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Aziridinium cation as a versatile template for
hybrid organic—inorganic perovskites of all
dimensionalitiest

Olesia I. Kucheriv, €22 Oleksandr A. Semenikhin,? Yurii S. Bibik,? Ivan Bardyk,?
Sergiu Shova® and Il'ya A. Gural'skiy (2 **

Hybrid perovskites form a large group of novel functional materials with diverse structural motifs based
on metal-halide polyhedra. Here, we report on a series of hybrid perovskite-like materials of the general
formula (AzrH)zsMyXg (M = Sb, Bi; X = Cl, Br, and 1), the structure of which is templated with the exclusive
aziridinium cation (AzrH)*. Notably, single crystal X-ray experiments show that representatives of the
reported series exhibit variable crystal structures with different dimensionalities: 0D, 1D, and 2D metal
halides. In addition, heterovalent doping of aziridinium lead halides with bismuth allowed us to obtain
mixed-metal 3D perovskites as well. (AzrH)zsM,lg metal halides form 0D structures in which discrete bi-
octahedra are surrounded by aziridinium cations. (AzrH)sM,Brg metal halides form 2D layers separated by
(AzrH)* cations. (AzrH)sBi>Cly is isotypical with bromides, while (AzrH)sSb,Clg forms 1D polymeric bi-
chains. For the obtained set of all dimensionality perovskites, we aimed to establish the correlation among
the crystal structure, dimensionality, octahedral connectivity, and halogen type with key optical properties.
The optical absorbance of (AzrH)sMyXg metal halides features strong excitonic peaks centered at
330-499 nm with binding energies of 0.06-0.61 eV. The optical band gaps of Sb and Bi aziridinium metal
halides were determined to range from 2.61 to 4.09 eV. The lowest obtained band gap for mixed-metal
3D perovskites was found to be 1.49 eV. In addition, doping experiments show a correlation between the
dopant dimensionality and the ability to support a 3D framework. DFT calculations were performed in
order to study the band structures of (AzrH)sBi>Xg and (AzrH)sSb,Xg, and the partial density of states was
used to establish which orbitals are located in the vicinity of the Fermi level. This in-depth analysis high-
lights the transformative potential of (AzrH)sM,Xg perovskites for the next-generation optoelectronic
devices and their versatility towards both research and practical applications.

luminescence quantum yields, adjustable band gaps, narrow
emission widths, and outstanding charge-carrier mobility.’

In materials science and optoelectronics, hybrid organic-in-
organic perovskites (HOIPs) have become some of the key
materials for research in the 21% century. Their exceptional
properties and diverse applications, ranging from photovol-
taics and optoelectronics to photocatalysis, have intrigued
researchers across different fields." These materials exhibit
notable optoelectronic features, including high photo-
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Their tunable luminescence makes halide perovskites promis-
ing candidates for light-emitting applications, offering bright
and high-color-purity emissions.® Recent advancements in fab-
rication methods, chemical compositions, and phase stabiliz-
ation techniques have led to highly efficient and cost-effective
perovskite-based devices, particularly in solar cells.*
Perovskite-like metal halides exhibit different dimensional-
ities of the inorganic part ranging from zero-dimensional (0D)
structures to three-dimensional (3D) frameworks. Such metal
halides with crystal structures of different dimensionalities
tend to display some characteristic physical properties. For
example, 0D metal halides often exhibit high photo-
luminescence efficiency and are therefore valuable as light
sources.” These materials are also used for X-ray detection.®
1D chained metal halides are often efficient broadband emit-
ters’” and can also be incorporated into resistive memory
devices.® 2D layered HOIPs offer exceptional stability and ver-
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satility.” These features in combination with semiconductivity
and photoluminescence enhance their performance and long-
evity in photovoltaics, optoelectronics, and other technological
applications.’® 3D HOIPs are so far the most studied and
applied. 3D HOIPs are promising for cost-effective’’ and
efficient optoelectronic and photovoltaic devices'® and stand
out thanks to the lowest bandgap values.

The majority of commonly used hybrid perovskites today
are lead compounds; however, the high toxicity of this metal
stimulates perovskite research towards the development of
new representatives of this class that are more environmentally
friendly. For example, bismuth-based halide perovskites,
known for their Earth-abundant composition,"® stability and
low toxicity,""'> offer significant potential in optoelectronics
and X-ray detection.'® In addition, substitutional doping with
bismuth enhances the stability of perovskites and device
efficiency,”*° making them desirable for application in solar
cells.”®

Antimony-based metal halides are typically characterized by
low dimensionality,*! high stability?* and reduced toxicity****
compared to lead perovskites. These materials present signifi-
cant potential in optoelectronic applications.**” Antimony-
based metal halides stand out due to their strong triplet broad-
band emission, though effective energy/charge transfer
remains a challenge.”®

Our team has recently shown that the incorporation of aziri-
dinium cations (AzrH)" supports the formation of 3D semicon-
ducting organic-inorganic materials. (AzrH)PbX; and (AzrH)
SnX; compounds exhibit low bandgaps and good stability
making them promising for further applications in solar cells
and light-emitting diodes.>®*° This paper reports on a series
of new aziridinium perovskite-like compounds with bismuth
(m) and antimony(m) of the general formula (AzrH);M,Xo.
Similar to widely used cations methylammonium (MA) and
formamidinium (FA), the aziridinium cation (AzrH) supports
the formation of perovskite-like structures across a wide
range of dimensionalities from 0D to 2D in the (AzrH);M,X,
(M = Sb and Bi) series and 3D in Bi- and Sb-doped (AzrH)
PbX; perovskites. AzrH' enables the crystallization of diverse
architectures with trivalent metals due to its compact size
and favorable hydrogen bonding capacity. This allows the
same organic cation to template discrete 0D clusters, 1D
chains, and 2D layers with different halides and metals.
Accessing and controlling this full range of dimensionalities
within one chemical platform provides a rare opportunity to
reveal how structural confinement and inorganic connectivity
govern key properties such as the band gap, exciton binding
energy, and photoluminescence behavior. Consequently, the
AzrH' system not only introduces new compositions but also
offers a powerful model for studying structure-property
relationships across the perovskite dimensionality spectrum.
These advancements significantly broaden the spectrum of
suitable materials for application in optoelectronic techno-
logies, underscoring the importance and novelty of the aziri-
dinium cation for the construction of versatile hybrid metal
halides.
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Results and discussion
Single crystal X-ray diffraction

