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A New Approach to Novel Cluster Compounds of Lead(II) Phosphonates
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Five new lead(Il) sulfonate-phosphonates, namely [Pbs(L),-
(H;0),]-4H,0 (1), [Pb(HL)(phen)|-H;0 (2), [Pby(L)s(phen)g]-
3H,0 (3), [Pbe(L)s(phen)so]-2H,0 (4), and [Pbg(L)4(4,4"-bipy)-
(H,0),]-2H,0 (5; H3L = m-HO3S-CgH4-PO3H,, phen = 1,10-
phenanthroline, 4,4'-bipy = 4,4'-bipyridine) have been pre-
pared and structurally characterized. Compound 1 features a
novel 3D framework in which 1D chains of Pb3;O, cluster
units are further bridged by sulfonate-phosphonate ligands,
whereas compound 2 features a layer structure in which 1D
chains of Pb,O, clusters are further bridged by sulfonate-
phosphonate ligands. Compounds 3 and 4 represent the first
zero-dimensional lead(Il) phosphonates and feature novel
isolated hexanuclear lead(Il) clusters in which six Pb™ ions

are bridged by two tetradentate and two pentadentate phos-
phonate groups. Compound 5 features a 3D framework that
is similar to that in compound 1 despite the different coordi-
nation modes for some sulfonate groups of the ligands. The
main difference is that an aqua ligand in compound 1 is re-
placed by a nitrogen atom of the 4,4'-bipy ligand, which re-
sults in the splitting of the large cavities in compound 1 into
two small apertures in compound 5. Compounds 1 and 5 ex-
hibit strong broad blue fluorescent emission bands at 398 and
420 nm, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The chemistry of metal phosphonates has been ex-
panding rapidly in recent years, mainly due to their poten-
tial application in the areas of catalysis, ion exchange, pro-
ton conductivity, intercalation chemistry, photochemistry,
and material chemistry.['l Similarly, the surface modifica-
tion of inorganic surfaces with phosphonic acids is of grow-
ing importance since it opens the way to a large variety
of novel functional materials.['>!9 Most investigations have
been concentrated on the divalent transition and trivalent
lanthanide elements.>-®! Lead(II), however, has a lone pair
of electrons and could therefore lead to interesting topologi-
cal arrangements or to materials with redox as well as cata-
lytic properties.” 'l A wide variety of lead(II) phosphona-
tes have been reported to date.””!'"l The strategy of using
bisfunctional or multifunctional anionic units, such as di-
phosphonates, aminophosphonates, or phosphonocarbox-
ylates, has led to a number of new lead phosphonates with
microporous or open-framework structures.” ' Another
useful way of building new types of phosphonate hybrids is
by introducing a second metal linker, and we have used an
acidic metal linker such as carboxylic acid or carboxylic-
sulfonic acid to prepare a series of lead phosphonate hy-
brids with different architectures.'!! The carboxylic or car-
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boxylic-sulfonic acid acts either as a multidentate bridging
ligand or pendant group on the lead(Il) phosphonate layer
or intercalates between two layers.'l These materials
mostly exhibit layered structures, although 3D networks
with micropores and 1D chains have also been re-
ported.”'!I Surprisingly, no discrete lead phosphonates
have been reported thus far.

Three zinc(II) phosphonates based on tetranuclear or
hexanuclear cluster units and four lanthanide(IIT) phos-
phonates based on tetranuclear cluster units have been iso-
lated by our group by using m-sulfophenylphosphonic acid
and a basic second metal linker such as 4,4'-bipy or
phen.l'?) The weak coordination ability of the sulfonate
group and the bidentate chelating nature of the second li-
gand such as phen facilitate the formation of cage com-
pounds with discrete cluster units. We therefore hoped that
such an approach might be extended to the field of Pb"
phosphonates, where the isolation of cluster compounds is
very difficult. The combination of Pb" and m-sulfophen-
ylphosphonic acid with a basic second metal linker led to
five novel, discrete, 2D or 3D lead(Il) sulfonate-phosphon-
ates based on cluster units, namely [Pbs(L),(H»0,)]-4H,O
(1), [Pb(HL)(phen)]'H,O (2), [Pbg(L)s(phen)s]-3H,O (3),
[Pbs(L)a(phen);]-2H,0 (4), and [Pbe(L)4(4,4'-bipy)(H,0),]-
2H,0 (5). Herein we report their syntheses, crystal struc-
tures, and characterization.

Results and Discussion

Compounds 1-5 represent the first series of lead(I) com-
pounds based on sulfonate-phosphonate ligands. Com-
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pounds 3 and 4 also represent the first discrete Pb™ polynu-
clear clusters based on phosphonate ligands. They exhibit
novel, discrete, hexanuclear, 2D or 3D structures.

