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Abstract:

The alloyed lead/tin (Pb/Sn) halide perovskites have gained significant attention in the
development of tandem solar cells and other optoelectronic devices due to their widely
tunable absorption edge. To gain a better understanding of the intriguing properties of
Pb/Sn perovskites, such as their anomalous bandgap dependence on stoichiometry, it is
important to deepen the understanding of their chemical behavior and local structure.
Herein, we investigate a series of two-dimensional Ruddlesden-Popper (RP) and Dion-
Jacobson (DJ) phase alloyed Pb/Sn bromide perovskites using butylammonium (BA)
and 3-(aminomethyl)pyridinium (3AMPY) spacer cations: (BA)2(MA)s-1PbxSny.
xBrin+1 (n = 1-3) and (BAMPY)(MA)u-1PbxSnuxBr3n+1 (n = 1-3) through a solution-
based approach. Our results show that the ratio and site preference of Pb/Sn atoms are
influenced by the layer thickness (n) and spacer cations (A’), as determined by single
crystal X-ray diffraction. Solid-state H, 1°Sn and 2°’Pb NMR spectroscopy analysis
show that the Pb atoms prefer the outer layers in n=3 members: (BA)2(MA)PbxSnn-
«Brio and (3AMPY)2(MA)PbxSnn«Brio. Layered 2D DJ alloyed Pb/Sn bromide
perovskites: (3BAMPY)(MA )x-1PbxSnn«Brine1 (n = 1-3) demonstrate much narrower
optical band gap, higher energy PL emission and longer carrier lifetime compared to
those of RP analogs. Density functional theory calculations suggest that Pb-rich alloys
(Pb:Sn ~4) for n=1 compounds are thermodynamically favored over 50:50 (Pb:Sn ~1)
compositions. From Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS), we
see that films in the RP phase orient parallel to the substrate; whereas for DJ cases,

random orientations are observed relative to the substrate.

Keyword: Halide perovskites; Lead/Tin bromide perovskites; Tandem solar cells, light

emitting diodes
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1. Introduction

The exceptional optoelectronic properties and performances of halide perovskites are
driving a revolution in the photovoltaic and optoelectronic fields.!"'* Organic-inorganic
hybrid perovskites are three-dimensional (3D) with a prototypical formula of AMX3
(A= methylammonium (MA), formamidinium, or Cs*; M = Sn** or Pb*"; X = CI, Br
or I"). The inorganic framework consists of corner-sharing octahedral [MXs]*" units,
where the small A-site cations occupy cuboctahedral cages within the framework and
counterbalance the charge. This corner-sharing connectivity is responsible for their
outstanding properties.”> When larger spacer cations are incorporated, the two-
dimensional (2D) perovskites can be obtained by splitting along different
crystallographic planes, with the general formula of (A")m(A)n-1MnXan+1, in Which n is
the thickness of inorganic layers, A’ is a monovalent (m = 2) cation forming the
Ruddlesden—Popper (RP) phase!!8 or divalent (m = 1) cation forming Dion-Jacobson
(DI)-phase,'®** respectively. Compared to the 3D perovskites, 2D analogues exhibit
higher stability?32?® and structural flexibility that permit a wider compositional space to
engineer new materials, enhancing their potential for technological applications.?

Lately, numerous studies have examined the single-crystal structures of layered

20, 30-32 33-35

perovskites based on 2D pure lead iodide, pure lead bromide, and pure tin
halides .>**°1t is well known that fully tin halide perovskites show poor stability due to
the oxidation of Sn>* to Sn*" in the air. To address this issue, previous researches

reported that adding a minimum content of Pb could stabilize Sn in its 2+ state in their



3D perovskite materials.*» ** These Pb/Sn systems have gained attention not only due
to their reduced Pb content, which is considered harmful, but also because of their
enhanced structural stability. Moreover, the band gap of the perovskite absorber can be
adjusted through the Pb/Sn ratio in an unusual way, making them a promising option
for lower band gap compounds in tandem solar cells and other optoelectronic
applications.® 34 41,4353

However, the exploration of 2D alloyed Pb/Sn bromide analogues is relatively
limited, and a comprehensive analysis of the structure-property relationship of this new
family of 2D metal alloyed perovskite materials in bulk is currently lacking. These
observations give rise to several questions: Can the Pb/Sn bromide perovskite serve as
a template for the 2D RP and DJ phases? What is the conformation, Pb/Sn ratio, and
site preference for Pb/Sn compounds with different cations? How does the DJ and RP
single crystal materials determine the film orientation? These questions motivate the
examination of narrow band-gap 2D alloyed Pb/Sn perovskite materials to investigate
their fundamental structural and optoelectronic properties.

This study describes the synthesis, crystallographic and solid-state (ss)NMR analysis
of a new array of 2D alloyed Pb/Sn bromide perovskite materials using monovalent
butylammonium (BA") and divalent 3-(aminomethyl)pyridinium (3AMPY?") as spacer
cations, the Ruddlesden-Popper (BA)2(MA)n-1PbxSnn«Brsn+1 (n = 1-3) and the Dion-
Jacobson (BAMPY)(MA)u-1PbxSnnxBr3n+1 (n = 1-3). Within the 2D perovskite
structure, various families of alloyed Pb/Sn bromide perovskite single crystals (n=1-3)
were stabilized. The optical properties, bandgaps and carrier lifetime were strongly
affected by subtle structural differences among these perovskites. Layered 2D DJ
alloyed Pb/Sn bromide perovskites: (3AMPY)(MA)n-1PbxSnnxBris+1 (n = 1-3)
demonstrate much narrower optical band gap, higher energies PL emission and longer
carrier lifetime compared to those of RP analogs. For both BA and 3AMPY (n=3)
systems, the 2°’Pb ssNMR signals associated with the outer layer are more intense than
the inner layers, indicating that the Pb atoms are highly populated at the outer parts of
the layers. Density functional theory calculations suggest that the Pb-rich alloys (Pb:Sn

~4) for n=1 compounds are thermodynamically preferred over 50:50 ratios that could



not be obtained experimentally. Successful production of thin films using these
materials can be achieved through solution processing. The GIWAXS analysis indicates
that the film orientation behavior of the RP and DJ phases exhibit noticeable divergence,
which can serve as a valuable reference for developing optoelectronic devices utilizing

these materials.

2. Results and discussion
2.1 Syntheses

The new family of compounds was synthesized using step-cooling method.* Briefly,
a stoichiometric ratio of (molar ratio of PbO, SnCl2.2H>0 1:1) and MACI according to
the chemical formula is used, where the concentration of the organic spacer is varied
until a solution of pure product is obtained with the desired » value (e.g. n = 1-3). The
solubility limit for MAPbBr3; in HBr solution is ~0.56 M at boiling point, and the
Pb**/Sn**/MA" concentration needs to be adjusted to it, while the HBr volume must be
large enough to dissolve the n= 1 compound. Specifically, for the same stoichiometric
amount of Pb?*/Sn**/MA" (1:1:1 mmol) used, the amount of the large spacer cations,
BA and 3AMPY needed to be tuned, then the synthetic procedure can be optimized to
give different layer-numbers (n = 1-3).

Furthermore, an important parameter controlling the synthetic outcome of a uniform
phase product with 3AMPY is the temperature cooling profile. If the reaction solutions
are left to freely cool at room temperature (R.T.), a mixture of different numbers of
inorganic layers (n) is usually obtained. This is vividly apparent in the cases of 3AMPY
series, where n= 1 product is always obtained unless the reaction is cooled carefully
and stepwise, over multiple days in the sand bath. Additionally, the quality and
morphology of the crystals are significantly improved with stepwise cooling
temperature profiles in the sand bath, where less crystallographic twinning is observed.
Accordingly, after the subsequent addition of all the reagents together and once a clear
solution is formed, the temperature is lowered to slightly below the boiling point of
HBr to 120 °C (as indicated on a hot plate). The solution is held at this temperature for
several days under reflux to avoid the formation of other n-layer members. Once the
light-yellow crystal seeding starts, the temperature of the reaction solution is lowered
to 95 °C (as indicated on a hot plate) and left for a couple of days for crystal growth.
Finally, the hot plate is turned off for full crystal precipitation to be achieved. The



crystals are dried from the reaction solution by careful vacuum filtration, the crystals
are left under vacuum in a desiccator overnight. Upon drying, the bulk crystals exhibit
excellent stability in ambient conditions. The powder X-ray diffraction (PXRD)
patterns  of (BA)2(MA)n-1PbxSnnsBrans1  (n = 1-3, x=0.83-2.02) and
(BAMPY)(MA)n-1PbxSnn«Brsns1 (n = 1-3, x=0.79-1.56) as shown in Figure 1,
especially for the higher angles between 5° and 15°, indicating the reasonably good
long-range order.>* The d-spacing of the first Bragg peak in the PXRD pattern is a
characteristic peak for each n member compound, corresponding to the length of the
stacking axis in the unit cell of the respective 2D perovskite member, thus providing an

easy assessment of the n member compound acquired.
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Figure 1. Calculated and experimental powder X-ray diffraction (PXRD) patterns for
(a—c) (BA) (MA)nflpbxsnn-xBr3n+1 and (d-f) (3AM PY)(MA)nflpbxsnn-xBr3n+1 (n = 1_3)
series powder compounds, respectively.

According to the scanning electron microscopy (SEM) mapping studies, the newly
developed compounds are extremely thin and can be easily stacked on top of each other,
as depicted in Figure 2. The unique feature of the 2D multi-layered crystal structure is
the plate-like shape of the individual crystals and the layered morphology resulting
from stacking.®® The sizes of bulk crystals are in the range of several um~ mm. Minor

cracks on the single crystal surfaces do exist, but majority of the bulk form of the large



crystals still retains the form of layered 2D single crystals that are stacked on top of
each other. The energy dispersive spectrometry (EDS) mapping confirms that the Pb
and Sn elements in the multilayer (n>1) halide perovskites are evenly distributed (n>1)
halide perovskites are evenly distributed. The compounds exhibit a color change as the
value of n increases from 1 to 3. In the RP phase (BA)2(MA)n-1PbxSnn«xBrsn+1 series,
the color changes from yellow (n=1) to orange (n=2), while in the DJ phase

(BAMPY )2(MA)n-1PbxSnnxBr3u+1 series, it changes from orange (n=1) to red (n=2).

Figure 2. Overall microstructure and composition analyses: Scanning Electron
Microscopy/Energy Dispersive X-ray Spectrometry (SEM/EDS) of (a-c) (BA)2(MA)n-1
PbxSnnxBran+1 (n = 1-3) and (d-f) (3AMPY) (MA)n-1PbxSnnxBran+1 (N = 1-3) series
powder compounds, respectively.

