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The size, functionality and orientation of organic spacer cations in low dimensional perovskites strongly
influence their optoelectronic properties. The effect of spacer cation isomerism leads to the formation of
distinct ordered perovskites with well-defined structure—property relationships. In this work, the influence
of organic spacer isomers—phenylene diammonium (PDA) cations, namely (0-PDA),Bisl1g, (Mm-PDA):Bisl10,
and (p-PDA),Bisl19-6H,0, on the optoelectronic behavior of the perovskite-like hybrid organic bismuth
halide PDA,BI>lyq is systematically investigated. Structural and electronic variations arising from isomerism
are examined using X-ray diffraction, UV-visible absorption spectroscopy, and photoelectron spectroscopy,
with further validation provided by density functional theory (DFT) calculations. The PDA cation enables the
formation of edge sharing [Biliol*~ dimers, placed close to each other with the |-I distance between adja-
cent dimers well within the covalent bond requirements. Octahedral dimers are separated by PDA cations,
wherein the ortho position of the substituent in the spacer cation induces higher strain. Both functional
groups interact with the same dimer, causing higher angle distortions and density of states resulting in
delocalized electron wavefunctions. The extra advantage of the N contribution to the same dimer in OPDA
is that it favours higher absorption and conduction, strongly influencing the optoelectronic properties.
Revealing such structure property relationships where weak yet cooperative interactions can still yield
macroscopic differences in performance can provide a guide for the design of such low dimensional hybrid
organic bismuth halides with desirable properties for functional devices.

17,18

The emergence of bismuth-based perovskites with structural
diversity presents significant potential for lead-free alternatives
for optoelectronic devices. These materials have long carrier
lifetimes and high absorption coefficients, while also providing
improved environmental durability, stability, greater availabil-
ity, and lower production costs."® This positions them as
promising candidates for sustainable applications, such as in
photovoltaics, chemical sensors, electrochemical displays, and
light-emitting devices."' ™

The coordination geometry of bismuth in hybrid halide
perovskites depends on the characteristics of the halogen atom,
the charge and size of the organic cation controlling the dimen-
sionality, and the number of hydrogen bond donor sites in the
organic moiety."* " [BiXs]*~ octahedra can connect structurally,
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via corners, edges or faces, forming 0D, 1D or 2D structures.
This structural versatility, coupled with their efficient s> — sp
transitions, enhances their optoelectronic performance."®">' The
highly rigid M,X,>~ (M = metal, X = halogen) in bismuth- and
antimony-based perovskites can form dimer units in the
presence of short organic moieties like methylammonium
cations, leading to OD structures that exhibit strong quantum
confinement and dielectric properties.”*>> However, these dimer
units have a 0D structure with insulating organic cations as
separators in all directions forming hybrid organic inorganic
halobismuthates, often widely referred to as low dimensional
perovskites,>*>® in photovoltaic applications, resulting in poor
electronic conductivity. Thus, the selection and versatility of the
organic cations provide the ability to tailor the structural and
optoelectronic properties of the perovskite, which are intrinsi-
cally linked to its dimensionality.*®

Aromatic cations as organic spacers offer strong prospects
attributable to delocalized, conjugated m electron systems and
rigid planar structures leading to improved crystallization and
dielectric properties." Short diammonium spacers, such as
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phenylene diammonium (PDA) cations, allow closer stacking of
perovskite layers, enhancing interlayer electronic coupling and
charge transport.’*? Additionally, the para isomer of PDA (p-
PDA) is reported to improve long-term stability and reduce
nonradiative recombination,*® and has been studied extensively
regarding its electronic properties and structural stability.>*™”
Comparing the effects of such isomerism in organic spacers is
crucial for fine tuning the optoelectronic behaviour, which
remains largely unexplored.

This study involves the creation of a lead free 0D-like per-
ovskite system, (PDA),Bi,l;,, that possesses a stable quantum-
well structure and exhibits improved electronic properties. The
effect of the substituent position in the organic spacers, ortho-
PDA, meta-PDA, and para-PDA, on the crystallization of this low
dimensional perovskite is investigated.