Synthesis

Compounds 1-5 were obtained during our systematic in-
vestigation of the Pb/L/phen (or bipy) systems with dif-
ferent Pb/L/phen ratios and pH values. We successfully pre-
pared single-phase products for all five compounds except
compound 4. The preparations of compounds 1-5 rely on
well-established hydrothermal methods. In general, a mix-
ture of Pb(OAc), and H;L, with or without a second ligand
such as phen or 4,4'-bipy, was treated hydrothermally for
four days at 150 °C to produce crystalline products. The
type of second ligand used has a strong influence on the
final structure of these lead(II) sulfonate-phosphonates as
compounds 2-5 were obtained instead of compound 1
when phen or 4,4’-bipy was employed as the second ligand.
The molar ratio of reactants as well as the reaction pH also
play important roles. Thus, compounds 2-4 were obtained
from the Pb(OAc),/H;L/phen system when the amount of
phen and the reaction pH increased. We still do not fully
understand why these compounds form under different re-
action conditions, but it seems likely that the nature and
amount of the second ligand play an important role by
changing the coordination environment around the metal
ions and the connectivities between the metal ions. Further-
more, the reaction medium becomes less acidic when more
phen is used, and this can affect the coordination mode that
the phosphonate ligand adopts.
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Structure of [Pbs(L),(H,0),]-4H,O (1)

The structure of compound 1 features a novel porous 3D
network with three unique lead(II) ions in the asymmetric
unit (Figure 1). Pb(1) is six-coordinate with four phos-
phonate oxygen atoms from four L3 anions as well as two
sulfonate oxygen atoms from another two L3 anions. Its
coordination geometry can be described as a severely dis-
torted PbOg octahedron. Pb(2) ion is five-coordinate with
three phosphonate oxygen atoms from three L3 anions and
one sulfonate oxygen atom from another L3>~ anion as well
as an aqua ligand. The coordination geometry around
Pb(2) can be described as a severely distorted y-PbOs octa-
hedron with one site occupied by the lone pair of the Pb'f
ion. The coordination environment of Pb(3) ion is similar
to that of Pb(2) ion. The Pb-O distances [2.311(5)-
2.833(7) A] are similar to those reported for other lead(IT)
phosphonates and sulfonates.l”-'!]

There are two unique L*~ ligands in compound 1. The
first, containing atoms P(1) and S(1), is hexadentate and
bridges six lead(II) ions through its three phosphonate oxy-
gen atoms and one sulfonate oxygen atom. Two phos-
phonate oxygen atoms [O(1) and O(3)] act as a p>-bridging
ligand. The second sulfonate-phosphonate containing P(2)
and S(2) is octadentate, with all three phosphonate oxygen
atoms and three sulfonate oxygen atoms involved in metal
coordination. Two phosphonate oxygen atoms [O(7) and
O(8)] act as a p>-bridging ligand (Scheme 1).

The interconnection of the Pb' ions via the bridging
phosphonate groups leads to a 1D lead(I) phosphonate
chain based on “Pb;O,” cluster units. Each pair of Pb"
ions within a Pb;O, cluster unit is bridged by a pair of

Figure 1. ORTEP representation of the selected unit of 1. The thermal ellipsoids are drawn at 30% probability. Lattice water molecules
have been omitted for clarity. Symmetry codes for the generated atoms: A) 1 —x, 1 —y, 1 —z; B) 1/2 + x, 1/2 -y, 1/2 + z; C) 3/2 — x,
12+, 12-2zD)32-x, 12+ 3,32 -z,E) 12+ x, 112,32 -zF) 1 —x, -2 G) 32 -x,-1/2+ y, 1/2-2z, H) 3/2 - x, 1/2 +
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Scheme 1. The coordination modes of m-sulfophenylphosphonic acid in compounds 1-5.
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phosphonate oxygen atoms, and neighboring cluster units
are further interconnected by bridging phosphonate and
sulfonate groups into a 1D hybrid chain (Figure 2, a). These
1D chains are further cross-linked by the bridging L3 li-
gands into a 3D network with long, narrow apertures along
a-axis (Figure 3). The total solvent accessible space is about
24.3% of the cell volume according to our calculations.['?]
The lattice water molecules are located in the above aper-
tures and there are a number of hydrogen bonds between
sulfonate oxygen atom O(11), the aqua ligands, and lattice
water molecules (Table 1), with O--+O contacts ranging from
2.71(1) to 3.03(1) A. It is interesting to note that the hydro-
gen bonds between water molecules lead to the formation
of a 1D water chain along the g-axis (Figure 2, b).

(a)

Figure 2. A 1D lead sulfonate-phosphonate chain based on Pb;Oy4
cluster units (a) and a 1D hydrogen-bonded water chain (b) in com-
pound 1. The CPO; and CSOj; groups are shaded in dark and me-
dium gray, respectively. Pb, O, and C atoms are drawn as white,
crossed and black circles, respectively.

