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A B S T R A C T

Four Pb(II) complexes with a hydrazone ligand obtained from 2-acetylpyridine and benzhydrazide were prepared 
by using Pb(II) acetate, nitrate and carbonate salts: [Pb(HL)2(NO3)2] (1), [Pb(L)(CH3CO2)]n (2), [Pb(L)2]n (3), 
and [Pb(L)(NO2)]n (4). Compound 4 was obtained from reaction of Pb(II) nitrate and addition of nitrite. Pb(II) 
carbonate reacts only by heating in N,N-dimethylformamide, producing compound 3. Structural analysis by 
single-crystal X-ray diffraction reveals that compound 1 exhibits a holodirected geometry with the ligand co
ordinated in its neutral form, whereas compounds 2–4 display hemidirected geometries with stereochemically 
active lone pairs and anionic hydrazonate ligands. The supramolecular architectures of these complexes are 
stabilized by non-covalent interactions, including hydrogen bonds and tetrel bonds. DFT calculations (MEP, 
QTAIM, and NCIplot) were employed to analyze the self-assembled dimers of the homoleptic complex 3 and its 
polymorph 3A. The theoretical results corroborate the existence of Pb•••N(azomethine) tetrel bonds in com
pound 3 and uncover a novel Pb•••η2-C2(arene) interaction in polymorph 3A and 4. For compound 4, the 
analysis additionally identifies the formation of strongly bound antiparallel π-stacked dimers driven by elec
trostatic complementarity. Energetic analysis indicates significant dimerization energies for these assemblies, 
highlighting the crucial role of these specific non-covalent interactions in the crystal packing. The compounds 
were further characterized by elemental analysis, FT-IR, NMR and diffuse reflectance spectroscopies.

1. Introduction

N-Acylhydrazones are a distinctive subclass of Schiff bases, struc
turally defined by the –CO–NH–N––CH– moiety. The weak acid-base 
properties of their derivatives are governed by the interplay between 
the azomethine nitrogen (–N––CH− ) and the adjacent amide group 
(–CO–NH–) [1]. They form complexes with Group 14 elements [Si, Ge, 
Sn, Pb] in (+II) and (+IV) oxidation states, with exception of Si 
(oxidation state +IV). The NO donor set has strong chelating properties 
being known complexes of Si through Pb [2–5]. Two chelates can be 
formed with addition of an appropriate oxygen or nitrogen donor [6,7].

The structural chemistry of lead(II) complexes is largely governed by 
the electronic configuration of the metal ion, specifically the presence of 

the valence 6s2 electrons [8]. These electrons, often referred to as the 
inert lone pair, can exhibit varying degrees of stereochemical activity. 
When the lone pair is stereochemically active, it occupies a specific 
position in the coordination sphere, repelling the ligand donor atoms. 
This results in a distribution of bonds that covers only a portion of the 
coordination sphere, leaving a discernible gap or void. This geometry is 
classically defined as hemidirected [9]. Typical examples of homoleptic 
Pb(II)-hydrazone complexes contain the metal center with coordination 
number six [10,11]. In these complexes, each ligand creates two 
chelating rings through the N,N’,O-donors, resulting in e.g. distorted 
trigonal prismatic geometry [11]. In contrast, when the lone pair is 
inactive or when the high coordination number forces a symmetric 
distribution of ligands, the geometry is termed holodirected, and the 
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ligands are arranged evenly around the metal center [9]. Thinking on Pb 
(II)-hydrazone complexes, the number of examples is very reduced; 
otherwise such arrangement is achieved only taking in account the tetrel 
bonds, e.g. heteroleptic compounds containing nitrate and halide ligands 
[12,13].

The structural void present in hemidirected complexes is of signifi
cant interest in crystal engineering, as it frequently acts as an electro
philic site capable of engaging in secondary non-covalent interactions, 
such as tetrel bonds [9]. Lead tetrel bonds may be qualitatively 
described as existing when there is evidence of a net attractive inter
action between an electrophilic region associated with lead in a mo
lecular entity and a nucleophilic region in another, or the same, 
molecular entity [14]. Comprehension of the Pb(II) coordination at a 
molecular level is, thus, ideally recommended by the help of theoretical 
computations. The bonding pattern is very important as the tendency of 
the lead(II) cation to exhibit a gap in its coordination sphere seems 
strongly linked to the cation’s toxicity (i.e., the well-known lead 
poisoning) [15]. The coordination properties of lead is crucial for the 
design of selective chelation therapy agents, and the development of 
efficient chelating agents for the remediation of polluted water and soil 
[16].

We have observed before that 2-acetylpyridine benzoylhydrazone 
(HL, Fig. 1) reacts with lead(II) thiocyanate and the [Pb(HL)(NCS)2] 
complex is formed. Pb•••S tetrel bonds and H-bonds were observed in 
the analysis of the molecular structure in the solid-state [7]. In the same 
work, we observed that deprotonation occurs within recrystallization in 
DMF solution, yielding [Pb(L)(SCN)]. Pb•••N tetrel bonds were then 
formed. In the present work, we are interested in the study of the 
resulting coordination compounds of HL with lead(II) nitrate and ace
tate salts.

In addition to the structural characterization, we present a detailed 
theoretical study using DFT calculations to analyze the non-covalent 
interactions governing the crystal packing of the homoleptic complex 
3 and its polymorph 3A. We focus on corroborating the existence of 
tetrel bonding interactions, specifically the unconventional Pb•••N 
(azomethine) contact in compound 3, which exhibits a distance slightly 
beyond the van der Waals limit, and the Pb•••η2-C2(phenyl/pyridyl) 
interaction in compounds 3A and 4. To our knowledge, this latter 
interaction involving the phenyl or pyridyl ring as a donor to the lead(II) 
center has not been previously analyzed in this class of compounds.

2. Results and discussion

Four coordination compounds with Pb2+ salts were obtained with 2- 
benzoylpyridine benzoylhydrazone (HL) as ligand. The simple mixture 
of the Pb2+ nitrate and acetate salts with HL in methanol (Scheme 1) 
produced compound [Pb(HL)2(NO3)2] (1) and [Pb(L)(CH3CO2)]n (2). 
The use of NEt3 as supporting base in the reaction of Pb2+ acetate pro
duced compound [Pb(L)2]n (3). We have also observed that the addition 
of sodium nitrite to the mixture of Pb2+ nitrate and HL produces [Pb(L) 
(NO2)]n (4). The objective of the addition of nitrite was the preparation 
of an analog of compound of 2, replacing acetate by nitrite and compare 
their molecular and supramolecular structures. Both co-ligands were 

expected to coordinate through their O,O’-donors. Compound 1 is white 
while compounds 2 − 4 are yellow.

Compounds 1‒4 are soluble in methanol. If the synthesis are per
formed with a higher amount of solvent, precipitation will be not 
observed within the reaction time (2 h). However, this approach can be 
used to obtain good single-crystals for structural analysis, particularly 
compounds 2 and 3 that have a needle shape. Compound 1 starts to 
precipitate within 2 h of reaction, being collected by filtration after 2.5 
h. From the mother liquor, good quality blocks of 1 were formed. 
Crystals of sufficient quality of compound 4 were formed from the 
mother liquor as well. For all compounds, the solids that were collected 
at the end of the reaction time were used for quantification and spec
troscopic characterization.

