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’ INTRODUCTION

Metal phosphonate compounds with unusual structures and
properties are attracting increasing attention not only for their
interesting molecular topologies but also for their potential
applications as functional materials in the areas of catalysis, ion
exchange, proton conductivity, intercalation chemistry, photo-
chemistry, and materials chemistry.1

Therefore, the rational design and assembly of novel metal
phosphonates with the intriguing diversity of the architectures
and properties has become a particularly important subject.2 The
key factor is the selection of multifunctional phosphonic acid
ligands for assembling metal ions to fabricate a desired frame-
work. Much work of metal phosphonates has shown that the use
of bi- and multifunctional phosphonic acids containing �NH2,
�OH, and�COOH subfunctional groups may not only result in
new structural types of metal phosphonates but also bring interest-
ing properties. In recent years, a number of metal phosphonate
frameworks with additional functionality have been reported.3 By
attaching functional groups such as amine, hydroxyl, and carbox-
ylate groups to the phosphonic acid, a series of metal phospho-
nates with a framework structure have also been isolated in our
laboratory.4 Recently, many research activities have concerned

with the synthesis of hybrid frameworks by incorporating a
second organic ligands such as oxalate, carboxylic acid, sulfonic
acids, 2, 20-bipyridine, 4, 40-bipyridine, or 1, 10-phenanthroline
into the structures of metal phosphonates.5 Results from ours
and other groups indicate that the introduction of a second ligand
has been found to be an effective synthetic method in the syn-
thesis of metal phosphonates, since these molecules can act as
pillars between neighboring layers or be grafted into the inor-
ganic layer to form new hybrid architectures.6 Although great
efforts have been made in the construction of hybrid frameworks
by introducing an acidic metal linker into the structures of metal
phosphonates, very few compounds are concerned with the use
of rigid aromatic carboxylic acids forming part of the structure
with phosphonate groups.7 More recently, two new Zn(II) and
Cd(II) phosphonates with a 3D framework structure have been
obtained by our group by using the 1,4-benzenedicarboxylic acid
(H2bdc) as the second organic ligand.8 The chelating effect of
aromatic carboxylic acids usually leads to metal phosphonates
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ABSTRACT: By introduction of three differently structured
rigid aromatic carboxylic acids as second organic ligands, three
novel lead(II) carboxyphosphonates with 3D framework struc-
tures, namely, [Pb4(HL)(bts)2(H2O)] 3 2H2O (1), [Pb4(HL)-
(L)(bdc)1.5] 3 2H2O (2), and [Pb3(HL)2(Hssc)] 3 2H2O (3)
(H3L=H2O3PCH2�NC5H9�COOH,NaH2bts =NaO3SC6H3-
(COOH)2,H2bdc=HOOCC6H4COOH,H3ssc =HOOCC6H3-
(SO3H)(OH)), have been synthesized under hydrothermal con-
ditions and structurally characterized. The structure of compound
1 features a 3D network built by the cross-linking of 1D double
chains of lead(II) phosphonates and 2D layers of lead(II)
carboxylate-sulfonate. Compound 2 exhibits a 3D structure built
up from PbII polyhedra, carboxyphosphonates, and bdc2� ions.
The structure of compound 3 can be described as a 3D framework type. The Pb(1)O6, Pb(2)O4, Pb(3)O5, and CPO3 polyhedra are
interconnected to form infinite double chain and the second linkers are hung in this chain, which is further connected to adjacent
chains through carboxyphosphonate ligands to form a 3D framework structure. The luminescence properties of compounds 1�3
have also been studied.
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with higher dimensionalities. Their relatively rigid structures and
the π-conjugated character are more useful to produce coordina-
tion polymers with active photoluminescent properties. In the
present paper, by employing carboxyphosphonic acid,H2O3PCH2�
NC5H9�COOH (H3L) as the phosphonate ligands and three
differently structured rigid aromatic carboxylic acids such as
5-sulfoisophthalic acid monosodium salt (NaH2bts), 1,4-benze-
nedicarboxylic acid (H2bdc), and 5-sulfosalicylic acid (H3ssc) as
the second metal linkers, we have successfully prepared three
novel lead carboxyphosphonate hybrids with a 3D framework
structures, namely, [Pb4(HL)(bts)2(H2O)] 32H2O (1), [Pb4(HL)-
(L)(bdc)1.5] 32H2O (2), and [Pb3(HL)2(Hssc)] 32H2O (3) The
luminescence properties of compounds 1�3 have also been studied.

’EXPERIMENTAL SECTION

Materials andMethods.The carboxyphosphonic acid,H2O3PCH2�
NC5H9�COOH (H3L) was prepared by a Mannich-type reaction accord-
ing to procedures described previously.9 All other chemicals were used as
obtainedwithout further purification. C,H, andNwere determined by using
a PE-2400 elemental analyzer. P and Pb were determined by using an
inductively coupled plasma (ICP) atomic absorption spectrometer. IR
spectra were recorded on a Bruker AXS TENSOR-27 FT-IR spectrometer
with KBr pellets in the range of 4000�400 cm�1. The X-ray powder diffrac-
tion data was collected on a Bruker AXS D8 Advance diffractometer using
Cu Kα radiation (λ = 1.5418 Å) in the 2θ range of 5�60� with a step size
of 0.02� and a scanning rate of 3�/min. Thermogravimetric (TG) analyses
were performed on a Perkin�Elmer Pyris Diamond TG-DTA thermal
analyses system in static air with a heating rate of 10 K min�1 from 50 to
900 �C. The luminescence spectra were reported on a HITACHI F-4600
spectrofluorimeter (solid).
Synthesis of [Pb4(HL)(bts)2(H2O)] 3 2H2O (1). A mixture of Pb-

