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1. Introduction

The use of transition metal compounds as therapeutic agents
has attracted the attention of researchers for a long time."™® The
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Compounds [Ag(5NO,Qu),IBF, (1) and [Ag(QuU3CN)(H,O)IBF,; (2) were prepared and studied from a
structural perspective and screened for antimicrobial activity. The Ag() in the monomeric complex 1 is
coordinated to two 5-nitroquinoline (5NO,Qu) ligands via the N-atoms of the quinoline rings with
equidistant Ag-N bonds (2.146(2) A) and a N-Ag-N* bond angle of 171.42(8)°. The 2D coordination polymer
2 contains tetracoordinated Ag() with two N-atoms (N1 and N2#Y) from two quinoline-3-carbonitrile
(QU3CN) ligands and two O-atoms (O1 and O1%1) from two water molecules. The Qu3CN ligand acts as a
connector between the Ag() sites along the b-direction via two short Agl-N1 (2.185(4) A) and Agl-N2#!
(2.204(4) A) bonds. In addition, the Ag() is coordinated with two symmetry related water molecules which
are also acting as connectors between the Ag()) sites along the a-direction via two longer Agl-O1 (2.470(4)
A) and Ag1-01%2 (2.546(4) A) bonds. Hirshfeld surface analysis confirmed the significance of the polar F---H
contacts in the molecular packing of 1 (25.9%) and 2 (39.9%). In addition, the crystal packing of 1 showed a
significant amount of polar O---H (23.5%) contacts. Also, both complexes displayed n-n stacking
interactions. The Ag() complexes and the free ligand were assessed for their antimicrobial activities. It was
found that 1 (MIC = 7.8 ug mL™) and 2 (MIC = 31.25 ug mL™) have higher antifungal potency against C.
albicans than their free ligands (MIC = 125 pg mL™). Interestingly, 1 has better antifungal activity than the
standard nystatin (15.6 ug mL™). Also, both Ag(l) complexes and the free ligands as well have better activity
against P. mirabilis than the common antibiotic amoxicillin.

reason is that coordination compounds may be effective in drug
design, particularly for the creation of innovative antimicrobial
drugs, due to the enormous variety of metals, ligands, and
geometries.” Over a long period of time, considerable interest
has been shown in Ag(i) and its complexes. Due to the d'’-
electron configuration of Ag(), it forms a wide range of
geometries as it lacks stereochemical selectivity, except some
preference for linear two-coordinated complexes.

The coordination geometry of Ag(i) complexes can thus be
linear,®*"  trigonal planar,"*** T-shaped,'® square
planar,’”*® tetrahedral,®*® trigonal bipyramidal,>"** square
pyramidal,>*?* and octahedral.>* >’
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These complexes show a wide range of biological activities
against bacteria, fungi, viruses, and cancerous cells.>* > Also,
Ag(1) and its complexes have potential uses in wound
treatment and can be used in anti-infection creams.*~*

On the other hand, quinoline and its derivatives represent
a significant category of nitrogen heterocycles*®*” which have
interesting structural characteristics capable of influencing
the geometry of their metal complexes.

This journal is © The Royal Society of Chemistry 2023
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The main reason for such structural properties is the
existence of n-m stacking which is one of the significant
non-covalent interactions between the atoms of fused
polycyclic aromatic rings.*® Also, quinoline based derivatives
are considered structural components of many medicines
with antibacterial, antimalarial, and anticancer
properties.***® Generally, quinolines are commonly used in
many aspects such as the production of herbicides,
corrosion inhibitors, and sensors.*®*” In addition, aromatic
compounds with nitro groups, especially nitroquinoline
derivatives, are frequently used in the manufacture of drugs,
dyes, and explosives.*®

Recently, combinations of N-heterocycles with Ag(i) ions to
produce more effective antibacterial agents have been
reported.**> Quinoline-type ligands are one of the most
prominent N-heterocycles which form Ag() complexes with
versatile structures and interesting biological activity.*® In
this work, two new Ag(1) complexes with the 5-nitroquinoline
(5NO,Qu) and quinoline-3-carbonitrile (Qu3CN) ligands were
synthesized (Fig. 1). The Ag(1) complexes were characterized
using several experimental methods including elemental
analysis, FTIR, NMR and single crystal X-ray diffraction
combined with Hirshfeld calculations. In the light of the
remarkable antimicrobial activity of Ag() complexes and
quinolines as well, the antimicrobial activities of the newly
synthesized Ag(i) complexes were assessed.

