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Abstract  

The effect of the ethanolic extract of 

Balanitesaegyptiacaon the corrosion of Aluminium in 

alkaline   medium was studied by weight measurement, 

thermometric method, IR studies and theoretical 

methods. Results from the aforementioned method 

strongly suggested that the plant extract is a good 
corrosion inhibitor. The adsorption of the inhibitor on 

the surface of the metal is in concordance with the 

Langmuir isotherm. Physiosorption mechanism is 

proposed from the calculated thermodynamic 

parameters. Quantum chemical studies suggested the 

inhibitor potentials of the extracts correlates well with 

the dipole moment of the molecules, the energy gap (ΔE) 

and the fraction of electron transfer from the inhibitor to 

the metal (δ).  

Key words: Density functional theory, Dipole moment, 

Corrosion inhibition.  

Introduction  

Aluminium and its alloys are vital to the aerospace 

industry and important in transportation and building 

industries such as building facades and window frames 

[1,2]. By mass, aluminium makes up about 8% of the 

earth crust, where it is the third most abundant element 

and also the most abundant metal. Aluminium has a high 

chemical affinity to oxygen, which renders it suitable for 

use as a reducing agent in the thermite reaction. A fine 

powder of aluminium metal reacts explosively on 

contact with liquid oxygen, under normal conditions, 

however aluminium forms a thin oxide layer that 

protects the metals from further corrosion by oxygen, 

water or dilute acid through a process termed passivation 

[3,4]. 

The damages caused to industrial installation, military 

equipments and household appliances among others by 

corrosion are unimaginable with huge cost for remedy 

[5].In the petroleum and gas industries more than half of 

the reported failures of pipelines are caused by corrosion 

and subsequent rupture of pipe well. For example, 

between 2002 and 2004, the Nigerian national petroleum 

corporation (NNPC) reported 162 cases of failure due to 

corrosion [6,7] resulting in a large losses of product, 
environmental pollution and ecological disaster.   

Materials and Methods 

Aluminium sheets of AAI060 and purity 98.98% were 

obtained from Material and Metallurgical Engineering 

Workshop, Ahmadu Bello University, Zaria. Each sheet 

was 0.1 cm in thickness and mechanically press-cut into 
coupons of dimension 3cm x 3 cm. The coupons were 

descaled using wire brush and degreased in absolute 

ethanol, dried in acetone, weighed and stored in 

moisture- free desiccators prior to use. The solvent used 

for extraction of Balanitesaegyptiacais ethanol. All the 

solvents used in this study were of analytical reagent 

grade. 

 

Gravimetric method  

The research was carried out by weight loss experiment 
where, a weighed metal (Aluminium) coupon was 

completely immersed in 200ml of the test solution in a 

beaker. The beaker was covered with Aluminium foil 

and then inserted into a water bath that was maintained 
at 303K. The specimens was removed at intervals 

(2,4,6,8 and 10 hours). The concentration of the inhibitor 

in the test solution was varied at 0.2gL-1- 1.0 gL-1. Each 

coupon was washed (after removal from the test 

solution) in a solution containing 50% NaOH (sodium 

hydroxide) and 100gL-1 zinc dust [8]. The washed 
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coupon was rinsed in acetone and dried in air before re-
weighing.  

The experiment was repeated at 333K [9]. In each case, 

the difference in weight loss for a period of various 

hours was taken and the total weight loss from the 

average weight loss results (average of  three replicator, 

the corrosion rate of Aluminium and the degree of 

surface coverage was calculated using the equations 
below: [10] 

𝐼𝐸% =  1–
𝑤1

𝑤2
 𝑥100              [1.0] 

𝐶𝑅 =
𝑤2−𝑤1

𝐴𝑡
  [1.1]  

𝜃 = 1–
𝑤1

𝑤2
[1.2] 

Where w1 and w2 are the weight losses (g) for 

Aluminium alloy in the presence and absence of the 

inhibitor respectively., CR is the corrosion rate for 
Aluminium alloy  in gcm2h-1, A is the area of the 

Aluminium in cm2, t is the total period of immersion (in 

hours) and θ is the degree of surface coverage of the 

inhibitor.  

These steps was carried out in 0.1M NaOH.  