We have also performed a reaction of Pb2+ carbonate with HL in 
DMF under heating at 90–95 ◦C. Compound 3 crystallized from the so
lution as yellow rectangular needles, in between of few crystals of 
polymorph 3A (yellow blocks) (Scheme 2). In the same solvent, at room 
temperature, the replacement of the carbonate salt by Pb2+ acetate 
produced compound 2 as yellow precipitate (and not 3, which could be 
also expected), even though a 1:2 (Pb2+:HL) stoichiometry was used.

2.1. Molecular structures

In compound 1, the hydrazone ligands coordinate in a neutral form 
through the N,N’,O donor atoms. Two five-membered chelate rings were 
formed. The C‒O bond lengths of 1.233(3) Å (Table S3) are close to free 
ligand (1.219(2) Å [17]) thus proving the neutral coordination. For 
charge compensation, there are two nitrate ions. Both hydrazone and 
nitrate ligands are in trans position (Fig. 2). The Pb center is 
ten-coordinated, but one nitrate ligand has longer Pb− O distances 
[2.877(3)− 2.9161(6) Å, Table 1], which can be better described as in
teractions. For comparison, the other nitrate ligand is coordinated with 
Pb− O bond lengths of 2.641(2) and 2.731(2) Å. The coordination sphere 
has primarily the N4O4 set, which expands to N4O6 set. Therefore, a 
holodirected geometry is observed considering both the covalent and 
non-covalent bonds. The Pb− N bond lengths of the hydrazone ligand 
range from 2.725(2) to 2.875(2) Å, which are longer than in the previous 
compound [Pb(HL)(NCS)2] (2.662(3) and 2.641(3) Å) [7]. The Pb− N 
bond lengths in [Pb(HL1)2(NO3)2] (HL1 = 2-benzoylpyridine 4-phe
nylsemicarbazide) (2.6832(16)− 2.7978(17) Å) [12] are closer to those 
observed in 1.

A one-dimensional arrangement results from N− H•••O hydrogen 
bonds, in the solid-state (Fig. S4). Such H-bonds have been observed 
before in [Pb(HL1)2(NO3)2] [12]. Different situation occurs in [Pb(HL2) 
(NO3)2] (HL2 = 2-acetylpyridine isonicotinoylhydrazone) where the 
single hydrazone ligand in the complex enables the hemidirected 
structure. A 1D extended chain is then constructed by secondary 
Pb•••Onitrate interactions [13].

Compounds 2 and 3/3A contain a hydrazonate ligand. The depro
tonation was promoted by the acetate or by the use of supporting base 
NEt3, or even by the carbonate in heating reaction condition. Com
pounds 2 and 4 are heteroleptic complexes (with an additional acetate 
or nitrite ligand) (Fig. 3b) while 3/3A is homoleptic (Fig. 4). Compounds 
2 and 4 are less symmetric and have their structures adequately calcu
lated in monoclinic space groups. Compounds 3/3A have higher sym
metry, with their structures calculated in orthorhombic space groups. 
Across the Pb center and, indeed, the lone pair, there is a 2-fold rotation 
axis (in 3) and a 2-fold rotation axis plus a glide plane parallel to the axis 
(in 3A).

In compounds 2 and 4, the hydrazonate ligand coordinates through 
the pyridinic nitrogen atom N(1), azomethine nitrogen atom, N(2), and 
amidate oxygen atom, O(1), while in 3/3A they coordinate exclusively 
through N(2) and O(1). The bonding parameters are in good agreement 
with the coordinating pattern of a C––N− N––C–O moiety: C(8)‒O(1) in 
1.28–1.29 Å range, and C(8)‒N(3) in 1.33‒1.34 Å range (Table S3). The 
acetate ligand in compound 2 coordinates in asymmetrical way with 

Fig. 1. Chemical structure of 2-acetylpyridine benzoylhydrazone (HL) and its 
known coordination mode toward Pb(II) [7].
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Pb‒O bond lengths of 2.331(2) and 2.748(3) Å (Table 1) being better 
described as monodentate coordination with an additional interaction 
(Fig. 3a). The C‒O bond lengths in acetate are also asymmetrical [C 
(15)‒O(2) = 2.282(4); C(15)‒O(3) = 2.242(4) Å], corroborating with 
the coordination mode. Anyway, the acetate coordination can be further 
comprehended as pseudo bridging bidentate mode (Fig. 3b). Similarly, 
in compound 4 the coordination of the nitrite ligand is asymmetrical 
(Pb‒O bond lengths of 2.370(3) and 2.807(3) Å, Table 1). The N‒O 
bond lengths in the nitrite ligand are N(4)‒O(2) = 1.279(4) and N(4)‒O 
(3) = 1.236(4) Å.

The ‘coordination’ by the pyridyl nitrogen atom N(1) is somewhat 
atypical for compounds 3/3A. The Pb− N(1) bond lengths in 3/3A 
(2.843(2)/2.822(2) Å, Table 1) are considerably longer than in 2 (2.559 

Scheme 1. Synthesis of the Pb(II) complexes, in methanol.

Scheme 2. Reactions of HL and Pb2+ carbonate and acetate, in DMF.

Fig. 2. Molecular structure of compound 1.

Table 1 
Selected bond lengths (in Å) for compounds 1, 2, 3/3A and 4.

1 2 3 3A 4

Pb(1)-N 
(1)

2.794(2) 2.559(2) 2.843 
(2)

2.822(2) 2.532(3)

Pb(1)-N 
(2)

2.875(2) 2.439(3) 2.571 
(2)

2.5763 
(19)

2.396(3)

Pb(1)-N 
(4)

2.725(2) − − − −

Pb(1)-N 
(5)

2.804(2) − − − −

Pb(1)-O 
(1)

2.637(2) 2.351(2) 2.364 
(2)

2.3165 
(18)

2.361(2)

Pb(1)-O 
(2)

2.660(2) 2.331(2) 
acetate

− − 2.370(3) 
nitrite

Pb(1)-O 
(3)

2.641(2) nitrate 2.748(3) 
acetate

− − 2.807(3) 
nitrite

Pb(1)-O 
(4)

2.731(2) nitrate − − − −

Pb(1)-O 
(6)

2.877(3) nitrate − − − −

Pb(1)-O 
(7)*

2.9161(6)/2.8867 
(7) nitrate

− − − −

* The second value corresponds to the Pb(1)-O(7B) bond. Atoms O(7) and O(7B) 
are from a disorder.
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(2) Å) and 4 (2.532(3) Å). In 3/3A these bonds are better considered as 
Pb•••N interactions due to the Pb− N(1)− Cg (Cg = centroid of the 
pyridyl ring) angles. Since pyridyl is a planar substituent, we can analyze 
it by the Pb(1)− N(1)− C(3) angles. The values calculated by PLATON 
program are 156.53(1)◦ and 160.78(1) for 3 and 3A, respectively, which 
are quite far from 180◦, which reflects the ‘weak’ donation of the elec
tron pair from N(1) to Pb(1). For comparison, in 2 and 4, the related 
angles are 177.72(1)◦ and 174.60(1)◦, respectively. Fig. S5 illustrates 
the clear differences in the angle resulted from N(1) coordination/ 
interaction with Pb. In principle, no apparent reason would be expected 
for this observation since all compounds show the inert pair effect in the 
coordination geometry. A more detailed comment will be found in the 
DFT studies section.