2. Experimental
2.1 Materials and methods

2.1.1 Materials and physical measurements. All materials
used, including solvents and chemicals, were of analytical
grade and purchased from Sigma-Aldrich Company. A Perkin
Elmer 2400 elemental analyzer (Inc.940 Winter Street,
Waltham, MA, USA) was used for CHN elemental analysis. The
Ag content was determined using a Shimadzu atomic
absorption spectrophotometer (AA-7000 series, Shimadzu, Ltd.,
Japan). FTIR analysis was performed in KBr pellets using a
Bruker Tensor 37 FTIR instrument (Waltham, MA, USA) in the
range 4000-400 cm™' and a JEOL-400 MHz spectrometer was
used for NMR spectra collection in DMSO-d.

2.1.2 Synthesis. The two target Ag(i) complexes were
synthesized by mixing the functional ligand (5NO,Qu or
Qu3CN) in ethanol with an aqueous AgBF, solution, and then
acetonitrile was added to dissolve the resulting turbidity. The
clear solution was left to

N N
X =
Z R X
N
P

5NO,Qu

slowly evaporate at room

Qu3CN

Fig. 1 5-Nitroquinoline (5NO,Qu)

(Qu3CN).

and quinoline-3-carbonitrile
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temperature. Complexes 1 and 2 were formed as colorless
crystals after five days and then collected from solution by
filtration. The resulting crystals were found suitable for X-ray
single crystal structure analysis.

[Ag(5NO,Qu),[BF, (1). AgBF, (77.9 mg, 0.4 mmol) in 5 mL
distilled water was mixed with 5NO,Qu (139.3 mg, 0.8
mmol) in 10 mL ethanol giving a turbid solution.
Acetonitrile was added dropwise until the solution became
clear. The clear solution was left to slowly evaporate at
room temperature giving colorless crystals after five days
which were collected from solution by filtration. Yield: 85%;
anal. cale. C;gH;,AgBF,N,0,: C, 39.82; H, 2.23; N, 10.32; Ag,
19.87%. Found: C, 39.60; H, 2.15; N, 10.31; Ag, 19.69%.
FTIR cm™%: 3105, 3072, 1624, 1592, 1521, 1341, 1066, 1031.
Ligand (5NO,Qu): 3071, 1626, 1593, 1520, 1321 (Fig. S1f).
'H NMR (500 MHz, DMSO-dg), dy: 9.04 (dd, J = 4.0 Hz, 1.5
Hz, 1H, Ar-H), 8.79 (d, J = 8.5 Hz, 1H, Ar-H), 8.40 (t, J = 8.5
Hz, 2H, Ar-H), 7.92 (t, J = 8.0 Hz, 1H, Ar-H), 7.76 (dd, J =
8.0 Hz, 4.5 Hz, 1H, Ar-H); "*C NMR (125 MHz, DMSO-d)
dc: 152.5, 147.9, 145.8, 136.5, 131.9, 128.9, 125.2, 124.8,
120.7 (Fig. S271). [Ag(5NO,Qu),]BF, (1): 'H NMR (500 MHz,
DMSO-dg), d: 9.05 (dd, J = 4.0 Hz, 4.0 Hz, 1H, Ar-H), 8.81
(d, J = 8.5 Hz, 1H, Ar-H), 8.42 (t, J = 8.5 Hz, 2H, Ar-H), 7.93
(t, J = 8.0 Hz, 1H, Ar-H), 7.78 (dd, J = 8.5 Hz, 4.5 Hz, 1H,
Ar-H); C NMR (125 MHz, DMSO-ds) dc: 152.7, 147.9,
145.9, 136.5, 132.1, 128.9, 125.4, 124.7, 120.7 (Fig. S37).

