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Abstract

Understanding of the structural properties of hybrid organic-inorganic perovskites (HOIPs) and
their behavior is crucial for their use as photovoltaics and for the design and assembly of solar
cells. As part of this work, a detailed study was conducted to further understand bismuth iodide
perovskites, with a specific focus on the phase transitions of methylammonium and
formamidinium analogs. A detailed analysis of the temperature-dependent IR spectra was also
performed in order to analyze the structural changes that occur. The presence of five phases in
the methylammonium bismuth iodide (MABIl) and four phases in formamidinium bismuth
iodide (FABIl) were determined. An additional confirmation of the reported results was obtained
from the differential scanning calorimetry. The ambiguities concerning the crystal structure of
FABII were resolved based on the results by X-ray powder diffraction (XRPD).

Keywords: methylammonium bismuth iodide, formamidinium bismuth iodide, perovskite, phase
transition, IR spectroscopy, XRPD

1. Introduction

Hybrid organic-inorganic perovskites (HOIPs) are most likely to be the materials of the future.
They exhibit unique properties that have a wide variety of applications. One example is using
HOIPS in solar cells due to their exceptional light-harvesting properties. The increasing need for
clean energy has driven the search and synthesis of new perovskite compounds. The first study
regarding the application of the organic-inorganic perovskites (CH3NHsPblz and CHsNH3PbBr3)
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as materials for photovoltaic purposes was carried out by Kojima et al. that increases the solar
cells with efficiencies of up to 3.8 % [1]. A few years later, a breakthrough was made by Kim et
al. using mixed HOIPs as hole-transporting material to fabricate mesoscopic solid-state solar
cells leading to the prevention of the decomposition of perovskite in the polar electrolyte solvent
with device efficiency exceeding 9 % [2]. In the last decade alone, intensive research on
perovskite solar cells led to an increase in efficiency of up to 31.3 % [3].

The effectiveness of the organic-inorganic perovskites, above all, is related to metal-halogen
bonds (B—X) that are part of the octahedral coordination polyhedra as their main structural motif.
In the perovskite structure (designated with general formula ABXz3) the octahedra are forming
cubooctahedral cavities in which the A-cation is located [4], leading to an ideal cubic structure.
In the organic-inorganic perovskites, the A position is usually occupied by a small organic
cation, the B site is in the octahedra center and is occupied by a metal cation, and X is the
inorganic anion, usually some halogen element. Many combinations of cations and anions can be
used while retaining the perovskite structure. This leads to the possibility of modeling the
composition of the perovskites and tuning their properties. Most of the recently studied HOIPs
have methylammonium (MA) and formamidinium (FA) cations in the A position, even though
other cations such as guanidinium [5], hydroxylammonium [6], hydrazinium [7], imidazolium
[8], pyrrolidinium [9], azetidinium [10], etc. have also been used to synthesize these hybrid
materials. In all of these combinations, the typical corner-sharing perovskite motive is kept, but
different kinds of deviations from the ideal cubic structure appear leading to lower symmetry
[11] and/or lower dimensionality. Today are known perovskites that belong to different crystal
classes as well as with 3, 2, 1, or 0 dimensionality [12].

As mentioned, the first breakthrough in using HOIPs as light harvesting materials was achieved
by utilizing organic lead iodides. Knowing the impact of lead on the environment and its
potential toxicity (even though Pblz, one of the products of the decomposition of lead HOIPs, is
water insoluble and has low bioavailability), other HOIPs have been synthesized and used in
solar cell development [13]. Therefore, one of the challenges was to replace the Pb?* ion in the B
position of the perovskites with a more suitable metal ion that would be environmentally friendly
but would maintain an appropriately low bandgap. One of the most promising new emerging
candidates to replace lead in the lead-iodide perovskites was tin (CH3NHsSnls). Despite the more
difficult synthesis, it was determined that the power conversion efficiency of the solar cells made
out of Sn instead of Pb have more or less similar values [14]. Soon after, the toxicity of Sn
compared to Pb was questioned and it was found that the Sn-containing compounds have similar
toxicity as the Pb-based systems. Since the synthesis of Sn-based HOPIs is more time-consuming
and demanding, they have been abandoned and attention has been directed towards less toxic
elements such as bismuth [15] and antimony [16]. Recently, several studies concerning the
methylammonium and formamidinium bismuth analogs have been published [17-20]. It was
shown that by using bismuth, not only has the toxicity been reduced, but the stability of the



HOIPs has also increased. Namely, MA and FA bismuth iodides are more stable towards
atmospheric water and oxygen than their lead counterparts. Unfortunately, most of the Bi-based
systems underperform when used in solar cells compared to the corresponding Pb and Sn
analogs. A new possibility for bismuth HOIPs rose when combined with Pb and Sn analogs. A
recent study by Yamada at all. [21] has shown that this kind of combination can yield higher
power conversion. Another approach to improve the desired properties is by substituting part of
the organic cation with another organic or even inorganic cation. In this way, double A-site
mixed perovskites were obtained [22]. The organic and inorganic cations occupying the A site in
the perovskite structure can also improve the conversion factor.

The possibilities offered by bismuth containing HOIPs directed our investigation toward
(CH3NHz)3Bi2lg (MABII) and formamidinium bismuth iodide, [(CH(NH2):]3Bi2ls (FABIl). In
this study, the structural characteristics and phase transitions in the mentioned compounds were
analyzed aiming toward a better understanding of their stability.

