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ABSTRACT 

 

Modern pharmaceutical science needs more efficient drug delivery systems (DDSs) 

that permit poorly aqueous soluble drugs to work effectively. Consequently, 

medications function effectively. Pharmacological science has found Surfactants to be 

an invaluable alternative for enhancing the potential of conventional drugs and 

improving the efficacy of drugs with poor water solubility. Solid drugs can be 

solubilized more easily when surfactant molecules are added and membrane 

permeability can be increased in lipid layers as a result. 

 

In the last few years, the synthesis of transition metal complexes of Schiff bases has 

drawn a lot of interest as an alternative to coordination compounds for the creation of 

chelating agents. Metal chelates have suitable biological activities.  

 

This research aims to design and develop surfactant-containing Schiff bases and their 

metal complexes, which can serve as a drug to solve the problems with antibiotic 

resistance and drug delivery. The study has focused on the structural modification of 

compounds under study (Pyrrole-2-carboxaldehyde, Pyrrole-3-carboxaldehyde, and 

Dodecylamine) by forming the Schiff bases and metal complexes and their correlation 

with bio-functional activities. Given this, two new Schiff bases [DDAP2C and HL 

(DDAP3C)] have been prepared and further complexed with four transition metal 

ions, Co
2+

, Ni
2+

, Cu
2+

, and Zn
2+

. The newly prepared metal complexes and Schiff 

bases were fully characterized by elemental microanalysis, conductivity measurement, 

melting point measurement, 
1
HNMR, 

13
CNMR, FT-IR, UV/Vis, ESI-mass, MALDI-

TOF-mass spectrometry, and magnetic susceptibility, studies. 

 

The conductivity data were used to calculate the synthesized compounds' critical 

micelle concentration (CMC), which was further utilized to derive the Gibbs free 

energy of micellization (ΔG°m). Thermal stability and kinetic properties of the 

complexes were determined using thermogravimetric and differential thermal analysis 

(TGA/DTA). The Coats-Redfern method was used to extract thermodynamic 

parameters that describe the kinetic activity of the complexes. Most complexes 

showed high thermal stability and non-spontaneous decomposition steps. 
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The powder X-ray diffraction study was conducted to verify the crystalline nature of 

the complexes. The Origin and X'pert high score software were used to analyze 

PXRD data, and the diffractograms were carefully analyzed to get information about 

the nature of complexes. Most of the complexes were found to crystalline with 

nanocrystalline size.  

Scanning electron microscopy (SEM) studies enabled the characterization of the 

surface morphology of Schiff bases and complexes and revealed their different 

surface textures. Molecular modeling has provided additional support for the 

geometry of the complexes determined by spectroscopic methods. The structure 

optimization was achieved by running the proposed molecular structures in 

CsChemOffice Ultra 16 and Argus Lab 4.0.1 software with MM force field 

calculation. 

 

The standard Kirby-Bauer paper disk diffusion technique demonstrated the 

antibacterial potency of the Schiff bases and metal complexes. Several clinical strains 

of both gram-positive and gram-negative bacteria have been isolated and cultured in 

laboratories to achieve this objective. They have interacted with synthesized 

complexes solution prepared in DMSO at variable concentrations. These were further 

quantified more precisely by performing a minimum inhibitory concentration (MIC) 

test. In most biological studies, the free Schiff bases and compounds under study were 

found to have lower antibacterial efficacy than the Schiff base metal complexes. The 

copper complexes of both the Schiff bases showed excellent antibacterial activity. 
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शोध सार 

आधनुिक औषनध निज्ञािलाई अझ प्रभािकारी औषनध नितरण प्रणालीको आिश्यकता  छ, जसको 

उपलब्धताले खराब जलीय घलुिशील औषनधलाई पनि प्रभािकारी रुपमा कायय गिे बाटो खलु्ि जान्छ। 

पररणामस्िरुप औषनधहरूले अझ प्रभािकारी ढंगले आफ्िो कायय सम्पादि गदयछि।् फामायकोलोनजकल 

निज्ञािले परम्परागत औषनधहरूको प्रभािकारीता बढाउि, खराब जलीय घलुिनशलता एिम ्

औषनधहरूको प्रभािकारीतामा सधुार गिय सफेक्टेन्टहरूलाई अमलू्य निकल्प को रुपमा पनहचाि गरेको 

छ। जब औषनधहरूमा सफेक्टेन्ट अणहुरू थनपन्छ, ठोश औषनधहरूको घलुिनशलतामा बनृदद हुि जान्छ 

फलस्िरुप नलनपड तहहरुमा नझल्ली पारगम्यता बढ्ि गई औषनधहरूको प्रभािकारीता बढ्ि जान्छ। 

पनछल्ला केही िषयहरुमा नशफ बेशहरुबाट धात ु कमप्लेक्सहरुको सशे्लषण हुिे तथ्यले चेलेनटंग 

एजने्टहरूको नसजयिाको लानग समन्िय यौनगकहरुको निकल्पको रुपमा अनधक दयाि आकषयण गरेको छ। 

धात ु चेलेटहरुमा उपयकु्त जनैिक गनतनिनधहरु निद्यमाि हुन्छि।् यस अिसुन्धािले सफेक्टेन्ट्यकु्त नशफ 

बेशहरु र नतिीहरुका धातु कमप्लेक्सहरुका नडजाइि र निकाश गिे लक्ष्य राखकेो छ, जसले 

एनन्टिायोनटक प्रनतरोध र औषनध नितरणको समस्याहरु समाधाि हते ुऔषनधको रुपमा कायय सम्पादि 

गिय सक्छि।् यो अदययिले नशफ बेशहरु र धात ु कमप्लेक्सहरु निमायण पश्चात, अदययिमा नलइएका 

यौनगकहरुको संरचिात्मक पररमाजयि र जनैिक-कायायत्मक गनतनिनधहरुसँग नतिीहरुको अन्तर सम्बन्धका 

बारेमा दयाि केनन्ित गरेको छ। यस तथ्यलाई हृदयङ्गम गदै, दईु ियाँ नशफ बेशहरु तयार गरी, नतिीहरुको 

चार धात ुआयिहरुसँग (Co
2+

, Ni
2+

, Cu
2+

, & Zn
2+

) थप धात ुकमप्लेक्सहरु बिाइएको छ। ियाँ तयार 

गररएका नशफ बेशहरु र धात ुकमप्लेक्सहरुलाई सम्पणूय रुपमा Elemental microanalysis, चालकता 

मापि, पग्लिे नबन्द ुमापि, 
1
HNMR, 

13
CNMR, FT-IR, UV-Vis, ESI-mass, MALDI-TOF-

mass Spectrometry र चमु्बकीय संिदेिशीलता अदययिहरु द्वारा चररत्र नचत्रण गररएको नथयो। 

चालकता तथ्याङ्क सशे्लनषत यौनगकहरुको महत्िपणूय नमसेनल एकाग्रता (CMC) को गणिाको लानग 

प्रयोग गररएको नथयो, जिु नगब्स फ्री एिजी अफ माइसलाइजेशि (ΔG°m) प्राप्त गिय पिु: प्रयोग गररएको 

नथयो। थमोग्राभीमनेिक र निभदेक थमयल निशे्लषण प्रयोग गरेर तापीय नस्थरता र कमप्लेक्सहरुको गनत 

सम्बनन्धत गणुहरु निधायरण गररएको नथयो। कोट्स-रेडफिय (Coats-Redfern) निनध प्रयोग गरी 
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थमोडायािानमक प्यारानमटरहरु निकानलएको नथयो, जसले कमप्लेक्सहरुको काइिेनटक  गनतनिनध िणयि 

गदयछि ्। धात ुकमप्लेक्सहरुले उच्च तापीय नस्थरता र गरै-स्िस्फूतय  निघटि चरणहरु दखेाएका नथए।  

पाउडर एक्सरे निितयि (PXRD) अदययि, कमप्लेक्सहरुको निस्टलीय प्रकृनत प्रमानणत गिय प्रयोग 

गररएको नथयो। Origin र X’ Pert High Score Software हरु प्रयोग गरी PXRD तथ्याङ्कहरुको 

निशे्लषण गररएको नथयो र कमप्लेक्सहरुको प्रकृनतबारे जािकारी प्राप्त गिय नतिीहरुको Diffractograms 

हरुलाई सािधािीपिूयक निशे्लषण गररएको नथयो। कमप्लेक्सहरु िैिोनिस्टलाइि  प्रकृनतका नथए।  

स्क्यानिङ्ग इलेक्िोि माइिोस्कोपी (SEM) अदययिद्वारा नशफ बेशहरु र कमप्लेक्सहरुको सतह उजागर 

गररएको नथयो र नतिीहरुको निनभन्ि सतहगत बिािट पाइएको नथयो। 

आणनिक मोडेनलंगले, स्पेक्िोस्कोनपक निनधद्वारा निधायररत कमप्लेक्सहरुको ज्यानमतीको लानग 

अनतररक्त समथयि प्रदाि गरेको छ। CsChem Office Ultra 16 र Argus Lab 4.0.1 Software मा 

MM Force field गणिाको साथै प्रस्तानित आणनिक संरचिाहरुलाई चलाएर, संरचिा अिकूुलि 

हानसल गररएको नथयो। 

मािक नकबी-बाउर पेपर नडस्क प्रसारण प्रनिनधले  नशफ बेश र धात ुकमप्लेक्सहरुको जीिाणरुोधी शनक्त 

प्रदशयि गररएको नथयो। यो उदेश्य हानसल गिय प्रयोगशालामा ग्राम-पनजनटभ र ग्राम-िेगनेटभ व्याक्टेररयाका 

धेरै नक्लनिकल स्िेिहरुलाई पथृकीकरण एिम ्संिधयि गररएको नथयो। नतिीहरुले निनभन्ि एकाग्रता का 

DMSO मा तयार गररएको सशे्लनषत यौनगकहरुको घोलसँग अन्तरनिया गरेका नथए। सशे्लनषत 

यौनगकहरु को जीिाणरुोधी सनियता थप सनटक रुपमा न्यिूतम अिरोध एकाग्रता (MIC) परीक्षण गरेर 

प्रमानणत गररएको नथयो। जनैिक अदययिहरुमा, अदययि अन्तगयतका यौनगकहरु र नशफ बेशहरु, 

नतिीहरुका धात ुकमप्लेक्सहरुभन्दा कम जीिाणरुोधी क्षमताका पाइएका नथए। 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1 Introduction 

 

A wide range of applications in chemical and medical fields has led to a recent surge 

in interest in coordination chemistry of transition metal complexes. They comprise a 

large body of research in bio-inorganic chemistry. Chemists worldwide have been 

inspired by it to design and fabricate new metal complexes. Due to metal ions' ability 

to build bridges between drug compounds and pathogenic organisms, the study of 

metal-drug interaction chemistry has grown significantly in both the chemical and 

medical sciences. Based on the physical and chemical nature of the metal ions, 

interactions between microbes and metal ions in different oxidation states may be 

beneficial or detrimental (El‐Sonbati et al., 2019). From ancient times, humanity has 

sought to treat diseases with pure herbal medicines derived from nature's chest. As a 

result of their complex chemical extraction processes and slow interaction with 

diseases, pure herbal medicines are currently used less frequently (Sen & 

Chakraborty, 2016). The discovery of penicillin inspired pharmaceutical research to 

expand to the extensive screening of microorganisms for new antibiotics after the 

Second World War. It would be a vital pharmaceutical discovery effort to identify 

new metabolites from living organisms with a successful synthetic, medicinal 

chemistry record. Pharmaceutical research today is driven by the desire to discover 

synthetic drugs that address the current problem of drug resistance. Despite the fact 

that numerous medications made from natural products are currently in clinical trials, 

more research is still required (Hutchings et al., 2019; Mukherjee et al., 2015). 

 

Metal-based drugs were first discovered in the late 19th century with Cisplatin, which 

opened the door to an unexplored world of metal-based chemotherapeutics. In terms 

of anticancer efficacy, it was the best (Ghosh, 2019; Makovec, 2019). In the past few 

decades, Cisplatin and its analogs have resoundingly proven to be effective 

therapeutic drugs, leading to a tremendous amount of research on alternative metal-

based chemotherapeutic agents. Since then, Coordination chemistry has focused on 

metal-drug interactions well and is considered an active research area (Fan et al., 
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2021). Medical science currently needs help with antibiotic research and increasing 

antibacterial resistance, which provides ample opportunity for generating new 

antibiotics with high-grade biological effects. For treating current diseases, drugs with 

improved activity, selectivity, bioavailability, and fewer side effects than traditional 

medications must be quickly identified and characterized. 

 

In this research, we are interested in the Schiff bases of biologically active pyrrole 

carboxaldehyde and the fabrication of these compounds using selected 3d metal ions. 

The incorporation of metallo-elements into the cage of a new Schiff base ligand 

having different donor atoms alters such molecules' physiological and biological 

characteristics (Pervaiz et al., 2018). In our research, the azomethine linkage of the 

Schiff base is a vital component of its structure, providing multifunctional actions in 

various scientific domains. The ligands play a crucial role in regulating the 

interactions involved in identifying biological target sites and controlling the 

reactivity of the metal in the complexes. Numerous biologically active, naturally 

occurring compounds with structures very similar to Schiff bases have a wide range 

of bio-functional properties, including antibiotic, antimicrobial, antitumor, analgesics, 

anti-inflammatory, and many others (Alaghaz et al., 2014). The relationship between 

the Schiff base metal complexes and several interdisciplinary research fields, such as 

material science, catalysis, corrosion science, magnetochemistry, and electronics, is 

the prime factor in the prospective interest in this study. In recent years, its application 

in electronics has grown significantly. 

 

 1.1.1 Chemistry of Schiff Bases 

 

One of the most common families of organic compounds, Schiff bases, is produced by 

the condensation reaction between an active primary amine and a carbonyl group. The 

discovery and chemistry of these substances resulted from the pioneering work of 

German chemist Hugo Schiff in 1864. Coordination chemistry gained much attention 

in chemistry research in the late 19th century due to this discovery (Fabbrizzi, 2020; 

Turtoi et al., 2021). During his research on aniline chemistry, he studied the reactions 

between aniline and a wide range of aldehydes, leading him to discover the imine-

based chemical molecule Schiff base. They can also be referred to as azomethines, 

imines, or Anils. Compounds in this class usually contain an active imine group (-
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CH=N-), which carries potential metal ion binding sites via the free electrons on the 

nitrogen atom (Ghanghas et al., 2021). In the current research, we have also found 

that the Schiff bases contain many hetero-elements, such as oxygen and sulfur, which 

are essential for chelate formation with metals. The bonding ability of the ligands is 

primarily determined by the nature, electronegativity, and steric factors of the donor 

atoms that act as coordination sites. Since the N-atom has lone pair electrons, the 

double bond is electron-donating, and nitrogen has a low electronegativity, the N-

atom of the azomethine group (>C=N) acts as a good donor site, and hence Schiff 

bases are regarded as an excellent ligand (Mahmoud et al., 2016). 

 

Recently, Schiff bases have become one of the most attractive leads in metal 

coordination chemistry for creating novel lead compounds because they are simple to 

prepare, vary in properties, and have applications in many biomedical, biochemical, 

and industrial fields (Kashyap et al., 2018). The library of organic chemistry contains 

numerous amines and carbonyl compounds that can synthesize Schiff bases with 

various structural characteristics. An aldehyde (aliphatic or aromatic) or a ketone can 

be used as the primary carbonyl group for synthesizing a Schiff base. The substituent 

groups attached to (>C=N) linkages control the stability of imine groups. Scheme 1 

illustrates the general reaction for forming Schiff bases. 

 

Scheme 1: Reaction scheme for Schiff base formation 

 

R denotes a substitutable heterocyclic, cycloalkyl, alkyl, or aryl group, and R
1 

represents an alkyl, aryl, or hydrogen atom. A Schiff base formation is a reversible 

process; it is usually formed by refluxing the mixture with an acid or base catalyst or 

under neutral conditions. In general, the formation of the product is completed by 

separating the product or removing water.  
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1.1.2 Transition Metal Complexes of Schiff Bases 

 

Schiff bases metal complexes and pharmacology has been the subject of many 

research papers published over the last few decades. Schiff bases are adaptable 

pharmacophores that incorporate metal ions into their structural unit because of their 

diverse donor atoms (Calu et al., 2014; Shabbir et al., 2016). In general, Schiff base 

ligands are chelated with metal ions at various oxidation states to create transition 

metal complexes. The nonbonding electrons of ligand donor atoms can coordinate 

effectively with metal ions that have unoccupied d-orbitals, and even in some cases, 

this ligation takes place after deprotonation. According to the  general rule in 

coordination chemistry, chelation increases the stability of the complexes by 

circulating electrons inside the ring and changes their physiological profiles (Abdel-

Rahman et al., 2016; Arunadevi et al., 2019). In fact, when the chelate ring contains 

five or six members, they become more stable. As far as azomethine chains are 

concerned, aryl groups bonded to nitrogen or carbon prevent their polymerization and 

rapid decomposition. 

 

The sp
2
 hybrid orbital of azomethine nitrogen has a lone pair electron, which makes it 

easy to coordinate with metals; therefore, this electron is of considerable chemical and 

biological significance. The stereochemistry of metal complexes is governed by the 

denticity of Schiff bases, which has an impact on their physiological profiles. In 

addition to their many applications in catalytic chemistry, clinical, analytical, and 

biochemical fields, these complexes display many physiological activities (El-

Gammal et al., 2021; Kareem et al., 2016; Yaşar et al., 2021). Metal-based research 

in chemical science relies heavily on such multifunctional metal complexes. Many 

drug substances' metal ions make them biologically more effective (Frei et al., 2020). 

Numerous research papers have reported that metal complexes have enhanced 

activities than free ligands. Several recent studies have highlighted Schiff bases as 

potential antibiotics that can enhance their potency by chelating metals. Chelation 

drastically alters the biological properties of ligands and metal moieties (Savić et al., 

2020). Several diseases, including cancer, have been reported to be caused and cured 

by chelation. The present study involves the synthesis of a number of Schiff base 

ligands from various seed compounds, and their metal complexes with 3d-metal ions. 
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Human intestinal cells readily absorb these Schiff bases chelated complexes and are 

more effective at fighting bacteria. 

 

1.1.3 Schiff Bases and Their Metal Complexes: Biological Applications 

 

Several advances in coordination chemistry have led to the emergence of Schiff bases 

as privileged ligands because many biomolecules that exist in living systems are 

structurally similar to these compounds. The successful clinical application of 

Cisplatin as a potential anticancer drug has sparked the interest of scientists in the 

bioactivities of metal-based complexes in medicine and chemotherapy. Consequently, 

metal-drug interaction is becoming a fascinating topic for research in medical science 

(Anacona et al., 2018; Magyari et al., 2018; Malik et al., 2017). During the late 19th 

century, Schiff-base transition metal chemistry gained momentum. Since then, 

researchers in medical science have been fascinated with metal-based drugs of Schiff 

bases because of their tremendous biological effects. Most metals cause toxic effects 

on the human body by lacking a mechanism for rejection (Elsayed et al., 2018). 

However, rapid growth has been witnessed in research and development for 

synthesizing novel metal-based drugs having upgraded pharmacological 

characteristics. Ligands may be used to chelate free metal ions and ameliorate medical 

problems caused by their toxicity. There are several biological applications for Schiff 

base metal complexes, including analgesic, anti-inflammatory, antitumor, 

antibacterial, antimicrobial, and antifungal. It has been established that some drugs 

have higher activity when administered as metal complexes rather than free organic 

compounds (Anacona et al., 2014; Shaygan et al., 2018). Schiff base and their metal 

complexes are discussed in this report as comparable antibacterial studies. Schiff base 

metal complexes have potential biological activity having a lone pair electron that 

anchors bio-molecules within living organisms. 

 

1.1.4    The Application of Schiff Bases and Their Metal Complexes to Other Fields 

 

In addition to their biomedical applications, Schiff base metal complexes have 

important industrial, chemical, and electronic applications. Their corrosion-inhibitory 

properties are good in the material science field (Chafiq et al., 2019). During this 

process, a monolayer spontaneously forms on the surface to be protected. In a variety 



 

 

6 

 

of synthetic chemical processes, several Schiff base metal complexes exhibit 

outstanding catalytic activity at high temperatures (> 100 °C) and in the presence of 

moisture. They are described in several research reports as being used in both 

homogeneous and heterogeneous catalysis. Some life molecules, such as enzymes and 

biopolymers, are synthesized by the active participation of Schiff bases and metal 

complexes in many biological systems (Uddin et al., 2020). In recent years, 

researchers have been increasingly interested in metal complexes in which Schiff 

bases play a crucial role as ligands, based on reports in several scientific publications. 

Many potentiometric sensors utilize Schiff base ligands for specific metal ions having 

excellent selectivity, stability, and sensitivity. 

 

Schiff bases and metal complexes play a vital role in the sectors of modern 

technology because of their thermochromic and photochromic characteristics (Bar et 

al., 2021). These molecules can be used in optical computers to measure and control 

radiation intensity, imaging systems, and molecular memory storage devices. Due to 

their photochromic properties, they serve as photo stabilizers, solar collector dyes, and 

solar filters. Due to their thermal stability, Schiff bases can also be used as stationary 

phases in chromatography (Acet et al., 2018). 

 

1.1.5 Surfactants under Investigation 

 

In recent years, pharmacists are interested in designing and preparing new 

chemotherapeutics inspirated by biomedical approaches to inorganic chemistry. 

Metals are vital in medicine since a large number of contemporary drugs are 

coordination compounds that have significantly contributed to pharmacology. Many 

metal complexes are utilized for a variety of therapeutic purposes, including antiviral, 

analgesic, antibacterial, antitubercular, anticancer, and anti-inflammatory (Abu-Dief 

& Mohamed, 2015; Nazirkar et al., 2019; Nyawade et al., 2020). With a focus on 

surfactant activity, we are aiming to change the biological profile of such metal 

complexes by changing ligand behavior. 

 

The term surfactant refers to an amphiphilic organic compound used in various 

applications, including wetting agents, emulsifiers, solubilizers, fabric softeners, 

mineral concentrators, corrosion inhibitors, cleaning detergents, and crop protection 
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(Chowdhury et al., 2019). The biological activity of pharmaceuticals is greatly 

affected by the amphiphilic nature of surfactants (Skocibusic et al., 2015). There is a 

significant issue with conventional drugs' biological activities related to their 

solubility in vivo in aqueous medium, which can have a significant effect on their 

performance. The addition of surfactants to drug formulations can have a variety of 

impacts, such as causing solid drugs to dissolve and deaggregate as well as enhancing 

the permeability to the lipid layer in the cell membranes (Solanki et al., 2019). The 

molecular structure of surfactants consists of polar head groups and hydrophobic 

carbon chain tail groups. Surfactants have the inherent ability to rearrange molecules 

into a variety of structures, including micelles, monolayers, bilayers, and other shapes. 

Thus, the aggregates can respond differently regarding their physicochemical profiles 

(Gawali & Usmani, 2019). The foundations of many physical, chemical and 

biological systems are comprised of surfactants. There are many applications for 

them, including as antiseptics in cosmetics (Ziklo et al., 2021), as a surface-active 

agent in detergents (Zhou et al., 2017), germicides (Verma et al., 2015), and 

pharmaceutical industries. Since surfactants are antifungal, antibacterial, and antiviral, 

they are used by the pharmaceutical industry to enhance drug activity (Öztürk et al., 

2020). Schiff base metal complexes (Metallo-surfactants) are surfactants with metal 

ions at their head and hydrocarbon chains at their tail (Kaur et al., 2018). In order to 

achieve the desired outcomes, drugs are generally administered in complex forms in 

vivo. Surfactant-based drugs can interact with proteins in a complex way that affects 

the mechanism of drug metabolism together with enzymes (Saraf et al., 2018). Metal 

complexes have amphiphilic properties, which make them useful for magnetic, 

catalytic, and biological applications (Schattschneider et al., 2019; Toth et al., 2019; 

Wagay et al., 2016). This research contributes to current therapeutic approaches in 

drug delivery by considering all these aspects of surfactant-based drugs. In modern 

pharmacology, antibiotic resistance has become a significant problem; consequently, 

new chemotherapeutics, especially antibiotics, are needed to develop. The bacterial 

resistance is a result of the evolution of novel bacterial strains with various enzymatic 

actions on host cells. There are only options for improving drug activities by 

complexation or adding prodrugs such as surfactants or surfactant-based modified 

molecules (Kushnazarova et al., 2021). 
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Dodecylamine 

 

Dodecylamine is a main fatty amine with twelve carbon atoms as the tail group and 

free amino head group in linear hydrocarbon chain.The water solubility of the free 

(non-protonated) form is extremely low. It is frequently made via ammonolysis of 

dodecanoic/lauric acid; (a fatty acid) followed by catalytic hydrogenation using Raney 

nickel or cobalt and copper chromite catalysts. In some specialized applications, 

dodecylamine and its derivatives, such bis (3-aminopropyl) dodecylamine, N-

dodecyl-1, 3-propane diamine, and coco-amine acetate, may be employed as 

disinfectants. Bis (3-aminopropyl) dodecylamine, a typical derivative of 

dodecylamine in the form of triamine, has a variety of properties, including broad-

spectrum activity against both Gram-negative and Gram-positive bacteria, high 

efficacy even in heavy organic soilings like protein or blood, good surface activity, 

compatibility with some anionic surfactants, and activity against TB and other viruses 

(such as Hepatitis-B). Dodecylamine contains amine groups that act as a site for the 

condensing of carbonyl groups to form the Schiff base and as an anchoring site for 

metal ions. The structure of dodecylamine is depicted in Figure 1 as follows. 

 

 

 Figure 1:  Structure of Dodecylamine 

 

1.1.6 Schiff Base Preparations with Pyrrole Derivatives 

 

Biochemical reactions rely heavily on heterocyclic compounds, which can be found in 

nature in large quantities. Pyrrole belongs to a five-membered heterocyclic aromatic 

compound with a distinctive nutty odor. The intensive application of this compound 

has earned it its position in many fields of chemistry. Many pyrrole-based 

heterocyclic compounds possess various pharmacological properties, including 

antimicrobial, anticancer, antiviral, anti-HIV, antifungal, and other therapeutic 

properties (Sakthivel et al., 2020). Pyrrole and many of its derivatives are found in 

varieties of natural products such as vitamin B12, bile pigments like bilirubin and 

biliverdin, and the porphyrins of heme, chlorophyll, chlorins, bacteriochlorins, and 

porphyrinogens, etc. Because of their numerous biological activities, chemists are 
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highly interested in heterocyclic compounds with five members, including pyrrole and 

its derivatives (Adhikari et al., 2023). This study, therefore, considers the aldehyde 

derivatives of pyrrole. Thus, in the present study, pyrrole-2-carboxaldehyde and 

pyrrole-3-carboxaldehyde have synthesized novel Schiff bases with dodecylamine. 

The Schiff base condensation reaction with the -NH2 group of dodecylamine is most 

effective with the presence of the aldehyde group in the pyrrole derivatives. Figure 2 

displays the chemical structures of these compounds. 

 

 

Figure 2:  Structures of (a) Pyrrole-2-carboxaldehyde     (b) Pyrrole-3-carboxaldehyde 

 

1.1.7 Schiff Bases Derived from Dodecylamine 

 

Schiff Base Ligands:  

 

Multidrug therapy is considered a new evolving technique to prevail over bacterial 

infections. Many of the previous antibiotics are under bacterial resistance, which 

causes a substantial burden to the human population. In the days of penicillin, this was 

only the drug to treat bacterial infections, but in the coming days, as the report says, 

many antibiotics have lost their effectiveness against common bacterial infections (Li 

& Webster, 2017; Luepke et al., 2017). In the present investigation, we have worked 

on synthesizing pyrrole-derived Schiff bases by interacting with dodecylamine, 

pyrrole-2-carboxaldehyde, and pyrrole-3-carboxaldehyde compounds. This aims to 

enrich the medical library with a new class of antibiotics and better activities. Schiff 

base ligands have attracted significant and increasing interest for researchers due to 

complex formation behavior with metals. They possess various donor sites that 

facilitate coordination properties. The presence of aldehydes and amino groups in 

such compounds is the essential formulation for preparing Schiff base ligands. 

Further, the various pharmaceutical importances of Schiff base ligands attracted us to 

do research work in this field. The structure of Schiff base ligands is given in Figures 

4 - 5. 
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Figure 3:  Structure of DDAP2C Schiff base Ligand 

 

Figure 4:  Structure of HL (DDAP3C) Schiff base Ligand 

 

1.1.8 Metallo-elements Selected for Investigation 

 

Metallic ions play various roles in life-critical processes, from structural to catalytic. 

Since transition metal ions have close-lying energy bands due to partially filled d-

orbitals, they are rich in chemistry and act as unique agents in various biological 

processes. It is a significant aspect of medicinal bioinorganic chemistry to recognize, 

understand at the molecular level, and treat diseases caused by insufficient metal-ion 

function. Metabolic functions and the immune system of living organisms require 

some metals in trace and ultra-trace amounts that significantly impact the 

physiological profiles of bio-molecules that act at the molecular level in the cell (Al-

Fartusie & Mohssan, 2017). As a result, such metals play critical roles in the body for 

structural, electrochemical, and catalytic activities. Metal-based drugs are now 

becoming a pioneering research work in medical science, even though metals have 

been used for medical purposes for centuries. Various diseases are caused by these 

metals, at high and low concentrations, due to the poisoning of living bodies. The 

unique properties of transition metals enable them to coordinate with ligands and form 

stable complexes in biological systems (Zayed et al., 2014). Many pieces of evidence 

in the living system support the idea that increased concentrations of some metal ions 

block the transport site for others, resulting in the depletion of some of these metal 

ions. Besides many drugs, several human food ingredients contain bio-molecules that 

are bio-stimulators and bio-ligands that can coordinate some metallo-elements and 

alter their homeostasis behavior (Palmer & Skaar, 2016). The present study 

investigates four 3d-metals, including Ni(II), Co(II), Cu(II) & Zn(II), to form stable 

complexes. The partially filled d-orbitals of these metals play a significant role in 

their coordination behavior with ligands. 
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1.1.8.1 Cobalt 

 

The Cobalt metal belongs to the first-row transition metal series, with three states of 

oxidation; +1, +2, and +3. Although it is precarious in its +3 oxidation state, its role in 

biology is crucial. Cobalt is most stable in its +2 oxidation state and plays a 

significant role in biological systems. It is needed for life in tiny amounts and forms a 

key component of vitamin B12 (cyanocobalamin), which is responsible for building 

proteins and regulating DNA. Anemia in pregnant women is treated with cobalt since 

it stimulates the production of red blood cells (RBC). Its high concentration, however, 

may cause human health problems (Shaygan et al., 2018). Many kinds of literature 

uncover imperative bio-functions of cobalt complexes, such as antibacterial, 

antitumor, and more. 

 

1.1.8.2 Nickel 

 

Nickel, the earth's 7th most abundant transition metal, exists mainly in the +2 

oxidation state in its complexes. It played a memorable part in material science. A 

fascinating area of research in material science is the alloying behavior of nickel with 

many other metals and nonmetals. Numerous geometries and coordination numbers 

are possible for Ni
+2

 in the complex. The most common geometries for nickel 

complexes are square planar, tetrahedral, and octahedral. The enzyme chemistry in 

biomedical research emphasizes nickel as a critical component of numerous enzymes 

in the human body, without which normal metabolic functioning is unthinkable (Raj 

et al., 2017). Many works of literature explain the multifunctional bio-activities of 

Schiff bases nickel complexes; hence, the study has included nickel. 

 

1.1.8.3 Copper 

 

Copper is a member of the 3d-transition metal series, and its coordination chemistry 

depends on its two accessible oxidation states, +1 and +2. Due to its oxidative 

properties, bio-essential activity, and participation in complex synthesis in many 

biological processes, it is a necessary element (Yusuf et al., 2021). When anemia was 

shown to develop from copper-deficient diets in animals, and the addition of copper 

salts remedied this problem, it was initially recognized as a necessary biological 
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element in the 1920s (Luca et al., 2019). In several enzymes, it acts as a catalytic 

constituent. All living organisms need copper in trace amounts to keep their cells 

functioning correctly. However, excessive copper concentration is highly poisonous 

because of its chemical reactivity. Two fatal inherited conditions induced by 

malfunctioning copper absorption are Wilson's disease and Menkes kinky hair disease 

(Latorre et al., 2019). It forms complexes without crystal field stabilization energy in 

its +1 oxidation state, which has a diamagnetic d
10

 electronic configuration. Its 

reductive activation towards molecular oxygen proves the biological relevancy of its 

complexes. Its +2 oxidation state exists as an electronic configuration d
9
, making it 

suitable for coordination with different ligands for complex formations which range 

from square planar to distorted octahedral geometries. Its complexes are considered 

the best candidate for incorporation into pharmaceutical industries because of its 

crystal field stabilization energy, making it less labile towards the ligand exchange 

phenomenon. The +3 oxidation state of this metal, however, is relatively rare. 

 

1.1.8.4 Zinc 

 

As a result of its complete d-shell electronic configuration, zinc is often found in +2 

oxidation states in its coordination complexes. The Zn(II) ions have no crystal field 

stabilization energy with the d
10

 configuration, and no biological reactions are 

evidenced to oxidize or reduce these ions. The Zn(II) complexes generally have four 

coordinated tetrahedral geometry, although six coordinated octahedral geometry has 

also been observed in various complexes. It is an indispensable metallo-element for 

all forms of life. Proteins and enzymes often form stable complexes with the d
10

 

electronic configuration of zinc. It plays a vital role in biological systems for 

maintaining vitamin A levels in the blood by releasing it from the liver (Chasapis et 

al., 2020). It is believed that zinc helps insulin to be synthesized and stored in β-cells. 

Numerous metabolic enzymes and regulatory proteins utilize it as an essential 

cofactor. Several enzymes function only in the presence of zinc. Its usefulness in 

biological systems and antiseptic properties make it widely valuable for cosmetics. 

Many research outcomes revealed that zinc complexes had been identified as potential 

drug candidates in clinical practices in bioinorganic chemistry. However, zinc in 

excess in the human body develops toxic effects and disturbs the normal functioning 

of metalloproteins (Lee, 2018). 
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1.1.9 Theoretical Background of Characterization Techniques 

 

1.1.9.1 Elemental Microanalysis 

 

Elemental (CHN) microanalysis aids in the determination of structure by providing 

the percentage composition of the elements that are relevant to find the molecular 

formula. Its information is also accessible and helpful in ascertaining the structure and 

purity of the synthesized compounds. 

 

1.1.9.2 Conductivity Measurement 

 

Measuring conductivity is a crucial physical tool to learn more about how metal 

complexes develop in coordination chemistry. Chelation of ligands with metal ions is 

indicated by changes in conductance values from ligand to complex formation. 

Electrolytic and non-electrolytic compounds can be differentiated based on 

conductivity measurements, which helps to calculate solution concentrations. 

Conductivity measurements are very useful for surfactant analysis to determine 

critical micelle concentrations (CMCs), and degree of dissociation (α), which in turn 

can be used to calculate properties like Gibbs free energy, entropy, and enthalpy of 

micellization. 

 

1.1.9.3 Electronic Absorption Spectra (EAS) Study 

 

Electronic absorption spectroscopy, often known as UV-visible spectroscopy, is a 

vital instrumental technique that coordination chemists use to gather crucial data 

regarding the structural features of complexes. An interaction between light and 

matter is the basis of the UV-Visible spectroscopy. In this Spectroscopy, ultraviolet 

light or visible light is absorbed by chemical compounds, producing distinct spectra. 

When matter absorbs ultraviolet radiation, the electrons present in it undergo 

excitation then jump from a ground state to an excited state and again de-excitation 

that results into the production of a spectrum which helps to characterize the chemical 

compounds. 
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1.1.9.4 FT-IR Spectral Study 

 

The FT-IR spectral analysis is another crucial instrumental tool for characterizing 

ligands and metal complexes. It provides information on functional groups, other 

building components, and the metal-ligand bonding parameter. The instrument 

utilizes infrared radiation of the electromagnetic spectrum to detect vibrations in the 

bonds within compounds, resulting in the collection of a wealth of information. The 

presence of different structural components in the molecules can be determined by 

processing the data obtained from the IR bands. The bands caused by metal-ligand 

coordination are primarily seen in the far infrared range around 500 cm
-1

.  

 

1.1.9.5 
1
H & 

13
C NMR Spectral Studies 

 

The structure of Schiff base ligands and metal complexes can be better understood 

using the 
1
H and 

13
C NMR spectral data. A chemical researcher can only build an 

unknown compound's appropriate structure using NMR spectroscopy, a contemporary 

experimental tool. By comparing their 
1
H and 

13
C NMR spectrum data, it is possible 

to determine the binding mechanism of the ligand with metal centers in diamagnetic 

complexes.  

 

1.1.9.6 ESI-MS Spectral Study 

 

Mass spectrometry is another crucial instrumental tool to determine the exact 

molecular mass of the prepared compounds. The relationship between molecular mass 

and microanalytical data reveals the chemical formula of the compounds. Recently 

mass spectrometry using electrospray ionization technique is also called ESI-MS. Due 

to the soft ionization approach and the low level of compound fragmentation, this is 

better for developing molecular ion peaks. Since the metal ions in LC-MS may 

corrode the column, it is also appropriate for determining the molecular mass of metal 

complexes.  
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1.1.9.7 TGA/DTA Study 

 

At various phases of temperature ranges, the decomposition profiles of the complexes 

were observed. The complexes' thermograms show the curve area change 

corresponding to their disintegration at various temperatures. 

 

1.1.9.8 X-ray Powder Diffraction Study 

 

Powder diffraction is a scientific instrumentation method that uses X-rays as 

electromagnetic radiation to characterize the structural makeup of materials by 

striking powder or microcrystalline samples. The X-ray powder diffractometer is the 

particular instrument used for this investigation. 

Since single-crystal growth attempts were unsuccessful in our study, the compound's' 

structure and crystallinity were examined using the powder diffraction technique. The 

observation of diffractograms of the compounds can achieve several crystalline 

parameters.  

 

1.1.9.9 Surface Morphology Analysis 

 

The scanning electron microscope (SEM) creates a surface image by scanning the 

surface of solid materials with a focussed beam of high-energy electrons. Different 

signals containing details on the surface topography, chemical composition, and 

crystalline structure are produced due to the high-energy electronic interaction with 

the atoms in molecules (Rao et al., 2020). This surface-level interaction dissipates 

secondary and backscattered electrons, which are used for imaging sample 

compounds. The topographic information is conveyed by secondary electrons 

generated within a few nm from the surface. The backscattered electrons have 

significantly stronger interactions and come from far deeper in the sample (Inkson, 

2016).  

 

1.2 Rational 

 

Researchers in the pharmaceutical industry are deeply concerned about the active 

participation of drug substances in therapeutic outcomes. Drug development is a 
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challenging task in medical science because there is a need to find potentially 

valuable drugs for treating diseases. The threat of rising antibiotic resistance to human 

health compels the scientific world to review medications so that the proper insight 

can be given for modifying previous drugs. The normal physiological function of the 

human body runs with the essential metallo-elements in trace and ultra-trace amounts. 

The literature search revealed no reports on the Schiff bases of pyrrole (pyrrole-2-

carbaldehyde and pyrrole-3-carbaldehyde) and surfactant (dodecylamine). The new 

hope for better therapeutic substances in clinical practices will be metal complexes of 

new Schiff bases produced from pyrrole derivatives and surfactant dodecylamine. 

 

1.3 Objectives  

 

1.3.1 General Objective 

 

Developing more efficient and safer antibiotics leads to designs and modifications of 

existing drug libraries. Drug resistance has become a significant issue in treating 

many infectious diseases caused by bacteria and other causative agents in recent years 

(More et al., 2017), according to current research publications about drug substances. 

Schiff base complexes have a wide range of applications in a variety of scientific 

fields. Many chemotherapeutic agents are on the market; however, pathogenic 

organisms are becoming resistant to these drugs, creating a global threat in medical 

science. Therefore, it is essential to find chemotherapeutic agents that are safer and 

more effective. The present study aimed to synthesize, characterize, and evaluate 

biological significance of the new Schiff base ligands and their metal complexes. 

1.3.2 Specific Objectives 

 

This research work aims to accomplish the following specific objectives: 

 Synthesis of new Schiff base ligands using pyrrole-2-carboxaldehyde, pyrrole-

3-carboxaldehyde, and dodecylamine and analysis of their structures using 

spectroscopic techniques, including FTIR, 
1
H & 

13
C NMR, MS, MALDI-TOF, 

UV-visible (EAS), TGA/DTA, magnetometry, elemental analysis, and X-ray 

powder diffraction. 
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 Synthesis of metal complexes of prepared ligands using Ni(II), Co(II), Cu(II) 

,and Zn(II), salts.  

 The characterization of synthesized metal complexes using spectroscopic 

techniques such as FTIR, 1H & 13C NMR,  MS, MALDI-TOF, UV-visible 

(EAS), TGA/DTA, magnetometry, powder diffraction, and elemental analysis. 

 The investigation of physical parameters of synthesized compounds, such as 

melting points and conductivity. 

 Identification of the surface topography and elemental composition of ligands 

and metal complexes using scanning electron microscopy (SEM-EDX) study. 

  Screening of synthesized ligands and metal complexes for antibacterial 

activities. 

  



 

 

18 

 

CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1 General Overview 

 

This chapter search for earlier studies that had been conducted on Schiff base and 

metal complexes. They are versatilely applied in a variety of sciences, so much 

research is being conducted in this area, and its scope is expanding rapidly. The 

history of almost one hundred and fifty-five years of study in Schiff bases and their 

transition metal complexes forecast the scientific interest in this field, which has 

grown enormously in recent years. It is worth saying that coordination chemistry 

advances due to research of this sort. Over the recent decades, chemistry has been 

conducted substantial research on the synthesis, characterization, and biological uses 

of Schiff bases and metal complexes. Modern chemistry was founded by Hugo Schiff, 

who discovered the pioneer compound Schiff base. As a result of Prof. Wohler's 

work, vis-vitalis theory is ruled out, demonstrating that organic and inorganic matter 

has no metaphysical differences. The outstanding contribution of Berzelius, Wohler 

and Hugo Schiff achieved a paradigm shift in how we view organic compounds. Prof. 

Schiff memorized himself with the phrase: "Remember, I descend from Berzelius 

because Berzelius taught chemistry to the old Wohler, and the old Wohler taught me." 

A German native, Prof. Schiff has continued his research and study in Italy and 

established himself as an Italian chemist (Hossain et al., 2018; Miroslaw, 2020). 

Many researchers worked on this area of study in the years after Schiff's 

groundbreaking discovery in 1864, and they were successful in synthesizing and 

structural design of this group of compounds. 

 

As evidence of the continued study of Schiff bases, (Kaban & Fidaner, 1990) 

synthesized a novel Schiff base ligand by condensing hetarylcarboxaldehydes with p-

phenetidine and characterized by spectral analyses. (Kasselouri et al., 1993) prepared 

four octahedral Mn(II), Co(II), Ni(II), and Cu(II) complexes and one tetrahedral 

Zn(II) complex of new Schiff base ligand 1,2-bis(2'-pyridylmethyleneimino)benzene 

that was derived from 2-pyridine carboxaldehyde and 1,2-phenylenediamine. Various 

physical and spectral techniques have characterized them. The Cu(II) and V
IV

O 
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complexes of an open chain (1:2) Schiff-base ligand (H2L1), derived by the template 

condensation of diaminomaleonitrile (DMN) and salicylaldehyde and dicopper(II) 

complexes of (2:2) macrocyclic Schiff-base ligands derived by template condensation 

of diformylphenols and diaminomaleonitrile have been synthesized by (MacLachlan 

et al., 1996). Their crystal structures were studied through X-ray diffraction. After the 

fruitful applications of Schiff bases and metal complexes in multiple disciplines of 

science, the work has sped up from the beginning of the 21st century. 

