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Abstract The reaction of nano copper sulfate (NCSu) with Cefdinir antibiotic (CFD) were studied by cyclic voltammetry
using a glassy carbon electrode (GCE) in 0.1M KClI as a supporting electrolyte in 5% (v/v) mixed (DMF-H,0) solvent at two
temperatures (298.15, 303.15 K). Herein, we observed that copper (I1) ion interacted with Cefdinir antibiotic (CFD) to form
1:1 and 1:2 ratio complexes. The stability constants for complex formed and Gibbs free energies of solvation were evaluated.
Also the complex formed was characterized by different technique like TEM, FT-IR, TGA and elemental analysis.
Furthermore, different thermodynamic parameters; entropies and enthalpies of the system were estimated. The scan rates of
copper sulfate (1) in nano size (NCSu) in the presence and absence of Cefdinir antibiotic (CFD) were studied. All mechanism
of electrode reactions was discussed and the cefdinir copper (1) complex was synthesized via conventional method and the

biological activities of complex was studied.
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1. Introduction

The unique properties of nanomaterials, salts in nano size,
nano fluids and structures on the scale of nanometer have
sparked the attention of materials developers. Over the
previous decade; materials with structural features (particle
size & diameter or grain size, for instance) of at least one
dimension in the range 1- 100 nm, have been the
concerning of enormous and valuable interest [1-2]. This is
a direct result of the high surface (HS) to volume proportion
(VP) of nanoparticles compared with macroparticles (MP).
Nanomaterials, that branch of materials research, are
attracting incredible consideration because of their potential
and important applications in different areas such as
optoelectronics (OPE) [3], catalysis [4], single-electron
transistors and light emitters (LE), [5] nonlinear optical
devices (NLD), photoelectrochemical (PE) [6-7] and
biological applications.

To the best of our knowledge, Copper (II) ions are
dissolved in water and play a fundamental role in nutrition
to all higher animal and plant life. In animals, including
humans, it is presented widely in tissues, liver, muscle and
bones. It works as a co-factor in different enzymes and in
copper-based pigments [8]. Zampardi, Giorgia, et al. [9]
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studied the electrochemical behavior of CuO nanoparticles
in the assessment of their environmental fate. Also, Liu,
Yen-Yu, et al. [10] studied the electrochemical behavior
of Cu/poly(2-hydroxy ethyl methacrylate) by cyclic
voltammetry. Owing to the accessibility of copper has
settled on it a superior decision to work with, in light of the
fact that it offers properties like those of other costly
respectable metals, including silver and gold. The choice
of copper in the present work is ascribed to copper
nanoparticles are recorded to have antimicrobial activity
against various species of bacteria and fungi [11].

Interestingly, the complexation of medicinal substances
with metal ions impacts the bioavailability of drugs in the
body. The formation of complex has been recommended as
one of the important mechanisms for certain drug action [12].
The metal chelating phenomena are utilized to lessen the
poisonous impact of drugs in human physiology [13].

Cefdinir drug is a widely used antibiotic throughout the
world which is a third generation cephalosporin’s [14]. It is
active against both types of bacteria (gram-positive and
gram-negative). Bactericidal activity is result of the restraint
of cell wall synthesis by acting on penicillin-binding proteins
(PBPs) [15]. The structure of Cefdinir (CED) is represented
in (Figure 1). Many of reported work describe the
complexation reaction between a cephalosporin antibiotic
Cefdinir and copper salts. Among of these, Deguchi, Shuhei,
et al. [16] suggested structural model for copper (11) Cefdinir
complex and described Cefdinir as ligand can form binuclear
complex with copper metal ions.
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(6R,7R)-7-((2)-2-(2-aminothiazol-4-yl)-2-(hydroxyimino)acetamido)-8-oxo-3-vinyl-5-thia-1-
azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid

Figure 1. Structural formula of Cefdinir (CED) antibiotic

In this regards, we are interested in studying the
electrochemical behavior of CuSO,in nano size (NCSu) at
glassy carbon electrode (GCE) and its complexation with
Cefdinir antibiotic (CFD) has been examined in 5% (v/v)
mixed solvent (DMF-H,0) at two temperatures (298.15,
303.15 K) and from which evaluating the stability constant
for complexation and thermodynamic parameters of a system.
Additionally, Cefdinir copper complex was prepared by the
reaction between copper sulfate and Cefdinir as dibasic acid
(H,L). The complex is characterized by physicochemical
techniques like elemental analysis, thermal gravimetric
analysis (TGA) and infrared spectroscopy (IR) investigation
the broad spectrum of Cefdinir copper (1) complexes.

