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In the present work, a newly synthesized silver(I) complex was characterized using elemental anal-
ysis, UV-Vis spectroscopy, and infrared spectroscopy. DFT calculations at the B3LYP/LANL2DZ level
were used to investigate structural, electronic, and spectroscopic properties. The intermolecular inter-
actions in the structure were analyzed by topological AIM, RDG, and NBO approaches. Compound [Ag(4-
pyridinecarboxaldehyde),]NO3; proved to be the most active compound in this study and showed the
highest antibacterial activity against S. aureus ATCC 29,213, S. epidermidis ATCC 35,984 and P. aeruginosa
ATCC 27,853. Test compound was examined for antiquorum-sensing activity against C. violaceum ATCC
12,472 and title compound exhibited good antiquorum-sensing activity. In addition, these compound ac-
tivity relationships were further supported by in-silico molecular docking studies where some of the ac-
tive title compound showed maximum dock score.

© 2022 Elsevier B.V. All rights reserved.

1. Introductions

The discovery of new heterocyclic ligands for the purpose of
synthesizing novel metal complexes has sparked considerable in-
terest due to the many uses of coordination chemistry in a vari-
ety of fields, such as medicine, hydrometallurgy, and biotechnology
[1]. The 4-pyridinecarboxaldehyde ligand and its metal complexes
are considered privileged ligands in medicinal chemistry because
they have been shown to have a wide range of biological proper-
ties [2]. It has been discovered to have good action against bacteria
(e.g., Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae)
and fungus (Candida albicans, Apergillus niger, and Pencillium sp.)
[3-5], as well as modest nuclease activity [5]. Silver is utilized in
clinical practice because it is efficient against a wide spectrum of
bacteria at low doses [6-8]. Also, silver has the capacity to bind
thiols in proteins and enzymes, inhibit cellular respiration, damage
cell membranes, and bind nucleic acids [9]. There is a great deal of
interest in developing new silver(I) compounds with high pharma-
cological activity, such as antitumor [10,11] and anticancer agents
[12,13], anti-ulcer, antibacterial, and antifungal [12-14] properties,
based on the benefits of silver(I) and emerging challenges in ill-
ness therapy. This is part of a larger effort to develop new medica-
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tions to complement existing ones and increase the battle against
illnesses.

In the literature, the synthesis and theoretical analysis of 4-
pyridinecarboxaldehyde (4-PCA) and its complexes with Co (II), Ni
(1), Cu (II), and Zn (II) ions have been reported [1,15,16]. The bi-
ological importance of the Schiff base complexes, as well as their
medicinal applications, has made them a fascinating and rewarding
study target, inspiring scientists for further studies.

In this study, the 4-pyridinecarboxaldehyde silver nitrate com-
plex, [Ag(4-PCA)4]NO3, was synthesized. To characterize the title
compound, quantum chemical calculations and wave function anal-
ysis techniques were applied. The title compound’s optimized geo-
metrical structure was determined using the Gaussian 09 W soft-
ware. Vibrational wavenumbers were calculated for the complex
by using experimental (FT-IR and UV-vis) and theoretical methods.
The molecular electrostatic potential (MEP) surface was analysed.
The chemical reactivity Fukui function and NBO analysis were also
carried out to understand the reactive sites of the Ag(l) complex.
The topological analysis was carried out using color-filled and re-
lief maps of Atoms in Molecule (AIM), reduced density gradient
(RDG), electron localization function (ELF), and localized orbital lo-
cator (LOL). Molecular docking of the title ligand is performed with
anti-bacterial receptor proteins. Also, computer-aided drug design
can predict pharmacokinetics and pharmacology features such as
absorption, metabolism, excretion (ADME), and toxicity of the title
silver complex.
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2. Experimental
2.1. Synthesis of complex

Silver nitrate and 4-pyridinecarboxaldehyde were purchased
from Sigma-Aldrich and used without purification. The chemical
process was used to create a silver complex. The ligand (4-PCA)
(2 mmol), was liquefied in 20 mL of ethanol. Following that, AgNO3
(1 mmol) was gradually added to the first obtained solution with
constant mixing at 50 °C. After 3 h of stirring at the same tem-
perature, the final solution was kept at room temperature for 1
week to allow the solvent to evaporate. To protect the combina-
tion from light, it was covered in aluminum foil and stored at
+4 °C for three months. The synthesized compound contains a 1:4
metal-to-ligand ratio. The colorless metal complex was filtered and
dried under an ambient atmosphere. The yield of the synthesized
compound was 75.4%. The following calculated and experimental
values for C, H, and N analyses were reported:[Ag(C6H5NO)4|NO3,
[C24H20AgN507], CHN Calc: C: 48.17%, H: 3.36%, N: 11.70%. Found:
C: 48.80%, H: 4.01%, N: 11.40%.

2.2. Instrumentation for recording spectra

The infrared spectrum of [Ag(4-PCA)4]JNO3 complex was
recorded between 4000 and 550 cm~! on the Bruker Vertex 80
FT-IR spectrometer. Far-IR spectra was recorded between 700 and
100 cm~! on the Bruker IFS 66/S system. UV-Vis spectra were
recorded in quartz cell DMSO as the solvent using an Agilent HP
8453 spectrophotometer.

2.3. Antibacterial and antiquorum-sensing activities

Ten bacterial cultures (S. aureus ATCC 29,213, S. epidermidis
ATCC 35,984, L. monocytogenes ATCC 35,152, B. subtilis ATCC 6633,
B. cereus 709 Roma, E. faecalis ATCC 29,212, E. coli ATCC 25,922, S.
typhimurium ATCC 14,028, P. aeruginosa ATCC 27,853 and K. pneu-
moniae ATCC 13,883 were used. All these bacteria were taken from
cultures obtained from Kirsehir Ahi Evran University, Biology De-
partment Culture Collection.

In this study, the antibacterial activities of compounds were de-
termined by the Minimal inhibitor concentration (MIC) and Agar
well diffusion method.

Minimum inhibitory concentrations (MIC) for compounds
against bacteria strains examined in accordance with the NCCLS
guideline [17]. Mueller-Hinton broth was used in suspension of
bacteria (0.5McFarland), in solutions of substances to be tested
(1000 pg/ml in DMSO) and in MIC testing.

