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Abstract

Novel mixed-ligands coordination frameworks, namely [Cu(Imd);(H.Cit)] (1) and
[Cu(Imd),(HCit)]-(HImd) (2) (with Imd = imidazole, H,Cit = dihydrogencitrate, HCit =
hydrogencitrate and HImd = imidazolium) were obtained as a result of the reaction between
imidazole, citric acid and copper chloride. The complexes were structurally characterized by
elemental analysis, FTIR spectroscopy and X-ray diffraction. The two structures were found
to be connected through 3D hydrogen-bonding networks examined by means of the Hirshfeld
surface analysis which highlighted the presence of O—H---O, N—H---O and C—H---O H-bonds
together with the =---Ip interactions. A topological analysis of the underlying nets
corresponding to the two hydrogen-bonded frameworks was carried out. Moreover, quantum
chemical calculations were performed using the HF method with 6-31G(d) and LANL2DZ
levels in the gas phase, and therefore the optimized structures, the IR, *H NMR, *C NMR
spectra, the MEP maps and the electronic structure descriptors were examined in detail.
Furthermore, the magnetic properties of (1) and (2) were also investigated. The complexes

showed remarkable antimicrobial and antifungal inhibition activities.

Keywords :

Coordination networks, imidazole-based copper complexes, crystal structure, Hirshfeld
surface analysis, topological analysis, Ab-initio calculations, magnetic properties, biological

properties.



1. Introduction :

The nitrogen atom of the imidazole bears interesting physical and chemical properties that
result in different pharmacological activities of the molecule and its derivatives [1].
Therefore, literature revealed that imidazole and its derivatives have been reported to have,
analgesic, anti-inflammatory, cardiovascular, anti-neoplastic, antifungal, enzyme inhibition,
antiviral and antiulcer activities [2]. Moreover, the parasitic and antiviral activities of aniline

derivatives of imidazole have been described in the literature [3].

Imidazole occurs in most of proteins as part of the side chain of histidine and constitutes the
binding sites of various transition metal ions in a large number of metalloproteins [4].
Consequently, the bonding between imidazole and transition metal ions is widely known [5]
and particularly of considerable interest especially in biological systems [6,7]. In order to
understand the special magnetic, spectroscopic properties and the catalytic mechanisms of
copper proteins, the study and modeling of the active site of copper-containing proteins has
been a field of great interest within the scientific community [10]. Therefore, copper(ll)—
imidazole systems with different ratios of imidazole to copper have been prepared and
investigated by several researchers [9]. Furthermore, being studied as models for copper
proteins that contain both functionalities in the side chain [10], some mononuclear copper(I1)—
imidazole complexes with carboxylate ligands have, in addition, been found to have a variety
of pharmacological effects, being as antitumor agents [11] and showing superoxide dismutase
and catecholase activities [12]. Thus, the recognition of the strong antitumor activity of the
trans bis(acetato) bis(imidazole) copper(ll) complex [13] caused the growing interest in the

synthesis and characterization of those systems [14].

Despite the huge number of papers dedicated to investigate imidazole complexes involving
different carboxylates and different metallic centers (copper [15], cobalt [16], nickel [16d,17],
manganese [17d,18], cadmium [19] and ruthenium [20]), however the crystallographic
information about imidazole-based complexes containing citrate ligands is rather quite poor;
only two hexacoordinated complexes have been reported until now, namely
(hexakis(imidazole)-cobalt(ll) A, A bis(tris(imidazole)-(citrato)-cobalt(ll)) tetrahydrate
[Co(Im)s][Coa(Im)s(Hcit)][Coa(Im)s(Hcit)]-4H,O and hexakis(imidazole)-nickel(Il) A, A
bis(tris(imidazole)-(citrato)-nickel(l1)) tetrahydrate [Ni(Im)e][Nia(Im)s(Hcit)]
[Nis(Im)s(Hcit)]-4H,O (Im = imidazole, Hycit = citric acid) [21]). As a contribution to this
study, we present herein an investigation of two new penta-coordinated copper(ll) complexes

with mixed-ligands; imidazole and citric acid.



2. Experimental :

2.1. Synthesis

Equimolar quantities of imidazole, citric acid and CuCl, were mixed together with 20 mL of
ethanol in a one-pot reaction. The mixture was stirred at 60 °C for one hour and the resulting
blue-coloured solution was filtered out and left at room temperature for several days, leading
to light-blue prisms of complex (1): [Cu(Imd)3(H,Cit)] and blue prismatic crystals of complex
(2): [Cu(Imd),(HCit)]-(HImd). Elemental analysis (C, H and N) for (1) calc. (exp.): Cu 13.85,
0O 24.41, N 18.31 (18.48), C 39.26 (39.31), H 4.17 (4.32) %. Elemental analysis (C, H and N)
for (2) calc. (exp.): Cu 13.85, 0 24.41, N 18.31 (18.57), C 39.26 (39.35), H 4.17 (4.48) %.

2.2. Physical measurements
FTIR spectroscopy
The Fourier transform infrared spectra were recorded on a Perkin-Elmer FTIR

spectrophotometer in the range of 4000400 cm™* by using KBr pellets at room temperature.

Elemental analyses
Elemental analyses (C, H and N) were performed using a Carlo Erba EA1110 CHNS-O

automatic analyzer.

Magnetic measurements

The magnetic susceptibility measurements were performed using a Quantum Design PPMS
magnetometer while heating from 2 to 300 K at 1 kOe after cooling in absence of the applied
field (zero field cooling, ZFC). Both compounds have been compacted and enclosed in
polypropylene holder that snaps into the brass through sample holder of the VSM option. No

changes have been observed in the samples after performing the magnetic measurements.

2.3. X-ray single-crystal structure analysis

Single-crystal diffraction data were collected at room temperature on a Bruker—Nonius X8
APEX diffractometer with graphite-monochromated Mo Ko radiation (A = 0.71073 A). The
data collection and the cell refinement were performed with the software APEX2 [22].
Whereas, the data integration and reduction were processed with SAINT software [22].
Calculations were carried out using the WinGX software package [23]. All the structures were
solved by direct methods using SIR2014 [24] and refined by full-matrix least-squares
calculations against F? using SHELXL2014 [25]. All non-hydrogen atoms were refined



anisotropically. Whereas, all hydrogen atoms were placed in calculated positions and refined
using a riding model, with distances constraints of N-H = 0.86 A and C-H = 0.93, 0.97 A
[Uiso(H) = 1.2 Ueq(N,C)]. Experimental conditions and X-ray structure information for both
synthesized compounds are listed in Table 1. Crystal structures were visualized using
ORTEP-3 [23] and MERCURY [26]. Software used to prepare material for publication:
WinGX [23] and pubICIF [27].

