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ABSTRACT 

A series of model molecules representing acetic acid (AA), substituted AA, benzoic acid (BA) and substituted BA have been optimized 

using quantum mechanical calculations. The studied structures were optimized at B3LYP/6-31G(d,p). The calculated total dipole 

moment (TDM) increased as a result of substitution in case of both AA and BA for Li, Na and K but decreased for Be, Mg and Ca. The 

band gap energy (HOMO/LUMO) is inversely proportional to TDM as it decreased by adding the studied elements to both AA and BA. 

Electrostatic potential results indicated that AA became more active when it was substituted with Na, and on the other hand BA became 

more active when it was substituted with K. Finally, the geometrical parameters such as bond length and angles are influenced by the 

substitutions. 
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1. INTRODUCTION 

 Acetic acid (AA) CH3COOH is a member of carboxylic 

acids. Although it is a simple molecule, it plays an important role 

manifested by its continuous applications in different fields such 

as food, medicine, and chemistry [1-4]. Owing to its simple 

structure, it is always dedicated to functionalize other structures 

through carboxyl group [5]. Benzoic acid (BA) is the simplest 

aromatic carboxylic acid [6], well known as tracer from biomass 

burning [7], which has been found in smoke particles from 

residential wood combustion [8]. The carboxyl group is a well-

known functional group with chemical reactivity. It is a group 

connecting unique hydrogen bonding considered as a bridge 

connecting organic and inorganic structures. It is one of the most 

reactive functional groups not only in chemistry but also in 

biology and the environment. Studying structures containing 

carboxyl group is an important step in organometallic interactions, 

biological interactions and environmental interactions [9-13]. The 

existence of carboxyl group in AA dedicates it as a model 

molecule for studying aliphatic structures containing carboxyl 

group [14-17]. The same is true for researchers who would like to 

model aromatic molecules containing carboxyl group so that they 

model BA as an ideal model molecule in their work [18-21]. 

Molecular modeling shows potential to study all classes of 

polymers as it is applied for synthetic polymers in this work and 

was previously applied for natural polymers [22-28]. In the 

present work, density functional theory (DFT) at B3LYP/6-

31G(d,p) is utilized to calculate the effect of Li, Na, K, Be, Mg 

and Ca on the electronic properties and geometrical parameters of 

both AA acid and BA. 

 

2. EXPERIMENTAL SECTION 

Calculations Details. Model molecules are constructed for AA, 

substituted AA, BA and substituted BA with alkali and alkaline 

earth elements respectively. All model molecules are studied using 

GAUSSIAN09 program [29] at Spectroscopy Department, 

National Research Centre, Egypt and subjected to optimization 

with DFT at B3LYP/6-31g(d,p) level [30-32]. Total dipole 

moment (TDM), highest occupied molecular orbital and lowest 

unoccupied molecular orbital (HOMO/LUMO) band gap energy 

and electrostatic potentials (ESP) calculations are also performed 

using the same quantum mechanical calculations. 

 

3. RESULTS SECTION 

 Two model molecules are designed with AA and BA as 

aliphatic and aromatic structures respectively containing carboxyl 

group. Each acid is supposed to be substituted with alkaline (Li, 

Na and K) and alkaline earth (Be, Mg and Ca). Substitution was 

done by replacing the H atom of the carboxyl group (COOH) of 

each acid. The model molecules presenting AA, substituted AA, 

BA and substituted BA are indicated in figures 1 and 2 

respectively. As mentioned in previous researches, both TDM and 

HOMO/LUMO band gap energy ∆E can predict the ability of a 

specific molecule to interact with its neighbors [33,34]. Therefore, 

the study proceeds by calculating both TDM as Debye and 

HOMO/LUMO band gap energy ∆E as eV for all studied 

structures. Additionally, the reactivity of the studied structures is 

indicated with molecular ESP which is a measure of the points 

through which each structure is going to interact with the 

surrounding structures [35-37]. 
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Figure 1. B3LYP/6-31g (d,p) optimized structure for a)AA, b)AA-Li,  

c)AA-Na, d)AA-K, e) AA-Be, f) AA-Mg and g) AA-Ca. 

 
Figure 2. B3LYP/6-31g (d,p) HOMO/LUMO band gap energy for a) AA, 

b) AA-Li,  c) AA-Na, d) AA-K, e) AA-Be, f) AA-Mg and g) AA-Ca. 

