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A B S T R A C T   

In this work, we report on a new lead(II) coordination complex [Pb2L2(CH3CN)(ClO4)2]⋅2H2O (1⋅2H2O), which 
was readily synthesized from a mixture of Pb(ClO4)2⋅3H2O and 1-(pyridine-2-yl)benzylidene-4-phenyl
thiosemicarbazide (HL). The crystal structure analysis of 1⋅2H2O evidenced that the lead(II) cation is N,N’,S- 
chelated by the tridentate pincer type L with formation of a [PbL]+ coordination species, which dimerizes 
through a couple of reciprocal bridging Pb–S bonds, yielding the [Pb2L2]2+ complex cation. The metal centers 
within this cation are linked by two Pb•••N tetrel bonds through the bridging acetonitrile molecule with the 
formation of a [Pb2L2(CH3CN)]2+ building unit. These units are glued by reciprocal Pb•••S tetrel bonds, yielding 
a 1D supramolecular polymeric chain. The lead(II) cations interact also with disordered oxygen atoms of both the 
minor and major occupancies of the perchlorate anions either through covalent Pb–O bonds or Pb•••O tetrel 
bonds, respectively. 1D polymeric chains resemble an expanded hexagonal projection and span along the a axis, 
yielding a grid-like crystal packing, where the cavities are filled by lattice water molecules. The interactions have 
been studied using DFT calculations and characterized by using the quantum theory of atoms-in-molecules 
(QTAIM) and the non-covalent interaction plot (NCIplot) computational tools.   

1. Introduction 

Design and synthesis of metal–organic coordination compounds and 
polymers is continuously under investigation not only for their struc
tural diversity, but also for interesting physicochemical properties, 
leading to potential applications as important solid-state materials 
[1–6]. A key component in such compounds is represented by poly
dentate organic ligands that dictate the solid state architecture of the 
resulting metal–organic coordination compounds and most of their 
properties. Flexible thiosemicarbazide scaffolds and their derivatives 

with diverse coordination modes are good candidates because they may 
act as chelating/bridging ligands through their nitrogen and sulfur 
atoms [7]. Moreover, thiosemicarbazide molecules are used in new drug 
discovery [8] and for preparing several heterocycles [9,10]. They also 
show interesting biological properties, such as anticancer [8], antibac
terial [11–13], antiviral [14,15] and antifungal [16] activities. The 
chemistry of lead is widely studied not only for its toxicity [17–19]. In 
fact, lead(II) cation possesses a very large radius and variable coordi
nation numbers. Moreover, two decades ago the stereochemical activity 
of the lone pair in lead(II) compounds retrieved in the Cambridge 
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Structural Database (CSD) was analyzed by using theoretical calcula
tions [20]. This study pointed out that the coordination sphere of the 
lead(II) cation can be classified as holo- and hemidirected. Holodirected 
lead(II) complexes exhibit the coordination bonds throughout the sur
face of the encompassing globe. Contrariwise, hemidirected lead(II) 
complexes present the coordination bonds only as a part of an encom
passing globe [20]. Some of us and others [21–33] have demonstrated 
that hemidirected lead(II) complexes have a strong tendency to form 
non-covalent tetrel bonding interactions and semicoordination bonds. 
Tetrel bonding interactions are non-covalent bonds between any electron 
rich moiety and a Lewis acid atom belonging to group 14 of elements. 

Considering the above facts and in continuation of our interest in 
non-covalent interactions in lead(II) compounds, in this work we report 
the synthesis, spectroscopic characterization and X-ray analysis of a new 
lead(II) coordination complex of formula [Pb2L2(CH3CN)(ClO4)2]⋅2H2O 
(1⋅2H2O), that was readily synthesized by reacting Pb(ClO4)2⋅3H2O and 
1-(pyridine-2-yl)benzylidene-4-phenylthiosemicarbazide (HL). The lead 
(II) cation, N,N’,S-chelated by the tridentate pincer type L, forms a 
[PbL]+ coordination species that dimerizes through a couple of recip
rocal bridging Pb–S bonds yielding a [Pb2L2]2+ complex cation (Scheme 
1). The latter is stabilized by two Pb•••N tetrel bonds realized between 
the metal centers and a bridging acetonitrile molecule with formation of 
a [Pb2L2(CH3CN)]2+ building unit. The non-covalent and coordination 
bonds have been assessed and characterized with the quantum theory of 
atoms-in-molecules (QTAIM) [34] and the noncovalent interaction plot 
(NCIplot) [35] computational tools. 

