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| Introduction

Novel zero-dimensional lead-free bismuth based
perovskites: from synthesis to structural and
optoelectronic characterizationfy

Mailde S. Ozério, 22 Willian X. C. Oliveira, ©2° Julian F. R. V. Silveira,?
Ana Flavia Nogueira*® and Juarez L. F. Da Silva (2 *®

Despite high photo-conversion efficiency, the short long-term stability and toxicity issues have prevented
lead-based perovskites from becoming the standard in high efficiency solar cells. Hence, lead-free perovskites
with low inorganic framework dimensionality have attracted great attention because of their optoelectronic
properties and superior stability. In this work, we present a combined experimental and theoretical
investigation of the structural and optoelectronic properties of three novel highly stable zero-dimensional
perovskites (discrete connectivity of the inorganic framework), where fused octahedra [BilJ*~ are
interspersed by large organic cations: Hobpy®* for 1, Hdmphen* for 2 and the combination of H.terpy™ and
Hterpy* for 3 (bpy = 4,4-bipyridine, dmphen = 2,9-dimethyl-1,10-phenanthroline, terpy = 2,2’;6',2"-
terpyridine). In each of these compounds, the inorganic moieties display different morphologies, either
edge-sharing bi-octahedra (Bizlio*~, 1), face-sharing bi-octahedra (Biole>~, 2) or isolated octahedra
(Bilg>~, 3). The consistent results of experimental and theoretical characterization reveal that distortions
in the coordination octahedra are most prominent as the number of shared iodide species increases.
The experimental optical response presents similar trends between all three materials, which is
dominated by transitions inside the octahedron, while the transitions between cations and anionic
bismuth-iodide clusters displayed very low intensity at a lower photon energy, an aspect that was
described qualitatively well by theoretical characterization. Overall, these materials show different
potential prospects, such as application in hybrid dimensional materials, acting as dielectrics for instance,
or as a source of Bi for the synthesis of other lead-free perovskites.

these issues is to move towards lower dimensional perovskites,
where the octahedra are interspersed in one or more directions

Lead-based halide perovskites, APbI3, have emerged as a promising
material for low cost solution processed optoelectronic devices,'™
displaying tunable energy band gaps,*® expressive light harvesting”
and high exciton lifetime.® However, commercialization has been
hindered due to lead toxicity and instability caused by moisture,
heat and extended light exposure.® One of the avenues to address
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by organic cations, creating octahedral planes (2D),° threads
(1D),*° or simply small interspersed octahedral clusters (0D)."*

Moving towards low dimensional systems opens possibili-
ties for different interstitial cations inside the octahedron, and
one of the most prominent is Bi(m), which has a similar
electronic configuration to lead but is non-toxic. Additionally,
bismuth(im)-based perovskites can be straightforwardly pre-
pared via solution processing or solid state reactions. Within
this prospect, several studies have explored lower dimensional
Bi-based perovskites for numerous applications, such as solar
cells,"" broad range emission,'" X-ray imaging,** capacitors"®
and photodetectors.'® For instance, in the context of photo-
voltaics, Cs3Bi,ly and MA;Bily (MA = methylammonium), both
0D perovskites with two face-sharing Bi,l,®>~ octahedra,
resulted in devices with a power conversion efficiency (PCE)
of 3.20% ** and 1.64%,"? respectively.

Overall, low dimensional perovskites exhibited improved
stability as a result of hydrophobic interactions between the
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octahedra and the cations, which can prevent water/oxygen
physisorption.® However, long range octahedra-cation inter-
actions have led to decreased power conversion efficiency,"”
especially when compared to 3D configurations, which is
caused by low carrier mobility due to quantum confinement
derived from the organic components’ interspersion. Hybrid
dimensional constructions are possible alternatives in which
this problem can be averted for superior power conversion,'”
but, to that end, it is necessary to have a fundamental under-
standing of lower dimensional perovskites, and 0D perovskites
have higher structural flexibility to be part of these constructions.'®
Therefore, there is great interest to design new 0D perovskites for
photovoltaic applications.

In this work, we combined several experimental techniques
and density functional theory (DFT) calculations to characterize
the structural, electronic and optical properties of three novel
0D lead-free bismuth-based perovskites, namely, (H,bpy),[Biyl;0]
(1, CyoHpoN,Biylig), (Hdmphen);[Biylo] (2, CisHzoNgBizlg) and
Hterpy(H,terpy)[Bilg]- 2H,O (3, C30H,5NgBilg.,H,0), where bpy =
4,4-bipyridine, dmphen = 2,9-dimethyl-1,10-phenanthroline, and
terpy = 2,2';6’,2"-terpyridine, in which the octahedral morphology
and orientation change from one system to another.

