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Abstract 

In this work, complexes of Co2+, Ni2+, Cu2+, Mn2+ and Fe3+ with β-Lactam antibiotics: 

ampicillin (L1) and cephalexin (L2) have been synthesized, characterized and tested for 

antimicrobial activity against some selected microbes. The complexes were characterized via 

electronic and infrared (IR) spectroscopic measurements, elemental analysis, molar 

conductivity measurement, solubility and melting points determination, and appropriate 

structures were assigned. Theoretical insights on relative reactivity and binding sites of the 

ligands were obtained by density functional theory (DFT) calculations using the B3LYP/6-

31+G(d,p) model. IR spectra revealed that the ligands bind to the metal ions through the C=O 

of their amide and lactam groups, as well as the hydroxyl group of their carboxylic portion, 

which are also in excellent agreement with the results of DFT calculations. Based on 

revelations from DFT, both ligands possess remarkable affinity for the metal ions. The L1 

seemed to be more reactive and more amenable to forward electron donation to the metals, 

while L2 appeared to be more susceptible to back-bonding with the metals. Electronic spectra 

(UV-Vis) showed that all the complexes are octahedral, and produced wavelengths in the 

visible region of the electromagnetic radiation. The complexes were found to be soluble in 

polar solvents, and have melting points in the range190–280˚C. With the exception of the 

Fe3+counterpart, all the synthesized complexes exhibited higher antibacterial and antifungal 

activity compared to the free ligands. 

Keywords: β-Lactams, Antibiotic resistance, metallo-pharmaceuticals, Transition metals, 

DFT, Reactivity 

Introduction 

In recent years, β-Lactams have gained increased recognition as effective antimicrobial 

agents due to their excellent performance against various groups of bacteria. These broad 

spectrum antibiotics are known to possess a striking mode of action which enables them 

penetrate the cell layer of bacteria (Bush and Bradford, 2016). Their mechanism of activity is 

driven by the beta-Lactam nucleus (Sauvage, et al., 2008). They are divided into four classes 
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based on their structural orientation, with all classes containing four-membered Lactam 

nucleus in common (Holten and Onusko, 2000). These include penicillin, cephalosporin, 

carbapenems, and monobactams. Despite their remarkable pharmacological properties 

(Konaklieva, 2014), the clinical applications of these antibiotics have been marred by the 

ability of bacteria to develop strong resistance mechanisms with which they overcome the 

antimicrobial actions of β-Lactams antibiotics. The resistance to these compounds has been 

attributed to their indiscriminate use in treatment, agriculture, and in prophylaxis (Chow, et 

al., 2005 and Lagace-Wiens and Rubinstein, 2012). Although, different modes of resistance 

are adopted by bacteria, the main mechanisms leading to the evolution of antibiotic resistance 

include enzymatic degradation by lactamases, destruction of lactam ring and its re-

configuration (Worthington and Melander, 2013). 

Consequently, series of efforts have been made towards increasing the efficacies of β-Lactam 

antibiotics against resistant microbes (Anacona, et al., 2018 and Anacona and Maried, 2012). 

Attentions have been focused on the development of novel compounds to address the 

problem of bacteria’s antibiotic resistance (Anacona and Da Silva, 2005). Complexation with 

transition metals for possible enhancement in antimicrobial activity has equally been 

explored (Mjos and Orvig, 2014; Morones, et al., 2005 and Waziri, et al., 2014). Despite the 

successes, the use of transition metals for development of more efficient antimicrobial agents 

must be done with caution since this group of metals can pose significant threats to life 

through toxicity. To address this shortfall, synthesis of novel compounds with lower level of 

minimum inhibitory concentration (MIC) has been the focus of many studies. Many studies 

have shown an enhancement in antimicrobial activity after the interaction of many agents 

with metal ions. (Issa, et al., 2008). 

Therefore, we reported in this work the enhanced antimicrobial potencies observed in 

selected transition metal complexes of two different β-Lactam antibiotic ligands, namely: 

ampicillin (L1) and cephalexin (L2). The selected transition metals which have zero to low 

toxicity concern include Co2+, Ni2+, Cu2+, Mn2+and Fe3+. Our goal is to synthesize less toxic, 

more effective and more efficient β-Lactam based metallo-pharmaceuticals for improved 

microbial degradation. 

 

Materials   

The molecular structures of the studied β-lactam ligands are shown in Figure 1. Hydrated 

salts of CoCl2.6H2O, NiCl2.6H2O, CuCl2.2H2O, MnCl2.4H2O and FeCl3.6H2O were 

employed as sources of Co2+, Ni2+, Cu2+, Mn2+ and Fe3+ ions, respectively, for the 

complexation reactions. All chemicals and reagents used for this study are of high analytical 

grade. They were purchased from Sigma Aldrich and used without further purification. 

