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Hybrid Organic–Inorganic Halide Post-Perovskite 
3-Cyanopyridinium Lead Tribromide for Optoelectronic 
Applications

Nikita I. Selivanov, Anna Yu. Samsonova, Ruslan Kevorkyants, Irina V. Krauklis,  
Yuri V. Chizhov, Boris V. Stroganov, Marios E. Triantafyllou-Rundell, 
Detlef W. Bahnemann,* Constantinos C. Stoumpos, Alexei V. Emeline, 
and Yury V. Kapitonov

2D halide perovskite-like semiconductors are attractive materials for various 
optoelectronic applications, from photovoltaics to lasing. To date, the most 
studied families of such low-dimensional halide perovskite-like compounds 
are Ruddlesden–Popper, Dion–Jacobson, and other phases that can be 
derived from 3D halide perovskites by slicing along different crystallographic 
directions, which leads to the spatially isotropic corner-sharing connectivity 
type of metal-halide octahedra in the 2D layer plane. In this work, a new 
family of hybrid organic–inorganic 2D lead halides is introduced, by 
reporting the first example of the hybrid organic–inorganic post-perovskite 
3-cyanopyridinium lead tribromide (3cp)PbBr3. The post-perovskite 
structure has unique octahedra connectivity type in the layer plane: a typical 
“perovskite-like” corner-sharing connectivity pattern in one direction, and the 
rare edge-sharing connectivity pattern in the other. Such connectivity leads 
to significant anisotropy in the material properties within the inorganic layer 
plane. Moreover, the dense organic cation packing results in the formation 
of 1D fully organic bands in the electronic structure, offering the prospects 
of the involvement of the organic subsystem into material’s optoelectronic 
properties. The (3cp)PbBr3 clearly shows the 2D quantum size effect with 
a bandgap around 3.2 eV and typical broadband self-trapped excitonic 
photoluminescence at temperatures below 200 K.
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possibility of their use for the absorber 
layer in solar cells.[4] In parallel with the 
record achievements in the efficiency of 
perovskite solar cells,[5] the possibilities 
of using these unique semiconductors 
in other fields of optoelectronics, such as 
photodetectors,[6] light-emitting diodes,[7] 
lasers active media,[8] γ- and X-ray detec-
tors,[9] to name a few, are opening up. 
The structural formula of halide perov-
skite crystals is ABX3, where B2+ is a 
metal cation (usually Pb2+ or Sn2+), X− is 
a halide anion (I−, Br−, or Cl−), and A+ is 
either an inorganic or an organic cation 
in fully inorganic and hybrid organic–
inorganic halide perovskites, respectively. 
The main building blocks of the 3D 
perovskite inorganic frameworks are the 
[BX6/2] octahedra, connected in a corner-
sharing manner along the three ortho-
gonal spatial dimensions. Such infinite 
frameworks are only stable when the A 
cations have suitable sizes limited by the 
Goldschmidt relation[10] for ionic solids.

Violation of this limitation could lead to 
edge- or face-sharing octahedra connectivity 

or leave some of X− anions as terminal ligands. This structural  
versatility results in a huge variety of perovskite-like struc-
tures of ABX3 or dimensionally reduced stoichiometries. Some 
BX framework types could be obtained in fully inorganic 
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1. Introduction

Halide perovskites, known and studied[1–3] for more than 
a century, attracted attention in the mid-2010s due to the 
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perovskite-like compounds,[11,12] but the greatest variety can be 
achieved via the organic A cations’ substitution. Low-dimen-
sional perovskite-like structures are of particular practical 
interest, among which quasi-2D crystals got the most atten-
tion.[13,14] The 2D perovskite-like semiconductors are natural 
multiple quantum wells (QWs) with well-pronounced quantum 
size effect, increased exciton binding energy and oscillator 
strength,[15,16] and are praised for their stability[17] and possibility 
of being used in various optoelectronic applications, ranging 
from photovoltaics[18] to lasers.[19]