Table 1.

Crystal data and structure refinement parameters for complexes (1) and (2).

Crystal Data Complex (1) Complex (2)

Chemical formula C15H1sNgO,Cu C15H1sNO;Cu

Formula weight (g-mol™) | 457.89 457.89

Crystal system Monoclinic Triclinic

Space group P2:/n P-1

Temperature (K) 203 293

Unit cell dimensions

(A°) 9.0360(2), 9.2169 (4),

z 23.6063(5), 9.3738 (4),

c 9.0842(2), 11.8153 (5),

“ - 87.704 (1),

B 110.257(1) 83.425 (1),

Y - 64.936 (1)

Volume (&%) 1817.87(7) 918.56 (7)

z 4 2

Radiation type Mo Ka. Mo Ka.

Calculated density 1.673 1.656

(g-cm™)

Absorption coefficient 1.26 1.24

(mm?)

Crystal size (mm°) 0.20x 0.25x 0.25 | 0.20 x 0.20 x 0.25

Color Light-Blue Blue

Shape Prism Prism

Data collection

Diffractometer Bruker—Nonius Bruker—Nonius
X8APEX X8APEX

Omax-Omin (°) 32.0-1.7 32.0-1.7




Measured reflections 20009 11437

Independent reflections 6331 6357

Reflections with I > 26(I) | 5272 5369

Rint 0.029 0.018

h ~13—12 ~13—10

k 35533 13513

| 1313 1716

Refinement

R[F? > 26(F?)] 0.030 0.033

WR(F?) 0.124 0.128

Goodness of feet 1.17 1.18

No. of reflections 6296 6202

No. of parameters 262 262

H-atom treatment H-atom parameters | H-atom parameters
constrained constrained

Apmaxs Apmin (€ A) 0.68, -1.11 0.79, -0.82

2.4. DFT calculations

Computational calculations were performed by GaussView 5.0.9 [28] and Gaussian 09
AS64L-G09RevD.01 [29] programs. Hartree-Fock (HF) method was thus adopted with a mix
basis set. At this stage, LANL2DZ was used for metal atoms and 6-31G(d) was used for the
remaining atoms. The NMR spectra of the compounds were calculated with gauge-
independent atomic orbital (GIAO) method. In calculation stage of chemical shift values,
tetramethylsilane (TMS) was used as a reference substance. In calculations of MEP maps,
electrostatic potential (ESP) charges were taken into consideration. Additionally, related
electronic structure descriptors were calculated by using equations (1) — (5).

I = —Esomo 1)

A =—Eymo ()

Ecar = Erumo — Esomo (3)
I—A Eymo — Esomo

= = 4

n > 5 4
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2.5. Biological tests

()

g =

Antimicrobial tests were carried out using bacteria and fungi obtained from clinical samples.
The microorganisms were Staphylococcus aureus, Escherichia coli, Candida specie and
Aspergillus niger. The method by which these organisms were obtained was by plating out on
selected solid medium. A small quantity of the samples from infected patient was streaked out
on the selected medium from each isolates, i.e. mantol salt, tosine methylene blue agar,
Sabouraud dextrose agar respectively. These isolates were sub-cultured into nutrient agar and
Sabouraud dextrose agar for bacteria and fungi respectively. Specific biochemical tests were
carried out for confirmation. Preparation of medium used for the antimicrobial assay: The
Mueller Hinton agar used was prepared according to the manufacturer’s specification,
dissolved in appropriate volume of water and heat to gel on hot plate. The medium was
sterilized by autoclaving at 121 °C for 15 minutes at 10 psi. Thereafter on cooling poured
about 25 mL into sterile Petri dishes and left to set on the bench. Vapors were removed by
drying in oven. Preparation of isolates used for this work: Four organisms were used which
were Staphylococcus aureus, E. coli, Candida sp. and Aspergillus niger. Pure isolates were
inoculated into broth medium and incubated for 18-24 hours. These were serially diluted to
factor 3 using 10-fold dilution. These were carried out to standardize the number of cells
inoculated into the medium for antimicrobial activity. The cells contain in the 0.5 mL that will
be incubated will be equivalent to McFarland’s standard. Seeding of Mueller Hinton agar
plates with the test organism: 0.5 mL of each bacteria and fungi isolates were used to
inoculate the medium based on the number of metal complex. A sterile spreader was used to
spread the inoculum on the surface of the medium such that an even distribution of the
isolates is obtained. Holes of 6 mm diameter were bored on the seeded plates based on the
number of the complex fraction. Each hole was filled with the metal complex fraction such
that each isolate has the different metal complex fraction (two concentrations were used C;=
10 mg/ml and C,= 20 mg/ml). As a control experiment, 40 mg-mL™ of Streptomycin was used
as standard for antimicrobial activity 100 mg-mL™ of Nystatin was used as standard drug for
fungi isolates. Plates were then incubated at 37 °C overnight. The zones around each disc

were measured with a ruler.

3. Results and Discussion :



3.1.  X-ray crystallographic study
Crystal Structures Description

The asymmetric unit of (1) consists of a discrete copper complex in which the metallic center
is linked to three imidazole ligands through the three (N1A, N1B, N1C) nitrogen atoms and to
a citrate molecule acting as a bidentate ligand through two oxygens; O6 belonging to the
deprotonated a—carboxylato group and the hydroxyl oxygen O7, thus building a five-
membered chelating ring. The ORTEP drawing of complex’s (1) asymmetric unit is depicted

in Figure 1.

Figure 1. The Cu(ll) coordination environment in the molecular structure of (1).

In order to describe the geometry of pentacoordinate complexes a degree of distortion is
indicated by the t value calculated according to the equation T = (B — a)/60 , with a and 3
being the two largest angles measured around the five-coordinated metallic centers.

Therefore, an ideal square pyramid corresponds to a t value of 0, while it equals 1 in perfect



trigonal bipyramidal geometry [30]. Thus, the t value of 0.355 with o and  being 148.09(5)
and 169.39(5)°, respectively, suggests that the Cu(ll) ion in (1) adopts a geometry
significantly distorted towards square pyramidal, with a N3O, donor set in which the
equatorial plane is occupied by the two citrate oxygens O6 and O7, and the two N1B and N1C
nitrogens, with a bond distance Cu—O/N ranging from 1.9417(11) to 2.0563(11) A. Whereas,
in the apical position is situated the third imidazole N1A nitrogen, showing a longer bond
distance of 2.1839(14) A. The copper is 0.33 A above the N,O, plane towards the axially-
coordinated N1A imidazole nitrogen. The distances are in the normal ranges and are
consistent with those reported in similar imidazole-containing pentacoordinated copper(1l)
carboxylate structures; [Cu(im)z(mal)], [31], [Cu(Hzlac)z(im)], [Cu(Homlac),(im)] [32] and
[Cu(pydc)(H,0)(4-meim),]-H.O [33], where (im, mal, lac, mlac, pydc, meim) stands
respectively for (imidazole, malonate, lactate, 2-methyllactate, pyridine-2,5-dicarboxylate, 4-

methylimidazole). Summary of relevant bond lengths and angles is given in Table 2.

