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ABSTRACT: While the constraints on the choice of organic cations are greatly relaxed for layered 2D perovskites compared to 3D perovskites, the
shape of the spacer cation is still subject to limitations due to the size of the inorganic pocket between four adjacent corner-sharing octahedra. To
investigate the effect of spacer cation branching on the formation of Ruddlesden-Popper (RP) structures, we performed a comprehensive investigation
of structures formed using tert-butyl ammonium (#-BA). We demonstrate that in contrast to pure bromides and pure iodides, the use of mixed halides
enables the formation of +-BA,PbBr,I, RP perovskite structure with the specific ordering of the bromide and iodide anions. The #-BA spacer, despite
its branched and bulky shape that prevents its deeper penetration, is able to form significant H-bonds that lead to the stabilization of RP assembly if
the inorganic pocket is designed in such a way that the bromide anions occupy terminal axial positions while iodides occupy equatorial positions.
We obtain excellent agreement between experimentally determined and theoretically predicted structures using Global Optimization via Minima
Hopping Algorithm for Layered Perovskites, illustrating the ability to predict the structure of RP perovskites and to manipulate the perovskite struc-

ture by rational design of the inorganic pocket.

INTRODUCTION

Hybrid inorganic-organic lead halide perovskites, including both three-dimen-
sional (3D) and low-dimensional (2D and quasi-2D) perovskites, are impress-
ing the semiconductor community with their astounding physical properties
and optoelectronic applications as solar cells and light-emitting diodes (LEDs)
that outperform many other materials.'* Low-dimensional perovskites include
the 2D and quasi-2D perovskites, which crystallize in the Ruddlesden-Popper
(RP) structural type with the general formula A2An1BnX3n+1 (Where A' is the
larger organic spacer cation, A is a smaller cation forming a 3D perovskite
slabs ABX3, B is a divalent metal center, X is a halide anion, while » is the
number of perovskite sheets). These materials have attracted attention due to
their improved properties compared to 3D perovskites, such as higher exciton
binding energy and improved environmental stability due to the presence of
spacer cations capable of locking the octahedral framework and preventing the
penetration of water molecules.’?? Different from simple morphological size
reduction where properties of ABX; nanostructures with sufficiently small size
can be tuned by changing the size due to quantum confinement effects, the
properties of RP perovskites can be tuned by changing the layer thickness, A
cation, and A' spacer cation and these materials exhibit great structural diver-
sity.”® The size restrictions imposed by the Goldschmidt tolerance factor for
3D perovskites become greatly relaxed in the case of 2D layered perovskites,
allowing spacer cations of different lengths to be incorporated between the
inorganic layers, as demonstrated by Billing et al. who reported 2D n=1 struc-
tures for linear cations with up to 18 carbons.?* While there are no restrictions
on spacer length, there is still a requirement for the width; cation must fit into
an inorganic pocket defined by the axial (terminal) halide anions of four adja-
cent corner-shared octahedra.® Given these requirements imposed by the di-
mensions of the inorganic pocket, it is obvious that the shape of the spacer
cation, especially but not limited to the shape of its amino head, plays an im-
portant role in the dimensionality of the perovskite.”> Reduced dimensionality
becomes even more expected when bulky size is additionally accompanied by
the limited flexibility of ammonium head. Primary ammonium spacers have
been proved to be the best choice for stabilizing 2D perovskites, followed by
secondary, tertiary and quaternary ammonium cations.”® Recently, the use of
the secondary ammonium cation dimethylammonium (DMA) led to the for-
mation of the 0D perovskite (DMA)4Pbls.%® Similar shape-related constraints
were demonstrated by Kanatzidis et al. for the hexa- and hepta-methylene-
imine spacers that formed the 1D chains of face-shared octahedra.”’

Considering the effects that both the size and the shape of the ammonium head
have on the (de)stabilization of the 2D layered structure, one might expect that
the branching of the spacer cation (in the vicinity of the ammonium head)
could also have a significant impact on the dimensionality of the perovskite
and the resulting properties. Among the many spacer cations, the structure and
optoelectronic properties of n-butylammonium (n-BA) perovskites have been
studied most extensively.®®** As in the case of n-BA, iso-butylammonium (i-
BA) spacer also forms a 2D layered structure.**** Although promising results
have been reported on the use of tert-butylammonium (-BA) to improve solar
cell performance,***? there are no reported structures of perovskites based on
t-BA. In contrast to the n- and iso-butylammonium isomers, it has been sug-
gested that the -BA cation is either incorporated into a 3D perovskite struc-
ture*®” or forms a 1D perovskite structure,* but it has also been claimed that
it can form a 2D structure.*** In all cases, detailed structural analysis was
lacking and none of the structures have been determined.