The broadest order of hybrid organic–inorganic quasi-2D 
perovskite-like structures[20] could be imagined by slicing off 
layers from ABX3 perovskites framework along the (100), (110), 
or (111) directions with organic cations serving as spacers. The 
(100)-oriented cleaves lead to the mostly studied Ruddlesden–
Popper (RP) and Dion–Jacobson (DJ) families.[13] Figure  1a,c 
shows inorganic layers of these two homologous families for 
n = 1. Therein, the corner-sharing octahedral connectivity in the 
layer plane inherited from the 3D-perovskite ancestor results in 
the material isotropy in x- and y-directions.

Despite the tremendous possibilities of controlling the 
crystal structure by selecting the organic cations, not all the 
possible analogous structures found in oxide perovskite deriva-
tives have been realized in their halide counterparts.

One of the most unexpected oxide perovskite-like crystal 
structures comes from geophysics. Seismic observation of the 
Earth’s interior led to the discovery of unexpected features of the 
lowermost mantle region called the D″ layer. Most of the lower 
mantle is composed of MgSiO3 perovskite. It was expected that 
in the D″ layer this mineral undergoes phase transition, and 
new phase would explain abnormal properties of this layer. In 
2004 this question was resolved by the discovery of MgSiO3 
polytype[21,22] named “post-perovskite.” MgSiO3 post-perovskite 
exists at a pressure of >125  GPa and a temperature of 2500 K. 
This phase consists of [SiO6/2]2− octahedra, forming layers with 
corner- and edge-sharing connectivity in orthogonal directions 
across the layers’ plane separated by Mg2+ cations between the 
layers. This connectivity is schematically shown in Figure  1b. 

The post-perovskite structure is quite uncommon, and it is only 
known in the MgGeO3,[23] MnGeO3,[24] CaIrO3,[25] CaRuO3,[26] 
and CaPtO3

[27] among oxides. Other material families that host 
the post-perovskite structure include the NaMgF3

[28] fluoride, and 
the β-LnLuSe3 (Ln = Pr and Nd)[29] and UFeE3 (E = S and Se)[30] 
chalcogenides. The structure of Cr3GeC is an example of the 
anti-post-perovskite structure in carbide chemistry.[31] The only 
known heavy halide post-perovskite is fully inorganic TlPbI3.[11,32] 
Despite its toxicity, this material already attracted attention for 
possible ionizing radiation detection.[33] It should be noted that 
in all the post-perovskites mentioned above the crystal structures 
adopt the based-centered orthorhombic Cmcm space group con-
taining two layers of corrugated octahedra sheets within the unit 
cell as shown in Figure 1d. This structure could be represented 
as a high-symmetry structure (Figure 1b) with the lattice constant 
doubling along the y-direction due to the octahedra tilts. For 
hybrid organic–inorganic lead halides, only 1D chains with post-
perovskite connectivity types were synthesized so far.[34]

In this work, we introduce a new family of hybrid organic–
inorganic 2D lead halides by reporting the first example of the 
hybrid organic–inorganic post-perovskite (3cp)PbBr3,where 3cp 
stands for the 3-cyanopyridinium, [3-CNC5H5NH]+, cation. 
We experimentally explore its structural, optical, and vibrational 
properties, and predict its electronic structural peculiarities by 
theoretical calculations. The different octahedra’s connectivities 
across the inorganic framework layers give rise to the material 
anisotropy, while the dense organic cations’ packing offers pros-
pects of the involvement of the organic subsystem into mate-
rial’s optoelectronic properties.

