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CrossMark
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Abstract

Five new nanoparticles mixed ligand complexes were synthesized by interacting the antibiotic cefaclor(CEF) with some
metal ions such as Cr(III), Co(II), Cu(Il), Zn(Il) and Cd(II) with 2,2"-bipyridine (Bipy) in 1:1:1 molar ratio. The complexes
were characterized by elemental analyses, thermal analyses (TG, DTG, and DTA), spectroscopic methods (FT-IR, UV-Vis, 'H
NMR, and X-ray powder diffraction, or XRD), molar conductivity and magnetic moment (JL.;;). The molar conductance data
supported that all complexes were electrolyte in nature with 1:2 for Cr(III) and 1:1 for bivalent metal ions. Magnetic moments
data and electronic absorption spectra for all complexes supporting octahedral geometry for the metal complexes. Infrared
data showed that CEF interacted as a tridentate ligand with metal ions via nitrogen of primary amine, one oxygen atom of
carboxylate group and carbonyl group of a B-lactam ring, while, Bipy chelated through two nitrogen atoms. Optical band
energy gap (E,), the calculated values of E, for the metal complexes confirmed they were semiconductors. CEF, Bipy, and
their metal complexes underwent TG and DTG, and the decomposition mechanisms were discussed. DTA data exhibit
exothermic and endothermic peaks. The average crystalline size (C;), dislocation density (D), full width at half maximum
(FWHM), and the kind of compounds (crystalline or amorphous) were determined using XRD which indicted that complexes
(3), (4) and (5) were crystalline but complexes (1) and (2) were amorphous in nature. The compounds' optimal molecular
geometry was determined using density functional theory (DFT) computations. All studied complexes with ¢ values varied
from 22.222 to 44.444 eV were soft respect to CEF (c = 16.393 eV). All compounds were tested for their antimicrobial
activities against gram-positive and gram-negative strains of bacteria and fungi. The results indicated that the tested metal
complexes exhibited notable effectiveness more than CEF and Bipy, of which these synthesized compounds could potentially
serve as improved bactericides and fungicides.
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1. INTRODUCTION

Cephalosporins are B-lactam antibiotics, which are
among the oldest and most widely used naturally
occurring The important
intermediary in the semisynthetic manufacture of a
significant cephalosporins is  7-
aminocephalosporanic acid, which is created by the

antimicrobial  drugs.

number of

hydrolysis of cephalosporin produced via fermentation
[1-5]. Cephalosporins are  physically and
pharmacologically linked to penicillin, which has a p-
lactam ring structure that inhibits bacterial cell wall
formation, and so are bactericidal [6-9]. PB-lactam

antibiotic drugs easily interact with metal ions forming
metal complexes which accelerate the rates of drug
absorption through the [6,7]. The
interactions of drugs with metal ions were especially
studied because of their interesting biological and
chemical properties [10-12]. Inorganic biological
metal ions provide a variety of important functions in
biological and pharmaceutical sciences [10-15]. Based
on their wide spectrum of coordination numbers and
geometries as well as kinetic properties, metal
compounds enable unique mechanisms of drug action
that cannot be realized by organic agents [10-12].

membranes
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Cefaclor (CEF) (Scheme 1A) is a broad spectrum
antibacterial agent and is a unique antibiotic that
belongs to the second category of cephalosporin
antibiotics which is commonly used against G+ve, G-
ve bacterial. Also, CEF used to treat certain infections
caused by bacteria such as pneumonia and ear, lung,
skin, throat and urinary tract infections [16,17]. CEF
drug contains common donor atoms such as nitrogen,
oxygen and sulphur, which easily coordinate with
metal ions to form complexes [16-18]. Three distinct
donation sites in cefaclor (C=0) B-lactam, (C=0)
carboxylic acid, and (-NH) amine groups are present
and appropriate for chelation [16-18].

2,2'-bipyridine (Bipy) (Scheme 1B) chelated
as a bidentate ligand with metal ions through two
nitrogen donor atoms [10,15]. Bipy complexes were
used in the field of catalysis, supramolecular, material
chemistry, analytical chemistry, biology, and energy
transfer [19]. In the literature survey, numerous mixed
metal complexes, including Bipy and various other
donor ligands, have been documented in published
literature [10,15, 20-23]. A previous literature research
proves that no work has been reported on CEF in the
presence of Bipy, and therefore, the aim of the present
work is to synthesize some new nanoparticles mixed
ligand complexes of inorganic metal ions such as
Cr(II), Co(I), Cu(Il), Zn(Il), and Cd(II) with CEF
with Bipy. The complexes
characterized by elemental analysis, FT-IR, UV-Vis.,
1H NMR, XRD, DFT, magnetic measurements,
thermal analysis, and molar conductivity. Also, CEF
efficiency in the new form was evaluated against some
bacterial and fungal strains.

new metal were

0
H :
TH—C—NH—(’)H{
NH, C—N
VA"
COOH

Scheme 1: CEF (A) and Bipy (B)

2. EXPERIMENTAL
2.1 | Materials

All of the analytical-grade chemicals and
solvents used for this investigation were used as
received. CEF, Bipy(99.5%), absolute ethanol
(99.8%), CrCl3.6H20 (98%), CoCl, (98%), CuCl,
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(97%), ZnCl, (98%), and CdCl, (99%) were purchased
from Sigma and Aldrich Chemical Co.