In this work, we report the effects of branching on the dimensionality of the
perovskite and show that neither bromides nor iodides with #-BA spacer are
able to form the 2D RP structure. But more importantly, we demonstrate how
a targeted rational design of an inorganic pocket can be utilized as an effective
tool to achieve an RP assembly despite the branched and bulky nature of spacer
cation and consequently affect the optical properties. Finally, we also demon-
strate the potential of the new method to predict the structure of RP perov-
skites.

EXPERIMENTAL SECTION

Chemicals. Lead (II) iodide (Pblz, 99.9985%), poly(methyl methacrylate)
(PMMA), toluene (anhydrous, 99.8%), dimethyl formamide (DMF, anhy-
drous, 99.9%) and acetonitrile (ACN, anhydrous, 99.8+%) were purchased
from Alfa Aesar. Lead (II) bromide (PbBr2, 98+%) and chloroform (CF, anhy-
drous, 99+%) were purchased from Sigma Aldrich. Tert-butylammonium bro-
mide (+-BABr) and tert-butylammonium iodide (+-BAI) were purchased from
Greatcell Solar Materials. All chemicals were used as received.

Preparation of single-crystal samples. The single-crystal samples were pre-
pared by antisolvent-induced crystallization. Seeding solutions of pure bro-
mide and the mixed bromide and iodide (Br:I=1:1) compounds were prepared
by dissolving the salt in DMF (0.2 M), while that of pure iodide compound
was prepared by dissolving the salts in ACN (0.05 M). The molar ratio of
spacer halide and lead halide salts was 2:1. After filtering, the seeding solution
was placed in a 4 ml vial which was latterly placed into a 20 ml vial containing



5 ml CF. The large vials were then capped and rested in dark. Crystallization
was induced by CF diffusion into the seeding solution. After few days, single-
crystals were formed in the small vial.

Preparation of thin-films. The precursor solutions for film deposition were
prepared by dissolving the spacer halide and lead halide (2:1 molar ratio) in
DMF (0.2 M). Quartz substrates were washed with detergent, water, acetone
and isopropanol in ultrasonic bath for 10 min. Perovskite thin film was depos-
ited by spin coating the precursor solution on substrate in 4000 rpm for 30 s.
The film was annealed at 80 °C for 10 min. PMMA layer was spin-coated on
perovskite (2.5 w% in toluene) to protect the film from ambient exposure.

Characterizations. All optical measurements were performed in ambient (20
°C and 45 %RH) and the samples were taken from the glovebox immediately
before the measurement. Steady state PL spectra were obtained by PDA-512
USB (Control Development Inc.) Fiberoptic Spectrometer with a HeCd laser
(325 nm) as the excitation source. Diffuse-reflectance spectra of single-crystal
samples were collected on a Shimadzu UV 3600 UV/Vis/NIR Spectrophotom-
eter with an integrating sphere accessory. Film absorption spectra were ob-
tained from an Agilent Cary 60 UV-Vis spectrometer. X-ray diffraction (XRD)
patterns of the perovskite ground samples were collected with Rigaku Mini-
Flex 600-C Diffractometer with Co radiation. Bruker D8 VENTURE Duo
FIXED-CHI X-ray diffractometer was used for crystal screening, unit cell de-
termination, and data collection for the X-ray crystal structure. Crystals suita-
ble for X-ray diffraction were mounted on a MiTeGen dual-thickness micro-
mounts. The IuS with Mo radiation was used (Ka = 0.71073 A, 50 kV, 0.8
mA). Bruker AXS APEX3 (v2018.7-2) software suites were used for data col-
lection and reduction. Absorption corrections were applied using the program
SADABS. Structures were solved with XT ver.2014/5 and refined with
SHELXL2018/3.*' Hydrogen atoms were placed in idealized positions and
were set riding on the respective parent atoms. All non-hydrogen atoms were
refined with anisotropic thermal parameters. The structure was refined by
weighted least squares refinement on F? to convergence. Restraints were ap-
plied on disordered parts. Molecular illustrations were prepared with MER-
CURY.* Low-temperature PL measurements were performed by using a low-
vibration, closed-cycle cryostats system (attocube, AttoDRY800) with an ob-
jective lens (attocube, LT-APO/VIS, N.A.=0.82) inside the vacuum chamber.
We used a pulsed solid-state laser at 355 nm (2.5 kHz, 1.1 ns) as the optical
excitation source with a spot size about 5 um. The laser power used for the
power dependence of PL measurement is 100 — 2000 pW. The optical excita-
tion and collection of emission from the samples were carried out using the
same objective lens at normal incidence, and the emission signal was dispersed
by a homebuilt spectrometer equipped with a TE-cooled CCD (Andor, iDus
420).