Thermometric method  

Measurement of temperature was carried out according 

to the method described by Ebenso and Eddy 2008 with 

the aid of a thermo flask. From the rise in temperature of 

the system per minute, the reaction number (RN) and the 

inhibition efficiency was calculated using the equation 

below: 

𝑅𝑁 0𝐶𝑚𝑖𝑛 − 1 =
𝑇𝑚 − 𝑇𝑖

𝑡
      [1.3] 

Where Tm and Ti are the maximum and initial 

temperature respectively and t is time taken to reach the 

maximum temperature. The inhibition efficiency (%IE 

of the inhibitor will evaluated from percentage reduction 

in the reaction number below) 

%𝐼𝐸 =
𝑅𝑁𝑎𝑞 − 𝑅𝑁𝑤𝑖

𝑅𝑁𝑎𝑞
               [1.4] 

Where RNwi is the reaction number in the absence of 

inhibitors (blank solution) and RNaq is the reaction 

number of the medium containing the inhibition. 

 

Infrared analysis 

FTIR analysis of the plant extracts and those of the 

corrosion product (in the absence and presence of the 

inhibitor) using Fourier Transform 

InfraredSpectrophotometer. The coupon was immersed 

in the test solution (in the presence and absence of the 

inhibitor) for seven days to form an adsorbed layer after 

which it was retrieved, dried and scraped with a razor 

blade. The scraps was collected for analysis. The 

samples were prepared using KBr and the analysis was 

done by scanning the sample through a wave number 
range of 400-4500cm-1 [12-15].  

Quantum chemical calculations  

The electronic structure of compounds from the extracts, 

including the distribution of frontier molecular orbital 

EHOMO and ELUMO, Fukui indices were assessed with a 

view to establishing the active sites as well as local 

reactivity of the molecule. The simulation were 

performed by means of density functional theory (DFT) 

electronic program Dmol3 using Mulliken and Hirshfeld 

population analysis of the electronic structures and 
energetic of the molecules using DFT. Electronic 

parameters for the simulation include restricted spin 

polarization using the DND basis set and perdewwang 

local correlation density functional. Local reactivity of 

the studied compounds was analyzed by means of the 

Fukui indices (FI) to assess site of nucleophilic and 

electrophilic attack [16-18]. The HOMO energy is 

related to the ionization potential (IE) whereas the 

LUMO energy is linked to the electron affinity (EA), as 

follows:  

IE= -EHOMO    [1.5] 

EA= -ELUMO   [1.6] 

Then, the electronegativity (χ), the chemical potential (μ) 

and the global hardness (η) were evaluated, based on the 

finite difference approximation, as linear combinations 

of the calculated IE and EA [19]:  

             𝜒 = −𝜇 = 𝐼𝐸 + 𝐸𝐴 2  [1.7] 

η= IE-EA/2   [1.8] 

The softness (σ) is the inverse of the global 

hardness[20]. 

σ =1/η    [1.9] 

The chemical hardness fundamentally signifies the 
resistance towards the deformation or polarization of the 

electron cloud of the atoms, ions or molecules under 

small perturbation of chemical reaction. A hard molecule 

has a large energy gap and a soft molecule has a small 
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energy gap [20]. The global electrophilicity (ω) index 
was introduced by Parr [21] as a measure of energy 

lowering due to maximal electron flow between  

donor and acceptor and is given by  

ω= μ2/2. σ [1.10] 

The fraction of transferred electrons (ΔN), evaluating the 

electronic flow in a reaction of two systems with 

different electronegativities, in particular case; a metallic 

surface and an inhibitor molecule was calculated 

according to Pearson theory [22] as:  

ΔN= χFe + χinh/2(ηFe + ηinh)  [1.11] 

     
Where χFe and χinh denote the absolute 

electronegativity of iron and inhibitor molecule 

respectively, ηFe and ηinh denote the absolute hardness 

of iron and the inhibitor molecule respectively. In this 

study, we use the theoretical value of χFe= 7.0eV and 

ηFe= 0.0eV for the computation of number of transferred 

electrons [19]. The difference in electronegativity drives 

the electron transfer, and the sum of the hardness 

parameters acts as a resistance [23]. 

