the
prediction of the NQR properties of these materials. Test calculations reported in the Section 2 of
Supporting Information however showed that the inclusion of SOC along with standard PBE functional
does not improve the agreement with respect to experiment, compared to the coarser scalar
relativistic calculations. We speculate that such agreement from the formally less accurate approach
is likely due to an error cancelation between lack of all electron treatment and relativistic spin orbit
coupling, with the inaccurate treatment of electronic correlation with the employed PBE exchange-
correlation functional.®”~® It is also worth mentioning that these differences may be partly due to
structural and motional effects, as the above NQR parameters refers to frozen models obtained from
experimental XRD measurements. As a matter of fact previous studies showed that structural
relaxation often plays a significant part in the computation of spectroscopic parameters.’®’?
More specifically, in metal halide perovskites, local disorder has been identified as a critical factor in
accurately describing the electronic structure, vibrational dynamics, and optical properties of
perovskite structures, significantly enhancing the agreement between theoretical predictions and
experimental observations.”>”> Based on this evidence, it is reasonable to assume that local disorder
will significantly impact the electric field gradient at nuclear sites, and consequently, the NQR signal.
To investigate this effect and account for local disorder we employed the anharmonic special
displacement method,”*’%”7 as implemented in the EPW package,’® for 3D perovskite frames. Details
of the procedure for generating locally disordered structures and for the averaging of the NQR signals
are reported in the Section 3 and 4 of the Supporting Information, respectively.

Results
NQR properties of 3D halide perovskites: site symmetry and revision of literature assignments

NQR was widely employed in the past to study phase transitions in 3D halide perovskites and related
space group symmetries at various temperatures,333>43459 hence proving a solid ground for the
validation of our computational set-up. Figure 2a reports the 3*CI NQR frequency measured at room
temperature on CsPbCl3,?® and MAPbCIs,%” while Figure 2b reports the 8Br NQR frequency measured
on CsPbBrs3,** and MAPbBr:.3” NQR frequencies are plotted against the corresponding lattice
parameter, which here correspond to the experimental XRD reference at the closest temperature
(Ref.? and Ref. &, for the CsPbXs and MAPbXs (X=Cl, Br) compounds, respectively). Figure 2c-d show

. . . 1 .3 3 .5 .
the two *?’I NQR frequencies associated with the m; = 303 andm; = 5 € 5 transitions, measured

in MAPbl; at 350K,*> and in FAPbls perovskite phase at room temperature,*? along with the

corresponding lattice parameters from Ref.® and Ref.*?. At the experimental conditions in
Refs.28343742 3|| compounds are in their high-temperature pseudo-cubic phase, the change in the
Cs/MA/FA component modulating the lattice parameter. Experimental findings in Figure 2 highlight
an increase of the halide NQR frequencies, with increasing lattice parameter, further suggesting the
potential role of NQR as a structural characterization tool in HP frames. Similar dependence was also



https://doi.org/10.1021 /jacs.4c09877

recently reported by Sarkar et al. for mixed-halide CsPb(Br«Cli,): halide perovskites.®® The
experimental data are first compared with DFT estimates, obtained by considering highly symmetric
(fixed Pm-3m space group) CsPbXs. This model associates the change in frequency with the A
component (Cs, MA, FA) solely with the corresponding change in the lattice parameter and it does not
account for differences in the specific chemical interactions (hydrogen bonding between the A
component and the PbX; lattice) nor for dynamic disorder. The corresponding theoretical results
properly catch the frequency upshift with increasing the lattice parameter, though the upshift for Br-
based and I|-based compounds is underestimated. For the sake of reference, in iodide-based
MAPbI3/FAPbI; compounds, the frequency upshift with lattice parameter amounts only to 0.6/1.2

1 3 3 5 . . . .
MHz, for them; = 7€ E/m, =3 Etransmons, while the experimental upshift amounts to 4.3/8.6

MHz. In addition, compared to experiment, the NQR frequencies computed on this lattice-variable
CsPbXs-model are overestimated on average by 6.5%.
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Figure 2. NQR frequencies versus cubic lattice parameter for (a) **Cl, (b) 8Br and (c-d) ?’I nuclei, in
3D lead-halide perovskites. (diamond) Experimental data with perovskite composition and references
relevant to the lattice parameter and to the NQR measurement. (triangles) High symmetry
monomorphous cubic CsPbX; structure for different lattice constants. (circles) averaged values
computed from 10 polymorphous structures determined from the anharmonic special displacement
method (ASDM) including explicitly the organic cations.

Based on Figure 2, it is evident that the lattice modulation due to the Cs/FA/MA component is not
sufficient to properly catch all the experimental features. On the other hand, the explicit inclusion of
the FA/MA component in the simulation of the high temperature a-phase of halide perovskites is not
a trivial task, as it undergoes to rapid (~ps) rotational dynamics.”>’#8! |t has recently been shown that
this dynamic disorder can be approximated by static distortions using supercells designed with the
anharmonic special displacement method (ASDM).”*’%77 |n practice, from the knowledge of the
phonon band structure of a material together with geometry optimization, ASDM can construct a set
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of representative quasi-static configurations that capture local disorder (polymorphous), representing
energetically more stable configurations than high-symmetry (monomorphous) ones. We then
computed the corresponding NQR properties and performed the correct average following the
procedure described in the Section 4 of Supporting Information. The results in Figure 2 show that
explicit inclusion of the organic component and dynamic disorder actually describes the frequency
shifts from MAPbI; to FAPbI; to a far better extent (4.6/9.2 MHz), compared to the variable-lattice
CsPbl; model. However, the theoretical frequencies computed including the role of the FA/MA cation
are still overestimated, compared to the experiment, by 5.3% on average. Such discrepancy with
experiment is not specific therefore to the procedure of Cs-substitution, but is related to the
approximations of our DFT-based approach. At the opposite, the similar error obtained when applying
the much simpler (and computationally less expensive) Cs-substitution indicates that this strategy is
indeed a good proxy to perform a survey of a broad range of compounds, as targeted here.

a)
m:oo> DFT8d — .1 )3
2 ) 4
C
expt. ——
Al 1 1 JL[
180 170 -160  -150 -90 -80
v 127| (MHz)

Figure 3. a) comparison of the experimental (blue line with dots) and DFT spectrum (purple and
orange lines) for ?’| isotope in the y-phase of CsPbls. The DFT spectrum distinguishes the signal from
iodines sitting in the 4c (orange) and 8d (purple) Wyckoff positions of the HP lattice, which are
illustrated in the panel b). Experimental data in (a) reproduced from ACS Cent. Sci. 2020, 6,
1138-1149.* Copyright 2016 American Chemical Society.

