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Two-dimensional (2D) organic–inorganic hybrid materials have attracted widespread attention for

photodetection. Moreover, such materials with broadband photoluminescence and strong photocurrent

response are still rare. Here, we report two new semiconducting 2D organic–inorganic hybrid materials,

namely {PbII
2I6[PbII(TETA)]}n (1Pb) and {PbII

3I8[PbII(TETA)]}n (2Pb), where TETA = triethylenetetramine, with

broadband yellow-green emission. Both compounds are soluble in DMF and yield high surface coverage

films through spin coating. Strikingly, the photocurrent responses of such thin films show ca. 600 and

700 nA cm�2 difference between Ilight and Idark for 1Pb and 2Pb, respectively. To the best of our

knowledge, 1Pb and 2Pb showed among the highest current obtained in 2D lead iodide hybrid materials

under a low voltage (0.7 V). Moreover, 1Pb and 2Pb are stable under heat, moisture and light, which

may provide realistic applications for light detection.

In recent years, methyl ammonium lead halide materials have
become a new path in the photovoltaic field due to their simple
manufacturing processes,1 high absorption coefficient2,3 and
long charge carrier diffusion lengths.4,5 The interest around these
compounds is driven by their fast advancement of the energy
conversion efficiency (PCE). Since Miyasaka manufactured the
initial device in 2009, its efficiency was 3.8%, and the PCE of
organic–inorganic solar cells have been increased to 25.5% in
such a short period of time,6 surpassing the most advanced

copper indium gallium diselenide (CIGS) solar cells, and
approaching single crystal silicon solar cells.7 However, under
environmental conditions (moisture, oxygen and UV radiation),
their stability is still poor and remains a principal drawback for
further commercial use.8–10

In order to address the long-term stability issue for real-
world applications, two-dimensional (2D) hybrid materials have
become the best candidates due to their superior stability and
wider structural diversity.11–13 In addition, 2D organic–inorganic
hybrid materials also present exciting optical and unique
optoelectronic properties, such as widely tunable bandgap energy,
extremely large exciton binding energy, layered characteristic and
long decay times.14–18 All these features make those kind of hybrid
materials very promising in optoelectronic devices. In particular,
2D lead halide hybrid compounds have been paid extensive
attention not only due to their rich structural chemistry (by using
different organic cations, a large number of 2D halo-plumbate
anions have been investigated such as [PbX4]2�, [Pb3X9]3�,
[Pb5X14]4�, and [Pb7X18]4�)19–23 but also because of their inter-
esting stability and photophysical properties. In this context,
Dou et al. synthesized stable 2D hybrid perovskite quantum
wells (4Tm)2PbI4 and (BTm)2PbI4 using hydrophobic organic
semiconducting ligands (4Tm and BTm: thiophene derivatives).
Those two compounds showed high stability under harsh
conditions (heat and moisture).24 The employment of larger
organic cations with strong p–p interactions within a 2D
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structure will greatly enhance the stability of these
compounds.25 Moreover, due to the strong van der Waals
interactions between the layers, Li et al. showed that 2D Dion
Jacobson lead iodide hybrid perovskite (PA)2(MA)3Pb4I13 and
(PDA)(MA)3Pb4I13 (PA = propylamine and PDA = 1,3-
propanediamine) exhibited ultrahigh stability for 4000 h under
40–70% relative humidity and for 168 h damp heat at 85 1C.26

Other than that, 2D lead halide hybrid compounds were reported
to have excellent luminescence properties; for example, Liu
et al.27 prepared two 2D organic–inorganic lead bromide hybrid
materials (C7H18N2)PbBr4 and (C9H22N2)PbBr4, exhibiting broad-
band emission with a long-life time emission of C1 ms; Luo et al.
also successfully designed a new 2D lead bromide hybrid, (g-meth-
oxy propyl amine)2PbBr4, which exhibits bright bluish white light
emission with high Color Rendering Index and PLQE of 6.85%;28

and [DMEDA]PbCl4 (DMEDA = N,N-dimethylethylenediamine),
(C6H5C2H4NH3)2PbCl4, [DMPDA]PbCl4 (DMPDA = N,N-dimethyl-
1,3-diaminopropane), [(CH3)4N]4Pb3Cl10 and (C4H9NH3)2PbCl4

have also been reported as luminescent materials.29–32

On the other hand, despite a few literature reports based on
2D lead halide hybrid photodetectors (particularly for 2D lead
iodide hybrids), those works showed very interesting and
promising results. For example, a 2D bilayered lead iodide
hybrid compound reported by Zhang et al. exhibited broadband
photoresponsive properties with high photoresponsivity.33

Another important work reported by Huang et al. showed a
photodetector with tunable photoresponse by the precise control
of the n number of 2D (BA)2(MA)n�1PbnI3n+1 (n = 1, 2, 3) hybrid

materials.34 Nevertheless, how to realize stable 2D lead iodide
hybrid compounds broadband photoluminescence together with
strong photo-response is still a huge challenge and very rarely
reported.

In light of this discussion, we report two new 2D lead iodide
organic–inorganic hybrid materials, namely {PbII

2I6[PbII(TE-
TA)]}n (1Pb) and {PbII

3I8[PbII(TETA)]}n (2Pb), which possessed
excellent semiconductor properties and broadband yellow-
green light emission. In addition to the high solubility and
film processable nature, 1Pb and 2Pb showed significant
stability against moisture, light and temperature, which made
1Pb and 2Pb suitable for light detection applications.

