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Lead(II) and lead(IV) coordination polymers with N′-(2-hydroxybenzylidene)nicotinohydrazide have
been synthesized from lead(II) salts, and subsequently characterized by solid-state UV‒Vis‒IR
spectroscopy, thermal analysis, and powder and single-crystal X-ray diffraction techniques. The
compounds crystallize in the same space group but differ in the oxidation state of lead,
composition, conformation of the organic ligand, its charge, and tautomeric form. The coordination
network is propagated by the hydrazone anion in the lead(II) metal-organic framework catena-
[(μ2-N-((2-oxidophenyl)methylidene)pyridine-3-carbohydrazonoato-N:N′,O,O′)-lead(II) (1) and by
nitrate in a one-dimensional lead(IV) coordination polymer catena-(μ2-nitrato-O,O)-(nitrato-O,O′)-
(salicylaldehydeisonicotinoylhydrazonato-N,N′,O)-lead(IV) nitrate (2). The formation of metal-
organic framework of 1 is affected by Pb···π interactions.
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1. Introduction

The coordination chemistry of nicotinoylhydrazones is diverse [1]. These compounds
usually form coordination compounds by three aliphatic donors (i.e. N,O,O) with d- and
f-block elements. There are also structurally characterized complexes of tetradentate nicot-
inoylhydrazones, in which the N-heterocyclic atoms are involved in coordination polymer
formation, and pentadentate 2-pyridinecarboxylhydrazone possessing a metal coordinated to
the N2 bidentate donors of the ligand. The coordination chemistry of p-block element
compounds with nicotinoylhydrazones is limited to tin coordination compounds.

In general, lead(II) coordination compounds have been studied due to the toxicity of
this metal and the influence of the stereochemically active lone electron pair on the prop-
erties and stereochemistry of solid-state materials based on lead ions [2–10]. The molecu-
lar mechanism of toxic actions of lead is poorly known. Model ligands possessing S
donors are used for the preparation of lead(II) complexes (mimicking the thiolate rich
enzymes) to understand the lead-binding modes, crucial for designing selective chelating
agents [11, 12]. Lead could interact with other target proteins, and thus multiple mecha-
nisms of lead toxicity may exist. Thus, studies of bonding properties of lead and analysis
of secondary interactions in lead compounds are necessary and interesting. Hence, the
solid-state characterizations of two lead coordination compounds with nicotinoylhydraz-
one, as well as the results of quantum mechanical calculations explaining bonding
properties of lead, are reported here.

2. Experimental

2.1. Synthesis

Equimolar quantities (10 mM) of nicotinic hydrazide and 2-hydroxybenzaldehyde were
mixed. The mixture was stirred and heated on an electric hotplate in the absence of solvent
and catalyst until the initially watery mixtures (from water evolving during reaction)
solidified to products. The obtained N′-salicylidene-3-pyridinecarbohydrazide monohydrate
was cooled and used without further purification.

A methanolic solution (50 cm3) of N′-salicylidene-3-pyridinecarbohydrazide monohydrate
(4 mM, 0.968 g) was added to an aqueous solution (10 cm3) of lead(II) acetate trihydrate
(2 mM, 0.755 g). The mixture was stirred for 30min. The resulting yellow solution was left to
stand at room temperature. After one week, an orange crystalline product, catena-[(μ2-N-((2-
oxidophenyl)methylidene)pyridine-3-carbohydrazonoato-N:N′,O,O′)-lead(II) (1), was filtered
and dried in air. The compound is stable in air. An attempt to obtain the coordination polymer
of lead(II) by solventless method was unsuccessful (on the basis of XRPD results). (1): m.p.
370 °C (decomposition starts after melting at 385 °C, figure S1 (see online supplemental mate-
rial at http://dx.doi.org/10.1080/00958972.2013.876494)). Yield: 61% (based on Pb). Anal.
Calcd for C13H9N3O2Pb (%): C, 34.94; Pb, 46.41. Found (%): C, 34.36; Pb, 45.81.