2. Experimental and theoretical methods 

2.1. Physical measurements 

The ATR-FTIR spectrum was obtained with a Varian 670 FTIR 
spectrometer. The 1H NMR spectrum in DMSO‑d6 was recorded with a 
Bruker DPX FT/NMR-400 spectrometer. Microanalyses were performed 
using a LECO-elemental analyzer. 

2.2. Synthesis 

A solution of HL (25 mg, 0.08 mmol) and Pb(ClO4)2⋅3H2O (38 mg, 
0.08 mmol) in MeOH/CH3CN (40 mL, 1:1) was left undisturbed for slow 
evaporation. Yellow prism-like crystals were formed during the next few 
days and were kept in the mother liquor to avoid loss of crystallinity due 
to desolvation. Anal. calc. for C40H33Cl2N9O8Pb2S2 (1317.18) (%): C 
36.47, H 2.53 and N 9.57; found: C 36.18, H 2.44 and N 9.48. 

2.3. Single-crystal X-ray diffraction 

Diffraction data were collected at 100(2) K, using a Bruker D8 
VENTURE PHOTON III-14 diffractometer with Mo-Kα radiation (λ =
0.71073 Å). Cell refinement, indexing, and scaling of the data sets were 
performed using the program Bruker Smart Apex and Saint packages 
[36]. An empirical absorption correction was applied to the data set 
[37]. The structure was solved by direct methods with SHELXS-2013 
[38]. Non-hydrogen atoms were refined by full-matrix least-squares on 
F2 with anisotropic displacement parameters using the SHELXL-2013 
[38]. The Fourier map revealed the perchlorate oxygen atoms disor
dered over two positions with refined occupancies of 0.644(11)/0.356 
(11). In addition, three residuals were interpreted as disordered water 
molecules with fixed occupancies of 0.5/0.25/0.25, of which those at 
0.25 isotropically refined, and no H-atoms were assigned. The acetoni
trile molecule is located on a two-fold axis. The contribution of H-atoms 
at calculated positions was included in the final cycles of refinements. 

Crystal data: C40H33Cl2N9O10Pb2S2, Mr = 1349.15 g mol− 1, mono
clinic, space group I2/a, a = 10.2452(7), b = 23.6331(15), c = 21.6395 
(17) Å, β = 92.977(2)◦, V = 5232.4(6) Å3, Z = 4, ρ = 1.713 g cm− 3, 
μ(Mo-Kα) = 6.666 mm− 1, reflections: 171,148 collected, 6497unique, 

Rint = 0.0577, R1(all) = 0.0539, wR2(all) = 0.1138, S = 1.065. 
CCDC 2,100,674 contains the supplementary crystallographic data. 

These data can be obtained free of charge via https://www.ccdc.cam.ac. 
uk/conts/retrieving.html, or from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223–336- 
033; or e-mail: deposit@ccdc.cam.ac.uk. 

2.4. Theoretical calculations 

The non-covalent interactions were analysed energetically using 
Gaussian-16 [39] at the PBE0-D3/def2-TZVP level of theory. The bind
ing energies have been corrected using the Boys and Bernardi 

Scheme 1. Synthesis of complex 1.  
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counterpoise method [40]. The Grimme’s D3 dispersion correction has 
also been used in the calculations [41]. To evaluate interactions in the 
solid state, the crystallographic coordinates were used and only the 
position of the hydrogen atoms has been optimized. This methodology 
and level of theory have previously been used to analyse non-covalent 
interactions in the solid state [42]. The interaction energies were esti
mated by calculating the difference between the energies of the isolated 
monomers and those of their assembly. The QTAIM analysis [43] and 
NCIplot index [44] have been computed at the same level of theory by 
means of the AIMAll program [45]. 

