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Materials and Methods

Experimental

All starting materials were purchased from commercial sources and used without further
purification: Cesium chloride (CsCl, 99%), and methylamine hydrochloride (MACI, 98%) from
Sigma Aldrich (St. Louis, MO, USA); formamidine hydrochloride (FACI, 97%) from Sigma Aldrich
(Oakville, ON, Canada); lead(II) chloride (PbClz, 99%) from ACROS Organics (Morris Plains, NJ,
USA).

Synthesis
a. Ball-milling Synthesis of FAPbCl3

Due to the excessive hygroscopic nature of FACI, an argon-filled glove box was used for mixing of
FACI (1 mmol, 81 mg) and PbCl; (1 mmol, 278 mg) in 1 : 1 molar ratio, and ground in an agate
mortar for 2-3 minutes. The mixture was transferred to a 50-mL vacuum/inert gas
stainless-steel lined zirconia grinding jar equipped with ~90 g of zirconia balls (with diameters
of 3, 5, and 8 mm) and sealed within the glove box. The sample was removed from the glove box
and ball-milled for 60 minutes at 750 rpm using an electric planetary ball mill instrument
(Changsha Deco-PBM-V-0.4L) under ambient laboratory conditions. The grinding jar was then
opened inside a glove box, and the sample was removed by scraping the inner wall of the jar using
a clean spatula. The procedure was repeated two times for a total grinding time of 120 minutes
to obtain the FAPbCls.

b. Ball-milling Synthesis of FAo.50MAo.50PbCl3

MACI (0.5 mmol, 34 mg), FACI (0.5 mmol, 41 mg) and PbCl; (1 mmol, 278 mg)in 1:1: 2 molar
ratios, and ground in an agate mortar for 2-3 minutes inside an argon-filled glove box. Then
similar procedures for the ball-milling synthesis of FAPbCl; (above) were followed with a total
grinding time of 60 minutes to obtain the final product, FAs50MA.s50PbCls.

c. Ball-milling Synthesis of MAPbCl;

MACI (1.5 mmol, 101 mg) and PbCl; (1.5 mmol, 417 mg) were mixed in 1 : 1 molar ratio, and
ground together in an agate mortar for 2-3 minutes. The mixture was transferred to a 50-mL
zirconia grinding jar equipped with ~50 g of zirconia balls (diameters of 3, 5, and 8 mm) and
sealed. An electric planetary ball mill instrument (Changsha Deco-PBM-V-0.4L) was used for
ball-milling of the mixture for 15 minutes at 750 rpm under ambient laboratory conditions, and
a clean spatula was used to scrape the inner wall of the jar. The procedure was repeated four
times for a total grinding time of 60 minutes to obtain the MAPbCls.

d. Ball-milling Synthesis of CsPb(Clo.03Bro.97)3

CsBr (~1.9 mmol, 404 mg), CsCl (~0.3 mmol, 51 mg), and PbBr; (~1.9 mmol, 697 mg) were added
to a 12 mL stainless steel grinding jar filled with approx. 30 stainless steel balls (5 mm diameter).
The reagents were ball-milled in a Retsch PM-100 planetary mill for 3x30 minute intervals (total
grinding time 1.5 hr) at 500 rpm, using a spatula to scrape the inner walls of the jar between
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grinding times to ensure intimate mixing of reagents. Milled sample was then annealed at 150°C
for 1 hr before characterization.

e. Synthesis of Remaining Perovskite and Perovskite-like Compounds

The remaining compounds were synthesized as described previously. The detailed procedure for
the mechanochemical synthesis of 3D CsPb(ClBri)s (x = 0.33, 0.67, and 1.0), 2D CsPb,Cls and
0D Cs4PbCl¢ can be found in refl. The inverse temperature crystallization (ITC) synthesis of
MAPDCl; and mechanochemical synthesis of MAPb(CliBri)s (x = 0.25, 0.50, and 0.75) are
discussed in ref2 The Cs;B’AgCls (B’ = Bi and In) were prepared via solvent synthesis (SS) and the
details are discussed in ref3. The solvent synthesis procedure of CsGeCl; can be found in ref*.

