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Abstract: A new two-dimensional (2D) metal–organic
complex, [Pb(L)(I)(sba)0.5]2 (1, L = 2-(2,4-difluorophenyl)-
1H-imidazo[4,5-f][1,10]phenanthroline, H2sba = suberic
acid), was synthesized under hydrothermal conditions.
The single-crystal X-ray analysis indicates that the asym-
metric unit of complex 1 has a distorted [:PbIN2O2] octahe-
dral geometry. It is further extended by two π–π stacking
interactions and N–H⋯O hydrogen bonding to form and
stabilize 2D supramolecular layer.

Keywords: lead(II) complex, π–π stacking, supramole-
cular structure

Coordination complexes are a class of organic hybrid
crystalline functional materials that have been studied
extensively in recent years due to their intriguing mole-
cular structures and potential applications as functional
materials, such as gas adsorption, chemical separation,
chemical sensors, fluorescent probes, detection, cata-
lysis, and drug delivery (Andreo et al., 2018; Han et al.,
2019; Shao et al., 2020; Song et al., 2021; Zárate and
Martínez, 2021). In order to obtain coordination com-
plexes with ideal framework structure and functions,
many efforts have been devoted to the rational selection
of transition metals with oxidation state +2 and organic

N-containing ligands to assemble (Gao et al., 2021;
Pachisia and Gupta, 2020; Qi et al., 2003; Song et al.,
2021). In this regard, lead(II) is an ideal candidate for
the construction of unusual complexes due to its large
radius, unique lone-pair electrons, flexible coordination
environment, and variable stereochemical activity (Kowalik
et al., 2020; Li et al., 2012; Wang et al., 2010). In addition,
1,10-phenanthroline (phen) and its derivatives, as excellent
N-donor chelating ligands, have been widely used to con-
struct novel fascinating molecular architectures because
of their rigid planar and electron-poor heteroaromatic
system that can easily form π–π interactions (Li et al., 2021;
Venkatakrishnan et al., 2007). Thus, the one-dimensional
(1D) complexes have been extended to two-dimensional
(2D) or three-dimensional (3D) supramolecular structures.

Based on the aforementioned reasons, in this work,
we selected suberic acid (H2sba) as an organic linker and
2-(2,4-difluorophenyl)-1H-imidazo[4,5-f][1,10]phenan-
throline (L) as an N-donor chelating ligand, generating
a new dinuclear complex, namely [Pb(L)(I)(sba)0.5]2
(1, Scheme 1).

X-ray crystallographic analysis reveals that the asym-
metric unit of complex 1 contains one unique Pb(II) atom,
one L ligand, one iodide anion, and one half sba2− anion.
As shown in Figure 1, each Pb(II) is mainly coordinated by
two carboxylate oxygen atoms from one half bis-chelating
sba2− anion (Pb(1)–O(1) = 2.354(5), Pb(1)–O(2) = 2.627(5) Å),
one iodide anion (Pb(1)–I(1) = 3.2109(7) Å), and two
nitrogen atoms from one L ligand (Pb(1)–N(1) = 2.573(6),
Pb(1)–N(2) = 2.582(6) Å) in a distorted [:PbIN2O2] octahedral
geometry (Table 1). The nitrogen atom (N(1)), two O atoms
(O(1), O(2)), and the lone pair of electrons comprise the
basal plane of octahedral geometry, and the nitrogen atom
(N(2)) and the iodide anion (I(1)) are located in the axial
positions. The Pb–O and Pb–N distances are near to the
reported ones observed in other complexes [Pb(phen)(4-NB)
(CH3COO)] (phen = 1,10-phenanthroline, 4-NB = 4-nitro-
benzoate) and [Pb2(L2)2]n (H2L2 = 5-(pyridin-4-ylmethoxy)-
isophthalic acid) (Zhang et al., 2011, 2021). It is interesting
that adjacent Pb(II) atoms are bridged by sba2− anion to gen-
erate a dinuclear complex with a long Pb···Pb distance of
11.458Å (Figure 2). As shown in Figure 3, because of the
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presence of conjugated L ligands, adjacent [Pb(L)(I)(sba)0.5]2
dinuclear complexes are linked into a chain structure through
π–π stackings between the two phen rings of the L ligands
with the centroid-to-centroid distance of 3.547(3) Å, face-to-
face distance of 3.333(2)Å, and the dihedral angle between the

two planes of ca. 0.00(16)° (the two phen rings are composed
of N(1)/N(2)/C(1)–C(12) and N(1)vi/N(2)vi/C(1)vi–C(12)vi, respec-
tively; symmetry code: vi1 − x, 1 − y, 1 − z) (Figure 4). More
interestingly, another π–π stacking interaction has been
found. It is the aromatic π–π interaction between pyr-
idine rings and benzene rings of L ligands from neigh-
boring layers N(2)/C(6)–C(10), C(18)–C(23) at (−x + 2, −y

