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Two-dimensional (2D) hybrid organic–inorganic halide 
perovskites (HOIPs) are a class of 2D semiconductors with 
high potential for applications in optoelectronics, spintronics 
and ferroelectrics. Their significant appeal for the fabrication of 
homojunctions arises from their tunable composition and 
structural phases, which provide a wide range of physical 
properties.1–4 2D HOIPs are characterized by a multi-quantum-
well architecture comprising alternating organic and inorganic 
or hybrid layers, referred to as quasi-3D slabs. This unique 
structure can be synthesized by modulating the ratio of A-site 
cations to bulky spacer cations. The general formula for these 
materials can be expressed as (A')m(A)n−1MnX3n + 1, where A' 
denotes a large organic cation, A signifies a small organic 
cation (e.g., methylammonium or formamidinium), M 
represents a divalent metal, and X indicates a halide. The 
parameters m and n correspond to the specific cation types and 
the quantum well thickness of the quasi-3D perovskite slabs, 
respectively. To date, more than 800 HOIP crystal structures 
with more than 250 different organic cations have been 
experimentally refined.5

Unlike conventional inorganic 2D materials such as graphene, 
MoS2 and black phosphorus, which typically consist of a single 
inorganic layer or a few atomic layers, 2D HOIPs are 
distinguished by their organic–inorganic hybrid structures. The 
characteristic feature of these structures is intercalated organic 
spacers that are periodically interdigitated with inorganic metal 
halide slabs in a stacked arrangement. The selection of the 

organic cation allows for the control and tuning of local physical 
properties and facilitates the engineering of quantum confinement 
effects. The substantial size of the organic cations in the A' site 
introduces excess strain, which often leads to octahedral 
distortions, thereby affecting the band gap and other 
optoelectronic characteristics of the materials.6,7 One way to 
tune the optoelectronic properties of 2D perovskites is to control 
reversible polymorphic phase transitions8–10 at different 
temperatures, at which the structure is rearranged and the 
packing of organic cation layers and geometric distortions in the 
inorganic substructure are changed.

In this work, based on the previously refined experimental 
structure, we show by crystal chemical analysis and theoretical 
calculations that 2D HOIPs with different organic spacer cations 
often undergo a solid–solid phase transition with temperature, 
during which the organic cations undergo an order–disorder 
transition with a change in the band gap. We identify structural 
descriptors that can be used to detect order–disorder phase 
transitions in 2D HOIPs.

A set of 20 crystal structures with Pb–I and Pb–Br inorganic 
substructures from the layered hybrid perovskite database5 was 
used for the analysis. The structures refined at different 
temperatures represent polymorphs with 10 different organic 
spacer cations, namely undecylammonium 1, tridecylammonium 
2, (cyclohexylmethyl)ammonium 3, isobutylammonium 4, 
[2-(4-bromophenyl)ethyl]ammonium 5, pentylammonium 6, 
(4,4-difluorocyclohexyl)ammonium 7, hexylammonium 8, 
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Correlation analysis of geometric crystal chemical 
descriptors of the crystal structures of two-dimensional (2D) 
hybrid lead halide perovskite polymorphs revealed a strong 
correlation of the order–disorder phase transitions in these 
compounds with three geometric parameters, namely, the 
effective volume of the organic cation, the relative distance 
from the center of mass (RDCM) for the organic spacer 
cation in the cuboctahedral void of the layer of corner-shared 
octahedra and the equatorial M–X bond length. The 
calculated values of the band gaps for the order–disorder 
phase transitions in the investigated compounds vary up to 
0.26 eV. These results will be useful in developing new design 
principles for tuning the physical properties via structural 
phase transitions in 2D hybrid lead halide perovskites.
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(tetrahydropyran-4-yl)ammonium 9 and octylammonium 10 
(Figure 1).

