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Abstract

Spontaneous self-assembly in the supramolecular entity is one of the enthralling synthetic routes. It produces disparate
structure crystal complexes after selecting suitable M-L combinations in the pseudohalide sense. In this attempt, a novel
cocrystal is synthesized from two independent components (0D + 1D), [Pde(Ll)(SCN)z]~[Pde(Ll)(SCN)2]n (1) using a
Salen (H,L'") and NaSCN, which was characterized by spectroscopic, EDX, SEM, PXRD, and X-ray crystallography. The title
complex crystallizes in the triclinic space group P/ with unit cell parameters: a=8.5733(2), b=11.3798(2), c=27.105(5) A,
V=2583.9509) A3, and Z=4. X-ray structure divulges the de-protonated form of [L77], comprising Cd(II)/Pb(II) ions placed
in the inner N,O, and outer O, compartments. The Cd(II)/Pb(II) metal ions satisfy trigonal-prismatic and square pyramidal
geometries. Crystal engineering and Hirshfeld surface approaches delineate the dominant interactions, e.g., H-bonding
(36.4%), C--*H (20.8%), and S---H (21.1%). The unique chalcogen (ChB)/tetrel bonds observed in its solid-state architecture
were authenticated by DFT using the PBo-D3/def2-TZVP level of theory. The QTAIM/NCI plot reveals the nature of these
contacts. The S---S distance is 2.499(4) A, and the C-S---S angle is close to linearity (168.8°), confirming the typical ChB.
The MEP surface explores the most nucleophilic part at the N-atom belonging to the bonding of Cd-NCS (- 42 kcal/mol).
HOMO-LUMO energy gap and NLO parameters provide chemical reactivity and sensitive optical information about the
molecules. Meanwhile, Molecular docking was conceded based on total energy with three bacterial proteins like Staphy-
lococcus aureus (PDB ID: 1J1J) and pseudomonas aeruginosa (PDB ID: 3JPU), and Escherichia coli (PDB ID: SMMN).
Docking and PLIP confirmed the bioactivity of the complex. The compound was screened in vitro against two-gram + ve and
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two-gram -ve bacteria. The complex had lower MIC (ug/mL) values (10.1) compared to the parent ligand (32.7), implying
greater antimicrobial efficiencies. The time-kill kinetics led to the bactericidal activities of the complex.
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1 Introduction

Over the last few years, the coordination chemistry of the
Salen ligand has amplified the multidimensional research if
we concentrate our attention on the cocrystal concept [1].
Cocrystal formation is one of the most cardinal solid-state
research projects due to its versatile applications like anti-
microbial, catalyst, photosystem II, magnetic, and metal
enzymes [2]. Contemporary, a new research direction is
envisaged in various fields concerning advanced crystalline
materials, e.g., human life improvement and environmental
rehabilitation [3—8]. Although cocrystals mostly captivate
the attention in organic and pharmaceutical research, few
metal complexes are cumbersome [9—11]. Therefore, today
the isolation and characterization of various cocrystals are
one of the most active research areas in a modern solid-state
environment [12-20]. The term cocrystal defines the forma-
tion of multi-component crystals [21]. It allows fine-tuning
solubility, dissolution, and bioavailability without chang-
ing their molecular structure [1]. It is noteworthy that the
rational design and successful synthesis of cocrystals is a
challenging task [21-28] since they have comparable crys-
tallization kinetics and the lattice packing forces for different
coordinate geometries, structures, and shapes [29]. There

is also the right choice of ligand, solvent, temperature, and
maintenance of the stoichiometric and enantiomeric ratios
[30]. Interestingly, cocrystals in metal complexes are (a)
Metal-ligand hybrid systems with different structures; (b)
metal complexes with non-coordinated ligands; (c) special
additives with metal complexes [30]. In addition, the term
cocrystals have been known for a long time [2]. The first
reported normal cocrystal, quinhydrone. It consists of qui-
none and hydroquinone, first described by Wohler as late
as the nineteenth century [31]. The first cocrystals of Schiff
bases, in which a metal atom is also present in the crystal
structure, were reported in 2008 [32, 33]. The research on
cocrystal applications has only emerged in decades. Co-
crystallization of Salen with other bioactive molecules and
their coordination with metal ions are often biologically
relevant. This orientation inspired coordination chemists to
conduct further research on Salen cocrystals, especially in
crystal engineering, NLO activities, and biological activi-
ties associated with DFT-based experiments Molecular
docking (MD)/Protein-ligand interaction profiler (PLIP).
Herein crystal engineering is fascinating for searching for
any supramolecular interactions present. The Molecular
docking and PLIP research support the cocrystal drug-like
properties [34—40]. Furthermore, the coordination chemis-
try of Pb(II) is not sacred, and any homo/hetero cocrystal
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complexes of Pb to date are reported in the literature in the
presence of thiocyanate linkers (Scheme S1) [41, 42]. We
focused on synthesizing Pb(II)-cocrystal to dig into supra-
molecular architectures formed by non-covalent interactions
and Chalcogen/Tetrel/spodium/c-hole bonds [43-49]. The
synthesized complex configuration is comparable to those
observed in other Cd(II) complexes prepared with ligand
H,L' [50] or analog one bearing methoxy groups instead
of ethoxy [51-53]. The high atomic number (Z=282) and
the radius were sufficient to encompass other coordina-
tion numbers from 2 to 10 to proceed in variable valence
states of Pb, which attracted synthetic inorganic chemists to
map unique lead complexes [41, 54-57]. Most Pb materi-
als are trained in semiconductors, batteries, ferroelectrics,
and nonlinear optics [37, 58—62]. The polarizable Pb(Il) is
particularly interested in forming tetrel bonds between these
Group IV elements. Pb(Il) can act as an electron donor to
trap supramolecular interactions. Pb(II) can arise thanks to
a Hemi-directed coordination environment and a stereo-
chemically active lone pair 6s2, [63] leading to a significant
coordination gap. The tetrel bond [64, 65] is generally char-
acterized by two different structural organizations, namely:
Holo/Hemi-directed (Scheme S2) [66—68]. However, always
little research has explored the Tetrel-bonded in the lead
cocrystals [69-72].

In this endeavour, the present work highlights the syn-
thetic mimics, spectroscopic characterization, and X-ray
structure of one privileged Pb(II)-Salen cocrystal. Hirsh-
feld’s surface successfully substantiates the crystal packing
of supramolecular interactions. DFT validated the chalco-
gen/tetrel bonds and the QTAIM/NCI Plot, further disclosing
the nature of these contacts. The NLO parameters support
the optical behaviour. The global chemical parameters like
the HOMO-LUMO energy gap further ensure compound
reactivity. The antibacterial efficacy and time-kill kinetics
also accomplish the cocrystal compound. Overtone’s con-
cept fruitfully explains the main reason for the antibacte-
rial action on the complex over the Salen. MD and PLIP
experiments have observed an excellent biological tie-up
with the interaction between metal complex and bacterial
proteins based on total energy against the reference molecule
streptomycin.

2 Experimental

2.1 Materials and Instrumentation

In the current research, all reagents and solvents were
purchased from Aldrich, Sigma, USA, or Merck Chemi-
cal Company and were used without further purification.

The solvents like Methanol and Acetonitrile (ACN) were
of spectroscopic quality. Elemental analyses (C, H, and N)
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Scheme 1 Outline the synthetic scheme for the cocrystal complex

were performed using a PerkinElmer 2400 CHN Elemental
Analyzer. IR/Raman spectra were recorded as KBr pellets
(4000-400 cm™"). It uses a PerkinElmer Spectrum like RX 1
and BRUKER RFS 27 (4000-50 cm™") model. "H/'3C-NMR
spectra were collected on a Bruker 400 MHz and 75.45 MHz
FT NMR spectrometer using TMS in DMSO-d6 standard.
BRUKER AXS performed PXRD measurements and the
GERMANY X-ray diffractometer D8 FOCUS model with
Cu K-« radiation. UV-Visible spectra of the Salen and the
cocrystal complex (200-1100 nm) were determined using
the Hitachi model U-3501 spectrophotometer.

