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Four Pb(II) metal–organic frameworks with
increasing dimensions: structural diversities
by varying the ligands†

Fangna Dai,*a Weidong Fan,a Jiahui Bi,a Qian Zhang,a XiRui Zhang,a Tuo Liang,a

Xingyi Wang,a Bin Donga and Jing Gao*b

Three rigid, linear ligands, namely 20,50-dimethyl-[1,10:40,100-terphenyl]-4,400-dicarboxylic acid (H2L1), triphenyl-

6,60-dicarboxylic acid (H2L2), and 2,20-bipyridine-5,50-dicarboxylic acid (H2L3), were used for constructing

metal–organic frameworks (MOFs) with Pb(II). With a similar nature of solvent conditions (DMF/EtOH,

with different volumes’ rates), four structurally diverse MOFs, namely, [Pb(L1)(DMF)] 1, [Pb(L1)(DMF)] 2,

[Pb(L2)] 3, and [Pb3(L3)2(Cl�)2] 4, were synthesized and characterized by single-crystal X-ray diffraction,

thermogravimetric analysis, elemental analysis, and powder X-ray diffraction measurements. As the

numbers of the central benzene ring contained in the ligands changed from three to two, the length of

the ligands varied from 15.64 Å to 10.89 Å, and steric functional groups endowed the three ligands with

more variations, such as a 1D zigzag chain of 1, a 2D wave-like layer of 2, a 3D Pb–O–C-based layer of 3,

and a 3D Pb–O–Cl-based chain of 4. Solid-state photoluminescence studies were carried out for all the

complexes at room temperature.

Introduction

In the past few decades, great attention has been paid to metal–
organic frameworks (MOFs) as a consequence of their func-
tional properties.1 Recently, the design and study of transition
metal- and lanthanide-based MOFs2 have evolved enormously
because of their structural diversities and potential applications
in fields such as magnetism,3 luminescence,4 gas adsorption,5

optical sensing,6 catalysis,7 and so on.8

The MOFs are commonly prepared through connecting
transition/lanthanide metal ions with appropriate bridging
ligands.9 Due to the widespread use in industrial applications
of Pb, a toxic heavy metal, Pb(II) ions are commonly found.
However, as a main group element in the periodic table, Pb(II)
ions possess more sophisticated coordination preferences and
electronic properties, which brings more opportunities for
new structures with interesting characteristics.10 Therefore,
an indepth insight into the Pb(II) coordination properties,
including aspects such as the lone pair electrons, coordination

number, and coordination geometry, would be good for under-
standing the toxicological properties of Pb(II). In this regard,
some types of architectures assembled from Pb(II) centers with
aromatic carboxylates have been reported.11,12 Therefore, there is
great significance in continuing to explore new Pb(II) MOFs and
to developing their potential applications.13,14

As we know, the synthetic process is controlled by various
factors, such as the metal centers, organic ligands, pH, solvents,
temperature, and auxiliary ligands,15–17 of which the rational
selection of the ligands and metal ions in the right solvents are
important factors and can influence the crystal growth rate and
the final structures.18,19 In our attempt to investigate the design
and control of the self-assembly of MOFs with flexible or rigid
ligands, various complexes with interesting structures have
been successfully isolated.20 As a continuation of our work,
we designed a new series of symmetrically multidentate bridging
ligands (Scheme 1), namely 20,50-dimethyl-[1,10:40,100-terphenyl]-
4,400-dicarboxylic acid (H2L1), triphenyl-6,60-dicarboxylic acid
(H2L2), and 2,20-bipyridine-5,50-dicarboxylic acid (H2L3). In parti-
cular, as members of the benzenepolycarboxylic acid family,21

the above three dicarboxylate ligands, with different lengths and
steric functional groups, have attracted our research interest
owing to their excellent characteristics and performances, such as:
(I) possessing multi-functional carboxyl groups and N-containing
pyridine functional groups possessing high symmetry, which can
lead to rich coordination modes and the ability to form high-
dimensional structures; (II) possessing a six-membered ring that
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can act as p� � �p or hydrogen-bond acceptors or donors to form
supramolecular bonds to stabilize the coordination polymers; (III)
possessing methyl groups that can act as space hindrance groups
for the phenyl ring plane, making metal ions connect through
different directions, thus bringing forward new structures; (IV) as
the numbers of the central benzene ring contained in the ligands
can change from three to two, such that the length of the ligands
then varies from 15.64 Å to 10.89 Å, and the steric functional
groups endow the whole ligand with more variations.