3. Results and discussion 

Complex 1⋅2H2O was obtained as yellow X-ray suitable plate-like 
crystals by slow evaporation of the solvent from a solution of HL and 
Pb(ClO4)2⋅3H2O in MeOH/CH3CN (Scheme 1). Isolation of the crystals 
from the mother liquor leads to their destruction due to the loss of lattice 
solvent molecules in a fairly short time. This is also reflected in the 
experimental elemental analysis data, which best fit to the 
[Pb2L2(CH3CN)(ClO4)2] composition, thus indicating a high volatility of 
the crystallization water molecules. 

The FTIR spectrum of 1⋅2H2O contains an intense band at about 
1070 cm− 1 corresponding to the ClO4

– stretching vibrations, while the 
broad bands centered at about 3050, 3330 and 3600 cm− 1 are due to the 
CH, NH and H2O vibrations, respectively (Fig. 1). The acetonitrile 
molecule is mainly visible in the FTIR spectrum as an intense band at 
about 1430 cm− 1, while the band for the CN vibration is likely of low 
intensity and cannot be nicely distinguished from the baseline (Fig. 1). 

The 1H NMR spectrum of 1⋅2H2O was recorded in DMSO‑d6 and 
contains a single set of signals corresponding to the L and CH3CN li
gands. Particularly, the spectrum contains a singlet at 2.05 ppm, cor
responding to the acetonitrile protons (Fig. 2). The ligand L shows 
signals corresponding to the aromatic rings and NH protons. The protons 
of the pyridyl fragment were observed as two triplets at 6.73 and 7.98 
ppm, and two doublets at 7.15 and 8.88 ppm, while the phenyl protons 
were observed as one triplet at 6.86 ppm, two doublets at 7.20 and 7.32 
ppm and one multiplet at 7.51–7.68 ppm (Fig. 2). Finally, the NH proton 
was found as a singlet at 9.37 ppm (Fig. 2). 

Complex 1⋅2H2O crystallizes in monoclinic space group I2/a and the 
asymmetric unit consists of one [PbL(CH3CN)0.5(ClO4)] complex unit, 
with the acetonitrile molecule located on a two-fold axis and with the 
perchlorate oxygen atoms disordered over two positions with refined 
occupancies of 0.644(11)/0.356(11), and one molecule of water, which 
is disordered with fixed occupancies of 0.5/0.25/0.25, of which those at 
0.25 isotropically refined, and no H-atoms assigned (Fig. 3). 

The lead(II) cation is N,N’,S-coordinated by the deprotonated tri
dentate pincer type chelating L with comparable Pb1–N1 and Pb1–N2 

bond lengths of 2.511(7) and 2.538(5) Å (Table 1). The Pb1–S1 bond 
distance is of 2.8312(16) Å, with the sulfur acting as a bridging atom 
(Fig. 3). The complex is located about a two-fold axis and the symmetry 
related Pb1–S1_a bond of 2.7999(11) Å is responsible for the formation 
of the dimeric dinuclear cationic species [Pb2L2(CH3CN)]2+ (Fig. 4). 
Thus, the two deprotonated ligands L are head-to-tail located with 
respect to the Pb2S2 core and their mean planes form a dihedral angle of 
about 25◦. Moreover, the Pb2S2 moiety shows a puckered conformation 
(Fig. 4) and the dihedral angle between the PbS2 fragments is calculated 
to be 27.5◦ with the Pb1•••Pb1_a separation of 4.0439(6) Å. The 
observed dinuclear configuration with facing ligands L is likely affected 
by packing requirements but the acetonitrile molecule appears to have a Fig. 1. The FTIR spectrum of complex 1⋅2H2O.  

Fig. 2. The 1H NMR spectrum of complex 1⋅2H2O recorded in DMSO‑d6.  

Fig. 3. The crystallographic asymmetric unit of complex 1⋅2H2O (the dashed 
cyan line indicates the Pb•••N tetrel bond). 
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pivotal role in the stabilization of this complex interacting with both the 
metal cations with the Pb1•••N5 tetrel bonds of 2.982(7) Å (Fig. 4). The 
ligand L is somewhat flat as supported by the dihedral angles, varying 
from 3.74 to 11.22◦ (Table 1), between the mean planes formed by the 
five-membered metallocycles, Py and Ph(NH) fragments. The other 
phenyl fragment is close to be orthogonal to the remaining part of L, as 
evidenced from the corresponding dihedral angles ranging from about 
78.3(5) to 84.92◦ (Table 1), a conformation further supported by the 
C13–H13•••Ph intramolecular interaction formed between one of the 
ortho-H-atoms of the Ph(NH) fragment and the π-system of the central 
phenyl ring (Table 2). Thus, the cationic species [Pb2L2(CH3CN)]2+ is 
additionally stabilized by a couple of reciprocal C–H•••π-system non- 
covalent interactions (Fig. 5). 

