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Abstract: Despite remarkable progress in photoconversion efficiency, the toxicity of lead-based hy-
brid perovskites remains an important issue hindering their applications in consumer optoelec-
tronic devices, such as solar cells, LED displays, and photodetectors. For that reason, lead-free metal
halide complexes have attracted great attention as alternative optoelectronic materials. In this work,
we demonstrate that reactions of two aromatic diamines with iodine in hydroiodic acid produced
phenylenediammonium (PDA) and N,N-dimethyl-phenylenediammonium (DMPDA) triiodides,
PDA(I5)2:2H20 and DMPDA(I3)], respectively. If the source of bismuth was added, they were con-
verted into previously reported PDA(Bils)2-I2 and new (DMPDA)z(Bils)(I3)-2H20, having band gaps
of 1.45 and 1.7 eV, respectively, which are in the optimal range for efficient solar light absorbers. All
four compounds presented organic-inorganic hybrids, whose supramolecular structures were
based on a variety of intermolecular forces, including (N)H---I and (N)H---O hydrogen bonds as well
as I--I secondary and weak interactions. Details of their molecular and supramolecular structures
are discussed based on single-crystal X-ray diffraction data, thermal analysis, and Raman and opti-
cal spectroscopy.

Keywords: triiodides; hybrid organic-inorganic compounds; phenylenediammonium; bismuth; su-
pramolecular ensemble; molecular structure; intermolecular interactions

1. Introduction

Polyiodides have recently reemerged as attentively studied compounds, as they can
provide reaction media for the fabrication of absorber layers for hybrid perovskite solar
cells [1,2]. The desire to create efficient synthetic pathways for production of hybrid per-
ovskites is a strong motivation for finding alternatives to solvent-assisted fabrication
methods, which exhibit various drawbacks such as inaccurate coverage of the perovskite
layer across the substrate. In contrast, the polyiodide-assisted fabrication method is capa-
ble of transforming a layer of metallic lead several tens of nanometers thick into a uniform
layer of a hybrid perovskite by applying triiodide of the selected organic and/or inorganic
cation [3,4]. Although Pb-based hybrid perovskites retain their advantages for solar
power stations located in non-residential areas, the neurotoxicity of lead should be con-
sidered extremely seriously when building integrated perovskite PV systems. For that
reason, there is an incentive to develop lead-free halometallates as potential replacements

Molecules 2021, 26, 5712. https://doi.org/10.3390/molecules26185712

www.mdpi.com/journal/molecules



Molecules 2021, 26, 5712

2 of 15

for lead-containing perovskites. Unfortunately, hybrid perovskites obtained by isovalent
substitutions with group 14 elements (Sn and Ge) are extremely unstable. In recent years,
many metals other than lead have been tested as building centers of various metal-halide
complexes, leading to remarkable progress in understanding how their dimensionality
affects optical absorption and carrier dynamics [5-9]. Moreover, it has been demonstrated
that among multifarious halometallates, there exists a smaller family of polyhalometal-
lates. It was shown that the inclusion of I» molecules or Is~ anions can lead to narrower
band gaps and better optical properties in terms of potential applications as light-harvest-
ing compounds in perovskite-like solar cells [10-14].

Although the history of polyiodides can be traced back to the 18" century, and many
reviews have been published on different topics related to this family of compounds, for
example [15-18], various aspects of their chemistry remain unknown; most notably, phase
relations for low-melting polyiodides of different organic compounds and mechanisms of
their transformation into polyiodometallates are poorly investigated [2,3,10,12]. Some
other issues, including intramolecular bonding in polyiodides, require further investiga-
tion [13,15]. In the context of perovskite solar cells, several important questions have come
to the forefront. First of all, it is desired to scrutinize the chemistry of low-melting poly-
iodides of strong organic cations; secondly, the ability of various metals to form hybrid
compounds composed of iodometallates and additional I. molecules or polyiodide anions
by facile reactions needs to be examined; finally, the role of various weak bonds in assem-
bling compounds and affecting their optical properties is expected to be studied in detail.