The single crystal structure of MABIl was determined for the first time in 1990 by Jakubas et al.
[23] and it was found to adopt a hexagonal P6s/mmc space group, being isomorphous to
Cs3Shalg, at room temperature. More than 25 years later, the crystal structure was reported again
by several other authors, independently. The results are based on single crystal [24-26], thin
films [22,27-29], and powder obtained by ball milling [17]. Only in two cases, structural
refinements led to a different space group. Ajjouri et al. [17] have been working on a sample
obtained by ball milling and found a space group C12/c1 that belongs to the monoclinic crystal
system. The same crystal system was determined in the work of Hoye et al. [27]. Hoye et al.
have been working on thin films on glass and quartz substrates, while in the rest of the studies,
[22,28,29], MABII has been deposited on TiO2 substrates. An interesting fact arising from the
analysis of the literature data for MABII is that the space group found by Hoye et al is the same
as the one found for the low-temperature phase (—113 °C) in the work of Kamminga et al. [25].

Unlike MABII, the interest in FABIl began to develop recently. The first report on its crystal
structure based on single crystal XRD analysis was in 2019 by Szklarz et al. [19], even though
two years earlier Shin et al. [28] prepared films on SnO; and TiO> substrates. The crystal system
found by Szklarz et al. was hexagonal and the space group P6smc. Structural analysis of the
compound prepared by ball milling led to space group C12/c1 (similarly to MABII) [17]. In
2021, Li et al. [20] solved the structure of FABII in the P6smc space group.

In the current work, the crystal structures of powder MABII and FABII perovskites are analyzed,
and some ambiguities present in the literature concerning the room temperature phase, have been
resolved. One of the drawbacks of the perovskites used for solar cell production is the phase
transitions (PT) they exhibit in the range of the operational temperature. That is why a detailed
thermal analysis using differential scanning calorimetry (DSC) starting from —160 up to +200 °C



has been conducted in order to characterize the phase transitions that take place. Valuable insight
into structural changes was obtained by IR studies in a wide temperature range. The
spectroscopic techniques were shown to be a valuable tool in the determination of the new
phases. Based on the results of the IR analysis, more detailed attention was directed toward the
results obtained by the DSC. In addition to the already mentioned techniques, the obtained
samples were analyzed by scanning electron microscopy (SEM) imaging, energy dispersive X-
ray (EDX) spectroscopy, and CHN analysis.

2. Experimental

2.1. Synthesis

Formamidinium iodide CH(NH>)2l, denoted as FAI, and methylammonium iodide, CH3NHal
denoted as MAI were used as starting materials in the synthesis of the bismuth iodide
perovskites. For the synthesis of FAI, a stoichiometric ratio of formamidinium acetate (99 %,
Alfa Aesar) and concentrated HI (57 % w/w, aqueous solution, stabilized with 1,5 % H3PO3,
Carlo Erba reagents) were used. Under constant stirring, the acid was slowly added to the
acetate. The obtained product was recrystallized from ethanol. MAI was synthesized by dropwise
addition of HI to methylamine solution (40 % w/w, aqueous solution, Sigma - Aldrich) until
reaching a pH of 8 — 8.5 while keeping the temperature at around 0 °C. The excess water and
unreacted methylamine were removed by evaporation and the crude iodide was recrystallized
from methanol.

Bismuth(I11) iodide, Bils was also pre-synthesized. It was obtained by dissolving Bi>O3z (99.9
%, Sigma-Aldrich) in concentrated HI. The obtained Bilz was recrystallized from an ethanol
solution.

The synthesis of formamidinium bismuth iodide, [(CH(NH.)2]3Bizlg, was carried out in a 50
mL glass flask with temperature-controlled heating in an oil bath and constant stirring. For
obtaining the product, pre-synthesized FAI (in 10 % excess) and Bils, were dissolved in 57 %
HI. The solution was then heated to 120 °C. The reaction was allowed to proceed for 2 h 30 min
and afterwards, the mixture was cooled down to room temperature. During cooling,
crystallization of the perovskite occurred and the crystals were removed from the bottom of the
flask, washed three times with dry ether, and placed on a watch glass. The crystals were dried for
1 hour at 100 °C in a vacuum dryer. After drying, they were stored in a desiccator.

The synthesis of methylammonium bismuth iodide, (CH3NH3)3Bi2lg, proceeds identically to
the synthesis of FABIl. For the synthesis of 1 g of the product, pre-synthesized 0.317 g of MAI
(10 % excess) and 0.712 g of Bils were used. As with the previous synthesis, it is important to
carefully monitor the temperature because it must not exceed 130 °C.



2.2. Thermal analysis

The thermogravimetric and differential thermal analyses (TG/DTA) were carried out on Netzsch
STA 449 F3 Jupiter apparatus. The measurements were performed in three steps. Heating from
35 to 800 °C with a heating rate of 2 °C min-?, thermostating at final temperature for 1 h, and
cooling down to 35°C with a cooling rate of 2 °C mint. All segments were performed using an
argon 5.0 atmosphere with a 50 mL min~! flow rate and an Al>Os crucible as reference material.