White single crystals of (AzrH);Sb,Cly (SbCl) suitable for single
crystal X-ray diffraction (SXRD) were grown from an acidified
solution of SbCl; and water solution of aziridine using the
diffusion crystallization technique as described in details in
the ESL¥

SbCI crystallizes in the chiral P2,2,2; space group of the
orthorhombic crystal system (Table 1), which is not very
common for achiral cations. Worth noting is that a racemic
mixture of enantiomeric crystals is formed according to the
refinement. This structure contains two different Sb atoms in
the independent unit, both of which have a distorted octa-
hedral environment created by six chlorine atoms (Fig. 1a).
These octahedra are corner-shared to form Sb,Cly®>~ dimeric
moieties. Antimony and nine crystallographically independent
chlorine atoms are located at general positions. The average
Sb-Cl bond lengths are very similar for the two octahedra,
being 2.7035 A for (Sb1-Cl) and 2.7082 A for (Sb2-Cl). The
average angle distortion parameters are o% = (z—%) X
i(qﬁi —90)> = 7.5877 (where ¢, are twelve individual cis-X-B-
i=1
X angles) and 5.0641 for Sb1 and Sb2, respectively. The length

i 2
distortion parameters are A = (1/i) zl: <¥) = 9.450 x
i=1
107% (where d; are B-X bond lengths and d is the mean B-X
bond length) and 10.344 x 10~ for Sb1 and Sb2, respectively
(Table 2).

These anionic Sb,Cly®>~ moieties are further connected to
form 1D zigzag double-chains of corner-shared octahedra
which propagate along the a-axis (Fig. 1b and c). Three crystal-
lographically independent aziridinium cations are located
among the chains and create hydrogen bonds with them.
(AzrH)1 creates hydrogen bonds with chlorine atoms from a
single chain and is located in inner rectangular voids of 1D
double-chains, forming almost equivalent hydrogen bonds
with D-H---A angles of 164.2(4)° and 167.9(4)° and D---A dis-
tances of 3.170(6) A and 3.177(7) A, respectively. Meanwhile,
(AzrH)2 is located between chains and is bound to chlorine
atoms from two neighboring chains forming two hydrogen
bonds with D-H---A angles of 174.1(4)° and 148.8(4)° and
D---A distances of 3.308(6) A and 3.196(6) A, respectively.
(AzrH)3 is also bound to different chains forming two hydro-
gen bonds with D-H---A angles of 156.2(4)° and 137.1(4)°
and with D---A distances of 3.250(7) A and 3.443(7) A, respect-
ively. The hydrogen bond geometry is summarized in
Table S1.7

Unlike SbCl, (AzrH);Bi,Cly (BiCl) crystallizes in the P3m1
space group of a trigonal crystal system. In addition, BiCl is
isostructural to (AzrH);Sb,Bry (SbBr) and (AzrH);Bi,Bry (BiBr)
and to AzM,Br, (A = Cs, MA, and FA; M = Sb and/or Bi).*'"*
The description of BiBr will be given as an example of these
three isostructural compounds.

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d5qi01090j

Published on 19 Julie 2025. Downloaded on 2026-06-11 12:32:04 nm..

Inorganic Chemistry Frontiers

View Article Online

Research Article

Table 1 Crystal data and structure refinement parameters for the studied BiX and SbX perovskites

BiCl BiBr Bil ShCl SbBr SbI
Empirical formula Bi,CsCloN; Bi,BroCeNj Bi,CeloNj; CgH;3CloN5Sb, BryCgN;Sb, CeloN3Sb,
Formula weight 851.10 1251.24 1674.15 694.78 1076.78 1499.69
Crystal system Trigonal Trigonal Hexagonal Orthorhombic Trigonal Hexagonal
Space group P3m1 P3m1 P6;/mmc P2,2,2, P3m1 P6s/mmc
a (A) 8.1302(5) 8.3790(8) 8.7295(3) 8.1531(2) 8.4363(16) 8.5753(5)
b (A) 8.1302(5) 8.3790(8) 8.7295(3) 13.5976(5) 8.4363(16) 8.5753(5)
c(d) 9.7629(7) 10.2124(7) 22.0367(14) 19.5393(6) 10.1667(15) 21.7548(13)
a=p(°) 90 90 90 90 90 90
7 (°) 120 120 120 90 120 120
Volume (A%) 558.86(8) 620.93(13) 1454.31(14) 2166.18(12) 626.6(3) 1385.43(18)
zZ 1 1 2 4 1 2
Peate. (g cm ™) 2.529 3.346 3.823 2.130 2.853 3.595
u(1 mmq) 16.789 28.623 21.632 3.597 16.496 11.973
Crystal size per mm? 0.15 % 0.06 X 0.06 0.15 x 0.08 x 0.08 0.29 x 0.20 x 0.01 0.15 X% 0.05x%0.02 0.2 x0.1 x0.1 0.21 x 0.09 % 0.05
26 range for data collection (°) 5.786 to 59.86 3.988t0 57.914  3.696 to 57.878  5.134 to 60.644 4.006 to 57.976  5.486 to 60.55
Reflections collected 2271 1738 4561 16791 1963 6008
Independent reflections (Ry,, 584 (0.0288, 589 (0.0441, 722 (0.0537, 5459 596 (0.0823, 764 (0.0333,
Ryigma) 0.0281) 0.0617) 0.0473) (0.0300,0.0385)  0.0982) 0.0199)
Data/restraints/parameters 584/3/20 589/11/28 722/5/24 5459/0/182 596/9/20 764/13/35
Goodness-of-fit on F* 1.066 1.127 1.114 1.021 1.084 1.145

0.0271, 0.0621
0.0344, 0.0637
1.50/-0.84

0.0535, 0.1135
0.0769, 0.1225
1.68/-1.45

Ry % WRy " [I > 26(1)]
R, “, WR, " [all data] .
Largest diff. peak/hole (e A™)

0.0460, 0.0897
0.0753, 0.1023
0.87/-1.31

0.0300, 0.0596
0.0435, 0.0643
1.19/-0.89

0.0709, 0.1368
0.1591, 0.1719
1.90/-1.07

0.0368, 0.0835
0.0458, 0.0873
1.43/-0.93

“Ry = T|Fo| = |Fell/Z|Fol. " WRy = [XW(Fs” — F2V I Zw(FS"Y']" for Fy? > 20(F,%).