2.2 | Synthesis of metal complexes

Brown solid complex
[Cr(CEF)(Bipy)(H,0)]CI2.3H,O (1), green solid
complex [Co(CEF)(Bipy)(H,O)]Cl.2H,O (2), faint
green solid complex [Cu(CEF)(Bipy)(H,0)]C1.H,O

3), pale yellow solid complex
[Zn(CEF)(Bipy)(H,0)]C1.2H,0O (4) and buff solid
complex [Cd(CEF)(Bipy)(H,O)] CL.5SH,O (5) were

synthesized by adding 2 mmol (0.735 g) of CEF in 30
mL of ethanol in presence of 2 mmol (0.312 g) Bipy to
2 mmol of CrCl;.6H,0, CoCl,, CuCl,, ZnCl,, and
CdCl, in 20 mL ethanol with 1:1:1
(CEF:M:Bipy) molar ratio. The mixture was refluxed
upon stirring for six hours and the solid precipitate was
formed upon evaporation at room temperature for
seven days, the precipitate was dried under vacuum
over anhydrous calcium chloride.

dissolved

2.3 | Instruments

The determination of CHN percentages was
performed using an elemental analyzer, specifically
the PerkinElmer 2400 instrument. Metal ions fractions
were detected using atomic absorption technique and
thermogravimetric analysis [10,15]. Utilizing an FTIR
460 PLUS Spectrophotometer, FT-IR spectra in 4000
to 400 cm-1 region of KBr discs were done. Under N2
as the environment and temperature range 25-1000 °C
using alumina crucibles, thermal studies were carried
out utilizing a Shimadzu TGA-50H thermal analyzer.
UV3101PC Shimadzu was used to find the electronic
absorption spectra. 1H NMR spectra in dimethyl
sulfoxide (DMSO-ds) were recorded on Varian
Mercury VX-300 NMR spectrometer with tetra methyl
saline (TMS) as reference. peff of the complexes was
done using Gouy balance which calibrated with
Hg[Co(SCN),4]. At concentration solutions (1x10-3 M)
in DMF, CONSORT K410 was used to evaluate the
molar conductance of the compounds. Melting points
of the examined complexes were noted using Buchi
apparatus. XRD was done using a diffract meter
(analytical XPERT PRO MPD). Cu-Ka radiation (A =
1.5418 10%) was used at a rate of 40 kV and 40 mA.
Every measurement was conducted using freshly made
solutions at room temperature.
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2.4 | Antimicrobial assay

In vitro antimicrobial activity of CEF, Bipy and
the complexes in DMSO at a
concentration of 1 mg/mL and subjected to the disc
diffusion technique, which was performed using a
modified version of Beecher and Wong's previously
established method [24,25] against two Gram positive

were dissolved

Staphylococcus aureus (S. aureus),
Straptococcusmutans (S. mutans) and two Gram
negative Escherichia coli (E. coli), Klebsiella

pneumonia (K. pneumonia) was evaluated, these
strains were aseptically collected from Microbial
Wealth Center Ain Shams University in order to
represent bacteria. Also, the antifungal activity of the
compounds was assessed against Candida albicans (C.
albicans) and Aspergillusniger (A. niger) using
Sabouraud dextrose agar medium. Ampicillin and
Gentamicin, widely used as standard drugs for G+ve
and G-ve bacteria were included in the study. Nystatin
as standard drug for fungal strains and DMSO as
solvent control were used. The compounds were tested
against both fungal
concentration 15 mg/mL.
The sterilized liquid substance was carefully
poured onto the sterilized circular plates (measuring
20-25 mm in diameter). After pouring, each plate was
left undisturbed at room temperature until it solidified.
A suspension of microorganisms was prepared in
sterilized saline solution, which was equivalent to a
McFarland 0.5 (containing
approximately 1.5x 105 colony-forming units per
milliliter). The opacity of the suspension was modified
to an optical density (OD) of 0.13 at a wavelength of
625 nm using a spectrophotometer. Ideally, within 15
minutes of adjusting the turbidity, a sterile cotton swab
was immersed in the adjusted suspension and spread
evenly on the dried agar surface. The swab was then
left to dry for 15 minutes with the lid of the container
in place. To create wells for subsequent experiments, a
sterile borer was used to make holes with a diameter of

and Dbacterial strains at

standard  solution

6 mm in the solidified agar. Using a micropipette, 100
puL of the compound being tested was added to each
well. The plates were then placed in an incubator at a
temperature of 37 °C for duration of 24 hours,
specifically for assessing antibacterial activity [26].
This experiment was conducted in three independent
repetitions, and the zones of inhibition were measured
in millimeters. The percentage of activity index for the
tested compounds was determined using eq. (1) [27].
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Inhibition zone by test compound diameter

% Activity index =
% Activity index Inhibition zone by standard diameter

x 100 €Y

3. RESULTS AND DISCUSSION
3.1 Elemental and molar conductance

The physical and analytical information of CEF,
Bipy and their metal complexes were tabulated in
Table 1. According to the microanalysis data for all
synthesized complexes, the molecular formulas were
elucidated with molar ratio 1:1:1 (CEF: M: Bipy). For
metal complexes, the values of molar conductance
ranged from 75.67 to 144 Q cm2 mol' which
indicated that all complexes were electrolyte with 1:2
for Cr(Ill) and 1:1 for
complexes[10,11,28]. All tested complexes give a
white precipitate with silver nitrate solution, this prove
the presence of chloride ions as counter ion which
good agree matching with the molar conductivity
values.

