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A B S T R A C T

With the increase of the passion on lead-free perovskites, more and more endeavor focused on halobismuthates.
Here, we have introduced the p-iodoaniline and p-phenylenediamine into Bi-based hybrid materials, and two
photoactive iodobismuthate named p-phenylenediamine iodobismuthate (PDABI) and p-iodoaniline iodobismu-
thate (PIDBI) were prepared. Their single structures, band gaps, thermostability and other properties were
explored. The structure results revealed that they all have 1D BiI4- anion chains with edge-shared BiI6 octahedron.
The DFT result revealed that PIDBI had an inherent interaction between the I substituent in p-iodoaniline cation
and the Bi atom in inorganic BiI4- anion chains. The photodetector assembled by PDABI and PIDBI revealed that
the interaction provided by symmetric p-phenylenediamine has a positive effect on PIDBI's optoelectronic
properties compared to the role of asymmetric p-iodoaniline in PDABI.
1. Introduction

Metal-organic-inorganic hybrid materials have been studied as a
promising light absorbing material in recent years. Among those hybrids,
bismuth-based materials have many advantages and become a research
hotspot recently [1]. However, there are also some questions on hal-
obismuthate materials. For example, the reason why Bi-based materials
have low photoelectric efficiency is still not clearly explanted [2]. To
answer this question, some researchers embarked on exploring the
structure of anions or cations to study the influence of anions with
different configurations on their photoelectric properties, such as single
or double chains [3], zigzag chains [4], ring-contained chains [5], spiral
chains [6], etc [7]. Hamdeh revealed that in hybrid materials, the cation
size mismatch had no discernible impact on the band gap. Other pre-
liminary conclusions also have been proposed, such as they proposed to
induce an inner chemical pressure by designing cation alloys with asso-
ciated size mismatch [8]. In addition, the hybrid materials composed of
Bi3þ have lone 6s2 electron pairs, which will be beneficial for the for-
mation of one-dimensional (1D) or two-dimensional (2D) materials [9,
10]. More andmore studies start proposed that the construction of charge
transfer dimension of hybrid materials is beneficial to improve its
m 30 November 2022; Accepted
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photoelectric properties and other properties [11]. Many literatures have
achieved good results by building electron transport connections in
Bi-based hybrid materials to improve their photoelectric properties, such
as I2 molecules [12], I3� ions [13], HI molecules [14], water molecules
[15], even solvent molecules [16] and so on [17].

The resent studies on the construction of intermolecular connections
in 1D hybrid materials were reported that the BiI4� ion often forms 1D
chains with strong quantum confinement and dielectric confinement
[18]. Researchers tried using symmetric divalent cations to further
improve the interaction between cationic and anions, including strong or
weak interactions [19]. They also proposed that interactions can reduce
the negative effects of confinement and dielectric effect by increasing the
dimensionality of bismuth-based perovskites, to improve target photo-
electric properties.

However, we all know a fact that even a very small change in study
material's substructure also resulted in a series of continuous changes in
its structure and properties. Multiple changes in structure make it more
difficult for researchers in explanting the relationship between structure
and property. The weak interaction between cation and cation is often
underestimated [20]. Therefore, by designing a pair of compounds that
as similar as possible in structure sufficiently, then investigating their
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Table 1. Experimental crystallographic parameters from single crystal diffraction
of PDABI and PIDBI.

PDABI PIDBI

Chemical formula C6H9N2BiI4 C12H14N2Bi2I10

Formula wt (g/mol) 825.73 1873.21

Crystal system, space group Orthorhombic, Pbca Triclinic, P 1

Temperature (K) 296 296

a, b, c (Å) 15.5723 (5), 7.7862
(2), 24.4709 (7)

10.9144 (4), 11.3609
(5), 13.6647 (6)

α, β, γ (�) 90.000 (0), 90.000 (0),
90.000 (0)

76.455 (1), 74.072 (2),
85.582 (1)

V (Å3) 2967.07 (15) 1583.87 (12)

Z 8 2

Radiation type Mo Kα Mo Kα
μ (mm�1) 20.18 20.85

Crystal size (mm) 0.16 � 0.16 � 0.15 0.18 � 0.18 � 0.16

No. of measured, independent and
observed [I > 2σ(I)] reflections

20247, 3415, 3075 14394, 7175, 6444

Rint 0.082 0.051

(sin θ/λ)max (Å�1) 0.651 0.649

R [F2 > 2σ(F2)], wR (F2), S 0.055, 0.151, 1.10 0.053, 0.153, 1.03

No. of reflections 3415 7175

No. of parameters 120 237

Δ〉max, Δ〉min (e Å�3) 3.93, �3.35 5.23, �4.24
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similarities and differences in structure and property more effectively,
same to evaluate the influence of a single factor on target properties.

