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Abstract 

This research focuses on environmental challenges and has considerable importance as 

Ni, Cu, Zn, Cr, As, Hg, and Pb heavy metals have potential hazards for plants as well as 

for microorganisms that are useful for plants. The binding affinity of a Protochelin sider-

ophore with transition metals is computationally analyzed utilizing density functional 

theory (DFT). The hybrid DFT functional PBE0, def2-SVP, and def2-TZSVP basis sets were 

utilized to optimize the complex geometry and determine the interaction energy of the 

various Protochelin-Metal complexes. Among the metal contaminants studied (Cr+6, Cr+3, 

Ni+2, Cu+2, Zn+2, As+3, Hg+2, and Pb+2), Cr+6 has a strong affinity for Protochelin, and the order 

of stability of the Protochelin-Metal complexes is (Protochelin-Cr+6 > Protochelin-As+3 > 

Protochelin-Cr+3 > Protochelin-Fe+3 > Protochelin-Ni+2 > Protochelin-Cu+2 > Protochelin-Pb+2 

> Protochelin-Zn+2 > Protochelin-Hg+2). Results are also supported by NCI, FMOs, DOS 

spectra, and RMSD analysis. Computational research suggests that bioremediation may 

be a great method for eliminating metal contaminants from groundwater and soil due to 

its eco-friendly use and environmental preservation. 

Keywords: heavy metals; protochelin-metals complexes; DFT; phytoremediation;  

complex optimization; gibbs free energy; adsorption 

 

1. Introduction 

Rapid and continuous increase in industrialization and urbanization increases the 

release of heavy metals into soil, water, and air [1] Heavy metal poisoning in plants can 

lead to unhealthy situations and environmental issues, as they cannot be biologically or 

chemically destroyed and can remain in the environment for years and show detrimental 

result on the ecosystem [2]. Lancet-Commission on Pollution and Health, shows 9 million 

premature deaths worldwide in 2015, making pollution a leading environmental risk fac-

tor for diseases and early death. One in six deaths worldwide, or around 9 million deaths 

annually, are now attributed to pollution these current environmental risk factors have 

increased deaths by seven percent after 2015 and by more than sixty-six percent after 2000 

[3]. After the Earth’s origin, nearly every metal is present in the environment. Other mech-

anisms caused by human activities have accelerated the circulation of metals. Industrial 

contamination is the biggest factor responsible for the dispersal of metals over the 
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majority of the Earth’s land surface [4]. Around 26% of the vegetables grown in Pakistan, 

Vehari district can be affected by the accumulation of heavy metals (Cd, Cr, Cu, Fe, Ni, 

Mn, Pb, and Zn) in the soil [5]. In past years several washing agents (inorganic and organic 

chelating agents and surfactants) have been used for heavy metal removal from soil. Eth-

ylene diamine tetra acetic acid (EDTA) is highly effective in removing Cu, Zn, Pb, and Cd, 

but EDTA usage is restricted due to their detrimental effects on the well-being of living 

things. EDTA has a low biodegradability and may induce soil leaching is another signifi-

cant disadvantage [6]. For eliminating pollutants from soil, electro-kinetic extraction has 

been explored by electrical adsorption. Toxic substances, anionic contaminants, and polar 

organics are targeted by electro-kinetic extraction in soils, sediment, sludge, and digging. 

Soils polluted with single, or several heavy metals have been tested. Insulating and con-

ductive materials in soil, such as gravels, mineral deposits, and metallic objects, decrease 

the efficiency of electro-kinetic extraction. The total cost of electro-kinetic soil remediation 

varies greatly depending on pollution and field circumstances [7]. Plants may also be uti-

lized to clean up the environment and this concept is viable, economical, and eco-friendly 

technology and is known as phytoremediation [7]. Phytoremediation offers cheaper in-

stallation and maintenance costs than other cleaning techniques. The cost of phytoreme-

diation can be as little as 5% of that of traditional cleaning techniques. Moreover, planting 

plants on polluted soils reduces metal leaching and erosion [7,8]. Siderophores are organic 

substances that are produced by plants and microbes in reduced iron conditions. Sidero-

phores main function is to absorb iron from various aquatic and terrestrial environments 

so that plants and microbial cells may use it. Siderophore has a variety of structural fea-

tures, distinct properties, and the capacity to bind a number of metals in addition to iron. 