1Pb and 2Pb were synthesized through the hydrothermal
technique, in which different stoichiometric amounts of
Pb(NO3)2, triethylenetetramine (TETA) and KI in a concentrated
hydroiodic acid (HI) were added, and the mixture was kept for
24 h at 130 1C for 1Pb, and at 150 1C for 48 h for 2Pb
(see ‘‘Materials and sample preparation’’ in the ESI† for more
details). Structural analyses disclosed that 1Pb crystallized in a
monoclinic system with a centrosymmetric space group of P21/c
at 298 K (Table S1, ESI†). The asymmetric unit comprises one
organic triethylenetetramine (TETA), three lead(II) ions and six
iodine anions (Fig. 1a).

As shown in Fig. 1b and c, the topography of 1Pb can be
described as a 2D structure, in which there are two crystal-
lographically independent Pb(II) atoms, which exhibited two
different coordination environments: [PbI6] octahedra for both
Pb1 and Pb2, while [PbN4I2] octahedron for Pb3. Thus, for Pb1

Fig. 1 Asymmetric units of 1Pb (a) and 2Pb (d). Crystal structure of the compounds of 1Pb (b) and 2Pb (e). Zoom of 1Pb layer (c) and 2Pb layer (f).
Hydrogen atoms are omitted for clarifications. The colors are used to indicate the following: Lead: dark green, iodine: violet, carbon: black and nitrogen:
blue.
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and Pb2, each lead atom was connected with six iodine atoms
to form PbI6 octahedra, in that Pb1 and Pb2 were linked
together by two bridge I atoms. The Pb–I distances varied
between 3.0447 (13) Å and 3.3673 (12) Å, while the Ieq–Pb–Ieq

(‘‘eq’’ refers to equatorial) bond angles ranged from 80.41 (3)1
to 105.96 (3)1, and the Iax–Pb–Iax (‘‘ax’’ refers to axial) bond
angles varied between 162.51 (3)1 and 177.28 (4)1, indicating
that the octahedra were distorted. The Pb3 atom was bonded to
four N atoms and shared two iodine atoms with [Pb2I6] units to
form [PbN4I2] octahedron, in which the Pb–I bond lengths
varied between 3.5192 (13) Å and 3.662 (16) Å; the Pb–N
distance ranged from 2.4470 (15) Å to 2.628 (17) Å and the
N–Pb–N angle ranged from 68.6 (6)1 to 122.4 (6)1 (Table S2,
ESI†). Hence, a 2D {PbII

2I6[PbII(TETA)]}n network was
formed by sharing two iodine atoms between the [Pb2I6]2�

and [Pb(TETA)]2+ units.
Using different stoichiometric amounts from 1Pb, yellow

crystals of 2Pb were synthesized. Single-crystal X-ray diffraction
studies revealed that 2Pb crystallized in a monoclinic system at
room temperature with the space group of C2/c. As shown in
Fig. 1d, the asymmetric unit of 2Pb contains four lead(II) ions,
eight iodine atoms, and one TETA. Three lead(II) (Pb1, Pb2 and
Pb3) ions adopted a geometry of six-coordinated relative regular
octahedron (Pb–I: 3.0070 (14) Å�3.3768 (14) Å and I–Pb–I: 85.62
(3)1�178.11 (4)1). The Pb–I bond lengths are closer to the sum
of the ionic radii of iodide and lead(II) (ri = 2.2 + 1.03 = 3.23 Å)
rather than to that of their covalent radii (re = 1.39 + 1.48 = 2.87 Å),
proving that these bonds are ionic in nature. However, the Pb4 ion
was coordinated with four nitrogen atoms of the bent TETA (Pb–
N: 2.505 (15)–2.596 (19) Å), and two iodine atoms to form [PbN4I2]
octahedron (Fig. 1e and f). The coordination modes of 2Pb are
quite similar to that of 1Pb. However, the difference between 1Pb
and 2Pb was that the Pb–I distance and I–Pb–I angle in the 2Pb
complex were slightly broader than those in 1Pb, indicating that
2Pb was a bit distorted from 1Pb. As shown with 1Pb, the
[Pb(TETA)]2+ units in 2Pb shared two iodine atoms with [Pb3I8]2�

units to connect them into a 2D network.
TETA showed a regular configuration with normal values of

C–C and C–N bond lengths varying from 1.41 (3) Å to 1.55 (3) Å,
whereas C–C–C, C–N–C and C–C–N angles ranged between
107.7 (19)1 and 117.2 (17)1 (see Tables S2 and S3, ESI†).
Moreover, 1Pb and 2Pb exhibited several intermolecular
hydrogen bonding interactions between the cationic and
[Pb2I6]2� or [Pb3I8]2� anions of the type N–H� � �I and C–H� � �I
listed in Tables S4 and S5 in ESI.† The XRD powder spectra of
1Pb and 2Pb are given in Fig. S1, ESI.† It can be seen that PXRD
patterns of these two materials matched perfectly well with the
simulated results from the single crystal structure, which
indicated the high purity of 1Pb and 2Pb powder samples.

To analyse and obtain additional information about inter-
molecular interactions within the crystal structure of 1Pb and
2Pb, molecular Hirshfeld surface (MHS) calculations were
performed using the crystal explorer 3.1 program. The blue,
red and white areas in the MHS represent the largest, shortest
and equal to van der Waals separations, respectively (Fig. S2,
ESI†). It can be seen from Fig. S3a and c in ESI† that 2D finger

print maps of 1Pb and 2Pb provide quantitative contribution of
the intermolecular interaction. Two remarkable spikes
presented the most abundant interaction of 1Pb and 2Pb,
which were from H� � �I and Pb� � �I, consistent with the red area
in the MHS. It was very clear that hydrogen bonds played an
important role in crystal stabilization. These results are also
confirmed by single crystal analysis (Tables S4 and S5, ESI†).
Other intercontacts present less to MHS were also calculated,
such as H� � �H and I� � �I (Fig. S3b and d, ESI†).