In Agar well diffusion method, Test bacteria were inoculated
into Nutrient Broth (Difco) and incubated at 37 °C for 24-48 h.
Mueller Hinton Agar (Oxoid) was used in agar well diffusion
method and to count bacteria (10° bacteria per mL) for 24-48 h.
The wells of the culture plates were drilled with a sterile cork
borer (7 mm diameter).

10% DMSO (10 mg /mL) dissolved compounds were added to
these wells. After 24-48 h, the inhibition zones formed on the agar
plates were measured in millimeters (mm).

Ampicillin (AMP) (10 pg) was used as a positive control, and
DMSO was used as a negative control. The NCCLS guidelines were
used for each step of the disk diffusion method [18].

The test was done in triplicate and the results were expressed
as a mean. The zone diameters of the obtained agar well diffusion
were compared with the standard antibiotic ampicillin.

In addition, the antipathogenic potential of the compounds was
detected by antiquorum detection activities against C. violaceum
ATCC 12,472 in LB agar medium.
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C. violaceum (1 x 106) culture was spread on the LB agar sur-
face by swap. Then, wells were drilled in LB agar using cork borer
and the tested compounds (5 mg / mL) were applied to the wells
after dissolving in 10% DMSO.

The plates were incubated at 30 °C for 24 h to determine inhi-
bition of pigment production around the well. The formation of a
clear halo around the disc and the formation of bacterial growth
inhibition were evaluated as positive.

3. Computational methods
3.1. Computational details

The DFT calculations were performed using GAUSSIAN
09 [19]. The DFT-B3LYP approach with the LANL2DZ ba-
sis set was used to optimize the geometry of the [Ag(4-
pyridinecarboxaldehyde);](NO3) complex. The B3LYP/LANL2DZ
optimized molecular structure is used to perform vibrational
frequencies, HOMO-LUMO orbitals, global chemical reactivity
parameters, Fukui functions, NBO, and MEP analysis of the studied
compound. HOMO, LUMO, and MEP analysis were visualized
using GaussView 5.0 [20]. By employing Multiwfn [21] and the
molecular visualization program VMD [22], RDG analysis leads
to an easy-to-catch pictorial visualization of different kinds of
non-covalent interactions directly in real space.

Using the Multiwfn software based on the quantum theory of
AIM, the H-bond interactions were described in terms of electron
density, p(r), its Laplacian V2p(r) and potential energy density at
bond critical points (BCP) [23,24]. ELF and LOL were graphically
plotted by the non-covalent interaction (NCI) methods using the
Multiwfn program.

The UV-vis spectra and features such as electronic transitions,
excitation energy, absorbances, and oscillator strength of the opti-
mized structure were calculated using the time-dependent func-
tional theory (TD-DFT) [25] via the B3LYP/LANL2DZ method in
DMSO solvent.

The molecular docking of the chemical ligand-protein binding
site was performed using Autodock 2.2.6 software [26]. The docked
complexes were visualized using Chimera [27] and Discover studio
software [28].

Pre-ADMET software [29] and the SwissADME tool [30] are
used to calculate the ADME properties of the title complex. The
organ toxicities and toxicological end points of the Ag(I) complex,
as well as their LDsy, were estimated using the Protox-II website
[31].

4. Results and discussion
4.1. Molecular geometry

The B3LYP/LANL2DZ method was used to calculate the opti-
mized molecular structural parameters (bond lengths and bond an-
gles), and the results are given in Table S1. The atom numbering
scheme used for [Ag(L),]NO5 is depicted in Fig. 1. Silver most com-
monly forms complexes of linear and tetrahedral geometry [32],
while complexes of higher coordination numbers are rare. The sil-
ver(l) centers in the compound are tetra-coordinated via distorted
tetrahedral geometry via the Npy atoms. This complex is coordi-
nated with two short and two long Ag—Npy bonds. The Ag—N
(pyridine) bond distances are found to be: Ag-N3 = 2.286 A, Ag-
N22 = 2.264 A, it is observed that the Ag—N bonds have good
agreement with the Ag-N bonds of similar system [33-36]. How-
ever, the long bonds were so long (2.5 A) that the complex is actu-
ally two-coordinate. It may be recalled that trans-geometry hav-
ing four short bonds are not possible for these ligands due to
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Fig. 1. Optimized geometric structure with atom numbering of the title compound.

o-hydrogen strain (bulk effect) [36]. The bond angles of N3-Ag-
N22, N3-Ag-N29, and N3-Ag-N14 were 153.18°, 98.16°, and 75.51°,
respectively, which were similar to previously described silver(I)
complexes with N, Nbis (pyridyl) ligands [35].

The Ag..O (nitrate ion (NO3~)) distances are in the range of
2.56-3.85 A indicating ionic NO3~anion. The NO;~anion is linked
to the cation complex through electrostatic interactions, inter-
molecular C-H--O interaction is formed between the pyridine ring
carbon of 4-PCA and the nitrate ion (NO3~) oxygen. The intra-
molecular hydrogen bonding C-H...O in complex is corroborated
by intermolecular hydrogen distance of H...0O (2.206, 2.177, 2.241,
2.250 A) which is shorter than the van der Waals separation be-
tween O and H atom (3 A) [37,38]. This shows that the possibil-
ity of C-H...0 hydrogen bonding and interaction exists in the Ag
complex. These intramolecular interactions and the development
of molecules with improved biological profiles.

4.2. Vibrational analysis

The goal of vibrational analysis on the [Ag(4-
pyridinecarboxaldehyde)4JNO3; complex is to identify vibrational
modes related to relevant and specific molecular structures of the
compound under investigation. Fig. 2 shows both experimental and
theoretical FT-IR spectra of the titled complex. Only total energy
distribution (TED) contributions of >10% and the experimental IR
and Raman spectrum were considered in the assignments. Table
S2 summarizes the observed and computed wavenumbers and as-
signments for complex in the gas phase using the B3LYP/LANL2DZ

method. The infrared spectrum confirms the existence of func-
tional groups and can be used to gain more information about
the elaborated material. Infrared (IR) analysis suggests a bidentate
coordination of 4-PCA to silver by the nitrogen of the pyridine
group and also confirms the presence of free nitrate anion. The
most essential groups’ assignments are discussed in detail.