Powder X-ray Diffraction (XRD)

The powder XRD measurements were performed under ambient laboratory conditions on a
Bruker D8 AVANCE diffractometer (40 kV, 20 mA) system (Department of Chemistry, University
of Alberta) equipped with an SSD160 detector and Cu Ka radiation source (Cu-Ka1 (A = 1.5406 A)
and Kqz (A = 1.5444 A) radiation). A zero diffraction Si crystal plate (24.6 mm diameter x 1.0 mm
thickness) was used for placing the samples and obtaining the 26 scans between 5° to 900 with a
step increment of 0. 0197¢. FullProf suite of software> was used for profile fitting and refinement
of the unit cell parameters of FAgs0MAos0PbCl; and CsPb(ClBri«)3 (x = 0.03, 0.33, and 0.67)
compounds.

Energy-dispersive X-ray (EDX) Spectroscopy and Scanning Electron
Microscopy (SEM)

To determine the chemical composition of CsPb(Clo.03Bro.97)3, EDX spectroscopy was performed
using a Zeiss Sigma 300 VP Field Emission Scanning Electron Microscope (accelerating voltage of
5-20kV) equipped with secondary and backscattered electron detectors, an in-lens detector, and
an energy dispersive X-ray (EDX) spectrometer. Samples were prepared by applying powders
onto carbon tape using an aluminium stub.

Solid-state 35Cl Nuclear Magnetic Resonance (NMR) Spectroscopy
a.7.05 T NMR Data

NMR data at 7.05 T were acquired at room temperature under non-spinning conditions using 4
mm ZrO; rotors (150-200 mg of sample) on a Bruker AVANCE NEO 300 NMR spectrometer. The
frequency-stepped wide-band, uniform, and smooth truncation Carr-Purcell-Meiboom-Gill
(WURST-CPMG)57 pulse sequence was used to record the 35C1 NMR spectra for each compound
using a 4 mm double resonance H/X Bruker probe. The variable offset cumulative spectrum
(VOCS) technique8 was used to acquire the 35CI NMR sub-spectra with different frequency offsets;
these spectra were added to obtain the complete full spectrum. For CsPb(ClxBri)3 (x = 0.03, 0.33,
and 0.67), the wideline spectra were obtained by displaying the skyline projection of a series of
sub-spectra. Each sub-spectrum was acquired using the following common experimental
parameters: number of echoes = 50, spikelet spacing = 5 kHz, and WURST excitation spectral
width = 1 MHz. Other parameters used for all the samples are summarized in Table S1.
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Table S1. Non-spinning 35Cl NMR experimental parameters used in VOCS employing the WURST-CPMG
pulse sequence at 7.05 T. All the samples were mechanochemically synthesized unless mentioned.

Recycle # of Frequency T(Tt?l.
Samples Delays  # of Scans Sub-spectra  Step (KHz) 1-\C(1u1$lt1011
(s) Time (Hours)

Cs2InAgCle (SS) 1.0 1,536 15 250 6.6
Cs2InAgCle (SS) 1.0 3,072 11 250 9.8
CsGeCls (SS) 0.2 8,000 8 350 4.5
FAPDbCl; 0.2 5,120 6 250 2.0
FAos50MAosoPbCl3 0.2 5,120 6 250 2.0
MAPDCI3 0.2 5,120 6 250 2.0
MAPbCIs 0.1 10,000 5 250 1.9

(ITC synthesized)
aMAPb (Clerl_X) 3

e 020050, 000 0.2 45,000 3 500 9.0
CsPbCls 0.5 10,000 5 250 7.5
CsPb(Clo.03Broo7)s 0.2 100,000 5 250 33.3
CSPb(Clo_33BI‘o_67)3 0.2 153,600 3 500 30.8
CsPb(Clo.s7Broz3)3 0.2 153,600 3 500 30.8
CsPb,(Cls 1.5 10,000 6 250 25.6
Cs4PbCle 0.2 10,000 2 250 1.3

aSpectra were not shown due to limitations in S/N.

Additionally, a non-spinning 35Cl1 NMR spectrum of ITC-synthesized MAPbCl; was also
acquired at room temperature using the same probe by employing a Hahn-echo pulse sequence.?
A recycle delay of 0.1 s was used, with 13 VOCS steps and a frequency step size of 100 kHz were
used to obtain a final spectrum after adding all the sub-spectra. All the 35C1 NMR spectra at 7.05
T were referenced to a secondary standard (solid CsCl, §(35Cl) = 114 ppm) with respect to primary
standard of 1 M NaCl in H>0 (§(35Cl) = 0.00 ppm).

b.21.1 T NMR Data

Non-spinning 35C1 NMR spectra at 21.1 T were acquired on a Bruker Avance II 900 NMR
spectrometer using a home-built 4 mm H/Xlow-E solenoid probe at room temperature. Samples
were packed in 4 mm ZrO; Bruker rotors, thin-walled (~150 mg) or thick walled (~75 mg)
depending on the sample volume. WURST-CPMG, WURST-echo,” and quadrupolar-echo10.11
pulse sequences were used for all the samples with a primary reference of 1 M KCl in D0 at §(35Cl)
= 0.00 ppm; the experimental parameters for the experiments are discussed below.

