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Introduction

Synthesis, spectroscopic findings and crystal
engineering of Pb(i)—Salen coordination polymers,
and supramolecular architectures engineered by -
hole/spodium/tetrel bonds: a combined
experimental and theoretical investigationt

Dhrubajyoti Majumdar, ©*2® A Frontera, © € Rosa M. Gomila, © ¢ Sourav Das ® ¢
and Kalipada Bankura®?

Spontaneous self-assembly is one of the available synthetic routes to achieve structurally versatile and
unique crystal complexes with selected metal-ligand combinations in the spirit of pseudohalides. In this
endeavour, we designed a novel 1D coordination polymer (CP), [(Cd)(Pb)(L)(n*-NCS)n*-SCN)I, (1), using
a compartmental Salen ligand (HsL) in the presence of NaSCN. The characterization of the CP was
accomplished using several spectroscopic techniques: MALDI-TOF, PXRD, SEM, EDX mapping, and
single-crystal X-ray crystallography. The CP crystallizes in the monoclinic space group P2;/c with Z = 4.
SCXRD reveals Cd(1) and Pb(i) metal ions fulfilled distorted square pyramidal and hemi-directed
coordination spheres. Cd(i) is placed in the inner N,O, and heavier Pb(i) in the outer O, compartments
of the de-protonated form of the ligand [L1?~
structure produced attractive molecular architectures of the compound. The flexible aliphatic —OH

. Supramolecular interactions in the intricate crystal

pendent group coordinates with the Pb(i) ions. This unique binding further elevates the supramolecular
crystal topographies. The supramolecular interactions were authenticated by Hirshfeld surface analysis
(HSA). The observation of the recurring unconventional tetrel bonds was rationalized by DFT calculations
and surface plots of molecular electrostatic potential (MEP). In the 1D polymeric chain in the complex,
the O-atom of the —OH groups shows a tetrel bonding interaction with the Pb atom. We have found
that the combination of QTAIM/NCI and QTAIM/ELF plots helps reveal the nature of these contacts.
Moreover, the QTAIM/ELF plot determines the donor—acceptor interaction between the O-atom and the
Pb atom, establishing the o-hole. Agreeably, the o-hole interaction also helps Pb(i) serve as a Lewis acid
in the complex. Finally, spodium and tetrel bonds are formed, possible thanks to a hemi-directional
coordination sphere of the Pb atoms in the polymer described.

have proven to be powerful tools for crystal engineering and

About a century and a half ago, J. D. van der Waals appeared to
be the first scientist to investigate non-covalent interactions in
his doctoral dissertation.* Since then, non-covalent interactions
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building supramolecular architectures of coordination
compounds that may be discrete or polymeric.> The function of
non-covalent interactions in present-day chemistry was sup-
ported by announcing a series of International Conferences on
Non-covalent Interactions (ICNI).* Scientists around the world
have synthesized a significant number of supramolecular
coordination compounds.* In addition, polymeric complexes
were also formed using Salen-type ligands in association with
pseudohalide spacers (Scheme S1t).>** The inner N,O,
compartment is very efficient for accepting a 3d metal ion, while
the more significant outer Oy, a heavier metal ion (Schemes
S2A-S2Ct).****  The relevant categories of coordination
complexes applications are mainly in bioinorganic chemistry,*
separations and encapsulation,'® and bio-relevant catalysis."”
Also, hydrometallurgy,'® metal clusters,' material science and
magnetism,* and small molecules transport and activation.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Within the competence of crystal engineering, scientists are
using various non-covalent intermolecular forces. Probably
hydrogen bonding, -7 stacking, (an)agostic bonding, cation/
anion-m, C-H---7 interactions, etc. which opened a new area of
research.>” Recently, a unique type of non-covalent interaction
has been defined, namely c-hole bonds,*?* and when the
group IV elements are involved these are termed tetrel
bonds.?”*® Large and polarizable, heavier Pb(u) is particularly
interested in forming tetrel bonds among these group IV
elements. Pb(u) can act as an electron donor to include
supramolecular interactions. Meanwhile, Pb(u) can present
a hemi-directed coordination environment, thanks to
a stereo-chemically active lone pair 6s?° leading to a signifi-
cant coordination gap. Tetrel bonding® is generally charac-
terized by two different classes of structural organizations,
viz: holo-directed® and hemi-directed® geometries (Scheme
S37). In the former case, the bonds of Pb to donor ligand
atoms are directed across the surface of an enclosing sphere.
In contrast, the Pb bonds to ligand atoms are made across
a hemisphere in the latter case. There is a clear gap in the
distribution of the bonds to the ligands.*® These interactions
have been widely referred to for chalcogen, pnictogen, and
halogen atoms.*®* Nonetheless, relatively little work has
researched group IV with tetrel bonding for lead
complexes.**?” It is well known that the size and electron
deficiency of c-holes increase with the polarizability of the
Lewis acid atom.' In this context, the importance of the
spodium bonding role increases daily, mainly for the d'°
group of metal ions.*® Further, the coordination chemistry of
Pb(u) is not untouchable. The growing synthesis of Ni(u)/Pb(11)
coordination compounds motivates our researchers to look
for privileged Pb(u)-Salen complexes. Therefore, in this
contribution, we continued our research studies on new
Pb(u)-based supramolecular architectures formed through
non-covalent interactions, including the tetrel bond. The high
atomic number (Z = 82), radius adequate to embrace other
coordination numbers from 2 to 10 to continue in variable
valence states, and skilful coordination chemistry have
attracted synthetic inorganic chemists to map unique lead
complexes.****> Lead is deadly poisonous* and good safe
guards must be embraced to prepare its complexes. Most Pb
materials are applied in semiconductors, batteries, ferro-
electric and non-linear optical materials.***’ Moreover, filled
d' metal ion (Zn/Cd/Hg) ground states have no significance
CFSE, as seen for other d” electronic systems (n = number of
d orbital electrons).”®®* These factors also helped select
cadmium metal for the novel CP formation associated with
the lead metal.

