
 

 

Abstract: In the present study, the M05-2X/6-
311++G(d,p) theoretical model was used to 
evaluate scavenging potency of the carboxylate 
anions of 2,3-, 2,6-, and 3,4-dihydroxybenzoic 
acids. Reaction enthalpies related to the 
antioxidant mechanisms of the investigated 
species were calculated in water and benzene. The 
single electron transfer followed by proton transfer 
is not a favorable reaction pathway under any 
conditions. Hydrogen atom transfer is the 
preferred reaction pathway in benzene, while 
sequential proton loss electron transfer is the 
predominant reaction pathway in polar solvent, 
water, for all examined compounds. The approach, 
based on the reactions enthalpies related to the 
examined radical scavenging mechanisms, shows 
that thermodynamically favoured mechanism 
depends on the polarity of the reaction media and 
properties of free radical reactive species. 

 
Index Terms: DFT, carboxylate anions, radical 

scavenging mechanisms 

1. INTRODUCTION 

ANY diseases in human organism originate 
as a result of radical reactions [1-5]. 

Organisms often use some external factors, 
including the dietary substances, such as 
phenolics, to neutralize the damaging effect of 
free radicals. Phenolic acids can be considered 
as precursors of stabile radicals, which acting as  
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scavengers of free radicals and terminators of 
radical reactions, and as such have an important 
role in prevention of numerous diseases  
including cancer and cardiovascular diseases [6, 
7]. As natural antioxidants, phenolic acids can be 
found in almost all vegetables, fruits, and grains 
and they have an integral part in the human diet. 
Dihydroxybenzoic acids (DHBA) are a subclass of 
hydroxybenzoic acids possessing two hydroxyl 
groups which relative position determines the 
properties of the molecules [8, 9]. There are 
experimental data which confirm good antioxidant 
activity of DHBAs [10, 11]. In our previous study, 
their antioxidant activity is confirmed using 
density functional theory [12]. It should be pointed 
out that these acids in their structure have 
carboxyl group, which can easily be 
deprotonated. This assumption is affirmed with 
low pKa values of carboxylic group for these 
compounds. For example, 2,3-DHBA, 2,6-DHBA, 
and 3,4-DHBA have pKa values 2,98, 1,3 and 
4,48 respectively. Considering these pKa values it 
is reasonable to expect that these DHBAs are 
mostly present as carboxylate anions at 
physiological pH of 7,4. Therefore, the 
investigation of the antioxidant properties of the 
corresponding carboxylate anions should be very 
useful (Figure 1). In feature text, 2,3-DHBA will be 
labeled as compound 1; 2,6-DHBA as compound 

2 and 3,4-DHBA as compound 3. It is notable that 

compound 2 possess symmetrical structure, and 
as a consequence, only one position will be 
discussed. 

 

Fig. 1 The most stable structures of the investigated 
carboxylate anions of DHBAs. 

Antioxidant Activity of the Carboxylate 
Anions of the Selected  

Dihydroxybenzoic Acids    

Đorović, Jelena; Milenković, Dejan; Jeremić, Svetlana; Avdović, Edina; Amić, Ana;  
Dimitrić Marković, Jasmina; and Marković, Zoran 

M



 

Scavenging properties of phenolic acids are 
related to their ability to transfer a hydrogen atom 
to a free radical species. This transfer can be 
achieved via at least three mechanisms 
characteristic for all phenolic antioxidants 
generally: hydrogen atom transfer (HAT, Eq. 1), 
single electron transfer followed by proton 
transfer (SET-PT, Eq. 2), and sequential proton 
loss electron transfer (SPLET, Eq. 3) [13-15].  