Figure 3. View of the structure of compound 1 along the a-axis.
The CPO; and CSOj; groups are shaded in dark and medium grey,
respectively. Pb, O, and C atoms are drawn as open, crossed and
black circles, respectively. Hydrogen bonds are drawn as dashed
lines.
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Table 1. Selected bond lengths [A] for compounds 1-5.[

1
Pb(1)-O(8)#1 2.440(4) Pb(1)-O(1) 2.486(4)
Pb(1)-O(3)#2 2.556(5) Pb(1)-O(7)#3 2.584(4)
Pb(1)-0(12) 2.723(5) Pb(1)-O(4)#4 2.781(6)
Pb(2)-O(9)#5 2.362(4) Pb(2)-O(7) 2.370(4)
Pb(2)-O(1)#6 2.528(4) Pb(2)-O(11)#7 2.659(5)
Pb(2)-O(2W) 2.833(7) Pb(3)-O(3)#2 2.311(5)
Pb(3)-0(2) 2.445(5) Pb(3)-O(8)#1 2.592(4)
Pb(3)-O(1W) 2.634(7) Pb(3)-0(10) 2.797(5)
Hydrogen bonds
O(11)--O(5W) 2.764(8) O(1IW)-+-O(6W) 2.71(1)
O(1W)--O(3W) 2.85(1) OQ2W)-O(SW)#5 2.79(1)
O(2W)--04W)#5 2.83(1) OQ2W)--O(6W)#5 2.87(1)
OBW)--O(5W)#8 3.03(1)

2
Pb(1)-N(2) 2.446(6) Pb(1)-N(1) 2.499(5)
Pb(1)-O(2)#1 2.531(5) Pb(1)-O(1)#2 2.550(5)
Pb(1)-0O(1) 2.727(5) Pb(1)-O(5)#3 2.820(5)
P(1)-0(2) 1.496(5) P(1)-0O(1) 1.512(5)
P(1)-0(3) 1.579(5)
Hydrogen bonds
O0(3)--O(4)#4 2.650(8) O(1W)--0(2)#1 2.848(8)

3
Pb(1)-0(3) 2.320(6) Pb(1)-O(8)#1 2.353(5)
Pb(1)-N(2) 2.544(7) Pb(1)-N(1) 2.595(7)
Pb(2)-O(7) 2.291(5) Pb(2)-O(2)#1 2.468(5)
Pb(2)-O(7)#1 2.657(5) Pb(2)-N(6) 2.669(6)
Pb(2)-0O(1) 2.697(5) Pb(2)-N(5) 2.766(7)
Pb(3)-0(9)#1 2.463(7) Pb(3)-O(1) 2.482(6)
Pb(3)-0(3) 2.614(8) Pb(3)-N(4) 2.66(1)
Pb(3)-N(3) 2.73(1) Pb(3)-N(7) 2.84(1)
Pb(3)-N(8) 3.00(1)
Hydrogen bonds
O(6)--O(2W) 2.78(3)

4
Pb(1)-O(8)#1 2.386(6) Pb(1)-O(1) 2.494(6)
Pb(1)-N(8) 2.502(8) Pb(1)-N(7) 2.69709)
Pb(1)-N(10) 2.853(8) Pb(1)-N(9) 2.95(1)
Pb(2)-0O(7) 2.294(5) Pb(2)-O(2)#1 2.431(6)
Pb(2)-N(2) 2.614(8) Pb(2)-0O(3) 2.625(5)
Pb(2)-N(1) 2.708(8) Pb(2)-O(7)#1 2.750(5)
Pb(3)-0(9)#1 2.286(6) Pb(3)-O(1) 2.572(6)
Pb(3)-0(3) 2.597(5) Pb(3)-N(6) 2.778(8)
Pb(3)-N(5) 2.814(9) Pb(3)-N(3) 2.821(8)
Pb(3)-N(4) 2.880(8)
Hydrogen bonds
0O(12)--0(1W) 3.04(1)

5
Pb(1)-O(1) 2.367(6) Pb(1)-O(12)#1 2.475(6)
Pb(1)-O(11)#2 2.535(6) Pb(1)-O(3)#3 2.597(6)
Pb(1)-O(5)#4 2.882(9) Pb(2)-O(10)#1 2.283(6)
Pb(2)-O(11)#2 2.441(6) Pb(2)-O(8) 2.531(7)
Pb(2)-N(1) 2.631(9) Pb(2)-O(1) 2.713(6)
Pb(3)-O(3)#3 2.270(6) Pb(3)-0(2) 2.334(6)
Pb(3)-O(12)#1 2.496(6) Pb(3)-O(1W) 2.81(1)
Hydrogen bonds
O(7)--O(2W) 2.90(1) O009)--O(1W)#5  2.93(1)
O(1IW)--O2W)#3 2.84(2)

[a] Symmetry codes: for 1: #1 —x +3/2, y + 1/2, =z + 1/2; #2 —x + 1,
v+ 1, z+ L#3x+ 12, y+ 1/2, z+ 1/2; #4 —x + 3/2, y — 1/2,
—z+3/2;#5 x+ 1,y —z; #6 x — 112, —y + 1/2, z - 1/2; #7 —x + 3/2,
y-12,—z+1/2;#8 x -1, p,z. For 22 #1 —x + 1, -y + 2, =z + 2;
H2-x,~y+2,z+2;#3x,y-1,z;#4-x,3-y,2—z For3: #1 —x +
I,y+1,—z+ 1. For4 #l -x + 1, -y, -z + 1. For 5: #1 x — 1/2,
- 12,z-12; #2 —x-3/2,y - 112,z + 1/2; #3 -x -3,y - |, -z;
H4-x-512,y 112, z+ 1/2;#5-x-2,-y— 1,z
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Figure 4. ORTEP representation of the selected unit of 2. The thermal ellipsoids are drawn at 30% probability. Symmetry codes for the
generated atoms: A) —x,2-3,2-zB) 1 -x,2-»,2-2zC) x, -1 + y z

The open framework of compound 1 remains intact after
heating at 180 °C for 3 h based on X-ray powder diffraction
studies (see Supporting Information).

