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A B S T R A C T   

A new Zn(II) coordination polymer based on o-phthalato (Phth) and 2-aminopyridine (2-Ampy) viz. {[Zn(2- 
Ampy)2(Phth)]•(H2O)]}n (1) has been synthesized at room temperature and characterized by elemental analyses, 
electronic spectroscopy, FT-IR spectroscopy, thermal analysis (TGA/DSC), powder X-ray diffraction (PXRD) and 
single crystal X-ray diffraction. The basic trimeric units of 1 form a polymeric chain by N–H⋯O and π⋯π in
teractions. These polymeric chains interconnect through various non-covalent interactions in two perpendicular 
directions to ultimately give rise to a 3D architecture of 1. The interesting non-covalent interactions in 1, 
contributing to its stability in the solid state are studied by Hirshfeld surface analysis and other different 
theoretical tools. Molecular docking study of 1 is performed against six different proteins of SARS-CoV-2. The 
drug potential of the synthesized compound is evaluated by ADMET calculations.   

1. Introduction 

The term “coordination polymer” (CP) was first introduced by R. C. 
Burrows and J. C. Bailar Jr. [1]. However, it was only after the 
Australian chemist Robson’s report on the crystal structures of a series of 
porous coordination polymers with ion-exchange capability that this 
emerging field captured the attention of chemists worldwide. This wide 
scientific attention arises not only from their fascinating topologies and 
structures [2–4], but also from their high potential applications in as 
diverse fields as gas adsorption and separation [5], luminescent mate
rials [6], and catalysis [7] etc [8,9]. The CPs are assembled by fusing 
inorganic vertices (metal ions or metal clusters) and organic ligands via 
coordination bonds (or even supramolecular interactions). They usually 
feature a highly ordered structure with repeating coordination entities 
extending in at least one dimension [10]. This inorganic–organic hybrid 
nature of the CPs gives rise to their diverse structures and properties 
thereby contributing a lot to their versatility. As such, new CPs are being 
extensively investigated for unique structures and specific functions and 
numerous strategies and methods have been employed accordingly 
[11–13]. 

Despite the considerable progress achieved so far in this field, the 
assembly of coordination polymers in the desired way is not that easy. 
This is because the assembly of such compounds is influenced by various 
factors, such as the nature and coordination properties of the metal 
nodes [14,15], type and connectivity of organic building blocks [16,17], 
stoichiometry and reaction conditions [18,19], effects of templates 
[20–22] or supporting ligands [23,24]. 

Various aromatic polycarboxylic acids have been extensively used as 
multifunctional building blocks in designing novel polymeric structures 
[25,26]. Among them, the o-phthalic acid (H2Phth) is a well-known 
versatile ligand, which is capable of chelating as well as bridging 
metal ions, thereby leading to the formation of polynuclear and low- 
dimensional systems [27,28]. The H2Pht and its anions, HPhth− and 
Phth2− can adopt a very wide variety of coordination modes with metal 
centers. The subtle interplay between steric hindrance arising out of the 
proximity of the two carboxylate groups and the tendency of the 
phthalates to form the largest possible number of metal–oxygen bonds 
upon complexation leads to the wide variety of observed architectures. 
So far, twenty-six different coordination modes have been observed in 
the crystal structures of various metal complexes involving this ligand 
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[Scheme 1]. Out of these, the 1,6-bridging mode [2b in Scheme 1] is the 
most common, which favors the formation of coordination polymers 
[29]. 

Similarly, pyridine and its derivatives are widely used in the design 
and synthesis of multifunctional compounds with important biological 
and pharmacological applications [30]. Amongst the pyridine de
rivatives, 2-aminopyridine (2-Ampy)–a potential bidentate ligand with 
two N-donor atoms–is pharmacologically important because of its use in 
the synthesis of various pharmaceuticals [31]. The major advantage of 
this ligand is its simple design, which can be utilized to produce a single 
product with minimum side reactions [32]. 2-Aminopyridine mainly 
acts as a monodentate ligand through its pyridine N-atom [33,34]. This 
favors the formation of additional H-bonds through the exocyclic amine 
N-atom. Less commonly, it can coordinate with the central metal 
through the exocyclic amino N-atom [35] and form chelates with a 
bidentate coordination mode through both the pyridine N- and exocyclic 
amine N-atoms [36]. 

There are a number of unusually short interactions, which could 
affect the crystal packing and molecular structure in the solid state. One 
such interaction is the C–H⋯H–C interactions, which occur in the 
distance range of 1.7–2.4 Å. Despite their very weak nature, they can 
produce sufficient stabilization effects for maintaining sterically 
strained conformations and affecting the physical properties of com
pounds to a greater extent. These attractive intermolecular interactions, 
-occurring between identically or similarly charged hydrogen atoms, 
-have closed-shell, donor–acceptor and van der Waals nature. These 
H⋯H interactions are different from a “dihydrogen bond”, defined by 
Xδ--Hδ+⋯Hδ- -Yδ+, where Y is a transition metal. The electrostatic 
interaction between two hydrogens of opposite charge governs a 

dihydrogen bond. These two interactions represent two extreme cases of 
possible interactions between two hydrogen atoms [37]. 

