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Supramolecular organization of the organic-inorganic hybrid
[{p-(CH3)2NH—C6H4—NH3}2CI] [BlI6]: assembly of
a three-dimensional structure via covalent and non-covalent interactions
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A new organic-inorganic hybrid [{p-(CH3),NH—CsH,—NHj3},Cl][Bil¢] was synthesized
and its crystal structure was established. The hybrid consists of an inorganic anion [Bilg]*~ and
an organic cation [{p-(CH3)2NH-C6H4—NH3}2Cl]3*. The [Bi16]3* anions are linked via non-
covalent I---I interactions between axial atoms of neighboring anions to form chains running
along the ¢ axis of the tetragonal unit cell. In the cationic part, the Cl~ anion is involved in four
(N)H---Cl hydrogen bonds with hydrogen atoms of the p—(CH3,)2NH—C6H4—NH32Jr cation,
forming a two-dimensional substructure. Alternating covalent and I---I halogen bonds in the
anionic substructure and cation—anion hydrogen bonds provide the formation of a three-di-
mensional supramolecular structure with a band gap of 1.93 eV.
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The chemistry of halometallates of main-group metals
has attracted growing interest in recent years. The discov-
ery of perovskite-like iodoplumbates with remarkable
photovoltaic properties!:2 has stimulated the development
of the chemistry of other elements capable of forming such
compounds as potential dyes for photovoltaics to achieve
efficient conversion of visible light of the solar spectrum
into electrical current.3—3 Such elements include, in par-
ticular, bismuth, which is the closest neighbor of lead in the
Periodic table and the heaviest non-radioactive element.

Currently, the efficiency of solar cells based on halo-
bismuthates is at most 3% (see Refs 6—8), which is seven
times lower than the efficiency of perovskite-like halo-
plumbates.! Nevertheless, according to modern concepts,
bismuth in oxidation state +3 has properties required for
its compounds to be potential light-absorbing materials
for solar cells.?> 19 The Bi3" cation has a highly polarizable
electron cloud with an inert 6s2 lone pair, showing no
pronounced stereo activity. The Bi atom is characterized
by strong spin-orbit coupling. Besides, in oxidation state
+3, bismuth does not undergo redox reactions. Finally,
which is very important, bismuth, unlike lead, has no
significant toxicity. However, the lack of knowledge about

all the factors, which are responsible for photovoltaic
activity of halometallates, makes it impossible to reliably
predict the structure—property relationship for these
compounds. Hence, the control of the band gap is the only
efficient approach to creating halobismuthate-derived
light-absorbing materials.

Most of iodometallates containing isolated [Bilg]3~
anions exhibit a wide band gap of 2.15—2.30 eV,%10 with
rare exceptions. 1! Currently, there are several methods of
controlling the band gap. Apart from the efficient approach
based on the design of polymeric structures,”>12=17 the
formation of systems of non-covalent bonds has been ap-
plied for this purpose in the past 3—4 years. There are four
lines of research on the utilization of non-covalent bonds
to decrease the band gap of halometallates. First, it was
shown that the band gap is affected by hydrogen bonds, in
particular (N)H-+I bonds with a length from 2.5 to 2.8 A
between iodine atoms of [Bi16]3_ anions and protons of
nitrogen-containing organic cations.!8 Second, so-called
secondary I'I interactions (3.3—3.5 A) between iodine
atoms of [Bilg]?>~ anions and additional I, molecules or
I5~ anions in the crystal structure play a significant
role.19—22 Besides, it was found that even long-range I-+1
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interactions between adjacent [Bi16]3_ anions with a length
of 3.8—3.9 A can provide the narrowing of the band gap
of iodometallates.23:24 Finally, several compounds, in
which halogen bonds are formed between cations and
anions, were descrribed;25—27 however, the synthesis of
such compounds has not yet been reported for iodobis-
muthates.

Here, we report the synthesis and characterization
of new hybrid iodobismuthate [{p-(CH3),NH—C¢H,—
NH;},Cl][Bilg] (1). The crystal structure of 1 can be
described as a combination of a two-dimensional organic
cation and a one-dimensional inorganic anion. An alter-
nation of covalent, hydrogen, and halogen bonds in the
cationic and anionic substructures and cation—anion
hydrogen bonds results in the formation of a three-dimen-
sional covalent structure with a band gap of 1.93 eV.

