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ABSTRACT 

The alginate-graphene oxide mixture has been extensively studied due to its capacity to adsorb heavy metals, presenting higher structural and thermal stability than 

alginate. These properties and adsorption capacity would be related to the presence of functional groups present in the hydrocarbon chain of alginate and graphene 

oxide, such as carboxylic, hydroxyl, ketone, and epoxy groups; in the present study, the interaction of transition cations in their divalent states Cu2+, Co2+, Zn2+ and 

Mn2+, which act as bridges when interacting with carboxylic groups of alginate and graphene oxide, was studied. Theoretical calculations based on density functional 

theory (DFT) were used for this purpose. For this, the lowest energy geometries were determined at the B3LYP level of theory through the effective central potential 

(ECP) with LanL2DZ bases. The chemical nature of the interactions under study was determined using the natural bond orbitals (NBO) method, topological analysis 

of the electronic location function (ELF), and the quantum theory of atoms in molecules (QTAIM). The results showed that the interactions between the metals under 

study with the carboxylic groups of alginate and graphene oxide are of the coordinated type with a high electrostatic component, which varies according to the metal, 

where the binding strength and stability, according to the degree of electronic delocalization, was as follows; ALG-Cu-GO > ALG-Co-GO > ALG-Mn-GO > ALG-

Zn-GO. These results correlate with the available information, concerning the adsorption capacity of the alginate-graphene oxide mixture, for those metallic species. 

Furthermore, this interaction could influence the type of structural morphology of the alginate-graphene oxide beads. 

Keywords: Alginate-graphene oxide mixture; adsorption metals; DFT; NBO; ELF; QTAIM. 

1. INTRODUCTION 

Natural biopolymers present a wide range of physical and chemical properties, 

which have led to various applications in different fields, such as technology, 

medicine, environment, among many others (1). Alginate  (Fig. 1) is a natural 

biopolymer obtained from brown algae by relatively inexpensive extraction 

methods (2). It has hydrophilic properties and good biocompatibility, which has 

allowed its wide use in medicine (3). Additionally, its ability to remove heavy 

metals in contaminated water has been studied with promising results (4). Its 

structure is composed of fragments of D-mannuronic acid (M) and L-guluronic 

acid (G), with M and G present in different proportions and alternations, 

depending on the origin of the alginic acid (such as brown algae or 

microorganisms). Several of their properties result from the presence of 

functional groups, such as carboxylic acids, hydroxyl groups, and ketone 

oxygens, attached to the hydrocarbon chain (5). However, their physical 

resistance and thermal stability are low, which limits their applications at the 

industrial level (6). In contrast, sodium alginate has good properties for forming 

high-density and low porosity hydrogels, which are essential in adsorption 

process (7). Gelation occurs when divalent cations such as Ca2+ interact with G-

blocks to produce alginate gels with two bound G residues, which generate a 

cavity to which calcium atoms are bonded, giving rise to the well-known egg-

crate model (8).  

 

Figure 1. Structure of blocks G and M of alginate. 

Studies on polymer blends have shown that materials with properties different 

from those of their constituents can be generated, expanding their uses and 

applications. For instance, the mixture of alginate with chitosan presents better 

physical properties and improves the adsorption performance of a series of heavy 

metals in contaminated waters (9; 10). Furthermore, it has been studied that 

combining inorganic materials, such as graphene oxide (GO), improves sodium 

alginate's structural and thermal stability (11-13). GO presents a large specific 

surface area, availability of randomly distributed functional groups (hydroxyl, 

carboxylic, epoxy), capable of interacting with metal ions, high porosity, and 

high mechanical strength (14). These chemical properties make it compatible 

with the properties of alginate, which allows the interaction between the two 

substances.   

Graphene consists of a flat hexagonal lattice structure, one atom thick, where 

the carbon atoms present an sp2 hybridization, where the unhybridized p orbital 

forms π bonds, thus the remaining valence electron is delocalized in a π system 

(15-17) (Fig. N2).  

 

Figure 2. Schematic representation of graphene oxide structure 

Several studies have shown that one of the determining factors in the physical 

properties of this mixture, such as its mechanical strength, porosity, and diffusion 

in water, is because divalent metal cations, such as Ca2+, allow the entanglement 

of alginate with graphene oxide nano-layers to form sizeable cross-linked GO 

networks within calcium alginate hydrogels (4; 18; 19). Based on this 

information, in this work, we propose to study, through a theoretical approach, 

the analysis of the interaction between the divalent transition cations Cu2+, Co2+, 

Zn2+, and Mn2+, which would act as ligands by binding to the oxygen atoms of 

alginate carboxylic groups and terminal carboxylic groups of graphene oxide 

(ALG-M-GO), according to the model proposed in previous studies (18-20). For 

this purpose, different theoretical models, such as DFT, ELF, NBO, and QTAIM, 

will be used to analyze the chemical nature and stability of the bonds formed. 

2. THEORETICAL CALCULATIONS 

2.1. Model 

As mentioned previously, our model is based on previous experimental studies, 

which propose the interaction of a divalent metal (M), acting as a bridge, 

interacting with the oxygens of the carboxylic groups present in both the alginate 

(21) and the graphene oxide (GO) (Figure 3). 

The model consists of an alginate chain formed by two M-blocks linked to two 

G-blocks through a GM glycosidic bond. The torsion angle of each glycosidic 

bond in the molecule was modified to obtain the lowest energy structure. 
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Meanwhile, the graphene oxide model comprises 6 rings of 6 carbon atoms with 

alternating π bonds and randomly arranged hydroxyl, epoxy, and carboxylic 

groups. In the gas phase, each structure was optimized by density functional 

theory (DFT), with the B3LYP hybrid at the 6-31G (d, p) level of theory. The 

alginate chain interacted with the graphene oxide using different metals as a 

bridge (Figure 3). The distance and orientation of the GO and the different metals 

under study regarding the alginate chain were modified to obtain the lower 

energy structures. The optimization was carried out using effective central 

potential (ECP) with LanL2DZ bases for the structures where the different 

transition elements participate as bridges. 

 

Figure 3. Representation of the model under study Alginate-Metal-Graphene 

Oxide (ALG-M-GO (M: Cu 2+, Co 2+, Zn 2+, Mn 2+)) 

3. COMPUTATIONAL METHOD 

The geometry of the systems under study was optimized using G16 software. 

The NBO calculations were obtained using an internal module of G16. The 

calculations of the index, ELF, populations, variance, relative flux, link 

polarization, and visualization of the ELF diagrams, QTAIM analysis, and NBO 

visualization were performed using Multiwfn 3.8 software. Chiquera X 1.0 

software was used to visualize the location of the attractors. 

3.1. NATURAL BOND ORBITAL (NBO) 

The Natural Bond Orbitals (NBO) method has been widely described in the 

literature (22) and applied to try to represent the chemical nature of the 

interactions between organic molecules with different metals (23). The NBO 

proposes the interaction between atoms based on the transfer of charge from a 

full orbital 𝜎𝑗
∗, called electron donor, to the valence of an anti-bonding orbital 𝜎𝑗

∗, 

defined as the electron acceptor, through a process known as charge transfer or 

of the donor-acceptor type. This method consists of transforming a wave function 

in the fundamental state into localized orbitals, which can be related to the 

chemical bond, according to Lewis. The energy associated with this charge 

transfer is obtained from the secondary perturbation theory, which relates the 

Fock operator (�̂�) to the energy of the natural bond orbitals  

(𝜀𝑖 = ⟨𝜎𝑖|�̂�|𝜎𝑖⟩, 𝜀𝑗∗ = ⟨𝜎𝑗
∗|�̂�|𝜎𝑗

∗⟩), according to the following expression. 

