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Abstract: The field of hybrid organic—inorganic perovskite materials continues to attract the interest
of the scientific community due to their fascinating properties and the plethora of promising appli-
cations in photovoltaic and optoelectronic devices. To enhance the efficiency and stability of perov-
skite-based devices, it is essential to discover novel compounds but also to investigate their various
physicochemical, structural, and thermal properties. In this work, we report the synthesis and struc-
tural characterization of two novel hybrid lead bromide perovskites, combining the imidazolium
cation (IMI) with methylammonium (MA) or formamidinium (FA) cations. The isolated polycrystal-
line powders were studied with X-ray powder diffraction (XPRD) and were formulated as
(IMI)(MA)Pb2Brs, a 3D structure consisting of dimers of face-sharing octahedra linked in corner-
sharing mode, and (IMI)(FA)PbBr4, a 2D (110) oriented layer structure with zig-zag corner-sharing
octahedra. The thermal stability of (IMI)(MA)Pb2Brs and (IMI)(FA)PbBrs was investigated with ther-
mogravimetric (TG) and differential scanning calorimetry (DSC) experiments which showed that
both compounds are chemically stable (at least) up to 250 °C. Variable-temperature X-ray diffracto-
metric (VT-XRD) studies of (IMI)(FA)PbBrs highlighted a structural modification occurring above
100 °C, that is a phase transformation from triclinic to orthorhombic, via an elusive monoclinic
phase.

Keywords: lead halides; perovskites; imidazole; formamidinium; methylammonium; thermal
analyses; powder diffraction

1. Introduction

Hybrid organic-inorganic halide perovskites represent an important area of research
in the fields of chemistry, materials science and engineering, mainly due to their applica-
tions in photovoltaic technology of solar cells [1,2]. Owing to their inherent properties,
perovskite solar cells display exceptional charge transport, dielectric constants and low
exciton binding energy, allowing the construction of devices with power conversion effi-
ciency (PCE) reaching up to 26% [3]. Apart from photovoltaics, metal-halide perovskites
have also been proposed as an alternative scaffold for optoelectronic devices, such as
light-emitting diodes (LEDs) [4-6] and photodetectors [7-9]. However, the actual perfor-
mance and operational stability of these devices are highly dependent on the occurrence
of thermally activated processes, such as phase transformations or material degradation
[10]; therefore, studying the thermal behavior and stability ranges of metal halide perov-
skites is of paramount importance. Recently, it has been reported that the formation of
2D/3D hybrids, in which thin films of the pristine 3D perovskites are co-precipitated with
a small amount of lower-dimensionality analogues, provides a significant improvement
in the stabilization of perovskites, without being too detrimental to their photophysical
performances [11-13]. Additionally, the family of metal-halide perovskites shows great
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potential for thermoelectric generators [14]; in this case, the ultralow thermal conductivity
of lead-halide perovskites may be advantageous [15,16], while for the vast majority of op-
toelectronic devices, heat transfer may be an issue and thermal management requires par-
ticular attention. It is well documented that the crystal structure of some of the most stud-
ied perovskites undergoes phase transformations slightly above room temperature. For
example, at ~57 °C, the tetragonal phase of MAPbIs (MA = methylammonium) has been
found to reversibly transform to cubic [17]. Solid-to-solid frequent phase transformations,
whether of the reconstructive or of the displacive type, typically weaken the material sta-
bility, making the crystals, or grain, rather brittle, and increase the specific surface area,
responsible for material degradation in environmental conditions. MAPbIs also displays
high thermal expansion coefficients (v =157 MK-1), with values surpassing those of many
other semiconducting materials [18]. Both the crystalline phase and thermal expansion
also influence electronic properties, such as carrier mobility, directionality and long car-
rier dynamics [19]. More severely, substantial decomposition effects for MA-based perov-
skites have been found to occur already below 100 °C even in an inert atmosphere [20],
fostered by elimination of gaseous species, methylamine and HI. Consequently, heating
without a lack of thermal management may be detrimental in various ways [21]. This
holds particularly for solar cells and LEDs and the prospects of electrically or continuous
wave-operated perovskite lasers [22].

