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Abstract Preparation of plate-shaped nanostructures of a
new 1D polymeric lead(Il) complex containing the Pb,-(u-I),
motif, [Pb(neo)l,],,,(1) where neo is the abbreviation of neo-
cuproine, using a sonochemical method is described. The new
coordination polymer is characterized by scanning electron
microscopy, X-ray diffraction (XRD), elemental analysis and
infrared spectroscopy. The single crystalline material is
obtained using a heat gradient applied to a solution of the
reagents. Single-crystal XRD analysis indicates that a coor-
dination number of six for Pb" ions, (i.e., PbN,I,) with an
asymmetrical coordination sphere and “stereo-chemically
active” electron lone pairs. They also show that the chains
interact with each other through n—rn stacking interactions
creating a 3D framework. PbO nanoparticles are obtained by
thermolysis of 1 at 180 °C with oleic acid as a surfactant.
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1 Introduction

The aim of coordination polymers and crystal engineering is
the development of new crystalline materials for their pos-
sible utilization in a variety of applications considering their
wide range of possibilities [1]. This is why considerable
progress has been made in theoretical prediction and net-
work-based approaches for controlling topology and archi-
tecture of networks in order to produce useful functional
materials [2-8]. Most researcher so far has mainly focused
on s-, d-, or f-metal coordination polymers, meanwhile
despite wide range of applications in electroluminescent
devices, fluorescent sensors, photovoltaic convertor, and
organic light-emitting diodes [9-12], less consideration has
been given to the heavy metals of the p block as coordination
center. Lead(Il), with its electronic configuration [Xe] 4™
5d'% 652, is one of the post-transition metal elements that
exhibits the so-called inert-pair effect. Its compounds are
interesting and frequently discussed in considering the ste-
reo-chemical activity of valence shell electron lone pairs
[13-16].

Halo compounds of metals with d'® configuration show
various coordination numbers and configurations [17]. It is
observed that chloro-compounds are commonly bridged
polymeric, while bromo- and iodo-derivatives are usually
monomeric. Iodo-compounds often behave differently in
terms of structural, chemical, photophysical and redox
properties. It has been suggested that the tendency of iodine
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to reduce the coordination number of the metal atom is due to
an increase in electron density at the metal center caused by
the softer character and larger size of iodine relative to lighter
halogens [18, 19]. Although I™ is reluctant, in general, to
generate polymeric networks with most of the metal
ions, Cu(I) and Ag(I) form myriad iodine bridged dimers,
cubanes, chains, strands, and so on [17, 20]. Lead(II) halide
organic—inorganic hybrid compounds, and more specifically
PbX,-based coordination polymers with nitrogen-contain-
ing Lewis bases, due to their diverse electrical, magnetic and
optical properties, as well as their excellent film process-
ability [21] have attracted lots of interest [22-25].

Nano-scaled materials often exhibit new, interesting,
size-dependent physical and chemical properties that cannot
be observed in their bulk analogues. Because of these
interesting properties, nano-sized coordination polymers are
interesting candidates for applications in catalysis, molecu-
lar adsorption, magnetism, nonlinear optics, luminescence,
and molecular sensing. So far only a few studies about the
nano-scale coordination polymers were reported [26-34].

Several different synthetic approaches have been pro-
posed for the preparation of metal coordination compounds
[35]. Some examples are (1) slow diffusion of the reactants
into a polymeric matrix, (2) diffusion from the gas phase,
(3) evaporation of the solvent at ambient or reduced tem-
peratures, (4) precipitation or recrystallization from a
mixture of solvents, (5) temperature-controlled cooling,
and (6) hydrothermal synthesis [36]. Recently the appli-
cation of ultrasound in synthetic organic chemistry has
attracted attention because ultrasonic waves in liquids are
known to facilitate chemical reactions in both of homo-
geneous or heterogeneous systems [37, 38].

We focus our attention on design and synthesis lead(Il)
coordination compounds [39-44], and recently we have
reported a variety nano lead(IT) coordination polymer [43, 44].

In this paper, we report the preparation and crystal
structure of a novel lead(I) coordination polymer involv-
ing the Pb,-(p-I), unit, [Pb(neo)l,],. We also describe a
simple synthetic sonochemical preparation of plate-shaped
structures of this coordination polymer and their conver-
sion into nano-structured lead oxide using calcination at
moderately elevated temperatures. This is he first plate
shape lead(Il)-iodo coordination compound.

