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1. Introduction

Extending lead-free organic—inorganic
semiconducting materials to new polymeric
structures: 2,2’'-bipyridinium iodoantimonate and
quinoxalinium iodobismuthate

Chakib Hrizi, ©*2 Monia Hamdouni, &2 Marwa Essid,? Mourad Nouiri,”
Abderrahim Khatyr, Michael Knorr, (2 ¢ Lydie Viau, @€ Annika Schmidt, (2 ¢
Carsten Stronmann 2 9 and Slaheddine Chaabouni®

We report on the synthesis, crystal structures and optoelectronic properties of two novel organic—inorganic
group V iodometalates — (bpy-H)Sbl, (1) and (Qx-H),[Bil4],- CHzOH (2) (bpy-H: 2,2'-bipyridinium; Qx-H:
quinoxalinium). Crystals of both compounds were grown solvothermally using as starting reagents
antimony(i) iodide and 2,2'-bipyridine, for 1, and bismuth(n) iodide and quinoxaline, for 2. Both
compounds were structurally analyzed by single crystal X-ray diffraction at 100 K and their structures
feature one-dimensional edge-sharing anionic chains of Mlg-octahedra, with short interchain I---|
contacts giving rise to the possibility of three-dimensional charge transport capability. The cavities
between the one-dimensional [MI; 7], chains are occupied by the rigid N-protonated organic amines —
2,2'-bipyridinium (bpy-H), for 1, and quinoxalinium (Qx-H), for 2 — to balance the charge and stabilize
the structures. The study of their supramolecular 3D structures assisted by a Hirshfeld surface analysis
revealed that the latter are due to several types of intermolecular interactions, such as intermolecular
hydrogen-bonding (H---I and H---O) and additional 7t---7t and I---| contacts. Solid-state optical studies
performed on powders and thin films were carried out and revealed that the materials display
semiconductive optical band gap energies of around 2.17 eV, for 1, and 2.03 eV, for 2, which is
encouraging for optoelectronic applications. The bulk crystals of 1 exhibit a broad dual-band emission
which originates from both free excitons (FE) and self-trapped excitons (STE), as proven by its long
lifetime (146.32 ns) and the temperature dependences of broadband emission. In contrast, bulk crystals
of 2 exhibit broadband emission centred at 454 nm, common to the salt (Qx-H)Cl, originating from
ligand-centered transition. These are proven by their short lifetimes (3.86 ns for 2 and 1.07 ns for (Qx-H)CL).

inorganic semiconductors with the flexibility and processability
of organic electronics within a single material.*>” A prominent

Hybrid inorganic-organic metal halides have been largely
explored for use in a variety of applications and devices
including photovoltaics, light-emitting devices, photodetectors,
and radiation detectors.” These compounds combine the high
carrier mobilities and absorption coefficients of traditional
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group within the larger class are trivalent metal halide p-block
materials, in particular, halogenido antimonates and bi-
smuthates [R,(M,A.)] (where R = an organic cation; M = Sb(im)
or Bi(u); A = Cl, Br, I; x, y, and z represent the stoichiometry).
The latter have attracted attention as promising materials not
only due to their higher stability® and low toxicity® compared to
typical lead halide perovskites,* but also due to their inter-
esting optical and electronic properties including lumines-
cence, semiconductivity, photochromism, thermochromism,
etc.,'? as well as their fascinating structural topologies. Among
them, halogenido antimonates/bismuthates (which have s> lone
pairs) are receiving more attention in striving to find non-toxic
materials and showing properties favorable for light harvesting.
However, up to now, research on bismuth and antimony halide
derivatives has not progressed significantly to achieve reason-
able light-harvesting properties. Indeed, their photovoltaic
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efficiency is only 4%."*'* Meanwhile, they exhibit favorable
properties for solar light harvesting. This is explained by the fact
that they have active lone electron pairs in their valence shells,
polarizable electron layers and band dispersion due to strong
spin-orbit coupling.* In this context, bandgap engineering is at
the heart of the development of halogenido antimonates/
bismuthates with low bandgaps and capable of solar light
harvesting.

In the oxidation state +3, the anionic subnetworks of halo-
genido antimonates and bismuthates are constituted of di-
storted [M,A,]® )" octahedra, which may be isolated or
condensed by corner-, edge-, or face-sharing of the polyhedra,
forming thus various different arrangements (see Fig. 1). We
find in the literature 0D clusters such as [MAg]’~, [M,Aq]>7,
MoAL]",  [MsAu]T,  [MaALP™,  [MuAsel'™,  [MaAg]®,
[M5A18]37; [M6A22]47y [M7A24:|37, [M8A28]47 and [M10A34]47y16_22

1D chains such as [MA,]~, [MAs]*7, [MbA;]~ and [M3A;0] #% as
2—

well as 2D extended network, {M;Li] , in the layered perov-
3

n
skite [H,AEQT]M,,31, (M = Sb(ui) or Bi(m))*® (Fig. 1).

The optical and opto-electronic properties of halogenido
antimonates and bismuthates are directly influenced by the
dimensional reduction concept or by the variation in the anions
size of the same dimensionality.?****® For example, changing
from a “2D” network in Sbl; parent or in the layered Cs;Sb,l
(ref. 31) structure to a “OD” anion in (H,NMe,);Sbl, (ref. 16)
leads to an increase in the optical band gap from 2.10 or 2.05 to
2.30 eV. Also, optical band gaps of halogenido antimonates and
bismuthates vary considerably in compounds containing the
same type of anion but different cations. For example, optical
band gaps between 1.79 and 2.41 eV have been reported for
compounds containing [SbI;]*~ anions as cis-connected octa-
hedra forming a zigzag chain.?*** These are due to differences
in crystal packing which leads to differences in the degree of
distortion of the [SbIg]” octahedra. These distortions are
believed to have a distinct influence on the optical bandgap in
halogenido antimonates materials.

Due to the low-dimensionality of halogenido antimonates
and bismuthates, quantum confinement effects appear, pre-
dicting a smaller band gap for thicker or larger anions. Thus,
stable excitons with high binding energies appear, and they are
confined in the inorganic structure giving rise to interesting
optical and optoelectronic properties.'®*** Indeed, as a result of
dimensionality reduction, the deformable anionic subnetwork
and structural confinement facilitate the confinement of free

2D M23l4 Perovskite

1D Mis Chain

Fig. 1 Structural versatility of octahedral metal iodides (M
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excitons (FE) in the deformed anionic polyhedron, thereby
promoting the formation of self-trapped excitons (STEs), which
typically exhibit broadband emission even covering the entire
visible spectrum.?**” Moreover, the coexistence of FEs and STEs
allows low-dimensional metal halide perovskites (M = Bi, Sb) to
attract dual-band or multi-band emission behaviors, resulting
in white emission.

Here, we present the organic-inorganic halogenido meta-
lates (Cat)MI; (Cat = 2,2'-bipyridinium (1), quinoxalinium
(2); M = Sb (1), Bi (2)) which both exhibit supramolecular
pseudo-3D structures via I---I contacts between [MI, |, poly-
hedra. For this work, we have chosen Sbl; and Bil; (i) due to
their better chemical and thermal stabilities compared to
Cs;3Bi,l (ref. 8) and (ii) because they are stable to oxidation in
the presence of iodine. As for the R-site of Ry(M,A;), two rigid
aromatic amines, such as 2,2'-bipyridine and quinoxaline, were
used to occupy this site. The choice of these aromatic amines is
explained by the ability of their protonated cations to function
as a structure-oriented template. Both compounds exhibit
excellent semiconductor properties, including low band gaps of
2.17 eV for 1 and 2.03 eV for 2, and dual-band emission behavior
for 1. The structural, optical and optoelectronic properties were
investigated, making (bpy-H)Sbl, (1) and (Qx-H),[Bil,],- CH;0H
(2) promising candidates for optoelectronic applications.

2. Results and discussion
2.1 Synthesis

All compounds were synthesized via a solvothermal method in
good or very good yield. Single crystals of (bpy-H)Sbl, (1) were
grown from a mixture of Sbl; and 2,2’-bipyridine using aceto-
nitrile as the reaction solvent. The synthetic details are
summarized in Scheme 1. In the absence of an added acid,
charge balance for the Sbl,” anion is provided by 2,2'-bi-
pyridinium, which becomes protonated under the specific
reaction conditions to yield (bpy-H)".