Recently, we have investigated the thermal properties of lead iodides containing het-
erocyclic cations [imidazolium (IMI) and histammonium (HIST)] as the organic spacers.
The synthesized compounds, imidazolium lead iodide, (IMI)Pbls, and histammonium
lead iodide, (HIST)Pbls, demonstrated high thermal stability and ultralow thermal con-
ductivity [23], a feature which was attributed to cation disorder, or lattice dynamics. Im-
idazolium cations have been widely employed as additives in perovskite solar cells to in-
crease their stability [24], while they have also shown to play a role in the construction of
materials with high thermal expansion resistance. For example, in the case of a single-
crystal Cu(Il) complex, the collective reorientation of IMI cations provokes a giant thermal
expansion effect [25]. In lead bromides systems, Smotka et al. have recently reported the
isolation of (IMI)PbBrs, (IMI)2PbBrs, and (IMI)sPbBrs structures, all of which exhibit solid—
solid phase transitions upon increasing temperature [26], whereas Lightfoot and co-work-
ers have reported the (110)-oriented two-dimensional hybrid (IMI)(GU)PbBrs perovskite
(GU stands for guanidinium) [27]. Herein, we combined imidazolium cations with the
commonly used methylammonium (MA) or formamidinium (FA) ones, and isolated two
new compounds, the 3D (IMI)(MA)Pb2Brs and the 2D (IMI)(FA)PbBr species, respectively.
These materials were characterized by X-ray powder diffraction (XRPD) methods, X-ray
fluorescence (XRF) and diffuse-reflectance ultraviolet-visible (UV-Vis) spectroscopy.
Thermogravimetric (TG), differential scanning calorimetry (DSC) and variable-tempera-
ture X-ray diffraction (VT-XRD) studies were carried out to assess their thermal stability
and the occurrence of solid—solid phase transitions.

2. Materials and Methods
2.1. Materials

Lead oxide (PbO, >99.9%), imidazole (IMI, >95%), methylammonium chloride
[(MA)CL, >99%], formamidinium bromide [(FA)Br, >99%] and hydrobromic acid (HBr, 48%
w/w in H20) were purchased from Merck KGaA (Darmstadt, Germany). All reagents were
used as received without any further purification.

2.2. Syntheses
2.2.1. IMI)(MA)Pb2Brs (1)

PbO powder (2 mmol) was dissolved in 3 mL of HBr solution by stirring and heating
the mixture up to 70 °C. Subsequent addition of (MA)CI powder (1 mmol) caused the
immediate precipitation of an orange solid, (MA)PbBrs. The precipitate was redissolved



Chemistry 2023, 5

1331

under vigorous stirring and heating the solution up to ca. 150 °C. Next, IMI powder (4
mmol) was added to the mixture, being dissolved quickly. Then, stirring was discontin-
ued, and the solution was left to slowly cool down up to 90 °C, keeping fixed this temper-
ature for 3 h, during which time a creamy white precipitate started to crystallize. Finally,
with the solution still at 90 °C, the polycrystalline material was collected and dried by
filtration under vacuum. Left in air at room temperature overnight, the material formu-
lated as (IMI)(MA)Pb2Brs turned orange and was proved, by X-ray diffraction methods, to
be a single polycrystalline phase (see Figure S1).

2.2.2. (IMI)(FA)PbBrs (2)

Method A: PbO powder (1 mmol) was dissolved in 2 mL of HBr solution by stirring
and heating the mixture up to 70 °C. Subsequent addition of (FA)Br powder (1 mmol)
caused the immediate precipitation of an orange solid, (FA)PbBrs. The precipitate was re-
dissolved under vigorous stirring and heating the solution up to ca. 120 °C. Next, IMI
powder (3 mmol) was added to the mixture, being dissolved quickly. Then, stirring was
discontinued and the solution was left to slowly cool down to room temperature over-
night, during which time a creamy white precipitate started to crystallize (see Figure S1).
Finally, the polycrystalline material formulated as (IMI)(FA)PbBrs was collected and dried
by filtration under vacuum. Method B: PbO powder (1 mmol) was dissolved in 4 mL of
HBr solution by stirring and heating the mixture up to 70 °C. Subsequent addition of
(FA)Br powder (1 mmol) caused the immediate precipitation of an orange solid, (FA)PbBrs,
which was redissolved by stirring and heating the solution up to 70 °C. The resulting so-
lution was left to slowly cool down at room temperature overnight, but no precipitation
occurred. The next day it was layered with Et20 (1:1) and a powder containing tiny nee-
dles was obtained after the two layers mixed (see Figure S1). The powders were then col-
lected by filtration, washed with Et2O and dried under vacuum.