4.2.1. C-H vibrations

In the 3100-3000 cm~! region, hetero aromatics such as
pyrazines, pyridines, pyrroles, furans, and thiophenes display C-H
stretching bands [39]. Additionally, Cluyts et al. observed an alde-
hyde group C-H stretching vibration in the infrared spectra of the
4-pyridinecarboxaldehyde molecule at 2843-2704 cm~! [40]. C-H
stretching vibration is attributed to the band observed at 3260
and 3031 cm~! (pyridine ring), and 2837 cm~! (aldehyde group)
in the IR spectrum in our studies. C-H stretching vibrations have
been calculated to be in the range of 3126-3069 cm~! and 2881-
2870 cm~!, respectively. The intramolecular C-H...O interaction is
responsible for the deviation in experimental wavenumber from
the expected range. The intermolecular hydrogen bond (C-H ... 0),
the O-H stretching vibrations are in the range between 3500 and
3200 cm~! [41,42]. The scaled values for these stretching vibra-
tions in the complex were calculated in the 3116-3082 cm~! range
and are shown in Table. The CH-in plane bending and CH-out plane
bending vibrations are predicted to appear in aromatic compounds
in the ranges of 1400-1000 cm~! and 1000-750 cm~! [43,44]. The
IR spectrum of the investigated Ag(I) complex shows CH in plane
bending modes at 1476, 1468, 1449, and 1414 cm~!, while CH-
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Fig. 2. FT-IR spectra of the title compound carried out experimentally (a) and theoretically (b).

out of plane bending vibrations show strong bands at 1035 and
870 cm~1,

4.2.2. C=0, c-n and c-c vibrations

The C=0 stretching vibrations of ketones, aldehydes, and
amides generally show up in the region of 1750-1650 cm~! [45].
The IR spectrum of the complex is characterized mainly by two
strong bands at 1711 and 1614 cm~! and calculations give this
mode at 1618 and 1614 cm~!, which are attributed to the carbonyl
(C=0) stretching vibration. The presence of a carbonyl group is in-
dicated by a strong band in the free ligand at 1708 cm~!, while
this peak was observed at 1711 cm~! in the complex. The spectral
analysis shows that no significant shift is observed in the carbonyl
band of title complex. The fact that this band do no shift indicates
that the carbonyl oxygen atoms of the ligand are non-coordinated
to the metal atom in complex. Because of the possibility of X-Y...Z
hydrogen bonding, there is a small deviation between experimen-
tal and theoretical wavenumbers.

The IR spectra of the ligand showed the presence of v(C=N)
stretching band at 1595 cm~!. The synthesized complex, the (C=N)
band appeared around 1614 cm~! in the spectra. The band shifted
to higher frequency after complexation, which this shifted due to
the coordination of the Npy to the Ag(I) ion. In general, C-N vibra-
tions are difficult to identify because they occur in a complicated
region of the vibration spectrum that can combine many bands, for
example, the carbonyl group’s in-plane and out-of-plane bending

vibrations. The C-N stretching bands of the aromatic ring should
be in the range of 1450-950 cm~! [46]. The title compound, the
medium band observed at 1333 cm~! and the very strong band
observed at 1006 cm~! in the IR spectrum are assigned to C-N
stretching vibration, the relating band at 1318, 1007 cm~! by DFT
calculations. The IR spectrum of the free ligand demonstrates char-
acteristic bands at 1320 and 995 cm~! which we allocate to the
pyridine ring C-N stretching frequencies. This band shifts to higher
frequencies in the metal complex to the extent of 10-20 cm~!,
implying that pyridine nitrogen is involved in the coordination
sphere, while the complex’s elemental analysis supports this in-
terpretation.

The C-C stretching pyridine ring vibrations arise in the region
of 1600-1450 cm~! in the IR spectrum [38,47]. The C-C stretch-
ing mode is recorded in the FT-IR spectrum at 1563, 1225 cm™!
as a medium band. The theoretical computed wavenumbers are at
1565, 1220 cm~! with a TED contribution of about 25%. Normally,
the C-C-C bending bands are below 600 cm~!. This band, observed
at 560 (medium) cm~! in the IR of the title compound, is assigned
to the C-C-C bending and C-C-N torsion modes.

4.4.3. NO;3 vibrations

The infrared spectra of the nitrate complexes revealed the char-
acteristic IR frequency for the strong band at 1289 cm~! in the
spectrum of the metal complex confirms the presence of free NO3~
as a counterion ion [48]. In the experimental IR of the Ag(I) com-
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Fig. 3. Gaphical representations of the AIM analysis of the [Ag(4-PCA)4]NOs.

Table 1

AIM topological parameters for intramolecular interaction in [Ag(4-PCA)4]NOs.
Interactions p(r) V2p(r) H(r) G(r) V(r) Epong(kj/mol) A4 Ao A3
Cy7-Hse. . .0s7;  0.01582  0.05102  0.00166  0.01109 —0.00942  49.46442 -0.01799  -0.01709  0.08612
Cs34-Hgo. . .Os7  0.01635 0.05464 0.00176  0.01189 —-0.01013  53.19263 —0.01181 —0.01746  0.09022
Ci5-Hgp. . .0ss 001111  0.04513  0.00207 0.009212  -0.00714  37.49214 -0.01102  -0.09780  0.06513
Cy-Hyo. . .Os6 0.01442  0.04639  0.00153  0.01006 —0.00853  44.79103 -0.01157  -0.01511  0.07725

plex, a very strong band appears at 1289 cm~!, which corre-
sponds to the nitrate group (in Fig. S1). As evidenced by its in-
frared absorption in this strong new band [49], the nitrate is not
coordinated with the Ag(I) center. Due to the fact that NOs is a
nonlinear molecular ion, vibrations that NO3~stretching vibrations
are present, and these are observed as strong peaks at 1098 and
910 cm~! (pure modes; their TED contribution is about 15%).

Based on experiments, the Ag-N (or Ag-pyridine) stretching
mode should be given 645,137, 90, and 76 cm~! bands. These ex-
perimentally observed values are in agreement with the theory.