The DSC measurements were performed on a Mettler Toledo TGA/SDTA 851 instrument from —
160 to 220 °C. A heating rate of 5 °C min was used for dynamic measurement. The furnace was
purged with air atmosphere at 100 mL min™ flow rate. The samples were placed in 40 pL Al
standard crucibles.

2.3. X-ray powder diffraction

X-ray powder diffraction (XRPD) patterns of the samples were collected at room temperature in
an air atmosphere. The powder patterns were recorded using a Bruker D8 Advance powder
diffractometer with CuKa radiation and a high-speed LynxEye PSD detector within the 26 range
starting from 6 up to 90 ° with 0.7 °/min scanning speed and 0.02 °26 step size. The crystal
structure refinements were performed using the Rietveld method and FullProf Suite (version July
2017) software package [30]. FullProf program allows the use of linear combinations of
spherical harmonics to model anisotropic crystallite size line-broadening effects. This type of
correction was necessary to model the powder pattern profile of methylammonium bismuth
iodide, [(CH3sNH3)]3Bi2lg. The microstructural size model Size-Model=19 (Laue classes 6/m and
6/mmm) was used, as described in the FullProf manual. The powder pattern of sample
formamidinium bismuth iodide, [(CH(NH-)2]3Bizls showed no signs of anisotropic line
broadening, hence microstructural models were not applied during the crystal structure
refinement. The interatomic distances, angles, bond-valence sums, and octahedral distortion for
all samples were calculated using the Bond_Str (version July 2010) program, also part of
FullProf Suite.

2.4. Scanning electron microscopy and EDX

The morphology and elemental composition of the samples were studied by field-emission
scanning electron microscopy FE-SEM Zeiss Ultra Plus microscope. The samples were fixed
using double-sided graphite tape onto the aluminium stub. The sputtering was not performed
before microscopy. Images were taken using In-lens and/or standard Evernhart-Thornley
secondary electrons (SE) detectors.

Infrared spectroscopy
The IR absorption spectra were recorded on a Perkin-Elmer System 2000 FTIR Spectrometer
using Liquid Nitrogen Cell (LNC). For the absorption measurements, the KBr pellet technique



was used. The absorption spectra were recorded with a resolution of 2 cm™, using 32 scans (both
for the background and the sample spectra) in the temperature range starting from —170 °C up to
200 °C and again down to room temperature on the same pellet. The CO2/H20 software
compensation was used to reduce the intensity of the bands originating from the atmospheric
moisture and the CO> outside the temperature-controlled cell. The IR spectra were recorded with
a five-degree interval between each temperature allowing for a detailed analysis of the
temperature-dependent changes that occur. Additionally, a one-degree temperature difference
was set in order to record the temperature in the vicinity of the phase transition.

3. Results and Discussion

The elemental compositions of the phases were analyzed using EDX and CHN analysis. The
results of the combined elemental analyses are shown in Table 1. Based on the obtained values, it
can be concluded that the composition of these two perovskites is close to the expected one,
having the stoichiometry of AzB2Xo, i.e. AsBizlo.

Table 1. Theoretically calculated and experimentally obtained values for the elemental
composition of the MABII and FABIl.

Element/ (w/%) C H N Bi I

theoretical 2.18 1.10 2.54 25.23 68.96
MABII CHN analysis 2.10 151 3.09

EDX 24.97 69.06

theoretical 2.13 0.89 5.96 24.65 67.37
FABII CHN analysis 2.08 1.20 7.13

EDX 24.31 67.30

The SEM micrographs of the obtained perovskites are given in Figs. 1 and 2. The micrographs
reveal hexagonal bifrustum-shaped crystals. It appears that FABil forms more regularly shaped
hexagonal bifrustum crystals with congruent top and bottom hexagons, while MABII is rather
less regularly shaped. The maximal size of crystals is ~100-150 um and up to ~500 um for
MABII and FABIl, respectively (Fig. 1a and 2a). Furthermore, the images showed that the
obtained FABII consists of well-formed crystallites compared to MABIl meaning that during the
final stages of product synthesis FABII crystals are somewhat easier to obtain than MABIl. The
MABII or FABII crystals on their surface retain some remains from the mother solution as well
as some adsorbed smaller crystals of the same phase (Fig. 1b and 2b).



Fig. 1. SEM image of MABII at room temperature: a) x1000 magnification and b) x20,000
magnification.

100,pum

Fig. 2. SEM image of FABIl at room temperature: a) x350 magnification and b) x20,000
magnification.

3.1. Crystal Structure

The powder diffraction patterns of the room temperature phases of both MABIl and FABIl were
indexed in the hexagonal space group, P63/mmc and P6smc, respectively. The room temperature
phase crystal structures were refined based on the models proposed by Eckhardt et al. [24] and
Szklarz et al. [19] for MABIl and FABII, respectively. The Rietveld plots for the room
temperature phase of the investigated compounds are shown in Fig. 3. The refined structural
parameters are presented in Table 2 and 3. Based on the structural data, the interatomic distances
and angles were calculated and are given in Tables 4 and 5. The obtained structural parameters
for the synthesized compounds are close to the literature values [19,24].