(Ac)2 3 3H2O (0.29 g, 0.75 mmol), H3L (0.07 g, 0.25 mmol), and
NaH2bts (0.14 g, 0.5 mmol) was dissolved in 10 mL of distilled water.
The resulting solution was stirred for about 1 h at room temperature,
sealed in a 20-mL Teflon-lined stainless steel autoclave, and heated at
140 �C for 3 days under autogenous pressure. After the mixture was
cooled slowly to room temperature, the colorless block crystals were
obtained in ca. 33.6% yield based on Pb. Initial pH 3.5. Final pH 4.0.
Anal. Calcd for C23H24NO22PPb4S2: C, 17.37; H, 1.52; N, 0.88; P, 1.95;
Pb, 52.11. Found: C, 17.32; H, 1.58; N, 0.83; P, 1.91; Pb, 52.18%. IR
(KBr, cm�1): 3371 m, 3070 m, 2930 w, 2844 w, 1605 s, 1540 s, 1443 s,
1357 s, 1206 s, 1153 s, 1031 s, 965 s, 725 s, 626 s, 551 m, 435 m.
Synthesis of [Pb4(HL)(L)(bdc)1.5] 3 2H2O (2). A mixture of Pb(NO3)2

(0.17 g, 0.5mmol), H3L (0.39 g, 1.5mmol), andH2bdc (0.32 g, 2mmol)
was dissolved in 8.0 mL of deionized water. The pH value was adjusted
to 4.0 by adding 2 M aqueous NaOH dropwise. The resulting solution
was stirred for about 1 h at room temperature, sealed in a 20-mL Teflon-
lined stainless steel autoclave, and heated at 180 �C for 3 days under
autogenous pressure. After the mixture was cooled slowly to room tem-
perature, the colorless block crystals were obtained in ca. 52.6% yield based
on Pb. Initial pH 4.0. Final pH 4.5. Anal. Calcd for C26H33N2O18P2Pb4: C,
20.12; H, 2.14; N, 1.80; P, 3.99; Pb, 53.39. Found: C, 20.18; H, 2.08; N,
1.75; P, 3.92; Pb, 53.48%. IR (KBr, cm�1): 3423m, 3040w, 2940w, 1543 s,
1380 s, 1104 s, 1056 s, 965 s, 824 m, 750 m, 621 w, 543 s, 450 w.
Synthesis of [Pb3(HL)2(Hssc)] 3 2H2O (3). Amixture of Pb(Ac)2 3 3H2O

(0.30 g, 0.75 mmol), H3L (0.14 g, 0.5 mmol), and H3ssc (0.13 g, 0.5
mmol) was dissolved in 10.0 mL of deionized water. The pH value was
adjusted to 4.0 by adding 2 M aqueous NaOH dropwise. The resulting
solution was stirred for about 1 h at room temperature, sealed in a 20-mL
Teflon-lined stainless steel autoclave, and heated at 180 �C for 3 days
under autogenous pressure. After the mixture was cooled slowly to room
temperature, the colorless block crystals were obtained in ca. 45.5%

yield based on Pb. Initial pH 4.0. Final pH 4.5. Anal. Calcd for
C21H32N2O18P2Pb3S: C, 19.16; H, 2.45; N, 2.13; P, 4.71; Pb, 47.23.
Found: C, 19.11; H, 2.40; N, 2.18; P, 4.65; Pb, 47.28%. IR (KBr, cm�1):
3459 s, 3133 w, 3003 w, 2947 w, 2733 w,1568 s, 1434 s, 1328 m, 1263 m,
1217 w, 1179 w, 1086 s, 966 s, 742 m, 671 m, 598 s, 550 s, 477 w .
X-ray Crystallography. Data collections for compounds 1�3

were performed on the Bruker AXS Smart APEX II CCD X diffract-
ometer equipped with graphite monochromated Mo Kα radiation
(λ = 0.71073 Å) at 293 ( 2 K. An empirical absorption correction
was applied using the SADABS program. The structures were solved by
direct methods and refined by full matrix least-squares on F2 by using the
programs SHELXS-97.10 All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms except those for water molecules were
generated geometrically with fixed isotropic thermal parameters, and
included in the structure factor calculations. Hydrogen atoms for water
molecules were not included in the refinement. Details of crystal-
lographic data of compounds 1�3 are summarized in Table 1. Selected
bond distances and angles of compounds 1�3 are listed in Tables 2,�4.
Hydrogen bonds for compounds 1 and 3 are listed in Table 5.