Experimentally, 645,137, 90, and 76 cm~! bands should be as-
signed to the Ag-N (or Ag-pyridine) stretching mode. Also, absorp-
tion bands in the range of C-N-Ag bending modes are observed in
the range of 120-100 cm~! [50]. This peak is observed at 121 cm™!
in the experimental IR of the complex, while 120 cm~! is calcu-
lated.

4.3. Non-covalent interactions

4.3.1. Topological analysis (AIM)

The AIM (Atoms-in-Molecules) analysis enables us to gain a
better understanding of the non-covalent interactions occurring in-
side a molecular system and the strength of hydrogen bonds by ex-
amining their topological and energetic characteristics [51]. Fig. 3
shows the AIM topology graph of the Ag(I) complex. Also, the bond
critical point (BCP) for this system was clearly marked. There is
a potential for hydrogen bond interaction between C-H...O in the
complex, as seen in Fig. 3. The topological parameters of non-
covalent interactions are given in Table 1. The calculated values
of the electron density p(r), the Laplacian of the electron density
V2p(r), the eigenvalues of the Hessian matrix (A, Ay, A3), den-
sity total energy H(r), Lagrangian kinetic energy G(r), local elec-
tron potential V(r) and bond energy (E,,,q = V(r)/2), in Table 1.
The AIM results showed that the Ag(I) complex is characterized by
four BCPs, which define the C-H...O type interaction. According to
Rozas et al. [52], these hydrogen bonds are strong hydrogen bonds

if the electron density is V2p(r) < 0 and the total energy density
is H (r) < 0; If V2p(r) > 0 and H(r) >0 it is considered a weak
hydrogen bond. According to the results, the Laplacian of charge
density values are positive, indicating that the electronic charge is
depleted along the binding pathway and the presence of ionic in-
teraction [53]. The calculated interaction energy at BCP indicates
that in the interactions between C34-Hyg....O57 in complex has the
highest value of interaction energy, so it is the strongest interac-
tion.

Based on the results of the QTAIM analysis of the Ag-N appear-
ing in the molecular graph of the complex. For the Ag-N3, Ag-N,,
and Ag-N,g bonds, V2p(r) is positive and H(r) is negative, indicat-
ing that the bond is partially covalent character. The positive val-
ues of V2p(r) and H(r) for Ag-Ny4 indicate that the bond has an
electrostatic character.

4.3.2. Reduced gradient of density (RDG)

The non-covalent interactions (NCI) approach may be used to
investigate all forms of interactions, especially in low-density areas
or regions [54]. As can be seen in the predicted RDG plot, there are
three areas of interaction. Regions marked in green indicate Van
der Waals interactions, the red color corresponds to repulsive in-
teractions (steric effect) localized mainly at the loop level, while
the blue color indicates the presence of hydrogen bonds. The pre-
dicted RDG plot for the Ag(I) complex is given in Fig. 4. Looking
at the graphs, the red region indicates strong repulsive interac-
tions mainly observed in the centers of the pyridine ring (steric
effect), the blue color represents C-H...O strong hydrogen bond in-
teractions, while the green sign represents strong repulsion and in-
teractions region Van der Waals (VDW) interactions. The green re-
gions of interactions corresponding to the VDW have a very high
density of complex structure due to H....H interactions.

4.3.3. ELF and LOL analyses
Topology analysis of the electron localization function (ELF), and
localized orbital locator (LOL) is often employed to show atomic
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Fig. 4. 2D scatter and Isosurface density plots illustrating the non-bonded interactions of [Ag(4-PCA)4]NO3.

shell structure, chemical bonding classification, and charge-shift
bond verification on the molecular surface. The electron environ-
ment of each atom is characterized by a relief map with a large
or contracted peak region. These results show how easy it is to
discover an electron pair on a molecular surface [2]. ELF and LOL
have a chemical relationship that is comparable in that they both
rely on the density of kinetic energy. While ELF is due to the den-
sity of the electron pair, LOL only shows the gradient of localized
orbitals and is used when localized orbitals overlap [55]. LOL ex-
presses much more stable and vivid depictions than ELF. 2D and
3D depictions of the ELF and LOL isosurface for the Ag (I) com-
plex in Fig. 5. The Fig. 5(a) shows, the highly localized bond and
non-bond electrons around hydrogen atoms, which are shown by
elevated ELF regions. The electron cloud delocalized around some
carbon atoms (C1, C2, C15, C17, C26, C27, C33, C34) is represented
by blue regions. The electron depletion region where electrons are
highly localized (red region) around H13, and H48 hydrogen atoms
is shown in the ELF map. The blue circle around oxygen atoms 037
and 051 is the region of electronic depletion between the inner

layer and the valance layer. The region with red and orange col-
ors represents a strong electronic localization. In this region, there
are oxygen atoms in the complex. The covalent bond exists around
carbon-carbon atoms, as evidenced by the red color and high LOL
value. In Fig. 5(b), the white color in the central region of the H13
hydrogen atom denotes the crossing of the color scale limit in the
form of electron density.

4.3.4. Natural bond orbital (NBO) study

The natural bonding orbital (NBO) study is used to eval-
uate the inter and intra molecule H-bonding interactions of
various chemical systems [56,57]. Also, the NBO analysis pro-
vides a suitable foundation for examining the high electron
density in the molecular system’s orbital bonding [58]. The
interaction between donor and acceptor is characterized by
significant energy E®?) in the NBO analysis [51]. Table 2 se-
lects interactions with stabilization energies E() > 5 kcal/mol.
The most important interaction of energy in the titled com-
plex was the electron coupling m*(Nyg4 —Ci5) — *(Cig — Ci7),
7T (C = N3) — 75 (C — Cg), w*(Npg — C34) — 7*(C39 — C31), which
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Fig. 5. Relif map and Color filled map of (a) ELF and (b) LOL of [Ag(4-PCA)4]NOs3.

stabilizes at 194.87, 132.32 and 132.85 kcal/mol respectively. The
outcome of the second perturbation theory highlights the fact that
electron transfer from the N-C and the C-C in the pyridine ring is
predominant.