In all complexes, hemidirected coordination geometries are 
observed, based on the clear gap produced on the asymmetrical distri
bution of the coordinated atoms from the ligands. In compound 2, the 
coordination sphere has primarily the N2O2 set, which expands to N3O4 
set. In compounds 3/3A and 4, the N2O2 set expands to N6O2 (3), 
N4O2(η2− C2)2 (3A) and N3O3(η2− C2) (4).

The gap in the coordination spheres of the molecular structures of 
compounds 2 (Fig. 3a), 3 (Fig. 4a) and 4 (Fig. 7a) is partially fulfilled by 

tetrel bonds (Pb•••O and/or Pb•••N interactions). Fig. 3b and Fig. 5
present the one-dimensional arrangement in 2 and 3, as the crystal 

Fig. 3. (a) Molecular structure of compound 2; (b) Solid-state arrangement of compound 2. Hydrogen atoms were omitted for clarity. Symmetry operator: a x − 1, 
y, z.

Fig. 4. Molecular structures of compound (a) 3; (b) 3A. Symmetry operator: a [− x + 1.5, − y + 0.5, z] for 3; [− x + 1, y, − z + 0.5] for 3A.

Fig. 5. View of the pseudo-polymer 3. Hydrogen atoms were omitted for 
clarity. Symmetry operators: a − x + 1.5, − y + 0.5, z; b x, y, z + 1; c –x + 1.5, − y 
+ 0.5, z + 1.
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formats (thin rectangular blocks/needles) strongly suggest; thus, these 
compounds are pseudo-polymers. Many other authors find out the for
mation of 1D extended chains or a 2D extended layers for hydrazone- 
containing Pb(II) compounds via such interactions [18,19]. The 
Pb•••N distances are 3.382(2) and 3.929(2) Å (Table 2). In 3, although 
the distance is on the limit of the van der Waals radii sum of Pb and N 
(3.9 Å [20]), the DFT analysis corroborates the tetrel bonds formation, 
as detailed below. In 2, the Pb•••O distance is equal to 3.460(3) Å, 
which is in between the sum of the van der Waals radii of the corre
sponding elements (3.85 Å) [20]. According to our knowledge, com
pound 2 is the first example of a heteroleptic complex containing acetate 
having both Pb•••N and Pb•••O tetrel bonds. This may be achieved due 
to the absence of donor atom(s) in the aromatic group of the –C(O)R 
fragment of the hydrazonate ligand. When the ligand contains a donor 
atom in this fragment, normally a nitrogen atom, Pb•••N [21] or 
Pb•••N and π− π interactions [22] are favored.

Homoleptic Pb(II) complexes with hydrazones derived from 2-acetyl
pyridine or 2-pyridylaldehyde and arylhydrazides are scarce. Based on a 
search on CSD (Cambridge Structure Database) we could find only one 
example, prepared by Chung et al. via sonochemical synthesis (and 
branched tube method for crystals). The ligand of the complex is 2-pyr
idinecarbaldehyde isonicotinoylhydrazonate [10]. The authors describe 
the complex as discrete, with coordination number of six for the Pb(II) 
atom and asymmetrical hemidirected geometry. They comment about 
π–stacking interactions (distance of 3.433 Å) allowing the discrete 
structure to form a 1D network. No comments were made about tetrel 
Pb•••N bonds. However, our analysis on the CIF file of this compound 
indicates that tetrel bonds may be present. They probably refer to the 
‘weak supramolecular interactions’ described by the authors forming the 
3D architecture. Compared to 3/3A, the Pb− N bond lengths with the 
pyridyl and azomethine nitrogen atoms are close (2.872(3) and 2.552(3) 
Å [10], respectively). Interesting is that the Pb‒N(pyridyl)‒C(pyridyl) 
angle is 168.4◦, which is closer to 180◦ when compared with 3/3A.

The analysis of the solid-state structure of compound 3A reveals 
unexpected Pb•••η2− C2 interactions. Carbon atoms C(12) and C(13) 
from the phenyl rings of neighbouring metal complexes fulfill the 
hemidirected coordination sphere of the Pb(II) ion in the complex 
(Fig. 6). It results in a two-dimensional network (Fig. S6). Since the 
crystals were easily obtained and are very stable, DFT studies were 
performed to corroborate the formation of such interaction. The Pb‒C 
(12) and Pb‒C(13) distances are 3.495(2) and 3.540(2) Å. Table 2 lists 
all the distances of the intermolecular interactions of all compounds.

Compound 4, at first inspection, is a pseudo-dimer by non-covalent 
interactions (two Pb•••N tetrel bonds and two π‒stacking in
teractions; Fig. 7b). The Pb•••N distances are 3.227(3) Å (Table 2). The 
π‒π interactions are within the pyridyl and phenyl rings. The Cg-Cg 
distances are 3.5734(17) Å, with slippage of 1.069 Å. These two types 
of interactions producing a pseudo-dimer was observed before for [Pb(L) 
(SCN)] [7]. Similar case was observed before in a complex with 

2-acetylpyridine isonicotinohydrazide as ligand in which the aza 
N-atom approaches the Pb(II) and forms a Pb•••N tetrel bond (in 
addition, the 4-pyridyl N-atom approaches a second tetrel bond) [23]. In 
4, the O(3)‒Pb(1)‒N(3)a angle of 167.48(1)◦ (from PLATON) suggests 
the tetrel bonding interaction. As comparison, the O(2)‒Pb(1)‒N(3)a 

angle in compound 2 is 160.28(1)◦. However, a void is still present in 4, 
allowing further interactions. Pb•••η2− C2 interactions involving C(2) 
and C(3) carbon atoms from the pyridyl rings of neighbouring metal 
complexes (Fig. S7) are observed. DFT section will contain the studies on 
the formation of such interaction. It is worth to highlight that 
Pb•••η2− C2 interactions in compound 4 happens with pyridyl ring 
carbon atoms, while in 3A they occur with phenyl ring carbon atoms.

2.2. DFT analysis on tetrel bonds in compounds 3/3A and 4

The experimental X-ray diffraction analysis of compounds 3/3A and 
4 reveals supramolecular architectures likely stabilized by specific non- 
covalent interactions involving the lead(II) center. To characterize these 
contacts and quantify their contribution to the crystal packing, we 
performed DFT calculations on the self-assembled dimers derived from 
the X-ray coordinates. First, the molecular electrostatic potential (MEP) 
surfaces were computed to identify the location and intensity of the 
σ-holes (a region of lower electronic density on the extension of a co
valent bond) on the hemidirected Pb atom, verifying its capability to 
participate in tetrel bonding. This was followed by a combined QTAIM 
(Quantum Theory of Atoms in Molecules) and NCIplot (Non-Covalent 
Interaction plot) analysis to unequivocally characterize the bond critical 
points and attractive regions associated with the Pb•••N and Pb•••η2-C2 
interactions. Finally, an energetic analysis was conducted to estimate 
the dimerization energies and assess the stability provided by these 
supramolecular contacts.