 

General procedure for the synthesis of the complexes  

Methanolic solution of each metal salt: [(CoCl2.6H2O and NiCl2.6H2O (0.24 g, 1 mmol, 1 

eq), CuCl2.2H2O and MnCl2.4H2O (0.2 g, 1 mmol, 1 eq) and FeCl3.6H2O (0.22 g, 1 mmol, 1 

eq))] was added to methanolic solutions of the ligands i.e. ampicillin: (L1, 0.35 g, 1 mmol, 1 

eq) and cephalexin: (L2, 0.37 g, 1 mmol, 1eq) in the mole ratio of 1:1:1, with continuous 

stirring at 60 ˚C until precipitates of the complexes were formed. The product formed was 

filtered, washed with ethanol and dried over phosphorus oxide (P2O5) in a desiccator, 

followed by further purification of the dried product in hot methanol. The general equation 

for the complexation reactions is shown in scheme 1. 
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Scheme 1: The general equation for the synthesis of the complexes. M = Co2+, Ni2+, Cu2+, 

Mn2+& Fe3+. 

Measurement   

All measurements were carried out on both the synthesized complexes and the free ligands. 

The FT-IR spectra were obtained in the frequency range of 4000–400 cm-1, using Tensor 27 

Bruker and Perking Elmer FT-IR Spectrum BX. The electronic absorption spectra were 

determined in the UV-Vis range of 200–800 nm, on UV–2550 Shimadzu Spectrometer. 

Elemental analyses were performed on vario Elementar III microbe CHNS analyzer, and the 

metal contents were determined by atomic absorption spectroscopy (AAS), using Perkin-

Elmer Spectrometer, model 3110. The melting point data were obtained using Reichert-Jung 

Thermovar hot-stage microscope and are uncorrected. 

 

Biological studies 

In-vitro anti-microbial evaluation 

The β-lactam ligands (L1 and L2) and their coordinated compounds were screened against 

gram-positive and gram-negative strains of bacteria using disc diffusion method for the 

bacteria and poisoned food techniques, for the fungus (Al-Burtamani, et al., 2005 and 

Cottarel and Wierzbowski, 2007). The selected gram-positive bacteria include: 

Staphylococcus aureus (ATCC 25923), Streptococcus Pyogenes (ATCC 19615) and Bacillus 

Subtilis (ATCC23857), while the Gram-negative group comprises of Escherichia coli (ATCC 

25922), Salmonella typhi (ATCC 6539), Klebsiella Pneumonioe (ATCC 13883) and 

Pseudomonas aeruginosa (ATCC 27853) and fungus, Candida albicam (ATCC 10231). The 

cultures of the test organisms were kept in nutrient agar culture media and subculture before 

testing on the compounds (Waziri et al., 2017). 

Determination minimum inhibitory concentration (MIC) and minimum bactericidal 

Concentration (MBC) 

The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration 

(MBC) were determined using procedures discussed elsewhere (Ngankeu,et al., 2016). Stock 

solutions of both the complexes and the free ligands were prepared with DMSO. Serial 

dilution of the stock solutions to concentrations in the range 512 to 0.25 𝜇g/mL was done in 

two folds using appropriate culture media for the studied microbes. From each concentration, 

100 𝜇L of the solutions was transferred into a 96-well micro-plate containing 90 𝜇L of 

cultured media and 10 𝜇L of inoculums in appropriate colony forming unit for bacteria and 

also spores per milliliter for Candida albicam was introduced to get final concentration 

within the range of 256 to 0.125 𝜇g/mL. The micro-plates were then covered, placed on a 

shaker and incubated at 37 ˚C for 24 h and 48 h, for the bacteria and the fungus, respectively. 

Minimum inhibitory concentrations were determined after visual observation by taking the 
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least sample concentration at which there is no visible microbial growth. After sub-culturing, 

the smallest concentration at which no meaningful bacterial growth was seen was taken as 

minimum bactericidal concentrations. The β-lactam ligands were used as standard drug for 

the control and DMSO was used as negative control. The experiment was repeated three 

times and the mean was obtained in each case. 

Density functional theory (DFT) calculations 

DFT calculations were carried out using B3LYP functional with 6-31+G(d,p) basis set for 

ligand atoms and LANL2DZ basis set for metal ions (Festus, et al., 2020; Jacobsen and 

Cavallo, 2004 and Olasunkanmi, et al., 2020). Gaussian 09W program (revised version D.01) 

(Frisch, et al., 2013) was employed for the DFT study. The molecular structures of L1 and 

L2 ligands were modeled with Gauss View 5.0, refined and subjected to geometry 

optimizationin the gas phase without symmetry consideration. This was to ensure that the 

modeled structures were fully optimized, and genuine minimum ground state energies were 

obtained. The authenticity of the optimized geometries was confirmed by the absence of 

negative vibrational frequencies. The chemical reactivity of the ligands were predicted using 

some reactivity descriptors, such as energy gap (∆𝐸), global hardness (𝜂), chemical potential 

(Φ) andelectrophilicity (𝜔).These parameters were estimated from the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies of the 

optimized ligand structures using Equations1-4 (Olasunkanmi, et al., 2020; Wahab, et al., 

2018 and Wahab, et al., 2019). Similarly, the relative potentials of both ligands to interact 

with the metals for successful complexation were predicted from ligand-metal interaction 

parameters, α and β (Equations 5 and 6), whereα is the energy gap between the HOMOs of 

the ligands and the LUMOs of the metals, while β is the energy gap between their LUMOs 

and the HOMO of the metals (Wahab, et al., 2018 and Wahab, et al., 2019). 

