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ABSTRACT: Vacancy-ordered double perovskites Cs2SnXs (X = Cl, Br, I) have emerged as promising lead-free and ambient-
stable materials for photovoltaic and optoelectronic applications. To advance these promising materials, it is crucial to deter-
mine the correlations between physical properties and their local structure and dynamics. Solid-state NMR spectroscopy of
multiple NMR-active nuclei (133Cs, 119Sn and 35Cl) in these cesium tin(IV) halides has been used to decode the structure, which
plays a key role in the materials’ optical properties. The 11°Sn NMR chemical shifts span approximately 4000 ppm and the
119Sn spin-lattice relaxation times span three orders of magnitude when the halogen goes from chlorine to iodine in these
diamagnetic compounds. Moreover, ultrawideline 35Cl NMR spectroscopy for Cs2SnCls indicates an axially symmetric chlorine
electric field gradient tensor with a large quadrupolar coupling constant of ca. 32 MHz, suggesting a chlorine that is directly
attached to Sn(IV) ions. Variable temperature 119Sn spin lattice relaxation time measurements uncover the presence of hidden
dynamics of octahedral Snle units in Cs2Snls with a low activation energy barrier of 12.45 k] /mol (0.129 eV). We further show
that complete mixed-halide solid solutions of Cs2SnClxBrs-x and Cs2SnBrils-x (0 < x < 6) form at any halogen compositional
ratio. 11°Sn and 133Cs NMR spectroscopy resolve the unique local SnCl,Brs-» and SnBrxls-» (n = 0-6) octahedral and CsBrmliz-m
(m = 0-12) cuboctahedral environments in the mixed-halide samples. The experimentally observed 11Sn NMR results are
consistent with magnetic shielding parameters obtained by density functional theory computations to verify random halogen
distribution in mixed-halide analogues. Finally, we demonstrate the difference in the local structures and optical absorption

properties of Cs2Snls samples prepared by solvent-assisted and solvent-free synthesis routes.

INTRODUCTION

Lead halide perovskites (APbXs; A = Cs*, CH3NHs*,
CH(NH2)2%; X = Cl, Br-, I-) have gained tremendous atten-
tion as semiconducting materials due to their desirable op-
tical and electrical properties including in photovoltaic so-
lar cells,! light-emitting diodes,? hard-radiation detectors,3
photocatalytic reactions* and beyond.5¢ Although lead-con-
taining perovskites have high power conversion efficiencies
(PCE) of 25.5% in photovoltaic solar cells,” they, unfortu-
nately, suffer from mediocre chemical stability®-! and the
potential risk of lead toxicity.1213 The tin(II) halide perov-
skites ASnXs3 are possible alternatives with lower toxicity,
but they exhibit lower PCE of up to 10% and rapidly oxidize
in air (SnZ* to Sn*+).14-17

Vacancy-ordered double perovskites A2BXe (A = Cs*
CH3NH3*, CH(NH2)2*; B = Sn**; X = Cl-, Br-, I-) are an alterna-
tive family of perovskites, demonstrating much higher am-
bient stability and lower toxicity.1®8 The structure of A2BXe
can be described as an ABX3 perovskite, with half of the B-
sites removed in an ordered fashion (Figure 1a).1° For ex-
ample, Cs2SnXe are cubic in structure with 12 halogens sur-
rounding the A-site to form a CsX12 cuboctahedron, whereas

the B-site is octahedrally coordinated with six halogen ani-
ons to form BXe octahedra (Figure 1a). The iodide analogue,
Cs2Snle, has a bandgap (1.25-1.62 eV) close to the optimum
value (1.34 eV) to maximize thin-film solar cell effi-
ciency.'820.21 Recently, Cs2Snls has shown promising optoe-
lectronic properties to develop air-stable and lead-free per-
ovskite photovoltaics.22 The mixed-halide analogues
Cs2SnBryle-x reveal bandgap tailorability with halogen com-
position,z* making them suitable as hole-transporting mate-
rials in solid-state dye-sensitized solar cells.z* On the other
hand, Cs2SnXs nanocrystals have demonstrated tunable
light emission and photocatalytic activity.2>-27 Recently,
doped (Bi3* and Sb3*) Cs2SnCls has been shown to produce
efficient blue and orange-red light emission; this develop-
ment brings about de novo opportunities for these materi-
als as solid-state lighting candidates.28-30