The biological activity of a molecule is defined by the stabi-
lizing interactions between the LP orbitals and the o* or m* or-
bitals. [59]. The stabilization energy of LP(O), and LP(C) donors
that interact with neighboring antibonding acceptors 7*(Ns4 —
Os6), 0*(Nsq — Os6) and 7*(Nag — C34), 7* (G0 — CG31) is computed
in this work, with the energies of 108.61, 83.39, and 101.06,
59.82 kcal/mol for the Ag(I) complex. The biological activity of the
title compound is therefore validated based on the nbo results.

The chemical interpretation of hyperconjugation interactions
and Electron Density Transfer from the filled lone electron pair
n(Y) to Lewis base Y into the unfilled antibond o*(X — H), of
the “Lewis acid” X-H in the X-H...Y hydrogen bond system is also
provided by the NBO analysis [60,61]. Intermolecular C-H...O hy-
drogen bonding is generated in complexes by orbital overlap be-
tween the oxygen (O) lone electron pair and the o*(C — H) anti-
bonding orbitals, which results in intermolecular charge transfer
and causes stabilization of H-bonded systems. The magnitude of
charge transfer from lone pair LP(2)0s; to 0 *(Cy7 — Hzg), LP(1)Os56
to 0*(C, — Hyp) and LP(1)0s5 to o*(Cys — Hyp) with E(2) energies

of 3.64, 2.61, and 1.31 kJ/mol, respectively, denotes the extent of
the intermolecular hydrogen bond. This is further supported by
AIM analysis as well.

4.4. Electronic properties

4.4.1. Frontier molecular orbital and chemical descriptors studies

The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) can reveal some struc-
tural, and physical characteristics as well as the nature of reactiv-
ity. Furthermore, the Frontier molecular orbital (FMO) provides in-
teractions in molecules, which are critical in biological properties
[62]. Fig. 6 depicts the HOMO-LUMO orbitals of the Ag(I) complex.
HOMO stated that the charge density was localized to the nitrate
ion and around the metal, and LUMO exhibited unoccupied orbitals
that were delocalized to the 4-PCA ligands containing N3, and N22
nitrogen atoms in the pyridine ring.

Chemical reactivity descriptors based on Conceptual Density
Functional Theory, such as electronegativity (x), chemical hard-
ness (n), chemical softness (S), electrophilicity index (w) and chem-
ical potential (n), were established to get a better understanding
of the compound’s chemical reactivity [63]. Table 3 summarizes
the reactivity descriptions. The energy gap for the title molecule
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The second order perturbation energies E@ (kcal/mol) corresponding to the most
important charge transfer interactions (donor-acceptor) in the compound studied by
B3LYP/LANL2DZ method.

Donor NBO (i) Acceptor NBO (j) ~ E@ (kcal/mol)®  &; —gi(au)?  F(, j)(au)
o (Cy —Cs) % (G, — N3) 27.90 0.25 0.075
*(Cs — Cs) 16.67 0.28 0.063
o*(C; — 0g) 17.82 0.26 0.066
(G, —N3) T+ (G —Ce) 11.77 0.33 0.056
7*(Cy — Cs) 23.05 0.33 0.078
o (Cs —GCs) o*(Cy — Cs) 2134 0.28 0.070
o*(C; —N3) 16.90 0.25 0.058
o (G — 0g) o (C; - Gs) 5.65 0.39 0.045
LP(1)N; o*(C - G) 7.15 0.93 0.075
0*(C4 —Gs) 7.07 0.94 0.075
LP(2)0g o+ (Cs — G7) 15.81 0.69 0.095
o*(Cy — Hiz) 19.44 0.63 0.100
7%(C — N3) 7(Ci — Cs) 132.32 0.03 0.087
7+ (C4 —Cs) 73.77 0.03 0.072
LP(1)N; LP*(6)Ag 21.20 0.47 0.090
(N —Cis)  70%(Ci — Ci7) 13.88 0.31 0.059
*(Cig — Cig) 23.24 0.31 0.077
77 (Cis — Ci7) 7% (Nyg — Cis) 24.89 0.26 0.072
7*(Cis — Cio) 17.12 0.28 0.064
7*(Cs0 — Os1) 18.65 0.26 0.067
77 (Cig — Cig) 7% (Nyg — Cis) 17.60 0.26 0.061
7*(Cis — Ci7) 21.14 0.28 0.069
7T(C50 — 051 ) * (C15 - C17) 5.52 0.39 0.045
LP(1)05 RY*(Csp) 11.73 1.80 0.130
7*(Cr7 — Cso) 15.63 0.70 0.094
7*(Cso — Hsy) 19.52 0.63 0.100
7*(N1g — Ci5) 7*(Cig — Ci7) 194.87 0.02 0.084
7*(Cig — Cio) 112.99 0.02 0.074
7T(N22 — C27) T* (C23 — C24) 2291 0.33 0.078
7*(Co5 — Cg) 11.71 0.33 0.056
T(C3—Ca) 7 (Nap —Cay) 16.96 0.25 0.050
7*(Cos — Cog) 2137 0.28 0.070
7T(C25 — Cze) * (N22 - C27) 27.99 0.25 0.075
7+ (Co3 — Cog) 16.63 0.28 0.063
7*(0z8 — Ca7) 117.78 0.26 0.066
g (023 — C47) * (C25 — Cza) 5.66 0.39 0.045
LP(2)0z *(Cos — Cay) 15.82 0.69 0.095
0*(Cy7 — Hag) 19.45 0.63 0.100
7T(N22 — C27) T* (C23 — C24) 70.97 0.03 0.072
*(Co5 — Cg) 129.65 0.03 0.087
LP(1)Ny, LP*(6)Ag 2226 0.47 0.092
7 (Nag — Goa)  LP*(1)Ca3 27.51 0.19 0.078
N(Nzg — C34) * (C30 — C;]) 24.97 0.31 0.079
(G0 —Ga1) LP(1)C3; 53.19 0.14 0.093
LP(1)Gsy 7*(Cao — Ga1) 59.82 0.13 0.100
7*(037 — Cs6) 50.13 0.12 0.096
LP(1)C33 7% (Nag — C34) 101.06 0.11 0.115
LP(1)03; RY*(Cs6) 11.74 1.80 0.130
LP(2)Cs; *(C32 — Cag) 15.89 0.69 0.095
0*(Cs46 — Hag) 19.73 0.62 0.100
7% (Npg — Csa)  7*(Cy0 — C31) 132.85 0.02 0.074
LP(1)Nag LP*(8)Ag 12.30 1.27 0.008
LP(2)0s5 LP*(9)Ag 10.91 0.87 0.087
LP(3)0s5 70*(N54 — Osg) 83.39 0.14 0.107
LP(2)0s6 0*(Nsg — Oss) 13.80 0.55 0.078
0*(Ns4 — Os7) 15.27 0.58 0.084
LP(2)0s; 0*(Ns4 — Os5) 12.82 0.55 0.075
0*(Nsg — Osg) 14.11 0.59 0.081
LP(3)0s; 0*(Nsg — Osg) 108.61 0.13 0.114

o :sigma bonds, 7 : pi bonds, LP: lone pairs, RY* Rydberg.