Computational details. Our algorithm called Global Optimization via Min-
ima Hopping Algorithm for Layered Perovskites (GO-MHALP) is imple-
mented in the Atomic Simulation Environment* environment. For evaluation
of energies and forces we use classical potentials implemented in LAMMPS.*
The potentials are based on the MYP classical potentials for 3D perovskites*#®
with GAFF* parametrization used to provide parameters related to the organic
spacers.*** The nonbonding parameters for the Br-I interaction were approx-
imated as a geometric mean of Br-Br and I-I interaction parameters. LAMMPS
input files with complete lists of atomic positions and the potential parameters

are given in the Supplementary data. The complete methodology for GO-
MHALP is described, in detail, elsewhere®’. DFT calculations were performed
using the plane-wave basis set code Quantum Espresso®"*? with the vdW-DF-
cx exchange-correlation functional® and GBRV pseudopotentials.’ The
atomic positions and unit cell relaxation thresholds for the total energy change,
forces on each atom and the pressure were 1 meV, 0.02 eV A-1 and 0.5 kbar
respectively. The Brillouin zone integration was performed on a Monkhorst-
Pack k-point mesh® with a density of 5 A. The plane-wave basis set cutoff was
816 eV. The formation energy at T = 0 K of various configurations was cal-
culated from DFT energies as follows:

X 4 —x
Eform = E(t-BA,PbBr1,_,) — 7 PbBr, — 5 Pbl,

—x 4—x
7 (t-BA)Br — T (t-BA)I

forx = 0,2,4.

The similarity between simulated XRD patterns is calculated using a method
based on cross-correlation functions®®’ as implemented in the PyXtal Python
library®® using the cosine weighting function with the cutoff / = 1°.

RESULTS AND DISCUSSION

Thin film samples were prepared by using #-BA as spacer cation and lead bro-
mide, lead iodide and mixture of lead iodide and lead bromide as building
blocks of the inorganic layer. The thin-film XRD patterns are given in Figure
S1. The absorption and PL spectra of thin film samples are shown in Figure
1. From the absorption spectra, we can observe significant differences between
pure and mixed halide samples. While both pure bromide and pure iodide thin
films exhibit no PL, the mixed halide sample (Br/I=50:50) exhibits character-
istic excitonic features in the spectra, which are commonly observed for 2D
perovskites such as n-BA;Pbls.**% To better understand the optical proper-
ties of pure halide samples, we performed low-temperature PL measurements
on pure bromide thin film, since bromides exhibit better stability upon expo-
sure to ambient compared to iodide thin films. The low-temperature PL spectra
are shown in Figure S2. We can observe that the pure bromide samples exhibit
a two-peak emission at low temperature, and that the higher energy peak is
rapidly quenched. The broad low energy peak exhibits power dependence con-
sistent with excitonic recombination, as shown in Figure S2b, and the temper-
ature dependences of the peak positions and PL intensity are more consistent
with those previously observed in alkylammonium lead halides with structure
different from 2D Ruddlesden-Popper materials.*® Furthermore, activation en-
ergies determined from the Arrhenius equation (Figure S3b) are in the range
60-80 meV, which is lower than that commonly observed for 2D RP perov-
skites, and similar to other organo-lead halides with different connectivity of
the lead halide octahedra.*

While (-BA):PbBr:L> exhibited improved ambient stability compared to pure
halide samples, it is known that mixed halide perovskites including the 2D
materials can be susceptible to photosegregation.® > Therefore, it is worth-
while to examine the stability of (+-BA),PbBr2l> under illumination. The pho-
toluminescence spectra measured after different times of laser illumination and
the absorption spectra measured for different times of solar illumination are
shown in Figure 2.
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Figure 1. Absorption spectra and corresponding PL spectra of thin film samples for a) pure bromide compound b) pure iodide compound and ¢) mixed bro-

mide/iodide (50:50) compound.
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Figure 2 a) PL spectra as a function of excitation time under 325 nm laser
excitation; b) absorption spectra for different times under simulated solar illu-
mination of PMMA protected (--BA)2PbBrl> thin films.