     𝐸 =  𝐸𝐿𝑈𝑀𝑂  − 𝐸𝐻𝑂𝑀𝑂 … … … … … … … … … … …   (1) 

     𝜂 =
1

2
(𝐸𝐿𝑈𝑀𝑂  −  𝐸𝐻𝑂𝑀𝑂)……………………….  (2) 

     Φ =  
1

2
(𝐸𝐻𝑂𝑀𝑂  +  𝐸𝐿𝑈𝑀𝑂) ……………………..  (3)                                                                      

     𝜔 =
𝛷2

2𝜂
 …………………………………………..  (4) 

     𝛼 =  𝐿𝑈𝑀𝑂𝑀𝑒𝑡𝑎𝑙  −  𝐻𝑂𝑀𝑂𝐿𝑖𝑔𝑎𝑛𝑑 …………….  (5) 

     𝛽 =  𝐿𝑈𝑀𝑂𝐿𝑖𝑔𝑎𝑛𝑑  −  𝐻𝑂𝑀𝑂𝑀𝑒𝑡𝑎𝑙 …………….  (6) 

Since the calculations were run on ordinary personal computer (PC), attempt to obtain the 

optimized geometries of the metallic complexes was marred by extreme computational cost, 

at the selected level of theory. Hence, only the optimized structures of the ligands are 

reported in this work. However, site reactivity was evaluated via calculation of Mulliken 

charges in order to predict the most probable binding sites in the ligand structures. This was 

necessary to validate the proposed experimental binding sites which are the oxygen atoms of 

the lactam, the amide and the carboxylate groups (Scheme 1). 

Results and discussions 

Physical properties 

The colors, the melting points and the molar conductivity values of both the free ligands and 

the synthesized complexes are presented with their respective molecular masses and 

percentage yields in Table 1. As evident from the table, the free ligands are white. The Cu2+ 

complex is blue, Co2+ and Ni2+complexes are green, Mn2+and Fe3+ complexes are yellow and 
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brown respectively. These colors which are typical of transition metal complexes are due to 

d-d transitions (Waziri, et al., 2018).  

Further inspection of Table 1 revealed that the complexes have higher melting points 

compared to the ligands, a trend which seems to be in line with the variation in molecular 

weights. Similar observation has been reported elsewhere (Geary, 1971). The molar 

conductivity values obtained in DMSO (10−3 M solution) at ambient temperature were found 

to be in the range (3.9–21.0) x 10-3 Scm2/mol, which suggests that the compounds are 

probably non-electrolytic (Waziri, et al., 2013). All the compounds are either soluble or 

slightly soluble in polar solvents such as water, methanol, ethanol, dimethyl sulfoxide and 

dimethylformamide. 

Infrared spectra 

The IR data obtained for the free ligands and the synthesized complexes are given in Table 2. 

Generally, the aromatic carbonyl absorption band is expected to shift to higher wave number 

as the ring becomes more strained (Anacona and Maried, 2012). The absorptions observed at 

1767 cm-1 and 1773 cm-1 for the free ligands, L1 and L2, respectively, are due to the lactam 

C=O stretching (Nakamoto, 1986). The decrease in these bands to lower wave numbers in the 

complexes is as a result of coordination to the metals. Similar shift in the absorption band of 

the amide carbonyl (NHC=O) around 1680 cm-1in the ligands to lower frequencies in the 

complexes suggests that the NHC=O group is also involved in the coordination. The decrease 

in the absorptions of these carbonyl groups following the formation of the metals complexes 

indicates that the coordination of the ligands to the metals occurred through their oxygen 

atom, Table 2. 

The shift in the ligand’s carboxylate (COO-) asymmetric and symmetric stretching bands, 

1590–1610 cm-1 and 1375–1380 cm-1, respectively, to lower values in the complexes shows 

that the carboxylate moiety is also involved in the coordination. Although, the carboxylate 

moiety in a ligand can coordinate to a transition metal ion either as monodentate or bidentate 

depending on the asymmetric and symmetric bands (Socrates, 1980). The results for the 

complexes (Table 2) however showed a difference of 210–226 cm-1between the asymmetric 

and symmetric COO- vibrational frequencies, which suggest monodentate coordination 

(Ruede and Thornton, 1976). The presence of ν(M–O) stretching vibration around 500–530 

cm-1 in the spectra of the synthesized complexes (and its absence in the spectra of the free 

ligands) further confirms the coordination of the ligands through the oxygen atoms of lactam 

and amide carbonyls, as well as the carboxylate moiety. The bands observed in L1 and L2 at 

3230 cm-1 and 3300 cm-1, respectively, are assignable to N-H stretching vibration of the NH2 

group. The fact that these bands are comparable to those of the complexes suggests non-

involvement of nitrogen atom in the coordination.  

The presence of coordinated water molecules in all the complexes is established by the 

appearance of a broad band around 3420–3448 cm-1. In addition, weak bands were also 

observed around 700–800 cm-1 as a result of O–H bending vibrations (Anacona, et al., 2018). 