2. Experimental

2.1. Materials

Cefdinir antibiotic (CED) was purchased from sigma
Aldrich and copper sulfate pentahydrate (CuSO,4.5H,0) from
Merck Germany, dimethylformamide (DMF) from El Nasr
pharmaceutical chemicals Co. And used directly without
purification, double distilled water was used in this study.

2.2. Preparation of Copper Sulfate in Nano Size (NCSu)

The copper sulfate in nanosize (NCSu) pentahydrate was
prepared as in the literature [17] with some modifications
was set up by shaking it in a ball-mill mechanical apparatus
assembly of type Retsch MM2000 swing plant for a time of
60 minutes. The mill has a 10 cm? treated steel tube. Two
stain steel balls of 12 mm distance across were utilized. Ball
processing was performed at 20225 Hz at room temperature
and examined under transmission electron microscopy
(TEM).

2.3. Preparation of Cefdinir Copper (11) Complex

Weight (0.528 g) of Cefdinir drug that dissolved in (15 mL)
of 10% mixed solvent (DMF-H,0) and then adding to (0.333
g) of copper sulfate and afterward the mixture was stirred at
150°C for 3h to give the dark green color. The solid obtained
was filtered off, washed more times with (ethanol-water)
mixture (1:1) and leaving it to dry.

2.4. Characterization of Cefdinir Copper (I1) Complex

The FTIR spectra of the samples were recorded utilizing
a Brucker FTIR. The technique includes blending a few
amount of a fine powder of the sample with KBr powder
in an agate mortar. The mixture was then squeezed by
methods of a hydraulic press. The absorbance was
consequently enlisted against wavenumber (cm™). The
thermal degradation of Cu (1) complexes was studied using
thermo-gravimetric techniques and a temperature range of 27
-800°C.

2.5. Measurements

The glassy carbon electrode (GCE) was polished to a
mirror-like surface with 0.5 and 0.02 pm alumina in doubly
distilled water. The experimental solution was deaerated by
cleansing for at least 10 minutes with 99.99% pure nitrogen
gas. Three electrodes system comprises a glassy carbon
electrode (GCE) with surface area (2.83 x10° cm?) as a
working electrode, Ag/AgCl (satd. KCI) as reference
electrode and platinum wire as the counter electrode was
used. Cyclic voltammetry measurement was done by
utilizing a Potentiostat Model BASi EPSILON.

3. Results and Discussions

3.1. Characterization of Cefdinir Copper (I1) Complex

The mode of binding of ligand (Cefdinir) to the copper (I1)
ion was examined by the recording FT-IR spectra of
complex as compared with the spectra of free ligand. The
spectra of free ligand and the complex are shown in (Figure
2). The FT-IR spectra of Cefdinir drug show a characteristic
high intensity band at 1596.77-1559.07 cm™ which is
referred to the u(C=N) vibration. The broad band around
3065.3 cm™ with two spikes is assigned to H-bonded of NH,
stretching vibration. A strong band at 1767.44-1683.55
and 1623.77 cm™ in the spectra of cefdinir drug are assigned
to u(C=0) of azetidin-2-one moiety, carboxylic group and
carbonyl group of secondary amide, respectively. In the
complex spectra, it shows that the carbonyl of COOH group
exhibited downward shift v(C=0) around 1651.73 cm™
indicating that the carbonyl of COOH group is co-ordinated
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to metal ion, while (C=N) group of azomethine moiety are
disappeared due to the tautomerization with adjacent
carbonyl group of secondary amide that is co-ordinated to
metal ion. A broad band around 3749.9-3402.78 cm™ and
two weak bands in the region 873.59-711.6 cm™ are ascribed
to the presence of co-ordinated water due to u(-OH) rocking
and wagging modes of vibrations, respectively. The new
bands in the region of 586.25-538.04 cm™ in metal complex
assigned to stretching frequency of (M-O). Thus, the
FT-IR spectral results provide strong evidences for the
complexation of copper sulfate with cefdinir drug. The
charge neutrality of the metal complex is maintained by the
deprotonating of the COOH group of cefdinir drug prompts
the formation of carboxylate ion and by the tautomerization

of oxime group with carbonyl group of secondary amide
leads to the formation of alkoxide ion. This helps in the
formation of ionic bond with the metal. This conflict with
the result observed by sharma and coworker [18] and the
suggested structure represented in Scheme 1.