From Figure 2, we can observe that (--BA),PbBrl, exhibits significant re-
sistance to photosegregation; no observable shifts in peak positions in the PL
spectra of (--BA):PbBr2l» over a period of 80 minutes of continuous laser ex-
citation have been observed, demonstrating an exceptional stability. The phe-
nomenon is known to depend on the spacer cation, since 2D perovskites with
different spacer cations exhibit significant difference in susceptibility to pho-
tosegregation.®"* Since the ion diffusion responsible for photosegregation is
dependent, among other others, on the crystal structure (including the direc-
tion),* it is necessary to examine the structure of (--BA),PbBrl> in more de-
tail, both experimentally and computationally.

To tackle the reasons of different optical behavior of prepared samples, the
structural features of pure- and mixed-halide samples have been explored by
minima hopping algorithm (MH) algorithm dubbed Global Optimization by
Minima Hopping for Layered Perovskites (GO-MHALP) developed by us.
Minima hopping is a class of algorithms used for crystal structure prediction
that involves a thorough exploration of the potential energy surface (PES) of
a system by alternating molecular dynamics (MD) with local structure optimi-
zations (relaxations), where combined criteria are used to determine whether

the optimized structure is accepted as a newly found local minimum.*¢ A

complete description of the methodology is given in a separate work.*® Input
files containing classical potential parameters are given in the Supplementary
data. Figure S4 shows starting structures for GO-MHALP with idealized in-
organic frames and approximate positions of #-BA for the following scenarios:
a) all PbXs positions occupied by bromides,

b) all PbXGs positions occupied by iodides,

cl) axial positions of PbXs octahedra occupied by iodides and equatorial po-
sitions occupied by bromides,

c2) axial positions of PbXs octahedra occupied by bromides and equatorial
positions occupied by iodides,

c3) all halide positions alternately occupied by bromides and iodides.

The output of GO-MHALP is a list of found local minima for each starting
structure. The possibility of considering different minima is important due to
polymorphous nature of these materials.”” The lowest energy minimum for
each configuration is relaxed with DFT and the formation energy of the relaxed
structure is computed. As shown in Table S1, negative formation energy is
obtained only for the c2) configuration. This suggests that the formation of RP
structure not only requires the use of mixed halides, but also that bromides and
iodides must occupy specific positions within the inorganic layer. Stability of
such arranged mixed halides and instability of pure halide phases can be also
understood from values of strain in these structures compared to 3D counter-
parts with methylammonium cation. As can be seen in Table S2, c2) configu-
ration has strain of only 0.29%, compared to strain of 3.93% for configuration
a) and 2.64% in configuration b).

On the experimental side, single-crystal X-ray diffraction structure determina-
tion of pure bromide and iodide compounds, indeed, revealed that the prepared
compounds do not form a layered structures typical of Ruddlesden-Popper per-
ovskites, as predicted by the GO-MHALP. Iodide compound contains 1D in-
organic polymer chains built up from [Pbals]*" units while the bromide com-
pound contains inorganic layers constructed by [Pb2ls]" building blocks. Sin-
gle-crystal data, data collection and refinement parameters are summarized in
Table 1. In order to evaluate the stability of prepared compounds under expo-
sure to ambient condition, single-crystals samples were also ground and rec-
orded on PXRD (Figure S5). Structural analysis showed that ground single-
crystals contain an additional impurity, 1D-hydrated structure as reported in
the work by Correa-Baena.®® Similar impurity was observed for bromide com-
pound; it is reasonable to assume that two unidentified diffraction reflections
at 8.8 and 17.8 ° belong to the hydrated structure, similar as in the case of
iodide. Changes in the single-crystal samples of pure halide compounds after
grinding can be clearly observed, as shown in Figure S6. It should also be
noted that the iodide sample is more unstable, especially on ambient exposure.
Unlike pure halide compounds, ground single-crystals of mixed halide com-
pound did not show any additional phases.