These novel materials were characterized, and DFT calculations
accurately predicted their structural properties by revealing
higher distortions in face-sharing octahedra, followed by
edge-sharing octahedra, and finally, by isolated octahedra.
The experimental results reveal optical band gaps of about
2.2 eV for all systems, while the theoretical calculations capture
this behavior qualitatively, identifying the most significant
transitions as the ones between Bi and I species, while
cation-anion transitions present low intensity due to low
charge transfer. This limits standalone applications in photo-
voltaic devices, but the possibility of application in hybrid
dimensional perovskites as a coating to protect against moisture
and UV radiation can aid the overall development of photo-
voltaic technology.

Il Experimental synthesis
and characterization
A Synthesis

In this work, 4,4-bipyridine (bpy), 2,9-dimethyl-1,10-phenanthroline
(DMPHEN) hemihydrate, 2,2';6',2"-terpyridine (terpy), hydriodic
acid, Bi(NO;);-5H,0, dimethylformamide (DMF), and ethanol
were used without any purification. Nitrates and hydriodic acid
react vigorously under heat, producing toxic nitrogen oxide
gases and iodide vapour. Thus, the reactions were performed
on a mmol scale for the sake of safety.

1 General synthesis procedure for compounds 1, 2, and 3.
To a round flask is added Bi(NO;)-5H,0, deionized water and
concentrated HI. The mixture is left to react at 130 °C for one
hour to let any NO, and I, evaporate from the solution. Then an
organic base dissolved in a minimum volume of ethanol was
added drop-wise and kept stirring for 10 minutes, when finally
DMF was added. The temperature and stirring were maintained
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until all solids were dissolved. The solution was allowed to cool
down to room temperature slowly, forming single crystals. The
crystals are collected by filtration and washed with cold ethanol
and dried in an open atmosphere for 24 hours.

(H,bpy)s[Bizl;] (1). The synthetic procedure for 1 used 970 m
(2.0 mmol) of Bi(NO;)-5H,0, 20.0 mL of water, 5.0 mL of HI,
312 mg of 4,4'-bipyridine, 20 mL of ethanol and 20 mL of DMF.
Red block crystals were obtained. Yield: 68% (678 mg, 0.338 mmol).
Exp. [calc.] for CyoHyoN,Bisl;0: C 11.79 (11.99), H 1.38 (1.01), N 2.71
(2.80), Bi 20.91 (20.86%). IV (KBr): 3081 (C-H), 2463 (vN-H. - -N
intermolecular), 1641 (\C—=NH-C), 1596 (\C—C). ' H NMR: 5.379
(s, NH), 8.122 (dd, 4H, Ph-H, J = 4.8 Hz, j = 1.8 Hz), 9.118 (dd, 4H,
Ph-H, J = 4.8 Hz, j = 1.8 Hz) ppm.

(Hdmphen)s[Bi,Iy] (2). For 2 was used 1.23 g (6.0 mmol) of
2,9-dimethyl-1,10-phenanthroline hemihydrate and 80 mL of
DMF instead. The product was obtained as red lamellar crys-
tals. Yield: 91% (1.99 g, 0.909 mmol). Exp. [calc.] for
C1,H;30NgBi,lo: C 25.00 (25.06), H 1.88 (1.80), N 3.80 (3.84), Bi
19.01 (19.10%). IV (KBr): 3044 and 2915 (vC-H), 2463 (vN-H-: - ‘N
intermolecular), 1657 and 1625 (VC=NH-C), 1602 (C=C) cm .
'H NMR: 2.924 (s, 6H, CH;), 7.905 (d, 2H, Ph-H, J = 8.5), 8.104
(s, 2H, Ph-H), 8.698 (d, 2H, Ph-H, J = 8.3) ppm.