’RESULTS AND DISCUSSION

Syntheses. Three novel lead(II) carboxyphosphonates with
different types of 3D framework structures have been synthesized
under hydrothermal conditions, using H2O3PCH2�NC5H9�
COOH (H3L) as the phosphonate ligand and three differently
structured rigid aromatic carboxylic acids such as 5-sulfoisophtha-
lic acidmonosodium salt (NaH2bts), 1,4-benzenedicarboxylic acid
(H2bdc), and 5-sulfosalicylic acid (H3ssc) as the second ligands.
With the aim to obtain pure phase materials we try to adjust the
synthetic conditions of compounds 1�3. It is found that themolar
ratio of starting materials plays a key role in the formation of three
compounds. Larger crystals of compound 1 were obtained in
regions with the molar ratio Pb2+/H3L/NaH2bts = 3:1:2. Com-
pound 2 was obtained as larger crystals with the molar ratio Pb2+/
H3L/H2bdc = 1:3:4, whereas microcrystalline powder was mainly
obtained with the molar ratio Pb2+/H3L/H2bdc = 4:1:1.5. The
best crystallinity of compound 3was isolated with the molar ratio
Pb2+/H3L/H3ssc = 3:2:2. In addition, the pH value was very

Table 1. Crystal Data and Structure Refinement for 1�3

compounds 1 2 3

Fw 1590.28 1552.24 1316.06

color and habit colorless, block colorless, block colorless, block

space group P�1 P�1 P2(1)/c

a (Å) 10.2666(13) 11.727(3) 10.8620(11)

b (Å) 10.3149(13) 12.652(3) 21.225(2)

c (Å) 17.344(2) 13.879(3) 13.8575(14)

α (deg) 90.127(2) 95.064(3) 90

β (deg) 94.382(2) 105.759(3) 96.1050(10)

γ (deg) 117.484(2) 104.946(3) 90

V (Å3) 1623.2(4) 1886.9(7) 3176.7(6)

Z 2 2 4

T (K) 293 293 293

λ (Å) 0.71073 0.71073 0.71073

Dc (g cm
�3) 3.254 2.732 2.752

μ (mm�1) 20.957 17.952 16.110

R1, wR2 (for I > 2σ(I))a 0.0438, 0.0940 0.0558, 0.1358 0.0480, 0.0936

R1, wR2 (for all data) 0.0636, 0.1027 0.0883, 0.1551 0.0867, 0.1099
a R1 = Σ(|F0|�|FC|)/Σ|F0|, wR2 = [Σw(|F0|�|FC|)

2/ΣwF0
2]1/2.
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important for the formation of suitable single crystals for X-ray
diffraction. NaOH was added into the reaction system in the
form of solution, which was employed as the inorganic base to
adjust the pH of the reaction mixture. The initial and final pH
values of the resultant solution are about 3.5 and 4.0 for com-
pound 1 and 4.0 and 4.5 for compounds 2 and 3, respectively.
The powder X-ray diffraction patterns (PXRD) of compounds
1�3 all match those simulated from single-crystal X-ray data
(Figures S7�S9 of Supporting Information).
Crystal Structures of [Pb4(HL)(bts)2(H2O)] 3 2H2O (1).

Compound 1 crystallizes in the triclinic space group P�1. The

structure of compound 1 features a complicated 3D network.
The asymmetric unit of compound 1 contains four crystallogra-
phically unique Pb(II) ions, one HL2� anion, two bts3� anions,
one coordinated water molecule, and two lattice water molecules.

Table 3. Selected BondDistances (Å) and Angles (deg) for 2a

distances (Å)

Pb(1)�O(2)#1 2.278(12) Pb(3)�O(10)#6 2.755(12)

Pb(1)�O(9)#2 2.334(13) Pb(4)�O(15) 2.351(14)

Pb(1)�O(13)#3 2.479(13) Pb(4)�O(12)#6 2.375(12)

Pb(1)�O(1) 2.529(11) Pb(4)�O(10) 2.391(10)

Pb(2)�O(3)#4 2.277(11) P(1)�O(3) 1.508(11)

Pb(2)�O(6) 2.412(12) P(1)�O(1) 1.517(11)

Pb(2)�O(5) 2.577(15) P(1)�O(2) 1.534(12)

Pb(2)�O(8)#5 2.746(15) P(1)�C(1) 1.828(17)

Pb(3)�O(11) 2.315(11) P(2)�O(11) 1.515(12)

Pb(3)�O(16)#6 2.476(12) P(2)�O(12) 1.516(12)

Pb(3)�O(14)#7 2.479(14) P(2)�O(10) 1.536(10)

Pb(3)�O(4) 2.620(12) P(2)�C(16) 1.815(17)

angles (deg)

O(9)#2�Pb(1)�O(1) 110.6(5) O(11)�Pb(3)�O(16)#6 107.0(5)

O(4)�Pb(3)�O(10)#6 116.2(4) O(15)�Pb(4)�O(12)#6 87.7(4)
a Symmetry transformations used to generate equivalent atoms. For 2:
#1,�x + 3,�y + 1,�z + 1; #2,�x + 3,�y + 2,�z + 1; #3, x + 1, y + 1, z +
1; #4,�x + 2,�y + 1,�z + 1; #5,�x + 2,�y + 2,�z + 1; #6,�x + 1,�y
+ 1, �z; #7, �x + 1, �y, �z.