Scheme 1: Synthesis of complex 1.

Figure 1: View of the coordination environment of the Pb(II) atom of 1
(symmetric code: (i)−x + 1, −y + 1, −z).

Table 1: Selected bond lengths (Å) and angles (°) for complex 1

Pb(1)–N(1) 2.573(6)
Pb(1)–N(2) 2.582(6)
Pb(1)–O(1) 2.354(5)
Pb(1)–O(2) 2.6927(5)
Pb(1)–I(1) 3.2109(7)
O(1)–Pb(1)–I(1) 88.81(15)
N(1)–Pb(1)–I(1) 88.47(14)
N(1)–Pb(1)–O(1) 75.35(19)
N(2)–Pb(1)–I(1) 151.99(14)
N(2)–Pb(1)–O(1) 78.9(2)
N(1)–Pb(1)–N(2) 64.2(2)
O(2)–Pb(1)–I(1) 88.42(15)
O(1)–Pb(1)–O(2) 52.02(18)
N(1)–Pb(1)–O(2) 127.32(19)
N(2)–Pb(1)–O(2) 103.1(2)

Figure 2: View of the dinuclear structure of 1.
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+ 1, −z + 1), a centroid-to-centroid distance of 4.073(5) Å,
a face-to-face distance of 3.523(3) Å, a slippage distance
of 1.087 Å, and a dihedral angle of 17.8(4)o) (Figure 3).
When these interactions are taken into consideration,

the 1D chains turn into a 2D supramolecular layer (Figure 5).
Additionally, the N–H⋯Ohydrogen bond (N(3)–H(3A) = 0.86,
H(3A)⋯O(2)v = 2.00, N(3)⋯O(2)v = 2.798(8) Å, ∠N(3)–H(3A)
⋯O(2)v = 154.8°, symmetric codes: v1/2 + x, 1/2 − y, 1/2 + z)
further stabilizes the 2D supramolecular layer.

The infrared (IR) spectrum of 1 is shown in the
4,000–400 cm−1 region (Figure 6). The IR spectrum of 1
shows a broad band centered around 3,422 cm−1 attribu-
table to the N–H stretching frequency of the L ligand. The
peak at 1,639 cm−1 for 1 can be attributed to the stretching
vibrations of the carboxylate groups. The C–N and C]N
stretching vibrations of the L ligand are observed at 1,119
and 1,407 cm−1.

All calculations were carried out using the Gaussian09
program with the parameters of the molecular structure
from the experimental data of 1. Natural bond orbital
analysis (Reed et al., 1988) was performed by density
functional theory (Parr and Yang, 1989) with the B3LYP

Figure 3: View of the π–π interactions between the two phen rings
(green dotted line) and other π–π interactions between pyridine
rings and benzene rings (pink dotted line).

Figure 4: View of the 1D chain structure of 1 constructed by π–π interactions.

Figure 5: View of the 2D supramolecular layer structure of 1 formed by two π–π interactions.
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(Lee et al., 1988) hybrid functional and the LANL2DZ basis
set (Dunning and Hay, 1976).

As shown in Table 2, the electronic configurations of
Pb(II) ion, O atoms, N and iodide atoms are 6s1.896p0.647p0.01,
2s1.73,1.352p5.12–5.213p0.01, 2s1.36–1.382p4.20–4.243p0.02, and
5s1.965p5.78, respectively. Based on the aforementioned
results, one can conclude that the lone pair electrons
consisting of the 6s-character were located at the Pb
ions and occupied the coordination position, and other
can extrapolate that the Pb(II) ion coordination with O
and N atoms is mainly on the 6s and 6p orbitals. Iodide
atoms supply electrons of 5s and 5p to the Pb(II) ion and
form coordination bonds. O and N atoms form coordina-
tion bonds with the Pb(II) ion using 2s and 2p orbitals.
Therefore, the Pb(II) ion obtained some electrons from
iodide atoms, O atoms of sba2− anion, and N atoms of L
ligand. Thus, according to valence-bond theory the atomic
net charge distribution in the compound shows obvious
covalent interactions between the coordinated atoms and
Pb(II) ion.