Experimental

Bismuth (granular, 99.99%), I, (analytical grade), red phos-
phorus (P4, high-purity grade), 4-(N,N-dimethyl)phenylene-
diammonium dichloride (analytical grade), and ethanol (high-
purity grade) were used as the starting compounds. Bismuth
triiodide Bil; was prepared by the ampoule method; acid HI
(stabilized) was produced by the hydrolysis of freshly prepared
PI; followed by the distillation. The corresponding procedures
were described in detail in the study.!2

Synthesis of compound 1. A mixture (0.88 g) of 4-(N,N-di-
methyl)phenylenediammonium dichloride and bismuth triiodide
inaratioof 1 : 1 and 1 : 2 for 1a and 1b, respectively, was dis-
solved in a mixture of ethanol (50 mL) and 50% HI (1 mL). The

red crystals that formed within a few hours were filtered off and
dried in air.

Powder X-ray diffraction (PXRD) analysis was performed
using a high-resolution Guinier camera (Image Plate Huber
G670, Cu-K, radiation, A = 1.54051 A) at room temperature
in the 26 angle range from 3 to 100° with a step width of 0.005°;
the exposure time was 1200 s. Before the PXRD, the crystals were
thoroughly ground in an agate mortar, and the resulting powder
was placed between two X-ray transparent films.

Thermogravimetric analysis was performed on a NETZSCH
449 Jupiter simultaneous thermal analyzer. The measurements
were carried out in a dry argon flow in the temperature range of
23—400 °C at a heating rate of 5 °C min~!. Dry calcium oxalate
was used as the calibration standard.

Single-crystal X-ray diffraction study of samples 1a and 1b.
Single-crystal X-ray diffraction data for sample 1la were col-
lected on a Bruker D8 VENTURE diffractometer equipped with
a PHOTON 100 CMOS detector at 100 K using MoKa radiation
(L =0.71073 A). The X-ray diffraction data were processed with
the Bruker SAINT software; the empirical absorption correction
was applied with the SADABS program.28 The structure was
solved by direct methods using the SHELXL program package?®
and refined by the full-matrix least-squares method with the
OLEX2 software.3? Todine and bismuth atoms and the crystallo-
graphically independent chlorine atom were found by direct
methods. Initial positions of carbon and nitrogen atoms of the
organic cation were located in difference Fourier maps after the
refinement of anisotropic displacement parameters of the heavy
atoms. The refinement led to a sharp decrease in the R factor
when the 1(2) site was described as occupied by both I and CI
(0.59 : 0.41). The further refinement revealed a disorder at the
cation site (0.53 : 0.47) and showed that the 1(4) site contains
about 12% of chlorine atoms. All nonhydrogen atoms were refined

Table 1. Crystallographic data and the structure refinement statistics for 1a and 1b

Parameter la 1b
Composition (CgH14N2)4(Bils g3Clg 12)(Bils 13Clg g2)Cly  (CgH 4N)4(Bils 47Clg 53)(Bily 5,Cly 45)Cly
Crystal system Tetragonal Tetragonal
Space group P4/nce (Ne 130) P4/ncc (Ne 130)
a/A 17.7239(6) 17.7184(4)
C/A 19.1733(10) 18.9342(9)
V/A3 6023.0(5) 5944.2(4)

Z 4 4

dgpie/g cm™3 2.734 2.660
Radiation MoKa Synchrotron
A 0.71073 0.420

T/K 100(2) 100(2)
Crystal habit Prism Prism

Crystal size/mm
Absorption correction

0.090x0.050x0.030
Semiempirical

0-scan range/deg 2.781—25.471
Index ranges 4, k, [ 21 <h<21,
=21 <k<21,
—23<1<23
Rine 0.0514
R/R,, [1>20(])] 0.0424/0.0474
GOOF 1.065
Residual electron density 0.778/—0.837