While the formation of polynuclear iodometalate anions
during reaction with N-donating ligands and without the
addition of an acid is not uncommon, the protonation of these
ligands in polar solvent such as MeCN, THF, H,0, MeOH or
EtOH has also been reported and deserves some
comments.>**** For example, crystals of (2,2’-Hbpy),Bisl,, were
grown solvothermally in an ethanol/water solvent mixture using
Bil;, 2,2'-bipyridine and Rul; (as additional iodide source) as
starting materials.”® Treatment of Bil; with Z-Py-S(CH,CH=

0D Mel22 0D M2l11 0D M2lg
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= Sb or Bi): from 2D perovskite to low-dimensional metal iodides.
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2,2"-bipyridine + Sbl;
(autoclave, 140°C,
102 h)

MeOH/Conc. HI

Quinoxaline + Bil;
(autoclave, 140°C,
50 h)

Scheme 1 Preparation of compounds 1 and 2.

CHCH,)S-Py in MeOH is reported to afford the iodobismuthate
salt (C14H;55,N5),(CoH;0SN),BisI;6.2° Also, the reaction between
Sbl;, and an excess of dmpu (dmpu = N,N-dimethylpropylene
urea) in THF afforded, after repeated crystallisations, crystals of
the complex (CsNHg),(H(dmpu),)Sb,Lo.** To check the repro-
ducibility of this outcome, we repeated the reaction summa-
rized in Scheme 1 under similar conditions. SC-XRD analysis of
the isolated orange crystals revealed that the material was
identical to that of (bpy-H)Sbl, (1), highlighting the impact of
the MeCN solvent on the protonation of the 2,2'-bipyridine.

The solvothermal reaction between Bil;, quinoxaline and HI
in methanol resulted in the growth of dark-red crystals of (Qx-
H),[Bil,],- CH;O0H (2). The latter contains an infinite Bil,~ chain
that is charge-balanced by protonated quinoxaline cations
(Scheme 1). Recently, we reported on the reaction of Bi(NO3)s
with quinoxaline in the presence of HI in an acetone/H,O
solvent mixture.** To our surprise, the 1D-polymeric iodo-
bismutate [(Qx-H")Bil,], did not constitute the main product
but was isolated in only about 20% yield. The main product was
a highly nitrated quinoxaline derivative, namely 5,6,7,8-
tetranitro-1,2,3,4- tetrahydroquinoxaline-2,3-diol, which has
been isolated in 55% yield. The two isolated salts, [(Qx-H")Bil,],
and compound 2, have at first glance the same composition.
However, a closer look reveals that the products are in reality
quite different concerning shape and colour of the crystals,
crystal system (Cc vs. P1), lattice parameters (see below). This
isomerism highlights the impact of the synthesis protocol on
the structural parameters. Under the chosen solvothermal
synthesis conditions, the solvent molecules were inserted into
crystalline structure.'”'®*” Indeed, under high temperature and
pressure, methanol molecules become trapped within the pores
of the structure while forming hydrogen bonds with the
protonated amine.

The reaction leading to the final product involves the in situ
formation of the anionic species from the neutral starting
reagent MI; (M = Bi or Sb). However, these anionic structures
can be related to each other by the dimensional reduction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concept. Indeed, the one-dimensional (MI, ). chain can be
obtained by excision of the 2D layer of the parent MI; structure
by adding an equivalent of I" to MI; (see Fig. 2). By adding
another I, further dimensional reduction of this chain can lead
in its turn to a half of an (M,1;,)*~ edge-shared octahedra dimer,
while adding another additional equivalent of I can ultimately
yield the MI¢*~ isolated octahedron (see Fig. 2). Tulsky et al.
suggest that these additional iodide ligands terminate the
M-X-M bonds in the extended array of solid MXj;, thereby
affecting a reduction in dimensionality.*

Ground samples of compounds 1 and 2 were analyzed by
powder X-ray diffraction (PXRD). For each of the two
compounds, the experimental PXRD pattern corresponds well
to the simulated one, confirming the purity and homogeneity of

(M =Bi or Sb)

MI; parent
2-D

L ©

=

(<]

=

=

M1, [
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2« M B
0-D
I
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0-D

Fig. 2 Anionic networks, [Ml4]~, [Mali]*~ and [MIg]®*~, derived from
the parent Bils/Sbls (2-D) compounds, illustrating the concept of
dimensional reduction.
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Fig. 3 The asymmetric part of the unit cell of crystals 1, showing the
atom-numbering scheme. Dashed lines represent bonds to adjacent
symmetry-generated atoms (symmetry codes: (i) x, 1 — y, % + z; (i) x, 1
-y, % + z). Displacement ellipsoids are drawn at the 50% probability
level and H atoms as small spheres of arbitrary radii.
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the phases. The PXRDs are shown in the SI (Fig. S1 and S2).
Since the PXRDs were recorded at 298 K and the SC-XRD at 100
K, the matching excludes also the occurrence of phase-
transitions in this temperature interval. Furthermore, the DSC
curves obtained for crystals 1 and 2 during cooling and heating
analyses show no anomalies (Fig. S3 and S4), corroborating this
hypothesis.

2.2 Single crystal structures

The solid-state structures of 1 and 2 compounds were eluci-
dated by single-crystal X-ray diffraction (SC-XRD) studies at 100
K.

Compound 1 crystallizes in the Cc acentric space group, and
the asymmetric part of the unit cell is shown in Fig. 3.

The crystal structure of 1 consists of a framework of one-
dimensional (Sbl, ). chains of edge-sharing [SbI¢]~ octa-
hedra extended along the c-axis, separated by a network of (bpy-
H)' organic cations. The crystal packing of 1 is shown in Fig. 4.
(SbI, ")« chains are a well-known anion type in the chemistry of
iodido antimonates and several examples are known with
geometric characteristics similar to those found in compound
1.** Bond lengths are within expected ranges (see Table 1),
showing a greater tendency towards distorted octahedral envi-
ronment around the antimony center. The inorganic chain
structure for 1 is derived from a single crystallographically

==

©3.26 AI

4334

-C- c—giide plane /|

394 A7

Fig. 4 Crystal structure of 1: (A) view of the crystal packing along [001]. Pseudo-3D frameworks formed via |---| contacts (dashed) between the
[Sbl4 "1, chains; (B) the coordination of [Sblg]®*~ octahedron; (C) space-filling (left) and ball and sticks (right) representations of stacks of (bpy-H*)
entities along the c-axis; (D) crystallographic packing diagrams showing only the anionic 1D network with interchain I---| interactions (in red),
which connect the anions into a 2-D arrays along a- and b-axes (the cations are omitted). Symmetry codes: (i) x, 1 — y, % +z (i)x, 1—y, —% +z.
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Table 1 Selected interatomic distances (A) and angles (deg) in the
[Sblel®*~ octahedron of 1¢

Bond length (A) Bond angles (°)

Sb-1, 3.015 (1) I,-Sb,-1, 88.67 (3)
Sb,-1, 2.828 (9) 1,-Sby-1I, 93.85 (3)
Sb,-I, 2.837 (9) 1,-Sby-1, 176.640 (8)
Sb,-1, 3.028 (1) L,-Sb,-I,1 87.343 (1)
Sb,-1,! 3.291 (1) L,'-Sb,-1, 172.543 (1)
Sb,-1,1 3.289 (1) I,-Sb,-1, 94,957 (7)
I,-Sby-1, 93.69 (3)
I,-Sb,-1, 1 173.046 (3)
I;-Sby-1, 88.33 (3)
L,-Sby-L} 90.471 (1)
I,'-Sb;-1, 91.211 (1)
L,'-Sb,-1, 90.995 (1)
Sb,-1,-Sb, ' 92.885 (1)
Sb;-1,-Sb, 92.679 (1)

¢ Symmetry codes: (i) x, 1 —y, 2+ z (i) x, 1 —y, -2 + 2.

independent Sbls octahedron (Fig. 4B), with Sb-I bond lengths
in the range from 2.828(9)-3.291(1) A. Out of three pairs of
opposite Sb-I bonds two involve one bridging and one terminal
bond, while the third involves two bridging bonds. The longest
Sb-1 bonds (3.289(1) and 3.291(1) A) are characteristic of the
bridging iodine atoms of the first two pairs. The shortest bonds
(2.828(9) and 2.837(9) A) are characteristic of the terminal
iodine atoms opposite to the bridging. Two bridging Sb-I bonds
trans to each other have intermediate lengths (3.015(1) and
3.028(1) A). The average Sb-T bond lengths (3.0478 A) are shorter
than the sum of van der Waals radii of their corresponding
atoms (Erypw(Sb-1) = 4.04 A; rypw(Sb) = 2.06 A, rypw(I) = 1.98
A) and are in the same order to those reported in [CsHoN,0]Sbl,
(ref. 45) (3.03 A on average) and [C,H,N,]Sbl, (ref. 43) (3.04 A on
average). The I-Sb-I angles to each other fall in the range
87.343(1)° to 94.959(1)° for cis and 172.543(1)° to 176.638(1)° for
trans arrangements (see Table 1). As described by Brown's
model,*® this distorted octahedral coordination geometry could
be explained as the stereochemical activity of the Sb(m) lone
electron pair (5s> orbital), which moves in the Sb-Tpridging
direction (trans to the Sb-Sb vector) to minimize the Sb---Sb
interactions. This behavior is in agreement with other iodido
metalates materials containing 0D frameworks or similar 1D
chains.>*?%%°