In this paper, we present new triiodides of rigid organic dications: phenylenediam-
monium (PDA) and its N,N-dimethyl derivatives (DMPDA), PDA(I5)22H20 (1) and
DMPDA(I3)I (2), respectively. We examined their crystal and molecular structures, paying
attention to non-covalent bonds assembling cationic and anionic moieties into supramo-
lecular architectures. We also discuss two polyiodobismuthates, PDA(Bils)2-I2 (3) [14] as
previously reported and (DMPDA)2(Bils)(Is)-2H20 (4) which was prepared for the first
time, formed by the same cations, in which either I» molecules or Is anions serve as addi-
tional building units. Details of molecular and supramolecular structures of those com-
pounds are described.

2. Results

Two new triiodides 1 and 2 were synthesized by facile reactions of the respective
diamine or its hydrochloride with 57% aqueous HI. Natural oxidation of concentrated
hydroiodic acid in air under visible light was the source of molecular diiodine, which
could easily convert into Is- anions in the acidic medium [17]. Compound 1 appeared as
large black crystals sensitive to moist air. In a nitrogen atmosphere it began to decompose
at near 310 K, losing one I» molecule per formula, whereas the second I. molecule was
released near 380 K along with water. Compound 2 formed brown crystals, which showed
good stability in moist air up to 387 K; upon further heating it decomposed releasing one
I> molecule per formula (see Figures S1 and S2 of Supporting Information).

Upon using Bils as the source of bismuth, two Bi-containing polyiodide derivatives
of PDA and DMPDA were synthesized. Compound 3 has been previously reported else-
where [14]; it was crystallized from the mixture of Bils and PDA in concentrated HI and
shown to be stable up to 373 K. For the synthesis of 4, Bils was reacted with the solution
of DMPDA hydrochloride in concentrated HI followed by slow evaporation, leading to
the crystallization of dark red crystals. The compound was moderately stable in air and
showed signs of discoloration within several days of storage. Upon heating in a nitrogen
flow it began to decompose at 380 K, releasing some I> and crystallization water (see Fig-
ure S3 of Supporting Information).

The molecular structures of 1 and 2 contained similar Is- anions. The structure of 1
showed clear segregation of anionic and cationic substructures. The former consisted of
Iz anions (Figure 1) that formed chains running along the a axis of the orthorhombic unit
cell. There were two independent chains that showed slightly different geometry of the I-
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I interatomic distances. In both types of chains, the Is- anions were asymmetric, with the
shorter and longer I-I bond distances being 2.91 and 2.96 A, respectively, in one chain,
and 2.92 and 2.95 A in another. Despite the slight difference, the average I-I bonding dis-
tance fell within the range of 2.92-2.95 A, typical for Is- anions [15,18]. Both Is- anions ex-
hibited slight deviations from linearity, the I-I-I angle being 177 deg. Within both chains,
the triiodide anions were assembled in a head-to-tail fashion with I---I interanion separa-
tions of 3.76-3.77 A. These distances were much shorter than the corresponding van der
Waals contacts of 3.9-4.3 A [15], but were longer than the I--1 separations of 3.50 A in
crystalline diiodine, which ensured the assembly of I molecules in a three-dimensional
structure [17]. We also noted that the head-to-tail stacking of various polyiodide units was
quite typical for the chemistry of iodine, and the observed range of the I---I distances cov-
ered the range of 3.55-3.85 A [19-23], which accommodates the values found in 1 (Table
1).

Table 1. Selected Interatomic Distances and Angles in the Anionic Part of the Crystal Structures of
1,2, and 4.

o

Atoms Distance, A Atoms Angle, °
1
11-12 2.9051(7) 2—I1—-I5 176.880(13)
11-15 2.9603(7) 14—13—16 177.302(13)
13-14 2.9212(7)
I3-16 2.9464(7)
12.--15i 3.7702(9)
14--16t 3.7557(9)
2
12-13 2.9966(10) 3—12—14 178.13(3)
12-14 2.8566(11)
4
Bil-I1 3.0113(9)
Bil-12 3.0818(9) I1—Bil1—12 92.32(3)
Bil1-I3 3.1877(9) I2—Bi1—I3 90.59(3)
Bil-14 3.0374(9) I1—Bil—I3 177.02(3)
Bil-I5 3.0729(10) 12—Bil—I5 174.85(3)
Bil-16 3.0878(9) 14—Bil—1I6 179.46(3)
17-18 2.9222(16) x 2 18—17—1I8 180
19-110 2.951(4) x2 110—I9—110 180
15---110 3.965(2)

