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A B S T R A C T   

The integration and implementation of transition metal complexes as working electrode for surface modifications 
has become an area of research interest now a days. Based on this, a novel anionic complex having a formula of 
Na3[Cr(HR)4Cl2] (HR- = resorcinolate) with octahedral geometry, was prepared and characterized by elemental 
analysis, molar conductance, vibrational spectra. Electropolymerization of the ligand, salt, and complex was 
done on glassy carbon electrodes with effective surface area 0.15, 0.17, and 0.2 cm2 for poly(NaHR)/GCE, Cr(0)/ 
GCE, and poly(Na3[Cr(HR)4(Cl2)]/GCE respectively. The presence of a redox polymer film on the surface of the 
electrode was indicated by the experimental changes observed for a solution containing Na3[Cr(HR)4Cl2]. 
Specifically, the anodic peak currents, which represent the oxidation process, showed significant increases at 
different potential values compared to the ligand and salt. These potential values were approximately + 114 mV 
and + 573 mV. Additionally, the cathodic peak current, which is corresponding to the reduction process, 
exhibited changes at − 230 mV as the scan cycles were increased. These variations strongly suggested the for
mation of a film composed of a redox polymer on the electrode’s surface. Further, the resistance to charge 
transfer (Rct) of the compound is in the lower voltage compared to the free ligand, CrCl3•6H2O, and the un
modified GCE. This indicates that the modified compound exhibits improved conductivity due to its reduced 
charge transfer resistance. The antibacterial activity assessed against two Gram-positive bacteria strains 
(Staphylococcus aureus and Streptococcus epidermis) and two Gram-negative bacteria strains (Escherichia coli and 
Klebsiella pneumoniae), indicate that the Cr(III) complex exhibit higher antibacterial activity compared to the 
ligand and the metal salt but lower than the reference. The synthesized is a highly conductive material suitable 
for potential applications in sensors and catalysis, especially in situations that require efficient and rapid electron 
transfer process   

1. Introduction 

The superiority of metal complexes over the corresponding metal 
salts and ligands make them suitable candidates for material develop
ment, such as electrode surface modifiers for sensing applications and 
metal-based drugs. Modified electrodes with alterations at the molecular 
level are employed in electron transfer In this respect, coordination 

chemistry of chromium have attracted the attention of many in
vestigators due its versatile complex formation and electrochemical 
behaviour [1–4]. The electrochemistry of chromium(III) complexes has 
shown increasing interest due to the wide range of oxidation states of 
chromium and excellent electrochemical redox characteristics [5,6] and 
is crucial metal for electrochemical catalytic reactions [7]. The elec
trocatalytic capability of chromium(III) complexes have been 
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investigated also for potential applications in energy storage systems 
[8–11]. 

Moreover, chromium(III) complexes are considered less toxic and 
more environmentally friendly than chromium(VI) that they have been 
explored for their therapeutic application as potential drug candidates 
[12,13] and there are reports on the antibacterial, antifungal, and 
anticancer activities of chromium(III) complexes [14–16]. Additionally, 
it has been observed that these complexes can influence glucose, fat, and 
protein metabolism and thus potentially enhancing the effects of insulin 
[17–19]. Chromium(III) also contributes to lipid metabolism, reducing 
the risk of atherogenesis [20], promoting lean body mass [21], and 
aiding the weight loss [22]. 

Here in, we have prepared chromium(III) complex of resorcinol and 
characterised by various physic-chemical techniques. The complex is 
further explored for its electrochemaical behaviour by cyclic voltam
metry and electroscopic and antibacterial activities. 

2. Experimental 

2.1. Chemicals and solvents 

Hydrated chromium chloride (CrCl3.6H2O) (98 %, Blulux labora
tories), resorcinol (C6H6O2) (99.0 %, HI Media Laboratories), silver ni
trate (99.9 %, Sigma Aldrich), Muller-Hinton agar (oxoid Ltd 
Basingstok, England), potassium bromide (Blulux laboratories), sodium 
hydroxide (Sigma Aldrich), and triethanolamine (98 %) (Sigma Aldrich) 
were used without any further purifications. 

Solvents such as DMSO (99.0 %, Loba Chemie.), DMF (99.9 %, Carlo 
Erba reagents), ethanol (HI Media Laboratories), THF (99.8 %, Loba 
Chem,), methanol (99.5 %, Loba Chem), acetone (99.8 %, Carlo Erba 
reagent), chloroform (99.99 %, Fisher Scientific UK), dichloromethane 
(99.5 %, Loba Chem), acetonitrile (99.9 %, Sigma Aldrich) and distilled 
water were also used in the present investigations. 