Catena-(μ2-nitrato-O,O)-(nitrato-O,O′)-(salicylaldehydeisonicotinoylhydrazonato-N,N′,O)-
lead(IV) nitrate (2) was synthesized by the same procedure as 1, only an aqueous solution
(10 cm3) of lead(II) nitrate(V) (2 mM, 0.661 g) was used instead of lead(II) acetate. After
four days, bright yellow crystals of 2 were formed. (2): m.p. 217 °C (vigorous
decomposition starts after melting at 240 °C, figure S1). Yield: 48% (based on Pb). Anal.
Calcd for C13H10N6O11Pb (%): C, 24.63; Pb, 32.71. Found (%): C, 24.21; Pb, 32.13.
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2.2. X-ray crystallography

The crystals were mounted on a KM-4-CCD automatic diffractometer equipped with a
CCD detector for data collection. X-ray intensity data were collected with graphite-
monochromated MoKα radiation with ω scan mode. The structures were solved by direct
methods and subsequently completed by difference Fourier recycling. All non-hydrogen
atoms were refined anisotropically using full-matrix least squares on F2. The geometry of
hydrogens bonded to carbon was idealized after each cycle of least-squares refinement.
SHELXS97, SHELXL97, and SHELXTL [13] were used for all the calculations.

The X-ray powder diffraction patterns were measured in reflection mode on an XPert
PRO X-ray powder diffraction system equipped with a Bragg‒Brentano PW 3050/65 high-
resolution goniometer and PW 3011/20 proportional point detector. The CuKα1 radiation
was used. The patterns were measured at 298.0 K in the 2θ range 5–90° (figure S2).

2.3. Measurements

IR spectra (400–4000 cm−1) were recorded for samples prepared as KBr disks with a Jasco
FT/IR-6200 spectrophotometer (figures S3 and S4). UV‒Vis spectra were recorded with a
Jasco V-660 spectrophotometer, in transmission mode, for solid-state samples pressed
between two quartz plates. The positions of maxima were determined on the basis of 1st
derivative of deconvoluted curves by Wiener algorithm (FWHM= 51). A differential
scanning calorimeter (DSC 200 F3 Maia, Netzsch) was used to measure the m.p. of 1 and
2 under N2.

Thermal analysis was carried out in a TG/DTA-SETSYS-16/18 thermoanalyser coupled
with a ThermoStar (Balzers) mass spectrometer. The samples were heated in corundum
crucibles up to 1000 °C at a heating rate of 5 °C min−1 in air. The final product of
decomposition was calculated from TG curves (figures S5 and S6). The temperature range
was determined by the thermoanalyser Data Processing Module [14].

2.4. Theoretical calculations

Calculations of Pb···π interaction energy were performed at the M06 [15] and at the second-
order Møller–Plesset (MP2) [16] level of theory using the 6-31++G(d,p), aug-cc-pVQZ, and
LANL2DZ ECP (for Pb) basis sets and GAUSSIAN03 [17] software. The geometrical
parameters of Pb···benzene moiety were employed from the crystal structure data. Basis set
superposition error corrections were carried out using the counterpoise (CP) method of Boys
and Bernardi [18]. For comparison, the geometry of Pb···benzene was optimized at the M06
[15] level of theory using the 6-31++G(d,p) and LANL2DZ ECP (for Pb) basis sets. The
molecular wave functions for the topological analysis of the electron density distribution [19]
were calculated with the M06 density functional using the 6-31++G(d,p) and WTBS [20, 21]
(for Pb, taken from EMSL Basis Set Exchange Library [22, 23]) basis sets.

3. Results and discussion

3.1. The description of the structure

The lead compounds were prepared by reaction of known N′-salicylidene-3-pyridinecarbo-
hydrazide monohydrate [24] with lead(II) acetate and lead(II) nitrate, respectively.
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The crystal structures were determined by single-crystal X-ray diffraction (table 1). The
phase homogeneity of the obtained products was confirmed by powder X-ray diffraction by
comparison of obtained reflection positions with the reference X-ray powder diffraction
pattern calculated on the basis of the single-crystal structure (figure S2). Spectral and
thermal analyses were performed for ligand and both coordination compounds in the same
experimental conditions to allow comparisons.

Both compounds crystallize in the same space group and possess polymeric structures.
The lead coordination sphere is completed by weak secondary interactions and can be
classified as holodirected for 1 and 2. The most important differences between compounds
concern the oxidation state of lead, conformation of organic ligand, its charge, and
tautomeric form. The coordination network is propagated by the hydrazone anion in 1 and
by nitrate ions in 2.

