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ABSTRACT

Hybrid organic-inorganic metal halide perovskite materials are an emerging class of materials that could
profoundly change the optoelectronic and solar absorber research fields and have far-reaching
applications. Unfortunately, the leading solar absorbing candidates are lead-containing materials and
suffer from chemical instability, eventually decomposing, resulting in detrimental long-term
environmental concerns. A series of non-toxic group 14 Sn(II)-based hybrid organic-inorganic metal
halide perovskites is investigated using variable-temperature solid-state nuclear magnetic resonance
(NMR) spectroscopy to examine their unique phases that appear between 150 and 540 K. Each phase of
the MASnX3 (MA* = CH3NH3" and X" = CI-, Br or I) series is identified and compared to results from
quantum chemical calculations of anionic polyhedron clusters. The analysis of the polyhedra about the
Sn center is further related to the measured chemical shift anisotropy present when Sn deviates from
octahedral symmetry. We also discuss the rapid degradation of pristine MASnI; over two days using in
situ '"Sn NMR. Finally, we report on the 'H, 13C, '?Sn and 2°’Pb NMR structural properties of a Sn/Pb
mixed B-site (MASno sPbosl3) perovskite, demonstrating the sensitivity of the chemical shift to B-site

substitution.



INTRODUCTION

Over the last decade the archetypal hybrid methylammonium lead iodide-based (and related
modifications) perovskite has been a disruptive technology as a potentially new solar absorbing material
with the photoconversion efficiency increasing from 4 % in 2009 to >25 % in 2019.! Extending beyond
photovoltaic applications, these materials have exhibited exquisitely tailorable bandgaps, often spanning
2 to 3 eV, by adjusting the cation and/or halide compositions. These favorable optical and electronic
properties have attracted their development in various applications such as light emitting diodes (LEDs),
lasers, X-ray and y-ray detectors, photocatalysis, etc.>® Perovskites, with a generic formula of ABX3,
demonstrate excellent material tunability due to their high degree of elemental substitution in the cation
(A and B) and anion (X) positions throughout their three-dimensional crystalline lattice. For example,
the A site often incorporates a large inorganic (e.g., Cs*) or small organic cation (e.g., methylammonium,
CH3NH;3*, or formamidinium, NH,CH=NH,"); the B site can accommodate Pb?*, Sn** or Ge**; while the
X site can be CI', Br, I or a mixture of these halides.””!° Generally, a material must satisfy a few
constraints to be called a perovskite; this includes having a general formula, ABX3, the B-site cation
being in an octahedral-like coordination environment, and the 3D network being interconnected through

corner sharing [BXe] octahedra and appropriate tolerance factors.!!

Although the photoconversion efficiency of APbX3-based materials have surpassed other remarkable
photovoltaic materials, such as CdTe, CIGS and amorphous Si, certain environmental and stability
concerns exist as these materials contain Pb and have been shown to be sensitive to temperature and
water, ultimately leading to decomposition into PbX».!2"!% Recently, the environmental impact of lead
halide perovskites was demonstrated by measuring the bioavailability of plants in perovskite-
contaminated soil.!* The authors found that the lead contamination due to halide perovskites is ten times
more bioavailable compared to other lead contaminants found in soil. Also, when exposing plants to the
maximum safety level of perovskites in soil, most of them revealed signs of lead toxicity and plant death,
suggesting that the safety level for lead needs to be lowered. To circumvent these degradation and
environmental concerns, some researchers have shifted their focus to lead-free Sn-variants as new solar
absorbing materials.!*!® To date these materials have received far less attention primarily due to their
initial weaker photoconversion efficiencies and the tendency of Sn* to readily oxidize to Sn**, ultimately
impacting the perovskite structure and optical properties.!”?2 However, studies have shown that tin
halide perovskites with a cesium cation produce tunable photoluminescence via halide exchange, as well
as photocurrents exceeding 22 mA/cm? when CsSnl; is used as the absorber in perovskite solar cells.?*?*

Using a mixed Sn-Pb B-site, a research team reported a hybrid perovskite solar cell with a 50:50 ratio of



Sn:Pb (CH3NH3SnosPbosls) with a tailorable bandgap and a 4.18 % photoconversion efficiency.?
Despite the challenges faced with tin-based perovskites, in 2014 CH3NH3Snl3.xBrx and CH3NH;3Snl3
were successfully used as light harvesters; demonstrating the vast potential of tin-based perovskites as

potential next-generation, environmentally-friendly solar cell materials.?6-27

Understanding the underlying physical properties of Sn-based perovskites is vital if one is to obtain the
optimum photoconversion properties for these materials. Recently, NMR spectroscopy has been shown
to be an impressive analytical method in assessing cation and anion structural and dynamic aspects in
relation to hybrid and non-hybrid lead halide perovskites?®3> that is non-destructive, qualitative and
quantitative. Solid-state !'”Sn nuclear magnetic resonance (NMR) spectroscopy can be utilized to assess
phase changes and the impact of ion substitution on these Sn-based perovskites. Although many
researchers use powder X-ray diffraction (XRD) as their structural analysis method, NMR spectroscopy
provides complementary insight into sub-nanometer (local and medium-range) structure, as well as on

dynamics, further expanding our understanding of the material’s structure-property relationships.

Here we extend this method to hybrid tin-containing halide perovskites as !'’Sn (nuclear spin, 7 = 1/2)
has a modest natural abundance of 8.58% and a relatively high magnetogyric ratio of —=10.031810" rad
T!'s!, nearly 1/3 that of 'H, making it a sensitive NMR probe nucleus for many materials.>¢*? Using in
situ variable-temperature ''?Sn NMR spectroscopy ranging from 190 to 540 K, the apparent phase
transitions of MASnX3, where X = Cl, Br or I, are investigated. Degradation of MASnl3 is further
examined by the impact on the spectral lineshape of the Sn environment. Furthermore, we compare '°Sn
and 2°7Pb NMR characteristics of a mixed B-site MA(Sn/Pb)I; candidate with respect to the respective
parent phases. Finally, we examine how the chemical shift and anisotropy are impacted by the halide

composition and the extended Sn-X polyhedra using anionic cluster quantum chemical calculations.



