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Perovskite synthesis

Perovskite powders were synthesized by grinding the substrates in an electric ball mill
(Retsch Ball Mill MM-200, a grinding jar (10 ml) and a ball with 210 mm) for 30 min at 30 Hz.
Substrates were packed into the jar inside a glove box under argon. The resulting perovskite
powders were annealed at 140 °C for 10 minutes to reproduce the thin-film synthetic
procedure.’

Mixed-cation lead iodide perovskites

FA/Cs perovskite

0.154 g of FAI (0.90 mmol), 0.026 g of Csl (0.10 mmol) and 0.461 g of Pbl, (1.00 mmol)
were mixed to prepare the (FA)o.90(Cs)o.10Pbls black powder.

0.137 g of FAI (0.80 mmol), 0.052 g of Csl (0.20 mmol) and 0.461 g of Pbl, (1.00 mmol)
were mixed to prepare the (FA)o.g0(Cs)o.20Pbls black powder.

0.120 g of FAI (0.70 mmol), 0.078 g of Csl (0.30 mmol) and 0.461 g of Pbl, (1.00 mmol)
were mixed to prepare the (FA)o.70(Cs)o.30Pbls black powder.

FA/Rb perovskite

0.154 g of FAI (0.90 mmol), 0.021 g of Rbl (0.30 mmol) and 0.461 g (1.00 mmol) of
Pbl, were mixed to prepare the (FA)o.90(Rb)o.10Pbls black powder.

RbMAFA(l) perovskite

0.039 g of MAI (0.25 mmol), 0.120 g of FAI (0.70 mmol), 0.010 g of Rbl (0.05 mmol) and
0.461 g of Pbl, (1 mmol) were mixed to prepare the (Rb)o.os(MA)o.25(FA)o.70Pbls black powder.

RbCsFA(l) perovskite

0.146 g of FAI (0.85 mmol), 0.010 g of Rbl (0.05 mmol), 0.026 g of Csl (0.10 mmol) and
0.461 g of Pbl, (1 mmol) were mixed to prepare the (Rb)o.os(Cs)o.10(FA)o.gsPbls black
powder.

RbCsMAFA(I) perovskite

0.039 g of MAI (0.25 mmol), 0.103 g of FAI (0.60 mmol), 0.010 g of Rbl (0.05 mmol),
0.026 g of Csl (0.10 mmol) and 0.461 g of Pbl, (1 mmol) were mixed to prepare the
(Rb)0.05(Cs)o.10(MA)o.25(FA)o.60Pblz black powder.

Ko.10MA0.90Pbl3 perovskite

0.016 g of KI (0.10 mmol), 0.143 g of MA (0.90 mmol) and 0.461 g (1.00 mmol) of
Pbl, were mixed to prepare the (K)o.10(MA)o.90Pbls black powder.
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Mixed-cation and mixed-halide lead perovskites

MAFA(Br,1) perovskite

The double cation mixed-halide perovskite was fabricated according to the previously
published procedure.! 0.172 g of FAI (1 mmol), 0.507 g of Pbl, (1.1 mmol), 0.022 g of MABr
(0.2 mmol) and 0.073 g of PbBr; (0.2 mmol) were milled to prepare the MAFA_(Br,l) black
powder.

CsMAFA(Br,1) perovskite

The triple cation perovskite was fabricated according to the previously published recipe.?
0.172 g of FAI (1 mmol), 0.507 g of Pbl, (1.1 mmol), 0.022 g of MABr (0.2 mmol), 0.080 g of
PbBr, (0.22 mmol) and 0.014 g of Csl (0.055 mmol) were milled to prepare the CsMAFA black
powder.

RbCsMAFA(Br,1) perovskite

The quadruple cation perovskite was fabricated according to the previously published
recipe.? 0.172 g of FAI (1 mmol), 0.507 g of Pbl, (1.1 mmol), 0.022 g of MABr (0.2 mmol),
0.080 g of PbBr, (0.22 mmol), 0.014 g of Csl (0.055 mmol) and 0.011 g of Rbl (0.055 mmol)
were milled to prepare the RbCsMAFA black powder.

Rubidium lead bromides

RbPb,Brs

0.082 g of RbBr (0.5 mmol) and 0.367 g of PbBr; (1 mmol) were mixed and annealed
at 150°C for 15 min to prepare the RbPb,Brs white powder.

Rb4PbBre

0.165 g of RbBr (1 mmol) and 0.091 g of PbBr; (0.25 mmol) were mixed and annealed
at 150°C for 15 min.