In the crystal structure of the homoleptic coordination polymer, [Pb(C13H9N3O2)]n, (1)
(figure 1), lead(II) cation is coordinated by one doubly deprotonated ligand through one
phenolate oxygen atom, one imine nitrogen atom, one enolate oxygen atom, and by a sec-
ond ligand through pyridine nitrogen atom, forming a 1-D zigzag chain along the crystallo-
graphic [0 0 1] axis. During complexation, the ligand changes its conformation by rotation
around the C22‒C6 bond; thereby the pyridine nitrogen is located on the opposite sides of
the C6‒O1 carbonyl bond, which is in contrast to the crystal structure of the pure ligand,
N′-salicylidene-3-pyridinecarbohydrazide [24]. The ligand bond lengths in the complex are
consistent with those in the uncoordinated hydrazone molecule [24] except for the C(O)N
moiety (table 2). The C‒N bond is shortened and the C‒O bond is elongated in 1, in com-
parison to free hydrazone. Such redistribution of π-electron density over the amide group is
common [25–27]. The hydrazone anion is close to planar, with maximum deviation from
the weighted least-squares plane calculated for all non-H atoms of 0.224(8) Å for C4. There
is no classic hydrogen bond in the structure, since in the structure only C‒H donors exist
(only the formation of non-classical hydrogen bonds is possible).

Taking into account the Pb‒O and Pb‒N coordination bonds of length in the range of
2.234–2.523 Å, the lead(II) complex has a hemidirected coordination geometry of Pb cation

Table 1. Crystal and refinement data for 1 and 2.

Empirical formula C13H9N3O2Pb (1) C13H10N6O11Pb (2)
Formula weight 446.42 633.46
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n
Unit cell dimensions
a (Å) 11.1911(5) 9.5651(6)
b (Å) 8.5189(3) 7.0159(6)
c (Å) 13.6449(6) 27.861(2)
β (°) 111.538(6) 93.478(7)

Volume (Å3) 1210.02(9) 1866.2(3)
Z 4 4
Absorption coefficient (mm−1) 13.943 9.116
F (0 0 0) 824 1200
Theta range for data collection (°) 1.96–36.36 2.21–25.05
Index ranges −14 ≤ h ≤ 18 −11 ≤ h ≤ 8

−12 ≤ k ≤ 11 −7 ≤ k ≤ 8
−22 ≤ l ≤ 18 −32 ≤ l ≤ 32

Goodness-of-fit on F2 1.102 1.004
Final R indices [I > 2σ(I)] R1 = 0.0629, wR2 = 0.0880 R1 = 0.0569, wR2 = 0.1401
R indices (all data) R1 = 0.1439, wR2 = 0.1154 R1 = 0.0799, wR2 = 0.1472
Largest diff. peak and hole (e/Å−3) 1.705 and −1.876 2.336 and −5.082
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Figure 1. The molecular structure of 1. Solid lines indicate the content of the asymmetric unit (symmetry codes:
N2A: ‒x, ‒y ‒ 1, ‒z + 1; N1B: x, ‒y ‒ 1/2, z ‒ 1/2; C8C‒C13C: ‒x, y ‒ 1/2, ‒z + 1/2). The displacement ellipsoids are
drawn at 50% probability.

Table 2. Selected geometrical parameters.

Bond length (Å) 1 Bond length (Å) 2 Free ligand [24]

C6‒O1 1.272(9) C6‒O1 1.248(13) 1.222(1)
C9‒O2 1.312(10) C9‒O2 1.366(14) 1.354(1)
C6‒N2 1.313(10) C6‒N2 1.339(14) 1.354(1)
N2‒N3 1.393(9) N2‒N3 1.414(14) 1.375(1)
C7‒N3 1.270(10) C7‒N3 1.296(15) 1.276(2)
Pb1‒O1 2.428(6) Pb1‒O43 2.460(9)
Pb1‒O2 2.233(6) Pb1‒O41 2.792(11)
Pb1‒N1i 2.523(6) Pb1‒O1 2.477(9)
Pb1‒N3 2.400(6) Pb1‒O22 2.903(9)