2.2 Synthesis of Salen ligand (H,L.")

Salen ligand was synthesized using the previously reported
popular literature method (Schemel) [42]. In brief, ligand
is the 1:2 condensation product of 1,3-diaminopropane
(0.037 g, 0.5 mmol) with 3-ethoxy-2-hydroxybenzaldehyde
(0.166 g, 1 mmol) in (50 mL) methanol at 75 °C for 1 h.
The yellow-coloured Salen ligand separated upon cool-
ing the solution. It was collected and dried. N,N -Bis(3-
methoxysalicylidenimino)-1,3-diaminoproane (HZLI):
Yield: (90%), Anal. Calc. for C,;H,¢,N,0,: C, 68.09; H, 7.07;
N, 7.56 Found: C, 68.07; H, 7.11; N, 7.60%. IR (KBr cm_l)
selected bands: V(C=N), 1632, U(C-Oppepo1ic) 1252, "HNMR
(DMSO0-d6, 400 MHz): & (ppm): 2.51 (2H?), 3.69 (2H®),
6.87-7.45 (m, 1H>-1H>), 8.59 (m, 1H®), 13.53 (Phenolic-
OH), *C NMR (DMSO-d6, 75.45 MHz): & (ppm): 56.41
(O-CH,CH,), 116.92-132.75 (Arom-C), 161.15 (C-OH),
166.66 (CH=N), UV-Vis A, (CH;OH): 338 nm.

2.3 Synthesis of [Pde(L1)(SCN)Z]-[Pde(L.1)(SCN)2]I1

(1

Cd(OAc),.2H,0 (0.219 g, 1 mmol) and the Salen ligand
(0.359 g, 1 mmol) were dissolved after heating in 30 mL
methanol, followed by drop-wise addition of an aqueous
methanolic solution (5 mL) of NaSCN (0.081 g, 1 mmol).
The overall solution was stirred for 1 h under a magnetic
stirrer. In the meantime, we added ten drops of hot methanol
solution of Pb(NOs), (0.331 g, 1 mmol). Then the resultant
mixture was refluxed at room temperature for 2 h. Finally,
pour six drops of acetonitrile (ACN) into this refluxed
solution. The light-yellow solution was filtered and stored
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refrigerated for crystallization by slow evaporation. After
several days of spending, block-sized, yellow-coloured sin-
gle crystals were obtained, suitable for SCXRD. Crystals
were isolated by filtration and air-dried. Yield: 0.430 g,
(58%), Anal. Calc. for C,3H,,CdN,O,PbS,: C, 34.35; H,
3.01; N, 6.97. Found: C, 34.31; H, 3.06; N, 7.03%. FT-IR
(KBr cm™!) selected bands: v(C=N), 1623 S, v(NCS),
2088s, V(SCN), 2160 m, V(Ar-0),1406 s, FT-Raman (cm™)
selected bands: v(C=N), 1620 s, v(NCS), 2095s, v(SCN),
2152 m, '"H NMR (DMSO-d6, 400 MHz): & (ppm): 1.85 (s,
3H"), 3.78 (m, 2H?), 2.51 (m, 2H®), 3.41 (m, 2H®), 6.41-7.10
(m, 1H-1H?), 8.15-8.31 (w, 1H®), (Scheme S5), UV-Vis
(DMF): 357 nm.

}\max

2.4 X-ray Crystallography

Yellow cocrystal complexes were grown upon slow evap-
oration of the mixed solvent of methanol and acetonitrile
medium after spending several days. We selected 3—4 good
quality crystals with microscopic observation for crystal data
processing purposes. Crystal was collected on a Bruker CCD
[73] diffractometer using Mo Ka radiation at room tempera-
ture (A=0.71073 10\). For data collection, we used several
crystallographic programs. SMART is used for accumulating
information frames, indexing reflections, and determining
lattice parameters, SAINT [74] for combining the intensity
of reflections and scaling, SADAB [75] for absorption cor-
rection, and SHELXTL for space group and structure deter-
mination, and least-squares refinements on F2. The crystal
structure was solved by full-matrix least-squares methods
against F2 using SHELXL-2014 [76] and Olex-2 software
[77]. All non-H atoms were refined with anisotropic shift
parameters, and all hydrogen positions were constant at cal-
culated positions, resulting in sensitive isotropic. A sum-
mary of crystallographic information and complete structure
refinement parameters are shown in Table 1.

2.5 DFT Methodology

In connection with the complex, we utilized two different
levels of theory for DFT calculation. The first calculations
reported herein were performed using the Gaussian-16
program [78]. For the analysis, we used crystallographic
coordinates of the complex using the PBo-D3/def2-TZVP
level of theory [79, 80]. The basis set includes cadmium
and lead metals' effective core potentials (ECP). It takes into
consideration relativistic effects for the inner electrons [81].
Such a level of theory has been used to evaluate noncovalent
interactions in the solid-state [82, 83]. The MEP surface
plot was obtained using the wavefunction obtained at the
same level of theory. Herein the 0.01 a. u. iso-surface to
simulate the van der Waals envelope. The topological elec-
tron density was calculated using QTAIM and the NCI plot.

Table 1 Crystal data and structure refinement parameters

Formula Cy;H,,CdN,O,PbS,

M/g 804.178

Crystal system Triclinic

Space group P1

alA 8.5733(2)

blIA 11.3798(2)

/A 27.105(5)

a (%) 88.274(10)

Q) 89.366(10)

r(®) 77.846(10)

VIA3 2583.95(9)

Colour Yellow

Z 4

pJgcm™3 2.067

u/mm™! 7.528

F (000) 1536

Cryst size (mm®) 0.086 x0.066 x 0.044

0 range (deg) 0.75 to 28.04

Limiting indices —11<h<11
- 15<k<12
—-35<1<35

Reflns collected 40346

Ind reflns 12364 [R;,;=0.0554,

nt

Rsigma=0.0673]

Completeness to 6 (%) 0.998
Refinement method Full-matrix-block least-squares
on F?
Data/restraints/ parameters 12364/0/623
Goodness-of-fit on F> 1.035
Final R indices [/>20(])] R,=0.0435
wR,=0.0834
R indices (all data) R,=0.0739
wR,=0.0962

Largest diff. peak and hole(e:A™®)  1.757 and — 1.504

These two were proposed by Bader [84] and W. Yang et al.
[85], respectively. Both were represented using the AIM all
program [86] 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 (A2)p <0.04 a. u. The second
DFT calculations provide essential information about the
molecules' chemical and biological properties [87-90]. The
calculated parameters are vividly used to explain the chemi-
cal activities of the molecules. The theoretical calculations
were made on the B3LYP, Hf, and M062x levels [91-93]
in the Lanl2dz and SDD basis set using the Gaussian pack-
age program [86] Gaussian09 RevD.01 and Gauss View
6.0 [94, 95]. Using DFT, many quanta chemical parameters
have been found, describing the different chemical proper-
ties of the molecules. These parameters are HOMO (Highest
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Occupied Molecular Orbital), LUMO (Lowest Unoccupied
Molecular Orbital), and AE (HOMO-LUMO energy gap).
Also, the chemical potential (i), electrophilicity (o), chemi-
cal hardness (), global softness (c), dipole moment, the
energy value is calculated [96, 97].