We discuss the structural properties in depth with a focus on
the intermolecular interactions that govern the crystal packing.
Specifically, crystals with high orientational order of the organic
cations positively influence the electronic properties.*® The rea-
sons for the difference in performance of the ortho-isomer in PDA
based bismuth perovskite are elucidated through various spectro-
scopic tools and DFT analysis.>®* We find a difference in the
interaction between the spacer and octahedra of these (PDA),.
Bi,l;, OD-like perovskite systems, correlating well with variations
in the packing and disorder of the spacer organic cations. Our
results underline that the 0D-like perovskite behaves akin to a
molecule, demonstrating that the (ortho-PDA),Bi,l;, isomer has
suitable optoelectronic properties for photovoltaic applications.
The findings provide helpful guidance for the chemical tuning of
substituent positions in spacer cations and reveal the isomerism
driven structure-property relationships and optoelectronic prop-
erties, showing how weak yet cooperative interactions can still
yield macroscopic differences in performance, providing insights
into the design of materials with desirable properties for func-
tional devices.

Structural characterization

Solution-processed thin films of bismuth-based low-dimensional
perovskites with compositions (0-PDA),Bi,l;, (m-PDA),Bi,l;,
and (p-PDA),Bi,l;o-6H,0 were synthesized (Section S1), and
suitable single crystals were obtained (Fig. 1a). These are here-
after termed as OPDA, MPDA, and PPDA, respectively, while their
spacer cations are 0-PDA, m-PDA, and p-PDA.

Single-crystal XRD and refinements (CCDC 2433489-2433491)
are shown in Table 1b; further parameters and bond lengths are
in Tables S1 and S2. OPDA crystallizes in the P2,/c space group.
Octahedral dimers are separated by o-PDA cations, linked via
N-H- - I hydrogen bonds (the C-H-: - I interaction is negligible),
forming a 3D-like packing structure (Fig. 1c). The shortest I.- I
distance between adjacent dimers is 3.79 A, well below covalent
thresholds, indicating compact packing. A [Bi,I;o]'~ dimer con-
sists of two [Bils]>~ octahedra sharing one edge via two iodide
bridges. The I-Bi-I equatorial angle is 175.80° the smallest
among the analogues, indicating higher strain from o-PDA.

Mater. Adv.

View Article Online

Materials Advances

MPDA also forms a 0D edge-sharing structure but appears
chain-like because one m-PDA cation is shared between two
dimers in a zig-zag arrangement (Fig. 1c), suggesting pseudo-1D
character. It crystallizes in the P2,/n space group. The shortest
I.--I distance (3.70 A) matches its reduced d-spacing. MPDA
shows the highest asymmetry in bond lengths, 3.099 A (OPDA
3.088 A), and the highest distortion index, 0.047 (OPDA 0.040),
which enhances polarization and electron wavefunction asymme-
try. The Bi-I-Bi inter-octahedral angle deviates the most (93.71°),
but the equatorial I-Bi-T angle is relatively high (178.26°), indicat-
ing less strain than OPDA and allowing more cation rotation.

PPDA forms a typical 0D edge-sharing perovskite with H,O
molecules in the lattice (Fig. 1c). These interact with the p-PDA
ammonium group, breaking consecutive dimer connections, and
hence reducing stability. The para-arranged ammonium group
lies out of plane and does not directly interact with the dimer;
instead, H,O bridges the spacer to the dimer via ammonium and
iodide. PPDA also crystallizes in the P2,/n space group, has the
lowest distortion index (0.037), minimal Bi-I-Bi deviation
(88.92°), and the highest equatorial I-Bi-I angle (178.55°), indi-
cating the least strain. Despite compact packing, PPDA crystals
are harder to obtain and less stable due to trapped water.

X-ray diffraction spectra for thin films (Fig. 1b) show the first
major peaks at low angles: PPDA at 8.65°, MPDA at 8.71°, and
OPDA at 9.01°, corresponding to (101) and (011) planes, con-
sistent with SCXRD, confirming low dimensionality. Crystallite
sizes (as per Scherrer’s equation, and with respect to (011))
reveal that OPDA has the largest average crystallite size (1006 A)
and increased d-spacing. This arises from 0-PDA’s ortho-NH;"
groups, where one cation interacts with only one [Biyl;o]"~
dimer, unlike MPDA and PPDA where one cation links two
dimers. This limits rotational freedom, with the other NH;"
being either in a void or weakly interacting with the same
dimer. Octahedral dimers thus spread asymmetrically and
belong to the (011) plane, forming a 0D edge-sharing network.
The films were also characterized for elemental composition
using EDX, and the results are depicted in Fig. S1. The I™
relative atomic percentage estimated with EDX analysis agrees
well with the empirical formula, and no traces of foreign
elements were found, satisfying the overall purity of thin films.

In all three isomers, adjacent dimers remain close, with I. - -I
distances under 4.0 A, allowing them to be described as pseudo-
1D. Variations in distortion, rotational freedom, octahedral
strain, and packing directly affect the surface electrostatic
potential, influencing dipole moment, formation energy, and
electron wavefunctions.