2.3. Characterization
2.3.1. X-ray Powder Diffraction (XRPD) Structural Analysis

Powders of (IMI)(MA)Pb2Brs and (IMI)(FA)PbBrs were deposited in the hollow of a
0.2 mm deep silicon monocrystal (a zero background plate, supplied by Assing spa, Mon-
terotondo, Italy). Minimization of evident textural effects for (IMI)(FA)PbBrs was achieved
by mixing the powder with 10% w/w amorphous Cabosil® (Sigma-Aldrich). It also proved
difficult to grind this material because it immediately degraded, giving very broad dif-
fraction peaks (see Figure S2). Diffraction data were collected in the 5-105° 20 range, on a
D8 Bruker AXS vertical sampling diffractometer, operating in 0:0 mode equipped with a
linear Lynxeye position sensitive detector, set at 300 mm from the sample (generator set-
tings: 40 kV, 40 mA, Ni-filtered Cu-Kou2 radiation, Aavg =1.5418 A). XRPD data for struc-
ture solution were collected at the 3-105° 20 range for both materials, sampling at 0.02°,
with scan time lasting ca. 16 h.

Peak search and profile fitting allowed the location of the most prominent, low-angle
peaks, which were later used in the indexing process by the TOPAS-R software [28]. Ap-
proximate lattice parameters of primitive cells were determined to be a=b=9.09, c=13.88
A, a=p=90°and y = 120° [GOF(20) = 354.7] and a = 10.78, b=9.09, c=21.51 A, a =45.9, p
= 32.4 and vy = 34.6° [GOF(20) = 21.9] (later reduced by the LePage algorithm [29]) for
(IMI)(MA)Pb2Brs and (IMI)(FA)PbBrs, respectively. Lattice symmetry and systematic ab-
sences conditions suggested P6s/mmc [(IMI)(MA)Pb2Brs] and P1 [(IMI)(FA)PbBr4] as plau-
sible space groups, later confirmed by successful structure solution and refinement. Real
space structure modelling by the simulated annealing algorithm coupled to Monte Carlo-
search allowed the definition of suitable models, initially defined by freely floating Pb and
Br atoms and subsequently improved through the addition of IMI, MA and FA cations as
rigid bodies of known (and rigid) geometry. The most satisfactory model was then later
refined by the Rietveld method. Both structure solution and final refinements were carried
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out by TOPAS-R software. The background contribution was modelled by a Chebyshev
polynomial fit; atomic scattering factors for neutral atoms were taken from the internal
library of TOPAS-R. Preferred orientation corrections, in the March-Dollase formulation
[30] was applied for (IMI)(FA)PbBrs on the [001] pole (with final magnitude goo: = 0.850(3)),
while a spherical harmonics approach has been employed for ((IMI)(MA)Pb:Brs), leading,
in both cases, to significantly lower agreement factors. Crystal data and relevant data anal-
ysis parameters are collected in Table 1. Figure 1 shows the final Rietveld refinement plots.
Fractional atomic coordinates have been deposited as CIF files within the Cambridge
Crystallographic Database as publications No. CCDC 2259136-2259137.
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Figure 1. Rietveld refinement plots for (IMI)(MA)Pb2Brs (1, top) and (IMI)(FA)PbBr: (2, bottom).
Observed data in blue (slightly offset for clarity), calculated trace in red, difference plot in grey and
tick markers for peak positions in black. Drawn with Gnuplot [31].

Table 1. Crystal data and refinement parameters for (IMI)(MA)PbBr4 (1), (IMI)(FA)PbBrs (2) and
(IMI)(GU)PbBrs.

Parameter (IMI)(MA)PbzBrs  (IMI)(FA)PbBr: (IMI)(GU)PbBr: [27]
Chemical formula CsH11BrsNsPb: CsHi0BrsN4Pb CsH11BrsNsPb

Fw, amu 994.97 640.96 656.01

Crystal system Hexagonal Triclinic Triclinic

Space group P6s/mmc P-1 P-1

a(A) 9.0885(1) 6.0996(4) 6.1106(4)

b (A) =a 9.0669(8) 9.2753(5)

c(A) 13.8787(1) 13.1358(8) 13.0429(9)

a () 90 92.931(3) 93.474(9)
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B () 90 92.212(4) 92.726(9)

Q! 120 91.885(6) 91.258(8)

V (A3) 992.80(2) 724.53(9) 736.82(8)

V4 2 2 2

Molar volume, V/Z (A3 496.40 362.26 368.41

T (K) 293 293 298

A, (A) Cu-Kaaiz, 1.5418 Cu-Kaaiz, 1.5418 Mo-Kaaiz, 0.71075

Method Powder‘ . Powder. . Single c‘rystal.
X-ray diffraction X-ray diffraction X-ray diffraction

p (mm-1) 45.6 34.69 22.27

Pealc (g cm?) 3.320 2.938 2.957

20 —range (°) 10-105 6-105 5.5-50

Rp, Rwp 0.066-0.092 0.050-0.067 n.a.