2.2 Description of the Crystal Structures

For the optimal utilization of the optoelectronic properties of 2D alloyed Pb/Sn
perovskites, it is important to possess accurate structural information of each compound
to develop the structure-property relationships. The crystal structures of all the
compounds under investigation were determined by utilizing data from single crystal
X-ray diffraction (SCXRD) that were collected at room temperature. Selected
crystallographic information and structural refinements for the (BA)2(MA)n-1PbxSnn.
xBran+1 and (BAMPY)(MA)n-1PbxSnnxBran+1 (n = 1-3) series are presented in Table 1.



Detailed crystallographic data are also provided in Tables S1—S4. Specifically, the
studied 2D perovskites consist of corner-sharing [Sni—xPbsBre] * octahedra and the
metal sites are occupied by both Sn and Pb atoms. The distribution is not totally random
as there are specific preferences of Pb and Sn for particular crystallographic sites, as
discussed  below. The  (BA)2(MA)n-1PbxSnnxBran+1  series  forms  the
Ruddlesden—Popper (RP) structure type with staggered configuration of the successive
inorganic layers and the (3AMPY)(MA)n-1PbxSnnxBran+1 (N = 1-3) series forms the
Dion-Jacobson (DJ) structure type with eclipsed configuration of the successive

inorganic layers, respectively. ' %57

Table 1. Crystal data and structure refinement for (BA)2(MA )n-1PbxSnn-xBr3n+1 (n=1-3)

and (BAMPY)(MA)n-1PbxSnn«Brsn+1 (n = 1-3) at 293 K.

Compound (BA),Pbo83SN0.17Br4 (BA)2MAPb; 31Sng69Br7 (BA)2MAPb; 02SN0.98Br1o

C8H20Br4aN2Pb0.83Sn0.17  C9H25Br7N3Ph1.31Sn0.69  C10H36Bri0N4Pb2.02Sn0.98

Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions

656.49

orthorhombic

Cmc21

a=27.641(6) A,
a=90°

b =8.3381(17) A,

B=90°

¢ =8.2230(16) A,

1088.00
orthorhombic
Pbcn
a=39.1754(17) A,
o =90°

b =8.3831(3) A,

B =90°

¢ =8.2683(3) A,

1546.14
orthorhombic
Cmc21
a=51.082(3) A,
o=90°

b =8.3679(4) A,
B=90°

¢ =8.2930(4) A,

y=90° y=90° y=90°
Volume 1895.2(7) A3 2715.40(18) A3 3544.8(3) A3
z 4 4 4
Density (calculated) 2.301 g/cm® 2.661 glcm? 2.897 glcm?®
Absorption coefficient 16.070 mm* 10.232 mm! 21.524 mmt
-38<=h<=38, -58<=h<=58, -72<=h<=77,
Index ranges -11<=k<=11, -12<=k<=12, -12<=k<=11,
-11<=I<=10 -11<=I<=12 -12<=1<=10
Reflections collected 7243 20923 19722

Independent reflections

2566 [Rin; = 0.0424]

4833 [Rin; = 0.0352]

5729 [Rin = 0.0387]

Completeness 99.8% 98.5% 99.9%
Data / restraints / parameters 2566 / 22 / 77 4833/34/102 5729/30/116
Goodness-of-fit 1.050 1.130 1.032




Final R indices [I>20(I)]

R indices [all data]

Largest diff. peak and hole

Compound

Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)

Absorption coefficient

Index ranges

Reflections collected
Independent reflections
Completeness

Data / restraints / parameters

Goodness-of-fit

Final R indices [I>20(I)]

R indices [all data]

Largest diff. peak and hole

Rons = 0.0586,
WRbs = 0.1588
Ra = 0.0838,
WRg =0.1799

2.459 and -3.228 e-A3

(3AMP)Pb0.79SN0.21Br4

C6H10Br4N2Pb0.79 Sn0.21

618.18

Triclinic

P1

a=10.614(2) A,

a=86.72(3)°

b=11.851(2) A,

B =64.57(3)°

c=11.896(2) A,

y=81.14(3)°

1335.2(6) A3

4

3.075 g/lcm?®

11.984 mm*

-14<=h<=14,
-15<=k<=16,

-16<=I<=16

25517

7087 [Rin = 0.0312]

99.6%

7087 /2 /239

0.665

Robs = 0.0253,

WRgbs = 0.0391

Rani = 0.0484,

WRy = 0.0403

1.697 and -0.880 e-A3

Robs = 0.0900,
WRobs = 0.2158
Ran = 0.1203,
WRa = 0.2336

1.650 and -2.226 e-A3

(3AM P) MAPb; 44Sng 56Br7

C7H16Br7N3Pb1.445n0.56
1066.42
Monoclinic
P2./c
a=15.568(3) A,
o=90°
b=17.165(3) A,
B=97.23(3)°
¢ =8.2140(16) A,
y=90°
2177.5(8) A3
4
3.253 g/lcm?®
13.223 mm*!
-19<=h<=19,
-21<=k<=21,
-10<=I<=10
14407
4561 [Rin = 0.0786]
96.2%
4561/5/132
0.905
Rops = 0.0660,
WRobs = 0.1713
Ran = 0.1083,
WRai = 0.1928

4175 and -2.329 e-A3

Robs = 0.0479,
WRobs = 0.1098
Ran =0.0799,
WRa = 0.1216

2.263 and -0.843 e-A
(3AM P)MAsz1_56$n1_44Br10

C8 H22 Br10 N4 Pb1.56 Snl.44

1467.75

Monoclinic

Cc

a=42.906(9) A,
o=90°

b =8.5286(17) A,

B=95.82(3)°

c=8.2673(17) A,
y=90°

3009.6(11) A3

4

3.239 g/cm?

12.439 mm*!

-72<=h<=70,

-14<=k<=13,

-12<=I<=14

18244

9868 [Rin = 0.0813]

99.6%

9868 /33 /175

0.634

Rops = 0.0870,
WRgbs = 0.2005

Ran = 0.2011,

WRyi = 0.2170

11.722 and -2.398 e-A3

R = X||Fol-|Fe| / Z|Fol, WR = [Z[w(|Fof” - [Fc*)*] / Z[w([Fol*)]]

The (BA)2(MA)n-1PbxSnnxBrsn+1 (n = 1-3) series crystallize in high symmetry

orthorhombic

space

groups.

The

(BA)2Pbos3Sng.17Bra

(n=1) and

(BA):MA2Pb2.02Sno.osBrio (n=3) members adopts the non-centrosymmetric space



groups (Cmc21), while (BA)2MAPb131Snes9Br7 (n=2) is centrosymmetric (Pbcn). The
DJ phase (BAMPY)(MA)n-1PbxSnnxBran+1 (n = 1-2) series are in centrosymmetric
space groups of P 1 (n=1, x=0.79) and P2i/c (n=2, x=1.56), while the
(3AMPY)MA:Pb1 56Sn; 44Brio (n = 3) exhibits a non-centrosymmetric Cc space group.

For (BA)2Pbo.83Sno.17Brs (n=1), there is only one kind of octahedron with 82.80% Pb
occupancy (17.20 % Sn occupancy) and the ratio of Pb/Sn is almost 4.81 (Figure 3a).
For the (3AMPY)Pbo.79Sno.21Brs (n=1), adjacent organic cations adopt an edge-to-face
interaction and they show two kinds of octahedra. One has 79.45% Pb occupancy
(20.55% Sn occupancy), and the other one has 78.33% Pb occupancy (21.67% Sn

occupancy). The final ratio of Pb/Sn is also almost 3.74 (Figure 3b).

Pb: Sn = 82.80%: 17.20%

Pb: Sn=79.45%: 20.55% Pb: Sn=78.33%: 21.67%

HH HBS 5 EI-
MM W peese
Lede eves; $83%

Figure 3. Comparative view of the crystal structures for (a) the (BA)2(Pbo.83Sno.17)Br4
(n=1,x=0.83) and (b) (3AMPY)Pbo.79Sno21Brs (n = 1, x= 0.79), respectively.

For (BA)2MAPbD1.31SnoeeBr7 (n=2), there is still only one kind of octahedron with
65.33% Pb occupancy and 34.67% Sn occupancy (Figure 4a). The ratio of Pb/Sn
increased to 1.88. The length of the Br—Pb/Sn—Br unit is approximately 5.8 A, which
makes up the length of one [PbxSn1-xBrs]* octahedron of the inorganic layer. Thus, the
length of the stacking axis follows the formula of ~ 5.8n + y A, where n is the layer-
number and y is the distance between the inorganic layers.*®

For (BAMPY)(MA)PD1.44Snos6Br7 (n=2), there are two kinds of octahedra, the one
which is adjacent the edge of 3AMPY, has 73.43% Pb occupancy (26.57% Sn



occupancy), and the other one which is adjacent the face of 3AMPY, has 70.56% Pb
occupancy (29.44% Sn occupancy). The final ratio of Pb/Sn in
(BAMPY)(MA)Pb1.44Sno 56Br7 (n=2) is also larger  compared  to
(BA)2MAPbD131Snoe9Br7 (n=2), up to a value of 2.58 (Figure 4b). In addition, the
distances between stacked aromatic pyridinium rings for (3AMPY)(MA)PDb1.44Sno 56Br7
is 3.19 A, falling within the range of m—n stacking interaction. Thus, the stacking
direction of the aromatic pyridinium ring is highly ordered with the aromatic planes in

the direction of the b axis.®®

Figure 4. Comparative view of the crystal structures for (a) the
(BA)2(MA)(Pb1.31Sno.69)2Br7 (n = 2, x=1.31) and (b) (3AMPY)(MA)(Pb1.44Sno 56)2Br7
(n=2, x=1.44), respectively.

For the n=3 (BA):MA2Pb202Sno.9sBrio compounds, Pb may have some site
preference in the material for the middle octahedral layer over the layers adjacent to the
organic cations. The middle octahedra for (BA)2(MA )2Pb2.02Sno.9sBrio have 68.76% Pb
occupancy (31.24% Sn occupancy) while the outer octahedra have 65.66% Pb
occupancy (34.34% Sn occupancy) (Figure 5a). The final ratio of Pb/Sn is also almost
2.06. As a comparison, if we change the BA cations by increasing the length of carbon
chain to heptylamine (HEP), the middle octahedra of (HEP)2(MA)2Pbi.95Sni.05Brio have
72.36% Pb occupancy (27.64% Sn occupancy) and the outer octahedra have 56.20%
Pb occupancy (43.80% Sn occupancy). The final ratio of Pb/Sn is also almost 1.95



(Figure S1 and Table.S5). For (3AMPY)MAPbi 56Sn;.44Br1o, there are three kinds of
octahedra, the middle one has 54.25% Pb occupancy (45.75% Sn occupancy), and the
outer two have 60.99% Pb occupancy (39.01% Sn occupancy) and 41.37% Pb
occupancy (58.63% Sn occupancy), respectively. The final ratio of Pb/Sn is also
increased, up to a value of 1.08 (Figure 5b). It is evident that the choice of the cations
and the layer numbers show an influence on the site preference of Pb and Sn. All the
Pb and Sn occupancies are consistent with the results from EDS mapping images

(Figure 2 and Table.S6).
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Figure 5. Comparative view of the crystal structures for (a) the
(BA)2(MA)2(Pb2.02Sno.98)3Brio (n = 3, X= 2.02) and (b)
(BAMPY)(MA)2(Pbi.56Sn1.44)3Bri0 (n = 3, x=1.56), respectively.

