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Abstract

The one-dimensional (1D) Sb(Ill)-based organic-inorganic hybrid perovskite (AImd),' o [Sbl5]
(AImd = 1-allylimidazolium) crystallizes in the orthorhombic, centrosymmetric space group
Pnma. The structure consists of corner-sharing [Sbl] octahedra forming 1D chains sepa-
rated by allylimidazolium cations. Void analysis through Mercury CSD software confirmed
a densely packed lattice with a calculated void volume of 1.1%. Integrated quantum theory
of atoms in molecules (QTAIM) and non-covalent interactions index (NCI) analyses showed
that C—H.--I interactions between the cations and the 1,,[SbI5]*~ network predominantly
stabilize the supramolecular assembly followed by N-H---I hydrogen bonds. The calculated
growth morphology (GM) model fits very well to the experimental morphology. UV-Vis
diffuse reflectance spectroscopy allowed us to determine the optical band gap to 3.15 eV.
Density functional theory (DFT) calculations employing the B3LYP, CAM-B3LYP, and PBEO
functionals were benchmarked against experimental data. CAM-B3LYP best reproduced Sb-1
bond lengths, while PBE0 more accurately captured the HOMO-LUMO gap and the associ-
ated electronic descriptors. These results support the assignment of an inorganic-to-organic
[Sb-I] — 7* charge-transfer excitation, and clarify how structural dimensionality and cation
identity shape the material’s optoelectronic properties.

Keywords: iodoantimonate(IIl); one-dimensional hybrid perovskite; X-ray diffraction;
morphology; QTAIM; NCIL; DFT benchmarking

1. Introduction

Over the past two decades, extensive research has been devoted to the so-called
organic—inorganic hybrid perovskites, generally represented by the formula (A).[MpXc],
where A is an organic cation, M is a divalent or trivalent metal, and X represents a halide
or chalcogenide. The high interest in these materials is due to their interesting photo-
physical (photo semiconducting) and photochemical properties allowing their applica-
tions in photovoltaics or photocatalysis [1-9]. These materials combine many of the fa-
vorable attributes of traditional inorganic semiconductors such as high charge carrier
mobility and strong absorption coefficients, with the processability and structural ver-
satility of organic components [8,10-12]. Lead halide perovskites with the prototypical
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(MeNH3)Pbl; as light harvesters have revolutionized the field of photovoltaics, achieving
unprecedented power conversion efficiencies and eventually driving the development
towards commercialization [13,14]. However, despite their popularity, lead- and tin-based
hybrid materials pose challenges related to chemical instability and toxicity [3,15-20].

As a result, alternative systems incorporating less toxic metals have gained in-
creasing attention, in particular halide structures based on the p-block elements Sb and
Bi [18,19,21-29]. While Bi(Ill) halide compounds have been studied extensively, their Sb(III)
counterparts remain relatively underexplored. The main reason is that the 6s* electronic
configuration of Bi(III) is considered to be superior to 5s? Sb(III) in providing the necessary
electronic structure [28,29]. Nonetheless, Sb(Il)-based perovskite-like materials are emerg-
ing as promising candidates for photovoltaic and photocatalytic applications due to their
low toxicity and their good structural stability [25-27,30-50].

Structurally, the Sb(Ill)-based perovskites feature in most of the cases distorted
[SbXg]"~ octahedra which are interconnected through their corners, edges, or faces to
1D, 2D, or 3D structures [25,27,29-38]. Exceptional cases feature pseudo-octahedral pen-
tacoordinate [SbCl5]*~ with a stereochemically active 5s2 lone pair [39,40]. The [SbXg]"~
octahedra might well occur as isolated monomeric units, or edge- or face-sharing dimeric,
or oligomeric units. These materials are frequently called zero-dimensional (0D) [41-51].
Crystal packing in the low-dimensional hybrid materials is characterized by a combination
of the covalent anionic halidometalate structure with the electrostatic forces connecting the
organic cations to the anionic scaffold. These forces are frequently augmented with further
non-covalent interactions such as hydrogen bonding, halogen bonding, and van der Waals
interactions, and are, thus, mostly driven by the nature of the organic cation, particularly
its size, shape, functional groups, charge, and steric effects [31,32,37,41,43-47,49-51].

Herein, we report the synthesis and characterization of a new 1D antimony iodide
hybrid compound, (AImd), ! [SbI5], containing the allylimidazolium cation (AImd™")
(Scheme 1). Single-crystal X-ray diffraction shows 1 o[SbI5]?~ chains of cis-corner-sharing
[Sblg]>~ octahedra separated by the organic cations. Crystal morphology predictions were
carried out describing the chemical groups present on dominant crystal faces and their
influence on face growth. The optical properties were investigated using UV-vis absorp-
tion and diffuse reflectance spectroscopy. Density Functional Theory (DFT) calculations,
benchmarking the B3LYP, CAM-B3LYP, and PBEQ functionals and including long-range
corrections, were carried out to gain further insight into the electronic structure.
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Scheme 1. Synthesis of the title structure (AImd),' o [Sbl5] (AImd = allylimidazolium) (left) and
a photograph of the red crystals (right).

2. Results and Discussion
2.1. Single-Crystal X-Ray Structure Determination

The red compound (AImd), ' [SbI5] (AImd = allylimidazolium) crystallizes in the
orthorhombic, centrosymmetric space group Pnma (No. 62) (structure solution and re-
finement data in Table S1, Supplementary Materials). The structure consists of anionic
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1 [SbI5]*~ chains and allylimidazolium cations. The anionic framework is composed of
cis-zigzag «[Sbl5]?~ chains formed through corner-sharing, distorted [Sbls] octahedra.
Each Sb(III) center adopts a six-coordinate geometry (Figure 1), with Sb-I bond lengths
ranging from 2.855(1) A t0 3.308(1) A (Table 1), consistent with previously reported iodoan-
timonate structures [30-33,35,38]. The anionic chains align parallel to each other along the
crystallographic a axis, forming well-separated chains of [SbI5]?~ units. The interchain
I---I distance of 4.299 A exceeds the sum of the van der Waals radii for iodine (3.96 A),
indicating the absence of halogen bonding and minimal electronic interaction between

adjacent chains [52].
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Figure 1. Perspective view on the crystal structure of (AImd), ! [SbIs] showing the chains of cis
corner-sharing [Bilg]®~ octahedra (in purple (left)) and a view on the zig-zag 1 [SbI5]>~ chain with
atom numbering and selected distances in A (right).