Cso.50Rbo.50PbI3

0.128 g of Csl (0.50 mmol), 0.106 g of Rbl (0.50 mmol) and 0.461 g of Pbl2 (1 mmol)
were mixed to prepare the Csgs50Rbo.s0Pbl3 alloy.
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Powder X-ray Diffraction

Diffractograms were recorded on an X’'Pert MPD PRO (Panalytical) diffractometer equipped
with a ceramic tube (Cu anode, A = 1.54060 A), a secondary graphite (002) monochromator
and an RTMS X’Celerator (Panalytical) in an angle range of 26 = 5° to 40°, by step scanning
with a step of 0.02 degree.
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Figure S1. pXRD pattern for the Cs,FA;.x compositions. Asterisks (*) indicate the primary
phases. Deltas (6) indicate the phase separated §-CsPbl3.
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Figure S2. pXRD pattern for the CsFAMA(Br,l) and RoCsMAFA(Br,l) compositions.
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Figure S3. pXRD pattern for the RoMAFA(I), RbCsFA(l) and RbCsMAFA(l) compositions.
Asterisks (*) indicate the primary phases. Hashes (#) indicate the mixed CsgsRbgsPbls phase.
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Figure S4. pXRD pattern for the RbPbls and Rbg 10FAq.90 compositions. Asterisks (*) indicate
the primary phase, hashes (#) indicate the phase separated RbPbls.
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Figure S5. pXRD pattern for the rubidium lead bromides. Asterisks (*) indicate RbBr, hashes
(#) indicate “phase X”.
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Figure S6. pXRD data for CsgsoRbg.50Pbls.
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Figure S7. pXRD data for Ko 10MAg.9oPbls. Asterisks (*) indicate the primary MAPbI; phase.
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Figure S8. Experimental and fitted ’Rb MAS (20 kHz) spectrum of the compound obtained
by grinding 4 eq. Rbl with 1 eq. Pbl, (refered to as “phase X” in the manuscript).
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Figure S9. A comparison between 298 K and 100 K MAS spectra of (a) Csl, (b) Rbl, (c) &-
CsPbls, (d) RbCsMAFA(I), (€) RbCsMAFA(Br, 1).
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Figure S10. “N MAS spectra of a-FAPbIlz; and Csg »oFA.
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Figure S11. Low-temperature (100 K) *C CP MAS spectra of the materials studied in this
work.
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Details of DFT calculations of *3Cs and ®’Rb shifts

Cluster generation

The crystal structures of Csl,* Rbl,> cubic (black) and hexagonal (yellow) FAPbI5®, tetragonal
(black) MAPbI;” , hexagonal (yellow) CsPbls® and hexagonal (yellow) RbPbls® were used as a
starting point for the clusters. The remaining crystal structures (cubic RbPbls, cubic CsPbl;
and tetragonal CsPbls) were generated by replacing the FA/MA cations corresponding
cubic/tetragonal crystal structure by Cs/Rb cations.

Next, the proton positions in the periodic black FAPbl; structure as well as the Cs/Rb
positions in the substituted periodic structures were optimized using density functional
theory (DFT) at the generalized gradient approximation (GGA) level with the PBE® functional
including relativistic effects (with spin-orbit coupling) and the Grimme® dispersion
correction within the Quantum Espresso suite'’. In every calculation a plane-wave maximum
cutoff energy of 90 Ry and a 3x3x3 Monkhorst-Pack™ grid of k-points was employed.

The final clusters were generated as a central cation surrounded by a Pbl; cage representing
the asymmetric unit of the periodic crystal structure. To ensure charge compensation and
cluster symmetry additional cations surrounding the Pbls cage were included. Generic
models of the generated clusters are depicted in fig. S12.

The mixed FA/(Rb/Cs) clusters were assembled from the relaxed black FAPbIs structure by
replacing the central FA" cation with a Cs*/Rb" cation.

The procedure described above leads to the cluster Csszlz, Rbiglis, cubic and tetragonal
Cs,0Pbglss, cubic XFAi9Pbglsg and hexagonal XigPbglsg (with X = Rb/Cs). For the hexagonal
RbPbl; structure the chemical shifts were also calculated with a larger cluster (Rb,oPbslzg).
They were within 1 ppm agreement of the shifts calculated for the smaller cluster
(Rb1gPbsl3o).

In general, the setup of the clusters, with respect to level of theory, charge compensation
and cluster symmetry, was done according to recent studies on calculations of electronic
and magnetic properties of heavy atoms.”**®

hexagonal

® |odine (I)
Lead (Pb)
Cation (MA/FA/Cs/Rb)

Figure S12. Example clusters used in DFT chemical shift calculations.
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Figure S13. A correlation between the experimental and scaled calculated ***

Cs shift for a
series of structures (with Csl and 6-CsPbls used as references).
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