The asymmetric unit of (2) consists of a non-coordinating imidazolium cation and a
mononuclear five-coordinated anionic copper(ll) complex. The crystal structure reveals that
the metallic centre is surrounded by two imidazole N1A and N1B nitrogen atoms and three
tridentate-citrate oxygens; O1 belonging to one of the two deprotonated p—carboxylate
groups, O7 which originates from the hydroxyl group and OS5 arising from the a—carboxylate
group. It should be mentioned that the Cu(ll) ion builds with the citrate oxygens edge-fused
five-membered and six-membered chelating rings. Figure 2 provides a perspective view of the

asymmetric unit of complex (2).



\

Figure 2. A view of the asymmetric unit of (2) showing the atom-numbering scheme and

thermal displacement ellipsoids drawn at the 30% probability level.

By considering the two largest coordination angles within (2) (o and B being respectively
166.84(6) and 169.79(6)°), the geometry around the copper(ll) ion is therefore best described
as square pyramidal with a very small trigonal bipyramidal component t of 0.049. The two
N1A and N1B ligand nitrogen atoms and the two tridentate-citrate O6 and O7 oxygens are
defining the equatorial positions of the CuN,O3 core. The Cu-O are in the ranges of 1.9474—
2.0088(10) A and the Cu-N bond distances fall in the range from 1.9657(14) to 1.9816 (14)
A. The axial position occupied by the third O1 citrate oxygen exhibits a Cu-O bond distance
of 2.3082(13) A. The copper is 0.146 ¢ above the N,O, plane towards the axially-coordinated
O1 citrate oxygen. The selected bond lengths and angles, listed in Table 2, are in agreement
with the geometric parameters observed in other analogous imidazole complexes [34] and
similar metallic citrate systems [35]. It is worth noting that the bond distances and angles
arising from the two complexes (1) and (2) are very comparable except for the apical distance
and the three angles involving the O7 hydroxyl oxygen (O—Cul-O7, N-Cul-O7 and O7-
Cul-N/O). Moreover, the imidazolium moieties show geometric parameters comparing well

with the values described in other imidazolium containing salts; imidazolium fumarate [36],



imidazolium 4-nitrophenolate 4—nitrophenol monohydrate [37], imidazolium 3-carboxy-4-

hydroxybenzenesulfonate

imidazolium

methylimidazolium hydrogen maleate [40].

Table 2.

Selected bond distances and angles in (1) and (2).

2,4-dihydroxybenzoate [39] and 2-

Complex (1) Complex (2)
Bond lengths (A)
Cul—o01 - 2.3082 (13)
Cul—06 1.9417 (11) 1.9474 (12)
Cul—O07 2.0563 (11) 2.0088 (10)
Cul—N1A 2.1839 (14) 1.9816 (14)
Cul—N1B 2.0170 (13) 1.9657 (14)
Cul—N1C 1.9842 (13) -
Bond angles (°)
01—Cul—o07 - 82.59 (4)
06—Cul—O01 - 90.15 (5)
06—Cul—07 78.39 (4) 81.20 (4)
06—Cul—N1A 91.08 (5) 87.28 (5)
06—Cul—N1B 89.59 (5) 169.79 (6)
06—Cul—N1C 169.39 (5) -
N1A—Cul—O1 - 103.90 (6)
N1A—Cul—O7 104.05 (5) 166.84 (6)
N1B—Cul—O01 - 98.79 (6)
N1B—Cul—07 148.09 (5) 95.01 (5)
N1B—Cul—N1A 105.63 (6) 95.27 (6)
N1C—Cul—07 92.54 (5) -
N1C—Cul—N1A 96.50 (6) -
N1C—Cul—N1B 95.47 (6) -

The crystal structures of the two complexes are mainly dominated by supramolecular N—
H---O hydrogen-bonding (Table 3). Each molecule of (1) is thus surrounded by seven other
complex molecules (Figure 3a), bounded through four N-H---O intermolecular H-bonds,
among which a chelated interaction involving the bifurcated imidazole N2B donor with the
two deprotonated o—carboxylate O5 and O6 oxygens of the same citrate (x+1/2, -y+1/2,

z+1/2) is observed [N2B—H2NB---05, 3.060(2) ¢ and N2B—H2NB---06, 2.8782(18) ].



These two interactions combine along the c-direction to build up infinite C(6) chains [41]
connected together by means of the O7—H7---O3 hydrogen bond to produce bidimensional
sheets in the (bc) plane. In addition, two moderate O—H---O hydrogen bonds, resulting from
the interaction of the bifurcated deprotonated p—carboxylate O3 acceptor with the hydroxyl
O7 oxygen [O7—H7---0O3, 2.5860(15) #, (-x+2, -y, -z+2)] and the protonated f—carboxyl O2
atom [02—H2---03, 2.6894(18) ¢, (x-1, y, z)], come completing the complex molecules
environment. It is worth to be mentioned that the O7—H7---O3 hydrogen bond delineate a
symmetric R%(12) ring motifs. The three-dimensional hydrogen-bonding framework displays
besides the contribution of four weak C-H---O and C-H---N interactions connecting the
citrate C2 atom with the p—carboxyl O2 oxygen, and a carbon of each of the three imidazoles
(C1A, C2B, C2C) with the (protonated carboxyl O2 atom, imidazole N1A nitrogen,
protonated B—carboxyl O1 oxygen).

Table 3.
Hydrogen bonds geometry (A, ©) in (1) and (2).