𝐸𝑖→𝑗
(2)

= −2
⟨𝜎𝑖|�̂�|𝜎𝑗

∗⟩

𝜀𝑗∗ − 𝜀𝑖

 (1) 

The magnitude of the fe Fock matrix elements will be correlated with the 

symmetry of the bonding and anti-bonding orbitals in this study to represent the 

energetic stabilization according to the generalized principle of maximum 

overlap between bonds and anti-bonds (24). 

3.2. Electron localization function (ELF) 

The idea of the electronic localization function (ELF) involves dividing a 

molecular system into localization regions, representing the total number of 

electron pairs in that system. These regions correspond to the electron pair 

density, which gives the probability of finding an electron of a particular spin at 

a point in space when a second electron of opposite spin is at a certain distance 

(25). Savin et al. propose that the electron pair density can be generalized to any 

density independent of spin (26), according to the following equation. 

𝐷 =
1

2
∑ (𝛻𝜙𝑖)2 −

1

8

(𝛻𝜌)2

𝜌𝑖                                                   (2) 

The ELF is a method for mapping the probability of electron pairs in multi-

electron systems. It makes it possible to distinguish between the different 

electronic shells of atoms and molecules and identify bond types and lone pairs. 

Through the function of the electronic localization feature, it is possible to 

divide the Euclidean space into basins of attractors (local maxima), in which the 

electron pairs are located. It is called the central basin (C), which surrounds a 

nucleus (except a proton); otherwise, it is called the valence basin (V). The latter 

will always be connected to at least one central basin. The latter is the case of a 

lone pair of electrons, whose attractor is called monosynaptic. In comparison, an 

attractor is called disynaptic when a basin is connected to two central basins, 

representing a covalent bond (27).  

Chemical-relevant information can be obtained from the concepts mentioned 

earlier. For example, by integrating the electron density relative to the volume of 

the basin, it is possible to obtain its electron population (Eq. 2). Also, it is possible 

to know the electron pair flux (σ2) (Eq. 3), whose fluctuation can be associated 

with an interaction between atoms (27). For comparison between molecular 

systems where the chemical nature of an atom varies, the relative flux λ(N̅; Ωi) 

(Eq. 4) is applicable since the variance is an extensive property of the system 

(28). The model proposed by Raud and Jansen, based on the combination of the 

complementary topological partitions of the electron density, will also be used to 

determine the degree of polarity of the interactions under study. The equations 

for the properties above are presented below, respectively (29). 

�̄�(𝛺𝑖) = ∫ 𝜎(𝑟)𝑑𝑟 = �̄�𝛼(𝛺𝑖) +
𝛺𝑖

�̄�𝛽(𝛺𝑖) (3) 

𝜎2(𝛺𝐴) = ∫ ∫ 𝛤𝑋𝐶(�⃗�1, 𝑟2)𝑑
𝛺𝐴𝛺𝐴

𝑟1𝑑𝑟2 + �̄�(𝛺𝐴) = �̄�(𝛺𝐴) − 𝜆(𝛺𝐴) 
(4) 

 

𝜆𝐹(𝛺𝐴) =
𝜎2(𝛺𝐴)

�̄�(𝛺𝐴)
 (5) 

 

1.3. QTAIM Analysis 

Quantum Theory of Atoms in Molecules (QTAIM) offers another way to 

characterize chemical bonds through the topological analysis of the electronic 

density and its Laplacian function (30). This analysis, proposed by Bader, is 

based on the topology of the charge distribution, ρ, which is described by critical 

points PC (Δρ = 0) (31). Four types of PCs with non-zero eigenvalues can be 

characterized; (3, -3), local maximum (attractor), (3, -1), first-order saddle point, 

(3, +3), second-order saddle point, and (3, +1), local minimum (source). From 

each critical tie point (CTP), a pair of gradient lines arise that culminate their 

path over the neighboring nuclei, defining a line along which it is maximal (32). 

Moreover, through this theory, there are a series of local properties in the PCE, 

which can characterize an interaction, such as; the Laplacian of the electron 

density, given by the equation N, which allows for to identify regions of charge 

concentration (Lrb
> 0) and charge depression (Lrb

< 0). 

Lrb
=  −

1

4
∇2ρ(rb) (6) 

Other local properties are the kinetic energy densities G(rb) (magnitude always 

positive), and the potential energy densities V(rb) (magnitude consistently 

negative), which according to the virial theorem, are related by equation 6. 

2G(rb) + V(rb) = −Lrb
 (7) 

The exact quantities, however, can be related to the total electronic energy 

according to the following expression.  

G(rb) + V(rb) = H(rb) (8) 

The joint analysis of these topological properties facilitates studying 

interactions between atoms. For example, the virial theorem tells us that a 

negative value of H(rb), where potential energy predominates over kinetic 

energy, can be interpreted as an accumulation of electron density in the PCE. 
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Consequently |V(rb)| > 2G(rb) y H(rb) < 0 are associated with shared layer 

interactions. Meanwhile, if |V(rb)| < 2G(rb) y H(rb) > 0, with closed-layer 

interactions (33). Another interesting property that allows characterizing types of 

interactions is the ratio between the absolute value of the power energy density 

concerning the kinetic energy density, according to the following expression. 

|V(rb)|/G(rb) (9) 

  

Where values of |V(rb)|/G(rb) < 1 indicate closed-layer interactions, while 

|V(rb)|/G(rb) > 2,   covalent interactions are considered. When the values of 

this expression are between 1 < |V(rb)|/G(rb) < 2 ,, interactions of 

intermediate character are considered (29; 34). 

4. RESULTS AND DISCUSSION 

4.1. NBO Analysis  

4.1.1. ALG-Cu-GO  

Table 1 shows the NBO results for the ALG-Cu-GO system. The analysis 

shows that the (one-center) interactions occur by charge transfer from the O100 

oxygens of the carboxylic acid of graphene and O76 and O77 of the carboxylic acid 

of alginate to the copper atom. According to the second-order hyperconjugative 

energy values, the most stabilizing interaction of the system occurs between the 

LP (2) (O76) donor, whose low electronic population reveals a strong charge 

transfer to the LP* (6) (Cu) (acceptor) anti-bonding lone pair of the copper atom, 

with a value 𝐸(2) of 68.02 Kcal mol-1, with a distance of 1.87 A0. Then, the 

charge transfer from LP (2) (O100) (donor) to LP* (6) (Cu) (acceptor) has the 

second highest value of 𝐸(2) (39.68 Kcal mol-1), with a binding distance of 1.94 

A0. The interaction between O77 and Cu is also observed to be of minor relevance 

(2.74 A0) since the 𝐸(2) values are low, where charge donation from LP (2) (O77) 

to LP* (6) (Cu) would decrease the stability of the interactions involving LP* (6) 

(Cu), due to its high electronic occupancy (29; 35).  

In Figure 4, the overlap of the natural bonding orbitals for the interactions 

between O76 (Fig. 4 A) and O100 with Cu (Fig. 4 B) is shown. For the charge 

transfer from LP (2) (O76) and LP (2) (O100) to LP* (6) (Cu), a decrease in the 

electron density of the donor (green-yellow (positive) and violet (negative) 

region) and an increase of this in the anti-bonding orbital of the acceptor (green 

(positive) and blue (negative) region) are seen, generating a broad interaction 

region around O76 and O100, indicating a strong bond polarization (36; 37). 