To date, vacancy-ordered halide double perovskites have
been extensively characterized by X-ray diffraction (XRD)
techniques, which provide information about the average
long-range structure, but not about the local chemical envi-
ronments. Fundamentally, it is essential to correlate the
bulk photophysical properties with the microstructural
characteristics for perovskites. Solid-state nuclear magnetic



resonance (NMR) spectroscopy is a robust analytical char-
acterization tool to determine short- (<5 A) and medium-
(5-10 A) range structures as well as ion dynamics in perov-
skites.16:31-47 More specifically, 133Cs (I = 7/2, Qm = -0.34 fm?,
100% abundance)*® is an ideal NMR-active nucleus to iden-
tify the chemical environments around the A-site in perov-
skites.36:42:4749-52 119G (] = 1/2, 8.6% abundance), the most
receptive nucleus among three NMR-active tin isotopes
(115Sn, 117Sn, 119Sn) (Table S1),%8 has been used to resolve the
local B-site structural environments and halogen dynamics
in ABXs perovskites and other tin-containing com-
pounds.t61753-59 Furthermore, the 119Sn NMR spectra dis-
plays an extensive range to diamagnetic Sn-containing com-
pounds which has been recently extended to span nearly
6,000 ppm. 16.60-62

This study shows an impressive ability to tailor the optical
bandgap over a 3 eV range using a high energy mechano-
chemical synthetic design of vacancy ordered double perov-
skite Cs2SnCliBrs-x and Cs2SnBrxls-x mixed-halide materials.
Powder XRD and NMR spectroscopy allow identification of
the long-, medium- and short-range chemical and coordina-
tion environments around Cs and Sn sites upon interhalo-
gen substitutions in mixed-halide analogues. The experi-
mentally observed broad (>100 kHz) and multiple reso-
nances in the 119Sn NMR spectra for the mixed-halide ana-
logues are correlated with 11°Sn magnetic shielding param-
eters obtained from density functional theory (DFT) com-
putations and reveal the importance of the spin-orbit
shielding term. Variable temperature 11°Sn NMR captures
the activation energy of the rapid Snle octahedral dynamics
in Cs2Snle. Finally, Cs2Snle materials prepared by solvent-as-
sisted or solvent-free synthesis routes are discussed to un-
cover the influences of solvent- vs. solvent-free synthesis on
the local chemical structure and bulk optical properties. The
comparison is important as mechanochemistry continues to
be shown as an effective greener approach for synthesizing
solids.
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Figure 1. (a) Crystal structure of Cs2SnXs, local CsX12 cubocta-
hedral environment of 12 halides around cesium, and local
SnXe octahedral environment of six halides around tin. (b) Op-
tical absorption spectra (inset - photographs) and (c) Powder
XRD patterns of solvent synthesized Cs2SnXs parents.

Table 1. Unit cell parameters, direct bandgap, solid-state 133Cs and 11°Sn NMR results (v = 13 kHz, Bo = 11.75 T) for solvent

synthesized Cs2SnXe parents.

Samples  Cell parameter = Bandgap 133Cs NMR 119Sn NMR
@ (eV) 8(ppm) fwhm (Hz) 8(ppm) fwhm (kHz) Ti(s)
Cs2SnCls 10.3826(1) 4.48 125.8+0.1 62+2 -708+1 1.5+0.1 146 + 6
Cs2SnBre 10.8377(2) 3.13 112.3+0.2 175+5 -1964 + 2 52%0.2 54+0.2
Cs2Snls 11.6342(2) 1.42 -46.1+0.1 66+2 -4540 £ 5 11.5+0.5 0.170 £ 0.007
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Figure 2. Solid-state (a) 133Cs, (b) 119Sn NMR spectra and (c) inversion recovery plot to measure 119Sn spin-lattice (T1) relaxation
values for the solvent synthesized Cs2SnXe parents. NMR experiments were performed at 11.75 T with magic-angle spinning fre-

quency of 13 kHz.

RESULTS AND DISCUSSION

Solvent Synthesized Cs:SnXes Parents. Cs:SnXe (X = Cl-, Br-,
[-) parents were prepared by solvent-assisted synthetic
routes starting with CsX and SnX4 precursors (see SI). As de-
termined by energy-dispersive X-ray spectroscopy (EDS),
the chemical compositions agree well with the expected
Cs2SnXe chemical formulation formed by solvent synthesis
(Table S2 and Figure S1). Cs2SnXe samples are polycrystal-
line with micron-sized particles as determined by field-
emission scanning electron microscopy (FESEM) (Figure
S2). The color of Cs2SnXs changes from white (Cs2SnCls) to
faint yellow (Cs2SnBrs) to black (Csz2Snls), consistent with a
decrease in their optical absorption edge (Figure 1b). The
powder XRD patterns are consistent with a cubic structure
(K2PtCle-type, space group Fm3m) for all three Cs2SnXs par-
ents at room temperature (Figure 1c). The cell parameters,
as refined by Le Bail fitting of the powder XRD patterns, sys-
tematically increase for the Cs2SnXe parents as the ionic ra-
dius of the associated halogen anion increases from 1.81 A
r(Cl) < 1.96 A r(Br-) < 2.20 A r(I-) (Table 1).63