Yellow single crystals of (AzrH);Bi,Bry suitable for single
crystal X-ray diffraction were obtained similarly to SbCl. The
unit cell of BiBr contains one crystallographically independent
bismuth and two independent bromine atoms (Fig. 2a). In the
crystal packing, Bi is surrounded by six bromine atoms in a
slightly distorted manner. Three symmetry generated Brl
atoms located in the fac-manner are terminal, while symmetry
generated Br2 atoms are bridging and connect with neighbor-
ing octahedra in corner-sharing mode creating infinite 2D
layers with vacancies (Fig. 2b and c). These inorganic layers are
parallelly stacked along the ¢ axis mimicking the ABX; 3D
structure but missing every third layer of B-site cations.

The bond length between bismuth and the terminal
bromine atoms is 2.707(2) A, which is notably shorter than the
bond length with the bridging atoms —3.0512(6) A. This discre-
pancy results in a significant average bond length deviation
parameter A = 3.568 x 107>,

The bond angles in the structure exhibit slight deviations
from the ideal values. Specifically, the Bri-Bi-Brl’ angle is
92.80(6)°. Br1-Bi-Br2 and Br2-Bi-Br2’ angles are equal to
90.16(3)° and 86.71(2)°, respectively. The slight distortion of
the octahedra is reflected in the relatively small angle distor-
tion parameter o> which is 5.0966.

In the BiBr structure, there are two crystallographically
independent aziridinium cations, both of which are highly dis-
ordered and the selected model is only one of the multiple
ways to represent this disorder. Even though hydrogen atoms
cannot be localized in these highly disordered cations, N---Br
distances in a 3.06-3.81 A range interval indicate the presence
of hydrogen bonds in this structure.

Red single crystals of (AzrH);M,l, (MI, M = Sb and Bi) suit-
able for single crystal X-ray diffraction were grown from HI

This journal is © the Partner Organisations 2025

solutions of MI; and water solution of aziridine using the
diffusion crystallization technique. Crystal structures of the
mentioned compounds are isostructural and were solved in
the P6s;/mmc space group. The structures correspond to the
Cs;Cr,Cly structural type and are isostructural with Cs;Sb,lg
and Cs;Bi,lo.>*

In Bil, the crystallographically independent part contains
one Bi and two iodine atoms and two aziridinium cations
(Fig. 3). In the crystal packing Bi has a distorted octahedral
environment created by six iodine atoms. Three symmetry gen-
erated I1 atoms located in fac-manner are terminal, while sym-
metry generated 12 atoms ensure face-sharing connection to
form [Bi,Is]>~ dimeric moieties. The structure of ShI features
similar moieties, however, all the iodine atoms in [Sb,I,]>~ are
disordered between two positions. The octahedral environ-
ment in both Bil and SbI structures is distorted. The distortion
in the [MI¢]’~ octahedra is most likely due to repulsion
between the M>" ions within the M,I;>~ cluster, which has an
M.--M distance of 4.1195(18) A and 4.208(2) A for Sb*" and
Bi®", respectively. This repulsive interaction causes deviations
from the ideal octahedral geometry: contraction of the 12-M-
12’ angles for bridging iodine atoms down to 82.88(2)° for SbI
and 82.72(3)° for Bil and an expansion of the I1-M-I1’ angles
for terminal atoms up to 100.38(4)° for SbI and 93.9(5)°
for Bil.

Despite the disordered positions of iodine in Sbl, the M-I-M
angles are practically equal in two structures: 80.33(3)° and
80.53(4)° for SbI and Bil, respectively. As anticipated, the brid-
ging Sb1-12 bonds (3.1935(15) A) are longer than the terminal
Sb1-11 (2.8878(9) A) and the Bi1-12 bridges (3.2554(12) A) are
slightly longer than the terminal Bi1-I1 bonds (2.9535(13) A).
The averaged angle distortion parameter 6> is 42.0212° for SbI

Inorg. Chem. Front., 2025, 12, 7375-7391 | 7377
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Fig. 1 Crystal structure of (AzrH)szSb,Cly: (a) the coordination environ-

ment of Sb. Thermal ellipsoids are represented at the 50% probability
level; (b) view along the a axis showing the propagation of the double
chains; and (c) view of the zigzag-like arrangement of 1D double-chains.

ment of Bi. Aziridinium disorder is omitted for clarity. Thermal ellipsoids
are represented at the 50% probability level. (b) View along the ab plane
showing the propagation of 2D layers. (c) View along the c axis showing

Fig. 2 Crystal structure of (AzrH)sBi,Bry: (a) the coordination environ-
the mutual arrangement of coordination octahedra inside a layer.
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Fig. 3 Crystal structure of (AzrH)sBilg: (a) the coordination environ-
ment of Bi. Aziridinium disorder is omitted for clarity. Thermal ellipsoids
are represented at the 50% probability level. (b) View along the b axis
showing the mutual arrangement of bi-octahedra. (c) View along the ab
plane.

compared to o> = 19.7067° for Bil, indicating a more signifi-
cant distortion of the coordination octahedron in Sbl.
Additionally, the average parameter of deviations of bond
lengths A is slightly larger for SbI than for Bil and equals
2.529 x 107°, 2.364 x 107>, respectively.

The negative charge in the structure is balanced by three
(AzrH)" ions, which exhibit significant disorder. Similar to the
situation observed in MBr, N---I distances indicate the pres-
ence of hydrogen bonds in these structures (Table S27).