Significantly, 1Pb and 2Pb are highly soluble in dimethyl-
formamide (DMF), and 1 ml DMF can dissolve 0.2 g of each
compound (1Pb or 2Pb). Using the one step spin coating
technique, we dissolved 20 mg of 1Pb and 2Pb single crystals
in 1 ml DMF, and then cooled at ambient temperature
(More details can be found in the ESI†). Smooth, high coverage,
less pin hole films of 1Pb and 2Pb readily formed (Fig. 2). 1Pb and
2Pb had small grain sizes of 750 nm and 900 nm, respectively
((Fig. 2a and b) and Fig. 2d and e). As shown in Fig. 2c and f, the
cross-section images reveal that 1Pb and 2Pb have grain thick-
nesses of 3 mm and 3.1 mm, respectively. XRD patterns of 1Pb and
2Pb films match very well with the simulated ones, which
indicated their high purity (Fig. 2g and h).

Based on the Kubelka–Munk function,35 (F(R) = a/S = (1� R)2/
(2R), where R is the reflectance, a is the absorption coefficient,
S is the scattering coefficient), the diffuse reflectance spectrum
was converted to an absorbance spectrum to understand the
semiconducting performance of 1Pb and 2Pb. As shown in
Fig. 3a, the optical band edges of 1Pb and 2Pb were determined
to be 2.28 eV and 2.02 eV, respectively. These results are
consistent with their colors, and are very similar to other lead
iodide hybrid compounds.36,37 Based on the intercepts of the

Fig. 2 (a, b) Topographical SEM images of the thin film made from 1Pb.
(c) Cross-sectional SEM image of the thin film made from 1Pb. (d, e)
Topographical SEM images of the thin film made from 2Pb. (f) Cross-
sectional SEM image of thin film made from 2Pb. (g) XRD patterns of the
thin film made from 1Pb. (h) XRD patterns of the thin film made from 2Pb.
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curves of (F(RN)hn)1/n (n = 2 or n = 1) versus the energy according
to the tauc equation, bandgap energies were estimated to be
2.31 eV (indirect) and 2.20 eV (direct) for 1Pb and 1.86 eV
(indirect) and 2.08 eV (direct), respectively, for 2Pb (Fig. S4,
ESI†). These bandgap values could be considered within the
range of a typical semiconductor compound and can be used as
the absorber for tandem solar cells when these two materials are
coupled with silicon.38 Interestingly, optical absorption spectra
were performed on films of 1Pb and 2Pb, respectively, and both
are similar for those of powder samples (Fig. 3b).

To get an insight into the electronic properties of these two
compounds, DFT calculations of 1Pb and 2Pb were performed.
After including spin orbital coupling (SOC) effects, GGA-PBE
functional predicts that the valence band maximum (VBM) and
conduction band minimum (CBM) are both located at the same
k points (G for 1Pb and C for 2Pb), indicating that 1Pb and 2Pb
are semiconductors with direct bandgaps (Fig. 3c and Fig. S5a,
ESI†). In addition, the predicted energy bandgaps are 2.12 eV
and 1.94 eV for 1Pb and 2Pb, respectively, which are close to
experimental results. Without SOC effect, the larger bandgaps
of 2.72 eV for 1Pb and 2.24 eV for 2Pb will be predicted (Fig. S5b
and S6a, ESI†). Based on the partial density of states, we will
further analyze the orbital nature for electronic states around
VBM and CBM. The top of valence bands was mainly contributed
by hybridized I-5p and Pb-6s orbitals, while the bottom of
conduction bands had dominant Pb/I-5p orbital characters for
both two compounds (Fig. 3d, Fig. S5 (c–f) and S6 (b–d), ESI†).
These results clearly indicated that optical excitations within 1Pb
and 2Pb are mainly determined by the hybridized Pb and I
orbitals from the inorganic framework.

The photoluminescence properties of 1Pb and 2Pb lead
iodide hybrid compounds were studied at room temperature
using steady state and time-resolved emission spectroscopy.
Upon excitation of 450 nm, both compounds exhibited two

band emissions, which generally matched very well with the
two slopes from the absorption spectra. Indeed, 1Pb and 2Pb
display two broadband emissions with the highest bands at
519 nm for 1Pb and 550 nm for 2Pb, and another two weak
emissions present in the range of 600–720 nm can be
tentatively assigned to lead halide-centered transitions within
the inorganic group, as suggested by band structure calculations,
and observed recently in other reported iodoplumbate organic–
inorganic based hybrid materials (Fig. 4a).39–41 Thus, the broad
photoluminescence mainly originated from the inorganic
component. We should note that similar emission bands
between 1Pb and 2Pb indicate the same radiative recombination
route. In addition, the combination of the two emission bands
gave rise to the CIE 1931 chromaticity coordinates of (0.39, 0.56)
for 1Pb with CCT of 3780 K and of (0.43, 0.53) for 2Pb with CCT
of 3825 K. Both compounds exhibited yellow green emission
(Fig. 4b). Moreover, the PLQY of 1Pb and 2Pb was measured to
be 1% and 1.12%, respectively, which were comparable to those
of previous reported 2D hybrid lead materials, such as 0.5% for
(N–MEDA)PbI4 and B1% for (C6H5C2H4NH3)2PbCl4.42,43

Using a fitting with a double-exponential function I(t) =
A1 exp(�t/t1) + A2 exp(�t/t2), the decay life times of 1Pb and
2Pb have been calculated (Fig. 4c and d). Interestingly, the
average life time for 1Pb was 16.57 ns and for 2Pb was 10.57 ns,
which were longer than that of other reported 2D lead hybrid
compounds (Table S6, ESI†). The photoluminescence properties
for both compounds are summarized in Table 1.