It is worthy to draw comparison to the pure Pb and pure Sn 2D perovskite analogs
with the same cations as listed in Table 2. With BA cations, a pure Pb-based RP material
(BA)2PbBr4 (n=1) can crystallize with the Pbca space group, but with pure Sn, it can

form into 0D structure (BA)>SnBrs with P2; space group and 2D structure (BA)2SnBr4



with P1 space group (Figure S2 and Table 2). For 3AMPY cations, a Sn-based 2D DJ
n=1 phase 3AMPY SnBr; is formed with the P1 space group, but with pure Pb, only a
0D structure is obtained with the Pbca space group (Figure S2 and Table 2). Moreover,
the mixed Pb/Sn perovskite bromide compounds with BA and 3AMPY cations (n=1):
(BA)2Pbo.g3Sno.17Brs and (3AMPY)Pbg.79Sno.21Brs, can form both 2D crystallographic
structures, but those are different than the ones of pure (BA);PbBrs and 3AMPY SnBry,
indicating that Pb/Sn alloying has a strong impact on the structural properties. Pb/Sn
alloying has less effect on the space group as the layer number increases, as the same
Cmc21 space groups is retrieved for n=3 pure Pb, pure Sn and Pb/Sn compounds with
BA cations. The different sizes of Pb and Sn atoms results in the unit cell volumes in
descending order, related to pure Pb compounds > Pb/Sn cases> pure Sn cases. The
structural details of the inorganic layer can be significantly influenced by the type of
organic spacers due to their soft and flexible nature. In the case of BA cations, they are
interdigitated between the inorganic layers, allowing for the organic tail to move more
freely.”® The gap between the layers is filled by the relatively short 3AMPY cations in
DJ phases, which stiffen the structure and bring the layers into closer proximity.'”
Consequently, the atoms of the cation experience restricted movement, and the

distortion of the perovskite octahedra may differ from that observed in the RP cases.

Table 2. Crystal data comparison for (BA)2(MA)n-1PbxSnyxBr3a+1 (n = 1-3), pure lead

(BA)2 (MA)n-1PbyuBr3n+1 (n = 1-3) and pure tin (BA)2 (MA)n-1SnuBr3n+1 (n = 1-3)

compounds.

Structure  Space Unit cell V (Ar3) Bond Angle Bond length

Compound
group variance distortion
(deg?)

(BA).PbBr,* 2D Pbca a= 8.25460 A a=90°

(n=1) b= 814220 A B=90° 1845.8116 8.5419 0.00509

€ =27.46310 A y=90°

(BA)2Pbo g3Sng17Brs 2D Cmc21l  a=27.641(6) A, a=90°
This work (n=1) b=83381(17) A, B=90° 1895.2(7) 0.3401 0.0041

c=8.2230(16) A,  y=90°




(BA)2SnBrs 0D P21 a=10.34200 A a=90°
b= 767800 A B =103.23° 967.5438 1.3323 0.00467

¢=12.51700 A vy=90°

(BA):MAPb,Br* 2D Cmc2l  a=39.13580 A a=90°
(n=2) b= 834630 A B=90° 2672.0387 20.1010 0.01070

c= 8.18040A vy=90°

(BA)2MAPD1 31Sno 69Br7 2D Pbcn a = 39.1754(17) «a=90°
This work (n=2) A, B=90° 2715.40(18)  9.7383 0.0131
bh=83831(3) A,  y=90°

¢ =8.2683(3) A,

(BA):MAPb:Br1o* 2D Cme2l  a=51.02100 A a=90°
(n=3) b= 837830A  p=90° 3608.9314 1.5038 0.00762

c= 8.28740 A v=90°

(BA);MA,Pb,0,Sno0eBro 2D Cme2l  a=51.0823) A, a=90°
This work (n=3) b=8.3679(4) A,  p=90° 3544.8(3) 12.7891 0.0188

¢ =28.2930(4) A, v=90°

(BA)2MA;SNn3Bri*® 2D Cmc21  a=51.02100 A a=90°
(n=3) b= 837830 A B =90° 3542.6086 14.3106 0.02546

c= 8.28740 A v=90°

(3BAMPY)PbBre® a=15.78800 A o=90°
oD Pbca
b= 8.14600 A B =90° 2214.0048 5.2751 0.00463

c=17.21500 A y=90°

(3AMPY)Pbyg 79Sng 21Br4 2D B a=10.614(2) A, o= 86.72(3)°

This work o b=11.851(2) A,  p=64.57(3)° 1335.2(6) 35.907 0.0115
=) c=11.896(2) A, vy =81.14(3)°

(3AMPY)SnBr, 2D a=10717(2) A,  «=85.043)°

This work _— o b=11.811(2) A, p=63.76(3)° 1326.45(6)  34.762 0.0465
n=1

c=11.833(2) A,  y=80.94(3)°

In the ideal 2D perovskite tetragonal structure, the four closest metal atoms within
a plane shape a square, and the octahedra are untitled (i.e., the Pb-Br-Pb angles are
equal to 180°). However, for the tilted structures, two opposite edges of the square are
"pulled-in" while the other two are "pushed-out." To gain an understanding of these
distortions in the tilted structures, the mean distortion level of each octahedron is

calculated for each compound. The mean bond length distortion, (Ad) is defined by

Ad = (%) Z[@], where d is the average Pb—Br bond distance and d, represent the six

individual bond distances.’* ® The distortion of the perovskite lattice can also be

characterized by the bond angle variance (o) calculated by the expression 62 = Y12 i(6;



— 90)?/11, where 0; is the individual Br—Pb—Br bond angle.®® The BA and 3AMPY
series are modeled with restraints of bond lengths and angles, which is nicely reflected
in the refinement statistics as listed in Table 3. For 2D RP phase perovskite structures,
the mean bond angle variance and bond length distortion are in descending order,
related  to (BA)2(MA)2Pb2.02Sno9sBriop > (BA)2MAPb1.31Sno.s9Br7 >
(BA)2Pbo.g3Sno.17Brs. Thus, as the layer-number increases, the distortion for the
(BA)2(MA)n-1PbxSnnxBran+1  series becomes larger. On the contrary, in the
(BAMPY)(MA)n-1PbxSnnxBran+1 Series, the mean bond length distortion also increases
with n while the mean bond angle variance decreases. It is well known that the distortion
levels of the inorganic octahedra assessed through the bridging Pb—Br—Pb angles are
correlated with the bandgap of the materials. In order to compare the RP and DJ phases
(n=2, 3), we classify the Pb—Br—Pb angles into two categories, the equatorial angle
(parallel to the inorganic plane) and the axial angle (in the stacking direction). The BA
series (n=2) is distorted mainly in-plane (equatorial Pb/Sn—Br—Pb/Sn angle 163.09°)
and barely distorted out-of-plane (axial Pb/Sn—Br—Pb/Sn angle 179.93°). The 3AMPY
(n=2) is distorted both in-plane and out-of-plane (equatorial Pb/Sn—Br—Pb/Sn angle
167.49° and axial Pb/Sn—Br—Pb/Sn angle 170.02°). The rigidity of the aromatic system
restricts the ring to planarity, so the inorganic layers are slightly staggered to
accommodate the asymmetry of the 3AMPY cation. Thus, 3AMPY series (n=2) shows
a larger bond angle variance, but a bit smaller bond length distortion compared to the
BA series (n=2), which might have an influence on the bandgap of the compounds. As
the layer-number increases, the average Pb/Sn—Br—Pb/Sn angles increase from 171.51°
(n=2) to 173.05° (n=3) for the BA alloyed Pb/Sn series and 168.76° (n=2) to 171.40°
(n=3) for the 3AMPY series. This suggests that as the inorganic layer grows thicker, the

influence of the organic spacer decreases.

Table 3. Comparison of Pb/Sn—Br—Pb/Sn Angles, d-Spacing, bond length distortion,
and bond angle variance for (BA)2(MA)n-1PbxSnnBrsnii (n = 1-3) and
(BAMPY)(MA)n-1PbxSnn« Brsn+1 (n = 1-3), respectively.



Axial Equatorial Average Adjacent Stacking Bond Bond Shift factor
Compound

Pb/Sn-Br- Pb/Sn-Br- Pb/Sn-Br- Br-Br Axis angle length
Pb/Sn Pb/Sn Pb/Sn Distance A) variance distortion
angle (deg) angle angle A) (deg?)
(deg) (deg)
(BA)2PbogsSno17Brs 155.8(3) 8.886(6) 20.227(7) 0.3401 0.0041 (0.05,0.05)
(n=1)
(BA):MAPb;131Snos9Br7 179.93(10) 163.09(10) 171.51(10) 8.786(4)
31.732(5) 9.7383 0.0131 (0.12,0.12)
(n=2)
(BA)2MA:Pb202Sn0.98Br1o 175.25(14) 170.85(10) 173.05(12) 8.833(3)
43.505(4) 12.7891 0.0188 (0.25,0.25)
(n=3)
(3AMPY)Pho.79Sno.21Bra
162.42(3) 5.9926(17) 16.106(4) 35.907 0.0115 (0,0.12)
(n=1)
(3AMPY)MAPD:.44Sno56Br7
170.02(12) 167.49(7) 168.76 4.252(4) 27.276(4) 11.0041 0.0110 (0,0.15)
(n=2)
(BAMPY)MA:Pb1 56Sn1 44Brr10
171.40(4) 171.40(4) 171.40(4) 4.196(12) 39.051(15) 7.881 0.0138 (0,0.25)

=3)

The straight chain aliphatic mono-ammonium spacer (BA") leads to the expected
uniaxial expansion of the layer stacking axis. The interlayer distance (defined as the
distance between the planes passing through the terminal bromine atoms of the adjacent
[PbxSnixBrs]* layers) between the inorganic lead bromide layers ranges from 8.886 A
(n=1) to 8.786 A (n=2) and 8.833 A (n=3) for the BA series. As n increases, the closest
Br---Br distance for the BA alloyed lead/tin series (n=1-3) remains almost constant,
while it slightly decreases from 5.993 A for (3AMPY)Pho79Sno21Brs (n=1) to 4.252 A
for (3AMPY)(MA)Pb1.44Snos6Brz (n=2) and 4.196 A for (3AMPY)MA:Pb; 7Sn; 3Brio
(n=3). Moreover, the periodicity along the stacking axis of the studied bilayer lead
bromide perovskites ranges from 20.227 A (n=1) up to 43.505 A (n=3). It ranges from
16.106 A (n=1) up to 27.277 A for (n=2) and 39.051 A (n=3) for 3AMPY series.
Relative to the aliphatic systems, the shorter and doubly charged 3AMPY cation can
bring the inorganic layers even closer to one another. To well understand the RP or DJ
phase layered hybrid perovskites for these six materials, the value of the shift vector of
neighboring layers has been calculated in Table 3. The situation is complicated by the
presence of a significant number of structures characterized by “intermediate” values

shift vectors different from the "ideal" cases of (1/2, 1/2) for RP and (0, 0) or (0, 1/2)



for DJ phases due to flexibility of organic spacer. Thus, the BA and 3AMPY series
exhibit an intermediate RP and DJ phases, respectively.’’
2.3 Solid-State NMR Analysis of Local Structures and Interactions