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

The cationic part of 1 was comprised of PDA dications and water molecules. These
moieties were linked by classic (N)H--O hydrogen bonds and thus formed zigzag chains
running along the a axis (Figure 1). The (N)H:---O bond had O---H separations of 1.99-2.03
A and N-H--O angles of 171-172 deg., which is typical for this type of hydrogen bond.
The links between the cationic and anionic parts were provided by (N)H---I bonds of 2.75
A (Table 2). Comparing these bond distances with the literature data shows that they were
slightly shorter than the typical (N)H--I bonds of 2.85-2.87 A [24,25].
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Figure 1. Crystal structures of 1 (top) and 2 (bottom). Iodine, green; oxygen, red; nitrogen, blue; carbon, light gray; hydro-
gen, dark gray. Hydrogen (N)H--O and (N)H:--Ibonds are shown as red dashed lines and I--I bonds as black dashed lines.
The I-I and I--I interatomic distances are given in A.

Table 2. Hydrogen Bonding in the Crystal Structures of 1, 2, and 4.

D-H--A d(D-H),A d(H-A), A d(D-+A),A  angle (D -H-A), °
1
N1-H1A--O1 0.94(2) 1.99(2) 2.926(4) 171(4)
N1-H1B--16 0.89(2) 2.75(2) 3.640(3) 176(4)
N2-H2B--15 0.92(3) 2.75(3) 3.621(3) 158(4)
N2-H2C--O1 0.92(3) 2.03(3) 2.946(4) 172(4)
O1-HI1E-12 0.95(2) 2.84(4) 3.593(3) 137(4)
2
N1-H1A-I3 0.89 2.79 3.554(9) 144.4
N1-H1B-I1 0.89 2.63 3.491(8) 163.7
N1-H1C-I1 0.89 2.60 3.492(9) 177.7
N2-H2-11 0.98 2.54 3.506(11) 168
4
N22-H22n-02  0.920(14)  1.862(11) 2.780(17) 175.7(8)
N1ba-H3ba-I3 0.96 2.79 3.7423(12) 167.56(2)

Nlba-H1ba--O1 0.96 1.96 2.911(7) 168.792(16)
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N12-H12n--13 0.920(13) 2.6597(8) 3.57(13) 174.45(7)
N1lra-H3ra---12 0.96 2.88 3.5333(10) 126.07(2)
Nlra-H2ra--16 0.96 2.77 3.5934(10) 143.20(2)

The crystal structure of 2 comprised three building units: the I and Is- anions and the
DMPDA dications (Figure 1). The triiodide anion was considerably asymmetric, and the
I-I distances were 2.86 and 3.00 A, which corresponds to the average I-I distance of 2.93
A, typical for triiodide anions irrespective of their actual symmetry [15,18]. The Is- anion
was linked to the DMPDA cation through a sole (N)H:-I interaction of 2.79 A. The Is ani-
ons were well separated from each other; no I---I intermolecular bonds were present. An-
other anion in the crystal structure of 2 was I, which formed no covalent bonds but was
linked to three DMPDA cations by (N)H-I bonds of 2.54, 2.60, and 2.63 A. Although such
bond lengths are significantly shorter than typical (2.85-2.87 A), they were previously re-
ported for several compounds [26]. Notably, the I anion formed three intermolecular
bonds; such a mode of supramolecular coordination was reported for several crystal struc-
tures featuring weak (N)H--I bonds. A combination of (N)H---I bonds between DMPDA
cations and Is- and I anions led to the three-dimensional crystal structure of 2.

While the molecular structures of 1 and 2 featured congenial PDA and DMPDA cat-
ions, their linking modes were somewhat different. PDA used two hydrogen atoms of
each NHs group to form hydrogen bonds. There was one (N)H:--I and one (N)H--O bond
on each side of PDA, whereas the third hydrogen atom of each NHs group remained un-
used in bonding (Figure 2). By contrast, the DMPDA cation used all of its available hydro-
gen atoms attached to nitrogens to form four hydrogen bonds.