This work reports a new structurally characterized CP
derived from a compartmental Salen ligand. The spodium and
tetrel bonds observed in the solid-state architecture have been
analyzed using DFT calculations. The combination of QTAIM/
NCI and QTAIM/ELF plots helps to reveal the nature of these
contacts. We believe that the findings reported will benefit
scientists working in crystal engineering and QTAIM/ELF tools
to analyze spodium and tetrel bonds in the theoretical chem-
istry community.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Materials and measurements

The chemicals and solvents used to synthesize the ligand and
CP were reagent grade and were used without further purifica-
tion. Cd(OAc),-2H,0, Pb(NO3),, sodium thiocyanate (NaSCN),
3-methoxy-2-hydroxybenzaldehyde, and 2-hydroxy-1,3-
diaminopropane were purchased from the Sigma Aldrich
Company, USA. Elemental analysis (CHN) and mass spectrom-
etry were carried out using a PerkinElmer 2400 CHN elemental
analyzer and MALDI-TOF: Bruker Auto flex max LRF. IR and
Raman spectra were recorded as KBr pellets (4000-400 cm )
using a PerkinElmer spectrum RX 1 and BRUKER RFS 27 (4000-
50 cm™ ') model. '"H and >C NMR spectra were collected on
a Bruker 400 MHz and 75.45 MHz FT-NMR spectrometer using
TMS as an internal standard in DMSO-ds. BRUKER AXS carried
out PXRD measurements and a GERMANY X-ray diffractometer
D8 FOCUS model with Cu Ka-1 radiation was used. UV-visible
spectra of the ligand (CH;OH) and the complex (DMF) (200-
1100 nm) were determined using a Hitachi model U-3501
spectrophotometer.

Theoretical methods

The calculations reported herein were performed using the Tur-
bomole 7.2 program.** The crystallographic coordinates were
used for the calculations of the supramolecular assemblies, since
we are interested in the analysis of the non-covalent interactions
as they stand in the solid state. The level of theory used for the
analyses was PB86-D3/def2-TZVP.**** For cadmium and lead, this
basis set includes effective core potentials (ECP) and considers
relativistic effects for the inner electrons.® This level of theory
has been used before to evaluate non-covalent interactions in the
solid state.”**” The MEP surface plots were generated using the
wavefunction obtained at the same level of theory and the 0.01 a.
u. iso-surface to simulate the van der Waals envelope. The
topological approach of the electron density was carried out
according to the quantum theory of atoms in molecules (QTAIM)
and non-covalent interaction plot index (NCI plot) methods
proposed by Bader® and W. Yang et al.,* respectively. Both were
represented using the VMD program® and using the following
settings for the NCI plot index representation: s = 0.5 a. u.; cut-off
p = 0.04 a. u., and color scale —0.04 = sign(1,)p =< 0.04 a. u. The
electron localization function (ELF)* analysis was performed
using the MultiWFN program® at the PB86-D3/def2-TZVP level of
theory. This level of theory has been recently used to analyze
similar interactions with ELF.**?

X-ray crystallography

Light yellow crystal complexes were grown after slow evapora-
tion of the methanol solvent in the presence of a few drops of
acetonitrile. We have selected 3-4 good quality crystals with
microscopic observation for crystal data processing purposes.
The crystal data for the CP were collected on a Bruker CCD*
diffractometer using Mo Ka. radiation at 2 = 0.71073 A. We have
used several different crystallographic programs. SMART is
used for accumulating frames of information, indexing
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reflections, and determining lattice parameters, SAINT* for the
combination of the intensity of reflections, and scaling,
SADAB® for absorption correction, and SHELXTL for space
group, structure determination, and least-squares refinements
on F. The crystal structure was solved using full-matrix least-
squares methods against F> using SHELXL-2014 (ref. 66) and
Olex-2 software.” All the non-H atoms were refined with
anisotropic displacement parameters, and all hydrogen posi-
tions were constant at calculated positions, which can be deli-
cate iso-tropically. An overview of the crystallographic
information and complete structure refinement parameters are
shown in Table 1.