Table 1. Single crystal data, data collection and refinement parameters for (+~-BA)Pb2Brs, (#~-BA)2PbBr2l2 and (--BA)Pbls

(t-BA)Pb2Brs (t-BA)2PbBr2l> (t-BA)Pbl3
Empirical formula BrsPbz, CsH12N Bral2Pb, 2(CsH12N) IsPb2, 2(CaH12N)
Formula weight 888.08 769.10 1324.07
Temperature/K 300(2) 298(2) 302(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2: P2i/c P2:
a/A 10.3847(19) 13.0080(14) 10.0969(14)
b/A 8.5375(15) 8.7484(9) 7.9180(11)
c/A 8.5372(15) 8.7588(10) 16.375(2)
al® 90 90 90
8/° 90.006(5) 109.374(3) 90.006(3)
v/° 90 90 90
Volume/A® 756.9(2) 940.30(18) 1309.1(3)
z 2 2 2
m/mm-*t 35.374 16.485 19.910
Peale g/cm’® 3.897 2.716 3.359
F(000) 764 688 1136
Crystal size/mm3 0.207 x 0.089 x 0.026 0.154 x 0.133 x 0.017 0.127 x 0.062 x 0.018
Radiation Mo Kat (A = 0.71073 A) Mo Ka (A = 0.71073 A) Mo Kat (A = 0.71073 A)
26(max)/ ° 64.184 58.956 52.766
Index ranges -15 <h< 15, -12 <k< 12, -12 << 12 -18 <h< 17, -12 <k< 12, -12 << 12 -12 <h< 12, -9 <k< 9, -20 </< 20
Data/restraints/parameters 5176/70/133 2600/0/82 5321/222/162
Restrained goodness of fit 0.974 1.053 0.970
Rint 0.1595 0.0770 0.1496

Final R indexes [122s(/)]
Final R indexes [all data]

R1=0.0788, wR,=0.1173
R1=0.1565, wR, = 0.1463

R1=0.0565, wR> =0.1398
R1=0.0862, wR> =0.1569

R1=0.0603, wR> =0.1288
R1=0.1766, wR> = 0.1704



1.623/-1.730
2094380

Largest diff. peak/hole/e A3
CCDC number

1.101/-1.298
2091431

1.136/-1.247
2099767

The (--BA)PbI; crystallizes in a non-centrosymmetric monoclinic P2; space
group with one [Pbals]* unit and two (CH3);NHs" cations in the asymmetric
unit. The 1D-polymeric chain shown in Figure 3a, which consist of face-
shared octahedra under the 1-2 Fs4s Fi46 notation® exhibits a pseudo S sym-
metry. Chains, running parallel to the b-direction, are mutually bridged via t-
BA cations that form weak hydrogen bonds between methyl groups and iodide
atoms from Pb-octahedra, forming a loose intermolecular sheet in the ab plane
(Figure 3b). Additional weak H-bond is formed between iodide atoms and the
ammonium group. Both (CH3)sNHs" cations are disordered; one is treated as a
two-part disorder (major part 63%, minor part 37%) and the second one is
treated as a three-part disorder (major part 44%, minor parts 36% and 20%).
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Figure 3. The 1D structure of (+-BA)Pbl; in a) bc plane and b) ac plane. Iodide
is given in purple, lead in dark grey, carbon in light grey, nitrogen in pale blue
while hydrogen atoms are shown in white. Hydrogen bonds are shown as
dashed turquoise lines. Organic cations are disordered between several posi-
tions; only the major part is shown.

The (+-BA)Pb2Brs crystallizes in a non-centrosymmetric monoclinic P2, space
group with one [Pb:Brs] unit and one (CH3);NH3" cation in the asymmetric
unit. As shown in Figure 4a, inorganic 2D layers are separated by a monolayer
of t-BA cations. Considering Pb---Br contacts up to ~ 3.39 A (Figure 4b), co-
ordination spheres of lead can be described as the PbBrs bicapped trigonal
prisms that are connected in a face-shared manner thus forming a 2D inorganic
layer. Trigonal pyramidal geometry is found for bromide atoms (Brl-Br4),
where three Pb atoms at located at the corners of a trigonal base and bromide
is located at the apex. Unlike Brl to Br4 atoms, Br5 atom is experiencing a
square planar geometry. Such a geometry of inorganic layers also was reported
for Cs2PbaBrs. """ Inorganic layers are mutually interconnected via H-bonds
between ammonium groups and bromide, as well as weaker ones involving
bromide and methyl groups. Similarly, as in the case of iodide compound,
(CH3)sNHs" cation is disordered over two positions (major part 53%, minor
part 47%).

Figure 4. a) The 2D structure of (-BA),Pb,Brs in ac plane and b) inorganic
layer consisting of PbBrs bicapped trigonal prisms (caps at Br5 atoms). Bro-
mide is given in dark orange, lead in dark grey, carbon in light grey, nitrogen
in pale blue while hydrogen atoms are shown in white. Hydrogen bonds are
shown as dashed turquoise lines. Organic cations are disordered between sev-
eral positions; only the major part is shown.