The appearance of a weak band in the region 400 cm-1 on the spectra of Fe3+ complex is 

ascribable to the presence of M – Cl bond (Leila, et al., 2018) 

Electronic spectra  

Electronic absorption spectroscopic measurement reveals the nature of the coordination 

between the metals and the ligands through the vacant orbital of the metals. The electronic 

absorption spectra for the free ligands in DMSO solution (10-3mol) and their metal complexes 

are given in Table 3. The absorption maxima observed at 230 and 330 nm for the β-lactam 

ligands are due to n→π and π→π* transitions (Lever, 1984). 



NAUB Journal of Science and Technology (NAUBJOST), Volume 1, June Issue, 2021(pp55-82)        60 

Co2+ complex showed peaks at 500, 605 and 650nm, corresponding to V1, V2 and V3, 

respectively. These peaks are assignable to 4T1g(F)→4T1g(P),  4T1g(F)→4A2g(F) and 

4T2g(F)→4A2g(F) transitions (Figgis, 1976). Similarly, the three peaks shown by the Ni2+ 

complex at 670, 580 and 500 nm can be attributed to3A2g(F)→3T1g(P),  3A2g(F)→3T1g(F) and   

3A2g(F)→3T2g(F) transitions (Lund, et al., 2011), confirming an octahedral geometry for the 

complex. The peak shown by Cu2+ complex at 670 nm might be due to 2Eg→
2T2g transition, 

which suggests a distorted octahedral geometry around Cu2+, while the one at 407 nm is due 

to symmetry forbidden ligand to metal charge transfer (Ballahausen, 1962). Mn2+ complex 

displayed three peaks at 629, 503 and 495 nm, corresponding to 
4A1g(4G)→6A1g,

4T2g→
6A1g(4G) and 4T1g→

6A1g(G) transitions, in agreement with existing 

findings on octahedral coordinated Mn2+ ion (Ruede, 1976). The three absorption peaks 

produced by the Fe3+ complex at 700, 500, and 430 nm, are as a result of 
6A1g→

4T1g,
6A1g→

4T2gand 6A1g→
4A1g, transitions respectively (Figgs and Hitchman, 2000), 

which suggest an octahedral geometry for the complex. Similarly, the racah parameters В and 

nephelauxetic ratio β of the complexes were found to be in range of 674–955 cm-1 and 0.64–

0.84 respectively, Table 3. The nephelauxetic ratios (β) of all the complexes were found to be 

less than one suggesting varying degree of covalence between the metals and the ligands. The 

racah parameters (В) of the complexes is also less than those of the free metal ion, and this is 

due to the decrease in inter-electronic repulsion from electronic delocalization during 

complexation process (Mandeep, 2017). Furthermore, the crystal field splitting energy (∆˳) of 

the complexes corresponds to those of octahedral geometries, Table 3.  

Elemental analysis 

The results of elemental (CHN) analysis presented in Table 4showed that the elemental 

compositions of the complexes and the derived molecular formula are in good agreement 

with the proposed structures (Fig. 2). 

Molecular structure  

The results in Table 2 had revealed that the binding of the ligands to the metal ions occurred 

through the oxygen atom of the COO-, lactam C=O and amide C=O, which suggests that the 

β-lactam ligands behave as tridentate. In addition, the results of electronic absorption 

spectroscopy (Table 3) favor an octahedral geometry for the synthesized complexes. 

Therefore, molecular structures consistent with these results have been proposed in Figure 2, 

where the Co2+, Ni2+, Cu2+, and Mn2+ ions are generally represented by M in the molecular 

formula, [M(L1)(L2)].3H2O. The Fe3+ complex has a coordinated chloride ion (Cl-) in 

addition to the β-lactam ligands, hence, it is given as [Fe(L1)(L2)Cl].3H2O. Several attempts 

made towards growing a single crystal for proper structural identification were unsuccessful 

due to insolubility of the complexes in most of the organic solvents used for single crystal 

growing. 

Antimicrobial studies 

The antimicrobial activity of the β-Lactam ligands and the synthesized complexes were 

evaluated in-vitro against gram-positive and gram-negative bacteria. The zones of inhibition 

obtained against each organism are shown in Figures 7–9, which revealed that the complexes 

exhibited varying degrees of activity against the studied microbes. At a concentration of 30 

mg/mL, the complexes exhibited better antimicrobial activity compared to at least one of the 

ligands, with the exception of the complexes of Mn2+ and Fe2+ against Staphylococcus aureus 

(Sa), Staphylococcus pyogene (Sp), Bacillus subtilis (Bs) and Klebsiella pneumonioe (Kp), 

Cu2+ against Bs, and Mn2+ against Candida albicam (Ca) (Figure 7). Staphylococcus aureus 

was mostly degraded by the Co2+ and Cu2+complexes, Staphylococcus pyogenes, Escherichia 
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coli (Ec) and Pseudomonas aeruginosa (Pa) by the Cu2+ complex, Bacillus subtilis and 

Klebsiella pneumonioe by the Ni2+ and Co2+, while Salmonella typhi (St) experienced the 

highest degradation with the Co2+ and Mn2+complexes(Figure 7). On the average, the order of 

activity of the complexes is Co2+> Cu2+> Ni2+> Mn2+> Fe3+,and nearly all the complexes 

were found to be more active than the ampicillin ligand (L1), but less active than its 

cephalexin counterpart (L2) against Candida albicam (Ca) which is a fungus (Figure 7). 