RBragg 0.089 0.040 0.065

2.3.2. X-ray Fluorescence Measurements

Gently ground powders of the crystalline RT-phases were deposited on a polycar-
bonate film and analyzed with a MiniPal2 XRF spectrometer (PANalytical B.V., Almelo,
The Netherlands), equipped with a Cr-anode operating at 30 kV and 2 pA. X-ray fluores-
cence lines were measured for Pb (L and Lg lines, at 10.5 and 12.6 keV, respectively) and
Br (Ka and Kp lines, at 11.9 and 13.3 keV, respectively). Using a reference PbBr2 powder
(100% pure crystal phase, XRPD evidence), XRF peak integration and normalization ena-
bled the experimental evaluation of the Pb:Br ratio, found to be 1:3 and 1:3.9 in
(IMI)(MA)Pb2Brs and (IMI)(FA)PbBrs, respectively.

2.3.3. Diffuse Reflectance UV-Vis Spectroscopy

UV-Vis-NIR reflectance spectra of the powders were measured in the 200-900 nm
range using a UV-2600 Shimadzu spectrometer. BaSOs was used as a non-absorbing re-
flectance reference. The Kubelka—Munk function F[R] was calculated from the reflectance
spectrum, using the F[R] = (1 - R)?/2R relationship. Taking F[R] as the representative of the
sample absorbance spectrum, extrapolation of the linear portion of the (F[R] hv)? vs. hv
plot on the hv axis provided experimentally accessible direct band gap values (Tauc plots)
[32].

2.3.4. Thermal Characterization

Thermogravimetric (TG) and differential scanning calorimetry (DSC) traces were ac-
quired from 30 to 400 °C (with a scan rate of 10 °C min) using a Netzsch STA 409 PC
Luxx® analyzer under a N2 flow and with alumina sample holders equipped with a
pierced lid.

Variable temperature (VT-XRPD) experiments were performed from 30 to 300 °C to
assess thermal and polymorphic stability. Powdered batches were deposited in the hollow
of an aluminum sample holder of a custom-made heating stage (Officina Elettrotecnica di
Tenno, Ponte Arche, Italy). Diffractograms were acquired in air, in the most significant
(low-angle) 20 range, under isothermal conditions in 20 °C steps.

3. Results and Discussion
3.1. Synthetic Comments

Compounds (IMI)(MA)Pb2Brs (1) and (IMI)(FA)PbBrs (2) were synthesized by adding
lead(II) oxide, imidazole (in its neutral form) and methylammonium or formamidinium
halide salts in a hot HBr solution, following the steps detailed in the Section 2.2. Syntheses.
It is worth to note that the halides contained in the ammonium-derived salts used as pre-
cursors are irrelevant since the HX acid acting as solvent is in excess and, therefore, will
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define the halide found in the structure of the resulting product. The global reactions of
the synthetic processes (1) and (2), where imidazole is transformed to the positively
charged species imidazolium (IMI), are shown hereafter.

2 PbO + (MA)CI + 6 HBr + CsHaN2 — (IMI)(MA)Pb2Brs + 2 H20 + HCI 1)

PbO + (FA)Br + 3 HBr + CsHiN2 — (IMI)(FA)PbBrs + H20 @)

To avoid the precipitation of both starting materials and intermediates and to ensure
the isolation of pure compound 1, its crystalline powder was filtrated at high temperature
(Section 2.2. Syntheses). In addition, when the synthesis of 1 was undertook by mixing the
starting reagents in stoichiometric ratio, the orange (MA)PbBrs phase was identified in the
precipitate instead. Surprisingly, only when a 2:1:4 ratio was employed among
PbO/(MA)Cl/imidazole precursors, (IMI)(MA)Pb2Brs crystals were clearly found without
contamination of side phases. The use of an excess of imidazole may force in some extent
the precipitation of 1 instead of the, apparently, more stable (MA)PbBrs perovskite. Fi-
nally, several trials were also performed with the aim to obtain alternative species that
share the architecture of 1 or 2 but slightly different chemical composition. In one hand,
when the substitution of bromide with iodide was attempted, (IMI)Pbls compound was
permanently found, regardless of the cation employed to accompany IMI. On the other
hand, when Cs* was used together with IMI in HBr syntheses, the resulting species was
CsPb2Brs [33].