2.2. Instruments and analyses 

Metal and halide content were determined by the standard methods 
[23]. Molar conductivity of the complex was measured using a 10-3 M 
methanol solution at room temperature using an Adwa, AD 8000, 
pH/mv/EC/TDS meter. The FTIR spectra were obtained in PerkinElmer 
L1 600 400 Spectrum in the region 4000–400 cm-1 in potassium bromide 
pellets. The Uv-vis in the 200–800 nm range were collected in distilled 
water on a DR6000 UV/Vis spectrophotometer. CHI 760E Electro
chemical Workstation (Austin, Texas, USA) was used to assess the 
electrochemical nature of the complex. The antibacterial test was per
formed on two Gram-positive bacteria (S. aureus and S. epidermidis) and 
two Gram-negative bacteria (E. coli and K. pneumonia) on Muller-Hinton 
agar media and tetracycline as the standard drug. 

2.3. Synthesis of NaHR 

Aqueous solution of NaOH (0.072 g, 1.8 mmol), 30 mL was slowly 
added to 30 mL aqueous solution of resorcinol (0.2 g, 1.8 mmol) under 
stirring at room temperature.It is further stirred for 1 more hour. From 
the resultant yellowish solution so obtained, was dried under reduced 
pressure. The brown solid separated was dried under vacuum over CaCl2 
(yield: 0.21 g, 87.5 %) (Scheme 1). 

2.4. Synthesis of Na3[Cr(HR)4Cl2] 

A solution of NaHR in ethanol (0.18 g, 30 mL) was added to an 
ethannolic solution of CrCl3⋅6H2O (0.1 g, in 30 mL) under stirring. The 
resultant solution was refluxed at 120 ◦C for 5 h and cooled to room 
temperature.From the brownish-green solution resulted, the solvent was 
evaporated under reduced pressure, yielded a dark green powder. It was 
then recrystallized from ethanol and dried in air (yield: 0.23 g (88.50 %) 
(Scheme 1). 

3. Results and discussions 

3.1. Physico-chemical characterizations 

The complex Na3[Cr(HR)4Cl2] is dark green in colour and is soluble 
in water, methanol, dimethyl sulfoxide and ethanol and insoluble in 
chloroform, acetonitrile, dimethylformamide, tetrahydrofuran, 
dichloromethane, and acetone. The elemental analysis data reveal that 
the complex can be represented as Na3Cr(HR)4Cl2. The electrical con
ductivity of the complex in MeOH (10-3 M) is 301 ohm-1 cm2 mol-1 prove 
a 1:3 conducting nature [24]. Thus, the complex can be formulated as 
Na3[Cr(HR)4Cl2]. Found: Cr - 4.20 %, Na - 11.00 % and Cl - 11.20 %; 
Calculated for Na3CrC24H20O8Cl2: Cr - 4.20 %, Na - 10.80 % and Cl - 
11.20 %. 

3.2. FT-IR spectra 

Infrared spectrum of resorcinol, its sodium derivative and the cor
responding chromium complex are shown in Fig. S2. The νO-H band of 
the free ligand at 3258 cm-1 shifted to 3446 cm-1 in NaHR and 3429 cm-1 

in Na3[Cr(HR)4Cl2]Cl. The stretching vibration of νC––C of resorcinol at 
1609 cm-1 is shifted to 1636 cm-1 in the complex, confirming coordi
nation [25]. A new band appeared at 512 cm-1, assigned to νCr-O, 
further supporting the coordination of the phenolate group in the 
deprotonated condition. 

3.3. UV-Visible spectra 

The electronic spectra of the ligand, salt, and complex were 
compared to determine changes in the electronic environment and assist 
in structure elucidation (Fig. S1). In the ligand spectra, bands 

Scheme 1. Synthetic route for the preparation of the complex Na3[Cr(HR)4Cl2].  
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corresponding to π →π* (C––C) and n→σ* (C-O) transitions were 
observed at 273 nm and, 215 nm respectively. On coordination, these 
bands shifted to 280 nm and 340 nm, indicating a change in the ligand’s 
electronic environment. Additionally, a new band appeared at 490 nm 
in the complex’s spectrum, corresponding to (4A2g(F)→4T2g(F)) transi
tion (Fig. S1) [26]. suggesting an octahedral geometry around Cr(III) ion 
[27]. 

3.4. Electrochemical characterizations 

3.4.1. Cyclic voltammetry 
In the cyclic voltammetric studies, formation and disappearance of 

cathodic and anodic peaks, as well as differences in peak current in
tensity, are the evidences of the transformation of the salt and ligands 
into the corresponding complex [28]. 