Synthesis of ligand (H;L)

After suitable modification, the Salen-based ligand has been
synthesized following the literature method (Scheme 1).°® The
reflux condensation of 3-methoxy-2-hydroxybenzaldehyde
(0.152 g, 1 mmol) with 2-hydroxy-1,3-diaminopropane (0.0451 g,
0.5 mmol) in (50 mL) methanol at 60 °C for 3 h prepared H;L.
Under vacuum, the solvent was removed. The yellow crystal solid
product separated upon cooling, and the product was air-dried.
Yield: 0.212 g (85.2%), anal. calc. for C;oH,,N,05: C, 63.67; H,
6.19; N, 7.82 found: C, 63.62; H, 6.24; N, 7.84%. IR (KBr cm )
selected bands: »(C=N) 1662 vs, »(C-Ophenotic) 1238 vs, ¥(O-H)
3220 m. '"H NMR (DMSO-d6, 400 MHz): 6 (ppm): 3.83-3.86 (s,
3H"), 4.08 (1H, aliphatic ~-OH®), 7.37-7.38 (m, 1H>-H*), 8.65 (m,
1H®), 13.91 (m, 1H%), 3.32-3.77 (s, 2H) (Scheme S41). **C NMR

Table 1 Crystal data and structure refinement parameters
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(DMSO-d6, 75.45 MHz): 6 (ppm): 55.19-67.69 (O-'CHj3), 106.12-
132.93 (Arom->C-"C), 152.26 ("C-OH), 168.40-172.62 (*CH=N).
UV-ViS Aax (CH30H): 380 nm.

Synthesis of [(Cd)(Pb)(L)(n'-NCS)(n"-SCN)],, (1)

Cd(OAc),-2H,0 (0.219 g, 1 mmol) was dissolved in 25 mL of hot
methanol. Then a methanolic solution of H;L (0.359 g, 1 mmol)
was added, followed by the drop-wise addition of an aqueous
methanolic solution of NaSCN (0.081 g, 1 mmol). The resultant
mixture was refluxed at room temperature for 2 h. Then, ten
drops of methanol solution of Pb(NOj3), (0.331 g, 1 mmol) were
added to this reflux solution. The mixture was stirred at 75 °C
for 1 h. Finally, a few drops of acetonitrile (ACN) were poured
into this refluxed solution under ice-cooled conditions. The
light-yellow solution was filtered and stored under refrigeration
for crystallization. After a few days, block-sized, light yellow-
coloured single crystals were obtained, suitable for SCXRD.
Crystals were isolated by filtration and air-dried. Yield: 0.418 g,
(57%), anal. calc. for Cy;H,oCdN,OsPbS,: C, 31.84; H, 2.54; N,
7.07. Found: C, 31.80; H, 2.51; N, 7.09%. MALDI-TOF MS: MW
(792.12), m/z = 791.82 (Fig. S1t). FT-IR (KBr cm™") selected
bands: »(C=N) 1616 s, »(NCS) 2087 s, »(SCN) 2173 m, »(Ar-O)
1355 s. FT-Raman (cm ') selected bands: »(C=N) 1632 s, »(NCS)
2116 s, »(SCN) 2199 m. "H NMR (DMSO-d6, 400 MHz):  (ppm):
3.30 (s, 3HY), 7.15 (m, H*>-H%), 8.31 (w, 1H®), 3.89 (m, 2H?), 3.26
(s, 6H7). UV-vis Apax (DMF): 296 and 326 nm.

Formula

Mg

Crystal system
Space group
alA

b/A

c/A

a(?)
8()
VIA®
Colour
zZ

plg em™
w/mm™*
F (000)
Cryst size (mm?®)
6 range (deg)
Limiting indices

3

Reflns collected

Ind reflns

Completeness to 6 (%)
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*
Final R indices

[1> 20(0)]

R indices (all data)

Largest diff. peak and hole (e A~?)

6354 | RSC Adv, 2022, 12, 6352-6363

C,1H,0CdN,O5PbS,
792.12

Monoclinic

P24/c

9.813(7)

16.798(12)
15.066(11)

90

97.022(9)

2465(3)

Pale yellow

4

2.135

7.894

1504

0.078 x 0.054 x 0.033
2.42 to 17.41
-11=hr=11
—-20=k=20
-18=[=18
59792

4584 [Rip; = 0.1269, Ryigma = 0.0565]
0.999
Full-matrix-block least-squares on F>
4584/0/310

