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Abstract—The reactivity of natural unsubstituted di- and trihydroxybenzenes in the reaction with a stable free 
radical 2,2-diphenyl-1-picrylhydrazyl in a mixed solvent water–dimethyl sulfoxide (2:1) was investigated. 
Kinetic and stoichiometric parameters of the studied reaction were estimated. In the water environment the 
studied hydroxybenzenes were found to dissociate to form ions, which reacted rapidly with the radical by the 
mechanism of single electron transfer with subsequent adding a proton. The corresponding rate constants were 
calculated taking into account the concentration of the ionized form of phenol.  

One of the most popular model systems for the 
investigation of the antiradical activity of phenolic 
compounds (PhOH) is based on their ability to react 
with the stable free radical diphenylpicrylhydrazyl 
(Dpph•) [1, 2]. Commonly, to study such reactions 
solvents where the radical Dpph• is well soluble and 
stable for a long period (ethanol, benzene, hexane, 
dimethyl sulfoxide, etc.) are used [3, 4]. Such reactions 
are artificial and cannot reproduce the situation in vivo. 
In this regard, attempts are continued to improve this 
method of determining the antiradical activity of 
substances by changing the experimental conditions, of 
which the main one is the presence of the water 
environment. This would allow to approach the 
conditions of reactions in biological systems.  

Currently, there is little information on the research 
of antioxidant properties of natural phenols in reaction 
with Dpph• in the water environment, and the available 
data are debatable. Natural phenolic compounds are 
known [1, 5] to react with the radical Dpph• in water 
by the mechanism of single electron transfer followed 
by proton transfer from the resulting phenol radical 
cation:  

PhOH + Dpph• → (PhOH)•+ + Dpph– → PhO• + Dpph–H.  (1) 

At the same time, a number of studies [2, 3] 
proposed another mechanism of this reaction in polar 
solvents based on the reaction of Dpph• with the 
phenolate ion (PhO–):  

PhO– + Dpph• → PhO• + Dpph– ( → Dpph–H).       (2) 

The aim of this paper is to study the antiradical ac-
tivity of the natural unsubstituted di- and trihyd-
roxybenzenes in the reaction with Dpph• and to estab-
lish the mechanism of their action in the water 
environment.  

Since the Dpph• radical is insoluble in water, the 
kinetics of its reaction with the given phenolic 
compounds was studied in the mixed solvent water – 
DMSO (2:1).  
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I, R2 = R3 = R4 = H, R1 = OH (pyrocatechol); II, R1 =  R2 = 
R4 = H, R3 = OH (hydroquinone); III, R1 = R3 = R4 =  H, 
R2 = OH (resorcynol); IV, R3 = R4 = H, R1 = R2 = OH 
(pyrogallol); V, R2 = R4 = H, R1 = R3 = OH 
(oxyhydroquinone); VI, R1 = R3 = H, R2 = R4 = OH 
(phloroglucinol).  

The numbering of the investigated phenols 
corresponds to their numbering in Tables 1–3.  

Figure 1a shows the kinetic curves of the Dpph• 
radical concentration in the reaction with di- and 
trihydroxybenzenes in the water environment. As seen, 
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Fig. 1. Kinetic curves of consumption of diphenylpicryl-
hydrazyl in the reaction with di- and trihydroxybenzenes 
(a) and anamorphoses of the kinetic curves in coordinates 
of second-order reaction (b). (1) catechol (c 1.85×10–5 M), 
(2) hydroxyhydroquinone (c 7.1×10–5 M), (3) pyrogallol (с 
7.1×10–5 M) . Solvent water–DMSO (2:1), T = 293 ± 2 K. 

Fig. 2. Kinetic curves of diphenylpicrylhydrazyl consump-
tion in the reaction with pyrogallol (a), and the logarithm of 
the reaction rate vw

PhOH/Dpph• vs the concentration of pyro-
gallol (b). [DPPH] = 1.07×10–5 M, solvent water–DMSO 
(2:1), T = 293 ± 2 K. Phenol concentration, M: (1) 0.26×    
10–6, (2) 0.53×10–6, (3) 1.07×10–6. 