By examining the extent of structural distortions, such as variations in bond length
and bond angle, across both the in-plane and out-of-plane directions in RP and DJ
phases, we have discovered that these structural changes have an impact on the
distribution of M-site metal cations in the inorganic layers, as well as on the packing
interactions between spacer cations in organic layers and interfaces between them.
Understanding the structure of the organic-inorganic interface is particularly important
in comprehending the optoelectronic properties and serves as input for electronic
structure calculations. However, due to the small scattered intensities associated with
light atoms, such as hydrogen, carbon, and nitrogen atoms, the packing arrangements
of spacer cations cannot be accurately resolved using conventional single-crystal XRD
measurement and analysis. Furthermore, the varying distributions of M-site metal
cations could potentially impact the interactions between spacer cations and metal
halide octahedra. To investigate these questions, we utilized high-field solid-state NMR
spectroscopy, which is well-suited to probing the local chemical bonding environments
of organic cations, apical octahedral tilts, and interfaces between them in layered
perovskites.”-7" Specifically, we examined 'H, >’Pb and 'Sn sites and through-space

'H-'H interactions to identify the specific packing interactions.
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Figure 6. Solid-state 1D (a,b) 'H MAS, (c,d) *’Pb MAS and (e,f) '"?Sn MAS NMR
spectra of (BA)2(MA)-1PbnxSnn-nxBrsn+1 (n = 1-3) RP phases on top panels, and for
(BAMPY)(MA)n-1PbuxSnnnxBr3n+1 (n = 1-3) in the lower panels. All spectra were
acquired at 18.8 T ("H = 800 MHz) and 50 kHz MAS. The vertical bands indicate the
changes in chemical shifts across n=1-3 layered powder compounds.

Figure 6a,b present 1D 'H MAS NMR spectra of (BA)2(MA)n-1PbxSnnxBr3n+1 and
(BAMPY)(MA)u-1PbxSnnxBr3n+1 (n=1-3), respectively. For n=1, the signals
corresponding to different proton sites in BA and 3AMPY cations are observed. For a
single NH3" site BA and a single pyridyl NH site in 3AMPY, a pair of signals are
observed as indicated by the blue and magenta vertical bands, suggesting different local
chemical environments at the organic-inorganic interfaces. For BA spacer cations (n=1),
the AS (NH3) of 0.5 (7.3— 6.8) ppm can be attributable to the different noncovalent
interactions at the interface. For the pyridyl NH sites of AMPY (n=1), and the chemical
shift difference, AS('H) = 14.2 —13.6 = 0.6 ppm, is due to the different hydrogen
bonding interactions with the lead/tin bromide octahedra. Although there are expected
subtleties in the interactions between NHj sites and lead/tin octahedra, these signals are
difficult to resolve due to the severe peak overlap in the 7-10 ppm range that originates

from NH3 peaks and pyridyl protons. As a result, the end groups of BA and 3AMPY



cations exhibit distinct experimental signatures related to the proximity of either tin or
lead octahedra, which is consistent with the single-crystal analysis presented above.
Interestingly, separate spectral signatures are no longer distinctly observed for the n=2,
3 phases (both RP and DJ), and any differences in the AS(NH3) and AS(NH) values are
expected to be subtle and hidden within the linewidths. However, for the 3AMPY
cations, a systematic variation in the CH» (turquoise dots) chemical shifts are observed
in n=1-3 as shown by a vertical band in the 5-6 ppm (Figure 6a), indicating the changes
in the local conformations of the Py-CH>-NH3 groups. In addition, for the n=2 and 3
samples, narrow signals corresponding to MA™ cation are observed (red and pink dots),
suggesting the isotropic tumbling motions of the A-site cations in the perovskite cages.
Thus, the analysis of 'H NMR spectra indicates that the different noncovalent
interactions between the spacer cations and metal halide octahedra contribute to the
variations in the chemical shifts.”! 7

Because of their broad chemical shift range and high sensitivity to changes in the
local bonding environments of metal halide octahedra, *’Pb and '"?Sn MAS NMR
spectra provide information on local structural changes in the inorganic slabs.%” 737
The 1D 2°’Pb NMR spectra of 3AMPY and BA series are presented in Figure 6¢,d. For
the layered structures of RP phases with different n values, the different distributions of
207pb shifts are observed in the range of 110-212 ppm, indicating the presence of locally
tilted lead octahedra consistently with the single-crystal analyses. In the n=1 layered
structures, narrow peaks at 109 ppm (BA) and 212 ppm (3AMPY) indicate highly
ordered Pb atoms, and the chemical shift difference of 103 ppm between these two
phases is attributed to the different chemical nature of spacer cations and their
interactions with the lead octahedra or the different Pb/Sn distributions in a more
ordered fashion. For the n=2 layered structures, a relatively broad 2°’Pb peak centered
at 436 ppm is observed for the BA system, while several partially resolved 2°’Pb signals
in the 140-500 range are detected due to the different distributions of axial and
equatorial Sn/Pb-Br-Sn/Pb bond angles, which share the interfaces between two

different organic cations (MA and BA or 3AMPY cations). Notably, the different

chemical distributions of 2°’Pb and '"”Sn atoms in the octahedra contributes to the



displacement of chemical shifts, as will be further confirmed by the changes in the ''°Sn
chemical shifts discussed below. For the n=3 systems, the 1D 2°”Pb MAS NMR spectra
exhibited further signal broadening or the displacement of chemical shifts and partially
resolved line shape indicates two contributions: one is originating from the outer layers
exposed to longer spacer cations (~390 ppm), and the other one in the inner layer (~486
ppm) facing towards the MA™ cations. In the case of (BA)2(MA ) 1PbnxSnnnxBrin+i
(n=3), the 2°’Pb signal associated with Pb atoms in the outer layer is observed at a higher
frequency than the same atoms in the inner layer, consistently with the literature 2°’Pb
NMR studies of lead iodide-based RP phases.®” ™ By comparison, the
(BAMPY)(MA )n-1PbxSnnxBr3n+1(n=3) DJ phase shows two well resolved 2’Pb signals
corresponding to the inner layer (~486 ppm) and outer layers (~238 ppm), as shown in
Figure 6d (top). For both BA and 3MAPY (n=3) phases, the 2°’Pb signals associated
with the outer layer are more intense than the inner layers, indicating that the lead atoms
are highly populated at the outer layers than the inner layers.

In the 1D "”Sn NMR spectra (Figure 6e, f) of the BA and 3AMPY series, peaks
characteristic of the octahedral Sn atoms in the (II) oxidation state are observed in the
—100 to 400 ppm range.®® 7" 7® Specifically, the peak at ~0 ppm is due to the Sn atoms
in the extended tin bromide network, and the peak at ~350 ppm is hypothesized to
originate from the Sn octahedral distributed into the lead octahedra network. For BA
systems, the intensity of this latter peak decreases and the peak at ~0 ppm displaces
towards lower frequencies (~100 ppm) as the n value increases, suggesting that the
inorganic layer thickness influences Pb/Sn distribution in the M-site of the octahedra.
By comparison, 3AMPY systems shows a different trend, whereby the intensity of the
peak ~350 ppm increases as the n value increases, leading to different distributions of
peaks in the 300-800 ppm range. In particular, ''’Sn NMR study confirms that more
than one type of Sn atoms is present and distributed into the lead octahedra, leading to
locally induced structural distortions in the 3AMPY systems, which agrees with the

single-crystal XRD diffraction measurements and analyses.
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Figure 7. 2D 'H-'H spin diffusion spectrum of (BA)2(MA )n-1PbnxSnnnxBr3n+1 (a) n=1
(b) n=2 (¢) n=3 and BAMPY)(MA )n-1PbnxSnnnxBr3n+1 (d) n=1 (e) n=2 and (f) n=3. All
spectra were acquired at 18.8 T ("H = 800 MHz) and 50 kHz MAS, and with 500 ms of
mixing time. The magenta boxes indicate the peaks correspond to the MA cations, and
the horizontal and vertical green bands depict the through space proximity between the
large spacer cations and the MA cations.

Further, we carried out 2D 'H-'H spin-diffusion NMR experiments to probe
proximities and interactions between the spacer cations and MA™ cations in the
cuboctahedra voids.”> 7 In experiments of this type, magnetization exchange takes
place between through-space and dipolar coupled spins as a function of spin-diffusion
time (also referred to as mixing time), which can propagate from a few angstrom
distances to hundreds of nanometers. The resulting 2D spectrum contains on- and off-
diagonal peaks, whereby the off-diagonal peaks are characteristic of the magnetization
exchange between inter- and intramolecular 'H sites, intensities of which can depend
on the mixing time used. For short mixing times (< 20 ms), no off-diagonal peaks are
observed, however, longer mixing times of over 100 ms lead to the off-diagonal peaks

between the BA-MA and (3AMPY)-MA sites to be detected and resolved. Figure 7



shows the 2D 'H-'H spin diffusion NMR spectra acquired with 500 ms mixing time for
(BA)2(MA)n-1PbnxSnnnxBrsnri and (BAMPY)(MA)n-1PbuxSnnnxBrsnti (n = 1-3),
respectively. For RP and DJ phases (n=1), the nanoscale proximity with the BA" spacer
cations (i.e., within the organic layer) is established by off-diagonal peaks, and the
identical off-diagonal peaks for the 3AMPY?" cations are also observed. For the layered
RP and DJ phases (n=2, 3), an apparent set of off-diagonal signals (highlighted by the
horizontal and vertical green bands) corresponding to the through-space interactions
between organic spacer cations (BA™ or 3AMPY?") and MA" is observed. Notably, for
DJ phases with 3AMPY cations (n=2), relatively weak off-diagonal signals between
pyridyl NH sites of spacer cations and MA" protons are due to the poor spacer cation
ordering at the organic-inorganic interface. The magenta boxes indicate the MA-MA
proximities within the perovskite layer.
2.4 Optical Properties and Work Functions

As discussed above, the (BA)2(MA)n-1PbxSnnxBran+1 series powder compounds has
larger octahedral tilts, resulting in larger bandgaps than the (3AMPY)(MA)n-1PbxSnn-
«Bran+1 series.® 8! The absorption spectra of both RP and DJ series powder compounds
show a high-energy absorption edge and a lower energy exciton peak (Figure 8a,c).
The exciton absorption bandgaps are estimated by extrapolating the high-energy slope
to the imaginary axis parallel to the x axis where the absorption edge is interrupted by
the exciton peak.’® >* The bandgaps of the (BA)2(MA)n-1 PbxSnn.xBrans1 series decrease
from 2.47 eV to 1.97 eV for n = 1-3, while those for the (3AMPY)(MA)n-1PbxSnn-
xBran+1 series decline from 2.41 eV to 1.86 eV for n = 1-3. In addition to the differences

in bandgap, there is also a change in the exciton binding energy as shown in Table 4.
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Figure 8. Optical absorption and steady-state photoluminescence (PL) spectra for (a, b)
(BA)2(MA)-1PbxSnnxBran+1, (¢, d) SAMPY (MA)n-1PbxSnn-xBran+1 (n = 1-3) series and
(e, f) optical bandgap values extrapolated from the edge of the absorption spectra and
positions of the maxima of the PL spectra for the corresponding (BA)2(MA)n-1PbxSn.
xBran+1 series, pure tin (BA)2(MA)n-1SnnBran+1 powder compounds and pure lead
(BA)2(MA)s-1PbnBran+1 powder compounds, respectively.