1.033

R; = 0.0436

WR, = 0.0935

R, = 0.0710

WR, = 0.1075
0.755 and —1.466

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Synthetic rationalization

The Salen ligand was synthesized using the previously reported
literature method (Scheme 1).°® CP derived from H;L and
thiocyanate spacer was prepared in moderate good yield by
selecting the more familiar self-assembly in situ procedure
(Scheme 1). The synthesized CP is insoluble in water and the
most common organic solvents. The heteronuclear CP has good
thermal stability. The synthetic method was repeated by adding
Cd(u) and then Pb(u). All cases had Cd(u) occupying the inner
N,O, and Pb(1u) occupying the outer O, cavities probably due to
the larger size of Pb(u), whose ionic radius (133 pm) is much
larger than that of Cd(u) (109 pm)."**® The single crystals were
not grown in methanol solvent alone; hence, we used a few
drops of acetonitrile to promote better diffracting-quality crys-
tals suitable for SCXRD (Scheme 1). Salen encompasses two
imines, two phenols, two alkoxys, and one weakly acidic
aliphatic -OH group. After deprotonation, the reference salen
always produces an N,O, imine chelating position.®® Herein, the
flexible aliphatic -OH pendent group played a significant role in
constructing supramolecular self-assembly through hydrogen
bonding. H;L has displayed only a few examples of hetero-
nuclear compounds in the absence of pseudohalides.®® So far,
CPs with the flexible -OH pendent group coordinated with Pb(ir)
ions in the presence of a thiocyanate spacer are scarce in the
literature. The o-hole type interaction and spodium/tetrel
bonding concept verified using DFT studies confirm our
synthesized CP is novel.

Spectroscopic characterization

IR/Raman spectroscopy was used to characterize the Salen and
the coordination polymer. The ligand’s identified imine (C=N)
stretching vibration came near 1662 cm™' (Fig. S1At).® The
mass is determined using the BRUKER MALDI-TOF and

OH OHC

",

A "
g, mO H\‘

NH,
OMe N
Z . N
f"\\nc
o O
oe/ %\0

1 mmol 2 mmol N.
Reflux 3 hrs in MeOH
+
M Me

Slowly evaporate the
reflux solution

(o)
OH Coordination
Polymer
N Cd(OAc),, 2H,0
A +  (NO3),
+Na CN
OH HO
OMe  MeO
H;L

Scheme 1 Synthetic strategy for HsL and the coordination polymer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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corresponds to the molecular weight of the CP. For the complex,
the stretching vibration bands for IR and Raman (C=N) are
shifted to 1616 cm™ " (Fig. S11) and 1632 cm ™" (Fig. S21). These
spectral data support the coordination mode of the azomethine
nitrogen atom to the Cd metal centre.”” Thiocyanate ligands
(SCN7) displayed two strong bifurcated bands at 2087,
2173 em™' (1) (IR) and 2116, 2199 cm ' (1) (Raman). Such
splitting patterns are attributed to two distinct binding modes
with the Cd and Pb metal ions.” The Ar-O stretching frequency
near 1239 cm ™' is identical with reported salen-type ligands.
The UV-vis absorption spectra of the salen and the CP were
analyzed in CH;OH and DMF. The ligands exhibit bands at
380 nm (Fig. S3f) for 1 — m*n — w* type transitions. In
contrast, the CP reveals a potent ligand-based UV domain at
296, 326 nm (Fig. S41) due to the L — M charge-transfer tran-
sition (r — w*/n — *).”>”> The spectra mentioned above are
identical to the previously reported Salen.”®”* The UV spectral-
domain supports the coordination mode of the Salen ligand
with Cd and Pb ions. Due to the d*° configuration and the Cd(m)
diamagnetic nature, no metal-centered broad d-d absorption
band has been identified. The NMR spectra (‘H/**C NMR)
characterized the Salen and the CP (Fig. S5-S77). Free Salen in
the region 6 5.0-8.0 ppm did not show a broad peak, indicating
the absence of the -NH, group. The NMR peak value at
6 4.08 ppm was identified as the ~-OH® aliphatic proton. The
phenolic protons (OH’) are associated with the defined broad
peak at 6 13.91 ppm. The protons (H®) attached to the imino
carbon are downfield shifted § 8.65 ppm””* due to the influence
of the combined effect of phenolic -OH and imino N groups in
close vicinity. The peaks within the range 6 7.37-7.38 ppm
correspond to the aromatic protons (H>-H?). The three methyl
protons (OCH';) attached to the aromatic oxygen appear at
0 3.83-3.86 ppm. Due to the difficult solubility of the CP in
DMSO-d6, the result of the 'H NMR spectrum is not satisfactory.
In the case of the CP, the coordination mode of the azomethine
nitrogen was assigned by the downfield shift of the azomethine
proton signal from the ligand. The OH proton (OH’) signal at
the ligand disappeared in the "H NMR spectrum of the complex,
showing deprotonation and coordination of the O-atom with Cd
metal ion.”>”* Further, the ">C NMR spectrum of the ligand
showed the azomethine (CH=N) carbons at 168.40-
172.62 ppm, 55.19-67.69 (O-CHj), 106.12-132.93 (Arom-C),
152.26 (C-OH) ppm (Fig. S67).

SEM-EDX mapping and PXRD

The EDX experiment has successfully determined the elemen-
tary composition of the CP. The chemical composition has
correctly confirmed the presence of Cd and Pb metal ions in the
EDX profile. The EDX profile of the CP is shown in ESI 2.t Thus,
the empirical formula of the CP is fully justified. The EDX
profile reflects the highest peak as Pb, followed by Cd metal
ions. We have further performed EDX elemental mapping,
a qualitative analysis method: high concentrations of an
element of interest appear as a light contrast in the map, low
concentrations result in dark contrast (ESI 31). Further, SEM
supports the structural and morphological features. SEM

RSC Adv, 2022, 12, 6352-6363 | 6355
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(b)

Fig. 1
omitted for clarity. (b) Asymmetric unit of complex 1.

images characterized the size and morphological structure of
the prepared complex. The SEM micrograph directly supports
the morphology of the complex plate shape. The PXRD method
studied the phase purity and crystallinity, and the recorded
diffraction patterns were at room temperature. Experimentally
scanning the compound in the range (26 = 40-50°) recorded the
PXRD patterns. The well-defined sharp PXRD peaks support the
crystalline nature of the CP (Fig. S8t). The experimental and
simulated PXRD patterns of the material match well, indicating
the consistency of the bulk sample.