2 Experimental

2.1 Physical Property Measurements

All chemicals were obtained from Aldrich and used as
received. Infrared spectra were recorded as KBr pellets

using a Perkin-Elmer 883-IR and on a Nicolet 520 Fourier
transform infrared (FTIR) spectrophotometers. Elemental
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analyses (C, H, N) were performed on Perkin-Elmer 2400
II elemental analyzer. X-ray powder diffraction (XRD)
measurements were performed using a X’pert diffractom-
eter (Panalytical Co.), with monochromatized Cuk, radia-
tion. The crystallite sizes of selected samples were
estimated using the Scherrer formula. The samples were
characterized with a scanning electron microscope (SEM,
Philips XL 30), with gold coating. Melting points (uncor-
rected) were measured on an Electrothermal 9100 appara-
tus. Crystallographic data were collected at 100 K with the
Oxford Xcalibur CCD area detector diffractometer, using
graphite monochromatic MoK« (4 = 0.71069 A) radia-
tion. Data reduction and absorption correction were per-
formed using CrysAlis RED 1.171.26 (Oxford Diffraction).
The structure was solved by direct methods using SIR2004
[45] and refined by full-matrix least squares using SHELX-
97 [45]. Hydrogen atoms were generated in calculated
position using SHELX-97 [46]. Materials for publication
were prepared using SHELXTL [46] and ORTEPIII [47].

2.2 Preparation of [Pb(neo)l,], (1)

To prepare the plate-shape structure of [Pb(neo)l,], (1), a
solution of Pb(CH3;COO), (25 mL of a 0.1 M) in H,O was
positioned in a high-density ultrasonic probe operating at
20 kHz with a maximum power output of 600 W. Into this
solution the ligands, neocuproine (25 mL of a 0.1 M) and
potassium iodide (25 mL of a 0.2 M) were added dropwise.
The obtained precipitates were filtered, washed with water
and air dried. Product 1: m.p. = 224 °C. Anal. Calc. for
C4H;pLN,Pb: C: 25.12, H: 1.81, N: 4.19 %; found: C:
25.20, H: 1.80, N: 4.20 %.

IR (cm™!) selected bands: 690m, 1470s, 1508, 1575s,
2993m, 3012w [48].

To isolate single crystals of 1, neocuproine (0.20 g,
1 mmol) was placed in one arm of a branched tube [24] and
mixture of lead(Il) acetate (0.38 g, mmol) and potassium
iodide (0.34 g, 2 mmol) in the other. Methanol was then
carefully added to fill both arms, the tube sealed and the
ligand-containing arm immersed in a bath at 60 °C, while the
other was left at ambient temperature. After 9 days, crystals
(m.p. 227 °C) suitable for an X-ray structure determination
had deposited in the arm at ambient temperature. They were
then filtered off, washed with acetone and ether, and air
dried. Yield: 51 %. Anal. Calc. for C14H,I,N,Pb: C: 25.12,
H: 1.81, N: 4.19 %; found: C: 25.10, H: 1.70, N: 4.10 %.

IR: v = 690m, 1470s, 1508, 1575s, 2995m, 3015w cm ™"
[48].

2.3 Synthesis of PbO Nanoparticles

Compound 1 (0.1 mmol) was ground and dissolved in
oleic acid (1.58 mL) to form a pale yellow solution. This
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solution was degassed for 20 min and heated to 180 °C for
2 h forming a black precipitate. A small amount of toluene
and a large excess of EtOH were added to the reaction
solution, and PbO nanoparticles were separated by centri-
fugation. The solid was washed by EtOH and dried under
air.

3 Results and Discussion

The reaction of the “neo” ligand with a mixture of lead(Il)
acetate and potassium iodide using two different routes
provided crystalline materials of the general formula
[Pb(neo)l5], (1). Scheme 1 gives an overview of the
methods used for the synthesis of 1 using these two dif-
ferent routes.

The elemental analysis and IR spectra of the sono-
chemically prepared nano-crystals and the single crystal-
line material are indistinguishable (elemental analysis of
single crystal: C: 25.10, H: 1.70, N: 4.10 %, melting point
of single crystal: 227 °C; elemental analysis of nano
crystals: C: 25.20, H: 1.80, N: 4.20, melting point of nano
crystal: 224 °C). IR spectra display the characteristic
absorption bands of the “neo” ligands (Fig. 1). The rela-
tively weak band around 3,015 cm™! is attributed to the

Scheme 1 Materials produced
and synthetic methods
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absorption of the aromatic CH bonds and the band around
2,995 cm™! is attributed to the absorption of the aliphatic
CH bonds [48].