 

Figure 4. AB NBO orbitals for the most important interactions, in terms of 

𝐸(2), in ALG-Cu-GO 

Meanwhile, LP* 7 (O76) (Cu), with low occupancy, acts as a charge acceptor 

for both O76 and O100, generating significant values of 𝐸(2), which indicates that 

the most relevant interactions in this system are between O100 (graphene), O76 

(alginate), and copper. The energies obtained by second-order perturbation 

theory for charge transfers from occupied Lewis-type NBOs to empty non-

Lewis-type NBOs indicate delocalization corrections concerning the idealized 

Lewis structure (38). The sum of the 𝐸(2) values for the charge transfer from O76 

was 98.43 Kcal mol-1. In comparison, for O100, it was 69.67 Kcal mol-1, which 

indicates that these interactions generate a high system stabilization by electronic 

delocalization in the bond region (23; 39). 

Table 1. Significant interactions (greater than 2.00 Kcal mol-1) and their second-order perturbation energies 𝐸(2) in the ALG-Cu-GO system. 

Donor (i) Occupancy Acceptor (j) Occupancy E(2) Kcal mol-1 

σ (C21-O76) 1.99492 LP* 6 (Cu) 0.33404 2.60 

σ (C21-O76)  LP* 7 (Cu) 0.05351 2.21 

LP 1 (O76) 1.99731 LP 2 (Cu)  11.46 

LP 2 (O76) 1.75654 LP* 6 (Cu) 0.33404 68.02 

LP 2 (O76)  LP 7 (Cu) 0.05351 9.37 

LP 3 (O76) 1.68401 LP 9 (Cu) 0.02034 4.77 

LP 2 (O77) 1.84213 LP* 6 (Cu) 0.33404 2.95 

LP 2 (O77)  LP* 8 (Cu) 0.02833 2.79 

LP 1 (O100) 1.93654 LP* 6 (Cu) 0.33404 8.64 

LP 1 (O100)  LP* 7 (Cu) 0.05351 10.00 

LP 1 (O100)  LP* 8 (Cu) 0.02833 2.36 

LP 2 (O100) 1.93654 LP* 6 (Cu) 0.33404 39.68 

LP 2 (O100)  LP* 7 (Cu) 0.05351 8.99 

4.1.2 ALG-Co-GO  

The NBO analysis for the ALG-Co-GO system shows that the interactions 

between the O100, O76, and O77 oxygens with the cobalt atom occur by charge 

transfer to the metal (one-center interaction). In Table 2, the hyperconjugative 

energy values are presented, where the charge transfer from LP (2) (O76) to LP* 

(5) (Co) is the most important, with a bond distance of 1.91 A0. They are followed 

by transfers from LP (2) (O77) to LP* (6) (Co) (1.95 A0) and from LP (2) (O100) 

to LP* (5) (Co) (1.96 A0). The above is reflected in the low occupancy values of 

the lone pairs of oxygens, which act as donors (Table 2). 

Figure 5 shows the NBO orbital interactions for these interactions. The overlap 

of the py orbital of O76 with the dyz orbital of Co (𝐸(2) = 64.23 Kcal mol-1) can 

be seen (Fig. 5 A). In Figure 5 B, the interaction between the py orbital of O77 

and an s orbital of the metal is shown (𝐸(2) = 44.98 Kcal mol-1), and in Figure 5 

C, the overlap between the py orbital of O100 and the dyzorbital of  

Co (𝐸(2) = 26.66 Kcal mol-1). All of them decrease the electron density of the 

donor and increase the acceptor, suggesting the formation of oxygen-metal 

polarized bonds. Additionally, when considering the sum of the values of 𝐸(2), it 

can be seen that the oxygen-metal interactions generate a higher degree of 

electronic delocalization than in the ALG-Cu-GO system. The charge transfers 

from O76 to the metal generate a total hyperconjugative energy value of133.66 

Kcal mol-1. The charge transfers from O77 to Co generate a value of 𝐸(2) 95.29 

Kcal mol-1, and the transfer from O100 to metal a value of 86.04 Kcal mol-1. In 

this system, the interaction between O77 and Co is important in stabilizing the 

system (24; 39).   
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Table 2. Significant interactions (greater than 2.00 Kcal mol-1) and their second order perturbation energies 𝐸(2) in the ALG-Co-GO system. 

Donor (i) Occupancy Acceptor (j) Occupancy E(2) Kcal mol-1 

σ (C21-O76) 1.99401 LP* 5 (Co) 0.38729 3.67 

σ (C21-O76)  LP* 7 (Co) 0.06137 3.52 

σ (C21-O77) 1.99611 LP 6 (Co) 0.23774 5.21 

LP 1 (O76) 1.95073 LP* 5 (Co) 0.38729 5.69 

LP 1 (O76)  LP 6 (Co) 0.23774 4.91 

LP 1 (O76)  LP 7 (Co) 0.06137 13.94 

LP 2 (O76) 1.71066 LP* 5 (Co) 0.38729 64.23 

LP 2 (O76)  LP* 6 (Co) 0.23774 22.70 

LP 2 (O76)  LP* 7 (Co) 0.06137 9.79 

LP 1 (O77) 1.95556 LP* 7 (Co)  11.14 

LP 1 (O77)  LP* 8 (Co) 0.03498 9.90 

LP 2 (O77) 1.68174 LP* 5 (Co) 0.38729 24.22 

LP 2 (O77)  LP* 6 (Co) 0.23774 44.98 

LP 2 (O77)  LP* 8 (Co) 0.03498 5.05 

LP 1 (O100) 1.92437 LP* 6 (Co) 0.23774 10.50 

LP 1 (O100)  LP* 7 (Co) 0.06137 10.15 

LP 1 (O100)  LP* 8 (Co) 0.03498 4.64 

LP 2 (O100) 1.80830 LP* 5 (Cu) 0.38729 26.66 

  LP 2 (O100)  LP* 6 (Co) 0.23774 22.58 

LP 2 (O100)  LP* 7 (Co) 0.06137 8.51 

 

 

Figure 5. ABC NBO orbitals for the most important interactions, in terms of 

𝐸(2), in ALG-Co-GO 

4.1.3. ALG-Zn-GO  

In the ALG-Zn-GO system, the most stabilizing interactions of the system are 

produced by charge transfers from the lone pairs of O76, O77 y O100, which act as 

a donor, to the metal center, which acts as an acceptor. According to Table 3, the 

transfer from LP (2) (O O76, O77 y O100,) to LP* 6 (Zn) generates the highest 

hyperconjugative energy value (42.28 Kcal mol-1), with a binding distance of 

1.98 A0. Followed by charge transfer from LP (2) (O77) to LP* (6) (Zn) (41.14 

Kcal mol-1) (2.01 A0) and then by charge transfer from LP 2 (O100) to LP* 6 (Zn) 

(33.65 Kcal mol-1) (1.96 A0). In Figure 6 ABC, the interactions of the NBO 

orbitals are shown for these interactions, respectively. The py orbitals of O76, O77 

and O100, overlap with the 4S orbital of Zn (98.21 % S character). The latter has 

high occupancy, weakening the bonds in which LP* (6) (Zn) participates. 

Similarly to the previously analyzed systems, a decrease in the electron density 

of the donor and an increase in that of the acceptor is observed, suggesting the 

formation of polarized bonds. The sum of the values 𝐸(2)for charge transfer from 

LP (2) (O76) to LP* (6) (Zn) was 75.06 Kcal mol-1. 69.17 Kcal mol-1 for charge 

transfer from LP (2) (O77) to LP* (6) (Zn) and the interaction LP (2) (O100) to 

LP* (6) (Zn) a value of 85.65 Kcal mol-1, indicating stabilization of the system 

by delocalization of the electron density, although to a lesser degree than 

observed in the previous systems. 