Figure 2. Local coordination of diammonium cations in the crystal structures of 1 (top) and 2 (bot-
tom). Iodine, green; oxygen, red; nitrogen, blue; carbon, light gray; hydrogen, dark gray. Hydro-
gen (N)H--O and (N)H:--I bonds are shown as red dashed lines.
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The (N)H:--I bonds caused an asymmetry of the Is- anions. Indeed, in both structures
triiodide anions formed only one (N)H---I bond with the organic cation, such that the I-I
bond involving the iodine atom that formed the (N)H---I bond was longer than the I-I
bond to the iodine atom with no other neighbors. This also caused a slight deviation of
the Is- anions from linearity (Table 2). The asymmetry of the triiodide anion was mani-
fested in the Raman spectra of 1 and 2 (Figure 3). In 1, I~ was only slightly asymmetric.
As a consequence, the highest band was observed at 111 cm™! and was supplemented by
two overtones at 218 and 331 cm™. This band is typical for all triiodides with an average
I-I bond length of 2.92-2.94 A, and can be ascribed to the symmetric stretching of the
anion [27-30]. The band at 135 cm™ should be assigned to the doubly degenerate asym-
metric stretching of Is- [29]. This band is forbidden by selection rules if Is- conforms to the
Din symmetry. However, if the symmetry is lower, this mode becomes active in the Raman
spectrum, with its intensity growing as the deviation from the D symmetry increases.
The bands at lower Raman shifts were difficult to assign because various modes can ap-
pear in this region, including asymmetric bending of Is-, vibrations of (N)H:--I bonds, and
even lattice vibrations. Most likely, the band at 74 cm™ can be ascribed to the doubly de-
generate bending of the asymmetric Is- anion [26].

The Raman spectrum of 2 was substantially different. It exhibited the most intensive
band at 132 cm™ assigned to the asymmetric stretching of Is~. This reflects the higher de-
gree of deviation from the D symmetry compared to 1. Indeed, the difference between
two I-I distances in Is- in the structure of 2 was 0.14 A compared to only 0.05 A in 1.

100000 - m 132
2’500,000 E
80000 -
w 135 2p00000
= 2z
@ 60000 B 1500000
§ 8 15000
£ 218 £
40000 331 1,000,000 72
93,5
20000 - 74 500000 ~
0 . . . : . . . y 0 T T T T T T T ]
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Raman shift, cm™ Raman shift, cm™

Figure 3. Raman spectra of 1 (left) and 2 (right).

The molecular structures of compounds 3 and 4 both featured [Bils] octahedra as
principal building units. Compound 3 was reported in our earlier work [14], and hereafter
we refer to it only to provide a comparison with the new compound 4.

Compounds 3 and 4 appeared as black and dark red crystals, respectively. Com-
pound 3 showed remarkable stability at ambient conditions; it could be stored in a Petri
dish for weeks without any sign of degradation. In contrast, 4 slowly decomposed in open
air, and discoloration became visible after a few days of storage. Upon heating, both com-
pounds started to decompose at 373 (3) and 386 (4) K, with releasing of I (3) or I and
crystallization water (4) at the first step (see Figure S3 of Supporting Information).

The molecular structure of 4 consisted of four building blocks: (Bils)>- octahedra, Is-
anions, DMPDA cations, and water molecules (Figure 4). The (Bils)*- octahedra were
slightly irregular, with six Bi-I bond distances ranging from 3.01 to 3.19 A and I-Bi-I an-
gles only slightly deviating from 90 or 180 deg (Table 1). This geometry is typical for stand-
alone (Bils)>- octahedra [31-33]. Each of two independent Is- anions in the structure of 4
was symmetric (Di); the I-I bond lengths were 2.92 A in one anion and 2.95 A in the other.
DMPDA cations and crystallization water composed the cationic part. They were linked
by hydrogen bonds to each other and to iodine atoms of the (Bils)* and Is~ anions. This
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kind of arrangement of (Bils)>- and Is~ anions was previously reported in the literature
[11,12]; its general motif is bridging of organic cations by a triiodide anion with the help
of hydrogen bonds.

Figure 4. View of the crystal structure of 4. Iodine, green; oxygen, red; nitrogen, blue; carbon, light
gray; (Bils)> octahedra, purple. Hydrogen atoms are omitted for clarity.