JE 1 1
x = —<£>U(r) = E(I+A) = _E(EHOMO +ELUM0)

0’E 1 1
= _<N>u(r) B E(l _A) = __(EHOMO - ELUMO)

\S]

o=1/nw=y*/2ne =1/w

Further, the biological activities of the complex against
cancer proteins were compared. The proteins and metal com-
plex files were studied at HEX 8.0.0 programs [98]. The
antibacterial calculations against the crystal structures of
Staphylococcus aureus protein (PDB ID: 1J1J), Pseudomonas
aeruginosa protein (PDB ID: 3JPU), [99] and Escherichia
coli protein (PDB ID: SMMN) [100] were performed. The
following parameters are used for docking: correlation type
shape only, FFT mode: 3D, grid dimension: 0.6, receptor
range: 180, ligand range: 180, twist range: 360, distance
range: 40. Finally, the Protein-Ligand Interaction Profiler
(PLIP) server confirmed the interaction between protein and
the metal complex [101].

2.6 Experimental of Antimicrobial
2.6.1 Bacterial Cultures

The synthesized cocrystals were tested for their in vitro
antibacterial using the Agar Well Diffusion method (for the
qualitative determination). For the said purpose, four sensi-
tive microorganisms used are Staphylococcus aureus (ATCC
25,923) and Bacillus subtilis (ATCC 6635) as Gram-posi-
tive bacteria. The other Pseudomonas aeruginosa (ATCC
27,853), and Escherichia coli (ATCC 25,922) as Gram-neg-
ative bacteria. The serial dilutions in liquid broth method for
determination of MIC values. Importantly, all ATCC strains
were procured from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The media used in the study
were purchased from Hi-Media, India.

2.6.2 Maintenance of Cultures
The preservation of all the bacterial cultures predominantly
in 50% glycerol at -70 °C (vol/vol; Hi-Media, Mumbai,

India). Primarily maintained it on Trypticase Soy Agar
(TSA; Difco Laboratories, Detroit, Mich USA).

@ Springer

2.6.3 InVitro Antimicrobial Study

The crystal sample was inoculated with Staphylococcus
aureus, Bacillus subtilis, Pseudomonas aeruginosa, and
Escherichia coli and incubated at 37 °C. The microbial tur-
bidity was adjusted equivalent to a 0.5 McFarland turbidity
standard. After that, Mueller—Hinton agar plates (Merck,
105,437) were swabbed uniformly with the standardized
inoculums. Again, once dried, the agar plates' surfaces,
6 mm three wells, were bored using a sterile cork-borer
about two cm apart. Each well of the bottom was coated
with sterilized Mueller—Hinton agar at 45 °C. The sample
was dissolved in DMSO for each microorganism, then added
into one of the wells, and allowed to diffuse at room temper-
ature for 2 h. It loaded DMSO as negative control (— C) and
streptomycin (4 C) for bacterial culture. All the plates were
incubated face upwards among bacterial cultures incubated
at 37 °C for 24-48 h. The diameter of the inhibition zones
was evaluated using a microscope scale, and six replica-
tions were maintained for each plate. Data were analyzed by
ANOVA using the Origin pro 8.5 statistical software, and the
mean differences were separated using Tukey's studentized
test at the 1% probability level.

2.6.4 Time Kill Kinetic

The time-kill kinetics studies of the synthesized compound
were conducted against all the selected microbes. This
experiment uses an overnight culture of the isolates 1 mL of
10° CFU mL ™! of each culture. It was inoculated in sterilized
nutrient broth media containing 25 mgmL~! of the com-
pounds and was conducted for 13 h in a shaker at 30 °C.
Likewise, prepared control for each microorganism with-
out having the test compound. It is necessary to take CFU
count at a regular one-hour interval.1 mL of each culture was
spread on nutrient agar plates from O to 13 h. Each dish was
incubated for 24 h at 30 °C. The CFU (colony forming unit)
was calculated and plotted.

2.6.5 Determination of MIC-Agar Dilution Method

An essential method like agar dilution involves the incorpo-
ration of varying desired concentrations of the antimicro-
bial agent into an agar medium (molten agar medium). It
habitually uses serial two-fold dilutions. It was then injected
a defined microbial inoculum onto the agar plate surface.
The MIC endpoint is recorded as the lowest concentration
of antimicrobial agent that completely inhibits growth under
suitable incubation conditions. This technique is ideal for
antibacterial susceptibility testing.
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3 Results and Discussion
3.1 Synthetic Mimics

The synthetic mimics of the coordination chemistry
researcher is an open platform to explore the novel crystal
complex formations. The title cocrystal was synthesized as
ongoing research on Schiff base metal complexes. It aimed
to prepare and investigate novel properties of heterometallic
cocrystal compounds. The popular Salen ligand was syn-
thesized using the previous literature method (Scheme 1)
[42]. The complex derived moderately good yield from
cadmium acetate dihydrate and lead nitrate as metal pre-
cursors. In addition, the Salen ligand and the thiocyanate
spacer in a 1:1:1:1 molar ratio used in situ self-assembly
method (Schemel). The complex is insoluble in water and
sparingly soluble in most common organic solvents. We
add Cd(II) and Pb(II) metal ions for the repeated synthetic
procedure. In all cases, Cd(II) occupies the inner N,O, and
Pb(II) the outer O, cavities, probably due to the larger size
of Pb(Il), whose ionic radius (133 pm) is much larger than
that of Cd(II) (109 pm) [37, 102]. It is noteworthy that single
crystals were grown not only in methanol as the solvent.
So, we used a few drops of acetonitrile to promote crystals
with better diffraction quality suitable for SCXRD. Although
this type of ligand is widely used to synthesize homo- and
heteronuclear complexes, this (0D + 1D) cocrystal is unique.
An overlook of the Salen includes two imines, two phenols,
and two alkoxy groups. These donor centers always explore
highly chelating coordination behaviour. After deprotona-
tion, the reference Salen always generates an N,O,-imine
chelating position (Scheme S3-S4) [103]. The complex
configuration is comparable to those observed in homonu-
clear cadmium complexes prepared with the ligand H2L1 or
analog-bearing methoxy groups instead of ethoxy (LOM®)
[50-53]. This type of Salen has never been used to construct
heteronuclear (0D + 1D) cocrystal complexes. Interestingly,
most recent publications on heteronuclear lead complexes
mainly explore DFT-based supramolecular crystal engi-
neering. Herein the crystal engineering highlighted only
the ChB/tetrel bonding along with the Hemi-/holo-directed
nature of lead metal [102, 104—106]. Our ongoing research
on the cocrystal complex delves into ChB/tetrel bonding
and bactericidal activity based on the collaboration with
MDY/PLIP experiments. Both experiments substantiate the
synthesized compound is bioactive. Further, in this article,
the enhanced antibacterial activity of the complex over the
ligand is explained by Overtone’s and Tweedy's chelation
concept. We also explore the complex time-kill kinetics
study, which exhibits basic pharmacodynamic information
on the relationship between the compound and the growth of
microorganisms. Therefore, we ensure synthetic mimicking

of unique heteronuclear cocrystal formation using the popu-
lar Salen is an exciting research effort.