Fig. 1 illustrates the formation of a polymer layer on the glassy 
carbon electrode (GCE) surface using a solution containing sodium 
resorcinolate (NaHR), CrCl3⋅6H2O, and Na3[Cr(HR)4Cl2]. The cyclic 
voltammograms show an increase in peak current for the anodic peaks 
centered around + 357 mV and + 1354 mV, and the cathodic peak at 
− 1544 mV in the presence of resorcinolate. The electrodeposited 
chromium(0) peak current were observed at + 1116 mV (anodic) and 
− 327 mV (cathodic). The synthesized complex exhibited increased 
peak current for the anodic peaks centered around + 114 mV and 
+ 573 mV, and the cathodic peak at − 230 mV with increasing scan 
cycles, indicating the formation of a redox polymeric film on the 

electrode surface. 
The disappearance of certain cathodic peaks (labeled as "a" in 

CrCl3⋅6H2O) and (labeled as "b" for resorcinolate) after coordination 
indicates the binding of resorcinolate and the formation of Na3[Cr 
(HR)4Cl2]. The proposed mechanism of the electropolymerization of the 
synthesized complex on the surface of the electrode is shown in Scheme 
2. The double bonds on the aromatic carbon initiates the formation of 
polymer by forming radical cation. The radical easily propagates the 
continuous bonding with the successive monomer, by potentiodynamic 
polymerization. 

Ferricyanide is mentioned as a commonly used redox-active species 
in electrochemical studies. It is employed to raise the redox potential of 
solutions, act as a potential standard, and facilitate electron transfer in 
electrochemical cells. Glassy carbon electrodes are frequently used in 
electrochemical processes, and their modification can involve mixing 
various components [29]. The electro-polymerization tendencies of the 
compounds on the GCE are depicted in Fig. 2. Cyclic voltammetry curves 
of Fe(CN)6

3-/4- on various forms of GCE, the presence of redox peaks 
indicate the successful modification of the electrodes [30]. The potential 
separation (ΔEp) of anodic and cathodic peaks suggests a 
quasi-reversible reaction [31]. Increasing the scan rate leads to shifts in 
the peak potentials, indicating effective mass transfer between the 
electrodes [32]. 

The slope of the plot of anodic peak current vs. the square root of the 
scan rate is directly proportional to the effective surface area of the 
electrode according to the Randles Sevcik equation ((1)) [33]. A higher 

Fig. 1. The CV of PBS (pH 7.0) containing 1.0 mM NaHR (A), CrCl3.6H2O (B), and Na3[Cr(HR)4Cl2] (C) scanned on the surface of GCE at a scan rate of 100 mV s-1 for 
15 cycles in the potential window of -1.0 to 1.9 V. 
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slope value for the newly synthesized complex suggests a larger surface 
area compared to the ligand and CrCl3.6H2O. The surface area, slope, 
conductivity, and stability of a complex are interrelated and can impact 
its performance in various applications as presented in Table 1 [34]. 

Ip = 2.69x105AD1/2n3/2Cv1/2 (1)  

Where Ip = Peak current (amperes), n is the Number of electrons 
transferred in a redox cycle, A is the electrode surface area (cm2), C is the 
molar concentration of redox-active species (mol/cm3), D is the diffu
sion coefficient (cm2/s), v is scan rate in V/s. 

Na3[Cr(HR)4Cl2] with redox-active properties can undergo redox 
reactions, generating reactive oxygen species (ROS) that can damage 
bacterial cells and exhibit antibacterial activity. The electrochemical 
characteristics of a complex, such as the potential gap between the 
HOMO and LUMO, can influence its stability and ability to interact with 
bacterial membranes. 

Fig. 3 demonstrate, the potential gap of Na3[Cr(HR)4Cl2] is higher 
than the potential gap of the ligand and CrCl3.6H2O. This suggests that 
Na3[Cr(HR)4Cl2] has a larger energy difference between its HUMO and 
LUMO, indicating potentially increased stability compared to the NaHR 
and CrCl3.6H2O. 

The peak-to-peak separation between poly(NaHR)/GCE and poly 
(Na3[Cr(HR)4Cl2])/GCE is smaller, indicating that the poly(Na3[Cr 
(HR)4Cl2])/GCE undergoes a smaller change in potential during the 
redox process compared to the poly(NaHR)/GCE. It is notable that, the 
peak-to-peak separation of the poly(Cr(0)/GCE, poly(Na3[Cr 
(HR)4Cl2])/GCE is higher, suggesting a larger potential change during 
the redox process. 