The optical absorption spectra, which are extracted from
the diffuse reflectance spectra by the Kubelka-Munk func-
tion, exhibit a gradual shift of the absorption edge to lower
energy as Cl is replaced by Br and followed by I in Cs2SnXe
parents. Considering a direct bandgap property for these
semiconducting materials,® the optical bandgap values are
extracted from the linear region in the Tauc plot of (ahv)?
against energy (Figure S3). The bandgap in Cs2SnXe parents
exhibits a dramatic decrease from 4.48 eV for Cs2SnCle to
1.42 eV for Cs2Snls, spanning across 3 eV (Table 1).

Solid-state 133Cs and 119Sn NMR spectroscopy was used to
investigate the local halogen environments around cesium
and tin. The Cs atoms occupy a crystallographic site with
43m symmetry in Cs2SnXe. Twelve nearest-neighboring hal-
ogen atoms surround them to form a local CsXi2 cuboctahe-
dral environment (Figure 1a). Accordingly, the 133Cs magic-
angle spinning (MAS) NMR spectra exhibit a single sharp
resonance with chemical shifts of 125.8 ppm (full width at
half maximum, fwhm = 62 Hz) for Cs2SnCle, 114.6 ppm
(fwhm = 175 Hz) for Cs2SnBre and -41.4 ppm (fwhm = 66
Hz) for Cs:Snle, indicating one unique crystallographic Cs
site (Figure 2a and Table 1). A gradual change in the 133Cs
NMR chemical shift towards lower frequency is in agree-
ment with a recent observation on CsSnXs perovskites,16 but
in contrast to CsPbXs perovskites,3® where an opposite
trend in the chemical shift was observed. Due to Cs residing
in the center of a perfect CsX12 cuboctahedral environment
in Cs2SnXs parents, a vanishing 133Cs quadrupole coupling
constant (Co = 0 kHz) is expected with no spinning side-
bands (SSBs) under MAS conditions. However, a low-inten-
sity (<1%) SSB was observed under slow MAS (v: = 5 kHz)
for all three Cs2SnXe parents (Figure S4), which is associated
to intrinsic defects such as halogen vacancies.#%65

The Sn atoms occupy m3m site symmetry in the Cs2SnXs
structure with six nearest-neighbor halogen atoms sur-
rounding Sn to form local SnXs octahedral units (Figure 1a).
The Cs2SnXs parents exhibit symmetric 11°Sn NMR reso-
nances with no evidence of SSBs under MAS conditions (Fig-
ure 2b), consistent with the highly symmetric local SnXs oc-
tahedral environment. The 119Sn NMR spectra in Cs2SnXe
shift towards lower frequency with a chemical shift of -708
ppm for Cs2SnCls, —1964 ppm for Cs2SnBrs and -4540 ppm
for Cs2Snle, a large change spanning over 3800 ppm for dia-
magnetic tin-containing compounds. The trend of increased
Sn shielding (to lower frequency) with increased halogen
atomic number observed here, a normal halogen depend-
ence (NHD), is opposite to previous studies on Sn(II)-based
perovskites (ASnXs), where an inverse halogen dependence
(IHD) was observed with a smaller chemical shift range (<
1300 ppm).165666 The unprecedented change in 119Sn chem-
ical shift was further studied using theoretical calculations,
which revealed that the diamagnetic and paramagnetic
shielding terms are nearly unchanged. Hence, the changes
in chemical shift originate from considerable spin-orbit ef-
fects whereby this term changes ca. 4500 ppm as the halide
anions increase in size (Table S3), emphasizing the need to
consider relativistic and spin-orbit effects when performing
DFT calculations for these materials which contain heavy el-
ements. The 11°Sn NMR linewidths depend on the halogen in
Cs2SnXe, increasing monotonically from 1.5 (Cs2SnClg) to 5.2
(Cs2SnBr¢) to 11.5 kHz (Cs2Snls). For Cs2SnBrs, the 119Sn
NMR linewidth and lineshape are independent of the mag-
netic field strength (Bo=7.05to 11.75 T, Figure S5), indicat-
ing no evidence of shielding anisotropy. Furthermore, the
119Sn NMR linewidth decreases slightly (ca. 0.8 kHz) once
MAS is applied (Figure S6), confirming a small contribution
from heteronuclear dipolar coupling (through space) be-
tween Sn and Br nuclei (79/81Br: I = 3/2, total abundance =
100%). These findings suggest that a dominant
1J(119Sn-79/81Br) scalar coupling between 119Sn and the six
directly bonded 79/81Br nuclei in SnBrs octahedra is respon-
sible for the 119Sn NMR linewidth.35363867 The 119Sn spin-lat-
tice relaxation time (71) decreases from Cs2SnCls (71 = 146
s) to Cs2SnBre (T1 = 5.4 s) to Cs2Snle (T1 = 0.170 s), a differ-
ence of three orders of magnitude (Figure 2c and Table 1),
which is comparable to recent observation on ASnXs perov-
skites.1617 The trend in 11°Sn T1 values where the relaxation
decreases dramatically with increasing halide atomic num-
ber (Figure 2c) follows the inverse of the trend in the scalar
coupling strength where 1/(119Sn-127]) > 1J(119Sn-79/81Br) >
1J(119Sn-35/37Cl]). Hence this interaction is thought to be the
dominant relaxation mechanism and expected to be fastest
for Cs2Snle, intermediate for Cs2SnBrs and slowest for
Cs2SnClg, as previously observed in other tin halide perov-
skite compounds.16:68:69