The molecular electrostatic potential (MEP) surface of the mono
meric [Pb(L)2] unit was computed to evaluate the charge distribution 
and identify the potential donor and acceptor sites driving the supra
molecular assembly (Fig. 8a). The MEP map reveals a significant 
anisotropy around the lead(II) center, consistent with a hemidirected 
geometry influenced by a stereochemically active 6s2 lone pair. The Pb 
atom exhibits two symmetric σ-holes located on the equatorial belt 
perpendicular to the coordination plane. These electrophilic regions are 
characterized by a positive potential of +12.6 kcal/mol, indicating their 
capability to participate in attractive interactions with electron-rich 
moieties. Regarding the nucleophilic sites, the MEP global minimum is 
located at the oxygen atoms of the hydrazonate groups (–38.6 kcal/mol), 
while the aromatic protons of the pyridyl rings represent the global 
maximum (+22.3 kcal/mol). Crucially for the supramolecular analysis, 
the azomethine nitrogen atoms exhibit large negative potentials (–35.8 
and –28.2 kcal/mol), confirming their strong Lewis base character. 
Furthermore, the MEP values over the phenyl rings are also negative, 

Table 2 
Solid-state intermolecular interactions (Å) in compounds 1, 2, 3/3A, and 4.

1 2 3 3A 4

Pb•••N 
(azomethine)

− 3.382 
(2)

3.929 
(2)

− 3.227(3)

Pb•••O(acetate) − 3.460 
(3)

− − −

Pb•••η2- 
C2(phenyl)

− − − 3.495(2), 
3.540(2)

−

Pb•••η2- 
C2(pyridyl)

− − − − 3.476(2), 
3.652(3)

N-H•••O(nitrate) 2.955(3), 
3.305(3)

− − − −

Coordination 
number*

10 7 8 8 7

*including the Pb•••X (X = N, O, C) interactions. The η2–C2 bonds were counted 
as a single interaction.

Fig. 6. View of the pseudo-polymer 3A along the [100] direction. Hydrogen 
atoms were omitted for clarity. Symmetry operators: a 

− x + 1, y, − z + 0.5; b x 
− 0.5, y − 0.5, − z + 0.5; c –x + 1.5, y − 0.5, z.
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ranging from –23.2 to –23.8 kcal/mol, which suggests the aromatic 
system can act as a donor in C–H•••π or tetrel bonding interactions. In 
the case of the heteroleptic complex 4 (Fig. 8b), the MEP global 
maximum is located at the aromatic H-atoms of the coordinated pyridyl 
rings (+29.5 kcal/mol) and the minimum at the nitrite ligand (‒42.5 
kcal/mol). Similar to the homoleptic complexes, the MEP is also positive 
at the Pb atom, showing anisotropy and three preferential directions 
(σ-holes) with energies ranging from +19.5 to +25.1 kcal/mol. An 
interesting issue is observed in the planar extended surface opposite to 
the nitrite ligand: (i) the MEP is negative over the phenyl ring and its 
fused chelate ring, and (ii) positive over the pyridyl ring at its fused 
chelate ring.

This charge distribution provides a robust rationale for the experi
mental structures. The presence of two symmetric σ-holes on the Pb 
atom and the availability of electron-rich N(azomethine) and phenyl 
groups align perfectly with the formation of the self-assembled dimers. 
Specifically, the σ-hole•••N interaction explains the assembly in com
pound 3 (Fig. 5), while the interaction between the σ-hole and the 
negative potential of the phenyl ring corroborates the formation of the 
Pb•••η2-C2 bonds observed in polymorph 3A (Fig. 6). For compound 4, 
the three σ-holes identified on the lead(II) center are consistent with its 
ability to engage in multiple non-covalent contacts within the crystal 
lattice. Furthermore, the electrostatic complementarity between the 
positive and negative regions of the planar extended surfaces effectively 
drives the formation of the antiparallel π-stacked dimers (Fig. 7b), where 

the positive pyridyl fragment of one monomer overlaps with the nega
tive phenyl fragment of the neighbouring unit.

To further characterize the nature of the interactions within the 
crystal lattice, a combined QTAIM and NCIplot analysis was performed 
on the self-assembled dimer of compound 3 (Fig. 9). It should be noted 
that the proximity of the two monomers generates a complex and dense 
network of bond critical points (BCPs) and bond paths. Therefore, for the 
sake of clarity, the QTAIM distribution shown in Fig. 9a is a partial 
representation, displaying only the BCPs associated with the tetrel bonds 
and hydrogen bonds, while omitting others to avoid overcrowding the 
figure. To provide the whole picture of the non-covalent interactions, 
including dispersive forces, we relied on the NCIplot analysis (Fig. 9b).

Focusing on the QTAIM results, the intramolecular Pb•••N(pyridyl) 
contacts (green BCPs) exhibit a low electron density (ρ = 0.0249 a.u.) 
and a potential-to-kinetic energy density ratio (–G/V) of 0.98. These 
values, along with the discrete light blue isosurfaces in the NCIplot, 
unequivocally confirm the non-covalent nature of these intramolecular 
tetrel bonds. Regarding the intermolecular assembly, the analysis con
firms the existence of the Pb•••N(azomethine) tetrel bonds predicted by 
the MEP study. These are characterized by specific bond paths and BCPs 
(red spheres) connecting the Pb atoms to the azomethine nitrogen 
atoms. The NCIplot characterizes these long contacts (3.99 Å) as weak, 
evidenced by the green Reduced Density Gradient (RDG) isosurfaces.

Furthermore, the dimer is reinforced by C–H•••O hydrogen bonds 
involving the pyridyl C–H groups and the hydrazonate oxygen atoms. 

Fig. 7. (a) Molecular structure of compound 4; (b) Pseudo-dimeric structure of compound 4. Hydrogen atoms were omitted for clarity. Symmetry operator: a –x + 1, 
− y, − z + 1; b –x + 1.5, y − 0.5, − z + 0.5.

Fig. 8. Molecular electrostatic potential (MEP) surface of compound 3 (isosurface 0.001 a.u.) in two opposite orientations (a) and 4 (b). The energies at selected 
points are indicated in kcal/mol. Red and blue regions correspond to negative and positive potentials, respectively. The arrows indicate the location of the σ-holes.

V.D. Schwade et al.                                                                                                                                                                                                                            Journal of Molecular Structure 1374 (2026) 146840 

6 



While the simplified QTAIM diagram highlights these specific in
teractions, the NCIplot reveals the full extent of the supramolecular 
assembly: large green isosurfaces are observed between the aromatic 
rings, evidencing the existence of extensive van der Waals interactions 
(π•••π and C–H•••π) that were omitted in the QTAIM graph. The 
combination of these tetrel bonds, hydrogen bonds, and van der Waals 
contacts results in a large dimerization energy of –26.9 kcal/mol, con
firming the significance of this assembly in the solid state.

A similar analysis was performed for the self-assembled dimer of 
polymorph 3A to investigate the Pb•••η2-C2 interaction (Fig. 10). The 
QTAIM distribution (Fig. 10a) reveals a bond path connecting the Pb 
atom to one carbon atom of the phenyl ring, characterizing the Pb•••C 
contact. Notably, the bond path extends from the Pb atom toward the 
center of the C–C bond and subsequently bends toward the carbon atom 
that is geometrically closer to the lead center. The specific Pb•••η2-C2 
nature of this interaction is more clearly defined by the NCIplot analysis 
(Fig. 10b), where the green RDG isosurface spatially embraces the re
gion between the Pb atom and the C–C bond of the aromatic ring.