The significant feature of 1 is its crystal packing (Fig. 4). Its
crystal structure can nominally be viewed as consisting of
alternating layers of Sbl,~ chains and (bpy-H") cations, stacked
along the [001] crystallographic direction. The spaces between
the infinite inorganic chains are occupied by the (bpy-H)
moieties. There is one unique 2,2’-bipyridinium molecule in
the asymmetric unit and its atomic numbering scheme is pre-
sented in Fig. 3. In the title compound, the two pyridinium and
pyridine rings built up by (C1, C2, C3, C4, C5, N1) and (C6, C7,
C8, C9, C10, N2) have almost the same degree of flatness (rms
deviations of fitted atoms equal to 0.0363(2) and 0.0305(2),
respectively) with a dihedral angle between these two planes
which is 3.16(2)°. The cations form hydrogen bonds with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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iodine atoms of the (Sbl, ) anions and reveal stacking-like
arrangement. The axes of these stacks are arranged parallel to
the c-glide plane which are in turn placed perpendicular to the
[010] crystallographic direction at y = 1/2. The values of the
interplanar (3.269(1) A) and intercentroid (3.940(1) A and
4.336(1) A) distances between parallel (bpy-H) rings indicate
rather weak -7 arrangement. The geometry of the - stacks
is presented in Fig. 4C. In the channels between the stacks the
anionic sublattice is located and the interatomic Sb,-Sb,'! axis
is parallel to the c-direction. It is connected to the 2,2'-bi-
pyridinium cations by weak N/C-H--I type hydrogen bonds (see
Fig. S3). Numerous H---I" interactions in the range of 2.88-3.23
A are found between each I and H atom of the 2,2/-bipyridinium
cations (the sum of van der Waals radii of I and H is 3.18 A). A
detailed summary of the weak interactions is tabulated in Table
S2.

As a result of the hydrogen bonding interactions, the infinite
inorganic chains, that extend along the c-axis of the structure,
are brought into close contact while forming of a pseudo-two-
dimensional array of Sbl,  chains via I---I interactions. Close
interactions between iodides on adjacent chains within a layer
include 1(3)---1(2) (: —3 + x,1 — y, —1 + z) with a distance d(I(3)- - -
I(2)) = 4.024 A which is much shorter than twice the ionic
radius for the iodide ion (2.2 A).*” Also, the I(3)---1(2)' distance is
slightly greater than the sum of van der Waals radii of two I
atoms (3.96 A) indicating that the chains are in close contact
within the inorganic layers.

When viewed along the [—110] crystallographic direction,
close interactions between iodides on adjacent chains include
1(2)---1(3) [d(1(2)--1(3)") = 4.024 A; ": L + x, L — y, 1 + 2]. These
interactions extending along both cell diagonal directions in
the ab plane, producing a degree of 3D connectivity which leads
to a more pseudo-three-dimensional packing of the array of
chains (Fig. 4D). In comparison with crystalline 12, reported by
Van Bolhuis et al., the intermolecular I---I distances in-layer are
3.50 A and 3.97 A, while those between layers are 4.27 A.** The
3D framework of antimony-iodide perovskite may have an
interesting consequence in terms of dimensionality-dependent
optical properties, ie. quantum confinement behavior.'”'**
Furthermore, it is essential to potentially extend the electronic
conductivity pathways which potentially achieve efficient
isotropic charge transport in the solid material.>**° This is the
first example of a Sb-based perovskite with a pseudo-3D struc-
ture, which is formed by connecting [Sbl, | chains via adjacent
I---I interactions. It should be noted that the packing form of
[Sbl,]™ chains and (bpy-H)" in the crystal of 1 resembles the (Qx-
H)BIl,,", (CsHeN)Bil, and (C¢HgN)Bil, (ref. 51) materials with
pseudo-3D structures.

To study the effect of halide type on the structure and the
crystal packing, we examined and compared in detail the two
structures (2,2'-bipyH),[Sb4X,,] with X = Br** or CI* (see Fig. S6
in SI).>>** This type of structure is rare; it was described solely
for  chlorobismuthates(u),**** chloroantimonates(r)***¢
bromoantimonates(m)®> and for antimony(mr) mixed bromide
chlorides.”” The zero-dimensional [Sb,X,,]®~ anion consists of
four octahedral {SbXe} moieties sharing two out of six halide
ligands so that the Sb atoms form a slightly distorted square

RSC Adv, 2025, 15, 43523-43541 | 43527
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(see Fig. S6). Compounds (2,2'-Hbpy)4[Sb4X,0] (X = Br or Cl) are
essentially isostructural despite the different nature of their
halogens. This is reflected in the similarity of the unit cell
dimensions and space groups. In both compounds the geom-
etry of the tetrameric anions [SbyX,,]®~ is essentially identical
and the similarity of the crystal packing is notable (see Fig. S6).
Furthermore, they differ only slightly in the Cl---Cl and Br---Br
interactions between the [SbyX,0]®~ tetramers. Interestingly, the
tetrameric anions [Sb4X,0]®” in the two structures are separated
from each other with the closest Br---Br and ClI---Cl distances of
3.573 and 3.576 A for [Sb,Br,,]®” and 3.447 and 3.608 A for
[Sb,Cl,,]® (see Fig. S6). These distances are obviously shorter
than the sum of two ionic radii of Br™ (1.96 x 2 A) and Cl~ (1.81
x 2 A), extending the anionic network along both the a- and c-
axes of all two compounds. This can be considered as producing
a degree of 3D connectivity in the materials.

Compound 2 crystallizes in the triclinic crystal system with
the P1 space group, the lattice parameters are shown in Table 5.
It should be noted that [(Qx-H")Bil,],,* similar to 2, crystallizes
in a monoclinic crystal system with the non-centrosymmetric
space group Cc with the following lattice parameters: a =
15.2703(8) A, b = 14.2742(8) A, ¢ = 7.4001(4) A, § = 117.674(2)°
and Z = 4. The asymmetrical unit of 2 consists of one inde-
pendent quinoxalinium cation, one bismuth atom, and four
iodides that are located in general positions. It also contains
half of the MeOH solvate molecule (Fig. 5). The Bil, unit
generates a one-dimensional iodobismuthate [Bil,” ], chain, via
Bi;—,-1,-Bi,' and Bi,—p,-1,-Bi, " bridges [(i): —x +1, =y +2, —z +
1; (ii): —x, —y + 2, —z + 1], to build the compound 2.

The crystallographic packing for 2 along the a-direction is
presented in Fig. 64, displaying an inorganic framework built by
[BiL,];” anionic chains with Qx-H" arranged around to balance
the charge and are located within channels extending through
the a-axis of the structure in parallel with the inorganic sub-
lattice (Fig. 6A). The [Bil,], chains are formed from edge
sharing individual [Bil¢]>~ octahedra, leading to 4 bridging and
2 terminal cis-related iodine atoms. As expected, the Bi-I bond
distances involving terminal iodides (2.9152(3) and 2.9326(3) A)
are shorter than those involving shared iodides (3.0691(3)-
3.2872(3) A) in each Bil octahedron (Fig. 6B and Table 2). This
range of Bi-I bond lengths (3.098 A on average) are shorter than
the sum of van der Waals radii of their corresponding atoms
(Ervpw(Bi-I) = 4.05 A; rypw(Bi) = 2.07 A, rypw(I) = 1.98 A) and
fall in the range of other reported bismuth-containing
iodides with similar 1D [Bil,], chain frameworks, such as
(NH;(CH,),NH;)[Bil],-4H,O (3.092 A on average)® and
(naphtylammonium)Bil,  (3.088 A  on  average).®
(Qx-H),[Bil,],- CH3;0H (2) structure exhibits a disimilar range of
Bi-1 bond lengths (average of 3.0982 A) compared with (Qx-H)
Bil, (average of 2.9665 A).* The largest changes in Bi-I bond
lengths involve the two terminal Bi-I bonds (by ca. 0.18-0.262 A)
and the two bridging Bi-I bonds trans to each other (by ca.
0.141-0.17 A). The bond angles for cis I-Bi-I range from
82.88(2)° to 95.48(8)° while the trans I-Bi-I angles are in the
range of 171.98(8)° to 174.52(8)°, and the Iy iqging—Bi-Tbridging
angles in each Bils octahedron are generally more deviated from
the ideal angle (90° and 180°) than those of Liermina~Bi~Iterminal
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Fig. 5 The asymmetric part of the unit cell of crystals 2, showing the
atom-numbering scheme. Dashed lines represent bonds to adjacent
symmetry-generated atoms (symmetry codes: (i) —x + 1, -y + 2, —z +
1; (i) —=x, —y + 2, —z + 1). Displacement ellipsoids are drawn at the 50%
probability level and H atoms as small spheres of arbitrary radii.

