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Abstract 

Motivated by the use of chitosan (Ch), and cellulose acetate (AC) as organic matrices 

in several therapeutic drugs, a theoretical study has been elaborated through the density 

functional theory method (DFT) to investigate the interaction mechanism between two 

essential ions for the human body Ca2+, K+ and two organic matrices chitosan (Ch), and 

cellulose acetate (AC). Many physical and chemical aspects   have been carried out after the 

achievement of structural optimization. This involves structural parameters, molecular 

electrostatic potential (MEPs), interaction energy, reactivity indexes, frontier molecular 

orbitals (FMOs), quantum theory atoms in molecules (QTAIM) analysis and non-covalent 

interaction (NCI) analysis. The results of FMOs, MEPs and reactivity index studies have 

revealed that the site of interaction can be predicted. The calculation of electron interaction 

energies shows that those ions interact with the matrix of AC and Ch. Concretely, the Ca2+ 

ion interacted efficiently with the AC matrix. The structural analysis results show that the 

interaction of Ch and ions appear spontaneously (ΔG<0) while the interaction of AC and ions 

(ΔG >0), requires more energy to occur. Finally, the QTAIM analysis data indicates that the 

interactions of AC -ions and Ch-ions are non-covalent presenting an electrostatic character. 

Keywords: DFT, FMO, QTAIM, NCI, MEP, Cellulose acetate, chitosan, metal ions. 

1. Introduction 

Cellulose acetate (AC) is an organic compound results from the acetylating of 

cellulose (extract from wood or paper) and acetyl acid.  It  has been used (as organic matrix)  

in different drugs system due to their bio-compatibility and affinity with the human body,  

being   also a bio-degradable and it has a high surface area which facilitates the fixation and 

the transport of ions metals[1-2]. It is worth noting that chitosan (Ch) is an organic compound 

that results from deacyteletion of chitin extracted from shells of shrimp and other crustaceans 

with an alkaline substance and it is a biomedical compound used as antibacterial in several 

fields of agriculture and medicine. Moreover,  it  has been  exploited  as a drug transporter 

through the human skin[3-4]. 

The metal ions play a primordial role in the human body.  Indeed, ions such as calcium 

and potassium are indispensable for life. Concretely, they are required for bone development, 
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and muscle contraction. In addition, they play a relevant role in the heart function and the 

formation of different enzymes [5]. 

In fact, the Potassium or K+ is found in the plasma with a percent of 98% for an adult 

body which means that the quantity  range between 3.5 to 5.0 meq/l and it plays a key role in  

the NaK-ATPase pump and leakage of potassium through potassium channels [6-7]. The two  

relevant   functions of potassium are the maintenance of  the resting membrane potential of 

the cells, and the intracellular osmolarity[8]. The existence of the ions of calcium (Ca2+) is 

critical for human health; about 1 kg of calcium exists in the human body including the bones. 

It has an important function on muscle contraction ,neuronal activity, enzyme activation, 

programmed cell death, immune response, and cell differentiation[9]. These two  metal ions  

are involved in a large amount of physiological and formation reactions in the human body 

which make them critical substances owing to the important role that they play in several 

organs[10]. Actually, the quantity of these two metal ions must be maintained through a 

balance nutritional system. The deficiency of these two vital elements can cause several 

diseases and weaknesses of the human body organs[11].The difference between the Ch and 

the acetate of cellulose is in the constituents and the geometry which affects the sites of 

interaction and the specific area. Figure 1 represents the structures of the two matrices used as 

drug delivery.  