(Pmax/Pmin)/€ A3

0.060x0.040x0.03
Semiempirical
2.787—25.739
—25<h <23,
—25<k<25,
—27<1<27
0.0167
0.0240/0.0547
1.103
2.046/—1.071
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with anisotropic displacement parameters. The hydrogen atoms
at carbon atoms were refined using a rigid body model with
Uiso(H) = 1.5U,((C) for methyl groups and Ujso(H) = 1.2Uy(C)
for the other atoms. The coordinates of all hydrogen atoms
bonded to nitrogen atoms were refined independently with
Uiso(H) = 1.2U,o(N). Two orientations were proposed for the
disordered cation in the structure. The geometric parameters of
the disordered cations were fixed so that they were identical. The
anisotropic displacement parameters of the disordered moieties
were treated with a standard uncertainty of 0.004 A2, Besides,
the Uy components were restrained to be equal with a standard
uncertainty of 0.01 A2.

A single crystal selected for 1b was glued on a glass thread,
mounted on a holder, and cooled to 100 K using an Oxford
Instruments Cryojet cryosystem. The X-ray diffraction data were
collected on a Bruker D8 diffractometer equipped with a Pilatus
3X2M detector modified to use synchrotron radiation at the
Chem-MatCARS 15-ID-B beamline at the Advanced Photon
Source (Argonne National Laboratory) at 30 keV (A = 0.41328 A)
with an exposure time per frame of 0.5 s in the ¢-scan mode. The
beam intensity was manually reduced to avoid overexposure of
individual pixels. The X-ray diffraction data were processed using
the Bruker APEX3 software package;2? the empirical absorption
correction was applied with the SADABS program.3? The crys-
tal structure solution and refinement were performed as described
for sample 1a.

Table 2. Selected interamtomic distances (d) in the crystal struc-
tures of 1a and 1b

Distance Occupancy d/A
Cl (%), 1a/1b 1a b
Bi(1)—I(1) 3.0501(5)x4  3.0465(2)x4
Bi(1)—1(2)/C1(2) 40.8(4)/  2.9593(10)x2 2.8798(8)x2
74.0(1)
Bi(2)—I1(5) 2.9765(15) 2.9834(6)
Bi(2)—I1(3)/Cl1(3) 11.8(6)/ 3.0105(17) 2.9361(9
53.1(4)
Bi(2)—1(4) 3.1159(6)x4  3.1205(3)x4
1(2)/C1(2)—1(2)/C1(2) 3.6682(14) 3.7073(11)
1(5)—I1(3)/C1(3) 3.5998(18) 3.5475(10)

Table 4. Hydrogen bonds in the crystal structures of 1a and 1b

The X-ray diffraction data collection and structure refine-
ment statistics for samples 1a and 1b are summarized in Table 1.
Selected interatomic distances are listed in Tables 2 and 3.
Selected hydrogen bond parameters are given in Table 4. The
structure refinement statistics, atomic coordinates, all bond
lengths, and C—H-I distances can be obtained from the
Cambridge Crystallographic Data Centre (CCDC 2000918
and 2001012).

Spectral studies. Crystals for the measurement of Raman
spectra were selected from the synthesis products. The Raman
spectra were recorded on a Renishaw In Via Raman spectrometer
in air at room temperature in a backscattering mode for several
crystals. A laser with a wavelength A = 633 nm (Ar, 50 mV) and
a Leica DMLM confocal microscope (100" lens) were used. The
focus distance was 250 mm; the laser beam width was 20 pm.
A CCD camera (1024 %368 pixels) was employed as the detector.
Single-crystal silicon (521.5 cm™!) was used as a standard for
calibration. The data were processed with the WiRE 3.4 software
package.

The UV-Vis absorption spectrum was recorded on a Lambda
950 spectrometer (Perkin-Elmer) equipped with a diffuse reflec-
tance attachment in the spectral range of 250— 1200 nm at a scan
rate of 2 nm s~ ! using thoroughly ground polycrystalline samples.
The absorption data were converted into transmission spectra
and analyzed by the Kubelka—Munk method using a model of
an indirect band gap semiconductor.33

Table 3. Selected bond angles () in the crystal structures
of 1a and 1b

Angle o/deg

1a 1b

I(1)—Bi(1)—I(1) 178.85(2)x2 176.929(9)x2

90x4 90x4
I(1)—Bi(1)—I(2) 89.424(12)x4  91.535(4)x4
1(2)—Bi(1)—1(2) 90.577(12)x4  88.465(4)x4
180 180
1(5)—Bi(2)—I(3) 180 180
1(5)—Bi(2)—1(4) 92.381(17)x4  92.225(6)x4
1(3)—Bi(2)—1(4) 87.624(16) 87.775(6)