EXPERIMENTAL

Materials and methods: Tin halide salts, SnX, (X = Cl, Br or 1) as well as distilled HI (57%) and H3;PO»
(50%) were purchased from MilliporeSigma. Methylammonium halides (MAX, where X = Cl, Br or I)
were sourced from GreatCell Solar (formerly DyeSol). During the course of this research we noticed that
different sources (Alfa Aesar vs. Sigma Aldrich) of Snl> might contain approximately 50:50 mixtures of
Snl> and Snl4 (Figure S1); it is advisable that the starting material be screened using NMR and XRD
prior to synthesis as mixtures may result in multiple phases of different methylammonium tin halide and

tin halide species.

Synthesis of the parent phases: MASnX3 parent phases were prepared using either solvent synthesis or
solid-state reaction methods, or both, following previous published procedures for MASnCl3,*

MASnBr;** and MASnI;.!?

Synthesis of the mixed B-site phase: A 100 ml three-necked round bottom flask was charged with a
mixture of aqueous HI (6.8 ml, 7.58 M) and aqueous H3;PO> (1.7 ml, 9.14 M) under an inert atmosphere
(N2 gas). Prior to the addition of tin and lead iodide the flask was purged for two minutes with N> gas.
Snl, (186 mg; 0.5 mmol) and Pbl, (231 mg; 0.5 mmol) were added to the solution with a stir bar set to
250 RPM. The temperature of the bright yellow solution was maintained between 80 and 90 °C using a
mineral oil heating bath. Solid CH3NH3I (159 mg, 1 mmol) was added to the solution and dissolved
immediately. The mixture was heated to 120 °C until the solution was reduced by approximately half its
volume and went from yellow to black (approximately 1 h). The stirring and heating sources were
removed to allow the black solution to cool to ambient temperature and allowed to sit for 24 h under a
nitrogen atmosphere to initiate crystallization from the mother liquor. The product was filtered and

washed with degassed ethanol and stored under N».

Powder X-ray diffraction (PXRD): Samples were ground to a powder using an agate mortar and pestle
and placed on either plastic sample holders or packed into capillary tubes and sealed (MASnl; and
MASn sPbosI3). PXRD patterns were collected on an Inel powder diffractometer equipped with a curved
position-sensitive detector (CPS 120) and a Cu K radiation source. PXRD data were acquired using a
Bruker D8 Advance Diffractometer equipped with a Cu K, source and Vantec-500 2D detector for
MASnI3; and MASng sPbo ss.



Solid-state nuclear magnetic resonance spectroscopy. Tin-119 NMR spectra were acquired at a magnetic
field strength of 7.05 T (300 MHz 'H) with a Bruker AVANCE 300 spectrometer. Non-spinning and
magic-angle spinning (MAS) !'?Sn NMR experiments were undertaken using a 4.0 mm double resonance
("H/X) NMR probe, where X was tuned to '”Sn (wo/2m = 111.9 MHz). Spectra were acquired using a
Hahn-echo pulse sequence with recycle delays set between 0.5 to 200 s, a yB1/2w of 62.5 kHz (4.0 ps n/2
pulses) and 264 to 16,384 co-added transients. Variable temperature (VT) NMR spectra (150 to 360 K)
were acquired for MASnCl;, MASnBr; and MASnI; using a Bruker NEO 500 spectrometer equipped
with a Bruker Smart Variable Temperature (BSVT) unit. The heat exchanger source was liquid nitrogen
with a dry nitrogen gas source for temperatures below 235 K or an ethanol/dry ice bath, with dry air as
the VT gas for temperatures in the 235 K to room temperature range. The variable offset cumulative
spectra (VOCS)* approach (3-4 steps with 50 kHz transmitter frequency steps) was used for the complete
acquisition of the resulting spectra for MASnCls, MASnBr3; and decomposing MASnlIz. The individual
spectra were added using the skyline projection method. To ensure detection of by-products that may
have longer spin-lattice relaxation times, recycle delays were set based on arrayed parameter
optimizations. Tin-119 NMR spectra were referenced to tetramethylcyclohexyl tin (8iso = —97.35 ppm),
a secondary reference with respect to Sn(CHs)4 (0 ppm). Temperature calibrations were performed using

MAPbCIs, a method developed by this group.*®

High-temperature ''’Sn MAS NMR spectra were acquired on a wide-bore Bruker Avance I1I HD 400
MHz spectrometer equipped with a 7 mm double-resonance probe, spinning at 3.0 kHz. The sample was
heated using a 50 W CO» laser, and the temperature calibrated using the ”Br NMR signal of KBr as an
external standard.*’” The room-temperature spectrum was acquired with a pulse length of 4.6 ps (90° tip
angle), a recycle delay of 20 s, and 20480 coadded transients. At higher temperatures, recycle delays of
5s(T=453K)and 1 s (T =533 K) were used, with 8k and 4k transients, respectively. Tetramethyltin
(25% in CHCl3) was used as the chemical shift reference (0 ppm).

Solid-state 'Sn NMR spectra were fit using the Maryland Convention,*+°

proposed by Mason and
Herzfeld,* and endorsed by IUPAC.>® In this convention, three parameters are derived from the three

principal components of the chemical shift tensor, d11, 022 and d33:

Siso = 1/3 (811 + 622 + 633) ey
N = (511 - 533) (2)
K = 3@ 3)