Optoelectronic properties

These materials exhibit absorption in the visible region, with
optical bandgaps ranging from 2.04 to 2.21 eV, as shown in
Fig. 2. These values overlap with the higher end energy bandgap
range of 3D perovskites (FAPbI;, MAPDbI;). A blue shift is
observed in the absorption edge, when o-PDA and m-PDA are
used as spacer cations for [Bi,I;4]*~ octahedra in comparison to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Digital images of PPDA, MPDA and OPDA single crystals. (b) X-ray diffraction spectra corresponding to thin films of low-dimensional PPDA,
MPDA and OPDA perovskites. (c) Schematic illustrations of the crystal packing and molecular structures of the corresponding isomeric PDA-based
perovskite-analogues.

p-PDA, and they exhibit optical bandgaps of 2.21 and 2.18 eV, PPDA shows a lower bandgap of 2.04 eV compared to MPDA
respectively, as seen in Fig. 2a and b. OPDA showed the highest and OPDA can be presumably attributed to a higher equatorial
excitonic energy in line with its crystal structure. The fact that bond angle and shorter bond lengths. An increase in the angle

© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Table 1 (a) Structural parameters of PPDA, MPDA and OPDA from PXRD
analysis. Bond paramseters and distortion indices. The distortion index is

calculated using 1/6 Y "[d — D]/D, where d is the individual bond length and
D is the average boncli length

(@)

Thin films

Perovskite Peak position (°) d-spacing (A) FWHM (°)
PPDA 8.65 10.25 0.1232
MPDA 8.71 10.15 0.1414
OPDA 9.01 9.81 0.0827

(b)

Parameter OPDA MPDA PPDA
Bi-I-Bi bond angle (°) 91.51 93.71 88.92
I-Bi-I equatorial bond angle (%) 175.80 178.27 178.55
Bi-I average bond length (A) 3.088 3.099 3.089
Distortion index 0.042 0.047 0.037

within the octahedra results in a higher degree of overlapping
of orbitals in Bi-I octahedra, leading to stronger bonding and
antibonding interactions that lower the bandgap. The 6p-
orbitals of the bismuth atom contribute more to the conduc-
tion band minimum (CBM), whereas the 5p-orbitals of the I
atom contribute to both the CBM and valence band maximum
(VBM). The band edge observed here not only signifies its
origin from transition between I 5p orbitals in the VBM and I
5p and Bi 6p orbitals in the CBM, but also the quantum well

(a)

3 —OPDA |
= =
8 Pexc=516 nm @
P

o Aem= 540 nm S
@ c
o -—
© il
3 2
2 ©
© S
£ 5
[<] P-4
=z ——

500 600 700 800
' Wavelength (nm)
(c)

3

Q ——PPDA | >
< 7]
"xg Aexc= 509 Nm s
@ Aem= 565 nm =
o) -
© °
B 2
©

£ 5
S ~ z
z ; , —

500 600 700 800

Wavelength (nm)

View Article Online

Materials Advances

octahedral structure. It is important to note that, despite
reports by several authors observing emission in 0D***' and
1D*? perovskites created with aromatic spacers, all of the three
isomers showed low visible light emission. The PL maxima are
found to be at 540 nm, 572 nm and 565 nm for OPDA, MPDA
and PPDA, respectively. OPDA showed a lower Stokes shift of
105 meV, whereas MPDA and PPDA showed photolumines-
cence at lower energies with Stokes shifts of 241 meV and 244
meV, respectively (Fig. 2b and c). A lower Stokes shift is
associated with lower lattice distortion, higher symmetry and
weak exciton-phonon coupling.

The electronic structure of these bismuth perovskites was
elucidated using ultraviolet photoelectron spectroscopy, as
shown in Fig. 3a and b. Though the position of the substituent
group (in the spacer) is observed to induce different structural
distortion in the perovskites, their electronic signatures closely
resembled each other. The electronic band edge calculations
are shown in Section S3. The Fermi energy of PPDA with respect
to vacuum was found to be at —5.77 eV, while that of MPDA is at
—5.76 eV and OPDA at —5.74 eV, as shown in Table 2. The
densities of states over energy levels are nearly the same for all
three perovskites, ranging from 14.30 eV in OPDA to 14.75 eV in
OPDA and 14.92 eV in PPDA.