Molar conductance (A.,) measurements of the complexes
completed utilizing DMSO as a solvent at the concentration
of 10*M indicate non-electrolyte behavior of the complexes
and conductivity values were found to be (6 Q' cm? mol ™).
The obtained elemental analyses of the metal complexes are
compared with ligand and presented in Table 1. The obtained
data are in concurrence with the calculated values showing
that the complex has formed (1:1) metal/ligand ratio as
shown in scheme 1.

Cefdinir

A A i

Cefdinir Cu(ll) complex

1000
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Figure 2. FT-IR spectra of Cefdinir drug and synthesized compounds
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Scheme 1. Suggested mechanism for the Cefdinir copper (11) complex formation
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Table 1. Elemental and analytical analysis of Cefdinir and copper complex

M% C% H% N% S%
Obsr. Calc. Obsr. Calc. Obsr. Calc. Obsr. Calc. Obsr. Calc.
Ligand Pale yellow — -----  ----- 4188 4252 3.29 3.31 1754 17.71 16.75 16.22
Complex  Darkgreen  11.34 1157 30.65 30.62 2.99 4.22 1234 1275 1199 11.68

Comp. Color

Temperature (0C)
100 -
——
TGA%
50 . e
0.0" i .

Figure 4. TEM image of nano- CuSO,.5H,0 (NCSu)

The thermal stability of complex was shown in Figure 3. thermogravimetric analysis one can clearly indicate that
The thermal stability data is listed in (Table S1) and fromthe  water molecules were lost in between 54 and 220°C and
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metal carbon residue were formed above 590°C for Cu (I1)
complex. The elimination of water can occur in one or two
steps. Firstly, the hydration was lost around 54-170°C and
then lattice water molecule was eliminated around 200°C.
Hence, the purposed formula for complex is [Cu (L)
(OH2)2].3H,0.

3.2. TEM Image for Nano-Copper Sulfate Pentahydrate

The pictures of nano- CuSO,.5H,0 (NCSu) obtained from
a transmission electron microscope (TEM) is represented in
(Figure 4) from an images we can deduce that CuSO4.5H,0
in nano size (NCSu) is either in the form of irregular spheres
or deformed spheres, the images show also crystalline form
and the dimensions of the particles ranging from 40 to 100
nm. It was concluded from TEM images for ball milled
CuSQ, salt presents in nano size and no sharp boundaries
between the particles favoring the big solubility of copper
sulfate salt in water.

1.5mL ofnano CuS0, at scan rate (100mV/S}

1Cuag )=Cuag)+ e

Current (pA)

Cu%aq)=Cuag)+e
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CV of nano size -CuSQy (NCSu)at 298 15 K

3.3. Electrochemical Behavior of Nano-CuSO,4 (NCSu)
in the Absence of Ligand (Cefdinir Drug, CED)

Cyclic voltammogram for both normal and nano size
CuSQ, are given for freshly prepared water solutions after
ten minutes from preparation indicating about 50% increase
in waves height in nano size, therefore our study aim to show
the difference in their behaviors. The redox behavior of Cu
(11) in nano- CuSO4 (NCSu) was examined in 0.1 M KCl as a
supporting electrolyte in 5% mixed solvent (DMF-H,0) by
cyclic voltammetry on a glassy carbon electrode (GCE) at
different temperatures (298.15, 303.15 K). Small difference
in temperature (5 K) was employed as always done in
literature to show the behaviors. This process is performed at
-800 to 650 mV potential window, current is (100 pA) and
100 mV/S scan rate. In which copper sulfate solution is
added in a stepwise way to reach the final concentration is
(0.94 mM) as shown in (Figure 5).