Poly(Na3[Cr(HR)4Cl2])/GCE (curve a) displays a cathodic peak po
tential of 0.054 V at 151.9 μA and an anodic peak potential of 0.191 V at 
-111 μA. The ligand (curve b) exhibits an anodic peak potential at 
0.182 V at -99.62 μA and a cathodic peak potential at 0.055 V at 
142.9 μA. The poly(Cr(0))/GCE (curve c) exhibits a cathodic peak po
tential at 0.044 V at 66.47 μA and an anodic peak potential at -36.75 μA 

at 0.173 V. 
The electro-active surface area of poly(Na3(Cr(HR)4Cl2])/GCE 

(0.2 cm2) is higher than that of the unmodified GCE (0.069 cm2). The 
significant enhancement in electro-active surface area of the modified 
electrode is the evidence for the formation of a larger number of avail
able electrochemical active sites on the surface of poly(Na3(Cr 
(HR)4Cl2])/GCE which offers more electrocatalytic surface. These re
sults indicate that the metal complex is more stable than the ligand and 
the salt due to the fast electron movement and the superior effective 
surface area of the complex on the electrode surface [35]. The peak-peak 
separation values for the different electrodes (poly(Na3[Cr 
(HR)4Cl2])/GCE, electrodeposited Cr(III)/GCE, and poly(NaHR)/GCE) 
are also provided, indicating the relative potential differences during the 
redox process. The largest peak-peak separation is observed for the poly 
(Na3[Cr(HR)4Cl2])/GCE, followed by the electrodeposited Cr(III)/GCE, 
and finally the poly(NaHR)/GCE. 

In general, poly(Na3[Cr(HR)4Cl2])/GCE has a higher potential gap 
and greater stability compared to its ligand and CrCl3.6H2O salt. The 
potential changes during the redox process are smaller for the complex 
compared to the ligand, and the complex exhibits a larger potential 
difference compared to the salt. 

3.4.2. Charge transfer kinetics 
To investigate the electrical characteristics of the interface between 

the modified electrode surface and the electrolyte, the charge transfer 
kinetics such as double layer capacitor and conductivity of the fabri
cated coordination complex polymer were examined. The Electro
chemical impedance spectroscopy (EIS) technique was employed to 
characterize the conductivity of the bare GCE, poly(NaHR)/GCE, poly 
(Cr(0))/GCE, and poly(Na3[Cr(HR)4Cl2])/GCE. 

Fig. 4 illustrates the EIS results, showing a decreasing semicircle 
region for the poly(Na3[Cr(HR)4Cl2])/GCE in comparison with the bare 
GCE, electrodeposited Cr(0)/GCE, and poly(NaHR)/GCE [36]. This in
dicates a significant improvement in the conductivity of the surface, 
tending to a faster electron transfer pathway between the analyte and 

Scheme 2. The proposed mechanism for the electropolymerization.  
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the electrode surface. 
The charge transfer resistance (Rct) value of the synthesized complex 

(Fig. 4 curve a), are more shifted to lower voltage compared to the free 
ligand, CrCl3⋅6H2O, and unmodified GCE (curve d). This suggests that 
the modified complex has an enhanced conductivity because of the 
lower charge transfer resistance. The increased surface area (Fig. 2) and 
improved conductivity of the complex contribute to this reduction in 

charge transfer resistance compared to the bare GCE [36]. The small 
semicircle diameter observed for poly(Na3[(Cr(HR)4Cl2])/GCE indicates 
low charge transfer resistance, suggesting that the electrode is efficient 
at transferring charge across the interface. 

Based on above findings, the synthesized complex is considered as a 
good conducting material. Its properties make it suitable for potential 
applications in sensors and catalysis, where efficient and fast electron 
transfer is required. 

4. Antibacterial activities 

The antibacterial activities of the ligand, salt, and complex were 
conducted on two Gram-positive bacteria (S. aureus and S. epidermidis) 
and two Gram-negative bacteria (E. coli and K. pneumoniae) on Muller- 
Hinton agar media and tetracycline as a standard drug. The complex 
showed improved and better antibacterial activities than the ligand and 
salt ranging from 30 ± 1.00 to 37.67 ± 1.15 mm (Fig. S3, Table 2, and 
Fig. S4). The enhanced in antibacterial activity of the complex can be 
explained on the basis of Overtone’s concept [37] and Tweedy’s 

Fig. 2. Cyclic voltammograms of poly(Na3[Cr(HR)4Cl2])/GCE (A), electrodeposited Cr(0)/GCE (B), poly(NaHR)/GCE (C), and bare GCE (D) in pH 7.0 PBS with 
10.0 mM Fe(CN)6

3-/4- at different scan rates. Inset: corresponding plot of oxidative peak current vs. square root of scan rate. 