An experimental study evaluated the impact of cross-linking of Ca2+ bridges on the 

pervaporation and structure of cellulose/alginate blend membranes[12].The intense interaction 

of hydrogen bonding between cellulose and alginate occurs in the membranes of the 

cellulose/alginate blend and maintain the function of the alginate membrane. Moreover, they 

have greater tensile strength, like Ca2+ cross-linked bridge. Compared to uncross-linked 

membrane, the blend membranes including the Ca2+cross-linked bridge have dense 

architectural structure, great crystallinity, good separation factor and great permeation flux. In 

addition,   the studies have demonstrated that the Ch interact with calcium phosphates[13].It 

has been reported that according to the phosphorylation mechanism, precipitation of 

dicalcium phosphate dihydrate and amorphous calcium phosphate from solutions containing 

Ch is followed by the reactions of phosphate ions with the radicals extracted from Ch 

molecules, leading in a reduction in the particle size of phosphate. 

Recently, intensive efforts have been devoted to study physical and chemical 

properties of periodic structures using DFT methods.  Such methods, which explored to deal 

with electronic, magnetic and optical properties, are based on certain approximations. Many 

materials have been approached including graphene and other non-trivial ones.  Alternatively, 

DFT has been used to identify interactions between different types of molecules and ions[14- 

17].The interactions between Cu2+, the  glucosamine and N-acetyl glucosamine have been  

studied[14].The study of this complex has reported that there was no coordination of N-

acetylglucosamine with Cu2+. However, a concerted fixation of Cu2+ions has been observed in 

the case of glucosamine[14].The interaction mechanism of Cd2+, Cr3+ and Cu2+ metal ions in 

cellulose and acetate cellulose have been investigated [15].The Cr3+ ion is efficiently 

interacted with the matrix of cellulose and acetate cellulose compared to the other ions. The 
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cellulose-Cu2+ and AC-Cr3+ interactions were electrostatic and the other interactions were 

partly covalent[15]. 

The aim of this study is to contribute to these activities by investigating the interaction 

between the chitosan (Ch), cellulose acetate (AC), and Ca2+, K+ ions. In particular, we 

determine the interacting one. Then, we found the type of bonds being created during the 

interaction. Moreover, Ch and AC are remained biocompatible, biodegradable, and possess 

good solubility in aqueous systems which gain great interest in the fields of bioorganic 

chemistry or pharmacology. In addition, the formation of these complexes can be exploited in 

drugs for patients having an ion deficiency. The study has been performed by using DFT 

methods, with the topological properties of QTAIM and NCI analysis[18]. In particular, we 

explore the different geometry, the electronics, and the frequency parameters of the different 

complexes. The obtained results provide insights for an experimental approach of such 

interactions. These can find places in the pharmaceutical industry. 

2. Methods and computational details  

To understand the interaction, the stability, the reactivity, and electronic structure properties 

between the matrices and ions as well as the optimization of the complex geometry, a 

theoretical study has been elaborated at their energy minima. The effect of water was 

considered in the computation by using the polarizable continuum model (PCM) with the 

integral equation formalism variant (IEFPCM). The hybrid function (B3LYP)linked with 6-

31G(d,p) basis set based on the  DFT methods has been used  through the Gaussian software 

09 [19] . After that, a second analysis of the topological properties of  QTAIM and NCI have 

been done with the use of Multiwfn package [20]. The structures  have been visualized using 

the Gauss View 5.09 program and VMD program [21-22]. 

3. Results and discussions 

3.1.Structural and vibration analysis  

In order to study the  complexation and the nature of the interaction between the ions 

and two polymers used as matrices, a DFT/B3LYP/6-31G(d,p) method included in the 

Gaussian software have been  exploited  to explore the  map of MEP, the FMOs, reactivity 

indices, electrophilicity (ω),hardness (η),chemical potential(μ) and softness (S)[15]. 