Finally, the (+-BA)2PbBr.lz crystallizes in a centrosymmetric monoclinic P2i/c
space group, in a typical 2D Ruddlesden-Popper arrangement with the inor-
ganic layers consisting of PbXs (X =1 and Br) octahedra, connected in a cor-
ner-shared manner, separated by the bilayer of spacer -BA molecules as
shown in Figure 5. When the quantitative criterion of relative shift of layers
(LSF) is applied to (#-BA).PbBr:ls, the value of LSF equals to [0.49, 0.49];
indicating that the structure belongs to the pure RP type.” It is particularly
important to notice that halides are ordered within the inorganic layer; all axial
positions in PbXs are occupied by bromides, exclusively, while iodides are
located solely on the equatorial positions. The ordering of anions (pseudohal-
ide-thiocyanates and iodides) is also found in [MA]:Pb(SCN):1..”* The ten-
dency of smaller halide to occupy the axial position was also found in Dion-
Jacobson perovskite (2meptH2)PbBrsCl, for x=1.4.” As shown in Figure 5a,
all three hydrogen atoms from the ammonium group participate in the for-
mation of H-bonding; two hydrogen atoms are bonded to axial (terminal) bro-
mide from neighbouring PbBr2l4 octahedra while the third one is connected to
the equatorial iodide atom. In the structure of (+-BA)2PbBr2lx no disorder was
found for organic spacer cation while both types of halide atoms are disordered
over two positions (major part 98%, minor part 2%).



Figure 5. The 2D structure of (--BA)PbBr:l2 in a) ac plane and b) bc¢ plane.
Bromide is given in dark orange, iodide in purple, lead in dark grey, carbon in
light grey, nitrogen in pale blue while hydrogen atoms are shown in white.
Hydrogen bonds are shown as dashed turquoise lines. Halide atoms are disor-
dered between two positions, only the major part is shown.

The stability of 2D perovskites, or the ability to form such a 2D assembly at
all, is strongly influenced by the bonding strength, i.e. strength of the interac-
tions between the inorganic layer and the organic bilayer. Spacers with bulky
groups substituted on the N atom of the amino head are known to destabilize
the 2D structure; while the stabilization of 2D structures is easily achieved
with a primary ammonium spacer, the use of secondary and tertiary ammo-
nium cations often leads to a further reduction to 1D or 0D assemblies.> Our
work shows that like many secondary ammonium cations, the branched terz-
isomer of the primary BA cation cannot form either bromide or iodide-based
2D RP structures due to the bulky substituents on the a-carbon in the vicinity
of the ammonium head. To explain the underlying reasons, it is necessary to
keep in mind that the stability of 2D perovskites is conditioned by the ability
of H-bonds formation between halide anions and the ammonium head of the
spacer cation. However, at the same time, the spacer cation must fit into an
inorganic pocket defined as a cavity formed by four corner-shared PbXs octa-
hedra in the ab layer. This means that the inorganic pocket must be large
enough to accommodate the spacer at its equilibrium penetration depth (de-
fined as the average distance of the N atoms to the terminal halide atoms
plane), which is determined by the nature and size of the halides and their
interactions with the organic cation. According to the diagram of Mitzi ez. al.
75 that shows Pb-X-Pb angles versus penetration depth there is a strong corre-
lation between the penetration depth and the average equatorial Pb-X-Pb angle
as the equatorial halides X move out of the plane toward the amino heads to
form a hydrogen bond. Although the diagram shown in the report Mitzi et. al.”
summarizes many different perovskite structure published until 2017, we ad-
ditionally performed a new quest to include more recent structures as well as
to increase the number of structures having a lower range of penetration
depths. Both the Cambridge structural database (CCDC/CSD)™ and the Data-
base from Laboratory of new materials for solar energetics at Lomonosov
Moscow State University”” were used for structure search; the dependence of
Pb-X-Pb angles versus penetration depth is shown in Figure 6.
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Figure 6. Pb—X—Pb bond angle dependence on the organic cation penetration
for literature-reported pure halide perovskites (blue dots).”'"> The data for (z-
BA),PbBrl is represented by red dot. Dashed lines are only guidelines for the
eye.