 

Based on recent studies, Schiff base organic compounds are the most employed 

ligands in coordination chemistry. Due to the potential interest of researchers in 

various interdisciplinary fields, the research field concerning the coordination 

compound with the azomethine group as a vital part is widely expansive. Metal 

coordination with organic ligands dramatically changes metal complexes' 

physiological and pharmacological behaviors (Chaurasia et al., 2018). Chelation also 

makes the compounds stable. Schiff bases generally have the potential of drugs used 

as chemotherapeutic agents in medical science. Chemotherapy generally means the 

treatment of disease with chemicals. When chemicals are used against infectious 

diseases, the process is antimicrobial chemotherapy. In addition to their 

chemotherapeutic applications, they have also played significant roles in other fields. 

Schiff base and its metal complexes are being studied in research because of their 

simple preparative methods and easy structural designs. This literature review sheds 

light on some fields of interest to Schiff bases and metal complexes based on their 

applications. 

 

2.2 Applications in Pharmaceuticals and Biomedicine 

 

Many research outcomes describe the possibility of using Schiff bases as potential 

drug candidates or diagnostic probes and analytical tools in therapeutic and biological 

fields. Additionally, Schiff bases are present in various natural, semi-synthetic, and 

synthetic chemical compounds and contribute to their biological activities. Several 

review articles have summarized the significant applications of Schiff bases and their 

metal complexes, including (Hameed et al., 2017; Mohapatra et al., 2018; Pervaiz et 

al., 2021; Sakthivel et al., 2020). Due to their impressive biomedical applications, 

many Schiff base metal complexes can be used as successful models of biological 
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compounds with great potential. Several of their applications include anticancer 

(Bahron et al., 2019; Mohamed et al., 2015). antibacterial (Fathi et al., 2021; 

Palanimurugan et al., 2019), antiviral (Abdel-Rahman et al., 2016), antifungal (Joshi 

et al., 2020; Patil et al., 2015), analgesics (Murtaza et al., 2014), and others. 

 

Many drugs contain a cyclic system of salicylaldehyde is a vital drug component 

(Iftikhar et al., 2018). Some piperazine derivatives have antimalarial properties as 

well. Thus, (Keypour et al., 2017) synthesized two new Schiff base ligands, H2L
1
 and 

H2L
2
 from the condensation of 2- hydroxybenzaldehyde or 2-hydroxy-3-

methoxybenzaldehyde with 2, 2’-(piperazine-1,4-diylbis (methylene))dianiline, 

respectively to widen the applications of this class of compounds. Furthermore, they 

studied the biological activity and structure of the ligand metalized with metal ions 

(Co
+2

, and Cu
+2

) forming four macroacyclic Schiff-base complexes. It was found that 

cobalt complexes possess better antibacterial activity against Gram-positive than 

Gram-negative bacteria. Furthermore, both cobalt complexes were effective against 

the three human cancer cell lines including H1299, A2780 and U87 MG, and were 

more potent than standard doxorubicin in U87 MG cell line. H2L
1
 and H2L

2
 ligand 

structure is represented in Figure 5. 

 

Figure 5:  Chemical structure of of piperazine Schiff base ligand H2L
1
 and H2L

2
 

 

It has been reported that 3,3-diaminobenzidine, and creatinine constitute a binuclear 

tetradentate Schiff base ligand and that four transition metal complexes with Co
2+

, 

Cu
2+

, Ni
2+

, and Zn
2+

 have been synthesized (Radha et al., 2020). Electrochemical, 

spectral, and analytical studies established the structures of ligands and their metal 

complexes. Based on the antifungal and antibacterial evaluation of the ligands and 
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their metal complexes, the metal complexes demonstrated higher antibacterial and 

antifungal activity than the free ligand.  

 

Figure 6:  Structure of binucleated tetra dentate Schiff base ligand 

 

The adverse effects of urease on human health include the development of peptic 

ulcers, stomach cancers, etc. The Urease inhibitory properties are also found in the 

transition metal complexes of some Schiff bases. It was reported by (Cui et al., 2016) 

that four Schiff base ligands H2L1-4 can be obtained by reacting 2-amino-3-(4-

hydroxyphenyl) propanoic acid (Tyrosine) with 2-hydroxy-1-naphthaldehyde (H2L1), 

3,5-dibromo-2-hydroxybenzaldehyde (H2L3),  and 2-amino-3-phenylpropanoic acid ( 

L-Phenylalanine) with  2-hydroxy-1-naphthaldehyde (H2L2), and the 5-chloro-2-

hydroxybenzaldehyde (H2L4).   

 

To get the respective complexes, they were metalized with transition metal copper. 

Based on their evaluation of the inhibitory activity on jack bean urease, they have a 

more substantial effect and enhanced inhibitory power. The predicted structure of the 

Schiff base ligands is shown in Figure 7. 

 

Figure 7: Structure of four Schiff base ligands H2L1, H2L2, H2L3, and H2L4 
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Many metal complexes and Schiff bases are reported to have anticancer activity. 

There are medicinal properties associated with benzamides and their derivatives, 

including antibacterial, antifungal, analgesic, antihelmintic, anti-inflammatory, 

antimalarial, antitumor, and antiallergic properties. They are also used in the 

preparation of aromatic ligands. In the same way, thiophene derivatives have many 

therapeutic applications in medicinal chemistry. It has been reported that Ni(II), 

Co(II), Cu(II), and Zn(II) complexes of general composition M(L)2 of Schiff base 

(Figure 8) obtained from the condensation of L-histidine with Thiophene-2-

carbaldehyde. Copper complex exhibited promising anticancer activity against human 

ovarian cancer cells (John et al., 2019). 

 

 

Figure 8:  Structure of Schiff base ligand of L-histidine 

 

In their study, (Lapasam et al., 2019) described the synthesis of a series of nine 

mononuclear complexes of p-cymene ruthenium, Cp* rhodium and Cp* iridium with 

pyridyl azine derived ligands L1, L2 and L3. These Schiff bases and metal complexes 

possess interesting antibacterial properties against Escherichia coli, Staphylococcus 

aureus; and Klebsiella pneumonia but the metal complexes were more effective than 

the ligands.  

 

It has been reported that (Abdulghani & Hussain, 2015) have synthesized twelve 

metal complexes with Co(II), Cd(II), Ni(II), Cu(II), Pt(IV), and Pd(II) ions using two 

Schiff base prepared by condensing cefotaxime with isatin (LI), and 4-N, N-

dimethylaminobenzaldehyde (LII). In the cephalosporin class, cefotaxime is a β-

lactam antibiotic with higher antibacterial properties. In this work, the authors have 

attempted to enhance antibacterial activity by forming Schiff base and metal 

complexes. The compounds were tested for their in vitro antibacterial potency against 

pathogenic bacteria. According to the results, the metal complexes show superior 

antibacterial properties than Schiff bases. It was found that bacteria type, functional 
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groups of ligands, and type of metal ion all contributed to the biological activity of the 

prepared compounds. 

 

There are three new transition metal complexes (Fe (III), Cu (II), and Zn (II) ions) of 

the 4-(benzylideneamino)-5-phenyl-4H-1,-2,4-triazole-3-thiol ligand (L) derived from 

4-amino-5-phenyl-1,2,4-triazole-3-thiol and benzaldehyde. Physical measurements 

and spectral techniques have been used to propose their structures. Based on in vitro 

antibacterial and antifungal studies, metal complexes exhibit higher antimicrobial 

activities than free ligands (Mahmoud et al., 2021) and the zinc complex was the most 

potent antibacterial and antifungal agent. 

 

The synthesis of four metal complexes Ni(II), Cu(II), Co(II), and Zn(II) has been 

accomplished using Schiff bases formed from 4-aminoantipyrine acetamide and m-

phenylenediamine (Dhanaraj & Raj, 2020). The tetrahedral geometry was proposed 

for the Zn(II) complex and square planar geometry  for the Co(II), Ni(II), and Cu(II) 

complexes. Compounds of this class have been tested for antibacterial, antifungal, 

DNA cleavage, and anticancer properties. There was promising evidence that the 

complexes were antibacterial and antifungal. Furthermore, Cu(II) complex provoked 

the most remarkable cytotoxicity in SK-MEL-28 cells. 

 

According to (Nyawade et al., 2020), pyrrole-2-carboxaldehyde was directly 

condensed with the solution of the amino acid (l-methionine (L1), l-histidine (L2) and 

l-tryptophan (L3) in KOH(aq)) (1.0 mmol, 5.0 mL)/ethanol (5.0 mL) mixture to form 

three tridentate Schiff bases amino acids. Schiff bases L1, L2, and L3 were then 

complexed with palladium metal to produce Pd(II) complexes C1, C2, and C3 

respectively. According to the experimental results, Pd(II) complexes of Schiff bases 

amino acids have a square planar geometry. According to in vitro antibacterial studies 

of Schiff bases amino acids and their Pd(II) complexes with pathogenic bacterial 

strains, the complexes have more incredible antibacterial efficiency than their ligands. 

The complexes C2 and C3 were better than C1 based on antibacterial activity. 

 

The Ni(II) and Pd(II) complexes of  Schiff base have been investigated by (Satheesh 

et al., 2015) for their antibacterial and antifungal activities. In this study, 2-(3,4-

dimethoxyphenyl) ethanamine were refluxed with 2-hydroxy benzaldehyde, and 2’-
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hydroxy acetophenone for 1.5-2.0 hours at room temperature to prepare the Schiff 

base ligand L
1
H and L

2
H respectively as the following reaction Scheme 2. 

 

 

Scheme 2: Synthesis of Schiff base ligands L
1
H and L

2
H 

 

Based on a fair evaluation of antibacterial activities, the new ligands and complexes 

have demonstrated higher antibacterial activity against P. desmolyticum and S. 

aureus, and moderate activity against E. coli and K. aerogenes. Moreover, Schiff 

bases and their derived complexes were more potent antifungal agents against A. 

flavus, as compared with C. albicans. In screening these new compounds, complex 2 

and ligand L
1
H showed the most potent antibacterial and antifungal properties. 

 

Organic compounds based on triazoles and their derivatives have been reported to 

have enzyme inhibition activity and biological functions. In their work, (Sumrra et al., 

2021) used two mono-Schiff bases (L1) and (L2), and one bis-Schiff base (L3) for 

synthesizing 24 different complexes of transition metals [VO(IV), Cr(III), Mn(II), 

Fe(II), Co(II), Ni(II), Cu(II), and Zn(II)]. According to the in vitro antibacterial 

results, Halomonas salina displayed significant antibacterial activity, while 

Chromohalobacter salexigens demonstrated the least activity. Furthermore, all the 

compounds had dual inhibitory effects against AChE and BChE. In terms of activity 

against BChE and AChE enzymes, compounds (15) and (1) displayed the greatest 

activity, respectively among the synthesized metal complexes. 

 

Several studies report improved pharmacological properties for the Schiff bases 

prepared from sulfonamide drugs. (Mondal et al., 2016) synthesized different Schiff 

bases by condensing 2-hydroxynaphthaldehyde with different sulfonamides 

[sulfapyridine (SPY), sulfadiazine (SDZ), sulfaguanidine (SGN), sulfamerazine 

(SMZ), and (sufathiazole (STZ)].  They were characterized by using various 
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spectroscopic data to gain more insight into antimicrobial action. Based on the 

antibacterial study, the Schiff bases of STZ and SGN are much more active than their 

parent sulfonamides with good drug-like properties. Besides, the Schiff bases 

exhibited a positive response to the cytotoxicity and molecular ducking examination. 

Six new metformin Schiff base oxovanadium(IV) complexes have been prepared with 

each of salicylaldehyde (HL1), 2,4-dihydroxybenzaldehyde (H2L3), 3,4-

dihydroxybenzaldehyde (H2L5), 2,3-dihydroxybenzaldehyde (H2L2),  2,5-

dihydroxybenzaldehyde (H2L4), and 2-hydroxynaphthaldehyde (HL6), and 

investigated for their antidiabetic activities in mice  (Mahmoud et al., 2016). The 

result showed that the complexes 1 (HL
1
); and 4 (H2L

4
); have a potential blood 

glucose-lowering effect even better than metformin. 

 

(Latif et al., 2019) reported the synthesis of the three metal complexes including 

Cu(II), Ni(II), and Zn(II) of the Schiff base ligand synthesized from the condensation 

of 4-(dimethylamino)benzaldehyde and S-benzyldithiocarbazate. All the complexes 

containing Schiff bases displayed a bidentate uni-negative ligand, giving a square-

planar structure with Ni(II) and Cu(II) and a tetrahedral structure with Zn(II). 

Antibacterial tests showed that complexes were more effective than free ligands 

against bacteria. The Zn(II) showed moderate antibacterial activity, while Cu(II) and 

Ni(II) complexes were highly effective. Copper complexes are predicted to be more 

powerful and less toxic than other anticancer agents. Various biomolecules related to 

important physiological activities are associated with copper, making it a biologically 

relevant metal. The anticancer effects of Schiff base copper complexes of general 

formula [Cu(HL)(pdc)]2 (1) and [Cu(L' )2]2 (2 ), where HL = 2-([2-(piperazine 

yl)ethylimino]methyl)phenol, pdc = py-2,5-dicarboxylate and HL' = 2-(((2-(di-

isopropylamino) ethyl)imino)methyl)phenol, have been investigated by (Manna et al., 

2019), against human breast (MCF7) cancer cell lines, and the results showed 

significant anticancer effects of complex 1 compared to 2 in vitro. 

 

2.3 Catalytic Applications 

 

Transition metal complexes can catalyze various organic transformations, vital for 

oxidative processes followed in laboratory synthesis and chemical industries. Since 

Schiff bases and their metal complexes are used in more expansive areas as valuable 
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catalysts, they have been extensively investigated in recent years. It has been reported 

that Schiff base compounds can stabilize many metals in different oxidation states and 

influence the performance of metals in many catalytic transformations.  

 

Because of their low cost, simple synthesis, and chemical and thermal stability, the 

Schiff bases and their transition metal derivatives are known to have catalytic activity 

for the oxidation of alcohols and alkenes in numerous synthetic organic processes. 

The transition metal complexes of dithiocarbazate Schiff base (abbreviated as 

NiSBdiAP, CuSBdiAP, CoSBdiAP, FeSBdiAP, MnSBdiAP, and ZnSBdiAP, in 

which SBdiAP represents the Schiff base) were synthesized by (Alshaheri et al., 

2017). The ligands were prepared by condensing S-Benzyldithiocarbazate with 2, 6-

diacetylpyridine. The resulting compounds were examined for their ability to oxidize 

cyclohexane in the presence of tert-butyl hydroperoxide into the respective 

cyclohexanol and cyclohexanone catalytically. Extensive research revealed that the 

iron complex of SBdiAP Schiff base ligand has a superior catalytic activity to other 

compounds. 

 

Several lanthanide and ruthenium compounds are also known to have remarkable 

catalytic efficiency in many organic synthetic chemical processes and establish 

themselves as a very excellent catalyst. In a similar study, (Cen et al., 2018) 

synthesized a series of lanthanide complexes stabilized by Schiff-base ligands that 

have been successfully synthesized through protonolysis reaction using the readily 

available Ln[N(SiMe3)2]3 (Ln = La, Gd) as the precursors. All complexes exhibited 

fantastic catalytic activities for ε-caprolactone polymerization through the ring-

opening process. 

 

Many transition metal complexes have been identified as catalysts for the transfer 

hydrogenation of ketones (Buldurun & Özdemir, 2019). According to the cited paper, 

four novels Ru(II)-Schiff base complexes catalyzed the transfer hydrogenation of 

ketones to alcohols in the presence of isopropanol/KOH. This catalyst was found to 

have excellent catalytic results than other standard catalysts that were very hard to 

achieve or even impossible. 
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In industrial applications, rhodium and iridium complexes can serve as catalysts to 

lead chemical reactions very efficiently. According to (Siangwata et al., 2016), 

through Schiff base condensation reaction, monometallic and heterobimetallic Rh(I) 

complexes with N, O‐ bidentate chelating aryl and ferrocenyl ligands have been 

synthesized and evaluated for their catalytic properties. As a result of studies, it was 

shown that the complex could catalyze the conversion of 1‐octene towards aldehydes 

in the hydroformylation reaction with outstanding chemoselectivity. 

 

In recent years, vanadium complexes have gained immense interest in coordination 

chemistry due to their multifaceted properties. For this work, (Kargar et al., 2021) 

synthesized and characterized a dioxovanadium (v) complex with a tridentate ONO 

Schiff base, obtained by condensing 4-aminobenzohydrazide and 3-

ethoxysalicylaldehyde. Its crystal structure was also determined. Furthermore, 

synthesized vanadium complexes were studied for their catalytic properties in the 

selective oxidation of the alkyl and aryl sulfides to the respective sulfones in the 

presence of 30% aqueous H2O2 in ethanol. This study demonstrated that the 

dioxovanadium complex could act as an effective, less time-consuming, higher yield-

producing and extra-selective catalyst to oxidize the alkyl and aryl sulfides to the 

corresponding sulfones. 

 

2.4 Applications in Modern Technologies 

 

Recently, metal-containing organic polymers incorporating Schiff base complexes 

have gained considerable attention because of their novel electronic, magnetic, and 

catalytic properties. Metals can act as good sensors and building blocks of 

supramolecular structures due to their coordination ability within polymer backbones. 

In addition to their biological relevance, Schiff base metal complexes have also been 

found to be helpful in modern technological advancements. A more efficient way of 

capturing solar energy using organic polymers, which emit no greenhouse gases or air 

pollutants, can help tackle the over-exploitation of fossil fuels and increasing air 

pollution problems. This literature review is presented here to summarize some of the 

significance of Schiff base metal complexes in the modern field of science. As a class 

of valuable chemicals, Schiff base metal complexes have been popularized in recent 

years as optical computers used to measure and control radiation intensity in imaging 
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systems and for molecular storage as organic materials in reversible optical memories 

and biological photodetectors. 

 

According to many research studies, the polymers of Schiff base metal complexes 

may be used as organic photovoltaic materials having good stability, electroactivity, 

and electrical conductivity (Nitschke et al., 2021). The π-electron conjugated system 

allows for substantial charge carrier mobility and electron delocalization throughout 

the polymer chain. The performance of organic solar cells using substituted Schiff 

base polymers has improved. 

 

In order to study the photosensitizer for photovoltaic applications (Shehata et al., 

2019) synthesized Zn (II) complex (ZnL2) with pyridyl Schiff base obtained by 

condensing salicyldehyde and aminopyridine. The thermal evaporation method has 

been successfully used to grow ZnL2 thin films on glass, quartz, and silicon, and the 

optical properties of these films have been measured using spectrophotometry. 

According to the final results, the Au/ZnL2/p-Si/Al heterojunction performed very 

well for low and high illumination light, indicating that ZnL2 could be used as a 

photosensitizer in photovoltaics and optoelectronics. 

 

(Dineshkumar & Muthusamy, 2015) synthesized and characterized the cross-linked 

rigid structured Schiff base polymers, and studied their optical, electrical, and thermal 

properties. For this, they synthesized three Schiff base diol monomers including 4-

bromo-2-{[(2 hydroxyphenyl)imino]methyl}phenol (BHB2AP), 4-bromo-2-{[(3-

hydroxyphenyl)imino]methyl}phenol (BHB3AP) and 4- bromo-2-{[(4-

hydroxyphenyl)imino]methyl}phenol (BHB4AP) were synthesized by condensing 5-

bromo-2-hydroxybenzaldehyde with 2-aminophenol, 3-aminophenol, and 4-

aminophenol respectively by taking equimolar quantities in the alcoholic medium. 

Then the Schiff base diol monomers were converted into their polymers through the 

oxidative polycondensation reaction in an aqueous alkaline medium using NaOCl as 

an oxidant. Different analytical techniques were applied to investigate the optical, 

electrical, and thermal properties of the synthesized polymers. As a result of poly-

conjugated structures, the synthesized polymers exhibit lower band gaps than 

monomers, allowing them to be used as semiconducting materials in electronics, 

optoelectronics, and photovoltaics. Moreover, the synthesized polymers have good 
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thermal stability, making them potential candidates for applications in aerospace and 

high-temperature environments. 

 

When chemical species are exposed to electromagnetic radiation in the ultraviolet or 

visible range, a reversible and abrupt change in their photochemical behavior occurs. 

This phenomenon is known as photochromism. There is a difference in the absorption 

frequency of light between different chemical species. When radiation is absorbed, it 

produces a photochemically stable but thermodynamically metastable state with a 

different color than the original (Bar et al., 2021). The color-changing lenses for 

sunglasses worn as eyeglasses are one of the significant applications of 

photochromism. Schiff bases can behave as a model for showing photochromism 

(Chai et al., 2018). Schiff base compounds act as photostabilizer dyes for solar filters 

and collectors because of their photochromic characteristics.Additionally, they are 

utilized in optical sound recording technology.  

 

In the study by (Weng et al., 2019), typical photochromic properties with 

fluorescence emission from the conjugated structure of Schiff-based dithienylethene 

derivative DTEN. The Schiff-base ligand DTEN was prepared by refluxing, the 

mixture of 1-(5-chloro-2-methyl-3-thienyl)-2-(5-formyl-2-methyl-3-thienyl) 

cyclopentene and 3-hydroxy-2-naphthoic acid hydrazide in ethanol for 12 h. 

According to authors it is the first gated photochromic system that is regulated by 

Ni
2+

. The different binding modes of Al
3+

 and Ni
2+

 with compound DTEN allow both 

the initial and photostationary states of DTEN to be used as fluorescent probes for 

Al
3+

 at different wavelengths in aqueous solutions. 

 

 

Figure 9: Structure of Schiff-based dithienylethene derivative DTEN 

 

In a related study by (Kang et al., 2021), they developed a novel composite hydrogel 

mainly based on oxidized hydroxyethyl cellulose and allyl co-polymer. The oxidized 
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hydroxyethyl cellulose molecular chains were then used for Schiff bases, borate 

bonds, and hydrogen bonds to create a unique mechanical property, while allyl 

spirooxazine derivatives were used to endow oxidized hydroxyethyl cellulose-based 

transparent hydrogels with photo and pH sensitivity. This designed oxidized 

hydroxyethyl cellulose-based hydrogel has potential applications in the development 

of safe, fashionable, and pH-detectable contact lenses 

 

(Shu et al., 2021) reported a multi-stimuli-responsive compound DDHAC with Et2N-

substituted salicylaldehyde Schiff base skeleton. The compound DDHAC was 

synthesized by stirring solution of 3-amino-7-diethylaminocoumarin, 4-

(diethylamino)-2 hydroxybenzaldehyde in EtOH for 2 h at room temperature, and 

adding CH3COOH. Initially 3-amino-7-diethylaminocoumarin was prepared by 

stirring 7-diethylamino-3-nitrocoumarin 4 h at room temperature in the presence of 

stannous chloride dihydrate and conc. HCl, and then diluting in iced water. This 

molecule displayed mechanochromism and thermochromism properties due to its 

structural flexibility. Additionally, the Et2N group provided DDHAC with the 

capability to respond to protonation, allowing it to distinguish CHCl3 from organic 

solvents when irradiated with UV light. 

 

 

Figure 10: Structure of Schiff base molecule DDHAC 

 

2.5 Surfactant and Corrosion Inhibition Applications 

 

The crucial materials utilized in several industrial and engineering applications are 

iron and its alloys (steel). Although their constant usage in industrial processes 

necessitates cleaning the metal surface, acid solutions are employed to eliminate 

undesired scale and corrosion products. The metal may suffer severe damage due to 

this corrosion, which also deteriorates its quality. Some organic inhibitors with donor 

atoms are needed to protect the metal surface from acid attack. Some Schiff base 

compounds with imine groups and donor atoms like nitrogen, oxygen, and sulfur 

work well to stop the corrosion of metal surfaces in acidic media. 
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(Bedir et al., 2021) prepared two ethoxylated nonionic surfactants (L400 and L600) 

based on Schiff base are prepared from polyoxyethylene, glyoxalic acid, and 

phenylenediamine. They investigated corrosion inhibition behavior on carbon 

steel/1.0 M HCl interface using electrochemical impedance spectroscopy (EIS) and 

Tafel techniques and complemented with microscopic analysis methods. Their 

investigation found the high corrosion inhibition effect on carbon steel due to the 

presence of the effective electronic adsorption centers (N, O, and π bond). The 

synthesized Schiff base showed effective inhibitive capabilities of L600 than L400 for 

mild steel, and its effectiveness rises with inhibitor concentration. 

 

Some benzidine-based Schiff bases, such as bis(4(dimethylamino)benzylidene) 

biphenyl4,4′-diamine (DBB), Bis(4-methoxy benzylidene)biphenyl-4,4′-diamine 

(MBB) and Bis(4-chlorobenzylidene)biphenyl-4,4′-diamine (CBB) were evaluated for 

inhibition efficiency on carbon steel (CS) corrosion in 1.0 M HCl aqueous media. The 

inhibition efficiency increases with the concentration of Schiff bases and rises as 

temperature increases, suggesting chemical adsorption mechanism. The inhibitory 

effectiveness and adsorption behavior have been studied using gravimetric and 

electrochemical techniques (Bedair et al., 2020). 

 

The effectiveness of two benzohydrazide Schiff bases (B1 and B2) as corrosion 

inhibitors of carbon steel plate in a 1.0 M HCl solution was studied by (Shahabi et al., 

2019). The study found a fantastic corrosion inhibition effect. They explained the 

remarkable efficiency of Schiff base inhibition (based on WL results) because of the 

adhesive adsorption of the inhibitor molecules on the surface of carbon steel 

(Kashyap et al., 2018) prepared Ni(II), Zn(II), Co(II), and Cu(II) complexes of Schiff 

base prepared from m-hydroxybenzaldehyde and 4-amino antipyrine in methanol and 

examined their corrosion inhibition impact on mild steel in acidic solution by 

electrochemical impedance spectroscopic (EIS) measurements. The collected data 

showed that these complexes were effective at inhibiting corrosion, and the Ni(II) 

complex was an excellent corrosion inhibitor. 

 

As a donor atom in Schiff bases, alkoxy group exhibits a strong affinity for the 

surfaces of aluminium alloys. Using Tafel polarization, electrochemical impedance 

spectroscopy (EIS), weight loss measurement, the ferrocenyl Schiff bases such as 4,40 
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-((((ethane-1,2-diylbis(oxy))bis(4,1-phenylene))bis(methaneylylidene)) 

bis(azaneylylidene))bisferrocene (Fcua), 4,40 -((((ethane-1,2-diylbis(oxy))bis(2-

methoxy-1,4-phenylene)) bis(methaneylylidene))bis(azaneylylidene))bisferrocene 

(Fcub) and 4,40 -((((ethane-1,2-diylbis(oxy))bis(2-ethoxy-1,4 

phenylene))bis(methaneylylidene))bis(azaneylylidene))bis ferrocene (Fcuc) were 

examined as a corrosion inhibitor for aluminium alloy AA2219-T6 in acidic medium. 

The analysis has identified the Schiff base compounds as a reliable aluminium alloy 

corrosion inhibitor (Nazir et al., 2020).  

 

 

Figure 11:  Structure of ferrocenyl Schiff bases (Fcua, Fcub, Fcuc) 

 

Applications in medicine and pharmaceuticals are possible for oxyzepine molecules. 

Numerous investigations have established the excellent biological activity of 

heterocyclic residues containing Schiff bases. (Praveen et al., 2021) synthesized novel 

heterocyclic compounds tert-butyl 4-[(4-methyl phenyl) carbonyl] piperazine-1-

carboxylate [TBMPCPC] and investigated its corrosion inhibition property for carbon 

steel in 1M HCl solution by Electrochemical and quantum chemical techniques. The 

study showed that the synthetic chemical TBMPCPC had good corrosion-inhibiting 

properties. The chemical adsorption of inhibitor molecules on the carbon steel's 

surfaces was the reason for the inhibitory activity of the inhibitor. 

 

Metal surface corrosion is significantly related to material loss in technological 

processes. One of the main factors contributing to corrosion is the saline medium. 

Numerous dissolved organic and inorganic substances can be found in the formed 

water created during petroleum extraction in deep oil wells. Since these compounds 

can aggressively corrode material constituents, inhibitors are frequently utilized to 

prevent it. Corrosion inhibitors reduce corrosion rate by blocking active sites and 

increasing adsorption, which prolongs the equipment's life. The organic Schiff bases 

based on Chitosan have been employed successfully as corrosion inhibitors in oil and 
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gas operations. (Chauhan et al., 2020) have prepared a new family of Schiff base as 

Chitosan-cinnamaldehyde Schiff base (Cinn-Cht) and assessed their ability to prevent 

corrosion on carbon steel in 15% HCl. The results demonstrated good corrosion 

inhibition characteristics, which are explained by the Cinn-Cht molecules' remarkable 

ability to adsorb on the metal surface. The inhibition efficiency increases with the 

inhibitor concentration. The adsorption of the inhibitor on the metal surfaces was of 

mixed tye of physical and chemical adsorption. 

 

(Hegazy et al., 2015), synthesized a new series of cationic Schiff bases surfactants 

such as 1-dodecyl-2-(phenethylimino)-1-methylpyrrolidin-1-ium bromide (A), 1-

dodecyl-2-((2-hydroxyethyl)imino)-1-methylpyrrolidin-1-ium bromide (B), and 1-

dodecyl-2- ((4-hydroxyphenyl)imino)-1-methylpyrrolidin-1-ium bromide (C). They 

used the weight loss, potentiodynamic polarization, and electrochemical impedance 

spectroscopy methods to assess the corrosion inhibitory impact on carbon steel 

pipelines in oil and gas wells applications (1M HCl). It was found that the inhibition 

efficiency increases by increasing the inhibitor concentration, exposure time, and 

temperature. The inhibition efficiency of three cationic surfactants follows the order: 

C > A > B. 

 

2.6 Research Gap 

 

Various organic and inorganic ligands exhibit coordinating properties with metal ions, 

leading to the discovery of coordination compounds. Since metal complexes first 

came into the limelight and opened up new fields of research for inorganic chemists, 

much progress has been achieved in the synthesis and characterization of these 

compounds. There has been an increasing interest in developing biofunctional model 

compounds that can save human lives, aside from their diverse properties. A lot of 

attention has been paid to biomedical applications without understanding how to 

functionalize them. A further limitation of the existing literature is that there are very 

few studies that have examined the pharmacological activity of surfactant-based metal 

complexes. Surfactant properties such as critical micelle concentration, conductivity 

and surface tension of the complexes also influence drug profile of the compounds. 

So, in order to address all this, we correlated surfactant properties with biological 

profiling of the synthesized compounds. 
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CHAPTER 3 

3. MATERIALS AND METHODS 

 

This chapter outlines the chemicals and other materials required to synthesize new 

Schiff base ligands and metal complexes. Here, the numerous physical, analytical, and 

spectral approaches used for the characterization will be covered, along with the 

specifics of the antibacterial activity investigation. The steps involved in synthesizing 

Schiff base ligands and their metal complexes will be covered in depth. The 

information regarding the crystallinity of the compounds will be provided by the X-

ray powder diffraction analysis, which will be presented in the appropriate 

subchapter. Here, the methodology for the in-depth investigation of antibacterial 

activity will also be provided. 

 

3.1 Materials / Reagents 

 

All the chemicals and reagents utilized for the experiment were of analytical quality 

and used without additional purification. Main seed compounds were purchased from 

pharmaceuticals and international standard companies through local market dealers. 

The chemical dodecylamine (Laurylamine) was procured from Spectrochem, 

Mumbai, India. The pyrrole-2-carboxaldehyde (P2C) in a pure form was obtained 

from Sigma-Aldrich, Germany. The pyrrole-3-carboxaldehyde (P3C) was procured 

from Alfa Aesar. All the chloride salts of cobalt, nickel, copper, and zinc were 

purchased from Merck. The ethanol and MHN agar were procured from Qualigens, 

Merck, and Himedia co. respectively. The synthesis was carried out using distilled 

ethanol as a solvent, and standard techniques were used to distill ethanol before using 

it. The metal complexes were synthesized using four metal chloride salts (MCl2.xH2O, 

M = Ni(II), Cu(II), Co(II), and Zn(II). Due to the significantly lower solubility of 

dodecylamine (DDA) in water, absolute ethanol was used for this purpose. The 

microbiology laboratories at Birat Medical College Teaching Hospital and Suraksha 

Hospital, Biratnagar, provided the clinical strains of human pathogenic bacteria 

species required for the antibacterial sensitivity study. Table A1 summarizes the list 

of chemicals and reagents used to synthesize Schiff bases and metal complexes. Table 

A2 includes a list of the equipment and glass apparatus utilized in the experiment.  
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3.2 Synthesis of Schiff Base Ligands 

 

Out of many synthetic techniques for producing Schiff bases, solvent-free synthesis 

using a microwave irradiation technique is the most modern and quick method that 

promotes green chemistry but has certain limitations on its application (El-Wahab et 

al., 2020; Seewan et al., 2018). Reflux method synthesis, on the other hand, is 

regarded as a conventional procedure but is frequently employed in research. The 

chemical reactions of seed compounds in their stoichiometric ratios produced two 

Schiff base ligands. 

 

3.2.1 Schiff base ligand DDAP2C 

 

Initially, a warm and uniformly stirred P2C (10 mmol, 0.951 g) in 20 mL ethanol was 

mixed with a well-stirred DDA (10 mmol, 1.8535 g) solution in 20 mL of ethanol. 

The mixture solution was refluxed at 30 °C for 6 hours and then slowly cooled 

through the diffusion method (Srivastava et al., 2021). A reddish-brown solid (75% 

yield) was produced at room temperature by volume reduction. The ligand was dried 

over anhydrous CaCl2 after being recrystallized in pure ethanol. For the subsequent 

stages of work, the product was maintained in an airtight vial and kept in a 

refrigerator. 

 

3.2.2 Schiff Base Ligand HL (DDAP3C) 

 

The equimolar mixture (1:1) of laurylamine (LA) and pyrrole-3-carboxaldehyde 

(P3C) was refluxed in an ethanol solvent to prepare the novel Schiff base ligand (E)-

N-dodecyl-1-(1H-pyrrol-3-yl)methanimine. In order to complete this procedure, 15 

mL of ethanol was first used to prepare a solution of P3C (4 mmol, 0.3804 g), 

followed by another 15 mL of ethanol to prepare a solution of LA (4 mmol, 0.7414 g). 

In a 100 mL round-bottom flask, the two solutions were mixed and stirred 

magnetically. The mixture was refluxed for seven hours at 30 °C then it was allowed 

to cool at room temperature. As a result, an orange solid was obtained. The solid 

substance was filtered, recrystallized using ethanol, and dried over anhydrous CaCl2. 

The solid was kept in the refrigerator in an airtight vial. 
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3.3 Metal Complexes Synthesis 

 

Standard procedures reported in the literature were used to synthesize metal 

complexes (Kargar et al., 2021; Kargar & Fallah-Mehrjardi, 2021; Ommenya et al., 

2020; Shebl et al., 2017). In our study, the ligand and suitable metal chloride salts 

were mixed and refluxed in the estimated volume of ethanol under a constant stirring 

condition utilizing a magnetic stirrer. The crystalline product obtained was dried using 

a desiccator and stored in an airtight vial in the refrigerator till its future use. 

 

3.3.1 Metal Complexes of DDAP2C Schiff Base Ligand 

 

In separate tests, 10 mL of an ethanolic solution containing one half (0.5) mmol of 

metal chloride salts was added dropwise to a hot, uniformly stirring solution of 

DDAP2C (1 mmol, 0.2624 g) in ethanol. The mixture was then refluxed for several 

hours under a hot condition. After cooling, the precipitates of various colored metal 

complexes were collected, filtered, and washed with ethanol. The metal complexes 

were recrystallized and kept in an airtight vial in the refrigerator for future use. 

 

3.3.1.1 Synthesis of Co-DDAP2C 

 

The standard procedure for synthesizing metal complexes is described in subunit 

3.3.1. The 10 mL ethanolic solution of CoCl2.6H2O (0.5 mmol, 0.1189 g) salt was 

used to prepare the Co-DDAP2C complex. As a result of reducing the volume of 

solution in normal atmospheric conditions, a coffee-colored solid was precipitated. 

The solid was filtered and washed with ethanol and kept in a refrigerator using an 

airtight vial for future use.  

 

3.3.1.2 Synthesis of Ni-DDAP2C 

 

The general process for synthesizing metal complexes is described in subunit 3.3.1. In 

order to prepare the Ni-DDAP2C complex, a 10 mL ethanolic solution of NiCl2.6H2O 

(0.5 mmol, 0.1188 g) salt was used. The light green solid was obtained after the 

volume reduction of the solution. The solid was filtered and washed with ethanol and 

kept in a refrigerator with an airtight vial for future use.  
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3.3.1.3 Synthesis of Cu-DDAP2C 

 

The general process for synthesizing metal complexes is described in subunit 3.3.1. In 

order to prepare the Cu-DDAP2C complex, a 10 mL ethanolic solution of 

CuCl2.2H2O salt (0.5 mmol, 0.0853 g) was used. When the volume of the refluxed 

solution was reduced, a solid of a black color precipitated. The solid black product 

was recovered by filtration and washed using ethanol. It was kept in the refrigerator in 

an airtight vial until its future use.  

 

3.3.1.4 Synthesis of Zn-DDAP2C 

 

The general process for synthesizing metal complexes is described in subunit 3.3.1. In 

order to prepare the Zn-DDAP2C complex, a 10 mL ethanolic solution of ZnCl2 (0.5 

mmol, 0.0681 g) salt was used. The leaf brown-colored solid was precipitated after 

the volume reduction of the solution. The solid was filtered and washed with ethanol 

and kept in the refrigerator in an airtight vial until its future use. 

 

3.3.2 Metal Complexes of HL (DDAP3C) 

 

The Schiff base ligand in this category was prepared following the procedure 

described in section 3.2.2. Salts of Co(II), Ni(II), Cu(II), and Zn(II) were used to 

prepare the corresponding complexes. A hot solution of metal salts dissolved in 

ethanol was added to the heated and uniformly stirred ligand (0.1312 g, 0.5 mmol) in 

10 mL of ethanol. The mixture was refluxed using a Liebig water condenser for a 

number of hours. The simple indicator for the complex development was the physical 

change observed in the mixture solution. The subsequent units describe the specific 

reaction conditions followed in the complex formation. 

 

3.3.2.1   Synthesis of Co-DDAP3C / Complex1 

 

To the hot, uniformly stirred ligand solution (0.5 mmol, 0.1312 g) in 15 mL, ethanol 

was added a hot solution of CoCl2.6H2O (0.0595 g, 0.25 mmol) in 10 mL ethanol. 

The mixed solution was continuously stirred while being refluxed for three to four 
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hours under a hot water bath. The purpose of the stirring is to homogenize the 

molecules and promote the bonding of ligand with metal ions. The green-colored Co-

HL complex was obtained by reducing the volume of solution. The solid was filtered, 

washed with ethanol, and dried in the desiccator. The complex was kept in the 

refrigerator in an airtight vial until its future use.  

 

3.3.2.2   Synthesis of Ni-DDAP3C / Complex3 

 

The general procedure for synthesizing metal complexes is depicted in the sub unit 

3.3.2. For the Ni-HL complex, 10 mL ethanolic solution of NiCl2.6H2O (0.25 mmol, 

0.0594 g) salt was used. Greenish yellow colored solid was separated after the volume 

reduction of the solution. The solid was filtered and washed with ethanol and kept in 

the refrigerator in an airtight vial until its future use. 

 

3.3.2.3   Synthesis of Cu-DDAP3C / Complex4 

 

The general procedure for synthesizing metal complexes is depicted in the sub unit 

3.3.2. For the Cu-HL complex, 10 mL ethanolic solution of CuCl2.2H2O (0.25 mmol, 

0.0426 g) salt was used. The green-colored solid product was separated after the 

volume reduction of the solution. The solid was filtered and washed with ethanol and 

kept in the refrigerator in an airtight vial until its future use. 

 

3.3.2.4   Synthesis of Zn-DDAP3C / Complex2 

 

The general procedure for synthesizing metal complexes is depicted in the sub unit 

3.3.2. For the Zn-HL complex, 10 mL ethanolic solution of ZnCl2 (0.25 mmol, 0.0341 

g) salt was used. A reddish brown-colored solid was separated after the volume 

reduction of the solution. The solid was filtered and washed with ethanol and kept in 

the refrigerator in an airtight vial until its future use. 

 

3.4 Characterization Techniques 

 

The physical and spectroscopic characterization of synthesized compounds provides 

the critical information required for structure elucidation and stereochemistry. 
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Elemental microanalysis, melting point, conductivity measurement, FT-IR, electronic 

absorption spectral study, 
1
H & 

13
C NMR, ESI-MS, MALDI-TOF, XRPD study, 

SEM-EDX, and TGA/DTA analysis are some of the characterization techniques used 

in the current work. The relevant subchapters will discuss below. 

 

3.4.1 Elemental Microanalysis 

 

A Thermo Finnigan Flash EA1112 Series CHN analyzer was used in SAIF IIT 

Bombay, India to determine the CHN % of the synthesized compounds. 

 

3.4.2 Conductivity Measurement 

 

The conductivity measurement was performed using an auto-ranging digital 

conductivity/TDS meter TCM 15+ in the Chemistry Department of Mahendra Morang 

Adarsh Multiple Campus, Biratnagar. 

 

3.4.3 Electronic Absorption Spectra (EAS) and Magnetic Moment Study 

 

The study was conducted using a quartz cuvette in an Agilent Cary 5000 UV-visible 

spectrophotometer in the 200–800 nm wavelength regions, and data were collected 

from SAIF Cochin, India. The Lakeshore VSM 7410 model equipment was used to 

analyze the magnetic moment of the metal complexes, and the data were gathered 

from SAIF-IIT Madras, India. 

 

3.4.4 FT-IR Spectral Study 

 

The FT-IR spectra were recorded in a Thermo Nicolet Avatar 370 FT-IR 

spectrophotometer with a KBr matrix operating in the 4000-400 cm
-1

 range in SAIF-

STIC Cochin, India. 
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3.4.5 
1
H & 

13
C NMR Spectral Studies 

 

In the present study, the 1H & 13C NMR spectra were recorded using Bruker Avance 

III, 400 MHz spectrometers, with DMSO-d6 as the working solvent and TMS as the 

internal reference standard chemical in SAIF-STIC Cochin, India. 

 

3.4.6 ESI-MS and MALDI-TOF-MS Spectral Study 

 

For the current study, ESI-MS spectra of Schiff base ligands in the mass range of 200 

to 1100 were acquired in positive mode on an Agilent Q-TOF mass spectrometer 

outfitted with a source of electron spray ionization at SAIF-CDRI Lucknow, India. In 

other studies, a MALDI-TOF: Bruker Autoflex max LRF apparatus was used at 

SAIF- STIC Cochin, India, to record the mass spectra of the metal complexes. 

 

3.4.7 TGA/DTA Study 

 

In the current study, the compounds' thermal events (TGA/DTA) were captured at 

SAIF-STIC Cochin, India, utilizing a Perkin-Elmer thermal analyzer and linear 

heating rates of 10 and 20 °C per minute within the range of 40 to 750 °C 

 

3.4.8 X-ray Powder Diffraction Study 

 

Since single-crystal growth attempts were unsuccessful in our study, the compound's' 

structure and crystallinity were examined using the powder diffraction technique. The 

observation of diffractograms of the compounds can achieve several crystalline 

parameters. The X-ray powder diffraction (PXRD) patterns were captured at SAIF, 

STIC Cochin, India, using an X-ray diffractometer of Bruker AXS D8 Advance 

having a radiation source of monochromatized Cu-Kα line at a 1.5406 A˚ wavelength. 