other bivalent metal

3.2 | FT-IR spectra and mode of chelation

FT-IR analysis performed on the
compounds CEF, Bipy, and their respective metal
complexes. The resulting spectra were presented in
Figure S1, the significant bands were identified and
their corresponding data were listed in Table 2. A
comparison was made between the spectra of the
complexes and those of CEF and Bipy in order to
determine the coordination sites involved in the

was

chelation process. In the spectrum of CEF, specific
bands at 3323, 1756, and 1697 cm™ were observed,
which could be attributed to the vibrations of the
amine group (v(N-H) amine), the B-lactam carbonyl
group (v(C=0)B-lactam), and the carboxylic carbonyl
group (v(C=O)carboxylic), respectively [29]. The
position of these peaks were shifted after complex
formation with CEF, the band corresponding to
V(C=0) of carboxylic group which located at 1697 cm’
'disappeared in all complexes and new bands appeared
in the region 1603- 1642 cm’! for vas(COO-) and in
the region 1339-1438 cm™ for vs(COO-) with Av>
200 cm’ which indicated carboxylic group
coordinated as monodentate through one oxygen atom
[10,11,29]. Also, the v(C=0) lactam band at 1756 cm’!
in the spectrum of CEF is shifted to lower values in the
spectra of complexes at around 1663 cm™ supporting
the coordination of CEF through oxygen of lactam
carbonyl group rather than amide carbonyl group,
where the shift was not significant [29]. The shift of
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Table 1: Analytical and physical data for CEF, Bipy and their metal complexes

Compounds Color M.P. (°C) Found (Calc.) (%) A
M.Wt. (M.F.) Yield (%) Q cm? mol”!
C H N M Cl
CEF Pale yellow 327 - - - - - .
367.45 (C1H,NO,SCI) -
Bipy White 70 - - - - - 4.12
156.00 (C1oHsN2) -
) Brown 238 4174 4.00 9.70 7.15 1471 144.00
717.34 (CrCasHuNsOSCly) 95.02 (41.82) (4.04) (9.76) (7.25) (14.83)
2) Green 110 44.62 391 1031 8.70 10.44 75.67
670.83 (CoCasHayNsO,SCly) 8834 @4.12) (4.02) (1043) (8.78) (10.57)
3) Faint green 142 45.40 375 1051 9.54 10.66 77.23
657.44 (CuCasHyNsO6SCly) 9232 (45.63) (3.80) (10.65) (9.66) (10.79)
@) Pale yellow 260 44.15 391 1025 9.57 1034 79.55
677.31 (ZnC2sHxNsO7SClz) 75.56 (44.29) 3.99) (10.34) (9.65) (1047)
5) Buff 188 38.42 4.18 887 1432 9.06 76.85
778.31 (CdCasH1NsO10SCl) 70.44 (38.55) 4.24) (8.99) (14.44) 9.11)
Table 2: Significant IR frequencies (cm™) for CEF, Bipy and their metal complexes
Compounds v(O-H) v(N-H); wC=0); v(C=0); v (COO) v(C=N): v,(COO") v(M-0), M-N)
amine B-lactam COOH Bipy
CEF 3300w 3323m 1756vs 1697s p B . .
Bipy 3440mbr - - - - 1578ms - -
) 3410w 3336w 1661vs - 1603ms 1530m 1339m 601w, 551w
@ 3405w 3225w 1662vs - 1604s 1564w 1397m 616w, 515w
@) 3407w 3202w 1647vs - 1601s 1566m 1400w 697m, 575m
@ 3408w 3275m 1670vs - 1615w 1564m 1398sh 6515, 538w
3) 3411w 3342w 1669vs - 1622w 1564ms 1415s 6595, 524w
Keys: s=strong, w=weak, v=very, dium, br=broad, v= hi
Table 3: Ultraviolet-visible spectra for CEF, Bipy and their metal complexes
Peak Assignment e* 10Dg CFSE peff
Compounds nm cm (M'em™)x 10° cm! kJ/mol (B.M)
0.032
295 33898 a—x* S
CEF 320390 3125025641 n—x* 00520011 - - - :
Bipy 284 35211 Rt 1.839
Py 347 28818 n—x* 1.789 - N N -
296 33783 Rt 0.030
o 320385 31250,25974 n—x* 0.064.0.036
460 21739 LMCT 0.018 37
521 19193 d-d transition 0.004 19193 229 274
296 33783 a—x* 0.033
@ 380 26315 n—x* 0.098
445 22471 LMCT 0.018 18
505 19801 d-d transition 0.005 19801 237 -190 + 2P
295 33898 T—x* 0.031
3 320380 31250,26315 nox* 0.077,0.077
® 455 21978 LMCT 0.006 173
506 19762 d-d transition 0.002 19762 236 -142 + 4P
295 33898 Rt 0.028
@ 310,380 3225826315 n—x* 0.015,0.020 - - - -
420 23809 LMCT 0.011
295 33898 Tt 0.030
5) 310,340, 375 32258, 29412, 26666 non* 0.038, 0.025,0.041 - - - -
435 22989 LMCT 0.023

v(N-H) at 3323 cm™ to lower or higher values indicate
the coordination of nitrogen (-NH,) with metal ions
[15]. FT-IR data supported that CEF behaves as
tridentate through carboxylate oxygen atom, carbonyl