For (+-BA)2PbBralz, we found that average Pb-I-Pb angle is ~148 °, while the
penetration depth of ~-BA cation is ~0.177 A. Based on the above dependence,
the angle at the depth of ~0.177 A is expected to be considerably less deformed
than the one we observe, and should be >160 °, suggesting that only a rather
weak hydrogen bonding would exist between equatorial halide and ammonium
group. On the other hand, the penetration at an angle of ~148 ° is expected to
be much deeper than observed, and should amount to >0.37 A. Indeed, this
implies that the use of mixed halides significantly alters the established de-
pendence that is valid for pure halide perovskites. We herein propose that the
specific ordering of bromides at the axial (terminal) positions and iodides at
the equatorial positions plays a crucial role that enables #- BA to form a 2D
perovskite in the case of mixed halides, based on the following arguments:

(i) the occupation of the terminal axial positions by smaller bromides leads to
the spacer cation being positioned closer to the equatorial plane compared to
the situation if the terminal positions were occupied by larger iodides (assum-
ing in both cases a hypothetical penetration of 0 A). This also means that H-
bonds can be formed for shallower penetration depths.

(ii) the occupation of equatorial positions by larger iodides requires a smaller
deformation of the Pb-I-Pb angle for the formation of H-bonds compared to a
hypothetical case where smaller bromides would occupy equatorial positions.
Table 2 gives comparison of H-bond distances found in mixed halide +-BA
structure with those found in pure iodide- and bromide-based RP structures
with n-BA7!"' and iso-BA"'>"'® spacers. We can observe that n-BA and iso-
BA isomers in pure bromide and pure iodide structures penetrate deep into the
inorganic pocket, ranging from 0.476 —0.589 A, unlike in the case of the mixed
t-BA structure. We also observe that even though #-BA is positioned very shal-
low within the inorganic pocket, which is imposed by its branched and bulky
shape, nevertheless it forms H-bonds of similar strengths to those in n- and
iso-BA structures.

Table 2. H-bond distances in mixed halide -BA structure and pure iodide- and
bromide-based RP structures with n-BA7*!"* and iso-BA"'>!'¢ spacers

(n-BA)Pbl,78 (iso-BA)PbLy'"®  (t-BA)PbBral>

d(N-H--11eq)/A 3.619 3.817 3.839
3.682

penetration 0.589 0.545 0.177
depth/A

(n-BA)PbBrs'"*  (iso-BA)PbBrs''®  (t-BA)PbBr,l»
d(N-H--Brla)/A 3.394 3.439 3.347

3.409 3.436 3.367
penetration 0.537 0.476 0.177

depth/A

It has to be noticed that above discussion is based on the major part (98%) that
is present in the structure of (#-BA),PbBrl,. If one considers the minor part
(halide position Br1B and I1B), changes in hydrogen bonding and geometry
of PbXs octahedra can be observed, as expected. The minor part is still able to
form H-bond with ammonium head, however only one interaction is formed
(d(N-H--Br1Ba)= 3.569 A). On the other hand, Pb-I-Pb angle is not signifi-
cantly affected; the angle Pb-I1-Pb amounts to ~148 © while Pb-I1B-Pb angle
is ~147 °. Penetration depth defined by Br1B atom positions is ~0.213 A, thus
similar to that defined by Brl atoms. Of course, without solid-state NMR
measurements, the additional presence of dynamic disorder, that is often found
in metal halide perovskites, cannot be excluded.'"”

To critically evaluate the implementation of GO-MHALP for the prediction of
2D RP perovskite structures, a comparison of the experimentally determined
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single-crystal structure of (#-BA).PbBr.l, with the following structures was
carried out:

i) the idealized structure relaxed with DFT.

ii) the global energy minimum structure predicted by GO-MHALP and relaxed
with DFT.

Figure 7a shows the XRD patterns simulated from the experimentally deter-
mined single-crystal structure (given in red) while the patterns simulated from
the structures 7) and ii) are given in green and blue, respectively. Even a quick
visual inspection of simulated XRD patterns reveals excellent agreement be-
tween the experimentally determined (-BA)PbBrl, structure and that pre-
dicted by GO-MHALP and refined with a DFT relaxation. Quantitatively (see
Computational details), the similarities between the simulated XRD patterns
of the experimentally determined structure and structures 7) and i) are 51.61%
and 96.7%, respectively. The same is obvious from Figure 7b where the ex-
perimental and relaxed global minimum structures are shown in an overlap-
ping manner. Figures 7c¢ and 7d depict structures in more detail; it can clearly
be seen that structural features, such as the in-plane tilting, Pb-I-Pb distances,
as well as the H-bonding motives, found by theory and experiment are in an
excellent agreement. On the other hand, as shown in Figure 7e, the idealized
structure relaxed with DFT obviously differs, significantly, in terms of atomic
positions. Also, a set of typical structural descriptors were used to additionally
analyses and compare the experimental structure with structures predicted
with and without GO-MHALP algorithm (Table 3). While average bond dis-
tances and octahedral volume are similar for all three structures, distortion in-
dex D, bond angle variance 67, in-plane distortion and interlayer d-spacing
clearly point out the structural similarity between experimental structure and
model obtained with GO-MHALP algorithm.