Similar trends were obtained with slight deviations at 20 mg/mL and 10 mg/mL 

concentrations (Figures 8 and 9). However, careful comparison of Figures 7-9 revealed a 

linear dependence of antimicrobial activity on inhibitor’s concentration (i.e. concentration of 

the ligand or the complex). In other words, the antimicrobial potencies of the ligands and the 

complexes decrease with decrease in their concentrations. The apparent absence of activity 

observed at 10 mg/mL in some of the species such as Fe3+complex versus Sp, Ec, Kp and Pa, 

L2 versus Kp and Pa, Cu2+complex versus Kp and Ca, and L1 and Mn2+complex versus Pa 

and Ca (Figure 9) suggests that this concentration value is below the minimum inhibitory 

concentrations (MIC) of the species. Finally, as shown by the order of Figures 7–9activity of 

the complexes above revealed that the antibacterial activity of the Co2+ complex is generally 

higher at all concentrations, while that of the Fe3+ complex is lower on the average than those 

of the β-lactam ligands. This suggests that the Co2+ complex is the most promising 

antimicrobial agent of all the studied compounds. 

Minimum inhibitory concentration (MIC) and Minimum bactericidal concentration 

(MBC) 

The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations 

(MBCs) of the studied ligands (positive control) and their complexes were determined as 

discussed earlier, and the results are tabulated in Tables5 and 6. From these tables, it can 

readily be observed that the complexes yielded lower MICs and MBCs values compared to 

the ligands, with the exception of the Fe (III) complex. Generally, the ligands yielded MIC 

values in the ranges from 4 to 32 μg/mL (Table 5), and MBC values ranging from 16 to 256 

μg/mL for the different microbial strains (Table 6). On the other hand, the MICs of the 

complexes were found to range from 2 to 16 μg/mL (Table 5), while the MBCs ranged from 

4 to 64 μg/mL, depending on the microbial strain (Table 6). All the complexes produced low 

MICs (2 μg/mL) on Candida albicam, except Mn2+ and Fe3+complexes which gave MICs of 

4 μg/mL and 256 μg/mL, respectively (Table 5).The Cu2+ complex recorded the lowest MBC 

value of 4 μg/mL on Candida albicam (Table 6),while the Fe3+ complex yielded the highest 

MBC values of 128 to 256 μg/mL. 

Analysis of results of DFT calculations 

Global reactivity study 

The optimized ground state structures of the β-lactam ligands are shown in Figure 10, with 

the electron density graphics of their respective HOMO and LUMO isosurfaces. The HOMO 

and LUMO energies of the optimized molecules and the computed reactivity parameters are 

presented in Table 7. The HOMO electron density surface reveals the electron-rich part of a 

molecule i.e. the part with the greatest likelihood of donating electrons into appropriate 

vacant orbital of an acceptor. On the other hand, the LUMO density surface shows the 

portion that has the highest chance of accepting incoming electrons. Thus, the HOMO 

isosurfaces shown in Figure 10 revealed that the electron donating ability of the studied 

ligands is governed by most part of the molecules with the exception of the carboxylic moiety 

in L1, and the phenyl ring in the case of L2. This suggests that the carboxylic and the phenyl 

groups have no meaningful contribution to forward electron donation to vacant d-orbital of 
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the metals. On the other hand, the LUMO isosurfaces revealed that the parts of the 

ligandmolecules which are susceptible to retro-donated electrons from the metals comprise 

the lactam ringsand the carboxylic terminals only. The remaining parts of the molecules 

which comprise the phenyl ring to the amide group showed no likelihood of participatingin 

back bonding. 

The energies of the frontier molecular orbital (EHOMO and ELUMO) reveal the ease of donating 

and accepting electrons. The higher the EHOMO, the more the ease of donating electron, and 

the smaller the ELUMO, the greater the chance of accepting electron. Comparing the ligands in 

terms of electron donating and electron accepting tendencies, ampicillin (L1) seems to be a 

better electron donor but a weaker electron acceptor compared to cephalexin (L2), as 

indicated by their EHOMO and ELUMO values in Table 7. Consequently, the interaction of L1 

with the metals through forward electron donation to appropriate vacant d-orbitalof the 

metalsis favored by smaller energy gap (αL1) between the HOMO of L1 and the LUMO of 

the metals (Table 8). Similarly, the interaction of L2 with the metals through backward 

electron donation from the HOMO of the metals to the LUMO of the ligand is favored by 

lower energy gap (βL2) between the HOMO of the metalsand the LUMO of L2 (Table 8). 