1(4)—Bi(2)—1(4) 175.24(3)x2

89.901(1)x4

175.551(11)x2
89.914(1)x4

Fragment d(D—H)/A d(H-A)/A d(D--A)/A D—H:-A angle/deg
D-H-A 1a 1b 1a 1b 1a 1b 1a 1b

N(1X)—H(1XA)-CI(1) 0.888 0.888 2.299 2.252 3.141 3.131 158.01 170.51
N(1X)—H(1XB)-I(2)/Cl(2) 0.884 0.875 2.363 2.323 3.235 3.159 169.04 159.66
N(IX)—H(1XC)1(4) 0.882 0.881 2.931 2.874 3.637 3.651 138.28 147.85
NQ2X)—H(2X)-CI(1) 0.881 0.878 2.204 2.194 3.060 3.066 163.71 171.81
N(1)—H(1A)-CI(1) 0.885 0.886 2.280 2.238 3.133 3.107 161.92 167.06
N(1)—H(1B)-1(2) 0.880 0.875 2.890 2.575 3.536 3.378 131.57 152.85
N(1)—H(C)-1(4) 0.884 0.881 2.627 2.758 3.508 3.573 174.34  154.53
N@2)—H(Q2)1(4) 0.880 0.877 2.851 2.743 3.567 3.562 139.67 156.19
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Fig. 1. Experimental (/) and simulated (2) powder X-ray diffraction patterns of compound 1; a is the Bragg angle.

Results and Discussion

Red crystals of compound 1 were obtained by the
crystallization from an aqueous ethanol solution of hydro-
iodic acid containing bismuth triiodide and 4-(N,N-di-
methyl)phenylenediammonium dichloride (DMPDA).
The reaction products are stable in air. According to the
thermogravimetric analysis, the decomposition starts at
150(1) °C. The chlorine content of the crystals varies
depending on the concentration of chloride anions in the
solution. The experimental X-ray diffraction patterns of
two samples are virtually identical to each other and to
those simulated based on the single-crystal X-ray diffrac-
tion data (Fig. 1).

The crystal structure of 1is shown in Fig. 2. It consists
of two substructures: the cationic organic part of the com-
position [{p-(CH;3),NH—C¢H,—NHj;},CI]3* and the
anionic inorganic part [BiI6]3—

The anionic inorganic substructure is composed of
[BiI6]3_ octahedra, which are linked via I---I halogen bonds
to form chains running along the ¢ axis of the unit cell.
There are four chains of octahedra per unit cell. The chains
are nonequivalent because two crystallographically inde-
pendent bismuth atoms, Bi(1) and Bi(2), form their indi-
vidual chains so that the chains passing through the unit
cell represent two equivalent pairs.

In this work, we obtained two types of crystals, which
differ in the chlorine content. In these structures, excess

Fig. 2. Crystal structure of 1 projected onto the [100] (a) and [001] planes (b). Chlorine atoms are green, nitrogen atoms are blue,
carbon and hydrogen atoms are pale-gray. The [Bilg]>~ octahedra are shown in turquoise, the (N)H--Cl hydrogen bonds are repre-

sented by red dashed lines.
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chlorine atoms with respect to the ideal composition of
compound 1 partially replace iodine atoms at the vertices
of [Bilg] 3= octahedra, resulting in the following composi-
tions of the anionic part: Bil5,Cl; g (1a) and Bil, 5Cl; 5
(1b) for the Bi(1) octahedra and Bils ¢Cl;; (la) and
Bil; 5Cl, 5 (1b) for the Bi(2) octahedra. Depending on the
chlorine content at the vertices of the octahedra, the Bi—I
distances can be different in crystals 1a and 1b. Four dis-
tances in the equatorial plane of the octahedron, with the
1(1) and I(4) sites being occupied exclusively by iodine
atoms, are equal in both crystals (Bi(1)—I(1), 3.05 A;
Bi(2)—I(4), 3.12 A), which is typical of terminal Bi—I
bonds in different iodobismuthates.34 The axial Bi(2)—I1(5)
distances are also equal (2.98 A) in both crystals because
the I(5) site contains only iodine. On the contrary, other
axial distances are significantly different because the 1(2)
and I(3) sites are partially occupied by chlorine atoms,
resulting in the Bi(1)—I(2) distances equal to 2.96 and
2.88 A in crystals 1a and 1b, respectively; the Bi(2)—I(3)
distances are 3.01 and 2.94 A. Despite the presence of
chlorine atoms in two sites, the octahedra are only slightly
distorted along the fourfold axis; the [—Bi—I bond angles
are nearly equal to 90 and 180° (see Table 3).