Table 3. Typical structural descriptors comparing the experimental structure
with structures predicted with and with-out GO-MHALP algorithm

Experimental single ~Structure with

Structure without

crystal structure GO-MHALP GO-MHALP
Average bond length (A) 3.13 3.16 3.16
Octahedral volume (A%) 40.93 41.83 39.75
Distortion index, D 0.034 0.035 0.045
Quadratic elongation 1.005 1.005 1.042
Bond angle variance, o° 8.1 9.1 122.4
Average in-plane distortion 148.3 143.9 165.15
©
Interlayer d-spacing (A) 12.27 12.34 11.44

The energy (as given by DFT) of the relaxed ideal structure is higher by ~0.590
eV per formula unit compared to the relaxed GO-MHALP obtained global
minimum, showing that the DFT optimization of the ideal structure got stuck
in a local minimum. Therefore, the benefit of GO-MHALP is twofold: i) it
gives an indication of system stability and i7) it can provide unbiased input
structures for DFT optimizations which result in realistic structures. Recently,
a machine learning aiming to predict whether a given spacer is able or not to
form 2D perovskite in case of pure iodide materials was reported.'® Classifi-
cation is based on the so-called steric effect index (STEI) and eccentricity (Ec)
of spacer. For -BA spacer, with STEI=1.375 and Ec=2, machine learning pre-
dicts the ability of #-BA to form 2D perovskite. However, our experimental
single-crystal study clearly shows that a 2D perovskite is not formed for +-BA-
based lead iodide, as correctly predicted by our GO-MHALP algorithm.

a) ] = experimentally determined single crystal structure of (t-BA),PbBr,l, b)
] = global minimum energy structure obtained by GO-MHALP and relaxed by DFT
5 ] = idealized structure relaxed by DFT
LA
> ]
2 ]
§1 1
c ] !
1 L ¥ A A A AR A M"LLAAAMA
1w 2 A a A A A A DA ma
] }:L J;L__A Ada Aa AA ,
10 2 % 2theta (°)

Figure 7. a) XRD patterns simulated from the experimental single-crystal structure and those predicted with and without GO-MHALP. b) Single-crystal structure (red) and global
minimum energy structure predicted by GO-MHALP (blue) shown in an overlapping manner. Hydrogen atoms are omitted for clarity. Structural features of ¢) experimental structure
and those predicted d) with GO-MHALP and e) without GO-MHALP. Bromide is given in dark orange, iodide in purple, lead in dark grey, carbon in light grey, nitrogen in pale blue
while hydrogen atoms are shown in white. Hydrogen bonds are shown as dashed turquoise lines.

CONCLUSIONS

Based both on experimental and computational studies, we found that
for pure iodides and pure bromides, RP structure could not be formed since
the inorganic pocket between adjacent corner-sharing octahedra is not large
enough to accommodate the -BA spacer at equilibrium penetration depth.
However, mixed halides are able to form a RP perovskite, which is attributed
to the specific arrangement of bromide and iodide anions; such halide order-
ing facilitates the formation of strong hydrogen bonds at shallow penetration
depth. The experimentally determined single-crystal structure is in excellent
agreement with theoretical predictions obtained by the GO-MHALP

algorithm, showcasing the capability of the algorithm for accurate prediction
of the layered perovskite structure.

To our knowledge, (+-BA)PbBrl is the first 2D hybrid organic-inor-
ganic mixed-halide perovskite crystallizing in Ruddlesden-Popper structural
type whose structure has been exactly determined from the single-crystal dif-
fraction data. It will be particularly interesting to determine, once further
studies are published, whether such a specific arrangement of halides proves
to be a typical feature of 2D mixed halide perovskites or whether it is a re-
sponse to the geometrical requirements imposed by the branched organic cat-
ion. In any case, it is important to further explore the implications of our
results, such as the possibility of synthesizing 2D perovskites with bulky and

6



branched organic cations, which often prevent the stabilization of 2D ar-
rangements, by using the mixed halides.

Finally, it should be also noted that specific halide ordering in (z-
BA)PbBr:L: hinders migration and photosegregation thus opening up possi-
bilities for designing photosegregation-resistant perovskites.
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