From quantum chemical point of view, the HOMO-LUMO energy gap (ΔE) and global 

hardness(𝜂) areparameters which indicatethe overall stability of a molecule in terms of its 

resistivityto change in electron density and/or electronic configuration by excitation.The 

higher the ΔE and 𝜂 values, the more thestability and resistivity of a molecule to electronic 

excitation.Thus, the ΔE and 𝜂 values in Table 7 revealed that L1 is more stable and less 

vulnerable to electronic excitation compared to L2, due to the significantly higher ELUMO 

value of the former. 

Chemical potential, Φ is an indicator of the electron releasing capacity of a molecule to an 

acceptor.The larger the value of Φ, the higher the electron donating power of a molecule and 

vice versa.Comparing the Φ values of L1 and L2 (Table 7), it is evident that L1 has more 

donating power than L2, which is in harmony with the EHOMOtrend discussed previously. The 

lower value of Φ obtained for L2 suggests that this ligand has electron attracting power,more 

ability to secure its electrons and prevent them from being given to an acceptor (i.e. L2 is 

more electronegative). This is also in consonant with the ELUMO trend. 

Finally, electrophilicity 𝜔 is a reactivity parameter which describes the affinity of a molecule 

for an electron. A molecule with a large value of 𝜔 will be a better electrophile, while the one 

with a small 𝜔 value will exhibit higher nucleophilic character (i.e. a better nucleophile). 

Therefore, the computed electrophilicity values in Table 7 showed that L1 is a better 

nucleophile and will interact better with the metals by forward donation into appropriate 

empty orbital of the metals. On the other hand, L2 is apparently a better electrophile. Hence, 

it is more amenable to retro-donated electrons from the complexes. 

Site Reactivity Study 

The optimized molecular structures ofthe ligands are presented with the numberings of the 

constituent atoms in Figure 11. For both ligand structures, only the Mulliken charges for the 

prospective binding sites in the molecules are listed in Table 9. Prospective coordination sites 

include any constituent hetero atom such as nitrogen, oxygen, sulphur and halogen atoms. 

Potential binding sites in the ligands are the atomic sites N20, N21, N22, O23, O24, O25, O26 and 

S27 in L1, and their corresponding L2 counterparts.Details ofhow the charges were 

calculatedcan be foundelsewhere (Ang-yang and Jing, 2015 and Glassey and Hoffmann, 

2000). 
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In Table 9, MC represents the Mulliken charges of the atomic sites when the bonded 

hydrogen atoms are ignored. On the other, MC+H represent the charges whenthe bonded 

hydrogenatoms are taken into account. From the atomic sites listed in Table 9, only sitesN22, 

O23, O24and O26 in L1, and their respective L2 counterparts are unbounded to hydrogen. 

A positive Mulliken charge indicates an electron deficient centre, while a negative charge 

implies that an atomic site is rich in electron. The charge magnitude depends on the extent of 

the electron deficiency. Inspection of Table 9 showed that atomic sites O23, O24, O25 and O26 

in L1, and their corresponding L2 counterparts are the richest sites in the molecules, and are 

therefore the most likely sites for interaction with metals.However, in the absence of 

hydrogen atoms, H32 and H35 from L1 and L2, respectively, coordination to the carboxylate 

moieties of these ligands will preferentially occur via O25 and O28, respectively. These 

findings are in excellent agreement with the experimentally proposed binding sites shown in 

Figure 2. The apparent reactivity suggested for N20 and N23 by their MC values is not genuine 

because this reactivity is due to the ignoration of their hydrogen atoms. 

Conclusion 

Complexes of Co2+, Ni2+, Mn2+, Cu2+ and Fe3+ ions with β-lactam antibiotics namely; 

ampicillin (L1) and cephalexin (L2) have been successfully synthesized. Spectroscopic 

measurements and DFT calculations revealed an octahedral geometry in which each metal 

atom is coordinated to the two ligands through the oxygen atoms of their carboxylate, lactam 

carbonyl and amide carbonyl groups. The Co2+ complex showed the highest antibacterial and 

antifungal potency in in-vitro antimicrobial evaluation. However, all the studied complexes 

except that of Fe3+ were found to be more active against the studied microbes than the 

ligands. The complexes exhibited variable MIC and MBC values, depending on the microbial 

strains. Evidence from DFT calculations revealed that both L1 and L2 interacted well with 

the metals using different frontier molecular orbital. While L1 favored a HOMO-to-metal 

forward donation, L2 was more susceptible to metal-to-LUMO back donation. 
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Table 1: The physical properties of the ligands and their complexes 

Compounds Molecular formula 

(molar mass) 

Color Yield (g) 

(%) 

M.p/d (˚C) Conductivity 

Scm2/mol 

            L1    C16H19N3O4S 

  (349.1098) 

white - 197 3.9 x 10-3 

            L2     C16H17N3O4S 

  (347.0940) 

white - 195 7.5 x 10-3 

[Co(L1)(L2)].3H2O C32H40CoN6O11S2 

      (807.7673) 

green 0.57 

  (70.57) 

220 8.6 x 10-3 

[Ni(L1)(L2)].3H2O C32H40NiN6O11S2 

      (807.2413) 

green 0.47 

   (58.22) 