 

PhOH + R → PhO + RH                 (1) 

PhOH + R → PhOH
+ + R (2.1) 

PhOH
+ + R → PhO + RH (2.2) 

PhOH → PhO + H
+
                      (3.1) 

PhO + R → PhO + R (3.2)  

R 
+ H

+
  →   RH                 (3.3) 

 
Many factors affect neutralization of a free 

radical species, and that is a very complex 
process [16]. One of them is the chemical nature 
of the scavenged free radicals, which have an 
important role in the scavenging processes [17]. 
Investigation of free radical scavenging potency 
of the investigated compounds was performed 
with the following radicals: 

•
OH (hydroxyl), 

•
OOH 

(hydroperoxyl), CH3–O–O
•
 (methyl peroxyl), and 

O2
• (superoxide radical anion).  Chosen oxygen-

derived free radicals have different 
characteristics. The 

•
OH radical is the most 

reactive and electrophilic of the oxygen-centered 
radicals. Since hydroxyl radical can withdraw an 
electron or H-atom from almost any compound in 
its vicinity [18], it is considered the main source of 
biological damage in living organisms. 
Superoxide radical anion is an important radical 
with rather low reactivity that can occur during in 
vivo metabolism. At pH lower than 4.8 superoxide 
can be protonated to give more potent 
hydroperoxyl radical (

•
OOH) in excess. The 

peroxyl radicals, such as 
•
OOH, CH3OO

•
 are less 

reactive than hydroxyl radical. In order to mimic 
lipid peroxyl radical, the methyl peroxyl is used. 
 The enthalpies of the reactants, products, as 
well as enthalpies of the reactions with described 
free radicals were calculated. It is well known that 
the values of the reaction enthalpies can 
significantly contribute to the understanding of the 
investigated reaction mechanisms. The reaction 
with the free radical (RO

•
) can occur via three 

mentioned mechanisms. In HAT mechanism, the 
reaction can be presented by Eq. 4: 
 
Ph−OH + RO• → Ph−O• + ROH     (4) 
 

The SET-PT mechanism takes place in two 
steps аs it is described above in Eqs. 2 and 3. In 
interaction with free radicals (RO•) it can be 
presented by Eq. 5. 

 
Ph−OH + RO• → Ph−OH•+ + RO− (5.1) 

Ph−OH•+ + RO− → Ph−O• + ROH (5.2) 
 
The SPLET mechanism can be presented as 

follows: 
 

 Ph−OH + RO− → Ph−O− + ROH    (6.1) 
 Ph−O− + RO• → Ph−O• + RO−  (6.2) 

 
The reaction of the examined compound with the 
particular free radical is considered 
thermodynamically favourable if it is exothermic: 
 

rH = [H(products) – H(reactants)] < 0     (7)  
 

2. METHODOLOGY 
 
All calculations were performed with density 
functional theory (DFT) using the hybrid functional 
M05-2X [19, 20] implemented in the Gaussian 
G09 program package [21]. Geometry 
optimizations were carried out with 6-
311++G(d,p) basis set. The local and global 
minima were confirmed to be real minima by 
frequency analysis (no imaginary frequency were 
obtained). To evaluate the impact of solvents with 
different polarity, water and benzene were used. 
For this purpose, the SMD solvation model was 
utilized [22].  

The reaction enthalpies related to the studied 
free radical scavenging mechanisms can be 
calculated by the following equations [23]: 

 
BDE = H(Ph O•) + H(H•)  H(Ph OH)   (8) 

IP = H(Ph OH•+) + H(e)  H(Ph OH)  (9) 

PDE = H(Ph O•) + H(H+)  H(Ph OH•+)  (10) 

PA = H(AO) + H(H+)  H(Ph OH)  (11) 

ETE = H(Ph O•) + H(e)  H(Ph O)  (12) 



 

 
where H(Ph OH), H(Ph O

•
), H(Ph OH

•+
), H(Ph 

O), H(H
•
), H(e) and H(H

+
) are the enthalpies of 

parent molecule, radical, radical cation, and anion 
of the examined compound, hydrogen atom, 
electron and proton, respectively. 

In radical inactivation, HAT mechanism (Eq. 4) 
is characterized by the H-atom transfer from the 
examined compounds to the free radical (RO

•
). 

rHBDE can be calculated using the following 
equation [24, 25]: 

 
rHBDE = [H(Ph O•) + H(ROH)] – [H(Ph OH) + H(RO•)]   (13) 

 
The SET-PT mechanism is described with Eqs. 