Interestingly, popular A-site cations (A = MA, FA, Cs, and
AzrH) form isostructural 3D perovskites with lead and tin
iodides (which crystalize in the Pm3m space group);>**%%°73%
however, in combination with Sb and Bi the formation of com-
pounds which crystalize in different space groups has been
reported: P6;/mmc for MA;Bi,lo>° and Cs;M,l,,** and P63mc for
FA;Bi,I,.°

Meanwhile, larger A-site cations like guanidinium (GA),*'
trimethylsulfonium,*” and imidazolium®? cannot stabilize the
“classical” 3D perovskite structure with tin and lead iodides,
however, with Sb and Bi the abovementioned cations form
compounds which are isostructural with (AzrH);M,I,.

A comparative schematic showing the difference between
0D, 1D and 2D frameworks in materials reported in this work
is given in Fig. 4.

Optical properties

The optical characteristics of (AzrH);Bi,Xy and (AzrH);Sb,X,
(X = Cl, Br, and I) perovskites were examined using UV-vis
spectroscopy. Powder samples of the reported perovskites were
used for optical measurements. Correspondence between the

This journal is © the Partner Organisations 2025

View Article Online

Research Article

oD 1D 2D

Y p i BiCI
Bil SbhCl BiBr
Sbl SbBr

Fig. 4 Comparison of 0D, 1D and 2D frameworks of the reported
materials.

powder samples and the studied single crystals was confirmed
by PXRD measurements (Fig. 5).

UV-vis spectra of the (AzrH);M,X, series are characterized
by the presence of absorption peaks, which are indicative of
strong electron-hole coupling resulting in the formation of
self-trapped excitons,***> and continuous bands which charac-
terize optical band gaps of these materials (Fig. 6 and
Fig. S1f). In such materials, where bound excitons can be
observed, the difference between exciton energy (E.x) and band
gap (E,) characterizes exciton binding energy Ey = Eq—Eex."*’
Sometimes for materials where bound excitons are present,
the band gap is mistakenly set to the onset of the excitonic
band and this leads to significant underestimation of this
value.

Distinct absorption peaks can be found for (AzrH);Bi,X, at
359 nm and 499 nm for CI and I, respectively. Simultaneously,
(AzrH);Sb,X, displays absorption peaks at 330 nm and 445 nm
for Cl, and I, respectively. Notably, both (AzrH);M,Bry perovs-
kites feature two absorption peaks at 425 and 389 nm for
(AzrH);Bi,Bry and at 424 and 388 nm for (AzrH);Sb,Bro. Such
an effect has been previously observed for layered 2D perovs-
kites. It was established that the shorter wavelength excitonic
peak originates from isolated 2D layers, while the lower energy
peak is associated with the edge states.*”

The shift of absorption maxima upon substitution of
halogen results in a distinct colour change from white for Cl-
based samples to yellow and red for Br and I-based perovs-
kites, respectively (Fig. 6(c)).

The E, E; and Eg values of the reported materials were
obtained from Tauc plots (Fig. 6(d-i)) and are summarized in
Table 3. The Tauc exponent for direct allowed transitions was
used for calculations. The direct bandgap semiconducting
nature of the reported perovskites was confirmed by DFT cal-
culations, as shown further in the text.

There are many factors that influence the band gap.*® The
main ones include the connectivity of the inorganic lattice,
which controls the band structure, leading to an increase in
the energy gap with the decrease of dimensionality.*
Additionally, the energy of the halogen’s p orbital significantly
contributes to the formation of the conduction band (CB).
Upon transition from BiCl to BiBr, which are isostructural, the
red shift of the band gap originates from the difference in the
energy level of 3p and 4p orbitals of the halogen. In contrast,

Inorg. Chem. Front., 2025, 12, 7375-7391 | 7379
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Fig. 5 PXRD patterns for BiCl (a), BiBr (b), Bil (c), SbCl (d), SbBr (e), and Sbl (f).

transition from BiBr to Bil involves multiple changes: a
decrease of dimensionality from 2D to 0D, a change from
corner-sharing to edge-sharing connectivity of octahedra, and
a change of the involved halogen orbital from 4p to 5p. While
the first two effects largely offset each other, the shift to the
red region primarily stems from the alteration in the halide
orbital.

Considering antimony halides, at the transition from ShCl
to SbBr, there is a shift from a 1D to 2D structure and a
change in the involved halogen orbital from 3p to 4p. These
concurrent effects lead to a redshift, and as in the case of
bismuth analogues, to E, reduction.

In contrast, the transition from SbBr to SbI involves a
decrease in dimensionality from 2D to 0D, a shift from corner-
sharing to edge-sharing connectivity of octahedra, and a
change in the contributing halogen orbital from 4p to 5p,
similar to bismuth analogues. Consequently, we would expect
the E; to appear at around 2.6 eV in line with parameters
observed for Bi, however, it is found at 2.91 eV. A smaller band
gap shift upon transition from Br to I can be associated with
the disorder of the SbI crystal structure.

As for the exciton binding energy values, a clear decreasing
trend across the halogen series from chloride to iodide was
observed for bismuth, whereas antimony exhibited a more
complex dependence. For instance, BiBr and SbBr exhibited
identical exciton binding energies, along with a comparable
optical band gap (Table 3). In contrast, BiCl showed an
increased exciton binding energy of 0.61 eV, while for SbCl
this value was the lowest for the studied series —0.06 eV. While
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Bil exhibited a binding energy of 0.12 eV, this parameter for
SbI was 0.14 eV. The trend of exciton binding energy change
does not depend linearly on the decrease of dimensionality:
the lowest Ey value of 0.06 eV can be observed for 1D SbCl, the
average values of 0.12-0.14 eV can be found for 0D Bil and Sbl,
while the highest Eg values of 0.47-0.61 eV are displayed by 2D
BiCl, BiBr and SbBr. Worth noting that the presence of such
intensive excitonic peaks with large binding energies are very
common for Sb and Bi-based perovskite-like compounds.*®>°
The dimensionality of the inorganic sublattice plays a
pivotal role in determining the optical band gap of metal-
halide perovskites. According to previous studies of halide per-
ovskites, a general trend is an increase of the band gap with
decreasing dimensionality of the [MX4] network as quantum
confinement increases the separation between the valence
band maximum and the conduction band minimum, thereby
widening the band gap. However, this general expectation
does not strictly hold in the present (AzrH);M,X, series.
Notably, the 2D BiCl compound displays a slightly larger band
gap than the 1D SbCl analogue, despite the reduction in
dimensionality. This deviation likely arises from several
factors. First, the nature of the metal cation plays a key role:
bismuth-based halides may exhibit larger band gaps than anti-
mony analogues due to differences in spin-orbit coupling
strength and orbital energy alignment. Second, in both BiCl
and SbCl structures, the [MX,] octahedra are connected by
three corners in a fac configuration. Thus, octahedra in BiCl
do not share all four corners, which is more common for 2D
frameworks. Such partial connectivity restricts orbital overlap

This journal is © the Partner Organisations 2025
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Fig. 6 (a and b) Normalized UV-vis absorbance spectra; (c) photographs of perovskite powder ((AzrH)zsM,Clg — white, (AzrH)sM,Brs — yellow, and
(AzrH)3zM,lg — red); (d—i) Tauc plots for direct band gap semiconductors. The direct bandgap semiconducting nature of the reported perovskites was

confirmed by DFT calculations as shown further in the text.