210 21.0 x 10-3 

[Cu(L1)(L2)].3H2O C32H40CuN6O11S2 

     (810.9754) 

Blue 0.32 

(39.46) 

215 16.5 x 10-3 

[Mn(L1)(L2)].3H2O C32H40MnN6O11S2 

  (803.8947) 

   yellow 0.30 

(37.32) 

230 13.2 x 10-3 

[Fe(L1)(L2)Cl].3H2O C32H40ClFeN6O11S2 

 (804.2356) 

    brown 0.39 

(48.49) 

200 14.1 x 10-3 
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Table 2: The IR spectral data of the ligands and the complexes (cm-1) 

Compounds Coordinated 

water ν(OH) 

NHC=O ν(N-H) Lactam ν(C=O) ν (COO) Δν ν(M-O) ν(M-Cl) 

 asymm symm 

L1 

 

- 1680 3230 1767 1603 1375 228 - - 

L2 

 

- 1675 3300 1773 1600 1380 220 - - 

[Co(L1)(L2)].3H2O 

 

3420 1655 3231 1715 1575 1365 210 530 - 

[Ni(L1)(L2)].3H2O 

 

3438 1645 3228 1740 1600 1380 220 500 - 

[Cu(L1)(L2)].3H2O 

 

3448 1640 3333 1720 1595 1370 225 530 - 

[Mn(L1)(L2)].3H2O 

 

3445 1650 3235 1725 1610 1385 226 520 - 

[Fe(L1)(L2)Cl].3H2O 

 

 

3443 1630 3320 1730 1590 1367 223 510 400 
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Table 3: UV-visible spectral data of the 

ligands and their complexes 

Compounds λmax (nm) Band assignment В (cm-1) β V2/V1 ∆˳ (cm-1) Geometry 

L1 233 

278 

π→π*   -  - 

L2 230 

275 

π→π*   -  - 

[Co(L1)(L2)].3H2O 500 

605 

650 

4T1g(F)→4T1g(P) 

4T1g(F)→4A2g(F) 

4T2g(F)→4A2g(F) 

939 0.84 1.07 8921 Octahedral 

[Ni(L1)(L2)].3H2O 500 

580 

670 

3A2g(F)→3T1g(P) 

3A2g(F)→3T1g(F) 

3A2g(F)→3T2g 

955 0.88 1.16 9550 Octahedral 

[Cu(L1)(L2)].3H2O 407 

700 

2Eg → 2T2g 

MLCT 

774 0.62 1.72 – Octahedral 

[Mn(L1)(L2)].3H2O 495 

503 

630 

4A1g(4G)→6A1g 

4T2g→
6A1g(4G) 

4T1g→
6A1g(G) 

716 0.75 1.25 7876 Octahedral 

[Fe(L1)(L2)Cl].3H2O 430 

500 

700 

6A1g→
4T1g 

6A1g→
4T2g 

6A1g→
4A1g, 

674 0.64 1.40 6740 Octahedral 
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Table 4: Elemental analysis (EA) data of the complexes 

Compounds Molecularformula 

(molar mass) 

Microanalysis: found (calculate) % 

C H N M 

[Co(L1)(L2)].3H2O C32H40CoN6O11S2 

(807.7673) 

47.60 (47.49) 4.99 (4.63) 10.40 

(10.36) 

7.30 (7.23) 

[Ni(L1)(L2)].3H2O C32H40NiN6O11S2 

(807.2413) 

47.60 (47.49) 4.99 (4.83) 10.41 

(10.40) 

7.27 (7.23) 

[Cu(L1)(L2)].3H2O C32H40CuN6O11S2 

(810.9754) 

47.31 (47.19) 4.96 (4.53) 10.36 

(10.18) 

7.82 (7.63) 

[Mn(L1)(L2)].3H2O C32H40MnN6O11S2 

(803.8947) 

47.82 (47.53) 5.02 (4.78) 10.46 

(10.28) 

6.84 (6.72) 

[Fe(L1)(L2)Cl].3H2O C32H40ClFeN6O11S2 

(804.2356) 

45.75 

(44.98) 

4.80 (4.76) 10.00 

(9.84) 

6.65 (6.52) 
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Table 5: The results of MIC of the ligands and their complexes 

Compounds Bacteria 

Sa Sp Bs Ec St Kp Pa Ca 

L1b 32 64 32 32 16 16 32 4 

L2b 32 64 32 32 16 16 32 4 

[Co(L1)(L2)].3

H2O 

8 16 8 8 2 2 8 2 

[Ni(L1)(L2)].3H2O 16 8 4 8 4 2 2 2 

[Cu(L1)(L2)].3H2O 8 16 8 2 2 4 4 2 

[Mn(L1)(L2)].3H2O 8 4 8 4 4 8 4 4 

[Fe(L1)(L2)Cl].3H2O 

DMSOc 

>256 

NA 

>256 

NA 

256 

NA 

256 

NA 

256 

NA 

256 

NA 

256 

NA 

256 

NA 

aGram-positive bacteria: Staphylococcus aureus (Sa), Streptococcus pyogene (Sp), Bacillus subtilis (Bs), Gram-negative bacteria: Escherichia coli (Ec), Salmonella typhi 