We now pass to the orthorhombic y-phase of CsPbls. Piveteau et al. recently measured the ¥’

5

NQR signature of this phase, finding two doublets for each of the m; = % <—>§ and m; = ; 3

transition, as shown in Figure 3a.”® The observation of doublets in the NQR spectra of y-CsPbls is
consistent with the presence of two different crystalline sites for the iodines, as in the crystalline
model proposed by Marronnier et al. (Pbnm space group).®? These can be conveniently classified
based on the local site symmetry, namely as the 4c and 8d Wyckoff positions, illustrated in Figure 3b,
which are sometimes referred in the literature as apical and equatorial halides.®® Piveteau et al.
therefore demonstrated the sensitivity of the NQR in discriminating between chemical environments
differing in small details, such as the local site symmetry, but did not provide a clear assighment of the
reported signals.*® In this frame, our DFT calculations in Figure 3a allow to establish a detailed
assignment, with the (absolute valued) lowest/highest component of each doublet associated with
the 8d/4c Wyckoff site. In Section 5 of the Supporting Information, we report the survey of the NQR
frequencies computed for all the three phases of CsPbls, using the monomorphous models reported
in Ref. 8 (hence neglecting contributions from local disorder). The (absolute valued) signal associated
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with the apical/equatorial iodides progressively downshifts/upshifts in frequency, when going from
the orthorhombic, to the tetragonal phase of CsPbls, ultimately merging into a single signal in the cubic
phase, consistently with the presence of only one crystalline site.

We extend the analysis to the y-phase of halide perovskites to the Br-analog, CsPbBrs. For this
system, three different crystalline models have been reported in the literature, all belonging to the
Pbnm space group (or to an equivalent set).8*8¢ We hence performed DFT simulations for all of them
(see Section 6 in the Supporting Information), finding only two signals, a first (second) between
63.0 and 65.1 (59.8 to 60.9) MHz, as function of the considered structural model. As before, our DFT
calculations overestimate the NQR frequencies by few MHz but our results show that such discrepancy
does also rely on the structural model considered. Apart from the numerical agreement, however, all
models agree that the high frequency signal is associated with the 4c Wyckoff position and also open
some question about previous experimental results. Original measurements in Ref.3 reported in fact
three NQR signals, at 55.78,56.87 and 31.17 MHz (see also Table 2 of Ref. 32), which are not consistent
with the presence of only two inequivalent sites for the bromines, in the lattice. A later work by
Sharma et al.,** also confirmed the presence of the two high frequencies signatures but did not
comment on the low frequency 31.17 MHz signal. We speculate that this low frequency signal is likely
related to some impurity or secondary phase in the samples originally investigated in Ref.33.

Interruption of the corner-sharing network and octahedral tilting in 2D HP

We move to discuss the impact of the interruption of the MXs corner-shared connectivity on the NQR
properties of HPs, which is a very common perturbation of the prototypical perovskite structure and
is at the core of the formation of 2D layered HPs. These compounds may be conceived as extended
2D sheets of corner-sharing MXs octahedra derived by slicing the reference cubic 3D perovskite
structure along specific crystallographic planes, namely the <100>, <110> and <111> ones.?” Reference
models for <100>- and <110>-terminated 2D HPs are illustrated in Figure 4a. The interruption of the
perovskite network leads to the definition of a new halide species, in addition to the corner-sharing
halide discussed thus far, which terminates the perovskite lattice. Being chemically bound to only one
metal site, the peculiar chemical environment of this terminal halide is expected to result also in
specific NQR fingerprints but, to the best of our knowledge, no experimental measurements were
reported thus far on this regard.** Indirect analyses of 3°Cl quadrupolar coupling from linewidth
analyses of **CI NMR measurements were only recently reported by Sarkar et al., for various metal-
chlorine compounds, but not involving the types of <100>- or <110>-terminated 2D structures,
depicted in Figure 4a.>° This motivates us to perform dedicated DFT simulations.

We hence designed hypothetical models of the <100>- and <110>-terminated models of 2D
HP, with composition Cs,PbXs and fixed PAmmm and Pmma space group symmetry, respectively
(Figure 4a-b). For the <100>-terminated model, this leads to assigning the corner-shared and terminal
iodines to the 2f and 2g Wyckoff positions, respectively, hence setting a one-to-one correspondence
between the connectivity and the symmetry of the atomic site. For the <110>-model, such mapping
is no longer possible, as the corner-shared halides belong either to 2a or 2f Wyckoff position, while
the terminal iodine instead belongs solely to the 4i Wyckoff position. For a fair comparison with the
corresponding results of the parental 3D HP phases, the initial structures of the 2D HP models in
Figure 4a present all Pb-X distances equal to half the lattice parameter of the MAPbX;5 (X=Cl, Br, 1),
taken as common reference for all halides.2’ We then relaxed only the position of the terminal halide
and cesium atoms and computed the NQR properties in Table 1. First focusing on the corner-sharing
halide, we notice that for all 2D models, the NQR frequencies of this species in both the <100>- and
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<110>-2D HP differ with respect to their 3D analogue. This suggests that the influence due to the
dimensionality reduction on the NQR properties of 2D HP emerges already when analyzing the
frequency window traditionally associated with the corner-sharing halide species. The NQR frequency
difference between 3D and 2D structures increases going from Cl- to Br- and to I- based compounds,
and from <100>- to <110>-terminated 2D lattice. With iodine-based compounds showing the largest
3D vs. 2D difference, these reveal the ideal bench-test for the experimental verification of our
predictions. Apart from the frequency of the NQR transitions, it is also worth noticing that none of the
corner-sharing halides experiences an axially symmetric environment, as also evident from their site

symmetry in Table 1, leading to a breakdown of the condition vs_s = 2vi_3. The computed
2 2 2 2

asymmetry parameter ranges from 0.03 to 0.28. Focusing instead on the most intriguing terminal
halide, our DFT calculations suggest that this species indeed presents NQR transitions at a very specific
frequency. The terminal halide in the <100>-frame, in particular, shows NQR transitions lying at half
the frequency of their corner-shared analogues, as due to the much smaller quadrupolar couplings.
With symmetry fixed to PAmmm space group, these species occupy a crystal site with axial symmetry,

hence satisfying the condition vs_s = 2v1_3. Still, it is worth noticing that the terminal iodines from
2 2 2 2

<100>- and <110>-2D HPs show considerably different NQR frequencies. This suggests therefore that
similar metal-halide coordination number is not sufficient to lead to similar chemical environments,
at least in terms of their NQR fingerprints.

Table 1. NQR frequencies for the various halides isotopes (*°Cl, 8Br and 1¥’1) in <100>-terminated and
<110>-terminated 2D HP Cs,PbX4 (X=Cl,Br, 1) lattice models in Figure 4. These are compared with
corresponding frequencies in the parental 3D HP cubic lattice. Halides are classified with respect to
their Wyckoff Position (WP) and corresponding site symmetry.