(Hyterpy)(Hterpy)[Bils] 2H,0 (3). For the synthesis of 3 the
following amounts of reagents were used: 485 mg (1.0 mmol) of
Bi(NO;)-5H,0, 2.5 mL of HI, 30 mL of water, 700 mg (3.0 mmol)
of 2,2';6',2"-terpyridine, 10 mL of ethanol and 20 mL of water.
Orange needle-like crystals were obtained. Yield: 54% (780 mg;
0.542 mmol). Exp. [calc.] for C3oH,oN¢O,Bils: C 24.25 (24.41),
H 2.12 (1.98), N 5.55 (5.69), Bi 13.96 (14.16%) IV (KBr): 3066
and 2960 (¥C-H), 2762 and 2413 (vN-H---N intermolecular),
1635 (LC=NH-C), 1598 (vC=C) cm'. "H NMR: 7.090 (s, NH),
7.907 (td, 2H, Ph-H, J = 6,4, j = 0.88 Hz), 8.348 (t, 1H, Ph-H,
J=7.8 Hz), 8.485 (td, 2H, Ph-H, J = 8.0 Hz, j = 1.5 Hz), 8.636 (d, 2H,
Ph-H, J 8.0 Hz), 8.484 (dd, ,H, Ph-H, J = 5.6 Hz, j = 3.8 Hz) ppm.

B Chemical characterization

Nuclear magnetic resonance (NMR) spectra were obtained
with a Bruker AVANCE-III 400 Nanobay spectrometer, using
dry dimelthylsulfoxide-ds as a solvent. Chemical shifts (5) were
reported in ppm and referenced to TMS, Si(CH;),, as the
internal standard. Infra-red (IR) spectra were recorded on a
PerkinElmer 882 spectrometer in the range 4000 to 400 cm ™'
with a spectral resolution of 4 cm ™" by using dry KBr pellets.
Elemental analyses (C, H, N) were performed using a PerkinEl-
mer 2400 analyzer. Thermogravimetric analysis (TG/DTA) was
carried out with a Shimadzu TG/DTA 60 under a dry synthetic
atmosphere at a heating rate of 10 from room temperature to
700. The bismuth content was determined via atomic absorp-
tion using a Varian AA240FS spectrophotometer. Elemental
analyses (C, H, N) were performed with a PerkinElmer 2400
analyzer. Photo-luminescence (PL) spectra were recorded using
a spectofluorimeter Varian Cary Eclipse using the same solid
state samples mounted in FTO glass used for the UV-vis spectra
experiments. The samples were excited at 350 nm and the
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luminescence recorded from 400-650 nm to avoid harmonics
from the light source. TG/DTA curves with their interpretation
and NMR, IR and PL spectra can be found in the ESL¥

C Single crystal X-ray diffraction

Single crystal X-ray diffraction (XRD) data were collected using a
Bruker-AXS Kappa Duo diffractometer with an APEX II CCD
detector and Mo-Ka radiation at 150 K. CrysAlis CCD and
CrysAlisRED"® were used for cell refinement and data indexing,
integration, reduction and absorption correction. Structure
solution and refinements were performed using SHELXL-
2018.%° Non-hydrogen and hydrogen atoms were refined aniso-
tropically and isotropically, respectively. All CH hydrogen
atoms were added to their corresponding carbons following a
riding model with fixed bond lengths and angles. In the case of
NH and water hydrogen atoms, before their constraining, they
were firstly found from the difference Fourier map and checked
for suitable orientation of hydrogen bonds.

Hydrogen atoms had their isotropic atomic displacement
parameters set to 1.2 X Ujso(C/N) or 1.5 X Ujso(O). Compound 3
exhibits disorder associated with hydrogen atoms in proto-
nated terpyridine and water molecules. For terpyridine, the
H1 and H3 atoms have half occupancy, and, for water, H1 was
split in two positions (H1A and H1B) with equal occupancies.
The complete X-ray diffraction data set for the structures of
perovskites 1, 2, and 3 is available under CCDC number codes
1996480, 1996481 and 1996482, respectively, and is reported
in Table S1, in the ESIL.} Selected bond geometries, showcasing
the length, angle and/or proper symmetry operations, can be
seen in Tables S2, S3 and S4 (ESIY), for 1, 2 and 3, respectively.

D Ultraviolet-visible spectroscopy

All optical characterization was performed using thin films
deposited on glass supported fluorine doped tin oxide (FTO).
For film deposition 40 pL of saturated dimethylformamide
solution was spin coated for 60 at 3000 rpm. Ultraviolet-
visible (UV-vis) spectra were recorded using Agilent Cary 60
equipment in the 800 nm to nm range. The optical band gap
was estimated by Tauc plots using solid state absorption
spectra and the direct band gap approximation.