(see Table 2). The deviation of the geometric parameters indi-
cates that the Bilg octahedron is distorted and this deformation
could be interpreted as the stereochemical activity of the Bi(ur)
lone electron pair (6s> orbital), which is a common character-
istic of iodobismuthates.'*?*4*%8

The quinoxalinium cation, [Qx-H], is disordered over two
close positions (suffix A for the less occupied part), which gives
two groups of C and N atoms slightly shifted from each other
(see Fig. S7). The main geometric features of the [Qx-H'] cation,
such as bond lengths and angles (see Table S3), are consistent
with those reported for other structures containing quin-
oxalinium cations ((Qx-H)Bil,,*, (Qx-H);Bi,Clio,”, (Qx-
H),Sb,Clyp,>* and (Qx-H),[H,(FeCNg)],Qx*°). As shown in the
packing structure (Fig. 6A), the quinoxalinium cations fill
channels between the inorganic chains. Besides, these organic
cations are simultaneously connected to methanol molecules
and 1D chains through N-H---O and N-H---I hydrogen bonds in
the [131] direction (see Fig. S8). Moreover, the Qx-H" cations are
located one below the other, and such a geometry is stabilized
by m---1v stacking interactions (see Fig. 6C) (perpendicular
interplanar spacings of 3.78 A, 3.82 A, 4.2 A and 4.38 A at 100 K)
that propagate along the [100] direction.

Interestingly, short interchain I---I interactions between
adjacent [Bil,]” anionic networks can been seen along both the
a- (4 A) and b-axes (4.04 A and 4.25 A) (Fig. 6D and 6E). These
distances are significantly shorter than the sum of the ionic
radii of two I" anions (4.40 A) and contribute strongly to the
production of a degree of 3D connectivity in the material.
Viewing at the structure along the crystallographic [100] direc-
tion (Fig. 6D), we can see that [Bil,]” anionic chains are con-
nected to each other via Iprgg  Iierm (4-25 A) and Ly Teerm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Crystal structure of 2: (A) view of the crystal packing along [100]. Pseudo-3D framework formed via |---| contacts (dashed) between the
[Bil4 7], chains (MeOH molecules are omitted for clarity); (B) the coordination of [Bilg]*~ octahedron; (C) space-filling (left) and ball and sticks
(right) representations of stacks of (Qx-H*) entities along the a-axis; [001] (D) and [010] (E) views highlighting the I---I interactions (in red), which
connect the anions into a 2-D arrays (cations/solvent are omitted for clarity). Symmetry codes: (i) 1 —x,2 —y, 1 —z (i) —x, 2 —y, 1 — z.

Table2 Selected interatomic distances (A) and angles (°) in the [Bilgl>~
octahedron of 2¢

Bond length (A) Bond angles (°)

Bi;-1, 3.2724 (3) L-Bi,-I,' 87.708 (7)
Bi,-I, 3.1129 (3) L-Bi;-L," 86.690 (7)
Biy-1, 3.0691 (3) I, -Bi; -1, 82.887 (7)
Bi,-L" 3.2870 (3) L,-Bi;-I, 172.687 (7)
Bi,-1, 2.9328 (3) L-Bi,-I," 88.698 (7)
Bi;-1, 2.9154 (3) L-Biy-L," 86.547 (7)
I,-Bi; -1, 92.162 (8)
I,-Bi,-I, 95.477 (8)
I;-Bis-I, 91.020 (7)
I3-Biy-I," 174.525 (8)
I,-Bi;-1,! 171.995 (8)
1,-Bi,-1; 88.643 (7)
L,-Bi;-I," 89.792 (8)
1,-Bi;-1I, 94.110 (8)
I,-Bi;-I, 95.278 (8)
Bi,~1,-Bi;' 92.292 (7)
Bi;-I-Bi, " 93.453 (7)

“ Symmetry codes: (i) —x + 1, —y + 2, —z + 1; (ii) —x, -y + 2, —z + 1.

(4.04 A) interactions to form a layer. The chains in the layer are
arranged in AAAA mode along the [010] direction. The layers are
stacked with each other along the [001] direction per AAAA

© 2025 The Author(s). Published by the Royal Society of Chemistry

mode (Fig. 6E) via Lierm Ieerm interactions (4 A between the
layers). From the electronic perspective, the pseudo-3D perov-
skite structure built from bismuth iodide is desirable for effi-
cient isotropic charge transport in the solid material.

2.3 Hirshfeld surface analysis and fingerprint plots

The supramolecular features of compounds 1 and 2 were per-
formed in a visually appealing and thorough manner using
Hirshfeld surface (HS) analyses both for the anionic and the
cationic units. In the discussion (see below), the scale of the
properties mapped onto the Hirshfeld surface varies as follows:
shape index is always mapped in the Hirshfeld surface between
—1.0 (red) and +1.0 A (blue), dyorm between —0.545 (red) and
1.765 A (blue), d., mapped over the range —1.0 (red) and +1.0 A
(blue) and curvedness mapped between —4 and 4 A. As well,
decomposed fingerprint (FP) plots, constructed by plotting d.
against d; simultaneously, were generated to provide detailed
and quantified intermolecular interactions’ views (Fig. S9 and
$10) to reinforce impressions gained from the surfaces them-
selves. The decomposition of fingerprint plots enables to
separate contributions from different interaction types, which
commonly overlap in the full fingerprint.

RSC Adv, 2025, 15, 43523-43541 | 43529
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For compound 1, (Hbpy)Sbl,, as previously noted, hydrogen
bond interactions between (2,2’-Hbpy)" cations and (Sbl,)~
anions were found to be dominant within the solid-state
structure. Such interactions participate rather in the genera-
tion of a link between organic and inorganic molecules,
strengthening the structural cohesion. In fact, N-H---I and
C-H---I interactions manifest themselves on the cationic
Hirshfeld surfaces mapped through d. as significant broad
convex bright-red depressions, appearing at the ends of the
organic molecules, perpendicular to the N-H---I and C-H---I
vectors, comprising 40% of the total Hirshfeld surface area of
cationic molecule, highlighting the donor character played by
those latters (see the top-right of the colored part in the middle
of Fig. S9). Such H---I contacts are shown up in the organic
units' 2D-fingerprint plot as a specific sharp spike (appointed as
1 in Fig. S9), characteristic of strong hydrogen bonds,** with d. +
d; ~2.8 A, appearing in the upper part of the FP (where d. > d;),
underlining the donor caracter previously described.

In return, hydrogen bond acceptor regions appear above the
I atoms, on anionic Hirshfeld surfaces mapped through d., with
exactly the opposite curvature shape, plainly dotted with series
of red concave depressions, comprising 73.9% of the total
Hirshfeld surface area of anionic molecule and emphasizing the
acceptor character played by inorganic molecules (see the
bottom-right of the colored part in the middle of Fig. S9 and 7a).
On the inorganic units' 2D-fingerprint plots, such I---H contacts
are viewed as a sharp spike (appointed as 2 in Fig. S9), char-
acteristic of strong hydrogen bonds, with d. + d; ~2.8 A,
appearing in the lower part of the anionic unit FP (where d. < d;),
emphasizing the acceptor one (1 in Fig. $9).** The broadness of
the spikes 1 and 2 may be related to the presence of two
different types of H---I contacs, namely N-H---I and C-H---L.

As previously noted, all the surfaces have been mapped over
the same range of d.. So that, the size and the colour of these
regions are directly related to the closeness of the atom-atom
contacts, which is often taken as synonymous with the strength
of the individual hydrogen bond. Series of contacts have been
detected as well between organic molecules themselves di-
splaying different characteristic ranges of d. and d;. As shown
on the top of the Fig. S9, the -7 stacking interaction is shown
as a small part which comprises 7.3% of the total Hirshfeld
surface area of the molecule. The proportion of m---N/N---7t
interactions also comprises 5.3% in 2D graph. Except its
significant contribution in the creation of hydrogen bonds,
hydrogen atoms are found to be involved in other interactions
of type N---H/H---N, C---H/H---C and H---H with the propor-
tions of respectively 4, 19.4 and 19.8%.