1.5mL of nano CuS0O; at scanrate {100mV/S)

20+

. 1Cu(ag)=Cu3(aq)+ e
=204

Current (pA)

Cu%aq)=Cu(ag}+e

30

I L L L D L
06 04 02 0 -0.2 -04 -06 -08
E/V vs. Ag/AgCl
CV of nano size -CuSQy(NCSu)at 303 15K

Figure 5. Cyclic Voltamogram of nano- CuSO, (NCSU) in 0.1M KClI at 298.15, 303.15 K
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Figure 6. Cyclic Voltamogram of nano-CuSO, (NCSU) in the presence of Cefdinir (CED) in 0.1 M KCI at 298.15, 303.15 K
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From (Figure 5) it is seen that the Cu* solution is
electro-active as it gives two anodic and two cathodic peaks
(Cu*/Cu*®). Firstly, (at 298.15 K) for nano- CuSO, (NCSu),
anodic peak current is -24.16 uA and potential -84.6 mV.
Cathodic peak current is 16.45 pA and potential -387.1 mV.
Secondly, (at 303.15 K) for nano- CuSO, (NCSu) anodic
peak current is -25.29 WA and potential -84.6 mV. Cathodic
peak current is 13.77 HA and potential -367.9 mV. This
indicates that the Cu* system is a two electron reversible
system.

3.4. Electrochemical Behavior of Nano Size - CuSO,
(NCSu) in the Presence of Ligand (Cefdinir Drug)
(CFD)

Herein, we are studying the complexation between
cefdinir drug and nano-CuSO, (NCSu) in 5% (v/v) mixed
solvent (DMF-H,0) at different temperatures (298.15,
303.15 K). In which the drug is adding in a stepwise manner.
Figure 6 represents the electrochemical behavior of
complexation between copper ions and Cefdinir antibiotic
(CFD) in 0.1 M KCI in mixed solvent (DMF-H,0) at (298.15,
303.15 K) from -800 mV to 650 mV potential windows,
current 100 pA and scan rate 100 mV/S. additionally, the
decrease in cathodic and anodic peaks indicate the formation
of complex between copper ion and drug. Knowing that
Cefdinir antibiotic (CED) shows no waves in this media.

From (Figure 6) it is seen that the complex is formed
owing to reducing of anodic and cathodic peak and potential
shifts their position to lower values. Due to the complex
precipitation during the process, no peak appeared. The
anodic stripping first sharp peak for the oxidation of copper
zero valent to copper (1)-ion at -0.08 V, can be either linear,
staircase, square wave, or pulse as found without the drug
was sharply decreased on adding the drug. A stability
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The stability constant (Bumx) for nano- CuSO, (NCSu)
complexes in 0.1 M KCI at -800 mV to 650 mV potential
windows, current 100 pA and scan rate 100 mV/S in mixed
solvent (DMF-H,0) at different temperatures (298.15,
303.15 K) for each addition were calculated [19] by applying
equation 1:

RT RT
E +(E =2.303—Lo +2.303— LogC 1
( p)M (Ep)c e 98 mx - LouC x 1

Where (E,) v is the peak potential of metal at final adding
without ligand, (E,) ¢ is the peak potential of metal complex,
T is the absolute temperature, R is a gas constant (8.314
J.mol™.degree™ and C, is the concentration of metal in the
presence of ligand.

The Gibbs free energy (AG) of interaction for
nano-CuSO, (NCSu) with Cefdinir antibiotic (CFD) was
calculated [20-21] from stability constant (Bux) using
equation (2).

AG =—2.303RTL0g 3 yix @)

All equilibrium constant varies with temperature, so the
enthalpy (4H) of interaction for nano-CuSQO,4 (NCSu) with
Cefdinir antibiotic (CFD) were calculated by using Van’t
Hoff equation 3 [22-23].

Bo@tT,)  AH  T,-Tg
gy 23R 11, O

Where f; is the stability constant at low temperature T4, S,
is the stability constant at high temperature T,

The entropy (AS) for nano- CuSO4(NCSu) complexes in
0.1 M KCl at -800 mV to 650 mV potential windows, current
100 pA and scan rate 100 mV/S in mixed solvent (DMF-H,0)
at different temperatures (298.15, 303.15 K) were evaluated
by using equation 4 [24-25].