In the present paper, by the self-assembly of those ligands
with Pb(II) ions, four MOFs, namely [Pb(L1)(DMF)] 1, [Pb(L1)(DMF)] 2,
[Pb(L2)] 3, and [Pb3(L3)2(Cl�)2] 4, with a 1D zigzag chain of 1, a
2D wave-like layer of 2, a 3D Pb–O–C-based layer of 3, and a 3D
Pb–O–Cl-based chain of 4, constructed from triphenyl or dipyridine
ring ligands are reported. As the structures of these new MOFs are
based on the different ligands, they exhibit remarkable diver-
sities and unique structural features. The TGA, powder X-ray

diffraction patterns and photoluminescence properties of 1–4
are also reported.

Materials and methods

H2L1,2 were synthesized using a Suzuki coupling approach,22

while H2L3 was commercially purchased. Powder X-ray diffrac-
tion experiments were measured with a Bruker AXS D8 Advance
instrument. The IR spectra were operated on a Nicolet 330 FTIR
Spectrometer in the range of 4000–400 cm�1. Thermogravimetric
experiments (TGA) were performed using a Perkin-Elmer TGA7
instrument. Photoluminescence spectra were recorded using
an F-280 fluorescence spectrophotometer. Elemental analyses
(C, H, and N) were carried out on a Perkin-Elmer 240 elemental
analyzer.

Crystal structure determinations

Crystallographic data for 1–4 were collected on an Agilent
SuperNova diffractometer with Mo-Ka (l = 0.71073 Å). All the
structures were solved by the direct method using the SHELXS
program of the SHELXTL package and refined by the full-matrix
least-squares method with SHELXL.23 The metal atoms in each
complex were located from the E-maps, while other non-
hydrogen atoms were located in successive difference Fourier
syntheses and refined with anisotropic thermal parameters on
F2. The organic hydrogen atoms were generated geometrically
(C–H: 0.96 Å). CCDC 1426075–1426078 (1–4) (Table 1).

Syntheses of the complexes

Synthesis of complex 1. H2L1 (6.9 mg, 0.02 mmol) and PbCl2

(11.0 mg, 0.04 mmol) were dissolved in 1.0 mL of mixed
solvents of DMF and EtOH (2 : 1, v/v) (Scheme 2). After 1 drop

Scheme 1 The dicarboxylate ligands involved in this study.

Table 1 Crystallographic data and structure refinement for complexes 1–4

Complex 1 2 3 4

Empirical formula C26H20NO5Pb C25H23NO5Pb C20H12O4Pb C24H12Cl2N4O8Pb3

Formula weight 633.49 624.63 523.49 1176.85
Temperature/K 293 293(2) 200 293(2)
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group Pnam I2/c I2/c C2/c
a/Å 8.9739(6) 16.7340(6) 7.7028(3) 19.6153(5)
b/Å 8.5841(6) 8.0020(2) 5.3856(2) 7.10613(16)
c/Å 30.686(3) 34.8764(9) 35.9661(15) 18.5113(4)
a/1 90.00 90.00 90 90.00
b/1 90.00 101.383(3) 95.458(4) 94.072(2)
g/1 90.00 90.00 90 90.00
Volume/Å3 2363.9(3) 4578.3(2) 1485.25(10) 2573.76(11)
Z 4 8 4 4
rcalc/mg mm�3 1.854 1.812 2.341 3.037
m/mm�1 7.179 7.406 11.383 19.843
F(000) 1272.0 2416.0 984.0 2112.0
Radiation MoKa (l = 0.71073) MoKa (l = 0.71073) MoKa (l = 0.71073) MoKa (l = 0.71073)
2y range for data collection 6.24 to 521 5.912 to 52.6861 6.828 to 57.8361 5.84 to 52.681
Reflections collected 5744 9829 5131 5451
Independent reflections 2101 [Rint = 0.0626,