All 'H, 13C, and 2”Pb NMR experiments for MAPbI; and MASny sPby sIs were performed at 7.05 T (300
MHz 'H) on a Bruker Avance 300 NMR spectrometer using a double resonance ('H/X) NMR probe,
where X was tuned to *C (wo/21 = 75.5 MHz) and 2°’Pb (wo/21 = 62.9 MHz), respectively. All 'H
experiments were performed with a MAS frequency of 12.0 kHz. A 4.0 us /2 pulse (yB1/2n = 62.5 kHz),
4 co-added transients and a recycle delay of 60 s were used for each measurement. All '"H NMR spectra
were referenced by setting the 'H peak of adamantane to 1.85 ppm with respect to the primary reference
sample, TMS with 3("H) = 0.00 ppm. All 13C experiments were performed under a MAS frequency of 5
kHz. A 'H-'3C cross-polarization (CP)’! technique with TPPM high-power 'H decoupling>? (yBi/2n =
62.5 kHz) and 4.0 ps 7/2 pulse (yB1/2n = 62.5 kHz) for 'H, a contact time of 3.5 ms, and a recycle delay
time of 60 s were used for each measurement. All 13C NMR spectra were referenced at 38.56 ppm for
the high frequency *C resonance of solid adamantane with respect to the primary standard sample, TMS
at 8(13C) = 0.00 ppm.>* All 2°’Pb NMR spectra were collected under non-spinning sample conditions. A
Hahn-echo ((7/2)x-11-(m)y-12-ACQ, where 11 and 12 represent the interpulse and refocusing delays,
respectively)>* was used, with 0.5 -5.0 s recycle delays. All 2°7Pb NMR spectra were referenced to the
primary standard, PbMes with 3(**’Pb) = 0.0 ppm by setting the 2°’Pb peak of MAPbCls —647.5 ppm at
293(1) K.*® All iodine-containing samples were synthesized and packed under N, with initial analysis in
either sealed tubes or under nitrogen gas. Decomposition studies were measured at room temperature
under air, without controlling for humidity (over the course of 6 months the average humidity levels in
Edmonton, Alberta were between 50 and 75%); at the 6 month mark a series of !’ Sn NMR spectra were

acquired using identical parameters, as discussed above, with the VOCS approach.

Quantum chemical calculations: Density functional theory (DFT) calculations on model tin-halide
polyhedral anions, [SnXs]* where X = Cl, Br and I, were carried out using the Amsterdam Density
Functional (ADF) 2017 modeling suite.>>>7 The polyhedral structures were modeled using existing

crystal structure data.'%-2!-8

Relativistic effects were calculated using the zeroth order regular
approximation (ZORA) method along with the ZORA/QZA4P basis set, which is optimized for relativistic
calculations.’”%° All calculations used the BP86 functional in the generalized gradient approximation

(GGA).o12



RESULTS AND DISCUSSION

Variable temperature ''Sn NMR experiments were performed on a series of crystalline hybrid tin halide
perovskites to gain electronic and structural insight through their magnetic shielding. Below we discuss
the chemical shift range observed for the cubic crystalline parent hybrid tin perovskites and the impact
on the '"”Sn chemical shift anisotropy (CSA) as the phases change upon cooling. This is further expanded
upon using quantum chemical calculations, as well as by examining the changes in !'°Sn and 2°’Pb NMR

spectra when mixing B-sites (Sn/Pb = 1/1).

Parent Materials — MASn X3 (X = CI, Br and 1)

PXRD patterns for the solvent-synthesized polycrystalline MASnX3 (X = Cl, Br and I) samples are
provided in Figure la at room temperature and agree with previously reported structures with MASnCl3
(space group P1) material exhibiting a triclinic phase (vide infra) and, MASnBr; and MASnI3 materials
exhibiting a cubic phase (space group Pm3m) at room temperature. The ''Sn NMR spectra of MASnX;
(X = CI, Br and I) in their cubic (Pm3m) perovskite phases are shown in Figure 1b. The local Sn(II)
chemical environment is coordinated to six halide anions forming [SnXe]* octahedral clusters as shown
in Figure lc. As expected, the unit cell undergoes an expansion (a = 5.604 A (Cl) — 5.901 A (Br) —
6.204 A (1)) to accommodate the increasing anionic radius (r(Cl) = 1.81 A, r(Br") = 1.96 A, and r(I") =

2.20 A) proceeding down Group 17.4363

With the Sn positioned at a cubic site of symmetry surrounded by six identical halide neighbors, the
resulting lineshape for each parent phase is Gaussian-like in nature, with no evidence of chemical shift
anisotropy at moderate magnetic field strengths. This is expected due to its spherical symmetry. For
MASNCI; in the cubic phase, the observed Gaussian lineshape is consistent with that expected from
indirect spin-spin coupling between !'°Sn and the six directly bonded *3’Cl nuclei (i.e., 'J("°Sn,>337Cl);
both ¥Cl and *’Cl are I = 3/2 nuclei). A first-order "?Sn NMR spectrum contains 19 overlapping peak
multiplets (Figure S2a) due to 'J(''°Sn,*>Cl) and 'J('"°Sn,*’C1).%* Although a splitting pattern to this
interaction is not resolved, reported 'J('°Sn,3*37Cl) values ranging from 275 to 470 Hz are consistent
with the observed linewidth for MASnCl5.%> However, the possible impact of the 337Cl nuclear
quadrupole interactions on the ''°Sn lineshapes cannot be discounted.?!%¢ Likewise, indirect spin-spin
interactions between ''°Sn and 7”®!Br (both I = 3/2) and '?’I (I = 5/2, see Fig. S2b for the predicted first-
order splitting pattern in this case) surely play a role in the observed !'”Sn lineshapes, but the much larger
nuclear quadrupole interactions expected for these nuclei preclude a straightforward analysis. See Ref.