Table 1 
Summary of the comparison of the area of the precursor and complex modified 
electrodes.  

Electrode The slope of Ipa vs. (v)1/ 

2 
Effective surface area 
(cm)2 

Unmodified GCE  4.99  0.069 
Cr(0)/GCE  11.2  0.15 
Poly(NaHR)/GCE  12.3  0.17 
Poly(Na3[Cr(HR)4Cl2])/ 

GCE  
14.0  0.2  
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chelation theory [38]. However, the complex exhibited lower antibac
terial effects compared to the positive reference (a commercial antibiotic 
(tetracycline)) (Table S1). This could be due to the octahedral shape of 
the compound, which made it more difficult for it to penetrate the 
bacterial cell membrane and cell wall compared to the almost flat 
structure of the reference compound. 

5. Conclusions 

In summary, the newly synthesized anionic complex, is exhibiting 
several advantages over the resorcinolate ligand and CrCl3.6H2O salt. It 
displayed a higher potential gap and greater stability. Moreover, poly 
(Na3[Cr(HR)4Cl2])/GCE demonstrated the highest electroactive effec
tive surface area compared to the unmodified GCE, Cr(0)/GCE, and poly 
(NaHR)/GCE, along with low charge transfer resistance. This significant 
increase in the electroactive surface area of the modified electrode in
dicates the formation of a larger number of available electrochemical 
active sites on the surface of poly(Na3(Cr(HR)4Cl2])/GCE, providing a 

larger electrocatalytic surface. 
Based on these findings, the synthesized complex can be considered 

as a highly conductive material suitable for potential applications in 
sensors and catalysis, especially in situations that require efficient and 
rapid electron transfer. 

Additionally, Na3[Cr(HR)4Cl2] exhibited antibacterial activity 
against all tested pathogenic bacteria. The synthesised compound was 
able to interact with bacterial membranes and generate reactive oxygen 
species (ROS) by its redox-activities, ultimately causing damage to 
bacterial cells and exhibiting antibacterial activity, where fast electron 
transfer is required. 
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Fig. 3. CVs of 10.0 mM Fe(CN)6
3-/4- in 0.1 M KCl at poly(Na3[Cr(HR)4Cl2])/GCE 

(curve a), poly(NaHR)/GCE (curve b), and electrodeposited Cr(0) (curve c) at 
the scan rate of 100 mV s-1. 

Fig. 4. Nyquist plot of poly(Na3[Cr(HR)4Cl2])/GCE (a), electrodeposited Cr(0)/ 
GCE (b), poly(NaHR)/GCE (c), bare GCE (d), in pH 7.0 PBS with 10.0 mM [Fe 
(CN)6]3-/4- and 0.1 M KCl in the frequency range: 0.01–50,000 Hz, amplitude: 
0.01 V, and potential: 0.23 V. 

Table 2 
Antibacterial activity of chromium salt, ligands, metal complex and the refer
ence antibiotic in liquid phase.  

N◦ Sample and 
reference 

Antimicrobial activity (mean IZ diameter (mm) ± SD) 

Gram negative bacteria Gram positive bacteria 

E. coli K. Pneumonia S. aureus S. epidermidis  

1 Na3[Cr 
(HR)4Cl2] 

37.67 ±
1.15 

33.33 ± 2.08 30 ± 1.00 31 ± 1.00  

2 CrCl3·6H2O 20.67 ±
1.15 

22 ± 1.00 20 ± 1.00 20 ± 2.00  

3 NaHR 26.67 ±
0.58 

30 ± 1.00 28.67 ±
0.58 

28.67 ± 0.58  

4 Tetracycline 40.33 ±
0.58 

40 ± 1.00 40.67 ±
0.58 

39.67 ± 1.53  

5 Solvent 0.00 ±
0.00 

0.00 ± 0.00 0.00 ±
0.00 

0.00 ± 0.00 

The minimum inhibition concentrations (MIC) of the complex are 25 µg/mL on 
E. coli, and S. epidermidis, 50 µg/mL K. pneumoniae and 100 µg/mL on S. aureus 
(Table S2). Na3[Cr(HR)4Cl2] displayed MIC values of 25 ppm for E. coli and 
S. epidermidis, 50 ppm for K. pneumoniae, and 100 ppm for S. aureus (Table S2). 
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