Rsigma = 0.0857]
4664 [Rint = 0.0282,
Rsigma = 0.0425]

1742 [Rint = 0.0452,
Rsigma = 0.0523]

2623 [Rint = 0.0371,
Rsigma = 0.0520]

Data/restraints/parameters 2101/27/169 4664/467/420 1742/0/114 2623/0/186
Goodness-of-fit on F 2 1.004 1.048 1.078 1.063
Final R indexes [I 4= 2s(I)] R1 = 0.0446, wR2 = 0.0740 R1 = 0.0315, wR2 = 0.0568 R1 = 0.0268, wR2 = 0.0539 R1 = 0.0332, wR2 = 0.0650
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of perchloric acid was added, the resulting solution was sealed
in a glass tube, heated to 130 1C at a rate of 15 1C h�1, kept at
130 1C for 90 h, and then cooled to room temperature at a rate
of 15 1C h�1. The resulting colorless needle-shaped crystals of
1 were collected by filtration, washed several times with DMF
and EtOH, and dried in the air (yield: 25%). Elemental anal.
calcd for 1: C, 48.15; H, 3.55; N, 2.25%; found: C, 48.32; H,
3.75; N, 2.41%.

Synthesis of complex 2. H2L1 (6.9 mg, 0.02 mmol) and PbCl2

(11.0 mg, 0.04 mmol) were dissolved in 1.0 mL of mixed
solvents of DMF and EtOH (3 : 1, v/v), the resulting solution
was sealed in a glass tube, heated to 130 1C at a rate of 15 1C h�1,
kept at 130 1C for 90 h, and then cooled to room temperature at a
rate of 15 1C h�1. The resulting colorless needle-shaped crystals of
2 were collected by filtration, washed several times with DMF and
EtOH, and dried in the air (yield: 30%). Elemental anal. calcd for 2:
C, 49.25; H, 3.16; N, 2.21%; found: C, 48.03; H, 3.68; N, 2.24%.

Synthesis of complex 3. H2L2 (6.4 mg, 0.02 mmol) and PbCl2

(11.0 mg, 0.04 mmol) were dissolved in 1.0 mL of mixed
solvents of DMF and EtOH (3 : 1, v/v). After 1 drop of perchloric
acid was added, the resulting solution was sealed in a glass
tube, heated to 130 1C at a rate of 15 1C h�1, kept at 130 1C
for 90 h, and then cooled to room temperature at a rate of
15 1C h�1. The resulting colorless needle-shaped crystals of 3
were collected by filtration, washed several times with DMF and
EtOH, and dried in the air (yield: 29%). Elemental anal. calcd
for 3: C, 45.86; H, 2.31%; found: C, 45.04; H, 2.64%.

Synthesis of complex 4. H2L3 (4.9 mg, 0.02 mmol) and PbCl2

(11.0 mg, 0.04 mmol) were dissolved in 1.0 mL of mixed
solvents of DMF and EtOH (2 : 1, v/v). After 1 drop of perchloric
acid was added, the resulting solution was sealed in a glass
tube, heated to 130 1C at a rate of 15 1C h�1, kept at 130 1C for
90 h, and then cooled to room temperature at a rate of 15 1C h�1.
The resulting colorless needle-shaped crystals of 4 were collected
by filtration, washed several times with DMF and EtOH, and
dried in the air (yield: 45%). Elemental anal. calcd for 4: C, 24.49;
H, 1.03; N, 4.76%; found: C, 24.74; H, 1.31; N, 4.63%.