 

Result andDiscussion:  

 
Table I: Weight loss and corrosion rate of Balanitesaegyptiaca in 

alkaline medium at different concentration and at different temperature 

 

Temp   303K   333K 

Conc. (g/l)W/loss(g)   C/rate     W/loss (g)    C/ rate 

  (g/cm
2
hr

1
)   (g/cm

2
hr

1
) 

Blank  0.1287 1.79 x 10
-2  

0.1581 2.196 x 10
-2 

0.2  0.0417 5.79  x 10
-3 

0.0844 1.17 x 10
-2 

0.4  0.0398 5.53 x 10
-3  

0.0819 1.13 x 10
-2

 

0.6  0.0360 5.00  x 10
-3 

0.0781 1.08 x 10
-2

 

0.8  0.0309 4.29 x 10
-3  

0.0730 1.01 x 10
-2

 

1.0 0.0277 3.85  x 10
-3 

0.0698 9.69 x 10
-3 

 

Table I shows the weight loss of aluminium with time 

for the corrosion of aluminium in 0.1M NaOH 

containing various concentration concentrations of the 

inhibitor at 303K and 333K in the presence and absence 

of the plant inhibitor. From the results, it was evident 

that increase in the concentration of the inhibitor 

decreases the weight loss of aluminium samples. The 

results also shows that at higher temperature, the weight 

loss increases which is as a result of more metal 

dissolution which gives more surface area for corrosion 

attack by the aggressive medium. The decrease in weight 

loss of the metal at increasing concentration of the 

inhibitor may be attributed to the interference of the 

plant extract with metal dissolution or adsorption of the 

inhibitor on the surface of the metal and therefore 

impede corrosion either by merely blocking reaction 

sites (anodic and cathodic) or by altering mechanism of 

anodic and cathodic processes.   

Inhibition efficiency and degree of surface 

coverage:  

Table II: Inhibition Efficiency and Degree of Surface Coverage of 

Balanitesaegytiaca in alkaline medium at varied concentrations and at 

varied temperatures. 

Temp   303K   333K 

Conc. (g/l)  I.E%  θ I.E%  θ 

Blank   - - - -
 

0.2   67.59% 0.6759  46.62%  0.4662 

0.4   69.08% 0.6908  48.20%  0.4820 

0.6   72.03% 0.7203   50.60%  0.5060 

0.8   75.99% 0.7599    53.83%  0.5383 

1.0   78.48% 0.7848   55.85%   0.5585
 

The percentage of inhibition efficiency (% I.E) was 

calculated and represented in table II at 303K and 333K, 

respectively. The result revealed that the extracts of 

inhibitor inhibits corrosion of Al sample alkaline 

medium. The result indicates that % I.E increases as 

concentration of inhibitor increases. A parameter (θ), 

which represents part of metal surface covered by 

inhibitor molecules were calculated for the inhibitor 

concentrations and also represented in table II. The result 
shows that surface coverage (θ) increases as inhibitor 

concentration increases. The increase in inhibition 

efficiency and surface coverage as concentration of 

extracts increases may be due to the presence of complex 

chemical composition of extracts. The increase in 

inhibition efficiency with increase in inhibitor 

concentration suggests that inhibitor molecule were 

adsorbed at aluminium sample /solution interface where 

adsorbed species mechanically screen the coated part of 

aluminium surface from action of corrosive medium. 

The decrease in % I.E and θ at 333K may be explained 

as a result of increase in average kinetic energy of 

components of extracts, thus making adsorption between 

components of extracts and Al surface insufficient to 

retain the species at binding site. This could lead to 

desorption or cause species to bounce off surface of 

aluminium instead of colliding and combining with it. 
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Therefore, increase in temperature may be associated 

with decrease in stability of components – aluminium 

surface complex. Report by some authors[24] have 

shown that increase in temperature decreases inhibition 

efficiency of corrosion of mild steel in H2SO4 using 

ethanolic extract of Vernoniaamygdalina. Corrosion of 

mild steel in H2SO4 using ethanolic extract of Piper 

guinensisas green corrosion inhibitor reported decrease 

in inhibition efficiency at higher temperature [25]. Noor 

(2007) working on corrosion inhibition of mild steel in 

acidic solutions with aqueous extract of Fenugreek 

leaves reported decrease in inhibition efficiency at 

higher temperature [27]. 