Siderophores serve as bio sensing, chelation agents, phytoremediation agents, biological 

control & promote plant development [9]. Iron must competes for siderophore binding 

sites with free-protons, divalent-cations, and other-metal ions (Zn2+, Pb2+, Ni2+, Cd2+, Cu2+, 

and Cu2+) [10]. Siderophores have been proposed as a safer replacement for harmful pes-

ticides [11]. Catecholate-Siderophores are may produce by pathogenic bacteria and ma-

rine organisms [12]. Bioavailability of bacterial siderophore in plant rhizosphere is in-

creased by their affinity to bind metals apart from iron. An improvement in growth of 

plants and metal adsorption would further boost the overall effectiveness of bioremedia-

tion processes [13]. Protochelin is produced by the free-living, gram negative, soil bacteria 

Azotobacter vinelandii, which is a safe catecholate siderophore & plays an important role 

in environmental nitrogen fixation. Iron adsorption into iron-deficient sections, demon-

strating that A. vinelandii may use protochelin as a siderophore [14,15]. Protochelin is 

involve in the transport of Molybdenum and Vanadium along with Iron in A. vinelandii, 

for use as a co-factor for nitrogenase enzyme. 

This research focuses on the environmental challenges and theoretical interaction of 

transition metal soil pollutants (Cr, Ni, Cu, Zn, As, Hg, and Pb) with protochelin sidero-

phore through Density Functional Theory (DFT). Figure S1 representing the 2D, 3D-linear 

and 3D-Cage like structure and its orientation of the optimized tri catecholate protochelin 

siderophore. This research has considerable importance as Ni, Cu, Zn, Cr, As, Hg, and Pb 

metals have potential hazards for plants as well as for the microorganisms that are useful 

for plants. The theoretical study of soil samples for the separation of these contaminants 

reduces the cost and time of the real-time experimental techniques. In addition, these 

types of DFT calculations also provide a guess for the possible outcome of lab-based ex-

periments. 

2. Computational Methodology 

DFT is a tool to determine the electronic structures of any compound or chemical 

system. In this study, a graphical user interface called “Gauss View 6.0” is utilized to 
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model and visualize graphical data as well as to design molecular shapes. 3D molecular 

structure visualization is also done using the CYLview computer program. Molecular 

structures are drawn by ChemBioDraw Ultra 14.0. All the molecular calculations are car-

ried out on Gaussian 16 (Rev. B.01) [16] software. Hybrid DFT is functional Perdew–

Burke-Ernzerhof (PBE0) has been used [17] with Ahlrichs def2-SVP and def2-TZVP basis 

sets [18] in conjunction with the SMD solvation model [19] and Grimme’s empirical D3 

correction with Becke-Johnston damping (D3BJ), was used to obtain true low-energy 

structures for all optimization and frequency calculations. Siderophore, metal, and metal 

siderophore complexes were optimized using the double zeta basis set def2-SVP. After 

performing optimization calculation, the interaction energies of all metal complexes are 

computed using the following formula: 

Eint = EComplex − (EPC + Em) (1) 

Then Gibbs free energy calculations are performed on triple zeta basis sets (def2-

TZVP) to support the results of interaction energy calculation which have been done on 

double zeta basis sets (def2-SVP). Frequency calculations have been performed using the 

def2-TZVP basis set on the structures following their optimization to verify them as min-

imum energy structures and Gibbs free energy is calculated for different Metal-Pro-

tochelin complexes using the following formula. 

G0 = EComplex − EPc + Em (2) 

The non-covalent interaction (NCI) analysis was done using the Multiwfn software 

package version 3.80, and the Molecular graphic of the Isosurfaces was prepared using 

the visualization Molecular Dynamics (VMD) tool. DOS spectra were obtained from 

GaussSum software to determine the density of states spectra. AIMD simulations are con-

ducted using ORCA 5.0.3 as the software, with the same theoretical level as optimization. 

The stability of the metal-protochelin complexes was determined through molecular dy-

namics simulations conducted to last 2000 fs at different temperatures. 