We have reported a number of novel coordination complexes with 
interesting architectures, stabilized by various unusual non-covalent 
interactions [38]. In continuation of our effort to synthesize and inves
tigate coordination complexes with interesting supramolecular archi
tectures; we, herein, present the synthesis, crystal structure, Hirshfeld 
surface analysis and theoretical study of a novel coordination polymer of 
Zn(II) with 2-aminopyridine (2-Ampy) and bridging o-phthalato (Phth) 
ligands viz. {[Zn(2-Ampy)2(Phth)]•H2O}n (1). Its crystal structure is 
mainly stabilized by C–H⋯H–C interactions. Considering the phar
macokinetic and toxicokinetic features, the polymer 1-with zero Lipinski 
violations-may be a drug candidate. Its docking study with six important 
proteins of SARS-CoV-2 reveals good docking scores.The therapeutic 
potential of 1 was evaluated by ADMET calculations. 

2. Experimental 

2.1. Materials and methods 

All reagents viz. zinc(II) acetate dihydrate, Zn(CH3COO)2⋅2H2O, 2- 
aminopyridine, o-phthalic acid and sodium hydroxide were obtained 
from Sigma Aldrich and Merk (India) ltd. All chemicals used were of 
analytical grade. They were used as received without further purifica
tion. The reaction was carried out in the deionized water medium. 
Elemental (C, H and N) analyses were carried out in a Perkin Elmer 2400 
Series II CHNS/O analyzer. KBr phase FT-IR spectrum was recorded in a 
Shimadzu FTIR-8400S spectrophotometer in the mid-IR region (4000 to 
600 cm− 1). The diffuse-reflectance UV-vis-spectra were recorded in a 
Shimadzu UV-2600 spectrophotometer. Thermogravimetric studies 
were carried out using a Mettler Toledo TGA/DSC1 STARe system at a 
heating rate of 10 ◦C min− 1 under a flow of N2 gas. The powder X-ray 
diffraction data were obtained using a XPERT-PRO X-ray powder 
diffractometer. 

2.2. Synthesis of {[Zn(2-Ampy)2(Phth)]•H2O}n (1) 

o-Phthalic acid (0.166 g,1.0 mmol) was dissolved in 20 ml of distilled 
water in a round-bottom flask containing NaOH (0.080 g, 2.0 mmol). An 
aqueous solution of Zn(CH3COO)2·2H2O (0.219 g, 1.0 mmol) was added 
to the above solution. The solution was stirred at room temperature for 
about two hours. Now, 2-Ampy (0.188 g, 2.0 mmol) was slowly added to 
the resulting colorless solution. The whole solution was stirred for about 
another 4 h [Scheme 2]. The colorless solution was filtered and the 
filtrate was freezed. Colorless block-shaped crystals suitable for X-ray 
analysis were obtained from the filtrate after one week with a yield of 
64.4 % based on Zn(CH3COO)2·2H2O. The crystals were filtered off, 
washed well with distilled water and dried in air. Anal. Calcd for 
ZnC18H18N4O5: C, 49.61; H, 4.16; N, 12.86. Found: C, 49.58; H, 4.13; N, 
12.82. IR (KBr pellet, cm− 1): 3379 (m), 3217 (w), 3183 (w), 1663 (s), 
1615 (s), 1589 (s), 1568 (s), 1379 (s), 765 (s), 657 (m). 

2.3. X-ray crystallographic study 

Molecular and crystal structures of 1 were determined by single 
crystal X-ray diffraction technique. Its intensity data was collected on a 
Bruker SMART APEX IICCD equipped with a graphite monochromatized 
Mo-Kα radiation (λ = 0.71073 Å) at 296 K. SAINT [39] was used for data 

Scheme 1. A few of the wide variety of coordination modes adopted by the 
phthalate ion. 1: monodentate, 2: bidentate, 3: tridentate, 4: tetradentate. 

Scheme 2. Synthesis of 1.  
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integration. Intensities for absorption were corrected using SADABS 
[40]. The structure was solved by the direct method in the orthorhombic 
space group, Pbca with SHELXS-97 [41] and refined on F2 using full 
matrix least squares techniques in the anisotropic approach for non- 
hydrogen atoms via WinGX [42]. The aromatic hydrogen atoms were 
placed at calculated positions and refined by standard procedures of 
SHELXL-97. The hydrogen atoms attached to water oxygen atoms were 
located in the difference Fourier maps and refined with isotropic 
displacement coefficients. The structural illustrations have been drawn 
using Diamond 3.0 [43]. Data collection and refinement parameters for 
1 are summarized in Table 1. 

2.4. Hirshfeld surface calculations 

To check the contacts responsible for the stability of the crystal 
compound, Hirshfeld surface analysis was calculated with Explorer 17.5 
associated with TONTO. 2D fingerprint plots of the compound were also 
computed using standard protocol [44]. 

2.5. Theoretical methods 

The theoretical studies were conducted with density functional the
ory (DFT) using Gaussian14 to run the quantum chemical predictions 
[45]. The output files after normal termination were visualized in 
GaussView6.0. The hybrid functional method B3LYP and lanl2dz basis 
set were used during this study [46]. 

2.6. ADMET predictions 

By determining the pharmacokinetic and toxicokinetic properties of 
drug candidate molecules early in the drug development process, 
additional experiments are not necessary, saving time and money and 
improving success rates. The absorption, distribution, metabolism, 
excretion, and toxicity (ADMET) factors specified the characteristics 
that a therapeutic molecule must have. The complex’s absorption, dis
tribution, metabolism, and excretion values were calculated using the 
Swiss ADME online database [47]. Toxicology values were computed 

using the ProTox-II online database [48]. 