Fig. 3 (a) Absorption spectra for the powder 1Pb and 2Pb. (b) Absorption
spectra for thin film 1Pb and 2Pb. (c) DFT calculations predicted the band
structure for 2Pb with SOC effect included. (d) Simulated orbital resolved
partial density of states (PDOS) for 2Pb.

Fig. 4 (a) PL emission spectrum at room temperature for 1Pb and 2Pb.
(b) CIE chromaticity coordinates for 1Pb and 2Pb. (c) Time-resolved decay
curve for 645 nm emission at room temperature for 1Pb. (d) Time-resolved
decay curve for 645 nm emission at room temperature for 2Pb.

Table 1 Summary of the photophysical properties of 1Pb and 2Pb

Compds lex (nm) lem (nm) CIE t (ns)

1Pb 450 518/645 (0.39, 0.56) 16.57
2Pb 450 550/645 (0.43, 0.53) 10.57
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The photoconductivity of 1Pb and 2Pb was studied using
film samples as the active layer under the illumination from a
350 W Xenon lamp irradiation at 0.7 V bias (more details can be
found in the ESI†). As shown in Fig. 5a and c, both materials
exhibited a strong photoresponse in that the photocurrent for
1Pb enhanced from 20 to 636 nm cm�2, and increased for 2Pb
from 42 to 780 nm cm�2. Those values are higher than that of
bismuth halide organic–inorganic materials and comparable to
that of lead-based hybrids. However, they were lower than
that of 3D MAPbI3 and those of inorganic systems.39,40,44–48

To the best of our knowledge, 1Pb and 2Pb had among the
highest current obtained in 2D lead iodide hybrid materials under
low voltages. We need to mention that the order of photocurrent
for these two compounds was well coherent with their optical
bandgaps, which signalized that a small bandgap may be better to
generate and separate a photoinduced electron/hole.37,49

Fig. 5b and d show that these devices exhibited a broadband,
repeatable and periodical switching (on/off) of the light, which
means that 1Pb and 2Pb exhibited an obvious photocurrent
reproducibility and high stability. Moreover, the photorespon-
sivity (R) (it is an important figure of merit to represent the
sensitivity of the photodetector to the light signal) was calcu-
lated to be 7.04 mA W�1 and 8.57 mA W�1 for 1Pb and 2Pb,
respectively.

Other important parameters of photodetector devices, such
as detectivity (D*) and external quantum efficiency (EQE), were
also determined. A comparative table between 1Pb and 2Pb
with other general materials are illustrated in Table S7 in the
ESI.† The responsivity, detectivity and external quantum effi-
ciency are obtained using the following equations:

R ¼ Ilight � Idark

P0S
(1)

D* = RS
1
2/(2eId)

1
2 (2)

EQE ¼ R� 12408

l
(3)

where Ilight is the photocurrent, Idark is the dark current, P0 is
the intensity of light, S is the area of the device, e is the
electronic charge and l is the wavelength of irradiation.

Moreover, we studied the stability of both 1Pb and 2Pb
towards moisture, light and heat. The as-prepared films of
1Pb and 2Pb were stored in the dark at 55% relative humidity
for 7 days. The XRD patterns of the film samples of 1Pb and 2Pb
remained almost the same as those of the freshly prepared
sample (see Fig. S1, ESI†) and showed no evidence of peak
related to material degradation. However, we noted a decrease
in the diffraction peak intensity of 1Pb and 2Pb within 7 days
(Fig. S7, ESI†). To explore the UV aging effect, we exposed 1Pb
and 2Pb films to UV light for 24 h at room temperature.
No obvious change has been observed for the XRD patterns
compared to the simulated ones (Fig. S7, ESI†). Moreover, to
evaluate the thermal stability of 1Pb and 2Pb, thermogravi-
metric analyses (TGA) were conducted from 30 1C to 600 1C
under nitrogen atmosphere (Fig. S8, ESI†). It can be seen from
the TGA curves that the two compounds are stable up to 225 1C.
Hence, 1Pb and 2Pb showed high stability towards moisture,
light and heat.

Conclusions

In summary, two new 2D organic–inorganic hybrid lead iodide
using a tetradentate ligand were successfully synthesized and
fully characterized. Both compounds exhibited an excellent
semiconductor property and showed broadband yellow-green
emission. Interestingly, 1Pb and 2Pb showed high stability and
exhibited a strong photocurrent response at 0.7 V. In addition,
1Pb and 2Pb were processed into high coverage films through
the one-spin coating method. Thus, this study showed two new
broadband 2D lead iodide hybrid materials with potential for
light detection applications.
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Fig. 5 (a, c) I–V plots for dark and light current of 1Pb (a) and 2Pb (c)
measured at 298 K. (b, d) I–t plots of several irradiation cycles of 1Pb (b)
and 2Pb (d).
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1. Experimental Section

1.1. General remarks

Single crystal X-ray diffraction data of 1Pb  and 2Pb were collected on a Bruker SMART 

APEX II CCD diffractometer with graphite monochromated Mo-k radiation (λ= 0.71073 Å) by 

using the θ-ω scan technique at 298 K. PXRD intensities were measured at ambient temperature 

(298 K) on a Rigaku D/max-IIIA diffractometer (Cu-kλ, λ=1.54056 Å). The crystalline powder 

samples were prepared by grinding the single-crystals and collected in the 2θ range of 5°–50° 

with a step size of 10°/min. Scanning electron microscopy (SEM) was performed using KYKY-

EM3200, 25 KV instrument. Solid-state UV-Vis diffusion reflectance spectra of pressed 

powder and films samples were measured on a SHIMADZU UV-3600 UV-Vis-NIR 

spectrophotometer using BaSO4 powder as the reflectance reference. All density-functional 

theory (DFT) calculations were carried out within the Vienna Ab initio Simulation Package 

(VASP). Room-temperature steady-state emission spectra were collected on powder samples 

using an Edinburgh FLS980 spectrofluorometer upon 450 nm excitation. The PLQY was 

achieved by incorporating an integrating sphere into the FLS980 spectrofluorometer. TGA 

experiments were performed on a TGA-50 (SHIMADZU) thermogravimetric analyzer in 

temperature range between 30° and 600°.