3. Results and Discussion 

3.1. Determination of Stable Multiplicity State of Metals 

After choosing the best methodology, it’s essential to determine the binding energies 

of various heavy metals with the siderophore, i.e., Protochelin, to determine which metal 

has a stronger affinity for protochelin. First of all, the single point energies of heavy metals 

were calculated at a double zeta basis set [20]. Theoretically, all possible multiplicities 

were identified, and then those potential spin states were analytically investigated to iden-

tify stable multiplicity states which are given in Table 1. Single point energies of metals 

i.e., Fe+3, Cu+2, Cr+3, Cr+6, Ni+2, As+3, Hg+2, Pb+2, and Zn+2 were determined to find out the 

stable multiplicity state, and those stable multiplicities were used for finding the interac-

tion of metals with protochelin. According to the data mentioned below in table, sextet, 

doublet, triplet, quartet, singlet, singlet, singlet, singlet, and singlet are the stable multi-

plicities of Fe+3, Cu+2, Ni+2, Cr+3, Cr+6, As+3, Hg+2, Pb+2, and Zn+2 respectively [21]. 

Table 1. Interaction energy, Gibb’s Free Energy, and bond distances of the optimized geometries of 

metal-protochelin complexes calculated at def2-SVP & def2-TZVP basis set with PBE0 functional. 

Metal-Protochelin 

Complexes 
Multiplicity 

Overall 

Charge 

Bond Length Pro-

tochelin-M (Å) 

Interaction Energy 

(kcal/mol) 

Gibb’s Free Energy 

(kcal/mol) 

Fe-Protochelin Sextet −3 1.90 −216.37 −331.91 

Cr-Protochelin Quartet −3 1.95 −288.93 −388.06 

Cr-Protochelin Singlet  0 1.85 −2129.87 −1968.32 

Cu-Protochelin Doublet −4 1.99 −133.61 −256.06 
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Zn-Protochelin Singlet −4 2.01 −115.07 −238.01 

Ni-Protochelin Triplet −4 1.90 −194.09 −319.04 

As-Protochelin Singlet −3 1.87 −387.62 −514.78 

Hg-Protochelin Singlet −4 2.28 −109.87 −253.14 

Pb-Protochelin Singlet −4 2.48 −125.74 −319.04 

3.2. Stable Geometries, Interaction Energies & Gibb’s Free Energy Calculation 

Natural entities such as protochelin which belongs to siderophores have strong bind-

ing capacity [20] for shear metal ions and therefore are ideal for the removal of heavy 

metals [22,23]. The optimized protochelin and the protochelin-metal complex structures 

were determined before the interaction energy could be calculated. To achieve this, pro-

tochelin was first optimized, then the protochelin-metal compound was optimized, and 

metals in stable multiplicity states were used for the protochelin-metal complex optimi-

zation; to support this investigation, we employed Density Functional Theory (DFT), and 

to determine the different metal-protochelin interaction energies. Electronic structure pre-

dictions from PBE0 functional and def2-SVP double-zeta basis set are quite accurate where 

calculations were made. The stability of the other protochelin-metal complexes was com-

pared with the protochelin-Fe complex because the siderophore is specialized to scavenge 

iron with greater affinity [23,24]. The stability of metal-protochelin complexes, with inter-

action energies following the order: Cr-Protochelin (−2129.87) > As-Protochelin (−387.62) > 

Fe-Protochelin (−216.37) > Ni-Protochelin (−194.09) > Cu-Protochelin (−133.61) > Pb-Pro-

tochelin (−125.74) > Zn-Protochelin (−115.07) > Hg-Protochelin (−109.87) (Table ). 

These results have confirmed the high selectivity of protochelin for toxic heavy met-

als such as chromium, arsenic, and lead in conformity with earlier reports on the high 

chelating efficiency of siderophores because of their hydroxamate and catecholate groups 

[21]. The prediction of high binding energy for Cr corroborates with the strong chelation 

observed for other siderophores such as deferoxamine and enterobactin which makes it 

capable of sequestering pollutants [25–28]. The varying affinities also imply that the coor-

dination of protochelin with metals depends on the ionic size and electronic characteristics 

of the metal, which provides strong support for its use in environmental remedial appli-

cations for decontaminating waters containing potentially toxic metals [29]. The opti-

mized geometries of the metal-protochelin complexes are presented in Figure S2. These 

geometries also depict the structural angles and coordination spheres that are responsible 

for different binding forces. 