Table 1. Selected experimental geometric parameters of (AImd), " [SbIs].

Bond lengths (A) Sb1-13 2.984(8)

Sb1-11 2.855(1) Sb1-13! 2.984(8)
Sb1-12 2.867(1) Sb1-14 3.308(1)

Bond angles (°)

11-Sb1-12 98.89(5) 13-Sb1-13! 178.70(5)
11-Sb1-13 89.87(2) 11-Sb1-14 175.89(5)
12-Sb1-13 89.39(2) 12-Sb1-14 85.23(4)
11-Sb1-13! 89.87(2) 13-Sb1-14 90.17(2)
12-Sb1-13! 89.39(2) 13'-Sb1-I4 90.17(2)

Symmetry code: i = x, —y + 1/2, z. More data are shown in Table S2.

The shorter Sb-I bonds (2.855(1)-2.984(7) A) correspond to the terminal iodide ligands
I1 to I3, while the longer bonds of 3.308 A and 3.275(1) involve the bridging iodides 14
and 14! (i=x, -y +1/2, z) (Figure 1 and Table 1). The slight difference in bond lengths
between Sb1-14 and Sb1-14! (0.033 A) is attributed to hydrogen bonding involving the 14
atom. The Sb1-14-5b1 bond angle is approximately 172.9°, supporting the idea that 14 is
slightly displaced under the influence of N2-H2A.--14 hydrogen bonding with the cation
(Figure 2a and Table 2).

The AImd™ cations were refined with positional disorder on the atoms C4, C5, and C6
and with an intramolecular C6-H---N1 hydrogen bond of about 2.47 A (Figure 2b). The
same distortion and geometry have been observed in the 1D (AImd),' o [BiCls] (centrosym-
metric space group C2/c) [53] and the 0D (AImd),;[SnCl¢] (space group P2;/n) [54]. The
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cations occupy the space between the anionic chains and contribute through coulombic
forces, but also through a network of weak hydrogen bonding interactions, in particu-
lar N-H---I and C-H---I (see Figure 2 and Table 2), with the 1 ,[SbI5]>~ scaffold to the
overall structural stability. In turn, the hydrogen bonds induce subtle distortions in the
1 [SbI5]>~ chain. No significant -7 stacking interactions are observed, in contrast to
related imidazolium-based systems [53-55].
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Figure 2. Magnified view of the hydrogen bonding between the AImd* cations and the inorganic
chain in (AImd);![SbI5] (a) and the intramolecular hydrogen bonding in AImd* (b).

Table 2. Hydrogen bond geometries in (AImd),' o [SbI5].

unit distances (A) angles (°)
D-H---A D-H H--A D--A D-H---A
N2-H2A.--I4 1 0.86 3.09 3.78(1) 141
C4-H4A.- 13 it 0.97 3.03 3.91(3) 152
C2-H2.--13 1 0.93 2.99 3.73(2) 138
Cl-H1.--14V 0.93 3.17 3.93(2) 141

Symmetry codes: (i) x+1,y+ 1,z (i) x, y+ 1,z (iv)x+1/2,y+1, —z+ 1/2.

The observed bond lengths and angles in the 1 «[SbI5]*~ scaffold are consistent with those
in the related 1D corner-sharing iodoantimonates (A)n'eo[SbI5] (n = 1 or 2) with the cations
2-methyl-1,5-pentanediammonium (2-MPDA?2*) [35], N,N,N'-trimethylethylenediammonium
(TMEDAZ) [33], S-Me-thiouronium (CH3SC(NH,),) [38], and the chiral
(R)-(+)-a-ethylbenzylammonium [32], but also with those in the edge-sharing (C;H7[Sbl4]
(CyHy = tropylium) [34].

Quite recently, the use of methylhydrazinium cations gave two polymorphs, of
which one strongly resembles our (AImd),'[SbI5] structure, while the other contains
the corner-sharing dimers [Sb,1111%~ [30]. The use of piperazinium derivatives (RPip*) as
cation allowed us to obtain !,[SbI4]*~ containing structures with edge-sharing [Sbls]
octahedra, such as (RPip)[Sbls]>-4H,0, (RPip)[Sbl4];-3H,0, and two polymorphs of
(RPip)[Sbl4]2-2H,0, but also the 0D tetrameric (RPip)[Sb4l;6]0.5-H,O [41]. Furthermore,
the use of (S)-1-phenylethylammonium gave a structure containing edge-sharing Sbylip*~
dimers [41]. Only small structural variations in a series of dimeric oxonium cations,
including dimethyl formamide (DMFH-DMF?), dimethylacetamide (DMAH-DMAY), 2-
pyrrolidon (2-PyrrH-2-Pyrr*), and N-Methyl-2-pyrrolidon (NMPH-NMP*), led to var-
ious 0D structural motives, including face-sharing dimers (DMFH-DMF),;Sb,lg and
(DMAH-DMA),;Sb;ly, edge-sharing tetramers (2-PyrrH-2-Pyrr),Sbylg, and trinuclear
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(NMPH-NMP)3Sbsl; [36]. Thus, prediction of the formed compounds based on the cations
remains challenging.

To further quantify the degree of distortion in the [Sbls] octahedra, we employed the
distortion index (Ad) and bond angle variance (o) derived from Equations (1) and (2) [56].

1 n di - dav 2
Ag= Ezizl ( Ao ) 1
P = Y (6 6) @

where d; represents each individual Sb-I bond length, d,y is the average bond length, 6;
represents the it" I-Sb-I bond angle within each octahedral unit, and 0 is 90° (or 180° for
linear angles). Larger values for the distortion index (Ad) and bond angle variance (0?)
indicate enhanced distortion.