 

The B3LYP/6-31g(d,p) calculated parameters are listed in table 1. 

In the case of AA, the TDM increased with increasing the atomic 

number of the studied elements; the TDM increased from 1.7591 

Debye to a maximum value of 7.5198 Debye which is for 

substituted AA with K, while the HOMO/LUMO band gap energy 

decreased from 7.6157 eV to 3.4561 eV which is for AA 

substituted with Na. The TDM also increased as a result of 

substitution of AA with alkaline earth metals, reaching a 

maximum of 3.5570 Debye which is for AA substituted with Be, 

and the HOMO/LUMO band gap energy also decreased with 

increasing the atomic number of the metals which decreased to a 

minimum of 1.7456 eV for AA substituted with Ca. 

 

Table 1. B3LYP/6-31G (d,p) calculated total dipole moment (TDM) as 

Debye; HOMO/LUMO band gap energy (∆E) as eV for the studied 

structures: a: AA, b: AA-Li, c: AA-Na, d: AA-K, e: AA-Be, f: AA-Mg 

and g: AA-Ca. 

Structure TDM ∆E 

AA 1.7591 7.6157 

AA-Li  3.2556 5.9253 

AA-Na 6.9288 3.4561 

AA-K 7.5198 4.1441 

AA-Be 3.5570 3.2205 

AA-Mg 2.2977 2.3301 

AA-Ca 3.5146 1.7456 

 

The molecular ESP was calculated at the same level of theory. 

ESP is depicted as contour and as total surface area for all model 

molecules under study. Figures 3 and 4 present ESP as contour 

and as total surface area respectively for all models. ESP, similar 

to TDM and HOMO/LUMO band gap energy, also depicts the 

reactivity of different structures and helps us to decide which site 

is the most suitable for interactions. 

 
Figure 3. B3LYP/6-31g (d,p) ESP as contour for a) AA, b) AA-Li, c) 

AA-Na, d) AA-K, e) AA-Be, f) AA-Mg and g) AA-Ca. 

 
Figure 4. B3LYP/6-31g (d,p) ESP as total surface for a) AA, b) AA-Li, 

c) AA-Na, d) AA-K, e) AA-Be, f) AA-Mg and g) AA-Ca. 

 

Besides the calculations of AA, the same calculations are also 

performed for BA and substituted BA with the same substitutions 

mentioned before. Figure 5 and 6 present the optimized structures 

and HOMO/LUMO band gap energy for BA, BA-Li, BA-Na, BA-

K, BA-Be, BA-Mg and BA-Ca respectively. 

 
Figure 5. B3LYP/6-31g (d,p) optimized structure for a) BA, b) BA-Li, c) 

BA-Na, d) BA-K, e) BA-Be, f) BA-Mg and g) BA-Ca. 

 

Table 2 illustrates the changes occurred in both TDM and 

HOMO/LUMO band gap energy as a result of substitutions of BA 

with the same elements. As a consequence of interactions, TDM 

increased with increasing the atomic number of alkali metals 

group from 1.9152 Debye to a maximum of 7.9326 Debye which 

is for BA substituted with K and decreased with increasing that of 

alkaline earth metals group, reaching a minimum of 0.4414 Debye 

for BA substituted with Ca, which means that Ca is almost 

inactive. On the other hand, the band gap energy decreased with 

increasing the atomic number for both groups but the decrease in 
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the case of Be, Mg and Ca is higher than that for Li, Na and K as it 

decreased from 5.7797 eV to 4.3318 eV for alkali group and to 

1.7639 eV for alkaline group. The ESP for BA and substituted BA 

was also calculated at the same level of theory. Figures 7 and 8 

present the ESP as contour and as total surface area for BA, BA-

Li, BA-Na, BA-K, BA-Be, BA-Mg and BA-Ca. 

 
Figure 6. B3LYP/6-31g (d,p) HOMO/LUMO band gap energy for a) BA, 

b) BA-Li, c) BA-Na, d) BA-K, e) BA-Be, f) BA-Mg and g) BA-Ca. 

 
Figure 7. B3LYP/6-31g (d,p) ESP as contour for  a) BA, b) BA-Li, c) 

BA-Na, d) BA-K, e) BA-Be, f) BA-Mg and g) BA-Ca. 

 
Figure 8. B3LYP/6-31g (d,p) ESP as total surface for a) BA, b)BA-Li, c) 

BA-Na, d) BA-K, e) BA-Be, f)BA-Mg and g) BA-Ca. 