Model WP site 35¢l sigy 127)
(MHz)
symmetry m1/22>3/2 m;3/2->5/2
corner-shared

3D 3d 4mm 8.57 63.15 88.48 176.95
2D-<100> 2f mmm 8.82 64.74 84.23 153.32
2D-<110> 2a 2/m 7.51 56.77 74.82 148.48

2f mm2 7.76 57.96 80.40 160.55

terminal

2D-<100> 29 4mm 3.89 29.01 41.30 82.61
2D-<110> 4 m 6.53 45.36 52.44 89.17

Aiming to move towards more realistic structural details, we further dig into the influence of the
octahedral tilting on the NQR properties of HPs. This is a very common type of distortion in perovskite
frames,®® and is known to influence the electronic properties of 2D HP compounds.82! Using the
distortion coordinates £ and ¢ in Figure 4b, originally proposed by Pedesseau et al. to discriminate
between in-plane and out-of-plane octahedral tilting,®® we constructed progressively more distorted
2D HP models and computed the corresponding NQR properties. As the investigation of both Cl-, Br-
and I-based 2D HP poses a significant computational hurdle, we limited to investigate only lead-iodine
based compounds, also given their relevance for light-emission and photovoltaics. For all fand &
distortions, the Pb-I bond lengths are kept fixed to the reference values of the corresponding
(undistorted) <100>-terminated in Figure 4a. Figure 4c reports the variation of the computed NQR

1 3 o . .
frequency for the m; = 5 © ; transition, with respect to the reference undistorted case, both for the
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corner-sharing and terminal iodines. For the corner-shared iodine, a combined 10/6 degrees out-of-
plane/in-plane distortion downshifts the m; = % - %transition frequency by 2 MHz. For the terminal

iodine, the trend is reversed, with an increase of the NQR frequency with more distorted structures,
up to 3MHz. As well as for the lead halide bond length, NQR frequencies are impacted by the degree
of octahedral tilting.

We further consider the XRD model available for the widely investigated BA,Pbl,
(BA=butylammonium) compound. We performed DFT calculations considering the static averaged
structural model as available from XRD,?? explicitly including the organic BA cation, and performing
the Cs-substitution, as a cheap strategy to cope with dynamical disorder. Results in Figure S7 show
that the frequencies computed following these two approaches are overall similar, with differences

. L 3 5 . .
comprised between 1 and 6 MHz. The only exception is the m; = 5 © 5 transition of the terminal

iodines, where the difference is more evident (27 MHz). This stems essentially from the deviation from
the axial symmetry of the chemical environment of terminal iodines, with the asymmetry parameter
1 amounting to 0.05 and 0.6 for Cs substituted and explicit cation, respectively. This change in the
symmetry of the local environment reflects the presence of hydrogen bonding between the
ammonium group of the BA spacers and the terminal iodines in the XRD structural data, which
disappears upon Cs-substitution. Meanwhile, there is clear evidence from solid state NMR
spectroscopy that the organic spacer are not fixed on the characteristic time of NQR
measurements.’*% Besides, in lower dimensional perovskites, polymorphism similar to that
evidenced in the cubic and tetragonal phases of 3D perovskites cannot be excluded. Unfortunately,
implementation of a strategy combining ASDM and calculations of EFG tensor components is
computationally very demanding and remains beyond the scope of the present work. Thus, in the
absence of experimental NQR data it is difficult to state which of the two models is the most relevant.
Still, all calculations in Figure 4 and S7 agree that the NQR frequency of terminal iodines in <100>-
terminated 2D HP fall at lower frequencies (roughly half) than the equatorial ones that experience a
corner-sharing chemical environment.
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Figure 4. a) classification of the inequivalent halide positions in terms of crystalline sites, for
hypothetical models of Cs,PbX, <100>- and <110>-terminated 2D perovskite lattice; orange, purple
and red spheres refer to the same halide, sitting in different crystalline Wyckoff position; b) definition
of B- and d- angles which define the octahedral tilting in a <100>-terminated, 2D halide perovskite
lattice. Reproduced from J. Am. Chem. Soc. 2017, 139, 34, 11956-11963.%> Copyright 2017 American

Chemical Society; c¢) 2D map of the NQR resonance (MHz) for m; = % <—> % transition for the corner

sharing iodine and the terminal iodine in a <100>-terminated 2D halide perovskite lattice.

Next, we analyze the case of multi-n 2D lead-iodide HP compounds, which conceptually bridge the 2D
and 3D cases. These heterostructures, illustrated in Figure 5a, correspond to 2D perovskites of variable
thickness, with n expressing number of Pbls octahedra stacked along the thickness of the 2D inorganic
sheet. Here, we focus again on the lead-iodide case and construct the hypothetical undistorted
Cs,Cs’n-1Pbnlsnes models in Figure 5a (Cesium has been hidden for clarity), cutting an ideal 3D structure
along the <100> plane, with same in-plane lattice parameter as MAPbls. All models are characterized
by mirror symmetry, hence presenting 3, 4 and 5 inequivalent iodine sites for the n=2, 3 and 4 multi-
n perovskites, respectively, indicated in Figure 5a using different colors. Each increase n of the layer
thickness hence leads to the definition of a new halide specie, buried further away from the surface.
We optimized the position of the outmost terminal iodine and cesium atoms, as in the n=1 <100>-
terminated 2D HP in Figure 3a, then we calculated the NQR properties of the various multi-n 2D HP

. . . 1 3 - A
models. The frequencies associated with the m; = 5 € transition are mapped in Figure 5b for all

the inequivalent iodides, the signals of the n=1 model corresponding to the two values in Table 1.
Increasing n-thickness leads to a modulation of the NQR frequency from the terminal iodine, which
actually saturates around 50 MHz already for n=2. In contrast, the NQR frequency from the corner-
sharing halide is weakly influenced by the thickness of the inorganic frame. The n=2 case witnesses

11
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the formation of a new iodine specie (the blue atoms in Figure 5a), connecting the two octahedra
stacked along the thickness of the perovskite sheet. Though all Pb-I distances in the bulk are kept fixed,
this new iodine species features a different NQR frequency. The signal from this iodine species is also
modulated by the n-thickness of the inorganic frame but remains distinct also for larger n values, being
separated by few MHz from the signals of the outmost corner-sharing iodines. The n=3 case again
features the definition of a new iodine species (red atoms in Figure 5a) in the central MXg octahedra,
whose signal now is less than 1 MHz far from the transition frequency computed for the 3D reference
model. Also the n=4 case features a novel signal which is pretty close to the reference 3D model.
Though Figure 5 suggests a potential use of NQR to characterize multi-n 2D HPs, its applicability may
be actually more limited. Additional factors, such as octahedral rotations in Figure 4 and other
structural distortions including dynamic disorder are expected to impact the NQR signals, leading to
loss of resolution. Still, the signature from the terminal iodine can be a trustful probe to discriminate
between n=1 phases from thicker ones, thanks to the large calculated shift (10 MHz) of this signature
with thickness and its appearance in a region that does not present other signals.

a b .
) ) ook-3D . g
= 70t
1 50}
SIN
301
n=2 n=1 n=2 n=3 n=4

number of layers

Figure 5. a) model structure for multi-n Cs;Cs’n-1Pbnlsns1 (n=1,4) 2D lead-iodine perovskites (Cs atoms
have been hidden, for the sake of simplicity). Inequivalent iodines are indicated with different colors;

. 1 3 .
b) corresponding NQR resonance for the m; = 5 © 5 transition.