Egypt. J. Chem. 67, No. 12 (2024)

group of B-lactam ring and nitrogen of amine group.
The spectrum of Bipy produced peak referred to
v(C=N) group at 1578 cm’ which shifted to lower
values in all complexes confirmed Bipy chelated with
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two N atoms as bidentate with the metal ions [15,20-
23]. The presence of broad band around 3410 cm™
refers to v(O-H) stretching vibrations, confirming
coordinated and/or hydrated H,O molecules in all
complexes [10-15]. The spectra of complexes include
a variety of vibrational expressions of new bands with
variable intensities, which characterized v(M-O) and
v(M-N) noticed at 601 and 551 cm™ for (1), at 616 and
515 cm-1 for (2), at 697 and 575 cm-1 for (3), at 651
and 538 cm™ for (4) and at 659 and 524 cm™ for (5).
The chelation mode of all complexes was described in
Scheme 2.

\ No. M n m

/ o G 2 3
Cl,.mH>0 @) Co(lh ! 2

G cum 1 -

4) Zn(ID) 1 2

Cd(In) 1 5

’ H ®

Scheme 2: Chelation mode of CEF and Bipy with M

3.3 Ultraviolet-visible spectra and p

UV-vis spectra (Figure S2) and magnetic
susceptibility were done and the obtained data were
tabulated in Table 3. Electronic spectra of CEF
showed one peak at 295 nm assigned to m—n* and two
peaks at 320 and 390 nm may be revealed to n—n*
transition [11,12]. Also, Bipy gives two peaks at 284
and 347 nm which assigned to transitions [15]. The
change of n—n* and n—n* peaks to higher or lower
wavelengths and appearance of new peaks for
complexes is attributed to chelation of CEF and Bipy.
Electronic spectrum of octahedral Cr(III) complex
with peff = 3.70 B.M., 10Dq = 229 kimol™ and crystal
field stabilization energy (CFSE) = -274, showed new
peaks at 460 nm attributed to ligand metal charge
transfer (LMCT) and d-d transition peak at 521 nm
attributed to 4A2g(F)—4T2g(F) transition [13,29]. For
Co(II) complex with peff, 10Dq and CFSE are 1.80
B.M., 237 Kkmol* -190+2P, respectively,
supporting low spin octahedral structure with d-d
transition peak found at 505 nm revealed to 4T1g(F)
— 4T1g(B) transition [11,15]. For Cu(Il) complex, the
band at 506 nm revealed to 2B1g—2Eg transition with
peff, 10Dq and CFSE are 1.73 B.M., 236 kJmol-1 and
-142+4P, respectively, supporting distorted octahedral

and
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geometry [13,30-32]. Also, for complexes of Zn(II)
and Cd(II) with peff = 0 (d10) showed new peaks at
420 and 435 nm supporting to LMCT. 1.0x10-3 M
solution of complexes was used, the values of molar
absorptivity (g) for all complexes (Table 3) were
calculated using equation: A = ecl, where, A =
absorbance, ¢ = 1.0x107 M, | = length of cell (1 cm).
We made a chart for a relation between A and & for
ligands and metal complexes (Figure S3).

3.4 Optical band gap energy (E,)
E, for compounds were estimated using the absorption
bands in UV spectra, which exhibit an abrupt increase
in absorption known as the absorption edge. E, were
calculated from Tuac's equation (2) to clarify the
conductivity of the compounds [33,34].
ahv = (E—E,)" )

Where, E = energy of photon, n = %2 and 2 for direct
and indirect transitions and o (absorption coefficient)
=1/dIn(1/T), T = estimated transmittance and d =
optical path length of the cuvette.Figure 1 depicts the
plotting of (ahv)’against E, E, is obtained by
extrapolation of the linear component of the curve to
(ahv)* = 0.E, values = 3.80, 3.60, 3.20, 3.00, 3.10 and
3.00 eV for CEF, (1), (2), (3), (4) and (5),
respectively. The smaller E, values of complexes
compared with CEF may be due to migration of
electrons toward metal ions [35]. The metal complexes
found more electro-conductive by facilitating
electronic transitions between LUMO-HOMO energy
states and semiconductors which may be thought of as
possible solar radiation-capturing materials for solar
cell applications according to E, data [36,37].

(ahv)? (eV.cm?)?

(ahv)? (eV.cm)
388838 3%
s 8 % ¥

(ahv)? (eV.cm?)?

i
E (eV) E (eV) E (eV)

FIGURE 1 Allowed direct band gaps of CEF and our complexes

3.5 '"H NMR spectra
'H NMR experimental data of CEF, Bipy, Zn(Il) and
Cd(II) compounds were detected (Figure S4) and listed