3.2 Spectroscopic Characterization

The structural characterization of as-synthesized compounds
is an integral part of coordination chemistry research. There-
fore, we used FTIR/Raman/NMR spectroscopy to character-
ize Salen, the title compound, and the bridging propensity of
SCN~ ions. The ligand's identified imine (C=N) stretching
near 1632 cm™! (Fig.S1) [107]. In the complex, the stretch-
ing bands for IR/Raman (C=N) are shifted to 1623 cm™!
(Fig.S2) and 1620 cm-1 (Fig.S3). These data support the
coordination of the azomethine nitrogen atom to the Cd
metal centre [108]. Further, thiocyanate spacers (SCN-)
displayed two strong bifurcated bands in 2088, 2160 cm™!
(1) (IR) and 2095, 2152 cm™! (1) (Raman). These splitting
patterns are attributed to two distinct binding modes with
the Cd and Pb metal ions [109]. The UV-Visible absorp-
tion spectra of the ligand and the compound were analyzed
in CH;0H and DMF to ensure the electronic transitions.
Ligands exhibit bands at 338 nm (Fig.S4) for n —» n*/n — n*
type transitions. In contrast, the complex reveals a potent
ligand-based UV domain at 357 nm (Fig.S5) due to the
L — M charge-transfer transition (1 — n*/n— n*) [108, 110].
All the spectral data mentioned above are identical to the
previously reported Salen [111, 112]. Due to the filled d'°
configuration and the diamagnetic nature of cadmium metal
ion, no metal-centered broad d-d absorption band has been
identified. The Free Salen ligand in the region & 5.0-8.0 ppm
did not show a broad peak, indicating the absence of the
-NH, group. The NMR peak value at & 3.69 ppm identi-
fied the H® aliphatic proton. The phenolic protons (OH”)
are associated with the defined broad peak at § 13.53 ppm.
The protons (H®) attached to the imino carbon are downfield
shifted 8 8.15-8.31 ppm [80, 81] due to the influence of the
combined effect of phenolic -OH and imino N groups in its
close vicinity. The peaks at 8 6.41-7.10 ppm correspond to
the aromatic protons (1H>-1H>), whereas the three methyl
protons (OCH,CH';) attached to the aromatic oxygen appear
at & 1.85 ppm (Fig.S6). The azomethine-N coordination
mode was assigned to the downfield shift of the azomethine
proton signal from the ligand. The OH proton (OH’) signal
at the ligand disappeared in the "H NMR spectra of the com-
plex (Fig.S8). It divulges deprotonation and coordination of
the O-atom with Cd metal ions [111, 112]. The essential '*C
NMR spectra of the Salen showed the azomethine (CH=N)
carbons at 166.66 ppm, 56.41 (O-CH,CH,), 116.92-132.75
(Arom-C), 161.15 (C—OH) ppm, respectively, (Fig.S7). All
the spectral analyses confirm the Salen ligand and the com-
plex configuration.

@ Springer



4326 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4320-4339

3.3 EDX and PXRD

EDX is an X-ray procedure. It is used to identify the elemen-
tal composition of complex materials. The generated EDX
data consists of spectra showing peaks corresponding to the
elements that make up the accurate composition of the ana-
lysed sample. Applying the EDX technique to the complex,
we successfully identify the chemical composition of Cd
and Pb as metal ions. Aside from that, C, O, S, and N as
elemental compositions (Table S3 and Fig.S9). Thus, the
empirical formula of the complex is fully justified. The EDX
profile reflects the highest peak Pb, followed by Cd metal
ions. The PXRD method further studied the phase purity
and crystallinity, and recorded diffraction patterns were at
room temperature. Experimentally scanning the compound
in the range (20 =40-50°) recorded the PXRD patterns. The
well-defined sharp PXRD peaks of the compound support
the crystalline nature (Fig.S10A). The complex's experimen-
tal and simulated PXRD patterns match well, indicating the
consistency of the bulk sample.

3.4 SEM Characterization

A scanning electron microscope (SEM) is an electron micro-
scope system. It produces images of a sample by scanning
the surface with a focused beam of electrons. The electrons
interact with the sample atom and generate various signals
containing information about the synthesized compound's
surface topography, size, and morphological structure. We
performed an SEM experiment with our cocrystal complex,
and the different SEM images of the complex are shown in
Fig.S10B. The SEM figures directly exhibited the morphol-
ogy of distributed overlapping sheets, probably analogous
to S. M. Sheta et al. published work [113].

4 Single-Crystal X-ray Diffraction
4.1 X-ray Crystal Structure

The X-ray single-crystal structure determination revealed
that complex 1 crystallizes in the triclinic space group P-1
with Z=4. The complex contains two independent hetero-
nuclear units, A and B, with different geometries (0D + 1D)
(Fig. 1a, b). Unit A is polymeric and includes repeating
hetero di-nuclear neutral units of [(SCN)Cd(L')Pb(NCS)]n,
joined through a single end-to-end, thiocyanate bridge. The
Cd(II) centers occupy the inner N,O, core in each di-metal-
lic unit. The Pb(II) centers reside in the outer O, body of the
compartmental deprotonated Salen [L2~]. The competitive
occupation of Cd(II) vs. Pb(Il) is another intriguing aspect
of the stereochemistry observed in this cocrystal. Cd(IT)
occupies the inner N,O,, and Pb(II) occupies the outer O,
compartments. The significant Pb(II) ionic radius (133 pm)
is much larger than that of Cd(II) metal ions (109 pm). It is
difficult for Pb(Il) to be accommodated in the inner N,0,
compartment, where the Cd(II) fits well with the outer O,
cavities. Therefore, Pb(II) ion delivers well in the open
external O, pit [37, 102]. A perspective view of the poly-
meric unit A and B with the corresponding atom number-
ing scheme is given in Fig. 1a and b. All the selected bond
parameters related are summarized in Table S1.

[
v
W
& Sulphur
& Nitrogen
b // 7 } ’ @ Oxygen

(@) (b)

Fig.2 Perspective view of a trigonal prismatic geometry of Cd(II)
center, and b square pyramidal geometry of Pb(II) center in unit A

Fig.1 Perspective view of complex a for unit A, and b for unit B with selective different atoms
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The Cd(II) centers are hexacoordinated with trigonal
prismatic geometries, whereas the Pb(Il) centers are Penta-
coordinated with square pyramidal geometries (Fig. 2a, b).
Cd(2) is coordinated by two imine nitrogen atoms, N(6) and
N(5), and two phenoxy oxygen atoms, O(7) and O(6), of
the deprotonated [L2], constituting the equatorial plane.
N(8), one nitrogen atom, occupies the fifth coordination
site from a thiocyanate molecule. A Sulphur atom, S(3),
from a symmetry-related (— 1 +x, y, z) end-to-end bridged
thiocyanate occupies the sixth coordination site of Cd(II)
to form a distorted trigonal prismatic geometry. Pb(2) is
coordinated by four oxygen atoms constituting the basal
plane. Among them, two are phenoxy oxygen atoms, [O(6)
and O(7)], and the other two are ethoxy oxygen atoms, O(5)
and O(5). The Pb—O(phenoxy) bond distances (~2.296 A)
are lesser compared to that of the Pb—O(ethoxy) bond dis-
tances (~2.691 A). The 5™ coordination position is occupied
by a nitrogen atom, N(7), from a bridging thiocyanate at a
distance of 2.431(7) A, forming a square pyramidal geom-
etry with significant distortion. The distortion from square
pyramidal to trigonal bipyramid is calculated by the Addison
parameter (1) [114]. The t value for the Pb(2) center is 0.31,
indicating that the geometry is distorted square pyramidal.
Cd(II) and Pb(II) center are bridged by two phenoxy oxy-
gen atoms, O(7) and O(6), with a Cd(2)---Pb(2) distance
of 3.504(5) A. The bridging angles, Cd(2)-0O(6)-Pb(2) and
Cd(2)-O(7)-Pb(2), are 99.3(2)° and 98.6(2)°, respectively.
The saturated six-membered chelate ring [Cd(2)-N(5)-C
(33)-C(34)—C(35)-N(6)] has an envelope conformation
with puckering parameters q=0.630(7) A, 8=7.9(6)°, and
$=227(4)° [115]. Similar envelope conformations have
been observed in several metal Salen complexes [116]. It is
worthy to note the orientation assumed by the SCN at cad-
mium with a C22-S1-Cd1 bond angle of 90.7(3) °. So that
the terminal N3 results almost at the apex of the PbO, based
at 3.398(10)A from the metal, indicating a strong possible
tetrel type bonding interaction. Such incidents are compara-
ble to previously reported Pb complexes (Table S2).