NQR properties of face- and edge-sharing compounds

We extend this study by calculating the NQR properties of compounds characterized by octahedral
connectivity other than corner-sharing, hence moving towards face-sharing and edge-sharing
compounds. Two prototypical cases are represented by the yellow &-phases of FAPbl; and CsPbls,
which often appear as a result of degradation or as secondary phases from chemical synthesis of their
perovskite analogues, and for whom the availability of an additional characterization tool may be
technologically relevant. The 0-FAPbls in Figure 6a is the prototypical case of a face-shared
connectivity, the Pbls octahedra forming 1D stacks oriented along the high symmetry axis of the
corresponding hexagonal cell. As for the case of MAPbX; and FAPbX; 3D HP, the hexagonal (P6smc)
space group of 3-FAPblI; is inconsistent with the inherent C,, symmetry of the FA molecule and results
from the rapid rotational motion of the organic moiety, as discussed in Figure 2 for the a--phase of 3D
halide perovskites. We hence proceeded to a similar substitution of the FA with Cs atoms, as done for
3D halide perovskites, as a cheap, yet appropriate procedure to cope with fast ionic motion, and
performed DFT calculations. All iodines in the cell occupy the same Wyckoff 6¢ position, hence

12
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3 5

showing the same transition frequencies at 55.22/82.37 MHz for the m; = % <—>§ /m; = PR

transitions, nicely paralleling literature results (57.32/87.94 MHz).*? Apart from numerical agreement,
the downshift of both transitions compared to the 3D case is reproduced, together with the fact that
the two frequencies approach each other, which is a sign of deviation from axial symmetry (see Figure
S1) as reflected by the computed asymmetry parameter (np around 0.5).

a) 5-FAPbI, b) 5-CsPbl, c) 5-CsPbl,

1 edge-shared 60.51/99.17 MHz
3 edges-shared 17.00/23.35 MHz

face-shared 52.22/82.37 MHz

3 edge-shared 8.20/16.40 MHz

Figure 6. Structures for different non-corner-sharing lead-iodide perovskitoids, with corresponding

m; = % <—>;/m, = % <—>§ NQR frequencies; a) 1D face-sharing, d-phase of FAPbIs; b-c) 1D edge-

sharing, d-phase of CsPbls; d) Pbl,. Symmetry inequivalent iodines are indicated using different colors.

The 3-phase of CsPbls in Figure 6b is another case of practical interest since this is the most
stable polymorph of CsPbls in ambient conditions and parasite phases may appear in the preparation
of the black perovskite phase. Its structure is characterized by edge-shared Pbls octahedra, packed
along parallel 1D stacks, as from the reference XRD structure from Ref.%. Initial NQR investigations of
this phase by Volkov et al. reported the presence of two pairs of signals at 70.15/125.2 MHz (signal #1)
and 56.55/94.84 MHz (signal #2).3® These signals have been recently confirmed by Piveteau et al.*®

. . . 1 .3 3 .5 . - .
and are routinely associated with the m; = 7€ E/m, = ©  transitions of two iodines featuring

different chemical environment. A closer glance to the crystal structure in Figure 6b, however, points
out the presence of three symmetry inequivalent iodines, per unit cell, which should then result in
three pairs of NQR signals. All three iodines lie in a different 4c Wyckoff position, hence making the
site symmetry insufficient to individuate their chemical environments. It is however evident that one
iodine lies in terminal position, as in 2D halide perovskites, being connected to only one metal site.
The computed NQR frequencies of this iodine lie at 68.22/117.04 MHz, which is very close to the signal
#1 found experimentally, falling at a frequency in between that of the corner-sharing and terminal
halides in 2D lattices (see Table 1). Notice again that the characteristic NQR frequencies of this
terminal iodine differ from those of both <100> and <110>-terminated 2D HP (Table 1), hence pointing
out once more that the metal-halide coordination is not sufficient to fully characterize the chemical
environment of the halides and to anticipate their NQR properties.

13
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Figure 7. 2D map of the NQR frequencies for the m; = 5 €5 Vs.my = & —transitions, as computed

from DFT for various perovskite derivatives, classified based on the octahedral sharing pattern
(corner/face/edge). Acronyms are the following: 2,6-DAN=2,6-diaminonaphthalene, interm.
MAPbls=intermediate phase in MAPbl; formation; BZA=benzylammonium; 2cepyH=1-(2-
chloroethyl)pyrrolidine); pyr+tcng=pyrene+ tetracyanoquinodimethane;
TMA=tetramethylammonium; MAPYR=4-methyl-1-aminopyridinium; BA=butylammonium;
PEA=phenylethylammonium; Gua=guanidinium.

Dealing with the edge-sharing iodines, our calculations predict two pairs of transitions,
consistently with the presence of two inequivalent edge-shared iodines species in the cell. The first
transition pair sets at 60.51/99.17 MHz, in nice agreement with the signal #2 from Volkov et al.>* The
other is found at exceptionally low frequencies of 17.00/23.35 MHz . To the best of our knowledge,
the corresponding signatures were not reported in the literature thus far. Although the big difference
between these NQR frequencies is apparently surprising, given the same type of octahedral
connectivity for these iodines, this becomes straightforward when noticing that these iodines actually
do not share the same chemical environment. A closer glance to the crystal structure in fact reveals
that while the iodine featuring high NQR frequency (60.51/99.17 MHz) is shared only between two
Pbls octahedra, the iodine featuring low NQR frequency (17.00/23.35 MHz) is shared between three
octahedra. Similarly, while the former iodine is surrounded by two metal sites (for distances < 3.5 A),
the latter is surrounded by three. To dig more into the NQR properties of edge-shared compounds,
we performed additional DFT calculations on Pbl,. Apart from being a very common precursor for the
preparation of lead-based HPs, this compound forms extended 2D edge-shared Pbls sheets, in contrast
to the 1D stacks of 3-CsPbls, with all iodines being shared between three Pbls octahedra. Our DFT
calculations confirm that the NQR frequency of this three-edge configuration lies at low
8.20/16.40 MHz frequency, also for Pbl,. For this compound, the chemical environment of iodines

respects the condition in vs_s = 2vi_s, consistently with the C; axial site symmetry. To our
2 2 2 2

knowledge, corresponding NQR frequencies have not been reported, yet, but an estimate of the

quadrupolar constant ranging from 19 to 23 MHz was provided by Taylor et al. from the analysis of

the NMR lineshapes, considering a perturbative treatment of the quadrupolar interactions. ¥ This sets
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the expected NQR frequencies between 2.9 and 3.5 MHz and between 5.7 and 6.9 MHz, for the m; =

1 3 3 5 . . .
293 and them; = 5 © ;5 transition, respectively. However, Piveteau et al. suggested that the use of

perturbative treatment of the quadrupolar interaction is likely inappropriate for the *¥’I nuclei,”* hence
casting some doubt about the accuracy of the experimental estimate in Ref. %7, reported without any
confidence interval. Nevertheless, both DFT and experiment agree that the characteristic NQR
frequency of these three-edge sharing iodines should lie at much lower frequencies than those
reported for both corner- and edge-sharing iodines. This further supports the presence of a low-lying
signal in the d-phase of CsPbls.