Comp. no.  
DMSO 

nDpph• nPhOH kPhOH/Dpph•, l mol–1 s–1 nDpph• nPhOH kPhOH/Dpph•, l mol–1 s–1 

I 
II 
III 
IV 
V 
VI 

1.12 
1.14 
1.11 
1.01 
1.00 
1.02 

0.93 
0.91 
0.92 
0.98 
1.00 
0.99 

(6.72±0.19)×102 
(3.80±0.11)×102 
(3.19±0.09)×101 
(4.41±0.08)×103 
(2.34±0.05)×103 

2.31±0.05 

0.99 
1.00 
0.98 
0.99 
0.97 
0.99 

0.98 
0.99 
1.00 
1.10 
1.06 
1.10 

(1.27±0.03)×102 
(4.76±0.14)×101 

2.34±0.07 
(9.87±0.21)×102 
(7.34±0.14)×102 

1.17±0.03 

Water–DMSO (2:1)  
w DMSO 

Table 1. Stoichiometric and kinetic parameters of reaction of di- and trihydroxybenzenes with the radical Dpph• in DMSO 
and DMSO–water mixture (2:1), T = 293±2 K  

all the studied phenols react actively with the radical. 
While determining the reaction stoichiometric param-
eters, we found that the kinetic curves can be 
linearized in the coordinates of the second-order 
reaction (n) (Fig. 1b). By the excess method [6] we 
found the pseudo-first order of the reaction towards 
both the radical (nDpph•) and phenol (nPhOH) (Fig. 2). 
Regardless of the phenol structure, the reaction order 

with respect to the substance remains unchanged. 
(Table 1).  

Figure 1a shows that the dependence of Dpph• 
consumption on time in the initial stage corresponds to 
rapid decrease in the radical concentration, followed 
by a slow progressive disappearance of the radical. 
The initial part of the kinetic curve on the basis of the 
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Comp. no. 
DPhO–H, 
kJ mol–1 

IPPhOH, 
eV 

IPPhO–, 
eV 

I 
II 
III 
IV 
V 
VI 

313.5 
320.9 
331.7 
312.0 
304.4 
333.2 

8.88 
8.73 
8.98 
8.96 
8.68 
9.23 

2.74 
2.63 
2.92 
2.67 
2.69 
3.16 

Table 2. Calculated energy of homolytic rupture of O–H 
bonds (DPhO–H) and ionization potentials of molecules of 
phenols (IPPhOH) and phenolate ions (IPPhO–) 

stoichiometric parameters obtained can be described 
by reactions either (1) or (2), while the slow consump-
tion of the radical is due to the secondary reactions of 
phenoxyl radical with Dpph• and further reaction 
products.  

On the ground of the determined reaction order 
with respect to the substance (Table 1), the rate of the 
reaction (νw

PhOH/Dpph•) can be described by the equation:  
vw

PhOH/Dpph•= kw
PhOH/Dpph•[PhOH]·[Dpph•].                 (3) 

As the Dpph• is unstable in the water environment, 
in the expression (3) the rate of reaction of the radical 
with water (νw

Dpph•) must be taken into account: 
vw

PhOH/Dpph• – vw
Dpph• = kw

PhOH/Dpph•[PhOH]·[Dpph•].        (4) 

The rate constants (kw
PhOH/Dpph•), calculated with          

Eq. (4), are listed in Table 1. We can see that all the 
investigated di- and trihydroxybenzenes show 
pronounced activity in the reaction with the radical. 
The pyrogallol with its OH groups in o-positions 
possesses the highest antiradical activity, the lowest 
activity belongs to phloroglucinol with its hydroxy 
groups located in meta-positions. A similar pattern is 
observed in the case of dihydroxybenzenes. In general, 
trihydroxybenzenes are more active than the phenols 
with two OH groups.  

To assess the effect of acid–base properties of 
water on the activity of phenols we studied 
stoichiometric and kinetic parameters of the Dpph• 
reaction with hydroxybenzenes in the aprotic solvent 
DMSO (Table 1). We found that the reactivity of 
phenols in DMSO (kPhOH/Dpph•) falls sharply compared 
to that in water environment, whereas the 
stoichiometric parameters remain the same. This may 
indicate a change in the reaction mechanism 
conserving the same stoichiometry. Since DMSO is an 
aprotic solvent and unsubstituted hydroxybenzenes 
have high values of pKa, whose value in the aprotic 

solvent is even higher [7], the reaction in DMSO 
follows most likely the mechanism of direct abstract-
tion of H atom from a phenol molecule by the Dpph• 
radical:  

PhOH + Dpph• → PhO• + Dpph–H.                   (5) 

Reaction (5) is much slower than reaction (2) 
because the phenol molecule is less reactive than ion, 
as confirm the corresponding values of the reaction 
rate constants in water and DMSO (Table 1).  