[l Theoretical approach and
computational details

Our total energy calculations are based on DFT calculations
with the semilocal Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional,” as implemented in version 5.4.1 of
the Vienna ab initio simulation package (VASP),*>** where the
Kohn-Sham equations are solved using the frozen-core projector
augmented-wave (PAW) method.”*** To improve the description
of the weak van der Waals (vdW) interactions, we considered
the vdW D3 correction proposed by Grimme et al.,>® which is
important to include due to the stacking of the organic cations
seen in compounds 1, 2, and 3, Fig. 1.

This journal is © The Royal Society of Chemistry 2020
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To improve the description of the energy band-gaps, which
is fundamental to compare with the experimental results, we
employed the hybrid Heyd-Scuseria-Ernzerhof*>” (HSE06)
exchange-correlation functional, which replaces 25% of the
PBE exchange with the non-local Fock exchange term. Due to
the higher computational cost of DFT-HSEO06 calculations as
implemented in VASP, our HSE06 calculations were performed
using frozen PBE optimized structures with a reduced k-density
of 20 A™". It has been shown in several studies that HSE06
yields an almost rigid shift of the conduction band compared
with PBE results, and hence the same shift is expected in the
absorption coefficient spectra.

The equilibrium configurations were obtained via stress-
tensor calculations and using a plane-wave cutoff energy of
841.82 eV due to the slow convergence of the stress-tensor as a
function of the number of plane-waves, while for the total
energy calculations, density of states, band structure, and
optical properties we employed a plane-wave cutoff energy of
473.53 eV. The atomic force and total energy convergence
criteria were 0.025 eV A™! and 107 eV, respectively, while for
the Brillouin zone sampling we employed a k-point density of
20 A™* for the stress-tensor, which generated k-point meshes of
2x2x2,1x2x1,and 2 x 2 x 2 for 1, 2 and 3, respectively.
For density of states and optical property calculations, we
considered twice the k-point density of the stress-tensor
calculations, which yields k-meshes of 5 x 4 x 4,2 x 4 x 2,
and 5 x 5 x 4, respectively. Further technical details are
reported within the ESI.{

IV Experimental results
A Comments on the synthesis and chemical characterization

All compounds were synthesized with a very straightforward
and easy procedure, with good or very good yield. From the
chemical characterization, one can find that the compounds
are pure and the proposed compositions, based on their crystal
structures, are representative of the bulk material. From a
structural point of view, although using a similar synthetic
path, the compositions and in particular the bismuth-iodide
anion complexes are completely different, the organic cation
being most likely responsible for the crystal engineering.
Finally, the compounds could be manipulated, stored
and almost all characterizations performed under a regular
atmosphere, showing long term stability, being stable in the
presence of oxygen and atmospheric humidity. The TG/DTA
curves also exhibit stability from room temperature until 250 °C
for 1, 100 °C for 2 and 130 °C for 3, with no weight loss,
indicating that the materials are also thermally stable.

B Crystal structure description

From our results, compound 1 crystallizes in the triclinic P1
space group and is formed by one bi-octahedra [Bi,l;o]'~ unit
and two moieties of H,bpy”", Fig. 1a, where the crystal packing
is mainly ruled by non-classical NH- - -I hydrogen bonds. The
anionic complex is built up from two square-based pyramid

Mater. Adv., 2020, 1, 3439-3448 | 3441
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Fig. 1 Experimental crystal structures of perovskites 1, 2 and 3, where the dashed-lines indicate the unit cell, while the octahedra show the frames

formed by the Bilg ions.

[Bil;]*~ fused to a basal iodide, which fills the neighboring
bismuth(m) free apical position, culminating in edge-sharing
octahedra. The edge-sharing complexes for bismuth-iodine
systems are most likely to be formed when the organic cation
is doubly positively charged at opposite ends, observed in
the literature for cations based on 1,3-propanediamine,*®
1,4-phenylenediamine,*®**®  4,4’-diaminobiphenyl,®® etc.*'’
Additionally, viewing along the crystallographic c-axis, one
can observe that the organic cations are packed sandwiching
a layer of bismuth dimers, producing supramolecular perovs-
kites (Fig. S10, ESIf).