3.2. Comparative Crystal Structure Analysis

(IMI)(MA)Pb2Brs (1) crystallizes in the hexagonal space group, P6s/mmc. The
structure contains octahedrally coordinated Pb? ions lying on a 3 m. special positions (at
1/3, 2/3, z, Wyckoff f), surrounded by six Br- anions, three of the Brl type (on inversion
centers of the .2/m. type, Wyckoff g) and three on a mirror plane normal to ¢ (at x, 2x, 1/4,
mm?2 symmetry, Wyckoff h). Overall, the inorganic framework is three-dimensional.
Imidazolium (IMI) and methylammonium (MA) cations occupy different cavities in the
crystal structure of 1, of markedly different size and shape. IMI lies on a crystallographic
site of -3m. symmetry, incompatible with its “ideal” discoidal Dsh symmetry, and,
therefore, was modeled with a heavily disordered fragment with site occupancy factors
(sof’s) of 1/12; similarly, though to a lesser extent, also MA was found disordered, with
C/N atoms sharing the same crystallographic site (1/3, 2/3, z, Wyckoff f) across a
crystallographic mirror plane. Figure 2 depicts the local geometry of the Pb/Br framework;
Figure 3a,b illustrate the overall crystal packing (viewed down a and c, respectively), with
the highly disordered (perhaps rattling) IMI cations represented as pink spheres and the
MA cations rigidly encapsulated in the crystal structure through weak (here, equivalent)
C/NH -Br “intermolecular” interactions (C/N-Br distance of ca. 3.80 A). Interestingly, the
dynamic disorder of IMI (and other) cations in low-dimensional perovskitoid phases has
been considered a valuable feature enormously decreasing thermal conductivity for
thermoelectric applications [23]. Finally, in such a complex space group symmetry, the
reader is warmly asked to use the supplied cif file for a better rendering.

In 1, the [PbBrs]* octahedra display two different connectivities: indeed, pairs of face-
sharing octahedra (connected by the Br2 ions), with their threefold axis aligned with ¢, are
mutually linked, through a single bromine atom (here, Brl), in a corner-sharing manner.
This is schematically shown in Figure 2, whereas the chemically relevant geometrical
parameters are synoptically collected in Table 2. Such differentiation of Br ions is easily
understood: (i) three u2>-Brl atoms form Pb-Brl bonds (of 3.000(1) A distance) and a
complete linear (180°) Pb-Br1-Pb angle, while (ii) the other three (bent) p2-Br2 ligands form
Pb-Br2 bonds of 3.040(3) A distance and a Pb-Br2-Pb angle of 83.1(1)°. Cis-Br-Pb-Br angles
lie in the 80.8(1)-96.5(1)° range, while the unique trans Br-Pb-Br angle amounts to
167.44(8)°. Intradimer and interdimer non-bonding interactions of the Pb...Pb type are
4.03 and 6.00 A, respectively. The latter is slightly longer than the Pb...Pb (cell edge) of
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the high-temperature CsPbBrs cubic polymorph (ca. 5.873 A at 473 K), which shares the
same face-sharing motifs with linear Pb-Br-Pb links [34], manifesting the non-innocent
(inflating) nature of the large cation(s). Since all dimers can be idealized as [Pb2Brs]* nodes
mutually linked by 6 shared Brl ions, one may question whether this framework could be
idealized as a [Pb2Brs3]*[Br]e2 perovskitic one (i.e., [Pb2Brs]*- being topologically equivalent
to [PbBrs2]"). However, since [Pb2Brs]*- (and its connected Brl atoms) may be ideally
reduced to a trigonal prism of Dsn symmetry with eclipsed Pb-Brl bonds, whereas
[PbBrsx]- shows a fully staggered conformation of On symmetry, this is not the case, and
the two framework are topologically different. The coexistence of corner-sharing and face-
sharing octahedra is not unprecedented in perovskite chemistry as it has been previously
reported by the group of Kanatzidis et al. on germanium [35] and tin [36] iodide
perovskites.

Figure 2. The coordination environment of a Pb? cation, showing how different coordination geom-
etries of the Br-~ ligands lead the formation of both corner-sharing and face-sharing octahedra. Only
the Br- ligands of the central Pb? are labelled.