Pb1‒O21 2.977(9)
Pb1‒O2 2.746(8)
Pb1‒N3 2.764(10)
Pb1‒O22ii 2.603(8)
Pb1‒O23ii 2.938(9)
Pb1‒O31 3.152(11)

Note: Symmetry codes: (i) x, ‒y ‒ 1/2, z ‒ 1/2; (ii) ‒x + 1/2, y + 1/2, ‒z + 1/2.
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[28]. Such arrangement of the N2O2 donors can suggest the presence of a gap in the lead
(II) coordination sphere; but the phenylene ring centroid is situated at a distance of 3.227
(9) Å from the Pb atom, with an angle of 81.9(6)° between this ring plane and the vector
linking the ring centroid – Pb (figure 1). Pb–C distances span a wide range from 3.336 to
3.653 Å and they are shorter than the sum of the Pb and C van der Waals radii (3.72 Å
[29]). Similar Pb···π interactions have been previously observed in coordination compounds
[30–34]. The above-mentioned phenylene ring forms π···π stacking interactions with pyri-
dine ring of adjacent Pb-salicylaldehyde nicotinoylhydrazone oriented in the opposite direc-
tion (figure 2). The distance between ring centroids related by the symmetry operator
(‒x, ‒y ‒ 1, ‒z + 1) is 3.745(5) Å. Usually, π···π stacking interactions have a synergistic
effect on forming metal ion–π interactions (figure 3), augmenting each other. This coopera-
tive effect of non-covalent interactions has been observed for cation···π and halogen···π
interactions [35–38]. A search of the Cambridge Structural Database (CSD, version 5.33)
[1] yielded 57 compounds containing Pb atom in close contact with a six-membered aro-
matic ring (with the Pb within 4 Å from the centroid of the π ring and the angle between
the vector linking the ring centroid ‒ Pb and ring plane ranging from 70° to 90°), with the
mean Pb···π (centroid) distance of 3.488(28) Å. Metal···π interactions have been attracting

Figure 2. The interplay between the Pb···π interactions and the π···π stacking interactions.
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increasing attention in supramolecular chemistry, crystal engineering, and organometallic
chemistry [30, 39–42]. The DFT/MP2 calculated energy of Pb2+···π interaction [for the iso-
lated model of Pb···benzene moiety possessing geometrical parameters taken from the
structure of 1 (figure S7, table S1)] is 60 kcal/mol and this interaction has a bonding charac-
ter. The literature has reported gas-phase binding energies of metal cation–arene complexes
varying from 20 kcal/mol (for s-block element ions [37, 43]) to about 200 kcal/mol (for
transition metal ions) [44, 45]. These gas-phase binding energy values calculated for model
metal ion···benzene moieties are similar to the experimentally determined values of bond
dissociation energies [46, 47]. In general, metal ion···π interactions are one of the strongest
non-covalent interactions [37, 40] and the electrostatic contribution plays an important role
in binding energies.

There is one more possible interaction between the lead(II) ion and the organic ligand
that can be considered. In the structure there was observed a short contact (2.976 Å)
between Pb(II) ion and the hydrazone nitrogen atom (N2) of the neighboring molecule
related by the symmetry operator (‒x, ‒y ‒ 1, ‒z + 1) (figure 1). Such coordination sphere
bond distance is typical for coordination compounds of lead; however, in such cases the
lone pair of electrons on sp2-hybridized nitrogen and the Pb‒N bond are co-planar. Since in
1 the electron density is delocalized within the N2‒C6‒O1 moiety, there is a possibility that
N2 atom forms secondary interaction with Pb atom. The two neighboring molecules are
connected by π···π stacking interactions between phenylene rings and pyridine rings. The
π···π stacking interactions, in this case, induce a short contact between the Pb(II) ion and
the hydrazone nitrogen atom (N2), and in consequence force the Pb‒N interaction. The
existence of secondary Pb‒N/O interactions was observed in several lead(II) compounds
[3, 48–52]. The coordination of lead(II) in 1 can be classified as holodirected and the
dimensionality of 1 changes from 1-D to 2-D.