Based on the above ideas, we have introduced the p-iodoaniline and p-
phenylenediamine into Bi-based hybrid materials, and two photoactive
iodobismuthate named p-phenylenediamine iodobismuthate (PDABI)
and p-iodoaniline iodobismuthate (PIDBI) were prepared. Their crystal
structures, band gaps, thermostability and other properties were
explored. The single-XRD results revealed that they all have 1D BiI4- anion
chains with edge-shared BiI6 octahedron. The DFT revealed PIDBI has a
weak interaction between the I substituent in cation and Bi atom in
inorganic chain. The photodetector fabricated by PDABI and PIDBI
revealed that the interaction provided by symmetric p-phenylenediamine
has a positive effect on PIDBI's optoelectronic properties compared to the
role of asymmetric p-iodoaniline in PDABI.
Figure 1. Crystallographic packing diagrams of PDABI (a,b,c) and PIDBI (d,e,f) viewe
f (1–11). C: grey; N: blue; Bi: orange; I: deep violet. Hydrogen atoms are hidden for
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2. Experimental section

2.1. Materials

Synthesis of PDABI. Solution A: 2.00 g Bi2O3 (99%) was dissolved in
7.10 g HI (55%)with stirring, subsequently 30mLmethanol was dropped
in. Solution B: 1.38 g p-phenylenediamine (AR) was dissolved in 5 mL
methanol with stirring, subsequently 2.89 g HI (55%) was added. Then
solution B was added into solution A drop by drop. The mixture was
stirring for a while and then put into a tube for a few days at room
temperature, red brown crystals were growth.

Synthesis of PIDBI. The procedure was similar to that of PDABI,
using p-iodoaniline (2.76 g) as a reagent.

Synthesis of PDABI film. 1.65 g PDABI crystals dissolved in 10 mL
ethanol to form a solution, then dropped 50 μL solution on to the Au
interdigital electrode. After vacuum drying, the film was prepared.

Synthesis of PIDBI film. The procedure was similar to that of PDABI
film, using PIDBI (1.87 g) as a reagent.

2.2. Characterization of samples

X-ray diffraction studies (XRD) were carried out on powder samples
with Bruker AXS D8 using Cu Kα radiation (λ ¼ 1.5418 Å) at 0.02�/step.
The PDABI and PIDBI single crystal data were carried out on Bruker
SAINT diffractometer (Mo Kα radiation, λ ¼ 0.71073 Å) with Bruker
APEX-II detector at 296 K. Their thermal stability data was carried out on
Mettler Toledo TGA/DSC STARe with heating rate 0.5�C/min in N2 flow.
Their UV-Vis diffuse reflectance spectra were carried out on Shimadzu
UV 2550. The Raman data were carried out on LabRAM HR Evolution
with a 733 nm laser. The photoluminescence (PL) spectrums were carried
out on Fluoro Max-4 (Japan). Their FTIR data were carried out on NEXUS
670.

Their crystallographic data have been deposed in the Cambridge
Crystallographic Data Centre (CCDC) with the deposition number
2071544 for PDABI and 2071543 for PIDBI. More detail crystal data was
displayed in supporting information.

2.3. Electronic band structure calculation

As described in our early reports [21], the Vienna Ab-initio simula-
tion package was used for first-principle density functional theory in all
calculations [22]. The projector augmented wave method was used for
d along different unit cell directions: a (010), b (100), c (001), d (10–1), e (111),
clarity.



Figure 2. (a) The DRS of PDABI and PIDBI. Inset: the photograph of the crystal. (b) Band-gap energies of some iodobismuthates with BiI4� anion.

Figure 3. The DOS of PDABI and PIDBI.
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ion-electron interactions [23, 24]. The generalized gradient approxima-
tion in the form of Perdew-Burke-Ernzerhof functional was used for
exchange-correlation interactions [25]. The Monkhorst-Pack grid of 3 �
3�3 and 2 � 3�1 was used for Brillouin zone integration for PDABI and
PIDBI, respectively. The cutoff energy, convergence criteria for energy
and force was set at 500 eV, 10�5 eV and 0.01 eV A�1, respectively.

2.4. Photoelectric measurement

The diagrammatic drawing of Au interdigital electrode was adopted
as substrate (Figure S14). The Hg lamp was set at 254 nm with 500 μW/
cm2. The effective irradiation area of the devices was 0.63 cm2. The
3

photocurrent and I–V curves were measured by Keithley 2400 semi-
conductor characterization system.