Table 3. Significant interactions (greater than 2.00 Kcal mol-1) and their 𝐸(2) second-order perturbation energies in the ALG-Zn-GO system. 

 Occupancy Acceptor (j) Occupancy E(2) Kcal mol-1 

π (C21-O77) 1.98438 LP* 9 (Zn) 0.03293 3.10 

LP 1 (O76) 1.96252 LP* 6 (Zn) 0.41045 2.86 

LP 1 (O76)  LP* 7 (Zn) 0.08234 9.01 

LP 2 (O76) 1.76346 LP* 6 (Zn) 0.41045 42.28 

LP 2 (O76)  LP* 7 (Zn) 0.08234 16.85 

LP 3 (O76) 1.65403 LP* 9 (Zn) 0.03293 4.07 

LP 1 (O77) 1.96252 LP* 6 (Zn) 0.41045 3.43 

LP 1 (O77)  LP* 8 (Zn) 0.05972 7.78 

LP 2 (O77) 1.78315 LP* 6 (Zn) 0.41045 41.14 

LP 2 (O77)  LP* 8 (Zn) 0.05972 12.57 

LP 2 (O77)  RY* 4 (Zn) 0.00089 4.07 

LP 1 (O100) 1.93314 LP 6 (Zn) 0.41045 6.77 

LP 1 (O100)  LP* 7 (Zn) 0.08234 4.38 

LP 1 (O100)  LP* 8 (Zn) 0.05972 11.66 

LP 2 (O100) 1.83327 LP* 6 (Zn) 0.41045 33.65 

LP 2 (O100)  LP* 7 (Zn) 0.08234 14.24 

LP 2 (O100)  LP* 8 (Zn) 0.05972 8.38 

LP 2 (O100)  RY* 4 (Zn) 0.00089 6.57 
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Figure 6. ABC NBO orbitals for the most important interactions, in terms of 

𝐸(2),  in ALG-Zn-GO. 

4.1.4. ALG-Mn-GO  

In this system, the trend is maintained for interactions through charge transfer 

from the oxygen atoms under study to the metal, which is reflected in the low 

populations of LP (2) (O76), LP (2) (O77), and LP (2) (O100) (38). Here, the 

interaction between the donor LP (2) (O76) to the acceptor LP* (4) (Mn) generates 

high stabilization (𝐸(2)  = 63.38 Kcal mol-1), with a binding distance of 1.97 A0. 

Figure 7 A shows the overlap of the pyorbital (91.78 % p character) of O76 with 

the dyz orbital of Mn (92.96 % d character), where the decrease of the electron 

density of the donor and the increase of this in the acceptor suggests the 

formation of a polarized bond. Another important interaction is produced by 

charge transfer from LP (2) (O77) (donor) to LP* (5) (Mn) (acceptor), with a high 

perturbative energy value (𝐸(2) = 52.61 Kcal mol-1), (1.99 A0). In Figure 7 B, the 

overlap of the dyz orbital (92.89 % p character) of O77 with the 4S orbital (69.10 

% S character) of Mn results in a polarized bond due to the increase and decrease 

of the electron density of the acceptor and donor, respectively. An analogous 

situation is seen for the one-center interaction between LP (2) (O100) and LP* (4) 

(Mn). In this, the py orbital of O100 overlaps with the dyz orbital of Mn (Fig. 7 

C), generating a high hyperconjugative energy value (𝐸(2)  = 32.28 Kcal mol-1) 

and a bond distance of 1.98 A0. The sum of the values for the mentioned 

interactions is the highest obtained for the systems under study. Thus, for the 

interaction between O76 and Mn, the total value of second-order perturbation 

energy was 100.21 Kcal mol-1. For the interaction between O77 and Mn, this 

value was 95.15 Kcal mol-1, while the interaction between O100 and py Mn 𝐸(2) 

was 87.25 Kcal mol-1. These results suggest a high structural stabilization by 

electronic delocalization. 

Table 4. Significant interactions (larger than 2.00 Kcal mol-1) and their 𝐸(2) second-order perturbation energies in the ALG-Mn-GO system. 

Donor (i) Occupancy Acceptor (j) Occupancy E(2) Kcal mol-1 

σ (C21-O77) 1.99542 LP* 5 (Mn) 0.22417 5.93 

  1.95330 LP* 5 (Mn)  2.63 

LP 1 (O76)  LP* 6 (Mn) 0.05950 11.82 

LP 2 (O76) 1.75030 LP* 4 (Mn) 0.31244 63.38 

LP 2 (O76)  LP* 5 (Mn) 0.22417 13.65 

LP 2 (O76)  LP* 6 (Mn) 0.05950 8.94 

LP 3 (O76) 1.61017 LP* 9 (Mn) 0.01370 2.42 

LP 1 (O77) 1.95560 LP* 5 (Mn) 0.22417 11.15 

LP 1 (O77)  LP* 7 (Mn) 0.03473 7.86 

LP 2 (O77) 1.72326 LP* 4 (Mn) 0.31244 14.56 

LP 2 (O77)  LP* 5 (Mn) 0.22417 52.61 

LP 2 (O77)  LP* 7 (Mn) 0.03473 4.01 

LP 3 (O77) 1.63554 LP* 8 (Mn) 0.02558 4.96 

LP 1 (O100) 1.92330 LP* 4 (Mn) 0.31244 5.80 

LP 1 (O100)  LP* 5 (Mn) 0.22417 10.38 

LP 1 (O100)  LP* 6 (Mn) 0.05950 9.48 

LP 1 (O100)  LP* 7 (Mn) 0.03473 3.62 

LP 2 (O100) 1.81350 LP* 4 (Mn) 0.31244 32.38 

LP 2 (O100)  LP* 5 (Mn) 0.22417 18.55 

LP 2 (O100)  LP* 6 (Mn) 0.05950 7.04 

LP 3 (Mn) 1.58583 π* (C99-O100) 0.32717 6.79 

 

Figure 7. ABC NBO orbitals for the most important interactions, in terms 

of𝐸(2), in ALG-Mn-GO 

4.2. Electronic Localization Function Analysis (ELF) 

4.2.1. ALG-Cu-GO  

The electronic localization function was used further to investigate the 

chemical nature of the studied interactions. Figure 8 shows the ELF diagram for 

the interaction between O76, O77, and O100 with the copper atom. The degree of 

electronic localization, determined by this function, varies between 0 and 1.00, 

where the red color represents the regions of high localization in these diagrams 

(values higher than 0.8) (40). High delocalization of the core electrons in the 

metal (average ELF values, represented by the orange, green and blue colors) 

and a distortion of the valence shell, a product of the interaction with the oxygens, 

can be seen in the image, which could suggest some degree of covalence in the 

formation of these bonds (27; 41-43). Conversely, the non-bonding lone pair of 

O76, which is oriented to the metal, shows increased delocalization (orange color) 

and distortion of the electron density. 

Meanwhile, it can be seen that the degree of delocalization of the O100 lone 

pairs is lower (more intense orange color). The above is related to the NBO 

results, where the most robust oxygen-metal interaction is between O76 and Cu. 

The high hyperconjugative energy values indicated a high degree of electron 
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density delocalization. In this case, it can be related to the electron density found 

around the bonding region (blue color) with ELF values close to 0.5 (fermi gas 

reference value), which indicates a high degree of electronic delocalization (28; 

44). In the case of O77, its non-bonding pairs are seen to be more localized and 

homogeneously distributed, indicating little interaction with the metal (43)  

These results are also related to the low values of 𝐸(2), obtained in the analysis 

of natural bonding orbitals. 