To gain insight into the lead(II) ion interaction properties (figure S8), the topological
analysis of the electron density distributions was performed using Bader’s theory of atoms
in molecules [53]. The values of electron density (ρC) (table 3) for bond and cage critical

Figure 3. Part of molecular packing of 1 showing Pb···π interactions viewed along the bc plane.
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points indicate that Pb‒C and Pb‒N2 interactions exist and they are weaker than the Pb‒N/
O coordination bonds involved in the lead(II) coordination sphere. The positive value of
total electron energy density at bond critical point (HC) indicates that the Pb‒C interaction
has non-covalent character. For Pb‒N/O bonds, the values of Laplacian electron densities at
bond critical points (∇2ρC) are also positive but values of total electron energy densities at
these bond critical points are negative, suggesting partially covalent character of these
interactions.

The similar reaction between lead(II) acetate and para-isomer of nicotinic acid hydrazone
gave the catena-[(μ2-N-((2-oxidophenyl)methylidene)pyridine-4-carbohydrazonoato-N:N′,O,
O′)-lead(II) methanol solvate] [54]. This compound creates, analogous to 1, linkage via
primary interactions but the molecules are differently arranged in the crystal net. In 1 the
molecules propagate creating zigzag chains, while in the catena-[(μ2-N-((2-oxidophenyl)
methylidene)pyridine-4-carbohydrazonoato-N:N′,O,O′)-lead(II) methanol solvate] molecules
create trigonal tube structure and are related by 31 axis (figure 4).

Direct reaction of lead(II) nitrate with N′-salicylidene-3-pyridinecarbohydrazide
monohydrate yielded the coordination polymer [Pb(C13H10N6O11)]n 2 (figure 5), wherein
one tetradentate nitrate ion (bidentate chelating toward each metal ion) acts as a linker
between lead(IV) ions forming 1-D zigzag chains along the crystallographic [0 1 0] axis
(the same structural motif as in 1) (figure 6). The chains are interlinked by weak π···π
stacking interactions between phenylene and pyridine rings of organic ligands, and
N‒H···O hydrogen bonds between amide groups and coordinated nitrates functioning as
linkers. The presence of oxidizing agents in the reaction environment caused the change in
lead oxidation state from +2 to +4.

The coordination sphere of lead(IV) contains the monoanionic ligand (that binds mode),
one nitrate ion as a bidentate chelating ligand, and two bridging nitrate ligands (one from
neighboring asymmetric unit) with both acting as bidentate chelating toward this one lead
ion (figure 5). The three coordination bonds of the bridging‒chelating system are distinctly
weaker than the remaining ones (table 2), but considering the nitrate ion as bonded jointly
via two Pb‒O bonds this ligand can be considered as bonded stronger than the typical
monodentate O-donor ligand. The charge of complex cation is balanced by the presence of
third nitrate ion completing the coordination sphere of lead(IV) via weak Pb‒O interaction
(3.152(11) Å, table 2). Although the longest Pb(IV)–O(nitrate) distances of 2 exceed the Pb
(IV)–O bond length range of 2.1–2.9 Å recorded on the CSD [1], they are smaller than the
sum of the van der Waals radii (3.52 Å [29]). Thus, lead(IV) ion is ten-coordinate and
exhibits a holodirected coordination geometry. The lead atom of 2 adopts bicapped tetrago-
nal prismatic distorted toward bicapped tetragonal antiprismatic coordination geometry, with

Table 3. Topological parameters of the lead(II) coordination sphere [the electron density at bond
critical point BCP (ρC), its Laplacian (∇2ρC), the kinetic electron energy density (GC), the potential
electron energy density (VC), and the total electron energy density at BCP (HC)]; all values are given
in a.u.