2.7. Docking studies 

Molecular docking of the complex into the spike protein of Omicron 
variant (PDB Code: 7T9J) [49], main protease, Mpro (PDB Code: 7BQY) 
[50], NSP12 (PDB Code: 7BV2) [51], NSP15 (PDB Code: 6WXC) [52], 
NSP16 (PDB Code: 6WKQ) [53] and TMPRSS2 protease (PDB Code: 
7MEQ) [54] was performed using AutoDock 4.2 [55]. The crystal 
structures of the spike protein of Omicron variant, main protease, 
NSP12, NSP15, and NSP16 and TMPRSS2 protease were taken from the 
RCS Protein Data Bank (https://www.rcsb.org./pdb). The Lamarckian 
Genetic Algorithm (LGA) technique was used for all calculations for the 
complex-target flexible docking. To provide the PDB format for the 
complex, to prepare the target from the structures of proteins, and to 
visualize the docking analysis were performed using DiscoveryStudio 
4.0 [56]. 

3. Result and discussion 

3.1. Synthesis and general aspects 

The polymer{[Zn(2-Ampy)2(Phth)]•H2O}n (1) has been isolated in 
high yield by reacting one equivalent of zinc acetate dihydrate, Zn 
(CH3COO)2⋅2H2O with two equivalents of 2-aminopyridine and one 
equivalent of disodium phthalate in water. The 1,6-bridging ability of 
the o-phthalato ligand imparts polymeric nature to 1.The polymer is 
slightly soluble in water and its solubility in common organic solvents is 
also low. It shows a room temperature μeff value of 0.00 BM, thereby 
confirming the absence of unpaired electrons in its metal center. 

3.2. Electronic spectroscopy 

The electronic spectra of 1 were recorded in both solid and aqueous 
phases [Fig. S1]. For a Zn(II) ion, –a d10 system,–electronic transitions to 
the higher excited states are forbidden. So, in both the aqueous and solid 
phases, complex 1 does not show any spectral bands in the visible re
gion. In the aqueous phase, the absorption band at 220 nm is attributed 
to the π–π* transition of the aromatic rings of 2-Ampy and the phthalato 
moieties. The other band at 269 nm is due to the n–π*transition. In the 
solid state UV-vis-NIR diffuse reflectance spectra, these bands of 1 get 
slightly shifted, – to 222 and 271 nm respectively. The appearance of the 
same bands of 1 at almost similar positions in both the phases suggests 
that the bonding modes and the geometry of complex 1 do not change 

Table 1 
Crystal data and structure refinement of 1.  

Crystal Data {[Zn(2-Ampy)2(Phth)]•H2O}n (1) 

CCDC Number 2166391 
Empirical formula ZnC18H18N4O5 

Formula weight 435.73 
Temperature (K) 293(2) 
Wavelength (Å) 0.71073 
Crystal system Orthorhombic 
Space group Pbca 
a (Å) 11.681(2) 
b (Å) 17.594(4) 
c (Å) 18.901(4) 
α (◦) 90.00 
β (◦) 90.00 
γ (◦) 90.00 
Volume (Å3) 3884.5(14) 
Z 8 
Calculated density (Mgm− 3) 1.490 
Absorption coefficient (mm− 1) 1.301 
F(000) 1792 
Crystal size (mm3) 29 × 21 × 16 
θ range for data collection (◦) 2.35 to 26.29 
Index ranges − 14≤h≤14, − 21≤k≤21, –23≤l≤23 
Reflections collected 113,215 
Unique data[Rint] 3925 [0.0469] 
Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3925 / 0 / 253 
Goodness-of-fit on F2 1.094 
Final R indices[I > 2σ (I)] R1/ wR2 R1 = 0.0339, wR2 = 0.0787 
R indices(all data) R1/ wR2 R1 = 0.0509, wR2 = 0.0921 
Largest diff. peak and hole (e.Å− 3) 0.346 and − 0.310  

Fig. 1. FT-IR spectrum of 1.  
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markedly in the aqueous phase [38]. 

3.3. IR spectrum 

FT-IR spectrum of 1 (KBr pellets) was recorded in the region 
4000–600 cm− 1 [Fig. 1]. The bands are tentatively assigned based on 
earlier literature reports [57]. The absence of absorption bands in the 
range 1750–1670 cm− 1 indicates that the –COO– groups in 1 remain 
completely de-protonated [58]. The broad absorption band at 3379 
cm− 1 is attributed to the ν(OH) vibrations of the lattice water molecule 
in the crystal. The absorption bands at 3217 and 3183 cm− 1 are due to 
the ν(NH) vibrations of the coordinated 2-aminopyridine ligand. The 
carboxylate groups exhibit strong bands in the region 1690–1570 cm− 1. 
In 1, these bands are shifted and broadened vis-à-vis the corresponding 
ones in the free phthalic acid. The present bands of the carboxylate, 
–COO– group are reflected by the asymmetric (νa) and symmetric (νs) 
stretching vibrations at 1663 and 1379 cm− 1, respectively. The differ
ence between the asymmetric and symmetric stretches of the carbox
ylate groups [Δ = νa–νs = 284 cm− 1] suggests their bridging binding 
mode to the metal ion. The strong absorption bands at 1615 cm− 1 and 
1589, 1568 cm− 1 are attributed to the ν(C––N) and ν(C––C) vibrations in 
the ligands, respectively. The absorption bands at 765 and 657 cm− 1 

correspond to the ring-wagging vibrations of the pyridine groups in 1 
[37,59]. These observations are in good agreement with the structure of 
1 as determined by single-crystal XRD and elemental analyses. 