 

Figure 8. ELF diagrams for interaction O100-Cu-O76, in ALG-Cu-GO 

The attractor analysis shows that the interactions between O76 and O100 with 

copper are the most important. According to the interpretation of Savin et al., the 

location of these may indicate the degree of covalence of the bond (28). Figure 9 

shows that V (O76) and V (O100) are located directly on the metal bond line, 

suggesting some degree of covalence. Meanwhile, V (O77) is not oriented toward 

the metal, which agrees with the ELF diagrams because no significant interaction 

between O77 and Cu is seen. Furthermore, the integration of the electron density 

of the attractor basin shows a considerable decrease in the population of the core 

electrons of the copper atom (13.01e), well below the traditional value of 29 

(Table 5). 

Consequently, this indicates electron donation from the inner shells of the 

metal to the 3d valence region (45; 46). Moreover, V (O76) presents a low 

population compared with oxygens attractors of the exact chemical nature 

present in the system, suggesting electron density donation to the metal, which 

according to Silvi & Savin, would be indicative of the formation of a dative bond. 

Meanwhile, the total population of the attractors of the lone pairs of O76 was 

5.82e, while the overall average was 5.27e, indicating electronic donation and 

back-donation processes between O76 and Cu (47). The high population of V' 

(O76) indicates redistribution of electron density donated from the metal aiming 

to decrease charge repulsion (48; 49). V' (O100) presents a high population if the 

same comparison is made. It is suggested by the charge transfer from copper, 

which is also reflected in the total population of the attractors of both lone pairs, 

which was 5.48e, compared to the average reference value of 5.29e. The variance 

values are high for V (O76), indicating a high electronic flux, which is confirmed 

by the value of the relative flux, which is very high, indicating an important 

degree of covalence in this interaction (50). A similar situation, although to a 

lesser degree, is seen in V (O100), increases in both σ2and λ(N̅;Ωi)), suggesting that 

in this interaction there is a certain degree of covalence in the bonding. 

In contrast, the same magnitude values in V (O77) show a trend very similar to 

the reference values, indicating that the interaction between O77 and Cu is weak. 

The analysis of the contributions shows that V (O76) contributes 93.10 % to the 

population of that attractor, while V (O100) contributes 96.25 %. These results 

suggest the formation of bonds with a certain degree of covalence, highly 

polarized. According to several authors, this agrees with the interpretation of an 

O → Cu dative bond (51). 

 

Figure 9. Attractor populations of the lone pairs of O100, O76, O77 and valence and core attractors of copper, in ALG-Cu-GO. 

Table 5. Populations (N), variance (σ2),), and relative flux (λ(N̅;Ωi)), for attractors of O76, O77 and O100 and average populations (N̅̅ ̅),  , variance (σ̅2), and relative 

flux (λ̅(N̅;Ωi)) of reference attractors (oxygens (-OH, -COO-)), present in ALG-Cu-GO. 

Attractor 

ALG-Cu-GO 

Populations 

𝐍/�̅� 

Variance 

𝛔𝟐/𝛔𝟐̅̅ ̅ 

Relative flow 

𝛌(�̅�;𝛀𝐢)/�̅�(�̅�;𝛀𝐢) 

 
-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

V (O) 2.03 2.53 2.4 1.14 1.19 1.23 0.59 0.47 0.51 

V´(O) 3.79 2.95 3.09 0.33 1.27 0.66 0.09 0.16 0.21 

V (O) 2.37 2.34 1.23 1.15 0.51 0.49 

V (O) 2.90 2.95 1.29 1.29 0.44 0.44 



J. Chil. Chem. Soc., 68, N°1 (2023) 

 

 5773 
 

4.2.2. ALG-Co-GO  

Figure 10 shows the ELF diagram for the ALG-Co-GO system. In this 

diagram, the non-bonding pairs of O76 and O77 oriented to the metal show higher 

delocalization than the lone pair of O100. Additionally, the electron density of the 

non-bonding pairs of the three oxygens shows an inhomogeneous distribution 

due to the interaction with the metal (48). Electrons in the core of the cobalt atom 

are highly delocalized (white color), and the valence shell is distorted, showing 

a significant difference with the spherical symmetry of the isolated atom, 

suggesting a strong interaction with the oxygen atoms (25; 42; 52). Also, a blue-

colored region is seen in the interaction zones, similar to that observed in the 

system with copper. The ELF value is approximately 0.5, close to the Fermi gas 

reference value, indicating a delocalized electron density in the bonding region. 

These values agree with the hyperconjugative energy values, which indicate that 

such interactions generated a high charge delocalization.  

 

 Figure 10. ELF diagrams for O100-Co-(O76, O77) interaction in ALG-Co-GO. 

The analysis of attractors, their populations, variance, and relative flux, shows 

that V (O76) and V (O77) are oriented towards the metal and located in the bond 

line with the metal (Figure 11); as already mentioned, this suggests a certain 

degree of covalence in the bond. In addition, the low populations of these 

attractors (Table 6), compared to the average reference values of oxygens of the 

same chemical nature, would indicate electron density donation to the metal, as 

this could be interpreted as the formation of a covalent bond (Figure 11). In 

addition, the low populations of these attractors (Table 6), compared to the 

average reference values of oxygens of the same chemical nature, would indicate 

electron density donation to the metal, which could be interpreted as the 

formation of dative bonds (53). Therefore, this is related to the variance values 

and relative flux. The variance of these attractors is high, considering their low 

populations, which is reflected in the high relative flux, indicating a high 

delocalization of the electron density in the bond region (54). 

Moreover, V (O100) presents a higher population than the reference average, 

indicating charge transfer from the metal (55), which would increase the variance 

value. The relative flux, although with a value very similar to the reference, is 

still high, indicating that the electron density is delocalized close to the binding 

region, considering the location of V (O100), which suggests a type of interaction 

with a certain covalent nature. The cobalt core population was 26.02e, slightly 

below the expected value of 27e. The analysis of the contributions showed that 

O76 contributes 95.00 % to the population of V (O76), while the contribution of 

O77 to O100 was 95.00 %. The contribution from O77 to V (O77) was 95.53 % and 

from O100 to V (O100) was 97.52 %. These results agree with the interpretation of 

electrostatic interaction with some covalent degree between O100 and Co and that 

the dative bonds between O76 and O77 with Co are strongly polarized (56). The 

high values of electronic delocalization given by the relative flux are related to 

the second-order hyperconjugative energy values obtained in the NBO analysis. 

A mesomeric effect could occur between the atoms involved in such interactions 

(57). 

 

Figure 11. Attractor populations of the lone pairs of O100, O76, O77 and cobalt 

core and valence attractors in ALG-Co-GO. 

Table 6. Populations (N), variance (σ2), and relative flux (λ(N̅;Ωi)), for O76, O77 and O100 attractors and average populations (N̅)), variance (σ̅2),), and relative flux 

(λ̅(N̅;Ωi)) of reference attractors (oxygens (-OH, -COO-)), present in ALG-Co-GO. 

Attractor 

ALG-Co-GO 

Populations 

𝐍/�̅� 

Variance 

𝛔𝟐/𝛔𝟐̅̅ ̅ 

Relative flow 

𝛌(�̅�;𝛀𝐢)/�̅�(�̅�;𝛀𝐢) 

 
-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

V (O) 2.00 1,79 2,42 1.12 1.04 1.22 0.56 0.58 0.50 

V´(O) 3,63 3,84 3,08 1.41 1.46 1.32 0.39 0.38 0.43 

V (O) 2.42 2.25 1.23 1.14 0.50 0.51 

V (O) 3.00 3.11 1.30 1.3 0.43 0.42 
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4.2.3. ALG-Zn-GO  

Figure 12 shows the ELF diagram for the ALG-Zn-GO system. It highlights 

the high delocalization suffered by the electrons of the core and the valence layer 

of the metal, resulting from the interaction with the oxygen atoms under study. 