Structure of [Pb(HL)(phen)]-H,O (2)

The structure of compound 2 features a layered architec-
ture. The Pb(l) ion is six-coordinate with three phos-
phonate oxygen atoms from three HL?>" anions, one sulfo-
nate oxygen atom from another HL? anion, and one biden-
tate chelating phen ligand (Figure 4). The coordination ge-
ometry around Pb(l) can be described as a severely dis-
torted PbO4N, octahedron, with Pb-O [2.531(5)-
2.820(5) A] and Pb-N [2.446(6)-2.499(5) A] distances sim-
ilar to those reported for other lead(II) phosphonates and
sulfonates.[” 1!

There is one unique HL?>" ligand in compound 2. The
phosphonate group of this ligand is singly protonated, as
indicated by the much longer P(1)-O(3) bond [1.579(5) A]
than those of the other two P-O bonds [P(1)-O(2) 1.496(5),
P(1)-O(1) 1.512(5) A]. The HL*" ligand is tetradentate and
bridges four lead(Il) ions via its two phosphonate oxygen
atoms and one sulfonate oxygen atom (Scheme 1). O(1) acts
as a p>-metal linker. Each pair of Pb'" ions is bridged by a
pair of phosphonate oxygen atoms into a Pb,O, dimer.
These Pb,O, dimeric units are further interconnected by
bridging phosphonate groups into a 1D chain along the «
axis, and these chains are further connected by the bridging
HL? ligands into a layered structure (Figure 5). Strong hy-
drogen bonds are formed between noncoordinated phos-
phonate and sulfonate oxygen atoms [O(3)--O(4)
2.650(8) A; symmetry code: —x, 3 — y, 2 — z) within the 2D
layer. The 2D layers in compound 2 are assembled into a
three dimensional structure through van der Waals forces
(Figure 6). The lattice water molecules are located at the
cavities of the structure and are involved in hydrogen bond-
ing with coordinated phosphonate oxygen atom O(2)
(Table 1).

Eur. J. Inorg. Chem. 2007, 4520-4529
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Figure 5. A lead(Il) sulfonate-phosphonate layer in compound 2.
The CPO; and CSOj; groups are shaded in medium and light grey,
respectively. The phen ligands have been omitted for clarity. Hydro-
gen bonds are drawn as dashed lines.

Figure 6. View of the structure of compound 2 down the a-axis. The
CPO; and CSO; groups are shaded in medium and light gray, respec-
tively. Pb, O, N and C atoms are drawn as open, crossed, octanded, and
black circles, respectively. Hydrogen bonds are drawn as dashed lines.
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Structure of [Pbg(L)4(phen)g]-3H,O (3)

The structure of compound 3 features an isolated hexa-
nuclear lead(IT) cluster unit. There are three crystallograph-
ically independent lead(IT) ions in the structure (Figure 7).
The Pb(1) ion is four-coordinate with two phosphonate
oxygen atoms from two L*~ anions as well as one bidentate
chelating phen ligand. The coordination geometry around
Pb(1) can best be described as a slightly distorted y-PbO,
square-pyramid. The Pb(2) ion is six-coordinate with four
phosphonate oxygen atoms from four L3~ anions as well
as one bidentate chelating phen ligand. The coordination
geometry around Pb(2) can be described as a slightly dis-
torted y-PbO4N, pentagonal pyramid with the lone pair
occupying the open site of the pyramid. Pb(3) is seven-coor-
dinate with three phosphonate oxygen atoms from two L3
anions as well as two bidentate chelating phen ligands. The
coordination geometry around Pb(3) can best be described
as an irregular PbO4N, polyhedron. The Pb-O [2.291(5)-
2.697(5) A] and Pb-N [2.544(7)-3.00(1) A] distances are
similar to those reported for other lead(Il) phosphonates
and sulfonates.’-111

There are two unique L3~ anions in compound 3. The
first, which contains P(1) and S(1), is pentadentate and
bridges four Pb!! ions by using its three phosphonate oxy-
gen atoms, whereas the other L3 anion, which contains
P(2) and S(2), is tetradentate and bridges four Pb'! ions
through its three phosphonate oxygen atoms. O(1), O(3),
and O(7) act as a p>-bridging ligand (Figure 7, Scheme 1).
The interconnection of six Pb' ions by the above two types
of L* anions results in a novel hexanuclear cluster unit
(Figure 8, a) which can be viewed as a double-cage struc-
ture. This “double-cage” hexanuclear cluster unit is dif-
ferent from our previously reported “chair-like” hexanu-
clear cluster units in zinc(II) sulfonate-phosphonatest® ow-

PhiA

Figure 7. ORTEP representation of the selected unit of 3. The ther-
mal ellipsoids are drawn at 30% probability. Lattice water mole-
cules and the carbon atoms of the phen ligands have been omitted
for clarity. Only one orientation is shown for the disordered Pb(3)
atom for the sake of clarity. Symmetry codes for the generated
atoms: A) 1 —x, 1 -y 1 -z
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ing to the different coordination modes of the sulfonate-
phosphonate ligands. Thus, the two independent L3~ li-
gands in [ZngL4(phen)g]-11H,0 connect three and four Zn!!
ions, respectively, whereas each L*~ ligand in [ZngL4(bipy)e-
(H,0),]-18H,0 bridges three Zn" ions.