3. Results and discussion

Since PDABI and PIDBI have never been reported before, their
structures were first analyzed by single crystal X-ray diffraction in 296 K.
Their experimental crystallographic parameters are shown in Table 1 and
Tables S1–S8, from which can be seen that the molecular formula of
PDABI is (H2N–C6H4–NH3)BiI4 and that of PIDBI is
(I–C6H4–NH3)2(BiI4)2. The space group of PDABI is Pbca, differ from P 1
of PIDBI, and their unit cell packing was shown in Figure S1, which
revealed a high degree of symmetry in former. Additionally, their
experimental X-ray diffraction patterns are good agreement with the
simulated as shown in Figure S2, this result confirmed that we have
resolved their single structures successfully, and further proofed the
powder and the single crystal has same structure.

To compare their crystal structures more clearly, the crystallographic
packing diagrams of PDABI and PIDBI viewed along different unit cell
directions are shown in Figure 1, from which can be seen that their BiI4-

anions all adopted the infinite one-dimensional (1D) chain that has been
reported, such as (C5H7N2)BiI4 [4ApyH]BiI4, (C5H6N)BiI4 [26, 27, 28].
The 1D cation chains are vertical to [0, 1, 0] plane in PDABI (Figure 1a)
and [�1, 0, 1] plane in PIDBI (Figure 1d), which all composed of
edge-share BiI6 octahedrons. The well-aligned 1D BiI4- anions were
sandwiched by organic cation layers, which are parallel to other chain to
form a quantum-well structure (Figure 1b, c, d, e).

It is worth noting that the [BiI4]∞ anion chain in PDABI is similar to
PIDBI at first sight, however, they are different in detail. For example, the
length of the Bi–Bi bond in PDABI is 4.518 Å, which is tiny longer than
the average value in PIDBI (4.499 Å). Additionally, the angle of I–Bi–I
and the length of Bi–I bonds in PDABI all differ from PIDBI (Figure S3).
Further analysis of their structures revealed another big difference in
their cation configurations as shown in Figure S4. The p-iodoanilinium
cation in PIDBA and p-phenylenediammonium cation in PDABI were
shown in Figure S5, which displayed their big difference in benzene ring
subgroup. Because the NH3⋯I hydrogen bonds play a central role in the
interactions between the organic cations and the inorganic chain
framework, so the distance of NH3⋯I interaction was further discussed.
Its value was 3.601 Å in PDABI, also differ from that in PIDBI (3.629 and
3.548 Å) (Figure S4). This result revealed anther difference in their
structures. Above all, even though they have a similar 1D quantum wire,
the BiI6 octahedron in PIDBI is slightly distorted compared to that in



Figure 4. The I–V curves of PDABI (a) and PIDBI (c), the photocurrent of PDABI (b) and PIDBI (d).
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PDABI, which will make a big difference in their physical and chemical
properties.

The optical gaps of PIDBI and PDABI were determined by UV-vis
diffuse reflectance spectroscopy (DRS) measurements. The photographs
of their crystals were inset in Figure 2. As can be seen that they are all
dark red crystal. From DRC absorption diagram, PDABI absorption edge
is around 650 nm with a band gap 1.96 eV by Tauc fitting [29]
(Figure S6), and 1.91 eV for PIDBI. Such close band gaps indicate that
their anion structures have a similar 1D BiI4- anion, but not exactly alike.
It is well known that in halobismuthate materials, the band gap is
strongly dependent on the inter-octahedra bridging angle (Bi–I–Bi angle)
of the inorganic subsystem and on the octahedral distortion. As shown in
Figure S3, the inter-octahedra bridging angle (Bi–I–Bi angle) and Bi–I
bond distance in PDABI similar to PIDBI, but there was still tiny differ in
their octahedra distortion that revealed by band gap value. Other band
gaps of Bi-based material with BiI4� anions was shown in Figure 2b and
Table S9, from which can been see that most of the Bi-based hybrid pe-
rovskites display wide band gaps of Eg > 1.7 eV and the compounds in
this work have a typical band gap. The difference between their band
gaps may result from the distorted of their BiI4� anions.

The Raman, PL, FTIR and thermogravimetric results are shown in
Figures S7, S8, S9, S10, S11, S12. In Raman curve, peaks observed below
~110 cm�1 corresponds to Bi–I bending modes, whereas the peaks at
120.6 and 141.6 cm�1 in PDABI correspond to terminal Bi–I asymmetric
and symmetric stretching modes in BiI4- units, respectively [30]. But in
PIDBI, the peaks of terminal Bi–I asymmetric and symmetric stretching
mode were at 115.1 and 133.6 cm�1, respectively (Figure S7). The
Raman result revealed the slight difference between PDABI and PIDBI in
Bi–I bending modes, which consistent with their Eg result. Resemble to
4