Unit B (Fig. 1b) contains a hetero di-nuclear unit of
[(SCN)CA(LYHPb(NCS)], where both the metal cent-
ers [Cd(1) and Pb(1)] are Penta-coordinated. Cd(1) sits
in the inner core of the ligand coordinated by two imine
nitrogen atoms, [N(1) and N(2)] and two phenoxy oxy-
gen atoms, [O(2) and O(3)]. The 5th site is coordinated
by an S atom, S(1), from a thiocyanate molecule. Pb(1)
sits in the outer core of the ligand coordinated by two
phenoxy oxygen atoms, [O(2) and O(3)], and two ethoxy
oxygens, [O(1) and O(4)]. The axial site is occupied by the
nitrogen atom, N(4), from a thiocyanate molecule. The t©
value! around Cd(1) and Pb(1) centers are 0.09 and 0.33,
respectively, indicating that both geometries are square-
pyramidal with an ample amount of distortion observed
for the Pb(1) center. Cd(II) and Pb(II) centers are bridged

by two phenoxy oxygen atoms, O(2) and O(3), with a
Cd(1)---Pb(1) distance of 3.561(6) A. The M-O(phenoxy)
bond distances are lesser than that of the M—O(ethoxy)
bond distances. The bridging angles, Cd(1)-O(2)-Pb(1)
and Cd(1)-O(3)-Pb(1), are [102(2)° and 102.9(2)°, respec-
tively] higher compared to that of unit A. The saturated
six-membered chelate ring [Cd(1)-N(1)-C(10)-C(11)-C
(12)-N(2)] has an envelope conformation with puckering
parameters q=0.458(7) A 0=164.2(10)°, and ¢ =180(4)°
[115]. The Pearson theory holds very well for the thio-
cyanate modus operandi [30]. Between Cd(II) and Pb(II)
ions, the former is a hard acid, and the latter is a soft acid.
Thus, the S atom (soft base) of thiocyanate is preferably
linked to the soft acid Pb(II), and the nitrogen atom (hard
base) is related to the hard acid Cd(II) ion. Further studies
of the Cambridge Structural Database (CSD) (Fig.S9) con-
firmed the preferred thiocyanate N-bonded bonding with
d'® Cd(II) metal ions [41]. Although this ligand has been
widely reported for synthesizing homo- and hetero di-
nuclear complexes, the Cd/Pb cocrystal complex is unique.
These geometric values and the complex configuration are
comparable to those observed in homo di-nuclear Cd com-
plexes prepared with the ligand (H2L1) or an analog with
methoxy groups instead of ethoxy (L°M®) [50-53]. The
Pb-O structural parameters measured in Ni/Pb(L) [104]
/Ni/Pb(LOM®) [117] complexes (where Pb occupies the
outer coordination sphere) agree with the reported data
of the complex.

4.2 Crystal Packing and Supramolecular
Interactions

Different non-covalent supramolecular interactions like
H-bonding, C—-H:--x, n---n, C-H---n(SCN), C—H---H-C,
are observed in the solid-state of the complex which gov-
erned the crystal packing (Fig. 3a) of the complex. Unit A
itself is a polymer, but unit B is di-nuclear, which forms a
zigzag supramolecular chain through C-H---n(SCN) interac-
tions (Fig. 3a). In the crystal packing, it is observed that two
A units are surrounded by two zigzag supramolecular chains
of the B unit. Unit A forms C —H---H — C interactions within
themselves, whereas A and B units are held together through
C—H-m, nt---w, and C-H---n(SCN) interactions, as shown in
Fig. 3a. A detailed theoretical study has been done regard-
ing the stability of the crystal packing-which is given in the
later section. Only the conventional interactions along with
the geometrical parameters are discussed below. The hydro-
gen atom, H(36), attached to a carbon atom, C(36), forms a
weak hydrogen bond with a symmetry-related (— 1 +X,y,z)
nitrogen atom, N(3) of a thiocyanate molecule, as shown in
Fig. 3b. The details of the geometric features are given in
Table 2. The hydrogen atom, H(24B), attached to a carbon
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(b)

Fig.3 a Crystal packing of complex 1 (represented in symmetry equivalence mode), Unit A is shown in green and unit B is shown in blue, b
Perspective view of weak hydrogen bonding interaction in complex 1 with selective atom numbering scheme

Table 2 Hydrogen bond distances (A) and angles (°) of the complex

D-Heee A D-H Heee A Deee A £D-Heee A

C(36)-H(36)-N(3)* 0.93 2.49 3.391(12) 164

D donor, H hydrogen, A acceptor. *=-1+x,y, z

atom, C(24), is involved in an inter-molecular C-Heeer inter-
action with a symmetry-related (1-x,-y,-z) phenyl ring C(26
)—C(27)—C(28) - C(29) — C(30) — C(31) to form a supra-
molecular 1D structure as shown in Fig. 4a. The details of
the geometric features are given in Table 3. The phenyl ring,
C(37)—-C(38)-C(39)-C(40) - C(41) - C(42), of com-
plex 1 shows &---x interaction (Fig. 4b) with a phenyl ring,
C(3)—C4)—C(5)—C(6)— C(7) — C(8) with dimensions;
Cg--Cg=3.823(4) A, a=10.8(4)°, Cg(I) Perp=3.614(3)
A and Cg(J) Perp=3.547(3) A [where a=dihedral angle

RS S SN

Table 3 Geometric features (distances in A and angles in°) of the
C-H---m interactions obtained in the complex

C-H---Cg (Ring) H--Cg C-H--Cg C~-~Cg(/°\) Symmetry

C(24)-H(24B)--Cg(9)® 2.96 146 3787(8)  1-x,-y, -z

Cg(9)=Centre of gravity of the ring [C(26)—C(27) —C(28)—C(29)
—CB0)-CBD] =1, -y,-z

Table 4 Geometric features (distances in A and angles in°) of the
w1 interactions obtained in the complex

Cg-Cg (Ring)  Cg-CgA)  Cg-I(A) - Cg+J (A)

Cg(10)--Cg(17)  3.823(4) 3.614(3) 3.547(3)

Cg(10) =Centre of gravity of the ring [C(37) —C(38) — C(39) — C(40)
—C(41)—C(42)]; Cg(17)=Centre of gravity of the ring [C(3)—-C(4)
=C(5)-C(©)-C(1)-C(®)]

(b)

Fig.4 a Perspective view of a supramolecular chain formed by C—Heeen interactions with selective atom numbering scheme, b Perspective view

of meeext interaction in the complex
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between ring I and ring J]. The details of the geometric fea-

tures are given in Table 4.

Table 5 HSA based

. . . Entry of Intermo- Percentage
intermolecular interactions

lecular interac- contribu-
tions tion
O-‘H 3.0 (%)
N---H 9.8 (%)
C--H 20.8 (%)
H---H 36.4 (%)
S-+-H 21.1 (%)
Cd---S 1.1 (%)
Pb...s —

5 Hirshfeld Surface

The supramolecular topologies in the complex crystal
structure correlate nicely with the HS mapping [118]. The
hydrogen bonds were considered the possible supramolecu-
lar topologies. The molecular HS is formed based on the
electron distribution and determined as the sum of spherical
atom electron densities [119]. The HS is unique for a given
crystal structure and spherical atomic electron densities. The
HS presented here was generated using Crystal Explorer
17.5 program [120]. Equation (1), which is based on both
d. and d;, and the van der Walls radii of the atom give the
normalized contact distance (d,,,,,). Here d, is the distance
from the point to the closest nucleus external to the surface,
and d; is the distance to the nearest nucleus internal to the

surface. Usually, d, ., displays a surface with a red, white,

Fig.5 ad

norm

mapped on HS for visualizing the inter contacts of the
complex. Colour scale in between —0.501 au (blue) and 2.463 au
(red). b Dotted lines (in green colour) represent H-bonds. ¢ Standard

fingerprint plot (d; vs. d) of the complex, d C"'H, 20.8%, e N---H,
9.8%,f0-H,3.0%,gS-H, 21.1%
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and blue colour contour map, with bright red spots high-
lighting shorter contacts, white areas representing contacts
around the van der Waals separation, and blue regions not
having close connections [49]. The van der Waal interaction
between the H-H is the highest among Cd:-S interactions
(Table 5). The 2D fingerprint plot summarizes intermolecu-
lar contacts in the complex (Fig. 5). The significant contribu-
tions in the crystal structures are H--*H, C---H, and S--* H,
which are responsible for supramolecular topographies in
the complex. The minor contributing exchanges observed
are Cd---S and O--- H.

