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Besides the vast research regarding the hybrid organic-inorganic perovskite (HOIP) materials used in the
solar cell production, their properties are still not fully uncovered. In this paper, detailed investigation on
the phase transitions in guanidinium lead iodide (GAPDI3) using vibrational spectroscopy techniques (IR
and Raman) are presented. In addition to the well-known three phases of GAPbI; (denoted as I, Il and III)
another one existing in the temperature range from 48 °C to 160 °C is characterized. The thorough inspec-

tion of the vibrational spectra revealed some interesting changes occurring in the low temperature region
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(from —90 to —62 °C) that suggest presence of a new phase. Finally, a redefinition of the phase nomen-
clature according to the recommendations given by the IUCr is proposed.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Since the synthesis of guanidinium lead iodide (C(NH;)sPbls,
GAPbI5) and its’ incorporation in methylammonium and formami-
dinium lead iodides [1-4], great interest for its’ potential use has
arisen. The importance of this compound has been found in the
possibility to improve the properties of the mentioned organic-
inorganic perovskites as light harvesting materials. Although
GAPbDI; structure is well established and researched [5,6], even at
low temperatures [7], it seems that this compound successfully
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hides its’ unique properties connected to the temperature depen-
dent phase transitions (PTs). The reason for this lies in the fact that
the changes happen in a narrow and unexpected temperature
intervals. Conventional methods such as XRD, TG/DTA and DSC
have failed to identify these changes so far [5-9]. On the other
hand, the vibrational spectroscopy techniques, ones again proved
their advantage for detecting even the smallest changes and man-
aged to give a valuable insight of some important structural
characteristics.

The power of the vibrational spectroscopy methods in uncover-
ing the phase transitions comes from the fact that PTs are almost
always accompanied by a change in the geometry and symmetry.
These changes can be successfully detected by these methods
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[10-12]. The isostructural phase transitions (IPT) are difficult to
detect since they are not accompanied by a change in the space
group of the substance. On the other hand, the energy changes dur-
ing these IPTs are low and it is hard to detect them by the means of
TGA or DSC methods commonly used to reveal the presence of
phase transitions (PT). Minor structural changes in the IPT, such
as flipping of the functional groups in the crystal structures or
insignificant position rearrangement of the wobbly (loose) atoms
or atomic groups go unnoticed by the commonly used techniques.
These rearrangements can be detected by solid state NMR spec-
troscopy [13] or in this case, vibrational spectroscopy techniques.

A detailed study of the isostructural phase transition in GAPbI;
based on the vibrational spectroscopy, especially IR transmission
techniques will be given in this paper. In addition, the other phase
transitions will be considered. The investigation is based on the
temperature induced isosbestic points formation in the regions of
-17 - -16°C, +47 - +48 °C and +159 °C — +160 °C in the IR spec-
tra. In the low temperature region, —90 to —72 °C, another anomaly
has been detected, that has not been reported previously. The
obtained results are supported by the findings based on the Raman
spectra.

2. Experimental

The IR absorption spectra were recorded on a Perkin-Elmer Sys-
tem 2000 FTIR Spectrometer using Liquid Nitrogen Cell (LNC). For
the absorption measurements, KBr pellet technique was used.
The absorption spectra were recorded with resolution of 2 cm™?,
using 32 scans (both for the background and the sample spectra)
in the temperature range starting from —175 °C up to +200 °C
and again down to room temperature on the same pellet. The
CO,/H,0 software compensation was used in order to reduce the
bands intensity originating from the atmospheric moisture and
the CO,. All IR spectra were recorded with five degrease interval
of the temperature change between two spectra. Additionally,
one degree temperature difference was set in order to record the
temperature in the vicinity of the phase transition.

Raman spectra of the corresponding samples were recorded on
a MicroRaman 300 from Horriba Jobin-Yvon. The spectra were
recorded employing the red He-Ne 633 nm laser line. Long-dista
nce x 50 lens (Olympus) was used as an objective in both cases.
The maximum power on the sample was 6.43 mW. A DO0.3 filter
was used to lower the intensity. The integration time employed
was 80 s, 180 s or 240 s, using two or four cycles for the Raman
shift from 10 cm™! to 4000 cm™ .

All chemicals used for the synthesis were with purity grade “for
synthesis” and were used as received. The concentrated hydroiodic
acid (57%, w/w) was purchased by Carlo Erba Reagents with 1.5 %
H5PO, as stabilizer, the lead(Il) carbonate (99,0 %, w/w) was pur-
chased by Merck Millipore while the guanidinium carbonate
(99,0 %, w/w) was purchased by Sigma-Aldrich Company.