The Bi-I bonds spread from 2.9508(5) to 3.2562(5) A, and we
noticed that shared iodide ions have elongated Bi-I bonds, e.g.,
Bi1-13 = 3.2062(5) A and 13-Bi1' = 3.2562(5) A, while the bridge
angle Bi1-13-Bi1' = 95.29(1)°. As expected from the differences
in the asymmetrical bridge and bond lengths (e.g., 0.22 A), the
octahedron is distorted, and hence the out-of bridge plane
iodine ligands are slightly bent towards each other with lower
bond angle (I12-Bi1-14 = 176.25(1)°). The intermetallic distance
(Bi,- - -Bi,') is equal to 4.7758(5) A.

Furthermore, the H,bpy** units interact with terminal
iodide anions with intermolecular distances between 2.921 A
and 3.086 A [see Fig. S5a (ESI{); N1-H1---I3 and N2-H2. - -14",
respectively]. The metal complexes are close to each other, the
closest separated by only 4.2045(7) A concerning the I2.- 121
interaction, and 4.5573(5) and 4.9860(6) A in the I5- --15" and

3442 | Mater. Adv., 2020, 1, 3439-3448

14-- 14" contact, respectively. Unexpectedly, there is no clear
stacking of aromatic rings since all H,bpy®* cations are sur-
rounded by [Bi,I;0]*” units, see Fig. 1a.

Compound 2, which crystallizes in the orthorhombic struc-
ture, with space group Pna2,, is composed of three monovalent
2,9-dimethyl-1,10-phenanthroline cations for each of the
[Bi,Io]>~ units, Fig. 1b, which are composed of two octahedral
complexes fused on one face. The Hdmphen' cations have
three fused aromatic rings, displaying great surface area and
planarity, facilitating the stacking along the crystallographic
b-axis with an average distance of 3.5(2) A, twisted in relation to
each other also due the methyl group steric hindrance effect
(Fig. S10, ESIt). The presence of methyl groups in the 1 and
10 positions introduces steric hindrance, which weakens the
hydrogen bonds, and is hence competitive with stacking.
Furthermore, [Bi,Io]>” can be seen occupying the voids left
from Hdmphen' stacking, but contacts close to complexes
create a supramolecular chain almost perpendicular to the
organic moiety stacking where the shortest distance between
the anions is equal to 3.667(1) A [I1- - -18"].

As observed for 1, the bridge iodide ligands have larger bond
lengths than other ones. The bond lengths vary between 3.1471(9)
and 3.3590(8) A [Bi1-I5 and Bi2-16] and 3.1471(9) and 3.012(1) A
[Bi,;1I8 and Biy;19], for shared and non-shared ligands. As expected
of face-sharing dimers, the octahedra are eclipsed, but slightly
twisted with an average twist angle of 2.0(5) A. The intermetallic

This journal is © The Royal Society of Chemistry 2020
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distance in this complex is 4.2175(7) A [Bil---Bi2]. Some weak
hydrogen bonds are observed, with an interaction distance of 2.967 A.

As can be seen in Fig. 1c, the crystal structure of perovskite 3
is build up by one [Bil]>~ complex, two protonated 2,2':6,2"-
terpyridine molecules, and two water molecules. The structure
crystallizes in the triclinic space group P1 and the packing is
ruled by the n-stacking among terpy cations and the bismuth-
based units form a monometallic octahedron complex with
almost regular geometry. The bismuth complexes are packed
parallel to the g-axis, which creates a supramolecular 1D-like
chain (pseudo-1D perovskite, Fig. S11, ESIt). In this array, the
distance between the metallic atoms is 10.947(2) A and the
chains are spaced 10.822(2) A from each other.

In contrast with compounds 1 and 2, the Bi-I bond lengths
are very close to each other as there are no shared octahedrons,
e.g., 3.0899(7) A [Bi1-11], 3.0737(8) A [Bi1-I2] and 3.080(7) A
[Bi1-I3]. Further, similar to 2, in 3 the protonated part of terpy
has great steric hindrance and no other terpy molecule nor
bismuth complex can interact with it. Thus, only a small
molecule such as water is able to occupy the available void.
The water molecules are trapped along the [Bilg]’~ complex
in the voids caused by terpy packing, creating a local
hydrogen bond net. The great amount of hydrogen bond
donors avoids the iodide being shared, leading to a mononuclear
bismuth complex, also observed for similar systems in the
literature.>***