3.4. Powder X-ray diffraction (PXRD) 

The phase purity of the complex 1 was studied by powder X-ray 
diffraction (PXRD) experiment. As shown in Fig. 2, the experimental 
patterns are in good agreement with the simulated ones obtained from 
the single crystal X-ray diffraction data, suggesting that the synthesized 
crystals of 1 are true representatives of its bulk material. Differences in 
intensity between the experimental and simulated patterns may be 
attributed to the preferential orientations of the crystalline powders. 

3.5. Crystal structure 

The details of single crystal XRD and structure refinement data of 
polymer 1 are presented in Table 1. It crystallizes in the orthorhombic 
space group Pbca. The polymeric unit is shown in Fig. 3, together with 
the atomic numbering scheme. The crystal structure of the polymer 1 
contains a basic trimeric unit [Zn3L6Ĺ4]•H2O (where L = 2-Ampy and Ĺ 
= Phth) with the same Zn···Zn distances of 5.87 Å. It basically consists of 
[Zn(2-Ampy)2] entities linked together by bridging o-phthalate anions 
in the μ2-1,6 coordination mode, thereby forming a metal-binding site of 
N2O2 type around each of the Zn(II) centers. Each Zn(II) ion, thus, 
possesses a distorted tetrahedral coordination sphere built by the o- 
phthalate oxygens (O2 and O4) and 2-aminopyridine nitrogens (N1 and 
N3). The coordination angles about Zn centers are in the range 101.47 
(8) − 107.77(8)◦ except for O2 − Zn1 − N3 of 128.13(9)◦. The distortion 
of the tetrahedron around each Zn(II) ion can be indicated by the value 
of τ4 − a parameter introduced by Houser [60] to describe the geometry 
of a four coordinate complex. For 1, the value of τ4 is 0.88 (for an ideal 
tetrahedron, τ4 = 1). The distorted tetrahedral geometry at each Zn(II) 
center in 1 can partly be attributed to the spatial orientation of the 
bridging ligands. The planes through the carboxylate groups O4-C7-O5 
and O2-C1-O3 of the bridging o-phthalato ligand make dihedral angles 
of 27.21(3) and 66.24(2)◦ respectively with the aromatic ring.The 
selected bond lengths (Å) and bond angles (◦) of 1 are presented in 
Table 2. These values are comparable with those in similar compounds 
in literature [61]. 

The solid state structure of polymer 1 shows a combination of 

Fig. 2. Simulated and experimental PXRD patterns of 1.  

Fig. 3. (a) ORTEP diagram of 1 with the partial atomic labeling scheme, showing 30 % probability ellipsoids. (b) View of the coordination environment of Zn atoms 
in the π···π interactions stabilized basic trimeric unit of 1. Irrelevant hydrogen atoms are omitted for clarity. Symmetry codes: A. 0.5 + x, y, 0.5 − z; B. − 0.5 + x, y, 
0.5 − z; C. − 1 + x, y, z. 

Table 2 
Selected bond lengths (Å) and bond angles (◦) of 1.  

Bond d (Å) Angle θ(◦) 

Zn1-O2 1.949(3) O2-Zn1-O4 101.47(8) 
Zn1-O4 1.974(2) O2-Zn1-N1 106.99(8) 
Zn1-N1 2.047(2) O2-Zn1-N3 128.13(9) 
Zn1-N3 2.021(3) O4-Zn1-N1 104.53(8)   

O4-Zn1-N3 105.60(8)   
N1-Zn1-N3 107.77(8)  
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N–H······O and π······π interactions. The bridging nature of the o-phthalato 
carboxylate group linking the Zn1 atom to its neighbors Zn1A atom (0.5 
+ x, y, 0.5 − z) and Zn1B atom (− 0.5 + x, y, 0.5 − z) makes the 

trinuclear [Zn3(2-Ampy)6(Phth)4]•H2O core. As shown in Fig. 3, the 
trimeric unit of 1 is stabilized by N–H······O and π······ π interactions. The 
amino N2 atom of the coordinated terminal 2-aminopyridine ligand acts 

Fig. 4. The layered structure of 1 in the ab-plane through C–H···H–C interactions. Interactions between neighboring polymeric chains are only shown. Irrelevant H- 
atoms are omitted for clarity. 

Fig. 5. Stacking of 1 along the crystallographic c-direction via C–H···O and C–H···H–C interactions. Irrelevant H-atoms are omitted for clarity.  
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as a donor to the coordinated and uncoordinated carboxylate oxygen 
atoms, O4 and O5 from two coordinated o-phthalato ligands to form 
N2− H2B······O4 and N2− H2A······O5 hydrogen bonds at a donor–acceptor 
distance of 2.84 and 2.86 Å, respectively. Similarly, the uncoordinated 
carboxylate oxygen atom O3 of the coordinated o-phthalato ligand is a 
hydrogen bond acceptor, forming interactions with the amino (N4) 
group of the other coordinated 2-aminopyridine ligand. This hydrogen- 
bonding interaction is almost linear with the angle at the H of 173.86◦

and N4− H2A⋯O3 distance of 1.94 Å. Additional reinforcement to the 
basic trimeric unit of 1 is provided by π⋯π interactions with the pyridyl 
rings of the two coordinated terminal 2-aminopyridine ligands over
lapping with each other at a centroid-to-centroid separation of 3.92 Å. 