For (AImd);' «[Sbl5], the distortion index (Ad) is 0.0055, and the bond angle variance
(0?) is (12.12°)?, confirming significant distortion, particularly in bond angles, primarily
due to hydrogen bonding and the stereochemical influence of the 5s lone pair on Sb(III).

A comparison of octahedral distortion values in numerous 1D Sb-I materials (Ta-
ble 3) show the structural sensitivity to hydrogen bonding and Sb(III) lone pair stereo-
chemistry. The (AImd),' o [Sbl5] structure has a moderate distortion index similar to the
(2-MPDA)! ,[Sbl5] compound (02 = 12.56) and similar 4 displacement due to strong H---I
hydrogen bonding interactions. (TMEDA)! ,,[SbI5] exhibits lesser distortion (Agct = 0.0015;
02 = 8.992), indicating minor structural disruption from weaker hydrogen bonding and
more influence from the stereochemically active 5s2 lone pair. (CH3SC(NH>),)! o [Sbls]
and (R-EBAH),'[SbIs] exhibit different characteristics. The former has intermediate dis-
tortions with hydrogen bonding affecting I1, while the latter has the largest At (0.0659)
and o2 (18.746), indicating a significant divergence from ideal octahedral geometry. This
investigation suggests that even little changes in cation type and hydrogen bonding ability
can significantly influence [Sblg] octahedral geometry and impact structural predictability
in Sb(III) iodide frameworks [32,35].

Table 3. Octahedral distortion parameters for (AImd),’ [Sbl5] and selected reported 1D Sb-I materials.

long Sb-1

compound Aoct Ooct? bond ( A) d(H--T) A effect on structure Ref.
) 14 displaced due to This
(AImd), 6 [Sbls] 0.0055 12.12 3.308 (1) 3.09 hydrogen bonding work
1 14 displaced due to
(2-MPDA)! [SbTs] 0.0026 12.56 3210(1) 2.93 hycragen bonding [35]
i 2
(TMEDA)! [Sbls] 0.0015 8.992 3199 (9) Stere‘;a““’“y. of 5 33]
one pair
1 11 displaced due to
(CH3SC(NHa)2)' o [SbIs] 0.0039 751 3.344(3) 294 hydrogen bonding [38]
(R-EBAH), ! [Sbls] 0.0659 18.746 3.255(2) 288 14 displaced due to [32]

hydrogen bonding

2.2. DFT Geometry Optimization

In DFT geometry optimization using a simplified model consisting of one AImd*
cation and one [Sbl4] ™ anion for the benchmarking of the three functionals BSLYP, CAM-
B3LYP, and PBEQO, combined with LANL2DZ or SDD basis sets, CAM-B3LYP gave the
best agreement with the experimental data (Table 4), particularly for the Sb-I interactions
that define the 1,,[Sbl5]*~ scaffold. Notably, the CAM-B3LYP/LANL2DZ combination
reproduced the longest Sb—I bond (Sb1-14) within 0.03 A of the experimental value, un-
derscoring the importance of including long-range exchange and relativistic corrections in
systems dominated by heavy atoms and dispersive interactions, in agreement with similar
studies [36,41,46,57]. While all functionals slightly overestimate the C-N and C-C bond
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lengths, likely due to limitations in ECP basis sets for lighter atoms, CAM-B3LYP performs
consistently across both heavy and light atoms. This is further supported by RMSD analysis
(Figure 3) quantifying the deviation between DFT-calculated and experimental geometries,
confirming the superior performance of CAM-B3LYP.

Table 4. Selected experimental and DFT-calculated equilibrium geometry parameters for
(AImd)5' o [SbI5] 2.

Exp E?/;LYP / B3LYP/ CAM/ CAM/ PBEO/ PBEO/
NL2DZ SDD LANL2DZ SDD LANL2DZ SDD

Sb1-I1 2.855(1) 2.92342 2.89780 2.88125 2.87243 2.89065 2.88086
Sb1-12 2.867(1) 2.91104 2.91454 2.87727 2.86559 2.88333 2.87032
Sb1-13 2.984(1) 2.96581 2.95290 2.94494 2.93347 2.94718 2.93301
Sb1-14 3.308(1) 3.24489 3.23021 3.27784 3.27024 3.22004 3.21026
C1-N2 1.27(3) 1.33650 1.32956 1.32262 1.32247 1.32407 1.32384
C1-N1 1.32(2) 1.32961 1.33653 1.32984 1.32999 1.33121 1.33136
C2-C3 1.22(3) 1.36100 1.36107 1.35441 1.35447 1.35886 1.35890
C2-N2 1.40(3) 1.37680 1.37685 1.37228 1.37226 1.36888 1.36887

2 Calculated for a model consisting of one AImd* cation and one [SbI4]~ anion.

B3LYP/LANL2DZ
B3LYP/SDD
CAM/LANL2DZ
CAM/SDD
PBEO/LANL2DZ
PBEO/SDD

0.12

(=]
iy
o

0.08

0.06

Absolute Deviation (A)

0.04 |

0.02

0.00

Figure 3. Root-mean-square deviation (RMSD) calculation between experimental and theoretical
equilibrium distance.

2.3. Computational Characterization of Non-Covalent Interactions

The N-H---I and C-H---I hydrogen bonds found in the crystal structure were further
analyzed using the quantum theory of atoms in molecules (QTAIM) and the non-covalent
interactions index (NCI) using a monomeric (AImd),[Sbls---I] model that includes two
AImd™ cations and an [Sbls---I]>~ anion (Figure 4). The NCI allows the visualization of
interactions in real space and the determination of their attractive or repulsive nature.

The calculated interaction energy AE = —193.1 kcal/mol between the two organic Almd*
cations and the [Sbls---I]>~ dianion in the model represents a strong coulombic attraction.