D—H---A D—H H---A D---A D—H---A
Complex (1)

02—H2---03' 0.82 1.90 2.6894 (18)  |161
C2—H2D---01" 0.97 2.49 3.452 (2) 171
N2A—H2NA:--04' {0.86 1.97 2.7997 (19)  |161
N2C—H2NC---04™ |0.86 2.05 2.868 (2) 158
C1A—H1A---02"  |0.93 2.62 3.414 (2) 144
N2B—H2NB---06" |0.86 2.16 2.8782 (18) 141
N2B—H2NB---05" |0.86 2.26 3.060 (2) 155
C2C—H2C---01""  0.93 2.56 3.276 (2) 134
C2B—H2B---N1A"" |0.93 2.70 3.564 (3) 155
O7—H7..-03" 0.89 1.70 2.5860 (15)  |171
Complex (2)

N2A—H2NA.--02" |0.86 1.92 27778 (19) 172
N2B—H2NB---04' |0.86 1.89 2.7350 (19)  |166
C1B—H1B---03*  |0.93 2.39 3.172 (2) 142
C3A—H3A---04*  |0.93 2.47 3.388 (2) 168
C2B—H2B---04"  |0.93 2.45 3.362 (2) 167




C2—H2D---03*  |0.97 2.58 3.123(2) 116
N1C—HINC---02 |0.86 1.82 2.678 (2) 180
N2C—H2NC---06* {0.86 2.62 3.1458 (19)  |121
N2C—H2NC---05" |0.86 1.84 2.6795 (19)  |164
C3C—H3C---01""  ]0.93 2.34 3.222 (2) 159
O7—H7---03% 0.88 1.63 2.5162 (16)  |175

Symmetry codes: (i) x-1, y, z; (ii) -x+1, -y, -z+1; (iii) x, y, z+1; (iv) -x+1, -y, -z+2; (V)
X+1/2, -y+1/2, z+1/2; (vi) x+1,y, z+1; (vii) x+1/2, -y+1/2, z-1/2; (viii) -x+2, -y, -z+2; (iX) -
X+1, -y+1, -z+1; (X) -x+2, -y, -z+1; (xi) x-1, y+1, z; (xii) -X+1, -y, -z+2.

()



(b)

Figure 3. A perspective view of the neighboring environment surrounding the molecular units

in the crystal structure of (a) (1) and (b) (2) linked by means of hydrogen bonds.

Likewise, compound (2) exhibits four complex neighbors and two uncoordinated imidazolium
molecules in the immediate environment of each copper complex molecule. Whereas, the free
imidazole moieties show only two complex molecules in their neighborhood (Figure 3.b). As
a result, each molecule of the copper (I1) complex is linked to its four complex neighbors
through two moderate N-H---O hydrogen bonds (and their two reciprocal O---H-N
interactions) involving the two N2A and N2B nitrogen atoms with the two deprotonated
—carboxylate O2 and O4 oxygens [N2A—H2NA.--02, 2.7778(19) e, (-x+1, -y, -z+2) and
N2B—H2NB---04, 2.7350(19) ¢, (x-1, y, 2)]. This connection is as well assured via the O—



H---O interaction (and its reciprocal O---H-O) between the hydroxyl O7 oxygen and the
B—carboxylate O3 atom [O7—H7---03, 2.5162(16) e, (-x+1, -y+1, -z+1)], which combine
together, as in (1), to build dimeric complex moieties described as R%(12) graph-set rings.
Moreover, each complex molecule is bounded to two imidazolium via its B—carboxylate O2
oxygen and the imidazolium N1C atom. The a—carboxylate group displays additionally a
chelate bond through both O5 and O6 oxygens together with the imidazolium N2C nitrogen,
resulting thus in one moderate and one weak N—H---O hydrogen bonds (Table 3). Compound
(2) shows infinite [41] chains of complex molecules stabilized basically by the N2B—
H2NB---O4 interaction which define a C(10) descriptor. These chains are further linked
together viz N2A—H2NA.--02 and O7—H7---:O3 to end up in infinite sheets growing
parallel to the (ac) plane. Similarly to (1), weak C-H---O intermolecular forces are
contributing to stabilize the three-dimensional hydrogen-bonding networks in (2), however no

C—H---N interactions have been observed.

Hirshfeld Surface analysis

Hirshfeld surface analysis [42] represents an appealing approach to the investigation of the
different contacts between molecules in crystals. It has proven to be a useful tool for the
analysis and visualization of intermolecular interactions and therefore the crystal packing
behavior of molecules, particularly for the purpose of features comparison in given
compounds. It is furthermore of interest to analyze the intermolecular interactions present in
the crystal packing in terms of a bi-dimensional visualization of d. and d; based on
decomposition of the Hirshfeld surfaces into contributions from the different contacts and
generated as a 2D-fingerprint plot [43]. The different properties mapped on the Hirshfeld
surfaces and the fingerprint plots were generated using CrystalExplorer 3.1 [44]. The relative
contributions of the different interactions of compounds (1) and (2) to the global Hirshfeld
surfaces (Scheme 1) are given as full and decomposed 2D-finger plots, and are illustrated in

Figure 4.
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Scheme 1. Relative contributions of intermolecular contacts to the Hirshfeld areas in (1) and
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Figure 4. (a), (b) Full 2D-fingerprint plots in (1) and (2).

The finger prints of both compounds exhibit contribution similarity of the different
intermolecular contacts except for the O---H/H---O contacts, considered as the most dominant

and appearing as a pair of sharp symmetric spikes (Figures S1la and S1b), which appear to be



more significant (45.4%) over the total Hirshfeld surface around (2) compared to (1), being
only of 37.8%. Nevertheless, these contacts could be attributed in both compounds to the
intermolecular O-H---O, N-H---O and C-H---O hydrogen-bonding interactions, and show
prominent long spikes at (de + d; = 1.6 ) for (1) and at (de + di = 1.55 ) for (2), resulting
from the strong reciprocal interactions O7—-H7---O3/03:--H7-07. This is reflected by the
presence of the two large red spots over the dnom Surface defined by features (1) and (9) in
(Figures 5a and 5b), whereas the small red dots (features (8) for compound (1) in Figure 5a)
represent the weak C—H---O/O---H-C hydrogen bonds, considering that the spot size and

color depends on the interaction strength.




(b)
Figure 5. dnorm property mapped on the Hirshfeld surfaces of compounds (1) and (2). (a) The
features (1), (2, (3), (4), (5), (6), (7) and (8) describe the interactions
O7-H7---03/03---H7-07, 03::-H2-02, 04.--H2NA-N2A, N2B-H2NB-::-05,
N2B-H2NB---O6, Cl1A-H1A.--01, N2C-H2NC---0O4 and
C1A-H1A.--02/02---H1A-C1A. (b) The following features (9), (10), (11), (12), (13) and
(14) define the interactions O7—H7---03/03---H7-07, N2A-H2NA.--02/02---H2NA-N2A,
C3C-H3C---01/01---H3C-C3C, 05---H2B-C2B, 04---H2NB-N2B and O5---H2NC-N2C,

respectively.