2. Results and Discussion

2.1. Crystal Growth and Characterization

Centimeter-sized (3cp)PbBr3 single crystals were grown by the 
slow counterdiffusion of individual solutions of lead(II) bro-
mide (PbBr2) and 3-cyanopyridine in HBr in the silica gel filled 

Figure 1. Schematic crystal structures of connected [BX6] octahedra frameworks for Ruddlesden–Popper and Dion–Jacobson phases (a,c), and for 
post-perovskite phase (b,d,e) viewed along the stacking z-axis (a,b) and in-plane x-axis (c,d,e). Symmetry lowering in actual post-perovskite structures 
by doubling the lattice constant along the y-axis in MgSiO3-type and x-axis in (3cp)PbBr3 crystal types are shown.
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U-tube. This gel growth method has proved applicable for a 
synthesis of low-dimensional organic–inorganic lead halides[35] 
and 3D perovskites MAPbX3 (X = I and Br)[36] of high crystal 
and optical quality. The as-grown (3cp)PbBr3 crystal plates are 
optically translucent and have well-defined rectangular mor-
phology (Figure 2a). The crystals are quite stable and retained 
their properties after 20 months of storage in a dry atmosphere.

2.2. Crystal Structure

Single crystal X-ray diffraction (XRD) study of (3cp)PbBr3 at 
300 K revealed its post-perovskite-type structure (Figure  2b; 
Figure S1b and Table  S2, Supporting Information) with C2/m 
monoclinic space group with (x, y, z) axes in Figure 1 roughly 
corresponding to (c, b, a) lattice vectors. The single-phase for-
mation during the synthesis was confirmed by powder XRD 
analysis of the grinded single crystals (Figure  2c). Note that, 
unlike MgSiO3-type post-perovskites (Figure  1d), the crystal 
structure of (3cp)PbBr3 exhibits the lattice constant doubling 
along the x-axis, caused by the distortion of the [BX6] octa-
hedra in addition to the regular distortion of the structure type 
(Figure  1e). This distortion is responsible for the lowering of 
the symmetry from orthorhombic Cmcm (parent) to the mono-
clinic C2/m (child) space group. Unlike RP and DJ structures 
(Figure  1a), the distribution of octahedra in (3cp)PbBr3 is 
not uniform in the (x,y) plane, arranging in “ridges” of edge-
shared anions and “grooves” of corner-shared ones along the 
x-axis (Figure  2d). Such anisotropy results in perfect ordering 
of 3-cyanopyridinium cations along the x-axis in the “grooves” 
with the pyridinium nitrogen atoms being anchored inside 
the grooves (Figure  2e). The formation of “ribs” in “grooves” 
is caused by deformation of the [BX6] octahedra, confining the 
placement of the organic cations along the x-axis. This leads 
to the doubling of the lattice constant along the x-axis. In this 
configuration, the Pb2+ cations are shifted from the octahedra 
centers (Figure S5, Supporting Information).

The crystal packing of the 3-cyanopyridinium cations in (3cp)
PbBr3 crystal allows for short interatomic distances between 
pyridinium nitrogen atom and bromides (distances are shown 
in Figure  5e,f). The shortest N···Br distance equal to 3.28  Å 

allows us to make an assumption about the presence of a 
hydrogen bond between the corresponding hydrogen and bro-
mine atoms (Figure 5f).[37] These bonds together with the π–π 
stacking interactions discussed in the following sections likely 
serve as the stabilizing forces for the orientation and mutual 
arrangement of 3-cyanopyridinium cations in the organic layer.

Refinement of the XRD data at 100 K (Table S2, Supporting 
Information) reveals a lower-symmetry unit cell for (3cp)
PbBr3, crystallizing in the triclinic P-1 space group (Figure S1a, 
Supporting Information). The phases can be transformed into one 
another via a phase transition, occurring between 300 and 100 K.