The bifurcated N2-H2A---14 and N2-H2A---12 hydrogen bonds are characterized by
two bond critical points (BCPs) and bond paths connecting the N2-H2A function of the
imidazolium with both the 14 and I3 atoms (a and b in Figure 4b). These interactions
are associated with small green isosurfaces in the NCI plot, indicating medium to weak
contributions from these hydrogen bonds to the total energy.
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AE =-193.1 kcal/mol

Figure 4. (a) View of the non-covalent interactions in the X-ray structure of (AImd),'[SbI5] with the
hydrogen bonds shown as dashed lines. (b) Combined QTAIM (bond CP in red, bond paths as orange
lines) and NCI (green isosurfaces representing hydrogen bonding) plot of an (AImd),[Sbls---I] model.

The strength of the hydrogen bonds was further evaluated using the potential energy
density V(r) at the bond critical points [58]. The contributions of the N2-H2A:--I4 and
N2-H2A---12 hydrogen bonds are —1.004 and —0.345 kcal/mol, respectively (Table 54).
The C-H-- I interactions involving the I3 and 14 atoms of the [SbI5]*~ anions and the H1
and H6A atoms of the organic cations reveal three BCPs (points ¢, d, and e in Figure 4b),
bond paths, and green NCI plot isosurfaces, indicating moderate to weak interaction.
With —1.067 and —1.381 kcal/mol for C6-H6A--I3 and C2-H2---13, respectively, they are
markedly stronger than the N-H---I interactions. These results confirm the reliability of
the hydrogen bond energy predictor based on the potential energy density [V(r)]. This
methodology was previously validated in similar studies [59,60].

2.4. Crystal Habitus Simulation and Crystal Face Indexing

The crystal morphology of (AImd),'[SbI5] was examined using the
Bravais-Friedel-Donnay-Harker (BFDH) approach along with the more energetically com-
prehensive growth morphology (GM) model (Figure 5). Table 5 outlines key features of
the crystal structure and compares the two morphology prediction methods based on the
percentage of total facet area and calculated total attachment energy Eay (total).
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() (b)

(c)

11-1)

Figure 5. (a) Experimental habit of (AImd), ! [SbI5] and DFT-calculated habit using the (b) GM
model and (¢) BFDH model.

Table 5. Calculated main morphology faces of (AImd), e [SbI5] 2.

experimental models
BFDH GM
hkl multiplicity  dpy (A) % total facet area  Egy (total) (kcal-mol™!) % total facet area
011) 4 11.51 57.70 —14.73 88.63
(101) 4 7.75 22.32 —62.42 11.31
111) 8 7.11 11.55 —65.72 0.06
020) 2 8.92 8.43 - -

2 BFDH: Bravais-Friedel-Donnay-Harker model. GM: Growth morphology model. dyy; is the interplanar
spacing between lattice planes with (h k 1) miller indices. % of the total facet area is determined by the formula
100 x (hkl facet area)/(total surface area). E,; (total) is the total attachment energy.

The (AImd),' o [Sbls] crystals show a longitudinal blade-like shape (Figure 5a). This
morphology is best reproduced by the GM model (Figure 5b), while the BFDH model
predicts a truncated block, overestimating contributions from minor facets (Figure 5c).
While GM incorporates the attachment energy (Eat) and surface energetics allowing growth
prediction, BFDH calculates a structure model in the gas phase and neglects intermolecular
interactions and energetic considerations, which might explain the poorer prediction using
the BFDH model.

Following the GM model, the lateral (0 1 1) face is the most prominent, accounting for
88.63% of the total surface area (Table 5). This face grows slowly due to its low attachment
energy of about —15 kcal-mol . In contrast, the (10 1) and (1 1 1) facets, which exhibit
significantly higher attachment energies of over 60 kcal-mol~!, contribute far less to the
overall morphology (11.31% and 0.06%), but grow much faster.

The dominant (0 1 1) face exhibits the highest concentration of polar functional groups,
including N-H donors and exposed iodide ions (Figure 6), making it the most likely
surface for intermolecular interactions, adsorption, or reactivity. This finding is consistent
with the Hartman-Perdok theory [61], which asserts that crystal faces exhibiting robust,
directed intermolecular contacts have slower growth and, thus, predominate the crystal
habit. The abundance of hydrogen bonding and electrostatic interactions on the (0 1 1) face
increases its thermodynamic stability and restricts its growth rate, hence strengthening its
morphological importance.
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Figure 6. Morphologically significant faces in (AImd), o [Sbl5] with Miller indices.

2.5. Void Analysis

Void analysis of the title compound reveals the presence of minor voids within the
unit cell (void volume ~27.39 A%), accounting for approximately 1.1% of the total unit cell
volume. This corresponds to a relatively compact and densely packed structure with minimal
interstitial space (highlighted by brown and yellow surfaces in Figure S5). These voids are
likely the result of slight packing inefficiencies between the organic and inorganic components.

Void analysis data, summarized in Table S2, show a pore-limiting diameter of 1.25 A.
The one-dimensional percolation pathway suggests that any diffusion or transport within
the pore network is likely to be highly anisotropic and confined to narrow channels. The
total helium-accessible surface area is virtually zero, indicating that although small voids
are present, they are not sufficiently interconnected. This further implies low permeability
of the material, along with enhanced structural stability and hardness attributes that may
be beneficial for optoelectronic applications.

2.6. FT-IR and Raman Spectroscopy

The Fourier-transformed infrared (FT-IR) spectrum of (Almd);!«[Sbls] (Figure S6)
represents the vibrational modes of the organic cation and closely resembles those of
previously reported allylimidazolium-based hybrid compounds [53-55].