Results and discussion
1D zigzag chain of complex 1

Single-crystal X-ray diffraction revealed that complex 1 crystal-
lizes in the orthorhombic space group Pnam, and that the

asymmetric unit consists of half of one Pb2+ ion, half of one
L1 ligand, and half of one coordinated DMF molecule. There is
only half of complex in the asymmetry unit, but another half
part could be generated by an inversion center. The central
Pb2+ ion is five-coordinated by four oxygen atoms from two
L1 ligands and one oxygen atoms from the coordinated DMF
molecule, with an average Pb–O distance of 2.502 Å. Both
carboxylate groups of L1 are deprotonated during the reaction,
and adopt a bidentate chelating mode to chelate one Pb2+ ion
(Fig. 1a). The average dihedral angle between the side benzene
ring and the central benzene ring is 64.2641. The whole ligand
acts as a bridging linker to connect Pb2+ ions into a 1D zigzag
chain (Fig. 1b), in which all Pb2+ ions are exactly in a planar
arrangement, with the coordinated DMF molecules hanging
in the vertical opposite direction of the plane. The 1D zigzag
chains are connected into 3D structures by weak C–H� � �O
intramolecular H-bonds (3.144 Å and 3.603 Å) (Fig. 1c).

2D wave-like layer of complex 2

Single-crystal X-ray diffraction revealed that complex 2 crystal-
lizes in the monoclinic space group I2/c, and that the asymmetric
unit consists of one Pb2+ ion, one L1 ligand, and one coordinated
DMF molecule. The Pb2+ ion is five-coordinated by six oxygen
atoms from four L1 ligands, and one oxygen atom from the
coordinated DMF molecule, with an average Pb–O distance of
2.538 Å. Both carboxylate groups of L1 are deprotonated during
the reaction, and adopt a tridentate bridging chelating mode to
connect Pb2+ ions (Fig. 2a). The average dihedral angle between
the side benzene rings and the central benzene ring is 56.4291
and 52.6711, respectively, as shown in Fig. 2a. The Pb2+ ions are
connected by the oxygen atoms from the L1 ligands to form
infinite Pb–O–Pb second building units (SBUs) (Fig. 2b), and the
whole ligand acts as a bridging linker to connect Pb ions into a

Scheme 2 The solvent conditions involved in this study.

Fig. 1 (a) Chelating mode of L1; (b) and (c) 1D zigzag chain and 3D
structure of 1.
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2D wave-like layer containing a 34-membered ring (Fig. 2b).
The 2D wave-like layers are further connected into 3D (Fig. 2c)
structures by weak C–H� � �O intramolecular H-bonds (3.376 Å).

3D porous structures of complexes 3 and 4

Single-crystal X-ray diffraction revealed that complex 3 crystal-
lizes in the monoclinic space group I2/c, and that the asym-
metric unit of 3 consists of half of one Pb2+ ion and half of
one L2 ligand. The Pb2+ ion, which lies in a 2-fold axis, is six-
coordinated by six oxygen atoms from six L2 ligands, with an
average Pb–O distance of 2.548 Å. Both carboxylate groups of L2

are deprotonated during the reaction, and adopt a tridentate
bridging chelating mode to connect Pb2+ ions (Fig. 3a), which is
the same as in complex 2. The average dihedral angle between
the side benzene ring and the central benzene ring is 4.1481,
much smaller than that for complexes 1 and 2 obviously.
The Pb2+ ions are connected by the oxygen atoms from the L2

ligands to form an infinite Pb–O–Pb layer (Fig. 3b and c), and
the whole ligand acts as a bridging linker to connect the 2D Pb
layers into a 3D structure (Fig. 3d).

Single-crystal X-ray diffraction revealed that complex 4 crys-
tallizes in the monoclinic space group C2/c, and that the
asymmetric unit consists of one and a half Pb2+ ions, one L3

ligand, and one coordinated Cl�. The central Pb1 ion is seven-
coordinated by four oxygen atoms from three L3 ligands, one
coordinated Cl�, and two nitrogen atoms from a fourth L3