2. Materials and Sample Preparation

2.1. Materials

Chemicals listed were used as purchased and without further purification: (i) 

Triethylenetetramine (TETA), 97%, sigma Aldrich; (ii) Potassium iodide, 99.995%, sigma 

Aldrich; (iii) Acetonitrile, 99%, sigma Aldrich; (iv) hydroiodic acid, 57% w/w, sigma Aldrich; 

(v) Lead (II) nitrate, 99%, sigma Aldrich.

2.2. Preparation of 1Pb and 2Pb Single crystals

Crystals of 1Pb: A mixture of Pb(NO3)2 (0.331 g, 1 mmol), HI (1 mmol), TETA (0.5 mmol), 

and KI (0.166 g, 1 mmol) were dissolved in 10ml mixed solvent (H2O : CH3CN = 8 : 2), stirred 

in the air for 10 minutes before transferred to a 15 mL Teflon-lined auto-clave and heated at 

130°C for 24 hrs. The reactants were then cooled to room temperature in a rate of 5°C / h to 

obtain Luminous yellow needle-like crystals. (Yield: ca. 40% based on Pb). XRD indicates the 

phase purity (Figure S1a).



Crystals of 2Pb:  A mixture of Pb(NO3)2 (0.331 g, 1 mmol), HI (2 mmol), TETA (1 mmol), and 

KI (0.332 g, 2 mmol) were dissolved in 10 ml deionized water, stirred in the air for 10 minutes 

before transferred to a 15 mL Teflon-lined auto-clave and heated at 150°C for 48 hrs. The 

reactants were then cooled to room temperature in a rate of 5 °C / h to obtain Luminous yellow 

rod-like crystals. (Yield: ca. 32% based on Pb). XRD indicates the phase purity (Figure S1b).

2.3. Fabrication of 1Pb and 2Pb Films

Indium tin oxide coated glass (ITO) substrates were cleaned thoroughly and sequentially with 

commercial detergent in soapy water, deionized water, KOH solution, deionized water, and in 

a sonication bath. The substrates were then treated by UV–ozone treatment for 20 min prior 

before use. 1Pb and 2Pb organic-inorganic hybrid compounds (0.2 g for each compound) were 

dissolved in 1 mL of dimethylformamide solution (DMF) and were coated onto ITO glass 

substrate by spin coating method at 1000 rpm for 60 second. To evaporate the residual solvent, 

the obtained film was followed by annealing on a hot plate at 80 °C for 10 minutes.

3. Characterization methods and Simulation details

3.1. Characterization methods

X-ray Crystallographic Study 

Single-crystal X-ray diffraction data collections for 1Pb and 2Pb were conducted on a Bruker 

SMART APEX II CCD diffractometer (Mo, λ = 0.71073 Å) by using the θ-ω scan technique at 

298 K. The structures were solved by direct methods and refined with a full-matrix least-squares 

technique within the SHELXTL program package and Olex. [1, 2] All non-hydrogen atoms were 

refined anisotropically. The crystallographic details are provided in Table S1-S5. The 

crystallographic data for above compounds can be found in the Supporting Information or can 

be obtained free of charge from the Cambridge Crystallographic Data Centre via 

http://www.ccdc.cam.ac.uk/data_request/cif. CCDC Numbers: 2107024 (1Pb) and 2107027 

(2Pb).

Optical absorption measurement. Solid-state UV-Vis diffusion reflectance spectra were 

measured at room temperature on a SHIMADZU UV-3600 UV-Vis-NIR spectrophotometer 

using BaSO4 powder as the reflectance reference. The absorption spectra were calculated from 

reflectance spectra by the Kubelka-Munk function: F(R) = α/S = (1-R)2/2R, where R, α, and S 

are the coefficients for the reflection, the absorption and the scattering, respectively.



Photo response measurement During the photocurrent tests, a three-electrode system (a 

sample coated 0.5 × 0.5 cm ITO glass plate as the working electrode, and Ag/AgCl as the 

counter and reference electrodes) was used, and Na2SO4 (50 mL, 0.2 mol L−1) was utilized as 

the supporting electrolyte solution. Photoresponse of the photodetector was measured using 

Keithley 2450 source meter under  the illumination from a 350 W Xenon lamp irradiation . The 

lamp was kept on continuously, and a manual shutter was used to block exposure of the sample 

to the light. The sample was typically irradiated at intervals of 80 s.

The on/off ratio of the photodetector is calculated using equation 1. 

𝑂𝑁
𝑂𝐹𝐹

=
𝐼𝐿𝑖𝑔ℎ𝑡

𝐼𝑑𝑎𝑟𝑘
    (1)

 Where 𝐼light is the photocurrent (636 nA for 1Pb and 780 nA for 2Pb and 𝐼dark is the dark current 

(20 nA and 42 nA for 1Pb and 2Pb respectively). 

The responsivity is obtained using the following equation 2.

