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ABSTRACT 

Interacting various living components with several materials in the gaseous nanoscale form has been of great concern as they are utilized 

in different life aspects. This work is conducted to assess the impact of interacting heme molecule, the main constituent of blood 

hemoglobin, with various common and non-common divalent molecules such as O2, CO2, CO, MgO, CoO, NiO, CuO and ZnO. 

Calculations are calculated at DFT high theoretical level using B3LYP/SDD method. In addition, molecular electrostatic potential 

(MESP) maps are constructed. Results demonstrate that interacting heme with proposed various structures lowers their energies 

reflecting more stability. However, the addition of non-familiar species to heme makes it more stable that may affect its transportation 

function for O2 and CO2 in the presence of these toxic materials in the gaseous state. The calculated TDM of the various proposed 

structures indicates that they are all more reactive than heme, since TDM of all of them are larger than that of pure heme. MESP maps 

show that extreme negative electrostatic regions are concentrated around C=O group of terminal carboxyl groups suggesting 

electrophilic interactions to take place there while positive regions are found around Fe central atom and on the circumference of all the 

proposed structures that are occupied by H atoms increasing the probability of nucleophilic reactions in these regions. Therefore, 

presence of such hazardous materials in the gaseous nanoscale may impact negatively the transportation function of heme. 

Keywords: Heme; DFT; Molecular Electrostatic Potential (MESP); B3LYP. 

 

1. INTRODUCTION 

 Molecular modelling with different methods and levels is 

widely used to investigate different molecular properties including 

structure, dynamics, surface properties, and thermodynamics of 

huge number of systems [1-4]. Such class of computational 

methods is now routinely used to model or mimic the behavior of 

molecules to investigate their physical, chemical and biological 

features in different fields of science and applications [5-11]. 

Among the amazing properties investigated with molecular 

modeling, the molecular electrostatic potential (MESP). Mapping 

MESP for the given structure is an important step to describe the 

active sites of such structure [12]. It is a useful concept since it 

may provide information about the interaction active sites of 

various chemical structures [13]. Also, it is useful in determining 

the nature of chemical addition through which a molecule is most 

probable to undergo; either electrophilic or nucleophilic addition. 

The molecular surface has several definitions. Some scientists 

consider MESP as the external area of a molecule formed by a set 

of intersecting spheres whose centers are aligned with the nucleus 

of each atom [14–19]; such spheres result from the van der Waals 

radii of the considered atoms [20]. Another definition for MESP, 

introduced by Bader et al. [21, 22], states that it is the outer 

contour of the electronic density ρ(r) of a molecule. Many 

researchers prefer the later point of view than the first one since it 

gives more detailed characteristics of the interested structure such 

as σ-holes presence, lone pair electrons and many more. Several 

researchers ensured that these contours comprise about 95–98% of 

the electronic density of a molecule [20, 21]. The electrostatic 

potential V(r) of a molecule always confirms a significant role in 

guiding its reactive behavior. For biological as well as organic 

molecules, MESP gives significant descriptions for such 

molecules and considered excellent descriptors for their possible 

interactions [23-31]. 

 Depending on the previous considerations, molecular 

modeling concepts are conducted, to continue our previous work 

in such research area [32, 33], for mapping the molecular 

electrostatic potential (MESP) of heme molecule interacting with 

various structures involving O2, CO2, CO, MgO, CoO, NiO, CuO 

and ZnO as samples for familiar and non- familiar species. Model 

molecule of heme molecule (H) interacting with each of the 

selected molecules using DFT high theoretical level at B3LYP 

method and SDD as a basis set is proposed as both adsorb and 

complex states. 

2. MATERIALS AND METHODS 

Calculation Details. 

 The studied structures are subjected to Density Functional 

Theory (DFT)  at B3LYP method and Stuttgart-Dresden (SDD) 

effective core pseudopotential (ECP) as a basis set [34-36] via 

GAUSSIAN 09 Software that is implemented at Spectroscopy 

Department, National Research Centre, NRC [37]. Model 

molecules of pure heme molecule (H) and heme interacting with 

several common and non-common structures via both adsorption 

and complex states are built up. Heme molecule interacts with the 

added structures through its Fe atom. The chosen species are O2, 

CO2 and CO as familiar structures and MgO, CoO, NiO, CuO and 

ZnO as non-common ones. Some physical parameters such as total 

energy (E), total dipole moment (TDM) and HOMO/LUMO band 

gap energy ( E) are considered. Then, molecular electrostatic 
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potential (MESP) maps are constructed in order to determine the active sites of the constructed structures at the same level. 

3. RESULTS  

Building Model Molecules. 