The cationic species [Pb2L2(CH3CN)]2+ are glued each other through 
the formation of reciprocal Pb1•••S1_b tetrel bonds of 3.3873(16) Å, 
yielding a 1D supramolecular polymeric chain (Fig. 5). Interestingly, the 
Pb(II) cations interact also with disordered oxygen atoms of the minor 
occupancy of the perchlorate anions (Table 1). These interactions, being 
covalent and of 2.764(16) and 2.819(13) Å, are responsible for the 
formation a 1D covalent polymeric chain (Fig. 5). Alternatively, when 
oxygen atoms of the major occupancy of the perchlorate anions are 
considered, three different Pb•••O tetrel bonds of 3.145(9), 3.170(9) 
and 3.178(8) Å (Table 1) are responsible for the stabilization of a 1D 
supramolecular polymeric chain. It should be noted, that one of the 
oxygen atoms of these Pb•••O tetrel bonds is also involved in the for
mation of a hydrogen bond with the N4–H4N group of the organic ligand 
L (Fig. 5, Table 2). Furthermore, the same hydrogen atom is additionally 
involved in hydrogen bonding with one of the lattice water molecules 
(Table 2). Finally, the disordered oxygen atom O3/O13 of the perchlo
rate anion is involved in the formation of the anion–π-system interaction 
with the pyridyl fragment (Table 2). Thus, the formation of a 1D su
pramolecular/covalent polymeric chain from the cationic building units 
[Pb2L2(CH3CN)]2+ and perchlorate anions in the crystal structure of 
1⋅2H2O is strongly dictated by a combination of a myriad of Pb•••S and 
Pb•••N tetrel bonds, and Pb•••O tetrel or Pb–O covalent bonds. As such, 
the Pb(II) cation is either in an eight-membered N3O2S3 coordination 
environment, constructed from two Pb–N, two Pb–O and two Pb–S co
valent bonds, and one Pb•••N and one Pb•••S tetrel bonds, or in a nine- 
membered N3O3S3 coordination environment, constructed from two 
Pb–N and two Pb–S covalent bonds, and one Pb•••N, three Pb•••O and 
one Pb•••S tetrel bonds. 

The purpose of the DFT theoretical study is to analyse the Pb•••N 
and Pb•••O non-covalent interactions observed between the dicationic 
part of 1 and the CH3CN solvent molecule and perchlorate counterions 
and to compare them to the Pb•••S bonds responsible for the formation 
of the dimeric dinuclear cationic species [Pb2L2(CH3CN)]2+. To give 
some insight into the nature of the Pb•••N and Pb•••O contacts, we 
have used both the QTAIM and NCIplot computational tools since they 
have been successfully used before to characterize tetrel bonds [21–33]. 
The distribution of bond critical points and bond paths of the tetrameric 
assembly (the dicationic part of 1, the CH3CN solvent molecule and two 
perchlorate counterions) is represented in Fig. 6 combined with the 
NCIplot index. In this representation only the intermolecular bond 
critical points (also including the coordination Pb–S bonds), bond paths 
and NCIplot surfaces are shown for clarity. The nitrogen atom of 
acetonitrile is connected via four bond critical points and bond paths to 
the Pb2S2 core, thus forming two N•••Pb and N•••S contacts. Both in
teractions are further characterized by a NCIplot isosurface located be
tween the nitrogen atom and the whole core. The color of the isosurface 
is bluish between the nitrogen and lead(II) atoms and green between the 
nitrogen and sulfur atoms, thus revealing that the N•••Pb interaction is 
stronger than the N•••S one, taking into consideration the colour 
scheme used herein (blue and green for strong and weak attractive in
teractions and red and yellow for strongly and weakly repulsive). This is 
in line with the value of the charge density at the bond critical points, 
which is larger for the N•••Pb contact (Table 3). The acetonitrile 

Table 1 
Selected bond lengths (Å) and angles (◦) for complex 1⋅2H2O.  