5.1 and 5.2. The first step of this mechanism is 
determined by rHIP, while the second step is 
determined by rHPDE (Eqs. 14 and 15, 
respectively):  
 
rHIP = [H(Ph OH•+) + H(RO–)] – [H(Ph OH) + H(RO•)]   
(14) 
rHPDE = [H(Ph O•) + H(ROH)] – [H(Ph OH•+) + H(RO–)](15) 

 
rHPA and rHETE are the reaction enthalpies 
related to the SPLET mechanism (Eqs. 6.1 and 
6.2), and they are calculated using Eqs. 16 and 
17, respectively: 
 
rHPA = [H(Ph O) + H(ROH)] – [H(Ph OH) + H(RO–)]   (16) 

rHETE = [H(Ph O•) + H(RO–)] – [H(Ph O) + H(RO•)]     (17) 
 

3. RESULTS AND DISCUSSION 

 
3.1. Radicals and Anions of Carboxylate Anions 

of 1-3 DHBAs 
 

The homolytic cleavage of the O–H bonds in 
carboxylate anions of DHBAs results in formation 
of the radicals (Figure 2). The stability of the 
formed radicals, in water, plays the main role in 
determining the antioxidant activity of the 
examined molecules. The obtained values of 
BDE are given in Table 1.  

 

 
 
Fig. 2. Spin density distribution in the most stable 
radicals of carboxylate anions of DHBA’s in water. 

 
The stability of the formed radicals in water is 

following the order 3 ≥ 1 > 2, and the order in 

benzene is almost the same: 3 > 1 > 2.  
In order to elucidate the differences in BDE and 

consequently the differences in the reactivity of 
the individual OH sites, the assessment of the 
spin density distribution was undertaken on the 
radicals of carboxylate anions of DHBA’s. Lower 
BDE values implicate easier formation of the 
radicals and better delocalization of spin density 
[26]. The spin density values in water, obtained by 
the NBO analysis, are depicted in Figure 2. The 
results show that the radicals formed from 
compounds 3 and 1 are the most stable. This is a 
consequence of delocalization of their unpaired 
electrons over oxygen and carbons (O3, C2, C4, 
and C6 in 1; O3, C2, C4, and C6 in 1; and O4, 

C1, C3, and C5 in 3).  
The heterolytic cleavage of the O–H bond 

results in formation of the corresponding anions 
of carboxylate anions of DHBAs. The obtained PA 
values of all OH groups (in compounds 1-3), and 
in both solvents under the investigation are 
presented in Table 1, and follow the same 
sequence in water and benzene: 3 > 1 > 2. This 
result implicates that the proton transfer from the 
4-OH group of the compound 3 is easier than the 
transfer from the other OH group. It should be 
noted that the obtained PA values are significantly 
lower in water (polar solvent) than in benzene ( 
non-polar solvent). The reason for this is the 
change of the solvent polarity, which influences 
the increase of PA values as the solvent polarity 
increases. This is a consequence of the higher 
solvation enthalpy of protons. 

The natural charge distributions of all anions, 
formed by heterolytic cleavage of O–H bonds of 
the carboxylate anions of compound 1-3, are 
presented in Figure 3.  

 

 
 
Fig. 3. The natural charge distributions in the most 
stable anions formed from the investigated carboxylate 
anions of DHBAs in water. 

 
The most stable anion is obtained by 

deprotonation of the O–H bonds of the para 
phenolic group of compound 3. The negative 
charges, which contribute to the stability of these 
anion, are delocalized over O4, O3, C1, C2, C5 
and C6 atoms in benzene ring, and over oxygens 
from carboxylate moiety.  

 
3.2. Free Radical Scavenging Mechanisms 

 
The thermodynamic data regarding all three 



 

studied carboxylate anions are collected in Table 
1. On the basis of the results from Table 1, it is 
clear that the IP values are high for all 
compounds under investigation in both solvents. 
It means that SET-PT is not a plausible 
mechanism under these conditions. On the other 
hand, the PAs of the OH groups are significantly 
lower than the corresponding BDE values for all 
three examined compounds in water. This fact 
indicates SPLET mechanism as the most 
probable reaction pathway in polar solvents. On 
the other hand, the BDE values are lower than 
the corresponding PA in benzene. Based on 
these results it is clear that HAT mechanism is a 
probable reaction pathway in nonpolar solvent. 
The obtained results are in good agreement with 
the results reported in our previous study [12]. It 
should be pointed out that thermodynamic values 
examined here for carboxylate anions are 
somewhat lower than the corresponding values of 
DHBAs molecules. 
 