For anionic units, as shown on the decomposed Hirshfeld
surfaces presented at the bottom of the Fig. S9, additional
interactions came into play. In fact, Sb---I interactions were
found to be present on the Hirshfeld surface mapped according
to the shape index as nearly flat yellow regions largely green,
perpendicular to the bonds created between Sb atom and the
bridging iodine ones (I,, I,', I, and I,") (see description section),
with a relative contribution of 11.7%. This result supports that
each of Sb units makes a related bridge with the central Sb via
previously noted bridging iodine atoms. Such interaction
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scheme develops parallel to the crystallographic ¢ axis to give
rise to one-dimensional (1-D) chains of edge-shared Sbl poly-
hedra. Besides, another intermolecular interaction of interest in
this level is the I---I contact, with a relative contribution of 8.2%.
Its importance lies in the substantial role it plays in the
formation of the three-dimensionality of the structure. Fig. 7c
illustrate the crystal-packing diagram of anionic units' curved
surfaces, showing how the location of adjacent chains influ-
ences arrangement type involved in the creation of the struc-
tural framework. In fact, those latter are arranged in parallel
chains along a axis of the crystal structure, while producing,
through these I---Iinteractions, a three-dimensional stacking of
the chain network. The presented areas are supportive to the
observed intermolecular interactions described in previous
sections.

Compound 2, (Qx-H),[Bil,],- CH;0H, shows features that are
remarkably similar to those observed for compound 1. Each Bi
atom is connected to its neighboring Bi via bridging iodine
atoms (I, L' 1, and Izii), generating one-dimensional iodo-
bismuthate [Bil, ], chains of edge-shared Bil, polyhedra,
developing along g-axis. A such structural design is achieved
through the presence of I---Bi intermolecular interactions. On
the Hirshfeld surface made by shape index function, those
latters are shown to be nearly flat yellow regions largely green
with a relative contribution of 13.2% (see the bottom-right of
the Fig. S10). The resulting framework displays channels along
a axis which are filled by quinoxalinium cations leading to the
formation of the hydrogen bonding interactions. In fact,
multiple significant concave red spots appear on the Hirshfeld
surface of the anionic units, mapped through d. function, cor-
responding to the hydrogen bond interactions C-H---I and
N-H---I developed with cationic units and O-H---I created with
methanol molecules (see the bottom-right of the colored part in
the middle of Fig. S10 and 7c). This result is supported by
a quantitative analysis provided by 2D fingerprint plots (FP). In
fact, a moderately long and sharp lower spike (where d. < d;) was
found (2 in Fig. $10), comprising 66.3% of the total Hirshfeld
surface area of anionic molecule and emphasizing the acceptor
character played by inorganic molecules. The broadness of the
spikes 2 may be related to the presence of three different H---I
contacts, N-H---I, C-H:--I and O-H---I. On the Hirshfeld surface
of the adjacent quinoxalinium cations, C-H---I and N-H--I
interactions appear as yellow convex spots largely green (see the
top-right of the coloured part in the middle of Fig. S10). On the
2D fingerprint plot, the H---I contacts turn up in the upper part
of the cationic FP (where d. > d;), as sharp spike with d. + d; ~3.0
A, underlining the donor character previously described, with
the contribution of 31.5%. As well, N-H---O interaction appears
as significant broad convex bright-red depressions, with the
contribution of 3.3%. On the 2D fingerprint plot, the H:--O
contacts turn up in the lower part of the cationic FP (where d. <
d;) as sharp spike with d,. + d; ~1.6 A.

Moreover, a look along the channels shows that the location
of the Qx-H' cations below each other is mainly due to w7
intermolecular interactions. According to the observation made
by Hirshfeld surface mapped with shape index, the presence of
-7 stacking is evident by the appearance of red depressions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Hirshfeld surface-packing diagrams of Ml4~ anions mapped over de (compound 1 (a) and compound 2 (c)) and over curvedness

(compound 1 (b) and compound 2 (d)).

which represent a characteristic of such stacking and a tool that
can be used to determine the way in which the molecules
overlap and make contact with each other (Fig. S10).

The corresponding fingerprint plot shows this interaction as
a region of pale blue/sky blue colour on the diagonal at around
d. = d; = 1.8 A, with a contribution of 7.5% of the total
Hirshfeld surface area of cationic molecule. Other interactions
come into play within organic molecules, C---H/H:--C, N---H/
H---N and C---N/N---C with the proportions of respectively 20.1,
6.5 and 2.6%.

In addition to that, the crystal structure features significant
contribution from I---I interactions in the crystal, with
a proportion of 12.9%. As shown in the compound 2, the
importance of such interactions lies in their participation in the
formation of a three-dimensional structural framework. As
illustrated in Fig. 7d, the blue lines on high curvedness delin-
eate the surface patches that are in contact with adjacent
molecules. The curved surface does feature small red spots of
low curvedness characteristic of like-atom-like-atom contacts.
The presented areas are supportive to the observed intermo-
lecular interactions described in previous sections.

2.4 Vibrational study

In order to verify the functional groups present in the crystals of
1 and 2 and study their vibrational behaviors in the solid state,
Raman spectra were recorded in the 50-400 cm ™' frequency

© 2025 The Author(s). Published by the Royal Society of Chemistry

range, while infrared spectrum were focused between 400 and
4000 cm ', Both Raman and FT-IR spectra are shown in Fig. 8
and S11-S12, and the frequencies of the observed peaks are
cited in Tables S5 and Sé6.

For compound 1, the assignment of the bands observed in
the region of external modes of the [Sbl,]” anions (Fig. 8-top) is
based on the comparison with the well-documented spectra of
the homologous iodoantimonates(m).** The Sb-I external
stretching vibration, v(Sb—I)external, gives rise to the strongest
Raman line at 156 cm ™. The bands at 126, 112 and 95 cm ™"
most likely arise from the bridging Sb-I stretch. These stretch-
ing vibrations can inform about the presence of (Sbl, ), chains
in the structure. Finally, frequencies for the bending modes can
be observed in the Raman spectrum between 88 and 55 cm ™.
Regarding compound 2, the Bi-I external stretching vibration,
V(Bi-T)external, gives rise to the stronger Raman line at 141 cm ™.
The 122 and 93 cm ™~ bands arise from the Bi-I bridging stretch
(¢(Bi-D)priage), while the Raman lines at 73 and 55 cm ™' corre-
spond to the bending modes.>***

The analysis and the assignment of the internal modes of the
2,2'-bipyridinium cation has been performed by comparison
with the spectra of homologous organic-inorganic
compounds.®**® The infrared spectrum reported in Fig. S11
shows at high wavenumbers two weak bands at 3250 cm™ ' and
3205 cm ™' assignable to NH' stretching modes. The weak
bands in the 2887-3081 cm ™' -range are assigned to »(C-H)
stretching modes. The bands observed between 1249 and

RSC Adv, 2025, 15, 43523-43541 | 43531
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Fig. 8 (Top) Raman spectra of 1 and 2 recorded in the low-frequency

range. (Bottom) The TG/DTG spectra of 1 and 2.

1612 cm ™" are attributed to (C=C) and (C=N) ring stretch. The
in plane -bending modes of aromatic (C-H) are detected in the
region 998-1209 cm ', while the vibrations at 935, 811 and
761 cm ™' are attributed to the out of plane aromatic (C-H)
deformation. The bands corresponding to the out of plane
deformation on (C=C) and (C=N) are situated at 737 and
718 cm ™. The three bands located at 635, 610 and 542 cm ™" are
associated with the (CCC) and (CCN) deformation vibration.
Finally, the heterocyclic ring torsion appears at 441 cm ™', while
the out of plane heterocy-clic ring bending is detected at
423 em™ .

In the crystal structure of 2, there is an independent quin-
oxalinium cation connected to the chlorine atoms by N-H"- - - Cl
hydrogen bonds (see Fig. S12 and Table S6). The frequencies
assignment observed in the IR spectrum is taken from our
previous research on quinoxalinium cation-based halo-
metallates."**%° The broad band at 3455 cm ™" in the IR spec-
trum is attributed to the O-H stretching mode of the metanol
solvent while the two bands observed at 3063 and 3026 cm ™" are
assigned to the »(C-H) stretching of the same solvent. Also, the
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»(C-0) stretching vibration of methanol appears at 1037 cm™*
as an intense peak. The »(NH') stretching vibrations of the
quinoxalinium cation are observed at 3234 and 3197 cm ™ while
the bands at 3155 and 3125 cm™"' arise from the »(C-H)
stretching vibrations of the quinoxalinium cation. The bands
shown at 1615, 1603 and 1566 cm ' originate from the »(C=
NH") stretching vibrations and the »(C=C) stretching appears
between 1517 and 1334 cm™ . The aromatic CCH deformations
absorb in the regions 1245-1129 cm™ ' and 970-906 cm ™. The
¥(C=C) coupled with y(C=N) deformations are observed
between 869 and 756 cm ' in the IR spectrum. Finally, the
vibrations at 600 and 524 cm ™! were associated with the 5(CCN)
deformation of the pyridine group and those at 474 and
453 cm™ " are due to the 3(CCC) deformation of the aromatic
ring.