[Ag(Qu3CN)(H,0)JBF, (2). AgBF, (77.9 mg, 0.4 mmol) in 5
mL distilled water was mixed with Qu3CN (61.7 mg, 0.4
mmol) in 5 mL ethanol giving a turbid solution. Acetonitrile
was added dropwise until the solution became clear. The
clear solution was left to slowly evaporate at room
temperature giving colorless crystals after five days which
were collected from solution by filtration. Yield: 88%; anal.
calc. C;oHgAgBF,N,O: C, 32.74; H, 2.20; N, 7.64; Ag, 29.40%.
Found: C, 32.55; H, 2.13; N, 7.51; Ag, 29.25%. FTIR cm :
3354, 3062, 2227, 1621, 1567, 1063, 1033. Ligand (Qu3CN):
3060, 2226, 1618, 1565 (Fig. $41). "H NMR (500 MHz, DMSO-
ds), 0 9.13 (d, J = 1.5 Hz, 1H, Ar-H), 9.05 (d, J = 2.5 Hz, 1H,
Ar-H), 8.08 (t, J = 9.0 Hz, 2H, Ar-H), 7.94 (t, J = 8.5 Hz, 1H,
Ar-H), 7.74 (t, J = 8.0 Hz, 1H, Ar-H); **C NMR (125 MHz,
DMSO-dg) dc: 150.7, 148.5, 143.0, 133.5, 129.5, 129.9, 128.9,
126.4, 117.9 (Ar-C), 106.3 (CN) (Fig. S51). [Ag(Qu3CN)(H,0)]
BF, (2): "H NMR (500 MHz, DMSO-dg), d;: 9.13 (d, J = 2.5 Hz,
1H, Ar-H), 9.06 (d, J = 1.5 Hz, 1H, Ar-H), 8.08 (t, J = 9.0 Hz,
2H, Ar-H), 7.95 (t, J = 8.5 Hz, 1H, Ar-H), 7.75 (t, J = 7.5 Hz,
1H, Ar-H); *C NMR (125 MHz, DMSO-dg) dc: 150.6, 148.5,
143.1, 133.6, 129.6, 129.4, 128.9, 126.4, 118.0 (Ar-C), 106.3
(CN) (Fig. S61).

2.1.3  Crystallographic measurements. The crystal
structures of 1 and 2 were determined using the procedures
described in the ESIf (Method $1).>*7® The crystallographic
details are summarized in Table 1. The crystallographic data
and details of the structure refinements are given in Table 1.
CCDC 2246560 and CCDC 2246561 contain the
crystallographic data for [Ag(5NO,Qu),]BF, (1) and for
[Ag(Qu3CN)(H,0)]BF, (2) respectively.

CrystEngComm, 2023, 25, 3922-3930 | 3923


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ce00417a

Open Access Article. Published on 16 lunius 2023. Downloaded on 02/11/2025 10:21:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 1 Crystallographic parameters for [Ag(5NO,Qu),]BF, (1) and [Ag(Qu3CN)(H,O)IBF, (2)
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Complex number 1 2

Empirical formula C1gH1,AgBF,N,O, C;oHgAgBF4N,O
Formula weight (g mol™) 543 366.86
Temperature 170(2) K 120(2) K
Wavelength 0.71073 A 1.54184 A
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c

Unit cell dimensions

Volume

zZ

Density (calc.)