aE®) means energy of hyper conjugative interactions.

b Energy difference between donor and acceptor i and j NBO orbitals.
¢ Fjj) is the Fock matrix element between i and j NBO orbitals.

is Eg = 3.18 eV in Table. The energy gap represents the molecule’s
sensitive characteristics and is comparable with many other bioac-
tive compounds [64]. The synthesized compound has a low soft-
ness value of 0.31 and a high electrophilic index value of 7.53 (as
strong electrophiles with @ > 1.5 eV). The title compound’s low
softness value suggests that it is less toxic, while its high elec-
trophilic index emphasizes its biological activity [65,66]. In addi-

tion, a high electrophilic index value indicates that the likeness of
the molecule towards electrons results in better reactivity.

4.4.2. Molecular electrostatic potential (MEP)

The MEP surface is a crucial tool for understanding electro-
static (electron and nuclei) distribution potential and visualizing
the reactive site in a wide range of chemical processes, including
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Table 3
Calculated energy values of the title compound by B3LYP/6- 311++G(d,p) method.
Energy gap (eV) Ionization Electron affinity Global hardness Electronegativity Chemical Global softness Global
potential (I) (A) (eV) (n) (eV) (x) (eV) potential (jLc) (o) (eV)! electrophilicity
(eV) (eV) (@) (eV)!
3.18 6.52 3.33 1.59 493 —-4.93 0.31 7.53
H: HOMO, L: LUMO.
I = -Enomo, A = -Eipmo, 1= 2. =52 x =B 5= 2 @ = W21
4.4.3. UV spectral analysis
The UV-vis spectrum of the title Ag(I) complex was determined
LUMO plot theoretically in DMSO solvent as well as experimentally in solution

First excited state

E(LUMO) = -3.3385 eV

Energy Gap= 3.1872eV

HOMO plot
Ground state

E(HOMO) = -6.5258 eV

Fig. 6. Frontier molecular orbitals of the title compound.

electrophilic and nucleophilic assaults, and hydrogen bonding in-
teractions [67]. Drug receptor and enzyme substrate interactions
are mostly dominated by hydrogen and halogen bonding interac-
tions [68]. Therefore, it is critical in forecasting the reactivity of
a chemical to biological systems. The molecular electrostatic po-
tential analysis is beneficial for understanding the charge-related
characteristics of the complex’s molecular structure. Fig. 7 shows
the calculated reactive sites for electrophilic and nucleophilic at-
tack on the title Ag complex. Due to the lone pair electron, which
is depicted in red in MEP, the electrophilic attack is essentially lo-
calized to the electron-rich oxygen atoms, which is why the strong
red colors are observed in the nitrete group. The positive regions
(blue color) for nucleophilic attack of the Ag complex are located
around the hydrogen atoms attached to the nitrogen and carbon
atoms. This means that all hydrogen atoms have the strongest at-
traction, whereas the oxygen atom has the strongest repulsion.

using DMSO as the solvent using the TD-DFT method. The experi-
mental and theoretical spectra are shown comparatively in Fig. 8
and the Amax value, excitation energies, oscillator power (f) and
corresponding assignments of the state with the maximum absorp-
tion wavelengths are given in Table 4. While the maximum absorp-
tion value determined experimentally was 322 nm, the Anax values
obtained with the TD-DFT method were 305 nm. In the previous
study by Ohno et al., the longest wavelength of the 4-PCA ligand
measured in hexane solution was 283.3 nm [8]. When compared to
the free ligand, this shifted to a longer wavelength, which supports
the experimental result and confirms the coordination of 4-PCA to
the silver(I) ion [69]. These bands were assignable to the metal to
ligand charge transfer (MLCT) transition. The maximum absorption
wavelength in the computed absorption spectra corresponds to the
electronic transition from HOMO-4 to LUMO and is interpreted as
n— 7+ character according to molecular orbital contributions.

The Uv-Vis spectra of the silver complex (Fig. 8) show that there
is an additional peak near ~450 nm in the theoretical spectra com-
pared with the experimental spectra. This can be due to the limita-
tions of TD-DFT calculations for charge-transfer systems. The other
reason behind the additional peak of the calculated spectrum, the
influence of the geometry of the complex cannot be neglected ei-
ther. Theoretical calculations were made using isolated geometry,
while the experimental results were obtained for the bulk mate-
rial. The experimental result includes interactions such as hydro-
gen bonding in the lattice, van der Waals force, and electrostatic
attraction.

4.5. Fukui function

Fukui function is a commonly used functional local density de-
scriptor for the model of chemical reactivity [70]. Nucleophilic and
electrophilic attachment prone atomic locations can be detected
using Fukui indices. The equivalent condensed or aromatic Fukui
functions on the jth atom site can be defined as,

fj+ = qy(N+1) — q,(N) for nucleophilic attack

fj* = qx(N) — q, (N — 1) for electrophilic attack

fj0 = (1/2) [ gx(N + 1) — g (N — 1)] for neutral (radical) attack

In the equations above, q; denotes whether the atomic charge
at the jth atomic site is neutral (N), anionic (N + 1), or negative (N-
1) [71]. Morell et al. [72] proposed the binary descriptor Af(r)given
by the equation, which is defined as the difference between nucle-
ophilic and electrophilic Fukui functions,

Af(r) = f7(1) - f~ ()

The dual descriptor Af(r) makes a clear difference between nu-
cleophilic and electrophilic assault at a certain site. When the dual
descriptor Af(r) > 0, the site is favored for a nucleophilic attack;
when the dual descriptor Af(r) < 0, the site is favored for an elec-
trophilic attack [59]. According to the condition for dual descrip-
tor the nucleophilic site for in title complex is silver(l) ion, ni-
trate group and hydrogen atoms are positive values, i.e. Af(r) > 0,



S. Celik, S. Yurdakul and B. Erdem

Journal of Molecular Structure 1261 (2022) 132902

R T s

Fig. 7. Molecular electrostatic potential (MEP) maps of [Ag(4-PCA)4]NOs.