Table 2. Selected BondDistances (Å) and Angles (deg) for 1a

distances (Å)

Pb(1)�O(12)#1 2.541(8) Pb(3)�O(2) 2.364(8)

Pb(1)�O(9)#2 2.552(8) Pb(3)�O(19) 2.417(7)

Pb(1)�O(16) 2.567(8) Pb(3)�O(18) 2.677(8)

Pb(1)�O(17)#3 2.570(8) Pb(4)�O(1) 2.364(8)

Pb(1)�O(17) 2.606(9) Pb(4)�O(4)#7 2.378(8)

Pb(1)�O(6)#4 2.609(8) Pb(4)�O(3)#6 2.597(7)

Pb(1)�O(7) 2.695(7) Pb(4)�O(20) 2.616(9)

Pb(2)�O(10)#5 2.394(7) Pb(4)�O(5)#7 2.706(8)

Pb(2)�O(11) 2.458(8) P(1)�O(1) 1.506(8)

Pb(2)�O(7)#1 2.533(8) P(1)�O(2) 1.520(8)

Pb(2)�O(12) 2.743(8) P(1)�O(3) 1.520(7)

Pb(3)�O(3)#6 2.360(8) P(1)�C(1) 1.836(13)

angles (deg)

O(12)#1�Pb(1)�O(9)#2 161.6(3) O(10)#5�Pb(2)�O(12) 125.3(3)

O(2)�Pb(3)�O(18) 121.5(3) O(1)�Pb(4)�O(5)#7 119.9(3)
a Symmetry transformations used to generate equivalent atoms. For 1:
#1,�x + 1,�y + 1,�z + 1; #2, x, y� 1, z; #3,�x + 1,�y,�z + 1; #4,�x,
�y, �z + 1; #5, x + 1, y, z; #6, �x + 2, �y, �z; #7, �x + 3, �y, �z.

Table 4. Selected BondDistances (Å) and Angles (deg) for 3a

distances (Å)

Pb(1)�O(5)#1 2.546(9) Pb(3)�O(10)#5 2.427(9)

Pb(1)�O(2) 2.574(8) Pb(3)�O(15) 2.630(11)

Pb(1)�O(9)#2 2.601(9) Pb(3)�O(6)#6 2.631(8)

Pb(1)�O(1)#3 2.612(8) Pb(3)�O(3) 2.730(8)

Pb(1)�O(8)#4 2.624(8) P(1)�O(1) 1.518(8)

Pb(1)�O(4)#1 2.637(9) P(1)�O(3) 1.514(9)

Pb(2)�O(3) 2.400(9) P(1)�O(2) 1.518(8)

Pb(2)�O(4)#1 2.456(10) P(1)�C(1) 1.821(11)

Pb(2)�O(1)#3 2.652(8) P(2)�O(8) 1.493(9)

Pb(2)�O(13)#1 2.787(14) P(2)�O(6) 1.521(9)

Pb(2)�O(2)#3 2.746(8) P(2)�O(7) 1.537(9)

Pb(3)�O(7) 2.298(9) P(2)�C(8) 1.852(12)

angles (deg)

O(2)�Pb(1)�O(8)#4 124.7(3) O(4)#1�Pb(2)�O(2)#3 115.7(3)

O(7)�Pb(3)�O(6)#6 100.4(3)
a Symmetry transformations used to generate equivalent atoms. For 3:
#1, x,�y + 1/2, z� 1/2; #2, x + 1,�y + 1/2, z +

1/2; #3,�x + 2,�y,�z +
1; #4, x + 1, y, z; #5, x, �y + 1/2, z +

1/2; #6, �x + 1, �y, �z + 1.

Table 5. Hydrogen Bonds for Compounds 1 and 3

D�H 3 3 3A
D(D�H)/

Å

d(H 3 3 3A)/
Å

D�H�A/

deg

d(D 3 3 3A)/
Å

compound 1

O20�H20B 3 3 3O1W 0.85 2.23 122.9 2.788(18)

O20�H20A 3 3 3O15 0.85 2.04 144.0 2.777(12)

O1W�H1WA 3 3 3O2 0.85 2.32 149.8 3.080(16)

O2W�H2WB 3 3 3O16 0.85 2.07 144.6 2.804(13)

compound 3

O1W�H1WB 3 3 3O14 0.85 2.10 134.0 2.761(18)

O2W�H2WB 3 3 3O12 0.85 2.34 136.4 3.012(19)

Figure 1. ORTEP representation of a selected unit of compound 1. The
thermal ellipsoids are drawn at the 50% probability level. All H atoms
and lattice water molecules are omitted for clarity. Symmetry codes:
A:�x,�y,�z + 1; B: x, y� 1, z; C:�x + 1,�y + 1,�z + 1; D:�x + 1,
�y, �z + 1; E: x + 1, y, z; F: �x + 2, �y, �z; G: �x + 3, �y, �z.
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As shown in Figure 1, Pb1 ion is seven-coordinated by five car-
boxylate oxygen atoms (O9B, O12C, O16, O17, andO17D) from
four bts3� anions and two sulfonate oxygen atoms (O6 and O7)
from two bts3� anions. Pb2 ion is four-coordinated by three
carboxylate oxygen atoms (O10E, O11, and O12) from two bts3�

anions and one sulfonate oxygen atom (O7C) from one bts3�

anion. Pb3 ion is also four-coordinated by two carboxylate oxygen
atoms (O18 and O19) from one bts3� anion and two phospho-
nate oxygen atoms (O2 andO3F) from twoHL2� anions. Pb4 ion
is five-coordinated by two carboxylate oxygen atoms (O4G and
O5G) fromoneHL2� anion, two phosphonate oxygen atoms (O1
and O3F) from two HL2� anions, and one oxygen atom (O20)
from awatermolecule. The Pb�Obond lengths are in the range of
2.359(8)�2.742(8) Å, which are comparable to those reported for
other lead(II) phosphonates.11 On the basis of the requirement of
charge balance as well as P�O, C�O, and S�O distances, the
amino group of the phosphonate ligand is protonated. As shown in
Figure 2a, the coordination mode of the HL2� anion can be
described as a hexadentate bridging mode. It chelates one Pb(4)
ion through two carboxylate oxygen atoms (O4 and O5). The
phosphonate oxygen atom (O2) is bidentately bridging, whereas
the remaining phosphonate oxygen atoms (O1 and O3) are uni-
dentate. The bts3� anion containingO6 toO12 is octadentate and
bridges seven Pb(II) ions (Figure 2b). The sulfonate group of
S1O6O7O8 bridges three Pb(II) ions (three bonds to two Pb1
atoms and one Pb2 atom), and O8 is noncoordinated. The car-
boxylate group C14O9O10 bridges Pb1 and Pb2. The one
composed of C15O11O12 forms three bonds, a chelate to one

Pb2 atom and a bridge between the Pb1 and Pb2 atom. The
second bts3� anion containing O13 to O19 is pentadentate and
bridges three Pb(II) ions (Figure 2c). The sulfonate group
S2O13O14O15 is noncoordinated. One carboxylate group
C22O18O19 is bidentate chelating, whereas the other one
composed of C23O16O17 is μ3 chelating and bridging.
As shown in Figure 3a, Pb(1)O7 and Pb(2)O4 polyhedra are

interconnected into a dimer via edge sharing. Two so-built
dimers are interconnected into a tetramer via edge sharing.
The interconnection of such tetramers by bridging and chelating
bts3� anions leads to a 2D layer in ab plane. The interconnection
of Pb(3)O4, Pb(4)O5, and CPO3 polyhedra via corner sharing
forms a tetranuclear cluster, and such neighboring tetranuclear
clusters are further connected through carboxyphosphonate
ligands to form a 1D double chain along the a axis (Figure 3c).
The cross�linking of the above two building units resulted in a 3D
network (Figure 3b). Compound 1 has intermolecular hydrogen
bonds, such asO20�H20B 3 3 3O1W,O20�H20A 3 3 3O15,O1W�
H1WA 3 3 3O2, O2W�H2WB 3 3 3O16. The corresponding dis-
tances are 2.788(18) Å, 2.777(12), 3.080(16) Å, 2.804(13) Å, and
the angles are 122.9, 144.0, 149.8,144.6�. These hydrogen bonds
can enhance the stability of this network. Although the phenyl
rings between the neighboring layers are almost parallel to each
other, the close contact distance between adjacent phenyl rings is
not in the normal range (3.3�3.8 Å) for such interactions. There
are no π�π stacking interactions in the network of compound 1.
Crystal Structures of [Pb4(HL)(L)(bdc)1.5] 3 2H2O (2). The

structure of compound 2 also features a complicated 3D network.

Figure 2. The coordination fashions of H3L in compound 1 (a). Coordination modes of the 5-sulfoisophthalic acid monosodium salt ligands in
compound 1 (b, c).

Figure 3. (a) A 2D layer of lead(II) carboxylate�sulfonate of compound 1 viewed in the ab plane. (b) View of the framework for compound 1 along the
a axis. All H atoms are omitted for clarity. (c) A 1D double chain of lead(II) phosphonate along the a axis.
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Each asymmetric unit contains four crystallographically indepen-
dent Pb(II) ions, one HL2� anion, one L3� anion, one bdc2�

anion, one half-occupied bdc2� moiety, and two lattice water
molecules. As shown in Figure 4, Pb1 ion is four-coordinated by
one carboxylate oxygen atom (O9B) from one bdc2� anion and
one carboxylate oxygen atom (O13C) from one L3� anion and
two phosphonate oxygen atoms (O1 and O2A) from two HL2�

anions. Pb2 ion is also four-coordinated by two carboxylate
oxygen atoms (O6 and O8E) from two bdc2� anions and one
carboxylate oxygen atom (O5) from one HL2� anion and one
phosphonate oxygen atom (O3D) from one HL2� anion. Pb3
ion is five-coordinated by one carboxylate oxygen atom (O16F)
from one bdc2� anion and one carboxylate oxygen atom (O4)
from one HL2� anion and one carboxylate oxygen atom (O14G)
from one L3� anion and two phosphonate oxygen atoms (O10F
and O11) from two L3� anions. Pb4 ion is three-coordinated by
one carboxylate oxygen atom (O15) from one bdc2� anion and
two phosphonate oxygen atoms (O10 and O12F) from two L3�

anions. The Pb�O bond lengths are in the range of 2.277-
(11)�2.755(12) Å, which are comparable to those reported for
other lead(II) phosphonates.12 The coordination modes of the
twoH3L ligands can be described as pentadentate and hexadentate

bridging modes. As shown in Figure 5a, the HL2� anion which
contains P1 atom bridges five Pb(II) ions (two Pb(1), two Pb(2),
and one Pb(3)) through two carboxylate oxygen atoms (O4 and
O5) and three phosphonate oxygen atoms (O1, O2, andO3). The
L3� anion containing P2 serves as a hexadentate ligand, binding six
Pb atoms through three phosphonate oxygens (O10, O11, and
O12) and two carboxylate oxygens (O13 and O14) (Figure 5b).
The two phosphonate oxygen atoms (O11 and O12) of the
phosphonate group are monodentate and the third phosphonate
oxygen atom (O10) behaves as μ2 metal linker. The bdc2� anion
displays two coordination modes in compound 2. The first bdc2�

anion is a tridentate ligand to one Pb(1) ion and two Pb(2) ions
through three carboxylate oxygen atoms (O6, O8 and O9), and
O7 is noncoordinated (Figure 5c). The second bdc2� anion is a
tetradentate ligand to two Pb(3) and two Pb(4) ions through
four carboxylate oxygen atoms (O15, O16, O15H, and O16H)
(Figure 5d).
Compound 2 exhibits a 3D structure built up from PbII poly-

hedra, carboxyphosphonates, and bdc2� ions (Figure 6a). The
Pb(1)O4, Pb(2)O4, and CPO3 tetrahedra are linked in a corner-
sharing manner to form tetranuclear clusters (A). The intercon-
nection of Pb(3)O5, Pb(4)O3, and CPO3 polyhedra via corner�
sharing also forms tetranuclear clusters (B). The cross�linking of
the above two building clusters through two carboxylate oxygens
(O4 andO5) fromHL2� anion forms an inorganic chain running
along the c axis. Each chain is linked by the coordination of
carboxylate oxygen atoms from μ4-bdc to two Pb(3) and two
Pb(4) ions and μ3-bdc to one Pb(1) and two Pb(2) ions to form
a 2D layer (Figure 6b). On the other hand, the above chains are
linked by L3� anions giving structural layer (Figure 7a). Neighbor-
ing layers are connected through theHL2� anions, leading to a 3D
pillared layered structure with 1D channel system along the c-axis
(Figure 7b). It is different from compound 1, the hydrogen�
bonding interactions are not observed in the structure of com-
pound 2. The close contact distance between adjacent phenyl rings,
which are almost parallel to each other, is not in the normal range
(3.3�3.8 Å) for such interactions. So π�π stacking interactions
are not observed in the framework of compound 2 either.
Crystal Structures of [Pb3(HL)2(Hssc)] 3 2H2O (3). The struc-

ture of compound 3 also features a complicated 3D network. The
asymmetric unit consists of the following structural elements:
three crystallographically unique Pb(II) ions, two HL2� anions,
one Hssc 2� anion, and two lattice water molecules. As shown in

Figure 4. ORTEP representation of a selected unit of compound 2. The
thermal ellipsoids are drawn at the 50% probability level. All H atoms
and lattice water molecules are omitted for clarity. Symmetry codes: A:
�x+ 3,�y +1,�z+ 1; B:�x + 3,�y + 2,�z+ 1; C: x+ 1, y+ 1, z + 1;D:
�x+ 2,�y+ 1,�z+ 1; E:�x + 2,�y + 2,�z+ 1; F:�x+ 1,�y + 1,�z ;
G: �x + 1, �y, �z .

Figure 5. The coordination fashions ofH3L in compound 2 (a, b). Coordinationmodes of the 1, 4-benzenedicarboxylic acid ligands in compound 2 (c, d).
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Figure 8, Pb1 ion is six-coordinated by three carboxylate oxygen
atoms (O4B, O5B, and O9D) from two HL2� anions and three
phosphonate oxygen atoms (O1A, O2, and O8C) from three dif-
ferent HL2� anions. Pb2 ion is four-coordinated by one carbox-
ylate oxygen atom (O4B) from one HL2� anion and three phos-
phonate oxygen atoms (O1A, O2A, and O3) from two HL2�

anions. Pb3 ion is five-coordinated by one carboxylate oxygen
atom (O15) from oneHssc 2� anion and one carboxylate oxygen
atom (O10F) from one HL2� anion and three phosphonate
oxygen atoms (O3, O6E, and O7) from three HL2� anions. The
Pb�O bond lengths are in the range of 2.298(9)�2.787(14) Å,
which are comparable to those reported for other lead(II)
phosphonates.13 The coordination modes of the two carboxy-
phosphonate ligands are different. The first ligand, which adopts
an interesting coordination mode (Figure 9a), containing P1
atom, bridges seven Pb(II) ions through its three phosphonate
oxygen atoms and two carboxyl oxygen atoms. Three phospho-
nate oxygen atoms (O1, O2, and O3) and carboxylate oxygen
atom (O4) act as μ2 metal linker. The phosphonate group forms
a chelate with the Pb2 atom and bridges two Pb1 atoms through
two phosphonate oxygen atoms (O1 and O2). The O3 atom
of the phosphonate group bridges the Pb2 and the Pb3 atoms.
The carboxylate group C7O4O5 forms three bonds, a chelate to
one Pb1 atom and a bridge between the Pb1 and the Pb2 atoms.
The second ligand, containing P2 atom, serves as a pentadentate
ligand, adopting a coordination mode that is the same as L3�

anion in compound 2 (Figure 9b). The carboxylate group
C15O15O16 ofHssc2� anion is unidentate, and the other groups
of Hssc2� anion are noncoordinated (Figure 9c).
The overall structure of compound 3 can be described as a 3D

framework type. The Pb(1)O6, Pb(2)O4, and Pb(3)O5 polyhe-
dra are interconnected into a trimer via corner and edge sharing.