Abs. coefficient
F(000)

Crystal size (mm)
Theta range

Index ranges
Reflections

Indep. reflections
Completeness
Absorption correction
Max. and min. transm.
Refinement method
CCDC

a=9.8173(4) A
b =12.9566(6) A
c=14.7156(4) A
£ =101.124(2)°
1836.64(12) A®
4

1.964 Mg m™®
1.175 mm™’
1072

0.237 x 0.202 x 0.122
2.635 to 29.699°

-13<h<13,-16 <k <17,-20 <1 <20

14574

2566 [R(int) = 0.0265]

99.30%

Semi-empirical from equivalents
0.7459 and 0.6792

Full-matrix least-squares on F>
CCDC 2246560

a=10.0480(2) A
b =16.8535(2) A
c=14.5843(2) A
S =98.505(2)°
2442.60(7) A®

8

1.995 Mg m™®
13.686 mm™'
1424

0.095 x 0.040 x 0.018
5.167 to 77.338°

12 <h<11,-21<k<21,-18 <[ <18

45689

2596 [R(int) = 0.0851]

100.00%

Gaussian

1.000 and 0.928

Full-matrix least-squares on F>
CCDC 2246561

2.2 Hirshfeld surface analysis

Hirshfeld surfaces and 2D fingerprint plots® were calculated
using Crystal Explorer 17.5 software.”®

2.3 Antimicrobial studies

The antimicrobial activity of complexes 1 and 2 as well as the
free ligands was screened against some harmful microbes as
described in Method S1 (ESI{).>”

3. Results and discussion
3.1 Chemistry and characterization

The two target Ag(i) complexes were synthesized using the
self-assembly technique by mixing the functional ligand
(5NO,Qu or Qu3CN) in ethanol with an aqueous AgBF,
solution, and then acetonitrile was added to dissolve the
resulting turbidity (Scheme 1). The clear solution was left
to slowly evaporate at room temperature. Complexes 1 and
2 were obtained as colourless crystals after five days,
which were found suitable for the X-ray single crystal
structure analysis.

Their structures were confirmed using FTIR, 'H-NMR,
and "C-NMR. The FTIR spectra of the synthesized
complexes compared to those of the corresponding free
ligands are presented in Fig. S1 and S2.f The FTIR spectra
of complexes 1 and 2 showed expected peaks of the free
ligands with some deviations. Symmetric and asymmetric
N-O stretches were detected at 1520 and 1321 cm™" in the
free 5NO,Qu while in complex 1, the corresponding values

3924 | CrystEngComm, 2023, 25, 3922-3930

are 1521 and 1341 cm .°® In the case of 5NO,Qu, the
Vic=n) and vi—c) stretching modes appeared at 1626 and
1593 cm™, respectively, while these appeared at 1618 and
1565 cm ' for Qu3CN. On the other hand, the Vic=~) and
Vic—c) modes appeared at 1624 and 1592 cm ', respectively,
in 1 while for complex 2, the corresponding values are 1621
and 1567 cm™". In addition, the peak that appeared at 2227
em™ in the free Qu3CN and 2 could be assigned to the
Vc=~) mode. Also, complex 2 showed the characteristic
Vio-m) mode of coordinated water molecules at 3354 cm L.
In both complexes, the characteristic stretching vibrations
of BF, were detected as broad double split peaks at 1066
and 1031 cm™ for complex 1, and at 1063 and 1033 cm™

5NO,Qu 1

Qu3CN 2

Scheme 1 Synthesis of complexes 1 and 2.

This journal is © The Royal Society of Chemistry 2023
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for complex 2. These peaks are completely absent in the
FTIR spectra of the free ligands which sheds light on the
possible coordination between Ag(1) and the quinoline
ligands in both complexes.

In addition, the '"H NMR and *C NMR spectra (see the
ESIT) of both complexes showed a characteristic small shift
in the signals compared to those of the free ligands which
might be evidence for the presence of coordinated ligands in
solution®®°**® However, the exact nature and mix of Ag()
species in solution remain elusive. Typically these complexes
have fast ligand exchange on the NMR scale and the
equilibrium may favour substantial proportions of free
ligands under stoichiometric conditions, hence the small
NMR shift changes and also the noticeably smaller shift
changes for 2 that has half the ligand/Ag ratio compared to 1.
However, the different species in solution will also have
different biological potencies and it is not unlikely that
minor species have higher antibacterial activity.*®®°