Table 4. Optical band-gaps, energy at maximum PL, full width at half maximum of PL,
and average effective mass of the compounds calculated based on the for (BA)2(MA)n-1

PbxSnnxBrin+1 (n = 1-3) and (3AMPY)(MA)n-1PbxSnnxBran+1 (n = 1-3) powder

compounds, respectively.



Band gap Excitonic PL(eV) FWHW Color

Compound
Eq (eV) absorption (eV) eV (nm)
(BA)2PbogSng 2Br4 2.47 3.19 3.02 0.08(10.81) yellow
(n=1)
(BA),MAPb; 3Sng 7Br; 2.15 3.02 2.84 0.11(37.52) Light orange
(n=2)
(BA),MA,Pb; oSNy 1Brig 1.97 2.77 2.48 0.19(37.52) Dark
(n=3) Orange
(BAMPY)Phbyg gSno ,Br4 0.23(43.43)
241 294 2.56 Light orange
(n=1)
(BAMPY)MAPD; 5SnosBr7 0.18(36.63)
2.17 2.78 247 Light red
(n=2)
(3AMPY)MA2Pb1,7sn1‘3Brm 016(3536)
1.86 2.95 2.36 Red
(n=3)
(BA)ZPbBu
2.92 3.19 (SI) 2.9282 0.22(29.56) White
(n=1)
(BA)zMAszBr735
2.68 2.81 2.5861 0.26(57.09) Yellow
(n=2)
(BA)zMA2Pb3Br10 (n=3)
2.57 2.94 2.50 0.09(15.70) Orange
(BA)ZSnBu
3.44 2.36
(n=1)
(BA)QMASnzBﬁ
2.27 2.82 Yellow
(n=2)
(BA)QMAzsngBrm
222 2.71 Orange
(n=3)

The organic spacer influences the luminescent properties of the materials mainly
through their modes of interaction with the inorganic framework and the resulting
distortions in the perovskite M—Br—M bridging angles.®® As seen in Figure 8b,d, the
2D bilayer perovskites display strong PL emission with an emission energy close to the
energy value of the excitonic peak in the absorption spectra.’* The maximum of PL
emission peak of (BA)2(MA)n-1PbyxSnnxBran+1 series is centered at 3.02 eV (n=1,
x=0.83), 284 eV (n=2, x=1.31) and 248 eV (n=3, x=2.02). In the
(BAMPY)(MA)n-1PbxSnnxBran+1 series, the maximum of PL emission peak is centered
at 2.56 eV (n=1, x=0.79), 2.47 eV (n=2, x=1.71) and 2.36 eV (n=3, x=1.56), and all of



which are lower energies than that of (BA)2(MA)n-1PbxSnnxBran+1 series. The PL peak
positions of the (BA)2(MA)n-1PbxSnnxBran+1 series and (BAMPY)(MA)n-1PbxSnn-
xBran+1 series locate between the exciton absorption peak and bandgap. The Full Width
Half Maximum (FWHM) of PL emission increases from 0.08 eV (10.81 nm, n=1) to
0.19 ¢V (37.52 nm, n=3) for (BA)2(MA)n-1PbxSnn.xBran+1 Series with the increased layer
numbers due to the increased bond angle variance. On the contrary, the FWHM of PL
emission decreases from 0.23 eV (43.43 nm, n=1) to 0.16 eV (35.36 nm, n=3) for
(BAMPY)(MA)n-1PbxSnnxBran+1 series with the increased layer numbers due to the
reduced bond angle variance.

It is noteworthy to drawing comparison between the pure lead bromide and pure tin
bromide analogues. From the previous report results, the BA cations can form 2D
(BA)2PbBr4, but it can be both stabilized with 0D (BA)2SnBres and 2D (BA)>SnBr4. The
photo-physical characterization of the other 2D pure lead (BA)2(MA)n-1PbnBran+1 series
(n=2, 3) are shown in Figure 8e,f. The absorption bandgap and exciton absorption peak
are located at 2.68 ¢V and 2.81 eV for pure lead (BA)2(MA)n-1PbnBran+1 (n=2), 2.57 eV
and 2.94 eV for pure lead (BA)2(MA)n-1PbnBran+1 (n=3), respectively. The bandgaps
for 2D alloyed Pb/Sn series are broader than those of pure lead (BA)2(MA)n-1PbnBran+1
series (Figure S3), consistent with the 3D mixed Sn and Pb perovskites.® In order to
investigate the dependence of optical properties on the different ratio Pb/Sn
composition based on the BA cations (n=3). We exploit the fact that, the energy band
gaps of the mixed Pb/Sn compounds do not follow a linear trend (the Vegard’s law) in
between these two extremes of 2.07 ((BA)MA>Sn3Brig), and 2.50 eV
((BA):MA,Pb3Bri0), respectively, but have narrower bandgap of 1.89 eV when we
enriched Sn in Pb compounds (Sn:Pb = 0.8:0.2), which is consistent with the related
report.*!

As a comparison, the PL peak positions of the 2D pure lead series (n=2) exhibit
higher energy compared to their corresponding bandgap,*® which is a bit different from
the BA alloyed Pb/Sn compounds. The photoluminescence lifetime is an important
property of the emission process and of broad interest in the perovskite community

especially for probing the excited state dynamics and for device applications. To our



knowledge, there is no systematic study of how photoexcited carriers behave in
multilayer 2D alloyed Pb/Sn bromide crystals. Time-resolved PL measurements were
conducted to understand better how long excitons last in these 2D materials (see the
Supplementary  Information  for details). The PL lifetimes of the
(BAMPY)(MA)x-1PbxSnnxBran+1 series (10-20 ns) are much longer than those in the
(BA)2(MA),-1PbxSnnxBran+1 series (2-5 ns) (Table 5 and Figure S4). This suggests
slower carrier recombination and improved carrier transport. This improvement could
be due to the presence of the aromatic cation in 3AMPY, thanks to the delocalized -
electron cloud, which created a barrier with a larger dielectric constant (b ~ 3) than
the aliphatic BA barrier (eb ~ 2). As a result, the dielectric mismatch between organic
and inorganic sections is reduced, and the corresponding dielectric confinement effect
is less pronounced in the DJ structures. The PL lifetime becomes larger from 2.78 ns to
4.77 ns for RP cases and 10.25 ns to 18.80 ns for DJ cases as the thickness (n) of the
layers increases due to the formation of less confined quantum-well structures. 3% 8¢
Considering these newly synthesized perovskite compounds could be used in future
devices, thus it is important to know the energy positions of their valence/conduction
bands to design optimal interfaces and device assembly. The valence band maximum
(VBM) of the different compounds is measured by photoemission yield spectroscopy
in air (PYS) (Figure S5). The conduction band minimum (CBM) is calculated from the
difference between the VBM and the band-gap. We also compare the VBM and CBM
of the three compounds with PbBr,, 3D MAPbBr3, CsPbBr3 and pure lead
(BA)2(MA)n-1PbnBran+1 series compounds (n=1-3).8” The alloyed (BA)2(MA)n-1PbxSny.
xBran+1 series (n=1-3) have a strong energy variation in the VBM (5.90 eV for BA Pb
Sn n=15.72 eV for BA Pb Sn n=2 and 5.55 eV for BA Pb Sn n=3), whereas the CBMs
for (BA)2(MA)n-1PbxSnnxBran+1  series (n=2-3) remain almost constant. The
(BAMPY)(MA)n-1PbxSnnxBran+1 series (n=1-3) also have an energy variation in the
VBM (5.85 eV for (3AMPY) Pb/Sn n=1 5.69 ¢V for (3AMPY) Pb/Sn n=2 and 5.60
eV for (3AMPY) Pb/Sn n=3) and CBM (3.48 ¢V for (3AMPY) Pb/Sn n=1, 3.50 ¢V for
(3AMPY) Pb/Sn n=2, and 3.59 eV for (3AMPY) Pb/Sn n=3). Compared with PbBr>,
3D CsPbBr3; and MAPbBr3, the CBMs for these compounds are similar to 3D MAPbBIr3,



while the VBM for the three compounds are larger than those of PbBr; and 3D CsPbBrs3
and MAPbBr3. Compared to the pure lead (BA)2(MA)n-1PbnBran+1 series compound
(n=1-3), the CBMs of which (2.94 eV for BA Pb n=1, 3.00 ¢V for BA Pb n=2, and 3.15
eV for BA Pb n=3) are smaller than the corresponding alloyed Pb/Sn compounds based
on BA cations, and the CBMs (5.87 ¢V for BA Pb n=1, 5.68 ¢V for BA Pb n=2, and
5.59 eV for BA Pb n=3) are comparable to those of (BA)2(MA)n-1 PbxSnnxBran+1 series
(n=1-3). It is evident that the 2D alloyed Pb/Sn compounds show a narrower bandgap
than the pure lead (BA)2(MA)n-1PbnBran+1 Series compounds. Thus, the different cations
and A-site metal cation show a significant influence on the VBM and CBM, which is
an important factor for the correct interface assembly. We also investigated the stability
of the alloyed Pb/Sn bromide perovskite compounds in the air (temperature, 22 °C;
humidity, 45-60%) for one month. All the XRD results show that the compounds remain
almost constant for one month except the (BA)2(MA)PbxSnh.xBr; sample which
exhibited some extra peaks of (BA)2PbxSnnxBrs (Figure S6). Thus, the alloyed Pb/Sn
bromide perovskite compounds exhibit excellent structural stability.
2.5 Electronic Band Structure Calculations