Comparing the crystal structures of 3 and 4, it appears clear that despite both being
polyiodobismuthates and having similar constitution, their structures were significantly
different in details. First of all, they differed in the nature and role of the polyiodide moi-
ety. In the structure of 3, I, molecules with the d(I-I) =2.72 A covalent bond linked together
the [Bile] octahedra of the [Bils]'- chain-like anion with so-called secondary bonds of 3.53
A in length [15], whereas 4 contained loosely bound s~ anions. At the same time, both
structures had a number of weak I.--I interactions between iodine atoms in the vertices of
the [Bils] octahedra in 3, and between the (Bils)3- stand-alone octahedra and I5 anions in 4
(Figure 5). In the former structure, the I--I distances of 3.84-3.86 A point to noncovalent
interactions, which are found in many other iodobismuthates [34-36]. Although their en-
ergy is estimated to be 5-25 k]-mole™, they are known to serve as an additional factor in
increasing the thermodynamic stability of a compound [35,37] and are capable of dimin-
ishing the band gap [24,36]. Conversely, the I-I distances of 3.96-4.07 A in 4 are very close
to the twofold van der Waals radius of iodine, which, according to different sources, is
defined as 1.95-2.15 A [38—40].
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Figure 5. Patterns of I-I covalent (yellow, solid) and I--I intermolecular (red, dashed) interactions
in the crystal structures of 3 (top) and 4 (bottom). Only iodine atoms (green) and [Bils] octahedra
(purple) are shown. Interatomic distances are given in A.

The role of the organic dication was also different in the structures of 3 and 4. In the
former structure, the PDA cation used all six hydrogen atoms of two NHs-groups to form
(N)H--I bonds. The H-I distances covered the range of 2.72-2.85 A, which was compara-
ble to those in the crystal structures of 1 and 2, and linked the layers composed of [Bils]
chains and I molecules into a 3D structure (Figure 6). The DMPDA cation in 4 exploited
only three hydrogen atoms out of four available for (N)H--I hydrogen bonding. Of the
two independent DMPDA cations, one used two hydrogen atoms of the NHs-group and
a single hydrogen atom of the (CHs)2NH-group to form (N)H--I bonds with d(H--I)
lengths ranging from 2.66 to 2.88 A. The second DMPDA cation also formed three hydro-
gen bonds, one (N)H:--I with d(H:---I) =2.80 A and two (N)H---O bonds with water mole-
cules with H--O distances of 1.86 and 1.96 A, the latter being slightly longer than in similar
systems [22]. Therefore, unlike in 3, the DMPDA cations in the structure of 4 did not
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saturate their capacity for forming hydrogen bonds. Together with weaker I---I noncova-
lent bonds, this might be a reason for the reduced stability of the latter compound towards
hydrolytic decomposition.

Figure 6. Local coordination of diammonium cations in the crystal structures of 3 (top) and 4 (bot-
tom). [Bils] octahedra, purple; oxygen, red; nitrogen, blue; carbon, light gray; hydrogen, dark gray.
Hydrogen (N)H---O and (N)H---I bonds are shown as dashed lines. Not all hydrogen atoms are
shown for clarity.

Compound 4 was black in bulk, but became dark red after grinding into a fine pow-
der. The color nicely corresponds to the optical band gap of 1.7 eV assessed by optical
absorption measurements (Figure 7). Comparison with other iodobismuthates reveals
that most of those display a band gap near 2 eV, unless polyiodide units are present, nar-
rowing the band gap down to the Eg values of 1.2-1.7 eV. In particular, compound 3 had
a band gap of 1.45 eV [14]. The role of the I» and/or Is moieties in diminishing the gap
width stems from the band structure of iodobismuthates [41], where the charge transfer
occurs from iodine 5p states at the top of the valence band to bismuth 6p states at the
bottom of the conduction band. If I or I~ units are present, they contribute to the very top
of the valence band, thus making the band gap narrower or even forming pseudo-local-
ized in-gap states [11]. Depending on the nature of this unit and its position in the crystal
structure, the energy difference can vary in a range of 0.5-0.8 eV, frequently leading to a
band gap below 1.5 eV [12,13,30]. Therefore, the insertion of I. or Is~ units can be used as a
tool for band gap engineering when attempting to prepare lead-free light harvesting ma-
terials based on iodobismuthates.
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Figure 7. Kubelka-Munk plot for compound 4.