∇2ρC ρC GC VC HC

Pb1‒O1 0.0436 0.0458 0.0448 −0.0461 −0.0013
Pb1‒N3 0.0503 0.0541 0.0531 −0.0559 −0.0028
Pb1‒O2 0.0830 0.0647 0.0838 −0.0846 −0.0008
Pb1‒N1i 0.0344 0.0427 0.0358 −0.0373 −0.0015
Pb1‒C8ii 0.0069 0.0129 0.0065 −0.0061 0.0004
Pb1‒N2iii 0.0105 0.0201 0.0110 −0.0116 −0.0006

Note: Symmetry codes: (i) x, ‒y ‒ 1/2, z ‒ 1/2; (ii) ‒x, y ‒ 1/2, ‒z + 1/2; (iii) ‒x, ‒y ‒ 1, ‒z + 1.
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Figure 4. The crystal packing of lead(II) coordination compounds, 1 and catena-[(μ2-N-((2-oxidophenyl)
methylidene)pyridine-4-carbohydrazonoato-N:N′,O,O′)-lead(II) methanol solvate] [48].

Figure 5. The molecular structure of 2. Solid lines indicate the content of the asymmetric unit (symmetry codes:
N21A, O21A, O22A, O23A: ‒x + 1/2, y + 1/2, ‒z + 1/2; Pb1B: ‒x + 1/2, y ‒ 1/2, ‒z + 1/2). The displacement
ellipsoids are drawn at 50% probability.
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N3 and O23 atoms (generated by symmetry operator: ‒x + 1/2, y + 1/2, ‒z + 1/2) occupying
apical positions. Two nitrate ions coordinate asymmetrically, with the difference of dis-
tances between Pb atom and the two O atoms of the same nitrate group of ca. 0.33 Å. The
third chelating nitrate ion is bounded symmetrically. The weakly bonded monodentate
nitrate ion is separated from another, symmetry generated, monodentate nitrate ion by a dis-
tance of 2.843(19) Å existing between O32···O32i (symmetry code: (i) ‒x, ‒y, ‒z) and from
the phenolate O atom by a distance of 2.569(14) Å between O33···O2 atoms. The O···O
distance fulfills the criterion of being shorter than the sum of the O van der Waals radii
(3.04 Å [29]). Although in some systems the O···O interactions have repulsive character
[55], the importance of non-covalent O···O interaction in supramolecular architectures is
well established.

Complexation does not induce conformational changes of the ligand, in contrast to 1.
The ligand bond lengths in 2 are consistent with those in the uncoordinated hydrazone
[24], except for the C(O)N (table 2). The C‒N bond is shortened and the C‒O bond is
elongated in 2, in comparison to free hydrazone, but the differences between bond lengths
are smaller than for 1. A search of the CSD [1] yielded 141 coordination compounds con-
taining the acyl hydrazone of salicylaldehyde (keto form). The average C=O and C‒N dis-
tances from 228 hits is 1.250(1) and 1.332(1) Å, respectively, and these distances are
slightly shorter than those observed in 2. An analogous search carried out for an enol

Figure 6. The 1-D zigzag chain (a) formed by the bidentate chelating nitrates (b).
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form gives 589 compounds, with 959 different bonds with a mean distance of 1.299(1) Å
for C‒O and 1.272(1) Å for C=N bonds. Thus, the hydrazone in 2 exists in the rarely
adopted keto form. The ligand is distorted from planarity. The dihedral angle formed by
the weighted least-squares planes defined by the atoms of pyridine and phenylene is 24.48
(26)°. There are no Pb···π interactions because of the presence of coordinated nitrates in
the lead(IV) coordination sphere.

3.2. Spectroscopic studies

IR spectra (figure S3) of both compounds contain characteristic bands of the stretching and
bending vibrations of the C=C, C=N, and CH groups. The C‒H stretching vibrations are
assigned to the bands at 3040–3250 cm−1. The differences in the ligand coordination mode
influence the position of some bands in the IR spectra. The absence of the band correspond-
ing to C=O stretching vibrations of C(O)NH group and the small hypsochromic shift (in
comparison to free ligand) of the band attributed to C=Nimine stretching vibrations (1605
cm−1) is consistent with the coordination of nicotinoylhydrazone for 1. For free ligand [24],
C=N stretching mode is observed at 1600 cm−1 (figure S4). The ligand exists in the enolate
form in the complex, confirmed by the presence of an additional band in the spectrum of 1
at 1355 cm−1 assigned to the C‒Oenolate stretching vibrations. An additional band at 1465
cm−1 in the spectrum of 1 corresponds to the stretching vibration of C=N of the N=C–O
moiety and C–Ophenolate bond. The IR spectrum of 2 contains a strong band at 1650 cm−1