This behaviour is generally known for silver(i) complexes
with N-donor ligands, which may have relatively weak Ag-N
and Ag-O interactions, although this depends on the exact
nature of the nitrogen (i.e. NH; is different from pyridine).>
Silver(1) complexes with high stability in biological fluids are
undesirable for biological applications. In contrast, those
with weak Ag-ligand (Ag-N and Ag-O) bonds which have
high ability for ligand replacement by biomolecules inside
the body are powerful antimicrobial agents.®'

3.2 Single crystal X-ray structures

3.2.1 [Ag(5NO2Qu),|BF,, 1. [Ag(5NO2Qu),|BF,, 1,
crystallized in the monoclinic crystal system with the C2/c
space group (see Table 1). The asymmetric unit contains one
half [Ag(5NO2Qu),|BF, due to the presence of a molecular
two-fold rotational axis. A representation of the structure of
this monomeric complex is shown in Fig. 2.

In the cationic inner sphere [Ag(5NO,Qu),]", the Ag(i) is
coordinated to two symmetry related 5NO,Qu molecules via
the quinoline N-atom as a monodentate ligand. The two
5NO,Qu molecules are anti to one another possibly to
minimize the steric hindrance between the two bulky
quinoline moieties. The two-symmetry related Ag1-N1 and
Ag1-N1* bonds are equidistant (2.146(2) A). The N1-Ag1-N1*

Fig. 2 The molecular structure of [Ag(5NO,Qu),|BF, (1).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The Ag interactions in [Ag(5NO,Qu),]BF, (1).

angle (171.42(8)°) deviates slightly from the ideal value of
180° possibly due to steric hindrance between the two
ligands (H8:--H1 distance: 3.540(7) A) or interactions with
the counterions. Another possibility is Ag:--O interactions
(see Fig. 3), as both O1---Ag1 at 3.073(2) A and 02---Ag1 at
3.047(1) A fall within the attractive region of Ag---O,N-R
interactions (Fig. S7f and also Fig. 4). Hence, the
coordination geometry of Ag(i) is bent with outer sphere
Ag---O contacts forming an octahedron. These results agree
with the structurally related [Ag(5NO,Qu),]X complex (X =
NO; or ClO,).**%

It is not obvious from Fig. 2, but BF,” does not participate
in the coordination with Ag(1) (the Ag---F1 distance is 3.856(1)
A), although it has a significant contribution to the
supramolecular structure of the monomeric [Ag(5NO,Qu),]
BF, complex (Table 2). There are quite a large number of C-
H:--F non-covalent interactions detected which are presented
in Fig. 4. The corresponding geometric parameters are
depicted in Table 2. The donor-acceptor distances of the C-
H--F interactions are in the range of 3.241(3)-3.470(2) A for
the C7-H7---F2 and C1-H1---F1 interactions. In addition,
there are two weak C-H:---O interactions between the oxygen
atoms of the nitro group and the aromatic C-H groups. The
donor-acceptor distances of the C3-H3---0O2 and C6-H6--O1
interactions are 3.359(2) and 3.292(2) A, respectively. A view
of the packing of the monomeric complex units via the C-
H---F and C-H---O interactions is shown in Fig. 5A.

In addition, the monomeric complex units interact with
each other via the C---C contacts shown in Fig. 5B. The
presence of a short C7---C9 contact (3.390 A) indicated with

/»\,’\ :
o o o, _—
".ﬂ- F2 ,"\:2 . "c,‘. 4 /j\
H7 ", o,
F1 %%, ", “HE
H7
/ %‘" o "..-“"
gt F2 1

Fig. 4 All the important C-H---F and C-H---O contacts in the
[Ag(5NO,Qu),]BF; complex (1).