Although only one terpy unit is present in the asymmetric
unit of this compound, half of them are doubly protonated
(Haterpy®"), and the other half singly protonated (Hterpy'). In
the difference Fourier map the second hydrogen atom was
hardly found around the N1 or N3 atoms, suggesting that
both can be protonated, and thus the occupancy of H1 and
H3 was fixed as 0.25, for the sake of charge equilibrium. Due to
the strong intramolecular hydrogen bond and the three basic
nitrogen atoms, multiple protonations occurred, but, also, due
to the proximity of hydrogen atoms in the double protonated
units and their almost planar structure in the solid-state, an HI
molecule is lost at very low temperatures, as seen in the thermal
analysis of 3. The crystallization of water molecules assisted the
stabilization of protonated terpy units, adding a negative pole
very close to the charged atoms. Following the double position
of the second acidic hydrogen (H1 and H3) added to the terpy
unit, the water hydrogen atom was split in two possible posi-
tions to interact with the non-protonated nitrogen atom, both
with equal occupancy. The planarity of terpy is verified by the
angle of the external pyridine rings, which is equal to 11.1(5)°.
The protonated terpy units interact with a nearby one packing
the inner and one outer pyridine ring with a mean plane
distance of 3.469(2) A.

C UV-vis absorption

All compounds exhibit similar optical behavior with a broad
absorption band in the visible and UV region in a solid-state
thin film, see Fig. S1-S3 (ESIT), with no emission observed between
UV and near-IR when exciting them using UV or near-UV visible
light. The absorption maximum in the visible region for all

This journal is © The Royal Society of Chemistry 2020
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materials occurs between 490 nm and 500 nm, with a bandwidth
around 80 nm. The films deposited onto glass presented an
orange color, in agreement with the visible absorption. It is
associated with anion complex charge transfer, I(p) — Bi(p),
just as seen for Cs;Bi,ly, which has an absorption maximum at
494 nm.*” The small changes in the absorption maximum are
mostly due to the complex geometry, which slightly changes the
charge density over the iodide atoms, combined with hydrogen
bonds towards the anionic complexes. Down from 450 nm the
absorption increases again, referring ton — n* and n —» n*
transitions of very conjugated organic cations. The more con-
jugated the cation, the greater the absorption in the UV and
near-UV region, increasing the ratio of the absorption at the
maximum in the visible region and UV region from 1 to 3.

In order to determine these materials’ potential as semi-
conductors, the band-gap was estimated using Tauc plots from
the absorption spectra. All three compounds’ Tauc plots were
best fitted when a direct band gap was considered, presenting a
narrow edge near 2.2 eV, Fig. 2. The estimated optical band
gaps are 2.31 eV for 1, 2.19 eV for 2 and 2.22 eV for 3.

V Theoretical results
A Structural properties

The greatest uncertainties regarding the X-ray experimental
structures originated in the low accuracy of the position of
the hydrogen atoms. Perovskite 1 contains fully protonated
H,bpy®>" units, which removes the need for guesswork to
determine the position of the hydrogen atoms, and although
perovskite 2 has six degrees of freedom regarding the position
of the hydrogen in one of two sites in each of the three
Hdmphen" units, this likely has little bearing on the overall
structure, due to the sites being symmetrical. Perovskite 3, on
the other hand, not only has more degrees of freedom in the
H,terpy”* and Hterpy" pair, but also has two water molecules in
the crystal structure, interacting via hydrogen bonds with the
organic molecules. This aspect, if not properly modeled, can
induce steric effects and lead to multiple configurations with
different energy and lattice parameters.

To address this concern, we employed multiple initial
configurations of perovskite 3 for the stress-tensor calculations,
varying the position of the hydrogens between the two units, as
well as the initial position of the hydrogens of the water
molecules, which can affect the optimization procedure in the
stress-tensor calculations, resulting in local minima. As shown
in Table 1, the lattice parameters (ao, Do, Co, @, f, and 7)
displayed very low deviation from the experimental results,
ranging from —1.3% to 1.0%, a very solid result that validates
the method employed. It is noticeable that, as predicted,
different initial configurations of perovskite 3 resulted in other
higher energy structures, with different lattice parameters. The
lattice parameter deviations within this set were as high as 8%,
which reaffirms the need to properly address the uncertainties
regarding the position of hydrogen atoms in complex systems,
see the ESL.}
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Fig. 2 Band structure and density of states of perovskites (a) 1, (b) 2, and (c) 3.