To provide a bird’s eye overview of our DFT results, we show in Figure 7 the frequencies
computed for a range of lead-iodine compounds in shape of vi_ s against vs_ s map. The grey line
2

3
—>
2 2 2

represents the condition expressed in vz_s = 2v1_3, associated with an axially symmetric chemical
2 2 2 2

environment. Aiming to build a roadmap to guide the experimental search of NQR signals, in Figure 7
we privileged compounds with experimentally resolved XRD structure, which equally cover corner-,
edge- and face-sharing connectivity of the octahedra. Again, all organic moieties are substituted with
Cs, the alkali atoms lying at the position of the nitrogen of the ammonium anchoring (except for FA,
where cesium lies in place of the carbon), so to account for motional averaging and to stay consistent
with the previous calculations. All corresponding Cp and 7o parameters, along with some reference
results for lead-chlorine and lead-bromine compounds, are also listed in Table 2.

Though *?’I NQR frequencies in Figure 7 spread over a wide frequency domain (100 MHz/200
MHz, form; = % o %and my = ; <—> ;, respectively), we can spot some peculiar trends associated with

each specific Pbls octahedra connectivity. Compounds with corner-sharing connectivity all present

NQR signals in the high frequency range, above 80 MHz/160 MHz for the m; = % o % /m; = % © g,

transition, respectively. This is not just the case of 3D networks but also of <100>-2D HPs and 1D
compounds. The GuaPbls case from Ref.%®, whose structure is depicted in Figure 1, is particularly
enlightening in this concern. Presenting linear 1D chains of corner-shared octahedra running parallel
each other, this compound has four terminal iodines for each Pbls octahedron. Still, the two remaining
corner-shared iodines present NQR frequencies which lie just few MHz below those of the reference
3D corner-sharing, CsPbl; compound. It is also worth noting that the signals from corner-sharing Pbls
octahedra lie close to the grey line, their chemical environment hence experiencing very small
deviations from the axial symmetry (770 =0).
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Table 2. List of computed Cp and 770 NQR parameters for a set of corner-, edge- and face-sharing HP
and perovskitoid compounds. For each compound, experimental reference to the eventual
experimental NQR datum and experimental crystal structure are indicated. In the latter case, the CCDC
(C) and ISCD (1) reference number is also provided.

compound experimental NQR theoretical NQR structure
| Cal 7a ref temp | Cal 7a ref temp
(MHz) (K) (MHz) (K)
corner-sharing
o-CsPbCl3 16.51 0.00 2° 320
a-MAPDbCl3 17.13 0.00 80 179
o-CsPbBr; 120.10 0.00 2° 403
y-CsPbBr3 (4c) 125.88 0.04 & 298
(8d) 121.84 0.01
a-MAPbBr3 127.14 0.00 80 237
o-MAPI; 547.59 0.00 42 351 590.05 0.00 30 327
o-FAPDI3 577.40 0.00 42 293 593.53 0.00 % 293
o-CsPbls 585.40 0.00 32 625
[B-CsPbls (2b) 585.7854 0.00 82 410
(8i) 565.8853 0.01
v-CsPbls 517.98 0.03 43 293 (4c) 543.97 0.02 32 325
537.36 0.10 (8d) 570.65 0.12
BA,Pbl, (2D) terminal (2i) 335.49 0.06 92 223
(2f) 491.27 0.16
GuaPbls (1D) 470.46 0.19 98 1861695C 298
terminal 250.07 0.92
terminal 264.60 0.59
edge-sharing
5-CsPbl; 319.7 0.42 43 293 341.58 0.43 961614801 298
4243 031 400.07 0.37
83.03 0.63
Pbl, 19-23 97 250-345 54.73 0.00 99 1623998C 293
(2,6-DAN)PbI; 502.18 0.14 1002210029 C 100
289.65 0.28
261.16 0.44
237.83 0.22
MAPDbI3 434.20 0.10 101 100
Intermediate 323.47 0.44
phase 84.24 0.75
63.10 0.05
(BZA)4Pbslie 112.21 0.12 1021549803 C 100
+H,0 145.40 0.18
269.65 0.36
72.69 0.73
318.82 0.58
360.87 0.22
450.37 0.26
face-sharing
5-FAPbDI; 306.50 0.51 42 300 293.35 0.49 1032507411 293
(2cepyH)Pbls 317.70-353.62 0.54-0.78 104 2094883C 293
(2,6-DAN)PbI3 366.90-248.20 0.62-0.72 100 2210030C 100
(Pyr+TCNQ)Pbl3 400.85-284.49 0.67-0.71 105 100
(TMA)PbI; 307.52-301.01 0.52-0.75 106 110
(MAPYR)Pbl; 354.52-381.65 0.85-0.92 107 293

NQR frequencies of face-sharing compounds also clusterize at intermediate frequencies
between 60-90 MHz/60-100 MHz and lie considerably above the grey line, indicating a large deviation
of their chemical environment from axial symmetry (all 770 >0.49, see Table 2).
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The case of edge-sharing compounds, at the end, is the most difficult to analyze. Our
calculations in fact predict the widest dispersion of their 12’I NQR frequencies, reflecting the different
chemical environments already partly discussed in Figure 6. Nevertheless, it is possible to associate
the chemical environment of 3 octahedra-shared iodines with the low frequency (<25/<45 MHz)
region. Also, for these 3 edge-sharing iodines, their NQR signals align close to the axial symmetry
condition, this structural configuration being indeed associate with a local C; symmetry axis of the
prototypical Pbl; reference compound.

We further discuss the case of terminal iodines in <100>-terminated 2D HP, given the great
interest around these compounds. Though we did not perform a systematic investigation over many
2D HPs, we find that the signals associated with the termina iodides of the reference BA,Pbl, 2D HP
localize in a very specific frequency window, separated from that of the other iodine species. As a final
notice, we already pointed out that our DFT set-up overestimates the NQR frequencies for halides in
HP and perovskitoids by few %. Such overestimation may originate from molecular motion (e.g.
rotational dynamics and structural averaging due to thermal effects), as well as from an unbalanced
error cancelation between electronic correlation and spin-orbit interaction, or even from a
combination of all these effects. Still, it is important for experimentalists to account for such
overestimate, when searching for specific NQR signals in their measurements.