Bond lengthsa 

Pb1–N1 2.511(7) Pb1•••O4 3.145(9) 
Pb1–N2 2.538(5) Pb1•••O4#3 3.170(9) 
Pb1•••N5 2.982(7) Pb1•••Pb1_a#1 4.0439(6) 
Pb1–S1 2.8312(16) C5–C6 1.487(9) 
Pb1–S1_a#1 2.7999(16) C6–N2 1.293(8) 
Pb1•••S1_b#2 3.3873(16) C7–N3 1.299(8 
Pb1–O11_c#3 2.764(16) C7–N4 1.361(9) 
Pb1–O14 2.819(13) N2–N3 1.380(6) 
Pb1•••O1#3 3.178(8) C7–S1 1.762(7) 
Bond anglesa 

S1–Pb1–N1 131.98(16) N2–Pb1–O14 63.2(3) 
S1–Pb1–N2 67.68(10) N2–Pb1–S1_a 84.50(12) 
S1–Pb1•••N5 68.82(9) N2–Pb1•••S1_b 120.05(12) 
S1–Pb1–O14 90.4(3) N2–Pb1–O11_c 145.4(3) 
S1–Pb1–S1_a 84.67(5) N5•••Pb1–O14 138.6(3) 
S1–Pb1•••S1_b 76.69(4) N5•••Pb1–S1_a 69.22(9) 
S1–Pb1–O11_c 145.8(3) N5•••Pb1•••S1_b 69.81(8) 
N1–Pb1–N2 64.79(19) N5•••Pb1–O11_c 77.6(4) 
N1–Pb1•••N5 145.7(2) O14–Pb1–S1_a 146.6(3) 
N1–Pb1–O14 74.5(4) O14–Pb1•••S1_b 70.8(3) 
N1–Pb1–S1_a 84.5(2) O14–Pb1–O11_c 111.6(5) 
N1–Pb1•••S1_b 134.7(2) S1_a–Pb1•••S1_b 138.78(4) 
N1–Pb1–O11_c 80.7(4) S1_a–Pb1–O11_c 89.8(4) 
N2–Pb1•••N5 130.60(16) S1_b•••Pb1–O11_c 85.8(3) 
Dihedral anglesb 

PbNCCN•••PbNNCS 3.96 PbNNCS•••Ph(NH) 4.00 
PbNCCN•••Py 11.22 PbNNCS•••Ph 81.47 
PbNCCN•••Ph(NH) 3.74 Py•••Ph(NH) 7.8(5) 
PbNCCN•••Ph 84.92 Py•••Ph 78.3(5) 
PbNNCS•••Py 11.38 Ph(NH)•••Ph 81.8(3)  

a Symmetry codes: #1 1/2 – x, y, 1 – z; #2 1 – x, –y, 1 – z; #3 –1/2 + x, –y, z. 
b Dihedral angles between the least-square planes, formed by the corre

sponding aromatic rings within the ligand L. 

Fig. 4. Molecular structure of the dimeric dinuclear cationic building unit 
[Pb2L2(CH3CN)]2+ in the crystal structure of complex 1⋅2H2O, built by the 
Pb•••N tetrel bonds (disordered water molecules and H-atoms were omitted for 
clarity; only coordinated oxygen atoms of the disordered perchlorate anions are 
shown). Color codes: C = gold, N = blue, O = red, S = yellow, Pb = magenta; 
Pb•••N tetrel bond = dashed cyan line. 
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molecule is also connected to the perchorate anions forming two 
C––H•••O interactions characterized by a bond critical point, bond 
path and small green isosurface interconnecting the hydrogen and ox
ygen atoms. Each perchlorate anion is connected to the dicationic unit 
by five bond critical points and bond paths. Two of them correspond to 
C––H•••O hydrogen bonds. Two additional ones connect the electron 
rich O1 and O4 atoms to the electrophilic Pb1, thus establishing a 
bifurcated Pb•••O contacts. Finally, the combined QTAIM/NCIplot 

analysis reveals the formation of a S•••O contacts between O4 and S1, 
characterized by a bond critical point, bond path and green isosurface. 
The formation energy of this assembly is very large (–225.0 kcal/mol), 
due to the pure electrostatic attraction between the dinuclear cationic 
specie [Pb2L2(CH3CN)]2+ and both perchlorates, combined with the 
intricate network of hydrogen bonds, Pb•••O,N and N•••S contacts 
revealed by the QTAIM/NCIPlot analysis. In case the perchlorate anions 
are not considered in the calculations, and only the interaction of the 

Table 2 
Hydrogen and weak non-covalent bond lengths (Å) and angles (◦) for complex 1⋅2H2O.a.  