CrystEngComm, 2023, 25, 3922-3930 | 3925
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Table 2 The geometric parameters of the C-H---F and C-H---O interactions in [Ag(5NO,Qu),|BF4

D-H-+-A D-H (A) H-A (A) D--A (A) D-H---A (°) Symm. code
C1-H1--F1 0.95 2.54 3.470(2) 168 1/2+x,3/2-y,1/2+z2
C1-H1---F3 0.95 2.48 3.258(2) 139 3/2-x%,32-y,1-2
C3-H3---02 0.95 2.34 2.889(1) 116 X, ), 2

C3-H3:--02 0.95 2.52 3.359(2) 147 1-x,9,12-2
C6-H6---01 0.95 2.38 3.292(2) 160 -x,,1/2 -2
C6-H6---F2 0.95 2.47 2.946(1) 111 -1/2+x,-1/2+y,z
C7-H7---F3 0.95 2.44 3.157(1) 144 1/2-x,32-y,1-2
C8-H8--F1 0.95 2.52 3.302(2) 139 1/2-x,3/2-y,1-2

no doubt the presence of aromatic n-n stacking interactions
with the shortest distance of 3.539(2) A between the
quinoline moieties.

3.2.2 [Ag(Qu3CN)(H,0)]BF, (2). The structure of complex 2
is determined to have the formula [Ag(Qu3CN)(H,O)|BF,. It
also crystallized in the monoclinic crystal system with the C2/c
space group (see Table 1) and [Ag(Qu3CN)(H,O)IBF, is the
asymmetric formula of this polymeric structure (Fig. 6A).

It is clear from Fig. 6B that the Ag(r) is tetracoordinated
with two N-atoms (N1 and N2) from two Qu3CN ligands. In 2,
the Qu3CN ligand acts as a connector between the Ag(1) sites
along the b-direction via two short Ag1-N1 (2.185(4) A) and
Ag1-N2*' (2.204(4) A) bonds. In addition, the Ag() is
coordinated with two symmetry related water molecules
which also act as connectors between Agl sites along the
a-direction via two longer Ag1-O1 (2.470(4) A) and Ag1-01%*
(2.546(4) A) bonds. Hence, the structure of this complex
could be described as a 2D polymer extended along the
ab-plane (Fig. 7). The N(1)-Ag(1)-N(2)** and O(1)-Ag(1)-0(1)**
angles are determined to be 145.81(16) and 77.11(14)°,
respectively, while the N-Ag-O angles are in the range of
85.58(16)-126.40(15)° (Table 3). Hence, the AgN,O0,
coordination sphere has a highly distorted tetracoordinated
system. The distortion 7, parameter is estimated to be 0.62
indicating an intermediate geometry between the square
planar and tetrahedral configurations.®®

B ' 2
£ o030
} Y \{5/\0/\(

,__.‘ ".h cﬂs 4 / s
\‘C{;K\O/\l

Fig. 5 Packing scheme of the [Ag(SNO,Qu),|BF, complex via C-H---F
and C-H---O contacts (A) and n-n stacking interactions (B) in the
[Ag(5NO,Qu),]BF4 complex (1).

3926 | CrystEngComm, 2023, 25, 3922-3930

In addition, the supramolecular structure of complex 2 is
controlled by the O-H---F hydrogen bonds and m-rn stacking
interactions presented in Fig. 8A. The 2D polymeric chains are
found connected by O1-H1A---F1 and O1-H1B---F3 hydrogen
bond bridges (Fig. 8B). The H1A---F1 and H1B---F3 distances
are 1.86 and 2.01 A, respectively, while the respective donor-
acceptor distances are 2.693(6) and 2.802(7) A. The O1-
H1A---F1 and O1-H1B---F3 angles are 173.4 and 154.9°,
respectively. In addition, the quinoline moieties are found
parallel to each other leading to significant n-n interactions
between the stacked aromatic systems. The C3:--C7 (3.381 A)
and C5---C9 (3.348 A) contacts are the shortest while the
distance between the ring centroids is 3.658 A.