3. Materials and Methods
3.1. Synthesis.

The starting materials used were Bi (granules, 99.99%), I (analytical grade), phe-
nylenediamine (analytical grade), N,N-dimethylphenylenediammonium chloride (analyt-
ical grade), P (pure), ethanol (96%), and H:0 (distilled). Bils was synthesized from the el-
ements, and hydroiodic acid (stabilized) was synthesized by hydrolysis of freshly pre-
pared PIs; details of these procedures are described elsewhere [41]. The HI acid (stabilized)
was distilled at 126 °C. Upon exposure to sunlight, the solution acquired a light yellow
color owing to the generation of I*- anions.

For the preparation of compound 1, 5 mL of concentrated HI was added to 0.5 g of
phenylenediamine. The solution immediately turned dark brown. The flask with the re-
sulting solution was evaporated in open air for ten days to yield black crystals, which
were filtered off and dried on a filter paper. Compound 1 was stable in air for 12 hours,
and for several days in a tightly closed vessel.

Columnar well shaped crystals of compound 2 were precipitated from the N,N-di-
methylphenylenediammonium chloride solution in a long-term stored 27 wt.% HI acid in
four days. The initial light yellow solution gradually turned deep brown, followed by the
formation of brown crystals. These crystals were separated by filtration and dried at room
temperature.

Compound 3 was synthesized strictly following the literature procedure [14].

Compound 4 was synthesized from the mixture of bismuth triiodide, N,N-dime-
thylphenylenediammonium chloride, and iodine (at a ratio of 1:2:4). Initial substances
were dissolved in 2 mL concentrated HI with 10 mL ethanol forming a dark red solution,
which was kept for a week. Brown crystals were separated by filtration under vacuum
and dried at room temperature. Compound 4 was stable in open air for several days.

3.2. Thermal Analysis

Thermogravimetric analysis was performed using a NETZSCH 209 F1 Libra thermo-
balance. Samples were heated in alumina crucibles under dry nitrogen flow (20 mL min-?)
up to 623 or 673 K at a heating rate of 10 K min. Calibration was performed with
CaC204-2H20 to ensure accuracy of mass detection of not less than 0.1%. The NETZSCH
Proteus Thermal Analysis program was used for data processing.

3.3. Powder X-ray Diffraction Analysis (PXRD)

Was performed on an Imaging Plate Guinier Camera (Huber G670, Cu-Kal radia-
tion, A = 1540598 A) with 26 ranging from 3° to 100° at a 0.005° increment. For data
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collection, crystals were finely crushed in an agate mortar, and the resulting powder was
fixed onto a holder using scotch tape.

3.4. Crystal Structure Determination

Well-shaped single crystals of 1, 2, and 4 were selected from the respective synthetic
samples.

Single crystal diffraction data of 1 were measured at 100(2) K on a Bruker D8 VEN-
TURE equipped with a PHOTON 100 CMOS detector system and a Mo-target X-ray tube
(0.71073 A). A frame width of 0.50° and an exposure time of 15 s/frame were employed for
data collection. Data reduction and integration were performed with the Bruker software
package SAINT (Version 8.37A) [42]. Data were corrected for absorption effects using
semi-empirical methods (multi-scan) as implemented in SADABS (Version 2014/5) [43]
for 1. The crystal structures were solved by intrinsic phase methods using the SHELXT
(version 2018/2) program package [44], which gave the positions of iodine, nitrogen, car-
bon, and oxygen atoms. These solutions were refined through full-matrix least-squares
procedures using the SHELXL program (version 2018/3) [45]. Positions of hydrogen atoms
were found via successive difference. The crystal structure was refined by anisotropic ap-
proximations of atomic displacement parameters for all atoms except hydrogens. All H-
atoms affiliated to carbons were included at calculated positions and refined as riders,
with Uiso(H) = 1.2 Ueq. The H-O bond distances were fixed to 0.99 A with a standard un-
certainty of 0.02 A for water molecules while both Uiso(H) = 1.5 Ueq(O1). Three H-N1 bond
distances were fixed to 0.87 A with a standard uncertainty of 0.02 A while Uiso(H) = 1.2
Ueq(N1). Three H-N2 bond distances were restrained to be equal with a standard uncer-
tainty of 0.02 A while Uiso(H) = 1.2 Ueq(N2). The crystal structure was refined as an inver-
sion twin with the BASF value refined to 0.18(3).