WURST-CPMG NMR spectra of the mechanochemically synthesized samples were
acquired using a WURST excitation spectral width of 2 MHz, 48 echoes, a spikelet spacing of 2 kHz
and with proton decoupling when required. Unlike the 35CI NMR spectra at 7.05 T, the
WURST-CPMG NMR spectra at 21.1 T are obtained in a single step significantly reducing the
acquisition time. WURST-echo NMR spectra were obtained using the same WURST pulse
parameters discussed above, followed by a single echo acquisition. All other relevant
WURST-CPMG and WURST-echo experimental parameters for each of the samples are
mentioned in Table S2.
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Table S2. Non-spinning 35C1 NMR experimental parameters used in WURST-CPMG and WURST-echo
pulse sequences at 21.1 T for the mechanochemically synthesized samples.

Recycle # of Scans Total Acquisition Time
Samples DI EVA (Hours)
(s) WURST-CPMG  WURST-echo = WURST-CPMG WURST-echo

aFAPDbCl3 2 1,024 4,096 0.5 2.5
aMAPDbCl3 2 1,024 4,096 0.5 2.5
CsPbCl3 1 4,096 16,384 1.0 4.5
CsPb2Cls 2 1,024 3,072 0.5 1.5
Cs4PbCls 2 1,024 3,072 0.5 1.5

aProton decoupling was used during WURST-CPMG experiment for these samples.

Quadrupolar-echo NMR spectra were obtained by adding different frequency-stepped
sub-spectra acquired by employing the VOCS technique with a step size of 150 kHz when
required. A recycle delay of 1 s and 16,384 scans were used to record the sub-spectra with
acquisition time of = 4.5 hrs per step for all the mechanochemically synthesized samples.
Quadrupolar-echo NMR spectra of FAPbClz was acquired using five steps with total
experimentation time of 22.5 hrs. Similarly, 13.5 hrs were required to obtain the spectra of
MAPDCI3, CsPbCl3, and CsPb,Cls. The spectrum for Cs4PbCls was recorded in a single step with an
acquisition time of 4.5 hrs.

Solid-state 37Cl NMR Spectroscopy

A non-spinning 37Cl quadrupolar-echo NMR spectrum of CsPbCl; was also acquired at 21.1 T on
a Bruker Avance I1 900 NMR spectrometer using a home-built 4 mm H/X low-E solenoid probe
at room temperature. Approx. 50 mg of CsPbCl; was packed in a thick-walled 4 mm ZrO; Bruker
rotor. Three sub-spectra were acquired with frequency stepping of 125 kHz to obtain the
complete quadrupolar-echo spectrum using a recycle delay of 1 s, 65,536 co—added transients,
and a total acquisition time of 18 hrs.

NMR Data Processing and Analysis

NMR spectra were processed using the Topspin 4.1.1 Bruker software and plotted using the
OriginPro 8.5 software. All the 35/37Cl NMR spectra were fit using the WSolids1 NMR simulation
package.12 Euler angles of the samples were extracted using EFGShield (Version 4.6) to aid in
simulation.13 EFG ellipsoids were visualized using MagresView V 1.6.2.14

Quantum Chemical Computations

The CAmbridge Serial Total Energy Package (CASTEP) software package!516 with NMR
modules!7.18 were used to perform quantum chemical calculations to compute theoretical NMR
interaction parameters. The projector-augmented wave method (PAW) and GGA/PBE
functionall? were used for electronic structure calculations. The complementary GIPAW method
was utilized to calculate the NMR parameters. For k-space sampling, k-points were distributed
according to Monkhorst-Pack (MP) scheme29, with grid dimensions of p x q x r and no grid shifting.
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The plane wave cut-off energy was set automatically according to elemental composition, with
“Extreme” precision setting in CASTEP. The exact cut-off values are given in Table S3.