3.3 Hirshfeld surface analysis

Hirshfeld surfaces were used to demonstrate the possible
intermolecular interactions controlling the supramolecular

iy O Agt

N2

Fig. 6 Asymmetric unit (A) and coordination environment (B) of the
[Ag(QU3CN)(H,0)IBF,; complex (2). Symmetry codes for N2#! and 012
are -x + 3/2, y + 1/2, and -z + 3/2 and -x + 1, y, and -z + 3/2,
respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Structure of the 2D polymer of complex 2.

X \

Table 3 Bond distances and angles (A and °) in the [Ag(QU3CN)(H,O)]
BF, polymer

Bond Distance Bond Distance
Ag(1)-N(1) 2.185(4) Ag(1)-0(1) 2.470(4)
Ag(1)-N(2)"* 2.204(4) Ag(1)-0(1)* 2.546(4)
Bonds Angle Bonds Angle
N(1)-Ag(1)-N(2)"  145.81(16)  N(1)-Ag(1)-0(1)" 104.65(16)
N(1)-Ag(1)-0(1) 85.58(16)  N(2)"-Ag(1)-0(1)" 95.26(13)
N(2)"-Ag(1)-0(1)  126.40(15)  O(1)-Ag(1)-0(1)" 77.11(14)

oy 4302,y +1/2, 2+ 3/2% —x + 1,y, -z + 3/2.

Fig. 8 Supramolecular packing structure of the 2D polymer via
O-H:--F hydrogen bonds (A) and n-n stacking (B) in complex 2.

structure of the studied Ag(1) complexes, including hydrogen
bonds, n-n stacking, C-H:m, and H---H interactions.®”®®
Also, Hirshfeld surfaces represent a 3D description of close
contacts in a crystal, which are equal to or shorter than the
van der Waals radii sum of interacting atoms. Also,
fingerprint plots can be used to describe these contacts in a
quantitative manner.®® The Hirshfeld surfaces of complexes 1

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Hirshfeld surfaces of complexes 1 (top) and 2 (bottom)
excluding the BF; counterion. From left to right mapped with the
d-norm and shape index. Note that 2 is a polymer and therefore has
significant spots around Ag from the propagation of the Ag-N and
Ag-O bonds.

and 2 are depicted in Fig. 9, while Fig. 10 displays the
distribution selected intermolecular interactions.

The m-n stacking is obvious for both compounds as
demonstrated by the triangular pattern of the shape index.
For complex 1, the O--*H (27%) and F---H (16%) contacts are
the most important interactions. Additionally, there are some
Ag---O  (5%) interactions that contribute to the
supramolecular structure. In 2, the other most significant
interaction is the F---H (27%) contact. In both complexes, all
these contacts appeared as red spots in the dyom map.
Additionally, the dark red spots close to the Ag atom in
complex 2 are related to the Ag-O and Ag-N bonds which
connect the [Ag(Qu3CN)(H,0)] units to form the 2D polymer.

The difference and similarities of 1 and 2 can be seen in
Fig. 10 where fingerprint plots of H:--F and C---C contacts
can be found. The larger part played by H--F interactions in
2 is due to the hydrogen bonding of water to BF, . As can be
seen, the n-n stacking is similar and this is attributed to the

o F..H16% - C..C11%
d d

06 08 10 12 14 16 18 20 22 24 06 08 10 12 14 16 18 20 22 24

de

g

20|
1)

C..C10%
d

06 08 10 12 14 16 18 20 22 24

F..H27%
d

06 08 10 12 14 16 18 20 22 4

Fig. 10 The fingerprint plots of H---F and C---C contacts in complexes
1and 2.
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Table 4 MIC and MBC of the tested compounds

Tested compound 5NO,Qu Complex 1 Qu3CN Complex 2 Control
Gram positive bacteria MIC/MBC (pug mL ™)

S. aureus (ATCC 25923) 125 62.5/125 125 31.25/62.5 <7.8°
MRSA (ATCC43300) 125 62.5/125 125 62.5/250 >500“
MRSA (1) 125 62.5/125 125 31.2/62.5 >500
E. faecium (31) 125 31.2/62.5 125 62.5/125 >500“
Gram negative bacteria