134 H. A. Abdallah et .al.

in Table 4. "H NMR values of CEF 5:11.42 (s, 1H, —
COOH ), 6:10.90 (s, 2H, -NH,), 5:7.22-8.47 (m, 5H,
—H aromatic), 6:5.82 and 5.94 (d, 2H, B-lactam),
6:3.60 (s, 1H, NHC=0), 6:3.45 (s, 2H, S-CH,). For
Bipy,'H NMR spectrum shows the aromatic ring
protons found in the range &: 7.12-8.79 (m, J = 3.75
Hz, 5H, -H aromatic) [10,38]. The disappeared of
distinguish signal at &: 11.42 ppm (-COOH) from the
spectra of complexes supporting the coordination of
CEF with metal ions upon deprotonation [10]. The
shift of signals for NH, 6:10.90 ppm to lower value in
spectra for Zn(Il) and Cd(II) complexes to 10.30 ppm,
confirming coordination of this group to the metal ion.
On comparing CEF and Bipy with their complexes,
the signals of aromatic protons were found with some
spectra shifts resulting from chelating of CEF and
Bipy with metal ions (Table S1) [36]. The recorded
values at 4.33 to 4.97 ppm were attributed to H,O in
complexes [10-15].

TABLE 4 *H NMR values (ppm) and tentative assignments for CEF, Bipy and their metal complexes
5 (ppm)

Compounds

Experimental Calculated

[o} [
CEF Otf:jzc
Q

Bipy veend N \_/'
2: 3.0 (]
s/—‘B—c-o 2am
Zn(IT) and CA(1I) : © \ N A
complexes O_I \\|/
) é,_ o /‘\N/

HoN |

Ho

3.6 X-ray diffraction

XRD of CEF, Bipy and their complexes
were recorded over 20 from 0 to 60° (Figure 2)and
the data listed in Table5. The strong sharp peaks
suggested that complexes (3), (4) and (5) have high
crystallinity but complexes (1) and (2) were
amorphous [20]. XRD pattern of CEF, Bipy and
their complexesexhibited the highest intensity
(100%) at 26 = 27.11, 16.99, 32.00, 32.67, 27.26,
21.22 and 27.75. The crystallite size (C;) of the
tested compounds was calculated using Debye-
Scherer equation (3), C, of compounds was ranged
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from 46.49 to 82.06 nm which confirmed nano-size
structure.

kA
" Bcos@ ®
Where, C; is the crystallite size, k is Scherer
constant (0.9), A is the X-ray beam wavelength
(0.15405 nm), P is the full width at half maximum
(FWHM) of the diffracted peak in (radians), and 0
is the diffraction angle. Complexes D values
ranged at (1.485-4.627)x10 nm™ and dislocation
line of the complexes (g) found in the range (10.12
-23.09)x107 rad.

Cs

1
D=5 C)]
CS
4tan6 ®)
= ‘ A e s R
@)
(&)
:E"’ 2)
e oo DTy 5
Y .
=
@
L l l Bipy
CEF
3 10 20 30 40 s0 60 70

26 ()

Figure 2: XRD spectra of CEF, Bipy and their complexes

TABLE 5C; of CEF, Bipy, and complexes calculated from XRD pattem.

Compounds 26() dVaue(um) FWHM Ci(am) Dx104(am?) ex10?(rad)
CEF 11 0328 0100 7997 1.564 10.36
Bipy 16.99 052 0118 6801 2162 19.76
1)) 32.00 0.279 0112 46.62 4,601 149
(] 32.61 0274 0.155 5176 373 132
(K] 2126 0327 0172 4649 4627 1775
(0] AN 0418 0173 82.06 1485 809
(8) 075 0321 0.100  79.99 1.563 1012
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3.7Thermal studies
Thermogravimetric analyses (TG- DTG- DTA) were
done under N, flow (Figure S5). Table6 gives the
maximum temperature (Tp.), weight loss %, lost
species and final residue. TG of CEF indicates that
CEF decomposed in three steps, the 1* one occurs at
80 °C with weight loss 4.61% (calc. 4.63%)
corresponding to loss of NH;, with exothermic DTA at
78.85 uV. 2™ stage occurs at 206 °C with weight loss
48.03% (calc. 48.02%), corresponding to loss
C,H,+HSCN+2C0O+0.5CL,. The 3™ stage found at Ty,
541 °C, weight loss 40.86% (calc. 48.02%), and loss
of 4C,H,+ NO,. The actual weight loss from these
three stages is equal to 93.48%, very closer to
calculated value 93.47%, leaving 2C as a residue.
Literature survey for thermal decomposition of
Bipyrevealed one degradation stage at 164 °C (weight
loss 99.64%, calc. 100%) with E, 75.70 kJ mol [15].
TG of (1), (2), (3), (4) and (5) complexes have three
degradation steps, 1** one found at Ty.(110, 95, 95,
118 and 100 °C), respectively, with weight loss 7.51,
5.34, 2.70, 5.30 and 11.54%, respectively, (calc. 7.52,
5.36, 2.74, 5.32 and 11.56%) corresponding to the loss
3H,0, 2H,0, H,0, 2H,0 and5H,0, respectively. The
ond step occurred with Ty, 240, (181, 232, 345), 218,
(161, 219) and (220, 342, 389, 450) °C, respectively,
with  loss43.52, 52.49, 61.72, 42.40 and 52.13%,
respectively, (calc. 43.77, 52.54, 61.74, 42.44 and
52.15%) corresponding to the
7C,H,+C,N,+C1+0.5H,0,
3C4H2+H25+2C02+0.5C12+N2+NH3’
6C,H,+C1,+3CO+H,S+N,0+NH; 7C,H,+C,N,+0.5Cl,
+H,0,and 6C,H,+H,S+Cl,+3CO,N,O+NH; supported
with DTA at 4.11, 8.05, 4.66, -1.59 and -11.22 pV,
respectively. The 3" step occurred with Ty, 600, 585,
535, 465 and 581°C, respectively, with weight
loss38.25, 29.25, 2594, 4255 and 21.82%,
respectively, (calc. 38.12, 29.14, 25.86, 42.44 and
21.84%) corresponding to
3C,H,+3CO+H,S+1.5N,+0.5Cl,,
4C2H2+C2N2+HC1+ 1 .5H2’ 2C4H2+C2N2+H20Y
3C,H,+CO+S0,+C,N,+HCI+NO . and
2C,H,+C,N,+H,0, respectively, leaving 0.5Cr,0s,
Co0O+C, Cu, Zn, and Cdas a residue in agreement with
the theoretical values 10.59, 12.96, 9.66, 9.65 and
14.45%, respectively. The data of CHN and atomic
absorption (Table 1) agree well with the found metal
content from the residual weight. Infrared spectra of
the final residues disclosed the lack of all peaks
criterion of chelated of CEF and Bipy,