Regarding the intramolecular tetrel bonds between the pyridyl 

nitrogen and Pb atoms (represented by green BCPs in Fig. 10a), the 
calculated QTAIM parameters are very similar to those observed in 
compound 3. The electron density is 0.0261 a.u. and the potential-to- 
kinetic energy density ratio (-G/V) is 0.97. These values, combined 
with the presence of distinct blue RDG disk isosurfaces in the NCIplot, 
confirm the non-covalent nature of these intramolecular contacts. The 
NCIplot also highlights green isosurfaces between the aromatic rings, 
indicating the contribution of van der Waals forces to the assembly.

Finally, the dimerization energy for this assembly is –15.2 kcal/mol. 
This value is significantly smaller than that calculated for the dimer of 3 
(–26.9 kcal/mol). This reduction in stability is attributed to the presence 
of only one Pb•••η2-C2 interaction in this specific dimer, the absence of 
the short intermolecular C–H•••O hydrogen bonds observed in 3, and a 
reduced extent of van der Waals interactions as evidenced by the smaller 
area of green RDG isosurfaces between the molecules.

The QTAIM analysis of mononuclear compound 4 reveals an inter
esting binding mode for the nitrite ligand. While one oxygen atom forms 
a standard coordination bond with the Pb center, the other oxygen atom 
is engaged in an intramolecular tetrel bond, characterized by a green 

Fig. 9. (a) QTAIM analysis of the self-assembled dimer of 3. This is a partial representation showing only selected bond critical points (spheres) and bond paths 
(dashed lines) for clarity; intermolecular BCPs are shown in red, and intramolecular Pb•••N BCPs are shown in green. (b) NCIplot analysis of the same dimer 
providing the complete interaction picture; light blue disks correspond to stronger non-covalent interactions (intramolecular tetrel bonds), while green surfaces 
indicate weaker interactions (intermolecular tetrel bonds, H-bonds, and van der Waals forces).

Fig. 10. (a) QTAIM analysis of the self-assembled dimer of 3A showing the bond critical points (spheres) and bond paths (dashed lines) associated with the Pb•••C 
and intramolecular interactions. (b) NCIplot analysis of the same dimer highlighting the Pb•••η2-C2 interaction; light blue disks correspond to stronger non-covalent 
interactions (intramolecular tetrel bonds), while green surfaces indicate weaker interactions (intermolecular Pb•••C and van der Waals forces).
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BCP. This is analogous to the intramolecular Pb•••N interaction 
observed in compound 3. The QTAIM parameters at this BCP (ρ =
0.0247 a.u. and -G/V = 1.01) confirm the non-covalent, weak nature of 
this interaction.

Fig. 11 illustrates the QTAIM and NCIplot analyses for two different 
intermolecular dimers of compound 4. For the self-assembled π-stacked 
dimer, the QTAIM analysis (Fig. 11a) reveals a large number of BCPs 
interconnecting the monomers. These BCPs characterize extensive 
π-stacking interactions involving the phenyl and pyridyl rings, as well as 
interactions between the chelate rings (CR•••CR). Notably, the Pb atom 
is connected via bond paths to one N-atom of a five-membered chelate 
ring and one C-atom of the electron-rich phenyl ring of the adjacent 
molecule, indicating the participation of Pb•••C contacts in the binding 
mechanism. The NCIplot analysis (Fig. 11b) exhibits an extended and 
continuous green RDG isosurface between the π-systems of both mole
cules, further confirming the strong complementarity and the multi
centric nature of the interaction. The calculated dimerization energy is 
large (–22.5 kcal/mol), consistent with the antiparallel orientation 
dictated by electrostatic complementarity, where the positive region of 
one molecule interacts with the negative region of the other.

Fig. 11c displays a second dimer exhibiting a Pb•••η2-C2 interaction. 
The QTAIM analysis shows that the Pb atom is connected by a single 
bond path and BCP to the C-atom of the phenyl ring with the shortest Pb- 
C distance. This interaction is assisted by an additional C–H•••O con
tact between an aromatic C–H bond of the coordinated pyridyl group 
and the O-atom of the hydrazide group. This aligns with the MEP 
analysis, which identified the pyridyl protons as good H-bond donors. 
The η2-hapticity of the Pb•••C interaction is clearly evidenced by the 
NCIplot analysis (Fig. 11d), where a green isosurface embraces the space 
between the Pb atom and one of the aromatic C–C bonds. The 

calculated dimerization energy is moderately strong (‒9.4 kcal/mol), 
supporting the significance of this supramolecular assembly in the solid 
state of compound 4.

2.3. FT-IR and NMR characterization

The neutral or anionic coordination of the benzoylhydrazone of this 
work was confirmed by infrared spectroscopy. The FT-IR spectra can be 
found in the supplemental material (Figs. S9-S12). The neutral coordi
nation of HL in compound 1 is evident by the N–H stretching and 
bending vibration bands at 3214 and 1524 cm-1, respectively, as well by 
the C––O stretching at 1637 cm-1 (1653 cm-1 in free HL (Fig. S8, [7,17]). 
In compounds 2, 3 and 4, the C–O stretching band of [L]‒ appears at 
1500, 1508 and 1505 cm-1, respectively [7]. The C––N stretching bands 
of HL or [L]− appear at 1578 (for 1), 1589/1557 (for 2), 1584/1557 (for 
3), and 1584/1557 cm-1 (for 4). Compared to the free ligand (1580 
cm-1), they shifted slightly to higher frequencies (~1585 cm-1 [7,25]) in 
compounds 2‒4. Two C––N bands were observed due to the formation 
of a new C––N bond from the deprotonation of the amide group in 2‒4.

In the spectrum of compound 1, the nitrate stretching vibrations 
appear at 1415 and 1343 cm-1 [24]. The small Δν (72 cm-1) confirms the 
chelate bidentate coordination mode [12]. In the spectrum of 2, the 
bands at 1570 and 1336 cm-1 can be attributed to the asymmetric and 
symmetric stretching of the acetate ligand, respectively. The Δν (234 
cm-1) indicates the monodentate coordination of the acetate [26,27], 
which produces asymmetrical C–O(acetate) bonds in 2 (1.242(4) and 
1.282(4) Å). In the spectrum of 4, the asymmetric and symmetric 
stretching vibrations of the nitrite ligand appear at 1319 and 1154 cm-1 

(Δν = 165 cm-1), respectively [28,29]. Asymmetrical N–O bonds were 
observed in 4 [1.279(4) and 1.236(4) Å] and 1 [e.g. 1.275(3)/1.256(3) 

Fig. 11. (a,c) QTAIM analysis of the self-assembled dimers of 4 showing the bond critical points (BCPs) and bond paths (dashed lines) associated with the inter
molecular (BCPs in red) and intramolecular (BCPs in green) interactions. (b,d) NCIplot analyses of the same dimers highlighting the π•••π and Pb•••η2-C2 inter
action; light blue disks correspond to stronger non-covalent interactions (intramolecular tetrel bonds), while green surfaces indicate weaker interactions (π-stacking, 
CR•••CR, intermolecular Pb•••C and van der Waals forces).
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and 1.232(3) Å].
The 1H and 13C NMR measurements were performed in DMSO‑d6 at 

25 ◦C. HL and compounds 1 and 3 presented broad signals in the 1H 
spectra. Therefore, measurements were performed at 60 ◦C for HL and 3, 
giving spectra with better multiplicity resolution. For compound 3, at 60 
◦C the solubility was increased, allowing measurement of a good 13C 
spectrum as well. In case of compound 1, heating was avoided since it 
could deprotonate the neutral ligand in the complex. Figs. S13-S19 
contain the 1D and 2D spectra for HL.