The measurements were carried out within 2θ (3 to 80°) range. The X'pert Highscore 

Plus and Origin software were used to solve the raw data to produce the compound's 

diffractograms, and to gather further crystallographic data. 
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3.4.9 Surface Morphology Study 

 

JEOL 6390LA/OXFORD XMXN SEM-EDX microscope was used to collect the 

micrographs and measure the EDX components of the compounds under 

investigation. 

 

3.5 Molecular Modeling Study 

 

Molecular modeling involves designing molecular graphics and optimizing the 

molecular geometry of proposed structures through computer simulations. In our 

study, the 3D molecular modeling of the proposed structure of the metal complexes 

and Schiff base ligands was achieved using the CsChemOffice Ultra 16 programs and 

ArgusLab 4.0.1 edition software (Gaber et al., 2018; Kavitha et al., 2019). The 

molecular modeling software ChemDraw is used to sketch the chemical structures of 

molecules. Further, it is supported by many tools for designing 2D and 3D shapes of 

the molecules. ArgusLab is a software program for building molecular models in a 

graphic format. The different features in this software allow for modification of the 

molecular model by optimizing geometry, calculating the energy, creating surfaces, 

and performing Gaussian calculations. It helps visualize molecular orbitals, electron 

densities, electrostatic potentials, and spin densities on a molecule's surface. Electron 

density mapped by electrostatic potential can also be observed on the surface of 

molecules. It is also supplemented by numerous computations of molecular 

characteristics, such as the single point energy calculation and the geometry 

optimization calculation to sketch the stable molecular shape of the suggested 

molecules. 

 

3.6 Antibacterial Activity Study 

 

One of the main medications used to treat many different diseases, antibiotics are 

regarded as modern medicine's "wonder pill" (Hutchings et al., 2019; Tyers & 

Wright, 2019; Wright, 2017). Antibiotics are a common prescription drug among 

doctors. The overdose and the misuse of antibiotics are the factors in the failure of this 

drug (Ammar et al., 2021; Hasan et al., 2021; Kumar et al., 2019). Therefore, it is 

crucial to revive them using novel drug designs or their complexation with different 
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transition metals. Schiff bases and their transition metal complexes can potentially be 

valuable antibiotics, as revealed by the literature review search outlined in chapter 2. 

This family of compounds is regarded as a valuable pharmacophore in pharmaceutical 

science since they have potential pharmacological efficiency.  

 

The synthesized Schiff bases and their transition metal complexes have been 

investigated in the present study for their qualitative and quantitative antibacterial 

properties. It has been carried out using a modified Kirby-Bauer paper disc diffusion 

technique. Further quantitative analysis of the compounds was conducted using 

minimum inhibitory concentrations (MICs). 

 

3.6.1 Equipment Sterilization 

 

The procedure of sterilization eliminates all varieties of microorganisms from the 

objects. It can be accomplished using various methods, including heat exposure, 

chemical treatment, high pressure, or a delicate membrane filtration procedure. In the 

current study, all necessary equipment was first carefully cleaned using detergents and 

distilled water, then rinsed with acetone, and finally sterilized in a hot air oven at 200 

°C for two hours. They were maintained in laminar flow until their future use. 

 

3.6.2 Media Preparation Procedure 

 

The nutrient agar medium has been utilized for most antibacterial studies since it 

includes enough nutrients to support the improved growth of microorganisms. The 

nutritional agar suspension was made following the instructions provided by the 

manufacturing company. The agar suspension, petri dish, and other glass equipment 

were autoclaved for 15 minutes at 120 °C. After cooling for a short while, the 

autoclaved suspension was gently poured into each Petri plate. The plates were kept 

under UV laminar flow to maintain a sterile atmosphere and avoid bacterial 

contamination. The plates were left in the sterile area until the agar had solidified.  
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3.6.3 Preparation of Culture 

 

The antibacterial investigation has been conducted both on gram-positive and gram-

negative pathogenic bacteria. They were Escherichia coli (E. coli), Klebsiella 

pneumonia (K. pneumonia), Pseudomonas aerugenosa (P. aeruginosa), Enterococci, 

and Staphylococcus aureus (S. aureus). The microbiological laboratory at Biratnagar 

Teaching Hospital in Biratnagar, Nepal, and Suraksha Hospital Pvt. Ltd., provided a 

new culture of these clinical bacterial strains. 

 

3.6.4 Organism Information 

 

Escherichia coli 

 

It is a gram-negative, nonsporulating bacterium, normally rod-shaped, and around 2 

µm long. According to morphological evidence, bacterial cells have a diameter that 

ranges from 0.25 to 1 µm and a cell volume of 0.6 to 0.7 µm
3
. It is a member of the 

Enterobacteriaceae family. Its cell wall consists of a thin peptidoglycan layer and an 

outer membrane. Since this outer membrane of the organism acts as a barrier to 

antibacterial agents, most antibiotics are resistant to this organism.  

 

Nearly a hundred strains of E. coli bacteria have been identified and isolated, which 

remain in the large intestine of many mammals, including humans. Most strains that 

contribute to food digestion and control pathogenic bacteria are safe for humans. 

Some of the strains support the synthesis of the B complex and the metabolism of 

vitamins. However, some E. coli strains cause acute food poisoning that leads to 

enterohemorrhagic diarrhea. The blood vessels are damaged, and the cells lining of 

the large intestines wall are destroyed by this bacterial strain, resulting in internal 

bleeding. For small children, such conditions are dangerous and pose a death risk 

(Aijuka et al., 2018). People having weaker immune systems, like elderly or younger 

children, are much more vulnerable to this bacterial strain. In the present study, 

antibiotics were tested against clinical strains of human pathogenic E. coli. 
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Klebsiella pneumoniae 

 

Klebsiella pneumoniae is a rod-shaped, nonmotile, and gram-negative bacterium of 

the Enterobacteriaceae family. Edwin Klebs, a German microbiologist, investigated 

this organism in the 19th century and gave it the name Klebsiella. This bacteria 

ordinarily resides human intestine, where it does not cause diseases. Clinically 

speaking, it is regarded as a human pathogenic organism that results explicitly in lung 

damage. The most prevalent illness brought on by this bacterium is bronchitis (also 

known as bronchopneumonia), which, in its acute form, can be fatal death of people. 

 

Additionally, Klebsiella can infect the urinary tract, lower biliary tract, surgical 

incision sites, and bloodstream. The majority of middle-aged and older individuals are 

more vulnerable to this illness. Klebsiella infections typically do not occur in healthy 

individuals. Patients needing long courses of medications and external equipment like 

ventilators or intravenous catheters are especially at risk for contracting this infection. 

The spread of bacteria through the atmosphere is unknown; however, it can be spread 

from person to person or through contaminated environments less commonly. 

According to a recent study report, antibiotic resistance is significantly dangerous 

during the treatment of this organism. 

 

Staphylococcus aureus 

 

In 1880, Scottish surgeon Sir Alexander Ogston found Staphylococcus aureus in the 

fluid from surgical abscesses. It is a member of the Staphylococcaceae bacterial 

family and is a coccal gram-positive bacterium. In all types of cultural media, it grows 

very well. It is a facultative anaerobic bacterium that can grow without oxygen. Skin 

and superficial tissues of the body are the most commonly infected by this organism. 

In addition to respiratory infections, such as sinusitis, it can also cause food 

poisoning. The medical literature refers to this bacterium as S. aureus, and its groups 

appeared as grape-like clusters. Morphologically, S. aureus is small, nonmotile, and 

round-shaped cocci. Air droplets act as a means of transmission for this pathogenic 

organism. When infected individuals cough or sneeze, the bacterial suspension of tiny 

droplets of saliva or mucous spreads in the air and then spread to other people. Direct 

contact with objects that are contaminated with bacteria is another typical mode of 
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transmission. About 30% of healthy people carry this organism in their pharynx, 

noses, and skin.  

 

It can also cause other infections, such as pneumonia, meningitis, osteomyelitis, and 

endocarditis, in addition to the most typical skin infection. The Fever, chills, and 

hypotension are symptoms of a blood infection caused by a pathogenic organism, S. 

aureus. Usually, skin infections result in pus-filled abscesses that drain pus. This 

bacterium causes food poisoning by putting a toxin into the food, which can cause 

severe nausea and vomiting in those who consume it.  

 

Recent years have seen an increased antibacterial resistance to S. aureus strains, 

making this bacterium more likely to spread in hospitals and community settings 

(Sipahi et al., 2017). 

 

Enterococcus 

 

A significant genus of lactic acid bacteria belonging to the phylum Bacillota is called 

Enterococcus. Gram-positive enterococci frequently appear in pairs (diplococci) or 

short chains, and they are hard to differentiate from streptococci based solely on 

morphological traits. 

 

As facultative anaerobic organisms, enterococci may carry out cellular respiration in 

both oxygen-rich and oxygen-poor situations. Enterococci can survive in a variety of 

harsh environmental circumstances, including high sodium chloride concentrations 

(6.5%), extreme temperatures (10–45 °C), and a pH range of 4.6–9.9. 

 

UTIs, bacteremia, bacterial endocarditis, diverticulitis, meningitis, and spontaneous 

bacterial peritonitis are among the significant clinical infections caused by 

Enterococcus. Ampicillin, penicillin, and vancomycin can all be used to treat these 

bacteria's sensitive strains. Even in circumstances of vancomycin resistance, urinary 

tract infections can be particularly treated with nitrofurantoin.  
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Pseudomonas aerugenosa 

 

Pseudomonas aeruginosa is a widespread rod-shaped, gram-negative, aerobic-

facultatively anaerobic bacteria that can harm both plants and animals, including 

humans.  P. aeruginosa is a multidrug-resistant pathogen and a species of 

considerable medical significance. It is known for its widespread distribution, 

intrinsically sophisticated mechanisms of antibiotic resistance, and association with 

serious illnesses, including hospital-acquired infections like ventilator-associated 

pneumonia and various sepsis syndromes. 

 

 

 

a 
b 

c d 
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Figure 12: E. coli (a&b), P. aeruginosa (c), K. pneumonia (d), Enterococcus (e&f), S.aureus (g&h) 

(Source: Internet) 

 

3.6.5 Paper Disc Preparation  

 

Paper discs were prepared using Whatman filter paper no. 1. The filter paper was 

sized to 5 and 6 mm using a paper punching machine. The paper disc was heated to 

eliminate the moisture and activate the absorption capacity. In order to load the 

synthesized compounds on the disc, the disc was sterilized first. 

 

3.6.6 Loading of Chemicals 

 

 Capillary tube was used to load the paper disc with synthesized compounds at 

different concentrations prepared in DMSO solvent. In order to absorb the maximum 

amount of solution, the loaded paper was dried with hot air through a hair drier 

machine. 

 

 

g 

e 
f 
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3.6.7 Inoculation of Organism and Measurement of Growth Inhibition Zone 

 

A few bacteria colonies were homogenously suspended in tryptone soy broth and 

maintained for two hours at 37 °C for homogeneous growth. Then, using a sterile 

stick swab, the bacterial culture was swabbed on agar media. Plates were incubated 

for 24 - 36 hours at 37 °C with loaded paper discs after being stuck onto swabbed 

media. To compare the inhibition zone, the positive and negative control drug discs 

were also stuck to the media. The antibiogram zone measurement scale was used to 

examine and measure the diameter of the zone of inhibition. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

 

4.1 Measurements of physical properties 

 

Measurements of their physical characteristics, such as color, solubility, melting 

point, and conductivity, can be used to understand the behavior of metal complexes 

better. These are necessary to gather evidence that supports theories about how 

ligands and complexes develop during chemical reactions. The various chemicals 

each have distinctive physical characteristics, and a thorough study of these 

characteristics aids in defining the reaction's mechanism and anticipating the 

compound's nature.  

 

4.1.1 Colour 

 

The degenerate d-orbitals of metal ions interact with the electron cloud of the ligand 

to split it into several energy levels that correspond to the geometrical shape of the 

complexes. When these complexes are exposed to electromagnetic radiation, the 

typical energy absorption and electronic transition occur from lower to higher energy 

levels. The chemical complex emits spectral energy complementary to the absorbed 

electromagnetic radiation as it absorbs the radiation at the visible region of the 

spectrum. As a result, it produces color from the complexes. The variable range of 

electronic absorption, whether by π bonding, nonbonding, or free electrons, causes the 

change of color of the complexes. In general, auxochromes enable the chromophores 

to exhibit electronic absorption in the UV-visible region, which gives the substances 

their distinctive color. Color intensity further enhances with conjugation. The metal 

complexes show different colors due to the electronic absorption of their free 

electrons. Based on Table 5-6, different colors of synthesized compounds can be 

identified.  
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4.1.2 Melting Points and Solubility  

 

Chemicals have a characteristic solubility and melting point. In addition to water, 

various organic solvents were tested for the solubility of the ligands and metal 

complexes. Data on their solubility are listed in Table A3. The analysis of solubility 

data showed that the ligands and metal complexes were soluble in organic solvents 

but insoluble in water. Metal complexes were partially soluble in ethanol but soluble 

in DMSO and DMF, while ligands were soluble in ethanol, DMSO, and DMF. The 

melting points were determined by filling a finely powdered sample in a glass 

capillary and heating it in a Gallen Kamp melting point apparatus and a VEEGO 

ASD-10013 programmable melting point apparatus. 

 

4.1.3 Conductivity Measurement 

 

The conductivity data determines whether the complexes are electrolytes or non-

electrolytes. In this study, the conductivities of complexes at M/1000 concentration 

were measured at room temperature, and their data are shown in Table 1. The data 

analysis revealed the varieties of metal complexes. Most are 1:1 electrolytes with 

conductivity values between 50 to 100 Ω
-1

 mol
-1

cm
2
  while Co-HL with 108.8 Ω

-1
 

mol
-1

cm
2
 is a 1:2 electrolyte (Ali et al., 2013).  

 

Table 1:  Molar conductivity (ΛM) and geometry 

S.N. Compounds Geometry ΛM  (Ω
-1

 mol
-1

cm
2
) 

1 DDAP2C - 7.5 

2 HL (DDAP3C) - 5.6 

3 Co-DDAP2C Octahedral 61.2 

4 Ni-DDAP2C Octahedral 64.5 

5 Cu-DDAP2C Tetrahedral, Dinuclear 75.8 

6 Zn-DDAP2C Octahedral 43.2 

7 Co-HL (Complex1) Octahedral 108.8 

8 Ni-HL (Complex3) Octahedral 67.5 

9 Cu-HL (Complex4) Tetrahedral 45.5 

10 Zn-HL (Complex2) Distorted trigonal bipyramidal 83.6 
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4.2        Conductivity study 

 

4.2.1. Critical Micelle Concentration (CMC) Study of DDA and Metal Complexes of 

DDAP2C at 298.15 K 

 

After adequately mixing the components at constant temperatures, the conductivity of 

each dilution was measured. The change in conductivity with the concentration of the 

surfactant and Metallo-surfactant (metal complexes) is graphically shown in Figures 

13-15. Specific conductivity increases with concentration with a fixed slope, and at a 

particular concentration, the slope changes. The CMC is determined, as a result of the 

point of intersection of the two linear changes in the plot. The CMC and other 

parameters obtained for the surfactant and metal complexes are presented in Table 2. 

At 298.15 K, the conductivity was measured three times, and the precision of the 

CMC value was found to be within a 2-3% error range. 

 

In comparison to the dodecylamine (surfactant) (1.53 ×10
-2

 M), which is similar to the 

CMC of the surfactant dodecyl ammonium chloride, the metal complexes have 

substantially lower CMC values. The lower CMC of metal complexes relative to 

surfactants may be due to two factors. The first factor that could account for this drop 

in CMC of metal complexes is the rise in hydrophobicity brought on by hydrocarbon 

chains, which encourages the tendency for micellization (Wagay et al., 2019). The 

second factor could be that the dissolution of the Metallo-surfactants frequently 

results in forming ions and surface active molecules. The CMC value should 

generally rise as electronegativity increases and ionic radius decreases during the 

period, but zinc defies the pattern and has a lower CMC than a nickel. Although zinc 

is on the right side than a nickel in the periodic table, its electronegativity value of 

1.65 is lower than that of nickel's (1.91), leading to a higher ionic radius of 74 pm for 

zinc than for nickel (70 pm). It is reasonable to anticipate that a change in 

electronegativity will likewise result in a change in the ionic character. This results in 

an increase in the ionic strength surrounding the micelles, resulting in a sort of 

screening effect that decreases the repulsion  between polar head groups, encourages 

micellization, and lowers CMC values (Veeralakshmi et al., 2014). Zinc ions have 

larger ionic radii than nickel ions, making them less hydrated. As a result, there is 

greater metal penetration into the micelle, which lowers the CMC by reducing 
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electrostatic repulsion. Finally, it has been ascertained that the 3d metal complexes of 

the surfactant have higher micellization capacities than typical synthetic organic 

surfactants. This behavior is governed by the interaction of ionic radii, the 

electronegativity of metal ions, and the hydrophobic chain of the surfactant (Mehta & 

Kaur, 2013). The pseudo-phase separation model was used to calculate the free 

energy of micellization for the complexes (Caleb Noble Chandar et al., 2013). 

 

                  

 

Where α, R, and T stand for the degree of micellar ionization, the gas constant, and 

absolute temperature, respectively. ΔG
o
m was negative for all complexes but became 

less negative as Zn-DDAP2C, Ni-DDAP2C, and DDA were descending in order. The 

negative ΔG
o
m indicates the spontaneous micellization process, but the process 

becomes less spontaneous in descending order of Zn-DDAP2C, Ni-DDAP2C, and 

DDA corresponding to their energy. Larger metal ions in surfactants result in higher 

head polarity, and as head polarity rises in a metal surfactant, so does the negative 

Gibbs free energy of micellization. Micellization of metal-based surfactants is more 

favorable with this result. Similarly The CMC and other parameters obtained for the 

cobalt and copper complexes (Co-DDAP2C & Cu-DDAP2C) are presented in Table 2 

and the graph plotted between concentrations versus conductivity for them are given 

in Figures 16-17. 

 

Table 2: Physical parameters of DDA and metal complexes of DDAP2C ligand in 

ethanol at 298.15 K 

Compounds S2 (µЅ cm
-1

 l·mole
-1

) S1 (µЅ cm
-1

 l·mole
-1

) α=S2/S1 CMC         

(mole L
-1

 ) 

ΔG
o

m 

(kJmol
-1

) 

DDA 240 633 0.379 1.53 x 10
-2

 -16.79 

Ni-DDAP2C 6.27 x 10
4
 6.98 x 10

4
 0.898 1.002 x 10

-3
 -18.86 

Co-DDAP2C 9962 3.66 x 10
4
 0.272 5.14 x 10

-4
 -32.42 

Cu-DDAP2C 2.96 x 10
4
 4.77 x 10

4
 0.621 4.14 x 10

-4
 -26.61 

Zn-DDAP2C 4.63 x 10
4
 4.96 x 10

4
 0.933 3.85 x 10

-4
 -20.79 

premicellar slope (S1), postmicellar slope (S2), critical micelle concentration (CMC), Gibbs free 

energy of micellization (ΔG
o

m), and degree of dissociation (α) 
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Figure 13: Plot of conductivity versus concentration of dodecylamine (DDA) 

 

Figure 14: Plot of conductivity versus concentration of Ni-DDAP2C  
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                                                                          (c)         

Figure 15: Plot of conductivity versus concentration of Zn-DDAP2C  

 

Figure 16: Plot of conductivity versus concentration of Co-DDAP2C  
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Figure 17: Plot of conductivity versus concentration of Cu-DDAP2C  

 

4.2.2 Critical Micelle Concentration (CMC) Study of DDA and Metal Complexes of 

HL (DDAP3C) at 298 K 

 

The specific conductivities of LA (DDA) and its metal complexes 1 and 2 were 

evaluated at 298 K at various concentrations in order to determine the degree of 

micellization (α) and critical micelle concentration (CMC). The conductivity versus 

concentration plot shows two straight lines denoting the pre-micellar zone and the 

post-micellar zone. The CMC is indicated by the intersection of the two straight lines 

in the plot, and the degree of micellization (α) is represented with the slope ratio 

between the post- and pre-micellar regions. The computed values of CMC and (α) are 

displayed in Table 3, and the conductivity-concentration plots are illustrated in 

Figures 18-19. We have previously documented the CMC value for LA in the 

literature (1.5 x 10
–2

 M) at 298 K (Adhikari et al., 2022) and the CMC of the 

complexes mentioned here is lower than this value. As calculated, complexes 1 and 2 

have CMC values of 3.21 10
-4

 M and 1.98 10
-4

 M, respectively. The electrolytic 

nature of the complexes as well as changes in the electronegativity and size of the 

metal ions can all be used to explain the variations in the CMC of the complexes. The 

rise in the CMC of metal complexes is typically brought by a decrease in the ionic 
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radii and an increase in the electronegativity of the metals. The ionic radius of Zn
+2

 is 

more significant than that of Co
+2

, and Zn is less electronegative than Co. Thus, the 

CMC trend of this study supported our prediction. When the ionic concentration 

around micelles is higher, polar head groups are less likely to repel each other, 

micellization is easy, and CMC is significantly lower concerning larger ionic size 

(Chandar et al., 2009; Nagaraj et al., 2015). The given equation was used to compute 

the Gibbs free energy of micellization (G°m): 

 

ΔG°m = (2 - α) RT ln(CMC) 

 

It was found that this value (ΔG°m) was negative, indicating spontaneous 

micellization. In our investigation, compound 2 exhibited a higher negative (G°m) due 

to easier micellization. These findings showed that Metallo-surfactants have a higher 

tendency to micellize (Mehta et al., 2012). Similarlrly, the calculated values of CMC 

and (α) for complex 3 and 4 are presented in Table 3, and the conductivity-

concentration plots are illustrated in Figures 20-21. 

Table 3: Physical parameters of DDA and metal complexes of DDAP3C ligand in 

DMSO at 298 K 

Compounds S1 (µЅ cm
-1

 l·mole
-1

) S2 (µЅ cm
-1

 l·mole
-1

) α=S2/S1 CMC         

(mole L
-1

 ) 

ΔG
o

m 

(kJmol
-1

) 

LA (DDA) 633 240 0.379 1.53 x 10
-2

 -16.79 

Complex 1 3.98 x 10
4
 1.34 x 10

4
 0.337 3.21 x 10

-4
 -33.14 

Complex 2 6.42 x 10
4
 1.02 x 10

4
 0.159 1.98 x 10

-4
 -38.89 

Complex 3 3.44 x 10
4
 1.72 x 10

4
 0.500 5.47 x 10

-4
 -27.91 

Complex 4 5.44 x 10
4
 1.36 x 10

4
 0.250 2.99 x 10

-4
 -35.18 

premicellar slope (S1), postmicellar slope (S2), critical micelle concentration (CMC), 

Gibbs free energy of micellization (ΔG
o

m), and degree of dissociation (α)  

Complex 1 (Co-complex), Complex 2 (Zn-complex), Complex 3 (Ni-complex),  

Complex 4 (Cu-complex),  
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Figure 18: Plot of conductivity versus concentration of Complex 1  

 

Figure 19: Plot of conductivity versus concentration of Complex 2  
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Figure 20: Plot of conductivity versus concentration of Complex 3  

 

Figure 21: Plot of conductivity versus concentration of Complex 4  

 

  

40

50

60

70

0 0.0004 0.0008 0.0012

Ni-HL



CMC = 5.47 x 10
-4

 M
      = 0.50

y = +1.72E4x
1
 +50.3, max dev:0.0484, r

2
=1.00

y = +3.44E4x
1
 +40.9, max dev:0.192, r

2
=0.999

Concentration (M)

C
o

n
d

u
c
ti
v
it
y
 

(
S

c
m

-1
)

45

50

55

60

65

70

0 0.0004 0.0008 0.0012

   Cu-HL



CMC = 2.99 x10
-4

 M
      = 0.25

y = +1.36E4x
1
 +52.0, max dev:0.217, r

2
=0.998

y = +5.44E4x
1
 +39.8, max dev:0.104, r

2
=0.999

Concentration (M)

C
o

n
d

u
c
ti
v
it
y
 

(
S

c
m

-1
)



 

 

59 

 

4.2.3 Critical Micelle Concentration (CMC) Study of LA (DDA), Complex1 and 

Complex2 at 308 K & 318 K 

 

The conductivity against concentration plots for LA (DDA), complex 1, and complex 

2 at 308 K and 318 K are displayed in Figures 22-27. Before and after CMC, the 

specific conductivity values changed. The conductivity declines after the CMC point 

as a result of the development of micelles with lesser ionic mobility (Bhattarai, 2015). 

The physicochemical data generated from conductivity vs concentration plots are 

listed in Table 4. The CMC values for LA and complexes 1 and 2 were lowest at a 

lower temperature of 308 K and highest at a higher temperature of 318 K. Prior 

research revealed that LA (1.5 10
-2

 M) has a higher CMC value than complexes 1 

(3.21 10
-4

 M) and 2 (1.98 10
-4

 M) (Adhikari et al., 2023). At a specific temperature, 

the Gibbs free energy of micellization increased from LA to complex 1 and then to 

complex 2, and was negative for all (Table 4), confirming spontaneity. 

 

Table 4: Physical parameters of DDA, Complex 1 and Complex 2 in DMSO at 308 and 318 K 

Compounds T (K) CMC 

(mol L
-1

) 

   
   

(kJ/mol) 

α = S2/S1 Std. Dev. in 

Linear Fit (SD) 

LA 308 4.02 x 10
-2

 -12.50 0.48 0.1200 

318 4.68 x 10
-2

 -12.21 0.49 0.1703 

Complex 1 308 3.59 x 10
-4

 -32.09 0.42 0.1738 

318 4.33 x 10
-4

 -31.33 0.47 0.7464 

Complex 2 308 2.64 x 10
-4

 -34.16 0.38 0.2744 

318 3.76 x 10
-4

 -32.94 0.42 0.0561 
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Figure 22: Plot of conductivity versus concentration of LA (DDA) at 308 K  

 

 

Figure 23: Plot of conductivity versus concentration of LA (DDA) at 318 K  
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Figure 24: Plot of conductivity versus concentration of Complex 1 at 308 K  

 

 

Figure 25: Plot of conductivity versus concentration of Complex 1 at 318 K  
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Figure 26: Plot of conductivity versus concentration of Complex 2 at 308 K 

 

 

Figure 27: Plot of conductivity versus concentration of Complex 2 at 318 K 
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4.3 Microanalytical Results 

 

Elemental analysis is a method of quantitatively or qualitatively determining the presence 

of carbon, hydrogen, nitrogen, and sulfur in organic matrices and other types of materials 

rapidly. The CHNS analysis is a low-cost method that can give essential details on the 

composition and purity of chemical compounds. The microanalytical results of the Schiff 

base ligands and their metal complexes in our study are presented in Table 5-6. The 

microanalytical findings are very compatible with the suggested stoichiometry of the 

compounds. 

 

Table 5: Micro-analytical and Physical data of the Schiff base ligand DDAP2C and its complexes 

Compounds Empirical Formula  Formula 

Wt. 

Yield 

% 

Color  M.Pt. 

(°C) 

Calculated (Found) (%) 

         C    H     N     

DDAP2C C17H30N2  262 

 

82 Reddish 

Brown  

58-59  77.80 

(77.33) 

11.52 

(11.36) 

10.67 

(10.47) 

Ni-DDAP2C C17H35ClN2NiO3  410 

 

78 Light 

Green  

170-175  49.85 

(49.57) 

8.65 

(8. 35)  

6.84 

(6. 89)  

Zn-DDAP2C C17H35ClN2O3Zn 416 

 

84 Leaf 

Brown 

105-107  49.05 

(48.77)  

8.47 

(8. 96)  

6.73 

(6. 40)  

Co-DDAP2C C34H72Cl2 CoN4O7 778.79 72 Coffee 

Colour 

193.2-

194.5 

52.44 

(51.97) 

9.32 

(9.61) 

7.19 

(7.29) 

Cu-DDAP2C C34H76Cl2 Cu2N4O8 864.97 74 Black 158-160 47.21 

(47.95) 

8.62 

(8.04) 

6.48 

(6.14) 
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Table 6:  Micro-analytical and physical data of the Schiff base ligand DDAP3C and its complexes 

Compounds Empirical 

Formula  

Formula 

Wt. 

Yield 

% 

Color  M.Pt. 

(°C) 

Calculated (Found) (%) 

         C    H     N    

HL 

(DDAP3C) 

C17H30N2   262 

 

80 Light 

Orange  

67-69   77.80 

(77.91) 

 11.52 

(11.31) 

 10.67 

(10.48) 

Complex 1 C34H66Cl2CoN4O3  708 

 

75 Green  70-76   57.78 

(58.02) 

 9.13 

(9.25)  

 7.93 

(7.81)  

Complex 2 C34H66Cl2N4O3Zn 714 

 

68 Reddish 

Brown 

68-70  57.26 

(57.34)  

9.05 

(8.95)  

7.86 

(7.80)  

Complex 3 C34H65Cl2N4 NiO2.5 699.5 76 Greenish 

yellow 

120 58.38 

(58.85) 

9.37 

(9.75) 

8.01 

(7.91) 

Complex 4 C34H62CuN4O 606.4 82 Green 123.5 67.34 

(66.99) 

10.30 

(10.83) 

9.24 

(8.96) 

 

4.4 Spectroscopy: Results and Discussion 

 

4.4.1 FT-IR Spectral Study 

 

4.4.1.1 FT-IR Spectra of DDAP2C and Metal Complexes 

 

Comparing Schiff base ligands and metal complexes based on their FT-IR spectra 

provides essential information regarding the interaction between metals and ligands 

and the coordination mode of the ligand with the metals (El‐Sonbati et al., 2019). In 

our study, the bidentate DDAP2C ligand revealed a variety of FT-IR spectral bands 

corresponding to the groups it contains. These bands were shifted and, in some cases, 

even decreased after coordination with the metal ions. The broad absorption bands at 

3163 cm
-1

 (DDAP2C) and 3127 cm
-1

 (Cu-DDAP2C) complex in the FT-IR spectra are 

attributed to the v(N-H) stretching bands (Hashem et al., 2021). Metal complexes 

don't have a pyrrole N-H stretching vibration band at 3163 cm
-1

 (Co-

DDAP2C, Ni-DDAP2C, Zn-DDAP2C), providing strong evidence that the N-H 

moiety is deprotonated during complexation (Aboafia et al., 2018; Anacona et al., 

2014; Festus et al., 2019). In the spectra of DDAP2C ligand and metal complexes, the 

CH3 group exhibits symmetric and asymmetric v(C-H) stretching frequencies around 

3000 cm
-1

 (Murugaiyan et al., 2019). Significant variations in absorption frequencies 

are noticed at lower frequencies below 600 cm
-1

 and between 1775 and 1200 cm
-1

. A 
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s t rong absorpt ion band a t  1648 cm
- 1

 for  the DDAP2C is  at t r ibuted to  

the azomethine v(C=N) s t retch that  has  shi f ted to  lower or  h igher  

wavenumbers  in  di f ferent  metal  complexes  (Abu-khadra  et al.,  2016;  

Diab et  al . ,  2019;  Hashem et  al . ,  2021) . The related ν(C=N) stretching 

frequencies for metal complexes display absorption bands within wave numbers 

1622-1660 cm
-1

. The respective IR spectral bands for the v(C=N) stretch of Co-

DDAP2C, Ni-DDAP2C, Cu-DDAP2C, and Zn-DDAP2C were observed at 1627, 

1629, 1660, and 1622 cm
-1

. All the complexes have shown a shift in the absorption 

band for the v(C=N) stretch to lower wave numbers, and the Cu-DDAP2C has shifted 

to a higher value, demonstrating their participation with metal ions during 

coordination. In the IR spectrum of DDAP2C, the v(C-N) stretching frequency for 

amine groups has changed from 1366 cm
-1

 to 1386 cm
-1

 for the Co-DDAP2C 

complex, 1385 cm
-1

 for the Ni-DDAP2C complex, 1376 cm
-1

 for the Cu-DDAP2C 

complex, and 1378 cm
-1

 for the Zn-DDAP2C complex, respectively. These changes 

nicely support the involvement of the said group in the coordination process with 

metal ions (El‐Sonbati et al., 2019; N. F. Mahmoud et al., 2021). After complex 

formation, there was a minor change in the v(Ar-C=C) stretching vibrational bands of 

DDAP2C at 1553, 1470, and  1421 cm
-1

. The metal complexes also showed weaker 

bands at 422 cm
-1

 for Co-DDAP2C, 452 cm
-1

 for Ni-DDAP2C, 419 cm
-1

 for Cu-

DDAP2C, and 466 cm
-1

 for Zn-DDAP2C in addition to these distinct absorption 

bands, which can be attributed to v(M-N) stretching vibrations (Aggoun et al., 2021). 

These comprehensive data suggest that the azomethine-N and amine-N of the pyrrole 

moiety of the ligand are responsible for the ligand-metal interaction. A summary of 

FT-IR data is presented in Table 7, and spectral diagrams are shown in Figures 28-32. 

 

Table 7: FTIR spectral data of   DDAP2C Schiff base ligand and its complexes in cm
-1

 

Complex 

 

ν(NH) ν(C=N)  (imine) ν (C-H) ν (Ar-C=C) ν (C-N) ν(M-N) ρρw H2O 

Coordinated 

DDAP2C 3163 1648 2927, 2848 1421,1470 ,1553 1366 - - 

Ni-DDAP2C - 1629 2924, 2854 1469, 1511 1385 452 3440 

Zn-DDAP2C - 1622 2924, 2848 1476 1378 466 3447 

Co-DDAP2C  1627 2921, 2851 1466 1386 420 3552 

Cu-DDAP2C 3127 1660 2920, 2850 1463, 1521 1376 422 3443 
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Figure 28: FT-IR spectrum of DDAP2C ligand 
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Figure 29: FT-IR spectrum of Co-DDAP2C complex 
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Figure 30: FT-IR spectrum of Ni-DDAP2C complex 
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Figure 31: FT-IR spectrum of Cu-DDAP2C complex 
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Figure 32: FT-IR spectrum of Zn-DDAP2C complex 

 

4.4.1.2 FT-IR Spectra of DDAP3C and Metal Complexes 

 

The crucial IR bands (4000-400 cm-1) were identified in the spectra to evaluate the 

bonding sites of the ligand when coordinated with metal ions. Table 8 provides a 

summary of the reported FT-IR outcomes. According to a study of the band locations 

in the infrared spectra of HL and its complexes, the HL behaves as a neutral bidentate 

N, N donor ligand with azomethine-N and pyrrole-N serving as coordination sites. 

Figures 33–37 display a collection of FT-IR spectra. When the azomethine group 

complexed with metal, the v(HC=N) stretching vibration band changed to higher 

wave numbers, suggesting that the nitrogen was bonded to the metal ions. In the HL 

spectrum, the v(HC=N) appeared at 1644 cm
-1

 and then shifted upwards to 1653 cm
-1

, 

1664 cm
-1

, 1665 cm
-1

, and 1659 cm
-1

 for the respective complexes 1, 2, 3, and 4. This 

variance may be a consequence of the +I effect generated by the long-chain alkyl 

group in the surfactant moiety (Kaur et al., 2016; Tawfik & Zaky, 2015). The 

participation of the pyrrole ring nitrogen in the complexation was shown by the v(N-
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H) stretching vibration band for ligand HL at 3131 cm
-1

 and metal complexes at 3134, 

3222, 3147, and 3129 cm
-1

. A minor shift in complexes 1, 3, and 4 indicates no loss of 

H atoms even after complexation, whereas complex 2 may have a more significant 

shift in the v(N-H) stretching vibration due to hydrogen bonding. The overlap of 

coordinated water and metal ions was justified by the observation of a new band in 

the IR spectrum at higher wave numbers of complexes 1 (3551 cm
-1

), 3 (3580, 3609 

cm
-1

), and 4 (3449 cm
-1

) (Ali et al., 2015; Bhaskar et al., 2020). Further, in complexes 

1, 3, and 4, another sharp peak corresponds to the bending vibration of the 

coordinated H2O at 961, 966, and 928 cm
-1

. The absorption bands seen in the lower 

wavenumber region of the spectra provided the most compelling and convincing 

evidence for M-O and M-N coordination in the complexes. Complex 1 was found to 

have absorption bands at 416 cm
-1

 and 448 cm
-1

, respectively, reflecting the v (M-N) 

stretch associated with coordination with azomethine nitrogen and pyrrole ring 

nitrogen. The v(M-O) stretching vibration was confirmed by a new band at 549 cm
-1

. 

Complex 2 exhibited a v(M–N) stretching band at 418 cm
-1

. The ν(M–N) stretch was 

detected at 410 cm
-1

 and 451 cm
-1

 for complex 3 because of metal bonding with 

azomethine nitrogen and pyrrole ring nitrogen, respectively. The ν(M–O) stretching 

band was observed at 605 cm
-1

. The IR absorption bands for the complex 4 were seen 

at 603 cm
-1

 and 475 cm
-1

, corresponding to the ν(M–O) and ν(M–N) stretching 

vibrations, respectively. These significant characteristic bands and their transitions in 

position from free ligands to metal complexes provide strong evidence for the 

proposed structure of these complexes (Prabhakara et al., 2016; Vamsikrishna et al., 

2020). 
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Table 8: FTIR spectral data of   DDAP3C Schiff base ligand and its complexes in cm
-1

 

Compounds ν(NH) ν(C=N)  

(imine) 

ν (C-H) ν (C=C) ν (C-N) ν(M-N) ν(M-O) ν(H2O)/δ(H2O) 

Coordinated 

HL 3131 1644 2916, 

2847 

1470, 1511 1375 -  - 

Complex 1 3134 1653 2910, 

2848 

1470, 1513 1376 416 549 3551, 961 

Complex 2 3222 1664 2922, 

2851 

1466, 1519 1380 418 - - 

Complex 3 3147 1665 2919, 

2850 

1467, 1518 1305 410,451 605 3580,3609, 966 

Complex 4 3129 1659 2921, 

2852 

1466, 1584 1375 475 603 3338,3449, 928 
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Figure 33: FT-IR spectrum of DDAP3C ligand 
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Figure 34: FT-IR spectrum of Co-DDAP3C complex  
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Figure 35: FT-IR spectrum of Zn-DDAP3C complex   
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Figure 36: FT-IR spectrum of Ni-DDAP3C complex   
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Figure 37: FT-IR spectrum of Cu-DDAP3C complex   
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4.4.2 
1
H & 

13
C NMR Spectral Studies 

 

The carbon-hydrogen framework present in organic ligands and metal complexes can 

be identified by NMR spectroscopy. Protons in molecules have diverse electronic 

environments; therefore, depending on the degree of their shielding and deshielding 

effects, they exhibit resonance peaks at various parts of the spectrum. The NMR 

signal is delivered by shielded protons in the region of low chemical shift value and 

by deshielded protons in the region of high chemical shift value (Bruch, 1996; 

Tampieri et al., 2020). Additionally, splitting signals into multiplets provides vital 

information about the kinds of protons present in the molecule. Sometimes, the signal 

loss in the NMR spectrum of the metal complexes concerning the ligand also conveys 

crucial information regarding the point of ligand interaction with the metal center 

(Gondia & Sharma, 2018).  

 

4.4.2.1 
1
H NMR Spectra of DDAP2C Schiff Base and Zn-DDAP2C Complex 

 

The 
1
H NMR spectral analysis supports the formation of the diamagnetic Zn-

DDAP2C complex and the Schiff base (DDAP2C) ligand. The spectrum comparison 

reveals the binding patterns of the ligand to metal ions. There is a correlation between 

the integral intensities of each signal in the 
1
H NMR spectra of the DDAP2C and Zn-

DDAP2C complexes and the number of various protons present. In our work, the 

DDAP2C showed a signal at 8.041 ppm ascribed to the azomethine proton (-CH=N), 

which shows that the Schiff base ligand has been formed. The Zn-DDAP2C signal 

was shifted downfield to 8.486 ppm, showing that azomethine nitrogen was involved 

in the complex formation process (El‐Hamid et al., 2019; Kuate et al., 2020). For 

DDAP2C, the pyrrole ring protons resonate between 6.088 and 6.852 ppm, while for 

the Zn-DDAP2C complex, they were shifted to the downfield in the range of 6.455 to 

7.664 ppm (El-Razek et al., 2019). A singlet at 11.296 ppm was found in the pyrrole 

NH proton of DDAP2C, and its removal in the 
1
HNMR spectra of Zn-DDAP2C 

indicates that pyrrole NH proton deprotonation occurred in a complexation with zinc-

nitrogen binding (Kumar et al., 2016; Nami et al., 2016; Tyagi et al., 2015). The 

1HNMR spectral data of ligand and metal complex are documented in Table 9, and 

their 1HNMR spectra are given in Figs. 38-39. 
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Table 9 
1
H NMR spectral data of DDAP2C and Zn-DDAP2C  

Compounds Chemical shift  ( )ppm Assignment 

DDAP2C 8.041 Azomethine proton 

6.088-6.852 Pyrrole ring protons 

11.296 Pyrrole NH proton 

3.425-3.470 Methylene protons near the pyrrole NH group 

1.240-1.579 Methylene protons  

0.838-0.872 Methyl protons 

Zn-DDAP2C 8.486  Azomethine proton  

6.455-7.664 Pyrrole ring protons 

2.735-3.581 Methylene protons near the pyrrole NH group 

1.240-1.640 Methylene protons 

0.838-0.869 Methyl proton 

 

Figure 38: 
1
HNMR Spectrum of DDAP2C ligand 
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Figure 39: 
1
HNMR Spectrum of Zn-DDAP2C complex 

 

4.4.2.2 
1
H NMR Spectra of DDAP3C Schiff Base and Zn-DDAP3C Complex 

 

The 
1
H NMR spectral investigations also contributed to a greater comprehension of 

the HL ligand formation. To establish the binding mechanism of HL to the metal 

centers, the 
1
H NMR spectra of the diamagnetic complex 2 and the HL ligand were 

recorded in the DMSO-d6 solvent. A singlet from the azomethine proton (-N=CH-) 

was visible in the spectra of HL, indicating that the Schiff base had formed (Sumrra et 

al., 2020; Yeğiner et al., 2017). This peak for complex 2 has changed from 8.1 ppm to 

8.5 ppm in the downfield, which may be due to lone pair electrons contributing to the 

central metal ion and formation of the (Zn←N) linkage (Almasi  et al., 2020). For 

HL, the pyrrole N-H proton resonated at 7.11 ppm as a singlet, which then shifted 

downfield to 7.77 ppm after complexation. Other remarkable 1H NMR signals for HL 

include signals at 6.75 (s, H-(2a/2b)), 6.34 (s, H-4), and 3.33-3.39. (HH2O). These 

peaks in the spectra of complex 2 were nearly in the exact location and showed only 

slight variation, suggesting the linkage of HL to Zn
+2

 through the azomethine moiety. 