The XRPD studies on MABIlI, confirmed that at room temperature, there are isolated
bioctahedral Bizlo®>~ anions in the crystal structure (Fig. 4). The two octahedra share a face and
the CH3NH3* cations are placed on the Cs axis rotating freely as the temperature changes (based
on the IR spectra). This makes the MABII perovskite to be 0 dimensional. The shared octahedra
have only small distortion, most probably as a result of repulsion between bismuth cations in
bioctahedra (Table 4). The unit cell parameters are slightly larger compared to the published data
of Eckhardt et al. [24], as a result of larger Bil-11 and Bil-12 interatomic distances. The larger
distances also affect the BVS-sums, with calculated bismuth valence of 2.94(1).
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Fig. 3. Rietveld plot of the room temperature phases of a) MABIl and b) FABIl.

Table 2. Crystal structure data of [CH3NHz3]3Bizlg at 25 °C.

Atom Wyck. x y z Occ. Biso

Bil 4 23 1/3 0.1541(1)  1.00 4.4(1)
11 6h  0.4979(5) -0.0044(1) 1/4 1.00 4.4(1)
12 12k 0.8341(4) 0.668(1)  0.0805(1) 1.00 4.4(1)
C1* 4e 1.0000 1.0000 0.2166 0.50 4.4(1)
N1* 4e 1.0000 1.0000 0.2166 0.50 4.4(1)
N2* 4f 0.3333 -0.3333 0.0846 1.00 4.4(1)
Cc2* 12k 0.2300 -0.3850 0.0279 0.33 4.4(1)

* structural parameters fixed according to Eckhardt et al. [24]

SG. (194) Z = 2, P6s/mmc, a = 8.574(1) A, ¢ = 21.746(2) A,
Rexp = 390, pr = 141,){2 = 131



Table 3. Crystal structure data of [NH2CHNH>]3Bi2le at 25 °C.

Atom Wyck. x y z Occ. Biso

Bil 2b  1/3 2/3 0.115(2) 1.00 5.3(1)
Bi2 2b  1/3 2/3 0.305(2) 1.00 5.3(2)
11 6c  0.175(1) 0.351(1) 0.384(2) 1.00 5.3(2)
12 6c  0.679(1) 0.840(1) 0.050(2) 1.00 5.3(1)
13 6c  0.5013(2) 0.4987(2) 0.210(2) 1.00 5.3(2)
c1l 2a  0.0000 0.0000 0.2170 1.00 5.3(1)
N2* 12d  0.0710 0.0350 0.2710 0.333 5.3(1)
N3* 6c  —0.0830 -0.1661 0.2020 0.333 5.3(1)
C6" 2b 273 1/3 0.0670 1.00 5.3(2)
N7* 12d  0.6660 0.4650 0.0400 0.333 5.3(1)
c4” 2b 273 1/3 0.3670 1.00 5.3(2)
N5 12d  0.6790 0.1960 0.3820 0.333 5.3(1)

* structural parameters fixed according to Szklarz et al. [19]

SG. (186) Z = 2, P6smc, a = 8.7641(1) A, ¢ =22.1173(5) A,
Rexp = 648, pr = 145, XZ =4.98.

Table 4. Selected interatomic distances, angles, bond-valence sums, and octahedral distortion for
[CH3NHs3]3Bi2l.

Bond length distances Bile polyhedra angles
Bil-11/A 3.265(3) x3 11-Bil-11/° 83.5(1) x3
Bil-12/A 2.962(3) x3 12-Bi1-12/° 93.6(2) x3
Bil BVS 2.94(1) 11-Bil-12/° 172.9(2) x3
A(Bille) 23.651-10*

Table 5. Selected interatomic distances, angles, bond-valence sums, and octahedral distortion for
[NH2CHNH2]3Bi2ls.

Bond length distances Bile polyhedra angles
Bil-12/A 2.99(3) x3 11Bi2-13/°  176.6(2) x3
Bil-I3/A 3.30(4) x3 I3-Bi2-11/°  93.6(2) x2
Bi2—I1/A 2.97(4) x3 11-Bi2-11/°  88.8(1) x2




Bi2—I3/A
Bil-Bi2/A
C1-N3/A
C1-N2/A
C6-N7/A
C4-N5/A
Bil BVS
A(Billg)
Bi2 BVS
A(Bi2ls)

3.30(4) x3
4.20 (7)
1.303

1.310

1.302

1.304
2.7(1)
24.055-10*
2.8(1)
29.054-10°

13-Bi2-13/°
12-Bil-13/°
13-Bil-13/°
13-Bil-12/°
12-Bil-12/°

83.9(1) x2
169.2(2) x3
83.9(1) x2
88.1(8) x2
98.9(1) x2

The crystal structure of the powder FABIl sample was solved in the P6smc space group.
According to the structure refinement and the results presented in Table 3 and 5, it is found that
the position of the bioctahedral Bizlo>~ anions are very close to those in the MABIl crystal
structure (Fig. 4). Again, the Bils octahedra share a face, and the FA* cations are distributed
around the isolated face shared octahedra and are connected to the iodide ion through hydrogen
bonds. Compared to the MABII, the entire lattice of FABIl is expanded due to the larger size of
the FA™ cation, and the octahedra are more distorted. Again the unit cell parameters of our
sample are slightly larger, than those published by Szklarz et al. [19].
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Fig. 4. Polyhedral representation of the crystal structure of MABII (left) and FABIlI (right).