The same delocalized electron density around the bond region (ELF ≈ 0.5), as 

seen in the previous systems, is also appreciated. The lone pairs of O76 and O77 

are highly delocalized and with an asymmetric electron density distribution, 

which reaffirms the idea of strong interactions. Meanwhile, the lone pair of O100 

shows less delocalization and a more homogeneous distribution of the electron 

density of both lone pairs. 

 

Figure 12. ELF diagrams for the O100-Zn-(O76, O77) on ALG-Zn-GO 

The analysis of the attractors and their location shows that V (O76) and V (O77) 

are oriented and located on the bond line (Figure 13), both with populations lower 

than the average reference values, indicating charge transfer to Zn (Table 7). 

Therefore, the above suggests dative bond formation, as already mentioned. The 

sum of the attractors of both lone pairs of O76 was 5.81e, while that of the 

reference lone pairs was 5.56e, indicating that charge transfer from the metal to 

O76 also occurs. Meanwhile, the same analysis for O77 showed that the total 

population for the lone pairs of this atom was 5.77e, while the sum of the 

reference attractors was 5.36e, indicating charge transfer from the metal to this 

atom.  

These results show electron density donating and back-donating processes 

between the mentioned elements. The analysis of the contributions showed that 

for the population of V (O76), O76 contributed 90.73 %, while for V (O77), O77 

contributed 93.00 % to the attractor population. From this, it can be seen that the 

bonds formed are polarized. The idea of the degree of covalence of these 

interactions is supported by the values of variance and relative flux for both 

attractors. The variance values are high if we consider their populations, i.e., the 

electron flux increases as a result of the formation of the bonds. Likewise, the 

high value of the relative flux and considering the location of both attractors and 

the high electronic delocalization, is found in the bonding region. 

Meanwhile, V (O100) is close to the metal bond line, and its population is higher 

than the reference average, indicating charge transfer from the metal. 

Furthermore, its variance is higher than the reference values. The relative flux 

shows a trend similar to the reference values; however, it is a high value, which 

suggests that there is delocalized electron density in the bonding region, so it 

could be a type of interaction with a certain degree of covalence where the 

electrostatic component is important between O100 and Zn. The above is 

confirmed by the value of the contribution to V (O100), which was 95.08 % of its 

population.   

 

Figure 13. Attractor populations of the lone pairs of O100, O76, O77 and valence 

and core attractors of zinc, in ALG-Zn-GO. 

 

Table 7. Populations (N), variance (σ2), and relative flux λ(N̅;Ωi)), for attractors of O76, O77, and O100 and average populations (N̅),  ), variance (σ ̅^2), and relative 

flux (λ(N̅;Ωi))of reference attractors (oxygens (-OH, -COO-)), present in ALG-Zn-GO. 

Attractor 

ALG-Zn-GO 

Populations 

𝐍/�̅� 

Variance 

𝛔𝟐/𝛔𝟐̅̅ ̅ 

Relative flow 

𝛌(�̅�;𝛀𝐢)/�̅�(�̅�;𝛀𝐢) 

 
-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

V (O) 2,05 2,14 2,44 1.11 1.14 1.23 0.54 0.53 0.50 

V´(O) 3,76 3,63 3,3 1.42 1.40 1.37 0.37 0.39 0.42 

V (O) 2.45 2.25 1.20 1.15 0.49 0.51 

V (O) 3.11 3.11 1.31 1.32 0.42 0.42 

 

4.2.4. ALG-Mn-GO  

Figure 14 shows the ELF diagram for the ALG-Mn-GO system. It shows a 

strong delocalization of the electrons of the metal core (white color) and a 

distortion of the valence layer, which would be a product of the interaction with 

the oxygens. The non-lone pairs of O76 and O77 are oriented to the metal and show 

high delocalization and inhomogeneous electron density distribution. 

Meanwhile, the lone pair of O100 is oriented to the metal, showing less 

delocalization, and the electron density distribution of its lone pairs is more 

homogeneous. The same trend is observed concerning the electron density with 

values close to 0.5 ELF, indicating a high delocalization, as already mentioned. 



J. Chil. Chem. Soc., 68, N°1 (2023) 

 

 5775 
 

 

Figure 14. ELF diagrams for interaction O100-Mn-(O76, O77) in ALG-Mn-GO 

Figure 15 shows the monosynaptic attractors of the non-bonding pairs of the 

three oxygens under study. V (O76) and V (O77) are located directly on the binding 

line. According to Savin et al., this would suggest a certain degree of covalence 

in these interactions. According to the population values (Table 8), V (O76) and 

V (O77) present values below the reference average, which indicates charge 

donation to the metal. The sum of the population of both lone pairs of V (O76) 

and V' (O76) was 5.62e, while the average reference value was 5.50e. The same 

situation is seen for V (O77) and V' (O77) with a total population value (lone pairs) 

of 5.62e, concerning the reference value of 5.29e. The above indicates electron 

density donation and back-donation processes between these oxygen atoms and 

Mn. The localization and this exchange of electronic density would be an 

indication of a certain degree of covalence in these interactions. V (O100), 

oriented towards the metal, is located close to the bond line. It has a higher than 

the average population, indicating charge transfer from the metal. The total 

population of both monosynaptic attractors was 5.49e, while the reference 

average, as already mentioned, was 5.29e, so the main process in the formation 

of this bond is due to charge donation from the metal to O100. The variance values 

for O76 and O77 are high if we consider their populations, indicating a high degree 

of electronic delocalization. These values are confirmed by the sharp increase in 

the relative flux, which indicates that there is an excess of delocalized electron 

density in the binding region (V (O76) and V (O77), (they are located in the metal-

binding line). The increase in the relative flux of V (O100) occurs to a lesser 

extent; however, it is high, and if we consider its localization, we can suggest a 

certain degree of covalence in the bond, where the electrostatic character would 

predominate. The contribution to the population of V (O76) was 97.02%; for V 

(O77), it was 96.96 %, while for V (O100), it was 97.68 %. These values show that 

the polar component in these interactions is important. 

 

Figure 15. Attractor populations of the lone pairs of O100, O76, O77 and 

manganese core and valence attractors in ALG-Mn-GO. 

Table 8. Populations (N), variance (σ2),), and relative flux (λ(N̅;Ωi)), for O76, O77 and O100 attractors and average populations (N ̅), variance (σ̅2),), and relative flux 

(λ(N̅;Ωi)of reference attractors (oxygens (-OH, -COO-)), present in ALG-Mn-GO. 

Attractor 

ALG-Mn-GO 

Populations 

𝐍/�̅� 

Variance 

𝛔𝟐/𝛔𝟐̅̅ ̅ 

Relative flow 

𝛌(�̅�;𝛀𝐢)/�̅�(�̅�;𝛀𝐢) 

 
-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

-OH 

V(O76) 

-CO 

V(O77) 

-CO 

V(O100) 

V (O) 

 
2,22 2,06 2,44 1.17 1.13 1.23 0.55 0.55 0.50 

V´(O) 3,4 3,56 3,05 1.36 1.40 1.31 0.40 0.37 0.43 

V (O) 2.69 2.42 1.25 1.19 0.46 0.49 

V (O) 2.81 2.87 1.27 1.27 0.45 0.44 

4.3. QTAIM Analysis  

4.3.1. ALG-Cu-GO  

Figure 16 shows the contour map of the Laplacian operator of the ALG-Cu-

GO system. The dashed red lines represent charge depression, while the 

continuous blue lines represent charge concentration (58). In the latter, charge 

depression and polarization of the valence layer of the copper atom in the 

direction of the oxygen atoms can be seen. Likewise, the charge concentration in 

the metal tends to lose its spherical symmetry. Also, some polarization and 

charge leakage is observed from O76 towards the critical point of bonding with 

the metal. In contrast, in O100, no charge leakage is observed towards the BCP, 

and its charge distribution is less affected in terms of symmetry by the 

interaction. 