Adsorption Consideration 

The adsorption of inhibitor on surface of corroding 

aluminium sample may be regarded as a substitution 

process between inhibitor compound in aqueous phase 

and water molecules adsorbed on aluminium surface: 

Inhaq + xH2Oads Inhads + xH2Oaq                     [2.0] 

Where x is size ratio, the number of water molecules 

displaced by one molecule of organic inhibitor. When 

the equilibrium as described in Eq [2.0] is reached, it is 

possible to obtain different forms of adsorption isotherm. 

In the present study Langmuir adsorption isotherm was 

found to be suitable for the experimental findings and 

had been used to describe the adsorption characteristic of 

inhibitor. Langmuir adsorption isotherm is expressed in 

Eq (2.1) [26]. 

Cinh= 1 + Cinh                 [2.1] 

θ       k 

whereCinh is inhibitor concentration, K is equilibrium 

constant of adsorption, θ is degree of surface coverage. 

Figs. 1 and 2 show plot of Cinh/θ versus Cinh at 303K 

and 333K, respectively for extracts of inhibitor. Fig. I 

and II were linear indicating that adsorption of inhibitor 

is consistent with assumptions of Langmuir adsorption 

isotherm 

Meaning there is no interaction between adsorbed 

species. 

 

 

Fig I: Langmuir isotherm for the adsorption of 

balanitesaegytiacainhibitor on the surface of Aluminium 

in alkaline medium at 303K. 

 

Fig II: Langmuir isotherm for the adsorption of 

balanitesaegytiacainhibitor on the surface of Aluminium 

alloy in alkaline medium at 333K. 

The heat of adsorption of the inhibitors was calculated 

using equation [2.2] [13]: 

Qads= 2.303R  
𝜃2

1−𝜃2
 −   

𝜃1

1−𝜃1
   k jmol-1  [2.2] 

Values of Qads calculated from the above equation  are 

also presented in Table IV. The values are negative, 

indicating that the adsorption of the plant inhibitors 

studied on Aluminium alloy surface is exothermic. It 

should also be noted that since the corrosion reactions 

were carried out at constant pressure, calculated values 

of Qads are expected to be approximately equal to the 

enthalpies of adsorption. 
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Effect of temperature: - 

The effect of temperature on the Inhibition efficiency of 

Balanitesaegytiaca in 0.1M NaOH at temperature in the 

range (303 – 333)K was studied. 

Temperature has a great effect on the corrosion 

phenomenon. Generally, the corrosion rates increases 

with rising temperature. For this reason, the temperature 

was varied in the range of 303K to 333K in the presence 

and absence of the plant inhibitor. From the 

corresponding data are shown in table IV, it is clear that 

the increase of corrosion rate was more pronounced with 

increase in temperature for the blank solution and the 

test solutions. This is to say that the higher the corrosion 

Inhibition efficiency the lower the corrosion rate. 

The effect of temperature on the corrosion of Aluminium 

in 0.1M NaOH was investigated using logarithm form of 

the Arrhenius equation which can be shown in equation 

2.3. [27].  

𝑙𝑜𝑔
𝐶𝑅2

𝐶𝑅1

=
𝐸𝑎

2.303𝑅
 

1

𝑇1

−
1

𝑇2

              [2.3] 

Where CR1 and CR2are the corrosion rates of Aluminium 

alloy at the temperature T1 (303K) and T2 (333K), R is 

the molar gas constant and Ea is the activation energy. 

The activation energies calculated from equation 2.3 is 

shown in table IV. The result values ranges from 

5.7234KJmol-1 to -29.6108kjmol-1. The activation 

engines are less than the threshold value (80kjmol-1) 

required for the mechanism of chemical adsorption. 

Therefore, the adsorption of the studied inhibitor on 

Aluminium surface is consistent with the mechanism of  

charge transfer from charge inhibitor molecule to the 

charge metal surface which represents physical 

adsorption  [28]. 

The activation energies, Ea determined in 0.1M NaOH 

containing the inhibitor is higher than that for 

uninhibited solution. The increase is the apparent 

activation energy may be interpreted as physical 

adsorption that occurs in the first stage [29]. The 

increase in activation energy is due to an appreciable 

decrease in the adsorption of the inhibitor on the 

Aluminium alloy surface with increase in temperature 

[30]. 

