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A B S T R A C T

A tetradentate Schiff base ligand, L (L=N,N′-bis(1-(2-pyridyl)ethylidene)-2,2-dimethylpropane-1,3-diamine)
was used in the preparation of a new mononuclear Zn(II) complex, [Zn(L)Cl]. The complex was structurally
investigated by elemental analyses, spectroscopic studies and single crystal X-ray crystallography. Furthermore,
to obtain insights into the structure, the ground state geometry of zinc complex cation was examined by dis-
persion corrected DFT method i.e. B3LYP-D3 within unrestricted scheme. Intermolecular contacts in the crystal
structure were calculated and quantified by examination of Hirshfeld surface and fingerprint plots. In addition,
the pharmacological properties of the newly synthesized complex were examined to explore the in vitro anti-
biofilm activity against P. aeruginosa, and anticancer activity against Human breast adenocarcinoma (MCF-7)
cell line. Furthermore, molecular docking study was also recorded to find out various modes of virtual inter-
actions between the zinc complex cation and the active site of receptor (PDB: 1gzt).

1. Introduction

Zinc, the second most prominent trace element in human body, is
associated with several biological and catalytic functions [1–7]. Over the
past few years, several zinc complexes have been used extensively in
treatment of various type of cancer, and considered as a promising al-
ternative of cis-platin [8–11]. In addition, there are various reports in
literature that zinc complexes possess potential luminescent properties
[12], and play an important role in catalyst [13] optoelectronic light
devices [13], enzyme inhibition [14], bio-imaging [15] and antibacterial
agents [16]. The antibacterial property of zinc ion is significantly en-
hanced upon complexation with ligand, particularly with nitrogen con-
taining ligands [17]. Among various nitrogen containing ligands [18],
pyridyl ligands have received considerable attention in coordination
chemistry due to their strong chelating property and construction of

distinct coordination architectures [19]. Herein we are focused on the
preparation of a Zn(II) complex, [Zn(L)Cl], derived from L. The ligand, L
is prepared as described in the literature [20–22]. To get insights into the
structure, the computational study of zinc complex cation is carried out,
and found to be close with experimental results. In addition, Hirshfeld
surface analysis is also described to study the adjacent intermolecular
interactions in the present study. The pharmacological behaviour of
newly synthesized zinc complex is investigated to explore the anticancer
activity against MCF-7 cell line, and in vitro antibiofilm activity against P.
aeruginosa. The molecular docking study [23] is also recorded to assess
the binding potential and the mode of interactions of zinc complex with
the sequence of amino acids of protein of P. aeruginosa. In addition, the
proper orientation of the complex buried inside of the diseases carrying
active sites of a highly pathogenic, contagious and drug resistant bacteria
protein is also verified by in silico approach.
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2. Experimental

2.1. Materials and physical measurements

All chemicals and reagents used in this article were obtained from
Sigma-Aldrich, and used as received. FT-IR spectra were recorded using
KBr pallet on Perkin Elmer 621 infrared spectrophotometer. 1H and 13C
NMR spectra were carried out on JEOL-400 spectrometer in d6-DMSO.
Elemental analysis was performed on Elementar Varrio EL analyzer.
ESI-MS and electronic spectra were carried out on Micromass Quattro
Premier Tandem MS spectrometer and Pharmacia LKB-Biochem spec-
trophotometer, respectively. Fluorescence spectra were obtained in
acetonitrile using RF6000 Spectro Fluorophotometer.

2.2. Synthesis of [Zn(L)Cl]

The ligand, L (85mg, 0.28mmol) was dissolved in 20ml ethanol
followed by the addition of ZnCl2·2H2O (38mg) in 1:1 molar ratio. The
resultant solution was magnetically stirred for 5 h at room temperature.
Slight turbidity appeared which was separated out. The clear solution
was dried under vacuum followed by washing with ditheylether and
hexane. The orange colored crystals were obtained upon re-crystal-
lization in ethanol.

Yield 55%, color orange, mp 145 °C; Molecular Formula
C42H62Cl6N8O3Zn3; Anal. Calc.: C, 44.41; H, 5.50; N, 9.87 Found: C,
44.33; H, 5.48; N, 9.79%. ESI-MS (m/z), 1136.8 (M+H)+, 1H NMR
(DMSO‑d6): (ppm): 7.34–8.71 (m, Py-H), 3.58 (s, –CH2), 2.42 (s,
CH3–C]), 1.12 (s, (CH3)2C–); 13C NMR (CDCl3): (ppm) 165.3 (–C]N),
152.9–120.1 (Py-C), 67.1 (–CH2–N), 25.6 (CH3-C]N), 55.8
((CH3)2–C–(CH2)2),13.5 (–CH3); IR (KBr cm−1): 1600 υ(CH]N).