The synthesis of C(NH;)sPbl; was described in our previous
papers [14]. The compound was obtained using Pbl, and C
(NHy)3l as precursors. They were dissolved in acetonitrile and
evaporated under reduced pressure at 40 °C. After the filtration,
needle-like shaped crystals were obtained.

3. Results and discussion
3.1. Changes in the low temperature region

The measurements were performed by cooling the sample to
LNT and keeping at this temperature long enough to reach equilib-
rium. Afterwards, by conducting several runs of heating and cool-
ing it was established that the phase transitions below room
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temperature are reached almost instantly. The changes always
occur at precisely the same temperatures, independent on the
number of runs or the direction of the temperature alteration
(heating or cooling). This suggests a first-order phase transition
[15].

The first change that took place when the temperature was
gradually increased, starting from LNT, was observed at —90 °C.
At this temperature the intensity of the bands in the region of
stretching NH, vibrations (3450-3000 cm™!') started to increase
up to —72 °C, when maximal transmittance was achieved. At the
same time a band at 821 cm™! started to appear, while the band
at 893 cm~! gained intensity (Fig. 1a). The maximal intensity of
the bands was achieved at —72 °C both for the bands originating
from the stretching NH, vibrations as well as for the newly formed
band at 821 cm~!. Afterwards, when the temperature was
increased further on, the bands started to diminish and return to
their starting intensities characteristic for temperatures below
—90 °C. Above —62 °C the spectra started entirely to resemble on
the ones below —90 °C with no additional band at 821 cm™'
(Fig. 1b).

According to the previous assignation [16] of the bands of GA*,
the band appearing at 821 cm™! can be assigned to the wagging
CNs vibrations. They are expected to be inactive both in the IR
and Raman spectra. In the studied compound, this is the case for
all other temperatures except the interval from —90to —62 °C.
Based on the appearance of the wagging CN3 vibrations it can be
assumed that the entire C(NH,), group rotates and flips to an
equivalent position making a 180 ° rotation. As reported by the
Grottel et al. [13], in the low temperature region of GAPbI;, flipping
and rotations may be detected by solid state NMR. The described
behavior is interesting and unusual since it happens in the temper-
ature region where the energy of the system is low and the bands
are well defined. These findings based on the results from the IR
spectra point to a PT. Also, the available results from the tempera-
ture dependent solid state NMR measurements [13], show a dis-
ruption in the linearity of the proton second moment as a
function of temperature. This change has not been discussed by
the authors but also suggests a presence of PT, especially if a com-
parison to the region of Il — I phase transition is made. Information
available from investigations of GAPbI; [5,6,13] suggest that only
one phase is present below —18 °C even though detailed study of
GAPbDI; for the low temperature range is performed. A confirmation
that these low temperature rearrangements are mainly associated
with the guanidinum cation can be found in the solid state NMR
spectra [17], as well as in the IR spectra [ 16-20]. A study of a struc-
turally similar compound FAPDbBr; [21], supports these findings.
Namely, the most significant change associated with the PT in
FAPDbBr; for the low temperature region is at —91 °C, temperature
that corresponds to the determined PT in GAPbIs. Mozur et al.
relate this PT to a molecular motion of the FA* while the PbBrg
octahedra stay undisturbed. They do not record changes in the
XRD, while the molecular motion of FA" is registered by quasielas-
tic neutron scattering spectra.

3.2. Phase transition —18 — —17 °C (Ill — 1I)

This phase transition has already been detected and the struc-
tural data for both phases, denoted as Il and II are available
[5,6,14]. The IR spectroscopy can offer a solid evidence of the exis-
tence of a phase transition in the specified temperature region.
Recently, a way to determine a phase transition based on a temper-
ature induced isosbestic point [14,22] has been published. That
approach will be used throughout this paper for the characteriza-
tion of the PTs.