The broad weak band observed at v = 3460 cm~! corresponds to N-H stretching
vibrations, while the peaks at 1276 cm~! and 1844 cm ! are attributed to the in-plane and
out-of-plane deformations of the N-H bond. The peaks at 3274 and 3114 cm ! represent the
C-H stretching vibrations in the imidazole ring. The bands observed at 2983 and 2853 cm ™!
correspond to the antisymmetric and symmetric stretching vibrations of the C-H bonds in
the vinyl moiety. The stretching modes of the vinyl C=C bonds were observed at 1428 cm~!.
C-H rocking, twisting, and wagging modes in the vinyl group were found at 1270 cm ™!,
1129 cm™1, 1073 cm™!, and 990 cm 1. The bands ranging from 1725 to 1568 cam™! primarily
represent the stretching of C=C and C=N bonds within the imidazole ring. The imidazole

bending modes are observed at 751 and 615 cm~!

. These experimental assignments
are further supported by DFT-calculated vibrational frequencies obtained at the CAM-
B3LYP/SDD-6-311++G** level. The computed N-H and C-H stretching modes appear in
the expected 3100-3450 cm ! region, closely matching the observed bands at 3114, 3274,
and 3460 cm™1. Similarly, theoretical values for C=C, C=N, and C—C skeletal vibrations

correspond well with experimental bands in the 1400-1750 cm ! range, typically within
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20-30 cm~ L. The low-frequency region associated with Sb-1 stretching and bending modes
(below 300 cm™?) is also well reproduced in the calculated spectrum, supporting the
structural integrity of the inorganic chain. This good qualitative agreement reinforces
the reliability of the mode assignments and highlights the consistency between theory
and experiment.

Bands corresponding to Sb-I bonds appear at frequencies below 400 cm~! in the
Raman spectrum (Figure S7). The intense Raman band at v = 156 cm ! is attributed to the
symmetric stretching of the cis-iodide ligands in keeping with similar structures [36,38].
The band observed at v = 96 cm ™! corresponds to the symmetric vibrations of the bridging
iodide groups. A third expected vibrational mode representing the symmetric and asym-
metric trans Sb-I groups [36] is absent, likely due to its very low intensity and in line with
observations on the structurally very similar 1D material (CH3SC(NH3)7)2 o [SbI5] [38].

2.7. Optoelectronic Properties

The optical properties of (AImd), ' o [SbI5] were investigated to evaluate its potential
for photovoltaic applications, using solid-state UV-vis absorption and diffuse reflectance
spectroscopy (DRS). (AImd),!«[Sbls] shows a pronounced absorption edge with an onset
at 402 nm (Figure 7), corresponding to an energy of 3.08 eV.

E,=3.15eV |

20 25 30 35 4.0 45
EineV

Absorption (a.u)

402 nm

200 300 400 500 600 700
Wavelength (nm)

Figure 7. Solid state UV-vis diffuse reflectance spectrum (DRS) of (AImd), ! [Sbl5]. The inset shows
the Tauc plot for the calculation of the optical band gap Eg.

The absorption edge is in line with the wine-red color of the crystals. Plotting (ohv)?
versus hv (Tauc plot) [62] from the Kubelka-Munk function gives an optical band gap of
3.15 eV (Figure 7 inset), which agrees roughly with the absorption edge.

Iodo antimonates often exhibit narrow band gaps around 2 eV, but the values
are very strongly dependent on the structures [30,33,37,38,46,48]. For the structurally
related corner-sharing 1D two polymorphs of (MHy),!'«[Sbls], energies of 2.12 and
2.01 eV were reported [30], with 2.01 eV also for (TMEDA)!,[SbIs] [33], and 1.55 eV
for the edge-sharing 1D structure (C7H7)o[Sbl4] [34]. For the structurally related 1D
material (CH3SC(NHb);)»!0[SbI5], a band gap of 2.41 eV was reported [38], while for
(3A10)[SblIs]-3H,O (3A10 = triprotonated 6-amino-5,7-dimethyl-1,3-diazaadamantane) con-
taining isolated [SbIg]?~ ions, a gap energy of 2.5 eV was reported [42]. All these ex-
amples underpin that the gap energy strongly depends on the crystal structure. The
value for (AImd),!«[Sbls] is rather comparable to those of the 0D chlorido antimonate
(PPZ),[SbCl4]-Cl-5H,0 (PPZ = 1-phenylpiperazine; 2.95 eV) [47], the 1D corner-sharing bro-
mido antimonate (CH3SC(NHj)5),' «[SbBrs5] (3.03 eV) [38], the 1D mixed-halido derivative
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(CH3SC(NH,)7)2 ! eo[SbBry 14Cl3 86] (3.34 €V) [38], or the 1D corner-sharing (4ApyH)1oo[SbI4]
(4Apy = 4-aminopyridine) (3.06 eV) [27]. The high band gap energy in (AImd);'«[Sbls]
can be attributed to limited orbital overlap within the Sbls framework. The packing motif
and limited interchain contacts likely lead to localized electronic states [37].

Further comparison of similar 1D systems reveals the influence of the organic cation
on the optical properties (Table 6). The band gap of (AImd),'[SbI5] exceeds that of
(R-EBAH), ' [SbI5] (2.20 eV) [32] and (2-MPDA)![Sbl5] (1.92 eV) [33], highlighting the
role of the allylimidazolium cation in modulating the electronic structure. DFT-calculated
orbital plots show that the HOMO is localized on the [SbI5]?~ framework while the LUMO
resides on the organic 7* system (Figure 8), confirming the limited orbital overlap between
chains. This is likely due to weak interchain interactions and restricted m-conjugation in the
cation backbone, which together contribute to the increased band gap. A similar trend is
observed in the 0D compound (3A10)[Sbls]-3H,0O, which exhibits a slightly elevated gap of
2.5 eV, consistent with greater electronic isolation. The bismuth analogue, (AImd), ! «[Bil5],
also shows a larger band gap (3.26 eV), confirming that both the metal center and dimen-
sionality significantly influence the optical response. These comparisons underscore the
importance of both structural dimensionality and cation identity in tuning the band gap of
iodoantimonate materials.