(a)

Figure 8. A {Pb¢Ly} cluster unit in compound 3 (a) and a view of
the structure of compound 3 down the c-axis (b). The CPO; and
CSO; groups are shaded in dark and light gray, respectively. Pb, O,
N and C atoms are drawn as open, crossed, octanded, and black
circles, respectively. Hydrogen bonds are drawn as dashed lines.

The discrete clusters in compound 3 are assembled into
a three dimensional structure through van der Waals forces
(Figure 8, b). The lattice water molecules are located in the
cavities of the structure, and O(2w) forms a hydrogen bond
with the noncoordinating sulfonate oxygen atom O(6)
(Table 1).

Structure of [Pbe(L)4(phen)yo]-2H,0 (4)

Compound 4 contains two more phen ligands than com-
pound 3. Its structure also features an isolated hexanuclear
Pb'! cluster similar to that in compound 3. There are three
crystallographically independent lead(IT) ions in the asym-
metric unit (Figure 9). Pb(1) is six-coordinate with two
phosphonate oxygen atoms from two L3 anions as well as
two bidentate chelating phen ligands. The coordination ge-
ometry around Pb(1l) can be described as a distorted y-
PbO,N, pentagonal pyramid. Pb(2) is six-coordinate with
four phosphonate oxygen atoms from four L*  anions as
well as a bidentate chelating phen ligand. Pb(3) is seven-
coordinate with three phosphonate oxygen atoms from two
L3 anions as well as two bidentate chelating phen ligands.
The coordination environments around Pb(2) and Pb(3) are
same as those in compound 3. The Pb-O [2.286(6)-
2.750(5) A] and Pb-N [2.502(8)-2.95(1) A] distances are
similar to those reported for other lead(Il) phosphonates
and sulfonates.[” 111

Eur. J. Inorg. Chem. 2007, 4520-4529
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Figure 9. ORTEP representation of the selected unit of 4. The ther-
mal ellipsoids are drawn at 30% probability. Lattice water mole-
cules and carbon atoms of the phen ligands have been omitted for
clarity. Only one orientation is shown for the disordered O(11)
atom for the sake of clarity. Symmetry codes for the generated
atoms: A) 1 —x, -y, 1 —z.

The coordination modes of the two unique L~ anions in
compound 4 are the same as those in compound 3 which
means that the cluster unit of compound 4 is similar to
that of compound 3, the only difference being that Pb(1) in
compound 4 has a higher coordination number due to the
coordination of an additional phen ligand.

The discrete clusters in compound 4 are also assembled
into a three-dimensional structure through van der Waals
forces as well as a m--m packing interaction between the
phen ligands (Figure 10). The lattice water molecules
[O(1w)] are located in the cavities and form weak hydrogen
bonds with the noncoordinating sulfonate oxygen atoms
O(12) (Table 1).

Figure 10. View of the structure of compound 4 down the h-axis.
The CPO; and CSO; groups are shaded in dark and light gray,
respectively. Pb, O, N, and C atoms are drawn as open, crossed,
octanded, and black circles, respectively. Hydrogen bonds are
drawn as dashed lines.
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Structure of [Pbg(L)4(4,4'-bipy)(H,0),]:2H,0 (5)

The structure of compound 5 features a complex 3D net-
work. There are three unique Pb" ions in the asymmetric
unit of compound 5 (Figure 11). Pb(1) is five-coordinate
with four phosphonate oxygen atoms from four L3  anions
and one sulfonate oxygen atom from another L3~ anion.
The coordination geometry around Pb(1) can be described
as a distorted y-PbOs octahedron with one axial site occu-
pied by the lone pair of the Pb!! ion. Pb(2) is five-coordinate
with three phosphonate oxygen atoms from three L3
anions, one sulfonate oxygen atom from another L3~ anion,
and a nitrogen atom from a 4,4’-bipy ligand. The coordina-
tion geometry around Pb(2) can be described as a severely
distorted y-PbO4N octahedron with one site occupied by
the lone pair of the Pb' ion. Pb(3) is four-coordinate with
three phosphonate oxygen atoms from three L~ anions and
one aqua ligand. The coordination geometry around Pb(3)
can be described as a distorted y-PbQO, trigonal bipyramid
with one pyramidal site occupied by the lone pair of the
Pb" ion. The Pb-O [2.270(6)-2.882(9) A] and Pb-N
[2.631(9) A] distances are similar to those reported for other
lead(IT) phosphonates and sulfonates./’~!'!]