For HL, the complete attribution of the signals in the 1H and 13C NMR 
spectra was possible from the spectra at 60 ◦C. The pyridyl carbon atoms 
appeared at 155.0, 148.3, 136.2, 123.7 and 120.1 ppm (60 ◦C). The 
signals of the hydrogen atoms from the pyridyl group in the 1H spectrum 
were observed at 8.61 (doublet, J = 4.3 Hz), 8.04 (broad singlet), 7.83 
(triplet, J = 7.0 Hz) and 7.40 (doublet of doublets, J = 6.7, 5.2 Hz). The 
NH signal was observed at 10.73 ppm (10.87 ppm at 25 ◦C and [17]). 
The signals of the carbonyl (C8) and azomethine (C6) carbon atoms were 
not detected at 60 ◦C, being seen in the spectrum recorded at 25 ◦C as 
small signals at 164.1 and 154.8 ppm, respectively.

The 1H and 13C spectra of compounds 1‒4 are presented in Figs. S20- 
S33. Compounds 2 and 4 have well resolved signals in their 1H spectra at 
25 ◦C being also the 2D spectra measured (HSQC and HMBC). Coordi
nation by deprotonation is clear by the shift of the signals of C6 and C8 
carbon atoms (Table 3). Upon coordination, the azomethinic C6 atom 
shifts downfield from 154.8 ppm (HL) to 157.2 (in 2) and 157.8 ppm (in 
4). The C8 carbon atom from the enolic tautomer shifts downfield at 
about 9 ppm in these two complexes. It, thus, corroborates with the 
crystal structures which contain the hydrazonate ligands. The formation 
of compound 3 is also confirmed by 13C NMR with downfield shifts of C6 
and C8 carbon atoms (Table 3).

In compound 1 13C NMR spectra, the coordination of HL as neutral 
ligand is evident by the similarity of the chemical shifts with free HL 
(Table 3). Coordination through the amide oxygen atom is inferred by 
the shift from 164.1 ppm (free HL) to 165.1 ppm (1). In the 1H NMR, the 
spectrum characteristics is very similar to that of the ligand with broad 
signals recorded in the same solvent at 25 ◦C [30]. The amide NH signal 
shifts downfield from 10.87 ppm (HL) to 11.23 ppm (in 1). Shifts are also 
seen for hydrogen atoms from pyridyl group. Most notably, H1 hydrogen 
atom shifts from 8.62 ppm (HL, Fig. S13) to 8.70 ppm (1, Fig. S20). As 
comparison, the H1 hydrogen atom signal in the 1H spectra of com
pounds 2 and 4 are at 8.77 and 8.80 ppm as doublets (J = 4.3 Hz), 
respectively, and at 8.70 ppm for compound 3 (Fig. 12). Shift of the H7 
hydrogen atoms (from methyl group) signal was also observed. 
Compared to the free ligand (2.47 ppm), in the Pb(II) complexes it ap
pears at 2.53 (1), 2.68 (2), 2.66 (3) and 2.70 ppm (4) (Fig. S34). The 
presence of acetate as ligand in compound 2 was confirmed by the 

signals at 1.54 ppm (1H NMR spectrum), and 26.3 and 177.0 ppm in the 
13C NMR spectrum (Fig. S24-S25).

2.4. UV–Vis diffuse reflectance characterization

The ligand of this work presents a phenyl and a pyridyl substituent 
on the sides of the –CO–NH–N––CH– sequence. It is well-known that 
upon deprotonation, the aryl substituents contribute in generating an 
extended π-conjugated system, stabilizing by resonance the hydrazone 
anion [1]. Compounds 2–4 contain a deprotonated hydrazonate ligand 
and are yellow colored. Compound 1 is white and reflects the coordi
nation of the hydrazone ligand in its neutral form.

The diffuse reflectance measurements of compounds 1‒4 were car
ried out in the wavelength range of 220–1000 nm. Fig. S35 depicts the 
diffuse reflectance spectra as a function of wavelength. Absorption 
spectra were obtained from reflectance values using the Kubelka-Munk 
function, F(R) = (1‒R)2/2R, where R is the reflectance [31]. Compound 
1 absorbs only below 400 nm while compounds 2‒4 also absorb in the 
visible region of the spectra (Fig. 13). The bands centered at 283 nm (for 
1), 324 nm (for 3) and 338 nm (for 2 and 4) correspond to intraligand 
π‒π* transitions [12,32]. The bands which appear as shoulder from 
400‒450 nm justify the colored aspect of the solid samples of 2‒4.

3. Experimental

3.1. Materials and apparatus

Fourier transform infrared (FT-IR) spectra were measured on a 
Bruker VERTEX 70 spectrometer between 200 and 4000 cm-1 (resolution 
of 4 cm-1) in the ATR mode. Elemental analysis of carbon, hydrogen, 
nitrogen and sulfur were determined using a PerkinElmer 2400 series II 
elemental analyzer. 1H and 13C NMR spectra were taken with a Bruker 
600.13 MHz (for 1H nuclei) AVANCE III spectrometer. The diffuse 
reflectance (DR) spectra of compounds 1 − 4 were recorded in a Shi
madzu UV-2600 spectrophotometer equipped with a diffuse reflectance 
accessory (integrating sphere ISR 2600 Plus). Barium sulphate was used 
as white reference material. The DRS-UV–Vis spectra were calculated 
using the Kubelka-Munk treatment of the DR data [31].

Single-crystal diffraction data collection for compounds 1–4 and 3A 
were obtained using a Bruker D8 VENTURE diffractometer with graphite 
monochromated Ag-Kα radiation (λ = 0.56086 Å) and a Photon 100 
detector. The structures were solved using dual space method using 
Bruker XT and refined with Bruker XL on F2 using anisotropic thermal 
parameters for all non-hydrogen atoms. The hydrogen atom positions 
were calculated starting from the geometric idealized positions. Data 
collection and structure refinement parameters, and the crystallographic 
data are given in Tables S1‒S2. The anisotropic thermal ellipsoid plots 
of the compounds are in Figs. S1–S3. Additional information on the 
structure determination has been deposited with the Cambridge Crys
tallographic Data Centre (CCDC 2534816 ‒ 2534820). These data can 
be obtained free of charge via www.ccdc.cam.ac.uk/structures.