2.3. Crystal structure study

The crystallographic data for zinc complex was collected on Rigaku
Synergy Dualflex automatic diffractometer accompanied by Pilatus
300 K detector, and equipped with mirror monochromated MoKα
(λ=0.71073 Å) radiation at 100.0(1) K. The whole crystallographic
and refinement details are provided in Table 1. The structure was
solved by partial structure expansion method, and all the non-hydrogen
atoms in the structure were subjected to anisotropic refinement by full-
matrix, least-squares technique on F2. All calculations were performed
by SHELXS [24], SHELXL [24] and SHELXTL [25] software. Atomic
scattering factors were taken from International Tables for

Crystallography [26]. Selected bond lengths are given in Table 2 and
intermolecular interactions in Tables 3 and 4, respectively.

2.4. Computational details

All calculations were performed using unrestricted scheme at
UB3LYP-D3/6-31G(d,p) level of theory implemented in Gaussian-
WebMO interface [27]. The dispersion corrected functional B3LYP-D3,
where Grimme's D3 correction [28] is used for long range dispersion
interactions, particularly for the compounds having inter or in-
tramolecular interactions. In this work, the molecular geometry of the
ground state of zinc complex cation was fully optimized at same level of
theory where the input geometry was taken from the crystallographic
coordinates. Vibrational frequencies calculation was also carried out in
the harmonic approximation at optimized geometry. All FT-IR vibra-
tions shown are actual, and display the geometry to the minima on
potential energy surface. The deviations from the experimental findings
are due to the exclusion of an harmonicity and various other approx-
imations used in theory for vibrational frequency calculations. Fur-
thermore, these frequencies were scaled down using uniform scaling
factor, 0.967 to match with the experimental results [29]. Some im-
portant vibrational bands were also assigned with great accuracy by
animated modes using GaussView 5 program [30]. The Lorentzian band
shape with FWHM at 8 cm−1 was employed to plot simulated calcu-
lated IR spectrum. The parameters provided in this work viz. dipole
moment, HOMO/LUMO energies, gap and molecular electrostatic po-
tential (MEP) surface were obtained at same level of theory. Natural
bond orbital (NBO) analysis is also performed to study some important
interactions within the complex cation. The stabilization energy E(2)

associated with delocalization (2e-stabilization) is estimated between
donor NBO (bonding) and acceptor NBO (antibonding). The resulting
molecular geometry, HOMO-LUMO and MEP plots were visualized
using GaussView 5 program [30]. The experimental bond lengths and
angles were found to be quite close with the calculated data obtained at
UB3LYP-D3/6-311G(d,p) level of theory [Table 2]. Hirshfeld surfaces
calculations were made using CrystalExplorer17 [31] program. Solvent
molecules were removed from the CIF file, and then applied to the
CrystalExplorer program17 for calculations. All hydrogen bond lengths
were automatically revised to standard neutron values (CH=1.083 Å).
The decomposed 2D fingerprint plots were made using the surface
property (−0.21 to 2.6 Å) with the de and di distance scales shown on
the axes of the graph.

2.5. Antibiofilm activity

The antibiofilm activity of the complex was examined by the pre-
viously established methods [32]. P. aeruginosa used for this assay was
grown in luria broth along with increasing concentration of complex
(0–50 µg/ml) into 6 well plates at 37 °C for 96 h. Each well was stained
with crystal violet (0.1%) and solubilized with 95% ethanol. The
quantification of antibiofilm activity was determined by optical density
at 570 nm.

2.6. Cell culture and exposure

MCF-7 cell lines were cultured in DMEM/F-12 medium supple-
mented with 10% FBS and 100 U/mL penicillin–streptomycin at 5%
CO2 and 37 °C to examine the cell viability of zinc complex estimated
through MTT assay [33] followed by sonication for 10min at 40W.

2.7. Molecular docking study

Molecular docking was carried out using various software such as
Discovery Studio V4.0, (Accelry Inc., CA, USA), Autodock tools [34],
Molegro Virtual Docker [35,36], including Patchdock [37,38] and
EMBL-EBI servers [39] to get the trustworthy results in the procedure.

Table 1
Crystal and structure refinement data of compound 1.