Fh2D

PbIE®

Figure 11. ORTEP representation of the selected unit of 5. The
thermal ellipsoids are drawn at 30% probability. Lattice water
molecules have been omitted for clarity. Symmetry codes for the
generated atoms: A) —1/2 + x, -1/2 — y, -1/2 + z; B) -3/2 — x, —1/2
+ 3 12-2C)-3-x,-1-y,-zD)1/2+x,-1/2-y,112 + z; E)
312 -x, 12+, 1/2 -2z F)-5/2 - x, 112 + y, 112 - z; G) -5/2 —
x, 12+ y, 12—z H) -2 -x, -y, =z

There are two unique L3~ ligands in compound 5, both
of which are hexadentate and bridge six lead(II) ions
through three phosphonate oxygen atoms and one sulfonate
oxygen atom. Four phosphonate oxygen atoms [O(1), O(3),
O(11), and O(12)] act as a p>-bridging ligand. A similar
type of coordination mode has also been observed in com-
pound 1. Interconnection of the Pb" ions through the
bridging phosphonate groups leads to a 1D chain based on
Pb;04 cluster units (Figure 12, a). In contrast to the 1D
chain in compound 1, neighboring Pb;O, cluster units
within the chain are interconnected solely by the bridging
phosphonate groups. These 1D chains are further cross-
linked by the bridging L>~ and 4,4'-bipy ligands into a 3D
network with small apertures along the a-axis (Figure 12,
4525
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b). Although fewer sulfonate oxygen atoms are involved in
metal coordination in compound 5 than in compound 1,
the framework of compound 5 is still somewhat similar to
that in compound 1. The replacement of one aqua ligand
in compound 1 by a nitrogen atom from a 4,4'-bipy ligand
in compound 5 results in the splitting of the large cavities
in compound 1 into two smaller parts (Figure 12). Due to
the occupation of the cavities by the 4,4'-bipy ligands, com-
pound 5 contains only a few lattice water molecules. A
number of hydrogen bonds are formed among non-coordi-
nating sulfonate oxygen atoms [O(7), O(9)], aqua ligands,
and lattice water molecules (Table 1), with O---O contacts
ranging from 2.84(2) to 2.93(1) A.

(a)

(b)

Figure 12. A 1D lead(II) phosphonate chain based on Pb;O, units
(a) and a view of the structure of compound 5 along the a-axis (b).
The CPO; and CSOj; groups are shaded in dark and medium grey,
respectively. Pb, O, N, and C atoms are drawn as white, crossed,
octanded, and black circles, respectively.

Luminescent Properties

The solid-state luminescent properties of compounds 1,
2, 3, and 5 as well as the free phosphonate ligand were
investigated at room temperature. The free ligand exhibits
only a fluorescent emission band at 4,,,, = 370 nm upon
excitation at 308 nm. The phen ligand displays a fluorescent

Table 2. TGA data of compounds 1, 2, 3, and 5.

emission band at A,,,, = 381 nm with a shoulder at 364 nm
upon excitation at 339 nm. Compound 1 displays a strong
fluorescent emission band at 4., = 398 nm (A, = 330 nm;
Figure 13) upon complexion of the L* ligands with the Pb!
ions, whereas compounds 2 and 3 display a weak broad
emission band in the range 350-600 nm upon complexion
of both sulfonate-phosphonate and phen ligands with the
lead(II) ions. The bipy ligand displays a broad fluorescent
emission band at A, = 423 nm (A, = 345 nm), and upon
complexion of both L3~ and bipy ligands with the Pb'! ions
compound 5 displays a fluorescent emission band at A, =
420 nm (Ao = 330 nm; Figure 13). These emission bands
are neither metal-to-ligand charge transfer (MLCT) nor li-
gand-to-metal charge transfer (LMCT) in nature, but rather
can be attributed to an intraligand emission state.

800 4

420nm

500 9

400 4

200 1

Intensity (Arbitary Units)

350 400 450 500 550 600 650
Wavelength (nm)

Figure 13. Solid-state emission spectra of compounds 1, 2, 3, and
5.

TGA Studies

The TGA curves of compounds 1, 2, 3, and 5 all exhibit
three main weight loss steps (Figure 14). The onset and fi-
nal temperatures of these three steps as well as the weight

1004

200 400 600 800
Tempreature/"C

Figure 14. TGA curves for compounds 1, 2, 3, and 5.

First step Second step Third step Total weight loss
Temperature (onset/end) ~ Weight loss of H,O (exp./caled.) Temperature (onset/end)  Temperature (onset/end) [%6]
[°Cl (7] [°Cl [°C]
1 40/180 8.6/9.0 492/605 780/>900 28.4
2 45/205 2.5/2.8 240/336 370/735 54.1
3 40/115 1.7/1.5 182/415 415/556 54.6
5 40/209 2.9/3.0 360/455 486/600 32.6
4526 www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 4520-4529
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losses are given in Table 2, where it can be seen that the
observed weight losses of water molecules are close to the
calculated values. The final residues were not characterized.
The thermal stability of compound 4 was not studied due
to our failure to obtain it as a single-phase product.