  

 

Figure 16. Contour map of ∇2ρ of ALG-Cu-GO. The solid and dashed lines 

correspond to the negative regions and positive regions of ∇2ρ, respectively. Blue 

dots correspond to critical binding points.   
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Table 9 shows the values of ∇2ρBCP for the O76-Cu and O100-Cu interactions. 

The results show positive values for this magnitude. Bader's interpretation of 

those results indicates that it corresponds to closed-layer interactions 

(electrostatic, Van de Waals interactions, coordinated bonds, hydrogen bridges) 

(59). The value for ∇2ρBCP for O76-Cu, is higher, indicating that this interaction 

is more intense (58). The above is confirmed by the values of electronic charge 

density ρBCP, which is considered a measure of bond strength (60). These values 

are relatively high if we contrast them with weak interactions, such as hydrogen 

bonds and halogen bonds (ρBCP  ≈ 0,03 a.u.) (61). Altogether, the above agrees 

with the ELF and NBO analyses, where the strongest interaction is that of O76-

Cu. Moreover, the negative values of the Lrb
function and positive value of Hrb

 

for the O100-Cu interaction confirm that this bond is a closed-layer (polarized 

dative bond) (62). Furthermore, Hrb
 < 0 for O76-Cu. According to previous 

studies, it has been shown that with negative values of both magnitudes 

(L(rb)
 and H(rb)) the decrease of H(rb) together with the increase of the electronic 

charge density (ρBCP) in the BCP, is an indicator of the stabilization of the 

interaction due to the increase of the electrostatic component of the interaction 

(63). In Table 9, it can be seen that this magnitude follows this trend concerning 

ρBCP. These results are consistent with the ELF results, which showed that this 

interaction presents strongly polarized dative bonding characteristics. As already 

mentioned, the magnitude interval 1 < |V(rb)|/G(rb) < 2would allow us to 

discriminate the nature of both bonds. Accordingly, the O100-Cu bond, being 

slightly less than 1, would be electrostatic, while the O76-Cu bond, being greater 

than 1, would correspond to an intermediate nature between electrostatic and 

coordinated covalent bonding (64). However, the high electronic delocalization 

revealed by the NBO and ELF results could be related to the electronic resonance 

phenomenon, which would stabilize the system (65). 

Table 9. Local topological properties at critical junction points in the ALG-Cu-GO system. 

ALG-Cu-GO O100-Cu O76-Cu 

𝛻2𝜌𝐵𝐶𝑃 (a.u.) 0,6038 0,7150 

𝜌𝐵𝐶𝑃 (a.u.) 0,077 0,1023 

𝐺(𝑟𝑏) (a.u.) 0,1457 0,1883 

𝑉(𝑟𝑏) (a.u.) -0,1404 -0,1979 

𝐿𝑟𝑏
 (a.u.) -0,1509 -0,1788 

𝐻(𝑟𝑏) (a.u.) 0,0053 -0,0096 

|𝑉(𝑟𝑏)|/𝐺(𝑟𝑏) 0,9637 1,0508 

4.3.2. ALG-Co-GO  

Figure 17 shows the Laplacian operator diagram of the electron density of the 

ALG-Co-GO system. The BCPs (3, -1), corresponding to the oxygen-metal 

bonds, are observed in this diagram. A strong polarization of the valence layer 

and charge leakage from the cobalt atom, directed towards the oxygen atoms, can 

be seen. Likewise, the valence layer of the O76 and O77 atoms is polarized and 

presents charge leakage towards the metal. Meanwhile, O100 presents a spherical 

symmetry without charge depression of its valence layer. This picture shows that 

the most robust interactions occur between O76, O77, and Co, which agrees with 

the ELF and NBO models.   

 

Figure 17. Contour map of ∇2ρ of ALG-Co-GO. The solid and dashed lines 

correspond to the negative regions and positive regions of ∇2ρ, respectively. 

Blue dots correspond to critical binding points.   

Table 10 shows the results of the local properties of the BCPs for this system. 

The values of the electronic charge density indicate that the O76-Co interaction is 

considered the strongest, followed in a smaller order of magnitude by that 

generated between O77-Co and then by O100-Co. The values of the Laplacian 

operator are high and positive, suggesting closed-layer type interactions. These 

values correlate with the balance between the kinetic energy density and the 

potential energy density given by the factor L(rb)
,, which are all less than zero. 

Since for O100-Co, the value of H(rb) > 0, it reaffirms the closed-layer interaction 

character. Moreover, the values of H(rb)for O76-Co and O77-Co are negative. The 

above would have an analogous explanation to what was observed in the previous 

system, i.e., the opposite trend between the values of H(rb) and ρBCP would 

indicate that the electrostatic component would be necessary for the stabilization 

of these interactions.  

While considering that the value of the ratio between the absolute value of the 

potential energy density concerning the kinetic energy density is more significant 

than one, it can be inferred that such interactions agree with a description of polar 

coordinating nature. At the same time, O100-Co is slightly less than 1, which 

would imply an electrostatic character of this bond. However, the NBO and ELF 

results suggest that the electronic resonance effect is important due to the high 

electronic delocalization, so assigning a localized charge on O100 would not be 

the most accurate due to an electronic resonance effect (66).    

Table 10. Local topological properties at critical junction points in the system ALG-Co-GO.  

ALG-Co-GO O100-Co O76-Co O77-Co 

𝛻2𝜌𝐵𝐶𝑃 (a.u.) 0,5389 0,5745 0,5154 

𝜌𝐵𝐶𝑃 (a.u.) 0,0750 0,9181 0,0850 

𝐺(𝑟𝑏) (a.u.) 0,1330 0,1561 0,1356 

𝑉(𝑟𝑏) (a.u.) -0,1314 -0,1686 -0,1424 

𝐿𝑟𝑏
 (a.u.) -0,1347 -0,1436 -0,1289 

𝐻(𝑟𝑏) (a.u.) 0,0017 -0,0125 -0,0068 

|𝑉(𝑟𝑏)|/𝐺(𝑟𝑏) 0.9880 1.0800 1.0501 
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4.3.3. ALG-Zn-GO  

Figure 18 shows the Laplacian operator diagram of the electron density of the 

ALG-Zn-GO system. In this, it can be seen that a strong charge leakage from the 

Zn valence layer in the direction of the oxygen atoms. O76 and O77 show a slight 

charge leakage in the direction of the metal. While in the lone pairs of both 

oxygens, the charge concentration is distorted. Meanwhile, the different layers in 

O100 remain almost unchanged. All three BCPs are charge leakage, and the value 

of ∇2ρBCPfor those critical points is positive (Table 11). The charge density 

values are similar for all three BCPs and are slightly the lowest of the systems 

under study, particularly for the O76-metal interaction. As mentioned above, a 

positive value of ∇2ρBCPindicates closed-layer interactions. In this system, the 

values of L(rb)
 and H(rb) are less than zero, so the opposite trend between H(rb) 

and ρBCP, suggest that the system would tend to be stabilized mainly by the 

electrostatic component. 