The scattered points covering a large region of the two-dimensional maps arise from the
H---H contacts and are observed to be the second highest contributor towards the total
Hirshfeld areas (Figures S1c and S1d), with a contribution of 37.5 % and 31.3 % for (1) vs.
(2). As it can be seen from the two figures, the shortest contacts observed at about (d. = d; ~
119 o) and (de = di ~ 1.08 o) are associated to the non-classical interactions
C2-H2E---H1A-C1A and C4-H4A.--H1A-C1A, respectively. Whereas, the C---H/H---C
contacts appearing as wings in the 2D-histograms (Figures Sle and S1f) are less significant
and thus represent 15.7 % and 11.3 % from the whole histograms of (1) and (2), respectively.
The two wings show limits at (d. + d; ~ 2.62 &) and (de + di ~ 2.54 ¢) resulting from shortest

contacts which could be related to N-H---w and C—H---& interactions, respectively, involving



the imidazole (N2B, C1A) atoms in (1) and (C1A, C3C) carbons in (2). Moreover, there are
7.1 % and 5.9 % participations to the global areas of (1) and (2) coming from the N---H/H---N
contacts, as it is shown in Figures S1g and S1lh, and more precisely the two shortest
interactions C2B—H2B---N2A and C2C-H2C---N2A appearing at (de + d; ~ 2.55 ¢) and (d +
di ~ 2.68 ). A final observation deriving from the molecular environment description by
considering the fingerprint plots concerns the relative areas associated with the C---C and
N---C/C---N contacts given in Figures S2a and S2b, and associated with the planar - 7
stacking arrangement and Ip---w/z---Ip interactions in compound (2). In fact, from the two
Figures, it can be seen that less than 3 % of the surface is identified as N---C/C---N contacts,
whereas the C---C forces are less frequent with around 2 % of the entire molecular surface.
These numbers are supported by the appearance of red and blue triangles on the shape-

indexed surface of (2) and identified with black arrows in Figure 6.

It is worth to be noted that this is compensated in (1) by the observation of around 2 % of the
total Hirshfeld area, resulting equally from the contribution of O---O and O---C/C---O

contacts which are associated to the presence of Ip---Ip and Ip---x/z---Ip interactions.

Figure 6. Shape-index property mapped on the Hirshfeld surface around (2).



In addition, the Hirshfeld surfaces associated to compounds (1) and (2) have been displayed
with the MoProViewer software [45] and colored according to the values of the atomic
number of the atoms contributing most to the local electron density (Figures 7b and 7e) in
order to highlight the chemical type of the closest interacting atoms in the crystal surrounding
(Figures 7c and 7f).

(b) (c)



(d)

(e) )

Figure 7. (a), (d) Orientation of the molecules of (1) and (2). Hirshfeld surfaces around the

asymmetric units of (1) and (2) colored according to the (b), (e) internal or (c), (f) external

atoms contributing most to the electron density.

Enrichment ratio

The intermolecular interactions in (1) and (2) were further evaluated by computing the
enrichment ratios (E) [46], in order to examine the likelihood of two chemical species in the
two complexes to be in contact and therefore to form intermolecular interactions with
themselves and with the other species. The proportion of actual contacts in the crystal
structures of (1) and (2), the theoretical proportion of random contacts and the related

enrichment ratios are given in Table 4.

Table 4.
Percentages of Hirshfeld surface contacts, derived random contacts and enrichment ratios for

the different chemical species in (1) and (2).



1) )

H O N C Cu H 0] N C Cu
Contacts (C, %)?
H 37.5 — - — - 31.3 - — - _
0] 378 0.9 - — - 454 0.1 — - -
N 7.1 0.0 0.0 — - 5.9 0.0 0.5 — —
C 157 09 0.0 0.0 - 11.3 0.1 2.6 1.7 —
Cu 0.0 0.0 0.0 0.0 0.0 05 0.0 0.0 0.7 0.0

Surface (S, %)
678 203 36 83 0.0 62.9 22.9 4.8 9.1 0.6

Random contacts (R, %)

H 46.0 — - — - 39.6 - - — —
0] 275 4.1 - — - 28.8 5.2 — - -
N 4.9 15 0.1 — - 6.0 2.2 0.2 — —
C 11.3 34 0.6 0.7 - 114 4.2 0.9 0.8 —
Cu 0.0 0.0 0.0 0.0 0.0 0.8 0.3 0.1 0.1 0.0
Enrichment (E)"

H 082 - - - — 08 - _ - -
0] 1.37 0.22 - — - 1.58 0.02 — - -
N 1.45 0.00 - — - 0.98 0.0 — — —
C 1.39 0.26 - — - 0.99 0.02 2.89 — —
Cu - - - - - - - - - -

% The contacts proportions are obtained from the CrystalExplorer software [44].
® The enrichment ratios are not computed for the random contacts lower than 0.9 % as they

are not meaningful [46].

For pairs of elements with a higher propensity to form contacts the enrichment ratio is larger
than unity, while its values are lower than unity for pairs tending to avoid contacts. Therefore,
the H---H contacts in the two compounds are slightly under-represented with an enrichment
ratio Eyy of about 0.80 in both cases. Though, being enriched with Eyo = 1.58 the O—H---O,
N-H---O and C-H---O hydrogen bonds appear to be the driving forces in the crystal packing
of (2) compared to (1) which show a lower enrichment of 1.37. On the other hand, the H---N
and H---C contacts are over-represented in (1) in comparison to (2) with Eyoyn Values of 1.37
and 1.45 respectively (for only unity in the case of (2)), thus showing a high propensity to



form C-H---N, C—H---x and related interactions, as proved by means of the Hirshfeld surface
analysis. It is to be noted that the formation of extensive =«---Ip interactions in (2) is reflected
in the relatively high value of Ecy being equal to 2.89, while its propensity (1) is absolutely
insignificant. Whereas, the C---O and O---O contacts are in the two cases very impoverished
with Eocio < 0.3 in (1) and equal to 0.02 in (2). Moreover, the other XY contacts and self-
contacts involving nitrogen, carbon and copper are completely avoided. Figure 8 exhibits the

Hirshfeld surfaces built around (1) and (2), and displayed according to the different contact
types and their proportions.
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Figure 8. (a), (c) Front and (b), (d) back views of the Hirshfeld surfaces colored following the

different contacts nature in (1) and (2).



Topological analysis

Topological description of the crystal structures could be undertaken by finding simple nets
models [47] that usually ignore the geometrical parameters of an atomic array and rather
focus on the overall structure connectivity [48]. For this purpose, and according to a
topological analysis using ToposPro program [49], the three-dimensional hydrogen-bonding
frameworks observed in (1) and (2) could be described as simplified nodal nets.
Consequently, the entire assembly of (1) can be simplified to a sev (sqc44) uninodal (7)-
connected underlying net (Figure 9) having the Schlafli symbol {4.6*}, in which the nodes
are the mass centers of the copper complex molecules and the connections between them are
made of edges that mimic the hydrogen-bonding patterns made of two O—H---O and four

N—H---O interactions.
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Figure 9. (a) Crystal packing of (1) showing the connectivity of each molecule through the
hydrogen-bonding frameworks. Standard representation of the crystal structure of (1) given
(b) along (100) and (c) in a perspective view. The corresponding underlying net is a 7-

coordinated sev.