Conclusions

In summary, we have reported the hydrothermal synthe-
sis, crystal structures, and characterization of five new lea-
d(IT) sulfonate-phosphonates, namely [Pbs(L),(H>O),]:
4H,0 (1), [Pb(HL)(phen)[-H0 (2), [Pbe(L)s(phen)g]-3H>0
(3), [Pbe(L)a(phen);gl2H,0 (4), and [Pbg(L)s(4,4 -bipy)-
(H,0),]:2H,0 (5; HsL = m-HO;S-C4H4-POsH,). The di-
verse structural frameworks of these five compounds de-
pend on the flexible coordination ability of Pb'l as well as
the mediation of an auxiliary ligand such as phen or 4,4'-
bipy. m-Sulfophenylphosphonic acid is a versatile ligand
that can adopt various coordination modes. In the absence
of the second ligand or with 4,4'-bipy, which usually binds
in a bidentate bridging mode, two types of 3D networks
(compounds 1 and 5) are obtained. The dimensionality of
the structure is reduced when the bidentate chelating ligand
phen is added as the second metal linker. Compound 2,
which has a layered structure, is obtained with a Pb/phen
ratio close to 1:1. Further increase of the amount of phen
and the pH leads to two types of discrete clusters (com-
pounds 3 and 4) which have the same skeleton but differ in
the coordination numbers of the lead(Il) ions. The results
of our study indicate that by using m-sulfophenylphos-
phonic acid with phen as the auxiliary ligand we should be
able to synthesize cluster compounds of not only d-block
and f-block metals but also main group metals. Future re-
search effects will be devoted to the designing of new types
of cluster compounds containing other metal phosphonates.

Experimental Section

Materials and Methods: m-Sulfophenylphosphonic acid (m-HO5S-
C¢H4-POsH,, H;L) was synthesized according to the procedures
previously described by Montoneri.l'*l All other chemicals were ob-
tained from commercial sources and used without further purifica-
tion. Elemental analyses were performed with an Elementary Vario
EL III instrument. The FT-IR spectra were recorded with a Nicolet
Magna 750 FT-IR spectrometer using KBr pellets in the range of
4000-400 cm!. Photoluminescence analyses were performed with a
Perkin—-Elmer LS55 fluorescence spectrometer. Thermogravimetric
analyses were carried out with a NETZSCH STA 449C unit at a
heating rate of 10 °Cmin~!' under an oxygen atmosphere. X-ray
powder diffraction (XRD) patterns (Cu-K,) were collected with a
XPERT-MPD 6-20 diffractometer.

Synthesis of [Pb3(L),(H,0),]'4H,0O (1): The pH of a mixture of
Pb(OAc), (0.32 mmol) and HsL (0.3 mmol) in 10 mL of distilled
water was adjusted to about 4.8 with 1 M NaOH solution and the
mixture was then sealed into a Parr Teflon-lined autoclave (23 mL)
and heated at 150 °C for 4 d. The final pH was 4.6. Colorless brick-
shaped crystals of 1 were collected in approx. 62% yield (0.079 g)
based on Pb. The purity of this compound was confirmed by
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powder XRD (see Supporting Information). C;,H>;0;gP>S,Pbs
(1199.9): caled. C 12.01, H 1.68; found C 11.95, H 1.57. IR (KBr):
vV = 3436 (s), 3059 (m), 2924 (m), 2852 (w), 1631 (m), 1402 (m),
1102 (s), 1022 (vs), 995 (vs), 962 (s), 800 (m), 669 (m), 618 (m), 557
(s) em .

Synthesis of [Pb(HL)(phen)|-H,O (2): A mixture of Pb(OAc),
(0.3 mmol), HsL (0.3 mmol), and phen (0.32 mmol) in 10 mL of
distilled water, with an initial pH of 3.6, was sealed into a Parr
Teflon-lined autoclave (23 mL) and heated at 150 °C for 4 d. The
final pH remained unchanged. Colorless pillar-shaped crystals of 2
were collected in approx. 85% yield (0.16 g) based on Pb. The pu-
rity of this compound was confirmed by powder XRD (see Sup-
porting Information). C;gH;5sN>O,PPbS (641.54): calcd. C 33.70,
H 2.36, N 4.37; found C 33.75, H 2.68, N 4.29. IR (KBr): ¥ = 3582
(m), 3423 (m), 3062 (m), 2833 (m), 1624 (m), 1593 (m), 1520 (m),
1495 (m), 1428 (m), 1400 (m), 1188 (s), 1147 (s), 1106 (vs), 1025
(vs), 915 (s), 850 (s), 803 (m), 792 (m), 727 (m), 694 (m), 681 (m),
617 (m), 555 (s), 528 (m) cm .

Synthesis of [Pbg(L)4(phen)g]:3H,0 (3): A mixture of Pb(OAc),
(0.36 mmol), H;L (0.3 mmol), and phen (0.48 mmol) in 10 mL of
distilled water, with its pH adjusted to about 4.0 with 1 M NaOH
solution, was sealed into a Parr Teflon-lined autoclave (23 mL) and
heated at 150 °C for 4 d. The final pH was 3.9. Colorless brick-
shaped crystals of 3 were collected in approx. 77% yield (0.17 g)
based on Pb. The purity of this compound was confirmed by
powder XRD (see Supporting Information). C;,0HggN;6057P4-
PbgS, (3679.3): caled. C 39.17, H 2.36, N 6.09; found C 39.01, H
2.49, N 5.91. IR data (KBr): v = 3435 (s), 3055 (m), 2923 (m), 2852
(m), 1621 (m), 1588 (m), 1512 (m), 1424 (m), 1343 (m), 1189 (s),
1097 (vs), 1029 (vs), 996 (s), 956 (m), 845 (m), 795 (m), 728 (m),
700 (m), 686 (m), 617 (m), 549 (m) cm™ .