3.2. Syntheses

2-Acetylpyridine benzoylhydrazone (HL ligand) was prepared by 
refluxing equivalent amounts (0.01 mol) of 2-acetylpyridine and ben
zoylhydrazine (benzhydrazide) in ethanol (20 mL) during 4 h [25]. The 
white solid formed on cooling the solution was filtered off. The solution 
was concentrated and more crystalline product was formed, which was 
filtered off and air-dried. Yield: 90%. Melting point: 154–155 ◦C. FT-IR 
(ATR, νmax in cm-1): 3178 [ν(NH)], 3004 [ν(CH)], 1653 [ν(C––O)], 1580 
[ν(C––N)], 1541 [δ(CNH)], 1465 [ν(C––C)], 1430 [ν(C––C)], 1373, 
1324, 1280 [δ(NNH)], 1137 [ν(N‒N)], 781, 697 [δ(CCH)]. 1H NMR 
(600.13 MHz, DMSO‑d6, 298 K): δ 10.87 (s, 1H, NH), 8.62 (s, 1H), 
8.25–8.02 (m, 1H), 8.00–7.75 (m, 3H), 7.62–7.56 (m, 1H), 7.52 (t, J =
7.4 Hz, 2H), 7.42 (s, 1H), 2.47 (s, 3H, CH3). 13C NMR (150.90 MHz, 

Table 3 
Selected 13C NMR data for HL and compounds 1–4 (δ, ppm) in DMSO‑d6. The 

atoms numbering is shown in the ligand draw .

HL 
(298 K)

HL 
(333 K)

1 (298 
K)

2 (298 
K)

3 (333 
K)

4 (298 
K)

Attribution

C1 148.3 148.6 148.7 148.5 148.4 148.4 CN(Py)
C5 155.0 155.1 155.6 152.2 153.9 152.2 CN(Py)
C6 154.8 154.8 154.2 157.2 156.4 157.8 CN(imine)
C8 ‒ 164.1 165.1 173.3 172* 173.4 CO
C9 133.9 133.9 133.3 137.0 ‒ 136.9 OCC(Ph)

* from HMBC spectrum. Py = pyridyl; Ph = phenyl.
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DMSO‑d6, 298 K): δ 164.1 (C––O), 155.1, 154.8 (C––N), 148.6, 136.6, 
133.9 (Ph), 131.6 (Ph), 128.3 (Ph), 128.0 (Ph), 124.1, 120.4, 12.6 (CH3).

1H NMR (600.13 MHz, DMSO‑d6, 333 K): δ 10.73 (s, 1H, NH), 8.61 
(d, J = 4.3 Hz, 1H), 8.04 (s, 1H), 7.90 (d, J = 7.3 Hz, 2H), 7.83 (t, J = 7.0 
Hz, 1H), 7.58 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.5 Hz, 2H), 7.40 (dd, J =
6.7, 5.2 Hz, 1H), 2.47 (s, 3H, CH3). 13C NMR (150.90 MHz, DMSO‑d6, 
333 K): δ 155.0, 148.3, 136.2, 133.9 (Ph), 131.1 (Ph), 128.0 (Ph), 127.9 
(Ph), 123.7, 120.1, 12.2 (CH3).

3.3. Synthesis of [Pb(HL)2(NO3)2] (1)

In a 50 mL flask, Pb(NO3)2 (33 mg, 0.10 mmol) was suspended in 4 
mL of methanol. Then, solid HL (48 mg, 0.20 mmol) was added. The 
mixture was stirred for 2.5 h at room temperature and the white solid 
was filtered off and air-dried. Yield: 72% based on HL. Elemental 
Analysis: calc. for C28H26N8O8Pb: C, 41.53; H, 3.24; N, 13.84; found: C, 
41.52; H, 3.22; N, 13.81. FT-IR (ATR, νmax in cm-1): 3214 [ν(NH)], 1637 

[ν(C––O)], 1578 [ν(C––N)], 1524 [δ(CNH)], 1472 [ν(C––C)], 1415 
[ν(NO)nitrate], 1343 [ν(NO)nitrate], 1275 [δ(NNH)], 1145, 784, 708. 1H 
NMR (600.13 MHz, DMSO‑d6, 298 K): δ 11.23 (s, 1H), 8.70 (s, 1H), 
8.36–8.06 (m, 1H), 8.06–7.71 (m, 3H), 7.69–7.59 (m, 1H), 7.59–7.43 
(m, 3H), 2.53 (s, 3H). 13C NMR (150.90 MHz, DMSO‑d6, 298 K): δ 165.1, 
155.6, 154.2, 148.7, 137.5, 133.3, 132.1, 128.4, 128.2, 124.9, 121.7, 
13.3.

Colorless plate-shaped crystals of 1 were obtained in the mother li
quor within the slow evaporation of the solvent.

3.4. Synthesis of [Pb(L)(CH3CO2)]n (2)

In a 50 mL flask, Pb(CH3CO2)2•3H2O (38 mg, 0.10 mmol) was dis
solved in 4 mL of methanol. Then, solid HL (24 mg, 0.10 mmol) was 
added. The mixture was stirred for 2 h at room temperature and the clear 
yellow solid was filtered off and air-dried. Yield: 65% based on HL. 
Elemental Analysis: calc. for C16H15N3O3Pb: C, 38.09; H, 3.00; N, 8.33; 
found: C, 39.81; H, 3.06; N, 8.71. FT-IR (ATR, νmax in cm-1): 1589 
[ν(C––N)], 1570 [ν(C–O)acetate], 1557 [ν(C––N)], 1500 [ν(C–O)], 1464 
[ν(C––C)], 1430 [ν(C––C)], 1360, 1336 [ν(C–O)acetate], 1151, 783, 705. 
1H NMR (600.13 MHz, DMSO‑d6, 298 K): δ 8.77 (d, J = 4.3 Hz, 1H), 8.19 
(d, J = 6.6 Hz, 2H), 8.12 (td, J = 7.8, 1.6 Hz, 1H), 8.02 (d, J = 8.0 Hz, 
1H), 7.63 (dd, J = 7.2, 5.1 Hz, 1H), 7.49–7.39 (m, 3H), 2.68 (s, 3H), 1.54 
(s, 3H). 13C NMR (150.90 MHz, DMSO‑d6, 298 K): δ 177.0, 173.3, 157.2, 
152.2, 148.5, 139.7, 137.0, 130.2, 128.6, 128.1, 125.0, 123.6, 26.3, 
14.3.

Yellow needles of 2 were formed in the filtrate by slow evaporation 
of the solvent for structural analysis.

Note: if 0.20 mmol of HL and N,N-dimethylformamide (3 mL, as 
solvent) were used, the yield is 63%.

3.5. Synthesis of [Pb(L)2] (3)

Method A: In a 50 mL flask, Pb(CH3CO2)2•3H2O (38 mg, 0.10 mmol) 
was dissolved in 4 mL of methanol. Then, solid HL (48 mg, 0.20 mmol) 
was added. To the resulting clear light yellow mixture, 4 drops of NEt3 
were added. Precipitation started in 2–3 min of stirring. Additional 2 mL 

Fig. 12. The 1H NMR spectra of the complexes recorded in DMSO‑d6 (25 ◦C). The H atoms signals from the pyridyl group(s) are labelled.