The computed bond lengths for metal-protochelin complexes comprise Pb-Pro-

tochelin (2.35 Å) > Hg-Protochelin (2.28 Å) > Zn-Protochelin (2.06 Å) > Cu-Protochelin 

(1.99 Å) > Cr (III)-Protochelin (1.95 Å) > Fe-Protochelin (1.91 Å) > Ni-Protochelin (1.90 Å) > 

As-Protochelin (1.87 Å), in decreasing order: Cr (VI)-Protochelin (1.85 Å). Shorter lengths 

are indicative of stronger interactions, ensuring greater stability and thus, potency while 

chelating toxic metals. Significantly, this is advantageous for environmental purposes, 

wherein improved bond strength with Cr and As allows for efficient sequestration. 

In contrast, longer bond lengths, such as in Pb and Hg, denote weaker interactivity 

but still have relevance in applications that require reversible binding [30]. These trends 

match very well with the electronic and ionic size factors in promoting such metal-sider-

ophore coordination. 

The stability of the complex and the values for all metal complexes have been deter-

mined using the standard Gibbs free energy G0. On the other hand, Gaussian makes things 

easier by providing a shortcut. Without determining the enthalpies and entropies of the 

system, we calculate the ∆G of the reactions [31,32]. It is a key factor in figuring out if a 

chemical transition is thermodynamically possible. The findings of the Gibbs free energy 

calculations for multiple metal complexes support the interaction energy that we already 
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calculated. If the value of the sign is negative, the complex is stable, and this data follows 

the stability order based on interaction energy. 

3.3. Electrostatic Potential (ESP) Analysis 

ESP is particularly critical in analyzing how protochelin interacts with heavy metal 

ions. Thus, ESP allows the presentation of the charge distribution and determines more 

suitable areas for electrophilic or nucleophilic contacts. The ESP mappings of protochelin 

and its complexes with iron heavy metals present in Figure S3, provide important infor-

mation concerning these interactions. The results of such maps are the red areas which 

represent the regions of the negative potential, or the areas that are rich in electrons and 

suitable for electrophilic bonding; and the blue areas, corresponding to the positive po-

tential—the electron-poor areas susceptible to nucleophilic interactions. 

In the case of protochelin-heavy metal complexes, red zones are mainly concentrated 

over electronegative atoms, and these are the binding sites revealed for metal ions, while 

blue zones commonly found near electron-deficient regions can be seen as possible sites 

for nucleophilic attack. When complexed, a significant change in the distribution of the 

charge density can be observed using ESP maps. These shifts indicate considerable alter-

ations in the electronic environment due mainly to charge-transfer and inductive effects. 

This charge redistribution is evident from the higher dipole moment values recorded in 

the complexes. Interfacial charge transfer between the metal ion and protochelin either 

from the metal to the ligand or from the ligand to the metal was identified to be another 

significant strategy for boosting the dipole moment. Secondly, steric factors meaning in-

ductive effects due to the metal ion also enhance polarization in the ligand leading to an 

increase in low-energy forms. The increase in ESP and dipole moment magnitude affirms 

the strength and type of interaction in the various complexes summarized in Table 2 based 

on the dipole moment values ranging from 4.45 to 21.21 Therefore, not only does the ESP 

analysis reveal the distribution of charge and the places of the strongest interactions but 

also the nature of the electronic effects that dictate the complexation. This approach an-

swers the questions regarding the mechanisms through which the heavy metals react with 

protochelin and paves the way for the application of protochelin in chelating and sensing 

applications. 

Table 2. Energies of Homo, Lumo, band gap (eV), & dipole moment for all metal-protochelin com-

plexes calculated at def2-SVP double-zeta basis set and def2-TZVP triple zeta basis set with PBE0 

functional. 