The 
1
H and 

13
C NMR spectrum data of complex 2 and HL are presented in Table 10, 

and their spectra are displayed in Figures 40 and 41, respectively. 
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Table 10:
1
H spectral data of DDAP3C and Zn-DDAP3C and 

13
C NMR spectral data of DDAP3C 

 Ligand (HL) / DDAP3C Complex 2 / Zn-DDAP3C Ligand (HL) / DDAP3C 

H δ (ppm) δ (ppm) C δ (ppm) 

H-1 7.11 (s, J = 1.01 Hz, 1H) 7.77 (s, J = 1.01 Hz, 1H) C-2a 122.51 

H-(2a/2b) 6.75 (s, J = 1.00 Hz, 1H) 7.05 (s, J = 1.00 Hz, 1H) C-2b 119.04 

H-4 6.34 (s, J = 1.02 Hz, 1H) 6.77 (s, J = 1.05 Hz, 1H) C-3 121.3 

H-5 8.11 (s, J = 1.03 Hz, 1H) 8.56 (s, J = 0.96 Hz, 1H) C-4 108.2 

(H-6 & 7) 1.51/1.53 (m, J = 2.01 Hz, 2H) 1.64 (m, J = 2.07 Hz) C-5 155 

 - - C-6 60.69 

(H-8) – (H-15) 1.23-1.26 (m, J = 14.02) 1.24-1.29 (m, J = 14.61 Hz) C-7 30.74 

H-16 1.52 - C-8 26.71 

H-17 0.83-0.86 (t, J = 3.1 Hz, 3H) 0.83-0.87 (t, J = 4.11 Hz) (C-9) – (C-

14) 

28.59-

28.93 

H(H2O) 3.33-3.39 3.58-3.61 (broad, J = 2.31 Hz) C-15 31.18 

   C-16 21.98 

   C-17 13.84 

 

 

Figure 40: 
1
H NMR Spectrum of DDAP3C ligand 
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Figure 41: 
1
HNMR Spectrum of Zn-DDAP3C complex  

 

4.4.2.3 
13

C NMR Spectra of DDAP2C Schiff Base and Zn-DDAP2C Complex 

 

The 
13

C NMR spectral analysis provides information about molecules' numerous 

carbon atoms and their electronic surroundings. In the 
13

C NMR spectral investigation 

of the DDAP2C, the azomethine carbon (C=N) resonated at 151.398 ppm (Vinusha et 

al., 2019). The carbons in the pyrrole ring produced 13C NMR peaks at 108.686-

129.947 ppm for DDAP2C, which were shifted to 105.924 -128.339 ppm for Zn-

DDAP2C in the 13CNMR spectrum (Rawat et al., 2017). The methyl carbons in 

DDAP2C exhibited a signal at   13.896 ppm, and methylene carbons showed signals 

within   22.055-60.316 ppm. The 13C NMR spectra of the Zn-DDAP2C showed no 

significant difference in the chemical shifts for these carbons. The spectra recorded 

for DDAP2C and Zn-DDAP2C are shown in Figs. 42 and 43, respectively, and their 

spectral data are listed in Table 11. 
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Table 11 
13

C NMR spectral data of DDAP2C ligand and Zn-DDAP2C  

Comp. Assignment Chemical shift  ( ) ppm  

DDAP2C  CH=N 151.3 

Pyrrole ring carbon 108.6, 113, 121.7, 129.9 

Methylene carbon near the 

pyrrole NH group  

60.3 

Methylene carbons 22, 26.7, 28.6, 28.9, 294, 30.7, 31.2 

CH3 13.8 

Zn-DDAP2C Pyrrole ring carbons 105.9, 106.8, 120.7, 120.8, 122.3, 128.3 

Methylene carbons 21.9, 25.6, 28.4, 28.5, 28.5, 28.7, 28.8, 28.8, 28.8, 

31.1 

CH3 13.8 

 

Figure 42: 
13

C NMR Spectrum of DDAP2C ligand 
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Figure 43: 
13

CNMR Spectrum of Zn-DDAP2C complex 

 

4.4.2.4   
13

C NMR Spectra of DDAP3C Schiff Base Ligand 

 

The 
13

C NMR spectrum can also provide evidence that ligands are formed. In the 
13

C 

NMR spectrum of the HL Schiff base, a signal is observed at 155 ppm, which is 

attributed to azomethine carbon (C-5). The carbons in the pyrrole ring exhibited 

signals at 122.51 ppm (C-2a), 119.04 ppm (C-2b), 121.3 ppm (C-3), and 108.2 ppm 

(C-4). The methylene and methyl carbons of the hydrocarbon chain of the surfactant 

part of the molecule showed a range of signals from 13.84 ppm to 60.69 ppm. The 
13

C 

NMR spectra of HL are depicted in Figure 44, and its spectral data are listed in Table 

10. 
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Figure 44: 
13

C NMR Spectrum of DDAP3C ligand  

 

4.4.3 Mass Spectral Study 

 

4.4.3.1 Mass Spectra of DDAP2C and Metal Complexes 

 

The mass spectra of the DDAP2C and its metal complexes were obtained to compare 

their stoichiometric composition. The base peak for DDAP2C is represented by the 

[M‧++H] peak, which was recorded at m/z 263. At m/z 264, the [M‧++2H] peak for 

DDAP2C was recorded. Therefore, the molecular mass of DDAP2C was determined 

to be 262 amu using the nitrogen rule. The spectra also reported other fragment peaks 

at m/z 187 and 186. Similarly, the Ni-DDAP2C and Zn-DDAP2C produced the 

[M‧+] peaks at m/z 410 and 416, respectively, which is consistent with the proposed 

molecular formula. The predicted molecular formula of the compounds is supported 

by all of these mass spectral peak values for DDAP2C and its investigated metal 

complexes (Naureen et al., 2021). For metal complex Co-DDAP2C, the molecular ion 

peak appears at m/z 776.9 which is compatible with their predicted molecular formula 
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(Table 5). Likewise, the Co-DDAP2C delivers fragment ion peaks at m/z 699, 593, 

545, 506, and 453 with considerable intensity. The Cu-DDAP2C shows a strong base 

peak at 864.6 m/z with a relative intensity of 1990 (a.u.) and a molecular ion peak at 

865.7 m/z with a considerable relative intensity of 705 (a.u.). According to this, a 

molecular mass of 866 m/z was determined, which is consistent with its predicted 

value. Likewise, the Cu-DDAP2C exhibits fragment ion peaks at m/z 776, 699, 622, 

540, and 465 (Pervaiz et al., 2018). A series of mass spectra of ligands and their metal 

complexes are exhibited in Figures 45 - 49 and their spectral data are documented in 

Table 5. 

 

Figure 45: Mass spectrum of DDAP2C ligand 
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Figure 46: Mass spectrum of Ni-DDAP2C complex 

 

 

Figure 47: Mass spectrum of Zn-DDAP2C complex 
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Figure 48: Mass spectrum of Co-DDAP2C complex 

  

Figure 49: Mass spectrum of Cu-DDAP2C complex 

 

4.4.3.2 Mass Spectra of DDAP3C and Metal Complexes 

 

The [M‧++H] peak, identified in the HL spectrum at 263 m/z, has a high intensity. 

Therefore, according to the nitrogen rule, the HL must have a molecular mass of 262 
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m/z. The fragment peaks for HL were recorded at m/z 186, 187, and 235. Two 

significant peaks could be seen in the MALDI-TOF mass spectra of complex 1: a 

strong base peak at 610.56 m/z with a relative intensity of 6454 (a.u.) and a weak 

molecular ion peak at 707.65 m/z with a relative intensity of 165 (a.u.). Based on this, 

a molecular mass of 708 m/z was determined, which is consistent with its predicted 

value. Additionally, fragment peaks with varying intensities were found at m/z 446, 

453, 523, 582, and 593. A [M‧+-2H] peak was observed at 711.466 m/z in the mass 

spectrum of complex 2. Consequently, its molecular mass was confirmed to be 714 

m/z, which agrees with its calculated molecular mass. Various fragment peaks were 

also detected at m/z 449, 469, 487, and 655. The mass spectra for complexes 3 (Ni-

DDAP3C) and 4 (Cu-DDAP3C) showed the molecular ion peaks at m/z 700.3 and 

611.4, respectively, which are relevant to their proposed molecular formula (Table 6). 

The fragment ion peaks for Ni-DDAP3C are observed at m/z 699, 610, 579, 565, and 

451. Similarly, the Cu-DDAP3C exhibits fragment ion peaks at m/z 610, 586, 469, 

and 445. In light of this, the mass spectrum data largely corroborated the suggested 

molecular formula for all complexes (Kareem et al., 2020; Zoubi et al., 2017). The 

mass spectra of HL (DDAP3C) and its metal complexes are displayed in Figs 50-54, 

and their spectral data are listed in Table 6.  

 

Figure 50: Mass spectrum of DDAP3C ligand 
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Figure 51: Mass spectrum of Co-DDAP3C complex  

 

Figure 52: Mass spectrum of Zn-DDAP3C complex  
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Figure 53: Mass spectrum of Ni-DDAP3C complex  

 

Figure 54: Mass spectrum of Cu-DDAP3C complex  
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4.4.4 Electronic Absorption Spectra (EAS) and Magnetic Moment Study 

 

4.4.4.1 EAS of DDAP2C and Metal Complexes 

 

Three bands were observed at 283, 325, and 346 nm for the Schiff base ligand 

DDAP2C. The absorption band at 283 nm is exhibited as a result of the π→π* 

transition in aromatic ring. The band at 325 nm is visible due to the  n→π*  transition 

of free electrons in the nitrogen atom of the azomethine group (Canpolat & Kaya, 

2005). Interaction between the aromatic ring and the azomethine group leads to intra-

ligand charge transfer (ILCT), resulting in the electronic absorption band for the 

ligand at 346 nm. 

 

Five absorption bands at 294, 322, 441, 548, and 627 nm were observed in the 

electronic absorption spectra of the Ni-DDAP2C complex (El-Gammal et al., 2021; 

Noorussabah et al., 2020). The band at 294 nm is generated by the n→π* transition, 

and LMCT (ligand metal charge transfer) band is exhibited at 322 nm. The n→π* 

transition band for the DDAP2C ligand has shifted bathochromically in the Ni-

DDAP2C complex. The transitions 
3
A2g → 

3
T1g (P), 

3
A2g → 

3
T1g (F), and 

3
A2g → 

3
T2g 

have been given the bands at 441, 548, and 627 nm, respectively. These transitions 

demonstrate that the Ni-DDAP2C complex has an octahedral structure (Fekri et al., 

2017). Its magnetic moment data of 2.95 BM further supports this conclusion. The 

complex Zn-DDAP2C exhibited three absorption bands at 443, 321, and 285 nm, 

corresponding to the LMCT, n→ π*, and π→π* transitions. The d-d transition band 

was missing in the zinc complex because of its entire d
10

 electronic configuration 

(Dhanaraj & Johnson, 2015; Mendu et al., 2015). Six coordination numbers have been 

ascribed to the Zn-DDAP2C complex, which was also suggested by the thermal 

analysis to contain three water molecules as a structural component. The Zn-DDAP2C 

complex has been proposed as an octahedral geometry based on analytical, thermal, 

spectral, and conductance data (Saif et al., 2016). The two absorption bands at 304 nm 

and 344 nm for the Co-DDAP2C complex represent the n→π* and ligand-to-metal 

charge transfer (LMCT) band. The high-spin octahedral Co(II) complex exhibited two 

bands at 430 and 455 nm. These were attributed to the spin-allowed transitions 
4
T1g 

(F) →
4
T1g (P) (Turan et al., 2019). The octahedral geometry of the cobalt complex is 

supported by these values and magnetic moment data (4.5 BM). The Cu-DDAP2C 
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exhibited absorption bands at 309 and 455 nm in the UV spectrum. The first at 309 

nm was due to n→ π * transition. The transition band focused in the high wavelength 

region at 455 nm was assigned for the 
2
T2→

2
E transition revealing tetrahedral 

environment around both of the copper center (Belal et al., 2015; Ikram et al., 2015). 

The magnetic moment value of Cu-DDAP2C, 1.83 B.M, further supports the 

tetrahedral geometry of the compound.The electronic absorption spectra for DDAP2C 

and its complexes are depicted in Fig. 55 (a, b, c, d, e), and their data with magnetic 

moments are documented in Table 12. 

 

Table 12: Electronic absorption spectral data of DDAP2C and its metal complexes 

No. Comp. Peak positions 

(nm) 

Assignment 

1 DDAP2C 283 

325 

346  

π→π* ,  

n→ π * , 

 intra ligand charge transfer band  

2 Ni-DDAP2C 294 

322 

441 

548 

627 

n→π*  

 (LMCT) band  

3
A2g→

3
T1g(P) 

3
A2g→

3
T1g(F) 

3
A2g→

3
T2g 

3 Zn-DDAP2C 285 

321 

443 

π→π* 

n→ π * 

(LMCT) band  

4 Co-DDAP2C 304 

344 

430 - 455 

n→π*  

(LMCT) band 

4
T1g (F) →

4
T1g (P) 

 

5 Cu-DDAP2C 309 

455 

n→π*  

2
T2→ 

2
E 
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Figure 55: Electronic absorption spectra of (a) DDAP2C, (b) Zn-DDAP2C, (c) Ni-DDAP2C 
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Figure 56: Electronic absorption spectra of (a) Co-DDAP2C, (b) Cu-DDAP2C 

 

4.4.4.2    EAS of DDAP3C and Metal Complexes 

 

The ultraviolet region of the spectrum showed two separate absorption bands for HL. 

The first band was observed at 275 nm as a result of the π→π* electronic transition in 

the pyrrole ring. This intense band was present in the spectra of complexes 1 and 2, at 

wavelengths of 268 nm and 286 nm, respectively. The second band for HL at 373 nm 

is caused by the π→π* and n→π* transition in the azomethine group (Kavitha et al., 

2020). These absorption bands were also found in the spectra of complexes 1 and 2 at 

350 nm and 392 nm (Rao et al., 2020). The octahedral geometry of complex 1 was 

established by its UV-visible spectral data and magnetic moment data (4.2 BM) 

(Venkateswarlu et al., 2019). The visible spectra of complex 1 were found to contain 

three absorption bands. The assigned electronic transitions for these absorption bands 

at 444 nm, 552 nm, and 661 nm, are 
4
T1g(F)→

4
T1g(P),  

4
T1g(F)→

4
A2g(F), and 

4
T1g(F)→

4
T2g(F), respectively; which are in agreement with the octahedral structure 

of the complex 1. The UV-visible spectra of complex 2 showed the presence of two 
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bands at 286 nm and 392 nm, which represent the π→π* and n→π* transitions, 

respectively. The band at 392 nm could broaden as a result of the interaction between 

the ligand-to-metal charge transfer (LMCT) and the n→π* transition band. The 

complete d
10

 electronic configuration of zinc causes to inhibit the d-d transition that is 

not displayed in its absorption spectrum. In addition, the structural component of this 

complex was identified as 3H2O molecules by FT-IR, 
1
H NMR, and thermal analysis. 

These indications, along with UV-visible and molar conductivity data, suggested that 

complex 2 has distorted trigonal bipyramidal geometry (Vlasenko et al., 2018). The 

complex3 (Ni-DDAP3C) exhibited four absorption bands at 308, 440, 590, and 666 

nm assigned to n→π*, 
3
A2g→

3
T1g(P), 

3
A2g→

3
T1g(F), and 

3
A2g (F)→

3
T2g (F) 

transitions, respectively, which indicated octahedral geometry for the nickel complex 

with 2.83 B.M. of magnetic moment value (Singh et al., 2017).  The complex 4 (Cu-

DDAP3C) exhibited two absorption bands at 303, 457 nm in the electronic absorption 

spectrum.The first band is caused by the n→π* transition whereas the band at 457 nm 

can be assigned to the d-d transitions in the form of 
2
T2 → 

2
E transition, exhibiting the 

tetrahedral geometry of the copper complex. The 1.85 B. M. magnetic moment (µ) 

value further corroborates this assertion (Parsaee et al., 2017). The UV-visible 

spectral data are given in Table 13, and the spectra are shown in Figure 57 (a, b, c,). 

 

Table 13: Electronic absorption spectral data of DDAP3C and its metal complexes 

No. Compounds Peak    positions  ( nm)          Assignment 

1 HL 275 

373 

π→π* ,  

n→ π *  

2 Complex 1 268 

350 

444 

552 

661 

π →π*  

n→ π *  

4
T1g (F) →

4
T1g (P) 

4
T1g (F) →

4
A2g (F) 

4
T1g (F) → 

4
T2g (F) 

3 Complex 2 286 

392 

π→π*   

n→π*  

4 Complex 3 308 

440 

590 

666 

n→π*  

3
A2g→

3
T1g(P) 

3
A2g→

3
T1g(F) 

3
A2g→

3
T2g 

5 Complex 4 303 

457 

n→π*  

2
T2→ 

2
E 
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Figure 57: Electronic absorption spectra of (a) DDAP3C, (b) Co-DDAP3C, (c) Zn-DDAP3C  
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Figure 58: Electronic absorption spectra of (a) Ni-DDAP3C, (b) Cu-DDAP3C  

 

4.5 Thermal Analysis 

 

Thermal analysis techniques have been widely used in recent years to characterize 

chemicals by detecting changes in properties at high temperatures as a function of 

increasing temperature. Heat-sensitive physical and chemical properties of complexes 

are thoroughly investigated in these techniques. The primary uses of measurements 

are to ascertain substances' mineral composition and assess their thermal stability. 

Temperature-dependent changes in the weight of substances are measured by 

thermogravimetric Analysis (TGA) (De Blasio, 2019; Deboucha et al., 2017; 

Saadatkhah et al., 2019). An instrument that measures the thermal events of chemicals 

is known as a thermal analyzer. The sample under study is heated at a controlled rate 

in a nitrogen atmosphere, and the mass loss of the constituents is noted as a function 

of temperature. The results of a thermogravimetric run can be displayed as either (i) a 

weight against temperature curve, known as a thermogravimetric (TG) curve, or (ii) a 

rate of weight loss versus temperature curve, known as a differential 

thermogravimetric (DTG) curve. The weight of the chemicals in the thermogram can 
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be scaled either as a percentage of the overall weight or as an accurate weight scale. 

The differential thermogravimetric (DTG) curve calculates the rate of weight loss, and 

its relationship to the thermogravimetric (TG) curve provides a method for examining 

the physicochemical characteristics of the substances. The maximum peak in the DTG 

curve is identical to the point of maximum slope in the TG curve, whereas the curved 

portion of the TG curve corresponds to the apex of the DTG curve. The stability of 

the intermediates is evaluated by the height of the curve above the line at (dw/dt = 0). 

Any variation in the rate of weight loss can be shown as a trough in the DTG curve, 

which denotes two consecutive thermal reactions, or as a shoulder to a peak, which 

indicates two overlapping thermal reactions. Although the thermal events in the TG 

curve are occasionally not resolved well, they are easier to observe in the DTG curve. 

Thermogravimetric data help to determine the kinetic parameters of the thermal 

reactions involving weight gain or loss. For determination of the kinetic parameters, it 

is more practical and advantageous than traditional isothermal investigations. Nearly 

all the kinetic parameters can be assessed with a single sample and much less thermal 

data.  

 

Using several integrating approximations, (Coats & Redfern, 1963) created a well-

known equation to compute the kinetic parameters from thermal data. Here is the 

Coats-Redfern equation: 

 

    
       

  
     

  

   
   

  

  
 

 

Where α represents fraction decomposed (   
     

      
, where wi = initial weight of 

the sample, wt = weight of the sample at T K, wf = final weight of the sample) at 

temperature T K, β denotes linear heating rate, (dT/dt). E* and A are the activation 

energy and Arrhenius pre-exponential factor, respectively. R represents a general gas 

constant. By changing the data into the equation for a straight line (y = mx + c), a 

linear plot of the left side of the Coats-Redfern equation     
       

    versus 1000/T 

results in a straight line. The activation energy parameter is provided by the slope 

(E*/R), and the intercept can be used to compute the pre-exponential factor (A) 

(Bouzerafa et al., 2017; Morgan et al., 2017; Suleman et al., 2020). The present study 



 

 

95 

 

used the Coats-Redfern equation to compute many kinetic parameters. The following 

formulae have been used to calculate the additional thermodynamic parameters, 

including the entropy of activation (ΔS*), enthalpy of activation (ΔH*), and energy of 

activation (ΔG*):  

        
  

   
  

            

               

 

In the above equation, kB stands for the Boltzmann constant, and h for Plank's 

constant. 

 

4.5.1 TGA/DTA Study of Metal Complexes of DDAP2C 

 

The synthesized metal complexes were subjected to a thermogravimetric analysis in a 

nitrogen environment, with a linear heating rate of 20 °C/min over the temperature 

range of 40 to 750 °C (Ahmad et al., 2020). In this work, the TGA/DTA plots were 

examined to determine the thermal and kinetic parameters, and the results are 

presented in Table 14. The findings matched the structures that other analytical data 

had suggested. The TGA plot for Ni-DDAP2C (Fig. 59) displayed a four-stage of 

decomposition with temperatures ranging from 108.15 to 602.07 °C. The coordinated 

water molecules lost during the first decomposition phase resulted in a mass loss of 

0.36 mg (6.18%) over 108.15 °C and 204.98 °C (Buldurun, 2019; Emam et al., 2016). 

The second stage, which takes place in the 266.3–375.16 °C temperature range, 

partially involves a mass of 1.763 mg (34.199%) with a loss of ligand. The 

exothermal impact was noticed in this phase with a TDTG and TDTA peaks at 338.17 

and 357.80 °C, respectively (Croitor et al., 2021). The third decomposing phase was 

detected in the temperature range of 386.01-443.05 °C, with a TDTG peak at 413.60 

°C, and the loss of the ligand part had a mass of 0.711 mg (21.77%). The ultimate 

loss of the ligand moiety is represented by the fourth and final phase decomposition, 

which occurred between 493.01 and 602.07 °C with the TDTG = 567.31 °C, and a solid 

nickel oxide residue was left behind (El-Megharbel et al., 2016). The thermogram 

showed a horizontal plateau after 602.07°C, confirming the change. 
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The TGA plot of Zn-DDAP2C (Fig. 60) showed five decomposing phases with 

different shoulder peaks. With TDTG = 188.82 °C, the first decomposing step 

ranging 158.09- 214.42 °C results in the loss of three coordinated water 

molecules, equivalent to  a mass loss  of 0.143 mg  (2.56%) (Sherif & Abdel-

Kader, 2018). In the second phase of decomposition, between 319.06 and 384.83 °C, 

the loss of 0.906 mg (17.98%) of mass was observed, which may have been caused by 

a partial loss of the ligand. This stage consists of a shoulder peak at TDTG = 359.49 °C 

and an exothermal TDTA peak at 372.05 °C. The third decomposition was completed 

in the range of 394.02-464.36 °C, with a corresponding TDTG peak at 443.48 °C. This 

step may be because the ligand component was lost, with a mass loss of 1.084 mg 

(27.01%) (Sevgi et al., 2018; Turan et al., 2019). The loss of a ligand moiety with a 

mass loss of 0.824mg (32.04%) is represented by the fourth decomposition observed 

in the 500.73- 575.61°C with TDTG = 531.95 °C. The fifth and final decomposition 

step took place between 607.58 and 723.32 °C, with TDTG at 651.69 °C, which reflects 

the total loss of the ligand component, leaving a solid residue ZnO. The horizontal 

TGA curve segment verified this after 723.32 °C. This step has been completed with 

an exothermal effect and the peak of TDTA at 651.69 °C. 

 

Four decomposing phases were observed in the thermogram of Co-DDAP2C, ranging 

in temperature from 191.3 to 614.2 °C. The first disintegrating step between 191.3 

and 276 °C causes a mass loss of 0.3691 mg (14.57%), equal to three coordinated 

water molecules being lost. when the TDTG is 250.3 °C (Buldurun et al., 2020). A 

mass loss of 0.3798 mg (18.06%) was detected in the second step of disintegration 

between 287.76 and 363.28 °C, with a TDTG at 316.3 °C, which may have been driven 

by the loss of the ligand moiety partially. Decomposition of the third phase occurred 

in the temperature range of 387.3-480.4 °C, with ligand loss of 0.3673 mg (22.18%) 

having a TDTG peak at 405.9 °C. The fourth and last decomposition stage occurred 

between 529.6 and 614.2 °C, with a shoulder peak at 571.4 °C, a TDTG at 553.7 °C and 

a TDTA peak at 562.4 °C, reflecting the complete loss of the ligand component (0.8448 

mg, 76.44%), leaving a solid cobalt oxide residue. A horizontal plateau in the 

thermogram after at 614.2 °C confirmed this transition. The thermograms of Co-

DDAP2C are exhibited in Figure 61. 
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A three-step decomposition pattern with temperatures ranging from 134.35 to 612.39 

°C was observed on the Cu-DDAP2C thermogram (Fig. 62). The first disintegrating 

phase occurred between 134.36 and 200.96 °C, with a TDTG at 178.3 °C leading to a 

mass loss of 0.1883 mg (10.42%), equivalent to three water molecules lost. The 

partial loss of the ligand moiety may be the cause of the mass loss of 0.1796 mg 

(12.04%) that was observed during the second stage of decomposition, which took 

place between 268.24 and 351.08 °C with a TDTG at 317.1 °C. The third and final 

decomposition was observed at 433.88-612.39°C, indicating the complete loss of the 

ligand component (0.5229 mg, 44.58%), leaving a solid CuO residue (Osypiuk et al., 

2020). This step was completed with a TDTA peak at 357.80 °C, and a TDTG peak at 

338.17 °C, indicating the exothermic process.The horizontal portion seen after at 

612.39 °C in the thermogram confirmed the solid residue of CuO. 

 

Kinetic Parameter 

 

TGA/DTA plots were analyzed to extract the kinetics and thermodynamic properties 

of metal complexes and the results are presented in Table 15.  

These details have come to light: 

 

(1)  The activation energy (E*) increased with each successive stage, suggesting a 

reduced rate of complex breakdown. A slower pace of ligand disintegration in the 

metal complex indicates that the complex is more thermally stable. 

(2)  Entropy of activation (ΔS*) values in most decomposition phases were negative, 

indicating more ordered complexes than reactants with slower reaction processes. 

Additionally, the nonspontaneous decomposition process was suggested by the 

negative values in the decomposition stages (Alturiqi et al., 2020).  

(3)  The negative enthalpy (ΔH*) for all decomposition steps revealed that the 

decompositions are exothermic (M. A. Mahmoud & Abou-elmagd, 2020). 

(4)  The fact that the value of ΔG* was positive at every step demonstrates that the 

decomposition was nonspontaneous (Howsaui et al., 2021). 
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Table 14: Thermal decomposition data of metal complexes of DDAP2C ligand 

Complex TG range (
0
C)                                                                             DTA 

 Steps Δm % found 

(Cal.) 

Ti Tf TDTG Mass 

loss 

TDTA Peak 

Ni-DDAP2C 1       6.18 108.15 204.98 173.71 0.36      -     - 

 2       34.199 266.3 375.16 338.97 1.763 357.80 Exo  

 3       21.77 386.01 443.05 413.60 0.711       -     - 

 4       57.326 493.01 602.07 567.31 1.252 569.96 Exo  

Zn-DDAP2C 1       2.56 158.09 214.42 188.82 0.143      -    - 

 2       17.98 319.06 384.83 359.49 0.906 372.05 Exo  

 3       27.01 394.02 464.36 443.48 1.084      -      - 

 4       32.04 500.73 575.61 531.95 0.824       -      - 

 5       93.56 607.58 723.32 651.69 1.394       -      - 

Co-DDAP2C 1       14.57 191.31 276.002 250.3 0.3691 - - 

 2       18.06 287.76 363.28 316.3 0.3798 - - 

 3       22.18 387.29 480.44 405.9 0.3673   

 4      76.44 529.62 614.23 553.7 0.8449 562.4 Exo 

Cu-DDAP2C 1       10.42 134.36 200.96 178.3 0.1883 -  

 2       12.04 268.24 351.08 317.1 0.1796 -  

 3       44.58 433.88 612.39 510.3 0.5229 506.2 Exo 

 

Table 15: Kinetic and thermodynamic parameters of metal complexes of DDAP2C ligand   

Comp. Step   r A  

(s
-1

) 

Tmax (K) E* 

(J/mol) 

ΔS* 

(J/K.mol) 

ΔH* 

(kJ/mol) 

ΔG* 

(kJ/mol) 

Ni- 

DDAP2C 

1 -0.99317 1316.62 446.71 877.460 -188.556 -2.836 81.393 

2 -0.99159 709.818 611.97 550.886 -196.331 -4.537 115.599 

3 -0.99082 446.783 686.60 280.348 -201.115 -5.428 132.658 

4 -0.99141 338.531 840.31 270.704 -205.101 -6.715 165.633 

Zn-DDAP2C  1 -0.99078 279.439 461.82 249.836 -201.719 -3.589 89.568 

2 -0.99168 560.628 632.49 331.812 -198.546 -4.927 120.651 

3 -0.99178 477.918 716.48 342.869 -200.909 -5.614 138.333 

4 -0.99083 338.896 804.95 258.898 -204.735 -6.433 158.368 

5 -0.99178 281.035 924.69 252.247 -207.445 -7.436 184.134 

Co-DDAP2C 1 -0.9915 9.58 x 10
2
 523.4 585.2 -192.51  -3.77 97.00 

2 -0.9900 7.24 x 10
2
 589.4 534.8 -195.82  -4.37 111.06 

3 -0.99011 5.19 x 10
2
 679.1 433.5 -199.77 -5.21 130.44 

4 -0.99007 2.79 x 10
2
 826.8 205.02 -206.56 -6.67 164.12 

Cu-DDAP2C 1 -0.99607 1.38 x 10
3
 451.4 593.7 -188.24 -3.16 81.82 

2 -0.99163 7.77 x 10
2
 590.2 565.8 -195.25 -4.34 110.90 

3 -0.99014 4.76 x 10
2
 783.4 561.86 -201.67 -5.95 152.05 
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Figure 59: Thermogram of Ni-DDAP2C 
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Figure 60: Thermogram of Zn-DDAP2C 
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Figure 61: Thermogram of Co-DDAP2C 
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Figure 62: Thermogram of Cu-DDAP2C 
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4.5.2    TGA/DTA Study of Metal Complexes of DDAP3C 

 

The thermogravimetric Analysis (TGA) was carried out in an N2 environment 

between 40 and 730 °C at a linear heating rate of 10 °C/min (Aghaei et al., 2020). The 

TGA/DTA outcomes are listed in Table 16, and Figures 63 and 64 show thermograms 

depicting different disintegration stages. Among the three phases of decomposition of 

complex 1, the first occurred within 73.6 - 147.4 °C, having the peak of TDTG at 118.1 

°C. This decomposition might result from losing 2Cl atoms and H2O molecules from 

the outer sphere. In the second phase of disintegration at 152.3 - 250.6 °C, 

coordinated H2O and a portion of the ligand moiety was lost. This action resulted in a 

mass loss of 1.1364 mg (26.05%) and with a peak of TDTG at 198.5 °C. With a mass 

loss of 0.4098 mg (17.74%) and a TDTG peak at 412.7 °C in the third stage, the whole 

ligand moiety was removed entirely, leaving a solid cobalt oxide residue. Among the 

four decomposition steps of complex 2, the first step took place at 73.6 - 147.4 °C, 

with the TDTG peak at 118.1 °C. This action suggests a mass loss of 0.108 mg 

(1.55%), which corresponds to the loss of an atom of Cl and H2O from the outer 

sphere. The loss of a portion of the ligand moiety and coordinated Cl-atoms in the 

second stage of breakdown at 156.64 - 250.43 °C range with the TDTG peak at 209.09 

°C associated with a shoulder peak of less intensity. Eliminating the ligand part 

relates to a mass loss of 1.69 mg (33.13%) in the third step of decomposition at 

342.07 - 474.57 °C with a TDTG peak at 429.42 °C. The whole ligand portion is 

eliminated in the fourth and final breakdown stage, which occurs between 551.07 and 

700.11 °C with a TDTG peak at 634.46 °C that corresponds with a mass loss of 2.718 

mg (92.11%), leaving a solid residue of ZnO (Mahdy et al., 2021). The horizontal 

segment displayed after 700.11 °C in the thermogram depicts the residue of the ZnO 

solid. 

 

The first of the four decomposition phases for complex 3 (Ni-DDAP3C) began at 

114.93 and completed at 176.45 °C, with the TDTG peak occurring at 147.2 °C. The 

loss of 2Cl atoms and H2O molecules from the outer sphere may cause the 0.3809 mg 

(6.18%) mass loss that occurred in this step. The coordinated H2O and a portion of the 

ligand moiety were lost during the second stage of disintegration, which occurred at 

244.21-356.33 °C, with a TDTG peak at 296.6 °C, this activity caused a mass loss of 
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0.8315 mg (15.19%).In the third decomposition phase at 369.83 - 483.29 °C with a 

TDTG peak at 422.6 °C, there was a mass loss of 0.9097 mg (19.81%), indicating the 

elimination of the ligand moiety. The fourth and final breakdown stage occurs 

between 495.60 and 620.21°C with a TDTG peak at 548.3 °C. It corresponds to a mass 

loss of 2.1211 mg (58.44%), eliminating the whole ligand moiety and leaving a solid 

nickel oxide residue (Ashok et al., 2020). The confirmation of the NiO residue was 

assured by the appearance of the horizontal portion after 620.21°C in the thermogram. 

The thermograms of complex 3 are depicted in Fig. 65. 

 

Among four, the initial decomposition phase of complex 4 (Cu-DDAP3C) occurred 

between 89.98 and 168.52 °C, with the TDTG peak occurring at 119.8 °C. This activity 

predicts a mass loss of 0.1986 mg (5.47%), representing the loss of water molecule 

from the outer sphere. The second stage of decomposition, which occurs between 

238.73 and 312.76 °C with a mass loss of 0.3182 mg (13.27%) with the TDTG peak at 

282.9 °C, results in the loss of the ligand part. There was a mass loss of 0.3019 mg 

(15.79%) in the third decomposition step at 349.95 - 398.39 °C with a TDTG peak at 

371.2 °C and a TDTA peak at 375 °C, suggesting the loss of a portion of ligand moiety. 

The entire ligand moiety is removed in the fourth and final decomposition stage, 

occurring at 522.85-668.44°C, corresponding to a mass loss of 0.8692 mg (66.70%), 

leaving a solid CuO residue (Kurt et al., 2020). This step has been completed with a 

TDTG at 599.8 °C and the peak of TDTA at 605.6 °C showing an exothermal empact. 

The horizontal portion in the thermogram of complex 4 confirms the rest mass of the 

copper oxide. The thermograms of complex 4 are displayed in Fig. 66. 

 

Kinetic Parameter 

 

The kinetic and thermodynamic parameters of the metal complexes of the ligand have 

been extracted from thermogravimetric (TG) and differential thermal analysis (DTA) 

curves. These parameters such as the energy of activation (E*), enthalpy change 

(ΔH*), entropy change (ΔS*), and Gibbs free energy change (ΔG*) of each 

decomposition step are evaluated by employing the Coast-Redfern equation and the 

computed values for the decomposition steps for all four complexes are summarized 

in Table 17. The E* value increases successively in each decomposition step of 

complex 1, indicating a decreasing decomposition rate. The ligand moiety 
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decomposition rate in the metal complex slowed down, pointing to more excellent 

thermal stability. Covalent bonds in complexes contribute to their stability, producing 

high activation energy (E*) for decomposition (Chaudhary et al., 2021).The positive 

values of Gibbs free energy change (ΔG*) for complex 2 indicated a nonspontaneous 

thermal process. The negative ΔS* values for the decomposition steps in complexes 

indicate an ordered activated complex over reactants or a slower reaction (Yaşar et 

al., 2021). Moreover, negative values in the decomposition steps also showed a 

nonspontaneous decomposition process. The enthalpy change value (ΔH*) is positive 

in all decomposition steps, indicating that the decomposition process is endothermic 

(Elsenety et al., 2020). Figures 65& 66 exhibit the thermograms of complexes 3 and 

4. 

Table 16: Thermal decomposition data of metal complexes of DDAP3C ligand 

Complexes TG range (°C) DTA 

 Steps Δm % found 

(Cal.) 

Ti Tf TDTG Mass loss TDTA 

Complex 1 

(Co-complex) 

1 3.86 73.57 147.35 118.13 0.17 - 

2 26.05 152.31 250.62 198.54 1.14  

3 17.74 378.05 476.31 412.68 0.40 422.89 

Complex 2 

(Zn-complex) 

1 1.55 67.77 132.65 100.91 0.10 - 

2 13.21 156.64 250.43 209.09 0.90 195.27 

3 33.13 342.07 474.57 429.42 1.69 445.36 

4 92.11 551.07 700.11 634.46 2.72 637.19 

Complex 3  

(Ni-complex) 

1 6.18 114.93 176.45 147.2 0.3809 - 

2 15.19 244.21 356.33 296.6 0.8315 - 

3 19.81 369.83 483.29 422.6 0.9097 - 

4 58.44 495.60 620.21 548.3 2.1211 - 

Complex 4 

(Cu-complex) 

1 5.47 89.98 168.52 119.8 0.1986 - 

2 13.27 238.73 312.76 282.9 0.3182 - 

3 15.79 349.95 398.39 371.2 0.3019 375 

4 66.70 522.85 668.44 599.8 0.8692 605.6 
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Table 17: Kinetic and thermodynamic parameters of metal complexes of DDAP3C ligand 

Complexes Step   r A  

(s
-1

) 

Tmax (K) E* 

(kJ/mol) 

ΔS* 

(J/K.mol) 

ΔH* 

(kJ/mol) 

ΔG* 

(kJ/mol) 

Complex 1 

(Co-complex) 

1 -0.99490 6.32 x 10
10 

391.28 86.13 -40.40 82.88 98.68 

2 -0.98210 8.09 x 10
10

 471.69 108.39 -39.89 104.46 123.28 

3 -0.98387 3.85 x 10
10

 685.83 153.15 -49.19 147.45 181.19 

Complex 2 

(Zn-complex) 

1 -0.99142      3.75 x 10
10

   374.06 82.89 - 44.35 79.78 96.36 

2 -0.99335        9.78 x 10
9
 482.24 100.59 -57.65 96.59 124.39 

3 -0.9962              4.29 x 10
8
 702.57 126.27 - 86.77 120.43 181.39 

4 -0.99907 1.72 x 10
12

 907.61 226.83 -19.94 219.28 240.08 

Complex 3 

(Ni-complex) 

1 -0.99077 1.55 x 10
3
 420.35 0.7706 -186.69 -2.72 75.75 

2 -0.99007 7.73 x 10
2
 569.75 0.7479 -194.99 -3.98 107.11 

3 -0.99017 5.37 x 10
2
 695.75 0.4727 -199.69 -5.31 133.62 

4 -0.99043 3.33 x 10
2
 821.45 0.2676 -205.05 -6.56 161.88 

Complex 4 

(Cu-complex) 

1 -0.99026 1.66 x 10
3
 392.9 0.8503 -185.55 -2.42 70.49 

2 -0.99105 8.07 x 10
2
 556.05 0.4801 -194.44 -4.14 103.98 

3 -0.99054 4.85 x 10
2
 644.35 0.2724 -199.89 -5.08 123.71 

4 -0.99060 3.52 x 10
2
 872.95 0.3312 -205.09 -6.93 172.11 
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Figure 63: Thermogram of Co-DDAP3C  
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Figure 64: Thermogram of Zn-DDAP3C  
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Figure 65: Thermogram of Ni-DDAP3C  
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4.6 X-ray Powder Diffraction (XRPD) Study 

 

In the discipline of coordination chemistry, the analysis of compounds using X-ray 

powder diffraction has shown to be an invaluable tool for complex characterization. 

Determining the crystal structure using powder diffraction data is far more 

complicated and challenging than single crystal data. This difficulty is because the 

three-dimensional crystallographic information collapses into the single-dimensional 

powder diffraction pattern. The synthesis of a single crystal for all chemical 

compounds is not possible, despite the single-crystal approach being considerably 

more suited and straightforward than the powder diffraction analysis for structure 

determination. 
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4.6.1 XRPD Study of Metal Complexes of DDAP2C  

 

The Powder X-ray diffraction analysis was performed to determine the crystal 

characteristics of DDAP2C ligand and its transition metal complexes because single-

crystal formation proved ineffective. In order to comprehend the lattice dynamics of 

the compounds, the patterns of PXRD of the compounds were assessed in the 3-80° 

(2θ) range. It gives a precise idea of the solid's purity and reveals its distinct crystal 

structure. The diffractogram showed significant peaks, which suggested that the 

material was crystalline. The full width at half maximum (FWHM) of the refined 

diffraction peaks was used to calculate the particle size (El-Shwiniy et al., 2021). The 

DDAP2C diffractogram displayed 7 reflection peaks with intense peak at 7.54429° 

and an associated d spacing value of 0.05068 Å. The average crystallite size of 8.4581 

nm proved that it was nanocrystalline. The diffractogram for Ni-DDAP2C also 

showed 8 reflection peaks, with the highest intensity peak at 24.5929° and having a d-

spacing value of 0.16405 Å. The average crystallite size of the complex is 35.8373 

nm, representing its nanocrystalline nature. Similarly, thirteen reflection peaks have 

been identified in the diffractogram of Zn-DDAP2C, with the high intensity peak 

being at 4.0995° and a corresponding d-spacing value of 0.02755 Å. The average 

crystallite size of 53.2379 nm demonstrated its nanocrystalline nature. 

 

Using Debye Scherrer's equation, the synthesized chemical's crystallite size (D) was 

calculated from PXRD patterns (Nozha et al., 2020). 

 

     
                 

 

Here, λ stands for the wavelength; θ (radians) and β stand for the diffraction angle and 

the full width at half maxima, respectively. K stands for the shape factor, a constant 

having a value of 0.9 (Özdemir, 2020). DDAP2C, Ni-DDAP2C, and Zi-DDAP2C 

have average crystallite sizes of 8.4581 nm, 35.8373 nm, and 53.2379 nm, 

respectively. Peaks with various peak intensities associated with different interplanar 

d-spacing values were found when the X-ray diffraction patterns were compared; this 

may indicate the formation of the complexes. 
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The value of (D), was used to calculate the dislocation density (δ) of the complexes 

,which represents the number of dislocation lines in the crystal per unit area (nm
-2

), 

(Ismail et al., 2021). The following equation describes the relation between average 

crystallite size (D) and dislocation density (δ): 

 

                         

 

According to calculations, the values of (δ) for Ni-DDAP2C, Zn-DDAP2C, and 

DDAP2C were 13.98 x 10
-3

, 0.779 x 10
-3

, and 0.353 x 10
-3

, respectively. The 'δ' 

values of the metal complexes differ from the ligand supporting complex formation. 

Microstrain (ε), which was calculated using the value of the peak location (2θ) and its 

related FWHM, is another significant parameter that explains the differences in the 

lattice parameters between samples (Abou Melha et al., 2021). 

 

  
 

                            

Here, β signifies the FWHM, and θ stands for the diffraction angle in radians. For 

DDAP2C, Zn-DDAP2C, and Ni-DDAP2C, the measured microstrain values were 

0.04340, 0.01127, and 0.01353, respectively. The varied values of ε ensure that the 

complexes and ligand are distinct molecules that once further affirms that the ligand is 

involved to form the complexes. Compared to its complexes, the ligand exhibits a 

considerable variation in lattice parameters across the sample. The crystallographic 

information as well as the refinement parameters are listed in Table 18, 19, and 20, 

and difractograms are shown in Figure 67. 