According to Koopman’s theorem[23], it is recalled that the lowest unoccupied 

molecular orbital (LUMO), highest occupied molecular orbital(HOMO)or the FMOs are two 

parameters indicating  the electronic behavior and the mechanism of interactions of the 

different compounds. Such parameters will be approached in the present study. In fact, the 

HOMO is the ability of the molecules to give electrons to the ions being charged positively 

and LUMO is the ability to accept the electrons. Figure 2 reveals the contour plots of matrices 

and ions which will be dealt with in the present study. It is possible that Ca2+ and K+ can 

interact with the nitrogen and the oxygen of the terminal groups of the two AC and Ch 

matrices located at the obtained HOMO and LUMO positions. For AC, it is clear that HOMO 

or the electrons are localized in the oxygen parts, while for the Ch, HOMO recovers the part 

of the oxygen and the nitrogen, and this is due to the electronegativity of these two elements. 
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The electrostatic potential represented in Fig. 3 shows that the monomer of AC having 

only a single site of interaction. The red color indicates the negative moiety rich of electrons 

while the blue one indicates the positive charge of the compounds.  The MEPs of ions are 

totally blue and they are not represented in the figure because they have only the positive 

charge. The MEP of the dimmer of Ch reveals that the electrons or the negatives charges are 

localized in two parts of the matrices and hence the Ch has two sites of interaction. The first 

one is the oxygen site and the second one is the nitrogen site. Due to the electronegativity of 

this part of the matrices, the red part represents the active sites where the interaction will 

occur with the metal ions. 

3.2.Reactivity indices and thermo chemistry of the complexes  

The insight of the mechanism of the interaction between the polymers and metal ions 

cannot be completed without the calculation of several parameters such as the η and S, the 

gap energy, and the energy of interaction. Table 1 regroups all the calculated parameters of 

the reactivity indices.  

 

Usually, the soft elements interact with the soft one and the hard elements interact 

with the hard one. From the reactivity indexes, it is possible to conclude which of the ions is 

the most suitable for interaction in both polymers. The following equations have been used to 

calculate the values of η and S of the compounds under study: 

 

(E )

2

HOMO LUMO
E −

= − (1) 

1

2
S


= (2) 

It follows from Table 1 that the matrices show similar softness values. Moreover, the 

AC is significantly smaller than Ch.  In addition, the ions Ca2+ and K+ have large values of the 

reactivity indices. Then, the interactions between the two organics matrices Ch and AC with 

metal ions could take place. 

 

According to the values found for HOMO and LUMO, three other parameters can be 

calculated in order to explain the possibilities of interactions between the matrices and the 

metal ions. They are the gap energy (Gap), μ and ω, which are calculated by applying the 

following equations: 

 

                                                            Gap = HOMO − LUMO (3)  

(E )

2

HOMO LUMO
E +

= (4) 

             

2

2




= (5) 
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As we can see in Table 1, the electro-negativity of the matrices are -55.650 (kcal/mol) 

for Ch and -86.583 (kcal/mol) for AC. The highs values of the electro-negativity are due to 

the existence of oxygen and nitrogen in the composition of these two matrices, and represent 

active sites of interactions. For the metal ions charged positively, the electrophilicity is more 

important which verified that the interaction can occur. 

To study the nature of the formation of the matrices and metal ions interaction, the 

thermo-chemistry can provide the reaction occurring spontaneously associated with an 

external energy. The sign of the free energy (ΔG) calculated via the relation (6) can define the 

nature of interaction. The ΔG of the Ch-ions is negative which indicates that the interaction 

has been done spontaneously; the two sites of Ch have the same values of ΔG.  For the AC 

however, it has been remarkable that the interaction does not occur spontaneously under the 

standards conditions. Then, the interaction between AC and the ions need more energy. 

G GP GR = −  (6) 

The interaction capacity increases with the values of the interaction energy. The 

greater value of this energy is associated with the reaction efficiency. The interaction energy 

(Eint) is calculated with the equation (7)    

int complex molecule ion
E E ( E E )= − + (7) 

According to the data found in the Table 2, the interaction energy indicates that the 

capacity of the interaction of Ca2+ is more efficient than the K+. 