We use density functional theory calculations (DFT, see experimental section) to
explore the thermodynamic stability of n=1 alloys APbixSnxBrs (A=BA or 3AMPY)
depending on the Pb/Sn ratio. Calculations are performed on a series of model systems
with cesium ions emulating the organic cations in order to describe the formation of the
mixed-metal perovskite starting from well-defined salts, which have not been reported
for (BA):Br or (3BAMPY)Br (Figure S7). For each Pb/Sn ratio, we consider several
distributions of Pb and Sn metal cations and report only the lowest energy optimized
structure. Then, the Gibbs free energy of formation starting from reference salts PbBr»,
SnBr> and CsBr is computed using the following approximate expression:

AG(x) = E(Cs,Pb;_,Sn,Br,) — 2E(CsBr) — (1 — x)E(PbBr,) — xE(SnBr,)

= T'Smix (%),

Where E(Cs,Pb;_,Sn,Br,) is the total energy per formula unit of the mixed-metal
compound, E(CsBr), E(PbBr;) and E(SnBr;) the ones of the salts and S,,;, (%)

the mixing entropy given, in the mean-field approximation, by:



Smix(x) = —kg[xInx + (1 —x) In(1 — x)],
with kp the Boltzmann constant. Such a form for the Gibbs free energy is obtained
when regarding CsBr, PbBr, and SnBr; as infinite reservoirs and prevent us from

exploring specific synthetic conditions that could be Pb-rich or Sn-rich.
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Figure 9. (a) Computed Gibbs free energy of n=1 model systems Cs2Pb.xSnxBrs
at room temperature. For each value of x, various distributions of Pb and Sn are
obtained, only the lowest energies are reported. The plain red line is obtained by
interpolation. A global minimum is found around x=0.2 , and a shallow one around
x=0.9, indicating a thermodynamic advantage for Pb-rich (and Sn-rich) compounds
over the 50:50 alloys. (b) Experimental band gaps of n=3 series (BA)2(MA)Pbsi-
0Sn3xBrip (blue diamonds). Band gaps of model n=3 systems Cs4Pb31-x)Sn3xBrio
calculated using the virtual crystal approximation (VCA, black circles) and supercells

containing twelve metallic sites (red squares). Only the lowest energy structures are



reported. A rigid shift of 1.2 eV has been applied to the calculated band gaps. The VCA
description shows a continuous decrease of the bandgap going from pure Pb to pure Sn
structures, whereas the ordered structures exhibit the band bowing experimentally
observed and described in 3D mixed-metal halide perovskites.

The computed Gibbs free energy shows a trend toward Pb-rich alloys with a
minimum around x=0.2, which fits well with the experimentally obtained n=1
compounds. Interestingly, by considering the stability of the mixed-metal perovskite
over pure-lead and pure-tin structures (Figure S8), we recover similar trends with a
global minimum for the Pb-rich composition over the 50:50 alloy. Naturally, the nature
of the model, and in particular, the use of cesium cations substituting organic cations
could modify the energetic landscape. In that regard, we note that similar Pb/Sn ratio
are found for n=1 compounds, independently of the organic cation used. Thus, the
presence of Pb-rich layered perovskite seems to be thermodynamically driven. A very
shallow local minimum is also present for Sn-rich compounds, which might be obtained.
However, 50/50 alloys appear thermodynamically unfavored for n=1 compounds.

DFT calculations on model systems also shed light on the experimentally observed
evolution of the band gap with Pb:Sn ratio. In the case of n=3 structures, we use two
different approaches to describe mixed Pb/Sn systems in the model system CssPbs(i-
xSn3xBrio. Firstly, we use the virtual crystal approximation (VCA), where we place a
virtual atom with mixed Pb and Sn character at the metal site. This approach is used to
describe solid solution in which there is no ordering of Sn and Pb ions. In a second
approach, we use a supercell of the model n=3 system counting 12 metallic sites and
experience various distributions of Pb and Sn ions for a given value of x, allowing us
to assess the effect of ordering on the electronic structure. Figure 9b presents both sets
of computed results compared with the experimental band gaps extracted from Figure
8e for the complete n=3 BA series. While, the VCA description shows a continuous
decrease of the bandgap going from pure Pb to pure Sn structures, the ordered structure
approach displays mixed-metal structures with a lower band gap than the pure-metal
compounds. This electronic band bowing is consistent with the experimental

observation on the optical band gaps for n=3 compounds and has been previously



described in 3D mixed-metal Pb/Sn halide perovskites.*® 8 In the 3D compounds, the
effect seems to originate from local distortions caused by for short-range orderings. In
our rough preliminary model, the closing of the band gap can be traced back to a
dealignment of Pb and Sn states, an extreme example of which is depicted Figure S9
for the x=0.33 model system. In this case, the Pb (Sn) electronic substructure, i.e.
electronic states dominated by Pb (Sn) contributions, shows a bandgap of 1.63 eV (1.45
eV), but, because of the relative shift of Pb and Sn states this leads to a global band gap
of only 0.86 eV. This promising preliminary investigation appeals for a more complete
investigation of the electronic structure of layered mixed-metal halide perovskites.

2.6 Crystal Orientation in the Thin-Film Examined by GIWAXS.
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Figure 10. Synchrotron GIWAXS patterns and different thin-film growth orientations



Of (a'C) (BA)Z(MA)n—lexsnn-xBr3n+1 and (d'f) (3AM PY)(MA)n—lexsnn-xBr3n+1 (n = 1'
3) series compounds, respectively. The (h00) planes show in-plane orientation- and
(Ohh) planes have out-of-plane orientation with peaks labeled.

To create high-performance optoelectronics devices that make full use of carriers
traveling through inorganic layers, it is crucial to comprehend and manage the crystal
orientation in films, given the two-dimensional nature of the compounds. Solar cells,
light-emitting diodes, and photodetectors require charge currents that move
perpendicular to the film to operate, whereas thin-film transistor devices require in-
plane transport. Hence, we utilized GIWAXS analysis to evaluate the crystallinity and
orientation of the thin films. GIWAXS patterns for the (BA)2(MA)n-1PbnBran+1 and
(BAMPY)(MA)n-1PbnBran+1 films (n=1-3) show Debye-Scherrer diffraction rings with
some discrete Bragg spots (Figure 10). The GIWAXS data are consistent with the
conventional PXRD results (Figure S10) obtained from the same thin-films, where the
(BA)2(MA)n-1PbnBran+1 film shows (200), (400), and (600) peaks (for the labeling of
the diffraction planes). The (£00) peaks correspond to the spots below q,=2 in GIWAXS
patterns. The occurrence of all the peaks along the ¢, direction indicates that the
(BA)2(MA)n-1PbnBran+1 film has highly aligned orientations parallel to the substrate.
On the contrary, the GIWAXS images for (3AMPY)(MA)n-1PbnBran+1 films show
diffraction rings with some stronger intensities along certain extended arc segments,
which suggests the thin-films are polycrystalline with almost random orientations. This
enables charge carriers to transport along both parallel and perpendicular directions by
providing multiple pathways. The GIWAXS data are consistent with the conventional
PXRD results (Figure 8d) obtained from the same thin-films, where the
(BAMPY)(MA)n-1PbnBran+s1 (n=1) film shows (100), (110), and (231) peaks, the
(BAMPY)(MA)n-1PbnBran+1 (n=2,3) film shows some (021) and (432) peaks. Future
studies will focus on understanding how solvents affect crystalline orientation in these

films.

3. Conclusions



Hybrid, thick-layer alloyed Pb/Sn bromide perovskites are an appealing family of 2D
perovskites that offer a versatile platform to engineer the structure-property
relationships through compositional tuning of the organic spacer cation, the metal
cation and the inorganic layer thickness. The new members of the mixed Pb/Sn 2D RP
(BA)2(MA)n-1PbxSnnxBr3n+1 and DJ phases (3AMPY )(MA )n-1PbxSnn«Brsn+1 presented
here offer insight into their chemical nature, packing interactions, structural features,
and optoelectronic properties. The studied 2D RP and DJ alloyed Pb/Sn bromide
perovskites exhibit desirable low bandgap (1.86 eV -2.47 eV) for light-emission. The
aliphatic monoammonium BA cations and the aromatic diammonium 3AMPY cations
are incorporated into the mixed Pb/Sn halide perovskite network. As the layer thickness
(n) increases, the distortions of the [PbxSn;xBrs]*” octahedra in both series perovskites
increase. The bandgap energies of the Pb/Sn bromide perovskites range from 2.00 to
2.50 eV and exhibit narrow-band emission due to the presence of excitons at room
temperature. The carrier lifetimes of the DJ phases (3AMPY)(MA )u-1PbxSnnxBr3n+i
(10-20 ns) are longer than those (2-5 ns) of (BA)2(MA)n-1PbxSnn«Bris+1 RP phases.
Our study also shows that Pb-rich alloys (Pb:Sn ~4) for n=1 compounds are
thermodynamically favored over 50:50 (Pb:Sn ~1) structures. For both BA and 3MAPY
(n=3) systems, the 2“’Pb NMR signals associated with the outer layer are more intense
than the inner layers, indicating that the Pb atoms are highly populated at the outer parts
of the layers. Moreover, the solution processability of these materials enables the
deposition of thin films, where the GIWASX analysis indicates that the film orientation
behavior of the RP and DJ phases exhibit noticeable divergence, which can serve as a
valuable reference for developing optoelectronic devices. Overall, this work provides a
systematic understanding of the effects of alloying the metal cation in bulk and thin
film 2D RP and DJ mixed Pb/Sn halide perovskites, which could serve as highly

desirable, low bandgap materials for optoelectronic applications.