 

The Co-DDAP2C diffractogram showed 8 reflection peaks with maximum peak 

intensity at 16.32° and the associated d spacing value of 5.43, within a range of 0–

39.38° (2θ). The complex is nanocrystalline, as evidenced by the average crystallite 

size of 21.97 nm  (Alkıs et al., 2021). In the same way, the diffractogram of Cu-

DDAP2C displays 11 reflection peaks within 0-43.68° (2θ), with the interplanar d-

spacing value being 28.84 and the intense peak appearing at 3.06°. The average 

crystallite size value of 81 nm indicated that it was a nanocrystalline solid (Al-

Humaidi, 2019). For Co-DDAP2C and Cu-DDAP2C, the percentage of crystallinity 
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within the entire XRD scan range was 31.03 and 35.14%, respectively. The 

crystallographic data and refinement parameters for Co-DDAP2C and Cu-DDAP2C 

obtained from calculations are shown in Tables 21 and 22 and difractograms are 

displayed in Figures 68 and 69, respectively. 

 

Table 18: Crystallographic data of DDAP2C ligand 

Position  

(2 theta) 

FWHM Crystallite 

size (nm) 

Av. 

crystallite 

size (nm) 

Crystallinity 

(%) 

d- spacing Dislocation 

density x 10
-3

 

Microstrain 

x 10
-3

 

3.838 0.86 9.2383 8.458 93.183 0.0257 11.7169 112.042 

7.544 0.925 8.6017   0.0506 13.5152 61.2537 

11.48 0.855 9.3304   0.0770 11.4867 37.1427 

15.386 0.741 10.8079   0.1031 8.56084 23.9586 

19.367 1.032 7.8043   0.1295 16.4184 26.4054 

23.39 1.399 5.7954   0.1561 29.7733 29.5042 

39.286 1.105 7.6286   0.2589 17.1831 13.5168 

 

Table 19: Crystallographic data of Ni-DDAP2C 

Position  

(2 theta) 

FWHM Crystallite 

size (nm) 

Av. 

crystallite 

size (nm) 

Crystallinity 

(%) 

d- spacing Dislocation 

density x 10
-3

 

Microstrain 

x 10
-3

 

4.703 0.049 160.755 35.837 46.463 0.0316 0.0386 5.2546 

8.480 0.368 21.6   0.0569 2.1432 21.704 

12.047 0.711 11.234   0.0808 7.9228 29.4 

16.099 0.576 13.91   0.1078 5.1665 17.792 

20.652 0.433 18.6   0.1380 2.8883 10.392 

22.572 0.541 14.94   0.1507 4.4757 11.849 

24.592 0.357 22.77   0.1640 1.928 7.1468 

37.400 0.366 22.86   0.2469 1.9124 4.728 
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Table 20: Crystallographic data of Zn-DDAP2C 

Position  

(2 theta) 

FWHM Crystallite 

size (nm) 

Av. 

crystallite 

size (nm) 

Crystallinity 

(%) 

d- spacing Dislocation 

density x 10
-3

 

Microstrain 

x 10
-3

 

4.099 0.169 46.923 53.237 53.199 0.0275 0.4541 20.6536 

6.156 0.195 40.734   0.0413 0.6026 15.8464 

8.307 0.318 25.009   0.0557 1.5988 19.1355 

9.221 0.185 42.909   0.0619 0.5431 10.0492 

11.19 0.244 32.703   0.0751 0.9349 10.8648 

12.329 0.245 32.591   0.0827 0.9414 9.9042 

15.312 0.549 14.591   0.1026 4.6967 17.8305 

20.739 0.589 13.704   0.1386 5.3246 14.0522 

22.563 0.605 13.375   0.1506 5.5896 13.2472 

24.934 0.349 23.304   0.1662 1.8413 6.8901 

29.322 0.130 63.040   0.1949 0.2516 2.1724 

33.669 0.387 21.409   0.2230 2.1815 5.5902 

46.206 0.026 321.79   0.3022 0.0096 0.2745 

 

Table 21: Crystallographic data of Co-DDAP2C 

Position  

2 Theta 

FWHM Crystallite 

size (nm) 

Average 

Crystallite 

size (nm) 

d-spacing 

(Å) 

dislocation 

density (δx 

10
-3

 nm
-2

) 

Microstrain 

x 10
-3

 

Crystallinity 

(%) 

12.50 0.5206 15.3487 21.965 7.0739 4.2447 20.7395 31.03 

14.47 0.3716 21.549  6.1154 2.1534 12.7705  

16.31 0.2977 26.951  5.4272 1.3767 9.06184  

20.76 0.4468 18.072  4.2746 3.0616 10.6435  

21.53 0.4002 20.204  4.1239 2.4496 9.18497  

22.70 0.3176 25.512  3.9125 1.5364 6.9012  

32.21 0.3502 23.605  2.7767 1.7945 5.2933  

39.38 0.3447 24.478  2.286 1.6689 4.2026  
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Table 22: Crystallographic data of Cu-DDAP2C 

Position  

 

2 Theta FWHM 

Crystallite 

size (nm) 

Average 

Crystallite 

size (nm) 

d-spacing 

(Å) 

dislocation 

density (δx 

10
-3

 nm
-2

) 

Microstrain 

x 10
-3

 

 

Crystallinity 

(%) 

3.06 0.0728 109.058 88.36 28.8387 0.084 11.899 35.14 

6.1 0.0890 89.318  14.4577 0.1253 7.284  

9.16 0.0927 85.945  9.6412 0.1353 5.0479  

12.22 0.0879 90.823  7.2323 0.1212 3.5833  

16.32 0.3634 22.081  5.4242 2.0508 11.054  

24.63 0.2166 37.539  3.6105 0.7096 4.328  

27.69 0.1087 75.21  3.2179 0.1767 1.9253  

34.01 0.1083 76.69  2.6338 0.17 1.5453  

37.19 0.0505 165.71  2.4154 0.0364 0.6559  

40.43 0.1387 61.011  2.2287 0.2686 1.6438  

43.67 0.0539 158.57  2.0706 0.0397 0.5876  
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Figure 67: Diffractogram of (a) Zn-DDAP2C, (b) DDAP2C, (c) Ni-DDAP2C 
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Figure 68: Diffractogram of Co-DDAP2C 
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Figure 69: Diffractogram of Cu-DDAP2C 
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4.6.2 XRPD Study of Metal Complexes of DDAP3C 

 

PXRD was used to estimate the crystal parameters because attempts at single-crystal 

development were unsuccessful, even though single-crystal X-ray crystallography 

(SC- XRD) is a highly reasonable method for analyzing complex structures. Figures 

70, 71, and 72 exhibit the diffractogram for HL and its metal complexes. The HL 

diffractogram showed 13 reflection peaks between 0° and 27° in the 2θ range, with an 

intense peak at 10.75° and an associated d-spacing value of 0.072 Å. Similarly, the 

complexes 1 and 2 diffractograms also exhibited 13 and 25 reflection peaks, with the 

high intensity peaks at 23.54° (d = 0.157) and 11.21° (d = 0.075), respectively, 

throughout the whole X-ray scan range. Debye-Scherrer's equation was used to 

determine their average crystallite size (Devi et al., 2018). The HL and complexes 1 

and 2 had crystallite sizes that were, respectively, 119.88, 17.35, and 27.44 nm, 

indicating the nanocrystalline nature of the compounds (Al-Mohaimeed et al., 2020).  

A reduction in crystallite size was seen, and the change in XRD patterns revealed 

coordination between the ligand and the metal for complex formation. The smaller 

crystallite size accounts for the superior antibacterial efficacy of metal complexes 

over the Schiff base (Palanimurugan et al., 2019). The fraction of crystalline peaks 

across the XRD scan range is known as crystallinity. According to the calculations, 

these HL, complexes 1, and 2 are 85.8, 28.7, and 58.2%, respectively. The 

crystallographic data and refinement parameters of HL and complexes are presented 

in Tables 23, 24, and 25. Microstrain (ε) is the fluctuation in the lattice parameters, 

and dislocation density (δ) is the number of dislocation lines in the crystal per unit 

area (nm
-2

) that results in a crystallographic defect (Alshater et al., 2021). 

 

The diffractogram of complex 3 has exhibited 14 reflection peaks in the range of 2θ 

(0-47°), having an intense peak at 16.29°and a corresponding d-spacing of 5.44 Å. Its 

average crystallite size of 20.6 nm indicated that it was a nanocrystalline solid 

(Abouzayed et al., 2020). The diffractogram for complex 4 recorded 8 reflection 

peaks in 2θ (0-40°) range, with a high intensity peak at 9.15° and the matching 

interplanar d-spacing of 9.65 Å. The value of average crystallite size 16.86 nm 

revealed its nanocrystalline nature (Palanimurugan & Kulandaisamy, 2018). The 

percentage of crystallinity across the XRD scan range for complexes 3 and 4 were 55 

and 35.38%, respectively. Tables 26, 27, and 28 present the crystallographic 
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information and refinement parameters for complexes 3 and 4. The difractogram 

images are exhibited in Figures 73 and 74, respectively. 

 

Table 23: Crystallographic data of DDAP3C ligand 

Position  

(2 θ) 

FWHM Crystallite 

size (nm) 

Av. crystallite 

size (nm) 

Crystallinity 

(%) 

d- spacing Dislocation 

density x 10
-3

 

Microstrain 

x 10
-3

 

5.3 0.0436 182.11 119.87 85.82 0.0356 0.0301 4.1132 

5.59 0.045 176.59   0.0376 0.0320 4.0193 

10.75 0.0754 105.78   0.0721 0.0893 3.4983 

11.03 0.0464 171.97   0.0740 0.0338 2.0958 

16.21 0.0622 129.01   0.1086 0.06 1.9052 

16.37 0.0467 171.60   0.1096 0.0339 1.4186 

19.64 0.1305 61.74   0.1314 0.2623 3.2908 

20.25 0.255 31.64   0.1354 0.9985 6.2289 

21.68 0.0608 132.90   0.1449 0.0566 1.3864 

21.87 0.0606 133.32   0.1461 0.0562 1.3703 

22.51 0.1453 55.71   0.1503 0.3221 3.1864 

26.30 0.0777 104.99   0.1752 0.0907 1.4511 

27.23 0.0809 100.97   0.1813 0.098 1.4581 

 

Table 24: Crystallographic data of Complex 1 

Position  

(2 θ) 

FWHM Crystallite 

size (nm) 

Av. crystallite 

size (nm) 

Crystallinity 

(%) 

d- spacing Dislocation 

density x 

10
-3

 

Microstrain 

x 10
-3

 

5.45 0.3773 21.07 17.346 28.715 0.0366 2.2514 34.5692 

8.35 0.3528 22.57   0.056 1.9627 21.088 

11.1 1.6276 4.9   0.0745 41.5834 73.0456 

16.17 0.4984 16.09   0.1083 3.8581 15.3038 

16.79 0.31 25.9   0.1124 1.4905 9.1646 

18.36 1.6824 4.78   0.1229 43.7067 45.4168 

20.27 0.283 28.51   0.1355 1.2301 6.9078 

22.02 0.5812 13.92   0.1471 5.1581 13.035 

23.54 0.3946 20.56   0.1571 2.3649 8.2623 

24.41 3.3449 2.42   0.1628 169.3561 67.4578 

27.14 0.3641 22.44   0.1807 1.985 6.5818 

33.98 0.333 24.94   0.225 1.6072 4.7556 

39.18 0.7254 11.62   0.2583 7.4007 8.8917 
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Table 25:  Crystallographic data of Complex 2 

Position  

(2 θ) 

FWHM Crystallite 

size (nm) 

Av. 

crystallite 

size (nm) 

Crystallinity 

(%) 

d- 

spacing 

Dislocation 

density x 10
-

3
 

Microstrain 

x 10
-3

 

3.11 0.1737 45.75 27.43 58.27 0.0209 0.4777 27.8729 

8.82 0.2503 31.82   0.0592 0.9873 14.1553 

9.49 0.4806 16.58   0.0637 3.6361 25.2672 

11.20 0.3228 24.72   0.0752 1.6352 14.3537 

12.46 1.0955 7.29   0.0835 18.7932 43.786 

15.03 0.2192 36.55   0.1007 0.7485 7.2501 

16.63 0.2944 27.26   0.1114 1.3453 8.7896 

19.19 0.4623 17.42   0.1284 3.2931 11.9318 

20.94 0.6194 13.04   0.14 5.8796 14.623 

22.37 0.3004 26.95   0.1494 1.3765 6.63 

22.58 2.0279 3.99   0.1508 62.662 44.31 

24.62 0.3403 23.89   0.1642 1.7516 6.803 

26.39 0.5157 15.82   0.1758 3.9941 9.5941 

27.65 0.2831 28.89   0.184 1.1978 5.02 

28.12 0.2645 30.96   0.1871 1.0432 4.607 

30.36 0.2604 31.6   0.2017 1.0008 4.1868 

31.01 0.2216 37.19   0.2059 0.7227 3.4848 

32.78 0.2633 31.44   0.2174 1.0115 3.9059 

33.45 0.2178 38.07   0.2217 0.6898 3.163 

37.83 0.2417 34.73   0.2497 0.8289 3.0785 

44.74 0.3594 23.89   0.2932 1.7508 3.8105 

51.57 0.2212 39.86   0.335 0.629 1.9986 

53.94 0.2872 31.027   0.3493 1.0387 2.4631 

58.07 0.273 33.28   0.3739 0.9028 2.1457 

60.92 0.2722 33.85   0.3904 0.8723 2.0195 
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Table 26:  Crystallographic data of Complex 3  

Position 

2 Theta 

FWHM Crystallite 

size (nm) 

Average 

Crystallite 

size (nm) 

d-spacing 

(Å) 

dislocation 

density (δx 

10
-3

 nm) 

Microstrain 

x 10
-3

 

Crystallinity 

(%) 

8.63 0.4973 16.0199 20.697 10.2322 3.8965 28.742  55 

9.85 0.2056 38.7827  8.9706 0.6648 10.408  

12.15 0.3099 25.7765  7.275 1.5050 12.7  

16.28 0.4472 17.9454  5.4377 3.1052 13.635  

19.02 0.3931 20.4873  4.6617 2.3824 10.2394  

20.33 0.2255 35.7788  4.3644 0.7811 5.4892  

22.17 0.3080 26.2769  4.0055 1.4482 6.8596  

23.31 1.1646 6.9652  3.8114 20.612 24.624  

27.36 0.6243 13.096  3.2566 5.8306 11.19  

32.76 0.2593 31.926  2.7313 0.981 3.849  

33.62 1.9995 4.1503  2.6634 58.054 28.87  

37.47 0.3549 23.633  2.3977 1.7903 4.565  

40.16 0.7116 11.885  2.2432 7.0787 8.493  

47.04 0.5086 17.035  1.9301 3.4458 5.098  

 

Table 27:  Crystallographic data of Complex 4 

Position 

2 Theta 

FWHM Crystallite 

size (nm) 

Average 

Crystallite 

size (nm) 

d-spacing 

(Å) 

dislocation 

density  

(δx 10
-3

 nm
-

2
) 

Microstrain 

x 10
-3

 

Crystallinity 

(%) 

6.08 0.2666 29.832 16.864 14.5201 1.1236 21.902  35.38 

  9.15 0.2896 27.516  9.6543 1.3206 15.788  

12.23 0.3050 26.191  7.2292 1.4577 12.420  

14.38 0.3678 21.767  6.1514 2.1105 12.716  

20.44 0.6396 12.619  4.3411 6.2794 15.480  

24.09 2.3921 3.3958  3.6898 86.718 48.896  

32.12 1.6440 5.0283  2.7843 39.550 24.918  

39.87 0.9866 8.5647  2.2589 13.632 11.868  
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Table 28: Crystal parameters of DDAP3C and complexes 

Compounds No. of 

crystalline 

peaks 

Av. crystallite 

size (nm) 

Crystallinity 

(%) 

Dislocation density 

x 10
-3

 range 

Microstrain x 

10
-3

 range 

HL (DDAP3C) 13 119.87 85.82 0.03-0.99 1.37-6.22 

Complex 1 13 17.35 28.71 1.23-169.35 4.75-73.04 

Complex 2 25 27.43 58.27 0.47-62.66 1.99-44.31 

Complex 3 14 20.69 55.00 0.66-58.05 3.85-28.88 

Complex 4 08 16.86 35.38 1.12-86.72 11.87-48.89 
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Figure 70: Diffractogram of DDAP3C ligand 
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Figure 71: Diffractogram of Co-DDAP3C  
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Figure 72: Diffractogram of Zn-DDAP3C  
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Figure73: Diffractogram of Ni-DDAP3C  
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Figure 74: Diffractogram of Cu-DDAP3C  
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4.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) 

Analysis 

 

4.7.1 SEM and EDX Analysis of DDAP2C and Metal Complexes 

 

Scanning electron microscopy (SEM) analysis was used to investigate how the 

surface topology of the metal complexes is significantly altered by the coordination of 

the ligand with the metal, and the SEM micrographs of DDAP2C and its complexes 

are displayed in Figure 75. The SEM micrograph of the DDAP2C revealed a broken 

ice-like structure connected to the heterogeneous matrix. Ni-DDAP2C showed a rock-

like structure with a small, non-uniform matrix dispersed throughout it. The SEM 

micrograph of Zn-DDAP2C resembled that of broken glass, over which the uneven 

distribution of the matrix was seen (Alharbi et al., 2021; Tadavi et al., 2018). 

 

The SEM micrograph of Co-DDAP2C appeared to have a massive block of rock 

smashed across its body (Ramesh et al., 2019). Similarly, the SEM micrograph of the 

Cu-DDAP2C complex shows an uneven surface with hollow regions packed with the 

gravels (Kheirkhahi et al., 2021). 

 

The elemental composition of metal complexes was ascertained using the energy-

dispersive X-ray diffraction analysis (EDX) method. The molecules of Ni-DDAP2C, 

Zn-DDAP2C, Co-DDAP2C, and Cu-DDAP2C, which are made up of vital elements 

including C, O, and Cl, as well as metal components, were detected in their EDX 

profile, which supports their predicted chemical structures. The EDX micrographs 

displayed various elements at different positions (Majumdar et al., 2020). The 

complexes were further analyzed with the SEM-EDX technique, where brighter 

portions of the SEM micrograph of the complexes revealed the presence of Ni, Zn, 

Co, and Cu ions as the metal (Shah et al., 2020). The EDX images of Ni-DDAP2C, 

Zn-DDAP2C, Co-DDAP2C, and Cu-DDAP2C are shown in Figures 76-79, and the 

elemental composition data are presented in Table 29. 



 

 

123 

 

 

          

 

Figure 75: SEM micrograph of (a) DDAP2C, (b) Ni-DDAP2C, (c) Zn-DDAP2C, (d) Co-DDAP2C, (e) 

Cu-DDAP2C 

 

Table 29: Elemental composition data of metal complexes of DDAP2C ligand from EDX analysis 

Element Ni-DDAP2C Zn-DDAP2C Co-DDAP2C Cu-DDAP2C 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight (%) Atomic (%) 

C 76.11 87.59 68.39 86.8 42 55.77 42 62.2 

O 8.03 6.93 3.96 3.77 34.51 34.4 20.07 22.31 

Cl 11.26 4.39 15.14 6.51 19.36 8.71 21.97 11.02 

Ni 4.6 1.08 - - - - - - 

Zn - - 12.51 2.92 - - - - 

Co - - - - 4.13 1.12 - - 

Cu - - - - - - 15.96 4.47 
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Figure 76: EDX micrograph of Ni-DDAP2C  

 

Figure 77: EDX micrograph of Zn-DDAP2C 

 

Figure 78: EDX micrograph of Co-DDAP2C 
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Figure 79: EDX micrograph of Cu-DDAP2C 

 

4.7.2 SEM and EDX Analysis of DDAP3C and Metal Complexes 

 

The SEM micrographs depict the surface morphology of the samples as examined 

using scanning electron microscopy (SEM), and the micrographs are depicted in Fig. 

80. The micrograph of the HL ligand displayed a fragmented rock-like structure 

associated with an uneven distribution of rod-shaped particles. The surface of 

complex 1 was seen as unevenly distributed morphological mass, while the entire 

surface of complex 2 displayed irregularly dispersed ballast (C. Justin Dhanaraj & 

Jebapriya, 2020; Nagaveni et al., 2018). 

 

The SEM micrograph of complex 3 appeared to have a broken rock-like structure 

over which a needle-like matrix is distributed unevenly. A rough surface of irregularly 

shattered layers has appeared in the SEM micrograph of complex 4 (Fathima et al., 

2019; Kumar & Nath, 2019). 

 

Applying electron diffraction X-ray (EDX) analysis, the elemental compositions of 

the produced compounds were identified. The results are shown in Table 30. The 

EDX investigation identified various non-metal atoms and the corresponding metals, 

including N, O, and Cl (Alothman et al., 2019). The EDX micrographs of the 
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prepared complexes are illustrated in Figs 81, 82, 83, and 84. The elemental data 

reflect the purity of the complexes. 

 

Table 30: Elemental composition data of metal complexes of DDAP3C ligand from EDX analysis 

Element Complex 1 Complex 2 Complex 3 Complex 4 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

C 79.54 91.42 57.18 81 62.43 83.1 53.58 76.78 

O 3.02 2.61 3.09 3.29 5.24 5.24 9.5 10.22 

Cl 12.17 4.74 19.07 9.15 16.01 7.22 14.01 6.8 

Co 5.27 1.23 - - - - - - 

Zn - - 18.19 4.74 - - - - 

Ni - - - - 16.32 4.44 - - 

Cu - - - - - - 22.92 6.21 

 

 

 

 
Figure 80: SEM micrograph of (a) DDAP3C, (b) Co-DDAP3C, (c) Zn-DDAP3C, (d) Ni-DDAP3C, (e) 

Cu-DDAP3C 
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Figure 81: EDX micrograph of Co-DDAP3C  

 

Figure 82: EDX micrograph of Zn-DDAP3C  
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Figure 83: EDX micrograph of Ni-DDAP3C  

 

Figure 84: EDX micrograph of Cu-DDAP3C  

 

4.8 Proposed Molecular Structures and Geometry 

 

The molecular geometry of the complexes is suggested after a detailed study of the 

analytical, magnetic, and spectroscopic results, along with the use of computational 

software. The computer software incorporates a database and a set of principles to 
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create the structure of the complexes. The investigation of suggested molecular 

structures can exercise various bonding properties such as bond lengths, bond 

energies, and bond angles around the metal core. ChemDraw and the ArgusLab 

computer package are the computational tools used in the current work to design the 

molecular structure of the ligand and complexes. Based on experimental data, the 

potential structures of the complexes under study are displayed in Figures 86 – 93.  

 

 

Figure 85:  Proposed structure of Ni-DDAP2C complex 

 

 

Figure 86:  Proposed structure of Zn-DDAP2C complex 

 

 

Figure 87:  Proposed structure of Co-DDAP2C complex 

 

 

Figure 88:  Proposed structure of Cu-DDAP2C complex 
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Figure 89:  Proposed structure of Co-DDAP3C complex  

 

 

Figure 90:  Proposed structure of Zn-DDAP3C complex  

 

 

Figure 91:  Proposed structure of Ni-DDAP3C complex  

 

 

Figure 92:  Proposed structure of Cu-DDAP3C complex  
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4.9 Molecular Modeling Study 

 

Molecular modeling is a computational approach that provides a much more precise 

evaluation of theoretical predictions about the structure of the molecules. The best 

way to gain information about molecules' chemical and physical properties is to use a 

molecular modeling software package (Fetoh et al., 2018). An understanding of the 

behavior of molecules can be obtained through theoretical predictions such as electron 

density and electrostatic potential maps. In our study, we achieved reasonable and 

low-energy molecular geometry by manipulating and modifying the molecular 

coordinates to ensure the correct stereochemistry of the complexes. Minimum energy 

has been found by repeating the energy minimization process several times (Bargujar 

et al., 2017). Additional evidence for their coordination comes from the variation in 

metal-nitrogen bond length in the complexes compared to the ligand. The ArgusLab 

molecular modeling program extensively optimized the most stable conformer using 

molecular orbital functions PM3 (Gaber et al., 2018). In CsChemOffice 3D Ultra 

software, MM2 calculations optimized the minimum geometrical energy of 

complexes, similar to those calculated in ArgusLab software. 

 

4.9.1 Molecular Modeling Study of Metal Complexes of DDAP2C 

 

According to the 3D structures of the metal complexes optimized by MM2 

calculations, the details of the bond angles and bond lengths are provided in Table 31. 

The optimized structures of the metal complexes are displayed in Figures 93 to 97. 

The CsChem 3D Ultra software program was used to study 3D molecular modeling of 

the probable metal complexes, and optimized structures indicated that the Ni-

DDAP2C, Co-DDAP2C, and Zn-DDAP2C complexes have octahedral geometry 

whereas Cu-DDAP2C has dinuclear tetrahedral structure. Several spectral techniques 

also support this investigation of the complex geometry. According to the energy 

minimization values for the metal complexes, their stability is maximum. The fact that 

the values of the metal-nitrogen and metal-oxygen bonds have changed in the 

complexes compared to the ligand further supports their coordination.   
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Figure 93: 3D-optimized geometrical structure of DDAP2C  

 

 

Figure 94: 3D-optimized geometrical structure of Ni-DDAP2C  

 

 

Figure 95: 3D-optimized geometrical structure of Zn-DDAP2C 
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Figure 96:3D-optimized geometrical structure of Co-DDAP2C 

 

Figure 97: 3D-optimized geometrical structure of Cu-DDAP2C 
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Table 31: Selected bond lengths and bond angles of metal complexes of DDAP2C ligand  

Complex  Bonded Atoms Bond length 

(Å) 

Bonded Atoms Bond angle                   

(
o
) 

Final geom. 

energy 

DDAP2C  C(1)-N(5)  1.241   18.9431 

kcal/mol  

  

 

C(4)-N(5)  1.251    

C(3)-C(4) 1.376    

C(2)-C(3) 1.366   

C(1)-C(2) 1.372   

N(7)-C(9) 1.471   

C(6)-N(7) 1.278     

C(4)-C(6)  1.344    

Ni-  

DDAP2C  

O(23)-Ni(21) 1.890  O(23)-Ni(21)-O(25) 160.200  205.0921 

kcal/mol  

 

 

O(25)-Ni(21)  1.840  O(23)-Ni(21)-O(24) 78.639  

O(24)-Ni(21) 1.826  O(23)-Ni(21)-N(5) 102.474  

N(5)-Ni(21) 1.804 O(23)-Ni(21)-Cl(22) 81.841  

Ni(21)-Cl(22)  2.180 O(23)-Ni(21)-N(7) 90.544  

N(7)-Ni(21)  1.827  O(25)-Ni(21)-O(24)  81.824 

N(7)-C(9) 1.494 O(25)-Ni(21)-N(5)  97.149  

C(6)-N(7) 1.257 O(25)-Ni(21)-Cl(22)  94.589  

C(4)-C(6) 1.346 O(25)-Ni(21)-N(7)  94.451  

  O(24)-Ni(21)-Cl(22)  88.693  

  O(24)-Ni(21)-N(7)  95.316  

  N(5)-Ni(21)-Cl(22) 93.103  

  N(5)-Ni(21)-N(7) 83.040  

  Cl(22)-Ni(21)-N(7)  170.549 

  Ni(21)-N(7)-C(9) 114.497 

  Ni(21)-N(7)-C(6) 116.263 

  Ni(21)-N(5)-C(1) 136.846 

  Ni(21)-N(5)-C(4) 110.205 

Zn-

DDAP2C  

O(25)-Zn(21)  1.929  O(25)-Zn(21)-O(24)  81.471 155.3826 

kcal/mol  

  

O(24)-Zn(21)     1.892 O(25)-Zn(21)-O(23)  73.981 

O(23)-Zn(21)  1.918  O(25)-Zn(21)-Cl(22)  83.807 

Zn(21)-Cl(22 2.237 O(25)-Zn(21)-N(5)  87.600 

N(5)-Zn(21) 1.921  O(25)-Zn(21)-N(7)  169.725  

N(7)-Zn(21)  1.934 O(24)-Zn(21)-O(23)  155.388  

N(7)-C(9) 1.567 O(24)-Zn(21)-Cl(22)  82.273  

C(6)-N(7) 1.285 O(24)-Zn(21)-N(5)  96.101  

C(4)-C(6) 1.330 O(24)-Zn(21)-N(7)  96.896  

  O(23)-Zn(21)-Cl(22)  96.600  

  O(23)-Zn(21)-N(5)  81.336 
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  O(23)-Zn(21)-N(7) 106.939  

  Cl(22)-Zn(21)-N(5) 171.398 

  Cl(22)-Zn(21)-N(7) 106.090 

  N(5)-Zn(21)-N(7) 82.475 

  Zn(21)-N(7)-C(9) 123.434 

  Zn(21)-N(7)-C(6) 111.925 

  C(1)-N(5)-Zn(21)  140.573 

   Zn(21)-N(5)-C(4) 106.980 

Co-DDAP2C N(17)-C(6) 1.27, 1.260 Cl(43)-Co(41)-N(17) 95.61 345.62 

kcal/mol  N(15)-C(13) 1.270, 1.260 O(42)-Co(41)-Cl(43) 95.36 

Cl(43)-Co(41) 2.17 N(15)-Co(41)-O(42) 91.94 

O(42)-Co(41) 1.14, 0.600 N(17)-Co(41)-N(12) 96.17 

Co(41)-N(15) 1.87 N(5)-Co(41)-N(12) 84.17 

Co(41)-N(5) 1.85 N(15)-Co(41)-N(5) 90.16 

Co(41)-N(12) 1.85 -         - 

Co(41)-N(17) 1.87 -          - 

Cu-DDAP2C C(6)-N(8) 1.28, 1.260 N(8)-Cu(42)-N(5) 

 

100.28 426.43 

kcal/mol  

N(5)-Cu(42) 1.85 Cu(41)-O(43)-Cu(42) 91.31 

N(8)-Cu(42) 1.32, 1.30 Cu(41)-O(48)-Cu(42) 91.56 

Cu(41)-N(15) 1.36, 1.30 N(28)-Cu(41)-N(25) 99.78 

Cu(42)-O(48) 1.86 O(43)-Cu(42)-N(5) 104.96 

Cu(42)-O(43) 1.87 O(48)-Cu(42)-N(8) 125.84 

O(43)-Cu(41) 1.86 O(43)-Cu(41)-N(25) 113.72 

Cu(41)-N(25) 1.85 O(48)-Cu(41)-N(28) 121.83 

Cu(41)-N(28) 1.32, 1.30 -          - 

C(26)-N(28) 1.28, 1.26 -          - 

Cu(41)-O(48) 1.87 -          - 

 

4.9.2 Molecular Modeling Study of Metal Complexes of DDAP3C 

 

The three-dimensional setting of the various atoms in the molecules is clearly 

understood by computational investigation of the compounds. When ligands formed 

complexes, the geometry optimization indicated structural changes. The lowest 

optimized energies of complexes 1, complex 2, and HL were found to be 815.28, 

312.85, and 19.34 kcal/mole, respectively, after many energy optimization cycles. The 

details of the energy and bonding parameters determined by molecular modeling for 

the ligand and complexes are shown in Table 32. The azomethine bond (-HC=N) 
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(1.26) of the ligand HL was extended to 1.29 and 1.27 in complexes 1 and 2, 

respectively. Complex 2 may be more stable than complex 1 because of its low 

energy (El-Boraey & El-Salamony, 2018). The bond angle and bond length are also in 

agreement with the distorted trigonal bipyramidal geometry of complex 2 and the 

octahedral geometry of complex 1, respectively.  Similarly, complex 3 revealed an 

octahedral geometry, and complex 4 agreed with the tetrahedral geometry after 

geometry optimization of the respective complexes. The table shows that 

complexation causes the coordinated atoms of the ligand (HL) to have less electron 

density and increase bond lengths (Siddappa et al., 2014). 

 

Furthermore, it was determined that the structural parameter (geometry index, τ5) of 

complex 2 was 1.1, rather than the ideal value of 1 for precisely trigonal-bipyramidal 

geometry (Addison & Rao, 1984; Hoskins & Whillans, 1973). This distortion 

supports pentacoordination with distorted trigonal bipyramidal geometry around the 

zinc atom. The optimized three-dimensional structures of HL and complexes are 

illustrated in Figs 98-102. 

 

  

Figure 98: 3D-optimized geometrical structure of DDAP3C 
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Figure 99: 3D-optimized geometrical structure of Co-DDAP3C  

 

 

Figure 100: 3D-optimized geometrical structure of Zn-DDAP3C  
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Figure 101: 3D-optimized geometrical structure of Ni-DDAP3C  

 

Figure 102: 3D-optimized geometrical structure of Cu-DDAP3C  
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Table 32: Selected bond lengths and bond angles of metal complexes of DDAP3C ligand 

Compounds  Bonded 

Atoms 

Bond length 

(Å) 

Bonded Atoms Bond angle                   

(
o
) 

Final geom. 

energy 

HL  

(DDAP3C) 

C(4)-N(5)  1.26    19.34 

kcal/mol  

  

 

N(5)-C(1)  1.26    

C(7)-N(9) 1.26    

N(9)-C(10) 1.48    

Complex 1 

(Co-complex) 

Co(16)-N(13) 1.88 O(41)-Co(16)-O(40) 91.75 815.28 

kcal/mol  

 

Co(16)-N(12) 1.88 N(12)-Co(16)-N(13) 161.35 

Co(16)-O(41) 1.17 N(15)-Co(16)-N(9) 107.59 

O(40)-Co(16) 1.17 N(13)-Co(16)-O(40) 94.93 

Co(16)-N(9) 1.88 N(12)-Co(16)-O(41) 94.47 

Co(16)-N(15) 1.88 N(15)-Co(16)-N(12) 85.36 

C(11)-N(13) 1.29  O(40)-Co(16)-N(9) 80.03 

C(10)-N(12) 1.29  N(12)-Co(16)-N(9) 83.84 

Complex 2 

(Zn-complex) 

Zn(16)-N(9) 1.94 N(15)-Zn(16)-N(9) 97.29 312.85 

kcal/mol  

   

Zn(16)-N(13) 1.94 N(15)-Zn(16)-N(13) 96.82 

Zn(16)-N(12) 1.94 N(12)-Zn(16)-N(15) 90.70 

Zn(16)-Cl(40) 2.25 N(9)-Zn(16)-N(12) 163.81 

N(15)-Zn(16) 1.94 N(13)-Zn(16)-N(9) 90.92 

N(12)-C(10) 1.27    N(12)-Zn(16)-N(13) 102.1 

N(13)-C(11) 1.27     N(13)-Zn(16)-Cl(40) 154.99 

  N(12)-Zn(16)-Cl(40) 83.36 

  N(15)-Zn(16)-Cl(40) 107.56 

  Cl(40)-Zn(16)-N(9) 80.82 

Complex 3 

(Ni-complex) 

Cl(43)-Ni(41) 

 

2.16 O(42)-Ni(41)-Cl(43) 81.17 408.77 

kcal/mol 

O(42)-Ni(41) 1.84 N(15)-Ni(41)-O(42) 95.04 

N(8)-Ni(41) 1.87 N(8)-Ni(41)-N(15) 92.95 

N(15)-Ni(41) 1.86 N(17)-Ni(41)-Cl(43) 102.87 

N(17)-Ni(41) 1.86 N(8)-Ni(41)-N(17) 103.39 

N(17)-C(6) 1.280, 1.260 N(15)-Ni(41)-N(1) 102.37 

C(13)-N(15) 1.280, 1.260 -     - 

N(1)-Ni(41) 1.87 -     - 

Complex 4 

(Cu-complex) 

N(17)-Cu(41) 1.34, 1.30 N(1)-Cu(41)-N(17) 107.16 421.64 

kcal/mol  Cu(41)-N(1) 1.87 N(8)-Cu(41)-N(1) 102.98 

Cu(41)-N(8) 1.88 N(15)-Cu(41)-N(8) 105.99 

Cu(41)-N(15) 1.36, 1.30 N(17)-Cu(41)-N(15) 119.54 

N(15)-C(13) 1.31, 1.26   

N(17)-C(6) 1.29, 1.26   
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4.10 Antibacterial Activity Study 

 

The most recent developments in pharmaceutical research involve using metals as a 

significant chemotherapeutic agent in medication systems (Arunadevi & Raman, 

2020). Metals offer a synthesis template and add functions that improve medication 

delivery vectors (Aazam & Zaki, 2020). Pure metals are inactive biologically, but the 

bioavailability of metal cations and the presence of bioligands are essential factors in 

their activity (Aljahdali et al., 2014). Metal interactions are necessary for the 

enhanced activity of many organic drugs (Malik et al., 2018; Zafar et al., 2021). 

Investigating the antibacterial effectiveness of Schiff base transition metal complexes 

against bacterial pathogens is interesting. Therefore, an investigation into the 

development of antibacterial activity has been carried out using new Schiff base 

ligands and related metal complexes. 

 

An extensive analysis of the experimental findings from the antibacterial efficacy 

investigation showed a notable improvement in the effectiveness of the metal 

complexes and ligands against all bacterial pathogens. Antibacterial drugs work 

against bacterial pathogens through various mechanistic channels, such as by 

preventing the synthesis of proteins or by rupturing cell walls, which results in the 

death of the organisms (Ghanghas et al., 2021). In metal complexes, the positive 

charge of the metal ions is distributed more widely within the chelate ring, which 

decreases the polarity of the metal atoms. After chelation, this charge dispersion is 

supported by the donor atoms of the ligand. This fact is known as Tweedy's chelation 

theory, which is regarded as the convincing reason for the enhanced activity of the 

metal complexes (Elsayed et al., 2020; Fekri et al., 2019; Kumaravel et al., 2018). 

Chelation makes complexes more stable and increases their lipophilicity, facilitating 

their passage across the lipid layers of bacterial membranes. The metabolic pathways 

of organisms are disturbed by chelate complexes by deactivating several cellular 

enzymes (Andiappan et al., 2019). The inclusion of metal ions has affected the 

physical characteristics of the complexes, which may also increase their biological 

activity. Gram-positive and gram-negative clinical (Laboratory collection) strains of 

bacteria were used in our investigation. The growth inhibition data was shown to vary 

between the various trials due to the interaction with some similar test compounds. 
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4.10.1 Antibacterial Activity Study of DDAP2C and Metal Complexes 

 

Five clinical strains of bacterial pathogens were chosen for this study based on their in 

vitro interactions with the prepared ligand DDAP2C and its metal complexes. These 

bacterial pathogens included S. aureus, K. pneumoniae, P. aeruginosa, Enterococci, 

and E. coli. This study was completed by the disc diffusion technique, where the 

inhibition zone was compared to the positive control amikacin 30 µg/disc and DMSO, 

which served as a negative control (Mahato et al., 2020; Mahmoud et al., 2020). This 

was accomplished by preparing the solution of the synthesized compounds in DMSO 

(50, 25, and 12.5 µg/µL concentrations), which does not inhibit bacterial growth. The 

results of the growth inhibition values are documented in Table 33. The results are 

encouraging. The final results are presented in bar graphs as shown in Figs. 103-108. 

The findings show that, except for S. aureus, where the activity was comparable, the 

positive control amikacin had more antibacterial activity than all of the investigated 

compounds. At all concentrations, the Zn-DDAP2C complex displayed less 

antibacterial activity against E. coli than DDAP2C and the reference drug amikacin. 

By comparing the obtained antibacterial data, it was established that the ligand and its 

metal complexes had a better inhibitory effect on P. aeruginosa and S. aureus. 

 

The Co-DDAP2C and Cu-DDAP2C show better antibacterial activity than the other 

two complexes against all pathogens at all concentrations (Ahmed et al., 2021; Maiti 

et al., 2020). The Cu-DDAP2C is the best and even better than the reference drug 

amikacin against E. coli bacteria. 

 

MIC measurements (in µg/µL) are listed in Table 34 for each compound. It can be 

concluded from MIC data that all the compounds synthesized in this study have good 

antibacterial activity. The findings showed that metal complexes, DDA, and DDAP2C 

were more susceptible to S. aureus and Enterococci, and Ni-DDAP2C demonstrated a 

better minimum inhibitory concentration (MIC) value against all types of bacteria. 

According to MIC tests, the antibacterial activity against E. coli observes the 

following order: Ni-DDAP2C, Cu-DDAP2C, and Zn-DDAP2C (0.0122 μg/μL), Co-

DDAP2C (0.0244 μg/μL), DDAP2C (0.0976 μg/μL), and DDA (0.7812 μg/μL). The 

activity data also showed that the Zn-DDAP2C and Cu-DDAP2C have the lowest 

MIC of 0.0122 μg/μL and are more effective against P. aeruginosa. The Ni-DDAP2C 
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complex possesses more antibacterial power against S. aureus, having a MIC of 

0.0488 μg/μL, and the Cu-DDAP2C is the best with 0.0244 μg/μL value (Anacona et 

al., 2021; Chandrasekar et al., 2021). 

 

Overall, the MIC data revealed that every chemical under investigation had 

outstanding and better antibacterial activity against every isolate and metal complexes 

are recommended as the most potent antibacterial compound. Two theories can 

explain this increased activity of complexes. Based on the overtone theory, the 

compound's antibacterial activity depends on its solubility in the cell membrane, 

which is crucial because it only allows lipid-soluble compounds to pass (Kargar et al., 

2021b). On the other hand, according to Tweedy's chelation theory, increased 

lipophilicity improves complex penetration through lipid membranes and prevents 

metal binding sites in the microbial enzymes (Kargar et al., 2021a). Additionally, 

these complexes prevent the cell from respiration by deactivating enzymes involved 

in this process, which blocks protein synthesis and prevents the organism from 

growing further. The possible efficacy of the complexes against bacterial pathogens 

may be due to inhibiting the synthesis of peptidoglycan in the bacterial cell wall. This 

restriction may happen due to the inhibition of the peptidoglycan synthesis step 

(Bayeh et al., 2020; Jiang et al., 2016; Raj et al., 2017).  

 

Table 33: Antibacterial activity data of DDAP2C Schiff base ligand and metal complexes 

Compounds Diameters of the zone of inhibition in mm 

E. coli K. 

pneumoniae 

P. aeruginosa Enterococci S. aureus 

Concentration 

(µg/µL) 

50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 

DDA 16 14 13 21 16 14 18 16 15 17 16 15 21 20 19 

P2C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

DDAP2C  14 13 12 15 12 9 11 11 11 10 9 8 23 21 20 

Ni-DDAP2C  16 15 14 14 11 10 15 13 11 12 10 8 23 22 21 

Zn-DDAP2C  12 10 9 14 10 9 17 16 14 11 10 9 24 23 22 

Co-DDAP2C  17 16 13 21 19 16 20 18 16 20 18 16 24 22 21 

Cu-DDAP2C  20 18 15 22 20 18 21 19 17 22 19 17 25 23 22 

Amik. (30 

µg/disc) 

14 24 23 20 21 

DMSO  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 34: Minimum inhibitory concentration data of DDAP2C Schiff base ligand and metal complexes 

Compounds    Minimum inhibitory concentration (MIC) in (µg/µL) 

E. coli K. pneumoniae P. aeruginosa Entercocci S. aureus 

DDA 0.7812 0.0488 0.0976 0.3906 0.1953 

 DDAP2C 0.0976 0.1953 0.1953 0.3906 0.0976 

Ni-DDAP2C 0.0122 0.0122 0.0488 0.0122 0.0488 

Zn-DDAP2C 0.0122 0.0488 0.0122 0.0976 0.0976 

Co-DDAP2C 0.0244 0.0488 0.0488 0.0976 0.0488 

Cu-DDAP2C 0.0122 0.0244 0.0122 0.0488 0.0244 

 

Figure 103: Bar graph showing antimicrobial activity of DDA, DDAP2C, Ni-DDAP2C, and Zn-

DDAP2C at 50 µg/µL concentration 

 

Figure 104: Bar graph showing antimicrobial activity of DDA, DDAP2C, Ni-DDAP2C, and Zn-

DDAP2C at 25 µg/µL concentration 
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Figure 105: Bar graph showing antimicrobial activity of DDA, DDAP2C, Ni-DDAP2C, and Zn-

DDAP2C at 12.5 µg/µL concentration 

 

Figure 106: Bar graph showing antimicrobial activity of DDA, DDAP2C, Co-DDAP2C, and Cu-

DDAP2C at 50 µg/µL concentration 
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Figure 107: Bar graph showing antimicrobial activity of DDA, DDAP2C, Co-DDAP2C, and Cu-

DDAP2C at 25 µg/µL concentration 

 

Figure 108: Bar graph showing antimicrobial activity of DDA, DDAP2C, Co-DDAP2C, and Cu-

DDAP2C at 12.5 µg/µL concentration 
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4.10.2 Antibacterial Activity Study of DDAP3C and Metal Complexes 

 

The modified Kirby-Bauer disc diffusion technique was utilized to test the in vitro 

antimicrobial efficacy for ligand HL and metal complexes 1, 2, 3, and 4 against five 

pathogenic bacteria, including Staphylococcus aureus (S. aureus), Pseudomonas 

aeruginosa (P. aeruginosa), Enterococcus, Klebsiella pneumoniae (K. pneumoniae)  

and Escherichia coli (E. coli). The test solutions of the proper concentrations (50, 25, 

and 12.5 µg/µL) were prepared by dissolving compounds in DMSO. The thoroughly 

sterilized, 5 mm-diameter filter paper discs were gently stuck to the swabbed medium 

after being soaked in the test solution. As a positive control, 30 µg/disc of amikacin 

was employed, while DMSO was applied to a blank disc as a negative control. The 

bar graphs in Figures 109–114 display the results graphically, and Table 35 lists the 

antibacterial potential measured as the diameter of the inhibition zones in millimeters 

(mm). Amikacin showed better antibacterial activity than other studied chemicals 

against all pathogens except S. aureus and E. coli. Compared to HL, complexes 1, 2, 

3, and amikacin, Complex 4 had a special antibacterial effect at all concentrations. 