Figure 3. Views down the crystallographic a (a) and c¢ (b) axes of the crystal structure of
(IMI)(MA)Pb2Brs (1). Heavily disordered IMI cations are drawn as pink (featureless) spheres.
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Table 2. Relevant geometrical features for (IMI)(MA)PbBr: (1), (IMI)(FA)PbBr: (2) and
(IMI)(GA)PbBrs, synoptically collected.

Pb-Pb (A) 4.03; 6.00 6.10-6.39 6.06-6.23
Pb-Br (A) 3.000(1)-3.040(1) 2.88(1); 2.96(1) t 2.911(2); 2.933(2) t

cis-Br-Pb-Br (°)

80.8(1)-96.5(1)

3.014(17)-3.196(6) b
84.0(3)-95.9(4)

3.036(2)-3.140(1) b
86.01(4)-95.19(2)

trans-Br-Pb-Br (°) 167.44(8) 169.0(4)-178.4(3) 171.1-175.9

Pb-Br-Pb (°) 83.1(1)-180 169.0(4)-180 178.08(7)-180

Topology oDclglli:zZ?af filcj;s;?;lﬁike din Corrugated 2D layers from Corrugated 2D layers from
. (110)-cuts of 3D perovskite (110)-cuts of 3D perovskite

corner-sharing mode

IMI cation Heavily disordered Ordered Ordered

MA or FA cation C/N disorder “Ordered” (see text) Disordered

Optical band gap (eV) 3.08 2.88 2.94

t = terminal; b = bridging.

(IMI)(FA)PbBr4 (2) crystallizes in the triclinic space group, P1. Its crystal structure
contains octahedral [PbBrs]?- anions sharing four u2-bridging Br-ligands with neighboring
Pb? jons and possessing two Br ions as monodentate (terminal) ligands, in cis position
one to the other. All atoms (but two: Br2 and Br5, which lie on different inversion centers —
Wyckoff ¢ and g, respectively) are in general position (Wyckoff i). The inorganic portion,
of 2D character, thus adopts a zig-zag arrangement of corner-sharing octahedra (depicted
in Figure 4), running infinitely in the ab plane, and stacked (and separated) along ¢ by the
presence, in different cavities, of the IMI and FA cations. This sequence of octahedral is
reminiscent of a very thin (110) cut of the archetypal 3D perovskite network [37]. In 2 the
terminal bromines are marginally, but systematically, closer to the Pb? ions to which they
are directly linked (Pb-Br 2.88(1) and 2.96(1) A) than the bridging ones (3.014(17)-3.196(6)
A). The shortest non-bonding interactions of the Pb-Pb type fall in the 6.10-6.39 A range
and are even more (positively) strained than in 1.

Figure 4. The zig-zag (ladder-like) arrangement of the corner-sharing [PbBre]* octahedra in the crys-
tal structure of the (IMI)(FA)PbBrs (2).

A view down the crystallographic a axis of compound 2, portrayed in Figure 5, shows
how the arrangement of the [PbBrs] octahedra allows the encapsulation of imidazolium
and formamidinium cations in different cavities. In more detail, the zig-zag (corner shar-
ing) arrangement of the [PbBrs] octahedra leaves free cavities for the FA cations, which,
accordingly, position themselves as much as they do in the pristine 3D FAPbBrs system
[38], though no disorder of the FA cation was here modeled. At variance, the IMI cations
are segregated in parallel layers sandwiched between two inorganic slabs. This arrange-
ment was also found in the isostructural guanidinium (GU) system, of (IMI)(GU)PbBrs4
formulation [27], the relevant structural features of which are added, for comparison, in
both Tables 1 and 2. Thus, an alternative (structure-based) formulation for the two
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(IMI)(CAT)PbBrs (CAT = FA, GU) systems could be well presented as [IMI][(CAT)PbBr4],
with IMI and [(CAT)PbBr4] layers (positively and negatively charged, respectively) alter-
nating along cin an ...ABAB... sequence.

As an interesting caveat of the structural chemistry of these species, it is worth men-
tioning that the ionic radii of MA, FA, GU and congeners, computed by a number of meth-
ods and reaching a general consensus (see Table 1 in ref. 11), are not enough to predict the
structure and topology of mixed-cations perovskitoids. Indeed, MA and FA possess sim-
ilar (and small) ionic radii (below 250 pm), and can tuck in the cavities, or pockets, of 3D
or (110) layered perovskites. Differently, cations with ionic radii above 250 pm (IMI, azet-
idinium and larger ones) find their location outside these layers. Why GU (ionic radius of
ca. 270 pm) can snug fit into the perovskite pockets must then be a consequence of the
weak(er), but significant, H-bond interactions with the inorganic framework, justified not
only by size, but also by shape and, ultimately, by subtle energetic stabilization, including
non-negligible entropic effects for disordered (and dynamic) systems.