The [Bilg]3~ octahedra are linked to form chains run-
ning along the ¢ axis (Fig. 3). However, the strength of
halogen—halogen interactions is difficult to evaluate based
on the distances between the vertices of adjacent octahedra
because the axial I(2) and 1(3) sites are occupied together
by iodine and chlorine atoms. Nevertheless, we chose the
interatomic I(3)---1(5) distance in crystal 1la for the
analysis, because the I(5) site is occupied exclusively by
iodine atoms and the percentage of chlorine atoms in the

Fig. 3. Fragment of chains of [Bilg]3~ octahedra running along
the ¢ axis in the crystal structure of 1.

1(3) site is as low as 12%, which cannot exert a significant
effect on the interatomic distance equal to 3.60 A.

An analysis of the literature data shows that the dis-
tances in the range of 3.3—3.5 A are present in numerous
polyiodides containing more than three iodine atoms in
the anion (see Refs 35—37). These distances are considered
as secondary interactions.38 Similar distances are observed
in polyiodometallates, where the (M)I-1, distances are
at most 3.5 A.19:20:39 Only a few triiodides are known, in
which the interanionic I5--I5 distance reaches 3.6 A.40 It
should be noted that this distance is longer than that of
the secondary interaction in crystalline iodine responsible
for the semiconducting properties of this simple sub-
stance.4! Meanwhile, the I--I distance in 1a (3.60 A) is
much shorter than the non-covalent 11 interactions
observed between [Bi16]3_ anions in the structures of dif-
ferent iodobismuthates.20:42:43 Nevertheless, it was noted
that even such weak bonds can exert an effect on the band
gap, decreasing the latter to 1.9—2.0 eV. 23:43

The Raman spectrum (Fig. 4) shows that the main
vibrations of the anionic substructure appear at low Raman
shifts. The peak at 129 cm~! and its visible overtone at
260 cm~! can be assigned to Bi—I stretching vibrations,
as described in the literature.1244 The shoulder at 100 cm™!,
marked with an arrow in Fig. 4, corresponds to I---I vibra-
tions, and the peak width is apparently attributed to the
joint occupancy of a part of sites by iodine and chlorine
atoms, which leads to a certain set of weak I---I and I---Cl
bonds with non-equal distances and vibrational energies.
Thus, the distances of about 3.3 A were reported for the
I-Cl halogen bond.43 In the Raman spectra of polyhalides
and polyhalometallates, vibrations at 90—105 cm™! are
assigned38 to I--I distances in the range of 3.50—3.60 A,
which correspond to those observed in compound 1 (see
Table 2). However, the same spectral region can have both
Bi—I bending vibrations and stretching vibrations of the
(N)H:-I hydrogen bond,4® and, consequently, the assign-
ment of the broad shoulder at ca. 100 cm~! is not unam-
biguous.
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Fig. 4. Raman spectrum of compound 1.
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Fig. 5. Cationic substructure in the crystal structure of 1. The environment of Cl~ ions formed by four doubly protonated [p-(CH3),NH—
C¢H,—NHj;]2* cations (a) and a fragment of the cationic layer (). Chlorine atoms are green, nitrogen atoms are blue, carbon and
hydrogen atoms are pale-gray, the (N)H---Cl hydrogen bonds are represented by red dashed lines.

The cationic substructure consists of doubly protonated
[p-(CH3),NH—C4H,—NH;]?* cations and CI~ anions
linked together through hydrogen bonds to form a two-
dimensional [{p-(CH3),NH—CzH,—NH;},CI]3* network
(Fig. 5).