The significant growth inhibition was caused by the ligand (HL) and all complexes, 

against S. aureus, E. coli, and K. pneumoniae, but not as much against Enterococci 

and P. aeruginosa. 

 

The MIC of the test compounds was determined to evaluate their biological activities 

quantitatively, and the results are presented in Table 36. Although all tested 

compounds exhibited significant MIC against every pathogen, a comparatively lower 

MIC was found against E. coli, P. aeruginosa, and K. pneumoniae. The most 

potent antibacterial activity was demonstrated by complex 2 and 4, with the lowest 

MIC (0.0244 µg/µL) for S. aureus. Overall, the antibacterial properties of the tested 

compounds were excellent and comparable based on MIC data. Tweedy's chelation 

theory and Overtone's approach help to explain why metal complexes exhibit more 

potent antibacterial activity than HL. When used on gram-positive bacteria, a 

metallosurfactant interacts electrostatically and hydrophobically with the cell wall and 

cell membrane of gram-positive bacteria, respectively. 

 

In contrast, gram-negative bacteria, however, have a lipopolysaccharide coating on 

their outer membranes that may prevent the entry of amphiphilic metal-based 
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surfactants and diminish their antibacterial effects (Kargar et al., 2021b). According 

to our research, gram-positive bacteria had stronger antibacterial properties than 

gram-negative bacteria. Gram-positive bacteria can absorb drugs more efficiently due 

to a thick layer of peptidoglycan (Keypour et al., 2019; Zamani et al., 2015). 

According to reports, more hydrophobic surfactants have more effective antibacterial 

properties. The pace of entering of molecules into the cells is governed by 

lipophilicity, which is influenced by the coordination of different metal ions. 

 

Table 35: Antibacterial activity data of DDAP3C Schiff base ligand and metal complexes  

Compounds Diameter of the zone of inhibition in mm 

E. coli K. pneumoniae P. aeruginosa Enterococci S. aureus 

Concentration 

(µg/µL) 

50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 

LA(DDA) 16 14 13 21 16 14 18 16 15 17 16 15 21 20 19 

P3C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

HL (DDAP3C) 15 15 13 15 15 14 12 12 12 12 11 10 22 21 20 

Complex 1 16 15 14 15 14 13 12 11 10 12 12 12 23 22 21 

Complex 2 17 16 15 18 17 16 16 16 16 15 14 14 24 23 22 

Complex 3 18 17 16  22 18  16 18 17 16 17 17 16 23 22 21 

Complex 4 19 18 17 23 19 17 19 18 17 18 18 17 24 24 22 

Amik. (30 

µg/disc) 

14 24 23 20 21 

DMSO  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

Table 36: Minimum inhibitory concentration data of DDAP3C Schiff base ligand and metal complexes 

Compounds    Minimum inhibitory concentration (MIC) in (µg/µL) 

E. coli K. pneumoniae P. aeruginosa Enterococci S. aureus 

LA(DDA) 0.7812 0.7812 0.3906 0.3906 0.1953 

HL (DDAP3C) 0.3906 0.3906 0.3906 0.1953 0.0976 

Complex 1 0.1953 0.3906 0.1953 0.0976 0.0488 

Complex 2 0.0976 0.0976 0.0976 0.0488 0.0244 

Complex 3 0.0976 0.1953 0.1953 0.0976 0.0488 

Complex 4 0.0488 0.0488 0.0976 0.0488 0.0244 
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Figure 109: Bar graph showing antimicrobial activity of DDA, HL, Complex 1, and Complex 2 at 50 

µg/µL concentration 

 

Figure 110: Bar graph showing antimicrobial activity of DDA, HL, Complex 1, and Complex 2 at 25 

µg/µL concentration 
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Figure 111: Bar graph showing antimicrobial activity of DDA, HL, Complex 1, and Complex 2 at 12.5 

µg/µL concentration 

 

Figure 112: Bar graph showing antimicrobial activity of DDA, HL, Complex 3, and Complex 4 at 50 

µg/µL concentration 
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Figure 113: Bar graph showing antimicrobial activity of DDA, HL, Complex 3, and Complex 4 at 25 

µg/µL concentration 

 

Figure 114: Bar graph showing antimicrobial activity of DDA, HL, Complex 3, and Complex 4 at 12.5 

µg/µL concentration 
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CHAPTER 5 

5. CONCLUSION AND RECOMMENDATIONS 

 

The Schiff bases are especially interesting ligands in coordination chemistry. The 

distinguishing characteristics of the compounds are their straightforward synthesis 

processes and ease of coordination with metals for complex formation. Their multiple 

applications in medicine, catalysis, electronics, industry, and material science have 

drawn more and more attention in recent years. Our research has concentrated on the 

metal complexes of Schiff bases of dodecylamine and pyrrole carboxaldehyde 

derivatives to assess their pharmacological effectiveness through in vitro antibacterial 

evaluation tests. This thesis includes details of the investigation on the synthesis, 

spectral characterization, thermal, powder XRD study, and surface morphological 

investigation by SEM analysis, and disc diffusion technique for antibacterial 

assessment of the Schiff bases and metal complexes. 

 

5.1 Conclusion 

 

The fundamental element of Schiff base research is the growing interest in the 

efficacy of metal-based medications as chemotherapeutic agents. The promising 

compounds for medicinal chemistry can be the Schiff bases and their metal complexes 

because most of them have biological activity. Apart from the biological interest, this 

study's motivation comes from applying these molecules in other areas, such as the 

electronic field, material science, and extensive areas of chemistry. This research aims 

to synthesize two types of Schiff base ligands, DDAP2C and HL. Their metal 

complexes were generated through interactions with the ions of Co(II), Ni(II), Cu(II), 

and Zn(II). Their effective coordination with metal ions is due to the availability of 

donor atoms in the Schiff base ligands. One essential part of the nitrogen atom in the 

azomethine bond of the Schiff base ligand modifies the physicochemical profile of the 

molecules. When Schiff base ligands are bonded with metal ions, their many 

properties will change.  

 

The synthesis of various Schiff base ligands and their related metal complexes has 

been documented in the appropriate sections of the thesis manuscript. Their physical 
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and spectral characteristics have been determined using various physical and spectral 

techniques, including CHN analysis, conductivity measurement, FT-IR, 
1
H & 

13
C 

NMR, MALDI-TOF-MS, ESI-MS, and electronic absorption studies. By using 

XRPD, TGA/DTA, and molecular modeling studies, their structure has also been 

further characterized and confirmed. The surface morphology has been verified by an 

SEM analysis, which provides information on the crystalline and surface structures. 

Further, the EDX analysis associated with the SEM has obtained the chemical 

composition of the compounds. The disc diffusion technique was used to study the 

antibacterial activity, which is a vital aspect of the work.   

 

The nitrogen atom of the azomethine group participates in the legation process with 

metal ions, as shown by the structural study of all Schiff base ligands and metal 

complexes using spectroscopic methods. Both 
1
H NMR data and FT-IR absorption 

data support this conclusion. Most of the compounds have molar conductivity values 

less between 50 to 100 (Ω
-1

 mol
-1

cm
2
) ranges, which suggest that the complexes are 

1:1 electrolytic in nature. However, some of them demonstrated non-electrolytic and 

Co-DDAP3C has a 1:2 electrolytic characteristics. The magnetic moment and 

electronic absorption measurements provide convincing proof for the actual geometry 

of the complexes. The molecular modeling study has further supported this fact. The 

nanocrystalline nature of the complexes was identified by analyzing the powder XRD 

data and computing the particle sizes using Scherrer's formula. 

 

According to our study, all of the synthesized ligands and complexes exhibit 

incredible growth inhibition when screened against clinical strains of bacterial 

pathogens. The metal complexes of the DDAP2C Schiff base ligand demonstrate 

higher levels of bacterial growth inhibition as compared to the free Schiff base ligand. 

Moreover, the ligand DDAP2C and its metal complexes delivered strong antibacterial 

sensitivity against P. aeruginosa and S. aureus bacterial pathogens. This work using 

the HL Schiff base ligand and metal complexes showed that all bacterial pathogens 

had considerable antibacterial activity at higher concentrations. Antibacterial studies 

had been carried out on this group of compounds with concentrations of 12.5, 25, and 

50 μg/μL. Furthermore, complex 2, 3 and 4 demonstrated superior antibacterial 

activities than HL, complex 1, and positive control amikacin at all concentrations. 

  



 

 

153 

 

5.2 Recommendations 

 

The following goals are planned for future work to set continuity in research activity. 

 To investigate their antifungal, anticancer, and antioxidant activities. 

 To obtain a single crystal for each Schiff base ligand and metal complex and 

to investigate the structures of those crystals. 

 To investigate the in vivo antibacterial study of the synthesized compounds. 

 To investigate the drug carrier potential of synthesized Schiff base ligands and 

metal complexes. 

 To investigate the catalytic and electrochemical studies of the compounds. 

 To investigate the surfactant properties of the compounds by measuring 

conductivity at a higher temperature other than standard. 

 To investigate the surfactant properties of the compounds by measuring 

viscosity at different temperatures. 
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CHAPTER 6 

6. SUMMARY 

 

There are six chapters in the thesis. The following is a summary of them: 

 

Chapter 1 provides a general introduction and chemistry about the Schiff bases and 

their related complexes with nickel(II), cobalt(II), zinc(II), and copper(II), metals. The 

presentation discusses the synthetic design and several biological uses of Schiff bases 

and metal complexes. Dodecylamine, a surfactant, and derivatives of pyrrole 

carboxaldehyde are the precursor compounds, and information is given about their 

structures and chemical composition. A trace amount of biometals is essential for 

regulating metabolism in living. This chapter briefly describes the chemistry and 

biology of these metallo-elements. The concluding section of the chapter highlights 

the objectives and scope of the current study. 

 

In Chapter 2, a thorough review of the relevant literature is covered. This review is 

crucial for validating the findings. The literature has been reviewed here based on the 

numerous prospective applications of the Schiff base and metal complexes. 

 

Chapter 3 provides information on the materials employed in the current investigation 

and several characterization techniques used to analyze the synthesized ligands and 

metal complexes. This chapter describes detailed techniques for synthesizing and 

characterizing Schiff bases and metal complexes. Here is a brief description of the 

method used to conduct antibacterial analysis and the information on the organisms. 

The details of the findings and a discussion of the experimental work are included in  

 

Chapter 4. This section is regarded as the skeleton of the thesis. This chapter 

illustrates the suggested molecular structure of the metal complexes and Schiff base 

ligands. This section has computed and discussed the data analysis findings related to 

molecular modeling, thermal decomposition, powder XRD, scanning electron 

microscopy, and spectrum characterizations. The text of this chapter places the tables 

and figures that depict the analyzed data in the appropriate places. In the end, the 
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antibacterial investigation data of the synthesized Schiff bases and metal complexes 

are summarized. 

 

Chapter 5 contains documentation of the conclusion of the current research work. The 

prospects for the future and suggestions for continuing the current research endeavor 

are underlined. 

 

All the chapters of the thesis are summarized in Chapter 6.  
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APPENDIX 

 

Table A1: List of chemicals and reagents  

S.N. Chemicals and reagents Source 

1 Dodecylamine Spectrochem Pvt. Ltd. Mumbai, India 

2 Pyrrole-2-carboxaldehyde Sigma Aldrich 

3 Pyrrole-3-carboxaldehyde Alfa-Aesar 

6 Methanol Merck 

7 Ethanol Qualigens, Merck 

8 CoCl2. 6H2O Merck 

9 NiCl2. 6H2O Merck 

10 CuCl2. 2H2O Merck 

11 ZnCl2  Merck 

12 Acetone Merck 

13 Dimethylsulphoxide (DMSO) Qualigens 

14 Sodium hydroxide Himedia co. 

15 Nutrient agar Himedia co. 

16 MHN agar Himedia co. 

17 pH buffer capsule Merck 

18 Hydrochloric acid Merck 

19 Tryptone soya broth Himedia co. 

20 Peptone water Himedia co. 

 

Table A2: List of instruments and glass apparatus  

S.N. Instruments and glass apparatus Source 

1 Magnetic stirrer Vitco co. India 

2 Heating mantle Local company 

3 Digital balance (4 digits) Sartorius 

QUINTIX 224-1S 

analytical balance 

4 Conical flask (100 mL) Borosil 

5 Beaker (100 mL) Borosil 

6 Magnetic beads Local 

7 Condenser Borosil  

8 Pipette Borosil 

9 Measuring cylinder Borosil 

10 Pipette pump Polylab 

11 Glass adaptors Borosil 

 

 



 

 

 

 

Table A3: Solubility data of Schiff base ligands and metal complexes 

S.N. Compounds Methanol Water Ethanol DMSO DMF 

1 DDAP2C S IS S S S 

2 HL (DDAP3C) S IS S S S 

3 Co-DDAP2C S IS S S S 

4 Ni-DDAP2C S IS S S S 

5 Cu-DDAP2C S IS S S S 

6 Zn-DDAP2C S IS S S S 

7 Co-DDAP3C PS IS PS S S 

8 Ni-DDAP3C PS IS PS S S 

9 Cu-DDAP3C PS IS PS S S 

10 Zn-DDAP3C PS IS PS S S 

IS = Insoluble 

S = Soluble 

PS = Partial soluble 

 

 

 

 



 

 

 

 

 

 

 

Figure A1: Antibacterial activity against pathogenic bacteria with DDA, DDAP2C and DDAP3C 

Schiff base ligands 

 



 

 

 

 

 

 

 

 

Figure A2: Antibacterial activity against pathogenic bacteria with metal complexes of DDAP2C Schiff 

base ligand  

 



 

 

 

 

     

  

     

 
 

 

 Figure A3: Antibacterial activity against pathogenic bacteria with metal complexes of DDAP3C Schiff 

base ligand  

 

Figure A4: Sample picture of DDAP2C ligand and metal complexes 

 



 

 

 

 

 

Figure A5: Sample picture of DDAP3C ligand and metal complexes 
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c  
pecifications Table 

Subject Materials science 

Specific subject area Analytical Chemistry, Corrosion, and surface science 

Type of data Tables, Images, and Figures 

How the data were 

acquired 

Thermogravimetric analysis: Perkin Elmer STA60 0 0 thermal analyzer under the N 2 

atmosphere. The slopes and intercepts of thermogravimetric analysis and differential 

thermal analysis (TGA/DTA) plots were analyzed to obtain thermokinetics data. 

A JEOL 6390 LA scanning electron microscope was used to generate SEM micrographs of 

the ligand and complexes and EDX images of complexes. 

Conductivity: An Auto Ranging digital conductivity TDS meter TCM 15 + was used to 

record conductivity data at 308 and 318 K temperatures. 

Corrosion inhibition: The weight loss method was used to evaluate corrosion inhibition on 

carbon steel coupons using a four-digit digital balance (Sartorius QUINTIX 224-1S 

analytical balance). 

Data format Raw and analyzed data 

Description of data 

collection 

Using Origin software, thermokinetic parameters were generated from TGA/DTA data. 

The conductivity data were processed in easy plot software to calculate CMC and Gibb’s 

free energy of micellization. 

The SEM-EDX imaging was performed to analyze surface morphology and elemental 

composition. 

Corrosion inhibition data on carbon steel coupons were used to measure anticorrosion 

efficacy. 

Data source location Department of Chemistry, Mahendra Morang Adarsh Multiple Campus, Biratnagar, 

(Tribhuvan University), Nepal. 

SAIF, STIC Cochin, India. 

Data accessibility Analyzed data and images are included with the article, and the raw data is deposited in the 

repository. 

Repository name: Mendeley Data 

DOI: 10.17632/99f4dxttm8 . 2 

https://data.mendeley.com/datasets/99f4dxttm8 

Related research 

article 

J. Adhikari, A. Bhattarai, N. K. Chaudhary, Bioinorganic interest on Co(II) and Zn(II) complexes 

of pyrrole-based surfactant ligand: Synthesis, characterization, and in silico-ADME study, J. Mol. 

Struct., 1274 (2023), 134434 . https://doi.org/10.1016/j.molstruc.2022.134434 

alue of the Data 

• Researchers in the area of material science may find the present data useful in inves-

tigating kinetic behavior and surfactant properties of compounds used in drug delivery

systems. 

• The SEM-EDX images are helpful in identifying morphological changes that occur during

complexation of the ligand for the formation of metal complexes. 

• Corrosion inhibition efficiency data collected for carbon steel (CS) coupons can be used to

evaluate the efficacy of the inhibitor in other corrosive solutions (media). 

• This result can be used to compare the thermal stability and decomposition rates of other

surfactant-fabricated metal complexes. 

. Objective 

The surface properties of the metal complexes make them particularly suitable for pharma-

eutical applications. Several factors influence biochemical interactions with pathogens, includ-

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17632/99f4dxttm8
https://data.mendeley.com/datasets/99f4dxttm8
https://doi.org/10.1016/j.molstruc.2022.134434
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Fig. 1. Structure of Schiff base ligand (HL). 

Table 1 

Elemental composition of complexes detected from EDX analysis. 

Element 

Complex 1 Complex 2 

Weight (%) Atomic (%) Weight (%) Atomic (%) 

C 79.81 91.51 55.18 79.59 

O 3.09 2.66 3.73 4.05 

Cl 11.86 4.61 19.47 9.51 

Co 5.2 1.21 - - 

Zn - - 19.19 5.08 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing adsorption ability, thermokinetic stability, and surface morphology. The main goal of this

study is to explore the data on how they selectively bind to specific regions of the pathogens by

forming micellar aggregates at different temperatures based on degrees of micellization and free

energy of micellization. The surface morphology and grain size of the complexes determine drug

delivery effectiveness. Their anti-corrosion properties also make them ideal for a wide range of

metal-based components as well as pharmaceutical applications. The datasets included in this

manuscript are additional quantitative parameters that will add significant value to the com-

plexes and support our previous publications [ 1 , 2 ]. 

2. Data Description 

In this study, we share SEM-EDX, thermokinetics, CMC, free energy of micellization, and an-

ticorrosion activity data for [[Co(HL) 2 .2H 2 O] Cl 2 .H 2 O]] ( 1 ) and [[Zn(HL) 2 .Cl] Cl.3H 2 O]] ( 2 ) com-

plexes with surfactant-based Schiff base ligand ( HL ) ( Fig 1 ). The ligand was prepared by refluxing

of a mixture of an ethanolic solution of pyrrole-3-carbaldehyde ( P3C ) and laurylamine ( LA ) in a

1:1 stoichiometric ratio. 

The SEM micrographs of ligand and complexes are presented in Fig. 2 . The micrographs illus-

trate the variation in surface morphology for metal complexation of ligands with metal ions. The

somewhat rod-shaped crystalline structure of the micrograph of HL has changed to the unevenly

distributed morphological mass of the complexes after complexation. 

Table 1 reports the elemental composition of the complexes detected from EDX analysis. It

revealed the presence of various non-metal atoms, such as N, O, and Cl, and the respective met-

als. The EDX data indicated the expected elemental composition of the complexes as well, and

the EDX images are shown in Mendeley Research data file [3] . 

The Coats-Redfern equation was used to calculate the thermodynamic and kinetic parameters

of each decomposition step for the synthesized complexes. The results are presented in Table 2 .

A consecutive increase in the E ∗ value in each decomposition step was observed. Table 2 showed

negative �S ∗, positive �H 

∗, and positive �G 

∗ values for all complexes [4–6] . Details regarding

these parameters can be found in Section 3.2 . 

The conductivity versus concentration plots of LA , complex 1 and complex 2 are shown in

Figs. 3-5 . The specific conductivity values varied before and after CMC. Owing to the formation
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Fig. 2. SEM micrograph of (a) Ligand (HL), (b) Complex 1, (c) Complex 2. 
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Table 2 

Thermodynamic and kinetic parameters. 

Complexes Step r A (s −1 ) T max (K) E ∗ (kJ/mol) �S ∗ (J/K.mol) �H ∗ (kJ/mol) �G ∗ (kJ/mol) 

Complex 1 1 -0.99 6.32 ×10 10 391.28 86.13 -40.40 82.88 98.68 

2 -0.98 8.09 ×10 10 471.69 108.39 -39.89 104.46 123.28 

3 -0.98 3.85 ×10 10 685.83 153.15 -49.19 147.45 181.19 

Complex 2 1 -0.99 3.75 ×10 10 374.06 82.89 - 44.35 79.78 96.36 

2 -0.99 9.78 ×10 9 482.24 100.59 -57.65 96.59 124.39 

3 -0.99 4.29 ×10 8 702.57 126.27 - 86.77 120.43 181.39 

4 -0.99 1.72 ×10 12 907.61 226.83 -19.94 219.28 240.08 

Here, r is Pearson’s correlation coefficient, and A is Arrhenius pre-exponential factor. 

Table 3 

Physicochemical parameters. 

Compounds T (K) CMC (mol L −1 ) �G o m (kJ/mol) α = S 2 /S 1 Std. Dev. in Linear Fit (SD) 

LA 308 4.02 ×10 −2 -12.50 0.48 0.1200 

318 4.68 ×10 −2 -12.21 0.49 0.1703 

Complex 1 308 3.59 ×10 −4 -32.09 0.42 0.1738 

318 4.33 ×10 −4 -31.33 0.47 0.7464 

Complex 2 308 2.64 ×10 −4 -34.16 0.38 0.2744 

318 3.76 ×10 −4 -32.94 0.42 0.0561 

Here S1and S2 represent premicellar and postmicellar slopes. 

Table 4 

Corrosion parameters. 

Compound Concentration 

(ppm) 

Corrosion rate (mm per 

year) 

Inhibition efficiency ( η) 

(%) 

Surface coverage 

( θ ) 

HL 200 8.88 80.19 0.8041 

400 7.42 82.84 0.8204 

600 6.06 86.42 0.8596 

800 5.24 88.29 0.8821 

10 0 0 4.05 90.94 0.9100 

Complex 1 200 5.31 88.07 0.8759 

400 4.58 89.72 0.8930 

600 3.79 91.51 0.9158 

800 3.45 92.28 0.9271 

10 0 0 1.95 95.62 0.9550 

Complex 2 200 7.27 81.28 0.8259 

400 6.22 83.72 0.8425 

600 5.41 87.28 0.8763 

800 3.93 91.18 0.9155 

10 0 0 2.90 93.51 0.9325 

Control (1N HCl) 44.68 

 

 

 

 

 

 

 

 

 

of micelles with lower ionic mobility, the conductivity decreases after the CMC point [7] . Table 3

presents physicochemical data calculated from conductivity vs concentration plots. A higher CMC

was reported for LA and complexes 1 and 2 at 318 K than at 308 K. A larger CMC value for LA

(1.5 × 10 –2 M) compared to complex 1 (3.21 × 10 −4 M) and complex 2 (1.98 × 10 −4 M) was

also reported previously [1] . The Gibbs free energy of micellization ( �G 

o 
m 

) was negative for all

( Table 3 ) and became more negative from LA to complex 1 and then to complex 2 at a particular

temperature, indicating spontaneity. 

The anticorrosion activity was investigated using the weight-loss method, and the corrosion

parameters are listed in Table 4 . Table 5 presents the mass loss data for the carbon steel coupons

during the experiments. Graphs showing the corrosion rate, inhibition efficiency, and surface

coverage are shown in Figs. 6-8 . 
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Fig. 3. Plot of conductivity versus concentration of LA (DDA) at 308 K, and 318 K. 

3

3

 

3  

d

. Experimental Design, Materials and Methods 

.1. SEM-EDX Analysis 

SEM-EDX analysis was performed in JEOL 6390 LA scanning electron microscope with

,0 0,0 0 0 X magnification, and accelerating voltage of 0.5-30 kV. EDX resolution was 136 eV un-

er the detection area 30 mm 

2 . 
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Fig. 4. Plot of conductivity versus concentration of Complex 1 at 308 K, and 318 K. 

 

 

 

 

3.2. Thermogravimetric Analysis 

TGA/DTA analysis was performed in Perkin Elmer STA60 0 0 thermal analyzer with vertical

type furnace under N 2 atmosphere. The heating scan of the sample was done from 40 to 750 °C
at a linear heating rate of 10 °C/min. The data were processed in Origin software to extract

thermokinetics parameters. The parameters such as E ∗, �H 

∗, �S ∗, and �G 

∗ of each decomposi-
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Fig. 5. Plot of conductivity versus concentration of Complex 2 at 308 K, and 318 K. 

t

 

 

t  
ion step were evaluated using the Coast-Redfern equation (1) [8] . 

ln 

[
− ln ( 1 − α) 

T 2 

]
= ln 

[
AR 

βE ∗

]
− E ∗

RT 
(1)

Where α is the fraction decomposed at time t, β denotes the linear heating rate, A denotes

he Arrhenius pre-exponential factor, and R represents the general gas constant. A plot of the
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Fig. 6. Variation of corrosion rate with concentration. 

Fig. 7. Variation of inhibition efficiency with concentration. 
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Table 5 

Mass loss of carbon steel coupons. 

Compounds 

1N HCl (Control) Concentration (ppm) HL Complex 1 Complex 2 

Mass loss (gm) Mass loss (gm) Mass loss (gm) Mass loss (gm) 

0.089 200 0.0175 0.0110 0.0135 

400 0.0150 0.0095 0.012 

600 0.0125 0.0075 0.011 

800 0.0105 0.0065 0.0075 

10 0 0 0.0080 0.0040 0.006 

Fig. 8. Surface coverage with concentration. 

l  

t  

e  

d

 

 

 

3

 

s  
eft-hand side against 10 0 0/T of equation (1) gives a straight line whose slope (- E ∗/R ) determines

he activation energy (kJmol −1 ), and the intercept indicates the value of A in the s −1 unit. Using

quations (2, 3, and 4), other thermodynamic parameters such as the �G 

∗, �H 

∗, and �S ∗ were

etermined [6] . In equation (2), k B is Boltzmann constant and h is Plank’s constant. 

�S ∗ = Rln 

[
Ah 

k B T 

]
(2)

�H 

∗ = E ∗ − RT (3)

�G 

∗ = �H 

∗ − T �S ∗ (4)

.3. Surfactant Activity Study 

Conductivity measurements were performed to investigate the surfactant properties of the

ynthesized complexes. The study was conducted at temperatures of 308, and 318 K. The CMC
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was determined by plotting the specific conductivity ( κ) against the concentration of the surfac-

tant solution. The intersection of the two lines defines the CMC point, from which the degree of

micellization ( α) was calculated using the formula: 

α = S 2 /S 1 (5) 

Similarly, Gibb’s free energy of micellization was calculated from the formula: 

�G 

o 
m 

= RT ( 2 − α) ln CMC (6) 

3.4. Corrosion Inhibition Activity Study 

Carbon steel (CS) coupons cut to sizes of 2 cm × 2 cm × 0.07 cm were abraded with 80, 320,

60 0, 80 0, 10 0 0, and 120 0 grade emery (silicon carbide) papers. Stock solutions (10 0 0 ppm) of

HL , complex 1 , and complex 2 inhibitors were prepared in 100 mL of a 1.0 N HCl solution. The

stock solution was diluted to obtain solutions with the desired concentrations of 80 0, 60 0, 40 0,

and 200 ppm. Distilled water-washed, acetone-dried, and moisture-free abraded coupons were

weighed and immersed in 25 mL of diluted solutions in crucibles with and without inhibitors.

After 6 h of exposure, the coupons were removed and weighed as described above. Measure-

ments were performed in triplicate to reduce errors. The size of each coupon was measured by

using a digital screw gauge. The corrosion rate (CR) (mm/yr), inhibition efficiency (IE) percent

( η), and surface coverage ( θ ) were calculated using the following equations (7-9) [9] . 

Corrosion rate , CR = 

87600 × �w 

d × A × t 
(7) 

Where �w represents the weight loss in grams, d is the density of the CS in grams per cc, A

is the area of the CS coupons, and t represents immersion time in hours. 

Inhibition efficiency % , η = 

CR − CR ′ 
CR 

× 100% (8) 

Here, CR and CR’ denote the corrosion rates in the absence and presence of the inhibitors,

respectively. 

Surface coverage , θ = 

W 1 − W 2 

W 1 
(9) 

Where, w 1 and w 2 represent the weight reduction in the absence and presence of the inhibitor,

respectively. 
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a b s t r a c t 

This study aimed to design and develop surfactant-incorporated drugs to address the issues related to 

their antibacterial properties and drug delivery systems. Herein, a Schiff base ligand (HL), (E)-N-((1H- 

pyrrol-3yl)methylene)dodecan-1-amine, and its two metal complexes [[Co(HL) 2 .2H 2 O] Cl 2 .H 2 O]] (1) and 

[[Zn(HL) 2 .Cl] Cl.3H 2 O]] (2) was synthesized from the seed compounds laurylamine (LA) and pyrrole-3- 

carboxaldehyde (P3C) by a wet chemical method. They were fully characterized by elemental microanal- 

ysis, FT-IR, 1 H, 13 C NMR, ESI-MS, MALDI-TOF-MS, and UV-visible spectroscopy. Characterization was fur- 

ther accomplished by magnetic moment measurements, powder X-ray diffraction (PXRD), and thermo 

gravimetric (TGA/DTA) analyses. Based on the executed data, an octahedral geometry was proposed for 

complex 1 and distorted trigonal bipyramidal geometry for complex 2. This was further authenticated by 

running the MM2 function in the CsChemOffice Ultra 16 programs to achieve minimum energy. The elec- 

trolytic nature of the prepared compounds was evaluated using conductivity measurements. The critical 

micelle concentration (CMC) values of the complexes were obtained from a graphical plot of concentra- 

tion versus specific conductivity. The Kirby-Bauer paper disk diffusion technique was used to explore the 

antibacterial activity of the synthesized compounds. Moreover, the metal complexes exhibited remark- 

able antibacterial activities. These were further quantified using minimum inhibitory concentration (MIC) 

tests. An in silico ADME study was conducted to predict the drug-likeliness properties of all synthesized 

compounds. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Currently, chemical engineers and pharmacists are develop- 

ng new inorganic chemistry strategies to enhance the biomedical 

roperties of drugs. Pharmacists have recently focused their efforts 

n metal-based chemotherapy in response to the serendipitous dis- 

overy of cisplatin as an anticancer drug [1] . Metals are crucial 

omponents of several commercial drugs because they form coor- 

ination complexes vital in pharmacology [2] . Many metal-based 

rugs exhibit various biological properties, including antibacterial 

3] , antiviral [4] , antifungal [5] , anticancer [ 3 , 6 ], antitubercular [7] ,

erbicidal, and antitumor effects. Metal complexes interact effec- 

ively with intercellular components and target biomolecules in 

ivo owing to their attractive redox chemistry and thermodynamic 

tability. Biologically relevant metals, even those from the same 

roup and period, behave differently in different environments and 

rovide distinct insights into the biological processes associated 

ith cell inhibition [8] . Therefore, we aimed to modulate the bio- 
∗ Corresponding author. 

E-mail address: chem_narendra@yahoo.com (N.K. Chaudhary) . 
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022-2860/© 2022 Elsevier B.V. All rights reserved. 
hemical activity of these metal complexes by altering their coor- 

ination spheres using surfactants. 

Surfactants in pharmaceutical science have emerged as invalu- 

ble alternatives for improving the potency of conventional drugs. 

imultaneously, they renovated the drug delivery system to im- 

rove the efficiency of drugs with poor aqueous solubilities [9] . 

urfactants are amphiphilic organic compounds used as emulsi- 

ers, wetting agents, solubilizers, corrosion inhibitors, fabric soft- 

ners, mineral concentrators, petroleum processing, cleaning de- 

ergents, health and personal care products, foods, and crop pro- 

ection, etc. [10] . The pharmaceutical industry uses surfactants to 

nhance drug activity owing to their antifungal, antibacterial, and 

ntiviral properties [11] . The amphiphilic nature of surfactants dra- 

atically alters the biological activities of many medicinal sub- 

tances. Surfactant-added drug molecules can exert several effects 

ither by increasing the solubilization behavior of solid drugs or by 

ncreasing membrane permeability in the lipid layer [12] . The hy- 

rophobic nature of the surfactant facilitated the self-aggregation 

nd micellization of the molecules. These properties can lead to 

arious geometric structures, such as monolayers, bilayers, and mi- 

elles, which affect the physicochemical profile of the aggregates 

13] . 

https://doi.org/10.1016/j.molstruc.2022.134434
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134434&domain=pdf
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Metallosurfactants prepared from Schiff bases comprise metal 

ons as hydrophilic head groups and hydrocarbons as hydropho- 

ic tail groups. Typically, drugs are administered in the complex 

orm in vivo to achieve the desired effect. Metallosurfactants can 

unction as drugs by interacting with various organic bioactive 

olecules, DNA, and proteins to facilitate drug metabolism [14] . 

he characteristics of surfactant-based drugs were examined in 

his study to relate the current treatment to drug delivery. An- 

ther consequence of this new pharmacology is antibiotic resis- 

ance, which has become a significant problem in medical science, 

esulting in mortality and morbidity. Recently emerged bacteria 

ave developed antibacterial resistance through various mecha- 

isms of enzymatic action on host cells, which require improve- 

ents in the pharmacological value of traditional medicines by 

omplexing them or adding surfactants as prodrugs or synthesiz- 

ng surfactant-based modified complexes. 

In recent years, the synthesis of Schiff bases and their 

ransition-metal complexes has received substantial attention for 

he development of chelating agents as viable alternatives to co- 

rdination compounds. In addition to their biological activities, 

hey have good coordinating properties. Coordination interactions 

reatly influence the biochemistry of ligands and metal moieties 

15] . The azomethine linkage within the Schiff base is responsi- 

le for exhibiting bioactivities such as its anticancer, antiviral, and 

ntibacterial activity. Because of their numerous biological activi- 

ies, five-membered heterocyclic compounds such as pyrrole and 

ts derivatives are of great interest to chemists. Many natural prod- 

cts contain the essential core units of bioactive and pharmacolog- 

cally active compounds. 

Herein, we report the synthesis of an asymmetrical Schiff base 

igand (HL) from laurylamine (LA) and pyrrole-3-carboxaldehyde 

P3C) and their two metal complexes 1 and 2 with divalent 3d- 

etals (Co + 2 and Zn 

+ 2 ). They were characterized using 1 H and 

3 C NMR, UV-visible spectroscopy, ESI-MS, MALDI-TOF-MS, FT-IR, 

GA/DTA, and powder X-ray diffraction. The geometry of the syn- 

hesized compounds was optimized using the MM2 function of 

sChemOffice molecular modeling software. The standard Kirby- 

auer paper disk diffusion technique was used to explore antibac- 

erial potency against gram-positive and gram-negative bacteria. 

urthermore, their potency against the target pathogens was quan- 

itatively assessed by measuring the minimum inhibitory concen- 

ration (MIC) values. 

. Experimental 

.1. Materials and reagents 

The chemicals Laurylamine (LA) and pyrrole-3-carboxaldehyde 

P3C) were procured from Spectrochem, Mumbai, India, and Alfa 

esar, respectively, and were used as received. Mueller Hinton Agar 

MHA) was purchased from HiMedia, India. Ethanol, which was 

sed as the solvent, was procured from Qualigen. Zn and Co chlo- 

ide salts were purchased from Merck. Analytical reagent (AR-) 

rade chemicals and solvents were used in all the experiments. 

.2. Instruments 

Conductivity measurements of LA, HL, and complexes 1 and 

 were recorded using an auto-ranging digital conductivity/TDS 

eter TCM 15 + . A Thermo Finnigan Flash EA1112 Series CHN 

nalyzer was used to determine the CHN % of the compounds. 

heir melting points were recorded using a VEEGO ASD-10013 pro- 

rammable melting-point apparatus. A Thermo Nicolet Avatar 370 

T-IR spectrophotometer was used to analyze the FT-IR spectra in 

he 40 0 0–40 0 cm 

–1 range using a KBr matrix. A Bruker Avance III

00 MHz NMR spectrometer was used to record the 1 H and 

13 C 
2

MR spectra, using DMSO–d6 as the working solvent and TMS as 

he internal reference standard. An Agilent Cary 50 0 0 UV.-visible 

pectrophotometer with a quartz cuvette was used to record the 

lectronic absorption spectra of the synthesized compounds using 

MSO as a solvent in the 20 0–80 0 nm wavelength region. Auto- 

ex MALDI-TOF and Agilent Q-TOF mass spectrometers were used 

o record positive-mode ESI-mass spectra of the synthesized com- 

ounds. Powder X-ray diffraction (XRD) patterns were recorded on 

 Bruker AXS D8 Advance X-ray diffractometer using a monochro- 

atized Cu-K α line with a 1.5406 Å wavelength of the radiation 

ource. TGA/DTA measurements were performed using a Perkin- 

lmer thermal analyzer with a linear heating rate of 10 °C min 

−1 in 

he temperature range of 40–750 °C. Molecular modeling parame- 

ers were obtained using the energy optimization task via MM2 

alculations supported by the CsChemOffice software program. 

.3. Preparation of HL 

Initially, a solution of P3C (4 mmol, 0.3804 g) in 15 ml ethanol 

as prepared, followed by a solution of LA (4 mmol, 0.7414 g) in 

nother 15 ml ethanol. Both solutions were mixed and magneti- 

ally stirred in a 100 ml round bottom flask. The mixture was re- 

uxed for 7 h at 30 °C and cooled to room temperature. A light- 

range solid was obtained. It was then filtered, re-crystallized from 

bsolute ethanol, and dried over anhydrous CaCl 2 . The product was 

tored in an airtight vial in the refrigerator. Scheme 1 illustrates 

he preparation route of HL, complexes 1 and 2. 

.4. Preparation of complexes 1 and 2 

In two separate experiments, a solution of 0.25 mmol metal 

hloride salts (CoCl 2 .6H 2 O (0.0599 g) and ZnCl 2 (0.0341 g)) pre- 

ared in 10 ml ethanol was added drop-wise to a hot solution of 

L (0.5 mmol, 0.1312 g) in ethanol and refluxed for several hours. 

table solid products of the metal complexes 1 and 2 were ob- 

ained by cooling the solution under normal atmospheric condi- 

ions. They were washed several times with absolute ethanol, re- 

rystallized, and dried over anhydrous CaCl 2 in a desiccator. The 

roducts were stored in airtight vials in a refrigerator until further 

se. 

.5. Antibacterial activity study 

.5.1. Disc diffusion study 

The in vitro antimicrobial screening of HL and complexes 1 

nd 2 was tested against five human pathogenic bacteria, includ- 

ng Staphylococcus aureus ( S. aureus ), Enterococcus, Klebsiella pneu- 

oniae ( K. pneumoniae ), Escherichia coli ( E. coli ), and Pseudomonas 

eruginosa ( P. aeruginosa ) using the modified Kirby-Bauer paper 

isk diffusion technique. The desired concentration of pathogens 

comparable to 0.5 McFarland turbidity standards) was obtained 

rom a fresh bacterial culture revived by inoculation in 5 ml of nu- 

rient broth and incubated for 3 h at 35 °C [16] . Agar plates were

repared according to standard procedures. Test organisms were 

pread uniformly on agar plates using sterile stick swabs. Appro- 

riate concentrations of the test compounds were obtained by dis- 

olving them in DMSO. Well-sterilized filter paper disks of 5 mm 

iameter size soaked in the test solution were carefully stuck to 

he swabbed medium. Amikacin, 30 μg/disk, was used as a posi- 

ive control, and a blank disk soaked in DMSO was used as a neg- 

tive control. The loaded plates were incubated for 24 h at 37 °C, 

nd the diameters of the zones of inhibition in millimeters (mm) 

round each disk were measured to compare their antibacterial ef- 

cacy [17] . This study was repeated in triplicate to reduce mea- 

urement errors. 
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Scheme 1. Synthetic route for ligand (HL) and metal complexes. 

2

t

m

(

n

b

a

t

b

c

2

f

t

c

h

w

v

3

3

b

t

1

t

a

p

s

c

b

a

c

<

w

a

o

s

c

s

g

o

3

w

t

t

s

o

t

t

t

c

o

(  

h

l

1

p

a

c

i

r

i

c

c

l

i  

c

�

s

h

o

i

t

.5.2. Minimum inhibitory concentration (MIC) study 

MIC represents the lowest concentration of test compounds 

hat did not show any visible growth of organisms in the broth 

ixed with the test compounds. Stock solutions of test compounds 

50 μg/μL) were prepared in DMSO. A two-fold serial dilution tech- 

ique was used to obtain lower concentration gradients [18] . The 

acterial suspensions (100 μL) were added to each diluted solution 

nd incubated for 24 h at 37 °C. Each measurement was repeated 

hree times to reduce measurement errors. Broth containing the 

acterial suspension was used as the negative control, and broth 

ontaining no bacteria was used as the positive control. 

.6. In silico ADME properties study 

Drug discovery and development require time, materials, and 

acilities. The development of a theoretical investigation is crucial 

o reduce these factors and predict potential drug applications. A 

hemical compound must meet the pharmacokinetics of ADME and 

ave excellent biological activity in vitro . Physicochemical criteria 

ere computed in silico using the Swiss ADME online predictor for 

alidating the parameters. 

. Results and discussion 

.1. Physicochemical study 

The Metal complexes were soluble in DMSO and sparingly solu- 

le in methanol/ethanol, whereas HL was soluble in both. Elemen- 

al microanalysis strongly supports ML 2 -type stoichiometry with 

:2 metal-ligand ratios. Metal coordination to HL occurs through 

he N, N donor atoms, suggesting the bidentate nature of the lig- 

nd. Further confirmation of the geometry of the complexes was 

rovided by the (M 

•+ ) ion peak in the mass spectra, resonance 

ignals in the 1 H and 

13 C NMR spectra, UV absorption bands, and 

haracteristic bands in the FT-IR spectra. These complexes are sta- 

le in the air; therefore, they can be maintained in desiccators for 

 long time without decomposition. To prevent the loss of biologi- 

al potency, they were stored in a refrigerator at a temperature of 

 10 °C. The molar conductance values in 10 −3 (M) DMSO solution 

ere within the ranges of 1:2 and 1:1 electrolytes for complexes 1 

nd 2, respectively, indicating that they are electrolytes [19] . Based 

n these findings, it was concluded that two ions and one ion out- 

ide the coordination sphere of complexes 1 and 2 served as the 
3 
ounter ions. All effort s to grow single crystals for crystallographic 

tructure determination failed, and we preferred PXRD to investi- 

ate the crystal parameters. The micro-analytical and physical data 

f HL and its complexes are presented in Table 1 . 