Crystal structure of [(Cd)(Pb)(L)(n"-NCS)(n*-SCN)],, (1)

X-ray single-crystal data analysis reveals that the compound
crystallizes in the monoclinic system in the P2,/c space group
(Z = 4). A perspective view of 1 is depicted in Fig. 1a. Selected
bond parameters related to the CP are summarized in Table
S1.§

The asymmetric unit of 1 (Fig. 1b) consists of a hetero-
bimetallic core containing full occupancy Cd(u) and Pb(u)
metal ions, one fully deprotonated equatorial [L]*~ and two
axial [SCN]™ spacers. In the asymmetric unit, partially depro-
tonated ligands consist of two pockets. These are the inner N,0O,
pocket (two imine N atoms, phenolate O atoms) and outer O,
pockets (two phenolate O atoms, O atoms from -OMe groups)
(Scheme S2A-S2C+). The inner and outer pockets accommodate

6356 | RSC Adv, 2022, 12, 6352-6363
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(a) Molecular structure of 1D polymeric chain of 1; intramolecular H bonding is shown as violet dotted lines. Other H atoms have been

Cd1 and Pb1 centers, respectively which are connected by two
bridging deprotonated phenoxide O atoms in p, fashion to
construct the hetero-bimetallic [Cd(O,)Pb] core. The competi-
tive occupation of Cd(u) vs. Pb(u) is one of the most exciting
aspects of the stereochemistry, Cd(u) occupies the inner N,O,,
and Pb(u) occupies the outer O, compartments. The significant
Pb(u) ionic radius (133 pm) is much larger than that of Cd(u)
metal ions (109 pm). It is difficult for Pb(u) to be accommodated
in the inner N,O, compartment, where the Cd(u) fits well with
the outer O, cavities. Therefore, the Pb(u) ion resides well in the
open external O, pit.*>*® Interestingly, in this modus operandi of
thiocyanate, the Pearson theory holds very well.* Between Cd(u)

Fig. 2 (a) Distorted square pyramidal geometry around Cd1. (b) Dis-
torted octahedral geometry around Pbl.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 2D-hydrogen bonded network along the ab plane of 1.

and Pb(u) ions, the former is a hard acid, and the latter is a soft
acid. Thus, the sulfur atom (soft base) of thiocyanate is prefer-
ably linked to the soft acid Pb(u), and the nitrogen atom (hard
base) is associated with the hard acid Cd(u) ion. Further studies
of the Cambridge Structural Database (CSD) (Fig. S9t)
confirmed the preferred thiocyanate N-bonded bonding with
d'® Cd(u) metal ions.** The Cd-Pb distance within the four-
membered ring is 3.691(2) A with a Cd-O-Pb angle of
104.86(7)°. Besides the binding provided by [L]*~, the dinuclear
complex is further supported by the coordination action of two
thiocyanate ligands. The thiocyanate ligands function as mon-
odentate ligands satisfying the coordination number of the
metal centers. The ligand also balances the overcharge of the
molecule. Interestingly, the Cd(u) and Pb(u) centers coordinated
to terminal thiocyanate «N-SCN and kS-SCN ligands. The
Addison structural parameter (t)”® value helps to determine the
stereochemical environment around the Cd(u) ions, (t = (8 - )/
60° where § and « are the two largest angles around the central
atom: 1 = 0 for perfect square pyramidal and 1 for an ideal
trigonal geometry). The Cd center has a distorted square pyra-
midal geometry (Fig. 2) with a t value of 0.046. The apical
position is occupied by an N atom from the thiocyanate anion
and the basal plane consists of N,0, donors from [L]>". On the
other hand, the Pb center displays a distorted octahedral
coordination geometry with six bond pairs and a lone pair
where hemi-directed coordination geometry is observed around
the Pb center (Fig. 2). The basal plane is occupied by the O,
donor set from [L]*~ and the axial positions are occupied by a N
atom from the thiocyanate anion and a hydroxyl group from
a neighbouring complex (05). The lone pair is situated at the
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In this complex, lead is in the +2 oxidation state and one of the
post-transition elements with total electronic configuration [Xe]
4f**5d"'%6s” and displaying an inert-pair effect. The 6s” electrons
are inert to participate in the oxidation state process/covalent
bond formation. They behave as a lone pair which causes the
non-spherical charge allocation around the lead ion, ie., the
distribution of ligands around the lead leaves some vacant
space (identifiable void). Thus, the lead(u) preferred hemi-
directed coordination over the holo-directed coordination
sphere.”®” The hemi-directed coordination sphere is compa-
rable to previously reported X-ray characterized lead(u)
complexes (Table S27). The coordination of the hydroxyl group
from an adjacent complex results in forming a unique hetero-
bimetallic one-dimensional (1D) polymer.