Conclusions

In this work, we investigate the possibility of exploiting NQR spectroscopy of halide isotopes for the
characterization of HPs and analogous perovskitoid compounds. Based on parameter-free, periodic
DFT simulations, we computed the halide NQR properties in a wide set of lead-halide perovskite and
perovskitoid compounds, with a special focus on lead-iodide compositions, considering the different
connectivity of the Pbls octahedra (corner-, face- and edge-sharing) as well as various lattice
dimensionalities. Our calculations nicely fit the few available experimental results. More, they
anticipate that distinctive NQR frequency ranges can be associated to edge-, face- and corner-sharing
as well as to terminal halide sites. This is particularly useful to assess the local octahedral connectivity
but also to identify the presence of impurity phases. Finally, our results afford a set of informed
guesses for the characteristic frequencies of various iodide perovskites and perovskitoids that will
enable to significantly narrow down the experimental frequency range to explore.

From an experimental point of view, it would be valuable to assess these predictions, with for
instance the technologically relevant (multi)-layered perovskites and more specifically the terminal
versus equatorial iodine nuclei. On the theory side, we clearly showed that the structural model used
has a dramatic impact on the computed EFG tensor components and in turn on the frequencies and
asymmetry parameter, which need a correct procedure for averaging. In particular, we demonstrate
the importance to account for the local disorder (polymorphism according to A. Zunger)® for the cubic
halide perovskites and further work in this direction is desirable for other structural arrangements.
Meanwhile, we show that substitution of the organic molecule with a Cesium provides a reasonable
first approximation to account for the dynamical disorder that takes place. Noteworthy, besides
investigation of the impact of structural models, our work did not assess the various sources of
broadening that may limit the signal to noise ratio in experiment. Such broadening may be particularly

important in mixed compositions with cation and/or halide and/or metal alloying.*>*®
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Section 1. Detailed mathematical treatment of the NQR interaction and
NQR Hamiltonian for spin 3/2 and 5/2

We set here the basis of the NQR spectroscopy of nuclei with nuclear spin /=3/2 (for 3*3’Cl and 7¥/®'Br)
and /=5/2 (for *¥’1)," so to elucidate the information that this technique accesses. While isotopes with
nuclear spin /=1/2 present a spherical electric charge distribution around their nucleus, those with
larger nuclear spin are characterized by an oblate or prolate distribution, which gives rise to non-null
nuclear electric quadrupole moment, eQ (e and Q being the elementary charge and the quadrupole
moment, respectively). Besides, all nuclei in a molecule or a crystal are subject to a chemical
environment, which is described by the Electric Field Gradient (EFG), defined as:
a%v

Vij = ariarj

Eq. 1

with V being the electrostatic potential experienced by the nucleus and r={x, y, z} the conventional
cartesian coordinates. The EFG is a real, symmetric 3x3 tensor and, following the Laplacian equation,
is traceless. It may be then conveniently described in the frame of its principal axes, using only two

Vaerr =V . .
%, where Vi, V,y, V.. are the eigenvalues of the EFG tensor (with

zZz

parameters: V.. and ny =

convention that |V-:|2[ Vyy|2 [Vi). It is worth to mention that the asymmetry parameter 1, vanishes
for axially symmetric chemical environments.

NQR spectroscopy probes the interaction between the quadrupolar moment of the nucleus
with the EFG, this last carrying the information about the chemical environment where an nucleus
sits. The NQR Hamiltonian (Hp) writes:™?

__ Co
Q7 4121-1)

Eq. 2

with €y = eQ -V, being the quadrupolar coupling constant; / is the nuclear spin expectation value
and fz, I, f+,f_ are the usual spin operators. All the NQR response of a nucleus is hence contained in
the Cy and 1y parameter.

For isotopes of spin /1=3/2 (3*/*7Cl, 7°/8'Br), the expression of the Hamiltonian in Eq.2 in the
33 131\ 3 1\[3 3 .
3.0 n/3 0
¢T3 0 -3 0

The diagonalization of the NQR Hamiltonian in Eq. 3 leads to two sets of degenerate states. There, the
NQR response of these nuclei consists in two degenerate NQR transitions with frequencies:

_Co [y, "
V%H%_Zh 1+ 3 Eq.4

where the subscript indicates the quantum number m, associated with the states involved in the
transition. For the sake of clarity, labelling the NQR transitions with reference to the involved m; spin
guantum number is incorrect, rigorously speaking. This, because the eigenstates of the NQR
Hamiltonian are pure states of the m; operator only when the asymmetry parameter 7, is zero.

Eq.3

Nevertheless, in the manuscript we will always refer to the transitions as if they involve pure states of
the m; operator, for simplicity. Notice also that, for /=3/2, the transition may either go from
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m=+-23 /_—3 -2 (Ami=+1) or in the opposite sense (Ami=-1). The direction of the transition is
r—=o 7272 2

dictated by the sign of Cp but this quantity is not accessible, experimentally. Though DFT is able to
estimate the sign of the coupling, we will disregard about it throughout this work and will limit to
report its absolute value (except when explicitly stated). Consistently, we will use the two headed
arrow sign “«»” and absolute valued m; quantum numbers. Graphical solutions of the Hamiltonian in
Eg. 3 is reported in Figure S1. It is important to stress that the NQR problem of /=3/2 nuclei is
incomplete, as the degeneracy of the two transitions leads to only one measurable NQR frequency, in
presence of the two unknown quantities (Cp and 7).

With the only stable isotope for lodine (*?’l) characterized by nuclear spin /=5/2, the NQR

. Iss\ s 3\ 51\ |5 1\ |5 3 5 s\, . .
Hamiltonian in Eq. 2 expressed in the |— >, | >, | >, | ——>, |—,——> and |§’_§> basis writes:

272/ 1272 272)7 27 2] |2 2
1/4 0 n/2 40 0 0 0
0 —1/20 0 317/10+/8 0 0
Hy =, 1n/2/40 0 -1/5 0 31/108 0 a5
0 31/10+/8 0 -1/5 0 n/2+/40
0 0 31/10+/8 0 -1/20 0
0 0 0 n/240 0 1/4

Diagonalization of the NQR Hamiltonian in Eq. 5 leads to three sets of doubly degenerate states and

. e . . 1 3
therefore to two transitions satisfying the condition Am=x1, corresponding to m; = P and

m; = ; — g (again, we disregard about the sign of the coupling). Therefore, in contrast to the /=3/2

case, the NQR problem for nuclear spin /=5/2 is fully solvable, as it provides enough conditions to
retrieve both the quadrupolar coupling Cp and the asymmetry parameter 0. Closed form solutions
of the Eq. 5 can be found in Ref."®! but numerical solutions are illustrated in Figure S1. We conclude
noticing a very peculiar property of the NQR Hamiltonian in Eq. 5, namely, for nuclei experiencing a
chemical environment with axial symmetry (70=0), it holds the condition:

Va_s = 2V1_3 Eq. 6

2 2 2 2
The following values of -0.0817 Barns, 0.2615 Barn and -0.6960 Barn were considered for the nuclear

quadrupole moments of 3°Cl, 8'Br and 1?’I, respectively.