The chlorine atoms are linked by hydrogen bonds to
four hydrogen atoms of four different [p-(CH3),NH—
CgH,—NH;]?" cations, resulting in the formation of the
distorted tetrahedral environment by hydrogen atoms,
with the H—CI—H angles in the range of 102—127°. In
this structure, two [p—(CH3)2NH—C6H4—NH3]2+ cations
donate NH; hydrogen atoms and two other cations donate
(CHj3),NH hydrogen atoms. The local environment of the
chlorine atom by hydrogen atoms is described by the
crystallographic point group C,,. The H---Cl distances are
in the range of 2.20—2.30 A, which is significantly smaller
than the typical H--Cl hydrogen bond length (2.5—2.8 A)
and is indicative of its rather high energy.4’

Interactions between the anionic and cationic sub-
structures in the crystal structure of 1 occur via (N)H:-1
and (C)H-T hydrogen bonds. Since each [p-(CH3),NH—
CgH4—NHj5]%" cation contains two NH; hydrogen atoms,
which are not involved in the hydrogen bonding in the
cationic substructure, they are accessible for the formation
of (N)H:-I hydrogen bonds in the cation—anion system.
These bond lengths are 2.36 and 2.84 A. It is worth noting
that the latter bond length is typical of (N)H--I hydrogen
bonds,¥8:49 whereas the former bond length is very rarely
observed and is indicative of a high interaction energy.

The (C)H-I hydrogen bonds are much longer, varying
in the range from 2.87 to 3.30 A. The latter distance is only
slightly shorter than the sum of the corresponding van der
Walls radii, whereas the former distance is comparable

with the weakest (N)H--I hydrogen bond. Although the
(C)H I hydrogen bonds are weak, their large number (ten
bonds per [p-(CH3),NH—C¢H,—NHj3]?" cation) enables
strong binding between the anionic and cationic substruc-
tures typical of supramolecular assemblies,3? resulting in
the formation of the three-dimensional crystal structure
shown in Fig. 2.

The red color of the compound is well consistent with
the band gap (1.93 eV) calculated from the diffuse reflec-
tance spectra using the Kubelka—Munk function (Fig. 6).
According to the literature data, most of iodobismuthates
containing isolated octahedral [B116]3* anions are charac-
terized by a band gap of 2.15—2.30 eV. Exceptions are
compounds, in which [Bilg] octahedra are additionally
linked together through hydrogen bonds or secondary

[(k/s) hv]?
1.6

1.4
1.2
1.0 |
0.8F
0.6
04F
0.2 F

I

24  E/eV
Fig. 6. Diffuse reflectance spectrum of compound 1 processed
using the Kubelka—Munk model.

1.6 1.8 2.0 2.2
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interactions, and compounds, in which charge transfer
occurs in the cation—anion system.5! In compound 1,
numerous different types of hydrogen bonds, such as
(N)H---Cl, (N)H-I, and (C)H-I, are combined with
relatively short secondary I--'I interactions, which are
responsible for the observed band gap of 1.93 eV.

Therefore, a new organic-inorganic hybrid [{p-
(CH3),NH—C¢H4—NH3},Cl][Bilg] was synthesized by
the reaction of (p-(CH;),NH—C¢H;—NH;)Cl, with
bismuth triiodide in an aqueous ethanol solution of hydro-
iodic acid. In the crystal structure of this compounds, the
anionic inorganic substructure is composed of [Bilg]~
octahedra, which are linked by secondary I--I interactions
with a length of ca. 3.6 A to form chains running along
the c axis of the tetragonal unit cell. The two-dimensional
cationic organic substructure is formed by the ammonium
dication [p—(CH3)2NH—C6H4—NH3]2+ and isolated C1—
anions, which are linked through short H---CI hydrogen
bonds so that each chlorine atom is involved in four hy-
drogen bonds. The three-dimensional supramolecular
structure composed of the cationic and anionic substruc-
tures is stabilized by numerous weak (N)H---I and (C)H--1
hydrogen bonds. Due to a combination of covalent bonds
and numerous non-covalent interactions in the structure
of [{p-(CH3),NH—CcH,;—NH;},ClI][Bilg], this com-
pound has a band gap of 1.9 eV.
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