31 & 35 for a comparable analysis of 2°’Pb-halide spin-spin coupling in MAPbX3 perovskites. We note



that the Snls polyhedron in MASnI; is not a perfect octahedron, as previously discussed!®; DFT results
(below) on this very small distortion suggests a very small CSA (Q < 10 ppm) may be present. Each
parent phase has a characteristic isotropic chemical shift (6is0) with MASnCl; being the most shielded of
the series, diso = —404 (1) ppm; MASnBT3 is shifted slightly to higher frequency, diso =—315 (1) ppm and
MASnI; is the most deshielded, 8iso = 155 (2) ppm. Over this series the band gaps span approximately
2.5eV:3.69,2.2 and 1.2 eV, respectively for MASnCI3; (monoclinic, thin film), MASnBr3 (cubic) and
MASnI; (cubic); MASnCls is white in color while MASnI; has a metallic black appearance.!%19:43:67-69

The NMR chemical shift is sensitive to the electronic and local structure; therefore, with any change or
disturbance about the local nuclear electronic environment, an associated change in the shielding will be
detected. The shielding contributions of these semiconducting materials are impacted by the differing
contributions of the diamagnetic and paramagnetic shielding components. In this case the material with
the largest bandgap (MASnCIls) is located to lower frequency, experiencing a greater shielding whereas
a gradual deshielding is observed as the halide octahedron is replaced by Br and again by I. The halide
MASNX; series spans nearly 550 ppm when in the cubic environment. A linear relationship between the
optical bandgaps and the experimentally determined !'’Sn isotropic chemical shifts appear to be present
and may prove to be a practical analytical tool to describe solid solutions of these hybrid materials. The
nuclear magnetic shielding is sensitive to the electronic structure about the nucleus of interest and thus
is impacted by the local structure. Nuclei which have directly bonded halogen atoms usually exhibit
either a normal halogen dependence (NHD), wherein the magnetic shielding increases with the mass of
the halogen atom, or such as the !'”Sn nuclei in this study, the inverse halogen dependence (IHD) wherein
the magnetic shielding decreases with halide mass. These effects have been attributed to a spin-orbit
contribution to the magnetic shielding.”® In their computational study of Pb(II) and Pb(IV) halides,
Dybowski and coworkers found that the spin-orbit contribution to shielding is essentially invariant to
halide mass for the Pb(II) nuclei, but is responsible for the NHD for Pb(IV) nuclei. The IHD for the
former was attributed to the paramagnetic contribution to magnetic shielding.”! Table S2 summarizes the
calculated paramagnetic (Gpara), diamagnetic (Gdia) and spin-orbit (Gso) contributions to the Sn magnetic
shielding for a series of [SnX4]* model compounds. Qualitatively, the experimental trends are
reproduced. In particular, the IHD is correctly predicted by these results. However, in contrast to the
computational results reported by Dybowski and coworkers for Pb(Il) halide complexes, our results
suggest that the IHD observed for these Sn(II) complexes cannot be ascribed solely to the paramagnetic
term: Gpara and Gso contribute almost equally to the IHD. Both phenomena are impacted by numerous

factors, such as structure and the local environment. A detailed study of this phenomenon requires an



examination of many more samples and thus is beyond the scope of the present study, but it is a promising

avenue that merits future consideration.
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Figure 1: (a) Room temperature powder X-ray diffraction patterns for freshly synthesized MASnXs (X = ClI
(Triclinic), Br (Cubic) and | (Cubic)). (b) Solid-state ''°Sn NMR spectra of cubic methylammonium tin halide
perovskites, MASnXs where X= CI, Br and I; MASNCIz (wi/211 = 3 kHz; 9.4 T; Tsample = 533 (5) K), MASNBr3 (w:/21r
=10 kHz; 7.05 T; Tsample = 290 (1) K) and MASnI3 (non-spinning; 7.05 T; Tsample = 290 (1) K). (c) Graphic illustration

of the arrangement of [SnXs]*~ clusters.

S—

MASnCl3

Methylammonium tin chloride is a white crystalline material that exists in four unique crystallographic
phases. Unlike its sister compound MAPDbCI3, which is stable and resides in the cubic phase under
ambient conditions, the Sn congener undergoes three phase changes between 300 and 478 K,*'** and
only resides in a cubic (Pm-3m) crystal phase hexacoordinated to Cl with corner sharing polyhedra above
478 K. At ambient conditions (< 300 K) the crystal structure reverts to a triclinic (space group, P1)
structure with Sn being five-coordinate in a distorted square pyramidal type polyhedron, with a zipper-
like Sn-Cl-Sn-Cl-Sn chain structure running along the B axis. Slightly above ambient conditions
Furukawa et al. have reported a complex phase change region where the triclinic structure transforms to
a monoclinic (space group, Pc) structure at 318 K, followed quickly by the evolution of a rhombohedral
(space group, R3m) structure at 350 K.2! The authors describe this as a breakdown in the symmetric trans
CI-Sn-Cl bonds present above 480 K, whereby the pseudo-cubic phase begins to have an asymmetric Cl-
Sn---Cl bond, becoming increasingly stretched (or deformed) as the temperature decreases.?!"’? Figure 2
shows the minor response in the CSA to these structural changes using variable-temperature !'?Sn NMR
spectroscopy of MASnCls. Beginning at 250 K, the MASnCl3 sample is gradually heated through each
phase transition temperature: triclinic (1 = 700 (15) ppm; T = 245 K) — monoclinic ({1 = 643 (15) ppm;
T =320 K) — rhombohedral (2 = 620 (10) ppm; T = 360 K) — cubic (2 =0 ppm; T = 533 K; full width



at half maximum, FWHM = 2.72 kHz). As the sample is heated towards the cubic phase transition
temperature (533 K), the CSA powder pattern drastically decreases (Figure S3). The decrease in CSA
appears to relate to this Cl-Sn---Cl distortion (e.g., Sn---C1 - 3.19 A (triclinic) — 3.16 A (monoclinic) —
3.03 A (rhombohedral) — 2.88 A (cubic)) about the Sn environment. These findings are further
supported qualitatively by the DFT calculations, where the largest CSA is associated with the triclinic
phase, although the experimentally observed span is underestimated by DFT. Table 1 summarizes the
CSA parameters obtained from fitting both magic-angle spinning (MAS) and non-spinning ''’Sn NMR
spectra (Figure 2).
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Figure 2: Experimental (black) and simulated (blue) variable temperature MAS (a) and non-spinning (b) '°Sn
NMR spectra of MASNCIs for cubic (a, T = 533 K; Bo= 9.4 T; w/2m = 3 kHz; 3202 co-added transients),
rhombohedral (a, T =360 K; Bo= 11.75 T; w/21 = 13.5 kHz; 488 co-added transients and b, T = 360 K; Bo=11.75
T; non-spinning; 256 co-added transients), Monoclinic (a, T = 320 K; Bo= 11.75 T; w/21 = 13.5 kHz; 512 co-added
transients and b, T = 318 K; Bo= 11.75 T; non-spinning; 256 co-added transients) and triclinic (a, T = 245 K; Bo =
11.75 T; w21 = 13.5 kHz; 1024 co-added transients and b, T = 245 K; Bo= 11.75 T; non-spinning; 1024 co-added

transients) crystal structures. Note: diso is indicated as tsn1 with a second tin site at 245 K indicated by tsn2.