 The model molecule of heme (H) based on our previous 

research work in [32, 33] . Heme structure consists of porphyrin 

which is a ring-like organic structure and owns a central iron (Fe) 

atom which represents its active site where it can bind to either 

oxygen (O2) or carbon dioxide (CO2) gases in reverse physical 

processes to satisfy its function of transportation. Figure 1 shows 

the molecular electrostatic potential (MESP) maps of heme 

structure as well as its suggested interactions with O2, CO2, CO, 

MgO, CoO, NiO, CuO and ZnO through its Fe active site.  

Geometry Optimization. 

 All calculations are carried out in order to investigate the 

impact of binding various species with heme on its physical and 

electronic properties. Calculations are conducted at high 

theoretical DFT level using B3LYP/SDD method. Table 1 lists 

three physical parameters such as total energy (E), total dipole 

moment (TDM) and HOMO/LUMO band gap energy ( E). 

It is well-known that the total energy of a structure reflects its 

stability whereas the structure’s energy decreases, its stability 

increases with respect to others. The energy of heme molecule is 

about -53.2862 keV. The addition of various entities to its 

structure makes it more stable, since all the presented energies, in 

table 1, of all the considered structures are lower than that of the 

heme. It is worth to notice that the resultant energy of each of the 

added structures to heme as adsorb state nearly equals the 

corresponding one in the complex one. Energies of heme bonded 

to O2, CO2 and CO are the highest among the proposed structures 

with respect to others. However, the addition of other species to 

heme makes it more stable that may affect its O2 and CO2 

transportation function in the presence of these toxic materials in 

the gaseous state. Energies of heme bonded to MgO, CuO and 

ZnO are the lowest among the proposed structures with respect to 

others. Total dipole moment (TDM) as well as HOMO/LUMO 

band gap energy ( E) are considered powerful physical indicators 

for the reactivity of a certain structure. The calculated TDM for 

heme is 4.3580 Debye. The calculated TDM of the various 

proposed structures indicates that they are all more reactive than 

heme, since their TDMs of all of them are larger than that of pure 

heme. In addition, results of TDM of heme bonded to various 

molecules in the complex state is higher than those in the adsorb 

state except for heme bonded to CO that has the least TDM and 

hence reactivity. TDM of heme bonded to O2, CO2 and CO are 

smaller than other non-familiar structures that may help heme in 

its transportation function. High TDM of heme bonded to MgO, 

CuO, NiO, CoO and ZnO indicates highly reactive structures, 

however, it may disturb transportation function of heme. TDM of 

heme bonded to MgO and CuO in the adsorbed state is the 

highest, however, TDM of heme bonded to MgO, CuO and ZnO 

are the largest in the complex state. HOMO/LUMO band gap 

energy of heme is 0.076eV that lowers when interacting with the 

proposed structures via either adsorb or complex states except for 

heme complexed with CO. This reflects higher electrical 

conductivity for these structures. Heme bonded to MgO and CuO 

has the least band gaps in the adsorb states while heme bonded to 

CoO has the smallest one in the complex state.  
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Figure 1. Calculated molecular electrostatic potential (MESP) maps of (a) heme molecule (H), and its interaction with O2, CO2, CO, MgO, CoO, NiO, 

CuO and ZnO as adsorb state (A) on the left hand side and complex state on the right hand side (C) on DFT using B3LYP/SDD method. 

 

Table 1. DFT calculated energy (E) as eV, total dipole moment (TDM) as Debye and band gap energy as eV for heme molecule and its interaction 

structures with O2, CO2, CO, MgO, CoO, NiO, CuO and ZnO as adsorb and complex states using B3LYP/SDD method.  

Structure E (keV) TDM (Debye)  E (eV) 

H -53.2862 4.3580 0.0670  

Interaction as adsorption 

H-O2 -57.3753 6.6084 0.0231 

H-CO2 -58.4152 7.2837 0.053  

H-CO -56.3689 5.7604 0.0578 

H-MgO -60.7764 9.9141 0.0066  

H-CoO -59.3020 8.1830 0.0552 

H-NiO -59.9826 7.8839 0.0461 

H-CuO -60.7031 9.5691 0.0086 

H-ZnO -61.5127 8.9374 0.0428  

Interaction as complex 

H-O2 -57.3768 6.7087 0.0456 

H-CO2 -58.4142 7.9925 0.0309  

H-CO -56.3711 5.6859 0.0906 

H-MgO -60.7765 10.3648 0.0318 

H-CoO -59.3020 8.6763 0.0002 

H-NiO -59.9823 8.5375 0.0343 

H-CuO -60.7032 10.1990 0.0126  

H-ZnO -61.5119 10.9866 0.0368 

 

 

Molecular electrostatic potential (MESP) maps. 