4. Experimental Section

Synthesis

Synthesis of (BA)2(MA)n-1P0:SNnxBrans1 and (BAMPY)(MA)r-1PbySNnxBranss (N =

1-3) series.
General Procedure for n=1 (BA)2Pbo.g3Sno.17Bra and (3AMPY)Pb¢.79Sno.21Br4: 1116 mg
(5 mmol) of PbO, and 1128.25 mg (5 mmol) of SnCl>-2H>O were dissolved in 25 mL



of hydrobromic acid (HBr) by heating to boiling under constant magnetic stirring, until
a clear, transparent solution was obtained. Next, in a separate vial, 985 pL (9.85 mmol)
of butylamine (C4HoNH>) were added to 50% aqueous H3PO> (2.5 mL). 224 mg (0.5
mmol) of PbO, and 225 mg (0.5 mmol) of SnCl2.2H>0 were dissolved in 5 mL of
hydrobromic acid (HBr) by heating to boiling under constant magnetic stirring, until a
clear, transparent solution was obtained. Next, in a separate vial, 50 uL (0.5 mmol) of
3-(amino methyl)pyridinium (3AMPY) was added to 50% aqueous H3PO; (1 mL).
General Procedure for n = 2 (BA)2(MA)Pb1.315n0.60Br7 and (3AMPY)MA Pb.445n0.56Br7:
1116 mg (5 mmol) of PbO, 1128.25 mg (5 mmol) of SnCl».2H>0, and 337.5 mg (2.5
mmol) of MACI powders were dissolved in 25 mL of hydrobromic acid (HBr) by
heating to boiling under constant magnetic stirring, until a clear, transparent solution
was obtained. Next, in a separate vial, 738 pL (7.38 mmol) of butylamine (C4HoNH>)
were added to 50% aqueous H3PO> (2.5 mL). 224 mg (0.5 mmol) of PbO, 225 mg (0.5
mmol) of SnCl,.2H>0, and 67.5 mg (0.5 mmol) of MACI powders were dissolved in 5
mL of hydrobromic acid (HBr) by heating to boiling under constant magnetic stirring,
until a clear, transparent solution was obtained in the sand bath. Next, in a separate vial,
55 pL (0.51 mmol) of 3-(amino methyl)pyridinium (3AMPY) was added to 50%
aqueous H3PO> (1 mL).
General procedure for n=3 (BA)2(MA)2Pb:.028n0.9sBr 10 and
(3AMPY)(MA)2Pb; 565n1.44Br10: 1116 mg (5 mmol) of PbO, 1128.25 mg (5 mmol) of
SnCl-:2H20, and 337.5 mg (2.5 mmol) of MACI powders were dissolved in 25 mL of
hydrobromic acid (HBr) by heating to boiling under constant magnetic stirring, until a
clear, transparent solution was obtained. Next, in a separate vial, 450 uL (4.5 mmol) of
butylamine (C4HoNH>) were added to 50% aqueous H3PO2 (2.5 mL). 224 mg (0.5 mmol)
of PbO, 225 mg (0.5 mmol) of SnCl>-:2H>0, and 67.5 mg (0.5 mmol) of MACI powders
were dissolved in 3 mL of hydrobromic acid (HBr) by heating to boiling under constant
magnetic stirring, until a clear, transparent solution was obtained in the sand bath. Next,
in a separate vial, 20 pL (0.3 mmol) of 3-(amino methyl)pyridinium (3AMPY) was
added to 50% aqueous H3PO; (1 mL).

After 10—15 min, stirring was stopped for all the above solutions, the temperature
was reduced to 120 °C (as indicated on hot plate), below the boiling point of HBr and
kept constant for several days until the first light-yellow crystals seeds started to grow.

The temperature was decreased to 95 °C (as indicated on hot plate) and kept constant



for several days to induce stronger precipitation and faster crystal growth. Following
this, the hot plate was turned off and the reaction solution was left to cool to room
temperature for the completion of the precipitation and crystal growth. The crystals

were isolated by vacuum filtration and dried under vacuum overnight.

Single-Crystal X-ray Crystallography:

Single-crystal XRD experiments were performed using a STOE IPDS II or IPDS 2T
diffractometer with Ag Ko radiation (A = 0.5608 A) operating at 50 kV and 40 mA.
Integration and numerical absorption corrections were performed using X-AREA, X-
RED, and XSHAPE programs. The structures were solved by charge flipping and
refined using the full-matrix least-squares in Olex2. The PLATON software was used
to identify the twinning domains and validate the space groups of the compounds.
GIWAXS measurements: The film samples were exposed to under the same instrument
with LaB6 beam source.

Solid-state NMR spectroscopy:

For ssSNMR analysis, polycrystalline DJ and RP materials with different n values were
prepared in an identical manner for XRD measurements. Samples were separately
packed into zirconia rotors of outer diameter 1.3 mm fitted with VESPEL® caps. All
solid-state MAS NMR experiments were carried out using 18.8 T (*H = 800.1 MHz,
119gn = 298.4 MHz and 2°’Pb = 167.5 MHz) Bruker Avance Neo NMR spectrometer
equipped with a 1.3-mm H-X probehead. Unless otherwise specified, all the samples
were spun at a MAS frequency of 50 kHz. 1D 'H MAS NMR spectra were acquired by
co-adding 16 transients. The relaxation delays were set to 7 s for (BA)2(MA )y-1PbnxSnip.
mxBr3n+1 and 20 s for (BAMPY)(MA)n-1PbnxSnnnxBrin+1 (n=1-3), as determined from
saturation recovery measurements and analyses. The 1D 2°’Pb and °Sn MAS NMR
experiments were carried out using a spin-echo pulse sequence. 1D 2°’Pb MAS spectra
were with 5120 co-added transients using a relaxation delay of 500 ms and 1D '"”Sn
MAS NMR spectra were acquired by co-addition of 2048 transients using a relaxation
delay of 500 ms. 2D 'H-'H spin diffusion NMR experiments were acquired using a
three-pulse noesy-like sequence with 500 ms of mixing times. A rotor-synchronized
increment of 20 ps was applied to detect 100 # increments, each with 2 co-added

transients. The experimental *H chemical shifts were calibrated with respect to that of



neat TMS using adamantane as an external reference (*H resonance, 1.82 ppm). The
experimental 2°’Pb and !"Sn shifts were calibrated using Pb(NOs), and Sn(CH3)4 as
external standards according to IUPAC recommendations. ¥

Film Fabrication. FTO glass substrates were first cleaned by sequential sonication in
acetone and isopropanol for 15 min each. Subsequently, the FTO substrates were dried
with nitrogen and treated for 30 min using ultraviolet ozone (UVO). Solutions of the
studied materials were prepared by dissolving 100 mg of dried crystals in 1 mL of
anhydrous DMF solvent. The substrates were heated at 130 °C on a hot plate for 10 min

under N> atmosphere. Then, the precursor solution was spin-coated at 5000 rpm for 30

s in a glovebox under a N> atmosphere.

Accession Codes

CCDC 2256571-2256576 contain the supplementary crystallographic data for this

paper.
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Table 1. Crystal data and structure refinement for (BA)2(MA)n-1PbxSnnxBr3nt1 (n=1-3)

and (BAMPY)(MA )o-1PbxSnnBrsns1 (n = 1-3) at 293 K.

Compound

Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions

Volume
z
Density (calculated)

Absorption coefficient

Index ranges

Reflections collected
Independent reflections
Completeness

Data / restraints / parameters

Goodness-of-fit

Final R indices [I>20(I)]

R indices [all data]

Largest diff. peak and hole

Compound

Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions

(BA)2Pbo 83SNo.17Brg

C8H20Br4N2Pb0.83Sn0.17

656.49

orthorhombic

Cmc21

a=27.641(6) A,
a=90°

b =8.3381(17) A,

B=90°

¢ =8.2230(16) A,
y=90°

1895.2(7) A3

4

2.301 g/cm?

16.070 mm*

-38<=h<=38,

-11<=k<=11,
-11<=I<=10

7243

2566 [Rint = 0.0424]

99.8%

2566 /22 /77

1.050

Robs = 0.0586,

WRgbs = 0.1588

Ran = 0.0838,

WRy = 0.1799

2.459 and -3.228 e-A3
(3AMP)Pb(.79SN0.21Br4

C6H10Br4N2Pb0.79 Sn0.21
618.18

Triclinic

P1

a=10.614(2) A,
a=86.72(3)°

b=11.851(2) A,

(BA)zMAPbl_glsno_sgBh

C9H25Br7N3Pb1.315n0.69
1088.00
orthorhombic
Pbcn
a=39.1754(17) A,
o=90°

b =8.3831(3) A,

B =90°

¢ =8.2683(3) A,
y=90°
2715.40(18) A3

4

2.661 g/cm?®
10.232 mm*!
-58<=h<=58,
-12<=k<=12,
-11<=I<=12
20923

4833 [Rin = 0.0352]
98.5%
4833/34/102
1.130

Robs = 0.0900,
WRobs = 0.2158
Ran = 0.1203,
WRa = 0.2336

1.650 and -2.226 e-A3
(3AMP) MAPb1_44Sng_5eBI’7

C7H16Br7N3Pb1.44Sn0.56
1066.42

Monoclinic

P24/c

a=15.568(3) A,

o =90°

b=17.165(3) A,

(BA)2MAPb;,0,Sn0.98Br1o

C10H36Br10N4Pb2.025n0.98
1546.14
orthorhombic
Cmc21
a=51.082(3) A,
o=90°
b =8.3679(4) A,
B =90°
¢ =8.2930(4) A,
y=90°
3544.8(3) A3
4
2.897 g/lcm?
21.524 mm-t
-72<=h<=77,
-12<=k<=11,
-12<=1<=10
19722
5729 [Rin = 0.0387]
99.9%
5729/30/116
1.032

Robs = 0.0479,
WRobs = 0.1098
Ran = 0.0799,
WRg = 0.1216

2.263 and -0.843 e-A3
(3AMP)MA2Pb1_5GSn1_MBr10

C8 H22 Br10 N4 Pb1.56 Snl1.44
1467.75
Monoclinic
Cc
a=42.906(9) A,
o=90°

b = 8.5286(17) A,




B=64.57(3)° B=97.233)° B=95.823)°

c=11.896(2) A, ¢ =8.2140(16) A, c=8.2673(17) A,
y=81.143)° ¥=90° y=90°
Volume 1335.2(6) A3 2177.5(8) A3 3009.6(11) A3
z 4 4 4
Density (calculated) 3.075 glem?® 3.253 glcm? 3.239 glcm?
Absorption coefficient 11.984 mm* 13.223 mm*! 12.439 mm!
-14<=h<=14, -19<=h<=19, -72<=h<=70,
Index ranges -15<=k<=16, -21<=k<=21, -14<=k<=13,
-16<=I<=16 -10<=I<=10 -12<=I<=14
Reflections collected 25517 14407 18244
Independent reflections 7087 [Rint = 0.0312] 4561 [Riy = 0.0786] 9868 [Rint = 0.0813]
Completeness 99.6% 96.2% 99.6%
Data / restraints / parameters 7087 / 2 / 239 4561/5/132 9868 /33 /175
Goodness-of-fit 0.665 0.905 0.634
Robs = 0.0253, Rops = 0.0660, Rops = 0.0870,
Final R indices [I > 20(I)]
WRps = 0.0391 WRps =0.1713 WRgps = 0.2005
Ran = 0.0484, Ran = 0.1083, Ran = 0.2011,
R indices [all data]
WRa = 0.0403 WRga = 0.1928 WRa = 0.2170
Largest diff. peak and hole 1.697 and -0.880 e-A3 4175 and -2.329 e-A3 11.722 and -2.398 e-A3

R = 3|[Fo|-|Fc|| / Z[Fo|, WR = [Z[w(|Fol* - [Fe[*)?] / Z[w([Fol*)]]



Table 2. Crystal data comparison for (BA)2(MA)n-1PbxSnnxBria+1 (n = 1-3), pure lead