d; — pyaw d, — prw
1

dnorm = + - (] )

v pydw
i e

6 Tetrel Bonds-A Logistic approach

In the reference complex, we have first studied the differ-
ent conformations adopted by the thiocyanate ions coordi-
nated to the Cd metal center. It is different in the isolated
complex (co-former B, right Fig. 6) compared to the poly-
meric chain (co-former A, left Fig. 6). The N-end of the
SCN ligand coordinated to Cd establishes an intramolecular
tetrel bond (TtB) with the Pb(II) atom in conformer B, thus
influencing its final conformation. The same is not observed
in conformer A because of the coordination polymer (CP)
formation. It is noteworthy that TtB interactions have been
previously studied in divalent Pb-atoms, demonstrating
their importance in crystal engineering [105, 121, 122]. To
estimate the contribution of the TtB, we have computed a
theoretical model where the SCN has been rotated (right
Fig. 6a-b) in such a way that the Pb---N distance becomes
5.0 A. Consequently, the intramolecular TtB is not estab-
lished in this theoretical model, and this hypothetical model

coformerA &S
(CP)

coformer B

(@)

is less stable than the experimental confirmation. The con-
tribution of the tetrel bonding has been estimated as the dif-
ference between both conformations, which is — 3.06 kcal/
mol, in line with previous investigations [123, 124].

7 QTAIM/NCI Plot

Figure S11 shows the combined QTAIM/NCI plot analysis
(critical bond points represented as red spheres) of the dis-
crete heteronuclear complex (co-former B). Such analysis
is instrumental in revealing noncovalent interactions in real
space. Also, to distinguish noncovalent, noncovalent, and
coordination bonds. The reduced density gradient (RDG)
surfaces obtained by the NCI Plot index analysis corrobo-
rate the existence of noncovalent interaction. It occurs in
between the N-atom of the pseudohalide and the Pb atom. It
is characterized by a green iso-surface, in line with the mod-
est energy deduced from the models in Fig. 6. Interestingly,
the NCI Plot index analysis also suggests that the EtO---Pb
bonds are strong tetrel bonds characterized by blue RGD iso-
surfaces. The QTAIM analysis in Fig.S11 overlapped with
the NCI Plot iso-surfaces. The tetrel bond is characterized
by a bond CP and bond path (dashed bonds) connecting the
N and Pb atoms. In other to corroborate the noncovalent
nature of the EtO---Pb bonds, we have tabulated in Fig.S11
the values of the density p(r), and total energy density (Hr)
at the bond CPs labeled as a—c. The positive importance
of Hr at the bond CPs confirms the dominant noncovalent
nature of the tetrel bonds b and ¢, as previously described
for similar systems [125].

-3.06 kcal/mol

(b)

Fig.6 (Left—Right) X-ray structure of the co-crystal with indication of both co-formers A and B. Theoretical model where the thiocyanate ligand

coordinated to lead has been rotated
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Fig.7 (Left-Right) Partial view of the X-ray structure of the cocrys-
tal, distance in A (left), (Right) Combined QTAIM (bond CPs in red
and bond paths as orange lines) and NCI Plot index (RDG=0.5, p

8 Chalcogen Bonding

Figure 7 shows (left) the 1D polymeric chain observed in
the solid-state of the cocrystal where the discrete [CdPb(L")
(SCN),] co-former propagates via the formation of S---S
interactions. The S-atom of the Cd-coordinated thiocyanate
ligand forms a chalcogen bonding (ChB) interaction with
the Cd-coordinated thiocyanate ligand. The S---S distance
is 2.499(4) A, which is shorter than the sum of the van der
Waals radii (R4, =3.60 A), and the C-S---S angle is close
to linearity (168.8°) that is typical of chalcogen bonding.
The QTAIM/NCI Plot analysis of a dimer extracted from the
1D supramolecular assembly discussed above (right Fig. 7).
In this representation, only the intermolecular interactions
are depicted. The QTAIM analysis confirms the existence of
this unconventional S---S chalcogen bond, characterized by
the corresponding bond CPs and bond path interconnecting
both S-atoms. The green color of the NCI plot iso-surface
reveals that the S---S contact is attractive, in line with the
distance shorter than R4, The QTAIM/NCI Plot analysis
also discloses the existence of an ancillary C-H---S bond,
characterized by the bond CP, bond path and green RGD
iso-surface. The dimerization energy is moderately strong
(AE=- 6.1 kcal/mol) in line with the RGD iso-surface
colors. To evaluate the contribution of the CH---S HB, the
dissociation energy has been computed using the potential
energy density value at the bond CP (V,) and the equation
proposed by Espinosa et al. (E;;=—0.5XV,) [126]. As a
result, the estimated H-bond energy is only 0.85 kcal/mol,
thus evidencing that the formation of the dimer is dominated
by the ChB and confirming the importance of the S-:-S con-
tact in the solid-state architecture of the complex.

9 MEP Surface

The MEP surface of the [Cde(Ll)(SCN)z] unit is repre-
sented in Fig. 8. It shows that the most nucleophilic part
is located at the N-atom belonging to the Cd-coordinated
thiocyanate (— 42 kcal/mol). The MEP is also significant

HB &«
085 "

AE = -6.1 kcal/mol ¢

cut-off=0.04 a.u., color range: — 0.04 <(sign),)p<0.04 a.u. of the
dimer of co-former B. The HB dissociation energy is indicated in red
close to the bond CP

-45 I ‘keal/mol M +35

Fig.8 MEP surface of the complex at the PBE0-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

and negative at the S-atom of the Pb-coordinated thiocy-
anate (not shown in Fig. 8), which is —37 kcal/mol. The
MEP maximum is located at the aliphatic H-atoms of the
—(CH,);— linker (equatorial plane). The MEP values are
negative (— 9 to — 11 kcal/mol) over the aromatic rings.
Interestingly, the MEP is also positive at the coordinated
S-atom, thus disclosing its ability to participate in noncova-
lent interactions as an electron acceptor. Therefore, the S---S
interaction described in Fig.S11 is electrostatically justified.