As adsorption decrease with increase in temperature, 

more desorption of inhibitor molecules occur because 

these two opposite processes are in equilibrium. Due to 

more the desorption of inhibitor molecules at higher 

temperature, greater surface area of the Aluminium 

comes in contact with aggressive environment resulting 

in the increase of corrosion roles and decrease efficiency 

of the inhibitor. 

Table IV:- Thermodynamic parameters of studied 

Balanitesaegytiaca  in alkaline medium at different 

concentrations. 

Conc. (g/l)  Ea(kjmol
-1

) Qads(kjmol
-1

) 

Blank   5.7234 

0.2  19.6955   -24.3427 

0.4  20.0079  -24.4953 

0.6   21.5616  -25.7846 

0.8   23.9734  -27.9293 

1.0   25.8428  -29.6108 

 

Thermometric method:  

 

Fig III: Variation of inhibition efficiency with 

concentration for the corrosion of Aluminium in 0.1M 

NaOH in the presence of balanitesaegytiaca inhibitor for 

thermometric measurement. 
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The inhibition efficiencies obtained from thermometric 

measurements are relatively higher than those obtained 

from gravimetric measurements indicating that the 

instantaneous efficiencies of the plant extracts are better 

than their average inhibition efficiencies. 

This technique has proved to be of considerable value 

and help in studying corrosion behavior of a number of 

metals and alloys in various corroding environments. 

The technique is also useful in evaluating the inhibitor 

efficiency of a number of surface-active agents [31]. Fig 

III shows the result for the dissolution of Aluminium in 

the corrodents in the presence of different concentration 

of the plant inhibitor. 

It is seen that the dissolution of Aluminium starts 

directly from the immersion of the coupons in the test 

solution as evident in the constant temperature with time. 

The temperature of the system rises gradually due to the 

exothermic corrosion reaction to reach a maximum value 

Tm. The experiment revealed that the maximum 

temperature Tm was attained at a very short time (t) by 

the solution and the inhibition efficiency increased with 

increase in inhibitors concentration.   

Further inspection of the thermometric measurement 

revealed that on addition of the inhibitor, the maximum 

temperature attained decreases while the time required 

reaching it increases. This is an indication that the plant 

inhibitors inhibits the corrosion of Aluminium in the 

alkaline environments, probably by adsorption on the 

metal surface. The extent of inhibition depends on the 

degree of coverage of the metal by the adsorbed 

molecules which in turns depend on the concentration of 

the inhibitor [24]. The result trend obtained in 

thermometric measurement is consistent with that 

obtained for weight loss measurement indicating that 

Balanitesaegptiacahas good corrosion inhibition 

potentials in alkaline environment.   

 

IR studies:  

It is evident that in the corrosion product of Aluminum 

in alkaline media, C-H stretch shifted from 600.00cm-1 

to 610.55cm-1, C–O stretch shifted from 1348.78cm-1 to 

2358.90cm-1,O-H stretch 2964.39cm-1 to 2928.28cm-1, 

N-H stretch from 3426.44cm-1 to 3283.08cm-1 and O-H 

stretch shifted from 3982.68 to 3748.65cm-1. Also N-H 

wag at 651.27cm-1 and 775.39cm-1, N-O symmetric 

stretch at 1320.97cm-1 and 1382.08cm-1, N-H bend at 

1636.66cm-1 and C=O stretch at 1739.19cm-1 were all 

missing in the band of the corrosion product of 

Aluminum  in alkaline media. This also suggests that the 

shifts in bonds and the missing bonds were all due to the 

interaction of the inhibitor molecules with the surface of 

Aluminum indicating adsorption 

A critical examination of the results reveals some major 

changes in the spectra of the corrosion products. These 

are:  

A shift in the wave number of adsorption, from the 

higher wave number to a lower wave number 

(hypsochromic shift). In this case, the intensity of the 

adsorption band was found to decrease.  

1) Disappearance of some adsorption band of 

Balanitesaegytiacaafter inhibition.  

2) Formation of new absorption band.  