MASnBr3

The unique corner-sharing [BX¢] octahedra in the high-temperature aristotype perovskite structure allows
for a series of tilts (i.e., cooperative rotations) as the temperature decreases and can enter subsequent
phases. As noted above, the high temperature a-phase (space group, Pm3m) is cubic with Sn surrounded
by six Br~ neighbors forming perfect corner-sharing octahedra with the methylammonium cation sitting
in the cuboctahedron site coordinated to 12 Br~.”® The non-spinning !'’Sn NMR spectrum shows a single
Gaussian-like peak, with a FWHM ca. 8.0 kHz and an isotropic chemical shift of =315 ppm (Figure 3).
Onoda-Yamamuro et al. reported that the MASnBr3 perovskite converts from a semi-conducting cubic
solid to an insulator at 195 K with a rhombohedral crystal structure (R2c or R-3¢) when using a deuterated
MA cation.”* A synchrotron study on non-deuterated MASnBr; (as studied herein) revealed that the only
low temperature phase observed is orthorhombic (space group Pmc21).5® They further extensively studied
the heating and cooling of this material between 188 and 230 K, but could not find evidence of this 3
rhombohedral phase. The authors suggest this could be due to a strong deuterium isotope effect on the
phase boundaries which has been previously reported in MAGeCls, where CD3ND3;GeCls is
rhombohedral and CH3NH3GeCls is cubic at a high temperature (349 K).>%7 To determine the ''”Sn
NMR parameters of the low-temperature MASnBr3; orthorhombic phase, the sample was cooled to 200
K (Figure 3). The asymmetric !'’Sn lineshape (8iso = —340 ppm; Q = 790 ppm) is consistent with an
orthorhombic phase as the Sn center is no longer in the symmetric environment seen at higher
temperatures. The large CSA determined experimentally is further supported by DFT calculations (vide
infra, Table S1).
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Figure 3: Experimental (black) and simulated (blue) variable temperature ''°Sn NMR spectra of MASnBrs (top)
cubic (T = 295 K; Bo= 7.05 T; non-spinning; 2048 co-added transients) and (bottom) orthorhombic (T = 200 K; Bo
=11.75 T; non-spinning; 256 co-added transients). Note the presence of a SnBr2 impurity (*, center-of-gravity shift
Ocgs = -639 ppm) is apparent in the spectrum acquired at 200 K; it is also present in the spectrum acquired at 295
K, but less apparent due to the different nuclear relaxation parameters as the sample is cooled and because,
unlike MASNBrs, SnBr2 is not in a cubic environment at 295 K and thus its peak is not sharp. Inset is the
orthorhombic spectrum vertically scaled by 2 to highlight the SnBr2 (8cgs = -639 ppm) impurity present, as well as

the region where the potential degradation product, MA2SnBrs, would appear.
MASnIs

MASnI; is fascinating as, in addition to its attractive semiconducting properties with reported bandgaps
of between 1.21 and 1.35 eV being in a suitable range for direct bandgap solar absorbing applications,
the Cs and MA perovskites also display some metallic properties.!®’® As observed for the MASnBr3
material, MASnl; also can exist in two phases, with the a-MASnl; being cubic (Pm-3m) and more
recently reported as pseudo cubic (tetragonal with a space group of P4Amm), while the low temperature
(200 K) B-MASnI; phase is tetragonal (I4cm).!%%7377 Figure 4 shows the non-spinning ''Sn NMR
spectra for the a- and B-MASnI; phases at 295 and 190 K, respectively; the !Sn NMR spectrum for the
a-phase has a Gaussian-like lineshape (FWHM ca. 8.95 kHz) with §iso = 155 ppm, consistent with the
nearly cubic structure as reported by Stoumpos et al.!® As described by these authors, a non-
centrosymmetric tetragonal space group is the best description for the hybrid perovskite phase. Unlike a
single atom (e.g., Cs") being able to occupy the 1b Wyckoff position at the center of the cuboctahedron,
organic cations (e.g., CH;NH3" or HC(NH),") cannot satisfy this condition, thereby creating structural

disorder within the cage and the potential for hydrogen---halide interactions.



The '?Sn NMR spectrum for the B-phase displays a small shielding anisotropy of Q = 190(10) ppm (k =
0.55), indicating sensitivity to the polyhedron distortion upon cooling, and the chemical shift changes by
250 ppm, shifting to lower frequency at diso = —100 (3) ppm. A small deformation in the axial Sn-I bonds
occurs as the pseudo-cubic crystalline sample is cooled from 295 to 190 K, which causes one Sn-I bond
to shrink (3.057 A) and the other to lengthen (3.158 A). This change is directed along the c-axis of the
crystal lattice while the four Sn-I ionic bonds arranged in the equatorial square-planar geometry remain
constant at 3.1324 A. The DFT results (below) do predict this increase in shielding anisotropy (as it did
for the CI) but underestimate its magnitude and poorly reproduce the chemical shift even when relativistic
effects are incorporated in the calculation. The poor agreement may be due to the impact of the different
electronic properties of the two phases and that MASnl; can display unique semi-conducting and metal
properties which may impact the experimental results but are not accurately incorporated in the present

quantum chemical computations on an isolated anionic “molecular” complex.