.2. Conductivity study 

The specific conductivities of LA and its complexes 1 and 2 

ere measured at 298 K at varying concentrations to estimate 

he critical micelle concentration (CMC) and degree of micelliza- 

ion ( α). The plot of conductivity versus concentration shows two 

traight lines, one representing the pre-micellar region and the 

ther representing the post-micellar region. The inflection point of 

he two straight lines in the plot gives the CMC, and the slope ra- 

io between the post-micellar and pre-micellar regions determines 

he degree of micellization ( α). Fig. 1 illustrates the conductivity- 

oncentration plot, and Table 2 presents the calculated values 

f CMC and ( α). We previously reported the CMC value for LA 

1.5 × 10 –2 M) at 298 K in the literature [20] , and this value is

igher than the CMC of the complexes reported here. The calcu- 

ated CMC values of complexes 1 and 2 were 3.21 × 10 −4 M and 

.98 × 10 −4 M, respectively. This variation in the CMC of the com- 

lexes can be explained by their electrolytic nature as well as vari- 

tions in the electronegativity and size of the metal ions. The in- 

rease in the CMC of the complexes is generally due to an increase 

n the electronegativity of the metals and a decrease in their ionic 

adii. Zn is less electronegative than Co, and Zn 

+ 2 has a greater 

onic radius than Co + 2 . Therefore, the CMC trend in this study is 

onsistent with our prediction. A greater ionic strength around mi- 

elles reduces repulsion among polar head groups, makes micel- 

ization easier, and lowers the CMC with respect to the increased 

onic size [ 21 , 22 ]. Gibbs free energy of micellization ( �G °m 

) was

alculated using the following equation: 

G °m 

= (2 - α) RT ln(CMC) 

This value was negative, indicating that micellization occurred 

pontaneously. Metallosurfactants with large metal ions have 

igher head polarity, so their negative ( �G °m 

) values increase. In 

ur study, complex 2 had a higher negative ( �G °m 

) because of eas- 

er micellization. These results indicated that metal-based surfac- 

ants are more likely to micellize [23] . 
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Table 1 

Micro-analytical and physical data of the ligand (HL) and its complexes. 

Compounds Empirical Formula Formula 

Wt. 

Yield% Color M.Pt. ( °C) Calculated (Found) (%) 

C H N 

HL C 17 H 30 N 2 262 80 Light 

Orange 

67–69 77.80 

(77.91) 

11.52 

(11.31) 

10.67 

(10.48) 

Complex 1 C 34 H 66 Cl 2 CoN 4 O 3 708 75 Green 70–76 57.78 

(58.02) 

9.13 

(9.25) 

7.93 

(7.81) 

Complex 2 C 34 H 66 Cl 2 N 4 O 3 Zn 714 68 Reddish 

Brown 

68–70 57.26 

(57.34) 

9.05 

(8.95) 

7.86 

(7.80) 

Fig. 1. Plot of conductivity versus concentration of (a) complex 1, (b) complex 2. 

Table 2 

Values of premicellar slope ( S 1 ), postmicellar slope ( S 2 ), degree of micellization ( α), critical micelle concentration (CMC), and Gibbs free energy of 

micellization ( �G o m ) of DDA, Complex 1 and Complex 2 in DMSO at 298 K. 

Compounds S 1 (μЅ cm 

−1 L ·mole −1 ) S 2 (μЅ cm 

−1 L ·mole −1 ) α CMC (mole L −1 ) �G o m (kJmol −1 ) 

DDA 633 240 0.379 1.53 × 10 −2 −16.79 

Complex 1 3.98 × 10 4 1.34 × 10 4 0.337 3.21 × 10 −4 −33.14 

Complex 2 6.42 × 10 4 1.02 × 10 4 0.159 1.98 × 10 −4 −38.89 

Table 3 

Selected FT-IR data of HL and its metal complexes. 

Compounds ν(NH) ν(C = N) (imine) ν (C-H) ν (C = C) ν (C-N) ν(M-N) ν(M-O) ν (H 2 O)/ δ(H 2 O) 

Coordinated 

HL 3131 1644 2916, 2847 1470, 1511 1375 - - 

Complex 1 3134 1653 2910, 2848 1470, 1513 1376 416 549 3551, 961 

Complex 2 3222 1664 2922, 2851 1466, 1519 1380 418 - - 
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.3. FT-IR spectral analysis 

The most significant IR bands (40 0 0–40 0 cm 

−1 ) were identi- 

ed in the spectra to establish the bonding sites of the ligand 

hen coordinated with metal ions. The reported FT-IR data are 

resented in Table 3 . Comparative analysis of the band positions 

n the IR spectra of HL and its complexes suggested that HL be- 

aves as a neutral bidentate N, N donor ligand with azomethine-N 

nd pyrrole-N as coordination sites. The FT-IR spectra are shown in 

igs. S1–S3. The ν(HC = N) stretching vibration band of the azome- 

hine group shifted to higher wavenumbers upon complexation, 

ndicating the bonding of this nitrogen with metal ions. It ap- 

eared at 1644 cm 

−1 in the HL spectrum and shifted to 1653 and 

664 cm 

−1 in the spectra of complexes 1 and 2, respectively. This 

ay be due to the + I effect caused by the long-chain alkyl group 
4 
f the surfactant moiety [ 24 , 25 ]. The pyrrole ring ν(N-H) stretch- 

ng vibration band for HL at 3131 cm 

−1 and metal complexes at 

134 and 3222 cm 

−1 indicated the participation of this nitrogen 

n the complexation. The greater shift of the ν(N-H) stretching vi- 

ration in complex 2 might be due to hydrogen bonding, whereas 

 slight shift in complex 1 implies no loss of H atoms even after 

omplexation. A new band was observed at higher wavenumbers 

3551 cm 

−1 ) in the IR spectrum of complex 1, which correlates 

ith the overlap of coordinated water and Co + 2 ions [ 26 , 27 ]. An-

ther sharp peak at 961 cm 

−1 corresponds to the bending vibra- 

ion of the coordinated H 2 O. The most exciting and obvious fact 

or M-N and M-O coordination in the complexes was confirmed by 

he absorption bands observed in the lower wavenumber region of 

he spectra. The absorption bands due to the ν(M–N) stretch for 

omplex 1 were observed at 416 and 448 cm 

−1 , corresponding to 
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Table 4 
1 H and 13 C NMR spectral data of HL and complex 2. 

Ligand (HL) Complex 2 Ligand (HL) 

H δ (ppm) δ (ppm) C δ (ppm) 

H-1 7.11 (s, J = 1.01 Hz, 1H) 7.77 (s, J = 1.01 Hz, 1H) C-2a 122.51 

H-(2a/2b) 6.75 (s, J = 1.00 Hz, 1H) 7.05 (s, J = 1.00 Hz, 1H) C-2b 119.04 

H-4 6.34 (s, J = 1.02 Hz, 1H) 6.77 (s, J = 1.05 Hz, 1H) C-3 121.3 

H-5 8.11 (s, J = 1.03 Hz, 1H) 8.56 (s, J = 0.96 Hz, 1H) C-4 108.2 

(H-6 & 7) 1.51/1.53 (m, J = 2.01 Hz, 2H) 1.64 (m, J = 2.07 Hz) C-5 155 

– – C-6 60.69 

(H-8) – (H-15) 1.23–1.26 (m, J = 14.02 Hz) 1.24–1.29 (m, J = 14.61 Hz) C-7 30.74 

H-16 1.52 – C-8 26.71 

H-17 0.83–0.86 (t, J = 3.1 Hz, 3H) 0.83–0.87 (t, J = 4.11 Hz) (C-9) – (C-14) 28.59–28.93 

H (H2O) 3.33–3.39 3.58–3.61 (broad, J = 2.31 Hz) C-15 31.18 

C-16 21.98 

C-17 13.84 
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oordination with azomethine nitrogen and pyrrole ring nitrogen, 

espectively. Another band at 549 cm 

−1 confirmed ν(M–O) stretch- 

ng. The ν(M–N) stretching vibration band of complex 2 was ob- 

erved at 418 cm 

−1 . These major diagnostic bands and their posi- 

ional shifts from free ligands to metal complexes strongly support 

he proposed structure of these complexes [ 28 , 29 ]. 

.4. 1 H and 13 C NMR spectral analysis 

A better understanding of the formation of the HL was also 

upported by 1 H and 

13 C NMR spectral analyses. A comparison of 

he 1 H NMR signals of the HL and complex 2 clarified the coordi- 

ation mode of the ligand. The NMR spectral data are presented 

n Table 4 . The spectrum of HL (Fig. S4) showed a singlet at δ
.1 ppm due to azomethine proton (-N = CH-), indicating that Schiff

ase was formed [ 30 , 31 ]. This peak for complex 2 has undergone a

ownfield shift from δ 8.1 ppm to δ 8.5 ppm, which might be due 

o the share of lone pair electrons to the central metal ion, indicat- 

ng the formation of (Zn ← N) linkage [32] . The pyrrole N-H proton

esonated as a singlet at δ 7.11 ppm for HL, which after complexa- 

ion, has undergone a downfield shift at δ 7.77 ppm. The other sig- 

ificant 1 H NMR signals for HL are 6.75 (s, H-(2a/2b)), 6.34 (s, H- 

), and 3.33–3.39 (H H2O ). These peaks in the spectrum of complex 

 (Fig. S5) appeared almost in a similar position with only minor 

ariation, supporting the legation of HL to Zn 

+ 2 via the azomethine 

roup. 13 C NMR spectral analysis is another clear indicator of lig- 

nd formation. A signal at 155 ppm in the 13 C NMR spectrum of 

L is attributed to azomethine carbon (C-5). The pyrrole ring car- 

ons displayed signals at 122.51 ppm (C-2a), 119.04 ppm (C-2b), 

21.3 ppm (C-3), and 108.2 ppm (C-4). The methyl and methylene 

arbons of the long chain of surfactant portion of the molecule ex- 

ibited signals ranging from 13.84 ppm to 60.69 ppm. 13 C NMR 

pectrum of HL is shown in Fig. S6. All these NMR spectral values 

upport the formation of the free ligand as well as the chelation of 

igand with metal for complex formation. 

.5. UV-visible spectral study 

UV-visible spectral data are presented in Table 5 , and spectra 

re illustrated in Fig. 2 . The spectrum of HL exhibited two dis- 

inct absorption bands in the ultraviolet region of the spectrum. 

he first band appeared at 275 nm due to the π→ π ∗ electronic 
5

ransition of the pyrrole ring. This high energy band appeared at 

68 and 286 nm in the spectra of complexes 1 and 2, respec- 

ively. The second absorption band at 373 nm for HL is attributed 

o the π→ π ∗ and n → π ∗ transition of the azomethine group [33] . 

hese bands are also seen in the spectra of complexes with peak 

alues of 350 nm and 392 nm, respective for complexes 1 and 

 [34] . The UV-visible spectral data of complex 1 coupled with 

agnetic moment data (4.2 BM) illustrated its octahedral geom- 

try [35] . There were three absorption bands reported in the spec- 

rum of complex 1 in the visible range. These absorption bands at 

61 nm, 552 nm, and 4 4 4 nm are assigned as ν1 4T 1g (F) → 4T 2g (F),

2 4T 1g (F) → 4A 2g (F), ν3 4T 1g (F) → 4T 1g (P) electronic transitions re- 

pectively and agree with octahedral geometry. The UV-visible 

pectrum of complex 2 displayed two absorption bands at 286m 

nd 392 nm, illustrating π→ π ∗and n → π ∗ transitions. Broadening 

f the band at 392 nm may result from the interaction of the lig- 

nd to metal charge transfer (LMCT) band with the n → π ∗ transi- 

ion. The spectrum did not show d-d transition due to the com- 

lete d 

10 electronic configuration of zinc. Additionally, FT-IR, 1 H 

MR, and the thermal study revealed 3H 2 O molecules as the struc- 

ural unit of this complex. All this evidence, UV-visible, and molar 

onductivity data suggested distorted trigonal bipyramidal geome- 

ry for complex 2 [36] . 

.6. Mass spectral study 

The mass spectra of the studied compounds are shown in Figs. 

S7 - S9). The spectrum of HL exhibited a high-intensity peak at 

63 m/z, which was assigned to the [M 

·+ + H] peak. Accordingly, 

L must have a molecular mass of 262 m/z, according to the ni- 

rogen rule. Fragment peaks were observed at m/z 235, 187, and 

86. MALDI-TOF mass spectrum of complex 1 showed a base peak 

t 610.56 m/z with a relative intensity of 6454 (a.u.) and a molec- 

lar ion peak though small at 707.65 m/z with a relative inten- 

ity of 165 (a.u.). Accordingly, its molecular mass was assigned as 

08 m/z, which is in agreement with its theoretical value. In ad- 

ition, fragment peaks with variable intensities were detected at 

/z 593, 582, 523, 453, and 446. The mass spectrum of complex 2 

howed a [M 

·+ −2H] peak at 711.466 m/z. As a result, its molecular 

ass was assigned as 714 m/z, which is consistent with its theoret- 

cal molecular mass. Several other peaks were detected at m/z 655, 

87, 469, and 449, all of which were fragment peaks. Therefore, the 
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Table 5 

UV/visible, magnetic moments, and molar conductivity data of HL and its metal complexes. 

Compounds Peak 

positions nm 

Assignment Magnetic 

moment 

(BM) 

Ʌ c ( �−1 cm 

2 

mol −1 ) 

HL 275 

373 

π→ π ∗ , 

n → π ∗
0 5.6 

Complex 1 268 

350 

444 

552 

661 

π → π ∗

n → π ∗
4 T 1g (F) → 

4 T 1g (P) 
4 T 1g (F) → 

4 A 2g (F) 
4 T 1g (F) → 

4 T 2g (F) 

4.2 108.8 

Complex 2 286 

392 

π→ π ∗

n → π ∗
0 83.6 

Fig. 2. UV-visible spectra of ligand (HL), and its complexes. 

Table 6 

Thermal decomposition data of complexes. 

Complexes Steps TG range ( °C) DTA 

�m % found (Cal.) T i T f T DTG Mass loss T DTA 

Complex 1 1 3.86 73.57 147.35 118.13 0.17 - 

2 26.05 152.31 250.62 198.54 1.14 

3 17.74 378.05 476.31 412.68 0.40 422.89 

Complex 2 1 1.55 67.77 132.65 100.91 0.10 - 

2 13.21 156.64 250.43 209.09 0.90 195.27 

3 33.13 342.07 474.57 429.42 1.69 445.36 

4 92.11 551.07 700.11 634.46 2.72 637.19 
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roposed molecular formula for all compounds was strongly sup- 

orted by the mass spectral values [ 37 , 38 ]. 

.7. TGA/DTA study 

Thermogravimetric analysis (TGA) was conducted in an N 2 at- 

osphere at a linear heating rate of 10 °C/min in the tempera- 

ure range of 40 −750 °C [39] . The TGA/DTA data are presented in

able 6 , and thermograms showing various decomposition steps 
6 
re presented in Figs. 3 and 4 . Complex 1 decomposed in three 

tages, the first of which occurred at 73.6–147.4 °C with a T DTG 

eak at 118.1 °C. This may be due to the loss of the outer sphere

 2 O and 2Cl atoms. A part of the ligand moiety and coordi- 

ated H 2 O was lost in the second stage of decompositionat 152.3–

50.6 °C with a corresponding mass loss of 1.1364 mg (26.05%) and 

 T DTG peak at 198.5 °C. The entire ligand moiety was eliminated 

n the third stage at 378.1–476.3 °C, with a T DTG peak at 412.7 °C 

nd a mass loss of 0.4098 mg (17.74%), leaving a solid residue of 



J. Adhikari, A. Bhattarai and N.K. Chaudhary Journal of Molecular Structure 1274 (2023) 134434 

Fig. 3. Thermogram of complex 1. 

Fig. 4. Thermogram of complex 2. 

7 
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Fig. 5. Powder X-ray diffractogram of HL and its complexes. 
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obalt oxide. Complex 2 decomposed in four stages, the first of 

hich occurred at a temperature of 67.77 - 132.65 °C with a T DTG 

eak at 100.91 °C. This implies the loss of outer sphere H 2 O and

 Cl atom with a mass loss of 0.108 mg (1.55%). The second stage

f decomposition in the temperature range of 156.64 - 250.43 °C 

ith T DTG peak at 209.09 °C is associated with a less intense shoul- 

er peak, and this might be due to the loss of a part of ligand

oiety and coordinated Cl-atom. The third decomposition step at 

42.07–474.57 °C with a T DTG peak at 429.42 °C correlates elimi- 

ation of the ligand moiety with a mass loss of 1.69 mg (33.13%). 

he fourth and final decomposition step at 551.07–700.11 °C with 

 T DTG peak at 634.46 °C correlates elimination of the total lig- 

nd moiety with a mass loss of 2.718 mg (92.11%), leaving a solid 

esidue of ZnO [40] . The horizontal portion of the thermogram 

een after 700.11 °C represents a stable solid ZnO residue. 

.8. Powder X-ray diffraction (PXRD) study 

Although single-crystal X-ray crystallography (SC-XRD) is the 

ost credible way to study the structure of complexes, we used 

XRD to determine the crystal parameters because single-crystal 

rowth attempts were unsuccessful. The diffractogram of HL and 

ts complexes are presented in Figs. 5 and S10–S12. The diffrac- 

ogram of HL showed 13 reflection peaks in the 2 θ range of 0–27 °
ith the highest intensity peak at 10.75 ° and a corresponding d- 

pacing value of 0.072 Å. Likewise, the diffractograms of complexes 

 and 2 displayed 13 and 25 reflection peaks in the entire X-ray 

can range, with their respective highest intensity peaks at 23.54 °
 d = 0.157 Å) and 11.21 ° ( d = 0.075 Å). Their average crystallite size

as calculated using Debye-Scherrer’s equation [41] . The respective 

rystallite sizes of HL and complexes 1 and 2 were 119.88, 17.35, 

nd 27.44 nm, illustrating the nano-sized crystalline nature of the 

omplexes [42] . The difference in the XRD patterns suggested co- 
8 
rdination of the ligand to the metal for complex formation, and 

 decrease in crystallite size was observed. This decreased crystal- 

ite size explains the better antibacterial potency of the metal com- 

lexes than that of the Schiff base [43] . The crystallinity refers to 

he percentage of crystalline peaks over the entire XRD scan range. 

hese values for HL, complexes 1 and 2 were calculated to be 85.8, 

8.7, and 58.2%, respectively ( Table 7 ). The peak-wise data for the 

islocation density ( δ) and microstrain ( ε) are presented in Tables 

1-S3. Dislocation density refers to the number of dislocation lines 

er unit area (nm 

−2 ) of the crystal, which causes a crystallographic 

efect, and microstrain ( ε) refers to the variation in lattice param- 

ters [44] . 

.9. Molecular modeling study 

Geometry optimization revealed a structural transformation fol- 

owing ligand-induced complex formation. Figs. (S13, 6, and 7) il- 

ustrate the optimized 3D structures of HL and the complexes. 

hrough several rounds of energy optimization, the minimum opti- 

ized energies of HL, complex 1, and 2 were reported to be 19.34, 

15.28, and 312.85 kcal/mole, respectively. The specific structural 

arameters, such as the bond lengths and bond angles, are listed 

n Table 8 . In complexes 1 and 2, the azomethine bond (-HC = N)

1.26 Å) of HL was elongated to 1.29 and 1.27 Å, respectively. Be- 

ause complex 2 has relatively low energy, it might be more sta- 

le than complex 1 [18] . Bond length and bond angle values are 

lso consistent with the octahedral geometry of complex 1 and the 

istorted trigonal bipyramidal geometry of complex 2. The data in 

he table indicate that complexation results in an increase in the 

ond lengths due to a decrease in the electron density in the coor- 

inated atoms of the ligand (HL) [45] . Furthermore, the geometry 

ndex ( τ 5 ) value of complex 2 was calculated to be 1.1, slightly de- 

iating from its ideal value of 1 for perfectly trigonal bipyramidal 
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Table 7 

Crystal parameters of HL and complexes. 

Compounds No. of 

crystalline peaks 

Av. crystallite 

size (nm) 

Crystallinity(%) Dislocation density 

x 10 −3 range 

Microstrain x 

10 −3 range 

HL 13 119.87 85.82 0.03–0.99 1.37–6.22 

Complex 1 13 17.34 28.71 1.23–169.35 4.75–73.04 

Complex 2 25 27.43 58.27 0.47–62.66 1.99–44.31 

Table 8 

Selected bond lengths and bond angles of HL and its complexes. 

Compounds Bonded Atoms Bond length ( ̊A) Bonded Atoms Bond angle ( o ) Final 

geom.energy 

HL C(4)-N(5) 1.26 19.34 kcal/mol 

N(5)-C(1) 1.26 

C(7)-N(9) 1.26 

N(9)-C(10) 1.48 

Complex 1 Co(16)-N(13) 1.88 O(41)-Co(16)-O(40) 91.75 815.28 kcal/mol 

Co(16)-N(12) 1.88 N(12)-Co(16)-N(13) 161.35 

Co(16)-O(41) 1.17 N(15)-Co(16)-N(9) 107.59 

O(40)-Co(16) 1.17 N(13)-Co(16)-O(40) 94.93 

Co(16)-N(9) 1.88 N(12)-Co(16)-O(41) 94.47 

Co(16)-N(15) 1.88 N(15)-Co(16)-N(12) 85.36 

C(11)-N(13) 1.29 O(40)-Co(16)-N(9) 80.03 

C(10)-N(12) 1.29 N(12)-Co(16)-N(9) 83.84 

Complex 2 Zn(16)-N(9) 1.94 N(15)-Zn(16)-N(9) 97.29 312.85 kcal/mol 

Zn(16)-N(13) 1.94 N(15)-Zn(16)-N(13) 96.82 

Zn(16)-N(12) 1.94 N(12)-Zn(16)-N(15) 90.70 

Zn(16)-Cl(40) 2.25 N(9)-Zn(16)-N(12) 163.81 

N(15)-Zn(16) 1.94 N(13)-Zn(16)-N(9) 90.92 

N(12)-C(10) 1.27 N(12)-Zn(16)-N(13) 102.1 

N(13)-C(11) 1.27 N(13)-Zn(16)-Cl(40) 154.99 

N(12)-Zn(16)-Cl(40) 83.36 

N(15)-Zn(16)-Cl(40) 107.56 

Cl(40)-Zn(16)-N(9) 80.82 

Fig. 6. 3D-optimized geometrical structure of complex 1. 
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eometry [ 46 , 47 ]. This validates pentacoordinate around the zinc 

tom with distorted trigonal bipyramidal geometry ( Figs. 6 and 7 ). 

.10. Antibacterial activity study 

The structural components of chemicals have a profound ef- 

ect on their biological activity. Furthermore, the amphiphilic na- 

ure of molecules also influences their biological activities [ 4 8 , 4 9 ].

n complexes, metals link organic ligands to cellular components 
9

f microorganisms and enhance their biological activities [50] . Test 

olutions of HL and complexes 1 and 2 were prepared in DMSO 

t concentrations of 50, 25, and 12.5 μg/μL. A standard reference 

rug, amikacin (30 μg/disk), was used to compare the potencies of 

he synthesized compounds. The diameters of the zones of inhibi- 

ion in millimeters (mm) are listed in Table 9 , and the results are

raphically shown in the bar graph Figs. 8–10 . With all pathogens 

xcept S. aureus and E. coli, amikacin exhibited higher antibacte- 

ial activity than any other tested compounds. Complex 2 exhib- 
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Fig. 7. 3D-optimized geometrical structure of complex 2. 

Table 9 

Antibacterial activity data of HL and its metal complexes. 

Compounds Diameter of the zone of inhibition in mm 

E. coli K. pneumoniae P. aeruginosa Enterococci S. aureus 

Concentration (μg/μL) 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 

LA 16 14 13 21 16 14 18 16 15 17 16 15 21 20 19 

P3C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

HL 15 15 13 15 15 14 12 12 12 12 11 10 22 21 20 

Complex 1 16 15 14 15 14 13 12 11 10 12 12 12 23 22 21 

Complex 2 17 16 15 18 17 16 16 16 16 15 14 14 24 23 22 

Amik. (30 μg/disk) 14 24 23 20 21 

DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fig. 8. Bar graph showing antimicrobial activity at 50 μg/μL concentration. 

10 
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Fig. 9. Bar graph showing antimicrobial activity at 25 μg/μL concentration. 

Fig. 10. Bar graph showing antimicrobial activity at 12.5 μg/μL concentration. 

Table 10 

Minimum inhibitory concentration data. 

Compounds Minimum inhibitory concentration (MIC) in (μg/μL) 

E. coli K. pneumoniae P. aeruginosa Enterococci S. aureus 

LA 0.7812 0.7812 0.3906 0.3906 0.1953 

HL 0.3906 0.3906 0.3906 0.1953 0.0976 

Complex 1 0.1953 0.3906 0.1953 0.0976 0.0488 

Complex 2 0.0976 0.0976 0.0976 0.0488 0.0244 
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ted better antibacterial activity at all concentrations compared to 

L, complex 1, and amikacin. There was significant growth inhi- 

ition by HL and complexes 1 and 2 against E. coli, K. pneumoniae , 

nd S. aureus but comparatively less inhibition against P. aeruginosa 

nd Enterococci . 

A quantitative assessment of their biological activities was per- 

ormed by determining the MIC of the compounds. The MIC 

μg/μL) of the studied compounds is listed in Table 10 . All of them

howed remarkable MIC values against all the pathogens. Relatively 

ower MIC values were observed for the tested compounds against 

. aureus, Enterococci , and K. pneumoniae . The lowest MIC value 

0.0244 μg/ μL) of complex 2 against S. aureus showed higher an- 

ibacterial activity. The MIC data showed remarkable and compa- 
11
able antibacterial activities for the synthesized compounds. Over- 

one’s concept and chelation theory explain the better antibacterial 

ctivity of metal complexes than that of HL. A metallosurfactant 

nteracts hydrophobically with the bacterial cell membrane and 

lectrostatically with its cell wall when applied to gram-positive 

acteria. However, gram-negative bacteria have a lipopolysaccha- 

ide layer on their outer membranes, which may block amphiphilic 

etallo-surfactants from entering and reducing their antibacterial 

roperties [51] . In our investigation, gram-positive bacteria had rel- 

tively higher antibacterial potency than gram-negative bacteria. A 

hick coating of peptidoglycan allows gram-positive bacteria to ab- 

orb drugs more effectively [ 52 , 53 ]. More hydrophobic surfactants 

ave been reported to exhibit more potent antibacterial properties. 
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Table 11 

In silico physicochemical properties and drug-likeness predictions of synthesized compounds. 

Compound Fraction 

Csp3 

nRotB HBA HBD iLogP Molar refractivity 

(MR) 

ESOLlog S TPSA ( ̊A ²) Lipinski 

violations 

HL 0.71 12 1 1 3.97 87.13 −4.57 MS 28.15 - 

Complex 1 0.71 24 5 5 0.00 195.10 −10.33 IS 83.99 1 

MW > 500 

Complex 2 0.71 24 5 5 0.00 195.10 −10.37 IS 83.99 1 

MW > 500 

Fraction Csp3 = Ratio of sp3 hybridized carbons to the total carbon count of the molecule. 

nRotB = Number of rotatable bonds, HBA = Number of hydrogen bond acceptor,. 

HBD = Number of hydrogen bond donors, iLogP = lipophilicity, log S = water solubility, ESOL = estimated solubility with moderately soluble (MS) and 

IS = insoluble, TPSA = Topological polar surface area. 

Table 12 

Pharmacokinetic/ADME properties of HL and its complexes. 

Pharmacokinetic/ADME properties 

Compound GI Abs BBB 

Permeant 

P-gp 

Subtrate 

CYP1A2 

Inhibitor 

CYP2C19 

Inhibitor 

CYP2C9 

Inhibitor 

CYP2D6 

Inhibitor 

CYP3A4 

Inhibitor 

logKp 

(cm/s) 

HL High Yes No Yes Yes No Yes No −3.73 

Complex 1 High No Yes No No No No No −2.16 

Complex 2 Low No Yes No No No No No −2.20 

GI = gastrointestinal, BBB = blood brain barrier, P-gp = protoglycoprotein. 

CYPs = cytochrome family enzymes, logKp = skin permeation. 
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he coordination of various metal ions also influences lipophilicity, 

hich determines the pace at which molecules enter the cells. 

.11. In silico ADME study 

An in silico drug-likeness and pharmacokinetic study was con- 

ucted to better understand the in vitro antibacterial activities of 

he synthesized compounds. Table 11 shows the predicted data 

or drug likeness obtained using the Swiss ADME online predictor. 

rug-likeness prediction is based on Lipinski’s rule of five, which 

onsiders molecular weight ( ≤500), hydrogen bond acceptor ( ≤10), 

ydrogen bond donor ( ≤5), and lipophilicity (ilogP ≤5) to qualify 

 drug molecule [54] . The predicted logP values for both metal 

omplexes were 0.00, which indicates their amphipathic nature, 

hereas HL had 3.97 logP values, indicating a lipophilic nature. The 

redicted TPSA values for HL and complexes ranged from 28.15 to 

3.99 Å 

2 , suggesting their excellent intestinal absorption [55] . Be- 

ause their estimated human skin permeability coefficient (log Kp) 

alues ranged from 2.16 to 3.37 cm/s, the synthesized compounds 

ere predicted to have low skin permeability. The skin permeation 

f HL was predicted to be relatively low. The pharmacokinetics de- 

criptor data for HL and metal complexes 1 and 2 are presented 

n Table 12 . High GI absorption of HL and complex 1, as well as

L permeation through the blood-brain barrier (BBB), have been 

eported. Complexes 1 and 2 were predicted as P-gp substrates. 

verall, Swiss ADME data analysis revealed a more incredible op- 

ortunity for HL to be a drug candidate. CYP450 inhibition pre- 

iction showed that ligand HL inhibited CYP1A2, CYP2C19, and 

YP2D6 isoforms but not CYP2C9 and CYP3A4. The synthesized 

omplexes were unable to inhibit CYP450 isoforms. The bioavail- 

bility scores for HL and metal complexes ranged from 0.55 - 0.56. 

he predicted synthetic accessibility for HL was 2.94, whereas that 

or complexes 1 and 2 was 5.46 and 5.53. 

Bioavailability radar plots of the compounds are shown in Figs. 

14–S16. Size, solubility, saturation, polarity, lipophilicity, and flex- 

bility are the six physicochemical characteristics of the pink area 

f the radar plot that ideally describe oral bioavailability [56] . HL 

as all parameters within the pink region of the radar plot except 

or the number of rotatable bonds, which is > 9 [57] . There is a

ack of oral bioavailability of metal complexes based on radar plots 
12 
ecause their physicochemical properties are primarily outside the 

ink room. 

. Conclusion 

In this study, we prepared a neutral surfactant-based N, N 

onor Schiff base ligand (HL) and its two metal complexes 1 and 

. Based on UV-visible and magnetic moment data, octahedral 

nd distorted trigonal bipyramidal geometry have been assigned 

o complexes 1 and 2, respectively. Both complexes exhibited ionic 

urfactant behavior based on molar conductivity measurements. 

hermal analysis, FT-IR, and 

1 H NMR spectral studies revealed the 

nvolvement of hydrated and coordinated H 2 O in complex forma- 

ion. PXRD analysis indicated their crystalline nature with aver- 

ge crystallite sizes of 119.88, 17.35, and 27.44 nm for HL, com- 

lex 1, and complex 2. Complexes possess lower CMC values than 

he pure surfactant (LA), indicating their greater micellization ca- 

acity. A very low ( �G °m 

) value for the complexes indicates the 

asy formation of micelles relative to LA. The TGA/DTA study re- 

ealed the thermal stability of the complexes. In the Swiss ADME 

tudy, HL met several physicochemical criteria for the ADME pro- 

le and was predicted to possess drug-like properties according 

o Lipinski’s rule of five. The tested compounds showed excellent 

ntibacterial activity against the studied pathogens at all concen- 

rations, as demonstrated by their diameter of the zone of inhibi- 

ion and minimum inhibitory concentrations (MICs). Overall, metal 

omplexes were more effective than ligands in killing bacteria. 
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and 2 are shown in Figs. S1and S2. In Figs. S4 and S5, the 1 H NMR

pectra of HL and complex 2 are shown. The 13 C NMR spectrum of 

L is presented in Fig. S6. Figs. S7–S9, the mass spectra of HL and

omplexes1 and 2 are presented. The individual diffractogram of 

he ligands and complexes are shown in Figs. S10–S12. The 3D- 

ptimized geometrical structure of the HL is shown in Fig. S13. 

igs. S14–S16 show the Swiss ADME bioavailability radar, which 

xplains the pharmacokinetic properties of the HL and complexes. 

ables S1–S3 report crystallographic data of HL and complexes. 
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Abstract
The use of surfactants to enhance the efficacy of most conventional drugs is the recent progress of pharmacology. The 
rationale of this research is to design and develop surfactant incorporated drugs to overcome the challenges of antibiotic 
resistance. Herein, we report the synthesis of a novel surfactant-based Schiff base ligand (DDAP2C) from dodecylamine 
(DDA) and pyrrole-2-carboxaldehyde (P2C) and its two metal complexes, Ni-DDAP2C and Zn-DDAP2C. Characterization 
was performed by spectroscopic techniques such as 1H and 13CNMR, electronic absorption spectral study, FT-IR, and ESI-
mass spectrometry. They were further characterized by elemental microanalysis, powder X-ray diffraction, SEM-EDAX, and 
TGA/DTA analyses to obtain significant structural information. The conductance study revealed non-electrolytic nature. The 
critical micelle concentration (CMC) of the synthesized compounds was calculated using conductivity data. We extended our 
study to derive various surface properties and thermodynamic parameters from the CMC calculations. The popular Coats–
Redfern equation was used to compute the kinetic and thermodynamic properties. Powder X-ray diffraction was performed 
to determine the crystallinity, crystallite size, microstrain, and dislocation density of the crystals. Geometry optimization 
was performed by running the MM2 job in CsChemOffice Ultra 16 programs and ArgusLab 4.0.1 version software. The 
antibacterial potency of the ligand and metal complexes was demonstrated by the standard Kirby–Bauer paper disk diffusion 
technique for E. coli, K. pneumoniae, P. aeruginosa, Enterococci, and S. aureus bacteria. Their actual potency against all 
pathogens was further assessed quantitatively by evaluating the minimum inhibitory concentration (MIC) tests and revealed 
a significant bacterial growth inhibition.

Keywords Schiff base · Thermodynamic parameters · Surface properties · Antibacterial activities · Spectroscopic 
characterization

Introduction

Biomedical approaches to inorganic chemistry have 
expanded the interest of pharmacists in the design and for-
mulation of new chemotherapeutics. The use of metals in 
medicine cannot be ignored as most of the recent drugs are 
coordination compounds that have made significant contri-
butions to pharmacology. Most of the important drugs in 
pharmacology are metal complexes that have a diverse range 
of applications such as antibacterial, antiviral, analgesics, 
anti-inflammatory, anticancer, and antitubercular (Danish 
et al. 2020; Baecker et al. 2021; Naureen et al. 2021; Prasad 

et al. 2021). Our interest is to modify the biological profile 
of such metal complexes by changing ligand behavior with 
a particular focus on surfactant activity. Surfactants are sur-
face-active agents that are used as emulsifiers, solubilizers, 
wetting agents, and suspension stabilizers (Alwadani and 
Fatehi 2018). The amphiphilic nature of surfactants has a 
significant impact on the biological activity of many phar-
maceuticals (Abdul Rub 2019). One of the major issues in 
the biological activity of conventional drugs is their solu-
bility in vivo in an aqueous medium in the human body, 
which can affect the biological profile of drugs. Surfactant-
added drug formulations can exert various effects, either by 
deaggregation and dissolution of solid drugs or by increas-
ing membrane permeability in the lipid layer of the cell wall 
(Attwood 1983). Chemically, surfactant molecules possess 
an ionic/nonionic polar head group and a long hydropho-
bic carbon chain. This nature of the surfactant can organize 
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molecules in different shapes, such as micelles, bilayers, 
monolayers, and other geometrical shapes. Therefore, the 
physicochemical profiles of the aggregates can respond in 
another way (Anestopoulos et al. 2020). Surfactants are the 
foundation components of many physical, chemical, and 
biological systems. They are widely used as antiseptics in 
cosmetics (Kumar and Tyagi 2014), as surface-active agents 
in detergents (Lutfullina et al. 2013), germicides (Tatsumi 
et al. 2014), and pharmaceutical industries. Surfactant-based 
Schiff base metal complexes (metallo-surfactant) have pecu-
liar properties of surfactants consisting of a head group with 
metal ions and a hydrocarbon chain as a tail group (Wagay 
and Ismail 2017). Generally, drugs are administered in com-
plex forms in vivo to achieve the desired effect. Complex 
interactions occur between surfactant-based drugs and pro-
teins that may affect the mechanism of drug metabolism 
in association with enzymes (Stephansen et al. 2015). The 
amphiphilic nature of metal complexes is important because 
of their potential applications in magnetic, catalytic, and bio-
logical activities (Brown et al. 2013; Kaur et al. 2018; Don-
ner et al. 2019). Considering all these aspects of surfactant-
based drugs, this research will add to the desire for current 
therapeutics for drug delivery. Another consequence of the 
need to develop new chemotherapeutics, especially antibiot-
ics, is antibiotic resistance, which has become a major issue 
in modern pharmacology. Newly emerged bacterial strains 
with different modes of enzymatic action on host cells are 
gaining antibacterial resistance, and we have left no options 
for improving drug activities of conventional drugs either 
by complexation or by adding prodrugs in the form of sur-
factants or surfactant-based modified molecules (Ambika 
et al. 2019).

The primary amines condense with carbonyl compounds 
to produce an important class of compounds called Schiff 
bases, which are important ligands that interact with metal 
ions via azomethine nitrogen (Tsantis et al. 2020). This class 
of compounds contains active donor atoms to chelate metals 
for the formation of a metal complex. Owing to their facile 
synthesis, easy availability, and excellent solubility in vari-
ous common solvents, Schiff bases have been considered for 
complex formation in modern coordination chemistry (Kajal 
et al. 2013). They have wide applications in various fields 
of chemical science, pharmaceutical science as a powerful 
drug, electronic field, various biological systems, polymers, 
dyes, and other fields (Mangamamba et al. 2014). The com-
plexation behavior of Schiff bases is important because 
of the changes in their physical, chemical, and biological 
profiles. Therefore, Schiff base compounds deserve special 
attention from chemists and pharmacists to increase their 
potential applications and have also shown promising guide-
lines for the design of more effective antimicrobials (Teran 
et al. 2019). Due to the chelation behavior of Schiff bases, 
they can be used as pharmaceutical substances to ameliorate 

various health problems caused by metal poisoning in the 
human body. In this study, we selected some heterocyclic 
compounds for the generation of the Schiff base. Hetero-
aromatic compounds are also drug substances that are pre-
sent in many natural drugs. Compounds containing donor 
atoms such as oxygen, sulfur, and nitrogen constitute a spe-
cial group of compounds that exhibit significant biological 
activities (Almarhoon et al. 2019). A five-membered sim-
ple heterocyclic compound called pyrrole and its derivatives 
have attracted the attention of chemists because of their vari-
ous biological activities (Khashi et al. 2015; Halawa et al. 
2017). Pyrrole-2-carboxaldehyde is a pyrrole-based aromatic 
aldehyde that can be used to synthesize many modified drug 
candidates (Nami et al. 2016).

The current literature search revealed fewer reports on 
surfactant-based Schiff base metal complexes, their synthe-
sis, and characterization (Negm et al. 2010; Lakshmipraba 
et al. 2015; Garg et al. 2016), especially for the complexation 
behavior with 3d transition metal ions. The present study has 
aimed to describe the synthesis of a novel Schiff base ligand 
from dodecylamine (a surfactant) and pyrrole-2-carboxal-
dehyde and its two metal complexes with divalent 3d metal 
ions  (Ni2+ and  Zn2+). Characterization of the synthesized 
complexes was performed by 1H and 13CNMR, UV–Vis, 
ESI-mass, FT-IR, SEM-EDAX, thermal analyses, and crys-
tal characterization by powder X-ray diffraction. In addition, 
we implemented the CMC approach to obtain important 
information about the surface properties of molecules that 
may affect their biological activity. The geometry of the syn-
thesized compounds was optimized using the MM2 function 
in the CsChemOffice molecular modeling software program. 
This study was further pursued to explore the antibacterial 
potency of the synthesized compounds against some gram-
negative and gram-positive bacterial strains using the stand-
ard Kirby–Bauer paper disk diffusion technique (Chaudhary 
and Mishra 2018). The antibacterial activity was further con-
firmed by minimum inhibitory concentration (MIC) tests.

Experimental

Materials and reagents

The chemicals, dodecylamine (DDA), and pyrrole-2-carbox-
aldehyde (P2C) in a pure form were obtained from Spectro-
chem, Mumbai, India, and Sigma-Aldrich, Germany, respec-
tively, and used without further purification. Mueller–Hinton 
agar (MHA) was purchased from Himedia, India. Ethanol 
used as a solvent was procured from Qualigen. Nickel and 
zinc chloride salts were procured from Merck. Analytical 
reagent (AR) grade chemicals and solvents were used in the 
synthesis.
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Instruments

The melting point was recorded on VEEGO ASD-10013 
programmable melting point equipment. Conductivity meas-
urement was taken on an Auto-ranging digital conductivity/
TDS meter TCM 15+ at 25 °C. A Thermo Finnigan FLASH 
EA 1112 Series CHN analyzer was used to record the pat-
terns of CHN % of the synthesized compounds. FT-IR spec-
tral analysis was performed on a Thermo Nicolet Avtar 370 
FT-IR spectrophotometer in a KBr matrix over the spectral 
range 400–4000  cm−1. A Bruker Avance III 400 MHz NMR 
spectrometer was used to record the 1H and 13CNMR spec-
tra of the ligand and Zn-DDAP2C in DMSO-d6 solvent. 
An Agilent Cary 5000, UV–Vis spectrophotometer, with a 
quartz cuvette, was used to register the electronic absorp-
tion spectra of the synthesized compounds in DMSO in the 
200–800 nm wavelength range. An Agilent Q-TOF mass 
spectrometer was used to record the ESI-mass spectrum of 
the DDAP2C ligand. The mass spectra of the complexes 
were recorded on MALDI-TOF: Bruker Autoflex max LRF 
instrument. The X-ray powder diffraction patterns of the 
synthesized compounds were recorded on a Bruker AXS 
D8 Advance X-ray diffractometer with a monochroma-
tized Cu-Kα line at a wavelength of 1.5406 Å radiation 
source. Thermogravimetric analysis was performed on a 
PerkinElmer thermal analyzer in the temperature range of 
40–750 °C. The instrument was operated at a linear heating 
rate of 20 °C  min−1. A JEOL 6390LA/ OXFORD XMX 
N scanning electron microscope with EDAX functional-
ity (SEM-EDAX) was used to record the micrograph of 
the compounds and to quantify the elements of the studied 
compounds. The energy optimization job was performed 
using the MM2 supported CsChemOffice software program 
to record the modeling parameters.