3.2. IR spectroscopy and thermal analysis

In order to gain a better understanding of the structural changes that occur in these perovskites as
the temperature varies, a detailed investigation using thermal analysis techniques (TG/DTA and
DSC) and IR spectroscopy over a wide temperature range was conducted. The temperature range
in which the studied compounds are stable was estimated by TG/DTA analysis. According to the
obtained TG/DTA curves given in Fig. S1, the MABII perovskite seems to be stable up to about
277 °C, while FABIl is stable up to 264 °C. Above these temperatures, the overall mass loss
exceeds 1.5 %, indicating the onset of the compound’s decomposition.

The analysis of the IR spectra of MABII shows that in the low-temperature region, the compound
manifests one phase transition at —128 °C that is found to be a first-order transition. Using the
appearance of the temperature-dependent isosbestic point (Fig. 5), it is possible to determine the
temperature of the PT [31]. In the case of MABII, the appearance of the isosbestic point (IP) is
associated with the symmetrical stretching vibrations of the ammonium cations present in the
perovskite structure. By increasing the temperature, one of the vs(NHs*) bands diminishes (at
3159 cm?), while the band at 3169 cm™, assigned as an inactive one, appears. At the same time,
these bands involved in the formation of the IP are accompanied by a band shift. These changes
are a strong indication of the occurrence of phase transition, a result that is confirmed by the
DSC analysis performed on MABII (discussed below in this section).

29 T\W +
v (NH )
T increase
) —-160°C
28+ / ——-155°C
N \\ // ——-148°C
P / ——_142°C
Q 0,
g / —-137°C
= 274 ! y / —-132°C
5 : —127°C
c "/ T increase o
< 71 —-121°C
[ 3169 cm™ 3159 cm™ .
—-115°C
26 - ‘ —-110"C
3127 cm 3123 cm™

3180 3160 3140 3120 3100
Wavenumber / cm™
Fig. 5. First-order phase transition in the low-temperature region of MABII detected by the

appearance of isosbestic point (IP) which is used to determine the temperature of the phase
transition.

11



The shifting of other bands, not associated with the formation of an isosbestic point, can also be
used in the determination of the temperature of the phase transition, as previously established
[31,32]. One of the most pronounced band shifts is observed for the symmetric stretching of
NHs* groups at 3123 cm™! (Fig. 5) which at the same time is a neighboring band to the one
forming the IP. Additional band shifts are observed for the 8s(NH3") and v(C-N) bands, shown in
Fig. S2 and Fig. S3. The analysis of these changes can be used to verify the temperature at which
the change takes place. The calculated temperature for the PT based on the band shifts is in line
with the temperature determined by the formation of the isosbestic point.

Using the isosbestic point, the temperature of the transition can be calculated and, in this case,
we obtained a value of —128.2 °C. Calculations based on the shifting of the neighboring band (at
3123 cm™) led to a value of —127.5 °C. Similar results are obtained regarding the other two shifts
(discussed in Supplementary material). Since the accuracy of the temperature reading is 0.5 °C,
the PT can be estimated to be —128 °C. The obtained value is in accordance with the literature
data reported for this compound, i.e. —131 °C by Jakubas et al. [23], —128 °C by Bator et al. [33],
and —130 °C by Kamminga et al. [25]. Our DSC measurements (Fig. 6a) comply with both the
results obtained by the IR spectra and the literature data. It is interesting to note that this
transition is the most intense one in the DSC curve, indicating a high-energy transition
accompanied by a change in the crystal system [25], as presented in Table 6.
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a
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Fig. 6. DSC curve of MABII in the temperature range from a) —150 °C to —70 °C and b) 130 to
220 °C, indicating the different phases marked I to V. Inset a): up-scaled graph showing the low
energy transitions in the low-temperature interval.

As reported by Bator et al. [33], continuous phase transitions take place at —108 °C and 55 °C.
On the other hand, the measurements done by DSC in this study indicate phase transitions at —
108 and —78 °C upon heating the sample (-109 °C and —80 °C upon cooling) as presented in the
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inset of Fig. 6a. Our measurements (IR and DSC) did not show any changes in the vicinity of —
55 °C (Fig. S4). Detailed analysis of the spectra in this temperature region (Fig. 7 and Fig. S5),
leads to a conclusion that the transitions are continuous in the entire temperature region starting
from —104.8 °C and ending at —57.6 °C. Based on the differences in the spectra of these starting
and ending points, it can be concluded that there are two phase transitions [32,33] associated
with the changes in the temperature interval in question. Further comparing the spectra given in
Fig. 7 (and Fig. S5), it becomes obvious that the spectra recorded below —120 °C resemble the
ones recorded above —55 °C. This means that the appearance of the new phase is triggered by a
continuous transformation within the temperature range so the starting and ending IR spectra
correspond to each other. The phase change described for MABII has its “peak’ at —78 °C,
meaning that the spectrum recorded at —78 °C has the highest discrepancy from the spectra at —
104 °C and —58 °C that resemble each other and are indistinguishable. Most probably, this is the
point where the transition from monoclinic to hexagonal crystal structure happens, as described
later. What is interesting to note is that the temperature of the maximal discrepancy found in the
recorded IR spectra corresponds to a small intensity peak at the same temperature in the DSC
curve (inset in Fig. 6a) accompanied by a small change in entropy presented in Table 6.