Such trimers are linked to each other by CPO3 tetraheda to form
infinite double chains, and the second linkers are hung in this
chain (Figure 10a), which is further connected to adjacent chains
through carboxyphosphonate ligands to form a 3D open-frame-
work structure (Figure 10b). In other words, the above chains are
interconnected by carboxyphosphonate anions to form a 2D
inorganic layer (Figure 11a). The adjacent layers are connected
through the HL2� anions from one layer to others (Figure 11b).
It is interesting to note that the interconnection of Pb1, Pb2, and
Pb3 ions by bridging and chelating four carboxyphosphonate
anions leads to a 3D network of {Pb3(HL)4}

2� with a 1D channel
system along the a axis. The channel is formed by 43-membered
rings composed of six Pb (II) ions and four carboxyphosphonate
anions. There are intermolecular hydrogen bonds among the
lattice water molecules and the oxygen atoms from Hssc ligand
with the distances of 2.761(18) Å (O1W�H1WB 3 3 3O14),
3.012(19) Å (O2W�H2WB 3 3 3O12), and the corresponding
angles of 134.0 and 136.4�. These hydrogen bonds enhance the
stability of the network. It is similar to compound 1 and 2, the
close contact distance between adjacent phenyl rings is not in
the normal range (3.3�3.8 Å) for such interactions, hence there
are no π�π stacking interactions in the network compound 3.
IR Spectroscopy. The IR spectra for compounds 1�3 are

recorded in the region 4000�400 cm�1. The absorption band at
3371 cm�1 for 1, 3423 cm�1 for 2, and 3459 cm�1 for 3 can be
assigned to the O�H stretching vibrations of water molecules.
The weak bands at 3070 cm�1 for 1, 3040 cm�1 for 2, and
3133 cm�1 for 3 are attributed to the N�H stretching vibrations.
The C�H stretching vibrations are observed as sharp, weak
bands close to 3000 cm�1 for compounds 1�3. The bands at
1605, 1540, and 1443 cm�1 for 1, 1543 and 1380 cm�1 for 2,
such bands appeared at 1568 and 1434 cm�1 for 3 are observed,
which are shifted from the excepted value of uncoordinated
carboxylic acids [v(C�O) typically around 1725�1700 cm�1].
These shifts are due to the carboxylate function coordinated to
the metal atom, and these bands are assigned to the asymmetric
and symmetric stretching vibrations of C�O groups when
present as COO� moieties.14 The stretching vibration absorp-
tion band of the sulfonate group was appeared at 1206 cm�1 in

Figure 6. (a) View of the 3D framework for compound 2 along the c
axis. (b) The inorganic chains linked by bdc2� anions.

Figure 7. (a) The double layer structure of compound 2. (b) View of
the 3D framework for compound 2 without bdc2� anions.

Figure 8. ORTEP representation of a selected unit of compound 3. The
thermal ellipsoids are drawn at the 50% probability level. All H atoms
and lattice water molecules are omitted for clarity. Symmetry codes:
A:�x + 2,�y,�z + 1; B: x,�y + 1/2, z� 1/2; C: x + 1, y, z; D: x + 1,�y
+ 1/2, z +

1/2; E: �x + 1, �y, �z + 1; F: x, �y + 1/2, z +
1/2.
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compound 1. The bands at 1263 and 1217 cm�1 for compound 3
are attributed to the stretching vibrations of the sulfonate group.
Absorption bands around 620 cm�1 for 1 and 3 are characteristic
bands for v(S�O) of the sulfonate groups.15 Strong bands
between 1200 and 900 cm�1 for three compounds are due to
stretching vibrations of the tetrahedral CPO3 groups,

16 as ex-
pected. Additional weak bands at low energy are found. These
bands are probably due to bending vibrations of the tetrahedral
CPO3 groups.
Thermal Analysis. To explore the thermal stability of these

materials, the TG curves of compounds 1�3 were measured.
The TG curve of compound 1 shows two main steps of weight
losses (Figure S4). The first step started at 50 �C and was
completed at 397 �C, which corresponds to the release of two
lattice water molecules and one coordinated water molecule. The
observed weight loss of 2.8% is close to the calculated value
(3.4%). The total weight loss at 900 �C is 32.3%, and the residue
was not characterized. The TG curve of compound 2 also
exhibits two steps of weight losses (Figure S5). The first step
started at 50 �C and was completed at 219 �C, corresponding to
the release of two lattice water molecules. The observed weight
loss of 2.4% is very close to the calculated value (2.3%). The
second step, from 278 to 538 �C, corresponds to decomposition
of the organic groups. The observed weight loss of 31.5% is in
good agreement with the calculated value (31.1%). The final
products are Pb2P2O7 and PbO in a 1:2 molar ratio based on
XRD powder diffraction (Figure S10). The total weight loss at
800 �C of 33.8% is close to the calculated value (33.4%). The TG
curve of compound 3 reveals two steps of weight losses (Figure
S6). The first step, in the temperature range 50�161 �C, is due
to the removal of two lattice watermolecules. The observedweight
loss of 3.2% is slightly larger than the theoretical one (2.7%).