Complexes Charge EHOMO (eV) ELUMO (eV) Energy gap (eV) μ (D) 

Protochelin −6 5.195473 12.39452 7.199048 4.454484 

Fe-Protochelin −3 −4.839 −0.59593 4.243074 13.607181 

Cr-Protochelin −3 −4.55464 −1.11621 3.438433 14.676050 

Cr-Protochelin 0 −5.99712 −4.27192 1.725203 8.430779 

Cu-Protochelin −4 −4.33342 −0.09034 4.243074 20.067675 

Zn-Protochelin −4 −4.24199 0.02449 4.266475 17.615736 

Ni-Protochelin −4 −4.24743 −0.47293 3.774493 21.218394 

As-Protochelin −3 −3.94837 −0.61062 3.33775 17.198189 

Hg-Protochelin −4 −4.25913 −0.08408 4.175045 12.495942 

Pb-Protochelin −4 −4.22865 0.073199 4.30185 11.835909 
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3.4. Frontier Molecular Orbitals (FMO) Analysis 

The electronic properties of protochelin and its complexes with various heavy metals 

were evaluated using Frontier Molecular Orbital (FMO) analysis. HOMO (Highest Occu-

pied Molecular Orbital) acts as an electron donor, while LUMO (Lowest Unoccupied Mo-

lecular Orbital) accepts electrons. The HOMO energy, LUMO energy, and energy gap for 

bare protochelin were calculated as 5.195 eV, 12.395 eV, and 7.199 eV, respectively. Upon 

complexation with heavy metals, a significant reduction in the energy gap was observed, 

indicating enhanced interactions and alterations in electronic properties. The energy gaps 

for metal-protochelin complexes were determined as follows: Fe-Protochelin (4.243 eV), 

Cr (III)-Protochelin (3.438 eV), Cr (VI)-Protochelin (1.725 eV), Cu-Protochelin (4.243 eV), 

Zn-Protochelin (4.266 eV), Ni-Protochelin (3.774 eV), As-Protochelin (3.337 eV), Hg-Pro-

tochelin (4.175 eV), and Pb-protochelin (4.301) (Table 2). Among these, Cr (VI)-Protochelin 

exhibited the lowest energy gap (1.725 eV), signifying the strongest interaction and the 

highest potential for enhanced conductivity. These findings align with the values obtained 

from interaction and Gibbs free energy analyses, further supporting the observed trends 

and confirming the reliability of the electronic property evaluation. The observed reduc-

tion in the HOMO-LUMO gap upon metal complexation aligns with the principle that 

lower energy gaps correspond to increased and stronger metal-ligand interactions. The 

orbital density analysis further supports these findings. It is important to examine orbital 

densities to determine how metals interact with the protochelin surface. The orbital den-

sity of the bare protochelin and metals-protochelin complexes unit is shown in Figure S4. 

While the bare protochelin surface shows uniform HOMO-LUMO density distribution, 

complexes such as Cu-Protochelin, Ni-Protochelin, Zn-Protochelin, and Hg-Protochelin 

display minimal changes in density, indicating weaker perturbations. However, Fe-Pro-

tochelin, Cr (III & VI)-Protochelin, and Pb-protochelin exhibit significant redistribution of 

electron density, with the HOMO localized on the metal and the LUMO on the protochelin 

surface. This redistribution facilitates efficient electron transfer from the metal to pro-

tochelin, resulting in a reduced band gap and stronger bonding. These results underscore 

the unique electronic behavior of protochelin upon interaction with heavy metals and 

highlight its potential for applications requiring enhanced interaction for the removal of 

heavy metal pollutants. 

3.5. Density of States (DOS) Analysis 

Changes in the electronic transition of protocadherin-metals complexes provide a re-

liable method for determining the adsorption mechanism of heavy metals. The transfer of 

electrons from the valence band to the conduction band is central to this process, with the 

Fermi level lying between them. This electron transfer significantly influences the binding 

affinity of the system, which is closely related to the density of states (DOS). The macro-

scopic feature of “binding affinity” and the microscopic attribute “density of states (DOS)” 

exhibit a strong interdependence [33]. To investigate the formation of energy levels, DOS 

analysis was performed, and the results are depicted in Figure S5. The analysis reveals 

that while the HOMO energy remains relatively consistent across all complexes (approx-

imately 4–5 eV), there is a significant reduction in LUMO energy levels upon complexa-

tion with heavy metals. The LUMO energy values for the complexes are as follows: bare 

protochelin (12.395 eV), Fe-Protochelin (−0.596 eV), Cr-Protochelin (−1.116 eV), Cu-Pro-

tochelin (−4.272 eV), Zn-Protochelin (−0.090 eV), Ni-Protochelin (0.024 eV), As-Protochelin 

(−0.473 eV), Hg-Protochelin (−0.611 eV), and Pb-Protochelin (0.073 eV). 