From a topological point of view, the copper complex molecules in (2) serve as 4-coodinated
nodes, bonded to two other complex molecules and two free imidazole moieties (Figure 10).
Whereas the imidazolium cations could be represented as 2-connected nodes which guarantee
the link between two different complex molecules, by means of two N—H---O interactions.
The two types of nodes are further interconnected through edges built of the different H-
bonds present in the crystal structure, and the resulting 3D-framework is thus a (2,6)-

connected binodal net with a unique {4*.6'°.10}{6} topology.
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Figure 10. (a) Connectivity of the complex molecules and the imidazolium cations in (2).
Views of the resulting (2,6)-c binodal 3D-network along the (b) [100] and (c) [010]
directions.

If we consider that the bridging imidazolium cations (2-coordinated purple nodes) could be
merged to the 6-connected nodes (yellow nodes) and contracted to edges, then a secondary
simplification should be additionally applied to obtain the standard representation. Therefore,
the previously obtained network could simplify further to a 6-connected uninodal primitive

cubic lattice pcu (sqcl) underlying net with a point symbol of {4'%.6%} (Figure 11).

€Y (b)
Figure 11. Views (a) along [100] and (b) in perspective of the simplified underlying net for
the structure of (2), belonging to the pcu topology.

3.2.  Computational Results

Optimized structures



The quantum HF computational analysis was performed to gain a better insight into the
electronic and vibrational properties of the two mixed-ligands copper(ll) complexes.
Calculated structures of the complexes are represented in Figures S3a and S3b. Some relevant

theoretical structural parameters in comparison to the experimental ones are given in Table 5.

As it can be noticed from Table 5, the calculated bond lengths and bond angles in complexes
(1) and (2) were found to be approximately similar to the experimental data obtained by the
X-ray crystallographic studies, suggesting a square pyramidal geometry for the two structures
as it was confirmed from the crystal structures with t values of 0.216 and 0.095. However, a
slight deviation has been observed especially in the (Cul—N1B, Cul—O7) bonds of (1) and
the (Cul—O01, Cul—O07) bonds in (2).

Table 5.

Comparative experimental and calculated structural parameters of the two copper complexes.

Bond Lengths (A) Bond Angles (°)

Experimental Calculated Experimental Calculated
For Complex (1)
Cul—N1A 2184 2.149 N1A—Cul—N1B 105.6 103.8
Cul—N1B  2.017 2.304 N1A—Cul—N1C 96.5 90.8
Cul—N1C 1.984 2.149 N1A—Cul—O06 91.1 87.8
Cul—0O6 1.942 1.946 N1A—Cul—O7 104.1 97.7
Cul—O07 2.056 2.643 N1B—Cul—N1C 955 96.3
- - - N1B—Cul—O06 89.6 96.1
- - - N1B—Cul—O7 148.1 154.5
- - - N1C—Cul—O06 169.4 167.5
- - - N1C—Cul—O7 925 96.8
- - - 06—Cul—07 78.4 71.1
For Complex (2)
Cul—N1A 1.982 2.153 N1A—Cul—N1B 95.3 92.8
Cul—N1B 1.966 2.141 N1A—Cul—O01 103.9 176
Cul—O01 2.308 1.946 N1A—Cul—O06 87.28 87.1
Cul—06 1.947 1.929 N1A—Cul—O7 166.8 93.5
Cul—O07 2.009 2.388 N1B—Cul—O01 98.8 84.8
- - - N1B—Cul—O06 169.8 170.3
- - - N1B—Cul—O7 95 112.5
- - - 01—Cul—06 90.2 95.6
- - - 01—Cul—07 82.6 85

- - - 06—Cul—O7 81.2 77.1




Spectral Analyses

The calculated IR spectra of both compounds are obtained at HF/6-31G(d)(LANL2DZ) level
in gas phase and depicted in Figures S4a and S4b. Some stretching frequencies are given in
Table 6 and are very comparable in both complexes, showing a stretching vibration mode of
the (O—H) bonds at 4000 cm™. In addition, the absorption bands of the v(N—H) stretching

were calculated at 3900 cm™.,

Table 6.

Stretching vibrations and related frequencies (cm™) in the calculated IR spectra of the

complexes.
Vibration mode Frequency
Complex (1) Complex (2)

VoH 4047 4070
VNH 3911 3914
VCHAromatic 3492 3488
VCHAliphatic 3182 3158
Ve=0 1938 1909
Vc-c, Vc=0 1512 1544

Chemical shift values of carbon and hydrogen atoms in the *H and *C NMR spectra of the
imidazole complexes are calculated by considering the TMS and given in Table 7. Chemical
shift values of the aromatic carbon atoms are in the range of 109 — 147 ppm in (1) and 109 —
145 ppm in (2). Moreover, the citrate carbon signals appear from 41 to 168 ppm and from 45
to 177 ppm, in (1) and (2) respectively. Whereas, the values of the corresponding proton
signals in the aromatic rings are in the range of 5.6 — 11.5 ppm for (1) and in the range of 5.3
— 8.2 ppm for (2), and the values 1.2 — 2.8 ppm were obtained for the hydrogen atoms
connected to the aliphatic carbons for the two complexes.



Table 7.

'H and *C NMR results for (1) and (2), calculated at the same level of theory.

'H NMR C NMR
(1) (2) (1) (2)
H2D 2.77 2.09 C1 166.95 176.54
H2E 2.49 1.20 C2 41.18 44.74
H4A 1.17 2.00 C3 66.55 71.25
H4B 1.72 2.81 C4 41.44 48.09
H2 5.25 - C5 168.16 159.86
H7 11.18 6.15 C6 163.89 166.51
H1A 9.39 7.38 C1A 143.86 144.78
H2A 6.51 5.25 C2A 110.11 121.19
H3A 6.06 6.15 C3A 121.35 108.76
H1B 11.48 8.23 C1B 147.03 145.46
H2B 7.93 6.22 C2B 112.49 108.45
H3B 10.01 6.25 C3B 128.29 122.22
H1C 5.93 - c1C 138.07 -
H2C 6.15 - c2C 109.45 -
H3C 5.55 - C3C 121.71 -
H2NA 7.38 6.85 - - -
H2NB 8.60 6.83 - - -
H2NC 6.68 - - - -

Molecular Electrostatic Potential Maps

Molecular electrostatic potential (MEP or ESP) maps are important to investigate and analyze
the sites of unusual electrostatic features corresponding to functionally important regions in
the two molecular structures. For this purpose, the MEP maps of the two copper complexes
were generated and represented in Figures 12a and 12b. In these maps, electronically rich
regions are mainly colored in red or yellow, while highly positive electrostatic potential sites
are attributed to the blue features on the two maps. Therefore, blue regions are dominant
around the hydrogen atoms in (1) and (2), while the red regions appearing around the oxygen
atoms show that they are the most electronegative sites of the two structures and are thus

appropriate to nucleophilic attacks.
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Figure 12. The molecular electrostatic potential maps of (a) (1) and (b) (2).