Table 3 Values of E,, E5 and Eg extracted from Tauc plots

Dimensionality Compound Eex (eV) Eg (eV) Eg (eV)
0D Sbl 2.77 2.91 0.14
Bil 2.49 2.61 0.12
1D SbCl 3.74 3.80 0.06
2D BiCl 3.48 4.09 0.61
SbBr 15¢2.94 3.41 0.47
ond 317 0.24
BiBr 1%¢2.93 3.40 0.47
2nd 315 0.25
3D Big.o5Pbo.o5Br 2.23
Big.15Pbo.gsBr 2.18
Big.o5Pbo.os] 1.49

along certain crystallographic directions, thereby diminishing
the expected relationship between dimensionality and band
gap reduction. Consequently, while dimensionality remains a
useful framework for rationalizing band gap trends, it must be
considered alongside structural details of octahedral connec-
tivity and intrinsic cationic effects when comparing materials
across different compositions and metals.

Moreover, the band gap shift from Br to I in Sb-based com-
pounds appears less pronounced than anticipated. While a sig-
nificant red-shift is expected due to the rise in halogen

This journal is © the Partner Organisations 2025

p-orbital energy (from 4p in Br to 5p in I), the actual band gap
of SbI (2.91 eV) is only moderately smaller than that of SbBr,
and significantly larger than Bil, despite the comparable
dimensionality. This deviation can be attributed to substantial
structural disorder in the SbI crystal, particularly involving
iodine atom positions and [Sbls] octahedral distortions. As
revealed by single-crystal X-ray diffraction, all iodine atoms in
SbI are disordered over two positions, and the resulting
Sb,1,>~ clusters exhibit strong angular distortion (¢ = 42.02°
vs. 19.71° in Bil). Such disorder is known to decrease the
orbital overlap between Sb and I atoms,>' thereby limiting the
extent of band dispersion and increasing the band gap.

To investigate the effect of the interplay between the struc-
ture and the composition on excitonic behavior in low-dimen-
sional hybrid perovskites, we studied the photoluminescence
(PL) properties of six obtained (AzrH);M,X, compounds.
Among them only three were found to display PL activity at
77 K (BiCl, SbCl, and SbBr; Fig. 7), while only BiCl was found
to be luminescent at room temperature.

Meanwhile, BiBr, SbI and SbBr do not display PL neither at
room temperature nor at 77 K.

BiCl displays strong PL both at room temperature and at
77 K, with an emission maximum at 368 nm and a full width
at half maximum (FWHM) of approximately 60 nm. The small
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Fig. 7 PL spectra of BiCl (a), SbCl (b) and SbBr (c). Photographs
showing luminescence of powder samples during investigation are
inserted (1gx for BiCl is 210 nm, for SbCl is 302 nm, and for SbBr is
360 nm).

Stokes shift (~40 meV), stability of emission at elevated temp-
eratures, and moderate spectral broadening suggest that the
emission arises from free or weakly bound excitons. These
excitons remain radiatively active at room temperature due to
reduced self-trapping tendencies.

In contrast, SbBr, which is isostructural to BiCl, exhibits
intense PL only at 77 K, with a broad emission band centred at
639 nm and a FWHM of 106 nm. The large Stokes shift
(~1 eV) and broad spectral width indicate that the emission in
this sample originates from self-trapped excitons (STEs). At
room temperature, the PL is quenched, consistent with the
thermally activated detrapping of excitons and the presence of
nonradiative decay pathways.

SbCl, which has a one-dimensional (1D) chain-like struc-
ture, at 77 K exhibits a broad PL band centred at 640 nm
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(FWHM 135 nm), similar in shape and position to that
observed in SbBr. This strongly suggests that the emission also
arises from self-trapped excitons, stabilized by both the
reduced dimensionality and the strong localization tendencies
of the Sb-Cl lattice.

Taken together, these results highlight the critical role of
both chemical composition and dimensionality in determin-
ing the exciton dynamics and radiative behavior in hybrid
metal-halide perovskites.

In contrast to SbCl, SbBr, and BiCl, three additional
materials—BiBr, Bil, and SbI—exhibited no detectable photo-
luminescence even at 77 K, despite their structural and compo-
sitional similarity. BiBr is isostructural with the luminescent
SbBr sample and exhibits identical absorption features. Its
lack of PL suggests the dominance of nonradiative recombina-
tion pathways. Compared to Sb**, the Bi** cation has stronger
spin-orbit coupling, which may alter recombination dynamics
and increase the likelihood of nonradiative decay.