The metric parameters reveal that the average bond lengths
of Cd-Oppenolate aNd Pb-Ophenolate are 2.238 A and 2.395 A,
respectively. The average bond length of Pb-Opnethoxy 1S 2.745 A
which is moderately longer than the Cd/Pb-Oppenotate bond. The
average bond length of Cd-Njyine is 2.252 A which is slightly
larger than the Cd-Ninioeyanate bond length of 2.212 A. The Pb-
Sthiocyanate DOnd length is 2.882 A which is larger than the Cd-
Nihiocyanate PONd length. The solid-state structure of 1 displayed
both intra and intermolecular supramolecular interactions. The
one-dimensional (1D) coordination polymer itself contains
strong intramolecular O-H (alkoxy oxygen)---N (terminal S
coordinated thiocyanate ligand) hydrogen bonding with the
distance of 1.998 (9) A. Each 1D coordination polymer interacts
with four neighbouring 1D polymers through C-H:--N hydrogen
bonding forming a 2D-hydrogen bonded network along the ab
plane (Fig. 3 and Table 2). Apart from H-bonding interactions,
the hemi-directed coordination modes around the Pb centre
allow them to establish c-hole interactions with lone pairs from
S atoms.*®** From a topological point of view, the 1D coordi-
nation polymers are further connected by Pb---S tetrel bonds
(Fig. 3). The Pb---S contact distance is 3.337 A which is longer
than the sum of the covalent radii and shorter than the sum of
the van der Waals radii, and it is comparable with the previous
literature reported Pb---S contact (Table S31). We have also
accomplished theoretical analysis of 1 in the crystal structures
to advance further insight into the interactions that hold them
together.

A novel X-ray crystal structure: comparison with analogous
complexes

The coordination chemistry of the flexible, weakly acidic
aliphatic -OH group appending Salen ligand (H;L) is limited in
the literature.® There are some examples of literature published
heteronuclear complexes using H;L, especially in the absence of
the thiocyanate spacer, such as [Cu(HL)Na(NO;)(MeOH)],

“cap” position, distorting the octahedron system (Scheme S57). [Cu(HL)Hg(Cl),], [Cu(HL)Zn(NO5)(H,0)]NO;, [Cu(HL)(H,0)
Table 2 Non-covalent interaction geometry (A) for complex

D-H d(D-H) d(H---A) <DHA d(D---A) A Symmetry code
05-H5 0.82(6) 1.998(9) 158.83(5) 2.783(11) N(4) x,1.5 -y, —0.5+2
C5-H5A 0.92(9) 2.746(8) 147.18(5) 3.563(12) N(3) x,1+y, —1+z

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Sm(NO;);], [Cu(HL)(H,O)Bi(NO3);], [Cu(HL)Pb(NO;),], and
[Cu(HL)Cd(NOs),]. We envisioned introducing a flexible
aliphatic hydroxyl group into such a salen to check the
improvement of the H-bonding ability of the resulting CP, or it
could be coordinated with metal ions such as Pb(u). It controls
the crystal structural features and dimensionality in the resul-
ted solids. Our goal is to determine if the -OH group remains
uncoordinated with the metal ions or is involved in H-bonding.
Thereby generating supramolecular architectures expanding
from discrete to a 3D network. We observed most of the
complexes without using thiocyanate spacers. Our complex is
1D hetero-binuclear CP made in the presence of sodium thio-
cyanate. Meanwhile, the X-ray crystal structure shows that
heavier Pb(u) ions in our CP are coordinated with the ligand’s
weakly acidic -OH group, which explains its novelty. The activity
attached to the ~OH group leads to the formation of a 1D CP. In
addition, all previously published heteronuclear complexes’
internal and external compartments have a common occu-
pancy, but our prepared CP highlighted two different
compartment occupancies. There are five coordinated distorted
square bipyramidal geometries around Cd metal ions and
a hemi-directed coordination sphere around the lead. Another
remarkable feature of the reported complexes described is that
the ligand can take up all additional metal ions in an open O,
compartment quite comfortably, regardless of the size and
charge of the ions, which demonstrates the flexibility of the
ligand.®® The radius factor governs the 2nd Pb metal ion’s
accommodation at the external O, compartment in our com-
plexing system. The reported complexes show only usual non-
covalent interactions, e.g., H-bonding, -, and C-H-m stack-
ing, responsible for understanding possible supramolecular
topologies. Interestingly, our 1D polymeric network undergoes
several non-covalent interactions (S---H, C-H:--7 and hydrogen
bonding) to form a 2D grid. However, a significant difference
was observed for the overall composition of the previously re-
ported complexes, where non-appending of -OH groups leads
to mononuclear or discrete complexes, contrary to the present
CP. Moreover, the synthesized CP shows unconventional c-hole
type interactions, and spodium and tetrel bonding features. The
above discussion thoroughly investigates the synthesized CP
possessing a new crystal structure and -OH groups with
pendent supramolecular topologies.