To prove the suggested mechanism of single 
electron transfer from the phenoxide ion to the radical 
in an aqueous medium we performed quantum-
chemical calculations of the energy of homolytic 
rupture (DPhO–H) of the O–H bond in the phenol 
molecule, as well as the ionization potentials of phenol 
(IPPhOH) and phenoxide ions (IPPhO–). The lowest 
energy of the O–H bond cleavage in the molecule of 
phenol should characterize the reactivity of hydroxyl-
benzenes (kPhOH/Dpph•) in the reaction (5) at the direct 
abstraction of the H atom in an aprotic solvent. The 
lowest ionization potential of the phenolate ions indi-
cates activity of phenols (kPhOH/Dpph•) in the reaction (2) 
of the one-electron transfer in the water environment.  

To estimate the energy gap of the O–H bond we 
calculated formation enthalpies of phenols and the 
corresponding radicals in the unrestricted Hartree–
Fock approximation using the semiempirical method 
AM1 within the software package MOPAC 2009 [8]. 
Ionization potentials of molecules and ions of phenols 
were calculated according to Koopmans' theorem [9] 
as the energy of the highest occupied molecular orbital 
taken with the opposite sign. The applicability of the 
AM1 method to the calculation of the enthalpies of 
formation and ionization potentials of molecules of 
phenols and phenoxide ions was investigated 
separately. For this purpose we compared the 
experimental values of heats of formation and 
ionization potentials of substituted phenols of different 
structures, taken from [10, 11], with calculated values. 
The data obtained by the AM1 approximation are in 
satisfactory agreement with experimental values.  

The results of calculations of structure of the 
phenol molecules and ions are listed in Table 2. As 
seen, the lowest values of IPPhOH and IPPhO– depend on 
the structure of the phenol molecules and ions, and the 
decrease in these quantities corresponds to increased 
reactivity of the substances in the reaction with Dpph• 
(Table 1). The findings correlate with the constants 
determined in pure DMSO and DMSO–water 1:2. The 

DMSO 

DMSO 

DMSO 
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Fig. 3. The dependence of the reactivity of hydroxyl-
benzenes (kw

PhOH/Dpph·) on the water content (W) in its mix-
ture with DMSO. T = 293 ± 2 K. 

Comp. no. [Dpph], mol l–1 [PhOH], mol l–1 рKа [PhO–], mol l–1 vPhO–/Dpph•, mol l–1 s–1 kPhO–/Dpph•, l mol–1 s–1 

I 
II 
III 
IV 
V 
VI 

2.58×10–5 
2.58×10–5 
8.80×10–5 
1.07×10–5 
1.07×10–5 
8.80×10–5 

2.58×10–5 
2.58×10–5 
8.80×10–5 
1.07×10–5 
1.07×10–5 
8.80×10–5 

9.36 
9.91 
9.44 
9.03 
9.08 
8.45 

2.83×10–7 
7.97×10–8 
8.03×10–7 
2.51×10–7 
2.24×10–7 
7.85×10–6 

(2.29±0.05)×10–7 
(1.74±0.04)×10–7 
(5.65±0.11)×10–8 
(2.76±0.06)×10–7 
(1.27±0.03)×10–7 
(1.24±0.03)×10–8 

(3.14±0.07)×104 

(8.46±0.17)×104 

(7.99±0.17)×102 

(1.03±0.03)×105 

(5.29±0.11)×104 
17.95±0.42 

buf buf 

[PhO–] = Ka[PhOH]/10–pH                       (7) 

Rate of the reaction (2) with the ion concentration 
from Eq. (7) is described by the equation:  

vb
P

u
h
f
O–/Dpph• = kb

P
u
h
f
O–/Dpph•[Dpph•]([PhOH]Ka/10–pH), 

kb
P

u
h
f
O–/Dpph• = (vb

P
u
h
f
O–/Dpph•×10–pH)/[Dpph•][PhOH]Ka.     (8) 

Values of kb
P

u
h

f
O–/Dpph• calculated from Eq. (8) (Table 3) 

are significantly higher than the kw
PhOH/Dpph• (Table 1), 

but vary similarly. The exception is hydroquinone, 
which, according to the calculated data, is more active 
than hydroxyhydroquinone and pyrocatechol. This 
may be due to low ionization potential of its phenolate 
ion (Table 2). In general, the dependence kb

P
u
h
f
O–/Dpph• vs. 