loss

loss

also
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characteristic peaks of metal oxides were appeared for
complexes (1) and (2)

TABLE 6 Tewx (°C) and weight loss values of dacomposition stages for CEF, Bipy and their metal
complexes.

Compounds Decompositon
steps

i 30

CEF e 206

@

3.8 Computational details

Equilibrium geometrical structures of CEF and
synthesized complexes were investigated by DFT
calculations using GAUSSIAN 98W package of the
programs [39], with B3LYP/CEP-31G level of theory
[40] basis set was applied for the all calculations. The
accumulated atomic charges were computed using the
natural atomic orbital populations. The high basis set
was chosen for detection of the energies and different
parameters at a highly accurate level.

3.8.1 Geometrical structure of CEF

The equilibrium geometrical
parameters, total energy, dipole moment, bond lengths,
bond angles and dihedral angles of CEF were given in
Table S1 that, CEF is
completely but it divided into two parts in two
different planes around C12-N14 bond (Figure 3). The
dihedral angle N4C3C8010, equal 2.75° = 0.0°, so
010 of carboxylate group is lying in the same side
occupied by N10 of the amide group. Also, the value
of dihedral angle C3N7C11013 is -9.03° = 0.0°, this
result indicates that O13 of B-lactam group, can
participate in chelation with metal ion after small
rotation around N4-C11 by angle 9.03° to be laying in
the same plane of O10 of carboxylic group. Also, the
value of dihedral angle O13C11CI12N14 (-62.05°),
confirms the chelation of O13 after rotation with small
angle around N4-C11. In contrast to the location, O17
of the amide group which laying out the plane
occupied by other donating sites, with dihedral angle

obtained

confirmed non-linear
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CI12N14C15017 and C2318C15017 are 178.31° and -
113.35°. The results confirm the participating of O17
in chelation with metal ion is more difficult which
required higher energy and greater angle to rotate and
found in the plane of coordinated atoms, so CEF
favors chelation with metal ion through O13 not
through O17. According to dihedral angle
N14C15C18N20 (-63.51°), N20 can participate in
chelation with metal ion after rotation with small angle
to be lying in the same plane of other donating sites.

The ligand molecule exhibits significant
steric effects, leading to the easy rotation of different
fragments around the existing single bonds [41]. Based
on the obtained results, the reaction rate of CEF with
the metal ion is relatively slow, requiring additional
time for the chelation process. The optimized
geometry of CEF reveals calculated dihedral angle
that is consistent with the UV spectra of similar
compounds [42]. The UV spectrum exhibits two
notable characteristics: (i) the presence of n—om*
transitions associated with the presence of non-
bonding electrons, and (ii) the maximum absorption
bands are observed in the UV region. These results
indicate the degree of planarity of the molecule, and
the computed data presented in Table S1 align with
those derived from X-ray data [43]. The charge
distribution on CEF, with dipole moment (p) and total
energy (E) were 6.434 D and -145698.064 k cal/mol,
suggests the more stability of CEF. Additionally, the
absence of both net positive and negative charged
poles on the molecule supporting the non-planarity of
CEF.

« ¢
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Figure 3: The optimized geometrical structure of CEF by using
DFT calculations
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3.8.2 Geometrical structure of complexes

The objective of this study was to determine the
optimized equilibrium geometry of the prepared
complexes and analyze their UV-vis spectra using
DFT calculations. There are different equilibrium
geometrical parameters as, bond lengths, bond angles
and dihedral angles, in addition to total energy, E and
dipole moment, pu of the complexes were listed in
Table S2.The optimized geometrical structures of all
studied complexes considered as distorted octahedral
structures (Figures S6-S10) where, the central metal
ions, Cr(Ill), Co(Il), Cu(Il), Zn(II) and Cd(II) in
complexes is binding with CEF via 06, O1, N12 and
Bipy through N13 and N16 and complete the
coordination sphere with O17 of water molecule. Bond
length M-N13 was varied between 1.870 and 2.468 A,
while M-N16 varied between 1.871 and 2.465 A [44-
46]. The bond lengths M-O1, M-O6 and M-N12 of
CEF found from 1.958 to 2.339, 2.011 to 2.497 and
1.918 to 2.309 A, respectively [47-51]. In addition, the
bond length M-O17 changed from 1.843 and 2.258 A
[52-54]. According to the values of the obtained angles
around the metal ions with bonded donating atoms
(Table S2),CEF and Bipy molecules not laying in the
same plane but they are perpendicular to each other.
Also, H,O molecule in trans-form with respect to O1
of carboxylate group for CEF in some complexes or in
cis form with N13 and N16 of Bipymolecule forming
distorted octahedral structure.
3.8.3 Charge distribution analysis