Analysis of the local structure parameters reveals little
deviation from the experimental ones, with the exception of
ECN®, with deviations as high as 2% for perovskite 1 and 6%
for perovskite 2, indicating a small but consistent discrepancy
in dealing with fused octahedra. It is noticeable that the local
parameter analysis identified increasing deviations from the
perfect octahedron as the number of shared halides increases,
with perovskite 2, which has face-sharing octahedra, displaying
the largest deviation, followed by compound 1, which has edge-
sharing octahedra, and finally by perovskite 3, which has
isolated octahedra, and displays virtually no local distortions. As
the discrepancies noted earlier also increase with the magnitude

of the octahedron fusion, calculations employing larger, more
complex fused octahedra are susceptible to even greater deviations.

B Electronic structure

The band structures of the three compounds are nearly flat for
most of the bands, Fig. 2, which is a consequence of the discrete
nature of the inorganic moiety, which occurs as the octahedra are
surrounded by the large organic cations, and the predominantly
long range interactions between cations and anions severely
decrease the carrier mobility. Although the bands look equally
flat for all compounds, we found substantially larger electron and
hole effective masses for compound 2, which can be explained by

Table 1 Experimental and theoretical values of the lattice parameters (ao, bo, Co, %, f, and y), local structure parameters (average Bi—| bond length, a5/,
average non-adjacent |-Bi—I angle, @,,, average adjacent |-Bi—| angle, 0.,,, and bismuth average effective coordination number, ECN®), and the percent
deviation between the experimental and theoretical results, 4. The population standard deviations, o, for all absolute 4 values are given for all three
structures considering two octahedra (two single cells for 3). Further details and definitions of the structural properties can be found in the ESI

1 2 3
Exp. DFT A4 Exp. DFT 4 Exp. DFT 4

ay (A) 8.83 8.80 —0.34 23.55 23.32 —0.98 10.67 10.66 —0.09
bo (A) 10.70 11.02 —0.09 10.43 10.37 —0.58 10.82 10.68 —1.29
co (A) 11.79 11.74 —0.42 21.92 21.85 —0.32 10.95 10.98 0.27
a (%) 114.45 115.33 0.77 90.00 90.00 0.00 81.04 81.17 0.16
B() 99.70 100.71 1.01 90.00 90.00 0.00 61.71 61.69 —0.03
7 (°) 100.09 100.13 0.04 90.00 90.00 0.00 61.46 61.80 0.55
dBiT (A) 3.09 3.11 0.65 3.10 3.12 0.65 3.08 3.10 0.65
dBa1 (A) 3.12 3.13 0.32

BT (%) 174.79 174.83 0.02 171.61 170.66 —0.55 180.00 179.17 —0.46
@B (°) 172.00 172.31 0.18

) 89.96 89.97 0.01 90.02 90.06 0.04 90.00 90.00 0.00
0321 () 89.88 89.89 0.01

ECNP! 5.61 5.74 2.32 5.32 5.48 3.01 6.00 6.00 0.00
ECN®2 5.09 5.40 6.09

o 0.76 1.62 0.36
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the larger isolation of the octahedra compared with compounds 1
and 3. All materials are semiconductors with PBE + D3 (HSE06,
frozen PBE + D3 structures) fundamental energy band gaps of
0.98 eV (1.80 eV), 1.53 eV (2.35 eV), and 1.41 eV (2.24 eV),
respectively, for perovskites 1, 2 and 3, and, as expected, the
HSEO06 results are larger due to the non-local Fock exchange The
. 1
valence band maxima (VBM) are located at V (5 — 0)
111

2n
F(0,0,0)a—o,andR <2 33

2n
) , respectively, while the conduction

111

band minima (CBM) are located at R ( )

2
) r , between I'-X

3 2n 111\2n
( o 0 0> and R (5 'y 5) , respectively; as such perovskites

1 and 2 have indirect band gaps, while perovskite 3 has a direct
band gap. Analysis of the density of states reveals that all materials
have similar contributions to both the VBM and CBM,; the former is
almost solely comprised of I p-states, while the latter has contribu-
tions from both C p and N p-states. The main difference between
these materials is the presence of punctual CBM states in
compounds 1 and 3, while 2 has more bundled CBM states.