 
 
Table 1. M05-2X calculated parameters of the 
antioxidant mechanisms for carboxylate anions of the 
selected DHBAs in kJ mol-1. 

  Water 
  HAT SET-PT SPLET 
 BDE   IP PDE   PA ETE 

1   453    

 2O
.
 382  111 174 389 

 3O
.
 349  77 160 370 

2 2O
.
 397 488 90 184 394 

3   504    

 3O. 349  26 142 389 

 4O. 350  27 136 395 

  Benzene 

1   408    

 2O. 424  424 671 162 

 3O
.
 340  341 627 122 

2 2O. 419 440 388 674 154 

3   467    

 3O. 320  262 552 176 

 4O. 315  257 545 179 

 

The antioxidant mechanisms are highly 
influenced by the electronic properties of the 
scavenged free radical species. Bearing that in 

mind, the reaction enthalpies (rH) of all studied 
compounds with each of the chosen free radicals 
(
•
OH, 

•
OOH, CH3–O–O

•
, and 

.
OO

-
) were 

calculated for the already described mechanisms 
(HAT, SET-PT and SPLET). The obtained results 
are presented in Tables 2-4. The preferred 

mechanism can be assumed from the rHBDE, 

rHIP, and rHPA values. More negative values 
indicate thermodynamically more probable 
mechanisms.  

On the basis of values of ΔrHIP (Tables 2, 3 and 

4) it is clear that SET-PT is not the operative 
scavenging mechanism for all investigated 
compounds and radicals in both solvents.  There 
is an exception in case of the reaction between 
anion of 2,3-DHBA and hydroxyl radical in water. 
Namely, for the mentioned reaction ΔrHIP is -23 kJ 
mol

-1
, which indicates exothermic reaction and 

makes SET-PT possible reaction pathway in 
water. 

 

Table 2. Calculated reaction enthalpies (kJ mol-1) for 
the reactions of the carboxylate anions of 2,3-DHBA 
with the selected radicals. 

 HAT SET-PT SPLET 
 ΔHBDE ΔHIP ΔHPDE ΔHPA ΔHETE 

Water 
1-2 +.OH -123 -23 -99 -36 -87 
1-3 +.OH -156  -133 -50 -106 
1-2 +.OOH 12 74 -62 2 10 
1-3 +.OOH -21  -95 -12 -9 
1-2 +CH3OO

.
 18 80 -62 2 17 

1-3 +CH3OO. -15  -95 -13 -2 
1-2 +.OO- 85 231 -147 75 10 
1-3 +.OO- 51  -180 60 -9 

Benzene 
1-2 +.OH -67 104 -171 76 -142 
1-3 +.OH -150  -254 32 -182 
1-2 +

.
OOH 68 184 -116 131 -63 

1-3 +
.
OOH -15  -199 87 -103 

1-2 +CH3OO. 76 185 -109 138 -61 
1-3 +CH3OO. -7  -192 94 -101 
1-2 +.OO- 167 683 -515 230 -63 
1-3 +

.
OO

-
 84  -599 187 -103 

 

The inactivation of the superoxide radical anion 
with all three investigated compounds is not 
achievable according to very endothermic 
processes (Tables 2, 3 and 4). The obtained 
results indicate that the superoxide radical anion 
is not especially reactive which is in agreement 
with the well-known fact that the superoxide 
radical anion is in equilibrium with hydroperoxyl 
radical [27].  

Unlike superoxide radical anion, hydroperoxyl 
radical can be scavenged via HAT or SPLET 
mechanism with the examined compounds, 
except in the case of monoanion of 2,6-DHBA. 
Although HAT and SPLET are competitive in 
water (Table 2) it is expected that HAT is a 
prevailing one. In benzene, HAT is the only 
favourable mechanistic pathway. From results 
presented in Table 3 it is notable that HAT is the 
only possible reaction mechanism in benzene. In 

water, rHPA values are more negative than the 

corresponding rHBDE values indicating SPLET 
mechanism as dominant. 