Figure 2a shows the XRD pattern calculated from the
single crystal data of 1, compared to the XRD pattern of a
typical nano-crystal of 1 prepared by the sonochemical
process (Fig. 2b). There is a good match with very slight
differences in peak positions which indicates that both
materials have a single crystalline phase. The significant
broadening of the peaks of the nano-structure (Fig. 2b) is
an indication of nanometer dimension of synthesized par-
ticles. The average size of the particles was estimated by
the Scherrer formula, D = 0.891/fcos©, where D is the
average grain size, 4 the X-ray wavelength (0.71069 A), 0
the diffraction angle and f the full-width at half maximum
of an observed peak. The obtained value of D is 85 nm.
Figure 3 shows the nano-layers that observed by scanning

Fig. 3 SEM photographs of [Pb(neo)l,], (1) plate-shapes

electron microscopy. The morphology of compound 1
prepared by the sonochemical method (Fig. 3) is very
interesting. It can be seen that it is composed of hexagonal
cross-sheets with thickness of about 85 nm (Fig. 3). The
mechanism of formation of this network structure needs to be
further investigated, however it may be a result of the crystal
structure of the compound which is a two-dimensional lay-
ered network (see below), that means the packing of the

Table 1 Crystal data and structure refinement for [Pb(neo)L,],, (1)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

O range for data collection

Index ranges

Reflections collected
Independent reflections
Refinement method
Goodness-of-fit on F?

Final R indices [/ > 2sigma(/)]
R indices (all data)

CyoH36l4N6Pbs

1,753.94

100(2) K

0.71073 A

Monoclinic

12/a

a =17.9723(12) A, « = 90.06(2)°
b =12.255(5) A, B = 93.523(13)°
c = 17.116(3) A, y = 90.07(2)°
1,669.0(7) A3

2

3.490 Mg/m®

18.843 mm ™!

1,576.0

0.25 x 0.20 x 0.20 mm®
7.56-46.12°

—-8<h<8, -12<k<12,
—-18<1<18

3,842

970 [R(int) = 0.0258]
Full-matrix least-squares on F>
1.071

R; = 0.0241, wR, = 0.0514
R; = 0.0369, wR, = 0.0573

. 'l_) AN m

Fig. 4 From packing of the structure on a molecular level to morphology of the plate-shape structure of the compound (1)
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Table 2 Selected bond lengths (A) and angles (°) for [Pb(neo)l,],

Pbl---Pb1i~! 4.769 11-Pb1-12! 95.46(7)
N1-Pbl 2.559(7) Pbl-11-Pbl1’ 90.71(7)
N2-Pbl 2.560(7) N2-Pb1-12! 109.38(6)
I11-Pbl 3.144(8) 12-Pb1-12! 99.44(7)
I1i-Pbl 2.547(8) 11-Pb1-N2 84.77(1)
12-Pbl 3.145(8) 12-Pb1-N2 89.97(6)
12i-Pb1 2.547(8) I1-Pb1-N1 90.13(6)
Pbl---Pb1i~2 4.763 N2-Pb1-N1 65.26(3)
I1-Pb1-12 173.76(3) I1-Pb1-11' 89.20(7)

Symmetry transformations used to generate equivalent atoms: i =
—X, =y, —Z

Fig. 5 Fragment of the coordination polymer showing the 1D
arrangement

Fig. 6 Packing of 1D Chains to
form 3D supramolecular layers
via m—7 stacking interactions

structure on a molecular level might have influenced the
morphology of the nano-structure of the particles (Fig. 4).

Crystal structure analysis of [Pb(neo)l,], (Table 1)
showed that the complex crystallizes in the monoclinic
system with space group 12/a, forming a one dimensional
polymer alligned along the a axis. Such arrangement is
observed in several other inorganic polymer structures [49—
52]. Table 2 shows the selected bond lengths and angles of
complex 1.

As shown in Fig. 5, the coordination number of lead
atom is six, with the N,N'-bidenate neocuprine ligand
necessarilybeing in cis conformation in the coordination
sphere. The polymer, illustrated in Fig. 5, is generated by a
succession of Pb(u-1),Pb rthombs, with the lead(II) atoms
bridged by four iodide ions.