(St), Klebsiellapneumonioe(Kp), Pseudomonas aeruginosa (Pa) Candida albicam (Ca) NA = no activity. Values are the average of three closely related experimental values. 

bL1 = ampicillin, L2 = cephalexin 

cDMSO: included as a control due to its use as a solvent carrier for the test compounds. 
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Table 6: The results of MBC of the ligands and their complexes 

Compounds Bacteria 

Sa Sp Bs Ec St Kp Pa Ca 

L1b 128 256 128 128 64 64 128 16 

L2b 128 256 128 128 64 64 128 16 

    [Co(L1)(L2)].3H2O 32 64 16 16 8 8 16 8 

    [Ni(L1)(L2)].3H2O 64 32 16 32 16 8 8 8 

    [Cu(L1)(L2)].3H2O 16 32 16 8 8 16 16 4 

    [Mn(L1)(L2)].3H2O 16 16 16 8 8 16 8 8 

[Fe(L1)(L2)Cl].3H2O 

DMSOc 

256 

NA 

256 

NA 

128 

NA 

256 

NA 

128 

NA 

128 

NA 

>256 

NA 

128 

NA 

Table 7: Reactivity parameters of the ligands 

Properties Ampicillin (L1) Cephalexin (L2) 

EHOMO(eV) -6.72 -6.78 

ELUMO (eV) -1.10 -1.85 

ΔE(eV) 5.62 4.93 

𝜂 (eV) 2.81 2.46 

Φ (eV) -3.91 -4.31 

𝜔 (eV) 2.72 3.77 
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Table 8: Energy gap between the frontier molecular orbitals of the ligands andthemetals 

Metal ions ƐHOMO (eV) ƐLUMO (eV) α* (eV) β** (eV) 

L1 L2 L1 L2 

Co2+ -29.31 -25.62 -18.90 -18.84 28.21 27.46 

Cu2+ -32.37 -20.06 -13.34 -13.28 31.27 30.52 

Ni2+ -29.84 -27.41 -20.69 -20.63 28.74 27.99 

Mn2+ -27.73 -21.14 -14.42 -14.36 26.63 25.88 

Fe3+ -48.63 -40.94 -34.22 -34.16 47.53 46.78 

*LUMOMetal – HOMOLigand 

**LUMOLigand – HOMOMetal 

Table 9: Mulliken charges for the prospective binding sites in the ligands 

Ampicillin (L1) Cephalexin (L2) 

Atomic sites MC MC+H Atomic sites MC MC+H 

N20 -0.565791 0.042326 N23 -0.575473 0.033111 

N21 -0.162854 0.150899 N24 -0.188621 0.128687 

N22 0.000133 0.000133 N25 -0.013652 -0.013652 

O23 -0.423219 -0.423219 O26 -0.427974 -0.427974 

O24 -0.425241 -0.425241 O27 -0.468964 -0.468964 

O25 -0.412177 -0.028464 O28 -0.418787 -0.041136 

O26 -0.398072 -0.398072 O29 -0.392719 -0.392719 

S27 0.264630 0.264630 S30 0.187678 0.187678 
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Figure 1: Molecular structures of ampicillin (L1) and cephalexin (L2) 

 

 

Figure 2: Structure of the complexes 
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L1 

 

L2  

Figure 3: Infrared spectra of the ligands 
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[Mn (L1)(L2)].3H2O 

 

[Fe (L1)(L2)Cl].3H2O 

 

[Co (L1)(L2)].3H2O 
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[Ni (L1)(L2)].3H2O 

 

 

[Cu (L1)(L2)].3H2O 

Figure 4: Infrared spectra of the complexes 
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Figure 5: UV-Vis spectra of L1 and L2 
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Figure 6: UV-Vis spectra of the complexes 

 

Figure 7: The results of in-vitro evaluation of the β-lactam ligands and their complexes at 30 

mg/mLSa = Staphylococcus aureus, Sp= Staphylococcus pyogenes, Bs = Bacillus subtilis, 

Ec= Escherichia coli, St = Salmonella typhi, Kp= Klebsiella pneumonioe, Pa = 

Pseudomonas aeruginosa, Ca = Candida albicam 
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Figure 8: The results of in-vitro evaluation of the β-lactam ligands and their complexes at 20 

mg/mL 

 

 

 

Figure 9: The results of in-vitro evaluation of the β-lactam ligands and their complexes at 10 

mg/mL 
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                     Ampicillin (L1)                                               Cephalexin (L2) 

 

 

 

L1-HOMO                                                         L2-HOMO 

 

 

 

 

L1-LUMO                                                                         L2-LUMO 

Figure 10: Optimized ground state structures of the β-lactam ligands with their respective 

HOMO and LUMO electron density surfaces 
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Ampicillin (L1) Cephalexin (L2) 

Figure 11: Optimized ground state structures of the ligands showing the numberings of the 

constituent atoms. Constituent atoms are hydrogen (white), carbon (grey), nitrogen (blue), 

oxygen (red) and sulphur (yellow). 

 

 

 