Hirshfeld surface analysis

The role of the flexible aliphatic -OH groups in the salen is
directed towards self-organization in the crystal structure. The

Table 3 HSA based different intermolecular interactions

Percentage contribution

Types of intermolecular interactions (%)
H-bond (O and outside H) 5.9
H-bond (S and outside H) 16.7
H-bond (N and outside H) 9.7
-7 stacking 2.7
C-H weak interactions 23.8
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Fig. 4 HSA mapped for the CP: (a) dnorm. (b) curvedness, (c) fragment
patch, (d) shape index.

supramolecular topologies are correlated with the HSA
mapping.*® The hydrogen bonds were considered the possible
supramolecular topologies. HSA was performed with the Crystal
Explorer 17.5 software.®* The calculations were evaluated using
the complex*.cif extension file. For each point on the Hirshfeld
surface (HS), two distances are defined: d., the distance from
the point to the closest nucleus external to the surface; and dj,
the distance to the nearest nucleus internal to the surface. The
normalized contact distance (d,orm) based on d. and d; is given
by dnorm = di — PO Aw g AW vdw where Y and Y are
the van der Waals radii of the atoms. If the d,,orm is negative, the
intermolecular contact is expected to be shorter than 4. On
the other hand, if the d,om is positive, it is expected to be
longer. Usually, dyorm displays a surface with a red, white and
blue colour contour map, with bright red spots highlighting
shorter contacts, white areas representing contacts around the
van der Waals separation, and blue regions not having close
contacts.?®” The HS using the standard Tonto code shows the
intermolecular interactions exhibited at the Cd-S and Pb-O
bonding. Interestingly, Pb and Cd atoms are not involved in any
intermolecular interactions. The van der Waals interaction
between the C-H is the highest among S-H interactions (Table
3). The total volume of the surface is 606.29 A®, globularity is

v VvV vV VIV

ONDNO®ONDMNMO®

di
roTT21ra4a 176 182022242628

Fig. 5 2D HS plot showing different types of interactions.
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+8.1 keal/mol

(a) QTAIM distribution of bond critical points and bond paths involving the non-coordinated N-atom of the pseudohalide. The rest of the

bond critical points and bond paths are omitted for clarity. (b) Theoretical model where the thiocyanate ligand coordinated to Pb has been

rotated.

0.718, and the asphericity is 0.028. Hence the complex deviates
from the perfect spherical shape, and the mean curvedness of
the complex is —0.9834. Fig. 4 and 5 show the complete 2D
fingerprint plot of the CP.

QTAIM approach: spodium bond

We have first studied the conformation adopted by the thiocy-
anate ligand coordinated to the Pb metal center. The N-end of
the SCN ligand establishes two non-covalent interactions:
a hydrogen bond with the hydroxyl group and a spodium bond
(SpB) with the Cd(u) atom. The latter interactions have been
recently studied in penta-coordinated Zn-atoms, demonstrating
their importance in crystal engineering.®* Fig. 6a shows the
complex’s QTAIM analysis (bond critical points represented as
red spheres). A bond critical point can be observed that
connects the N-atom to the H-atom, thus confirming the exis-
tence of the interaction. The energy associated with this contact
has been computed using the potential energy density value at
the bond critical point (V;) and the equation proposed by
Espinosa et al. (Eqis = —0.5 X V;).** As a result, the H-bond
energy is —5.4 kcal mol™", confirming its importance in influ-
encing the SCN orientation. To estimate the contribution of the
SpB, we have also computed a theoretical model where the SCN
has been rotated (Fig. 6b) and, consequently, the intramolecular
hydrogen bonding and SpB are not established. This hypo-
thetical model is 8.1 kcal mol™" less stable than the experi-
mental conformation; thus, the spodium bond’s contribution is
—2.7 keal mol " in line with previous investigations.®

MEP and QTAIM/NCI plot: tetrel bond

Fig. 7a shows the 1D polymeric chain observed in the solid-state
of the complex where the O-atom of the hydroxyl groups forms

© 2022 The Author(s). Published by the Royal Society of Chemistry

a tetrel bonding (TtB) interaction with the Pb(u) atom. The Pb---
O distance is 2.782 A, which is longer than the sum of the
covalent radii (2R = 2.12 A] and much shorter than the sum
of the van der Waals radii (2R,q4y, = 3.54 A). Moreover, the Pb---
NCS-Cd distance is 3.62 A, which is slightly longer than the
SRuw = 3.57 A, which is indicative of weak van der Waals
interactions. The MEP surface of the complex is represented in
Fig. 7b. The most nucleophilic part is located at the negative
belt of the S-atom belonging to the coordinated Cd-thiocyanate.
The MEP is also large and negative at the O-atom of the hydroxyl
group (—36 kcal mol ). The MEP maximum is located at the Pb
atom (equatorial plane). The MEP values are also large and
positive at the H-atoms of the methoxy groups and the Pb-atom
opposite to the Pb-S bond (o-hole). The QTAIM/NCI plot anal-
ysis of a dimer extracted from the 1D supramolecular chain is
shown in Fig. 7c. In this representation, only the intermolecular
interactions are depicted. The distribution of bond critical
points and NCI plot index iso-surfaces shows the existence of
several interactions, mostly CH-- -7t (pseudohalide). This type of
contact has been described before in X-ray structures.®
Remarkably, the QTAIM analysis confirms the existence of two
tetrel bonds (Pb---O, N), characterized by the corresponding
bond critical points and bond paths interconnecting the Pb
atom to the O, N-atoms. The blue and green colors of the NCI
plot iso-surfaces that characterize the Pb---O and Pb---N inter-
actions, respectively, reveal that the Pb---O is stronger, in line
with the shorter distance. The dimerization energy is very large
(AE = —34.7 keal mol ") because of the intricate combination of
interactions, as evidenced by the number of bond critical points
and bond paths connecting both monomers. To evaluate the
contribution of the Pb---O tetrel bond (TtB), we have used
a mutated model where an H-atom has replaced the OH.
Consequently, the Pb---O tetrel bond is not formed, and the