From the spectra recorded in the temperature region from —30
to -5 °C (Fig. 2), an appearance of a temperature dependent
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Fig. 1. IR spectra recorded in the low temperature region indicating: a) increase of the transmittance in the stretching region of NH, groups (3450-3000 cm™') and the
appearance of the bands in the bending NH, region (950-700 cm ') for temperature interval —90 to —72 °C; b) return to the starting transmittance intensity and vanishing of

the bands in the bending NH; region for temperature interval —72 to —62 °C.
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Fig. 2. Appearance of an isosbestic points in the region of symmetric stretching and bending vibrations of the NH, groups indicating a PT.

isosbestic points can be detected. The first one is associated with
two bands, both originating from the symmetric stretching vibra-
tions of the NH, groups - v{(NH,). The band at 3328 cm~! vanishes
as the band at 3336 cm™! appears (Fig. 2a). The isosbestic point
where the spectra intersect at 3335 cm™! is formed, while the tem-
perature of the transition calculated according to the methodology
proposed in [22] is —16.3 °C. This value is very close to the one pre-
viously reported in the literature of —18.5 °C [5]. Another feature
that points out to a structural change is the region of the bending
vibrations of the NH, groups - 5(NH) at around 1650 cm™'. Here,
another isosbestic point appears between 1654 and 1655 cm™'.
The calculated temperature for the PT based on this point is
—16.7 °C. The last, not very indicative change can be found in the

band assembly at 3425 cm™! (Fig. 2a). Some of the bands that con-
stitute this strong intensive band, change their relative intensity.
Because of the overlap, it cannot be clearly distinguished at which
temperature the change occurs. Also, the calculation based on the
intensity of each band leads to inconclusive results. Nevertheless,
these variations are an indication about a change in the structure
related to the NH, groups.

3.3. Isostructural phase transition +47 — +48 °C (Il - “-")
Until recently [15], the existence of this PT was not known. The

indication about the presence of a new phase came from the anal-
ysis and investigations connected to the temperature dependent IR
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spectra. Further employment of other methods verified this
assumption [22]. The results gave an undoubtable indication for
the occurrence of a new phase below +50 °C in GAPbIs. According
to the IUCr guidelines [23], the new phase can be denoted with
hyphen (“-").

One of the most convincing indications based on the IR spectra

for the phase transition was the appearance of an isosbestic point.
This result is also supported by additional changes in IR spectra
occurring at +47 — +48 °C temperature transition. We divided
these changes in four feature groups.

1.

Change in the absorption characteristics. A sudden drop in the
transmittance intensity is observed in the spectra when the
temperature reaches +48 °C (Fig. 3a). Afterwards, as the temper-
ature continues to increase, the absorption coefficient stays
constant (insignificant changes). These changes in the absorp-
tion coefficient are more pronounced for higher wavenumber
values and less in the low wavenumber region (below
1600 cm™1).

. Band shift. The second feature is associated with a band shift

(Fig. 3b) where the band assigned as asymmetric stretching
vibration of the NH, groups [24,25] shifts from 3427 to
3443 cm~' when increasing the temperature from +30 to
+52 °C. If the relative intensities as a function of the band shift
are taken into account, than the exact temperature at which the
change occurs can be calculated [22]. In this case, the transition
temperature was found to be +47.7 °C.

. Isosbestic point. The most reliable and straightforward indica-

tion that leads to an undoubtable conclusion that a phase tran-
sition occurs is the appearance of an isosbestic point at
1659 cm™! (Fig. 4). In this case, there is only one isosbestic point
for the Ill — “-” phase transition and it is associated with the
bands originating from the bending vibration of the NH, groups.
The point appears as a result of the diminishing of the band
positioned at 1655 cm~! and the intensifying of the band at
1660 cm™'. The change of the intensity for the 1660 cm~! band
is accompanied by a band shift of 3 cm~! in total (to 1663 for
+52 °C). It is interesting to note that while the §(NH;) are
affected by the PT, the bands originating from the v(NH,) do
not show any sign of disruption during this transformation.
Since there are two types of changes in the vicinity of the isos-
bestic point, the calculation of the transition temperature can
be made based on the band shift but also on the changes in
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Fig. 4. Temperature dependent isosbestic point as a clear indication of the phase
transition occurring at +47 — +48 °C.

the intensities of the bands. Based on the band shift, the calcu-
lated value of the transition temperature is found to be +46.9 °C,
and from the variations of the intensities, the obtained value is
+47.5 °C.