2.5 Thermal behavior

Fig. 8 (bottom) represents the simultaneous TGA/DTG curves of
compounds 1 and 2 recorded at a heating rate of 5 °C min™".
Compound 1 seems to be stable up to about 200 °C and no
thermal event was observed before the decomposition of this
compound. As shown in the TG curve, the mass loss occurs
rapidly during a continuous one-step process in 250-325 °C.
However, compound 1 showed a max rate of change of mass of
—1.97 mg min~" occurring at 307 °C, which is likely due to the
decomposition of the amine.

Compound 2 is quite stable. Indeed, thermal decomposition
takes place via a first weight loss step of 3.4% that corresponds
to the loss of the methanol solvent between 134 and 152 °C
(theoritical value 3.7%). A second weight loss step sets in at
228 °C indicating a possible start of sublimation concomitant
with additional decomposition reactions (see Fig. 8 bottom).
According to DTG data, two mass changes with maximum rates
of —2.08 mg min~" and —1.58 mg min " were observed at 350 ©
C and 441 °C respectively, which are probably due to the
decomposition of amine.

2.6 Absorption and photoluminescence properties

The electronic absorption and emission spectra of compounds
1 and 2 measured using acetonitrile as solvent and in solid-state
are shown in Fig. 9-11. Absorption and emission spectral data
obtained for compounds 1 and 2 are summarized in Tables 3
and 4, the excitation spectra and radiative decays are reported in
Fig. S16-17 and S19-S24, respectively.

In absorption spectrum of compound 1 (Fig. 94), it can be
seen that besides the intense high-energy absorption peaks at
207, 245 and 300 nm owing to the transitions centered on the
2,2"-bipyridinium ion,” a low-energy distinct broad band
appears between 334 and 500 nm (Fig. 9A), which is very similar
to those already published for antimony(ur) and bismuth(ur)
complexes.®®® This observed absorption peak at 364 nm,
characteristic of the inorganic chains of edge-sharing [SbI¢]>~
octahedra, arises from an exciton state formed by the transition
from the top of the valence band (VB) consisting of I(5p) orbital
to the bottom of the Sb(5p) conduction band (CB). Therefore,
this band can be attributed to a halogen-metal charge transfer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Normalized absorption and emission spectra of compounds 1 (A) and 2 (C) recorded in CHzCN at 298 K. Commission Internationale de

l'Eclairage (CIE) chromaticity coordinates of 1 (B) and 2 (D) at 298 K.

(XMCT) transition. After excitation at 370 nm, the emission
band maximum is observed at 472 nm. This emission can also
be attributed to an exciton emission formed during the XMCT
transition. This interpretation is consistent with previously re-
ported studies for related antimony(m) and bismuth(m)
complexes attributed to XMCT emitters.®®**® This state is deac-
tivated with quantum yield (¢, = 3.4%), and short lifetimes in
the nanosecond regime (t = 7.62 ns).

The absorption spectrum of compound 2 (Fig. 9C) recorded
in acetonitrile in comparison with that of the salt (Qx-H)Cl
measured under the same conditions (Fig. S18) shows bands
between 200 and 330 nm attributed to 7t — w* transitions
centered on the ligand. Still comparing the absorption spectra
of (Qx-H)Cl and compound 2, we observe the appearance of
a new broad band at low energy between 330 and 500 nm which
confirms the complexation of the bismuth salt. Moreover, this
band exhibits a similar appearance to those observed at low
energy for some recently published bismuth iodide complexes

© 2025 The Author(s). Published by the Royal Society of Chemistry

based on phenanthroline-derived ligands. Therefore, this band
can be also assigned to multiple overlapping electronic transi-
tions due to the ligand-centered LC, the transition halogen to
metal center XMCT and metal-centred MC bands. Many works
report that bismuth halide complexes are known to exhibit MC
and XMCT type bands.”®”> Following excitation of compound 2
in acetonitrile between 300 and 370 nm, an emission band
independent of the excitation wavelength is observed with
a maximum at 459 nm. We can note that no emission is
observed after excitation between 390 and 500 nm, this suggests
the contribution of ligand emission in this band observed for
compound 2 (Fig. S18). The quantum yield (¢;, = 1.5%) and
lifetime (¢ = 2.28 ns) obtained in solution for compound 2 are
very low in comparison with those of the MLCT charge transfer
bands observed in coordination polymers (CPs) with bi-
smuth(ur) which also corroborates our hypothesis of assign-
ment of the emission band.” Moreover, the lifetime measured
for the salt (Qx-H)CI (t = 3.19 ns) (Fig. S19) is in the same range

RSC Adv, 2025, 15, 43523-43541 | 43533
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of crystallized films for 1, 2, Sblz and Bils taken at room temperature; « is the absorption coefficient.

as the complex and thus further confirms the ligand-centered
(LC) excited state nature.

In acetonitrile solvent, the chromaticity coordinates (CIE) of
1 and 2 can be tuned from (0.183, 0.311) and (0.46, 0.50),
respectively, which corresponds to the blue/green (for 1) and
blue (for 2) PLs (Fig. 9B and D).

For this study, we were also interested in the photophysical
properties of compounds 1 and 2 in the solid state. Optical
absorption measurements were carried out for materials 1 and 2
as thin films and powder solid-state samples (Fig. 10A and C), to
estimate their optical bandgaps by converting their absorbance
spectra into Tauc plots (Fig. 10B and D). It should be noted that
the shapes of the optical absorption curves from thin films and
from powder solid-state are almost identical. The absorption
spectra of the (2-D) starting materials, Sbl; and Bil;, are also
included in these Figures (black curves) for comparison
purposes.

For compound 1, analysis of the UV/Vis absorption spectrum
(Fig. 10A) shows strong absorbance across the ultraviolet and
visible region with decreasing intensity up to the absorption
edge onsets at 550 nm. The onset of the absorption is

43534 | RSC Adv, 2025, 15, 43523-43541

significantly blue-shifted relative to that of Sbl; (Fig. 10A). As
shown in Fig. S13, the entire absorption pattern can be
decomposed into four Gaussians at about 208 nm (5.96 eV),
339 nm (3.66 V), 491 nm (2.52 eV) and 543 nm (2.28 eV). The
shorter wavelengths peaks are tentatively assigned to m-m*
transitions formed within the organic part,” while the peak
with maximum at 491 nm, character of the inorganic (Sbl, ).
chains, can be attributed to the absorption of a highest ener-
getic level in the conduction band.*® The highest wavelength
band at 543 nm is due to band gap absorption and it is assigned
to the excitation of free electron-hole pairs within the (Sbl,)”
inorganic chain.

Assuming a direct band gap for this material from the Tauc
plot gives E, value of 2.17 eV (Fig. 10B), which suggests that the
material behaves like a semiconductor and is consistent with
the orange color of the crystal. The estimated value of the E, is
comparable to other reported optical gaps for low-dimensional
(i.e., zero- or one-dimensional) iodoantimonate compounds
(~2.13-2.41 eV),'**224375 hut very lower than that of 2,2'-bi-
pyridinium based-chloroantimonate compound (2,2'-bipyH),[-
Sb4Cl,] (Eg = 3.5 eV).” To our knowledge, the E, of 1 is alike to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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those of some published Sb-based organic-inorganic materials,
which acted as potential light-absorbing materials, such as
(CH;3NH;);Sb,1y (~2.14 eV),”® Cs,;Sb,l, (~2.03 eV)”” and (CHj-
NH;),AgSbl, (~1.93 eV).”® A Tauc plot, assuming an indirect
allowed transition, gives an indirect bandgap of 2.038 eV
(Fig. S14), slightly lower than the direct bandgap of 2.17 eV. For
the starting reagent Sbl;, the estimated band gap is lower in
energy (1.92 eV, as seen in Fig. 10B) and is red-shifted relative to
material 1. This result is consistent with the higher

Table 3 Absorption and emission data of 1 and 2 in CHsCN at 298 K

dimensionality of the two-dimensional semiconducting starting
material relative to the one-dimensional inorganic component
of 1. It is a well-known phenomenon that the band gap of
a material rises as it becomes increasingly dimensionally
restricted.”