ligand, with an average Pb–O distance of 2.778 Å, Pb–Cl
distance of 2.738 Å, and Pb–N distance of 2.652 Å. Pb2 is
eight-coordinated by six oxygen atoms from four L3 ligands
and two coordinated Cl�, with an average Pb–O distance of
2.664 Å and Pb–Cl distance of 2.981 Å. Thus, the Pb2+ ions are
connected by oxygen atoms and Cl� to form infinite Pb–O–Cl
SBUs (Fig. 4b). Both carboxylate groups of H2L3 are deprotonated
during the reaction, of which one adopts a tridentate bridging
chelating mode and the other one adopts a four-dentate bridging
chelating mode to connect Pb2+ ions. The nitrogen atoms from
the L3 ligand adopts a bidentate chelating mode to chelate one
Pb2+ ion (Fig. 4a). The dihedral angle between the two benzene
rings is 3.6781, which means they are nearly coplanar to each
other. The whole ligand acts as a bridging linker to connect the
Pb–O–Cl SBUs into a 3D structure (Fig. 4c). It is worth noting
that there are weak intramolecular C5–H� � �Cl1 (3.746 Å) and
C8–H� � �Cl1 (3.611 Å) bonds in complex 4.

X-ray powder diffraction analyses, IR spectra, thermal analyses
and luminescent properties

Once isolated, all of the complexes were stable in air and
insoluble in common organic solvents and water. PXRD was
used to check the purity of the samples in the solid state. The
measured PXRD patterns of the four complexes highly matched
the simulated ones generated from the results of the single-
crystal diffraction data by the Mercury program, indicating
they were all pure products (Fig. S1, ESI†). The IR spectra of
complexes 1–4 show sharp bands in the ranges of 1700–1550
and 1400–1300 cm�1, which are due to the asymmetric and
symmetric stretching vibrations of the carboxylate groups,
respectively.24 Broad peaks in the range of 3363–3465 cm�1

for the spectra of the ligand can be attributed to the vibration of
O–H from carboxyl, while for the spectra of the two complexes,

Fig. 2 (a) Coordination mode of L1; (b) and (c) 2D wave-like layer and 3D
structures of 2, respectively.

Fig. 3 (a) Coordination mode of L2; (b) 2D Pb–O–Pb layer of 3; (c) and (d)
simplifications of the 2D Pb–O–Pb layer and 3D structure of 3.

Fig. 4 (a) Coordination mode of L3; (b) and (c) Pb–O–Cl SBUs and 3D
structures of 4.
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they can be ascribed to O–H stretch of lattice and uncoordi-
nated ethanol molecules.25 These results were also established
by single-crystal analysis (Fig. S2, ESI†).

The thermogravimetric analysis (TGA) experiments were per-
formed in a N2 atmosphere with a heating rate of 10 1C min�1 on
polycrystalline samples of complexes 1–4. The TGA curves are
shown in Fig. 5. For complex 1, from 25 to 290 1C, the weight
loss of 11.65% is equivalent to the loss of coordinated DMF
molecules (calculated: 11.7%). Upon further heating, 1 starts to
decompose. For complex 2, from 25 to 330 1C, the weight loss of
11.78% is attribulated to the loss of coordinated DMF molecules
(calculated: 11.7%); upon further heating, 2 starts to decompose.
For complex 3, the gradual weight loss from 50 to 120 1C is in
accordance with the loss of surface uncoordinated ethanol
molecules. 3 could be stable up to 400 1C, after that, the
decomposition starts. The TGA curve of complex 4 shows it
could be stable up to 370 1C, after that, the framework starts to
decompose. It is notable that the higher thermal stabilities of
complexes 3 and 4 could be attributed to the 2D layer Pb–O–Pb
SBUs of 3 and Pb–O–Cl SBUs of 4, respectively, which is in line
with the previous published reports that the SBUs could
enhance the stability of MOF structures.26

MOFs always show varied luminescent properties, leading
to their potential applications in photochemistry, chemical
sensors, and electroluminescent displays. Compared to traditional
transition or lanthanide metals, d10 transition metal complexes
are usually promising candidates to exhibit photoluminescent
properties,27 and the emission wavelength and luminescent
theory are always affected by the coordination modes of the
organic ligands and metals.28