Electronic Structure Descriptors

The determination of the chemical reactivity ranking of the studied copper complexes could
be achieved by calculating the electronic descriptors of their molecular structures. Thus, the
energy of singly occupied molecular orbital (Esomo), the energy of the lowest unoccupied
molecular orbital (ELumo), the energy gap (Ecar), the chemical hardness (1), the chemical



softness (o), the dipole moment (p), the polarizability (o) and the hyperpolarizability (B) are
calculated by using equations (1) — (5) and their values are given in Table 8.

Table 8.
Calculated electronic structure descriptors for the two studied complexes.

Esomo™ ELumo™ I’ A Ecap
Complex (1) -8.857 3.088 8.857 -3.088 11.945
Complex (2) -4.611 4311 4611 4311 8.922

= v W e B
Complex (1) 5.972 0.167 12.955 189.785 106.681
Complex (2)  4.461 0.224 30.660 152.778 353.385

YineV,?ineVv? *in Debye, *in a.u.

According to the values of Table 8, chemical reactivity increases with the increasing of
Esomo, o, 1, o and B. As a result, chemical reactivity ranking should be as follow:

Complex (2) > Complex (1) (in Esomo, o, 1 and B)
Complex (1) > Complex (2) (in o)

On the other hand, the chemical reactivity ranking increases with decreasing of E ymo, Ecap
and n. According to these parameters, the chemical reactivity ranking should be as follow:

Complex (2) > Complex (1) (in Egap and 1)
Complex (1) > Complex (2) (in ELumo)

And thus, complex (2) is more reactive than complex (1).

3.3.  Spectroscopic Study

The FT-IR spectra of the two complexes are illustrated in Figures S5a and S5b. The
vibrational assignments have been made by comparison with the assignments reported earlier

for similar imidazole and citrate systems. Similarly to other citrate-complexes [50], the



stretching frequency v(O-H) of the citrate hydroxyl group occurs as a strong large band near
3157 cm™ for complex (1) and is sharper for complex (2) appearing at 3150 cm .
Additionally, the v(O-H) vibration of the protonated carboxyl moiety in (1) overlapped with
the former frequency range. Furthermore, the antisymmetric v,(—CO,) and the symmetric
vs(—CO,) carboxylate stretching vibrations for the coordinated citrate in (1) and (2) occur at
(1647 and 1419 cm™) and at (1591 and 1381 cm™), respectively. The positions of these
carboxylate stretching vibrations are within the range expected for carboxylate groups [51]
and are shifted to lower frequencies compared to those of free citric acid [52], denoting
changes in vibrational status upon complexation to copper. In the IR spectrum of (1), there is
a strong sharp absorption band at 1735 cm™ characteristic of the v(CO,H) stretching. This
vibration is mainly resulting from the uncoordinated (-carboxylic acid group as it was
observed in [53] at 1720 cm™*, however, its absence from compound’s (2) spectrum indicates
the obvious deprotonation of the three carboxylic acid groups. In addition, sharp to medium
bands at 523, 599 and 670 cm™ are mainly generated by the (~CO,) rocking, wagging and
bending vibrations [54] in complex (1). The same vibration modes for (2) occur at about 537,
625 and 657 cm™. On the other hand, the two complexes exhibit infrared frequencies
appearing as doublets and occurring at (3148, 3127 cm ™) for (1) and at (3137, 3117 cm™) for
(2), which are assigned to the v(N—H) stretching bands of the coordinated imidazole ligands
and the free imidazolium moieties. These frequencies are in the same values range of other
related complexes based on imidazole [54], though show approximately (228 and 239 cm™)
shifts to lower frequencies compared to the free imidazole molecule [55]. Therefore, the
shifting size reflects the strength of the coordinated bond in the formed complexes between
the imidazole nitrogens and the Cu(ll) ions, as well as the their hydrogen bonds strength. It is
worth noting that the medium broad bands appearing at around 3025-2971 and 3042-2937
cm™, in complex (1) and (2) respectively, are due the v(C—H) absorption vibrations of the
citrate together with the imidazole moieties, as reported in [52] and [56] at about 2994 and
3122-2973 cm™, respectively. It is to be noted that the experimental frequencies are supported

by the calculated results.

Moreover, the broad bands at 1571 and 1587 cm™* are assigned to the (N—H) in-plane bending
vibrations in (1) and (2), respectively [56]. While a band at 1223 cm™ has been observed in

the case of the free imidazole molecule [55]. Due to the strong and moderate intermolecular



hydrogen bonds in (1) and (2) as seen in the crystal structure discussion, the frequencies of
this vibration mode have shown an upward shift. Furthermore, both spectra show the presence
of v(C=C) and v(C=N) stretching vibrations in the region 1535-1495 cm™ and 1491-1447
cm™, respectively [57]. The two spectra respectively exhibit the following absorption
frequencies: (1418, 1383, 1364, 941 cm™) and (1427, 1384, 1331, 959 cm™) attributed to the
citrate (—CH>) bending, wagging, twisting and rocking deformation modes [54]. Whereas, the
(—~CH) in-plane bending of the imidazole molecules occur in the 1260-1128 cm™ range for (1)
and 1263-1108 cm™ for (2), and the out of-plane bending of the same bond appears for the
two complexes at 1068 cm™ as a very strong sharp band [54]. The bands at around 540/441
cm* for (1) and 584/432 cm™ for (2) can be assigned to the v(Cu—0) and v(Cu—N) stretching

vibrations [58].