To determine the orientation of the as-grown single crystals, 
electron backscatter diffraction (EBSD) and powder XRD of 
single crystals were used. Figure  3a shows the EBSD pattern 
obtained for the crystal. This pattern could be perfectly fit using 
the known crystal structure (Figure  3b) with the orientation 
being depicted for the crystal in Figure  2a. Surprisingly, the 
direction of the inorganic framework planes is orthogonal to 
crystal plate. This indicates a slower crystal growth along the x-
axis, i.e., the edge-sharing direction. An additional confirmation 

Figure 2. The a) photo and b) the structure of (3cp)PbBr3 crystal. [PbBr6] octahedra are shown in gray. Hydrogen atoms are omitted for clarity. c) XRD 
patterns for powdered crystal (blue) and simulated patterns based on the single-crystal XRD data (red). Crystal structure seen along the d) y-axis and 
e) x-axis. Atom colors: Pb—gray, Br—orange, C—light gray, N—light blue, and H—white.

Figure 3. a) EBSD pattern of (3cp)PbBr3 single crystal and b) its solution 
using known crystal structure. c) XPS spectra of (3cp)PbBr3 with peaks 
attribution.
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of the chosen orientation is the observation of (002) and (004) 
reflections in the XRD scan of the single crystal in the orienta-
tion shown in Figure S6 (Supporting Information). (3cp)PbBr3 
single crystals have cleavage planes along (xz) and (xy) planes 
(Figure S7, Supporting Information), indicating the ease of 
breaking corner-sharing bonds and weak bond between alter-
nating organic and inorganic layers, respectively. Absence of 
cleavage along the (yz) plane could be explained by the bond 
strength of edge-sharing octahedra connectivity. Figure  3c 
shows the X-ray photoelectron spectrum (XPS) of the (3cp)
PbBr3 single crystal. Br3d and Pb4f signals (Figure S8, Sup-
porting Information) confirm the expected oxidation states of 
bromide and lead atoms in the compound.

2.3. Electronic Structure

Density functional theory (DFT) modeling of (3cp)PbBr3 was per-
formed with the crystal structure obtained at 300 K with spin–
orbit coupling effects being included. Calculated electronic band 
structure and density of states (DOS) are shown in Figure 4.

As can be seen from Figure 4c, the compounds’ valence band 
consists of p-orbitals of Br and s-orbitals of Pb, which is typical 
of lead halides.[38] The unoccupied inorganic bands consisting of 
p-orbitals of Pb and Br are observed at >2.4 eV. Additionally, two 
organic-related bands are observed between the abovementioned 
inorganic bands. Appearance of similar organic-related bands 
was already reported for pyridinium and 3-hydroxypyridinium 
cations in lead trihalides.[39] However, the reported bands were 
flat, which indicated the localization of electron density predom-
inantly on the organic cations weakly interacting with each other 
and with an inorganic subsystem. In our case, the tight packing 

of cyanopyridinium cations, their zig-zag stacking orientation 
within the interlayer space, and increase in the size of their 
molecular π-orbitals due to the CN group led to the onset 
of the weak bonding interaction between cations, and the for-
mation of the dispersive bands, observed in the calculations. In 
attempt to deconvolute these bands, we performed calculations 
starting with single 3-cyanopyridinium cations.

The 3-cyanopyridinium cation is isoelectronic to 3-cyanopyri-
dine because it is formed by the addition of a proton. To better 
understand the electronic structure, 3-cyanopyridine can be 
roughly represented as a combination of pyridine and CN group 
from hydrogen cyanide. Figure S9 (Supporting Information) 
shows the π-molecular orbitals and the corresponding eigenener-
gies for 3-cyanopyridine 3-CNC5H4N, and its constituent ana-
logs (benzene (C6H6), pyridine (C5H5N), and hydrogen cyanide 
(HCN)) calculated by the DFT method wB97X/6–311G(d,p). The 
full set of calculated parameters for highest molecular orbitals 
could be found in Table S10 (Supporting Information).

In the benzene molecule, the lowest unoccupied molecular 
orbitals (LUMO) are degenerated π4* and π5* antibonding 
π-molecular orbitals. In the isoelectronic pyridine, this degen-
eracy is removed due to the symmetry breaking of the ring upon 
substitution of one of the carbon atoms with a nitrogen atom 
leading to the splitting of the corresponding molecular orbitals.