Chlorine-35 NMR spectroscopy in CszSnCls. The stable hal-

ogen elements are NMR active, but unlike 1°F (I = 1/2), the
heavier group 17 elements are quadrupolar (nuclear spin, /



=3/2 (35/37Cl, 79/81Br) or [ = 5 /2 (127[)) with large quadrupole
moments (Table S1).35C] NMR spectroscopy has been used
to investigate the local structural environments in pharma-
ceuticals, amino acids, lead halide perovskites, organic and
organometallic compounds, due to its overall NMR sensitiv-
ity as well as the insight into structure that it provides.”0-75
Crystallographically, the halogen atoms in Cs2SnXs occupy a
single site with symmetry 4m.m, where each halogen is
bonded to a single Sn atom (Figure 1a). Hence, this lower
site symmetry of the X site in Cs2SnXe is expected to impart
a sizable electric field gradient (EFG) that would cause sub-
stantial spectral broadening. Figure 3 shows the frequency-
stepped wide-band, uniform, and smooth truncation Carr-
Purcell-Meiboom-Gill (WURST-CPMG)7¢77 35Cl NMR spec-
trum of Cs2SnCls. The ultrawideline NMR spectrum that
spans ca. 2.7 MHz at 11.75 T was obtained in 12 steps using
the variable offset cumulative spectra (VOCS) technique
(Figure S7). Fitting the central transition reveals that 8iso =
560 + 20 ppm, Co = 32.0 £ 0.3 MHz and that the quadrupolar
asymmetry parameter, 7 = 0.00. The spectral lineshape is
consistent with the presence of a terminal Cl atom in
Cs2SnCls, as the terminal Cl atoms are in a higher axial sym-
metric environment, which results in a large Cq and a low 7.
Moreover, the large 35Cl Cq value confirms the chloride ions
are coordinated to a Sn(IV) ion in a local SnCls octahedral
environment.’> In contrast, Cl atoms attached to Sn(II) ions
show lower Cq values of <30 MHz.7”5> We note that bulk and
nanocrystalline forms of CsPbCls perovskite exhibit lower
35Cl Cq values of ca. 15.5 MHz (n = 0).73
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Figure 3. Experimental (lower trace, blue) and simulated (up-
per trace, red) 35Cl WURST-CPMG solid-state NMR spectrum of
Cs2SnCle parent (vr = 0 kHz, Bo = 11.75 T, sum of 12 frequency

steps, 250 kHz/step).

Snls Octahedral Dynamics in CszSnls. Anharmonic lattice
dynamics of BXs octahedra in halide perovskites play a vital
role in optical and electrical properties of these materials.”8-
80 The isolated BXe octahedral units in A2BXs vacancy-or-
dered double perovskites extend the degree of dynamical
freedom compared to that for their sister materials, ABXs

perovskites (Figure 4a). Recently, X-ray pair distribution
function analysis on CszSnl¢ has revealed asymmetry in the
interoctahedral I-I distance, which can be correlated with
rotational disorder for the isolated Snls octahedral units,
but the technique does not provide information about the
activation energy associated with this rotation.8182 There-
fore, variable-temperature 11Sn NMR measurements were
carried out on a solvent-synthesized Cs2Snls sample to
probe specifically the anharmonicity of the isolated octahe-
dral Snls units to determine the associated activation ener-
gies needed for this unique property.