For the structures under study (Table 1), the band gap values 
were calculated using the density functional theory (DFT) 
method.† The crystal structures of most high-temperature 
polymorphs (except for those with cations 2 and 9) have 
orthorhombic space groups of higher symmetry compared to the 
low-temperature polymorphs crystallizing in the monoclinic 
system. It is expected that the more highly symmetric structures 
of compounds of this class will exhibit fewer distortions of the 
inorganic substructure, as a result of which the band gap will 
decrease.6 However, the calculated band gap values do not 
always follow this trend. The band gap values for different 
polymorphs can be either virtually identical or differ significantly, 
reaching differences of up to 0.26 eV (as was observed in the 
case of 2D perovskites containing cations 5). It is important to 
note that there is no clear trend in increasing or decreasing the 
band gap depending on the symmetry or crystallization 
temperature of the polymorphs. To clarify the reasons for this, 
we carried out a detailed crystal chemical analysis of the 
geometry of these structures.

By performing crystal chemical analysis of the polymorphs, 
we calculated such parameters of inorganic and organic 
substructures as axial and equatorial M–X bond lengths in 
octahedra, X–M–X bond angles in the plane and out of the plane 

of the inorganic substructure, M–X–M bond angles and RDCM 
values for organic spacer cations in cuboctahedral voids of the 
layer of corner-shared octahedra,‡,23 as well as interlayer 
distances and effective volumes of organic spacer cations in the 
structures. The effective average volume of organic spacer 
cations (VVDP) was calculated using the Voronoi–Dirichlet 
polyhedron construction‡ using the ToposPro software package.24

We then examined the differences in the values of all 
calculated geometric descriptors between the high- and low-
temperature polymorphs containing the same organic cations 
and constructed a Pearson correlation matrix to identify the 
relationships between the geometric descriptors (Figure 2). The 
heat map of the Pearson correlation coefficients clearly illustrates 
that the correlation coefficients between VVDP and the RDCM 
descriptor and the equatorial M–X distances are positive (0.87 
and 0.78, respectively). Interestingly, no significant correlations 
were found between the other geometric descriptors for the 
studied polymorphs. In addition to the VVDP analysis, we 
calculated the effective volumes (VH) of the cations using the 
Hirschfeld isosurface method implemented in the Crystal 
Explorer software.25 As expected, the calculated VVDP and VH 
values for organic cations in the structures correlate with each 
other (correlation coefficient 0.98), indicating the suitability of 
both methods for estimating cation sizes.

Thus, based on the correlation analysis, we have found that 
such geometric descriptors as the effective volume of the 
organic cation, RDCM and the equatorial M–X bond lengths 
(along the inorganic layers in the structures) in the MX6 
octahedra are the most significant geometric descriptors in 
polymorphic phase transitions in 2D hybrid perovskites. 
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Figure  1  Ball-and-stick representation of various spacer cations located 
between inorganic layers in 2D perovskite polymorphs. Pb, I, C, N and H 
atoms are represented by grey, purple, brown, blue and pink spheres, 
respectively.

†	 The theoretical calculations of the band gap were performed using the 
Quantum Espresso package.21 A plane-wave basis set was used together 
with the Perdew–Burke–Ernzerhof (PBE) exchange–correlation 
functional. The initial unit cell configurations for the 2D perovskites in 
this work were based on experimental X-ray diffraction data, the unit cell 
vectors and atom coordinates were optimized to have a force below 
0.04  Ry (a.u.)−1. The reciprocal space was sampled using 2 × 4 × 4 
Monkhorst–Pack grids. The electrons of lead (5d10/6s2/6p2), nitrogen 
(2s2/2p3), iodine (5s2/5p5) and carbon (2s2/2p2) were considered as 
valence electrons. The first included the PBE functional in the generalized 
gradient approximation using Vanderbilt-type, scalar relativistic 
pseudopotentials without spin–orbit coupling. VESTA software22 was 
used to visualize crystal structures and organic cations.

Table  1  DFT-calculated band gap values for 2D hybrid perovskite 
polymorphs with different cations and space groups stable at different 
temperatures.