Other good results of these calculations are the bond length and 

bond angle, where tables 3 and 4 present the change in bond 

length and bond angle for both AA and BA with their substitution 

metals. The bond lengths and bond angles increased with 

increasing the atomic number. For AA, the bond length increased 

with increasing the atomic number of metals of the same group, 

such that it increased from 0.9722 Å for AA to 1.8546, 2.0600 and 

2.5190 Å for AA substituted with Li, Na and K respectively, while 

the bond angle changed from 105.878° for AA to 82.412°, 

109.471° and 90.847° for AA substituted with Li, Na and K 

respectively. Whereas for AA substituted with Be, Mg and Ca, the 

bond length is also changed upon substitution and increased to 

1.6697, 2.0200 and 2.4000 Å for Be, Mg and Ca. The bond angle 

also changed to 82.509°, 109.471° and 109.471°. Similarly, the 

bond length for BA changed and also increased but the bond angle 

decreased by adding the studied metals to BA. The bond length 

increased from 0.9714 Å for BA to 1.8539, 2.1819, 2.5212, 

1.6597, 2.0522 and 2.3511 Å for BA-Li, BA-Na, BA-K, BA-Be, 

BA-Mg and BA-Ca respectively. The bond angle for the same 

structures decreased from 105.617° for BA to 82.583°, 87.122°, 

91.030°, 82.748°, 87.690° and 90.936° for BA-Li, BA-Na, BA-K, 

BA-Be, BA-Mg and BA-Ca respectively. 

 

Table 2. B3LYP/6-31G (d,p) calculated total dipole moment (TDM) as 

Debye; HOMO/LUMO band gap energy (∆E) as eV for the studied 

structures: a: BA, b: BA-Li, c: BA-Na, d: BA-K, e: BA-Be, f: BA-Mg and 

g: BA-Ca. 

∆E TDM Structure 

5.7797 1.9152 BA 

5.6989 3.0630 BA-Li 

4.7090 5.6898 BA-Na 

4.3318 7.9326 BA-K 

2.0809 4.7637 BA-Be 

2.4354 1.3265 BA-Mg 

1.7639 0.4414 BA-Ca 

 

Table 3. B3LYP/6-31G (d,p) calculated bond length as Angstroms and 

bond angle as Degree for the studied structures: a: AA, b: AA-Li, c: AA-

Na, d: AA-K, e: AA-Be, f: AA-Mg and g: AA-Ca where X= H, Li, Na, K, 

Be, Mg and Ca. 

Structure Bond length 

(O3-X14) 

Bond angle 

(C1 O3 X14) 

AA 0.9722 105.878 

AA-Li  1.8546 82.412 

AA-Na 2.0600 109.471 

AA-K 2.5190 90.847 

AA-Be 1.6697 82.509 

AA-Mg 2.0200 109.471 

AA-Ca 2.4000 109.471 

 

4. CONCLUSIONS 

 DFT level of theory proves to be effective in studying and 

following up the structural and electronic properties of both 

aliphatic and aromatic carboxylic, and is in a good agreement with 

previous work applied for different other materials [37-41]. 

A series of model molecules of AA, substituted AA, BA and 

substituted BA are optimized at B3LYP/6-31G (d,p). As a result 

of substitution and since the increase in TDM in case of alkali 

metals is higher than that of alkaline earth metals, it is clear that 

Li, Na and K are more reactive than Be, Mg and Ca, and 

especially Na is the most active metal for substitution with AA in 

comparison with the other studied alkali metals as TDM equals 

6.9288 Debye and HOMO-LUMO band gap energy equals 3.4561 

eV, while K is the most active metal for substitution with BA as 

TDM equals 7.9326 Debye and HOMO-LUMO band gap energy 

equals 4.3318 eV. Additionally, when AA and BA are substituted 

with alkaline earth metals, we concluded that Ca and Be are the 

much more active metals when Ca interacts with AA and Be 

interacts with Be, as TDM for both cases equals 3.5146 and 

4.7637 Debye respectively, and HOMO-LUMO band gap energy 

equals 1.7456 and 2.0809 eV respectively. Another good 

agreement with TDM and band gap energy values are the values 

of bond length that were higher for Li, Na and K than for Be, Mg 

and Ca for both AA and BA substitution. 
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