50

p(CH,)

v(NH.) 8,(NH,)  8(NH,) v(C-N)

40

—-115°C
——-110°C
—-105°C
——-100°C

—-95°C
\ —-90°C

—-87°C
—-85°C
—-80°C
—-77°C

v

1 T increases
3097y

Transmittance / %

20

!
‘
IR
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10

T T T T T T T T T T T 1 T T T T 1
3200 3000 1600 1500 1400 1300 1200 900 800 700
Wavenumber / cm™

Fig. 7. Temperature-dependent IR spectra of MABII representing the temperature point where
the continuous phase transition begins and where it reaches its maximal discrepancy from the
starting position.

Table 6. Changes in the enthalpy and molar entropy for the corresponding phase transitions at
indicated temperatures in MABII, upon cooling and heating.
Transition / upon cooling  Temperature / °C AH/Jg! ASm/JKlmol?
| — 1l +160 0.029 0.423
I— 1l -80 0.048 0.431
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" — v -109 0.046 0.471

V-V -128 1.680 19.60
Transition / upon heating

V- IV -125 -1.701 -19.60

IV — 1l -108 -0.044 —0.450

I — 1 —78 —0.047 -0.412

-1 +162 -0.028 -0.409

Taking into consideration that these transitions are continuous, sometimes it is difficult to
precisely determine the temperatures at which they start and end, especially by the approach used
in [34]. The continuous phase transition has not been recorded by Kamminga et al., since they
have collected the XRD patterns slightly above (—113 °C) and below (-173 °C) the registered PT
(=130 °C). Since they rely on the results from Jakubas et al. [23], they only mention two phase
transitions (at —130 and —50 °C) and they have measured the XRD patterns at temperatures
corresponding to these phases (XRD at —173, —113, and +27 °C) missing the entire temperature
range where the continuous phase transition takes place.

A complete scheme of the determined phases and PTs for MABII by this work according to IR
measurement and DSC data including notation recommended by IUCr [35] will be given later.
Literature data on PT in MABII is summarized in the Supplementary material (Scheme S1).

Further inspection of the IR spectra in the temperature range from —60 to +160 °C shows no
significant changes in the spectra appearance and no phase transitions are detected. The next
phase transition can be derived from the changes occurring at +160 °C. At this point, the bands
originating from the presence of CHs groups (3000 - 2800 cm™) reappear, and as the temperature
rises, they gain intensity (Fig. S6). Since this change is not accompanied by a change in the
crystal system nor the space group, it can be characterized as a continuous isostructural phase
transition. The nature of this change can be due to the restrained rotation of the CHs groups. At
higher temperatures, the CHz groups can rotate more freely resulting in lower sight-symmetry of
the position of the CH3 groups. This leads to the appearance of bands that are due to the vs
vibrations and combinations. As the temperature increases the number of rotated CHs groups
increases and this leads to higher band intensity. This finding is also confirmed by the results
from the DSC measurements (Fig. 6b). The low energy change (Table 6) for the transition | — II
points to a small change in the structure of the perovskite.

Summarizing the results obtained by the IR spectra of MABIl, the DSC measurements, the
literature data, and the discussion given above, the following notation of the different phases
have been derived based on the recommendations given by IUCr [35]:

| 433 - 550 K | P6s/mmc (194) | Z = 2| - | decomposition above 550 K
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11| 215 - 433K | P6s/mme (194) [Z=2] - | -

I|165-215K | - | - |- | continuous transition from monoclinic to hexagonal at 195 K
IV|145-165K | C2/cl (15)|z=4] - | -

V|<145K | P21 (14)|Z2=4] - | -

From the data given in Scheme S1 in the Supplementary material, an updated scheme (Scheme
1) is given including the findings in this work that are based on the temperature-dependent IR
spectra as well as on the DSC measurements.

MABII
This work (2024) continuous transitions isostructural transition
s N\ |
phase V v 4, phase I QQ} phase 11 phase |
monoclinic monoclinic O”oo _\90,0 hexagonal hexagonal
P2, c2/cl %y $ P6./mmc P6_/mmc
(o) 3 3
~78°C
° ° —128 < IV 0 0 0 0 0
—273°C<V<-128°C |||y <_108 -108°C<111<-58°C -58 ' C<I1<+160 C +160<1<+277°C

-160 -140 -120 -100 -80 -60 -40 -20 120 160 200

Temperature / °C
Scheme 1. Representation of the phases of MABIl and the PTs for the corresponding
temperature changes.

Although the formamidinium cation is bigger than methylammonium, MABIl and FABIl are
isostructural. Phase transitions of these two perovskites also show some similarities. FABIl
shows one discontinuous phase transition in the low-temperature region and a continuous
transition in almost the same temperature region as MABIl. Recently, results concerning the
thermal behavior below room temperature have been published [19]. Our IR and DSC
measurements correspond to the published data, except for one phase transition in the low-
temperature region detected by DSC analysis provided by Szklarz et al. [19]. Namely, according
to the authors, a phase transition at —153 °C can be detected. Out of the three PTs found in the
low-temperature region, this phase transition is the most pronounced one (13.2 J mol K™2). In
our IR data, there are no visible changes in this temperature region, although the lower energy
transitions are usually detectable by IR. The reason for the appearance of the peak at —153 °C in
the DSC curve examined by Szklarz et al might be due to the inclusion of water molecules in the
crystals. The synthesis conducted in the mentioned study [19] is performed in HI and the
recrystallization is done from water. This leaves a high probability of water molecules being
incorporated into the system. It is reported that the phase transition of ice XV — VI at
atmospheric pressure starts at —153 °C and most of the ice XV disorders near —142 °C taking up
the heat. These temperatures precisely correspond to the ones reported in [19]. There is a
possibility that the signal in the DSC curves [19] arises from the presence of ice [36,37]. This
can also be confirmed by the sudden weakening of the dielectric response when ice VI

15



transforms to ice XV upon cooling, reported by [38] and visible in the work of Szklarz et al.
Based on these findings one could conclude that the phase transition registered at —153 °C
probably originates from the water present in FABII crystals.