0.30 & T 4_|_‘_’___= 0.30 T T T
N m=+3/2} = m=£5/24
& 015} | . & 0.15F | 4
S N | C,3/10
© 0.00F | Cy/2 . % 0.00 %
x I o 4
g o015t | . g o015} m=+1/2| Ca'3/20 .
mF=£1/2 | | nim——
e N E—— -0.30 ' ' '
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
asymmetry parameter asymmetry parameter

Figure S1. Solution of the NQR Hamiltonian for nuclear spin /=3/2 (left panel) and /=5/2 (right panel).
Red curves are associated with the states with the indicated m, quantum number. Energies are
expressed in units of the quadrupolar coupling Cq (assumed >0).
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Section 2. Computational details for the DFT simulations and results of the convergence tests

The EFG tensor components are computed with periodic DFT simulations, within the plane-
wave/pseudopotential formalism, as implemented in the CASTEP suite code.!*! It is worth mentioning
that, though relatively unexploited for the case of halide perovskites, except for Ref.®, the DFT
simulation of the NQR properties of *?’| has been already exploited in the past.®** For instance, a
pioneering study devoted to EFG of solid iodine under pressure demonstrated that DFT calculations
compare very well with experimental values determined by Md&ssbauer spectroscopy without taking
into account spin-orbit interaction.™? All calculations reported in the main manuscript are based on
the PBE functional to describe the exchange-correlation potential,!**! with relativistic effects included
at the scalar relativistic level (i.e. spin-orbit-coupling (SOC) is neglected). Before performing systematic
investigation of HP and perovskitoid compounds, we tested the sensitivity of the EFG estimate Cq and
1 via DFT with respect to the two main computational parameters involved in these calculations.
These correspond to the kinetic energy cutoff for the planewave expansion of single particle states
and to the density sampling of the corresponding Bloch waves, in the reciprocal space. We performed
tests on the cubic model of CsPbX; (X=Cl, Br, 1) and orthorhombic model of CsPbls; (Figure S2), as
available from XRD measurements reported by Baikie,!** as well as on simplified model for 2D Cs;Pbl,
perovskite (Figure S3).[** Our tests show that the use of a relatively modest 400 eV planewave cutoff
is sufficient to obtain practically converged results, with respect to the planewave expansion. In
contrast, the estimate of Cy is sensitive to the sampling of the reciprocal space and requires a dense
k-point mesh of 0.02 A%, for the considered test compounds. For instance, this set-up reduces the
uncertainty related to this two computational parameters to less than 1 MHz, for the quadrupolar
coupling parameter of the '?’| nucleus.

CsPbCI3 - Pm-3m: m=1/2-->3/2 CsPbBr3 - Pm-3m: m=1/2-->3/2

s 9.0 40|0 v T T T T e 66.0 I T T T T
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S g5l 800ev . < 650 | A
& ) /
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2 8.6 R 2 64.0 7
g”> /’ g ’
o« » o 4
g sal gl . g 630} ) .
&) o & . Gl
$ . s i DR~
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Figure S2. Dependence of the NQR resonances of cubic (Pm-3m) CsPbXs (X=Cl, Br) and orthorhombic
(Pbnm) CsPbl; halide perovskites, as function of the kinetic energy cutoffs for the planewave
expansion (400, 600 and 800 eV) and sampling of the reciprocal space (0.05, 0.03, 0.02 and 0.01 A™%).
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Figure S3. Dependence of the NQR resonances of 2D Cs,Pbl, perovskite with space group P4mmm, as
function of the computational set-up employed for structural optimization. The position of the
terminal iodines (those bound to only one lead) and Cs in the plane stacking direction is relaxed at
zero K using three different kinetic energy cutoffs for the planewave expansion (400, 600 and 800 eV)
and the reciprocal space sampling (0.05, 0.03, 0.02 and 0.01 A%). The EFG tensor is then evaluated at
fixed 400 eV, 0.02 A%, so to disentangle the role of the detailed atomistic structure.

We further investigated the role of pseudopotential and of relativistic effects, in particular, SOC,
beyond the scalar level. This latter is known in fact to severely impact the electronic properties of lead-
and tin-based halide perovskites, in general.[**”) With specific reference to NMR and NQR properties,
in particular, a previous theoretical study by van Lenthe and Baerends performed on a set of closed
shell molecules showed that the computed EFG of halogen nuclei are in most cases more influenced
by scalar relativistic effect than the spin-orbit effect.[*®! More recently, Sergentu et al. studied the
35/37C] NMR spectra and the 3°Cl and 7°Br NQR spectra of Cs;U0,X4 (X= Cl, Br).*®! Their computational
study showed that spin-orbit effects in the calculations are noticeable, more so for Br than for Cl. To
dig more into this point, we performed additional test calculations using augmented plane wave plus
local orbitals, using the WIEN2k full potential all electron program.’?® The exchange and correlation
potential was computed using the GGA in the PBE parameterization. Sphere sizes were determined
automatically. The calculations were converged towards the RminKmax vValue that controls the basis size
and accuracy, and the number of k-points used for the Brillouin zone integration. The spin-orbit
coupling was included in the calculations based on the second variational approach.!?!
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Benchmarks performed on the cubic phase of CsPbls highlight that the inclusion of an all-
electron treatment in place of pseudopotentials, followed by the incorporation of SOC lead to the
progressive increase of the Cp parameter from 585.4 MHz to 629.0 MHz (all electron) then to 672.0
MHz (all electron+SOC). On the other hand, experimental reports for the high temperature cubic
phase of MAPbI; and FAPbI; provide estimates of Cp ranging between 549.10 MHz and 581.96 MHz.[*?!
Hence the coarser pseudopotential/no-SOC treatment obtained considering monomorphous
structural models provides better agreement with experiment. We speculate that such agreement
from the formally less accurate approach is likely due to error cancelation between lack of all electron
treatment and relativistic spin-orbit coupling, inaccurate treatment of electronic correlation with the
employed PBE exchange-correlation functional.’®>=2"! It is also worth mentioning that these differences
may be partly due to structural and motional effects, as the above NQR parameters refers to frozen
models obtained from experimental XRD measurements.
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Section 3. Generation of locally disordered (polymorphous) structures