Table S3. MP grid k-points and plane wave cut-off energy used for GIPAW-DFT calculations for all the
samples.

Plane Wave Cut-off Energy

Samples MP grid (p x q x r) k-points (eV)
Cs2SnClg 8x8x8 392
Cs2InAgCle 8x8x8 827
Cs2BiAgCle 8x8x8 827
CsGeCl3 12x12x 12 567
FAPbCl; 12x12x 12 750
MAPDCI3 12x12x 12 750
CsPbCl3 10 x 7 x 10 750
CsPb:Cls 8x8x4 750
Cs4PbCls 5x5x4 392
CsCl (ref.) 10 x 10 x 10 750

Table S4. Crystal system, space group and cell parameters of the samples used for GIPAW-DFT

calculations.
Crystal System Cell Parameters

Samples & c o

Space Group (A°) (deg)

Cs2SnCls ( 5:72‘:7) 10.67 | 10.67 | 10.67 | 90 90 90 | 123
Cs2InAgCle ( 5:72‘:7) 1048 | 10.48 | 1048 | 90 90 90 | 124
Cs2BiAgCls ( 5:72‘:7) 10.78 | 10.78 | 10.78 | 90 90 90 | 1251

CsGeCls Rhor(“%o%edral 545 | 545 | 545 | 89.72 | 89.72 | 89.72 | Izl

FAPCI; ( ;‘:Ei;) 574 | 574 | 574 | 90 90 90 | @7

MAPbCls ( ;‘:Ei;) 569 | 569 | 569 | 90 90 90 | 28

CsPbCls Ort}(‘;;}r;oa‘;‘bic 790 | 11.25 | 7.89 | 90 90 90 | 129

CsPbaCls T(?;r/arf;rr‘gl 813 | 813 | 1477 | 90 90 90 | B0

Cs4PbCle Rhon(‘;ggedral 1318 | 13.18 | 16.64 | 90 90 120 | 61
CsCl (ref) ( ;‘:Ei;) 411 | 411 | 411 | 90 90 90 | B2

All unit-cell parameters and atomic coordinates were taken from their corresponding
crystal structures as summarised in Table S4. Hydrogen atoms were inserted in the MA and FA
cations for hybrid MA- and FAPbCl3 unit cells using the Avogadro software,2122 and geometry
optimization of the H positions were performed before calculating NMR parameters. The k-point
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grid dimension parameters (p x q x r) were increased until the computed values of the magnetic
shielding tensor converged to AGcomputed < 1 ppm. Finally, GIPAW-DFT computed 35Cl magnetic
shielding tensor values were converted to chemical shifts using the computed values of CsCl as a
reference sample with §(ppm) % Gref (ppm) - Ocomputed (PpMm), Where orer= 914.75 ppm was used to
match the ;0 = 114 ppm value obtained from the experimental 35Cl solid CsCl spectrum at 7.05 T.

NMR Parameter Definitions

Detailed discussion about several solid—state NMR interactions and parameters can be found
elsewhere.3334 Relevant NMR parameters mentioned in this study are briefly discussed below:

a. Isotropic chemical shift (iso)

diso is the result of averaging the principal components of the anisotropic shift tensor. Chemical
shift values (6) are obtained by converting the magnetic shielding values (o) in reference to a
standard with a specified chemical shift.

In the principal axis frame, the magnetic shielding tensor can be represented as:

g1 O 0
o= ( 0 0-22 O )
0 0 o33

The diagonal components of the magnetic shielding tensor can be converted to chemical
shift values using the following relation:

Oref — Ojj

6ii = ! = (Uref — O'il'),i = 1, 2,3

1-— Uref
where, the magnetic shielding of 35/37Cl reference, o is considered to be < 1 to obtain
the simplified equation for chemical shift values (6;;), and the isotropic chemical shift is given by

the following equation:
_ 011 + 835 + 833

iso —
3

b. Quadrupole coupling constant (Cp)

Nuclei with nuclear spin, [ > 1/2 are quadrupolar and have a nuclear quadrupolar moment (Qn).
This Qm couples with the electric field gradient (EFG) generated by the electric field produced by
the electronic charge distribution of its surrounding chemical environment, giving rise to the
quadrupolar interaction (QI). The strength of the QI can be understood by the quadrupole
coupling constant (Cy) value, which has a direct relation to the largest principal component of the
EFG tensor at the nucleus (Vzz) and Qm, and is defined by the equation:

_eQnVzz

~ h

Co
where e = charge of the electron, and h = Planck’s constant.

c. Asymmetry parameter (17)

The deviation of the EFG from axial symmetry can be obtained from the asymmetry parameter, 1,
given by the equation:

where three principal components of EFG tensor follow the trend |Vxx| < |Vyy| < [Vzz].
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Powder XRD Data
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Figure S1. Room-temperature powder XRD patterns of those samples whose NMR spectra are shown in
this study. (a) hybrid 3D FAPbCls, FAosoMAos0PbCls, MAPbCls, CsGeCls, Cs2InAgCls, and Cs2BiAgCls. (b) 0D
Cs4PbCls, 2D CsPb2Cls, and 3D CsPb(ClxBri-x)s (x = 1, 0.67, 0.33, and 0.03). All compounds were prepared
by mechanochemical synthesis unless mentioned [ITC = inverse temperature crystallization, SS = solvent
synthesis]. FAPbCl3 and FAos0MAo.50PbCls has an unidentified impurity, denoted by the daggers (1) in (a).
The asterisks (*) indicate the presence of PbClz as starting material in mechanochemically synthesized
MAPDCI; in (a). CsCl was assigned as the impurity in Cs4+PbCls in a previous study by Karmakar et al.! and
is denoted by black circle (®) in (b).

Table S5. Refined unit cell parameters from PXRD patterns.

CSPb (Clel'1_X)3

Materials FAo.50MAo.50PbCl3
x=0.33
Crystal System Cubic Orthorhombic | Orthorhombic | Orthorhombic
Space Group Pm3m Pnma Pnma Pnma
a(d) 5.7121(4) 8.2303(15) 8.2735(18) 8.2855(13)
Cell b (A) 5.7121(4) 11.7359(17) 11.4954(17) 11.3495(21)
Parameters | ¢ (A) 5.7121(4) 8.1953(16) 8.1593(12) 8.0439(20)
Angles a=B=y=90° a=B=y=90° | a=B=y=90° | a=B=y=90°
Volume (V) (A3) 186.37(2) 791.583(24) 776.02(24) 756.41(26)
Z 1 4 4 4
Formula g&f)t Volume V/Z=186.37 V/Z=197.90 | V/Z=194.01 | V/Z=189.10
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A-site Variation of 3D Perovskites Data

18.0
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Figure S2. DPlot of experimental (WURST-CPMG) 35Cl Cq on the formula unit cell volume (V/Z) with A-site
variation for 3D LHPs.

Energy-dispersive X-ray (EDX) Spectroscopy Data and
Scanning Electron Microscopy (SEM) Images
CsPb(Cly 03Brog7)s

:
BL  PoVAE —— Mapping1 R .
a) - : ’ el b) ¥ TS icorino ]
.
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T B [ ]
2
UL I,
1 2 3 4 5 6 7 8 9 10
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= B = s
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3 o ] C

5
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Figure S3. (a) Elemental analysis via EDX spectroscopy for CsPb(Clo.03Bro.7)s (in triplicate as shown from
top to bottom). (b) SEM images and the corresponding EDX elemental mapping for Cl of CsPb(Clo.03Bro.97)3.
The average from the three elemental mappings provided the atomic % of Cl of ~3% in the sample.
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Solid-state 35Cl NMR Spectroscopy Data

MAPbCI, (ITC)

L____J Simulated

¢
WURST-CPMG
T o T o T ) T i T L T
20000 10000 0 -10000 -20000 -30000
8(3SCI)/ppm

Figure S4. Non-spinning 35Cl WURST-CPMG (black), and Hahn-echo (red) NMR spectra of ITC-
synthesized MAPDbCIs acquired at 7.05 T and 293 K. The simulated spectrum is shown at the top (blue)
which yielded NMR parameters of Co = 16.34 + 0.05 MHz, n = 0.00 + 0.02, and &iso = 150 + 125 ppm. The
signals denoted by the black diamond suit (4) arise from an unidentified source.