Compound 1
Empirical formula C42H62Cl6N8O3Zn3
Formula weight 1135.80
Crystal system, space group Monoclinic, P21/c (No. 14)
Unit cell dimensions [Å, °] a=12.1287(4)

b=17.3199(5)
c=23.6610(7)
β=90.084(3)

Volume [Å3] 4970.4(3)
Z, Calculated density [Mg/m3] 4, 1.518
F(0 0 0) 2344
Crystal size [mm] 0.098, 0.093, 0.076
θ range for data collection [°] 3.494 to 25.049
Index ranges −14≤ h≤14, −20≤ k≤20,

−28≤ 1≤28
Reflections collected/unique 83,644/8784 [R(int) = 0.0861]
Completeness [%] 99.7 (to θ=25°)
Data/restraints/parameters 8784/0/569
Goodness-of-fit on F2 1.075
Final R indices [I > 2σ(I)] R1=0.0424, wR2=0.1137
R indices (all data) R1=0.0540, wR2=0.1215
Largest diff. peak and hole [e·Å−3] 1.169, −1.102
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X-Ray diffraction structural data of protein (1gzt.pdb) named Pseudo-
monas aeruginosa [40] with resolution 1.3 Å was taken from the Protein
Data Bank followed by the detachment of water and solvent molecules
of the complex from the PDB file. The lost assignments such as proper
bonds, bond orders, hybridization and charges were assigned, and the
receptor conformation was suppressed using the Molegro Virtual
Docker protein preparation wizard. The AutoDock tool (ADT) graphical
interface was used to repair the PDB file: polar hydrogen was added,
Kollman charges were computed and nonpolar hydrogen atoms were
merged with the carbon atoms for the proper execution of molecular
docking. In the preparation of the ligand for molecular docking, the
solvent and the anionic part; ZnCl4 of the X-ray structure of the metal
complex were removed and saved in MOL format using the MERCURY
program. The three-dimensional structures of the zinc complex cation

was geometrically optimized using the B3LYP/6-311 g(d,p) level under
Gaussian 09 and the structure saved in PDB format for further im-
plementation. The X-ray structure of metal complex was saved in PDB
format using the MERCURY program. The partial charge of PDB file was
further checked by the ADT software (version 1.5.6) to assign the
charge of non-polar hydrogen to the atom to which the hydrogen was
connected and saved in same format. The amino acids present at the
active site of the receptor were identified by FTSite server [41] and
applied in PatchDock under advanced process. The PatchDock server
program furnished ten top possible docked models for the most prob-
able structure sorted on the basis of the energetic parameters; geometric
shape complementarity score. PatchDock outcomes were further po-
lished by FireDock [42,43]. The result of the most favorable binding
score of docked pose was selected as the resultant complex structure.
The binding mode and associated interactions of the top docking result
among ten models were explored and visualized using the Discovery
studio software [44].

3. Results and discussion

3.1. Molecular geometry

All atoms of studied zinc complex occupy general positions, and a
perspective view of asymmetric unit is shown in Fig. 1. There are two
complex cations and one complex anion in asymmetric unit of the
complex. Additionally, one water and two ethanol molecules are placed
outside the coordination sphere. The two coordination moieties i.e. the

Table 2
Selected structural data of zinc complex [Å, °].

DFTa

Zn1–N1 2.139(3) 2.096 Zn21–N21 2.166(3) Zn41–Cl41 2.2648(10)
Zn1–N2 2.115(3) 2.061 Zn21–N22 2.083(3) Zn41–Cl42 2.2742(11)
Zn1–N3 2.112(3) 2.162 Zn21–N23 2.139(3) Zn41–Cl43 2.2570(10)
Zn1–N4 2.131(3) 2.128 Zn21–N24 2.100(3) Zn41–Cl44 2.2881(11)
Zn1–Cl1 2.2701(9) 2.304 Zn21–Cl21 2.2674(9)
C6–N2 1.282(4) 1.323 C26–N22 1.290(4)
N2–C8 1.476(4) 1.453 N22–C28 1.472(4)
C12–N3 1.472(4) 1.458 C32–N23 1.473(4)
N3–C13 1.288(4) 1.295 N23–C33 1.277(5)
N1–Zn1–N2 77.39(11) 78.51 N21–Zn21–N22 77.34(11) Cl41–Zn41–Cl42 107.68(4)
N1–Zn1–N3 135.81(11) 122.25 N21–Zn21–N23 156.38(11) Cl41–Zn41–Cl43 113.81(4)
N1–Zn1–N4 98.51(11) 97.42 N21–Zn21–N24 98.58(11) Cl41–Zn41–Cl44 107.61(4)
N2–Zn1–N3 87.29(11) 85.16 N22–Zn21–N23 87.68(11) Cl42–Zn41–Cl43 107.40(4)
N2–Zn1–N4 153.45(11) 156.12 N22–Zn21–N24 131.51(11) Cl42–Zn41–Cl44 113.45(4)
N3–Zn1–N4 77.47(10) 76.66 N23–Zn21–N24 77.70(11) Cl43–Zn41–Cl44 107.04(4)
N3–Zn1–Cl1 121.88(8) 137.14 N22–Zn21–Cl21 124.18(8)
N2–Zn1–Cl1 109.46(8) 103.18 N24–Zn21–Cl21 104.30(8)
N4–Zn1–Cl1 97.06(8) 100.49 N23–Zn21–Cl21 107.90(8)
N1–Zn1–Cl1 102.30(8) 100.63 N21–Zn21–Cl21 95.65(8)