. Appearance/disappearance of bands. The last changes that can
be noticed for this PT in the temperature dependent IR spectra
are the changes associated with the appearance/disappearance
of the bands related to the NH, rocking and wagging vibrations
[16,19]. These bands appear below 1150 cm~! (Figs. 5 and 6).
Placing the IR spectra in order of temperature increase
(Fig. 5), the interchange of the bands at 1053 and 1033 cm™!
may be clearly observed. While the band at 1033 cm™! is visible
before the phase transition and vanishes after, the band at
1053 cm™! appears after the transition takes place. This indi-
cates that there is a change in the position of the NH, group
in the structure of GA" cation. If the spectra are normalized
and stacked together, a formation of a double isosbestic points
can be observed (Fig. 6). These points have all the features of a
regular occurring isosbestic points, although they are obtained
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Fig. 3. Temperature dependent transmission spectra in the +30 to +52 °C region, a) significant drop in transmittance due to the absorption coefficient increase, b) band shift of
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Fig. 6. a) Two isosbestic points obtained by normalization of the IR spectra in the region of the rocking vibrations of NH, groups, b) splitting of the band at 1054 cm™! at

higher temperatures.

by normalization. Calculations of the temperature of the phase
transition are made and the obtained value is found to be
+47.8 °C.

Taking into consideration the calculated and observed temper-
atures of the phase transition it can be concluded that the isostruc-
tural changes in the GAPbI; happen in the interval +47 — +48 °C.
This temperature transition is established based on the four fea-
tures described in this chapter. Also, it agrees with the temperature
at which the disruption of linearity in the proton second moment
function [13,17].

As it was previously mentioned that in the vicinity of the isos-
bestic points one band vanishes while another one appears
[22,26,27]. According to this, as a result of the appearance of two
isosbestic points (Fig. 6a), there are supposed to be two different
sets of bands (one for the first point, and another one for the sec-
ond point). At a first glance, it might not be noticed that the band
at 1054 cm™! consists of two bands, but the high temperature
spectra show its’ splitting (Fig. 6b). The two bands belong to the

two different isosbestic points. By close inspection of the bands
at 1086 and 1056 cm™! it can be noticed that the band at
1086 cm™~! diminishes while the one at 1056 cm~' gains on inten-
sity as the transition takes place and is related with the isosbestic
point at 1066 cm~!'. On the other hand the isosbestic point at
1040 cm™! correlates the bands at 1050 and 1034 cm™' (Fig. Ga).

An interesting detail is the connection between the band at
914 cm™! on one hand and the band at 610 cm™! on the other
(Fig. 5). The first one is assigned as a rocking vibration, p(NH,)
[24,28], while the other one as wagging vibration, ®(NH,) [29].
The 914 cm™! band diminishes and the band at 610 cm™! appears
(Fig. 5) as the temperature increases. The band originating from the
stretching CN vibrations can confirm the relation between these
bands. Namely, v5(CN) is positioned at 1002 cm ™' and its intensity
is reduced as the p(NH,) bands vanish and ®(NH,) become active.
This is due to the fact that the position of the NH; groups changes
in respect to the carbon atom. This provokes increase in the sym-
metry of the GA™. Based on this, a conclusion that the hydrogen
bond strength decreases, can be drawn. The described rearrange-
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ment of the band positions in the IR spectra that lead to this con-
clusion are clearly visible (Fig. 5). This means that the GA" moves in
respect to the Pblg octahedra.

Another proof that the changes taking place in the transition II
— “=" provoke weaker hydrogen bonding can be found in the band
shift at 3426 — 3443 cm™~' accompanied by a band appearance at
higher wavenumbers in respect to the isosbestic point
(1663 cm™!). The movement (new position) of the NH, groups
leads to weaker hydrogen bonding and at the same time to higher
symmetry of the GA* ion. Due to the extension of the changes in
the transmission spectra and the appearance of the isosbestic
points, it can be concluded that a phase transition is certain to take
place.

The results obtained by the IR investigations can be further ver-
ified by the findings from the Raman spectroscopy studies. The
Raman spectra can also be used to determine the temperature
dependent phase transitions [30,31] even though in this particular
case they are not as straightforward as the findings from the IR
investigations. The results obtained by the Raman spectra investi-
gations can confirm the conclusions made by the IR studies.

The Raman spectra recorded using the red laser line show high
fluorescence in the region above 1500 cm™! (Fig. 7). This has been
observed and reported in the literature for the mixed GA-FA lead
iodide perovskites [32], but also for other perovskites [12]. It is a
known fact that with the temperature increase, fluorescence inten-
sity drops. It is interesting to note that in the case of GAPbI; for
temperature range between +45 °C and +50 °C (zone of phase tran-
sition) the fluorescence seizes completely. The vanishing of the flu-
orescence is abrupt and it is an indication of a sudden change in the
structure of the GAPDIs.