The charge distribution analysis of CEF and

complexes was conducted using natural population
analysis (NPA), and significant data were listed in
Table S3. The charge distribution on the coordinated
atoms of CEF, indicates the absence of net negative
and positive poles, resulting from weak p (6.434 D).
The charge density data (Table S3) showed that Cr(III)
complex has highly charge density accumulated
(0.381). In contrast, the other complexes exhibit lower
charge densities, with the smallest charge being
observed on Cu(Il) complex (0.160), and a negative
charge (-0.063) on Co(Il) ion. The negative charge is
distributed across all atoms, significant
percentage concentrated on O and N atoms of CEF
and Bipy, on other hands, the atoms carry positive
charges in all complexes. According to accumulated
charges on all atoms for Cr(III) and Cd(II) complexes
indicate an electron back-donation from metal ions to
n* orbitals of CEF and Bipy. This conclusion is

with a
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further supported by comparing the calculated charge
density values on the different donating sites (N and
O) of Bipy and CEF in the complexes. The direction
of p vector in the complexes which depends on the
centers of negative and positive charges
determined from the distribution of atomic charges
over all donating atoms.

3.8.4 Frontier molecular orbitals (MOs)

MOs play a significant role in the electrical and UV-
vis characteristics [55]. An electronic system with
smaller energy gap (AE) between the lowest
unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) is generally more
reactive compared to a system with larger AE [56]. AE
value is closely associated with the reactivity and
stability of the molecule. A smaller AE value suggests
lower kinetic stability and slightly higher chemical
reactivity. It is worth noting that adjacent orbitals are
often closely spaced in the frontier region. AE values
of studied compounds varied, with Cr(IIl) complex
exhibiting AE 0.045 eV, indicating higher reactivity,
and Zn(II) complex with lower AE (0.090 eV), is low
reactive than CEF (AE = 0.122 eV). Consequently,
there is easier electronic movement between HOMO
and LUMO orbitals, leading to significant peak around
290 nm in UV-vis spectra of all complexes.

The nodal properties of MOs in all complexes (Figure
S11) provide evidence of strong orbital overlap, orbital
delocalization, and low number of nodal planes. These
characteristics, along with the nodal properties,
contribute to UV-vis spectra, which are characterized
by high-intensity bands with lower energy and the
presence of charge transfer transitions. The various
MOs exhibit different degrees of localization on
different fragments of the complexes, and this
rationalization holds true for molecular orbital analysis
of all investigated complexes. AE values for all
complexes as determined from theoretical calculations
(Table S3) have lower values compared with free CEF
indicating that the complexes more reactive than CEF.
Figure S10 illustrates the iso-density surface plots of
HOMO and LUMO for CEF and its complexes. The
electron density of LUMO and HOMO is delocalized
over all atoms and spreads across all fragments of
CEF molecule. The hardness, n = (I-A)/2, where I is
ionization energy, A is electron affinity, and (I-A) is
equal to AE for CEF and its complexes were
calculated. All complexes with smaller AE and n
values ranging from 0.045 for Zn(II) complex to
0.0225 for Cr(Ill) complex considered as soft and
stable compounds with easily electronic transition
inside them compared with CEF [57]. Several
quantum chemical parameters, global softness (S),
electronegativity (%), absolute softness (o), chemical
potential (Pi), global electrophilicity (®), and
additional electronic charge (ANy,.), were calculated

was
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based on energy of LUMO and HOMO for CEF and
complexes. The data assigned Cr(III) complex as soft
one (¢ = 44.444 eV) and Zn(Il) complex as hard (o =
22.222 eV).

3.8.5Excited state
Electronic transitions for CEF and complexes
described as n—n*, n—n*, LMCT and d-d transitions.
Energies of LUMO and HOMO for CEF and its
complexes were listed in Table S4. HOMO state
assigned as electron donor and LUMO state electron
acceptor in the reaction profile. Electron density of
HOMO for Co(Il), Cd(Il), and Zn(Il) complexes is
primarily localized on CEF, with percentages 87.2%,
100%, and 70.6%, respectively but for Cr(II)
complex, the electron density localized on the atoms of
Bipy only with 83.7%, while Cu(II) complex, electron
density delocalized and spreads over all atoms with
different percentages. In LUMO state, the electron
density is localized only on all atoms of Bipy for
Zn(Il) and Cd(II) complexes, with percentages of
100% and 98.6%. Also, the electron density is
delocalized over all atoms of Cr(III), Co(Il), and
Cu(Il) complexes, , indicating mixed n—n* and n—n*
transitions. The noteworthy feature of the studied
complexes is that LUMO orbitals primarily focus on
donating atoms (O and N) and M. For Cr(Ill) and
Co(Il) complexes, LUMO orbital is localized and
spreads over all donating atoms with for 66.4% and
74.4%, these values enhance M—n* of ligands.