a Optimized structural parameters for Zn complex cation.

Table 3
Hydrogen bonds geometry of zinc complex [Å, °].

D–H⋯A d(D–H) d(H⋯A) d(D⋯A) < (DHA)

O41–H41O⋯Cl44 0.82 2.54 3.354(3) 172.5
O43–H43O⋯Cl42i 0.81 2.58 3.373(4) 165.5
O44–H44O⋯O41 0.83 1.99 2.808(7) 169.2
O44–H44P⋯O43 0.86 1.89 2.736(7) 167.3
C2–H2⋯Cl42i 0.93 2.93 3.617(4) 132.3
C2–H2⋯Cl43i 0.93 2.89 3.692(4) 144.9
C8–H8A⋯Cl43ii 0.97 2.65 3.608(4) 167.4
C10–H10A⋯Cl1 0.96 2.72 3.679(4) 172.3
C12–H12A⋯Cl41iii 0.97 2.82 3.746(4) 160.3
C12–H12B⋯O44iv 0.97 2.52 3.340(6) 142.5
C14–H14A⋯Cl41iii 0.96 2.80 3.674(4) 151.1
C14–H14C⋯O41iv 0.96 2.57 3.486(5) 159.9
C19–H19⋯O43 0.93 2.54 3.249(5) 132.8
C27–H27A⋯O44 0.96 2.53 3.320(7) 139.8
C27–H27C⋯Cl43 0.96 2.84 3.774(4) 163.9
C28–H28A⋯O44 0.97 2.26 3.219(6) 170.9
C30–H30C⋯Cl44 0.96 2.74 3.699(4) 174.9
C31–H31A⋯Cl21 0.96 2.76 3.721(4) 176.8
C32–H32A⋯Cl42 0.97 2.97 3.745(4) 137.3
C32–H32B⋯Cl41v 0.97 2.71 3.650(4) 162.5
C37–H37⋯Cl21vi 0.93 2.78 3.505(4) 135.6
C38–H38⋯Cl41iv 0.93 2.78 3.609(4) 148.4
C39–H39⋯Cl44iv 0.93 2.83 3.513(4) 130.7
C41–H41B⋯Cl43 0.97 2.82 3.615(4) 139.8
C43–H43B⋯Cl41i 0.97 2.88 3.565(6) 128.8

Symmetry transformations used to generate equivalent atoms: (i) x+ 1, y, z;
(ii) −x+1, −y+1, −z+1; (iii) x+ 1, −y+3/2, z− 1/2; (iv) x, −y+3/
2, z− 1/2; (v) −x, y+ 1/2, −z+3/2; (vi) −x, −y+2, −z+1.

Table 4
Stacking interactions in compound 1 [Å, °]. Cg(1), Cg(2), Cg(3) indicates the
centroids of six-membered pyridine rings (R) containing N1, N4, N21 and N24
atoms respectively, α is a dihedral angle between planes I and J, β is an angle
between Cg(I)-Cg(J) vector and normal to plane I and dp is a perpendicular
distance of Cg(I) on ring J plane.