Synthesis of Schiff base ligand (DDAP2C)

A well-stirred solution of DDA (10 mmol, 1.8535 g) in 
20 ml ethanol was mixed with a warm and homogenously 
stirred solution of P2C (10 mmol, 0.951 g) dissolved in etha-
nol (20 ml). The resulting solution was refluxed at 30 °C for 
6 h and cooled by a slow diffusion process (Maurya et al. 
2003). A reddish-brown solid (yield 75%) was obtained at 

room temperature by volume reduction. The solid ligand was 
recrystallized in absolute ethanol and dried over anhydrous 
 CaCl2. The product was kept in an airtight vial and stored 
in a refrigerator for the next steps of work. The detailed 
scheme for the synthesis of ligand and metal complexes is 
shown in Fig. 1.

Synthesis of metal complexes

To the hot and homogenously stirred solution of DDAP2C 
(1 mmol, 0.2624 gm) in ethanol, 10 ml ethanolic solution 
of 1 mmol metal chloride salts,  NiCl2.6H2O (0.2376 gm), 
and  ZnCl2 (0.1362 gm) was added dropwise in two separate 
experiments and stirred for several hours under hot condi-
tion. Solid metal complexes (yield 68% for Ni-DDAP2C 
and 70% for Zn-DDAP2C) were obtained by slow diffusion 
of the solution under normal atmospheric conditions. They 
were washed several times with absolute ethanol and recrys-
tallized to obtain solid crystals. They were further dried over 
anhydrous  CaCl2 and stored in a refrigerator in an airtight 
vial for future use.

Antibacterial activity study

Disk diffusion study

The in vitro antibacterial evaluation of the synthesized 
compounds was carried out against five human pathogenic 
bacteria like E. coli, K. pneumoniae, P. aeruginosa, Ente-
rococci, and S. aureus. This was performed using the modi-
fied Kirby–Bauer paper disk diffusion technique. A fresh 
bacterial culture was revived by inoculating in 5 ml nutrient 
broth and incubated for 3 h at 35 °C to obtain the desired 
concentration of bacteria ready for use. Agar plates were 
prepared according to the standard procedures. The organ-
ism was swabbed uniformly onto agar media using a sterile 
stick swab. The desired concentrations of the solution of 
test compounds were prepared in DMSO. The well-sterilized 
paper disks of 5 mm diameter size loaded with the test solu-
tion were carefully stuck on the swabbed media. For positive 
control, amikacin, 30 µg/disk, was used. After incubation of 
the loaded media at 37 °C for 24 h, the diameter of the zone 
of inhibition around each disk was measured to compare 

Fig. 1  Schematic presentation of the synthesis of DDAP2C and metal complexes
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their antibacterial potency. This study was conducted in trip-
licate to reduce the error of measurement.

Minimum inhibitory concentration (MIC) study

The MIC is the lowest concentration of the test compounds 
which does not show any visible growth of organisms in 
a broth mixed with test compounds. The stock solution of 
50 µg/µL concentration of the compounds was prepared in 
DMSO, and a twofold serial dilution technique was applied 
to get lower concentration gradients for the exact study 
(Patel and Khan 2011; Chaudhary et al. 2021). To each of 
the diluted solutions, 0.1 mL bacterial suspension was added 
and incubated for 24 h at 37 °C. Each measurement was 
repeated three times to reduce the measurement error. The 
broth containing bacterial suspension was considered as the 
negative control, and the other containing no bacteria was 
considered the positive control.

Results and discussion

Physical data measurement

The elemental microanalysis, conductivity, m. pt., and 
other physical data of DDAP2C and its metal complexes 
are reported in Table 1. The analysis revealed ML-type 
geometry with a 1:1 metal–ligand ratio. They were soluble in 
ethanol and less polar solvents such as DMSO and DMF but 
insoluble in water. The reported m. pt. of compounds was 
59 ± 1, 172 ± 2, and 106 ± 1 °C respective of DDAP2C, Ni-
DDAP2C, and Zn-DDAP2C. We reported light green solid 
for Ni-DDAP2C and leaf brown solid for Zn-DDAP2C com-
plex. The proposed molecular structure of the complexes 
was determined and confirmed by careful study of physical 
data, which are in good support of their artifact structures.

Critical micelle concentration (CMC) study

The conductivity of the solutions was recorded after 
proper mixing of the components at a constant tempera-
ture. The variation in the conductivity with concentrations 

of the surfactant and its complexes is shown in Fig. 2a–c. 
The specific conductivity increased with an increase in 
concentration, and the slope changed after a particular 
concentration. The point of intersection of the two linear 
variations of the plot gives the CMC. The conductivity 
measurement was taken in triplicates at 298.15 K, and the 
accuracy of the CMC value was found to be within ± 2–3% 
error. The calculated CMC of surfactant and metal com-
plexes is shown in Table 2. The metal complexes possess 
much lower CMC values than the surfactant, dodecylamine 
(1.53 ×  10–2 M); which resembles the CMC of dodecylam-
monium chloride. There are two reasons for the decrease 
in CMC of metal complexes compared to surfactants. The 
first reason for this decrease may be due to an increase in 
hydrophobicity of hydrocarbon chains, which promotes 
the tendency of micellization. As a result, the CMC of 
metal complexes decreases (Mehta et al. 2012). The sec-
ond reason is that when the metallo-surfactants dissolve, 
they often dissociate into surface-active molecules and 
ions. Generally, the trends of increase in CMC values of 
metal complexes in a period may be due to the increase 
in electronegativity and decrease in ionic radius of metal 
atoms. But, zinc does not follow the trend and gives a 
lower CMC than nickel. The electronegativity of zinc ion 
(1.65) is lower than nickel (1.91), and the ionic radius 
of zinc (74 pm) is larger than those of nickel (70 pm). It 
can be assumed quite correctly that the ionic character 
also changes with the change in electronegativity. This 
increases the ionic strength around the micelles, result-
ing in a sort of screening effect (Mehta and Kaur 2013). 
The reduced repulsion among polar head groups facilitates 
micellization and lowers CMC values. Metals penetrate 
more deeply into the micelle, reduce the electrostatic 
repulsion, and thus lower CMC value. Finally, it has been 
concluded that the 3d metal complexes of the surfactants 
have higher micellization capacity than common synthetic 
organic surfactants. This behavior of surfactant-based 
metal complexes is due to the interaction of metal ions 
with the long hydrophobic chain of the surfactant (Mehta 
and Kaur 2013). The free energies of the micelle forma-
tion of complexes were calculated using the pseudo-phase 
separation model (Bhattarai et al. 2017).

Table 1  Microanalytical and 
physical data of the DDAP2C 
and its complexes

Complex Empirical Formula Formula Wt Color M.Pt. (°C) Calculated (Found) (%)

C H N

DDAP2C C17H30N2 262 Reddish
Brown

58–59 77.80
(77.329)

11.52
(11.360)

10.67
(10.465)

Ni-DDAP2C C17H35ClN2NiO3 410 Light
Green

170–175 49.85
(49.57)

8.65
(8. 35)

6.84
(6. 89)

Zn-DDAP2C C17H35ClN2O3Zn 416 Leaf
Brown

105–107 49.05
(48.772

8.47
(8. 96)

6.73
(6. 40)
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where R, T, and α are the gas constant, absolute tempera-
ture, and degree of micellar ionization, respectively. ΔGo

m 
was negative for all complexes and became less negative 

ΔG◦

m = (2 − �)RTlnCMC

in the descending order of Zn-DDAP2C, Ni-DDAP2C, and 
DDA. High negative ΔGom indicates the spontaneous micel-
lization process and follows the order Zn-DDAP2C > Ni-
DDAP2C > DDA. Surfactants containing large metal ions 
have increased head polarity. As the polarity of the head 
increases, the negative Gibbs free energy of micellization 
also increases. This result is more favorable for the micel-
lization of metal-based surfactants (Chandar et al. 2009).

Spectroscopic characterization

FT‑IR spectroscopy

The FT-IR data of the ligand (DDAP2C) and its complexes 
are summarized in Table 3 and the spectra of the complexes 
are presented in Figs. S1S and S2S. The IR absorption 
peaks provide useful structural information of the newly 
synthesized compounds. The spectrum of DDAP2C (Fig. 3) 
showed a broad absorption band at 3163  cm−1 assigned for 
the ν(NH) stretch, and two intense absorption bands at 2848 
and 2927  cm−1 due to –CH3, ν(CH) stretch. The absence 
of pyrrole N–H stretching vibration band at 3163  cm−1 in 
the IR spectra of metal complexes provides strong evidence 
for deprotonation of N–H moiety during complexation (Han 
et al. 2003; Tyagi et al. 2015; Gherras et al. 2018). The metal 
complexes delivered broad absorption bands positioned at 
3440 and 3447   cm−1 for Ni-DDAP2C and Zn-DDAP2C 
complexes, respectively, which are assigned for the ν(OH) 
stretch of associated water molecules. A high-intensity 
band at 1648  cm−1 for DDAP2C is assigned to azomethine 
ν(C=N) stretch, which has shifted 19 to 26  cm−1 downward 
in complexes (Mohamed et al. 2011; Upadhyay et al. 2013; 
Mbugua et al. 2020). The corresponding ν(C=N) stretch-
ing bands for Ni-DDAP2C and Zn-DDAP2C complexes are 
observed at 1629 and 1622  cm−1. The ν(Ar–C=C) stretching 
vibration bands for DDAP2C were observed at 1421, 1470, 
and 1553  cm−1, and little variation was observed in these 
bands after complexation. The absorption band assigned 
for ν(C-N) stretch at 1366  cm−1 for DDAP2C has shifted 
to 1385 and 1378  cm−1 for Ni-DDAP2C and Zn-DDAP2C 
complexes, respectively (Mohamed et al. 2011; Buldurun 
et al. 2019). Besides these characteristic absorption bands, 
the metal complexes showed a less intense band at 452  cm−1 
for Ni-DDAP2C and 466  cm−1 for Zn-DDAP2C, assigned 
to ν(M–N) stretch (Anila et al. 2017). These IR absorption 
data provide strong evidence for the formation of the metal 
complex via the azomethine nitrogen of DDAP2C.

1H and 13CNMR spectral analysis

The comparison of the NMR spectra of the DDAP2C and 
its diamagnetic Zn-DDAP2C complex gives important 

(a)

10

15

20

0.01 0.02 0.03 0.04

Dodecylamine (DDA)

=0.379
CMC=0.0153 M

y = +240x1 +8.72, max dev:0.719, r2=0.976

y = +633x1 +2.69, max dev:0.320, r2=0.996

Concentration of DDA (M)

Sp
ec

ifi
c
C
on

cu
ct
iv
ity

(
S/
cm

)

α

↑

κ
µ

(b) 

(c)

0

30

60

90

120

0 0.0005 0.0010 0.0015

Ni complex

=0.898

CMC=0.0010028 M

y = +6.27E4x1 +2.10, max dev:3.43E-4, r2=1.00

y = +6.98E4x1 -5.02, max dev:3.43E-4, r2=1.00

Concentration of Ni-DDAP2C (M)

Sp
ec

ifi
c
C
on

cu
ct
iv
ity

(
S/
cm

)

0

20

40

0 0.0002 0.0004 0.0006 0.0008 0.0010

Zn complex

y = +4.63E4x1 -3.08, max dev:0.00, r2=1.00

y = +4.96E4x1 -4.35, max dev:0.273, r2=0.996

=0.933
CMC=0.000385 M

Concentration of Zn-DDAP2C (M)

Sp
ec

ifi
c
C
on

cu
ct
iv
ity

(
S/
cm

)

α

↑

κ
µ

α

↑

κ
µ

Fig. 2  Plot of conductivity versus concentration of a DDA, b Ni-
DDAP2C, c Zn-DDAP2C



 Chemical Papers

1 3

information about the proton/carbon environment and its 
chemical shift within the molecule. Their 1HNMR spectral 
data are documented in Table 1S. The DDAP2C exhib-
ited a signal at δ 8.041 ppm attributed to the azomethine 
(–CH=N) proton and this indicates the formation of Schiff 
base ligand. This signal for Zn-DDAP2C was shifted down-
field to δ 8.486 ppm indicating the participation of azome-
thine nitrogen in complex formation (Nami et al. 2016; 
Tyagi et al. 2017; Kabeer et al. 2019). The pyrrole ring 
protons of DDAP2C resonating at 6.088–6.852 ppm were 

shifted downfield in the 6.455–7.664 ppm range for the 
Zn–DDAP2C complex (Singh et al. 2010). The pyrrole NH 
proton of DDAP2C displayed a singlet at 11.296 ppm, the 
absence of which in the 1HNMR spectrum of Zn-DDAP2C 
confirms the complexation associated with zinc–nitrogen 
binding (Bhowon et al. 2004; Lobana et al. 2012; Paul and 
Bhattacharya 2014; Gherras et al. 2018). The 1HNMR and 
13CNMR spectral data incorporated in the structure of the 
ligand and Zn-DDAP2C are presented in Figs. 4, 5 and their 
1HNMR spectra are given in Figs. S3S and S4S.

Table 2  Values of premicellar slope (S1), postmicellar slope (S2), degree of dissociation (α), critical micelle concentration (CMC), and Gibbs 
free energy of micellization (ΔGo m) of DDA, Ni-DDAP2C and Zn-DDAP2C in ethanol medium at 298.15 K

Compounds S1 (µS  cm−1 l·mole−1) S2 (µS  cm−1 l·mole−1) α CMC (mole  L−1) ΔGo
m

(kJmol−1)

DDA 240 633 0.379 1.53 ×  10–2 − 16.79
Ni-DDAP2C 6.27 ×  104 6.98 ×  104 0.898 1.002 ×  10–3 − 18.86
Zn-DDAP2C 4.63 ×  104 4.96 ×  104 0.933 3.85 ×  10–4 − 20.79

Table 3  Selected IR data of 
DDAP2C and its complexes in 
 cm−1

Complex ν(NH) ν(C=N) (imine) ν (C–H) ν (Ar–C=C) ν (C–N) ν(M–N) ρw  H2O 
Coordi-
nated

DDAP2C 3163 1648 2927, 2848 1421,1470,1553 1366 – –
Ni-DDAP2C – 1629 2924, 2854 1469, 1511 1385 452 3440
Zn-DDAP2C – 1622 2924, 2848 1476 1378 466 3447

Fig. 3  FT-IR spectrum of 
DDAP2C
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13CNMR spectral study gives insight into the carbon 
atoms in the molecules and their electronic environment. 
The azomethine carbon (C=N) of the DDAP2C resonated 
at δ 151.3 ppm (Kumar et al. 2016). The carbons of the pyr-
role ring delivered peaks at δ 108.6–129.9 ppm. These peaks 
were found in the range δ 105.9–128.3 ppm in the 13CNMR 
spectrum of the Zn-DDAP2C complex (Vinusha et  al. 
2019). The methyl carbons of DDAP2C delivered signal at 
δ 13.8 ppm and the methylene carbons exhibited the signals 
in the range δ 21.9–31.2 ppm. There was no appreciable 
variation in chemical shifts for these carbons in the 13CNMR 
spectrum of the Zn-DDAP2C. The 13CNMR spectra of the 
DDAP2C and Zn-DDAP2C are presented in Figs. S5S and 
S6S and their data are documented in Table 2S.

ESI‑mass spectral study

Figures (S7S-S9S) report ESI-mass spectra of DDAP2C 
and its metal complexes. The  [M‧+ + H] peak for DDAP2C 
was reported at m/z 263 and it represents the base peak. 
The other fragment peaks reported in the spectrum were 
at m/z 187 and 186. Therefore, based on the nitrogen rule, 
the molecular mass of DDAP2C was assigned to 262 amu. 
Similarly, the  [M‧+] peaks for Ni-DDAP2C and Zn-DDAP2C 
were recorded at m/z 410 and 416, respectively. All these 
mass spectral peak values strongly support the proposed 
molecular formula of the compounds (Reshma et al. 2019).

Electronic absorption spectral study

The electronic absorption spectrum (Fig. S10S) and mag-
netic moment data for DDAP2C and its complexes are doc-
umented in Table 4. The spectrum of DDAP2C displayed 
three absorption bands at 283, 325, and 346 nm assigned to 
the π → π* transition within the aromatic ring, n → π* transi-
tion of free electrons of the azomethine (C=N) group, and 
intra-ligand charge transfer (ILCT) band, resulting from the 
interaction of the aromatic ring and the azomethine group 
respectively (Canpolat and Kaya 2005).

The electronic absorption spectrum of the Ni-DDAP2C 
complex showed five absorption bands at 294, 322, 441, 
548, and 627 nm (Canpolat and Kaya 2005; Sharaby 2005). 
The band at 294 nm is due to the n → π* transition, while 
the band at 322 nm represents the ligand metal charge 
transfer (LMCT) band. The n → π* transition of the ligand 
has undergone a bathochromic shift in the complex (Uçar 
et al. 2008; Manjuraj et al. 2020). The absorption bands at 
441, 548, and 627 nm have been assigned respectively for 
3A2g → 3T1g (P), 3A2g → 3T1g (F), and 3A2g → 3T2g transitions. 
These transitions confirm the octahedral geometry of the 
Ni-DDAP2C complex (Jain and Mishra 2016). It is further 
evidenced by its magnetic moment data of 2.95 BM. The 

Fig. 4  1HNMR and 13CNMR spectral data of DDAP2C

Fig. 5  1HNMR and 13CNMR 
spectral data of Zn-DDAP2C

Table 4  Electronic absorption spectra, magnetic moments and spe-
cific conductivity data of DDAP2C and its complexes

Comp Peak 
positions 
(nm)

Assignment Magnetic 
moment 
(BM)

Conduct-
ance (µS/
cm)

DDAP2C 283
325
346

π → π*,
n → π *,
Intra-ligand 

charge transfer 
band

– 7.5

Ni-DDAP2C 294
322
441
548
627

n → π*
(LMCT) band
3A2g → 3T1g(P)
3A2g → 3T1g(F)
3A2g → 3T2g

2.95 64.5

Zn-DDAP2C 285
321
443

π → π*
n → π *
(LMCT) band

0 43.2
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Zn-DDAP2C complex delivered three absorption bands at 
285, 321, and 443 nm, representing π → π*, n → π *, and 
LMCT bands. However, the d-d transition band was absent 
because of its complete  d10 electronic configuration (Orojloo 
et al. 2015; Chaudhary and Mishra 2018). The thermal study 
also suggested the association of three molecules of water 
as a structural component in the Zn-DDAP2C complex and 
six coordination numbers have been assigned for it. Based 
on analytical, thermal, spectral, and conductivity data, an 
octahedral geometry has been proposed for the Zn-DDAP2C 
complex (Turan et al. 2019).

TGA/DTA study

Thermal properties

The prepared metal complexes were introduced for ther-
mogravimetric analysis in a nitrogen atmosphere, and the 
thermal operation was carried out at a linear heating rate 
of 20 °C/min in the temperature range of 40 to 750 °C 
(Chaudhary and Guragain 2019). In this study, the thermal 
and kinetic parameters were obtained by analyzing TGA/
DTA plots, and the data are shown in Table 5. The results 
precisely agree with the proposed chemical structures rec-
ommended by other analytical data. The TGA plot of the 
Ni-DDAP2C (Fig. 6a) showed the four-phase decomposition 
pattern between 108.15 and 602.07 °C. The first decom-
position step started at 108.15 °C and ended at 204.98 °C, 
with a mass loss of 0.36 mg (6.18%) may be due to the 
loss of coordinated water molecules (Hankare and Chavan 
2003; Mohamed et al. 2011). The second decomposition 
step represents a partial ligand loss with a mass of 1.763 mg 
(34.199%) in the temperature range 266.3 to 375.16 °C. The 
exothermal effect was reported in this step with a  TDTG peak 
at 338.17 °C and a  TDTA peak at 357.80 °C (Chaudhary and 
Mishra 2018). The loss of the ligand moiety with a mass 
of 0.711 mg (21.77%) and a  TDTG peak at 413.60 °C was 
observed in the third decomposition step in the tempera-
ture limits of 386.01–443.05 °C. The fourth and final step 

decomposition, with TDTG = 567.31 °C within the tempera-
ture range of 493.01 to 602.07 °C, represents the total loss of 
the ligand moiety and leaves a solid residue of nickel oxide 
(Alturiqi et al. 2018). This was ensured by the formation 
of a horizontal plateau in the thermogram after 602.07 °C. 
This step showed an exothermal effect with a  TDTA peak at 
569.96 °C.

The thermogram of Zn-DDAP2C (Fig. 6b) displayed 
five decomposition steps with various shoulder peaks. The 
first decomposition step between 158.09 and 214.42 °C 
represents a mass loss of 0.143 mg (2.56%) correspond-
ing to the loss of three coordinated water molecules with 
 TDTG = 188.82 °C (Mahmoud et al. 2018). A mass loss of 
0.906 mg (17.98%) was noticed in the second phase of 
decomposition within the temperature range of 319.06 to 
384.83 °C which may be due to the partial loss of ligand 
moiety. This second phase of decomposition is associated 
with a shoulder peak at  TDTG = 359.49 °C with the corre-
sponding  TDTA peak at 372.05 °C showing an exothermal 
effect. The third decomposition step occurred in the tem-
perature range of 394.02 to 464.36 °C with a mass loss of 
1.084 mg (27.01%) due to loss of the ligand part with a 
corresponding  TDTG peak at 443.48 °C (Chaudhary and 
Mishra 2018; Chaudhary and Guragain 2019). The fourth 
decomposition step observed in the temperature range of 
500.73 to 575.61 °C, with  TDTG = 531.95 °C, represents the 
loss of a ligand fragment with an estimated mass loss of 
0.824 mg (32.04%). The fifth and last decomposition step 
occurred in the temperature range of 607.58 to 723.32 °C 
with  TDTG at 651.69 °C. This represents the complete loss of 
the ligand moiety, leaving ZnO as a stable residue. This was 
confirmed from the horizontal segment of the TGA curve 
after 723.32 °C. The exothermal effect was concluded for 
this step with a  TDTA peak at 651.69 °C.

Kinetic properties study

The kinetics and thermodynamic properties of the metal 
complexes were calculated by analyzing the TGA/DTA 

Table 5  Thermal decomposition 
data of Ni-DDAP2C and 
Zn-DDAP2C

Complex TG range (°C) DTA

Steps Δm % found (Cal.) Ti Tf TDTG Mass loss TDTA Peak

Ni-DDAP2C 1 6.18 108.15 204.98 173.71 0.36 – –
2 34.199 266.3 375.16 338.97 1.763 357.80 Exo
3 21.77 386.01 443.05 413.60 0.711 – –
4 57.326 493.01 602.07 567.31 1.252 569.96 Exo

Zn-DDAP2C 1 2.56 158.09 214.42 188.82 0.143 – –
2 17.98 319.06 384.83 359.49 0.906 372.05 Exo
3 27.01 394.02 464.36 443.48 1.084 – –
4 32.04 500.73 575.61 531.95 0.824 – –
5 93.56 607.58 723.32 651.69 1.394 – –
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plots and the calculated data are documented in Table 6. 
These properties were assessed graphically using the 
Coats–Redfern equations (Coats and Redfern 1963; Garg 
et al. 2016; Al Zoubi et al. 2017). Here β denotes the linear heating rate (dT/dt), and α denotes 

the fraction of decomposition at T (K) temperature. E* rep-
resents the activation energy, and A indicates Arrhenius's 

ln
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Fig. 6  TGA/DTA curve of (a) Ni-DDAP2C, (b) Zn-DDAP2C

Table 6  Thermodynamic and kinetic parameters of Ni-DDAP2C and Zn-DDAP2C

Comp Step r A (s−1) Tmax (K) E* (J/mol) ΔS* (J/K.mol) ΔH* (kJ/mol) ΔG* (kJ/mol)

Ni-DDAP2C 1 −0.99317 1316.62 446.71 877.460 −188.556 −2.836 81.393
2 −0.99159 709.818 611.97 550.886 −196.331 −4.537 115.599
3 −0.99082 446.783 686.60 280.348 −201.115 −5.428 132.658
4 −0.99141 338.531 840.31 270.704 −205.101 −6.715 165.633

Zn-DDAP2C 1 −0.99078 279.439 461.82 249.836 −201.719 −3.589 89.568
2 −0.99168 560.628 632.49 331.812 −198.546 −4.927 120.651
3 −0.99178 477.918 716.48 342.869 −200.909 −5.614 138.333
4 −0.99083 338.896 804.95 258.898 −204.735 −6.433 158.368
5 −0.99178 281.035 924.69 252.247 −207.445 −7.436 184.134
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pre-exponential factor. R denotes the gas constant. The 
graphical plot of the left-hand side against 1/T in the 
Coats–Redfern equation gives a straight line whose slope 
(-E*/R) gives the energy of activation  (kJmol−1) and its 
intercept gives the value of A in the  s−1 unit. Other thermo-
dynamic properties such as free energy of activation (ΔG*), 
enthalpy of activation (ΔH*), and entropy of activation 
(ΔS*) were obtained by applying the relation (Chaudhary 
and Mishra 2018).

The following facts have materialized:

1. The activation energy (E*) of the successive steps 
increases step by step, indicating a decreasing rate of 
complex decomposition. The rate of decomposition of 
ligand moiety in the metal complex slowed down, indi-
cating greater thermal stability of the complex (Abdou 
et al. 2013).

2. In most of the decomposition steps, the value of entropy 
of activation, ΔS*, was negative, and this indicated a 
slow reaction process with more ordered complexes than 
reactants. Furthermore, negative values in the decom-
position steps indicated a non-spontaneous process of 
decomposition (Patel and Patel 2020).

3. A negative value of enthalpy, ΔH*, led to the conclusion 
that the process of decomposition is exothermic in all 
decomposition steps (Al-Radadi et al. 2020).

4. For all steps, the value of ΔG* was positive, proving that 
the decomposition is non-spontaneous (Bouzerafa et al. 
2017).

Powder X‑ray diffraction study

Single-crystal growth was unsuccessful, and we used pow-
der X-ray diffraction study to explore the crystal properties 
of DDAP2C and its metal complexes. The crystal system 
and its refinement parameters are listed in Tables 3S–5S 
(Ahmad et al. 2020). The PXRD patterns (Fig. S11S) of 
the compounds were evaluated in the range of 2θ (3—80°) 
to understand the lattice dynamics of the compound. It 
provides a clear idea about the purity of a solid having 
a definite crystal structure. The diffractogram exhibited 
sharp peaks, suggesting its crystalline nature. The full 
width at half maximum (FWHM) of the diffraction peaks 
obtained from the refinement was used to evaluate the par-
ticle size (Mehta and Kaur 2013). The DDAP2C showed 

ΔS∗ = Rlnln

[

Ah

KBT

]

ΔH∗ = E∗ − RT

ΔG∗ = ΔH∗ − TΔS∗

7 reflection peaks in the diffractogram with 100% peak 
intensity at 7.54429° and a respective d-spacing value of 
0.050677113 Å. Its nanocrystalline nature was verified by 
an average crystallite size of 8.458120653 nm. Likewise, 
Ni-DDAP2C displayed 8 reflection peaks in the diffrac-
togram with the most intense peak at 24.59293° and a 
respective interplanar d-spacing value 0.164050872 Å. 
The average crystallite size (35.83735112 nm) of this 
complex represents its nanocrystalline nature. In the dif-
fractogram of Zn-DDAP2C, 13 reflection peaks have been 
recorded, with the most intense peak at 4.09947° and a 
respective interplanar d-spacing value of 0.027551316 Å. 
The crystallite size (53.2379956  nm) revealed its 
nanocrystalline nature. The crystallite size (D) of the syn-
thesized compound was evaluated from PXRD patterns 
by using Debye–Scherrer's equation (Justin Dhanaraj and 
Salin Raj 2020).

here λ represents the wavelength, and β and θ (radian) 
denote the full width at half maxima, and the diffraction 
angle, respectively. K denotes a constant called the shape 
factor with a value of 0.9 (Sheng et al. 2012). Comparison of 
their X-ray diffraction patterns revealed different interplanar 
d-spacing values with variable peak intensities, which may 
suggest the formation of the complex.

The dislocation density (δ) of the complexes was cal-
culated from the value of (D). It describes the number of 
dislocation lines per unit area  (nm−2) of the crystal (Aly 
and Fathalla 2020). The relationship between the disloca-
tion density (δ) and average crystallite size (D) is given by 
the equation:

The calculated values of (δ) for DDAP2C, Ni-
DDAP2C, and Zn-DDAP2C were found to be 13.98 ×  10–3, 
0.779 ×  10–3, and 0.353 ×  10–3, respectively. The δ data dif-
fer for complexes relative to the ligand which also supports 
complex formation. Similarly, another important parameter 
that describes the variations in the lattice parameters across 
the sample is the microstrain (ε) which was evaluated from 
the value of the peak position (2θ) and its corresponding 
FWHM (Badawi et al. 2019).

Here θ represents the diffraction angle in radians and β 
denotes the FWHM. The microstrain values obtained for 
DDAP2C, Ni-DDAP2C, and Zn-DDAP2C were 0.04340, 
0.01353, and 0.01127, respectively. The different values of 
ε for the ligand and complexes assure that they are different 
compounds that also support the formation of the complex 
from the ligand. The variation of lattice parameters across 

D = (K�∕�Cos�)

� = (1∕D2)

� = �∕4tan�
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the sample is greater in the case of the ligand relative to its 
complexes.

SEM and EDAX study

Scanning electron microscopy study was conducted to pre-
dict the surface morphology of the synthesized compounds, 
and the SEM micrographs are illustrated in Fig. 7. A broken 
ice-like structure associated with the heterogeneous matrix 
was observed in the SEM micrograph of the DDAP2C. 
However, Ni-DDAP2C revealed a rocklike structure with a 
minute non-uniform matrix scattered over it. Zn-DDAP2C 
exhibited a broken glass-like structure, on which an uneven 
distribution of the matrix was observed (de Araújo et al. 
2017). The energy-dispersive X-ray diffraction analysis 
(EDAX) technique was used to determine the chemical 
composition of metal complexes. The peaks of essential 
elements such as C, O, Cl, and metal components, which 
constitute the molecules of Ni-DDAP2C and Zn-DDAP2C, 
were identified in the EDAX profile [Figs. S12S, S13S], sup-
porting their proposed structures. They showed predictable 

elements present in the synthesized compounds (Zaky and 
Fekri 2017). The complexes were also examined using the 
SEM-EDAX system, where the presence of Ni and Zn ions 
as the metal was confirmed by the brighter regions on the 
SEM micrograph of the complexes (Barbosa et al. 2017).

Molecular modeling study

The optimization of the structure related to the theoretical 
calculation of molecules was studied by running an MM2 
job in CsChemOffice 3D Ultra 16.0. It provides useful infor-
mation about changes in molecular coordinates, changes in 
bond lengths, and bond angles. From this, we assure the 
structural change after the complexation. Appropriate ste-
reochemistry has been established through modification and 
manipulation of molecular coordinates to achieve molecular 
geometry with a reasonably low energy state (Chaudhary 
and Mishra 2018). The potential energy of a molecule is 
considered to be the algebraic sum of the following given 
energy terms:

Fig. 7  SEM micrograph of (a) 
DDAP2C, (b) Ni-DDAP2C, (c) 
Zn-DDAP2C
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here E denotes the energy associated with the given types 
of interaction. The subscripts ele, oop, vdw, tor, ang, and 
str denote electronic interaction, out-of-plane bending, van 
der Waals interactions, torsion deformation, angle bending, 
and bond stretching, respectively (Rajiv and Rajni 2011; 
Siddappa et al. 2014). The analytical data and spectral stud-
ies confirmed the hexacoordination of Ni-DDAP2C and 
Zn-DDAP2C, which was further confirmed by molecular 
modeling techniques. The 3D-optimized geometrical struc-
tures of DDAP2C and the metal complexes are shown in 
Figs. 8, S14S, and S15S. The structure of the complexes was 
optimized to evaluate their structural details. Energy opti-
mization was repeated many times to obtain average mini-
mum energy. The bond length and bond angle parameters of 
DDAP2C and metal complexes are listed in Table 7. From 
the molecular modeling study for the selected bond lengths 
and bond angles of DDAP2C and its metal complexes, the 
following observations have been established.

1. The C(6)–N(7), N(7)–C(9), and C(4)–C(6) bond lengths 
change due to the coordination of DDAP2C with metal 
through the N atoms of azomethine (–CH=N) and pyr-
role ring. As a result, M–N bonds are formed in all com-
plexes (El-Samanody et al. 2018).

2. The O–Ni, N–Ni, Ni–Cl, and Ni–N bond lengths in 
Ni-DDAP2C are shorter than the corresponding O–Zn, 
N–Zn, Zn-Cl, and Zn-N bond lengths in Zn-DDAP2C. 
Similarly, in metal complexes, the M–O bond was found 
longer than M–N bond (Gaber et al. 2019).

3. The Ni-DDAP2C has greater energy than Zn-DDAP2C. 
This suggests greater stability of the Zn-DDAP2C com-
plex than Ni-DDAP2C (Singh et al. 2017).

4. The bond angle values for Ni-DDAP2C and Zn-
DDAP2C support their octahedral geometry.

E = Estr + Eang + Etor + Evdw + Eoop + Eele
Therefore, from the above observations, it was con-

cluded that the electron density in the coordinated atoms of 
DDAP2C decreases after complexation, and consequently, 
the bond length increases (e.g., CH=N, N–H) (Gaber et al. 
2017).

Antibacterial activity study

The structural components of chemicals have a profound 
effect on their biological activity. In addition, the amphiphi-
lic nature of molecules also plays a significant role in deter-
mining their biological potential (Ilker et al. 2004; Negm 
and Zaki 2008). In regard to metal complexes, metals bridge 
organic ligands with cellular components of the microorgan-
isms and improve their biological significance (Rojas et al. 
2017). In this study, we have interacted the synthesized com-
pounds with organisms for the precise evaluation of their 
antibacterial potency, and this study was done by disk dif-
fusion technique (Gupta et al. 2020; Priya Dharsini et al. 
2020). For this purpose, solutions of the synthesized com-
pounds were prepared in DMSO at a concentration of 50, 25, 
and 12.5 µg/µL. The growth inhibition values are reported 
in Table 8. The relative antimicrobial efficacy of the com-
plexes was compared with amikacin 30 µg/disk as a standard 
reference drug. The graphical results are shown in the bar 
graph Figs. 9, 10, 11. With all pathogens, the antibacterial 
activity of amikacin was found higher than other studied 
compounds, except S. aureus, and E. coli where the activity 
was comparable. The Zn-DDAP2C complex showed lower 
antibacterial activity with E. coli, compared to DDAP2C, 
Ni-DDAP2C, and the control drug amikacin at all concentra-
tions. The antibacterial data revealed a higher growth inhi-
bition of ligand and metal complexes against P. aeruginosa 
and S. aureus. All metal complexes showed greater growth 
inhibition at high concentrations and significantly lesser 
growth inhibition at low concentrations. The growth inhibi-
tion values of metal complexes are almost comparable.

Fig. 8  3D-optimized geometri-
cal structure of Ni-DDAP2C
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The MIC data of the test compounds are listed in Table 9. 
Based on the data, it can be inferred that all the studied 
compounds possess good antibacterial potency. The results 

exhibited greater susceptibility of DDA, DDAP2C, and 
metal complexes against S. aureus. Similarly, Enterococci 
were also found to be susceptible to these compounds. An 

Table 7  Selected bond lengths and bond angles of DDAP2C and its complexes

Complex Bonded Atoms Bond length (Å) Bonded Atoms Bond angle (o) Final geom energy

DDAP2C C(1)-N(5) 1.241 18.9431 kcal/mol
C(4)-N(5) 1.251
C(3)-C(4) 1.376
C(2)-C(3) 1.366
C(1)-C(2) 1.372
N(7)-C(9) 1.471
C(6)-N(7) 1.278
C(4)-C(6) 1.344

Ni- DDAP2C O(23)-Ni(21) 1.890 O(23)-Ni(21)-O(25) 160.200 205.0921 kcal/mol
O(25)-Ni(21) 1.840 O(23)-Ni(21)-O(24) 78.639
O(24)-Ni(21) 1.826 O(23)-Ni(21)-N(5) 102.474
N(5)-Ni(21) 1.804 O(23)-Ni(21)-Cl(22) 81.841
Ni(21)-Cl(22) 2.180 O(23)-Ni(21)-N(7) 90.544
N(7)-Ni(21) 1.827 O(25)-Ni(21)-O(24) 81.824
N(7)-C(9) 1.494 O(25)-Ni(21)-N(5) 97.149
C(6)-N(7) 1.257 O(25)-Ni(21)-Cl(22) 94.589
C(4)-C(6) 1.346 O(25)-Ni(21)-N(7) 94.451

O(24)-Ni(21)-Cl(22) 88.693
O(24)-Ni(21)-N(7) 95.316
N(5)-Ni(21)-Cl(22) 93.103
N(5)-Ni(21)-N(7) 83.040
Cl(22)-Ni(21)-N(7) 170.549
Ni(21)-N(7)-C(9) 114.497
Ni(21)-N(7)-C(6) 116.263
Ni(21)-N(5)-C(1) 136.846
Ni(21)-N(5)-C(4) 110.205

Zn-DDAP2C O(25)-Zn(21) 1.929 O(25)-Zn(21)-O(24) 81.471 155.3826 kcal/mol
O(24)-Zn(21) 1.892 O(25)-Zn(21)-O(23) 73.981
O(23)-Zn(21) 1.918 O(25)-Zn(21)-Cl(22) 83.807
Zn(21)-Cl(22 2.237 O(25)-Zn(21)-N(5) 87.600
N(5)-Zn(21) 1.921 O(25)-Zn(21)-N(7) 169.725
N(7)-Zn(21) 1.934 O(24)-Zn(21)-O(23) 155.388
N(7)-C(9) 1.567 O(24)-Zn(21)-Cl(22) 82.273
C(6)-N(7) 1.285 O(24)-Zn(21)-N(5) 96.101
C(4)-C(6) 1.330 O(24)-Zn(21)-N(7) 96.896

O(23)-Zn(21)-Cl(22) 96.600
O(23)-Zn(21)-N(5) 81.336
O(23)-Zn(21)-N(7) 106.939
Cl(22)-Zn(21)-N(5) 171.398
Cl(22)-Zn(21)-N(7) 106.090
N(5)-Zn(21)-N(7) 82.475
Zn(21)-N(7)-C(9) 123.434
Zn(21)-N(7)-C(6) 111.925
C(1)-N(5)-Zn(21) 140.573
Zn(21)-N(5)-C(4) 106.980
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improved MIC value was recorded for Ni-DDAP2C against 
all pathogens. The antibacterial potency against E. coli fol-
lows the order (Ni-DDAP2C, Zn-DDAP2C) (0.0122 μg/
μL) > DDAP2C (0.0976 μg/μL) > DDA (0.7812 μg/μL). The 
data also revealed that Zn-DDAP2C is more active against 

P. aeruginosa, with the lowest MIC value of 0.0122 μg/μL. 
The Ni-DDAP2C complex with a MIC value of 0.0488 μg/
μL showed greater antibacterial potency against S. aureus. 
Overall the MIC results indicated that all the tested com-
pounds possess excellent and comparable antibacterial activ-
ity against all isolates, and thus, metal complexes are sug-
gested as the best antibacterial agent.

This increased activity of complexes is explained by two 
theories:

1. The overtone theory: It asserts that the antibacterial 
activity of the compound depends on its permeability 
in the cell membrane which plays an important role by 
allowing only lipid-soluble molecules to pass (Reiss 
et al. 2021).

2. Tweedy’s theory: This theory explains that the polarity 
of the metal ion decreases significantly after chelation 
due to the overlap with the ligand orbital and the sharing 
of positive charges with donor atoms or groups. Fur-
thermore, it improves the penetration ability of metal 
complexes in lipid membranes and the blockage of 

Table 8  Antibacterial activity 
data of DDAP2C and metal 
complexes

Compounds Diameter of the zone of inhibition in mm

E. coli K. pneumoniae P. aeruginosa Enterococci S. aureus

Concentration (µg/µL) 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5 50 25 12.5

DDA 16 14 13 21 16 14 18 16 15 17 16 15 21 20 19
P2C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
DDAP2C 14 13 12 15 12 9 11 11 11 10 9 8 23 21 20
Ni-DDAP2C 16 15 14 14 11 10 15 13 11 12 10 8 23 22 21
Zn-DDAP2C 12 10 9 14 10 9 17 16 14 11 10 9 24 23 22
Amik. (30 µg/disk) 14 24 23 20 21
DMSO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Fig. 9  Bar graph showing antimicrobial activity at 50 µg/µL concen-
tration
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metal-binding sites in microbial enzymes by increas-
ing electron delocalization over the entire chelate ring 
(Fekri et al. 2019; Srivastava 2021). The complexes also 
obstruct cell respiration and block protein synthesis 
which restricts the growth of the organisms.

The effectiveness of metallo-surfactant complexes for 
different organisms is determined by their hydrophobicity 
and amphiphilic properties. With gram-positive bacteria, 
there is hydrophobic interaction of the metallo-surfactants 
with the cell membrane and electrostatic interaction with 
the bacterial cell wall. However, with gram-negative bacte-
ria, the lipopolysaccharide layer of the outer membrane may 
prevent the entrance of amphiphilic metallo-surfactants and 
reduce antibacterial potency (Maneedaeng et al. 2018). In 
our study, the antibacterial potency with gram-positive bac-
teria was seen relatively higher than gram-negative bacteria. 
It has been suggested that the antibacterial potency of more 
hydrophobic surfactants is high. In addition, lipophilicity, 
which regulates the rate at which molecules enter cells, is 
also affected by coordination with different metal ions.

Conclusions

The correlative study of CMC with the biological efficacy of 
organic ligands and their metal complexes is a new trend in 
pharmaceutical research and several new pieces of informa-
tion on the drug profile of the substances can be accounted 
for. The amphiphilic nature of surfactant-designed drugs has 
a special effect on lipid bilayer, causing easy disruption and 
solubilization of cell membrane and enhances drug activi-
ties. So, the recent challenges of antibacterial resistance 
may be ameliorated by designing either the surfactant-added 
drugs or synthesizing surfactant-based drugs. In the present 
study, we prepared a surfactant-based Schiff base ligand, 
DDAP2C, and its two metal complexes such as Ni-DDAP2C 
and Zn-DDAP2C. A lower CMC value was detected for 
metal complexes relative to DDA. The electronic absorption 
spectral study and magnetic moment data supported octa-
hedral geometry for both complexes. The conductivity data 
revealed the non-electrolytic nature of the synthesized com-
pounds. The PXRD study showed their crystalline nature 
with average crystallite size 8.45, 35.83, and 53.237 nm 

respective for DDAP2C, Ni-DDAP2C, and Zn-DDAP2C. 
The TGA/DTA study showed the thermally stable nature of 
the complexes. The tested compounds have shown excel-
lent and comparable antibacterial activity against the studied 
pathogens at all concentrations which were further ensured 
by minimum inhibitory concentration (MIC) values. Based 
on MIC data, the Ni-DDAP2C complex is found more sus-
ceptible to E. coli, K. pneumonia, and Enterococci bacteria 
and this may be due to its lowest CMC value. Similarly, 
the Zn-DDAP2C complex was found more susceptible to E. 
coli and P. aeruginosa. Overall, the metal complexes were 
found to have relatively better antibacterial potency than the 
ligand. Therefore; the biological results of our study can 
be extended to develop new and potent surfactant-based 
metallo-drugs for the treatment of drug-resistant pathogens.
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