Moreover, the values of |V(rb)|/G(rb) are more significant than one for all 

three BCPs, indicating that they are interactions of an intermediate character 

between electrostatic and covalent bonds (polarized coordinated bonds), which 

is in agreement with the ELF analysis. Furthermore, the electronic charge density 

values indicate that these bonds are the weakest. Considering that the values of 

second-order hyperconjugative energies for the O76-Zn and O77-Zn interactions 

were the lowest obtained, it is suggested that the electrostatic component is more 

accentuated in this system, since the resonance effect would be less  

 

Figure 18. Contour map of ∇2ρ of ALG-Zn-GO. The solid and dashed lines 

correspond to the negative regions and positive regions of ∇2ρ, respectively. The 

blue dots correspond to critical binding points.   

Table 11. Local topological properties at the critical binding points in the ALG-Zn-GO system. 

ALG-Zn-GO O100-Zn O76-Zn O77-Zn 

𝛻2𝜌𝐵𝐶𝑃 (a.u.) 0,4789 0,4475 0,3971 

𝜌𝐵𝐶𝑃 (a.u.) 0,0740 0,0780 0,0720 

𝐺(𝑟𝑏) (a.u.) 0,0983 0,0955 0,0866 

𝑉(𝑟𝑏) (a.u.) -0,1027 -0,1041 -0,0953 

𝐿𝑟𝑏
 (a.u.) -0,0938 -0,0869 -0,0779 

𝐻(𝑟𝑏) (a.u.) -0,0045 -0,0086 -0,0087 

|𝑉(𝑟𝑏)|/𝐺(𝑟𝑏) 1,0453 1,0904 1,1007 

4.3.4. ALG-Mn-GO  

Figure 19 shows the Laplacian diagram of the electron density for ALG-Mn-

GO. In this diagram, an intense polarization of the valence layer of the Mn atom 

is observed, where there is charge leakage in the direction of the BCP (3, -1) of 

the interactions with the three oxygen atoms. The three oxygen atoms are 

polarized, where O76 and O77 show a slight charge leakage towards the metal. 

The charge concentration of the lone pairs on O100 is less distorted. These results 

are consistent with the ELF analysis, where charge transfer from the metal to the 

oxygen is the significant contribution to this interaction. 

 

Figure 19. Contour map of ∇2ρ of ALG-Mn-GO. The solid and dashed lines 

correspond to the negative regions and positive regions of ∇2ρ, respectively. Blue 

dots correspond to critical binding points.   

Table 12 summarizes the values of the local properties of the three BCPs. The 

values of ∇2ρBCP   are positive, which indicates that they are closed-layer 

interactions. The values of the electronic charge density follow the trend of the 

previous systems (except for the one where the bridge metal is Zn), in which the 

lowest values for this magnitude were obtained. Meanwhile, the values of 

L(rb)
 and H(rb) are less than zero. As already mentioned, in these cases, the 

opposite trend between H(rb) and ρBCPtells us that the electrostatic component is 

the one that stabilizes the system.  

Finally, the interval for the ratio of the absolute value of the potential energy 

density concerning the kinetic energy density is more significant than one, which 

reveals the intermediate character of the electrostatic and covalent components 

of the bonds formed. These results are consistent with the ELF results. According 

to the second-order hyperconjugative energy values obtained in the NBO study, 

there is a high charge delocalization in this system, so the electronic resonance 

effect is important in the structural stabilization of this system. 
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Table 12. Local topological properties at critical junction points in the ALG-Mn-GO system. 

ALG-Mn-GO O100-Mn O76-Mn O77-Mn 

𝛻2𝜌𝐵𝐶𝑃 (a.u.) 0,5005 0,4521 0,4826 

𝜌𝐵𝐶𝑃 (a.u.) 0,0770 0,0840 0,0800 

𝐺(𝑟𝑏) (a.u.) 0,1310 0,1232 0,1322 

𝑉(𝑟𝑏) (a.u.) -0,1369 -0,1334 -0,1438 

𝐿𝑟𝑏
 (a.u.) -0,1251 -0,1130 -0,1206 

𝐻(𝑟𝑏) (a.u.) -0,0059 -0,0102 -0,0116 

|𝑉(𝑟𝑏)|/𝐺(𝑟𝑏) 1,0452 1,0829 1,0875 

Finally, the NBO, ELF, and QTAIM analysis revealed interactions of a 

coordinated nature, where the electrostatic component is important. The high 

electronic delocalization, a product of the oxygen-metal interactions, generates 

high electronic delocalization so that the mesomeric effect would influence the 

stabilization of the systems under study. These results show that the systems with 

the most substantial interactions were ALG-Co-GO, followed by ALG-Cu-GO. 

However, the latter does not generate an important interaction with O77, and the 

former presented a higher degree of electronic delocalization. Then the ALG-

Mn-GO system presented slightly weaker bonds with the three oxygens, 

according to the electronic charge density values of the QTAIM analysis, with a 

high electronic delocalization. Finally, the ALG-Zn-GO system presented the 

weakest bonds, where the electrostatic component would be important in 

stabilizing the system. The characteristics of the interactions formed could be 

attributed to the presence of d orbitals in the studied metals, which can accept the 

charge in their empty orbitals (67). 

Previous experimental studies have shown that the ALG-GO mixture has a 

high degree of adsorption for Cu2+ and Co2+, which has been related to the affinity 

of this mixture for these metals (21; 68). All of the above would agree with the 

type of interactions reported in this study. Likewise, this mixture presents a high 

degree of adsorption for Mn2+ and Zn2+ (69; 70). However, the high amount of -

OH, -O- and -COO- groups present in the hydrocarbon skeleton of alginate 

would be the main responsible for these results (4; 71). The same studies show 

that the physical adsorption phenomenon is important (18; 72), so forming 

coordinated bonds would be one of many factors influencing the adsorption 

process. The type of interaction studied in this work is important in the adsorption 

phenomenon and the morphology of the resulting structure. For example, 

previous studies show that after the desorption process, the ALG-Co-GO beads 

tend to maintain a structure similar to the original (73), while the beads of the 

ALG-Zn-GO system present a bulky and agglomerated morphology (69). The 

morphology would be related to the type of adsorbed metal due to a crosslinking 

process (12). Other studies report that the morphological characteristics after the 

desorption process of ALG-Mn-GO remain almost unchanged concerning the 

original ones (70). Also, it has been proved that after the desorption of Cu2+ ion, 

the porous structure formed by intertwined fibers mitigates the volume change 

during the adsorption process, where the reusability of the material is only 

reduced by 3% (68). Studies on the morphology generated in the ALG-GO 

mixture, using the metals Ca2+, Ba2+, and Fe3+, showed that the most stable 

structure with better physical properties was the one generated with Fe3+ (74). 

The latter presents 3d orbitals available, allowing it to form bonds with similar 

characteristics to those reported in this study. Thus, the type of interaction 

generated in the bonding of alginate and graphene oxide, through the carboxylic 

groups present in both substances, could be fundamental in the adsorption 

capacity of the different metals under study due to its influence on the type of 

morphology of the adsorbent system. 

CONCLUSIONS 

The results obtained through the different theoretical models used in this study 

showed that the metals Co2+, Cu2+, Mn2+, and Zn2+ form coordinated type bonds 

with a high electrostatic component, which varies according to the metal, with 

the carboxylic groups of alginate and graphene oxide, acting as a bridge between 

both substances. According to the degree of electronic delocalization, the binding 

strength and stability order of the systems under study were as follows; ALG-

Cu-GO > ALG-Co-GO > ALG-Mn-GO > ALG-Zn-GO. These results are shown 

to be correlated with adsorption capacity results for the alginate-graphene oxide 

mixture. 
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