 
Table 3: Calculated reaction enthalpies (kJ mol-1) for 
the reactions of the carboxylate anions of 2,6-DHBA 
with the selected radicals. 

 HAT SET-PT SPLET 
 ΔHBDE ΔHIP ΔHPDE ΔHPA ΔHETE 

Water 

2-2 +.OH -108 12 -120 -26 -82 

2-2+.OOH 27 110 -83 12 15 

2-2 +CH3OO
.
 33 116 -83 11 22 

2-2 +.OO- 99 267 -167 84 15 

Benzene 



 

2-2 +.OH -72 136 -207 79 -151 

2-2+.OOH 63 215 -152 134 -71 

2-2 +CH3OO. 71 217 -145 141 -70 

2-2 +.OO- 162 714 -552 234 -71 

 
Table 4: Calculated reaction enthalpies (kJ mol-1) for 
the reactions of the carboxylate anions of 3,4-DHBA 
with the selected radicals. 

 HAT SET-PT SPLET 
 ΔHBDE ΔHIP ΔHPDE ΔHPA ΔHETE 

Water 

3-3+
.
OH -155 28 -184 -68 -87 

3-4 +.OH -155  -183 -74 -81 
3-3+.OOH -20 126 -146 -30 10 
3-4+.OOH -20  -145 -36 16 
3-3 +CH3OO. -15 132 -147 -31 16 
3-4 +CH3OO

.
 -14  -146 -36 23 

3-3 +.OO- 52 283 -231 42 10 
3-4 +.OO- 53  -230 37 16 

Benzene 
3-3+.OH -171 162 -333 -43 -128 
3-4 +.OH -175  -338 -50 -125 
3-3 +.OOH -36 242 -278 12 -48 
3-4+.OOH -41  -283 5 -46 
3-3 +CH3OO

.
 -28 243 -271 19 -47 

3-4 +CH3OO. -32  -276 12 -44 
3-3 +.OO- 63 741 -678 112 -48 
3-4 +.OO- 59  -682 104 -46 

 
 
Results obtained for hydroxyl radical indicate 

HAT as the preferable mechanistic pathway in 
polar and non-polar solvents for all the examined 
compounds (Tables 2, 3 and 4). It should be 
pointed out that hydroxyl radical is the only one 
which can be scavenged with carboxylate anion 
of 2,6-DHBA (Table 3). The reactions of 2,6-
DHBA carboxylate anion with other free radicals 
are endothermic and not plausible as such. For 
the reaction of 3,4-DHBA carboxylate anion and 

methyl peroxyl radical in water the values of rHPA 

are more negative than rHBDE values. On the 
other hand, in benzene, the values of the reaction 

enthalpies, rHPA, are endothermic which means 
that HAT is a possible reaction mechanism in 
non-polar solvent. Regarding the results form 

Table 2, it is notable that in both solvents rHBDE 
values are negative only for the position 3 of the 
carboxylate anion of 2,3-DHBA. However, it 
should be pointed out that HAT and SPLET are 
competitive mechanisms in water. 

4. CONCLUSION 

Antioxidant activity of the carboxylate anions of 
2,3-, 2,6- and 3,4-dihydroxybenzoic acids was 
examined by analysing the thermodynamic 
parameters of the parent molecules, the 
corresponding radicals, radical cations and 
anions. On the basis of the achieved results 
(Table 1) it can be concluded that HAT 
mechanism is dominant in benzene while SPLET 
mechanism is the prevailing reaction pathway in 
water. The obtained results are in accordance 
with the results of DHBAs reported in our 
previous study [12], and it should be noticed that 

DHBAs possess better antioxidant properties 
than analogues carboxylate anions. Considering 
the results presented in Tables 2-4, it can be 
concluded that HAT and SPLET are possible 
radical scavenging mechanisms. HAT is 
dominant in benzene, while in water these 
mechanisms are competitive for all studied 
radicals. Namely, carboxylate anion of 2,6-DHBA 
can scavenge only hydroxyl radical in both 
examined solvents. On the other hand, anions of 
2,3-DHBA and 3,4-DHBA can inactivate all the 
examined radicals, except superoxide radical 
anion. It should be pointed out that SET-PT is not 
an operative mechanism under any conditions 
and with both applied procedures. 
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