In the crystal structure of 1, the trinuclear units {Zn3(2- 
Ampy)6(Phth)4} are interconnected through the bridging phthalato li
gands, thereby forming a polymeric linear 1D chain that extends along 
the crystallographic a-direction. These polymeric chains get inter
connected through two types of C–H······H–C interactions. The C3–H3 

moiety of the bridging phthalato ligand in one polymeric chain is 
involved in C–H······H–C interaction with the C9–H9 moiety of the co
ordinated 2-aminopyridine ligand from a neighboring chain. Similarly, 
the C5–H5 moiety from the same phthalato ligand and 2-aminopyridine 
ligand from the same neighboring polymeric chain (but coordinated to a 
different Zn(II) center) interacts through another C–H······H–C interac
tion involving C5–H5 and C16–H16 moieties. This results in a layered 
structure of 1 in the ab-plane [Fig. 4]. 

These layers of 1 in the ab-plane are stacked together along the 
crystallographic c-direction via C–H······O and C–H······H–C interactions 
[Fig. 5]. Two types of C–H······O interactions contribute to such stacking. 
The first involves C15–H15······O5 hydrogen bond between the coordi
nated phthalato and 2-aminopyridine ligands from two neighboring Zn 
(II) centers at a. 

H······O distance of 2.57 Å [Table 3]. The other utilizes atom O5 as the 
acceptor and C3 as the donor with a donor–acceptor distance of 3.59 Å. 
Final reinforcement to this staking is provided by other two C–H······H–C 
interactions involving C3–H5, C9–H9 and C4–H4, C16–H16 moieties 
[Table 4]. One interesting feature of this stacking is the enclathration of 
the lattice water molecules. This kind of formation of a layered structure 
in a plane and the stacking thereof along a direction perpendicular to it 
gives rise to a 3D architecture of 1 [Fig. 6]. 

3.6. Hirshfeld surface analysis 

The whole electron density of a molecule in the crystal lattice can be 
divided into various fragments based on the electron density with the 
help of Hirshfeld surface analysis [62]. This tool can be used to check the 
quantity of the nature of the interactions known as intermolecular in
teractions. The HS analysis was carried out according to the reported 
method cited in the experimental section using CrystalExplorer17. The 
HS was computed over dnorm range of − 0.55 to 1.0 Å, the curvedness 
range of − 0.40 to 4.0 Å and the shape index range of − 0.10 to 1.0 Å. The 
surfaces appeared transparent to display the visualization of the mole
cules, over which they were mapped [Fig. 7].The different color schemes 
such as red, white and blue showed intermolecular connections with 
distances less than, identical to, and higher than van der Waals radii, 
respectively [63]. On the surface, the dark red coloration occurred about 
the nitrogen atom of amino group and pyridine ring along with the 
oxygen atom of carbonyl groups. These areas indicated the donor posi
tions for the neighboring atoms and showed hydrogen bonding with 
other atoms. Bright red areas showed the intermolecular contacts less 
than their vdW radii and the blue spots showed intermolecular contacts 
longer than their vdW radii, while white spots denoted the total sum of 
their radii (vdW). 

Likewise, 2D (two-dimensional) finger print (FP) plots were plotted 
to obtain quantitative information regarding the nature and the kind of 
intermolecular contacts exerted by the molecule in the crystal packing 

Table 3 
Hydrogen bonding parameters (Å and ◦) for 1.  

D–H······A d(D–H) d(D–A) d(H······A) <(DHA) 

N2–H2A······O5a  0.850  2.885 2.047(4) 168.81(16) 
N2–H2B······O4b  0.903  2.840 1.977(3) 159.63(15) 
N4–H4A······O3  0.956  2.888 1.935(3) 173.86(16) 
C3–H3······O5c  0.903  3.595 2.714(4) 158.42(14) 
C15–H15······O3d  0.930  3.346 2.569(6) 141.30(14) 

Symmetry codes: a: x–1,+y,+z; b: x–1/2, +y, –z + 1/2; c: x–1/2, –y + 1/2, –z; d: 
–x + 1, –y, –z. 

Table 4 
Intermolecular C–H⋯H–C interactions (Å and ◦) for 1.  

C–H⋯H–C d(C–H) d(H······H) <(C–H⋯H) <(H⋯H–C) 

C3–H3⋯H9–C9 0.93/0.93  2.60  112.26  140.02 
C4–H4⋯H16–C16 0.93/0.93  2.63  114.76  141.54 
C5–H5⋯H16–C16 0.93/0.93  2.44  122.73  136.84  

Fig. 6. View of lattice water enclathrated 3D architecture of 1 along 
a-direction. 