The extent of the frequency shift can be directly 

attributed with the level of specific molecular 

interactions, such as hydrogen bonding and dipole-dipole 

interactions. From the results obtained, hypsochromic 

shifts were observed for N-H wag, C-N stretch, O-H 

stretch and N-H stretch. Therefore, there is an interaction 

between the inhibitor molecule and the surface of the 

Alloy. Those functional groups that were missing might 

have been used for the formation of new bonds or 

adsorption of the inhibitor onto the Alloy surface [15]. 

 

Fig IV:  FTIR spectrum of Balanitesaegytiaca 
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Fig V:FTIR spectrum of corrosion product of 

Aluminium alloy in alkaline medium containing 

Balanitesaegytiaca.  

 

Table V: Quantum chemical parameters of some 

molecules of the inhibitor calculated using material 

studio 8.0  

Table VI: Active constituents ofbalanitesaegyptiaca 

BA1 Trichloroacetic acid 

BA2 prop-1-en-2-ylboronic acid 

BA3 Trifloroacetate 

BA4 3-hydroxycarbofuran 

 

Fig VI: Optimized, HOMO and LUMO structures of 

some molecules of the inhibitor. 
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LUMO of BA4 

 

 

 

 

 

 

 

Global reactivity: 

 The highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular (LUMO) of various 

selected constituent in the plant extract with a view of 

establishing their inhibitive capacity respectively. The 

corresponding quantum chemical parameters are 

presented in table 4.28 and table 4.29. High values of 

EHOMO indicate the disposition of the molecule to donate 

electrons to an appropriate acceptor with vacant 

molecular orbitals, whereas low values of ∆E would 

enhance inhibition efficiencies because the energy to 

remove an electron from the last occupied orbital will be 

minimized [35]. This indicates that the compounds effect 

is the same. Values of IE and EA were calculated using 

the values of EHOMO and ELUMO respectively. The fraction 

of electrons transferred from inhibitor to the aluminium 

Alloy surface (∆N) was calculated. According to other 

reports [32], values of ∆N showed inhibition effect 

resulted from electrons donation.   

  

Local reactivity: 

The local reactivity of each molecule was analyzed by 

means of Fukui indices (FI) to assess reactive regions in 

terms of nucleophilic, electrophilic and radical attack as 

presented in table 4.30 and 4.31. The regions of the 

highest electron densities are generally the potential sites 

for electrophiles, nucleophilics and radical attack [33]. 

The use of Mulliken and Hirshfeld population analysis to 

prove adsorption centers of inhibitors as earlier was 

reported [34]. 

Table 1.5 Mulliken and Hirshfeld population analysis 

showing adsorption centers of inhibitors 

Molecule BA1 

Fukui Indices for Electrophilic Attack (Fukui(-)) 

Atom   Mulliken Hirshfeld 

C (  1)   0.067            0.074 

O (  2)    0.280                       0.276 

C (  3)   -0.056             0.010 

O (  4)     0.105             0.121 

Cl(  5)     0.189             0.161 

Cl(  6)     0.165             0.147 
Cl(  7)     0.189         0.161 

H (  8)     0.062       0.050 

Fukui Indices for Nucleophilic Attack (Fukui(+)) 

Atom   Mulliken Hirshfeld 

C (  1)    0.134        0.155 

O (  2)   0.190        0.187 

C (  3)   -0.013        0.044 

O (  4)    0.103        0.103 

Cl(  5)   0.192  0.174 

Cl(  6)   0.143        0.115 

Cl(  7)   0.192  0.174 
H (  8)   0.060        0.049 

 

Fukui Indices for Radical Attack (Fukui(0)) 

Atom    Mulliken Hirshfeld 

C (  1)    0.101        0.115 

O (  2)    0.235        0.231 

C (  3)   -0.035        0.027 

O (  4)    0.104        0.112 

Cl(  5)    0.190        0.168 

Cl(  6)    0.154        0.131 

Cl(  7)    0.190        0.168 

H (  8)    0.061        0.049 

Molecule: BA5 

Fukui Indices for Electrophilic Attack (Fukui(-)) 

atomMullikenHirshfeld 

C (  1)  -0.030       0.053 

C (  2)   0.061       0.177 

B (  3)   0.077       0.046 

C (  4)   0.177       0.229 

O (  5)   0.039       0.042 

O (  6)   0.046       0.054 

H (  7)   0.050       0.037 

H (  8)   0.055       0.042 
H (  9)   0.076       0.040 

H ( 10)   0.104       0.067 

H ( 11)   0.104       0.067 

H ( 12)   0.117       0.072 

H ( 13)   0.125       0.076 

 