Additional differences in the temperature dependent Raman
spectra (Fig. 7) can be found in the low frequency region (below
150 cm~!) where bands origination from the Pblg octahedra
appear. Besides the shift of the band occurring at 108 cm™! in
the spectra up to +45 °C to a position of 108 cm~! in the spectra
above +50 °C, there is also a change in the ratio considering the rel-
ative intensity of the bands at 106 cm~! and 92 cm . This change
is sudden when the temperature is increased from +45 to +50 °C.
The band at 106 cm™! originates from the bending I-Pb-I mode
and is assigned as symmetric A; mode, the shoulder at 115 cm™!
as an asymmetric By, mode, while the band at 92 cm™! is related
to the convolution of the modes A; and B,z [33]. From all of the
above mentioned changes and the assignment of the bands, it
can be concluded that the changes in the Raman spectra are

92 cm” 108 cm™

60000 -
50000 | /
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associated with the rearrangement or reorientation of the Pblg
octahedra in the crystal structure. Furthermore, as it has been
reported previously [30], the reorientation or movement of the
Pb cage can result in phase transition. This is closely associated
with the position, orientation and the distance between the lead
and iodine atoms in the octahedra.

3.4. High temperature phase transition +159 — +160 °C (“=" to I)

The IR spectra suggest another phase transition at +159 — +1
60 °C, also confirmed by other methods [14,15]. At high tempera-
tures the IR spectra show presence of isosbestic point as well as
changes in the position/intensity of some bands. It is interesting
to note that even though these transition changes are accompanied
by a change in the space group and the crystal system, they are not
as pronounced in the spectra as the ones appearing during the
isostructural phase transition (subchapter 3.3.).

The main differences in the spectra are related to the vibrations
assigned to p(NH,) mode that are related to the appearance of the
temperature dependent isosbestic point (Fig. 8a). This point is at
1658 cm~' and is obtained by the vanishing of the band at
1659 cm~! and the appearance of the band at 1656 cm~!. If a fur-
ther analysis is made on band at 1656 cm™!, it can be concluded
that for the phase “~” one broad band exists, but if a deconvolution
is made, this band can be successfully fitted by introducing two
oscillators with medium strength S and low dumping constant )
[34]. The calculated value for the temperature of this PT was found
to be +160.2 °C.

When the temperature reaches +160 °C, a new band appears at
1652 cm! that was first thought to be a shift of the band existing
at 1650 cm~! (Fig. 8a). The transition temperature that was calcu-
lated based on the assumption that band shift exists, gave inconsis-
tent results. An inspection that was more thoroughly conducted
lead to a conclusion that the band at 1650 cm™! does not cease
to exist. Its’ intensity is shaded by the appearance of previously
mentioned band at 1652 cm~'. This was additionally confirmed
by the deconvolution of the band.

The last feature that points to a phase transition at +160 °C is
the region of the bending NH, vibrations. A sudden disappearance
of the band at 1541 cm™! and the appearance of a band at
1546 cm™!, not only is an indication of a phase transition, but
also suggests a change in the position i.e. orientation of the
NH, groups when the temperature is increased from +159 to
+160 °C. If normalization of the spectra is conducted, another

2 40000
z ] N
% 30000 - % 50°C
=i 1 45°C
S 20000
20 °C

g
& 10000 -

0 -

T T T T T
50 100 150
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Fig. 7. Raman spectra of GAPbI; recorded at 20, 45 and 50 °C in the frequency region from 20 to 150 cm~! where the cage Pb-I vibrational bands occur and in the region of

high frequencies indicating the diminishing of the fluorescence.
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Fig. 8. Temperature induced isosbestic point at +160 °C as an indication for the second phase transition in GAPbIs. The point is a result of a change in the rocking NH, mode.

isosbestic point can be obtained. The profile of the spectra around
1541 cm™! for temperatures above +160 °C is a result of the
strength and the dumping constant of the oscillators in the vicin-
ity of the isosbestic point (new band at 1546 cm~! and the band
at 1535 cm™') [34].

Compared to the IPT, in this case the IR spectra (near IR region)
do not show any significant change in the position of the NH,
groups and the appearing differences are probably due to the
change in the position of the Pblg octahedra. The structural data
obtained by powder XRD [14] show change in the connectivity of
the Pblg octahedra from edge sharing at room temperature to face
sharing at high temperature. As a result, one of the three NH,
groups becomes more attracted by the Pblg in comparison with
the others. This conclusion can be confirmed by the Raman spectra.