R(I)⋯R(J) Cg⋯Cg α β dp

Cg(1) ⋯Cg(1)i 4.296(2) 0.00 33.2 3.5951(14)
Cg(1)⋯Cg(4)ii 4.5596(19) 4.46(16) 38.3 3.6362(14)
Cg(2)⋯Cg(3) 3.857(2) 1.49(16) 18.1 3.6940(13)
Cg(3)⋯Cg(2) 3.857(2) 1.49(16) 16.7 3.6650(14)
Cg(4)⋯Cg(1)iii 4.5597(19) 4.46(16) 37.1 3.5791(14)
Cg(4)⋯Cg(4)iv 4.1300(19) 0.00 28.7 3.6224(14)

Symmetry transformations used to generate rings: (i) −x+2, −y+1,
−z+1; (ii) x+ 1, y, z; (iii) x− 1, y, z; (iv) −x, −y+2, −z+1.
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zinc complex cation in asymmetric unit are same. Therefore, for the
sake of simplicity only one moiety (zinc complex cation) is considered
in theoretical calculations [Fig. 2]. The optimized molecular geometry
of the ground state of zinc complex cation alone has been obtained at
same level of theory [Fig. 2]. The dipole moment for the optimized
geometry is found to be 8.4 Debye for the Zn complex cation. The co-
ordination moieties with L consist of pseudosymmetry mirror plane
going through central atoms, chloride anions and methyl groups of 2,2-
dimethylpropane moiety. The [ZnCl4]− ion have four threefold rotation
axes going along the Zn–Cl bond. Both the coordination moieties with L
possess similar conformation, and the root mean squares deviation of
superimposed moieties is 0.129(6) Å (the most distant C12 and C28
atoms are separated at 0.226(4) Å). The zinc ions are five (Zn1 and
Zn21) and four (Zn41) coordinated. In first case, zinc ion is coordinated
by two imine nitrogen atoms [(Zn1–N2 and Zn1–N3) and (Zn21–N22
and Zn21–N23)], two pyridyl nitrogen atoms [(Zn1–N1 and Zn1–N4)

and (Zn21–N21 and Zn21–N24)] and one chloride ion (Zn1–Cl1) and
(Zn21–Cl21). In second case, zinc ion is coordinated by four chloride
anions. The Zn–Nimine bond distances, Zn1–N3 2.112(3) Å, Zn1–N2
2.115(3) Å, Zn21–N22 2.083(3) Å, Zn21–N23 2.139(3) Å and Zn–Npy
distances, Zn1–N1 2.139(3) Å, Zn1–N4 2.131(3) Å, Zn21–N21
2.166(3) Å, Zn21–N24 2.100(3) Å, are typical for such type of com-
plexes [20,21]. The Zn–Cl distances are Zn1–Cl1 2.2701(9), Zn21–Cl21
2.2674(9) Å.

According to the method of Kepert [45], the coordination environ-
ment of Zn1 and Zn21 metal atoms can be described as strongly dis-
torted trigonal bipyramid with the N2/N4, N21/N23 nitrogen atoms
located at the polyhedron apexes, and of Zn41 atom as tetrahedron. The
calculated Addison and Yang geometry indices [46,47] suggest that the
coordination polyhedron around Zn1 atom adopts distorted square
pyramidal geometry (τ5 is about 0.3), around Zn21 atom adopts mixed
square pyramidal-trigonal bipyramidal geometry (τ5 is about 0.4), and
around Zn41 atom adopts slightly distorted tetrahedral geometry (τ4
and τ4′ are about 0.9). Nevertheless of the method (i.e. nevertheless of
differences originating from different approaches described by Kepert,
Addison and Yang) it can be stated that Zn1 and Zn21 atoms co-
ordination polyhedra are considerably distorted and observed geometry
is transitional between square pyramidal (with the apex located at
chlorine atom) and trigonal bipyramidal one [Supplementary in-
formation Fig. S1 and Table S1 for comparison of unit A (Zn1) with unit
B (Zn21) of Zn-complex cation and bond angles].