The lead atom is located on a crystallographic 2 axis
which also passes through the midpoint of the bond(s) link-
ing the two aromatic rings. The polymer is generated by the
crystallographic inversion centres located at the centres of
the symmetry-related Pbl,Pb rhombs on both sides of the
lead atom. The octahedral coordination of lead is completed
by two iodine atoms of a symmetrically equivalent molecule,
which are located at a longer distance [3.547(8) IOA] with
respect the two iodides in the asymmetric unit [3.144(8) Al
The longer Pb—I bonds are trans to the Pb—N vectors, even
though the angle between these two cis Pb—I vectors are the
largest cis angle in the coordination sphere [173.76(3)°].
This arrangement is perhaps suggestive of some sterically
active lonepair component that occupies a hole of the coor-
dination geometry around the metal ions [16]. The observed
asymmetry of the coordination sphere, due to the difference
between the short Pb—N bonds on the side of the Pb(II) ion
opposite to the lone pair [2.559(7) A] and the much longer
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Fig. 7 Projection of the nearest neighbor pairs n—m stacks of
heteroaromatic bases in [Pb(neo)l],,

600 7
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300 4
200 -
100 4

5 15 25 35 45 55

Fig. 8 XRD patterns of PbO after calcinations of 1

Pb-I bond [3.542(8) A], adjacent to the lone pair, supports
their presence [53]. These distances and angles are compa-
rable with previously reported 1,10-phenanthroline and iodo
adducts of lead(IT) [I-Pb—I" angle is 168.65(3)°, 2.530(9) A
compared with 3.323(1) A adjacent to the lone pair] [21].
The Pb---Pb distances through the iodide bridges are 4.769
and 4.763 A.

The mode of packing of the polymer strands about their
mean planes, parallel to bc, exhibits a 3D supramolecular
architecture arising from lone pair activity and n—n stack-
ing interactions (Fig. 6). It is evident from Fig. 7 that there
can be a partial overlap between the aromatic rings of the
“neo” ligands, related by the twofold axis, with an inter-
planar distance of 3.59 A [54, 55]. Thus, lone pair activity
and m-m stacking, are two factors that may control the
coordination sphere of this complex.

3.1 Nano Structure of PbO

Nano-powders of PbO have been generated by thermal
decomposition of plates of compound 1 under an air

@ Springer

% P
i-ﬁ.’
4 "t:‘ﬁsooox_

Y
s 2N

Fig. 9 SEM photographs of PbO nano-powders [produced by
calcination of compound [Pb(neo)l,], (1)]

atmosphere. The powder XRD pattern (Fig. 8), matches the
standard pattern of orthorhombic PbO with a = 5.8931 A
and z = 4 (JCPDS card file No. 77-1971). The morphology
and size of the prepared PbO samples were further
observed using SEM. Figure 9 shows a SEM image of the
PbO nano powder. Calcination of the bulk powder of 1
produces regularly shaped Pb(II) oxide nanoparticles with a
diameter of about 25 nm (Fig. 9).

4 Conclusion

In this work, a novel Pb(Il) nano-plate coordination poly-
mer formed by Pb,-(¢-I), units and containing an aromatic
amine (neocuproine) is sonochemically prepared. The
complex takes the form of a one dimensional polymer
streched along the a axis. The arrangement of ligands
suggests a gap in coordination geometry around the metal
ions possibly occupied by a stereo-active lone pair of
electrons on Pb. Two factors, lone pair activity and n—n
stacking, may control the coordination sphere of this
complex. The morphology of 1 prepared sonochemically is
a nano crystalline hexagonal plate. This is the first plate
shape lead(Il)-iodo coordination compound. In addition,
PbO nanoparticles were prepared by thermolysis of 1 at
180 °C with oleic acid as a surfactant. The scanning
electron microscopy shows that the size of the PbO parti-
cles is ~25 nm.

5 Supplementary Material

Crystallographic data for the structures reported in this
paper has been deposited withthe Cambridge Crystallo-
graphic Data Centre as supplementary publication CCDC
884117for [Pb(neo)I2]n (1). Copies of the data can be
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obtained on application toCCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (4+44) 1223-3360-33; e-mail:
de-posit@ccdc.cam.ac.uk.
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