Doping (AzrH)PbBr; and (AzrH)Pbl; with Bi**

Mixing halogens and A-site cations in three-dimensional (3D)
hybrid perovskites is well-known for tuning band gaps and
enhancing stability.****°® Isovalent doping of M-site cations
(M = Pb*", Sn**, and Ge®") can lead to defect passivation, band
gap reduction, and increased stability,>*>” while heterovalent
doping with Bi** and Sb** significantly alters their opto-
electronic properties. These dopants lower the CB bottom,®
narrow the band gap and enhance charge carrier concen-
tration and conductivity.>® The introduction of Bi** and Sb**
creates structural defects and defect complexes, which influ-
ence free-carrier density.”® These changes in properties and
the underlying mechanisms make Bi** and Sb** dopants valu-
able for enhancing perovskite-based optoelectronic devices.®!
Doping with Bi**, which has an active ns” lone pair, exhibits
many advantageous properties. Its soft polarizability results in
high Born effective charges, and strong spin-orbit coupling
enhances the CB bandwidth, making it an excellent candidate
for defect-tolerant compounds.®*%

Bi** was selected as a dopant for (AzrH)PbBr; due to its
lower empty 6p orbitals compared to Pb>". This substitution
alters the electronic structure® of 3D (AzrH)PbX;, enhancing
its potential for optoelectronic devices. We doped (AzrH)PbBr;
and (AzrH)Pbl; with 5% and 15% Bi®" to investigate the depen-
dence of the band gap on the amount of bismuth. Both
bromide samples maintain their 3D structure (Fig. 8), accord-
ing to PXRD analysis. The iodide samples conserve the 3D
structure in the case of 5% doping, while at 15% doping an
extra phase is formed (see Fig. S2t). Rietveld refinement was
performed in order to study the influence of Bi-doping on the
cubic structure and confirm the phase purity (Fig. S3 and
Table S31). The refinement revealed that there is almost no
change in the lattice parameter (5.97 A for (AzrH)PbBr; and
5.99 A for both Bi-doped samples) of the cubic hybrid perovs-
kite upon bismuth incorporation. Such a behavior was
expected due to the tendency of bismuth to form a 2D struc-
ture which mimics the 3D perovskite framework and does not
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Fig. 8 (a) Calculated PXRD pattern of (AzrH)PbBrs (orange) and experimental PXRD patterns of Bi**-doped (AzrH)PbBrs: red and dark-red lines
stand for 5 and 15% doping, respectively. (b) Calculated PXRD pattern of (AzrH)Pbls (red) and the experimental PXRD pattern of (AzrH)Pbls; doped
with 5% of Bi** (black).

In contrast, doping aziridinium lead iodide with bismuth
results in more significant distortion of the 3D lattice due to
the 0D structure of bismuth-based metal halide. To evaluate
the semiconducting properties, we measured UV-vis absor-
bance and analyzed the data using the Tauc plot (Fig. 9).
Doping (AzrH)PbBr; with 5% Bi*" shifted the band gap from
2.24 eV (undoped) to 2.23 €V. Increasing the Bi*" content to
15% further decreased the band gap to 2.18 eV. Similarly,

cause a disruption in bromide lead perovskite. The ICP ana-
lysis showed that the bismuth content in the obtained doped
perovskite is somewhat lower than in precursor solutions
(Table S4t). It is worth noting that in the case of (AzrH)PbBr;
heterovalent doping with Bi** the reduction of the lead
content is not fully compensated by the equal increase of the
bismuth content, indicating that the charge balance is main-
tained through the creation of lead vacancies.
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Fig. 9

(a and d) Normalized UV-vis absorbance spectra of undoped (AzrH)PbBrz and (AzrH)Pblz along with the spectra of the corresponding per-

ovskites doped with Bi®; (b and e) photographs of undoped and doped perovskite bulk samples; and (c and f) Tauc plots for undoped and Bi**-
doped (AzrH)PbBrz and (AzrH)Pblsz calculated for direct bandgap semiconductors.
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doping (AzrH)Pbl; with 5% Bi** shifted the band gap from
1.54 eV to 1.49 eV. Very similar behaviour of band gap
reduction with lattice parameter conservation has been pre-
viously observed for Bi-doped MAPbBr;.>%°

Doping of (AzrH)PbBr; and (AzrH)PbI; with Sb instead of Bi
revealed very similar results. While Sb-doped (AzrH)PbBr; retains
its cubic structure upon both 5% and 15% Sb incorporation, in
the case of (AzrH)PbI; the cubic structure is conserved only at 5%
Sb-doping (Fig. S4 and S51). Doping (AzrH)PbI; with 15% of Sb
leads to the formation of some additional phases. The band gap
values of (AzrH)PbBr; also undergo a red shift upon Sb-doping
and are observed at 2.23 and 2.20 eV for Pbgg5SbgosBr and
Pby 5Sbo 15Br, respectively. As for (AzrH)Pbl;, its doping with 5%
of Sb leads to a decrease in the BG value to 1.52 eV.

Interestingly, the inverse doping of A;B,Xy metal halide by
the B>" cation has also been reported, further demonstrating
the versatility and potential of this approach in tuning the pro-
perties of perovskite materials.>®

DFT calculations

Density functional theory (DFT) calculations were used to
investigate the electronic properties of the newly synthesized
(AzrH);M,X, hybrid perovskites. We performed the calcu-
lations using the semi-local exchange-correlation functional,
specifically the Generalized Gradient Approximation (GGA) of
the Perdew-Burke-Ernzerhof (PBE) functional.®® To achieve
high accuracy, we utilized the triple-zeta basis set for the
potential model.

View Article Online
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The band structure of the hybrid perovskites was computed
along the high-symmetry points of the Brillouin zone. The
energy range is depicted from —3.5 eV to 3.5 eV, with the
Fermi level set at 0 eV. The CB and valence bands (VB) are
well-defined, confirming the semiconducting nature of the cal-
culated structures. Partial density of states (PDOS) calculations
were performed to identify the contributions of various atomic
orbitals to the electronic states. The PDOS results indicate that
the electronic states are primarily influenced by the p-orbitals
of the halogen and metal atoms.

In BiCl, the conduction band minimum (CBM) and the
valence band maximum (VBM) are located along the I' point
(Fig. 10(a, ¢ and e)). The calculated direct band gap is 3.36 eV
in comparison with 4.09 eV obtained in optical measurements.
The lower values of calculated E, in comparison with the
experiment are expected, when the PBE functional is applied,
it is known that such functionals can systematically underesti-
mate the band gap values due to self-interaction error.®® The
band structure of BiCl is relatively dispersive. This observation
may indicate strong intralayer coupling in this 2D perovskite.
According to PDOS, the VBM (—2.00 eV) has the major contri-
bution from Cl p-orbitals. The CBM (1.36 eV) is primarily
defined by Bi p-orbitals, with a smaller contribution from the
halogen (Fig. 10e).