The presented compound, Bis{Chloro((N,N′-bis(1-(2-pyridyl)ethyli-
dene)-2,2-dimethylpropane-1,3-diamine)zinc(II)] [tetrachloratezincate
(II)] is the first example of L as a building block for construction of
crystal net containing the [MX4]2− coordination moiety (where
M=any metal cation, X= any halogen anion), as well as for formation
of a zinc coordination complex with confirmed structure. Using the
above ligand, several complexes incorporating cobalt, iron, nickel and
copper have been mentioned in literature [20,21,48–50]. The weighed
least squares planes calculated thorough the pyridine moieties are in-
clined at 31.31(8) and 35.35(8)° within each complex cation, and these
values are found in the range of existing compounds mentioned in lit-
erature [20,21,48–50]. The CeN bond lengths analysis suggests that the
double bonds are fully localized within methanimine moieties
[Table 2]. The Zn–N bond lengths (Table 2) are typical for zinc co-
ordination compounds [3,51–55] and differ no more than 0.08 Å from
the mean bond length (2.09(7) Å for 63,763 values observed in 20,574
compounds [56]). Similarly, the observed Zn–Cl bond lengths (Table 2)
oscillate up to 0.03 Å from the men value of 2.26(6) Å (calculated for
9101 values founded in 3514 compounds [56]) and such variations are
typical for zinc coordination compounds [57]. The XRD data is found in
good agreement with optimized structural parameters and the dis-
crepancy arises due to the fact that the crystal lattice distortion exists in
real molecules [58]. The large deviations are noticed only for the bond
angles Cl41–Zn41–Cl42 and Cl43–Zn41–Cl44 [Table 2]. This results
from the fact that the optimized geometry does not have same inter-
actions as presented in crystal for the moiety of zinc cation coordinated
by four chloride anions.

The solvent molecules and complex anions are linked via OeH⋯O
and OeH⋯Cl intermolecular hydrogen bonds [Table 3] to the hydrogen
bonded chain extending along crystallographic [1 0 0] axis. These
bonds form C44(10) quaternary graph set of lowest degree (up to ter-
tiary graph set all motifs are the finite ones) [59]. The complex cations
do not form the classical hydrogen bonds, as a consequence of lack of
classical hydrogen bond donors within them and saturation of the
ethanol molecules hydrogen bond donors by complex anions. The
multiple weak CeH⋯O and CeH⋯Cl intermolecular hydrogen bonds
[60] [Table 3] expand above described chains and complex cations to
the three-dimensional supramolecular net. Each complex cation is
linked through CeH⋯Cl intermolecular hydrogen bonds to the three
neighbouring complex anions and through CeH⋯O intermolecular
hydrogen bond to one water molecule. The complex cation containing

Fig. 1. The molecular structure of zinc complex at 50% probability of dis-
placement ellipsoids. The hydrogen atoms are drawn as a spheres of arbitrary
radius of 0.3 Å. The hydrogen bonds existing between species located in the
asymmetric unit are represented by dashed lines.

Fig. 2. Optimized geometry of the zinc complex cation.
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Zn1 atom additionally forms CeH⋯O intermolecular bonds to the two
ethanol molecules of outer coordination sphere. Each ethanol molecule
acts a donor of CeH⋯O intermolecular bond toward one complex
anion. Due to absence of any hydrogen bonds donors, the complex
anion acts solely as hydrogen bonds acceptor. The intramolecular π⋯π
staking interactions [61] assemble the complex cations of supramole-
cular net to the π⋯π bonded layer extending along crystallographic
(0 0 1) plane (each complex cations interacts with three neighbouring in
the crystal net cations).

3.2. IR spectral analysis

The characteristic peak due to υ(C]N) vibration at 1640 cm−1 in the

IR spectra of L is shifted and appears at 1600 cm−1 in the spectra of the
complex [Fig. 3] [62,63].

Simulated IR spectra along with some important vibrational as-
signments for the complex cation with and without ZnCl4/solvents are
shown in Fig. 4. The vibrational bands in the experimental IR spectrum
are found to match well with theoretical one. Multiple non-covalent
interactions within this complex significantly affect the IR spectra. A
broad band at 3450 cm−1 shows the presence of OeH group (hydrogen
bonded) in solvents. The CeH stretching vibrations in aromatic ring
form bands at higher wavenumber than those observed for oscillators of
–CH2/CH3 groups. A band at 3074 cm−1 is assigned to CeH stretching
vibrations in aromatic ring, whereas vibrations at 2961 cm−1 and
2921 cm−1 are assigned to CeH stretching of –CH2/CH3 groups. The

Fig. 3. Comparison of IR spectra of L, and its zinc complex with shifted baseline.

Fig. 4. Simulated IR spectra of Zinc-complex cation (blue colour) and Zn-complex including solvents (black colour). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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C]N and C]C stretching vibrations are estimated respectively at
higher and lower wavenumber around 1600 cm−1. The Zn–Cl
stretching vibrations are monitored below 400 cm−1. The bands ap-
peared in the experimental IR spectra are found in closed agreement
with the theoretical one. Thus, the simulated along with experimental
IR spectra confirm the Zn complex cation structure.