Table 3 represents the different interactions occurred on the actives sites. For the Ch 

site (b), the nitrogen interacts easily with the metal ions and the distances between Ch and 

ions are 4.575(A°) for the Ca2+and 3.449 A° for the K+, while in site (a) the distances are 

about 7.986(A°) for Ca2+ and 6.609 (A°) for K+. The AC has only one site of interaction in the 

carbonyl part. Furthermore, the distances between the oxygen of the AC and ions Ca2+ and K+ 

are shorter than the distances between Ch and metal ions, the values of the distances are 

3.0640 (A°) for Ca2+ and 3.0064 (A°) for K+. The matrixes frequencies before the interaction 

for (C-O), (C-N) and (C=O) are: 1531.32(cm-1), 1695.00 (cm-1) and 1797.33 (cm-1) for Ch (a), 

Ch (b) and AC, respectively. The effect of Ca2+and K+ ions on the (–C=O), (–C-N) and (–C-

O) bonds is remarkable. The frequency of the bonds of all complexes decreases with the 

addition of ions which indicates that the interactions have been done. 

 

3.3.QTAIM analysis 

Regarding the type of interactions occurred between the matrices Ch and AC with the 

actives substances Ca2+ and K+, a QTAIM analysis has been performed through the Multiwfn 

package. Figure 4 shows the geometry of the Ch and the AC after interaction with the ions 

Ca2+ and K+. 

To investigate the topological parameters as for instance the Laplacian of the electron 

density (∇2ρ (r)), potential energy (V (r)), electron density (ρ (r)), kinetic energy ( G 
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(r)),electron localization function (ELF) and localized orbital locator (LOL) , a BP path bond 

has been created  between the atoms of the actives sites of matrices and the metal ions. This 

path has formed a density gradient originated from one point between two atoms and it called 

(BCP) the critical bond point.  The analysis of this critical point BCP discovers the type and 

the nature of the interaction between the matrices from their active sites and the metal ions. 

It is recalled that the sum of G (r) and V (r)) is the total electronic energy (H (r)) being 

calculated from the BCP using 

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

In order to determine the type of interactions, the sign of∇2ρ (r) values has been 
observed. If the values of ∇2ρ(r) are negatives then a covalent bond has been formed between 
the two elements. However, if the values of ∇2ρ(r) are positives in this case an intermolecular 
interaction has been formed. The interaction energy can be calculated according to the 

equation given by  

int

V( r )
E

2
= (9) 

The higher values of ρ(r) of the BCP indicate that the interaction has great intensity. If 
the values of∇2ρ(r) and H(r) are positive, the nature of the interaction is electrostatic. 

However, if ∇2ρ(r) is positive and H(r) is negative, the interactions, in this case, are partially 

covalent. 

Table 4 depicts the parameters of the QTAIM analysis. All interactions have ∇2ρ(r) >0 

which confirms that the interactions are non-covalent. This means that one has intermolecular 

interactions. The values of the ∇2 ρ(r) and H(r) are positive for all complexes hence the 

interactions are electrostatic. 

          The values of the electron density ρ(r) represent the intensities of interactions between 
the matrixes and the ions. The values of ρ(r) are 0.024 (u.a), 0.015 (u.a), 0.024 (u.a), 

0.015(u.a), 0.027 (u.a) and 0.016 (u.a) for CA-Ca2+, CA-K+ , Ch (a)-Ca2+, Ch(a)-K+, Ch (b)-

Ca2+ and Ch(b)-K+, respectively. Therefore, the values of ρ(r) indicate that the Ca2+ interacts 

more than K+ with the active site of the two matrixes. In addition, the interaction on the site 

(b) is more efficient and intensive because of the high values of ρ(r). 
The blue regions depicted in Fig. 5 represent a decrease of the electron localization 

function ELF.  It is remarked a small blue region between the ions and the active sites which 

exhibit the formation of the complexes. The localization of the electrons is decreased in the 

regions of intermolecular interaction, which can be linked to the overlap of the "full" orbitals 

between the two reactive.  These results in a repulsive force called the Pauli repulsion effect. 