Table 6. Optical band gaps (Eg) of various halide compounds with different structural dimensionali-
ties and cations.

compound dimensionality cation Eg (eV) Ref
(AImd) o [SbI5] 1D 1-allyl-1H-imidazolium 3.15 this work
(R-EBAH),! [Sbls] 1D (R)-(+)-x-ethylbenzyl-ammonium 2.20 [32]
(TMEDA)',[Sbl5] 1D N,N,N'-trimethyl-ethylene-diammonium 2.01 [33]
(2-MPDA)' . [Sbl5] 1D 2-methyl-1,5-pentane-diammonium 1.92 [35]
(CH3SC(NHz)2)! «[Sbls] 1D CH;3SC(NHy)* 2.41 [38]
(3A10)[Sbl¢]-3H,O 0D H; [6—amino—5,7—dimethyl-1,3—cliazaadanr\antane]3+ a 2.50 [42]
(MHy),' «[Sbls] 1D [NH,-NH,-CH;]* 2.12,2.01° [30]
(AImd) o [BiCls] 1D 1-allyl-1H-imidazolium 3.26 [53]
(AImd),[SnClg] 0D 1-allyl-1H-imidazolium 3.72 [54]

2 Trifold protonated.  Two polymorphs.

:‘a j Eg= 3.00eV

9

HOMO LUMO

Figure 8. DFT-calculated frontier molecular orbital contributions and energy gap Eg for
(AImd),' o [SbI5] using the PBEOQ functional.

The low-energy electronic transition is provisionally attributed to a charge transfer
from the inorganic 1 o[SbI5]?~ lattice to the 7* orbitals of the organic cation. This has been
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previously proposed for (C7Hy) o [Sbl4] containing tropylium as organic cation [34]. More
frequently, it has been supposed that in such materials a ligand-to-metal charge transfer
proceeds from iodine 5p states (forming the main contribution of the valence band) to Sb
5p states (dominating the conduction band) [42,46,48,63,64].

2.8. DFT-Calculated Frontier Orbital Character and Energies
Frontier Molecular Orbitals

Among the tested functionals, CAM-B3LYP provided the best agreement with the
experimental bond lengths (see Section 2.2), particularly for the Sb-I interactions. However,
when analyzing the electronic structure, PBEO performed best, yielding a HOMO-LUMO
gap of 2.97-3.00 eV (Table 7), in close agreement with the experimentally determined optical
gap of 3.15 eV. This observation is consistent with previous studies where PBEQ accurately
reproduced band gaps in Sb-based hybrid systems [36,46].

Table 7. DFT-calculated HOMO-LUMO energies for (AImd), ' [Sbl5] in the crystal.

B3LYP/ B3LYP/ CAM/ CAM/ PBEO/ PBE0/

LANL2DZ SDD LANL2DZ SDD LANL2DZ SDD
Enomo (V)  —5.66 —-5.73 —6.87 —6.93 —5.94 —5.97
Erumo (eV) -3.00 —-3.04 —-2.13 -2.16 —-2.97 —2.96
Eg (eV) 2.66 2.69 473 477 297 3.00

In contrast, BBLYP underestimated the gap (~2.66 eV), and CAM-B3LYP significantly
overestimated it (~4.75 eV), reflecting known trends in long-range corrected functionals
due to their increased orbital localization [65-67].

The DFT-calculated HOMO is primarily localized on the [Sbl5]?>~ inorganic chain,
while the LUMO resides on the 7* system of the allylimidazolium cation (Figure 8), suggest-
ing an inorganic-to-organic [Sb-I]—7* charge-transfer transition. This spatial separation is
similar to what has been reported for related systems such as (C7H7)Sbly [34] and iodido
pentelates [68] and supports our interpretation of the experimental UV-Vis absorptions.
The electronic structure, thus, reflects limited orbital overlap between chains, consistent
with the high optical band gap and low-dimensional character of the material.

Further orbital decomposition shows that lower-lying occupied orbitals (HOMO—-1
to HOMO-3) are also localized on the inorganic fragment, while unoccupied orbitals up
to LUMO+3 remain predominantly on the organic cation, with the LUMO+2 representing
additional imidazole 7t* contributions (Figure S8).

To contextualize these findings, we also examined the isolated AImd™* cation, whose
HOMO is localized on the allyl group and LUMO on the imidazolium ring (Figure S9). This
confirms the LUMO acceptor character in the composite system. Although TD-DFT calcu-
lations were not performed, the frontier orbital character and DFT-derived HOMO-LUMO
gap qualitatively support the charge-transfer assignment and the observed absorption edge.
A more quantitative treatment, including TD-DFT and periodic calculations, is ongoing to
further refine this analysis.

In the same way, a transition between Br atoms on the L o[SbBrs] scaffold and the
methyl-thiouronium amine moieties of the 1D structure (CH3SC(NH;)5)7 ! eo[SbBr5] was
described [38]. As these and our report are conflicting with the more frequent descrip-
tion of a ligand(iodide)-to-metal(Sb) charge transfer being responsible for the light ab-
sorption, with a corresponding iodide-centered conduction band and a Sb-dominated
valence band [42,46,48,63,64], we need to carry out more detailed calculations of valence
and conduction bands and possible change components in our system, substituting the
allylimidazolium and replacing I through Br. Such work is in progress.
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To complement the frontier orbital analysis, we calculated global reactivity descriptors
(L A, 1, u, w) based on Koopmans’ and Janak’s theorems [69-71] and Pearson’s HSAB
concept [72]. The electron affinity A remained constant at 3.0 eV across all methods, while
PBEQ gave slightly higher ionization energies I (5.9-6.0 eV) and hardness 7 (0.05-0.06 eV)
compared to B3LYP (5.7 eV, 0.05 eV), reflecting modestly increased electronic stability and
reduced polarizability. These differences align with the larger HOMO-LUMO gap obtained
using PBEQ (3.00 eV vs. experimental 3.15 eV), corroborating its reliability for hybrid
metal-halide systems [46,49,73].

It should be noted that our analysis of HOMO-LUMO gaps and reactivity descriptors
is intended purely for qualitative comparison of electronic trends among the components.
While DFT, especially with effective core potentials like SDD, offers a practical approach
for systems containing heavy elements such as Sb and I, it is not designed to yield quan-
titatively accurate band gaps or excited-state properties, areas that remain under active
study. Nonetheless, this strategy reliably captures relative orbital energies and supports
our interpretation of charge transfer and general optical behavior in these hybrid systems.