Absorbance

—— Theoretical UV-Vis

—— Experimental UV-Vis

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelengths (nm)

Fig. 8. Comparative UV-vis spectrum of the Ag(I) complex carried out experimentally and theoretically.

E?(l;fseri?nental and calculated UV-vis wavelength (1), band gap energy (eV) and oscillator strength for the Ag(I) complex.
HOMO-LUMO Gap Experimental (DMSO) TD-DFT/B3LYP/LANL2DZ Solvent phase (DMSO)
Band Gap (eV) Amax(nm)  Band Gap (eV)  Amax(nm)  Band Gap (eV)  Osc. Strength (f)  Energy (cm~')  Assignments
3.187 305 4.065 322 3.850 0.1326 47,716 (H_4 — LUMO), (H_3 — LUMO)

while other atoms are negative values in the electrophilic region,
so Af(r) < 0. The existence of high electronegativity of the two
oxygen atoms, O8 and 028, results in the highest levels of elec-
trophilic nature in C7 and C47. Also, as can be seen from Table S3,
carbon, oxygen, and nitrogen atoms have higher electronegativity
than hydrogen atoms, rendering hydrogen atoms electron deficient
and prone to nucleophilic attack [38].

10

4.6. Biological evaluation

4.6.1. Molecular docking analysis

Molecular docking allows us to investigate the binding of lig-
ands to proteins, which is particularly useful for screening vir-
tual libraries of drug-like compounds and therefore advancing drug
development [63]. Schiff base metal complexes are utilized in
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Table 5
Docking parameters of title complex docked with the three protein targets.

Journal of Molecular Structure 1261 (2022) 132902

Protein (PDB ID) Bonded residues No of hydrogen bonds

Bonded distance (A)

Binding energy (kcal/mol) Inhibition Constant K; (1M)  Reference RMSD (A)

IN5N SER 64A 5 2.69
TRY 88A 2.31
TRY 88A 2.55
GLY 91A 1.75
GLY 97A 1.84
1LQW SER 57A 7 1.99
VAL 59A 3.02
GLN 65A 1.96
GLN 65A 3.05
THR 107A 2.25
LEU 112A 2.53
TYR 147A 2.25
3QP6 MET 72A 5 2.82
ASN 77A 2.16
ASN 86A 237
ASN 92A 3.02
ALA 94A 2.04

-9.27 160.18 82.44
—-10.07 41.52 41.32
-9.11 211.54 52.79

bioorganometallic chemistry and have a wide variety of biolog-
ical actions in the treatment of many illnesses. Moreover, silver
(Ag), an elemental metal with antibacterial action against a wide
range of bacteria, fungi, and viruses, is used in clinical practice
because it is effective at low dosages against a wide range of
microorganisms. In the present study, the activities of the syn-
thesized molecules for protein selection were analyzed, and then
strong activities were taken into account for protein selection. In
our antibacterial investigation, the synthesized molecular structure
demonstrated good antibacterial efficacy against Gram-positive and
Gram-negative bacteria. Hence, we decided to perform the docking
procedure for the title Ag(l) complex structure with antimicrobial
and antiquorum-sensing activity receptor proteins such as Pseu-
domonas aeruginosa (PDB ID: 1N5N); Staphylococcus aureus (PDB
ID: 1LQW); Chromobacterium violaceum (PDB ID: 3QP6). The tar-
get proteins’ crystal structures were taken from the RCSB database
(www.pdb.org). As shown in Table 5, the docking parameters, cal-
culated inhibition constant, binding energy, and hydrogen bond
distance, all play a role in determining the type of the molecule.
The binding interactions of the Ag(I) complex with three pro-
tein targets are depicted in Fig. 9. From the docking results in
Table 5 and Fig. 9, the molecule and 1LQW (receptor) have bind-
ing energy and inhibition constant values of —10.07 Kcal/mol and
41. 52 pM. Similarly, other proteins, IN5N and 3QP6, form a hy-
drogen bond with a complex with binding energy of —9.27 and
—9.11 Kcal/mol. All proteins, the hydrogen bonded amino acid bond
lengths of < 3 A which indicates that they are all strong hydrogen
bonding interactions. The biological activity of the title compound
is confirmed by the docking of all three proteins with the Ag(I)
complex. Furthermore, the protein targets under consideration, the
titled compound, show the best pharmacological activity against
1LQW with lower binding energies and Ki values. These results re-
veal that the synthesized complex structure can act as a potential
antibacterial agent.

4.6.2. In silico ADMET and toxicity predictions

Because of their precision, speed, and accessibility,
computational-based in-silico toxicity measurements have be-
come popular. They may give information on any synthetic or
natural chemical. Pro-Tox II [31] was used to estimate the ligands’
organ toxicity, toxicological endpoints, and median lethal dose
(LDsg). ADMET is a crucial metric for determining a compound’s
fate when taken orally. The computed results in SwissADME
[30] and Pre-ADMET software [29], Pro-Tox II of the silver complex
are given in Tables 6 and 7. According to the SwissADME estimate
criteria, the title chemical exhibited high gastrointestinal (GI)

1

absorption, but no blood-brain barrier (BBB) penetration. The lack
of blood brain barrier (BBB) permeation is a desired quality based
on the location of the target, where unnecessary permeation
should be avoided [73]. Caco-2 (colorectal carcinoma) cell per-
meability values showed poor permeability (< 25 poor, > 500
great; standard range). The results of human intestine absorption
(HIA) suggest that the Ag(I) complex could be absorbed from the
intestine into the bloodstream by 81%. Plasma protein binding
(PPB) affects how long a medication stays in the body and can
potentially impact its effectiveness. The level of plasma protein
binding has an important effect on the pharmacological and phar-
macokinetic behavior of the medication. The observed 100% PPB
value for the compound indicates a strong (effectively) binding
ability to plasma protein. The skin permeability, Kp, value (10.14%
cm/h) falls within the standard range of low skin permeability
(—8.0 to —10 cm/h). The lower negative value of log Kp leads to
less permeability of the compound. Acute toxicity prediction find-
ings, such as toxicity class classification [1 (toxic) to 6 (non-toxic),
indicated that the named chemical was classified as acute toxicity
class 4 (harmful if swallowed). According to the ProTox-II server,
the predicted LDsy value of the compound is 640 mg/kg and the
results suggest that the compound is non-carcinogenic in complex
and has no effect on immunotoxicity, cytotoxicity, but has some
mutagenicity.