Log

constant is a measure of the strength of the cooperation AG=AH -TAS 4)
between the reagents that come together to form the complex.
Table 2. Cyclic voltammetry data of nano size -CuSO, (NCSu) in the presence of Cefdinir (CED) antibiotic at 298.15, 303.15 K
Nano size - CuSO, (NCSu) in the presence of Cefdinir (CED) in 5% v/v mixed solvent (DMF-H0) at 298.15 K
[M]x10®  [L]x10® [MJ[L] Epu/mV  E,JmV Eip lba/MA 1, /mA B AG*® AH TAS 45
1.89 0.303 3 -103.8 -387.1  -24545  -21.24 1161  251x10*> -13.69 -1.202 12488 419
1.87 0.599 15 -132.6 -463.9  -29825  -851 5.16 2.47x10* -1365 -0.609 13.041 437
1.85 0.857 1 -175.8 0 -87.9 -4 0 0.36x10>  -8.88  269.33 27821  933.1
1.82 1.11 0.77 -228.6 0 -114.3 -2.14 0 0.49x10° -9.649 20.072 29.721  99.7
18 1.35 0.6 -252.6 0 -126.5 -1.24 0 0.60x10*> -10.15 7.334 17484 586
1.78 1.58 0.5 -382.3 0 -191.15  -0.83 0 0.83x10° -10.96 -40.49  -29.53  99.04
Nano- CuSO, (NCSu) in the presence of Cefdinir (CED) in 5% v/v mixed solvent (DMF-H,0) at 303.15 K
[M]x10®  [L]x10® [MJ[L] Epu/mV  E,dmV Eip lba/MA 1, /mA B AG? AH TAS 45
0.91 0.303 3 -108.6 -391.9 337 -22.33 1124  249x10*> -1391 -1.202 12708 419
0.88 0.599 15 -137.4 -463.9 310 -10.06 5.93 246 x10*° -13.88 -0.609 13.271 438
0.86 0.857 1 -190.2 -555.1 286.5 -3.77 3.89 2.16x10° -1355 269.33 282.88 -933.1
0.84 1.11 0.77 -233.4 0 257 -2.14 0 056 x10° -10.15 20.072 30.222  -99.7
0.81 1.35 0.6 -252.6 0 248.5 -1.68 0 0.63x10*> -1044 7334 17.774 586
0.79 1.58 0.5 -271.9 0 86 -0.98 0 0.63x10° -10.46 -4049 -30.03  -99.1

4G (kd/mol), ® 4H (ki/mol), ¢ T4S (ki/mol), * 45 (I/mol.K).
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The evaluated values of (E1z, ), (Bux), (4G), (4H), and (4S)
for nano-CuSO, (NCSu) complexes in 0.1 M KCI at -800
mV to 650 mV potential windows, current 100 uA and scan
rate 100 mV/S in mixed solvent (DMF-H,0) at different
temperatures (298.15, 303.15 K) were estimated in Table 2.
Moreover the overall stability constants were also calculated
by using Smith et al [26] and by using equation 5 at the
first concentration of nano size copper sulfate (Cu conc. =
1.89x10%) and concentration of Cefdinir (CED) equal
0.303x10° giving a value of 1.194x10° and Gibbs free
energies of 11.8365 kJ/mole which support our data.

ZF
Log s =0.434—AE 5
9p 7 AEP )

Where £ is the overall stability constant, Z charge, F
Faraday constant and 4E, is the peak potentials difference.

3.5. Mechanism of the Redox Reactions

The copper (1) ions used to show two redox peaks. These
two peaks corresponding to the oxidation of copper (0)
valent to (1) valent and then the oxidation of copper (1) valent
to divalent cupric ions [27-31] The vice versa for the
reduction peaks is the reduction of cupric ions to cuprous ion
(monovalent), labeled as (A) in (Fig. 5) at 298.15 K then the
reduction of monovalent copper to zero valent one labeled as
(B) in the same (Fig. 5), copper metal involving two
electrons the (C) stripping wave as explained before and (D)
are the oxidation peaks explained above, in this media done
versus silver/silver chloride electrode as follows:

CU+2 (aq) +e = Cu (aq) (A)

CU gy + & =Cu® (B)

When adding Cefdinir to nano- CuSO,4 (NCSu) salt both
peak heights were decreased indicating the reaction between