On the other hand, the LUMO of hydrogen cyanide con-
sists of degenerate π3* and π4* antibonding π-molecular 
orbitals. With this combination, only the CN group π-orbital 
orthogonal to the pyridine ring plane can interact with the pyri-
dine π-system. This leads to the formation of two unoccupied 
π-conjugated molecular orbitals π5* and π6* due to the bonding 
interaction of π4* and π5* orbitals of pyridine with π4* of the 
CN group. The π5* and π6* orbitals of 3-cyanopyridine are 

Figure 4. Calculated electronic structure of (3cp)PbBr3: a) band structure, b) total density of states (DOS) and organic/inorganic subsystems contribu-
tion, and DOS of c) inorganic and d) organic subsystems.

Adv. Funct. Mater. 2021, 31, 2102338
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further split for 0.457 eV. Similar lineage could be drawn up for 
occupied π-conjugated 3-cyanopyridine orbitals π1, π2, π3, and π4.

Next, we consider intermolecular interactions of the 
3-cyanopyridinium dimer (Figure S9, Supporting Information) 
with cations’ orientation and interatomic distances obtained 
from the room-temperature crystal structure. Although this cal-
culation does not capture the electronic properties of the crystal 
and ignores the crystal field potential, it allows for a qualitative 
assessment of the intermolecular interactions. The mutual ori-
entation of the cations and the small distance between them 
favor the stacking interaction between their π-conjugated sys-
tems. The shortest distance of 3.265 Å is observed between 
the nitrogen atom in the CN group of one cation, and the 
carbon atom in the fourth (counting from the nitrogen atom 
in the pyridinium ring) position in the ring of the adjacent 
cation. Stacking interaction leads to the formation of bonding 
and antibonding combinations of 3-cyanopyridinium cation 
π-molecular orbitals with the splitting between their energies 
being the measure of the interaction strength (Figure 4b).

The maximum splitting of 0.45  eV is for the occupied π2±π2 
orbitals’ interaction (Table S12, Supporting Information), and 
0.241 and 0.101 eV splitting for π5*±π5* and π6*±π6* unoccupied 
orbitals’ interactions, respectively. Figure 5a–d shows several mole-
cular orbitals with electron density in the shortest intermolecular 
distance direction being clearly visible. According to calculations, 
the differences in total energy in the formation of a stacking dimer 
from 3-cyanopyridinium cations are −6.65 and −7.41  kcal mol−1  
with dispersion interactions being taken into account.

This calculation was performed for a dimer, while the transi-
tion to an infinite crystal will lead to the formation of bands 
with electron density being delocalized by stacking interactions 
in the y-direction. The shortest distance of 3.515 Å between car-
bons in fifth positions in the rings of cations in adjacent chains 
prevents the further delocalization in the x-direction, so 1D 
organic bands are formed. Thus, organic bands at 1.4–1.8 and 
2.1–2.5 eV were identified as delocalized π5* ± π5* and π6* ± π6*  
molecular orbitals of 3-cyanopyridinium cations. Similar bands 

formed by occupied orbitals are of less interest, since they are 
located deep in the valence band of (3cp)PbBr3.

Presence of weak hydrogen bonds also leads to the insignifi-
cant admixture of bands despite this, which can still be classi-
fied as organic and inorganic in origin (Figure  4b). Little spa-
tial overlap of inorganic and organic bands (e.g., based on par-
tial DOS in Figure  4b) leads to the negligible transition dipole 
moment between the inorganic states at valence band maximum 
and unoccupied organic states. Thus, such transitions do not 
participate in the absorption of light, and bandgap should be 
estimated only by consideration of the inorganic bands. In this 
case, the valence band maximum is located at nearly equivalent 
I, I1, N, and M points, and the conduction band minimum in 
X-point, thus, leading to the indirect transition with the calcu-
lated bandgap of 2.27 eV (Figure S13, Supporting Information). 
It should be noted that the calculation shows only 0.01 eV higher 
energy for the minimum at M-point, which leaves the possibility 
of the direct transition in this material in fact. Since unoccupied 
organic bands are lying in the bandgap, they could act as deep 
defect states analogous to Bi-doped halide perovskites.[40,41]