their Raman spectra, the PL peak of PDABI is 616 nm, and 649 nm for
PIDBI, which revealed the existence of indirect and direct band gaps in
materials (Figure S8) [31]. Similar with (C6H5NH3)BiI4, our crystals also
has a lower PL peak than band-gap, suggesting radiative recombination
involving sub-band-gap states [32]. The FTIR data revealed that the
bending vibrations of N–H in a range of 3200–3500 cm�1 in PDABI is
more complex than that in PIABI, because there are more types of N–H
bonds in PDABI than in PIDBI (Figures S9, S10). Their FTIR results also
give a view to compare their difference in structure, revealed the exis-
tence of NH3⋯I hydrogen bonds. Thermogravimetric data shows that the
thermal stability of PDABI is as high as 278 �C, and PIDBI's first mass-loss
temperature is 176 �C (Figures S11, S12). However, their thermostability
temperature all surpass 150 �C, which is consistent with the good thermal
stability of Bi-based hybrid materials [33].

To further analyze the differences between PDABI and PIDBI, their
valence band structures and densities of states were calculated by density
functional theory (DFT) (Figures 3, S13). For PDABI, its valence band
structure has a classical type that most bismuth hybrid materials have,
whereas the valence band structure shows a direct band gap with an
energy value of 2.05 eV at the Γ point. This is slightly higher than the
experimental value of 1.96 eV, which is due to the omission of orbital
spin effects in the calculation [34]. However, for PIDBI, its calculated
band gap value is 1.32 eV, which is significantly smaller than the
experimental value of 1.91 eV. The calculated results indicate that PIDBI
has a smaller band gap, which is consistent with the experimental results.
It is worth noting that in the PIDBI theoretical calculation, a new orbit
composed of Bi-5p and I-5p is observed. The existence of this abnormal
orbital provided clear evidence that the I atom in the cation has weak
interaction with Bi atom, which differ from that of Bi–I bond in BiI4



Figure 5. The comparison of resistivity (a) and responsivity (b) of PDABI and PIDBI, the electron transportation schematic diagram of PDABI (c) and PIDBI (d).
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chain. This interaction may give an unpredictable effect on the electronic
communication between the organic clusters and inorganic chains, thus
further affecting their electronic properties.

PDABI was dissolved in methanol and then its thin films were pre-
pared on a gold cross finger electrode (Figure S14) using a vacuum
assisted evaporation solvent method [32], and similar process was done
with PIDBI. To investigated their photodetector devices response to ul-
traviolet light as photoactive substances, a Keithey 2400 semiconductor
characterization system equipped with a 254 nm UV lamp (500 μW/cm2)
was employed. The photoconductivity measurements of them were car-
ried out and shown in Figure 4a and 4c. As can be seen from their I–V
curve, they all present photoelectric response. The photocurrent of
PDABI and PIDBI under different bias voltage was shown in Figure 4b
and 4d, from which can be seen that the photodevices have repeatable
responsivity. Those results indicate they are all photoactive materials.

Calculated from the I–V curve, the electrical resistivity of PDABI is
determined to be 482 kΩm, but it is as high as 530 MΩm for PIDBI, with
three orders of magnitude (Figure 5a). However, the responsivity of
PDABI was 1.15 μW/A, about 4 times than that of PIDBI (0.29 μW/A) in
Figure 5b. The results indicate that the PIDBI has low photocurrent and
worse photoresponsivity than PDABI. So, the PDABI is superior to PIDBI
on photoelectronic properties. Thus, it is concluded that the interactions
between organic cations and inorganic chains provided by p-
5

iodoanilinium had a negative effect on the photoelectric properties in
PIDBI compared to p-phenylenediammonium in PDABI. Otherwise, if the
1D chain is responsible for the main electron transportation (Figure 5c,
5d, background color is pale yellow), the p-phenylenediammonium
(background color is light pink) is inclined to provide electron because
the amido in benzene ring fourth site has lone pair electrons. In contrast,
the iodic substituent in p-iodoanilinium (background color is light blue)
is inclined to trap electron because the I-substituent has uncompleted 5p
orbit, so it is reasonable that the PIDBI has high resistivity and poor
optoelectronic properties. Those results will give a rule to design the Bi-
based hybrid photoactive materials.

4. Conclusions

In summary, we have prepared two photoactive iodobismuthate
named PDABI and PIDBI, and their single structures, band gaps and other
properties were explored. They all have 1D BiI4- anion chains with edge-
shared BiI6 octahedron. The DFT reveal there was an interaction between
the I substituent in the cation and the Bi atom in the inorganic chains. The
photoelectronic results revealed that the interaction provided by asym-
metric p-iodoaniline in PDABI has a negative effect on its optoelectronic
properties compared to the role of symmetric p-phenylenediamine. This
conclusion will give a rule to design other Bi-based light absorbers.
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