Compound 2 shows absorption over most of the visible range
(Fig. 10C), with decreasing absorption strength towards its
absorption edge onset at 570 nm. This is consistent with its
observed dark red coloration. As shown in Fig. 10C, the onset of

Absorption Emission
Comp. Jabs (M) (¢ x 107°M " em ™) Jem (nmM) b1, (%) (ns)
1 245 (15.8), 300 (17.5), 357 (4.8) 472 3.4 7.62
2 232 (27.9), 290 (19.9), 316 sh (10.1), 368 (8.1) 459 1.5 2.28

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Emissiondata of 1and 2 in solid state at 77 Kand 298 K, nd: no
determined

Comp. Aem (nm) at 298 K Aem (nm) at 77 K 7(ns) at 298 k
1 537, 681 464, 531, 682 146.32
2 454 nd 3.86

Bil; absorption is significantly red-shifted compared to that of
compound 2. The entire absorption pattern for compound 2
(Fig. S15) can be decomposed into four Gaussians at about
216 nm (5.74 eV), 335 nm (3.7 €V), 505 nm (2.45 eV) and 582 nm
(2.13 eV). The first two peaks are attributed to w—7mt* transitions
formed in the organic part, whereas the peak centered at
505 nm can be attributed to an absorption of a highest energetic
level occurring on the conduction band. The absorption band at
582 nm is due to band gap absorption and is allotted to an
excitation of free electron-hole pairs within the anionic [Bil,]~
chain.

As shown in Fig. 10D, the optical band gap of 2 was esti-
mated as 2.03 eV, which is nicely consistent with its observed
dark red color. The estimated E, value classifies material 2 as
a semiconductor and is comparable to other optical band gaps
reported for pseudo-3D iodobismuthate compounds, such as
(NH,(CH,),NH,)[Bil,],-4H,0 (~2 eV), (CH;NH(CH,),NH,)
[Bil4]»-3H,O (~1.95 eV) (CH3NH(CH,),;HNCH;)[Bil,],-2H,0
(~1.92 eV),”?, (pyridinium)Bil, (~1.98 eV) and (methyl-
pyridinium)Bil, (~2.17 eV).** All these pseudo-3D structures
exhibit I---I interactions that can subtly modulate the optical
band gap towards lower energies than those expected for lower-
dimensional structures.'®**** The Tauc plot gives an indirect
band gap of 1.912 eV (assuming an allowed indirect transition)
which is slightly lower than the direct band gap (2.03 eV) (see
Fig. S14). The estimated band gap of the starting material Bil; is

Table 5 Crystallographic refinement details for compounds 1 and 2
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red-shifted relative to material 2 (1.73 eV; 720 nm) (Fig. 10D),
which is consistent with the color (black) and higher dimen-
sionality (2D) of this semiconductor starting material.

The PL spectrum of 1 compound at room temperature (RT)
exhibits a dual-emission band; a high-energy (HE) emission at
532 nm (2.33 eV) and a broad low-energy (LE) emission band at
675 nm (1.83 eV) upon the 430 nm irradiation (Fig. 11A). The
green emission at 532 nm has a full width at half maximum
(FWHM) of 65 nm, whereas the red emission at 675 nm has
a width of 150 nm. The profile of the PL suggests that the dual-
emission bands for this compound originate from different
excited states. The high-energy (HE) emission is almost located
at the same wavelength as that of the exciton absorption peak
(543 nm) and is therefore assigned to the free excitons (FEs).
The low-energy (LE) emission, which significantly increases in
intensity at 77 K (see Fig. 11A), may be attributed to self-trapped
excitons (STEs) within the distorted inorganic lattices, mediated
by strong electron-phonon coupling and defects induced
during crystal growth."*7# This assignment has been validated
by numerous previous studies on antimony(i)-based organic-
inorganic materials such as a-[CeH4(NH3),],Bizl10," (DMF-H-
DMF),Sb,lo, (2-pyrr.-H-2-pyrr.),Sb,ls, (NMP-H-NMP);Sb;l;,,%
Sb-doped (DFPD),CsBil, crystals,® (TMEDA);Sb,Br;, - H,O* and
(CgNH;,)4Big 5,Sbg 43Br;-H,0.%* Indeed, at 77 K, the HE emis-
sion becomes less intense, and the LE emission is enhanced
(Fig. 11A), consistent with the population transfer between FEs
and STEs at low temperature.’” We can also note the thermo-
chromism indicated by the appearance of the band at 464 nm at
77 K due to an emission centered on the ligand. It is reported in
the literature that some 2D and 1D perovskites emit broadband
emission from both FEs and STEs whose generation can be
caused by the decrease in dimensionality of perovskites due to
strong exciton-phonon interaction.”®*®*  Therefore, the
observed broad emission at 675 nm is attributed to the radiative
decay of STEs.*” Compared with the solid-state emission

Chemical formula

C10HoN, - Sbl,

(CsH7N,),[Bil,],- CH;0H

Formula weight (g mol™")
Crystal system, space group
Temperature (K)

a, b, c(A)

a B, 7 ()

Volume (A%

V4

Radiation type

u (mm™)

Crystal size (mm)

Crystal habit

Absorption correction
Measured reflections
Independent reflections
Observed [I > 20(I)] reflections
Rint

R[F* > 26(F*)], wR(F®), S
Apmax; Apmin (e Ai%)

43536 | RSC Adv, 2025, 15, 43523-43541

786.54 1727.51
Monoclinic, Cc Triclinic, P1
100 100

12.2685(4), 18.2626(6), 7.5924(3)
90, 91.864 (1), 90

7.5699(3), 9.6520(3), 11.5436(6)
76.552(2), 86.660(2), 84.383(1)

b
1700.21 (10) 815.82 (6)
4 1
Mo Ka Mo Ka
8.87 18.357
0.22 x 0.19 x 0.17 0.17 x 0.13 x 0.08
Block/Yellow Block/Red
Multi-scan Multi-scan
36 006 86 682
5090 5972
4896 5735
0.027 0.0405
0.013, 0.028, 1.11 0.0205, 0.0465, 1.058
0.50, —0.80 1.59, —1.88

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectrum (observed in Fig. 11A), we observe the disappearance
of the line due to STEs (at 675 nm) in the PL spectrum of
compound 1 in acetonitrile (Fig. 9A). This is a widely expected
phenomenon in such situations. In fact, acetonitrile as a polar
solvent can quench the luminescence by affecting the stability
of excitons and enhance their tendency to dissociate.*

Following excitation at 350 nm of compound 2 in the solid
state, an emission band is observed with a maximum at 454 nm
(Fig. 11C). In view of the emission obtained for the salt (Qx-H)Cl
(Fig. 11C) in the solid state under the same conditions, this
band can be unambiguously attributed to a ligand-centered
transition. The disappearance of STEs in the PL spectrum may
be due to the presence of methanol (polar solvent) in the
structure. According to the literature, polar solvents can quench
luminescence by increasing the excitons' tendency to disso-
ciate.® The lifetime of compound 1 (r = 146.32 ns) in the solid
state is characteristic of the self-trapped excitons (STEs) within
the distorted (Sbl, ). chains, while that measured for
compound 2 (tr = 3.86 ns) is low compared to bismuth(m)
complexes,” but close to that of the salt (Qx-H)CI (r = 1.07 ns) in
the solid state (Fig. S20), confirming as previously in solution
that this state is centered on the ligand.

The CIE of 1 can be tuned from (0.393, 0.542) to (0.424,
0.428) upon cooling from 298 to 77 °C (Fig. 11B). CIE room
temperature chromaticity coordinates are consistent with the
yellow/green PL (CCT = 4440 K). Interestingly, 1 has a CIE of
(0.424, 0.428) when cooled to 77 K, corresponding to white light
with a correlated color temperature (CCT) of 3409 K. Compound
2 shows CIE chromaticity coordinates of (0.181, 0.2) in the color
gamut, consistent with the blue PL with a correlated color
temperature (CCT) of 1052267 K (Fig. 11D). It is worthwhile
pointing out that the (Qx-H)Cl compound has almost the same
chromaticity coordinates as those of compound 2 (0.186, 0.194)
which is consistent with the blue PL. These results show,
unambiguously, that the emissions in 2 and (Qx-H)Cl are
caused by the ligand-centered transition.

3. Conclusions

In summary, two organic-inorganic iodometalates, (bpy-H)Sbl,
(1) and (Qx-H)y[Bil],-CH3;O0H (2), have been synthesized, by
using solvothermal method, with their structures revealed by
single-crystal X-ray diffraction. One-dimensional [MI, ], inor-
ganic chains built by edge-sharing Ml octahedra were found in
both materials, and the pseudo-3D structures were constructed
by connecting these chains via I---I interactions. 2,2'-bi-
pyridinium and quinoxalinium cations, for 1 and 2 respectively,
were situated in the center of each cavity built by [MI,]™ chains
to balance the charge and stabilize the structures. Analysis of
the optical properties revealed that both compounds are semi-
conductors, with band gaps of around 2.17 eV, for 1, and
2.03 eV, for 2. Compound 1 shows dual-band emission which is
attributed to the contribution of free excitons and self-trapped
excitons, which is evidenced by the long lifetime (146.32 ns)
and temperature dependence of the intensity and width of the
two emission bands. As for compound 2, it displays a broad
solid-state emission centered at 454 nm, common to the (Qx-H)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cl salt, which confirms the ligand-centered excited state nature.
The short lifetimes of compound 2 (3.86 ns) and the (Qx-H)Cl
salt (1.07 ns) confirm our findings.