On the other hand, the phase transition at —138.5 °C noted by Szklarz et al. can also be identified
using IR spectroscopy (Fig. 8) and DSC even though its AS value is low (1.3 [19] and 1.1 J mol !
K1 [this work]). These changes in the IR spectra are observable in the region 1050 to 1037 cm!
(Fig. 8b). The band at 1047 cm™ starts to gain intensity triggered by the phase transition at —143
°C, while the band at 1041 cm* vanishes when the transition at —136 °C is completed. The
temperature of the phase transition detected by the employed IR method (-136.8°C) is slightly
different, but still very close to the one obtained by the DSC analysis (—138.0 °C, Fig. 9).

1004 @) 0
-165°C
-160°C
-155°C
-150°C
-145°C
-140°C
-135°C
-130°C
-125°C
-120°C
-115°C
-110°C
-105°C
-100°C

1007 cm™

Transmittance / %

80 +

1047cm™ ' | 1 1041 cm™ | 8(CH)
‘ - 1045 cm™

1044 cm™

75

1050 1085 1020 1005 1050 1045 1040 1035
Wavenumber / cm™ Wavenumber / cm™
Fig. 8. Spectral region used to determine the temperature of the PT in FABIl, a) raw IR data

clearly showing the band shift of the banding CH vibrations, b) isosbestic point obtained after the
normalization where the vanishing and the appearance of the bands constituting the IP is visible.
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Fig. 9. DSC curve of FABIl in the temperature range from —150 °C to —40 °C, indicating the
different phases marked 1 to IV.

This PT is accompanied by the appearance of an isosbestic point (Fig. 8). Even when the raw
data (not normalized) are considered (Fig. 8a), the presence of an IP is distinguishable. The
bands representing the banding CH vibrations do not only shift from 1041 cm™ (-165 °C) to
1044 cm™ (~120 °C, last observed) but at the same time diminish, while the bands originating
from the rocking NH: vibration (1044 cm™) appear. If the spectra are normalized [39], the IP is
observed at 1045 cm™ (Fig. 8b). Through calculation, it has been determined that the
temperature at which the phase transition occurs is —136.8°C. The band from the out-of-plane
bending CH vibrations can also be used to calculate the phase transition temperature. This band
appears at 1007 cm for the spectra recorded below —150 °C and shifts as the temperature
increases. The calculated PT temperature using this band is found to be —137.2 °C.

The similarities between FABIl and MABII are especially noticeable in the temperature region
above —100 °C where the continuous phase transition takes place. In the case of FABIl, the
transition starts at —96.5 °C (Fig. 10) and ends at —50.6 °C (Fig. S7) reaching its maximum
divergence from the initial state at —70 °C. This increasing intensity of the bands in the region of
stretching vibrations during the phase transition and the fact that they become broader can be an
implication of the appearance (or increase) of hydrogen bonding in the system. Additionally, the
band at 825 cm™?, assigned as a combinational band, y(NH) + y(CH) becomes IR active [40].
This band has been assigned only for the free formamidine molecules, while in the compounds
containing the formamidinium ion, its presence has not been detected [40-42]. In this region, the
inactive wagging vibration of the NCN should also become active. This band does not appear in
the IR spectra of FA* compounds recorded at room temperature [43,44]. Analyzing the complex

17



band at 825 cm™ it is obvious that not only the combinational band y(NH) + y(CH) is present
(with a maximum at 838 cm™) but also a band at 811 cm2, that can be assigned as the waging
NCN vibration. The evolution of these two bands is especially noticeable for the spectra
recorded at —70 °C and above (Fig. 10).

The correct assignation of this band can be confirmed by the comparison of the spectra of the
continuous phase transition for MA and FABIl. The band at 825 cm™ is not present and does not
appear in MABII spectra since there are no CN2 or CN3 fragments to perform this kind of
wagging vibration. Moreover, in the detailed analysis of the IR spectra of GUAPbI3 [32,45,46],
the appearance of the band at 821 cm™ is assigned to the wagging CNj3 vibrations, this provides
additional validation of the assignation of the discussed band. On the other hand, the broadening
of the band at 825 cm™, not only points out its combinational nature but also points to the fact
that the groups associated with the appearance of the band are at the same time involved in
hydrogen bonding. This conclusion is reasonable since the main contribution to the
combinational band is by y(NH), i.e. 73 % [40].

v(NH,)

-100°C

- 95°C

——_90°C

: {7 - 85°C

/A ‘ ——-80°C

! —_77°C

y ‘ ‘ ——_75°C

- \ YA\ ——_73°C

1048 cm™ - _70°C

——_67°C

——_65°C

—_62°C
- 0,

Tincreases ~ 60 DC

J 587 cm* —-57°C

Transmittance / %

T increases

35|00 ' 32|50 ' 30|OO ' 10ISO ' 9(I)O ' 7%0 ' 6(I)O ' 4%0
Wavenumber / cm™
Fig. 10. Continuous phase transition in FABIl in the temperature range from —100 °C to -57 °C

where the maximal deviation from the “pre-transition” state occurs. The arrows indicate the
evolution of the spectra as the temperature increases.