295 K Pseudo-Cubic
190 K Tetragonal
MMWMW'WLJ
I I I I I I I I I I
1000 600 200 -200 -600 -1000
5 198n / ppm

Figure 4: Experimental (black) and simulated (blue) variable temperature "°Sn NMR spectra of MASnIs (top)
pseudo-cubic (a-phase, T = 295 K; Bo = 7.05 T; non-spinning; 64 co-added transients) and (bottom) tetragonal (j3-
phase, T =190 K; Bo= 11.75 T; non-spinning; 4096 co-added transients).



Table 1: Experimental ''°Sn NMR parameters for MASnX3

MASNCl; -405 (1) - - Pm3m Cubic 533
MASNCl -400 (1) 620 (10)  0.95 R3m Rhombohedral 350
MASNCls -396 (1) 643 (15) 0.92 Pc Monoclinic 318
MASNCls —Sn1__ -394(1) 700 (15) _ 0.97 P1 Triclinic 250

MASNCls —Sn2 -367 (1) 710(15) 1.0

MASNBr3 -315 (2) - - Pm3m Cubic 295
MASNBrs; -340 (5) 800 1.0 PmC21 Orthorhombic 200
a-MASnI3 155 (2) - - P4mm Tetragonal 295
B-MASnNI3 -100 (3) 190 (6) 0.55 l4cm Tetragonal 190

Tracking MASnls Degradation

Degradation of tin(Il)-based perovskites has precluded the widespread application of these materials as
an alternative to lead-halide perovskite materials. As such, many researchers continue to explore
strategies to avoid rapid degradation under ambient conditions, such as encapsulation under an inert
atmosphere, polymer coating or ion mixing (A-, B-, or X-sites). In order to investigate the ambient air
stability and degradation of MASnX3 materials, we applied solid-state !'?Sn NMR to study freshly
synthesized MASnX3 samples; the summary of the results is presented below.

Under ambient conditions (i.e., room temperature, parafilm-sealed vial under air), degradation was not a
significant concern when handling MASnCl; and MASnBr3 compounds. In fact, based on the NMR
spectra, there was no indication of degradation of MASnCl; and MASnBr3 after two years from the date
of synthesis. The only other material detected by !''’Sn NMR in MASnBr3; was SnBr», which we believe
is from unreacted starting material (vide supra). Previously, our group investigated the decomposition of
MAPDI; under hydro, thermal and hydrothermal exposure, revealing intricate spectral changes amongst
Pbl,, MAPbI3, MAPbI3-H20 and MA4Pbls-2H0.!? This approach is not feasible for MASnI3 as the
compound shows the onset of degradation within an hour of synthesis; some evidence of degradation

was also apparent when undertaking NMR studies of the low-temperature phase acquired under dry



nitrogen gas. Figure 5a shows a spectrum of the freshly synthesized material (~ 30 min post-synthesis
under N> atmosphere) which is denoted as time (T) = 0 h. As MASnI; degrades, the linewidth and
chemical shift change, with the latter shifting to a higher frequency over a period of hours as noted at T
=4 and 36 h (Figure 5a). The overall effect is quite drastic, with the spectral changes plotted in Figure
5b. Over a period of 30 hours the !'Sn NMR resonance broadens significantly from ~10 kHz to >30 kHz
(Figure 5b). Degradation also leads to a shift of the resonance (center-of-gravity) to higher frequency by
~ 115 ppm over the same period of time. The result of this reactivity can significantly skew the reported
19Sn NMR results, shifting the center-of-gravity upwards by a few 100 ppm and resulting in drastic
changes to both the lineshape and breadth.

Although we cannot determine the exact decomposition product(s) in MASnl3 over this time frame, it is
well documented that MASnI; readily decomposes.’®” Some possible candidates include Sn(II)-based
species such as SnO and Snly, or fully oxidized Sn(IV) species such as SnOz, Snls or MA>Snls. During
attempts to synthesize pure MASnIs, a series of identifiable and unidentifiable compounds were observed
in the PXRD. We were able to identify a few oxidized Sn(IV) species such as MA>Snlg, SnO> or Snls.
Unfortunately, during this study we also determined that various commercial sources of Snl, contains
significant amounts of Snl4 (Figure S1). As a result, the presence of both Sn(II)- and Sn(I'V)-based iodides
may be observed in the PXRD due to unreacted impurities in the starting materials. Leading to further
complications, the presence of Snl4 (or oxidation of Snly) may further assist in forming MA,Snls, while
oxidation may occur during the PXRD measurement. The pure phase of MASnl; reported in this work
was examined immediately post-synthesis (~30 min) within a sealed capillary using pure (> 99%) Snl,
as a starting material in tandem with the NMR study. The first 36-hour period after synthesis was
continuously monitored using ''’Sn NMR, however none of these degradation products were observed.
The difficulty of using NMR to track decomposition is compounded by the fact that degradation products
have different nuclear spin-lattice relaxation times (ranging from ms to sec) and suffer from varying
degrees of chemical shift anisotropy, making it difficult to optimize acquisition parameters to observe all
possible compounds uniformly, especially if the time-consuming VOCS approach is required to cover
the large chemical shift range of nearly 13,000 ppm (covering Sn metal to MA>Snls, spanning over 1
MHz at 7.05 T).3341.8081 Interestingly, six months after the synthesis of the solution-prepared sample, a
very broad ''”Sn NMR signal spanning ~ 2800 ppm (315 kHz FWHM) and centered at ~1500 ppm was
observed (Figure 5c). The aged MASnl3 appears to be trending towards the reported chemical shift range

for Sn metal, indicating some type of intermediate phase(s) (Figure S4) that cannot be positively



identified but that resonates between the chemical shifts for metallic Sn and the MASnI;3 parent phase

(Figure 5d).808!