D–X•••A d(D–X) d(X•••A) d(D•••A) ∠(DXA) symmetry code 

N4–H4N•••O1#1  0.88  2.49 3.166(10) 134 3/2 – x, y, 1 – z 
N4–H4N•••O2W#2  0.88  2.14 3.01(2) 172 x, 1/2 – y, 1/2 + z 
C13–H13•••Ph#3  0.95  2.92 3.784(7) 152 x, y, z 
Cl1–O3•••Py#3  1.419(9)  3.837(12) 4.177(6) 93.7(5) x, y, z 
Cl1–O13•••Py#3  1.551(19)  3.21(2) 4.177(6) 118.4(11) x, y, z  

a Ph = C14–C15–C16–C17–C18–C19. 

Fig. 5. A 1D supramolecular polymeric chain in the 
crystal structure of complex 1⋅2H2O, built by the 
Pb•••N and Pb•••S tetrel bonds, N–H•••O hydrogen 
bonds and C–H•••Ph interactions (disordered water 
molecules and H-atoms, except those involved in 
N–H•••O hydrogen bonds and C–H•••Ph in
teractions, were omitted for clarity). Color codes: H =
black, C = gold, N = blue, Cl = green, O = red, S =
yellow, Pb = magenta; Pb•••N tetrel bond = dashed 
cyan line, Pb•••S tetrel bond = dashed grey line, 
N–H•••O hydrogen bond = dashed green line, 
C–H•••Ph hydrogen bond = dashed yellow line.   

Fig. 6. Combined QTAIM (bond and ring critical points are in red and yellow, respectively) and NCIPlot analyses (|RGD| = 0.4, ρ cut-off = 0.04 a.u., color range 
–0.035 ≤ (signλ2)ρ ≤ 0.035 a.u.) of 1 with (left) and without (right) the perchlorate anions at the PBE0-D3/def2-TZVP level of theory. Only intermolecular in
teractions are shown. 

I. García-Santos et al.                                                                                                                                                                                                                          



Inorganica Chimica Acta 538 (2022) 120974

6

acetonitrile with the dinuclear cationic specie [Pb2L2(CH3CN)]2+ is 
evaluated (Fig. 6), the interaction energy is drastically reduced to –18.9 
kcal/mol, thus revealing that the Pb2S2 core is a good electron acceptor. 

We summarize the values of density (ρ), Laplacian of the electron 
density ∇2ρ, potential energy density (Vr), Lagrangian kinetic energy 
density (Gr) and total energy density (Hr) (Table 3), measured at the 
bond critical points to characterize and analyse the Pb•••O,N,S contacts 
and C–H•••O H-bonds in compound 1 commented above that are 
important in the crystal packing of 1. For the critical points connecting 
the acetonitrile molecule to the Pb2S2 core, the QTAIM values reveal that 
charge and energy densities are larger for the Pb•••N than the Pb•••S 
contacts in line with the NCIplot index analysis, thus evidencing that the 
Pb•••N contacts are stronger than the Pb•••S ones. The Laplacian and 
total energy densities (Hr) are positive, thus suggesting the non-covalent 
nature of these interactions. The C–H•••O contacts present rather small 
values of charge and energy densities, thus evidencing that these in
teractions are very weak. For perchlorate, the Pb•••O and S•••O con
tacts present similar QTAIM parameters, thus suggesting similar 
strength, in line with the NCIplot isosurface colour observed for these 
contacts. The QTAIM parameters are smaller for the Pb•••OClO3 than 
for the Pb•••NCCH3 contacts, thus suggesting stronger interactions for 
acetonitrile. The C––H•••O contacts involving the aromatic ring 
(H1•••O2 and H1•••O4) are also very weak (very small QTAIM pa
rameters at the bond critical points). Table 3 also gathers the QTAIM 
parameters at the bond critical points that characterize the Pb–S bonds 
of the Pb2S2 core. It can be observed that both the density and Laplacian 
values are significantly higher at these bond critical points than those at 
the bond critical points that characterize the Pb•••O,N contacts 
involving the perchlorate and acetonitrile as donors. Moreover, the total 
energy density values (Hr) are negative at the bond critical points that 
characterize the Pb2S2 core, which likely indicates some covalent 
character (semicoordination bonds). In contrast, the Hr values are pos
itive at the rest of bond critical points, thus confirming the non-covalent 
nature of the Pb•••O and Pb•••N contacts. 