This reduction in LUMO energy levels leads to a decrease in the HOMO-LUMO gap, 

thereby enhancing the interaction of the complexes. The DOS spectra clearly demonstrate 

the formation of virtualized energy levels during the complexation process, with the pro-

nounced decrease in the HOMO-LUMO gap correlating to improved interaction. These 
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findings highlight the role of heavy metal interactions in modulating the electronic prop-

erties of protochelin, further validating the interaction with various heavy metals. 

3.6. Non-Covalent Interaction (NCI) Analysis 

Non-covalent Interaction (NCI) analysis was employed to provide further insight 

into the nature and strength of intermolecular forces between protochelin and the targeted 

metal pollutants (Cr, Ni, Cu, Zn, As, Hg, Pb). NCI visualizations are typically presented 

as 2D and 3D isosurfaces within the Reduced Density Gradient (RDG) spectrum, charac-

terized by three distinct color regions signifying different interaction types. Blue isosur-

faces represent attractive forces, such as hydrogen bonds, which play a crucial role in the 

complexation process. These stabilizing interactions are often characterized by low elec-

tron density and low RDG values, indicating minimal steric repulsion between the inter-

acting moieties. In contrast, red isosurfaces depict repulsive steric clashes, typically aris-

ing from close proximity between bulky atoms or functional groups and are associated 

with high RDG values and positive isosurfaces intensities. Finally, green isosurfaces rep-

resent weaker van der Waals interactions, including London dispersion forces, which con-

tribute to overall binding affinity but are generally less prominent than hydrogen bonding 

or steric repulsion. This color-coded scheme allows for intuitive visualization of the dom-

inant intermolecular forces at play within the protochelin-metal complexes. Furthermore, 

the intensity of the isosurfaces correlates directly with the interaction strength, providing 

valuable insights into the relative contribution of different forces to the overall stability of 

the complexes [34]. 

Within the protochelin molecule itself, faint green isosurfaces emerge between the 

amide and benzene moieties, reflecting the presence of weak London dispersion forces. 

These non-directional, attractive interactions contribute to the overall stability of the mol-

ecule but are relatively minor compared to other forces at play. Additionally, subtle red 

patches appear both within the benzene ring and between the metal ions and oxygen at-

oms of the metal-binding rings. These low-intensity red regions hint at the presence of 

weak steric repulsion, suggesting potential steric clashes occurring due to the close prox-

imity of bulky atoms or functional groups. Despite the weaker intensity, blue isosurfaces 

signifying hydrogen bonding interactions are observed between the amide groups and 

oxygen atoms on the metal-binding rings. These stabilizing hydrogen bonds, character-

ized by their low RDG values and minimal steric hindrance, play a crucial role in the at-

tachment of the metal ions within the protochelin complex. 

The 2D NCI plot provides further quantitative insights into the interaction types by 

visualizing the relationship between the electron density Laplacian (sign𝜆2(𝜌)) on the x-

axis and the Reduced Density Gradient (RDG) on the y-axis. As with the isosurfaces, the 

color scheme remains consistent, with blue regions representing strong attractive interac-

tions (e.g., hydrogen bonding and strong electrostatic contacts), green regions denoting 

weaker van der Waals forces, and red regions signifying repulsive interactions. Notably, 

the x-axis (sign𝜆2(𝜌)) values reflect the interaction strength, whereas increasingly negative 

values indicate stronger forces. Values falling on negative side of plot between 0.00 and 

−0.01 au for protochelin complex with As-iii, Cr-iii & Cr-vi extending to −0.02, −0.03, −0.04 

au for Cu-ii, Fe-iii, Pb-iii and in some cases even up to −0.05 au for Ni-ii, Hg-ii specifically 

suggest the presence of strong electrostatic interactions, such as those arising from hydro-

gen bonds or cation-π interactions. Red and green spikes observed in the 2D NCI graphs 

potentially point towards significant electrostatic interactions between the metal ions and 

the protochelin molecule, a finding further corroborated by the presence of blue isosur-

faces in the 3D RDG analysis. 