Valence band maxima with respect to the Fermi energy are
shown in Fig. 3b. The spectral weight or photoemission inten-
sity of PPDA and MPDA are higher than that for OPDA because
of a higher photoemissive cross section of the crystals and
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Fig. 2 UV-visible absorption and photoluminescence spectra of (a) OPDA, (b) MPDA and (c) PPDA. (d) Tauc plots of OPDA, MPDA and PPDA.
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Table 2 Electronic structure calculations of PPDA, MPDA and OPDA
compounds using UPS and UV-visible absorption spectra

Fermi energy, SECO VBM Bandgap CBM
Compound  Ef W.r.t. Ey,c (eV)  (eV) (eV) (eV) (eV)
PPDA —5.77 15.45 —-6.30 2.04 —4.26
MPDA —5.76 15.46 —6.47  2.18 —4.29
OPDA —5.74 15.48 —6.92  2.21 —4.71

orbital characteristics and does not imply that OPDA has a
lower density of electrons in the available states. The lower the
deviation in the bond angles, the more delocalized are the
energy levels. OPDA shows a shallower distribution of binding
energy due to a higher distortion in the lattice and higher
deviation of the bond angle reducing the overlapping of orbitals
in the lattice. The equatorial bond angle Bi-I-Bi in PPDA
exhibits near-to-ideal geometry, in which the octahedra are
intrinsically bent causing less distortion and hence exhibiting
a higher distribution of binding energy. MPDA, on the other
hand, with a similar equatorial bond angle as PPDA, is seen to
have a broader distribution of binding energy, but less than
PPDA, presumably due to a greater metal-halide bond length.
The Fermi energy levels of these compounds are nearly same
(5.75 £ 0.02 eV). The Fermi energy levels of PPDA and MPDA
are found to be closer to the VBM of the respective compounds,
describing the p-type behaviour of these compounds. PPDA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with a nearly ideal inorganic framework shows lower electron
affinity compared to MPDA, suggesting that an intrinsically
bent metal-halide-metal bond leads to inefficient overlapping
of M-X-M orbitals leading to the localization of charge carriers.
OPDA exhibits n-type semiconducting nature with a Fermi level
aligned at 1.18 eV from the VBM and —1.03 eV from the CBM.
The electron affinity in OPDA is found to be the highest among
the three owing to a less deviated stretched out metal-halide-
metal bond shifting the VBM and CBM deeper than PPDA and
MPDA. These studies guide us to determine and rule out energy
level mismatches that can happen just by changing the sub-
stituent positions in the spacers used for the perovskites. The
valence band maximum (VBM) with respect to Eg further shows
that the DOS at the VBM is similar for MPDA and PPDA
compared to OPDA, suggesting a greater density of electrons
in the energy levels induced by the inorganic framework, as
illustrated in Fig. 3b. The band alignments of all three com-
pounds are shown in Fig. 3c.

To substantiate the presence of water in the PPDA isomer and
to study the thermal stability, thermogravimetric analysis (TGA)
was carried out for the PPDA compound and compared with that
for the OPDA isomer, as shown in Fig. 3d. The OPDA and PPDA
perovskites had good resemblance with each other owing to their
same spacer cationic moiety. The decomposition mechanism
can be divided into three stages. The first stage is the drying

Mater. Adv.
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stage, the second is the decomposition of the spacer cations, and
the third stage is the loss of Bil;. PPDA showed a first significant
weight loss of 7.43% in the drying stage, i.e. at 71 °C, because of
the H,0 molecules present in the unit cell along with p-PDA.

This shows that the PPDA has a weaker lattice compared to
OPDA, and hence can undergo quick phase transition at a lower
temperature. OPDA showed no such loss and proved to be
hydrophobic by retaining its initial weight until 233 °C. Decom-
position of both the spacer cations is at 230 °C, and hence the
first phase transition for OPDA occurs at this temperature.
PPDA also shows a phase transition at 235 °C, while the
inorganic part is stable until 345 °C and shows a collapse later
on. OPDA is stable until 352 °C due to denser crystal packing.
The hydrophobic nature of OPDA hence opens possibilities for
its use as a passivator for 3D perovskites.