Fukui Indices for Nucleophilic Attack (Fukui(+)) 

atomMullikenHirshfeld 
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C (  1)  -0.028       0.030 
C (  2)   0.029       0.123 

B (  3)   0.185       0.150 

C (  4)   0.179       0.203 

O (  5)   0.058       0.073 

O (  6)   0.050       0.062 

H (  7)   0.059       0.046 

H (  8)   0.058       0.045 

H (  9)   0.066       0.035 

H ( 10)   0.065       0.040 

H ( 11)   0.065       0.040 

H ( 12)   0.098       0.071 
H ( 13)   0.117       0.082 

 

 

Fukui Indices for Radical Attack (Fukui(0)) 

atomMullikenHirshfeld 

C (  1)  -0.029       0.042 

C (  2)   0.045       0.150 

B (  3)   0.131       0.098 

C (  4)   0.178       0.216 

O (  5)   0.049       0.057 

O (  6)   0.048       0.058 

H (  7)   0.054       0.042 
H (  8)   0.056       0.043 

H (  9)   0.071       0.037 

H ( 10)   0.085       0.054 

H ( 11)   0.085       0.054 

H ( 12)   0.108       0.071 

H ( 13)   0.121       0.079 

Molecule: BA8 

Fukui Indices for Electrophilic Attack (Fukui(-)) 

atomMullikenHirshfeld 

C (  1)  -0.002       0.002 

C (  2)  -0.003       0.001 
C (  3)  -0.002       0.002 

C (  4)  -0.003       0.002 

C (  5)  -0.003       0.002 

C (  6)  -0.005       0.003 

C (  7)  -0.006       0.004 

C (  8)  -0.012       0.003 

C (  9)  -0.004       0.013 

C ( 10)   0.017       0.025 

O ( 11)   0.011       0.020 

O ( 12)   0.087       0.083 

C ( 13)  -0.010       0.011 

C ( 14)  -0.031       0.025 
C ( 15)  -0.058       0.063 

O ( 16)   0.348       0.320 

O ( 17)   0.037       0.039 

H ( 18)   0.003       0.002 

H ( 19)   0.008       0.004 

H ( 20)   0.003       0.002 

H ( 21)   0.003       0.001 

H ( 22)   0.003       0.001 

H ( 23)   0.003       0.001 
H ( 24)   0.004       0.001 

H ( 25)   0.004       0.002 

H ( 26)   0.004       0.002 

H ( 27)   0.005       0.002 

H ( 28)   0.006       0.002 

H ( 29)   0.007       0.003 

H ( 30)   0.007       0.003 

H ( 31)   0.010       0.004 

H ( 32)   0.010       0.004 

H ( 33)   0.012       0.005 

H ( 34)   0.012       0.005 
H ( 35)   0.023       0.012 

H ( 36)   0.024       0.013 

H ( 37)   0.034       0.016 

H ( 38)   0.036       0.017 

H ( 39)   0.072       0.035 

H ( 40)   0.130       0.084 

H ( 41)   0.096       0.047 

H ( 42)   0.077       0.080 

H ( 43)   0.041       0.031 

 

Fukui Indices for Nucleophilic Attack (Fukui(+)) 