a) FAPDCI, b) MAPDCI,
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I o 1 L) T ) T 2 I o T I = I ) T ) T Y I ' I
20000 10000 0 -10000 -20000 -30000 20000 10000 0 -10000 -20000 -30000
5(3°Clyppm 5(3°Cl)/ppm
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c) CsPbCl, d) CsPb,Cls
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Figure S5. Non-spinning 35Cl WURST-CPMG experimental (black) and simulated (blue) NMR spectra
acquired at 21.1 T (top) and 7.05 T (bottom) for (a) FAPbCls, (b) MAPbCls, (c) CsPbCls, (d) CsPbzCls, and (e)
Cs4PbCls. (f) Non-spinning 3°Cl WURST-CPMG experimental (black) and simulated (blue) NMR spectra of
FAos0MAos50PbCls acquired at 7.05 T. All the samples were mechanochemically synthesized. The individual
simulations of two different 35Cl sites, three-coordinated CI (BICl in brown) and four-coordinated Cl (14ICl
in green) in CsPbzCls are shown above the simulated spectra in (d) for both magnetic fields. The signals
denoted by the daggers (1), asterisks (*), and black circle (®) in (a) and (f), (b), and (e), respectively,
correspond to the impurities discussed in the caption to Figure S1.
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Figure S6. Non-spinning 35Cl WURST-CPMG (black), WURST-echo (violet), quadrupolar-echo (red) NMR
spectra and their corresponding simulated (blue) spectra at 21.1 T for mechanochemically synthesized (a)
FAPbCls, (b) MAPDCI;3, (c) CsPbCls, (d) CsPbzCls, and (e) CsaPbCls. Though resolution between two 35Cl sites
with slightly different Pb-Cl-Pb bond angles (£) in CsPbCls was not clear in WURST-CPMG spectrum, it
was obtained in WURST-echo and quadrupolar-echo spectra, and individual simulations of the £ ~161°
(brown) and 169° (green) sites are shown in (c). CsPbzCls also displayed resolution between two different
35Cl sites, and three-coordinated CI (IBICl in brown) and four-coordinated Cl ([4ICl in green) are shown by
individual simulations in (d). The impurities discussed in Figure S1 gave rise to the signals denoted by

daggers (1), asterisks (*), and black circles (@) in (a), (b), and (e), respectively.
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Figure S7. Superimposed simulated NMR spectra of 3D CsPbCls, 2D CsPbzCls and 0D Cs4PbCl¢ LHPs for
different magnetic field strengths of 7.05, 14.1, 21.14, and 35.25 T (bottom to top) under non-spinning

conditions using the NMR parameters listed in Table 2. Resolution between the high frequency horns of
four-coordinate Cl (14ICl) of CsPb2Cls and Cs4PbCls is lost from 14.1 T onwards.
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Figure S8. Non-spinning 35Cl WURST-CPMG (red) and simulated (blue) spectra of Cs2SnCl¢ acquired at
11.75 T. Reproduced from Karmakar, A.; Mukhopadhyay, S.; Gachod, P. G.; Mora-Gomez, V. A.; Bernard, G.
M.; Brown, A. and Michaelis, V. K. Chem. Mater., 2021, 33, 6078-6090, with permission from the American
Chemical Society.
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Quantum Chemical Computational Data
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Figure S9. Comparison of the experimental with GIPAW-DFT computed 35Cl (a) iso of LHPs and (b) n of
MHPs listed in Table 2. The computed 5 values of FA- (violet 6) and MAPbCls (orange &J) deviated from
the expected trend displayed by the dotted line with slope = 1 due to 'H positions on the mobile A-site
cations.

GIPAW-DFT computed 35Cl magnetic shielding tensor values of the secondary reference
CsClwere 011 = 022 = 033 = 800.75 ppm. Using the relation:

6(ppm) = (Gref_ Ucomputed) ppm = (O'ref— 80075) ppm,

and Jis0 = 114 ppm found from the experimental 35CI solid CsCl spectrum at 7.05 T as discussed
before, the o value was found to be 914.75 ppm (i.e., Grer = 8 + Ocomputed in ppm).

This value of o, was used to obtain the calculated 6;s, values for all the samples using the
following equations: §;(ppm) = (914.75 - Giicomputed) ppm, Where i = 1, 2,3, and 8iso = (611 + 622 +
033)/3.

Table S6. GIPAW-DFT computed 35Cl NMR parameters for Cs2SnCls, Cs2InAgCle, Cs2BiAgCls, CsGeCls and
Cs4PbCls with single Cl site.