As the sample temperature increases from 208 to 380 K, the
119Sn NMR resonance shifts linearly towards lower frequen-
cies from -4522 to -4547 ppm (Table S4, Figures 4b and
S$8), attributed to a change in the interatomic distance as the
temperature changes. The linewidth of 12°Sn NMR reso-
nance remains nearly unaltered (fwhm = 18 + 1 kHz) across
the temperature ranges studied, indicating that the 119Sn
NMR linewidth in CszSnle is primarily driven by indirect (J)
and direct (dipolar) spin-spin coupling between 11°Sn and
127] nuclei. Most interestingly, the 11°Sn NMR spin-lattice re-
laxation time (T1) changes drastically from 4.6 s (208 K) to
0.12 s (380 K); nearly a 40-fold change in the T: over the
170 K temperature range. A plot of In[Ti/s] against
[1000/T(K)] is linear allowing a determination of an activa-
tion energy of 12.45 + 0.87 k] /mol (0.129 £ 0.009 eV), in ac-
cordance with the Arrhenius relationship (see Table S4, Fig-
ure 4b, Supplementary Note 1), suggesting a low energy
barrier for the Snls octahedral lattice dynamics. A compara-
ble temperature dependent change in 11°Sn T1 has been re-
ported for the ionic conductors, CHsNH3SnBrs and CsSnBrs
perovskites, where much higher activation energies
(0.3-0.4 eV) were observed for rapid halogen migration.1617
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Figure 4. (a) Schematic diagram of Snls anharmonicity in
Cs2Snl¢ structure. (b) Variable temperature 119Sn T1 data (vr =




0 kHz, Bo = 11.75 T) as a function of inverse of temperature for
solvent synthesized Cs2Snle.

Mechanochemically Synthesized Cs:SnCl:Brs-x and
Cs2SnBrls-x Mixed-Halides. Halide perovskites are pre-
dominately prepared by solvent-assisted, high temperature
or vapor deposition techniques.18384 Mechanochemical syn-
thesis is an entrenched “greener” synthetic route to prepare
a broad range of advanced functional materials,85-87 and has
recently been applied successfully in large-scale production
of perovskite photovoltaic materials.3¢:3888-92 Moreover,
certain compositions of APbXs mixed-halide perovskites
were achieved only by mechanochemical synthesis, but not
via solvent-assisted routes.37.38.93

Both manual hand-grinding using mortar and pestle and au-
tomated electric ball-milling have been used as solvent-free
mechanochemical synthesis routes to prepare bulk halide
perovskites.16:36-3889.90 Recently, we have shown that, using
a hand-grinding approach, one can obtain phase pure APbX3
perovskites within hours.3¢-38 However, replacing lead(II)
with tin(IV), we find that hand-grinding preparation of
Cs2Snle requires a substantially longer mixing time (6 h). In
comparison, electric ball-milling is more efficient (1.5 h)
over the labor-intensive manual route (Figure S9). The
phase pure Cs2SnClxBre-x (x = 3) and Cs2SnBrxls-x (x = 0, 1.5,
3,4.5, 6) samples were prepared by mechanochemical ball-
milling under ambient conditions (detailed synthesis is dis-
cussed in SI; see Experimental, Table S5 and Figures S10-
S11).

Figure 5a shows photographs of the ball-milled
Cs2SnCliBrs-x and Cs2SnBrxls-x samples and their associated
colors consistent with the optical bandgaps. The samples
are micron-sized particles having uniform distributions of
the constituent elements (Cs, Sn, Cl, Br, I), as determined
from elemental mapping images collected using FESEM
(Figures 5b and S12). The elemental compositions of mixed-
halide analogues, as determined by EDS analysis, agree well
with the nominal compositions (Table S2 and Figure S13).

The powder XRD patterns collected at room temperature
are consistent with the cubic structure (space group Fm3m)
for Cs2SnClxBre-xand Cs2SnBrxle-x (Figures 5c and S14). The
powder XRD peaks are shifted towards a higher diffraction
angle (Figure 5c), and the refined unit cell parameter in-
creases as smaller halide ions are replaced with larger vari-
ants (Table S6). The unit cell parameter in Cs2SnBrxls-x
against Br content shows no significant deviation from line-
arity, in agreement with Vegard’s law (Figure 5e). This find-
ing suggests that Br and I atoms are randomly mixed in
Cs2SnBrxle-x; consistent with our previous observations in
lead-based mixed-halide perovskites.3738