The X-ray diffraction data for single crystals of 2 were collected at 298 K using a STOE
STADI VARY diffractometer equipped with a Pilatus100K detector using a rotation
method, a collimating mirror, and Mo Ka (0.71073 A) radiation. STOE X-AREA software
was used for cell refinement and data reduction. Data collection and image processing
were performed with X-Area 1.67 (STOE&Cie GmbH, Darmstadt, Germany, 2013). The
intensity data were scaled up with LANA (part of X-Area) to minimize differences of in-
tensities of symmetry-equivalent reflections (multi-scan method). The structures were
solved and refined with the SHELX program [44]. The non-hydrogen atoms were refined
by using the anisotropic full matrix least-square procedure. The hydrogen atoms of the
cations were calculated and further refined. For this, three H-N1 bond distances were
fixed to 0.89 A with a standard uncertainty of 0.02 A, one H-N2 bond distance was fixed
t0 0.98 A, and Uio(H) were set as 1.2 Ueq(N) in both cases.

Single crystal diffraction data for compound 4 were measured on a CAD4 diffrac-
tometer equipped with an Ag Ka X-ray tube. The experimental data were corrected for
Lorenz and polarization factors and absorption effect. The structure was solved by direct
methods (SIR2002 program package) [46]. The solution of the crystal structure revealed
positions of bismuth and iodine atoms. Least-squares cycles and successive Fourier syn-
thesis (JANA 2000 [47]) revealed carbon and nitrogen atoms of two independent organic
cations and additional separate atoms, which were interpreted as water oxygens. Hydro-
gen atoms near carbons of aromatic rings were placed geometrically and refined con-
strained in a riding mode Difference Fourier synthesis in the vicinity of tertiary nitrogen
atoms N12 and N22 showed residual peaks at distances corresponding to hydrogen at-
oms, which were freely refined. Hydrogen atoms near CHs groups were not found, pos-
sibly due to their positional disorder; since their location was not critical for understand-
ing the structure, we did not include them in consideration. In the case of NHs groups it
was possible to refine hydrogen atoms using a rigid body model.

The summary of experimental and crystallographic information for compounds 1, 2,
and 4 is given in Table 3. Selected interatomic distances and hydrogen bonding are shown
in Tables 1 and 2, respectively. Further details of the crystal structures may be obtained
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from Cambridge Crystallographic Data Centre by quoting the CCDC numbers 2101503,
2101502, and 2,101,501 for 1, 2, and 4, respectively. Comparison of the experimental X-ray
diffraction patterns with those calculated from the crystal data for 1, 2, and 4 are given in
Figures 54, S5, and S6 of Supporting Information, respectively.

Table 3. Crystallographic data for 1, 2, and 4.

Compound 1 2 4
Empirical formula CsH12lsN20 CsHualsN2 C32H40Bi2I1sNsO3
Formula weight 889.58 645.81 3287
Temperature (K) 100(2) 293(2) 295(2)
Wavelength A) 0.71073 1.54186 0.56083
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pna2: P2i/n C2/c
a(A) 19.080(4) 9.3708(2) 20.203(3)
b (A) 7.9300(16) 18.1996(4) 18.239(3)
c(A) 11.469(2) 9.8916(2) 21.018(4)
a(°) 90 90 90
B 90 99.818(2) 100.263(14)
¥ (°) 90 90 90
V (A3 1735.3(6) 1662.25(6) 7621(2)
V4 4 4 4
Pealed (g-cm3) 3.405 2.581 2.8639
p (mm™) 10.725 58.685 6.405
F(000) 1552 1152 5696
Crystal size (mm) 012X 0I5 DI0XOIX ) 51 w027 %015
0.22 0.20
6 range for data collection (°) 3.123-41.198 4.860-73.002 2.03-20.97
Reflections collected 131330 24943 8595
11518 3310 4724
Independent reflections
[Rint = 0.0307] [Rint =0.112] [Rint = 0.0132]
Data/restraints/params. 11518/9/161 3310/0/132 4724/0/289
R1, wR2 (I>20(I)) 0.0194, 0.0354  0.0486, 0.1570 0.406, 0.567
R1, wR2 (all data) 0.0245, 0.0366  0.0545, 0.1621 0.406, 0.567
Apmax (e/A3) positive/negative  1.211/-1.200 0.867/-0.809 0.57/-0.64
Goodness-of-fit 1.170 1.130 1.15