3.4. Magnetic Properties

The magnetic susceptibility of the polycrystalline samples of (1) and (2) were examined in a
magnetic field of 1000 Oe under the temperature range 2-300 K. The magnetic
susceptibilities (ym) and their inverses (1/ym) were plotted versus temperature, and the results
are shown in Figures 13a and 13b. The magnetic susceptibility (ym) of both complexes (1)
and (2) displays a paramagnetic behavior over most of the temperature range investigated. As
can be seen in Figures 13a and 13b, it exhibits a Curie-Weiss dependence, and the whole
susceptibility data was fitted to the expression ym = Cw/(T — 0) affording molecular Curie
constants Cy of 0.3936(9) and 0.3903(9) cm®-K-mol™ and Weiss constants 6 of —0.2(2) and
—0.9(1) K, respectively. The former values correspond to g-values of 2.414(4) for (1) and
2.252(2) for (2). Furthermore, the C value is in the expected range for an isolated Cu(ll) ion
and the small value of the Weiss constants, less than 1 K, suggests the existence of a very
weak antiferromagnetic coupling (with the exchange coupling constant J found to be
0.3943(8) and 0.4174(5) cm™ for complexes (1) and (2) respectively). Such behavior arises
from the non-covalent interactions and the intermolecular hydrogen bonding transmitted
through the Cu—O—C—-C—C-0---H—O—Cu pathways [59] giving rise to binuclear hydrogen-
bonded copper complexes (O7—H7---O3 hydrogen bonds) with Cu---Cu distances of 7.651
and 8.395 ¢, within complex (1) and (2) respectively (Figure S6).
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Moreover, the weakly interacting monomeric Cu?* ions might be resulting from the
contribution of the following pathways effect; Cu—N—C—N-H---O—Cu infinite chains
(N2B—H2NB---O5 and N2B-H2NB---0O6 hydrogen bonds) in complex (1) and
Cu—N-C—N-H---O—C-0—-Cu binuclear units (N2A-H2NA---02 hydrogen bonds) [32]
observed in complex (2) which vyield to the Cu---Cu separations of 7.209 and 7.403 e,
respectively (Figure S6).

Moreover, ym T versus temperature plots show hardly any changes at lower temperatures and
remain almost constant at values of 0.365-0.415 cm*-K-mol™ for complex (1) and 0.406—
0.381 cm*-K-mol* for complex (2) down to 2 K. Therefore, the effective magnetic moments
wee for (1) and (2), of 1.789 and 1.732 pgs/Cu?* respectively, are in the range expected for
mononuclear pentacoordinated-copper(l1) complexes [32,60], which corresponds to the spin-
only value for one unpaired electron (namely 1.73 pg, for S = % and a spin-only g-value of
2.0) [61].

3.5.  Biological Activity

After plates’ incubation, zones of inhibition formed for each complex evaluated for its in vitro
antibacterial activity against Staphylococcus aureus and Escherichia coli as examples of
Gram-positive bacteria and Gram-negative bacteria, respectively, have been measured and
accumulated in Table 9. Furthermore, the same table exhibits the results of the complexes’
tests against two fungi; namely Candida specie and Aspergillus niger. Concentrations used
were 10 mg-mL™ (Concentration 1) and 20 mg-mL™ (Concentration 2).

On the basis of the minimum inhibitory concentration (M.I.C) and the diameter of the
inhibition zone, complex (1) shows highest fungicidal activity against Aspergillus niger (15
mm at 10 mg-mL™) compared to its inhibition of Candida specie (10 mm at 10 mg-mL™). The
same behaviors have been observed for complex (2) for the two microorganisms but with
higher response (20 mm at 10 mg-mL™ for Aspergillus niger vs. 16 mm at 10 mg-mL™ for
Candida specie). Moreover, both complexes are found to have high activity against
Staphylococcus aureus (15 mm for complex (1) and 18 mm for complex (2), at 10 mg-mL™).
Whereas, antibacterial activity of complex (1) against Escherichia coli is observed to be
significant (10 mm at 20 mg-mL™) compared to complex (2), which showed no effect on the
same bacteria. Furthermore, complex (2) has the advantage of combining the free ligand and
the coordinated-ligand molecule in its structure, and thus makes it more potent antifungal and



antibacterial agent compared to complex (1). This is in agreement with the literature [62,63]
assuming that the coordination of an organic ligand to a metallic center magnifies its
antimicrobial activity due to the greater lipophilic nature of the complex than the free ligand’s
one. Therefore, the overlapping of the ligand and the metallic cation orbitals amplifies the
resonance of © electrons and consequently increases the liposolubility of the complex with
respect to its free ligand [64]. This improved lipophilicity enhances the penetration of the
complexes into lipid membrane and stops the metal binding sites on enzymes of

microorganisms.

Table 9.
Diameter of the inhibition zone (mm) for the two complexes.

Complex (1) Complex (2)

C1=10 C,=20 C1=10 C,=20

mg-mL™* mg-mL™* mg-mL* mg-mL*
Staphylococcus 15 18 18 21
aureus
Escherichia coli NE 10 NE NE
Candida specie 10 13 16 21
Aspergillus niger 15 18 20 23

NE = No effect.

4. Conclusion :

Two new copper (II) complexes based on pyrazole and citrate ligands were prepared,
characterized by single-crystal X-ray diffraction and FTIR spectroscopy, and their magnetic
and biological properties were studied. The crystallographic study revealed that the
complexes are pentacoordinated and form extensive 3D propagating frameworks as a result of
strong and moderate O—H---O and N—H---O hydrogen-bonding patterns. The Hirshfeld
surface analysis indicated that the two crystal structures are dominated by the O---H/H---O,
H---H and C-:--H/H---C non-covalent interactions. Moreover, the N---H/H---N contacts
exhibited a high propensity to form C—-H---N interactions. While, the C---O and O---O
contacts are very impoverished, and the =---Ip interactions in (2) are over-represented with

Ecn being 2.89. The FTIR vibrational absorptions are in full agreement with the



crystallographic data. In addition, computational investigations of the studied complexes were
performed by using HF method with 6-31G(d)(LANL2DZ) mix basis sets in the gas phase.
The geometric and spectral analyses showed an agreement with the experimental ones.
Additionally, their MEP maps were examined and their chemical reactivity investigated by
electronic structure descriptors, showing that complex (2) is more reactive than complex (1).
The results of the temperature variable magnetic studies displayed a paramagnetic behavior of
both compounds with a very weak antiferromagnetic coupling due to the Cu---Cu separations
of about 7.5 e. The antimicrobial tests suggested that the two complexes are promising
against Staphylococcus aureus, though complex (1) was found to be effective against
Escherichia coli. Furthermore, (1) and (2) showed significant fungicidal activity against

Aspergillus niger and Candida specie.

Appendix A. Supplementary material

Crystallographic data for the structural analysis of both new complexes have been deposited
at the Cambridge Crystallographic Data Centre, CCDC No 1565437 and 1565432 for
compounds (1) and (2) respectively. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK: fax: (+44) 01223-336-033; e-mail: deposit@ccdc.cam.ac.
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