The full set of computed descriptors is provided in the Supplementary Materials
(Table S10).

3. Materials and Methods
3.1. Materials

SbCl; (Sigma-Aldrich, Darmstadt, Germany), hydroiodic acid (57%, Sigma-Aldrich),
and 1-allylimidazole (97%, Thermo Fisher Scientific, Hampton, NH, USA) were used
without further purification.

3.2. Single Crystal Growth

A solution of SbCl; in hydroiodic acid (HI) was prepared by slowly dissolving 0.65 g
(1 mmol) of SbCl; in 5 mL of concentrated HI under vigorous stirring, yielding a clear,
dark red solution. 1-allylimidazole (0.32 g, 2 mmol) was dissolved in 5 mL of EtOH and
combined with 2 mL of concentrated HI. The resulting mixture was added to the SbCls
solution, producing a clear, dark orange solution. The reaction mixture was heated to 50 °C
and stirred for 2 h before filtration. Orange-red lamellar crystals of (AImd),' «[SbI5] formed
after 3 days of slow evaporation.

3.3. Single-Crystal X-Ray Diffraction

Data were collected at 298(2) K using a Bruker AXS D8 Quest diffractometer (Bruker,
Rheinhausen, Germany) equipped with a microfocus sealed tube and a Mo-K« radiation
source (A = 0.71073 A). Data reduction was performed using SAINT [74], and a multi-scan
absorption correction was applied using SADABS [75]. The structure was solved with
Olex2 [76], employing the SHELXT [77] structure solution program via intrinsic phasing,
and subsequently refined using the SHELXL [78] refinement package through full-matrix
least-squares refinement. All H atoms were positioned geometrically and treated as riding
on their parent C and N atoms, with C-H and N-H distances of 0.93/0.97 and 0.86 A,
respectively (Uiso(H) = 1.2 Ueq(C) and Uiso(H) = 1.5 Ueq(N)). Structural details of the
refinement and crystallographic parameters are listed in Table S1. CCDC 2432530 contains
the supplementary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif (accessed on 27 May 2025), or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. Mercury
4 CSD software was used to illustrate the 3D structure and intermolecular interactions in
the crystal packing [79]. The crystal structure was further analyzed using the void and
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pore analysis tools included in the Mercury CSD software. The grid spacing was set to
0.3 A, and the probe size to 1.2 A. This probe size corresponds to the diameter of the largest
sphere that can be inserted without overlapping the framework atoms [80,81].

3.4. Crystal Morphology Simulation

The theoretical crystal morphology of (Almd),!«[Sbls] was predicted using the
Bravais-Friedel-Donnay-Harker (BFDH) and growth morphology (GM) models within the
Morphology module of Materials Studio 7.0 software. The structure was optimized using
the Universal Force Field and the Forcite energy method through a geometry optimization
procedure. The computations were performed with high precision, yielding a minimum
interplanar distance (d}) of 1.000 A, without imposing constraints on the Miller indices
(h k1) or the number of generated crystal faces. All calculations were conducted at 0 K,
without accounting for surface relaxation. The crystal surfaces were considered as ideal
terminations of the bulk structure.

The BFDH model predicts crystal morphology based on lattice symmetry and geomet-
rical parameters, without considering intermolecular interaction energies. It is supported by
the observation that stronger intermolecular interactions typically lead to larger interplanar
distances (dpy), which in turn increase the corresponding reciprocal slice energy [82,83].

The GM model, widely used for predicting crystal morphology [84-87], involves the
calculation of attachment energies (E,tt) by accounting for both the crystal symmetry and
the nature of intermolecular interactions. It offers a more accurate prediction of crystal
habits by evaluating the relative growth rates of individual crystal facets. According to this
model, the growth rate of a crystal face is directly proportional to its attachment energy;
thus, lower E, values indicate slower-growing crystal faces [55,87].

3.5. Spectroscopy

The FI-IR spectrum was recorded using a Bruker Tensor 27 FI-IR spectrometer (Bruker,

Rheinhausen, Germany) in the range of 4000 to 400 cm~!.

The Raman spectrum was
acquired using a RENISHAW Raman spectrophotometer (Renishaw, Thermo Fisher, Hamp-
ton, NH, USA) equipped with a 532 nm laser. UV-Vis diffuse reflectance and absorption
spectra were measured on a powder sample mixed with BaSO; as a reference. The mea-
surements were performed at room temperature using a JASCO V-770 spectrophotometer

(Jasco, Tokyo, Japan), covering the wavelength range of 300 to 700 nm.

3.6. Computational Methods

All quantum—chemical calculations were carried out with Gaussian 16 [88] on the
crystallographic asymmetric unit, which contains one protonated allylimidazolium cation
and one [Sbl]™ anion. Geometry optimization and harmonic frequency analyses were
performed with three hybrid functionals that sample short-, medium-, and long-range
exchange: B3LYP [89,90], CAM-B3LYP [91], and PBEO (keyword PBE1PBE in Gaussian) [92].
Light atoms (C, H, N) were described with the 6-311++G** basis set [93], whereas scalar-
relativistic effects on Sb and I were treated with the LANL2DZ and, for comparison, the SDD
effective-core potentials [94,95]. Both basis sets have been validated for halogenated and
pnictogen-containing systems and provide reliable geometries at reduced computational
cost [96,97]. CAM-B3LYP was chosen due to its superior performance in reproducing
Sb-I bond lengths in related systems, typically yielding deviations below 0.03 A from
experimental values [98,99].