Synthesis of [Pbg(L)4(Phen);o]-2H,O (4): A mixture of Pb(OAc),
(0.3 mmol), HsL (0.27 mmol), and phen (0.5 mmol) in 10 mL of
distilled water, with its pH adjusted to about 6.0 with 1 M NaOH
solution, was sealed into a Parr Teflon™-lined autoclave (23 mL)
and heated at 150 °C for 4 d. The final pH was 5.8. Colorless crys-
tals of compound 4 were collected with some unidentified impuri-
ties. Although many experiments were performed under different
reaction conditions, compound 4 could not be obtained as a single
phase.

Synthesis of [Pbg(L)4(4,4'-Bipy)(H,0),]-2H,O (5): A mixture of
Pb(OACc); (0.36 mmol), HsL (0.3 mmol), and 4,4’-bipy (0.25 mmol)
in 10 mL of distilled water, with its pH adjusted to about 4.6 with
1 m NaOH solution, was sealed into a Parr Teflon-lined autoclave
(23 mL) and heated at 150 °C for 4 d. The final pH was 4.7. Color-
less brick-shaped crystals of 5 were collected in apprx. 64 % yield
(0.093 g) based on Pb. The purity of this compound was confirmed
by powder XRD (see Supporting Information). C33Hz,N,O5gP4-
PbeS4 (2411.9): caled. C 16.93, H 1.34, N 1.16; found C 16.62, H
1.47, N 1.10. IR (KBr): 3435 (s), 3053 (m), 2924 (m), 2846 (w),
1604 (m), 1400 (m), 1220 (s), 1165 (s), 1101 (vs), 1059 (s), 1019
(vs), 995 (vs), 967 (vs), 796 (m), 686 (m), 623 (m), 552 (s) cm™".

Single-Crystal Structure Determination: Data collection for com-
pounds 1, 2, and 5 was performed with a Siemens Smart CCD
diffractometer, data collection for compound 3 was performed with
a Mercury CCD diffractometer, and that for compound 4 with a
Saturn 70 CCD diffractometer. All diffractometers were equipped
with a graphite-monochromated Mo-K, radiation source (4 =
0.71073 A). Intensity data for all compounds were collected by the
narrow frame method at 293 K. The data sets were corrected for
Lorentz and polarization factors as well as for absorption with SA-
DABS or by the multi-scan method.!'3*1501" All structures were
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Table 3. Summary of crystal data and structural refinements for 1-5.
1 2 3 4 5
Empirical formula C12H20018P282Pb3 C18H15N207PPbS C120H86N16027P4S4Pb6 C144H100N20026P4S4Pb6 C34H32N2028P4S4Pb6
Formula weight 1199.91 641.54 3679.30 4021.70 2411.88
Space group P2y/n Pl Pl Pl P2y/n
a[A] 10.3642(1) 7.2187(2) 14.963(4) 14.790(6) 10.2544(1)
b [A] 15.5661(3) 11.0945(3) 15.141(4) 15.479(6) 16.3825(2)
c[A] 16.4630(2) 11.7759(3) 15.471(4) 19.444(7) 16.6409(3)
al’] 90.00 89.527(1) 68.069(7) 97.196(2) 90.000
B 102.965(1) 78.516(1) 81.46(1) 106.154(2) 103.783(1)
7 [°] 90.00 84.841(1) 77.416(9) 111.849(4) 90.000
VIAY 2588.27(6) 920.44(4) 3165(2) 3835(2) 2715.05(6)
VA 4 2 1 1 2
Dearea. [gem ] 3.079 2315 1.931 1.741 2.950
4 [mm- ] 19.831 9.414 8.146 6.730 18.897
GOF on F, 1.142 1.195 0.995 0.999 1.158
R wRI [T > 25(1)]  0.0264, 0.0524 0.0345, 0.0749 0.0493, 0.1255 0.0534, 0.1425 0.0357, 0.0666
Ry wRy! (all data)  0.0368, 0.0558 0.0388, 0.0782 0.0766, 0.1436 0.0760, 0.1612 0.0484, 0.0711

[a] Ry = XIIFo| — [FIVZIF,|. [b] wRy = {EW[(Fo)* — (F) PIZWI(Fo) T}

solved by direct methods and refined by full-matrix least-squares
fitting on F? with SHELX-97.1'5¢1 All non-hydrogen atoms, except
O(2w) in compound 3, were refined with anisotropic thermal pa-
rameters. All hydrogen atoms were generated geometrically and re-
fined isotropically. The hydrogen atoms for the water molecules are
not included in the refinements. Pb(3) in compound 3 is severely
disordered and displays two orientations with 50% occupancy for
each site. One sulfonate group in compound 2 is also severely disor-
dered with O(11) exhibiting two orientations with 50% occupancy
each. The occupancy factor of O(2w) in compound 3 was reduced
to 50% due to its large thermal parameter. Important bond lengths
are listed in Table 1. Crystallographic data and structural refine-
ments for compounds 1-5 are summarized in Table 3.

CCDC-632076-632080 (for 1-5) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Center via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. Simulated and experimental XRD powder
patterns for compounds 1, 2, 3, and 5 (Figure S1).
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