Cation A'
Perovskite 
formula

Calculated 
band gap/eV

T/K
Space group 
reported

Reference

  1 (A')2PbI4 2.39 223 P212121 11
2.33 298 Pbca 11

  2 (A')2PbI4 2.4 250 P212121 11
2.45 298 P21/c 11

  3 (A')2PbI4 2.31 300 P21/c 12
2.15 365 Cmca 12

  4 (A')2PbBr4 2.83 293 P21/c 13
2.84 393 Cmca 13

  5 (A')2PbI4 2.31 100 C2/c 14
2.05 295 Cmca 15

  6 (A')2PbI4 2.37 173 P21/a 16
2.29 333 Pbca 16

  7 (A')2PbI4 2.38 293 Cmc21 17
2.29 398 Pbca 17

  8 (A')2PbI4 2.28 173 P21/a 16
2.29 293 Pbca 16

  9 (A')2PbBr4 2.83 293 Cmc21 18
2.88 350 P1 19

10 (A')2PbI4 2.38 173 P21/a 20
2.28 293 Pbca 20

‡	 RDCM is defined as the distance between the center of positive charge 
of an organic cation and the center of mass of a void in an inorganic 
framework. The Voronoi–Dirichlet polyhedron (VDP) model of an atom 
in a crystal field adequately reflects the shape of an atomic domain. It 
allows crystal chemical analysis and can be used for a universal model of 
representing the crystal structure at the level of its geometric description. 
According to the definition of VDP, each VDP face divides the crystal 
space into two equal half-spaces belonging to one of the atoms separated 
by the face. The main algorithms for constructing VDPs are implemented 
in the ToposPro software package. VDP can often characterize not only 
the relative but also the absolute size of an atom in a crystal structure.
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Polymorphic phase transitions in 2D HOIPs are classified as 
order–disorder transitions in organic cation layers, while the 
symmetry of the inorganic substructure in the disordered phase 
is often higher than in the ordered one [Figure 3(a)]. We believe 
that this fact is related to the peculiarities of the structural 
refinement of these disordered 2D HOIPs, so the presence of 
cationic disorder in these phases does not allow us to identify a 
clear relationship between the type of organic cation and the 

distortions of the inorganic substructure and, consequently, the 
band gap.

It should be noted that the Voronoi–Dirichlet method 
overestimates the effective volume of cations compared to 
calculations using the Hirshfeld isosurface method [Figure 3(b)]. 
However, for most 2D HOIP structures, there is a tendency for 
the average volumes of organic cations in high-temperature 
polymorphs to increase compared to low-temperature ones, with 
the change in volume varying from 5 to 17.5 Å3.

In summary, we have shown that three geometric descriptors 
are significant for detecting order–disorder phase transitions in 
twenty 2D HOIP polymorphs with various organic spacer cations 
crystallized at different temperatures, namely, the effective 
volume of the organic cation, RDCM for organic spacer cations 
in the cuboctahedral voids of the layer of corner-shared octahedra 
and the equatorial M–X bond length. In high-temperature 
polymorphs, the symmetry of the inorganic substructure is often 
higher than in low-temperature ones, while the atoms of the 
organic substructure are disordered. The difference in the 
calculated values of the band gap for polymorphs undergoing the 
order–disorder phase transition varies within 0.26 eV, but have 
no clear relationship with individual structural descriptors. These 
results expand our understanding of the various structural motifs 
of 2D HOIPs and clarify the impact of structural modifications 
on their properties, as well as open up opportunities for the 
design of solar cells, photodetectors and LEDs.

This work was supported by the Russian Science Foundation 
(grant no. 23-73-01212).
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Figure  2  Heat map of the Pearson correlation coefficient matrix for 
geometric descriptors of 2D hybrid perovskite polymorphs: (1) equatorial 
M–X distance, (2) axial M–X distance, (3) in-plane X–M–X angle, (4) out-
of-plane X–M–X angle, (5) M–X–M angle, (6) RDCM, (7) interlayer 
distance, (8) VVDP and (9) VH.
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Figure  3  (a) 2D HOIP polymorphs with spacer cations 3 showing different 
topology of organic layers at different temperatures. (b) Difference in the 
calculated effective volume of the organic spacer cation between high- and 
low-temperature 2D HOIP polymophs calculated using the Voronoi–
Dirichlet polyhedron and Hirshfield isosurface approaches.
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