 
𝑅 =

𝐼𝑙𝑖𝑔ℎ𝑡 ‒ 𝐼𝑑𝑎𝑟𝑘

𝑃0𝑆
      (2)

where P0 is the intensity of light (0.35 W/cm2 ) and S is the area of the device (0.25 cm2). The 

detectivity (D*) and the external quantum efficiency (EQE) were calculated using the following 

equations 3 and 4.

 𝐷 ∗ = 𝑅𝑆
1
2/(2𝑒𝐼𝑑)

1
2          (3)

𝐸𝑄𝐸 = 𝑅 ∗
12408

𝜆
          (4)

Where R is the responsivity , S is the effective area of light irradiation , e is the electronic 

charge , Id is the dark current, λ is the wavelength of irradiation.

Stability studies. Freshly prepared films of 1Pb and 2Pb were stored either in the dark to 

minimize light exposure and the relative humidity was maintained at ~55% humidity for 7 days. 

Freshly prepared films of 1Pb and 2Pb were exposed to UV light for 24 hours at room 

temperature.

3.2 Simulation details Computational methods. The crystallographic data of compound 1Pb 

and 2Pb obtained from Single Crystal XRD tests were used to calculate the electronic band 



structures and densities of the states (DOS).  All the calculations in this work were carried out 

using density functional theory (DFT) as implemented in the Vienna Ab initio Simulation 

Package (VASP). The generalized gradient approximation (GGA) Perdew−Burke−Ernzerhof 

(PBE) functional was used for electronic structure calculations. [3,4] The projector augmented 

wave (PAW) method was applied to treat the electron–core interactions. [5]  The cutoff energy 

for plane waves was set to 550 eV and the Brillouin zone was sampled by a 5×2×3 mesh for 

1Pb and a 4×4×2 mesh for 2Pb.



4. Supporting Tables and Figures

Table S1 Summary of crystal data and structural refinements of 1Pb and 2Pb

 1Pb 2Pb

Empirical formula C6 H18 I6 N4 Pb3 C6 H18 I8 N4 Pb4

Formula weight 1529.25 1990.25
Crystal dimensions (mm) 0.11*0.22*0.15 0.13*0.19*0.14
Crystal system Monoclinic Monoclinic
Space group P21/c C2/c

a/Å 8.8484(8) 24.937(4)

b/Å 19.3860(18) 9.1908(14)

c/Å 15.5239(11) 26.522(4)

α/° 90 90

β/° 115.255(4) 94.213(2)

γ/° 90 90

Volume/Å3 2408.4(4) 6062.2(16)

Z 4 8
ρ calcg/cm3 4.218 4.361
μ /mm-1 28.606 30.299
F(000) 2584.0 6672.0

Index ranges
-11<=h<=11, -25<=k<=25, -
20<=l<=20

-32<=h<=32, -11<=k<=11, -
34<=l<=34

Data Completeness 99.5% 96.6%

Data/restraints/parameters 5536/7/172 6849/2/199

Goodness-of-fit on F2 1.19 1.025

Weight

w = 1/[σ2(Fo2) + (0.000P)2 + 
274.3427P] where P = (Fo2 + 
2Fc2)/3

w = 1/[σ2(Fo2) + (0.1086P)2 + 
497.4207P]
where P = (Fo2 + 2Fc2)/3

R=∑||Fo−Fc||/∑|Fo|,wR2 R1 = 0.0435, wR2 = 0.1225 R1 = 0.0670, wR2 = 0.192

R1 =Σ||Fo| - |Fc||/Σ|Fo|, wR2= [Σw(Fo 2 -Fc 2)2 /Σw(Fo 2 )2]1/2



Table S2 Summary of selected bond lengths (Å) and bond angles (°) of 1Pb

Bond Lengths/Å Bond pair Angles / ° Bond pair Angles / °

Pb1—N1 2.447 (15) N1—Pb1—N3 99.4 (5) I2—Pb3—I5iii 105.96 (3)

Pb1—N3 2.528 (15) N1—Pb1—N4 80.0 (6) I2—Pb3—I6 99.85 (4)

Pb1—N4 2.628 (17) N1—Pb1—N2 70.0 (7) Pb2—I3—Pb3ii 94.89 (3)

Pb1—N2 2.548 (17) N3—Pb1—N4 69.4 (6) Pb3—I3—Pb2 89.77 (3)

Pb2—I3 3.3028 (12) N3—Pb1—N2 68.6 (6) Pb3—I3—Pb3ii  95.22 (3)

Pb2—I1i 3.3314 (13) N2—Pb1—N4 122.4 (6) Pb2iii—I1—Pb2ii 92.69 (3)

Pb2—I5 3.1494 (13) I3—Pb2—I1ii 82.95 (3) Pb3—I1—Pb2 iii 84.08 (3)

Pb2—I4 3.0447 (13) I3—Pb2—I1i 80.41 (3) Pb3—I1—Pb2ii 96.79 (3)

Pb2—I6 3.1122 (14) I1i—Pb2—I1ii 87.31 (3) Pb2—I5—Pb3i 84.64 (3)

Pb3—I3 3.1099 (12) I5—Pb2—I3 170.10 (3) Pb2—I6—Pb3 90.75 (3)

Pb3—I3ii 3.3673 (12) I5—Pb2—I1ii 87.98 (3) C5—N1—Pb1 113.7 (15)

Pb3—I1 3.1806 (13) I5—Pb2—I1i 95.25 (3) C1—N3—Pb1 113.7 (11)

Pb3—I6 3.2474 (13) I4—Pb2—I3 98.33 (3) C6—N2—Pb1 117.3 (17)

Pb3—I2 3.1140 (13) I4—Pb2—I1i 95.26 (3) N3—C5—C6 108.9 (14)

N1—C5 1.46 (4) I4—Pb2—I1ii 177.28 (4) C6—N2—C2 117.2 (17)