RSC Adv, 2022, 12, 6352-6363 | 6359
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AE = -34.7 keal/mol
AE(OH—H) = -29.8 kcal/mol

Fig. 7 (a) Partial view of the X-ray structure showing the 1D supramolecular assembly (distances in A). (b) MEP surface of the complex at the
BP86-D3/def2-TZVP level of theory. Iso-surface used 0.01 a. u. The MEP values at selected points of the surface are given in kcal mol™. (c)
Combined QTAIM (bond critical points in red and bond paths as orange lines) and NClI plot index (RDG = 0.5, p cut-off = 0.04 a. u., color range:

—0.04 = sign(A,)p = 0.04 a. u.).
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Fig. 8 2D map of the n(r) function for the dimer of the complex. The molecular plane corresponds to that defined by S—Pb---O atoms. Bond

critical points (BCPs) are represented in white.
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interaction energy is reduced to AE(OH — H) =
—29.8 kecal mol™!. Thus, the contribution of the Pb---O TtB is
roughly estimated by the difference, which is —4.9 kcal mol .
This moderately strong energy confirms the non-covalent
nature of this contact. Further evidence of the non-covalent
nature of the Pb---O contact is obtained by the QTAIM param-
eters at the bond critical point. The positive values of the Lap-
lacian (V?p = 7.35 x 10~ a. u.) and total energy density (H; =
1.56 x 10~* a. u.) at the bond critical point confirm the non-
covalent nature of the Pb---O since coordination bonds are
characterized by positive values of V?p and negative values of
Hr.%

QTAIM/ELF model: c-hole interactions

Finally, we have used the electronic localization function (ELF)
combined with QTAIM to analyze the donor-acceptor interac-
tion between the O-atom and the Pb atom and confirm the o-
hole interaction. It has been used to differentiate chalcogen and
pnictogen bonds in stibanyl telluranes.**® The ELF representa-
tion has been performed for the dimer shown above (Fig. 7c).
Precisely, the plane used for the ELF topographical 2D map of
the n(r) function representation corresponds to that defined by
the atoms that participate in the S-Pb---O contact, see Fig. 8.
The examination of the localization domains corresponding to
the lone pairs and o-hole regions reveals that in the TtB the
negative lone pair of O interacts with the lead’s o-hole. The lone
pair of lead points perpendicular to the Pb---O vector confirm-
ing the o-hole nature of the interaction, where the Pb is acting
as a Lewis acid. Regarding the Pb-S coordination bond, the lone
pair’s size at the S-atom that points toward the Pb atom is
significantly smaller than the other lone pair, as expected upon
forming a coordination bond.

Conclusion

This article describes the synthesis, spectroscopic findings,
MALDI-TOF, PXRD, SEM, EDX mapping, and single-crystal X-
ray characterization of a new 1D heteronuclear Cd(u)/Pb(u)
coordination polymer. The X-ray results revealed Cd(u) and
Pb(u) metal ions fulfilled distorted square pyramidal and hemi-
directed coordination spheres. Cd(u) being placed in the inner
N,0, and heavier Pb(n) in the outer O, compartments of the de-
protonated form of ligand [L]*". The solid-state structure dis-
played intra- and intermolecular supramolecular interactions.
Here the ligand’s flexible aliphatic -OH pendent groups
uniquely coordinate with the Pb(u) ions. This binding feature
further increases the supramolecular crystal topographies. HSA
authenticated the supramolecular interactions, and DFT and
molecular electrostatic potential (MEP) surface plots showed
the CP’s recurrent c-hole interactions/spodium/tetrel bonding.
The tetrel bond (—4.9 kcal mol ) is stronger than the spodium
bond (—2.7 kecal mol™"). In addition, coordination bonds
(covalent character) and tetrel bonds (non-covalent character) of
the complex were differentiated using the quantum concept of
“atoms-in-molecules” (QTAIM) and the non-covalent interac-
tion index (NCI index). We found that combining the QTAIM/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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NCI and QTAIM/ELF plots helps uncover the nature of these
contacts. Herein we anticipate that the findings reported will be
helpful to scientists working in crystal engineering and the
application of QTAIM/ELF tools to analyze spodium and tetrel
bonds in the theoretical chemistry community.
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