2.4. Optical Spectroscopy

Diffuse reflectance spectra (DRS) of the grounded (3cp)PbBr3 
crystal were used for the determination of the absorption 
edge. Figure  6a shows the room-temperature Kubelka–Munk 
function F(R) = (1 − R)2/2R, where R is the measured diffuse 
reflectance coefficient. The derivative dF/dE in Figure S14 (Sup-
porting Information) shows the maximum at 3.25 eV correlated 
to the fundamental absorption at the material band edge.

The photoluminescence (PL) spectrum at T = 77 K with exci-
tation well above the absorption edge (Eex  = 3.31  eV) shows a 
broad emission peak centered at Eem = 2.45 eV (Figure 6b). The 
emission peak’s full width at half maximum (FWHM) is 0.36 eV. 
Such broad emission probably derives from the self-trapped 
exciton (STE) recombination, a well-known phenomenon in 

Figure 5. a) Cation dimer arrangement and b–d) its molecular orbitals demonstrating the stacking interaction. e,f) Fragments of the crystal structure 
with shortest distances between organic and inorganic atoms shown in Å. Atoms colors: Pb—gray, Br—orange, C—light gray, and N—light blue. 
Hydrogen atoms are omitted for clarity. g) Thermal ellipsoids for T = 300 K with 90% probability. Red arrows show excessive movement freedom of 
corner-shared Br atoms.
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 16163028, 2021, 37, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202102338 by T
echnische Inform

ationsbibliothek, W
iley O

nline L
ibrary on [20/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2102338 (6 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

low-dimensional lead halides.[42] Photoluminescence excitation 
(PLE) measurements at Eem show sharp edge at 3.18 eV, which 
is consistent with the bandgap determined by the DRS meas-
urements (Figure  6b). This value is larger than the bandgap 
calculated by DFT (2.34  eV for the direct transition between 
inorganic bands) due to the well-known tendency of DFT calcu-
lations to underestimate the energy bandgap.

The studied 2D lead bromide’s band edge is blueshifted by 
0.9  eV in comparison with the 3D MAPbBr3 perovskite band 
edge.[43] This is a manifestation of the quantum size effect in 
natural multiple QWs formed by inorganic framework layers of 
(3cp)PbBr3. This also confirms the fact that despite the slight 
interaction of organic and inorganic subsystems described 
above, there are no charge-transfer signatures through the 
organic layer. Thus, we conclude that the organic layer acts as a 
QW barrier. The redshift of 0.4 eV between the absorption edge 
and PL emission maximum is a sum of exciton binding energy 
and STE trapping energy. Absence of the free exciton emission 
feature (not observed in PL down to T = 4 K) prevents separa-
tion of these two contributions. As the temperature rises, PL 
emission gradually disappears without significant spectral shift 
or broadening (Figure S15, Supporting Information). PLE edge 
also remains unshifted (Figure S15, Supporting Information). 
The temperature dependency of the PL emission intensity was 
fitted by the Arrhenius equation I  = I0/(1 + Aexp(− Ea/kBT)), 
yielding the activation energy Ea of the PL quenching processes 
of 0.14 eV (Figure 6c).