E. coli (ATCC 25922) 125 62.5/125 125 62.5/125 62.5°
K. pneumonia (ATCC 700603) 125 62.5/125 125 62.5/125 >500°
P. aeruginosa (ATCC 29853) 125 62.5/125 125 31.2/125 125°

A. baumannii (ATCC 19606) 125 31.2/62.5 125 31.2/62.5 >500
P. mirabilis 125 7.8/15.6 125 15.6/62.5 125¢

K. pneumonia (50) 125 62.5/125 125 62.5/125 >500°
K. pneumonia isolates (R124) 125 31.2/62.5 125 31.2/125 >500"
P. aeruginosa (5) 125 62.5/125 125 31.2/62.5 500°

A. baumannii (8) 125 31.2/62.5 500 31.2/62.5 >500“
Fungi

C. albicans 125 7.8/15.6 125 31.25/62.5 15.6”

¢ Amoxicillin. ? Nystatin.

relatively low coordinating ability of the BF, anion, making
these weaker interactions more important.

3.4 Antimicrobial studies

The results of the antimicrobial activities in terms of
minimum inhibitory (MIC) and minimum bactericidal (MBC)
concentrations for the tested compounds are listed in
Table 4. The MIC data revealed the better antimicrobial
potency of complexes 1 and 2 than the corresponding free
ligands for most microbes. It is obvious that complexes 1
(MIC = 7.8 pg mL™") and 2 (MIC = 31.25 ug mL™") have higher
potency against the fungus C. albicans than the free ligands
(MIC = 125 pg mL™). It is worthy to note that the antifungal
activity of 1 is considered better than that of the standard
nystatin (15.6 pg mL'). The MBC results are in good
agreement with this conclusion.

In terms of antibacterial activity, both Ag(1) complexes have
better activities than the free ligands against all the studied
bacterial strains. Complexes 1 and 2 have the best antibacterial
activity against the Gram-negative bacteria P. mirabilis. The
MIC values are determined to be 7.8 and 15.6 pug mL,
respectively, while the MBC values are 15.6 and 62.5 pg mL ™,
respectively. Also, both Ag(i) complexes have better activity
against this microbe than the common antibiotic amoxicillin.
For all Gram-negative bacteria except E. coli (ATCC 25922), the
studied compounds have better activity than the common
antibiotic amoxicillin. In addition, complex 1 (31.2 pug mL™)
showed better activity against Gram positive bacteria E. faecium
(31) than 2 (62.5 pg mL ™). In contrast, complex 2 (31.2 pg
mL ™) has better antibacterial activity against MRSA (1) and S.
aureus (ATCC 25923) than 1 (62.5 ug mL™") while both Ag(1)
complexes have the same potency against MRSA (ATCC43300).
Generally, the studied compounds have better activity against
all the studied Gram-positive bacteria (except S. aureus (ATCC
25923)) than amoxicillin.

3928 | CrystEngComm, 2023, 25, 3922-3930

Neither 1 nor 2 seems to perform better than the silver
nicotinate compounds we reported earlier.”

4. Conclusions

Single crystal X-ray diffraction was used to structurally
analyze the self-assembled [Ag(5NO,Qu),|BF, (1) and
[Ag(Qu3CN)(H,O)]BF, (2) complexes. Complex 1 comprised
monomeric [Ag(5NO,Qu),|BF,; units but in contrast,
complex 2 is a 2D coordination polymer via bridged
Qu3CN and H,O ligand units. Using Hirshfeld surface
analysis, we show that the intermolecular interactions are
significantly different in the two compounds. It is also
found that complexes 1 and 2 have antimicrobial activities
against several bacterial and fungal strains. Complex 1
(MIC = 7.8 pg mL™") has the best antifungal activity and
is even better than the standard nystatin (15.6 ug mL™").
In addition, the MIC and MBC results indicated the better
antibacterial activity of 1 and 2 against P. mirabilis than
the common antibiotic amoxicillin.
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