3.3. Frontier molecular orbitals, molecular electrostatic potential map and
NBO analysis

The molecular geometry chosen for the present calculations have
doublet multiplicity. Therefore, frontier molecular orbitals (highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO)) are split into alpha (spin ↑) and beta (spin ↓) mole-
cular orbitals. The isodensity plots along with energy values of frontier
molecular orbitals are shown in Fig. 5. The electronic properties depend
mostly on frontier molecular orbitals and band gap of the molecule. The
energy values of these orbitals define quantitatively the chemical re-
activity like chemical potential, electrophilicity, chemical hardness,
softness etc. The energy gaps for alpha and beta spin molecular orbitals
are estimated and shown in Fig. 5. The low HOMO and LUMO gap
defines the high chemical reactivity and low kinetic stability of the
compound. The HOMO and LUMO are localized over the complex ex-
cept some atoms for alpha (spin ↑) whereas the HOMO is spread over
Zn, Cl and N atoms, and LUMO is mainly on aromatic ring for beta (spin
↓) [Fig. 5].

Spatial diagrams of HOMO and LUMO [Fig. 5] show the charge
delocalization upon excitation. The molecular electrostatic potential
(MEP) map of present complex is computed to investigate its binding
properties. The MEP surface and contour plot with colour ranging
deepest red to deepest blue are shown in Fig. 6. The most of the regions
of present molecule are neutral as shown by green color. The negative
electrostatic potential (red color) is located over the chlorine atom
[Fig. 6]. The regions of high and low electrostatic potential are de-
scribed by dominancy and deficiency of electrons, respectively. The

Fig. 5. HOMO and LUMO orbitals of Zn complex cation.

Fig. 6. MEP surface of the Zn complex cation.
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positive and negative potential of the MEP for present complex is likely
the most preferred site for the nucleophilic and electrophilic attack,
respectively.

Some important interactions within complex have been examined
using stabilization energy, E(2), by NBO analysis. The larger value of
E(2) reveals the more intensive electron donor–acceptor interaction.
Some important E(2) values are reported as 17.03, 18.01, 19.81, 15.23,
42.07 kcal/mol for donor-acceptor NBO interactions N49⋯Zn1,
N34⋯Zn1, N18⋯Zn1, N3⋯Zn1 and Cl2⋯Zn1 respectively.

3.4. Hirshfeld surface analysis

Hirshfeld surface and the associated 2D fingerprint plots were em-
ployed to specify the various intermolecular contacts involved in
complex by the CrystalExplorer17 [31]. The Hirschfeld surface of the
complex was shown in the Fig. 7a indicating the area mapped over a
dnorm range from −0.21 to 2.6 Å. The surface is transparently displayed

to allow visualization of the complex moiety in a similar orientation.
Large circular depressions (sharp red), blue areas and white area which
appear on the surfaces indicate the short contacts (hydrogen bonding),
longer contacts and contacts with distances equal to the sum of the van
der Waals radii, respectively [Fig. 7]. In addition, the 2D fingerprint
plots clarified the individual close contacts of the pairs of atoms and the
contributions of the different contacts [Fig. 7b–g]. The two-dimensional
fingerprint plots with a large bump represent the H⋯H contacts
(Fig. 7d) and the intense spikes indicate strong H⋯Cl interactions
(Fig. 7g), while the wing expansion displays the interaction C⋯H
(Fig. 7e) in molecule. The major contribution to crystal packing comes
from H⋯H interactions (44.4%, Fig. 7d) followed by H⋯Cl interactions
that contribute 37.1% compared to the other contacts present in the
crystalline structure of the complex. Other weak interactions present in
the complex were CeC (2.5%, Fig. 7c), CeN (2.3%, Fig. 7f) and C–Cl
(0.3%, not shown in Fig. 7). An analysis of such illustrations for in-
termolecular contacts is acceptable with those observed by

Fig. 7. (a) Hirshfeld surface mapped over dnorm (b) 2D fingerprint plot linked with close contact interaction with all atoms, (b) percentage contributions of close
contact interactions of C⋯C (c), H⋯H (d), C⋯H (e), C⋯N (f) and H⋯Cl (g) in Zn-complex.
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crystallography examination.

3.5. Biofilm inhibition by [Zn(L)Cl] complex

P. aeruginosa is a strong biofilm producer. The antimicrobial activity
of zinc complex was studied by the microtiter plate assay. The data
revealed the inhibition of growth pattern of P. aeruginosa at the in-
creasing concentration of the complex at 20 and 50 µg/mL [Fig. 8]. The
micrograph in Fig. 8 demonstrates the concentration dependent in-
hibition of biofilm formation by P. aeruginosa. The microtitre data
shows 55.5 ± 5.0, and 69.3 ± 4.0% biofilm inhibition as compared to
control [Fig. 8], and demonstrated that zinc complex re-
duced biofilm formation of P. aeruginosa. These findings corroborate

with the earlier reports [32]. Zinc binds to free thiol groups, and thus,
affects protein function [64]. Therefore, the quorum quenching induced
by zinc complex may be an alternative for combating biofilm based
microbial pathogenesis.