Alternatively, we also carried out new geometry optimizations using both the mixed-
basis set scheme (Sb, I)/(C, N, H) = def2-TZVP/6-311++G** and the uniform def2-
TZVPP /def2-TZVPP level (with def2-ECP on Sb and I), combined with CAM-B3LYP
and PBEO functionals. These calculations confirmed that the structural parameters remain
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consistent across all tested methods, while the LANL2DZ and SDD basis sets continued
to yield HOMO-LUMO gaps most consistent with experiments. The detailed comparison
of selected bond lengths, HOMO and LUMO energies, and Eg values is provided in the
Supplementary Materials (Table S5) along with the optimized geometries.

Empirical dispersion was included through Grimme’s D3 scheme with Becke—Johnson
damping to ensure a balanced treatment of non-covalent interactions [100]. All optimizations
used an ultrafine integration grid and tight SCF convergence; real vibrational frequencies
confirmed that the resulting structures were true minima. Frontier-orbital energies were
employed to derive global reactivity indices (HOMO-LUMO gap, electronegativity, hardness,
electrophilicity) that clarify charge-transfer tendencies between the cation and anion. These
computations provide a consistent, dispersion-corrected picture of the isolated asymmetric
unit and underpin the structural and electronic discussions presented below.

The calculations of non-covalent interactions were carried out using Gaussian 16 [88]
at the B3LYP-D3/def2-TZVP level of theory [89,101,102]. To evaluate the interactions in the
solid-state structure, the crystallographic coordinates were employed, with optimization
performed only for the positions of the hydrogen atoms. The interaction energy (AE) was
calculated as the energy difference between the multicomponent assembly and the sum of
the energies of the isolated monomers. These interaction energies were corrected with the
Boys and Bernardi counterpoise method for basis set superposition error [103].

The electron density was computed using the Multiwfn program [104] at the same
level of theory and used for both quantum theory of atoms in molecules (QTAIM) [105]
and NClplot [106] analyses. Visualization of the results was carried out with the VMD
program [107], using the following settings for NClIplot representations: s = 0.3 a.u.,
p cutoff = 0.04 a.u., and color scale range —0.03 < sign(A;)p < 0.03 a.u.

4. Conclusions

The new one-dimensional, lead-free, hybrid organic-inorganic perovskite material
(AImd), '« [SbI5] was synthesized and studied using a combination of experimental and
computational analyses including crystal morphology prediction, void and pore assess-
ment, spectroscopic characterization, and DFT modeling to approach the structural and
optoelectronic properties of the compound. The structure consists of anionic cis-zigzag
1 [SbI5]?~ chains formed through corner-sharing, distorted [Sbls] octahedra separated by
allylimidazolium cations. Non-covalent interaction analysis via QTAIM and NCI revealed
the dominant role of coulomb interaction over the C-H:--I and N-H---I hydrogen bonding
interactions in the supramolecular structure. The growth morphology model accurately
reproduces the experimental plate-like habit, with the dominating (0 1 1) facet having a low
attachment energy and functional surface chemistry.

The observed band gap of 2.98 eV was well reproduced through DFT calculations using
the PBEO functional. These calculations indicate that a charge transfer from the inorganic
1 o[Sbl5]?~ lattice to the 7t* orbitals of the organic cation is responsible for the low-energy
electronic transition ([Sb—I] — 7* charge-transfer excitation). This stands in contrast to many
reports assigning the absorption in such materials to a ligand-to-metal charge transfer proceed-
ing from iodine 5p states (forming the main contribution of the valence band) to Sb 5p states
(dominating the conduction band). This calls for more detailed studies and calculation of
valence and conduction bands of the herein presented system with derivatives containing
substituted allylimidazolium and replacing I through Br. Such work is in progress.

From the relatively large band gap, we can already now deduce an application for
optical filtering, and from the high ionic character with the assumed charge transfer,
applications as dielectric material or in photocatalysis seem possible and will be explored
in the near future.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics13070243 /s1. The materials contain Figure S1:
Asymmetric unit, Sbls2~ anionic chain, and crystal packing of (AImd),! o [SbI5]. Figure S2: Perspec-
tive view on the crystal structure of (AImd), ! [SbIs5]. Figure S3: Crystal structure of (AImd), ' [SbI5]
viewed along the crystallographic c axis. Figure S4: Crystal structure of (AImd),!c[Sbls] viewed
along the crystallographic b axis. Figure S5: Calculated voids in (AImd),'c[Sbls]. Figure Sé:
FT-IR spectrum of (AImd), o [SbIs]. Figure S7: Raman spectrum of (AImd), o [SbIs]. Figure S8:
DFT-calculated molecular orbitals for (AImd),' «[Sbl5] using the PBEO functional. Figure S9: DFT-
calculated molecular orbitals for AImd* using the PBEQ functional. Table S1: Selected data for
structure solution and refinement of (AImd),1[Sbls]. Table S2: Selected experimental bonding
parameters for (AImd),! o [Sbl5]. Table S3: Void and pore characteristics of (AImd),'[Sbl5]. Table S4:
Topological parameters obtained from QTAIM analyses, characterizing the hydrogen bonds in the
solid-state structure of (AImd);!e[Sbls]. Table S5: Selected experimental and DFT-calculated equilib-
rium geometry parameters for (AImd), o[SbI5] and EHOMO, ELUMO and gap Eg energies. Table S6.
XYZ coordinates of the DFT-optimized structure of (AImd),1 o [SbI5] using the CAM-B3LYP functional
(Sb,I)/(C, N, H) = def2-TZVP/6-311++G**. Table S7: XYZ coordinates of the DFT-optimized structure
of (AImd), !« [Sbls] using the CAM-B3LYP functional (Sb, I)/(C, N, H) = def2-TZVPP/def2-TZVPP.
Table S8: XYZ coordinates of the DFT-optimized structure of (AImd),! e [SbI5] using the PBEO func-
tional (Sb, I)/(C, N, H) = def2-TZVP/6-311++G**. Table S9: XYZ coordinates of the DFT-optimized
structure of (AImd),' «[Sbls] using the PBEO functional (Sb, I)/(C, N, H) = def2-TZVPP/def2-TZVPP.
Table S10: DFT-calculated global reactivity descriptors for (AImd), ' «[SbIs].
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