The optical absorption spectra show that the absorption
edge shifts to lower energy with greater Br content in
Cs2SnCliBres-x and I content in Cs2SnBrxls-x (Figure 5d). As
extracted from the Tauc plot of the direct bandgap, the op-
tical bandgap values span about 3 eV for these samples (Ta-
ble S6 and Figure S15), which agrees well with the previous
observations.t4%¢ The bandgap in the Cs2SnBrils-x mixed-
halide series decreases nonlinearly from 3.30 eV for
Cs2SnBrs to 1.54 eV for Cs2Snls (Figure 5e). This behavior is

different from the linear bandgap trend observed in lead-
containing mixed-halide perovskites,3¢-38 but is similar to
the observed anomalous nonlinear trend in the mixed tin-
lead perovskites.?>

A more complete local structural model for the mixed-hal-
ide samples can be obtained by solid-state 133Cs and 11°Sn
NMR spectroscopy to interrogate the A- and B-sites, respec-
tively. Figure 6a shows the 133Cs MAS NMR spectra for
Cs2SnClsBrs-xand Cs2SnBrxls-x. Cs2SnCl3Brs exhibits an inho-
mogeneously broadened 133Cs NMR resonance (fwhm = 1.1
kHz) due to the spectral overlap of multiple local
CsClmBriz-m (m = 0-12) halide environments according to
the random distribution (Table S7 and Figure S16a).3¢ The
133Cs SSB manifold is related to the local CsXi2 cuboctahe-
dral symmetry of perovskites,*? an increase in the 133Cs SSBs
in Cs2SnCl3Brs indicates a perturbation within the electric
field gradient due to the lowering in the local cuboctahedral
symmetry upon Cl and Br mixing, and hence an increase in
the quadrupole coupling constant (Figure S17). For the
Cs2SnBrxle-x series, the 133Cs NMR resonances span across
160 ppm between 115 to -45 ppm. The resonances are ei-
ther spectrally unresolved for Br-rich or resolved for I-rich
samples (Figure 6a). The Br-rich sample, Cs2SnBraslis,
shows an inhomogeneously broadened 133Cs NMR peak due
to spectral overlapping of multiple local CsBrml1z2-m environ-
ments according to the random population distribution (Ta-
ble S7 and Figure S16b), thereby limiting spectral resolu-
tion. Cs2SnBrsls which contains equal proportions of Br and
[ atoms, exhibits a partially spectrally resolved 133Cs NMR
resonance. Remarkably, the I[-rich sample, Cs2SnBrislss
shows spectrally resolved 133Cs NMR resonances, which
correspond to six distinguishably resolved local CsBrmliz-m
(m=0,1, 2, 3,4,5) environments (Figure 6b). The lowest
chemical shift at -38.4 ppm (fwhm = 500 Hz) is assigned to
the Csliz environment, which is comparable to the local
chemical environment at -41.5 ppm (fwhm = 110 Hz) for
Cs2Snle parent (Figure 6a). The observed broadening and
shift of the resonance to higher frequency is associated with
the lower site symmetry than cubic as the next-nearest
neighbors in the medium-range structure (>5 A) consists of
a mixture of Br and I atoms.#® The remaining peaks within
the sets of 133Cs resonances in Cs2SnBrislas shift towards
higher frequency as I is substituted by Br (Figure 6¢ and Ta-
ble S8), following a strict linear dependence [Eq (1)] with m
in CsBrmli2-m.
6(133Cs)/ppm = 17.0-m - 36.78 (1

Furthermore, the observation of increasing 133Cs linewidth
for CsBrmli2-m peaks with increased Br content (Table S8)
suggests the spectral overlap of multiple positional isomers
for unique CsBrml1z2-m environments that consists of a mix-
ture of Br and [ atoms in 12 positions. The 133Cs spin-lattice
relaxation times decrease linearly from 40 to 14 s with in-
crease in number of Br attached in CsBrmliz-m (Figure 6c).
Acquiring the 133Cs NMR spectra with a quantitative recycle
delay for Cs2SnBrislas (Figure S18), the fitted 133Cs peak ar-
eas for each CsBrmli2-m environment closely follow a bino-
mial population distribution (Figure 6d and Table S8). This
observation is consistent with random Br and I mixing at
the local structure, forming an atomic-level mixed-halide



solid-solution without evidence of halogen-rich phase seg-
regation or domains.