1.5mL CuS0, atscan rate (30 mv/S)
1.5mL CuS0, atscan rate (100 mV/3
1.5mL CuS0, atscan rate (150 mW/3
1.5mL CuSO atscan rate (200 mV/S
1.5mL CUSO: at scan rate (250 mV/S

o et

Current (pA)

] ()
T

0. 2.4 2.2 2.0 I -0.2 0.4 -08 -0.8
E/V vs Ag/AgCl
Scan rate variation of CuS0, at 298.15 K

CV of scan rates nano size -CuSQy (NCSu) at 288 15 K

them occurring and the complex formation occurred
[27,32-42].

3.6. Variation of the Scan Rate

Cyclic voltamogram of nano-CuSO, (NCSu) in absence
and presence of Cefdinir antibiotic in 0.1 M KCI at -800 mV
to 650 mV potential windows, current 100 pA and different
scan rates (50, 100, 150, 200 and 250 mV/S) at absolute
temperature 298.15, 303.15 K represented in (Figure 7,8).
The peak current [20,32-34] for both the anodic and cathodic
peaks follows equation (6):

| p=2.69X10°n¥?AC\/DV (6)

I,= peak current in ampere, n = number of exchanged
electrons, A = area of the in mol/cm?, V = scan rate in volts/S.
electrode in cm? D = diffusion coefficient in cm?s, C =
concentration of the species.

The plot of both anodic and cathodic peak current against
the square root of scan rates (50, 100, 150, 200 and 250
mV/S) at 298.15, 303.15 K for nano size - CuSO, (NCSu) in
absence and presence of Cefdinir antibiotic in 0.1 M KCI at
-800 mV to 650 mV potentials, current 100 pA are shown in
(Fig. S1, S2) indicating diffusion control mechanisms
[29,37,39-42] and the resulting data are listed in (Table S2,
S3). Diffusion coefficients are small values may indicate
small diffusion rate. All diffusion parameters are greater at
298.15 than 303.15K for interaction of nano size CuSO,
(NCSu) with Cefdinir CED) antibiotic in 5% v/v mixed
DMF-H,0 solvents. From Fig. 6, it's observed that as the
scan rate of complex mixtures increase both corresponding
peak current increase and the graph of 1, vs. v as shown in
(Fig. S1, S2) confirming the electrochemical processes are
diffusion controlled.

1.9 mLCuS0O, at scan rate (30 mV/S)

1.5 mLCuS0, at scan rate (100 mV/s)
1.53mLCuS0, at scan rate (150 mV/5)
1.2mLCuSO atscan rate (200 mV/S)
1.5 mLCuSCl; at scan rate (230 m\V/S)

Current (MA)

T T T T T T T T T 1
0.g 04 az a0 -0.2 -0.4 -0g -0.8

B/ vs. AgfagCl
Scan rate variation of Cu3S0, at 303.15 K

CV of scan rates nano size -CuSQy (INCS3u) at 30315 K

Figure 7. Cyclic voltamogram of nano- CuSO,4 (NCSu) in absence of Cefdinir (CED) antibiotic in 0.1 M KCI at 298.15, 303.15 K and different scan rates

(50, 100, 150, 200 and 250 mV/S)
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—15 mL  oftscan rate (150 mV/S) — 15 mL  oftscan rate (150 mV/S)
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Figure 8. Cyclic voltamogram of nano size-CuSO4 (NCSu) in the presence of Cefdinir (CED) antibiotic (1:1) in 0.1 M KCI at 298.15, 303.15 K and

different scan rates (50, 100, 150, 200 and 250 mV/S)

4. Conclusions

The overall stability constants () and Gibbs free energies
(AG) of complex formation for interaction of nano CuSO,
(NCSu) with Cefdinir (CED) antibiotic are slightly greater
at 298.15K than that at 303.15K in 5% v/v Mixed
DMF-H,O solvents indicating more interaction and
complexation. The entropies and enthalpies for the
interaction of nano CuSO, (NCSu) + Cefdinir antibiotic
(CED) are almost the same in the used two temperatures.
This indicates the increment of temperature is followed by a

decrease of complexation ability in this mixed solvents due
to the migration of ions away from complexation field by
increase of temperature as cyclic Voltammetry explained.
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