 Molecular electrostatic potential (MESP) maps are 

constructed for the suggested structures at DFT level at 

B3LYP/SDD method in both adsorb and complex states. MESP 

maps offer simple and quite good method for illustrating charge 

distribution through a chemical structure and hence its active sites. 

Figure 1 shows the molecular electrostatic potential (MESP) maps 

for heme structure as well as its suggested interactions with O2, 

CO2, CO, MgO, CoO, NiO, CuO and ZnO through its Fe active 

site. The resultant MESP maps are characterized by consisting of 

various colors ranging from red to dark blue indicating the 

extreme negative and positive sites, respectively in the interested 

structure. The complete map configuration contains colors in the 

order of red, orange, yellow, green, light blue and dark blue from 

the most negative to most positive. Red color corresponds to the 

extreme negative potentials while dark blue one for extreme 

positive ones. Yellow color is a less negative potential region with 

respect to the red one. Similarly, light blue regions are of less 

positive potentials than the dark blue ones. Green color indicates 

regions of nearly neutral potentials relative to both red and dark 

blue ones. The distribution of potentials as well as colors can be 

related in some way by the relation between electronegativity of 

the bonded atoms. Highly electronegative atoms will be colored 

by red when bonded with less electronegative ones. Having atoms 

of close electronegative values makes the color distribution to be 

much narrower. Therefore, MESP maps can be utilized as physical 

property in determining whether the active sites of the interesting 

chemical structures can undergo either nucleophilic or 

electrophilic interactions. In this study, MESPs are presented as 

mapped surfaces for all the proposed model molecules. The 
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constructed MESP maps of heme and its various interactions 

either in adsorb or complex states have general features. Extreme 

negative electrostatic regions are concentrated around C=O group 

of terminal carboxyl groups of heme structure suggesting 

electrophilic interactions to take place there. While positive 

regions are found on the circumference of all the proposed 

structures that are occupied by H atoms increasing the probability 

of nucleophilic reactions in these regions. Their colors range from 

green to dark blue in some structures. For pristine heme molecule, 

there is clear color distribution where its central Fe atom appears 

in blue referring to positive region. Other regions appear in 

different colors range from yellow to light blue indicating neutral 

to quite positive areas. The addition of various molecules through 

either adsorb or complex states modifies the MESP maps of most 

of the proposed models. Oxygen addition to heme in the adsorbed 

state creates extreme positive region in the interaction site and 

light blue in other regions even around C=O ones. While its 

addition in the complex state has no significant impact on the 

electronegative regions in the structure. Similarly, addition of CO, 

CuO and MgO create either light blue or dark blue areas around 

Fe interaction site in both adsorb and complex states. However, 

CO addition has little impact on the electrostatic negative regions, 

the addition of both CuO and MgO affect greatly the 

electronegativity of C=O group. While addition of CO2, CoO, NiO 

and ZnO species to heme creates a highly electronegative region 

around Fe active site. This can be attributed to the difference in 

the electronegativity between oxygen atom and C, Co, Ni and Zn 

atoms. These additions have little effect in the electrostatic charge 

distribution across heme molecule. 

 

4. CONCLUSIONS 

 The current work investigated the physical properties as 

well as constructed molecular electrostatic (MESP) maps of heme 

structure and heme bonded with common and non-common 

divalent molecules using DFT high level at B3LYP/SDD method. 

Structures such as O2, CO2, CO, MgO, CoO, NiO, CuO and ZnO 

are added to heme. Heme interacted with these structures through 

its Fe atom as both adsorb and complex states. Results 

demonstrate that interacting heme with proposed various 

structures lowers their energies reflecting more stability. However, 

the addition of non-familiar species to heme makes it more stable 

that may affect its O2 and CO2 transportation function in the 

presence of these toxic materials in the gaseous state. The 

calculated TDM of the various proposed structures indicates that 

they are all more reactive than heme, since TDM of all of them are 

larger than that of pure heme. High TDM of heme bonded to 

MgO, CuO, NiO, CoO and ZnO indicates highly reactive 

structures, however, it may disturb transportation function of 

heme. MESP maps show that extreme negative electrostatic 

regions are concentrated around C=O group of terminal carboxyl 

groups suggesting electrophilic interactions to take place there 

while positive regions are found around Fe central atom and on the 

circumference of all the proposed structures that are occupied by 

H atoms increasing the probability of nucleophilic reactions in 

these regions. While addition of CO2, CoO, NiO and ZnO species 

to heme creates a highly electronegative region around Fe active 

site. This is attributed as mentioned earlier to the difference in the 

electronegativity between oxygen atom and C, Co, Ni and Zn 

atoms. Therefore, the presence of such hazardous materials in the 

gaseous nanoscale may impact negatively the transportation 

function of heme. 
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