The 119Sn NMR spectra for the Cs2SnClxBrs-xand Cs2SnBrxles-x
series are fascinating and, exhibit broad (100s of kHz) and
partial spectrally resolved multiple 12°Sn resonances (Fig-
ure 7). To achieve maximum 12°Sn NMR sensitivity, opti-
mized 11°Sn recycle delays and variable offset cumulative
spectra (if required) were used due to their drastic differ-
ences in 11°Sn T; and large chemical shift spans, respectively

(Table S9d). This observation contrasts with the recent ob-
servations on ASnX3 mixed-halide perovskites, where single
119Sn resonances are reported due to rapid halogen dynam-
ics.1617 However, the broadening and multi resonance spec-
tral behavior agrees well with 207Pb NMR spectra for APbX3
mixed-halide perovskites.36-38
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optical absorption spectra of ball-milled Cs2SnClxBrs-x and Cs2SnBrxls-x samples (except Cs2SnCls, solvent synthesized). (e) Plots of

unit cell parameters and bandgaps of ball-milled Cs2SnBrxls-x series.
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To understand the observed 119Sn NMR spectra for mixed-
halide analogues, the 119Sn magnetic shielding parameters
of isolated octahedral clusters, i.e., SnCl.Brs-» (n = 0-6) for
Cs2SnClsBrex and SnBrale-n for CszSnBrxlex were computed
using DFT and the computational details are provided in the
SI (see Experimental, Tables S10-S11). The computed 11°Sn
isotropic chemical shifts are linearly shifted to lower fre-
quency as Cl is substituted by Br in SnCl,Brs-» (Figure 8a)
and Br is substituted by I in SnBrnle-» (Figure S19). The com-
puted magnetic shielding anisotropy parameters (span and
skew) exhibit a wide range of values that exclusively de-
pend on n values and their positional isomers (cis/trans or
fac/mer) in SnCl.Brs-» and SnBruls-»; this is responsible for
broader NMR linewidths (Figures 7, 8 and S20). For exam-
ple, the computed 19Sn span is 1058 ppm for trans-SnClzBrs
in Cs2SnClxBre-x and up to 4702 ppm for trans-Snl4Brz in
Cs2SnBrile-x. The experimentally observed 119Sn NMR spec-
tra in Cs2SnCliBrs-x and Cs2SnBrxls-x are a combination of in-
dividual resonances of all possible SnCl:Brs-» or SnBrals-n
species according to their populations following a random
distribution (Table S12 and Figure S21). Along with mag-
netic shielding anisotropy, the experimental NMR spectra
get further broadened by both indirect and direct spin-spin
coupling between 11°Sn and six quadrupolar halogens
(35/37C1, 79/81Br and 1271) in SnClxBre-» or SnBrale-n, vide supra.
Due to the complex nature of these parameters, inability to
acquire ultrafast MAS and less spectral resolution among

ten possible unique halide arrangements including the iso-
mers in SnCl:Brs-» or SnBrals-n, we refrain from quantitively
deconvoluting the experimental 11°Sn NMR spectra for
Cs2SnCliBrs-x and Cs2SnBrils-x but these are discussed qual-
itatively below.

The multiple 119Sn peaks in mixed-halide samples corre-
spond to several distinct local Sn octahedral environments.
Guided by the DFT computations, the five spectrally distin-
guishable 11°Sn NMR resonances in Cs2SnCl3Brs are tenta-
tively assigned as the spectral regions for SnCle (=707 ppm),
SnClsBri1/SnClsBr2 (=966 ppm), SnClsBrs (-1291 ppm),
SnClzBr4/SnCliBrs (-1610 ppm) and SnBre (-1962 ppm)
(Figure 7b). The 119Sn NMR spectra for Cs:SnBrxls-x get
much broader and unresolved due to the stronger
1J(119Sn-79/81Br) and Y/(11°Sn-127]) in SnBruls-» along with
their higher magnetic shielding anisotropy (1000s ppm)
predicted by DFT (Table S10). Nevertheless, four spectrally
resolved 11°Sn NMR resonances can be tentatively assigned
in Br-rich Cs2SnBraslis as the spectral regions for SnBre
(-1962 ppm), SnBrsl1 (-2434 ppm), SnBralz (-2842 ppm)
and SnBrsl3 (-3378 ppm) environments (Figure 7c).

Influence of Synthesis Routes on Local Structure of
Csz2Snls. A feature of photovoltaic perovskites is that they
can be synthesized by various avenues, with or without sol-
vents; however, the local chemical structure resulting from
these approaches is poorly understood. Thus, to elucidate



the structure, solid-state 133Cs and 11°Sn NMR spectroscopy
was performed for three Cs2Snls samples prepared by three
different preparation techniques, namely, solvent-free ball-
milling, hand-grinding, and solvent-assisted synthesis
routes.
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Figure 8. DFT computed results for SnCl:Brs-»: (a) optimized
geometries, (b) 119Sn isotropic chemical shift as a function of
number of Cl and (b) simulated 119Sn NMR spectra.