In SbCl, the band edge extremes are located along the T
direction, revealing a direct band gap value of 2.91 eV, which
is lower than the optical band gap of 3.80 eV. The less disper-
sive band structure of SbCl can be attributed to its reduced
dimensionality compared to BiCl (1D versus 2D).®” The PDOS
for SbCI reveals a density nearly four times higher than BiCl,
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consistent with their unit cell volume ratio. VBM, which is
found at —1.41 eV is primarily determined by chlorine
p-orbitals.

The CB (with CBM of 1.50 eV) has a higher contribution
from Sb p-orbitals compared to the halogen.

The band structures of MBr exhibit similarities (Fig. 11),
with both the VBM and CBM located along the I' direction.
The VBM is found at —1.64 eV and —0.89 eV below the Fermi
level, for BiBr and SbBr, respectively, while the CBM can be
found at 1.09 and 1.28 eV for BiBr and SbBr, respectively. A
notable distinction is observed in the greater band splitting
for SbBr, resulting in a significantly underestimated band gap
of 2.17 eV compared to the 3.41 eV obtained from UV-vis
absorbance spectra. In contrast, BiBr shows a calculated band
gap of 2.73 eV compared to the measured value of 3.40 eV.
Given that these compounds have nearly identical lattice para-
meters, their PDOS are also similar. The PDOS displays numer-
ous overlapping band sets in the VB, predominantly deter-
mined by bromide p-orbitals. The CB is nearly identical as
well, with significant contributions from the metal p-orbitals.

As previously mentioned, a decrease in dimensionality
reduces band dispersion, which is evident in the 0D Bil bands
(Fig. 12). Bil is characterized by the flattest bands in the VB,
with a weakly expressed VBM (—1.12 €eV) along the A direction,
indicating heavy holes with large effective masses.®® The set of
overlapping bands extends from 3 eV to 1 eV below the Fermi
level. As for the CB, its minimum is located in the A direction
at 1.16 eV. This highlights a direct band gap of 2.28 eV, which
is lower than the experimentally obtained band gap of 2.61 eV.
The PDOS reveals similar results, with the VB primarily deter-
mined by the p-orbitals of the halogen, while the CB remains
mainly influenced by the p-orbitals of the metal.

Due to the disordered crystal structure of Sbl, iodine atoms
were randomly selected for modeling. Similar to Bil, SbI exhi-
bits a less dispersed band distribution in comparison with
other halides. The band splitting in SbI is stronger than in
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Fig. 11 (a and b) Calculated band structures of BiBr and SbBr, respect-
ively and (c and d) the calculated density of states for BiBr and SbBr,
respectively (only orbitals with significant contributions are shown).
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bismuth-based compounds, a similar observation was made
for bromide perovskites described here. The VB edge
maximum is located along the M direction at —1.72 eV relative
to the Fermi level, and the CBM lies at 0.42 eV. Thus, SbI is
characterized by a direct band gap of 2.14 eV.

Additionally, we performed DFT calculations for the crystal
structure of SbI modeled without disorder which results in
higher anisotropy (Fig. S6t). The band structure of this
ordered model shows a more reasonable position of the VBM
(-1.07 eV) and CBM (1.16 eV). The band gap values in the
ordered model are slightly higher. The lowest energy of the
indirect transition is 2.23 eV, occurring from K to A points.
The PDOS for the non-disordered model shows lower band
overlapping and a higher density of states in the CB. PDOS for
both models reveals that the VB is primarily determined by the
p-orbitals of the halogen, while the CB is mainly influenced by
the p-orbitals of the metal.

In order to characterize the Bi-doping effect on (AzrH)PbBr;
perovskite computationally, we have performed DFT calcu-
lations of the band structure and density of states for two
super cells: one containing 8 lead ions (Fig. 13(a)) and the
second one containing 5 lead ions, 2 bismuth ions and one
lead vacancy (Fig. 13(b)). The band structure for the super cell
of (AzrH)PbBr; demonstrates the presence of a direct band gap
of 1.65 eV along the I' direction (Fig. 13(c)). This calculation
using supercell corroborates well with calculations for a simple
cell performed by us previously.®® The location of the bandgap
depends on the change of the lead position in the cell used for
calculations, which is located at the I' symmetry point in the
super cell and at the R point when one unit cell is used for cal-
culations. The direct band gap often appears at the high-sym-
metry point in reciprocal space that reflects the strongest peri-
odic potential modulations created by the arrangement of
heavy atoms—in this case, lead. When the arrangement of
lead atoms changes between models, the corresponding sym-
metry points and their contributions to the band structure
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respectively (only orbitals with significant contributions are shown).

also shift, leading to the observed difference. According to
PDOS, the VBM (—0.80 eV) in the super cell of (AzrH)PbBr; has
the major contribution from Br p-orbitals. CBM (0.85 eV) is
primarily defined by Pb p-orbitals, with a smaller contribution
from the halogen.

The introduction of bismuth ions and lead defects leads to
a significant decrease in the direct band gap along the I' direc-
tion down to 0.47 eV. Simultaneously, bismuth doping leads to
a significant flattening of bands, especially pronounced in the
valence band, which is indicated by the presence of heavy
holes with larger effective masses and lower carrier mobility in
comparison with (AzrH)PbBr; which is characterized by a
more dispersive band structure. According to PDOS, the VBM
(—0.22 eV) in the super cell of Bi-doped (AzrH)PbBr; has the
major contribution from Br p-orbitals. The CBM (0.25 eV) is
primarily defined by Pb and Bi p-orbitals, with a smaller con-
tribution from the halogen.

In general, the application of the PBE exchange-correlation
functional, while computationally efficient, is known to sys-
tematically underestimate the band gap values in semi-
conductors and perovskite-like materials due to its self-inter-
action error and lack of exact exchange. This underestimation
is particularly pronounced in systems containing heavy
elements such as bismuth and iodine, where relativistic
effects, especially spin-orbit coupling (SOC), play a critical role
in determining the electronic structure. SOC strongly affects
the energy levels of the conduction band, primarily formed
from Bi 6p orbitals, by splitting and shifting them downward,
and effectively narrowing the band gap.
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Beyond mere energy shifts, SOC also modifies the band cur-
vature and effective masses of carriers. SOC alters the orbital
character near the band edges by mixing states and changing
band ordering, often lifting degeneracies at high-symmetry
points. This can reduce band dispersion and result in aniso-
tropic transport behavior. In the context of hybrid perovskites,
such effects are especially significant in 0D and 2D structures
where confinement already restricts delocalization.