N3—C1 1.50 (2) I4—Pb2—I5 90.89 (3) N3—C1—C3 110.7 (15)

N3—C4  1.41 (3) I4—Pb2—I6 87.10 (4) N2—C2—C5 113.8 (18)

N4—C3  1.47 (3) I4—Pb2—I3 88.68 (3) N4—C3—C1 111.4 (17)

N2—C2 1.48 (3) I3—Pb3—I3ii 84.78 (3) N3—C4—C6 112.0 (16)

N2—C6 1.43 (3) I3—Pb3— I1 93.43 (3) N1—C5—C2 109.1 (17)

C1—C3 1.513 (10) I3—Pb3—I5iii 162.51 (3) N2—C6—C4 109.8 (19)

C2—C5 1.52 (4) I3—Pb3—I6 89.72 (3) I1—Pb3—I6 171.44 (4)

C4—C6 1.55 (3) I3—Pb3—I2 89.72 (3) I5iii—Pb3—I3ii 80.54 (3)

I1—Pb3—I3ii  85.14 (3) I2—Pb3—I1 88.13 (3)

I1—Pb3—I5 iii 94.75 (3)

Symmetry codes: (i) x−1, y, z; (ii) −x+2, −y+1, −z+2; (iii) x+1, y, z



Table S3 Summary of selected bond lengths (Å) and bond angles (°) of 2Pb

Bond Lengths/Å Bond pair Angles / ° Bond pair Angles / °

Pb1—I1 3.2300 (13) I1i—Pb1—I1 176.98 (3) I8—Pb3—I4 92.80 (4)
Pb1—I1i 3.1859 (13) I1i—Pb1—I2 88.35 (4) I8—Pb3—I5 101.05 (4)
Pb1—I2 3.2243 (13) I1i—Pb1—I4 85.74 (3) I8—Pb3—I7 91.74 (4)
Pb1—I2ii 3.1785 (13) I1—Pb1—I4 93.81 (3) N2—Pb4—N1 68.6 (6)
Pb1—I4 3.2743 (14) I1i—Pb1—I7i 92.40 (3) N3—Pb4—N2 69.3 (5)
Pb1—I7i 3.2045 (13) I2ii—Pb1—I1i 88.62 (4) N3—Pb4—N4 87.3 (6)
Pb2—I2 3.3768 (14) I2—Pb1—I1 94.65 (4) N3—Pb4—N1 107.0 (6)
Pb2—I3 3.1318 (13) I2ii—Pb1—I1 88.38 (4) N4—Pb4—N2 120.8 (6)
Pb2—I4 3.3690 (14) I2ii—Pb1—I2 176.96 (3) N4—Pb4—N1 68.0 (5)
Pb2—I5 3.0784 (14) I2—Pb1—I4 91.55 (3) Pb1ii—I1—Pb1 91.51 (3)
Pb2—I6 3.0543 (14) I2ii—Pb1—I4 87.92 (3) Pb1i—I2—Pb2 93.10 (3)
Pb3—I3iii 3.2140 (13) I2ii—Pb1—I7i 91.70 (3) Pb2—I3—Pb3iv 94.97 (4)
Pb3—I4 3.2598 (14) I7i—Pb1—I4 178.11 (4) Pb1—I4—Pb2 89.81 (3)
Pb3—I5 3.2451 (14) I3—Pb2—I2 85.62 (3) Pb3—I4—Pb1 90.01 (3)
Pb3—I7 3.2637 (14) I3—Pb2—I4 167.99 (4) Pb3—I4—Pb2 86.26 (4)
Pb3—I8 3.0070 (14) I4—Pb2—I2 87.32 (3) Pb2—I5—Pb3 91.54 (4)
Pb4—N2 2.588 (15) I5—Pb2—I2 85.92 (3) Pb1ii—I7—Pb3 92.65 (3)
Pb4—N3 2.505 (15) I5—Pb2—I3 98.62 (4) N1—C2—C3 110.5 (19)
Pb4—N4 2.567 (17) I5—Pb2—I4 90.55 (4) N1—C1—C6 109.8 (18)
Pb4—N1 2.596 (19) I6—Pb2—I2 169.29 (4) C5—N2—Pb4 112.6 (12)
C2—C3 1.52 (3) I6—Pb2—I3 88.67 (4) C6—N2—Pb4 110.9 (13)
C2—N1 1.51 (2) I6—Pb2—I4 99.77 (4) C6—N2—C5 111.5 (17)
C1—C6 1.52 (3) I6—Pb2—I5 85.99 (4) N2—C5—C4 107.7 (19)
N2—C5 1.50 (3) I3iii—Pb3—I4 170.46 (4) C4—N3—Pb4 110.0 (12)
N2—C6 1.47 (3) I3iii—Pb3—I5 87.99 (4) N4—C3—C2 110 (2)
C5—C4 1.517 (10) I3iii—Pb3—I7 88.86 (3) N2—C6—C1 113.6 (16)
N3—C4 1.466 (10) I4—Pb3—I7 91.42 (4) C1—N1—C2 112.9 (17)
C3—N4 1.46 (3) I5—Pb3—I4 89.64 (3) C1—N1—Pb4 112.9 (13)

I5—Pb3—I7 167.10 (4) C2—N1—Pb4 113.0 (12

Symmetry codes: (i) −x+1/2, y−1/2, −z+1/2; (ii) −x+1/2, y+1/2, −z+1/2; (iii) x, y+1, z; (iv) x, 
y−1, z



Table S4 Potential hydrogen bonding data of compound 1Pb

D-H d(D-H) d(H…A) <DHA d(D...A) A

N1-H1A 0.900 2.919 153.44 3.746 I1 [ x-1, y, z]