Figure 5. View down the crystallographic a axis for (IMI)(FA)PbBr (2). The formed cavities are em-
phasized with different colors for imidazolium (blue) and formamidinium (yellow) cations.

3.3. UV-Vis Diffuse Reflectance Measurements

Powders of (IMI)(MA)Pb2Brs and (IMI)(FA)PbBrs appear orange and creamy white,
respectively, at the naked eye level and, therefore, they are expected to possess semicon-
ducting optical band gaps (Eg) at high enough energies, close to the UV type A photon
energy regime. The use of the full reflectance spectra (R), collected in the 200-900 cm™!
range (UV to near infrared regime), the Kubelka-Munk pseudo-absorption spectra (F[R])
and their transformation to (F[R]hv)? for a direct allowed transition (Tauc plot), enabled
the determination, of E; values, found to be 3.08 and 3.07 eV for 1 and 2, respectively.
Figure 6 shows the relevant plots mentioned above. As these values refer to experimen-
tally detectable (symmetry allowed) transitions, they can be interpreted as an upper limit
estimate of the frontier-orbital separation, which, therefore, must be lower than (or equal
to) 3.07 eV. The nearly colorless aspect of (IMI)(FA)PbBr: is in line with the strong confine-
ment of excitons determined by quantum effects in single-layer (though corrugated) of
[PbBr4] slabs, excised from a (110) surface of a 3D perovskite (as also manifested in
(IMI)(GU)PbBrs, which shows an Eg value of 2.94 eV [27]). More surprising is the high
optical band gap energy value observed in the (IMI)(MA)Pb2Brs 3D system, which, though
topologically different from the 3D archetype, shares the same “ideal” formulation (ABX3)
and the corner-sharing octahedra structure. Apparently, the presence of face-sharing di-
mers in the 3D network is highly detrimental to charge delocalization, acting as impassa-
ble barriers for electrons and holes diffusion.
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Figure 6. The Kubelka—Munk spectra for compounds 1 (a) and 2 (b), and their corresponding Tauc
plots for 1 (c) and 2 (d).

3.4. Thermal Stability Measurements

Thermogravimetric and DSC analyses of (IMI)(MA)Pb2Brs (shown in Figure 7a) indi-
cate that this crystal phase is stable up to ca. 270 °C, where an inflection point of the TG
curve, possibly due to incipient decomposition and methylamine/HBr release, is observed.
In the pristine MAPbBrs phase (slightly more stable than the nowadays ubiquitous
MAPbDIs one [39]), the decomposition temperature is reported to be ca. 340 °C (from Dif-
ferential Thermal Analysis) [40]. Because of the relatively unstable nature of MA-contain-
ing phases, we collected XRPD data on a sample kept in environmental conditions for six
weeks and did not observe any significant change (see Figure S3).
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Figure 7. Thermogravimetric (black) and differential scanning calorimetric (blue) curves for
(IMI)(MA)Pb2Brs (1) (a) and (IMI)(FA)PbBr4 (2) (b) phases.

Variable temperature X-ray diffraction was used to follow the thermal stability and
evolution of the different crystal phases. The raw data are plotted in Figures S4 and S5.
Substantial stability of (IMI)(MA)Pb2Brs (1) phase is demonstrated in a wide temperature
range, from room temperature to (at least) 250 °C (see Figure 8a), with no changes of the
diffraction pattern, apart from expected thermally-induced lattice strain. Thermal
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expansion coefficients, derived from the analysis of the trend of the relative changes of the
a and b axes lengths and the cell volume vs. temperature (Figure 8c), are: 1 =10.3, 1c = 81.0
and kv =102 MK (for p = po (1 + k(T-To); p = a, c and V). The estimated values are in line
with those observed in similar species [23] and demonstrate a substantial flexibility of the
crystal lattice. The inset of Figure 8c shows the thermal strain tensor, determined by
Ohashi’s method [41] and graphically represented by the Wintensor software [42].
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Figure 8. The thermal evolution, with increasing temperature, of both the XRPD patterns and the
lattice parameters derived therefrom, expressed as Ap/po, and the visualization of the corresponding
strain tensor for (IMI)(MA)Pb2Brs (1) (a,c,e) and (IMI)(FA)PbBrs (2) (b,d,f). Slightly below 300 °C,
decomposition of the two phases, occurs. In (b), the yellow dashed line indicates the occurrence of
a solid—solid phase change. In (g), lattice angles evolution (°) vs. temperature (°C) for (IMI)(FA)PbBrs
(2), showing the progressive transformation from the triclinic to orthorhombic symmetry, through
an elusive monoclinic phase (3 < 90° at 100 °C).