The 133Cs NMR spectra of these three Csz2Snls samples show
resonances in the same spectral positions with nearly iden-
tical linewidths (Figure 9a). However, the slight asymmetry
of the underlying 133Cs resonance for the ball-milled sample
corresponds to higher local structural disorder and smaller
average crystallite sizes as compared to solvent-synthe-
sized and hand-ground samples. The 119Sn NMR spectra for
all three CszSnls samples show symmetric resonances with
different chemical shifts and linewidths (Figure 9b). The
solvent-synthesized and hand-ground samples exhibit
sharper resonances at -4535 ppm (fwhm = 17 kHz) and
-4527 ppm (fwhm = 17 kHz), respectively, whereas, the
ball-milled sample shows a broad resonance at —-4505 ppm
(fwhm = 20 kHz). The sharper 19Sn resonance indicates
that the solvent-synthesized sample has a well-ordered
structure with minimum defects, whereas, the broader 119Sn
resonance indicates the presence of the higher defect con-
centration in the ball-milled sample. The ball-milling is a
high energy grinding technique that causes grinding-in-
duced defects as compared to the low energy manual hand-
grinding route. The 119Sn spin-lattice relaxation depends
significantly on the synthesis routes with T: = 0.01 s for the
ball-milled sample, which is an order of magnitude less than
that of the solvent synthesized counterpart. The faster re-
laxation process for the ball-milled sample supports higher

local structural disorder or defects which is consistent with
the conclusion based on 119Sn NMR linewidths.

The higher structural disorder is also reflected in broader
peaks in powder XRD patterns for the ball-milled sample as
compared to the well structurally ordered solvent-synthe-
sized sample (Figure S22). The different degrees of crystal-
linity in Cs2Snls samples also affects the optical absorption
properties, with bandgaps of 1.56 eV for the ball-milled
sample and 1.42 eV for the solvent-synthesized sample.
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Figure 9. Solid-state (a) 133Cs (vr = 5 kHz, Bo = 11.75 T) and (b)
119Sn (non-spinning, Bo = 7.05 T) NMR spectra of Cs2Snls sam-
ples prepared by solvent-synthesis (SS), hand-grinding (HG),
and ball-milling (BM) routes.
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CONCLUSIONS

The macro to microscopic structures and bulk photophysi-
cal properties for Cs2SnXs (X = Cl, Br, I) parent perovskites
prepared by the solvent-assisted synthesis route were eval-
uated using powder XRD and multinuclear magnetic reso-
nance spectroscopy. Tin-119 NMR spectroscopy revealed a
massive chemical shift range spanning ca. 4000 ppm that,
according to DFT computations, is dominated by a large
spin-orbit component. Likewise, the 119Sn spin-lattice relax-
ation times change by three orders of magnitude for these
materials as the halide anion increases in size. The 35Cl
quadrupole coupling constant for Cs2SnCls is nearly double
that for the hybrid and non-hybrid lead(II) chloride perov-
skites, APbCl3, consistent with Cl bound to Sn in a 4+ oxida-
tion state. The rapid octahedral dynamics of Snle units in
Cs2Snle are remarkable, displaying a low activation energy
(12.45 £ 0.87 KkJ/mol) for the polyhedral motion in these
stable “static” solids.

The complete solid solutions Cs2SnClxBrs-x and Cs2SnBrxle-x
(0 < x < 6) mixed-halides that exhibit attractive optical



bandgaps spanning approximately 3 eV, were successfully
prepared by a solvent-free ball-milling synthesis route at
room temperature. According to solid-state 133Cs and 119Sn
NMR spectroscopy, the mixed-halide analogues undergo a
complete random distribution of Cl/Br or Br/I halogens at
the atomic level, with no evidence of halogen-rich phase
segregation or domains under dark conditions. Further-
more, the broad 119Sn NMR resonances observed in mixed-
halide samples, supported by magnetic shielding parame-
ters obtained by DFT, assisted in assigning the unique Sn
chemical environments, supporting the complex nature one
must contend with due to considerable shielding anisot-
ropy.

The bulk optical bandgap properties for the Cs2Snls samples
prepared by solvent-free and solvent-assisted synthesis
routes are sensitive to local structural changes as confirmed
by NMR. For example, materials prepared by high energy
ball-milling tend to show a lower degree of crystallinity (i.e.,
higher local structural disorder), resulting in faster 11°Sn re-
laxation and a slight increase in the bandgap (0.14 eV) com-
pared to the solvent-synthesized counterpart. Overall,
solid-state NMR spectroscopy, alongside PXRD and DFT be-
stows unprecedented ability to unravel the complex chemi-
cal structure and dynamics present within vacancy-ordered
double perovskite materials, whereby random halide ar-
rangements and defects govern the optical bandgaps.
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