originating from the bending vibrations of N‒H and stretching vibrations of C=O, corre-
sponding to bonding of the ligand to the metal in the keto form. There are no bands corre-
sponding to the stretch of the hydrazinic N–H bond for 1, whereas N–H stretching
vibrations are assigned to the band at 3450 cm−1 for 2. The N–N stretching vibrations
appear as a weak band. The appearance of bands corresponding to Pb‒N and Pb‒O bonds
confirms the presence of coordination bonds. The spectrum of 2 exhibits additional bands
corresponding to vibrations of chelating bidentate nitrate bonds (1480 cm−1 and 1290
cm−1). Most of the vibrational modes are strongly overlapped and only the predominant
contributions are indicated in table 4.

UV‒Vis spectra (figure 7), recorded for the solid-state samples, exhibit four principal
absorption bands for 1 and three absorption bands for 2. For 1, the strong band located at
370 nm with shoulders at 210 and 290 nm can be attributed to π → π* transitions. The band
centered at 440 nm can be considered as a charge transfer transition involving ligand-to-
metal π electron donation [56]. In the UV‒Vis spectrum of 2 there is an intense absorption
at 355 nm with shoulders at 220 and 290 nm, which can be assigned to π → π* transitions.
N-salicylidene-3-pyridinecarbohydrazide in the solid state exhibits two absorptions at 270
and 325 nm, attributed to π → π* transitions within azomethine C=N bond and aromatic
rings.

3.3. Thermal stability

The thermal decomposition of N-salicylidene-3-pyridinecarbohydrazide is a multi-stage
process (figure S5). The ligand is stable up to 55 °C in air. This first endothermic step is
attributed to removal of water molecule (mass loss of 7.0%) at 55–160 °C. The DTA (75–
130 °C) and DTG (minima at 106 °C, 120 °C) curves indicate that there are two sub-pro-
cesses in this step. The second endothermic step occurs without mass loss and it
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corresponds to the melting of anhydrous ligand (minimum at 188 °C on the DTA curve).
The succeeding stage (161–390 °C) is characterized by strong, narrow peaks on the DTG
curve (325 °C) and the biggest mass loss (57.3%). The last stage of decomposition is exo-
thermic and it occurs from 391 °C (minimum at 490 °C on the DTG curve) to 550 °C (max-
imum at 500 °C on the DTA curve). The total mass loss of 100% corresponds to the total
decomposition of ligand above 550 °C.

Compound 1 is thermally more stable than pure ligand (figure S6) in air and its decom-
position occurs in two exothermic stages. The first step of the thermal decomposition takes
place within the temperature range of 45–390 °C. This step is characterized by strong, nar-
row peaks on the DTA curve (355 °C) and the DTG curve (350 °C). The second step of
thermal decomposition occurs from 391 to 480 °C. The DTA (443 °C) and DTG (minimum
at 440 °C) curves indicate that this is a one-stage process. Over 480 °C, 1 decomposes to
PbO, which was determined on the basis of mass loss (calculated 49.5%, theoretical 50%).

The lead(IV) compound 2 is thermally less stable than 1 (figure S6). All decomposition
stages are exothermic. The TGA curve exhibits three distinct weight loss steps. The decom-

Table 4. The principal vibrational frequencies (cm−1) with the assignment.

νexp. 1 Assignment νexp. 2 Assignment νexp. ligand Assignment

3070, 3040 ν(CH) 3450 ν(NH) 3480 νas(OH), νs(OH)
1605 ν(CN) 3250,

3070
ν(CH) 3250–3100 ν(NH), ν(CH)

1600 ν(CC) 1650 ν(CO), δ(NH) 3050 ν(CH)
1520 ν(CC) 1610 ν(CN) 1670, 1655,

1650
ν(CO), δ(NH)

1465 ν(CN), ν(CO) 1595,
1550

ν(CC) 1620, 1610 δ(NH), δ(OH)

1440 δ(CH), ν(CC) 1480 ν(NO3), δ(NH), ν(CO),
ν(CC)

1600 ν(CC), ν(CN)

1365, 1355,
1350

ν(CO), δ(CH),
δ(CC)

1440 δ(CH), ν(CC) 1575 δ(CH)