The comparison of the temperature dependent Raman spectra
reveal significant changes in the entire spectral region when
increasing the temperature from +155 to +160 °C (inset Fig. 9b).
In Fig. 9a the differences between the spectra associated with
the changes in the Pblg octahedra are evident and they point to
a phase transition. It is apparent that in this case not only the
band at 107 cm™! is shifted to 100 cm~!, but also the band at
92 cm~! vanishes. The loss of the intensity of the band at
54 cm~! (Fig. 9a) assigned to 1-Pb-I bending motion (A;, mode)
[35,36] is obvious.

As it has been reported previously [30], the reorientation or
movement of the Pb cage can result in phase transition. This is clo-
sely associated with the position, orientation and the distance
between the lead and iodine atoms in the octahedra. Namely, when
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Fig. 9. Raman spectra in the temperature range around the second phase transition, a) in the spectral region of the Pblg cage vibration and b) in the region above 300 cm™"

where the changes in the organic cation can be followed.
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Scheme 1. Existence of different phases in GAPbI; in the temperature range from —170 to 200 °C under atmospheric pressure, before and after the discovery of a new phase.

the position of the Pblg changes, some of the Raman modes become
active or inactive.

4. Redefinition and nomenclature of the phases in GAPbI;

According to the recommendations from the International
Union of Crystallography - IUCr [23], the six field nomenclature
of all temperature dependent phases in GAPbIs, including the exis-
tence of newly discovered phase, under atmospheric pressure is
introduced. Also, to be consistent with the given recommenda-
tions, a redefinition of the phases is made. The four phases existing
in the temperature range from LNT up to the decomposition point
of the compound (—196 to +310 °C) are systematically defined and
denoted:

1|<583 K|P6smc (186)|Z = 5|-|decomposition above 583 K
11|321-432 K|Pna2, (33)|Z = 4|-|Type = KCdCl3

11| 255-320 K|Pna2, (33)|Z = 4|- | Type = KCdCl,
IV|184-210 K|Pc (7)|Z = 1]|-|-

V|<183 K|Pc (7)|Z = 1]-|-

Based on the findings presented in this paper as well as the
available literature data, a schematic illustration of the phase tran-
sitions that is in line with the recommendation for the nomencla-
ture of the phases proposed by the IUCr is given in Scheme 1. The
data in this scheme refers to the existence of each phase in GAPbI3
as a function of temperature under constant, atmospheric pressure.
Also a comparison to the previously known 3 phases (before the
findings presented in [15] and this paper) is given in order to notice
the upgrade of the scheme, more easily.

5. Conclusion

Infrared spectroscopy is still a powerful technique that can give
answers to many questions related to the structure of the com-
pounds and the changes that happen when the conditions (tem-
perature, pressure) change. In this study, two new phases have
been identified and characterized by the means of vibrational spec-
troscopy techniques (IR and Raman). The obtained results for the
already known phases are in line with the ones available in the lit-
erature. By the thoroughly conducted research, it was found that

there are 3 major phase transitions happening in the temperature
intervals of:

~18 - —17 °C
+47 — +48 °C
+159 - +160 °C

It has also been detected that in the temperature range from
—90 °C to —62 °C an additional phase exists within the phase IV.
According to this, a complete nomenclature has been proposed in
agreement with the recommendations given by IUCr.

The changes that happen in the low temperature PT, according
to the IR spectra, are proposed to be a result of the GA* flipping in
respect to the ac plane. The indication of this movement is based
on the ®(CN3) vibrations and the changes in the region of the
stretching NH, vibrations. On the other hand, the flipping of the
NH, groups, observed in the next PT (occurring at
—-18 —» —17 °C), and the change in the hydrogen bond strength
are responsible for the PT. The isostructural phase transition is
accompanied with changes in the position of the entire NH, group
so the movement (new position) of the NH, groups leads to weaker
hydrogen bonding and at the same time to higher symmetry of the
GA" ion. The high temperature PT reveals small changes to the GA*
but the appearance of an isosbestic point is a clear indication of a
PT. The Raman spectra confirm that the changes are much more
pronounced in the Pblg cage of GAPbIs. The recorded Raman spec-
tra for this temperature range reveal distortion in the position of
the Pblg leading to a PT.
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