Fig. 13. Solid-state Kubelka-Munk absorbance spectra of compounds 1‒4.
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of methanol were added for better stirring of the mixture. After 2 h of 
stirring at room temperature, the clear yellow solid of 3 was filtered off 
and air-dried. Yield: 92% based on HL. Elemental Analysis: calc. for 
C28H24N6O2Pb: C, 49.19; H, 3.54; N, 12.29; found: C, 49.02; H, 3.41; N, 
12.21. FT-IR (ATR, νmax in cm-1): 1584 [ν(C––N)], 1557 [ν(C––N)], 1508 
[ν(C–O)], 1467 [ν(C––C)], 1434 [ν(C––C)], 1356, 1152, 783, 709. 1H 
NMR (600.13 MHz, DMSO‑d6, 333 K): δ 8.68 (s, 1H), 8.20–7.74 (m, 4H), 
7.45 (s, 1H), 7.40–7.14 (m, 3H), 2.65 (s, 3H). 13C NMR (150.90 MHz, 
DMSO‑d6, 333 K): δ 156.4, 153.9, 148.4, 137.9, 129.2, 127.9, 127.4, 
123.7, 122.4, 14.0.

Method B: In a 50 mL flask, PbCO3 (53 mg, 0.20 mmol), HL (48 mg, 
0.20 mmol) and 5 mL of N,N-dimethylformamide were added. The 
mixture was heated at 90–95 ◦C for 2.5 h under magnetic stirring. Then, 
the mixture was allowed to cool to room temperature and filtered using 
filter paper. The filtrate was collected in a flask for crystallization, and 
2.5 mL of methanol were added. In ca. 2 days, yellow crystals of 3 
(rectangular blocks/needles) and 3A (blocks) were observed and 
collected for analysis. Yield: 75% based on HL.

Note: if methanol is not added, the crystallization takes longer.

3.6. Synthesis of [Pb(L)(NO2)] (4)

In a 50 mL flask, Pb(NO3)2 (33 mg, 0.10 mmol) was suspended in 4 
mL of methanol. Then, solid NaNO2 (14 mg, 0.20 mmol) and HL (24 mg, 
0.10 mmol) were added. The mixture was stirred for 2 h at room tem
perature and the yellow solid was filtered off and air-dried. Yield: 90% 
based on HL. Elemental Analysis: calc. for C14H12N4O3Pb: C, 34.21; H, 
2.46; N, 11.40; found: C, 34.73; H, 2.34; N, 11.65. FT-IR (ATR, νmax in 
cm-1): 1584 [ν(C––N)], 1557 [ν(C––N)], 1505 [ν(C–O)], 1465 
[ν(C––C)], 1435 [ν(C––C)], 1359, 1319 [ν(NO)nitrite], 1154 [ν(NO)nitrite], 
777, 717. 1H NMR (600.13 MHz, DMSO‑d6, 298 K): δ 8.80 (d, J = 4.3 Hz, 
1H), 8.25–8.17 (m, 2H), 8.13 (td, J = 7.8, 1.5 Hz, 1H), 8.04 (d, J = 7.0 
Hz, 1H), 7.65 (dd, J = 7.0, 5.2 Hz, 1H), 7.50–7.42 (m, 3H), 2.70 (s, 3H). 
13C NMR (150.90 MHz, DMSO‑d6, 298 K): δ 173.4, 157.8, 152.2, 148.4, 
139.7, 136.9, 130.3, 128.5, 128.1, 125.0, 123.7, 14.4.

Yellow blocks of 4 were formed in the mother liquor when concen
trated by slow evaporation of the solvent.

3.7. Theoretical methods

The geometry of the monomers and self-assembled dimers for com
plexes 3, 3A and 4 were taken directly from their respective X-ray 
crystal structures without further optimization. This approach allows for 
the analysis of non-covalent interactions as they exist within the crys
talline environment. Single-point energy calculations were carried out 
using Gaussian-16 [33] at the PBE0-D3/def2-TZVP level of theory 
[34–36]. The D3 version of Grimme's empirical dispersion correction 
with Becke-Johnson damping was applied to account for long-range van 
der Waals interactions [35], which are crucial for supramolecular as
semblies. For the lead atom, the def2-TZVP basis set [36] was used in 
conjunction with the Stuttgart/Cologne effective core potential (ECP), 
which includes relativistic effects essential for the accurate description 
of heavy elements like Pb(II) [37].

The molecular electrostatic potential (MEP) surfaces were computed 
on the monomeric unit of 3 at an isosurface value of 0.001 a.u. The 
Quantum Theory of Atoms in Molecules (QTAIM) [38] and 
Non-Covalent Interaction (NCIplot) analyses [39] were performed on 
the single-point electron densities using the AIMAll software package 
[40]. Bond critical points (BCPs) and bond paths were located to char
acterize the nature of the Pb•••N and Pb•••C interactions. The NCIplot 
index, based on the reduced density gradient (RDG), was used to visu
alize and differentiate between various types of non-covalent in
teractions (steric clashes, van der Waals, and hydrogen/tetrel bonds) in 
real space.

The dimerization energies (ΔE) for the supramolecular assemblies 
observed in the crystal structures of 3 and 3A were calculated as the 

difference between the energy of the optimized dimer and the sum of the 
energies of the isolated monomers: ΔE = E(dimer) – 2E(monomer). To ac
count for the basis set superposition error (BSSE), which can be signif
icant for weakly bound complexes, the counterpoise correction method 
of Boys and Bernardi was applied [41].

4. Conclusion

In this work, we have synthesized and characterized four new lead 
(II) coordination compounds with 2-acetylpyridine benzoylhydrazone 
(HL). The synthetic conditions, particularly the choice of counter-anion 
and the presence of a base, played a crucial role in the final stoichi
ometry and the protonation state of the ligand. Compound 1 crystallized 
with the neutral hydrazone ligand, exhibiting a holodirected geometry 
despite the presence of the inert pair effect. In contrast, deprotonation 
occurred in compounds 2–4, leading to the formation of hydrazonate 
complexes with hemidirected geometries. Notably, compound 3 repre
sents a rare example of a homoleptic Pb(II) complex with this class of 
ligands.

The analysis of the supramolecular architectures revealed that the 
crystal packing is governed by a complex interplay of non-covalent in
teractions. Experimental X-ray data suggested the presence of tetrel 
bonding interactions, specifically Pb•••O and Pb•••N contacts, in 
compounds 2 and 3. A detailed DFT study, combining MEP, QTAIM, and 
NCIplot analyses, was performed to corroborate these observations and 
explore the energetics of the self-assembled dimers in compound 3 and 
its polymorph 3A.

The theoretical results confirmed the existence of σ-holes on the lead 
(II) atoms, capable of interacting with electron-rich domains. In com
pound 3, the calculations validated the presence of intermolecular 
Pb⋅⋅⋅N(azomethine) tetrel bonds. These, together with auxiliary 
C–H•••O hydrogen bonds and extensive van der Waals forces, result in 
a strongly bound dimer (–26.9 kcal/mol). In the case of polymorph 3A 
and 4 the analysis unveiled a novel Pb•••η2-C2(arene) interaction, 
where the π-system of the phenyl or pyridyl ring acts as the electron 
donor. The identification of this interaction expands the understanding 
of the supramolecular landscape in lead(II) hydrazone complexes. 
Overall, this study highlights the significance of tetrel bonding and 
dispersive forces in directing the self-assembly of hemidirected lead(II) 
coordination polymers.
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