2.5. Vibrational Spectroscopy

Different connectivities of octahedra in the inorganic layer 
of (3cp)PbBr3 along x- and y-directions should lead to a sig-
nificant anisotropy of electron–phonon interaction. In order to 
probe experimentally this anisotropy, polarized Raman spectra 
were measured at room temperature in different geometries 
(Figure 6e,f). Observed low-frequency signals (<200 cm−1) cor-
respond to vibrations of the inorganic framework. Figure  5e 
shows the larger amplitude of the co-polarized Raman signal 
for vibrations along the octahedra corner-sharing axis (y-axis) 
in comparison with vibrations along the edge-sharing axis  

(x-axis) for excitation normal to the inorganic layers’ plane. 
This effect is the manifestation of the higher amplitude of 
vibrations of corner-shared Br atoms, which could also be seen 
in structural data by observation of thermal ellipsoids at 300 K 
(Figure 5g). Even a more pronounced effect could be seen for 
the excitation along the x-axis (Figure 6f). A similar effect of an 
increase in the amplitude and broadening of the Raman signal 
was observed for 3D halide perovskites in those cases when a 
motion freedom of the A cation exists in the crystal lattice.[44–47]

Raman spectroscopy was also used to reveal the phase transi-
tion between high-temperature C2/m and low-temperature P-1 
phases. The measured temperature dependence of the Raman 
signal for the region around 140 cm−1 is shown in Figure 6d. At 
100 K, the signal is split into two lines (140 and 146 cm−1). With 
the temperature growth, these two lines merge at a tempera-
ture of around 200 K, which is the manifestation of the crystal 
symmetry increase.

3. Conclusion

In this work, we have introduced the first member of a new 
family of 2D hybrid organic–inorganic halides, in the form of 
(3cp)PbBr3 post-perovskite. The first member of this family—
(3cp)PbBr3—was synthesized using the innovative gel growth 
method, and characterized both experimentally and theoreti-
cally. Optical measurement on single crystals of this material 
demonstrates a bandgap of 3.2 eV and a broadband self-trapped 
excitonic photoluminescence below 200 K. The material under-
goes a structural phase transition at around 200 K, reducing 
its crystal lattice symmetry from monoclinic to triclinic. DFT 
calculations show that dense packing of organic cations leads 
to the formation of 1D fully organic band. However, this band 
does not directly participate in the optical response. Anisotropy 
of the post-perovskite structure in the layer plane manifests 
itself in the anisotropy of electron–phonon coupling path-
ways, evidenced by the different thermal motion of the corner- 
(perovskite-like) and edge-shared octahedra. Ongoing work is 
focused on finding other representatives of this family, stud-
ying the possibility of functionalizing the organic A-site cation 
and the development of routes toward practical application of 

Figure 6. a) Kubelka–Munk function F(R) at T = 300 K. b) PL (Eex = 3.31 eV) and PLE (Eem = 2.45 eV) spectra at T = 77 K. c) PL temperature dependence 
(dots) and Arrhenius fit (dashed line). d) Normalized unpolarized Raman scattering temperature dependency. e,f) Polarized Raman scattering at T = 
300 K. Insets show crystal orientation. Porto notation is used for polarized scattering geometry.
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these materials in optoelectronics, for example, as white-light 
emitters or ionizing radiation detectors.

4. Experimental Section
Reagents: Lead(II) bromide (98%, Sigma–Aldrich), aqueous 

HBr (40%, Iodobrom), and 3-cyanopyridine (98%, Alfa Aesar) were 
used as received. Silica gel was prepared from sodium metasilicate 
crystallohydrate solution (Na2SiO3 · 9H2O) with the distilled water as 
solvent.

Crystal Growth: In the present work, the modification of the method 
used for a synthesis of 1D piperidinium lead triiodide in silicate gel[38] 
was employed. The method is based on a difference in solubility of a 
target perovskite and lead halide in corresponding hydrohalic acid.