IPPhO– has an even higher correlation coefficient 
compared with Eq. (6), evidencing additionally in favor 
of the mechanism of single electron transfer from the 
phenolate ion to the radical in the water environment.  

kb
P

u
h
f
O–/Dpph• = (56.60±2.38) – (17.01±0.85) IPPhO–, r 0.995. 

A similar structure–reactivity correlation of an 
antioxidant was found previously for other groups of 
natural phenols [13, 14], and may well be used to 
predict the antiradical activity of the substances 
belonging to one structural series, as well as for plan-

Table 3. The results of calculations of the reaction rate constants kb
P

u
h
f
O–/Dpph• [Eq. (2)] in a mixture of phosphate buffer–

DMSO (2:1) at pH 7.4, T = 293±2 Ka 

a pKa are given for the first stage of the hydroxybenzene dissociation [12]. 

values kPhOH/Dpph• correlate better with the energy of 
homolytic rupture of O–H bond in the molecule 
hydroxybenzene (DPhO–H), suggesting a mechanism of 
direct H atom abstraction from PhOH by the Dpph• 
radical in aprotic solvents:  

kD
Ph

M
O

S
H
О
/Dpph• = (80.22±10.41) – (0.24±0.03) DPhO–H, r 0.965. 

For the constants kw
PhOH/Dpph• a better correlation was 

observed with the ionization potential of the phenolate 
ion (IPPhO–):  

kw
PhOH/Dpph• = (42.10 ± 7.29) – (13.06 ± 2.60) IPPhO–,  

r = 0.929.                                     (6)  

Clearly, the dependence (6) is consistent with the 
hypothesis about the mechanism of single electron 
transfer in the reaction between PhO– and the radical 
Dpph• in the water environment. The role of water is 
its ability to ionize the molecule of phenol thus 
providing a very fast reaction course in the initial 
period (Fig. 1a). This is confirmed by the dependence 
of the kw

PhOH/Dpph• value on the fraction of water in the 
mixed solvent. It can be seen (Fig. 3) that the higher is 
the water content in the mixture with DMSO, the 
higher is the reactivity of the phenol.  

Since in aqueous medium in the initial period the 
radical Dpph•, according to the data obtained, reacts 
with the phenoxide ions, the values of kw

PhOH/Dpph• 
correspond to effective rate constants. For their 
refinement it is necessary to calculate concentration of 
the ionized form of phenol. To find it, the reaction was 
performed in a mixture of phosphate buffer–DMSO 
(2:1) at pH 7.4 (corresponding to the pH of the basic 
physiological fluid of the human body), which allowed 
an accurate calculation of the H+ concentration, and 
using reference pKa [12], the calculation of the 
concentration of phenoxide ions in the studied dilute 
solutions of di- and trihydroxybenzenes:  

Ka = [PhO–][H+]/[PhOH], 

DMSO 
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ning the synthesis of compounds with high antioxidant 
properties.  

EXPERIMENTAL 

We used the stable free radical Dpph• and 
dimethylsulfoxide from Aldrich–Sigma. The Dpph• 
solution in DMSO has an intense purple color with 
maximum absorption at 520 nm. We found that at the 
storage of Dpph• in DMSO in the dark for 72 h, the 
intensity of the absorption maximum of its spectrum 
remains unchanged. The hydroxybenzenes of 
chemically pure grade were subjected to repeated 
recrystallizations from ethyl alcohol and dried at 40°C 
in a nitrogen atmosphere, and then sublimed in a 
vacuum. Hydroxyhydroquinone was synthesized as 
described in [15]. To prepare the phosphate buffer, we 
used double distilled water, the salts KH2PO4 and 
Na2HPO4·2H2O of reagent grade, twice recrystallized. 
The exact pH values were determined with a 
laboratory ionometer I-160MI. Investigations were 
carried out at 293±2 K in the range of the reactants 
concentrations 10–4–10–5 M. Phenol in water (buffer) 
was mixed in equimolar concentrations with the Dpph• 
solution in DMSO, and its optical density value was 
measured using a KFK-3 photocolorimeter. The 
concentration of Dpph• was calculated from the optical 
density using the molar extinction coefficient equal to 
ε = 1.2×104 l mol–1 cm–1.  
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