Fig. 7. Hirshfeld surface analysis of 1.  
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[64]. The finger print plots were figured into every interatomic contact 
and for the whole interactions. The reciprocal contact for every inter- 
atomic contact was calculated for the specific inter-atomic contacts 
[Fig. 8]. The spikes represented the inter-atomic contacts that have 
major contributions in the crystal packing of the molecule. The inter- 
atomic contacts which have an excellent impact on the crystal packing 
of the molecule as compared to the others were H⋯H, O⋯H and C⋯H 
with percentage (%) contributions of 42.3 %, 22.5 %, and 21.6 %, 
respectively as shown in Fig. 8. The N⋯H (3.6 %) and C⋯C (3.2 %) 
depicted less contribution to crystal packing as compared to others. 

It has been seen in the Hirshfeld analysis or topographical surface 
analysis that H⋯H interactions are present in the crystal structure of 1, 
which can be seen in XRD analysis also. In 2D fingerprint plot, the major 
contribution in the structure is due to H⋯H interactions. Furthermore, 
the H⋯H interactions were drawn throughout the understudied mole
cule. The distance of the H⋯H interaction were measured in the crystal 

structure and it was found that these interactions are present between 
hydrogen atom of the amino group with phenyl hydrogen with different 
distances as shown in Fig. S2 (a-d). The distance is 5.80 Å, 5.56 Å, 7.17 Å 
and 4.92 Å as shown in Fig. S2b, while it is 3.03 Å, 3.74 Å, 7.39 and 5.56 
Å in Fig. S2c. Similarly, H⋯H interactions are 3.12 Å, 4.92 Å, 2.91 Å and 
5.59 Å in Fig. S2d. 

3.7. Optimized molecular geometry 

The targeted molecule was optimized with Gaussian 16 software 
using B3LYP (hybrid functional) method and lanl2dz basis set. The 
optimized structure of the under studied compound was shown in Fig. 9. 
The comparative study of the optimized bond length and bond angles 
was also carried out with the experimental values obtained from XRD 
technique. It was observed that the theoretical bond length and bond 
angles deviated to some extent from the crystal parameters. This is due 
to the phase difference involved in the two calculations: in DFT, calcu
lations were made in the gaseous phase, whereas experimental mea
surements were done in the solid crystalline state. The Zn1-N1 and Zn1- 
N2 bond lengths were 2.047 and 2.021 Å, while these values were 3.571 
and 2.191 Å in experimental calculations, respectively. Zn1-O4 was 
1.974 Å in XRD while it was 1.890 Å in DFT; similarly Zn1-O2 was 1.949 
and 2.134 Å in XRD and DFT, respectively. The O2-Zn1-O4 bond angle 
was 101.47◦ in XRD, while it was 129.21◦ in DFT and O2-Zn1-N1 in XRD 
was 106.99◦ while it was 95.93◦ in DFT. In the solid state of 1, the bond 
angles O2-Zn1-N3, O4-Zn1-N1, O4-Zn1-N3 and N1-Zn1-N3 were 
128.13◦, 104.53◦, 105.60◦ and 107.77◦ respectively. DFT calculations 
showed these bond angles to be 144.905◦, 98.219◦, 85.881◦ and 76.060◦

respectively. Furthermore, the observed deviation might be because the 
XRD structure was resolved in the crystalline system, while the calcu
lations for the optimized structures in the form of DFT studies were for 
the isolated molecule [65]. 

Fig. 8. Fingerprint plots of contacts along with their relative contributions for 1.  

Fig. 9. DFT energy minimized structure of 1.  
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The DFT calculations in terms of HOMO and LUMO energy gap were 
also calculated and it was found that the energy gap between HOMO and 
LUMO was 3.035 eV while HOMO − 1 and LUMO + 1 energy gap was 
3.693 eV. These values predicted that the synthesized compound was 
highly stable in nature. The calculated HOMO and LUMO orbitals are 
shown in Fig. 10 along with the energy gaps. The charge on each atom in 
the molecule significantly affects the properties of the molecule. This 
also affects the magnitude of the dipole moment, electronic dispersion, 
acidity/basicity behavior, and vibration modes. Furthermore, the 
charge distribution on the molecule is used to differentiate its donor 
atoms from the acceptor ligand atoms. Molecular electrostatic potential 
(MEP) was also mapped with DFT studies [Fig. 11]. It also offers in
formation regarding the reactive spots, molecular size and shape on the 
surface of the molecule. The surface displayed different color schemes: 
red depicted the electron-rich area with a fractional negative charge and 
blue, an electron-deficient area with a partial positive charge, light blue 
depicted slightly electron-deficient region, yellow represented slightly 
electron-rich region and green showed a neutral region [66]. 

3.8. Evaluation of drug-likeness and toxicological properties 

Predicting the pharmacokinetic and toxicokinetic properties of 
therapeutic candidate molecules increases the likelihood of successful 

drug development. Lipinski and coworkers reported five rules for 
assessing whether a chemical is a drug candidate [67]. When the find
ings were evaluated, it was determined that polymer 1 complied with 
Lipinski’s five rules [Table 4]. BOILED-Egg model of polymer 1 showed 
that its gastrointestinal absorption is high, it cannot cross the blood–
brain barrier (BBB), and it can be used as substrates of P-glycoprotein 
[Fig. 12]. The compound’s solubility in octanol/water is found as low. 
According to the predicted findings, the complex does not interact with 
cytochrome P450 enzymes (CYPs) CYP2C19, CYP2C9, CYP1A2, 
CYP2D6, and CYP3A4. Polymer 1 is active in hepatotoxicity, but it is 
inactive in carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, 
and mitochondrial membrane potential (MMP). When all these advan
tages and disadvantages are evaluated, it is suggested that the complex 
can be a candidate drug and drug formulation studies may be pursued. 