1245 δ(CH) 1420 δ(CH) 1555 δ(NH), δ(OH), δ(CH),
ν(CC)

1190 δ(CH), δ(CC) 1385 δ(NH), δ(CH), δ(CC) 1490 δ(OH), δ(CH)
1150 δ(CH) 1290 ν(NO3), ν(CO), δ(CH) 1480 ν(CO), ν(CC), ν(CN)
1007 δ(CC), δ(CN),

ν(NN)
1210,
1200

δ(CH), δ(CC) 1425 δ(CH)

960 δ(CH) 1160 δ(CC), δ(CH) 1380 δ(OH)
930 δ(CC), δ(CN),

δ(CONN)
1130 δ(CH) 1355 δ(CH)

885 δ(CC), δ(CN) 1045 ν(NO3) 1335 ν(CO), δ(CH)
760 δ(CH) 1030,

1020
δ(CC), δ(CN), ν(NN) 1290 δ(CC)

730 δ(CH) 930 δ(CC), δ(CN) 1240 δ(CH), δ(NH),
δ(NCO)

640 δ(CH) 880 δ(CC), δ(CN) 1205 δ(CC), δ(CH)
620 δ(CC) 820 ν(NO3) 1155 δ(CH)
580 δ(CC), ν(PbO) 750 δ(CH) 1135 δ(CH), ν(NN)
510 δ(CC), δ(CO),

ν(PbO)
720 δ(NO3) 1120 δ(CH)

475 δ(CC) 690 δ(CH) 1030 δ(CC)
450 δ(CH) 635 δ(CH), δ(CC) 960 δ(NH), δ(OH), δ(CH)
420 ν(PbN), δ(CH) 590 ν(PbO) 920 δ(NH), δ(OH), δ(CH)
380 δ(CH) 500 ν(PbO) 875 δ(CC), δ(NCO)

440 ν(PbN) 760 δ(CH)
700 δ(CC), δ(CN)
670 δ(CC)
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position starts at 260 °C and ends at 510 °C with weight loss of 60.8%. The first step of the
decomposition is characterized by strong, narrow peaks on the DTA curve (300 °C) and the
DTG curve (300 °C), and originates from decomposition of ligand. The second step is
combined with the third one and corresponds to the simultaneous decomposition of nitrate
and organic ligand. The last stage of decomposition occurs from 390 °C (minimum at
480 °C on the DTG curve) to 510 °C (maximum at 480 °C on the DTA curve).

4. Conclusion

The syntheses of lead coordination compounds with N′-(2-hydroxybenzylidene)nicotinohyd-
razide were performed in the same experimental conditions. Lead(II) acetate yielded a 2-D
lead(II) coordination polymer (1), in which the hydrazone is a linker. The formation of

Figure 7. The solid-state UV‒Vis spectra of 1 (green line), 2 (red line) and ligand (blue line) (see http://
dx.doi.org/10.1080/01694243.2012.735194 for color version).
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metal-organic framework of 1 is affected by Pb···π interactions. Using lead(II) nitrate
during synthesis led to the formation of a 1-D lead(IV) coordination polymer (2), in which
nitrates bridge between lead(IV) centers (scheme 1).

Although the coordination bonds are the primary interactions in coordination polymers,
the non-covalent interactions often play important roles in the extension of a coordination
network into larger architecture. The 2-D coordination polymer of lead(II) (1) exhibits, in
addition to coordination bonds, two types of non-covalent interactions, π···π stacking and
Pb···π interactions. The Pb···π interactions, although rarely observed and recognized in
solid-state structures of lead(II) compounds [29], should be considered as supramolecular
bonding interactions in studies of interaction mechanisms of lead and in designing new lead
compounds. The synergic effect of π···π interactions on the Pb···π bonds cannot be
neglected. Metal···π interactions should be taken into account in the structural chemistry of
nicotinoylhydrazones and more complex compounds containing nicotinoylhydrazone, as
well as in any complete analysis of their coordination properties [57–59].

Supplementary material

CCDC-926481 (1) and CCDC-967624 (2) contain the supplementary crystallographic data for
this article. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data Center (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44(0)1223–336033; E-mail: deposit@ccdc.cam.ac.uk].
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