4.6.3. Antibacterial and antiquorum-sensing screening activity

Results of antibacterial activity of all compounds with Minimal
Inhibitory Concentration (MIC) and inhibition zone diameter (mm)
are shown in Table 8. In the MIC (1000 pg/ml) evaluation in this
table, title complex showed good antibacterial activity against all
test bacteria (MIC: 3.91-62.5 pg /| mL) except B. cereus.

In antibacterial activity testing with agar well diffusion, Gram
negative bacteria (E. coli and P. aeruginosa) showed good sensitiv-
ity to 4PCAAgNO3; when dilued in DMSO (10 mg/ml), and showed
mean values of 12.2 and 20.3 mm inhibition zone diameters, re-
spectively (Table 8).

In the agar well diffusion test, 4-PCAAgNO3 showed highly an-
tibacterial activity against the Gram positive bacteria S. aureus
(DIZ: 15.4 mm) and S. epidermidis (DIZ: 15.2 mm) in the agar.

Results were compared with those of standard drug, ampicillin.

The bacterial activity was performed in triplicate and the mean
inhibitory zones were recorded. Victoria et al. [74] reported inhibi-
tion zones as DIZ > 15 mm = highly active, DIZ > 10 mm = mod-
erately active, DIZ > 5 mm = slightly active, and DIZ < 5 mm = in-
active, respectively.
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Fig. 9. 3D bonding between amino acid residue and [Ag(4-PCA)4]NO3; complex.

Table 6

ADME predictions of Ag(I) complex, computed by SwissADME and PreADMET.
Compound Gl absorption ~ BBB ~ Caco2 permeability = HIA  Bioavailability Score  Log Kp PPB
[Ag(4PCA)4NO3]  High No 10.76 81.10 0.17 -10.48 100

Log Kp: skin permeation value; GI: gastro-intestinal; BBB: blood-brain barrier; PPB: Plasma protein binding; HIA: Hu-
man Intestinal Absorption.
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Table 7
Toxicity predictions of Ag(I) complex calculated by Pro-Tox II.

Journal of Molecular Structure 1261 (2022) 132902

Compound Toxicity LDsq Organ Toxicity
(mg/kg) Class Hepatotoxicity =~ Carcinogenicity =~ Immunotoxicity =~ Mutagenicity  Cytotoxicity
[Ag(4PCA)4NO3] 4 640 Inactive Inactive Inactive Active Inactive

Table 8

Antibacterial activity results of silver(I) complex by Minimum Inhibitory Concentration (MIC) and the inhibition zone

diameter (mm).

Test Bacteria DIZ (mm) MIC (pg/ml)  AMP (10 pg) 10%DMSO
S. aureus ATCC 29,213 15.4 7.81 18 -
S. epidermidis ATCC 35,984 15.2 3.91 16 -
L.monocytogenes ATCC 35,152 13.2 7.81 15 -
B. subtilis ATCC 6633 8.0 62.5 12 -
B. cereus 709 Roma - - 12 -
E. faecalis ATCC 29,212 8.0 62.5 18 -
E. coli ATCC 25,922 12.2 3.9 18 -
S.typhimurium ATCC 14,028 10.3 31.25 16 -
P. aeruginosa ATCC 27,853 20.3 7.81 16 -
K. pneumoniae ATCC 13,883 10.2 31.25 15 -
C. violaceum ATCC12472 (Antiquorum-sensing activities) 15 - - -

MIC (pg/ml): Minimum Inhibitory Concentration.
DIZ (mm): Diameter of inhibition zone (mm).
Positive control: AMP (10 pg): Ampicillin.
Negative control: 10% DMSO.

Note: - indicates no inhibition.

Microbial quorum-sensing systems (QS), focus on regulating mi-
crobial resistance mechanisms and regulation of microbial biofilm
formation, and a new strategy can be developed for the treatment
of proposed drug resistant bacteria using QS to prevent microbial
resistance [75]. C. violaceum, produces purple pigment violacein,
the production of which is regulated by acyl homoserine lactones
(AHLs) -mediated QS.

Thus, drugs that inhibit acyl HSL-mediated QS activity in C. vi-
olaceum will prevent the production of this purple pigment [76].
Screening results (based on measurement of pigment inhibition ra-
dius in mm) for their ability to inhibit the production of violaceum
regulated by QS against C. violaceum are presented in Table 8 and
show that compound 4-PCAAgNO3 has potent antiquorum sensing
activity.

5. Conclusion

In the present work, we report a detailed investigation of
a newly synthesized silver(I) complex. Reduced density gradient
analysis of C-H...0 bonds as noncovalent interactions with respect
to van der Waals and steric interactions has been demonstrated to
be consistent with AIM and NBO results. The electron localization
and delocalization centers are clearly predicted by the color-filled
ELF map and the contour map of LOL. The HOMO-LUMO energy
gap value is an important feature for determining the bioactivity of
the title complex. The Uv-Vis spectrum reveals that the compound
is transparent in the visible region and that it agrees well with ex-
perimental and theoretical values. As a result, the Ag(I) complex
showed bacteriocidal activity against test bacteria. Therefore, we
propose that the Ag(I) complex can help to design new synthetic
antibiotics and disinfectants. The molecular docking study shows
excellent interaction score values in agreement with most active
compounds. According to in silico ADME analyses, this molecule
has a good pharmacokinetic profile.
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