The same kind of thermal characterization was also performed on (IMI)(FA)PbBra (2),
which proved to behave in a rather different manner. Although thermal stability was still
high (no decomposition being observed below 250 °C), Figure 7b shows a broad bump in
the 70-100 °C range, the nature of which could only be explained by analyzing (and visu-
alizing) VT-XRD data (see Figure 8b). Here, a clear complex change of the diffraction peak
position occurs upon raising the temperature, with several couples of peaks merging at
about 100 °C into a single one. The evaluation of the lattice parameters showed that the
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three oblique angles, deviating from 90° as much as 2.9°, progressively change, in a con-
tinuous manner, to 90°, through an elusive monoclinic phase, and eventually landing into
a fully orthorhombic polymorph. These changes are graphically illustrated in Figure 8f.
The structural change is of the displacive type and can be easily understood by the
sketches shown in Figure 9a,b (for the triclinic and orthorhombic polymorphs, respec-
tively). Setting the interaxial angles to 90°, with very little shifts of the Pb and Br atoms,
the Pmmb space group is obtained, which requires also a small reorientation of the IMI
and FA cations, if not their partial disordering.

.
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Figure 9. The structural change in (IMI)(FA)PbBr (2) brought about heating. Views down a axis of
the triclinic (a) and orthorhombic (b) polymorphs, mutually related by a displacive phase transition.
The orientation of the IMI and FA cations in the latter is just a guide to the eye and does not conform
to the Pmmb space group symmetry.

4. Conclusions

In this contribution, we describe the synthesis, structural and thermal characteriza-
tion of two novel compounds, (IMI)(MA)Pb2Brs (1) and (IMI)(FA)PbBr4 (2), which join a
handful of imidazolium lead(II) halides reported in the literature. Their crystal structures
comprise two types of organic cations, imidazolium and a smaller one: methylammonium
or formamidinium, respectively. The dimensionality of the structures was found to be de-
pendent on the connectivity among the [PbBrs] octahedra. In 1, dimers of face-sharing
octahedra connect with corner-sharing ones, allowing the structure to expand along all
three dimensions (3D network), while in 2, the [PbBrs] units are linked via sharing corners,
giving rise to 2D corrugated sheets. Interestingly, the zig-zag arrangement of the [PbBrs]
octahedra observed in 2 allows the formation of free cavities which host the forma-
midinium cations, while the imidazolium ones are found to form parallel layers sand-
wiched between two inorganic slabs. DSC and TGA measurements show that 1 and 2 are
stable up to at least 250 °C, whereas VT-XRD studies on crystalline powders shed light on
the polymorphic stability of the two crystal phases. (IMI)(MA)Pb2Brs demonstrates a sub-
stantial flexibility of its crystal lattice reflected by a relatively high thermal kv coefficient
of 102 MK-. On the other hand, the diffraction pattern of (IMI)(FA)PbBr: displays a critical
change of peaks above 100 °C, resulting in a clear phase transition from the initial triclinic
to a final orthorhombic polymorph. This paper evokes the study of alternative hybrid im-
idazolium-based systems, with the aim to investigate the influence of the metal (e.g., bis-
muth instead of lead) on their thermal behavior. Work can also be anticipated in the di-
rection of adding other “prone to disorder” organic cations in search for low thermal con-
ductivity species for thermoelectric applications.
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https://www.mdpi.com/article/10.3390/chemistry5020090/s1, Figure S1: Optical images of the pre-
pared samples; Figure S2: XRPD pattern of pristine (blue) and gently ground (red) (IMI)(FA)PbBr4
(2) showing partial and anisotropic degradation of the crystals; Figure 53: XRPD measurements of
a powder sample of (IMI)(MA)Pb2Brs (1) exposed to environmental air, humidity and light, in the
course of 6 weeks. Figure S4: VT-XRD patterns for (IMI)(MA)Pb2Brs (1) in the 25-345 °C range; Fig-
ure S5: VI-XRD patterns for (IMI)(FA)PbBrs (2) in the 25-345 °C range; CCDC Codes: 2259136-
2259137.
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