@ Springer



4332 Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:4320-4339

Table 6 Calculated quantum chemical parameters

Enomo E; umo I A AE n n X Pi ® € dipole  Energy
B3LYP/LANL2DZ LEVEL

—5.6592 —0.7040 5.6592 0.7040  4.9552 24776 04036 3.1816 —3.1816 2.0428 04895 3.1763  —40,396.1209
B3LYP/SDD LEVEL

—5.8061 —0.8150 5.8061 0.8150 4.9912 24956 0.4007 3.3106 —3.3106 2.1959 04554 6.9946  —64,772.2291
HF/LANL2DZ LEVEL

—8.4623  2.3097 8.4623 —2.3097 10.7720 5.3860 0.1857 3.0763 —3.0763 0.8785 1.1383 7.1358  —40,097.5138
HF/SDD LEVEL

—8.4138 1.9824 8.4138 —1.9824 10.3962 5.1981 0.1924 3.2157 —3.2157 0.9947 1.0053 7.6766  — 64,463.1997
MO062X/LANL2DZ LEVEL

-6.9964 0.1317 6.9964 —0.1317 7.1281 3.5640 02806 3.4323 —3.4323 1.6527 0.6051 2.7450  —40,376.5197
M062X/SDD LEVEL

—-6.9920 -0.1897 6.9920 0.1897 6.8024 3.4012 0.2940 3.5908 —3.5908 1.8955 0.5276 2.1177  —64,752.6859

HOMO

Fig.9 HOMO-LUMO, and ESP representations of the metal complex

10 Global Reactivity Descriptors

Theoretical calculations are a fast and vital method used to
compare the activities of molecules because they tell a lot
of information about the active sites and activities of the
molecules before experimental procedures [119]. Within
the scope of this study, many quanta chemical parameters
of molecules, which explain their chemical properties,
are calculated with the HOMO and LUMO, two standard
parameters used to describe molecule activities. The HOMO
parameter, in which the most positive numerical value of
this parameter has the highest activity, shows the ability of
molecules to donate electrons to other molecules [127]. On
the other hand, the LUMO parameter, the movement of the
molecule with the most negative numerical value of this
parameter, shows the ability of molecules to take electrons
from other molecules [37]. These two parameters are widely

@ Springer

used to compare the activity of molecules. All parameters
calculated except these parameters are given in Table 6.
After the calculations, the visual representation of some
parameters of the complex is given in Fig. 9. There are
four images in this way. The first of these images shows
the optimized structure, and the second and third images
show which atoms the HOMO and LUMO orbitals of the
molecule are located. The last picture shows the electro-
static potentials of the molecules. There are many colours
in this image, from red to blue. However, the red colour is
where the electron density in the molecule is highest [37].
On the other hand, the blue-coloured regions in the molecule
are the places with the least electron density. The red and
blue-coloured areas of the molecule have the highest activ-
ity. When the electron density is high, the molecule forms
an interaction by giving electrons from this region [127].
On the other hand, areas of the molecule with low elec-
tron density accept electrons and interact. Apart from these
two parameters, there are many parameters. One of them is
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electronegativity, which indicates the strength of atoms in
the molecule to attract bond electrons [127]. As the numeri-
cal value of this parameter increases, the molecular atoms
attract the bond electrons more to themselves, thus causing
the molecule's activity to decrease. However, the AE value
of the molecules is another parameter that determines the
activities. The molecule with the smallest numerical value of
this parameter is considered to have the highest activity [37].

11 Non-Linear Optical (NLO) Effects

Many quanta chemical parameters are calculated when the
molecules' nonlinear optical effects (NLO) are examined.
The study of NLO provides essential functions such as opti-
cal modulation, frequency shifting, optical logic, optical
switching, and optical memory for emerging technologies
in telecommunications, signal processing, and optical inter-
connects [128]. The parameters are Polarizability (a) and
hyperpolarizability (), which give essential information
about the molecules. These parameters have a numerical
value calculated to predict the nonlinear optical properties of
the materials. The dipole moment (p) of molecules consists
of two parts, Polarizability (a) and hyperpolarizability (p).
NLO properties of molecules can be calculated using the
parameters given below.

p= 2+ 2+ ) 2

ﬁtot = [(ﬁxxx + ﬂxyy + ﬂxzz)z + (ﬂyyy + ﬂyzz + ﬂyxx)z (5)
1/2
t(Becs + Py + Bryy) ]

Polarizability (a,) and hyperpolarizability (f,,) val-
ues of the molecules were calculated. The unit of these
values is the atomic unit (a.u.), multiplied by con-
stant values to convert these calculated parameters into
electrostatic units (e« : la.u. = 0.148x10"**esu  and
B : la.u. = 8.639x10 > esu). It should be well known that
NLO properties increase with an increasing dipole moment.
Also, the linear polarizability, anisotropy of the polarizabil-
ity, and first hyperpolarizability. These parameters were cal-
culated using the HF/lanl2dz basis set for the metal complex
and are in Table 7.

12 Molecular Docking/PLIP Experiments

The metal complex activity against bacteria was compared
with molecular docking calculations. Crystal structures of
Staphylococcus aureus protein (PDB ID: 1J1J), pseudomonas
aeruginosa protein (PDB ID: 3JPU), and Escherichia coli
protein (PDB ID: SMMN) were used for comparison. The
activity of the metal complex against these proteins was cal-
culated. The activity in which the calculations were com-
pared with the reference molecule Streptomycin was evalu-
ated [129]. The most critical parameter obtained in these
calculations is the total energy value (Er,,), which is known

a = 2_1/2[(0’”( - ayy)z + (ayy - azz)2 + (azz - axx)2 + 6a§x]]/2
(3) Table 8 Molecular docking (E, energy) for complex and reference
ty + 0ty + molecule
*= < f ) “) Staphylococ-  Pseudomonas  Escherichia coli
cus aureus aeruginosa
Complex -354.94 - 54.76 -317.02
Ref. molecule -327.95 -50.52 -307.68

Table 7 NLO calculated au esu au esu

parameters
X 357.1235 5.28543x 1072 Bee —49.2779 - 4.258x10-28
ay, 5.6681 8.38879x 1072 Bryy - 176.7279 - 1.527x10-27
a,, 312.1666 4.62007x 1072 B... 58.9162 5.091x10-28
a,. 1.9470 2.88157x 107 By - 95.8670 —8.284x10-28
a,. 45.8076 6.77952x 107 Bre 93.5867 8.087 x 10-28
a, 3122522 4.62133x 107 Bre -31.9233 - 2.758x10-28
A, 357.1235 5.28543x 107 Brze 125.6577 1.086 x 10-27
Hy - 0.5751 By —40.7410 - 3.520x 10-28
Hy -0.9183 By —97.5160 — 8.426x 10-28
U, -0.3904 Brorat —49.2779 - 4.258x10-28
He 1.1516
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Fig. 10 a Representation of the interaction of the complex with staphylococcus aureus, b Representation of the interaction of the complex with

Escherichia coli

Table 9 Hydrophobic Interactions of protein and metal complex

Index Residue AA Distance Ligand atom Protein atom

Staphylococcus aureus—metal complex

1 223A  LEU 373 3204 2151
2 224A VAL 398 3199 2159
3 232A° PHE 3.80 3189 2235
4 232A PHE 3.39 3179 2237
Escherichia coli -metal complex
1 72A° GLN 3.50 2085 587
2 133A° VAL 394 2112 1039
3 140A ILE  3.79 2108 1113
4 166A MET 291 2085 1340

GLN glutamine, ILE isolosine, MET methionine, LEU leucine, PHE
phenylalanine, VAL valine

to have the highest activity of the molecule with the most
negative numerical value [130]. As a result of the calcula-
tions, the interaction of the metal complex with the proteins
is given in Fig.S12. The different interaction values obtained

Table 10 Hydrogen Bonds of protein and metal complex

are shown in Table 8. The most critical factor determining
the activities of molecules against bacteria is the interaction
between molecules and bacterial proteins. These chemical
interactions are hydrogen bonds, polar and hydrophobic
interactions, n-w and halogen [130]. The reference molecule
used is Streptomycin. Furthermore, the PLIP (Protein—ligand
interaction profiler) analysis detects chemical interactions
between the metal complex and bacterial proteins. It is being
investigated between which proteins these occur. It has been
observed that these interactions are more intense in hydro-
phobic interactions and hydrogen bonding interactions. The
illustration of the interactions of the bacterial protein with
the metal complex is given in Figs. 10(a, b). All interactions
are shown in Tables 9, 10, 11. This analysis understood no
chemical interaction between the metal complex and the
pseudomonas aeruginosa bacterium. Because when Fig.
S12B is examined in detail, it is seen that the metal complex
is too far away to form an interaction.

ructural, electronic and optical properties of 2,5-

dichloro-p-xylene: experimental and theoretical.

calculations using DFT method.