C Optical properties

From the calculated absorption coefficient spectra, which
include only direct transitions from the valence to the conduc-
tion band, we found optical PBE + D3 band gaps of 1.01 eV,
1.53 eV, and 1.41 eV for 1, 2, and 3, respectively. This indicates
the first onset of optical activity, but, as can be seen in the
absorption coefficient theoretical data, Fig. 3(b), this initial
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Fig. 3 (a) Experimental absorption data of perovskites 1, 2 and 3, indicat-
ing the estimated optical band gap. (b) Theoretical absorption coefficient
data of perovskites 1, 2 and 3, indicating the PBE + D3 fundamental band
gap as a vertical orange line, the onset of the | p—Bi p transitions as a
vertical purple line, and the extrapolation procedure as a gray line, where
the point of intersection between this line and the x-axis is the PBE + D3
optical band gap.
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Table 2 Optical band gap of perovskites 1, 2 and 3, according to PBE +

D3, employing the HSEOQ6 shift and according to experimental data. The
values are given in eV

Eg,}}—‘tBE+D3 Egg&sme Egh 2,Exp.
1 2.30 3.10 2.31
2 2.20 3.00 2.19
3 2.25 3.09 2.22

activity, the fruit of the cation-anion transitions, is insignifi-
cant compared to the absorption noticed at about 2.5 eV, which
can be associated via the density of states with I(p) — Bi(p)
intra-octahedral transitions. This is corroborated by the fact
that the perovskite Cs;Bi,Is has a similar optical gap to our
systems, despite their differences.”” This different intensity of
intra-octahedral and cation-anion transitions is likely due to
poor carrier mobility due to the nature of the interactions
between the cation and anion. Analogously to the experimental
procedure of extrapolating to obtain the optical gap, we can use
a similar procedure to capture the onset of the most significant
transitions, resulting, similarly to the experimental results, in
all optical band gaps being approximately the same (Table 2).
After application of the HSE06 shift to the data in order to
improve the description of the band gap, the theoretical optical
band gaps, while still remaining close to one another, are
shifted to the 3 eV region, leading to a quantitative discrepancy
between the experimental and theoretical data. This discrepancy
is most likely associated with a combination of limitations of the

Effective Bader charge

Fig. 4 Electron localization function (ELF) and effective Bader charge (e)
of inorganic Bixlyﬁ’ moieties of perovskites (a) 1, (b) 2 and (c) 3. Along
bismuth-iodide planes, the colors blue and red in the ELF plots represent
electron charge depletion and accumulation, respectively.
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theoretical calculations, which consider perfect crystal structures,
and the experimental sample may contain defects which can likely
introduce mid-gap states that can justify the smaller optical
band gaps.

D Charge transfer analysis

Bader charge analysis reveals that Bi-I bonds display ionic
behavior in all configurations, Fig. 4, regardless of the shape of
the octahedra (face-sharing, edge-sharing, or isolated). The little
difference between Biny‘s_ moieties is likely associated with the
long distance interactions; for example, in perovskite 1, charge
accumulation is observed in the two iodides transversely sym-
metric in the apical position (I,p.), resulting in 0.08 higher charge
than the iodide average observed on the other iodide ions, which
is associated with the weak -NH- - -I,,. hydrogen bond with the
H,bpy”* cation. These small differences justify the similar optical
behavior of these systems and corroborate the fact that transitions
inside the octahedron are most responsible for the optical activity.

VI Conclusions

Three novel perovskite materials were synthesized and char-
acterized via a combination of experimental and theoretical
techniques. The compounds exhibited remarkable stability
being stored under room conditions. The results showed that
octahedra with an increased number of shared iodides display
a greater degree of structural deformation, an aspect that was
corroborated by theoretical calculations successfully.

Analysis of the optical properties revealed all three materials
to have a similar behavior, with similar optical band gaps of
around 2.2 eV. The transitions around the fundamental band
edge present low intensity and the most significant transitions
observed were inside the octahedra, which justifies why the three
different materials would present similar optical responses. The-
oretical calculations were able to predict this behavior only in a
qualitative sense, but the values of the optical band gap deviated
consistently by about 1 eV, which is likely due to limitations of
the calculations and employment of a perfect model without
defects, an aspect that could, in an experimental sample, affect
the band gap.

Overall, this work was able to capture an atomic level under-
standing of these materials, and while their use in photovoltaics is
limited due to the low carrier mobility, this study will hopefully
inspire further studies of 0D perovskites for novel applications,
such as dielectrics for capacitors or bismuth-iodide sources for
double halide lead-free perovskite preparation soluble in a wide
solvent range.
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