In order to estimate the contribution of the hydrogen bonds and 
S•••N,O contacts we have used the Vr energy predictor. For the 
hydrogen bonds we have used the equation proposed by Espinosa et al. 
(Edis = –0.5 × Vr) [46]. For the S••• N,O contacts, a different equation 
proposed in the literature was used [47,48] (Edis = –0.556 × Vr). This 
equation has been successfully used before in a variety of halogen 
bonding interactions [49–56]. The obtained results show that the 
hydrogen bonds involving the acetonitrile are slightly stronger (1.09 
kcal/mol and 0.72 kcal/mol) than those involving the aromatic ring 
(0.63 kcal/mol and 0.53 kcal/mol) (Table 3). This is due to the stronger 
acidity of the acetonitrile hydrogen atoms that is likely enhanced due to 
the interaction with the Pb2S2 core. The S•••O,N contacts are stronger, 
1.71 kcal/mol for the one involving acetonitrile and 2.16 kcal/mol for 

the one involving perchlorate. The contribution of the Pb•••N,O con
tacts cannot be estimated using the Vr parameter because an appropriate 
equation has not been proposed yet in the literature. However, the larger 
Vr values observed for the Pb•••N,O contacts compared to the hydrogen 
bonds or S•••O,N contacts suggest that they are significantly stronger, 
in line with the NCIplot analysis discussed above. 

4. Conclusions 

To sum up, we report on a new lead(II) coordination complex 
[Pb2L2(CH3CN)(ClO4)2]⋅2H2O (1⋅2H2O) obtained from a mixture of Pb 
(ClO4)2⋅3H2O and 1-(pyridine-2-yl)benzylidene-4-phenyl
thiosemicarbazide (HL) in the methanol/acetonitrile medium. The 1H 
NMR spectroscopy attests that, upon coordination, the parent ligand HL 
is deprotonated. The lead(II) cation is N,N’,S-coordinated by the tri
dentate pincer type chelating L, yielding a [Pb2L2]2+ complex cation 
through a couple of reciprocal bridging Pb–S bonds. The metal centers 
within this dimeric dinuclear species form two Pb•••N contacts with a 
bridging acetonitrile molecule leading to the [Pb2L2(CH3CN)]2+ build
ing unit. Additional Pb•••S contacts yield a 1D supramolecular poly
meric chain. The lead(II) cations interact also with disordered oxygen 
atoms of the perchlorate anions either through covalent Pb–O bonds or 
Pb•••O non-covalent bonds. The lead(II) cation can figure out either in 
an eight-membered N3O2S3 coordination environment, realized with 
two Pb–N, two Pb–O and two Pb–S covalent bonds, and one Pb•••N and 
one Pb•••S non-covalent bonds, or in a nine-membered N3O3S3 coor
dination environment, constructed from two Pb–N and two Pb–S cova
lent bonds, and one Pb•••N, three Pb•••O and one Pb•••S non-covalent 
bonds. The combination of QTAIM and NCIplot index computational 
tools provide some hints that allows to differentiate non-covalent bonds 
from classical semicoordination bonds with higher covalent character. 

Hence, we have highlighted the crucial role of the lead(II)-derived 
tetrel bonds on the supramolecular crystal packing of complex 
1⋅2H2O, and of their dominant role in the formation of an extended 
structure. We hope that these findings might be of value for researchers 
when screening an appropriate combination of principal and auxiliary 
ligands in the design of new metal–organic extended structures. 
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