Crystal Characterization: Single crystal X-ray diffraction study of the 
obtained single crystals was carried out using the diffractometer Agilent 
Technologies Xcalibur (Oxford Diffraction). The apparatus included 
an anode—MoKα X-ray tube and a detector of reflected X-rays—the 
high-speed position-sensitive CCD “Atlas.” The structure was solved 
using charge flipping methods and it was subsequently refined using 
the Jana2006 software.[48,49] XRD measurements were performed at 
two different temperatures of 100 and 300 K. Powder X-ray diffraction 
study was conducted using the Bruker D2 Phaser diffractometer from 
powdered single crystals and the high-resolution X-ray diffractometer 
Bruker D8 Discover using a long focus X-ray tube Cu Kα anode. Reflected 
X-rays were detected using a solid position-sensitive detector LYNXEYE.

The EBSD measurements were carried out using a backscattered 
electron diffraction detector, OxfordHKL NordLys Nano equipped on a 
Hitachi S-3400N scanning electron microscope. Due to the structure, 
photodegradation under electron beam EBSD images’ acquisition was 
performed as follows: multiple images (50–100) from an area of 40 × 
40 µm were collected (exposure: 50 ms per image) and averaged. Pattern 
indexing was performed using Oxford AzTec software using 300 K crystal 
structure as a model.

The XPS spectra were collected using Thermo Fisher Scientific 
ESCALAB 250Xi setup with the Al Kα X-ray source (1486.6  eV with a 
monochromator), variable beam size (200–900 mkm), and an energy 
resolution of 0.45 eV.

Electronic Structure Calculations: Electronic structure calculations of 
(3cp)PbBr3 were performed within the framework of periodic DFT using 
Abinit-8.2.3 program.[50] Local density approximation density functional[51] 
was applied. Spin–orbit coupling was accounted for using relativistic 
separable Hartwigsen–Goedecker–Hutter pseudopotentials.[52] In both 
the band structure and projected density of state calculations, the 
Brillouin zone was sampled over 4 × 4 × 4 Γ-centered Monkhorst–Pack 
grid of k-points.[53] The applied kinetic energy cut-off was equal to 60 
Hartree. The band structure was computed along the Γ–Y–F–L–I–I1–Z–
F1–Y–X1–X–Γ–N–M–Γ path[54] of high-symmetry k-points of monoclinic 
reciprocal lattice.

The DFT calculations of molecular orbitals were performed with 
the long-range corrected wB97X/6–311G(d,p) functional, which was 
allowed for accurately estimating the ionization potentials of pyridines. 
In models of single and dimer organic cations, Br− anions were added 
in calculation in order to neutralize the excessive positive charge. In 
optimization of the geometry, each of the N, Br, and C6 atoms of the 
3-cyanopyridine cations was fixed. Because of the negligible interaction 
of anions Br− with organic cations, the bromide orbitals were ignored.

Optical Characterization: Temperature-dependent photoluminescence 
and photoluminescence excitation spectra were measured in the 
77–300  K range using the Agilent Cary Eclipse spectrofluorometer. 
The sample was fixed in a quartz dewar in the cuvette compartment 
of the spectrofluorometer. Photoluminescence spectra were obtained 
with 365 nm excitation, and photoluminescence excitation spectra were 
recorded at 510 nm. The emission slit width was 5 nm, and the excitation 
slit width was 2.5 nm in both cases.

Powder was prepared by grinding single crystals in an agate mortar. 
The diffuse reflectance spectra of the powder were obtained using the 

Cary 5000 UV–vis–NIR spectrometer equipped with a diffuse reflectance 
accessory DRA 2500. BaSO4 powder was used as the reference material.

Raman Scattering Characterization: Raman scattering measurements 
were carried out in the temperature range of 83–300 K using the Horiba 
LabRam HR 800 spectrometer with the grating of 1800 l mm−1 and a 
spectral resolution of 2 cm−1. A solid-state laser with the wavelength of 
532 nm and the power of 10 mW was used as an excitation source. The 
sample was cooled using the Linkam LNP95 system. An Olympus BX41 
microscope with the (10×)/0.75 numerical aperture objective lens was 
used to focus the laser beam on a sample surface.

[CCDC 2065528–2065529 contains the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.]
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