Magnetic Shielding EFG Tensor

Materials Tensor (ppm)

Euler Angles (Degree)

o Y
Cs2SnCle 251.67 | 251.67 | 900.95 447 -33.54 0 1.75 0 0 0
Cs2InAgCle | 708.78 | 708.78 | 921.59 135 -29.02 0 1.51 0 0 0
Cs2BiAgCle | 786.99 | 786.99 | 868.16 101 -25.34 0 1.32 0 0 0
CsGeCls 609.19 | 651.76 | 863.56 207 -25.30 | 0.02 | 1.32 90 0.79 0
Cs4PbCle 725.01 | 771.33 | 821.90 142 -8.92 0.18 | 047 | 6510 | 11.64 | 69.98
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Table S7. GIPAW-DFT computed 3°Cl NMR parameters for FAPbCls.

EFG Tensor

Magnetic Shielding
Tensor (ppm)

Euler Angles (Degree)

a B Y
Cl(1) | 723.95 | 739.66 | 94594 | 112 | -18.89 | 0.42 0.98 90

0 0
Cl(2) | 640.17 | 670.70 | 909.10 175 -21.29 | 0.35 1.11 90 0 0
Cl(3) | 739.53 | 754.85 | 902.03 116 -15.23 | 0.14 0.79 90 0 0

Note. Three different Cl atoms along the coordinate axes arises after the hydrogen insertion in the organic
FA cation. Average values of Cg, 7 and diso are listed in Table 2 for the single 35Cl site of FAPbCls.

Table S8. GIPAW-DFT computed 35Cl NMR parameters for MAPbCls.

Magnetic Shielding EFG Tensor

Cl Sites Tensor (ppm)
Euler Angles (Degree)

a B Y
Cl(1) | 678.70 | 709.71 | 93292 | 141 | -18.90 | 0.16 099 |316.49 | 187 | 70.03

Cl(2) 690.37 | 721.03 | 944.47 129 -18.61 | 0.09 097 | 141.69 | 1.80 | 298.63

C1(3) 686.68 | 697.72 | 912.38 149 -17.20 | 0.29 090 | 223.08 | 3.77 | 253.93

Note. Three different Cl atoms along the coordinate axes arises after the hydrogen insertion in the organic
MA cation. Average values of Cg, 7 and Jiso are listed in Table 2 for the single 35Cl site of MAPbCls.

Table S9. GIPAW-DFT computed 35Cl NMR parameters for CsPbCls.

Magnetic Shielding EFG Tensor
cl Sites Tensor (ppm) Biso Co I
(ppm) (MHz) Euler Angles (Degree)
« B Y
Cl(1) 719.74 | 745.10 | 903.21 126 -16.52 | 0.01 0.86 | 359.54 | 0.17 | 267.84
Cl(2) 730.59 | 736.12 | 918.42 120 -16.92 0 0.88 95.19 0 0

Table S10. GIPAW-DFT computed 35Cl NMR parameters for CsPbzCls.

Magnetic Shielding Tensor EFG Tensor
Cl Sites (ppm) (p61;s;1 ) (Mclzz) T EulerAngles
Vzz (Degree)
G
Cl(1) 743.66 741.47 | 688.22 190 -8.59 | 0.38 | 045 0 18.85 0
Cl(2) 692.69 692.69 | 626.95 244 15.34 0 0.80 90 90 180
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Table S11. Experimental and GIPAW-DFT computed fraction of 35Cl sites in the samples with multiple CI
sites.

% Fraction of 35Cl Sites

Samples Local Cl Environment -
Experimental GIPAW-DFT

2 Pb2 non-collinear (Pb-Cl-Pb bond angle ~161°) 62 67
CsPbCls

2 Pb2 non-collinear (Pb-Cl-Pb bond angle ~169°) 38 33

3 Pbs trigonal pyramidal 80 80
CsPb2Cls

4 Pb4 square planar 20 20

a) Cs,SnClg b) Cs,InAgClg

c) Cs,BiAgCls d) CsGeCl,

e) FAPbCI; f) MAPbCI,
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g) CsPbCl, h) CsPb,Cl;

O sn
O n
O si
O Ge
Q Fo
O
Oc
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Figure S10. The computed EFG ellipsoids around the 35Cl atoms of (a) Cs2SnCls, (b) Csz2InAgCls, (c)
Cs2BiAgCls, (d) CsGeCls, (e) FAPDbCIs, (f) MAPbCIs, (g) CsPbCls, (h) CsPbzCls, and (i) Cs4PbCle. Of interest, Vzz
for all Cl atoms is aligned along its Pb—Cl bond except for four-coordinate CI (14ICl) in CsPb2Cls in (d).
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