The polymorphous structures for cubic hybrid halide perovskites as well as for orthorhombic,
tetragonal, and cubic CsPbls were generated using the anharmonic special displacement method
(ASDM),2527) 35 described in Ref. ?® and implemented in the EPW package,’? of the Quantum
Espresso code.% We first compute the dynamically unstable harmonic phonons of the high-symmetry
unit cells using density functional perturbation theory,®Y and an initial random orientation of the MA
or FA molecules. We build 2x2x2 supercells, choosing again a random orientation for each of the 8
molecules, and displace all nuclei along the soft modes computed for each structure. Then, we
perform a geometry optimization and allow the atoms to relax with the lattice parameters constant
at their experimental values. This procedure allows to accommodate local disorder in supercells
manifested as octahedral tilting, off-center displacements of the metal atoms, and a random
distribution of Cs, MA or FA cations. Compared to the monomorphous structures, i.e. the high-
symmetry unit cells, the polymorphous structures yield significant energy lowerings of the order of
100 meV per unit cell, similar to the calculations reported in Ref. 8. For all calculations, we used a
plane wave energy cutoff of 60 Ry, the Perdew—Burke—Ernzerhof exchange—correlation functional for
solids (PBEsol),’*? and optimized norm-conserving Vanderbilt pseudopotentials.?33* We sampled the
Brillouin zone for cubic, tetragonal, and orthorhombic structures using 3x3x3, 2x2x3, 2x2x3 zone-
centered k-grids.
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Section 4. Procedure for averaging the NQR properties of a compound from an ensemble of
representative structural models

In order to compare to the experimental observable measured in an NQR experiment, we need to
average motion faster than the anisotropy of the quadrupolar interaction between the quadrupole
moment and the electric field gradient at the site of the nucleus of interest.* To do so, we need an
ensemble of structural models representative of the structural fluctuations at a given temperature.
Given the polymorphous nature of metal halide perovskites, we resort here to the so called
anharmonic special displacement method (ASDM), considering a set 10 structural models in a 2x2x2
supercell.?®?”) The same procedure could be applied considering structures obtained from
conformational sampling or from molecular dynamics simulations at finite temperature, as proposed
in Ref. %, but in the NPT ensemble to capture anharmonic effects.!”

The averaging procedure needs three steps:

1) Based on symmetry arguments, identify atomic sites having the same Wyckoff position and the
same orientation of the principles axis frame (PAF) with respect to the cartesian coordinate system.
For a given site, average linearly each matrix element of the EFG tensor expressed in the fixed
cartesian frame.

2) Diagonalize each of the EFG tensors computed in step 1 so as to transform to the PAF. If the
transformation matrix from the cartesian frame e to the PAF system e’ reads Q (e’=Qe), V’=QVvQ’.

3) Perform a linear average over the tensors obtained in step 2. The final tensor should respect the
site symmetry.

For highly symmetric systems, the quality of the set of structural model can be verified by abruptly
averaging the data. In the case of a cubic system, each tensor component averaged over all atomic
sites with the same Wyckoff position should be almost vanishing. This leads to the condition Vi=V,y
(or equivalently n=0), as shown in Figure S4.

The averaging process described at the points 1-3 is crucial to retrieve the axial symmetry (n=0
or equivalently V«=V,,) of the halides in the a-phase of 3D halide perovskites, as also found
experimentally. The crude average of Cq and 1 parameters (or equivalently of Vi, V,y and V) leads to
an incorrect averaging, as shows in Figure S4 (empty symbols), ultimately leading to a chemical
environment that does not present the axial symmetry.

Using 10 structures obtained with random orientations of the organic cations in a fixed cubic
inorganic frame leads to rather poor agreement with experiment (squares, Figure S4). Notice in
particular that these models do not retrieve the correct axial symmetry for the halides, even when
adopting the correct averaging procedure (full symbols), highlighting that these models fail in
accurately simulating the chemical environment experienced by these nuclei. The condition n_Q#0 is
related to the fact that the number of configurations are by far too limited.
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Figure S4. 2D scattering plot of the Vi 3/, against V3/ 5/, transition frequency comparing the

theoretical characteristic frequencies for MAPbI; and FAPbIs, against the experiment. The theoretical
estimates are obtained using the high symmetry structures with FA/MA substituted by Cs (Cs-
substitution mono) or randomly oriented (10 random mono), explicit organic MA/FA cation models
obtained from the anharmonic special displacement methods (ASDM poly), along with statistical
average as described (average Wyckoff) or abrupt averaging of the Cq and h parameters (average Cq

and n).

Accounting explicitly for both the dynamic disorder of the organic moiety and inorganic frame
based on polymorphous structures (10 ASDM poly, Figure S4) provides better agreement with
experiments as compared to the Cs-substitution strategy (triangles). Notice in particular that the

experimental 4.3/8.6 MHz upshift for the m; = % o %/m, = ; <—>§ transition, when going from
MAPbI; to FAPbIs, is reproduced to a much better extent (4.6/9.2 MHz) than with Cs-substitution

(0.6/1.2 MHz).

Meanwhile, in spite of its simplicity, the Cs-substitution strategy still does provide results in
similar agreement with the explicit inclusion of the organic spacer. The average absolute error for the
four experimental transitions (two transitions for FA and MA) amounts to 6.2 MHz when considering
the Cs-substitution, and reduces only to 5.3 MHz when explicitly considering the dynamic disorder.

Overall, these results clearly point out that even though Cs-substitution does not contain all
the fundamental physical ingredients to describe the system of interest, it can be considered a good
first proxy for the prediction of the NQR properties of halide perovskites and perovskitoids, especially
at the light of its reduced computational cost.
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Section 5. NQR frequencies computed for the orthorhombic (), tetragonal ()
and (pseudo-)cubic (a-)phase of CsPbls perovskite
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Figure S5. Vi .3/, and V3/, 5/, 127] NQR frequencies computed for the three phases of CsPbls halide

perovskite. Crystal structures come from Ref.8, The labels 4c/8d, 2b/4g and 3c refer to the crystal
site, following the Wyckoff classifications and are further classified as apical (4c, 2b) and equatorial

(8d and 4g) sites.
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Section 6. NQR frequencies computed for the y-phase of CsPbBrs perovskite

We computed the NQR resonance frequencies of the y-phase of CsPbBrs, considering three high-
symmetry crystalline models reported in the literature for this compound.?®% All models are
characterized by #62 space group symmetry and all present only two inequivalent crystallographic
(Wyckoff) positions, namely the 4c and 8d. Correspondingly, our DFT calculations provided only two
sets of signals, that we classify accordingly to the Wyckoff positions 4c and 8d. The results are
compared with the experimental data from Ref. 4]

i 4c ]
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Figure S6. Theoretical NQR frequencies for the y-phase of CsPbBrs, as predicted considering the three
orthorhombic structures from XRD characterization reported in the ICSD. The dashed lines refer to the
two high frequency experimental signals reported in Ref.[*¥, recorded at 77 K.
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Section 7. NQR frequencies of BA,Pbl, with explicit organic spacer and Cs-substitution
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Figure S7. Comparison of the theoretical */I NQR frequencies of BA,Pbl; (BA=butylammonium),
computed while explicitly considering the BA spacer or substituting it with Cs at the position of the
nitrogen atom (Cs-substitution). The inorganic frame is taken from the XRD structure reported in
Ref.*?l and the atomic positions of the BA cation have been relaxed.
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