3.9. Docking studies 

The disease COVID-19, which developed in late 2019 with the 
emergence of a new coronavirus named SARS-CoV-2, caused a global 
pandemic. The effects of the coronavirus disease continue. Drug studies 

Fig. 10. Energy gap measurement (HOMO − LUMO and HOMO − 1 − LUMO + 1) of 1.  

Fig. 11. Molecular electrostatic potential of 1.  

Fig. 12. BOILED-Egg model of polymer 1.  
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for the treatment of the disease are still ongoing. For this purpose, to 
investigate the binding interaction of the complex, the molecular 
docking of polymer 1 has been performed on six important proteins of 
SARS-CoV-2 (spike protein of Omicron variant, main protease (Mpro), 
NSP12, NSP15, NSP16 and TMPRSS2 protease). 

According to the calculated results, the binding scores for polymer 1 
with spike protein of Omicron variant, main protease (Mpro), NSP12, 
NSP15, NSP16 and TMPRSS2 protease were determined to be –5.9, –8.1, 
–5.5, –7.7, –7.4 and –6.4 kcal/mol, respectively. Interestingly enough, 
these scores (for spike protein and main protease, Mpro) are better than 
the corresponding scores for chloroquine, hydroxychloroquine and 

remdesivir [68]. 
Polymer 1 exhibits the hydrogen bond with amino acids such as 

Asp867 and His1058, carbon-hydrogen interaction with His1058, metal- 
acceptor interaction with Met731, π-anion interaction with Aps867, 
π-sigma interaction with Val860, π-alkyl with Pro863 and Pro1057 in 
the spike protein of Omicron variant [Table 5]. The distances of 
hydrogen bonds of polymer 1 with the Asp867 and His1058 amino acid 
residues of the spike protein of Omicron variant were found as 2.94 Å 
and 2.05 Å, respectively [Fig. 13]. It exhibits attractive charge interac
tion with His41, hydrogen bonds with Gln189, His41, Cys145, π-anion 
interaction with His41, π-alkyl interactions (Table 6) with Met165 and 
Cys145, metal interaction with Cys145 residue in the active site of main 
protease, Mpro of SARS-CoV-2. The hydrogen bond distances of polymer 
1 with the Gln189, His41, and Cys145 amino acid residues of main 
protease enzyme were found as 2.65 Å, 2.74 Å and 3.75 Å, respectively 
[Fig. 14]. It showed attractive charges interactions with Agr555, 
hydrogen bonds with Agr555 (at 2.39 Å), Asn691 (at 2.81 Å), and 
Ser759 (at 2.24 Å), π-anion interactions with Asp760, π-sulfur in
teractions with Cys622 and π-alkyl interaction with Ala688 of NSP12 
protein of SARS-CoV-2 [Fig. 15]. Polymer 1 interacts with salt bridge 
with Lys290 residue, attractive charge with His235 and His250, 
hydrogen bonds with His250 (at 2.10 Å), Thr341 (at 2.29 Å) and Tyr343 
(at 2.97 Å), metal-acceptor with Gln245, π-donor hydrogen bond with 
Trp333, π-sigma with Tyr341, π-π stacking with Tyr343 and π-π T shaped 
with Trp333 of NSP15 protein of SARS-CoV-2 [Fig. 16]. Polymer 1 

Table 5 
The pharmacokinetic properties of polymer 1.  

Properties Predicted Result 

Molecular weighta 483.10 
Number of heavy atoms 28 
Number of aromatic heavy atoms 18 
Number of rotatable bonds 7 
Number of H-bond acceptors 4 
Number of H-bond donors 2 
Molar Refractivity 94.56 
TPSA (Å2) 114.50 
Log Po/w 2.27 
GI absorption High 
BBB permeant No 
P-gp substrate Yes 
CYP1A2 inhibitor No 
CYP2C19 inhibitor No 
CYP2C9 inhibitor No 
CYP2D6 inhibitor No 
CYP3A4 inhibitor No 
LogKp (skin permeation) –7.08 
Lipinski Yes; 0 violation 
Toxicity classb 5 
Predicted LD50 2850 mg/kg 
Hepatotoxicity Active 
Carcinogenicity Inactive 
Immunotoxicity Inactive 
Mutagenicity Inactive 
Cytotoxicity Inactive 
MMPc Inactive 
aMolecular weight unit g/mol 

bToxicity class1-toxic; 6-non-toxic 
cMMP: Mitochondrial membrane potential  

Fig. 13. The molecular docking results of polymer 1 on the spike protein of Omicron variant of SARS-CoV-2 (a), 2D interactions of polymer 1 with amino acids in the 
active site of the spike protein of Omicron variant of SARS-CoV-2 (b). 

Table 6 
Binding energy and interactions of 1 with SARS-CoV-2.  

Protein Binding energy 
(kcalmol− 1) 

Active site residues involved in interactions 

Spike protein  –5.9 Asp867, His1058, Met731, Val860, 
Pro863, Pro1057. 