N1-H1B 0.900 2.767 159.12 3.622 I6 [ -x+1, y-1/2, -z+3/2]

N3-H3 0.910 2.934 153.43 3.770 I5 [ -x, -y+1, -z+1]

N4-H4A 0.860 2.422 167.03 3.266 N1

N2-H2 0.910 3.294 118.48 3.813 I4

Table S5 Potential hydrogen data of compound 2Pb

D-H d(D-H) d(H…A) <DHA d(D…A) A

C2-H2B 0.970 3.279 125.11 3.918 I2 [ x+1/2, y+1/2, z]

N2-H2 0.980 3.249 154.56 4.155 I8 [ x+1, y-1, z]

N3-H3A 0.890 2.890 163.88 3.753 I1 [ x+1/2, y-1/2, z]

N3-H3B 0.890 3.261 122.67 3.816 I3 [ -x+1, -y+1, -z]

N4-H4A 0.890 3.085 123.68 3.654 I3 [ -x+1, -y+1, -z]

N4-H4A 0.890 3.167 144.59 3.926 I5 [ -x+1, -y+2, -z]

N4-H4B 0.890 3.276 119.21 3.791 I3 [ x+1/2, y+1/2, z]

C4-H4C 0.970 3.260 131.11 3.966 I6 [ -x+1, -y+1, -z]

C4-H4D 0.970 2.983 172.14 3.946 I2 [ x+1/2, y-1/2, z]

C6-H6A 0.970 3.178 128.22 3.855 I6 [ x+1, y, z]

N1-H1 0.980 3.080 146.99 3.938 I8 [ x+1, y, z]
 



Table S6 Photophysical properties of reported haloplumbate-based hybrids

Compds ex (nm) em (nm) CIE (ns) Ref

[H2BPP]Pb2Br6 394 524 (0.38, 0.48) 16.57 [6]

[H2BPP]Pb2Cl6 389 538 (0.33, 0.50) 2.7 [6]

NPM 2Pb3Br10 365 447/538 (0.33, 0.44) 4.21 [7]

(γ-MPAPB) 365 399/417/470 (0.22, 0.23) 2.52 [8]

[(Pb4Cl2) (ndc)4·A2]n 365 388 (0.25, 0.22) 0.73 [9]

[(Pb4Br2) (ndc)4·A2]n 365 393/684 (0.34, 0.29) 0.73 [9]

[(Pb4I2) (ndc)4·A2]n 365 390/684 (0.33, 0.28) 0.91 [9]

[H2BPP]  : 1,3-bis(4-pyridyl)-propane / NPM : N-propyl-morpholine / γ-MPAPB : γ-methoxy 
propyl amine)2PbBr4/ ndc : naphthalene dicarboxylate ; A : (CH3)3NH+ and (CH3)2NH2 +

Table S7 Comparaison of  photodetectors performances for 1Pb and 2Pb with others reported 
systems

Compounds D
Voltage 

(V)
Ilight 
(nA)

R 
(µA/W)

D 
(Jones)

EQE 
(%) Ref

1Pb 2D 0.7 636 7.04 6.4*106 2.39 This work

2Pb 2D 0.7 780 8.457 7.7*106 2.87 This work

PDBI 0D 1 194 1.14 1.9*106 0.4 [10]

{(Pb4Cl2)(ndc)4·[(CH3)3NH]2}n 1D - 380 - - - [9]

{[Pb(cbpy)2](I3)4·I2}n 2D 0.5 2600 - - - [11]

MAPbI3 3D 3 - 3.49*106 - 1.19*103 [12]

(C4H9NH3)2PbBr4 2D 0.5 - 2.1*108 - - [12]

(I-BA)2(MA)2Pb3I10 2D 30 1000 12.78 - - [13]

Boron 2D 0 - 91.7 1.6*108 - [14]

Cs3BiBr6 0D 6 - 25 6*108 0.008 [15]

Cs2AgBiBr6 3D 5 - 900 109 - [16]

PDBI: (1,3-propanediammonium)2Bi2I10·2H2O / ndc: naphthalene dicarboxylate / 

cbpy: 1-(3-carboxybenzyl)-4,4′-bipyridinium / MA: methylammonium / BA: butylammonium.



Figure S1. (a) Powder XRD patterns of 1Pb. (b) Powder XRD patterns of 2Pb.



     1Pb                                                         2Pb
Figure S2. Hirshfeld surfaces mapped with dnorm 1Pb (a) and (b) 2Pb (color coding: 

white, distance d equals VDW distance; blue, d exceeds VDW distance, red, d, smaller 

than VDW distance).

Figure S3. Two-dimensional finger print plots of 1Pb (a) and 2Pb (c). The population of 

close contact of 1Pb (b) and 2Pb (d) in crystal stacking.



        

Figure S4. The Tauc Plot for a direct band gap (a) and for indirect band gap (b) 
semiconductor of 1Pb and 2Pb.



Figure S5. (a) Band structure of 1Pb with SOC. (b) Band structure of 1Pb without SOC. (c-f) 
Partial density of states (PDOS) of compound 1Pb (inorganic part, organic part, Pb-s, Pb-p, 

and I-s, I-p).



Figure S6. (a) Band structure of 2Pb without SOC. (b-d) Partial density of states (PDOS) of 
compound 2Pb (organic part, Pb-s, Pb-p, Pb-d and I-s, I-p).



Figure S7. XRD patterns of 1Pb (a)  and 2Pb (b) thin films after storage in ambient 
temperature for 7 days (relative humidity of 55%) and after exposing to light for 24 hours. 



Figure S8. TGA curves of  1Pb and 2Pb
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