atomMullikenHirshfeld 
C (  1)  -0.003       0.003 

C (  2)  -0.004       0.002 

C (  3)  -0.004       0.002 

C (  4)  -0.005       0.002 

C (  5)  -0.008       0.003 

C (  6)  -0.010       0.004 

C (  7)  -0.017       0.007 

C (  8)  -0.028       0.003 

C (  9)  -0.059       0.039 

C ( 10)   0.246       0.226 

O ( 11)   0.086       0.095 
O ( 12)   0.218       0.223 

C ( 13)  -0.062       0.015 

C ( 14)  -0.018       0.005 

C ( 15)  -0.004       0.007 

O ( 16)   0.026       0.026 

O ( 17)   0.030       0.023 

H ( 18)   0.005       0.002 

H ( 19)   0.011       0.006 

H ( 20)   0.005       0.002 

H ( 21)   0.005       0.002 

H ( 22)   0.005       0.002 

H ( 23)   0.006       0.002 
H ( 24)   0.006       0.002 

H ( 25)   0.007       0.003 

H ( 26)   0.007       0.003 

H ( 27)   0.010       0.004 

H ( 28)   0.010       0.004 

H ( 29)   0.014       0.006 

H ( 30)   0.015       0.006 

H ( 31)   0.023       0.011 
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H ( 32)   0.024       0.011 
H ( 33)   0.029       0.012 

H ( 34)   0.029       0.012 

H ( 35)   0.106       0.064 

H ( 36)   0.104       0.062 

H ( 37)   0.053       0.025 

H ( 38)   0.052       0.024 

H ( 39)   0.030       0.012 

H ( 40)   0.022       0.010 

H ( 41)   0.020       0.010 

H ( 42)   0.011       0.010 

H ( 43)   0.009       0.008 
 

 

Fukui Indices for Radical Attack (Fukui(0)) 

atomMullikenHirshfeld 

C (  1)  -0.002       0.002 

C (  2)  -0.003       0.002 

C (  3)  -0.003       0.002 

C (  4)  -0.004       0.002 

C (  5)  -0.006       0.003 

C (  6)  -0.007       0.004 

C (  7)  -0.012       0.005 

C (  8)  -0.020       0.003 
C (  9)  -0.032       0.026 

C ( 10)   0.132       0.126 

O ( 11)   0.049       0.057 

O ( 12)   0.153       0.153 

C ( 13)  -0.036       0.013 

C ( 14)  -0.024       0.015 

C ( 15)  -0.031       0.035 

O ( 16)   0.187       0.173 

O ( 17)   0.033       0.031 

H ( 18)   0.004       0.002 

H ( 19)   0.009       0.005 
H ( 20)   0.004       0.002 

H ( 21)   0.004       0.002 

H ( 22)   0.004       0.002 

H ( 23)   0.005       0.002 

H ( 24)   0.005       0.002 

H ( 25)   0.006       0.002 

H ( 26)   0.006       0.002 

H ( 27)   0.008       0.003 

H ( 28)   0.008       0.003 

H ( 29)   0.011       0.004 

H ( 30)   0.011       0.005 

H ( 31)   0.017       0.007 
H ( 32)   0.017       0.007 

H ( 33)   0.021       0.009 

H ( 34)   0.021       0.009 

H ( 35)   0.065       0.038 

H ( 36)   0.064       0.038 

H ( 37)   0.043       0.020 

H ( 38)   0.044       0.021 

H ( 39)   0.051       0.023 

H ( 40)   0.076       0.047 
H ( 41)   0.058       0.028 

H ( 42)   0.044       0.045 

H ( 43)   0.025       0.020 

Molecule: BA10  

Fukui Indices for Nucleophilic Attack (Fukui(+)) 

atomMullikenHirshfeld 

F (  1)   0.074       0.091 

C (  2)   0.077       0.064 

F (  3)   0.071       0.069 

F (  4)   0.072       0.077 

C (  5)   0.231       0.232 
O (  6)   0.253       0.249 

O (  7)   0.145       0.154 

H (  8)   0.077       0.065 

 

 

Fukui Indices for Radical Attack (Fukui(0)) 

atomMullikenHirshfeld 

F (  1)   0.075       0.079 

C (  2)   0.051       0.050 

F (  3)   0.063       0.060 

F (  4)   0.074       0.075 

C (  5)   0.178       0.179 
O (  6)   0.327       0.323 

O (  7)   0.151       0.169 

H (  8)   0.079       0.066 

 

 

Fukui Indices for Electrophilic Attack (Fukui(-)) 

atomMullikenHirshfeld 

F (  1)   0.076       0.067 

C (  2)   0.025       0.036 

F (  3)   0.055       0.051 

F (  4)   0.077       0.073 
C (  5)   0.126       0.125 

O (  6)   0.402       0.397 

O (  7)   0.158       0.184 

H (  8)   0.082       0.067 
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