Index  Residue AA Distance H-A Distance D-A Donor angel Protein Side chain Donor Atom Acceptor Atom
donor?

Staphylococcus aureus -metal complex

1 49A GLY 3.06 3.85 13591 X X 3166 [N5] 460 [O,]

2 232A PHE 2.73 3.24 111.25 X X 3185 [Nj] 2234 [0,]
Escherichia coli—metal complex

1 131A GLU 2.92 3.44 116.29 \/ \/ 1021 [O5] 2127 [Ny]

2 168A ARG 233 3.21 147.51 \/ \/ 1362 [Ng*] 2079 [N;]

ARG Arginine, GLU Glutamate, GLY Glycine, PHE: Phenylalanine
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Table 11 Metal complex with Escherichia coli

Index Residue AA  Dist. H-A Dist. D-A  Donor angle Water angle Protein donor? Donor atom  Acceptor atom  Water atom
1 70A SER  2.99 3.61 134.29 73.84 \/ 571 [03] 2081 [O3] 1996
SER Serine

Table 12 Mean zone diameter

. Mean zone diameter (mm)
for the synthesized compounds

Microorganism Gram-positive bacteria Gram-negative bacteria
S. aureus (ATCC  B. subtilis (ATCC P. aeruginosa E. coli (ATCC 25,922)
25,923) 6635) (ATCC 27,853)
H,L' 15.1+0.2 - - 16.9+0.04
Complex 19.67 +0.05 32.0+0.3 35.17+0.2 31.17+0.2
Streptomycin 23.00+0.1 30.0+0.2 35.67+0.1 34.83+0.1
ketoconazole - - - -
DMSO - - - -

—Not detected inhibition

Table 13 MIC values of the ligand, complex and the reference drugs

Microorganism MIC (pg/mL)

Gram-positive bacteria Gram-
negative
bacteria

B. subtilis (ATCC 6635) P. aer-
uginosa
(ATCC
27,853)

Complex 10.1 314
H,L! 32.7 41.5
Streptomycin >5 >5

13 Antibacterial Activities

The synthesized complex and Salen ligand antimicro-
bial study was successfully conducted against two-gram
positive and two-gram negative bacteria (Fig.S13). Mean
zone diameter and MIC values of synthesized compounds
were tabulated in Tables 12, 13, respectively. The com-
plex had lower MIC (ug/mL) values than the parent Salen
implying greater antimicrobial efficiencies. Salen ligand
is active against Staphylococcus aureus and Escherichia
coli. It means ligands don’t exhibit any significant effect
against Bacillus subtilis and P. aeruginosa. Also, the
ligand shows good activity against Escherichia coli. The
ligand of this series is an excellent antimicrobial agent
against E. coli [131]. The results also explore cocrystal
complex was more active against all selected microorgan-
isms. Among them, almost the same activity against Bacil-
lus subtilis compared with standard drug streptomycin but

against Pseudomonas aeruginosa, showed moderate-high
activity. The study on Staphylococcus aureus and Pseu-
domonas aeruginosa explores activity lower than stand-
ard drugs. The synthesized compounds' minimum inhibi-
tory concentration (MIC) was conducted against Bacillus
subtilis and Pseudomonas aeruginosa. Interestingly, the
synthesized compound shows more activity against gram-
positive bacteria than gram-negative pathogens. Many
literature-based complexes support the theme mentioned
above [132]. It may be due to the difference in the bacte-
rial structure features [133—135]. The in vitro antibacterial
potential of the novel complex was evaluated against path-
ogenic bacteria and compared with the free Salen ligand.
After reaching the results of MIC values of the complex
and the Salen, it is possible to verify an increase in the
antimicrobial activity of the complex observed after Salen
ligand chelation with the metal ions [136, 137]. The com-
plex was more active against the Gram-positive bacteria
than the Gram-negative bacteria. It is probably because the
cell wall of Gram-negative strains is more complex than
that of Gram-positive strains. Such structural differences
make the compound’s entrance into the intracellular envi-
ronment difficult. Consequently, it reduces the antibacte-
rial activity of the complex [138].

13.1 Overtone’s Concept

Therefore, the enhanced activity of the complex over the
ligand is due to Overtone’s and Tweedy's chelation concept
[136, 137]. According to Overtone's idea of cell perme-
ability and Tweedy's chelation theory, the  electron cloud
delocalizes over the whole molecule due to sharing the
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positive charge of the metal with the ligands. Meanwhile,
the delocalization decreases the lipophobic character of the
compound. Henceforth, it helps enhance penetration into
the bacterial membranes and blocks metal-binding sites of
microorganisms' enzymes (Fig.S14) [139]. The formation of
hydrogen bonds between the complex and the cell constitu-
ents may interrupt the normal cell process. Finally, resulting
in more aggressive bacterial cell death. The crucial factors
are likely to be the nature of metal ions, ligand, coordinating
sites, geometry, hydrophilicity, and lipophilicity. Low lipid
solubility is also a significant reason for the intense action
of complexes [140].

13.2 Time-kill kinetics

Time-kill kinetic study exhibits basic pharmacodynamic
information on the relationship between the synthesized
compound and the growth of microorganisms. The above
test contributes to a better understanding of the current
and future application of the complex against the diseases
caused by the respective bacteria. Time kill kinetics study
for cocrystal complex against all microorganisms is shown in
Fig.S15, which divulges that the untreated controls in each
case represented the standard growth curve against Bacil-
lus subtilis and Pseudomonas aeruginosa. The lag period
remained for one hr. After that, the exponential growth, or
the log phase occurs, followed by a stationary phase. In the
case of the complex microorganisms, a very short exponen-
tial growth phase was observed compared to the untreated
control. The growth inhibition was observed at 5-8 h of
incubation around the 8th hour of incubation when the bac-
terial CFU enters the declining phase, i.e., the death phase.
Thus, this observation revealed that the complex shows suit-
able bactericidal activities.

14 Conclusions

Herein we perform a comprehensive antibacterial experi-
mental and computational exploration for the first time,
including synthetic mimics, spectroscopic findings, struc-
tural characterization, and single-crystal X-ray validation of
anew (0D + 1D) Pb(II)-Salen cocrystal. The X-ray structure
revealed Cd(I[)/Pb(II) metal ions fulfilled trigonal-prismatic
and square pyramidal geometries. The solid-state crys-
tal architecture lavishly displayed various supramolecular
interactions like H-bonding, C — H:--x, x---w, C-H:--n(SCN),
C—H:--H-C, which decisively governed the crystal pack-
ing. HSA authenticated the supramolecular interactions, and
QTAIM/NCI plots observed the cocrystal's unique chalco-
gen ChB/tetrel bonding. The MEP surface is also signifi-
cant, finding out the complex's electrophilic/nucleophilic
zone. The global reactivity parameters, the HOMO-LUMO

@ Springer

energy gap, and NLO ensure the chemical reactivity and the
sensitive optical behaviour. The complex and ligand were
screened in vitro against two-gram + ve and two-gram -ve
bacterial strains. The result showed complex has signifi-
cantly higher antibacterial activity than the parent ligand.
MD/PLIP experiments were performed to examine the inter-
action of the metal complex with bacterial proteins based on
the total energy against the reference molecule streptomycin.
These two computational profiles explore the complex bio-
logical effectiveness. The time-kill kinetics bring forth the
cocrystal bactericidal activities. The outcomes of MD/PLIP
will be an essential guide for future in vitro and in vivo stud-
ies. This work concludes that the synthesized cocrystal could
be used as an antibacterial agent. Finally, DFT results could
interest theoreticians and scientists, especially in crystal
engineering and supramolecular chemistry.

15 Supplementary information

CCDC 2,053,004 contains the supplementary crystallo-
graphic data for cocrystal 1.These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10904-022-02448-0.
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