While preparing this report, a publication appeared in which a sample of MASnl; prepared using
mechanochemical synthesis (MCS) exhibited a broad (~100 kHz, 7>*=10 ps) and slightly asymmetric
119Sn NMR resonance with a reported isotropic chemical shift of 795 ppm.3! This finding contrasts with
the work reported here for a solution-based synthesis under N>, where the non-spinning ''’Sn NMR
spectrum is Gaussian-like with a FWHM of ca. 9 kHz (7>*=110 ps) and with an isotropic chemical shift
of 155 ppm. Similar differences are noted with the mixed bromide-iodide MCS sample in that report,
where the ''?Sn NMR resonance for MASnBroslz.1 (8 = 1586 ppm) is much broader and shifted to even
higher frequency than that of their parent MASnI; phase. The electronic properties of methylammonium
tin halide perovskites would suggest that the NMR signal of a mixed Br/I phase would be located between
their reported parent end members (i.e., MASnlz and MASnBr3), as observed in the case of the analogous
MCS-made methylammonium lead halide perovskites, where all halide solid solutions are located
between the parent end-members.?® Likewise, these authors report the incorporation of Cl™ into the
MASnI; lattice, forming MASnCl, 71 3, based on the appearance of a new ''?Sn NMR resonance centered
at 249 ppm. This new resonance is situated between their reported parent end members (MASnlz, 6 =
795 ppm and MASNCI3, diso = -395 ppm), and is narrower than either of their reported MASnI; or
MASnNBrol2.1 phases, all prepared using mechanochemical methods. Finally, Kubicki and coworkers
detected metallic B-Sn as well as MA2Snls and SnO: in their MCS-made MASnI3; parent sample,

achieved using longer acquisition times than attempted in our work.%!

The "”Sn NMR results for the MCS-made MASnI3 (8 = 795 ppm), MASnBrool2.1 (8 = 1586 ppm) and
MASNClL 7103 (6 = 249 ppm) reported by Kubicki et al all appear at higher chemical shifts than the
solution-synthesized MASnl; phase presented in this work (0iso = 155 ppm). This difference may lie in
structural variants produced by different synthetic methods, viz., MCS vs. solution. For example, we
have shown using 2°’Pb NMR spectroscopy that MCS reduces resolution when compared to solution
synthesis for the solid-solution MAPbCIBrs.x perovskite series, as it reduces local and long-range
ordering; however the chemical shifts and lineshape did not change significantly.?® As MASnI; and its
mixed halides are complex materials, a more thorough investigation is needed to better understand the
large changes in chemical shift and linewidth observed between MCS and solution synthesis, in addition
to how the degradation of MASnls-based perovskites is impacted by both synthetic procedures and
starting materials. The rapid degradation of MASnI; observed in this work and the long acquisition times

needed to identify the decomposition products may require complementary characterization techniques



to arrive at unambiguous conclusions for these complex materials and processes. The intuitive

attractiveness of DNP to boost sensitivity and delay decomposition is undermined by the need to conduct

such experiments at very low temperatures, which would induce further phase changes.348¢
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Figure 5: (a) Non-spinning '"®Sn NMR spectra of MASnIz of freshly synthesized (0 hr) to aged (36 hrs). (b)
Changes in the center-of-gravity shift (6cc / ppm) and full-width-half-maximum (FWHM / kHz) of MASnIs with
respect to time. (c) Non-spinning ''°Sn NMR of MASnIz after 6 months post-synthesis acquired using a VOCS

approach. (d) Tin chemical shift scale for other tin halide and oxide compounds.



Impact of X on MASnX; '°Sn Magnetic Shielding

A quintessential NMR parameter to assess electronic and chemical structure is the isotropic chemical
shift and its sensitivity to local structure. As the ''”Sn NMR diamagnetic chemical shift range covers
nearly 5,000 ppm depending on the chemical environment, this provides the ability to identify various
tin halide species. The chemical shifts determined experimentally expand our understanding of the ranges
that can potentially be observed for hybrid tin(IT) halide perovskites. As seen for SnX5 salts (e.g., SnCl,
in DMSO (—384 ppm) to I (—152 ppm)), the ''°Sn in MASnCl; is the most shielded (8iso = —400 ppm)
with the Br and I phases gradually shifting to higher frequency, ranging over approximately 600 ppm.
To assess the sensitivity to local structure, a series of [SnXs]*" anionic polyhedral clusters were
assembled based on crystallographic data, and the Sn chemical shifts were calculated using ADF 2017
implementing a ZORA/QZA4P basis set to compare with experimental values. Figure 6a shows the
relationship between the calculated magnetic shieldings and experimental chemical shifts for the eight
unique phases studied here. The quantum chemical calculations using simple model compounds agree
with the trends seen experimentally. To assess the sensitivity of the CSA to the structure of the local tin
halide polyhedron, the distortion parameter (L) for each crystalline phase was determined from their
crystal structures.®” % As shown in Figure 6b, the gradual change from a perfect Sn octahedron, in the
cubic crystal lattice of MASnX3 (where X = Cl, Br or I), to the lower-symmetry tetragonal, orthorhombic,
monoclinic and triclinic phases results in a sizable measured CSA which correlates with the distortion

about the Sn center.
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Figure 6 (a) Calculated ''°Sn magnetic shielding for tin halide polyhedron atomic clusters (blue = MASNCls, red =
MASNBrs, green = MASNI3) using a ZORA/QZ4P basis set as implemented in ADF 2017, and their relationship to
experimental '"°Sn chemical shifts. (b) Relationship between the experimental ''°Sn chemical shift spans for
methylammonium tin halide perovskites and their polyhedron distortion parameter calculated from known crystal
structures. Note that all cubic structures of MASnXs (X = CI, Br, 1) have identical ''*Sn CSAs and polyhedron

distortion parameters (*).