Experimental

All the synthetic procedures are described in detail in the ESL.}

Spectroscopy

FTIR spectra were recorded with a PerkinElmer spectrometer
BX II (4000-600 cm ™) in the ATR mode (Fig. S7 and Table S57).

All UV-Vis spectra were recorded on a Varian Cary 50 UV-vis
spectrophotometer in the transmission mode in a range from
250 to 800 nm with a scan rate of 60.000 (nm min ™).

PL spectra were acquired using a Shimadzu RF-6000 spec-
trofluorometer. Temperature was controlled using a DSC 600
cryostage. The sample chamber was purged with dry nitrogen
prior to cooling to avoid water condensation. Spectra were
acquired at 77 K and at room temperature.

Crystallography

Single-crystal X-ray diffraction data were acquired using an
Oxford-Diffraction XCALIBUR Eos CCD diffractometer (Bil,
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BiBr, and SbI) or a Rigaku XtaLAB Synergy Dualflex HyPix diffr-
actometer (BiCl, SbCl, and SbI), utilizing graphite-monochro-
mated Mo-Ka radiation. The unit cell parameters and data
integration were handled using the CrysAlisPro software suite
from Oxford Diffraction. Structural solutions were obtained
using the ShelXT program with intrinsic phasing, and further
refined using the full-matrix least squares method on F* using
ShelXL. The Olex2 software was used as the interface for the
ShelX programs. In all structural models, metal and halogen
atoms were refined anisotropically. For all structures except
SbCl, the C and N atoms of the disordered aziridinium cation
were refined isotropically with a restrained C-N bond distance
of 1.45 A. In the SbCl structure, hydrogen atoms were placed at
calculated positions with Ujso(H) = 1.2Ucq(C,N). The hydrogen
atoms of the CH, group were positioned with a C-H bond
length of 0.99 A.

The crystallographic data of the structures described in this
paper were deposited at the Cambridge Crystallographic Data
Center (CCDC 2448195-24482007).

The PXRD patterns were acquired on a Shimadzu XRD-6000
diffractometer using Cu-Ka radiation (5-50° range, 0.05° step).
The model for Bi- and Sb-doped samples was refined using
GSAS I1"° by the Rietveld refinement method. The Chebyschev
function with 3 terms was used to fit the background. The
PseudoVoigt function was used to model the peak shape. Pb,
Br and Bi/Sb atoms were refined as anisotropic, C and N as
isotropic.

ICP of Bi- and Sb-doped samples was measured using an
Analytik Jena ICP-OES PlasmaQuant PQ 9000. Solutions used
for measurements contained 10 mg of doped perovskites, 2 ml
of HNO; conc. (68%) and distilled water to reach the total
volume of 50 ml.

Calculations

The band structure and density of states (DOS) were computed
using the crystal structure refined from single-crystal diffrac-
tion data. Density functional theory (DFT) calculations were
conducted using AMS BAND software without further atomic
coordinate optimization.”””> The total energy calculations
were based on DFT with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA). A k-point mesh of 3
x 3 x 3 was employed for MCI and MBr, and 3 x 3 x 1 for M,
because of the elongated unit cell. The basis set included
triple-zeta with one polarization function. Scalar relativistic
effects were incorporated using the ZORA approach.”®”*

Conclusions

In summary, we have successfully synthesised and character-
ised six new low-dimensional perovskite-like metal halides
with the general formula (AzrH);M,X, ((AzrH) = aziridinium,
M = Sb, Bi; X = Cl, Br, and I). The single crystal X-ray diffraction
study revealed that (AzrH);Sb,Cly crystallizes as 1D double-
chains in the non-centrosymmetric space group P2:2,2;. The
polar nature of this space group indicates that this hybrid
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material could be investigated for potential ferroelectric pro-
perties. (AzrH);Bi,Cls, (AzrH);Bi,Brg and (AzrH);Sb,Br, crystal-
lize in the P3m1 space group. These compounds form 2D
layers which mimic an AMX; 3D structure that misses every
third layer of B-site cations. (AzrH);Bi,I, and (AzrH);Sb,l, crys-
tallize in the P6;/mmc space group forming discrete 0D face-
sharing octahedra. Notably, (AzrH);Sb,l, exhibits disorder
with two possible positions for each iodide, which significantly
affects optical and electronic properties.

Comprehensive analysis of the crystal structure shows how
dimensionality affects the width of the optical band gap and
exciton binding energy. The obtained band gap values are 2.61
eV, 3.40 eV, and 4.09 eV for (AzrH);Bi,l,, (AzrH);Bi,Bry, and
(AzrH);Bi,Cly, respectively, and 2.91 eV, 3.41 eV, and 3.80 eV
for (AzrH);Sb,ls, (AzrH);Sb,Bry, and (AzrH);Sb,Cls, respect-
ively. Moreover, the reported structures possess strong exci-
tonic peaks with the maximum in the range of 330-499 nm
and exciton binding energy ranging from 0.06 eV to 0.61 eV.

For the first time, we have demonstrated heterovalent
doping of aziridinium-based perovskites. By doping both
(AzrH)PbBr; and (AzrH)Pbl; with 5% and/or 15% bismuth, we
achieved a reduction in the band gap from 2.24 eV to 2.18 eV
and from 1.54 to 1.49 eV, respectively. Phase analysis reveals
that increasing the dimensionality of the dopant promotes the
possibility of supporting a 3D framework.

Electronic properties were studied by DFT calculations.
Calculated band structures show the dependence of band dis-
persion on dimensionality. Partial density of states calcu-
lations reveal that the valence band of all studied perovskites
is predominantly determined by p-orbitals of halogens, while
the conduction band is mainly affected by p-orbitals of metals
with a lower contribution of halogens.

Our findings lay a robust foundation for further exploration
into the design and synthesis of novel perovskite-like materials
with tailored properties, potentially revolutionizing fields such
as photovoltaics, light-emitting diodes, and ferroelectric devices.
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