The MTT assay to evaluate the cytotoxicity of zinc complex in MCF-
7 cell line was performed in 96 well plates. The data shown in Fig. 9
shows the reduction in MCF-7 cell line viability with increasing con-
centration of zinc complex after 24 h of exposure. The percent cell in-
hibition at 5, 10, and 20 µg/ml of zinc complex was recorded as 8%,
39%, and 62%, respectively. The LC50 value for zinc complex was de-
termined, and found to be 12 µg/ml [65,66], thus suggested the cellular
toxicity over MCF-7 cell line. The toxicity by the complex is generally
induced by the endocytosis and release of ions, which promote Reactive
oxygen species generation [32].

Protein of Pseudomonas aeruginosa acting as receptor [Fig. 10a] and
metal complex as ligand [Fig. 10b] were docked by using PatchDock
program to validate their host-guest relationships. The Dock positions
of ligand was analyzed for interactions with the receptor shown in
Fig. 10. The outcome exposed that the target metal complex was well
buried in the active zone of the receptor [Fig. 10c]. The optimized
docking output provided multiple results which were ranked according
to the docking score levels. The best conformation of the docked posi-
tion having the amino acids residue with the metal complex was se-
lected on the basis of the best score result. Docking score, interface area
of the interaction and three dimensional transformations for the su-
perior docked position were found at 479.30; 3.0, −0.8, 2.3 and 14.8,
19.2, 36.9 Å, respectively. Supplementary Information Fig. S2 is
showing the comparison of the docking score of position 1 with position
2 by a graphical presentation. Position 1 which fits better shows the
involvement of hydrogen bond along with a preferable orientation, and
Position 2 at 410.10; 0.37 −0.91 −0.58 0.68 11.77 36.24 Å is without
involvement of hydrogen bond. In addition, the attractive, repulsive
VdW and atomic contact energy of the best docked pose was got at
−13.06, 4.31 and −10.10 kcal/mol, respectively. However, the
binding energy calculated by AutoDock 4 was found to be −6.10 kcal/
mol. The binding model of metal complex with receptor (1gzt.pdb)
showing all the amino acid residues interacting around the metal
complex is represented in Fig. 10d & f. In the binding pose, the main
stabilizing factors that equilibrate the guest–host interactions are sec-
ondary forces (Fig. 10d & f) including hydrogen bonding interactions
[Fig. 10d]. The metal-bound chlorine atom in the complex participates
in the hydrogen bonding interaction with Leu76 at a distance of 1.92 Å.
The nitrogen atom of ligand attached to metal through coordinated
bond in complex acts as a hydrogen bond donor that makes a hydrogen
bonding interaction from Thr2 with distance 2.02 Å. The other inter-
actions operating between receptor and ligand were found about dis-
tance± 3.18 Å. Based on the interaction analysis, it can be pointed out
that the complex was well satisfied in the active pocket of receptor.

3.6. Luminescence properties

The luminescence behaviour of L and its zinc complex was in-
vestigated in acetonitrile at room temperature. The ligand, L exhibited a
fluorescence emission bands at 318 nm and 330 nm upon excitation at
280 nm. However, the studied zinc complex showed the fluorescence
emission bands at 325 nm and 338 nm under similar conditions. The
increase in the fluorescence emission intensity of zinc complex may be
assigned to the intraligand transitions [66,67] [Supplementary
Information Fig. S3].

4. Conclusion

A new zinc complex derived from L was investigated using various

Fig. 8. P. aeruginosa biofilm inhibition at various concentration of the complex
(0, 10, 20, 50 µg/mL) incubated for 24 h.

Fig. 9. MTT assay for cytotoxicity assessments in MCF-7 cells with the in-
creasing concentration of zinc complex for 24 h. Values are mean ± SD of
three independent experiments.
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spectroscopic studies, single crystal X-ray crystallography and DFT
measurements. The complex was found pharmacologically active, and
showed considerable in vitro antibiofilm activity against P. aeruginosa.
Moreover, the complex was also found potential candidate against
MCF-7 cancer cell line.
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