MASng sPby sl — Insight into Mixed B-site Alloyed Hybrid Perovskites

Mixing the B-site between Sn and Pb has shown improved chemical stability for hybrid Sn(II)-containing
perovskites while offering a further dimension to tune optical properties such as bandgap and emission.”®~
92 Thus, expanding beyond our past research in mixed halides, we attempted to synthesize a mixed
Sn?":Pb*" analogue. Below we focus our discussion on a 1:1 Sn*: Pb*" mole ratio to form the
MASny sPbo sI3 perovskite solid solution. PXRD shows that the MAPbI; parent adopts a tetragonal phase,
whereas the MASnlI;3 parent adopts a pseudo-cubic phase at room temperature.'!® As shown in Figure 7a,
the PXRD data reveal that the MASng 5sPbo 513 solid solution adopts the same pseudo-cubic structure as
for the MASnI; parent. We further performed room temperature 'H, *C, "Sn and **’Pb NMR
spectroscopy to gain insight into the atomic-level changes both from the dynamic A-site cation (‘H and
BC) and B-site cation (''”Sn and 2°7Pb) perspectives upon Sn?*/Pb** mixing. MA" contains
distinguishable hydrogens from the ammonium (NH3) and methyl (CH3) groups; the 8iso('H) for the
ammonium hydrogens appear to higher frequency than that for the methyl hydrogens. For example,
Siso('H) = 5.3 and 2.4 ppm for NH; and CH3 in MASnIs, respectively (Figure 8a). Closer examination of
"H NMR spectra demonstrates a small but definite change in 8iso('H) to higher frequency for both the



NH3 and CH3 hydrogens as Sn*" is replaced with Pb?" (Figure 8c). The small shoulder present in the 'H
NMR spectrum of MASnI; is likely assignable to degradation of the parent phase, as this spectrum was
acquired between the 3™ and 4" hour decomposition points discussed above. The '3C NMR chemical
shift is also shifted to higher frequency and the linewidth narrows as Sn is replaced by Pb (Figures 8b
and 8d). As past 2H NMR experiments on deuterium-labeled MAPbI; demonstrated ultrafast MA™ cation
dynamics at room temperature,’!3 the progressive changes in 'H and '*C NMR chemical shifts and
linewidths are most likely due to changes in the unit cell volumes on going from MASnI; to MAPbI3:!°
the larger unit cell volume for MAPbI; implies a larger cuboctahedron space which allows faster MA™

dynamics and hence a narrowing of the peaks in the 'H and 1*C NMR spectra.

In contrast to the MA* cation, the B-site cations (i.e., Sn?>" or Pb*"), are directly coordinated with six
iodides to form [Bls]* octahedra in the perovskite structure. The non-spinning 2°’Pb NMR spectra for
MAPDbI3 and MASng 5sPbo 513 (Figure 7) show Gaussian-like line shapes with a linewidth of ca. 27 and 28
kHz for MAPbI; and MASno sPbg sI3, respectively. 8iso(2°’Pb) is shifted towards higher frequency by ca.
130 ppm when Pb centered in MAPDI; is 50% replaced by Sn to form MASng.sPbo sI3. Likewise, the non-
spinning ''?Sn NMR spectra for both MASnI3 and MASnosPbosls also give Gaussian-like broad line
shapes with FWHM of ca. 9 and 18 kHz, respectively. However, 8iso(!!*Sn) for MASno sPbo 513 is shifted
to lower frequency by ~70 ppm. Neither the !'?Sn nor 2°’Pb NMR spectra display any discernable spectral
changes over several days (spectra were similar after two weeks in a sealed rotor), further supporting
past findings by other researchers where Pb incorporation offsets degradation.”®°> The NMR linewidths
have been previously shown to be impacted by 7>, direct and indirect spin-spin coupling between 2°’Pb

(or '"Sn) and the six *I (I = 5/2; 100% abundant) nuclei in [Bls]*~ octahedra.?!?
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Figure 7: Experimentally determined room temperature PXRD (a) and solid-state ''°Sn (b) and 2°’Pb (c) NMR
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CONCLUSIONS

In this work, we have discussed a series of hybrid methylammonium tin halide perovskites and their
chemical shift ranges observed using !'?Sn NMR spectroscopy and quantum chemical calculations. In
each parent phase (where the Sn is positioned at a cubic site of symmetry), a distinct §iso is determined
with a characteristic shift to higher frequency (—404 ppm to —315 ppm to +155 ppm for MASnCl;,
MASnBr; and MASnhI3, respectively) as the halide mass increases. This correlates with the changes in
band gaps (a decrease of 2.5 eV from MASnCl; to MASnI3), consistent with the fact that the NMR
chemical shift is sensitive to changes in the paramagnetic shielding term and additional contributions
from the spin orbit term of the local electronic environment. The relationship between changes in the
local environment and the resulting chemical shifts is further explored via variable temperature '°Sn
NMR spectroscopy: upon cooling, we see changes in the '’Sn CSA with phase changes. As MASnI; is
unstable, we performed an in situ NMR study over a course of 36 hours to track the changes in linewidths
and chemical shifts with respect to time. Within hours, we observed an increase in linewidth and a §cg
shift to higher frequency; after 6 months a broad resonance spanning nearly 2800 ppm, trending towards
Sn metal, appeared. This rapid degradation towards the metal may also help explain the dual
semiconducting and metallic physical characteristics being reported for this system.!%’2 With the rapid
degradation of MASnI;, the discrepancies between our observed ''Sn NMR spectra of MASnI3 and
those reported recently®! may be due to the synthetic method used (solvent-based synthesis vs
mechanochemical synthesis). In an attempt to improve the chemical stability of MASnlz, we synthesized
a mixed B-site (Sn*":Pb?" = 1:1 mole ratio) analogue and discovered that the MASno sPbg I3 adopts a
pseudo-cubic structure like the MASnl; parent compound, and has 'H, 13C, '"”Sn and 2°’Pb NMR spectral
features that are distinct from those of the parent compounds, confirming its solid solution behavior. The
incorporation of Pb appears to aid in resisting the degradation of these perovskites, whereby the mixed
sample was easily handled and analyzed using both XRD and NMR spectroscopy without evidence of
degradation over a two-week period. These findings provide an understanding of atomic-level structural
property relationships in methylammonium tin halide perovskites and greater insight into the phase
changes, material stability and MASnl3; decomposition that plague the use of tin(II) perovskites as a less
toxic alternative to lead-based perovskites. Further research with mixed A, B or X-site analogues is
required to reduce toxicity as one targets efforts to bridge the gap between efficient solar energy

conversion and chemical stability to produce a new state-of-the-art solar absorbing material.
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