3.5. Raman Spectroscopy

Raman spectra were recorded on a Renishaw In Via spectrometer with laser wave-
length of A =514 nm (Ar, 50 mW). Sample investigations were performed in backscattering
geometry mode using a confocal microscope Leica DMLM (100’ lens) at room temperature
in air, with capacity varied via ND (neutral density) filters in the range of 0.0005-15%.
Focus distance was 250 mm, and the size of the laser beam was 20 um. The CCD camera
(1024 x 368 pixels) was used as a detector. Scale calibration was conducted using
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monocrystalline silica (521.5 cm™) as a standard sample. WiRE 3.4 software was used for
data processing.

3.6. Optical Spectroscopy

Optical diffuse reflectance spectra were recorded using a UV-vis spectrometer Per-
kin-Elmer Lambda 950 (Perkin-Elmer, Waltham, MA, US) with an attached diffuse reflec-
tance accessory. Measurements were performed at 298 K in the spectral range of 250-1200
nm, with a scanning rate of 2 nm/s using finely ground polycrystalline samples. The data
were transformed into absorbance using the Kubelka-Munk method and plotted as
[(k/s)-hv]? against hv, where k is the absorption coefficient, s is the scattering coefficient,
and h is the Planck constant [48,49]. Optical band gap, Eg, was approximated by extrapo-
lation to k= 0.

4. Conclusions

We found that dications of phenylenediamine and its N,N-dimethyl derivative, PDA
and DMPDA respectively, reacted with iodine-enriched hydroiodic acid to form triio-
dides 1 and 2. If a source of bismuth was added, hybrid polyiodobismuthates 3 and 4 were
formed. The PDA and DMPDA polyiodobismuthates featured band gaps of 1.45 and 1.7
eV, respectively, within the optimal range for efficient solar light absorbers. In all four
crystal structures, the diammonium cations provided linking of the respective anionic
parts into polymeric structures with the help of (N)H---I intermolecular bonds. The inter-
atomic H--I distances ranged from 2.66 to 2.88 A, indicating that the intermolecular bonds
were relatively strong. Additionally, in the structures of 1 and 4, the dications formed
hydrogen (N)H:--O bonds with water of crystallization. However, the bonding ability of
the dications was different in different structures, which manifested in a different number
of hydrogen atoms used to form (N)H---I and (N)H:--O bonds, from three in 4 to six in 3.

Further interaction within the inorganic substructures was provided by intermolec-
ular I---I bonds of different natures. In 3, the [Bils]---I» bonds were rather short; their length
of 3.53 A was comparable with the intralayer I--I bonds in the crystal structure of ele-
mental iodine (3.50 A). More typical were longer interatomic distances, ranging from 3.76
to 4.07 A, which could be found in 1, 3, and 4. Unlike in the structure of 1, where the I---I
non-covalent bonds ensured linking the Is anions into chains, compounds 3 and 4 dis-
played interactions of iodine atoms in the vertices of the [Bils] octahedra. Although the
I Iintermolecular distances were rather long, they were found to affect the band structure
of iodobismuthates leading to narrowing of the band gap, although to a lesser extent than
the secondary I--I bonds.

In general, various intermolecular interactions ensure the formation of supramolec-
ular architectures from simple organic and inorganic blocks. Although a single intermo-
lecular interaction might be weak, a combination of various weak forces acting within an
organic-inorganic system leads to improved stability of a resulting hybrid. Given the sta-
bility of the building blocks in a strong acidic solution, a strategy of converting bismuth
and other post-transition metals into respective iodometallates and polyiodometallates
can be developed aiming at the facile synthesis of hybrid lead-free light-harvesting mate-
rials.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/molecules26185712/s1, Figure S1: Thermal analysis data for 1, Figure S2: Thermal anal-
ysis data for 2, Figure S3: Thermal analysis data for 4, Figure S4: X-ray powder diffraction pattern
for 1, Figure S5: X-ray powder diffraction pattern for 2, and Figure S6: X-ray powder diffraction
pattern for 4.
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