The 2D NCI plots for all studied complexes reveal a consistent presence of non-cova-

lent interactions, evidenced by prominent green and red spikes. The green spikes 
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correspond to weaker van der Waals forces, as visualized by the faint green patches in the 

3D RDG isosurfaces, particularly between the amide and benzene moieties within the pro-

tochelin molecule. These interactions fall within the range of (sign𝜆2(𝜌)) values between 

0.02 and 0.01 au, a finding further corroborated by the 2D NCI plots. However, the pres-

ence of mixed green and blue spikes in the 2D NCI plots in the region between 0 to −0.05 

suggests the existence of stronger interactions involving both van der Waals and hydro-

gen bonding contributions. This observation aligns well with the results of the interaction 

energy analysis, highlighting the complementary nature of the two approaches in eluci-

dating the dominant forces governing metal-protochelin complexation. 

3.7. RMSD (Stability) Analysis of Protochelin and Metal-Protochelin Complexes via  

AIMD Calculations 

The stability of protochelin and its metal-protochelin complexes was discussed using 

AIMD simulations, of which the details are described in the computational methodology 

section. RMSD analysis (as indicated in Error! Reference source not found.S7) showed m

inimal structural changes within a 1000 fs simulation at 25 °C. Additional simulation per-

formed at 25 °C, 50 °C, 75 °C and 100 °C proved that both protochelin and its metal com-

plexes do not exhibit any physical changes at any of the mentioned temperatures thereby 

indicating the stability of both protochelin and its metal complexes. This increase in RMSD 

suggests greater structural flexibility upon metal adsorption on protochelin. 

4. Conclusions 

In this work, we computationally investigated the effectiveness of heavy metal re-

moval utilizing the siderophore, i.e., protochelin by calculating the siderophore’s interac-

tion energy & Gibb’s free energy with various heavy metal pollutants. In this work, DFT 

was used to calculate the interaction energies & Gibb’s free energy of Protochelin with 

several metals, including (Cr+6, Cr+3, Ni+2, Cu+2, Zn+2, As+2, Hg+2, and Pb+2) using hybrid DFT 

functional PBE0 along with basis set def2-SVP and def2-TZSVP. Cr shows a high chelating 

affinity for Protochelin compared to other metals in order of (Protochelin-Cr+6 > Pro-

tochelin-As+3 > Protochelin-Cr+3 > Protochelin- Fe+3 > Protochelin-Ni+2 > Protochelin-Cu+2 > 

Protochelin-Pb+2 > Protochelin-Zn+2 > Protochelin-Hg+2). The research results indicate that 

a siderophore would be an excellent choice as a metal-chelating chemical. These results 

are further supported by various computational analyses such as FMOs analysis & DOS 

spectra (indicating there is a decrease in band gap in metal-protochelin complexes). Non-

covalent Interaction (NCI) analysis was further employed to provide further insight into 

the nature and strength of intermolecular forces between protochelin and the targeted 

metal pollutants (Cr, Ni, Cu, Zn, As, Hg, Pb). The 2D NCI plots & the 3D RDG analysis 

for all studied complexes reveal a consistent presence of non-covalent interactions. Red 

and green spikes observed in the 2D NCI graphs potentially point towards significant 

electrostatic interactions between the metal ions and the protochelin molecule, a finding 

further corroborated by the presence of blue isosurfaces in the 3D RDG analysis. Addi-

tionally, RMSD analysis showed minimal structural changes within a 2000 fs simulation 

at 25 °C, 50 °C, 75 °C and 100 °C proving that both protochelin and its metal complexes 

do not exhibit any physical changes at any of the mentioned temperatures thereby indi-

cating the stability of both protochelin and its metal complexes. It is now viable to create 

plants and bacteria that may be utilized efficiently to sequester metal pollutants from the 

soil and water using various approaches, such as genetic engineering. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/doi/s1, Figure S1: title; Table S1: title; Video S1: title. 
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