In the present work, the solid-state photoluminescent spectra
of H2L1–3, and complexes 1–4 were measured at room tempera-
ture (Fig. 6). The H2L1 ligand displays photoluminescence with
emission maxima at 404 nm (lex = 408 and 350 nm), which can
be presumed to relate to the p* - n or p* - p transitions.29 The
emission band shows a lesser blue-shift to 398 nm (lex = 330 nm)
for 1, and a lesser red-shift to 411 nm (lex = 350 nm) for 2 in
comparison with those of H2L1 ligand. The H2L2 ligand displays
photoluminescence with emission maximum at 409 nm and

426 nm (lex = 347). It should be noted that the emission peaks
become a single peak and the maximum peaks are at 414 nm
(lex = 352 nm) for 3. Complex 4 maintains a similar shape
compared with that of the H2L3 ligand, which displays photo-
luminescence, with an emission maxima at 460 nm (lex = 330 nm),
while the maximum peaks are at 463 nm (lex = 330 nm) for 4.
We can see that all the photoluminescence of the four complexes
maintain a similar shape and are changed little compared to
their starting ligands. The emission of the complexes can be
attributed to ligand-to-metal charge transfer (LMCT) between the
delocalized p-bond of the carboxylate groups and p orbitals of
the Pb(II) centers.30

Effects of the H2L1–3 ligand on the dimensions of the MOFs

It is well-known that the dihedral angles come from rotation of
the C–C bonds to match the requirements of coordination.30

For L1–3 ligands, in addition to the different lengths (from 15.64 Å
to 10.89 Å) caused by the different numbers of contained aromatic
rings, there exist different coordination modes and dihedral
angles of the aromatic rings. In complexes 1–4, the carboxylic
groups adopt different coordinate modes: m2: Z1: Z1: Z1: Z1 for 1,
m4: Z1: Z2: Z2: Z1 for 2, m6: Z1: Z2: Z1: Z2 for 3 and m5: Z1: Z1:
Z1: Z1: Z1: Z2 for 4. The dihedral angle between the side benzene
ring and the central benzene ring varied from 64.2641 in complex
1 to 59.9041 and 52.1561 in complex 2, which correspond to
a 1D layer structure for 1 and a 2D wave-like structure for 2.
In complex 3, the dihedral angle between the side benzene ring
and the central benzene ring is 4.1521, which is obviously
smaller than that in complexes 1 and 2, and the coordination
modes are more open in complex 3 than that in complexes 1
and 2, leading to 3D structures for 3. The average dihedral
angle between two pyridine rings is 1.3021, and there are two
more coordination sites in complex 4, leading to a 3D structure.
The coordination of Cl� anions to Pb(II) may be responsible for
the quite small dihedral angle. As every ligand connects to six
or five metal ions, they are more thermally stable for complexes
3 and 4. In other words, the coordination modes of the ligands
significantly affect the number of coordinated oxygen atomsFig. 5 TGA curves of 1–4.

Fig. 6 Solid-state photoluminescent spectra of H2L1–3 and complexes 1–4.
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around the metal ion, which further results in the structural
diversity of the final structures and thermal stability. In addition,
for 1–4, they were prepared under the same hydro(solvo)thermal
condition except with different solvent conditions (DMF : EtOH,
v : v = 3 : 1–2 : 1). However, the resultant structures are absolutely
different, which further proves the important role of the solvent
conditions in modulating the final structural motifs.

Conclusions

In summary, four Pb-MOFs based on three rigid, linear ligands
were obtained and characterized by elemental analysis, single-
crystal X-ray crystallography, powder X-ray diffraction, infrared
spectroscopy, and thermogravimetric analyses. As the number
of central benzene rings contained in the ligands changed from
three to two, the length of the ligands varies from 15.64 Å to
10.89 Å and steric functional groups endow the whole ligand
with variations. There are a 1D zigzag chain of 1, a 2D wave-like
layer of 2, a 3D Pb–O–C-based layer of 3, and a Pb–O–Cl-based
chain of 4. Solid-state photoluminescence studies were carried out
for all of the complexes in the solid state at room temperature.
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