Mpro  –8.1 His41, Gln189, Cys145, Met165. 
NSP12  –5.5 Agr555, Asn691, Ser759, Asp760, Cys622, 

Ala688. 
NSP15  –7.7 Lys290, His235, His250, Thr341, Tyr343, 

Gln245, Trp333, Tyr341. 
NSP16  –7.4 Lys6968, Lys6844, Asn6928, Asp6928, 

Asp6897, Pro6932. 
TMPRSS2 

protease  
–6.4 His334, Val479, His41, Asp482, Asp482, 

Arg150, Pro369, Met478, Val479.  
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makes salt bridge with Lys6968 residue, attractive charge with Lys6844, 
hydrogen bonds with Asn6928 (at 2.97 Å) and Lys6844 (at 2.39 Å), 
metal-acceptor with Asp6928, π-anion with Asp6897, π-alkyl with 
Pro6932 of NSP16 protein of SARS-CoV-2 [Fig. 17]. Polymer 1 also 
binds via attractive charge interaction with His334, hydrogen bond with 
Val479, π-anion interaction with His41, π-anion interactions with 
Asp482, π-sigma with Asp482, π-alkyl interactions with Arg150, Pro369, 
Met478 and Val479 residues in the active site of TMPRSS2 proteases of 
SARS-CoV-2 [Fig. 18]. The hydrogen bond distance of polymer 1 with 
the Val479 residue of TMPRSS2 proteases was found as 2.41 Å. When all 
the results obtained were evaluated, it was found that polymer 1 makes 
many important electrostatic and hydrophobic interactions as well as 
strong hydrogen bond interactions with the important targets of SARS- 
CoV-2. Therefore, further in vitro/in vivo studies of polymer 1 are 
recommended. 

3.10. Thermal analysis 

The thermal behavior of 1 was investigated by the use of TGA and 
DSC. The TGA curve of 1 shows a multistep decomposition [Fig. S3]. The 
first 5.13 % weight loss (calculated 4.13 %) occurs in a single-step loss 
(please see DSC) between 40 and 110 ℃ and is due to the loss of the 
lattice water molecule per formula unit. The second weight loss (35.74 
%) from 130 to 237 ℃ is attributed to the partial breakdown of the 
framework caused by the loss of the phthalato ligand (calculated 37.66 
%). The last decomposition (41.58 %) can be attributed to the loss of the 
two coordinated 2-aminopyridine ligands (calculated 43.20 %). This 
occurs in three interconnected steps between 252 and 800 ℃ (please see 
DSC).The final weight at 800 ℃ is approximately 20.38 % suggesting the 
predominance of ZnO (calculated 18.68 %). 

The DSC thermogram shows four exothermic and one endothermic 
peaks [Fig. S3 (inset)]. The first exothermic peak (98 ℃) corresponds to 
desolvation of the polymer. The endothermic peak (194 ℃) signifies the 
loss of the phthalato ligand. The last exothermic peaks (340, 372, 437 

Fig. 14. The molecular docking results of polymer 1 on the main protease enzyme, Mpro of SARS-CoV-2 (a), 2D interactions of polymer 1 with amino acids in the 
active site of main protease enzyme, Mpro of SARS-CoV-2 (b). 

Fig. 15. The molecular docking results of polymer 1 on the NSP12 protein of SARS-CoV-2 (a), 2D interactions of polymer 1 with amino acids in the active site of 
NSP12 of SARS-CoV-2 (b). 
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and 460 ℃) represent the loss of the two coordinated 2-aminopyridine 
ligands [69]. 

4. Conclusion 

A novel supramolecular coordination polymer, {[Zn(2- 
Ampy)2(Phth)]•(H2O)]}n (1) of Zn(II) involving bridging o-phthalato 
ligand has been synthesized and characterized by single crystal X-ray 
diffraction, elctronic spectroscopy, FT-IR, PXRD and thermal analysis. In 
the crystalline state, the polymer 1 has a basic trimeric unit that is sta
bilized by N–H⋯O and π⋯π interactions. The bridging phthalato li
gands interconnect these trinuclear units to form a polymeric 1D chain, 
which get interconnected through C–H⋯H–C interactions to give a 
layered architecture of 1 in the ab-plane. These layers stack together 
along the c-direction through C–H······O and C–H⋯H–C interactions, 
thereby resulting in a 3D structure with the lattice water molecules 
enclathrated therein. DFT results showed a good coherence between the 
values from experimental and computational studies. Various contacts 
of the polymer were checked by Hirshfeld surface analysis, which 

revealed that the H⋯H interactions were the foremost contributors to its 
stabilization. The in silico inhibitory action of the compound was studied 
by molecular modeling study with six important proteins of SARS-CoV-2 
viz. spike protein of Omicron variant, (PDB Code: 7T9J), main protease, 
Mpro (PDB Code: 7BQY), NSP12 (PDB Code: 7BV2), NSP15 (PDB Code: 
6WXC), NSP16 (PDB Code: 6WKQ) and TMPRSS2 protease (PDB Code: 
7MEQ). 2D and 3D molecule-enzyme contacts and their docking posi
tions proposed that the synthesized compound is a good inhibitor 
against them. The docking scores with spike protein and Mpro are even 
better than the common antiviral drugs against SARS-CoV-2. Its ADMET 
study revealed satisfactory pharmacokinetic and toxicokinetic proper
ties. The experimental and computational investigations recommended 
that in vivo and supplementary studies might be pursued for the vali
dation of the polymer 1 in the therapeutic field. 
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