As shown in Figure 7, the highest occupied molecular
orbital (HOMO) and lowest occupied molecular orbital

(LUMO) are mainly composed of the s orbital of Pb(II)
ion, p orbital of one I atom, and p orbitals of two O and
two N atoms coordinated with Pb(II) ion. The HOMO − 1 is
locatedmostly on the I atom and sba2− anion. The LUMO + 1
is mainly composed of the π orbital of the L ligand.

In summary, a novel 2D supramolecular complex
[Pb(L)(I)(sba)0.5]2 (1) has been successfully synthesized
and characterized under hydrothermal conditions. The
central Pb(II) ion in 1 is coordinated with five atoms,
forming distorted [:PbIN2O2] octahedral geometry. The
Pb(II) atoms are alternately bridged by sba2− anion to gen-
erate a dinuclear complex, affording a 1D chain structure
by π–π stacking interactions. These adjacent 1D chains are
glued together via the aromatic π–π interactions, leading
to a 2D supramolecular framework. Moreover, the N–H⋯O
hydrogen bonding further stabilizes the 2D supramole-
cular structure.

Experimental

All reagents and solvents used in the synthesis procedure
were bought from Shanghai Yiyan Biological Technology
Co. Ltd and Tianjin Yuzhou Chemical Sales Co. Ltd (China).

Figure 6: View of the IR spectrum of 1.

Table 2: Selected natural atomic charges and natural electron
configuration of 1

Atom Net charge Electron configuration

Pb(1) 1.183 [core]6s(1.89)6p(0.64)7p(0.01)
O(1) −0.684 [core]2s(1.73)2p(5.21)3p(0.01)
O(2) −0.604 [core]2s(1.73)2p(5.12)3p(0.01)
N(1) −0.414 [core]2s(1.36)2p(4.24)3p(0.02)
N(2) −0.411 [core]2s(1.38)2p(4.20)3p(0.02)
I(1) −0.648 [core]5s(1.96)5p(5.78)

Figure 7: View of the frontier molecular orbitals of 1.
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Elemental analyses of C, H, and N were performed using a
Perkin-Elmer 240 CHN elemental analyzer (Perkin Elmer,
North Waltham, USA). The IR spectrum was recorded
using an Alpha Centauri FTIR spectrophotometer (Mattson
Technology, USA).

Preparation of [Pb(L)(I)(sba)0.5]2 (1)

Reaction mixture of PbI2 (0.2mmol, 0.0922 g), L (0.1mmol,
0.0332 g), H2sba (0.2mmol, 0.0348 g), 1 mL of anhydrous
ethanol, and H2O (8mL) was adjusted to the pH value of
7.5 with 1mol·L−1 NaOH solution. The mixture was then
sealed into a 16mL Teflon-lined stainless-steel container
and heated at 180°C for 4 days, and then cooled down at a
rate of 5°C·h−1. Yellow block crystals were obtained in 46%
yield based on L. Analytical calculated for C46H32F4I2N8O4Pb2,
%: C, 36.71; H, 2.14; N, 7.45; found, %: C, 36.22; H, 2.10;
N, 7.31.

X-ray crystallography

The intensity data for the X-ray diffraction analysis of 1
were measured at 298 (2) K using a Bruker-AXS Smart
CCD diffractometer with graphite-monochromatized Mo-Kα

radiation (λ = 0.71073Å) using the ϕ and ω scan technique.
The structure was solved by direct methods using SIR2014
(Burla et al., 2015) and refined by a full-matrix least squares
technique on F2 using SHELXL2018/3 program (Sheldrick,
2015). All H atoms were found by generated calculations
with refining as riding, and the non-hydrogen atoms were
refined with anisotropic temperature parameters. Crystallo-
graphic characteristics and the X-ray data and structure-
refinement parameters of 1 are summarized in Table 1. The
crystallographic parameters and refinements are summar-
ized in Table 3.
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