4. Experimental part

All reagents and solvents are commercially available and were
used without further purification. Details of the experimental
procedures are provided below.

4.1 Preparation of (bpy-H)Sbl, (1)

Sbl; (0.5 mmol, 251 mg) and 2,2"-bipyridine (0.5 mmol, 78 mg)
were weighed and placed in a 15 mL Teflon lined autoclave with
8 mL acetonitrile as the reaction solvent (Scheme 1). The
autoclave was subsequently sealed and heated at a rate of 5 ©
C min " to 140 °C. The temperature was held at 140 °C for 102
hours before it was decreased, at a rate of 0.5 °C min™*, to room
temperature. Orange block-shaped crystals were isolated from
the reaction and a suitable single crystal was selected for the X-
ray diffraction experiment. The product yield is calculated to be
85% based on Sb**. Anal. calcd. for C;,HoN,Sbl,: C, 15.27%; H,
1.15%; N, 3.56%. Found: C, 16.68%; H, 1.04%; N, 3.49%.

4.2 Preparation of (Qx-H),[Bil,],- CH3;0H (2)

Bil; (0.25 mmol, 147.4 mg) and quinoxaline (0.25 mmol, 32.5
mg) were placed in a 15 mL Teflon-lined autoclave and covered
with 8 mL of methanol. 1 mL of concentrated HI was added
dropwise to this mixture, and the autoclave was sealed (Scheme
1). The autoclave was then heated at 5 °C min™" to 140 °C and
held at this temperature for 50 h before cooling to room
temperature at a rate of 0.5 °C min '. Dark-red block-like
crystals of 2 were isolated directly from the reaction, and
a suitable single crystal was selected for X-ray crystallographic
analysis. Yield is calculated at 78% based on Bi**. Anal. calcd.
for CoH;;N,OBil,: C, 12.28%; H, 1.26%; N, 3.18%; O, 1.81%.
Found: C, 13.51%; H, 1.18%; N, 3.25%; O, 1.75%.

4.3 Thin films characterization

Thin films of (bpy-H)Sbl, (1) and (Qx-H),[Bil,],- CH;0H (2) are
prepared following the procedure described in ref. 87. The
crystals were mixed with DMF and stirred for 0.5 h to obtain the
desired solutions for coating. Then, the films were deposited by
the spin coating method (approx. 3000 rev. per min and for 45 s
duration) on quartz substrates and were dried at 100 °C for
0.25 h. The thus the prepared films of 1 and 2 were character-
ized by optical absorbance measurements at room temperature
using a UV-vis absorption spectrometer (Hitachi, U-3300).

4.4 Single-crystal X-ray diffraction (SCXRD)

For both compounds 1 and 2, suitable crystals were selected
under a polarizing optical microscope and mounted on a glass
fiber for single-crystal X-ray diffraction experiments. X-ray
intensity data were collected on a Bruker D8 VENTURE
diffractometer using source (Mo-Ko radiation with 2 = 0.71073
A) at 100 K. The structures solutions were obtained by intrinsic
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phasing, developed by successive difference Fourier synthesis,
and refined by full-matrix least-squares on all F* data using
SHELXL and SHELXT programs® in a Bruker D8 VENTURE
interface. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were located from difference Fourier
maps. Drawings were prepared using the Mercury program.®

For compound 2, the quinoxalinium cation atoms are
disordered and split into two sites at 100 K. The occupancies of
the corresponding sites are 0.74(4) for major sites and 0.26(4)
for minor ones (see Fig. S7). Also, compound 2 exhibits disorder
associated with the hydrogen atom responsible for protonation
of the quinoxalinium cation. Therefore, this hydrogen was split
into two positions (H1 and H1A) with occupancies 0.74(4) and
0.26(4) (Fig. S7). For compound 1 crystallizing in non-
centrosymmetric Cc space group, the structure could be
refined as an inversion twin with a Flack parameter value of
0.45(4).

The crystal data, data collections and structure refinements
are summarized in Table 5.

Crystallographic data for the structures of and have been
deposited with the Cambridge Crystallographic Data Centre
(2494203 for 1 and 2422176 for 2). Copy of these data can be
obtained, free of charge, on application to CCDC, 12 2106560
Union Road, Cambridge CB2 IEZ, UK, fax: 144-(0)1223-336033
or e-mail: deposit@ccdc.cam.ac.uk.

4.5 Powder X-ray diffraction (PXRD)

For PXRD measurements of samples 1 and 2, a D8 Bruker
powder diffractometer, equipped with a front monochromator,
was adopted using Cu-Ke, radiation (A = 1.54056 A). Powder X-
ray diffraction patterns were recorded at room temperature in
the 26 range between 5 and 50°. Experimental and simulated
PXRD patterns from single crystal data were compared to
confirm phases homogeneity.

4.6 Infrared (FT-IR) and Raman spectroscopy

The infrared spectra have been recorded on a PerkinElmer
Spectrum 100 FT-IR spectrometer with KBr pellet in the range
4000-400 cm~'. The Raman spectra has been recorded on
a HORIBA JOBIN-YVON (T64000) spectrometer and excited at
633 nm. The laser beam was focused onto the sample through
a 50x microscope objective and the power limited to 5 mW to
avoid sample heating.

4.7 Thermogravimetric analysis (TGA)

The thermal behavior of 1 and 2, was performed on a “Setaram
SETSYS 16/18” instrument between 25 and 600 °C with a ramp
rate of 5 °C min~'. The scans were performed under flowing
argon.

4.8 Differential scanning calorimetry (DSC)

DSC analysis was performed with a DSC 822P METTLER
TOLEDO instrument at temperatures ranging from —90 to 20 °
C, at a rate of 5 °C min~" during cooling and heating. Analysis
was carried out in a nitrogen atmosphere.
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4.9 UV-vis and photoluminescence

Diffuse reflectance UV-visible spectroscopy measurements for
compounds 1, 2, Sbl; and Bil; were made on polycrystalline
samples using Shimadzu (UV-3101 PC UV-Vis-NIR) spectro-
photometer. An integrating optical sphere is employed to collect
the diffuse light at room temperature in the spectral range of
200-800 nm.

UV-vis spectra were measured in CH;CN with a VARIAN-Cary
300 spectrophotometer and emission spectra were recorded on
a Jobin-Yvon Fluoro log 3 in CH;CN at rt and in solid-state at rt
and 77 K. Luminescence quantum yields ¢, of complexes at 298
K were determined using anthracene (¢, = 27%) as a lumines-
cence quantum yield standard.”® Luminescence lifetimes were
obtained using a Horiba Jobin-Yvon FL-R928P-TCSPC apparatus
equipped with a deltadiode (350 nm) source. The lifetimes of
compounds 1 and 2 in solution and in the solid state were
measured at the emission maxima. Analysis of luminescence
decay profiles against time was accomplished using the Decay
Analysis Software DAS6.

4.10 Hirshfeld surface (HS) calculation

Hirshfeld molecular surfaces for both compounds were gener-
ated using the Crystal Explorer 21 program,® which is a valuable
and complementary visual tool of exploring and analysing
intermolecular interactions in molecular crystals while main-
taining a whole-of-molecule approach.®” Two parameters are
defined for each point on the Hirshfeld surface: d. and dj,
distances from the surface to the nearest nucleus exterior and
interior to the surface, respectively. Then four different func-
tions mapped in colour on the Hirshfeld surface have been
explored in this work. The normalized contact distance, dpnorm,
is displayed using a red-white-blue color scheme and its value is
negative (red regions) and positive (blue region) for contacts
shorter and greater than vdW separations, respectively. More-
over, maps of shape index, S, on the Hirshfeld surface can be
used to identify complementary hollows (red regions) and
bumps (blue regions) where two molecular Hirshfeld surfaces
touch one another. The distance external to the surface, d.,
measures the distance from the surface to the nearest nucleus
in another molecule. It provides an excellent and immediate
picture of close intermolecular contacts. Finally, the maps of
curvedness, C, delineate the areas on the surface that represent
close contact between two molecular Hirshfeld surfaces, and
hence enable us to extract information about the number of
nearest neighbours or the coordination sphere of each
molecule.
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