Figure 6 represents the electric field character. The red arrows indicate the magnitude 

and the start of the electric field. It is remarkable that the electric field starts from the nucleus 

of each atom. The regions far to the sources of the arrows behave differently; the direction of 

the electric field vectors is from the ions Ca2+ and K+ to the O for the AC. Moreover, for the 
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Ch site (b). The vectors of the arrows are from Ca2+ and K+ to the N for the Ch site (a). This is 

due to the electro-negativity of the oxygen and the nitrogen. 

Small circular shapes are found in the middle of the maps representing the small 

magnitude of electric fields. In fact, these regions have the negative values of ESP and all the 

arrows are surrounding these regions to indicate the end of molecular electric fields. 

3.4. NCI analysis 

The non-covalent interaction (NCI) method, also called the reduced density gradient 

(RDG) method is one of the popular methods used to study weak interaction. According to   

[22],  the  RDG function is calculated  via the relation : 

2 1/ 3 4 / 3

( r )1
RDG

2( 3 ) ( r )


 

  
=  

 
(10) 

The different colors showed in the RDG isosurface of Fig. 7 indicate the type of 

interactions.  The blue colors are for the h-bond. The strong attraction of this bond has a 

decrease of the electronic density ρ(r) while the repulsion part has an increase of ρ(r). The 
green color represents the Van der Waals interaction for this type of bonds.  The electronic 

density is null, and the red color is for the steric effect. 

In the scatter maps of the Fig. 7, the X-axis corresponds to sign (l2)r and Y-axis is 

associated with RDG functions. In such a figure, every point matches with a grid point in 3D 

space. An isosurface is around 0.5 and the color range is from -0.035 to 0.02. At this level, we 

would give certain comments. 

 -For the AC, the band between the oxygen and the Ca2+ is an H bond type while for 

the K+ is a Van der Waals bond. 

-For the Ch site (a) and site (b), the nitrogen and the oxygen interact with the Ca2+ and 

the relevant bonds are the H bonds types, while for the K+ the types of bonds are a van der 

Waals one 

4. Conclusion 

In this work, we have presented a theoretical study based on the DFT/B3LYP methods 

linked with a 6-31G (d,p) basis set and the QTAIM analysis. In particular, we have found that 

the interaction between ions Ca2+ and K+ with two organic matrices AC and Ch can occur. 

Moreover, it has been shown that Ca2+ and K+ have an interesting reactivity. The hardness of 

these two ions could facilitate the interaction with the two organics soft matrices. The free 

energy of the Ch ions has been found to be negative. It has been revealed that the reaction 

occurs spontaneously while for the interaction of AC with the ions Ca2+ and K+ needs more 

energy to occur. Also, the interactions energies obtained by the DFT methods are the same 

values as the energies calculated by the equation 9 with (∇2ρ(r)) >0, (H(r)) >0. It has been 

confirmed that the interactions are non-covalent and have an electrostatic field behavior for all 

complexes.  
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This work comes up with certain open questions. A natural one concerns the investigation 

of an experimental approach of such interactions. This could be addressed in forthcoming 

works. 
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Figures

Figure 1

Chemical Structure of cellulose acetate (CA) and chitosan (Ch).



Figure 2

The contour plots of HOMO and LUMO orbitals of the studied compounds.



Figure 3

Maps of electrostatic potential (MEP) of cellulose acetate (CA) and chitosan (Ch).



Figure 4

Optimized structures of cellulose acetate and chitosan interacting with ions Ca2+ and K+.



Figure 5

Shaded surface map with projection effect of electron localization function (ELF).



Figure 6

Vector �eld map to display electric �eld character of cellulose acetate-ions and chitosan-ions.



Figure 7

The NCI results using the Multiwfn program, and the VMD program.