DFT analysis

The band structures of these materials show flat bands suggest-
ing a less dispersive medium as seen in Fig. 4a-c. Compara-
tively, OPDA shows a little curvature of the bands at the high
symmetry point suggesting a higher refractive index medium,
making it a more reliable charge carrier than the MPDA and
PPDA analogues. Although the bandgaps are in good agreement
with the experimental values of 2.14, 2.11 and 2.01 eV for
OPDA, MPDA and PPDA, respectively, the deviation in the band
alignment from the Fermi energy for OPDA could not be
understood. Notably, the valence band maxima and conduction
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band minima of each phase occur at the same k-point, con-
firming their direct bandgap nature. The total density of states
(TDOS) showed remarkable resemblance with the UPS analysis,
as depicted in Fig. 4d-f. The I 5p orbitals contribute more near
Fermi energy in the valence band, making them a sole con-
tributor to the VBM, whereas bismuth exhibits a fair share of
the contribution in defining the conduction band minimum.
Surprisingly, OPDA has the extra advantage of nitrogen con-
tribution to the CBM, which is not seen in PPDA, suggesting
conduction properties due to ammonium modules of the
spacer cation. It also has a higher density of states per eV in
both the conduction band and valence band, which is reflected
in the higher absorption of light resulting in higher electronic
transition as seen in UV-visible spectroscopy. To gain a deeper
understanding of the electronic characteristics and the cou-
pling between [Bi,l;o]' units, we selected representative pairs
of BiI;o units from each crystal structure and calculated the
HOMO and LUMO splitting, following the approach commonly
used in molecular organic semiconductors.** The HOMO split-
ting values were found to be 0.12, 0.10, and 0.08 eV for the
OPDA, MPDA, and PPDA, respectively, while the LUMO split-
ting values were 0.09, 0.07, and 0.06 eV. These results indicate
moderate electronic coupling between neighbouring [BiyI;0]*~
units, with slightly stronger interactions in the OPDA compared
to the MPDA and PPDA. This quantitative assessment comple-
ments the band structure analysis and provides deeper insight
into the electronic communication pathways in these materials.

The electron localization function provides a deeper insight
into the optoelectronic properties of these compounds.
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Although the optical members are dimers, each octahedron
showed the properties of a quantum well individually and not
as a dimer. There is greater electron cloud intensity in the cage
and prominently on the iodine atoms, proving more localiza-
tion of electrons in the outer part of the cage as suggested by
the TDOS. More interestingly, these 0D structural perovskites
are not of the same dimensions electronically. PPDA has
intense localization of electrons in Bi-I octahedra and also in
H,0 molecules, as seen in Fig. 4g. Other than in these mole-
cules, between the dimers there are no localization and energy
levels available for electrons to undergo charge transfer, hin-
dering the mobility between edge shared octahedra. The p-PDA
spacer cation is not involved in conduction and plays a role of
cleaving the octahedral dimers. Electronically, there are 0
degrees of freedom for charge movement making it not suitable
for charge transfer, as seen in the TDOS where there is no
contribution of I near the Fermi energy level.

MPDA, on the other hand, shows prominent localization
along the octahedral dimer chain as an electron cloud exists
between the dimers. This shows that the potential conductivity
in this perovskite is along the octahedral chain, which is
structurally confined to 0D but electronically proved to be 1D,
spaced by m-PDA as seen in Fig. 4h. The fact that the m-PDA is
not involved in conduction can be attributed to inductive
effects or steric hindrance.

OPDA shows interesting properties as the electrons are
dominantly localized over the unit cell. This is because unlike
the meta and para isomers, the ortho cation contributes to
charge delocalization, which makes it suitable for charge con-
duction as seen in Fig. 4i. The electron cloud in this cation is
similar to that of Bi-I octahedra. Interesting properties seen
here is the electron localization between the adjacent spacer
cations along with more curvature in the energy band diagram
compared to MPDA and PPDA, as these are promising for
charge transfer between Bi-I-Bi dimers and also between o-
PDA and Bi-1-Bi dimers. Hence electrons are free to move in all
directions making it electronically a 3D perovskite.

In summary, the cation-anion interactions between the
isomers of the spacer cation and bismuth iodide octahedra
are found to be unique and lead to different arrangements of
0D inorganic networks. The spacer cations significantly influ-
ence the I-Bi-I bond parameters in the [Bi,ljo]*~ octahedra,
which in turn fine-tune the optoelectronic properties. The
crystal packing from PXRD of the thin films shows that the
OPDA perovskite has a greater d-spacing, crystallinity and
crystallite size while offering more strain due to greater devia-
tion in the equatorial bond angle but stabilized octahedra
compared to MPDA and PPDA, making it suitable for optoelec-
tronic applications. In addition, the lattice parameters of OPDA
derived from SCXRD analysis are optimal in comparison with
3D perovskites, and it can be used as a passivator due to its
hydrophobic nature, as seen in TGA analysis. Optimal band
alignment, higher charge mobility and greater electronic
dimensions in OPDA make it more suitable for the discussed
applications compared to MPDA and PPDA perovskites. There-
fore, optoelectronic properties can be enhanced by the choice

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

of the spacer cation based on the structural properties of
different isomers. Additionally, investigation of the substituent
effects of different ortho isomers on their optoelectronic prop-
erties is underway.
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