The second step covers from 284 to 676 �C, corresponding to the
decomposition of the organic groups. The observed weight loss
of 35.4% is close to the calculated value (35.7%). From powder
X�ray diffraction, the final product is identified as Pb3(PO4)2
based on XRD powder diffraction (Figure S11). The total weight
loss of 38.6% is very close to the calculated value (38.4%). To
understand the thermal stability of these compounds, X-ray
powder diffraction studies were performed for the as-synthesized
compound 1 and the samples heated 180�350 �C, 160�300 �C
for compound 2 and 180�250 �C for compound 3 for 2 h under
air atmosphere. As shown in Figure S7, the powder XRD patterns
demonstrate the retention of framework structure of compound
1 below 300 �C. See Figure S8, at 250 �C, the pattern is similar to
that at 25 �C, which indicates that the structure of compound 2
was thermally stable below 250 �C. The powder XRD patterns of
compound 3 show as the framework remains stable at 180 �C
(Figure S9).
Luminescent Properties. The luminescent behaviors of

compounds 1�3were investigated in the solid state at room tem-
perature. The free H3L ligand shows no emission in the visible
region. The free NaH2bts ligand displays luminescence with an
emission maximum at 324 nm (λex = 245 nm), while compound
1 exhibits one shoulder weaker emission peak at 462 nm and a
broad weaker emission band between 476 and 597 nm with a
maximum peak at 504 nm (λex = 375 nm) upon complexion of
both H3L and NaH2bts ligands with the lead(II) ions and the
lifetime (λex = 375 nm) is 2.3 ms (Figure 12). The free H2bdc
ligand shows a strong fluorescent emission band at 342 nm (λex =
307 nm). Upon complexation of both H3L and H2bdc ligands
with the lead(II) ions, it is intriguing that compound 2 could emit
a broad weaker emission band between 447 and 551 nm with the
maximum peak at 493 nm (λex = 375 nm), and the lifetime (λex =
375 nm) is measured to be 4.1 ms (Figure 13). The free H3ssc
ligand exhibits two emission maximum at 369 and 437 nm (λex =
274 nm), while compound 3 shows a broad weaker emission

Figure 9. The coordination fashions of H3L in compound 3 (a, b). Coordination modes of the 5-sulfosalicylic acid ligands in compound 3 (c).

Figure 10. (a) A 1D chain along the a axis. (b) View of the 3D frame-
work for compound 3 along the a axis.

Figure 11. (a) The double-layer structure of compound 3; (b) 3D net-
work of {Pb3(HL)4}

2� in compound 3.



4630 dx.doi.org/10.1021/cg200876t |Cryst. Growth Des. 2011, 11, 4623–4631

Crystal Growth & Design ARTICLE

band between 435 and 529 nm with a maximum peak at 492 nm
(λex = 375 nm) upon complexion of both H3L and H3ssc ligands
with the lead(II) ions (Figure 14). Unfortunately, the lumines-
cent lifetime of compound 3 are not observed, since the lifetime
of compound 3 is too short to be measured. It is clear that sig-
nificant red shifts of the emission occur in compounds 1�3 com-
pared with the free secondary ligands, which are probably due
to the ligand�to�metal charge-transfer (LMCT) transition.17

These suggests that the emission band of compounds 1�3 are
mainly attributed to ligand�to�metal charge-transfer emission
state as reported for Cd(II) or other d10 metal compounds.18,19

The luminescence spectra of compounds 1�3 indicate that the
use of the second ligand (NaH2bts, H2bdc, and H3ssc) may be an
effective way to prepare luminescent materials.

’CONCLUSION

By use of the carboxyphosphonic acid as the phosphonate
ligand and three differently structured rigid aromatic carboxylic
acids as the secondmetal linker, three novel lead(II) carboxypho-
sphonates with different types of 3D framework structures have
been successfully synthesized under hydrothermal conditions.
Compound 1 features a 3D network built by the cross-linking of
1D double chains of lead(II) phosphonates and 2D layers of
lead(II) carboxylate-sulfonate. In compound 2, the inorganic
chains, composed of Pb(1)O4, Pb(2)O4, Pb(3)O5, Pb(4)O3, and
CPO3 polyhedra are interconnected by the carboxyphosphonate
and bdc2� acids, thus resulting in a 3D framework structure with
1D channel system along the c axis. The structure of compound 3
can be described as a 3D framework type. The Pb(1)O6, Pb(2)O4,
Pb(3)O5, and CPO3 polyhedra are interconnected to form an
infinite double chain, and the second linkers are hung in this chain,
which is further connected to adjacent chains through carboxypho-
sphonate ligands to form a 3D framework structure. From the
above results, we conclude that introducing aromatic carboxylic
acids along with control of reaction conditions is effective in
achieving a wide variety of lead(II) carboxyphosphonates struc-
tures with higher dimensionalities. In the absence of the second
ligands, which usually bind in different bridging modes, three
types of 3D framework (compounds 1�3) are obtained. For
compound 1, the dimensionality of the structure is increased
when the bts ligand is added as the second metal linker. In
compound 2, the second organic ligands bdc serve as pillars to
link the inorganic chains. It is different from compounds 1 and 2;
only the carboxylate group of Hssc ligand is involved in the
coordination in compound 3, and the other organic moieties of
Hssc ligand fill in the channel spaces. Thermal stabilities of
compounds 1�3 have been investigated. Compounds 1�3 are
stable over a large temperature range up to 300, 250, and 180 �C,
respectively. The results of our study indicate that, by introduc-
tion of aromatic carboxylic acids as the second ligands, we can
obtain lead(II) carboxyphosphonates with good crystals and new
structures as well as better luminescence.
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Figure 12. Solid-state emission spectrum of NaH2bts and compound 1
at room temperature.

Figure 13. Solid-state emission spectrum of H2bdc and compound 2 at
room temperature.

Figure 14. Solid-state emission spectrum of H3ssc and compound 3 at
room temperature.
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