(BA)2 (MA)n-1PbyBr3n+1 (n = 1-3) and pure tin (BA)2 (MA)n-1SnyBr3nt1 (n = 1-3)

compounds.
Structure  Space Unit cell V (Ar3) Bond Angle Bond length
Compound
group variance distortion
(deg?)
(BA)PbBr,» 2D Pbca a= 825460A  a=90°
(n=1) b= 814220A  B=90° 1845.8116 8.5419 0.00509
¢ =27.46310 A v=90°
(BA)2Pbg g3Sng17Brs 2D Cmc2l  a=27.641(6)A,  a=90°
This work (n=1) b=83381(17) A, p=90° 1895.2(7) 0.3401 0.0041
c=82230(16) A, y=90°
(BA)SnBrs 0D P21 a=10.34200 A o=90°
b= 7.67800A  §=10323° 967.5438 1.3323 0.00467
¢=12.51700 A v =90°
(BA)MAPb,Br* 2D Cmc21  a=39.13580 A o=90°
(n=2) b= 834630A  p=90° 2672.0387 20.1010 0.01070
c= 8.18040 A v =90°
(BA),MAPb; 31Sng ¢9BI7 2D Pben a = 39.1754(17)  a=90°
This work (n=2) A, B=90° 2715.40(18)  9.7383 0.0131
b=83831(3) A,  y=90°
c=8.2683(3) A,
(BA):MA.Pb:Br1* 2D Cmc21  a=51.02100 A o=90°
(n=3) b= 837830A  p=90° 3608.9314 1.5038 0.00762
c= 8.28740A vy=90°
(BA),MA,Pb; 0,SnggsBrip 2D Cmc2l  a=51.082(3) A, a=90°
This work (n=3) b=8.3679(4) A,  p=90° 3544.8(3) 12.7891 0.0188
¢ =28.2930(4) A, vy=90°
(BA):MA,SNn:Brp*® 2D Cmc21  a=51.02100 A o=90°
(n=3) b= 837830A  p=90° 3542.6086 14.3106 0.02546
c= 8.28740 A y=90°
(3AMPY)PbBrs® a=15.78800 A a=90°
0D Pbca
b= 814600A  p=90° 2214.0048 5.2751 0.00463
c=17.21500 A y=90°
(BAMPY)Pbg 79Sng 21Brs 2D B a=10.614(2) A, o= 86.72(3)°
This work i b=11851(2) A,  B=6457(3°  1335.2(6) 35.907 0.0115
=) c=11.896(2) A,  y=81.14(3)°
(3AMPY)SnBr, 2D a=10717() A, «=85.04(3)°
This work Pt b=11811(2) A, B=63.76(3° 1326.45(6)  34.762 0.0465
=) c=11.833(2) A, v =80.94(3)°




Table 3. Comparison of Pb/Sn—Br—Pb/Sn Angles, d-Spacing, bond length distortion,

and bond angle variance for (BA)2(MA)n-1PbxSnuxBrinsi (n = 1-3) and
(BAMPY)(MA )u-1PbxSnnx Bran+1 (n = 1-3), respectively.
Axial Equatorial Average Adjacent Stacking Bond Bond Shift factor
Compound
Pb/Sn-Br- Pb/Sn-Br- Pb/Sn-Br- Br-Br Axis angle length
Pb/Sn Pb/Sn Pb/Sn Distance A) variance distortion
angle (deg) angle angle A) (deg?)
(deg) (deg)
(BA)2PbogsSno17Brs 155.8(3) 8.886(6) 20.227(7) 0.3401 0.0041 0,0
(n=1)
(BA):MAPb; 3:Sno6sBr7 179.93(10)  163.09(10)  17151(10)  8.786(4)
31.732(5) 9.7383 0.0131 (0.12,0.12)
(n=2)
(BA)2MAPb202SnogsBrio 175.25(14)  170.85(10)  173.05(12)  8.833(3)
43.505(4) 12.7891  0.0188 (0.25,0.25)
(n=3)
(BAMPY)Pho79Sno.21Bra
162.42(3) 5.9926(17)  16.106(4) 35.907 0.0115 (0.12,0.12)
(n=1)
(3AMPY)MAPD:.44Sno56Br7
170.02(12)  167.49(7) 168.76 4.252(4) 27.276(4) 11.0041  0.0110 (0.15,0.15)
(n=2)
(BAMPY)MA;Pb1 56SN1.44Br10
171.40(4) 171.40(4) 171.40(4) 4.196(12) 39.051(15)  7.881 0.0138 (0.5,0.5)

(n=3)




Table 4. Optical band-gaps, energy at maximum PL, full width at half maximum of PL,
and average effective mass of the compounds calculated based on the for (BA)2(MA)n-1

PbxSnnxBr3n+1 (n = 1-3) and (BAMPY)(MA )u-1PbxSnnxBr3n+1 (n = 1-3), respectively.

Band gap Excitonic PL(eV) FWHW Color
Compound
Eq (eV) absorption (eV) eV (nm)
(BA)2PbogSng 2Br4 2.47 3.19 3.02 0.08(10.81) yellow
(n=1)
(BA),MAPb; 3Sng 7Br; 2.15 3.02 2.84 0.11(37.52) Light orange
(n=2)
(BA),MA,Pb; oSNy 1Brig 1.97 2.77 2.48 0.19(37.52) Dark
(n=3) Orange
(BAMPY)Pbyg sSno ,Br4 0.23(43.43)
241 294 2.56 Light orange
(n=1)
(BAMPY)MAPD; 5Sno5Bry 0.18(36.63)
2.17 2.78 2.47 Light red
(n=2)
(3AMPY)MA2Pb1,7sn1‘3Brm 016(3536)
1.86 2.95 2.36 Red
(n=3)
(BA)ZPbBu
2.92 3.19 (SI) 2.9282 0.22(29.56) White
(n=1)
(BA)zMAszBr735
2.68 2.81 2.5861 0.26(57.09) Yellow
(n=2)
(BA)zMA2Pb3Br10 (n=3)
2.57 2.94 2.50 0.09(15.70) Orange
(BA)QSHBM
3.44 2.36
(n=1)
(BA)QMASI’]QBH
2.27 2.82 Yellow
(n=2)
(BA)QMAzsngBrlo
222 2.71 Orange

(n=3)




Table 5. Summary of PL average lifetimes for 2D (BA)2(MA)n-1PbxSnnxBr3a+1 (n = 1-3)

and (3AMPY)(MA )n-1PbxSnn« Bran+1 (n = 1-3) compounds, respectively.

Compound T T, Ty Taverage

(BA),Pb, ..Sn  Br, 0.91 2.98 11.20 2.78 ns
(39.39%) (53.12%) (7.48%)

(BA),MAPb . Sn  Br, 0.93 3.19 12.66 3.32 ns
(41.90%) (51.40%) (7.70%)

(BA),MA Pb, Sn Br 0.86 351 14.08 477 ns
(22.25%) (61.86%) (15.89%)

(3AMPY)Pb _.Sn . Br, 0.87 5.25 17.89 10.25 ns
(16.58%) (38.12%) (45.31%)

(BAMPY)MAPD,  Sn, . Br, 0.91 5.02 25.28 14.07 ns
(13.24%) (39.36%) (47.39%)

(BAMPY)MA Pb, . Sn,  Br 1.01 5.57 24.74 18.80 ns
(6.11%) (23.45%) (70.44%)

Figure 2. Overall microstructure and composition analyses: Scanning Electron
Microscopy/Energy Dispersive X-ray Spectrometry (SEM/EDS) of (a-c) (BA)2(MA)n-1



PbxSnnxBran+1 (N = 1-3) and (d-f) (3AMPY) (MA)n-1PbxSnnxBran+1 (N = 1-3) series
compounds, respectively.
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Figure 3. Comparative view of the crystal structures for (a) the (BA)2(Pbo.83Sno.17)Br4
(n=1, x=0.83) and (b) (3AMPY)Pbo.79Sn0.21Brs (n = 1, x= 0.79), respectively.
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Figure 4. Comparative view of the crystal structures for (a) the
(BA)2(MA)(Pb1.31Sng.69)2Br7 (n =2, x=1.31) and (b) (3AMPY)(MA)(Pb1.44Sng.56)2Br7
(n =2, x=1.44), respectively.
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Figure 6. Solid-state 1D (a,b) 'H MAS, (c,d) *’Pb MAS and (e,f) '"’Sn MAS NMR
spectra of (BA)2(MA)y-1PbnxSnn-nxBrsn+1 (n = 1-3) RP phases on top panels, and for
(BAMPY)(MA)n-1PbnxSnnnxBr3n+1 (n = 1-3) in the lower panels. All spectra were
acquired at 18.8 T ("H = 800 MHz) and 50 kHz MAS. The vertical bands indicate the
changes in chemical shifts across n=1-3 layered structures.
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Figure 7. 2D 'H-'H spin diffusion spectrum of (BA)2(MA )i 1PbnxSnnnxBr3n+1 (a) n=1
(b) n=2 (¢) n=3 and (3AMPY )(MA )u-1PbnxSnp-nxBr3n+1 (d) n=1 (e) n=2 and (f) n=3. All
spectra were acquired at 18.8 T (*H = 800 MHz) and 50 kHz MAS, and with 500 ms of
mixing time. The magenta boxes indicate the peaks correspond to the MA cations, and
the horizontal and vertical green bands depict the through space proximity between the

large spacer cations and the MA cations.
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Figure 8. Optical absorption and steady-state photoluminescence (PL) spectra for (a, b)
(BA)2(MA)n-1PbxSnnxBran+1, (¢, d) SAMPY (MA)n-1PbxSnnxBran+1 (n = 1—3) series and
(e, f) optical bandgap values extrapolated from the edge of the absorption spectra and
positions of the maxima of the PL spectra for the corresponding (BA)2(MA)n-1PbxSny.
xBran+1 series, pure tin  (BA)2(MA)n-1SnhBrsn+1  compounds and pure lead
(BA)2(MA)-1PbnBran+1 compounds, respectively.
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Figure 9. (a) Computed Gibbs free energy of n=1 model systems Cs2Pb;.xSnxBr4 at
room temperature. For each value of x, various distributions of Pb and Sn are obtained,
only the lowest energies are reported. The plain red line is obtained by interpolation. A
global minimum is found around x=0.2 , and a shallow one around x=0.9, indicating a
thermodynamic advantage for Pb-rich (and Sn-rich) compounds over the 50:50 alloys.
(b) Experimental band gaps of n=3 series (BA)2(MA)2Pb3(1-x)Sn3xBrio (blue diamonds).
Band gaps of model n=3 systems Cs4Pb3(1-x)Sn3xBrio calculated using the virtual crystal
approximation (VCA, black circles) and supercells containing twelve metallic sites (red
squares). Only the lowest energy structures are reported. A rigid shift of 1.2 eV has been
applied to the calculated band gaps. The VCA description shows a continuous decrease
of the bandgap going from pure Pb to pure Sn structures, whereas the ordered structures
exhibit the band bowing experimentally observed and also described in 3D mixed-metal
halide perovskites.
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Figure 10. Synchrotron GIWAXS patterns and different thin-film growth orientations
of (a-¢) (BA)2(MA)n-1PbxSnnxBran+1 and (d-f) (3AMPY)(MA)n-1PbxSnnxBran+1 (N = 1-
3) series compounds, respectively. The (h00) planes show in-plane orientation- and
(Ohh) planes have out-of-plane orientation with peaks labeled.
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