3.9 Bactericidal and fungicidal efficiencies

Disc diffusion method was used to evaluate
the antimicrobial effectiveness of CEF, Bipy, and
complexes against pathogenic bacteria and fungi
[24,25]. The analysis of antibacterial activity for all
compounds is presented in Table 7 and Figures
S12,13. The data indicating that Gentamicin,
Ampicillin, and Nystatin compounds were not
effective against the tested microorganisms.Cu(Il)
complex showed very highly significant activity
against E. coli and highly significant activity against
the other bacterial species. Complex (4) demonstrated
highly significant activity against S. aureus, S. mutans,
and E. coli highly and significant activity against K.
pneumonia. Complex (1) displayed significant activity
against S. mutans, E. coli, and K. pneumonia, and
highly significant activity against S. aureus. On the
other hand, complex (5) exhibited significant activity
against S. aureus, S. mutans, and K. pneumonia, and
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highly significant activity against E. coli. The data
supporting that all complexes exhibited greater activity
compared to the free ligands. The effectiveness of
complexes can be attributed to their ability to easily
penetrate cells due to cell permeability and the
presence of a lipid membrane surrounding the cells.
This characteristic is of significant importance for the
complexes [46,58,59]. Moreover, the antibacterial
effects of the complexes may involve one or more of
the following mechanisms: i) causing damage to the
cell wall, ii) inhibiting plasma membrane functions
such as permeability and energy generation, iii)
disrupting protein synthesis, iv) inhibiting nucleic acid
(DNA or RNA) activity, v) impeding enzyme function,
and vi) acting as antimetabolites. The activity order of
the complexes against bacterial strains was (2)> (3)
>4)>(1) = (5). Complex (1) exhibited highly
significant activity against C. albicans and significant
activity against A. nigar, while complex (5) displayed
significant activity against A. nigar compared to the
reference control. Complexes (2), (3), and (4) did not
show detectable activity against the two fungal
species. The practical data listed in Table 8 indicated
that, the order of the
[Co(CEF)(Bipy)(H,0)]C1.2H,0 and
Cu(CEF)(Bipy)(H,0)]C1.H,O is more active than the
other previous complexesin case of in all tested

inhibition zone of

bacteria.

TABLE 7 Antmicrobial propertes of CEF, Bipy and thet complenes.

Tested Gove and C-ve Bactaial Steeing

Compounds
3. aureus 3 mutans L col K preumonia
D¢ A" MC D A MC Di A MC D& Al MC
(om) (8 (gol) (om) (%) (uml) O™ (%) (ugnl)
CEF 103:06 5150 0050 9306 3357 0078 3186 0025 31200050
Bipy 8706 450 005 7306 2635 0030 L8005 06 920 002
1) 2007210 10000 0075 147706 5306 0005 15070 5494 0050 1600 6400 0050
(W] %7706 13330 0100 30306 10938 0100 3 11978 0100 303°06 12120 0.100
(1] B1406 1850 0075 25306 9133 0100 20.3°:06 10000 0100 260710 10400 0075
(0] 6 10650 0050 20706 47 0075 U0%l0 8191 0075 2776 9080 0028
® 1637206 8150 005 187°:06 €130 0025 1807210 6593 0100 187746 7480 0050
Standerds Gentamicin N 308 T 00 T3EEL0 100w 003
Ampicilin 20010 10000 - 207206 10000
Testad Fungal Strains
Compounds
C albicans A nigar
Al MC Diz Al MC
) (sgnl) (um) (%) (sgl)
CEF [E3) [103) 0
Bipy 133 0078 13010 6135 0050
1) 10000 0.100 120°:06 DAY 0073
® N D
0] D D
(0] D ND .
] 117007 50 0028 130%210 6138 0050
Standards  Nystatin 00610 10000 193:06 10000

Satsied sigicace. P, Paotsigutiatt, p> 003, P Psigutiant, p-< .05, P Phigy sigiant, p< 0.7 P P very ihly
siguificant, p < 0.00];studens est (pied). * D.iz: diamete of mhibton zome (tm);* AL aetvty ndex (%) MIC: minmum nibitory
concentration (ughul); ND: notdtctable.
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4. Conclusion

Some spectroscopic techniques,
investigations and DFT were used to prove the
molecular structures of Cr(IIl), Co(Il), Cu(Il), Zn(I)
and Cd(II) complexes with mixed ligands CEF and
Bipy. The data confirmed that, CEF chelated with the
metal ions as tridentate ligand through nitrogen of
amine group and two oxygen atoms of carbonyl groups
of lactam ring and caroboxylate group. While, Bipy

thermal

reacted through two nitrogen atoms forming distorted
octahedral complexes. The molar conductance values
of complexes indicated that all complexes were
electrolyte with 1:2 for Cr(Ill) and 1:1 for other
complexes. The results of DFT calculations show that
the computed geometrical parameters coincide quite
well with an experimental data. Cr(IlI) complex with
smaller AE value (0.045 eV) is more reactive than all
other complexes while, Zn(IT) complex with higher AE
value (0.090 eV) is less reactive. According to
antibacterial activity data, Co(Il) complex had strong
activity against tested G+ve and G-ve bacterial strains
compared to other complexes. Also, Cr(IIl) complex
showed highly significant and significant against two
fungi tested species.
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