Flipping of the FA™ cation in FABIl may be the trigger of the continuous phase transition and
changes in the IR spectra, similar to the changes of the GUA™ cation in GUAPbI; [32]. The
strongest indication for this structural change is the appearance and diminishing of the band at
825 cm. Specifically, the intensity of this band gradually increases reaching its maximum when
the rotation (flipping) around the C. axis of the FA™ is 90 °. Then the profile of the band goes
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back to its previous position as the rotation reaches 180 ° or as the “in-plane” flipping is
complete.

The changes occurring in the IR spectra in this temperature region are confirmed by the DSC
analysis (Fig. 9), as well. The low-intensity signals indicate low energy transitions (Table 7),
accompanied by small changes in the enthalpy of the transition. These kinds of changes are only
possible when a PT is not accompanied by a change in the crystal system or the space group.

Table 7. Changes in the enthalpy and molar entropy for the corresponding phase transition at the
indicated temperatures in FABIl, upon cooling and heating.

Transition / upon cooling Temperature /°C  AH/Jg* ASm/J Kt mol?
| — I —-70 0.052 0.433
I — Il -98 0.111 1.079
I — v -139 0.034 0.506
Transition / upon heating
vV — Il -138 —0.040 —0.508
I — 1l -96 -0.115 -1.102
-1 —-70 —0.052 -0.431

According to the findings based on the temperature-dependent IR analysis and the TG/DTA, it
can be concluded that in FABIl, there is one discontinuous PT of first order and one continuous
transition in the temperature region from —170 to +200 °C. These results are summarized in
Scheme 2, followed by a systematic depiction with notation recommended by the 1UCr.

FABIl
This work (2024) continuous isostructural
transition continuous transition
y |
phase IV phase 111 phase Il phase |
2 orthorombic orthorombic hexagonal
Cmcz1 Cmc2 P6.mc
1 3
—273°C <V <-138°C ||-138< 111 <-98 || -98°C <11 <-50°C -50°C<1<+264°C
-180 -160 -140 -120 -100 -80 -60 -40 180 190 200 210

Temperature / °C

Scheme 2. Schematic representation of the phases of FABIl and the corresponding PTs found by
this work for the corresponding temperature changes.

1|223-537 K| P6smc (186) | Z=2 | - | decomposition above 537 K
I1]175-223K | Cmc2: (36) [Z=4] - | -
111|156 - 175 K | Cmc2: (36) | 2= 4] - | -
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V|[<156K|-]|-]-]-

Based on the results obtained by the DSC, the most energetic change during PT in the structure
of MABIl is associated with the reorientation of the NHs" groups (19.60 J Kt mol™). In the case
of FABII detected energy changes are considerably smaller compared to the aforementioned
change in MABII. This can be ascribed to the geometry, nature, and position of the MA™ and
FA" cations in the crystal structure. Even though MA™ is smaller in size it is less prone to
movement (i.e. its parts CHz and NH3) compared to FA™ (the two NH> groups and the N-C-N
delocalized electrons). The movement along the C» axis in FA™ is more energetically favorable
than the movement along the C-N bond in MA™ especially when we add to this consideration the
pronounced hydrogen bond present in these perovskites.

4. Conclusion

Well-shaped microcrystals of formamidinium bismuth iodide, [(CH(NH.)2]sBi2le, FABIl and
methylammonium bismuth iodide, [CH3NHz3]sBi2ls, MABIl were prepared and analyzed using
different techniques for structure characterization (X-ray powder diffraction and IR spectroscopy)
as well as thermal characterization (TG/DTA, DSC, temperature-dependent IR spectroscopy).
According to the results obtained by XRPD, the crystal structure of MABIl and FABIl was
refined, and it was determined that both compounds crystalize in the centrosymmetric hexagonal
groups P6s/mmc and P6smc, respectively. Their crystal structure consists of bioctahedral Bizlg>
anions surrounded by MA™ or FA™ cations that are attracted by the hydrogen atoms to the iodides
from the Bile octahedra via hydrogen bonding. In both compounds, the octahedra are distorted
and two octahedra share a face. These so-defined bioctahedra are isolated making the MA and
FABII zero-dimensional perovskites.

By analyzing the temperature-dependent IR spectra combined with DSC measurements it was
found that there are some inconsistencies with the previously reported PTs. The results reveal
one first-order transition at —128 °C, two continuous PT at —105 and —58 °C, and one
isostructural PT at +160 °C for MABII. Concerning the PTs in FABIl, it is evident that it shows
one discontinuous phase transition at —138 °C and a continuous transition in almost the same
temperature region as MABII (-98 and —50 °C). The energy changes of the PTs point to the
mobility of the MA™ and FA™ parts in the structure. The first-order PT in MABIl is accompanied
by much higher energy change (two orders of magnitude) compared to the other detected
transitions, both in MABIIl and FABIl.
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