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Abstract—Mechanisms of the reaction of di- and trihydroxybenzenes with 2,2′-diphenyl-1-picrylhydrazyl 
(stable radical) in aprotic media of different polarity have been elucidated by experimental and quantum-
chemical methods. Kinetic, stoichiometric, and activation parameters of the reaction have been determined. In 
benzene (nonpolar solvent), the studied reaction occurs via the hydrogen atom transfer mechanism; in the polar 
solvent with weak ionizing ability (i.e. DMSO), the reaction predominantly occurs via the faster mechanism of 
coupled electron and proton transfer. 
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Many methods are known to evaluate the anti-
radical activity of natural phenolic compounds in view 
of application as antioxidants [1] using stable radicals, 
the most widely used being 2,2'-diphenyl-1-picryl-
hydrazyl (DPPH). 

A special feature of the reaction of phenol with 
DPPH (Scheme 1) is strong influence of the solvent 
nature on the process kinetics. 

In nonpolar media, the reaction slowly occurs via 
the cleavage of phenolic proton via the Hydrogen 
Atom Transfer (НАТ) mechanism or as a coupled 
transfer of electron and proton (Proton-Coupled Electron 
Transfer, РСЕТ) [2]. 

In polar solvents, the interaction of phenolic 
compounds with DPPH is a sequential transfer of 
electron and proton (Electron Transfer–Proton Transfer, 
ЕТ–РТ) or the same transfers in the reverse order 

(Proton Transfer–Electron Transfer, РТ–ЕТ), depend-
ing on the ionizing ability of the medium [3–5]. 

Elucidation of the mechanism of phenol interaction 
with DPPH· requires the detailed study of its kinetics 
as well as geometry and electronic structure of the 
reactants, intermediates, and products of the reaction in 
different media using quantum-chemical methods. 
Such studies have been performed for synthetic 
sterically hindered phenols [2]. 

This study aimed to investigate the mechanisms of 
the reaction of natural di- and trihydroxybenzenes with 
DPPH· in aprotic solvents differing in the polarity, 
using experimental and quantum-chemical methods. 

The following di- and trihydroxybenzenes and their 
derivatives (1–8) belonging to simple plant phenols 
were studied (Scheme 2). 

To study the effect of the medium polarity on the 
reaction of phenols with DPPH· the following non-
ionizing solvents were chosen: benzene, dimethyl-
sulfoxide, and their mixtures in different ratios. 
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PhOH + DPPH· → PhO· + DPPH–Н 

Scheme 1. 
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Reactions in aprotic nonpolar solvent. Figure 1a 
displays the kinetic curves of DPPH· concentration 
change in the reaction with di- and trihydroxybenzenes 
in a nonpolar non-ionizing solvent–benzene. Deter-
mination of the stoichiometry parameters of the reac-
tion revealed that the starting parts of the kinetic 
curves follow the second-order reaction kinetics              
(Fig. 1b). The pseudo first orders with respect to the 
radical and the phenol were found if the other 
component was taken in a huge excess (10–15 times) 
with respect to the concerned species. The reaction rate 
orders were independent of the phenol structure. The 
kinetic equation for the reaction rate (v) could be 
written as follows (1). 

 v = kbenz·[DPPH·][PhOH].                                  (1) 

The rate constants (kbenz) values as the parameter of 
the antiradical activity are collected in Table 1; the 
data showed that the compounds containing hydroxyl 
groups in the meta positions (2, 3, and 7) practically 
did not react with DPPH·. Para- and ortho-

hydroxybenzenes 4–6 and 8 were the most active in 
that reaction. 

The rate constants of the reaction of DPPH· with 
phenols were determined at different temperatures and 
processed using the Arrhenius (Fig. 2a) and Eyring 
(Fig. 2b) equations; that gave the corresponding 
activation parameters of the reaction: activation energy 
(Еа), preexponent factor (А), and activation enthalpy 
(ΔН#). The Еа ranged between 10 and 40 kJ/mol, 
typical of the reactions involving radicals (Table 1). 

In the studied reaction, the hydrazyl radical was 
deactivated by phenolic compounds to form stable 
diphenylpicrylhydrazine (DPPH–H) and inactive 
phenoxyl radical (PhO) (Scheme 3). 

The reaction proceeds in a single stage in nonpolar 
medium and can occur as simultaneous transfer of 
electron and proton to the radical (known as the 
Hydrogen Atom Transfer mechanism, НАТ) or as 
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Fig. 1. Kinetic curves of DРРН· consumption in the reaction with hydroxybenzenes in benzene at 293±2 K (a) and the same curves 
plotted in the second-order coordinates (b): (1) pyrocatechol (с = 3.77×10–4 mol/L) and (2) pyrogallol (с = 3.79×10–4 mol/L). 
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coupled process initiated by electron transfer from the 
antioxidant molecule to the radical center, followed by 
proton transfer to the formed electron pair (Proton-
Coupled Electron Transfer, РСЕТ) [2]. Since in both 
cases the rate-limiting step involved electron and 
proton, deuterium isotope effect should be operative 
for these mechanisms. 

To study the deuterium isotope effect, we prepared 
the deuterium derivative of phenol (РhOD) via the 
isotope exchange between hydroxybenzene and 
deuterium dioxide (D2О) in DMSO. NMR spectro-
scopy monitoring revealed that the phenols were 
transformed into the corresponding deuterated deriva-
tives within 25–30 min (conversion 97–98%), as 
confirmed by practically complete vanishing of the 1H 
NMR signals of the О–Н protons at 9.4–12.4 ppm. 

Rate constant of the DPPH· reaction with phenols 
in the presence of hydroxybenzene (kPhOH) was higher 

than that in the presence of deuterated PhOD (kPhOD) 
(Fig. 3). The presence of the pronounced deuterium 
isotope effect (kPhOH/kPhOD) (Table 1) confirmed the 
transfer of proton in the reaction (Scheme 2) and, 
hence, the possibility of the DPPH· reaction with 
PhOH via НАТ as well as РСЕТ mechanism. 

Since the mentioned mechanisms are single-stage 
and result in the formation of identical products, it is 
impossible to experimentally distinguish between 
them, and solid confirmation of the mechanism 
requires detailed study of the structure of the transition 
state that will be further conducted by quantum-
chemical methods. At the current stage, we suggest 
that the proton transfer can occur via either НАТ or 
РСЕТ mechanism. 

To confirm the reaction (Scheme 2) occurrence via 
the НАТ/РСЕТ mechanism, we supplemented the deute-
rium isotope effect experiment with the simulation of 

Comp. no. kbenz, L mol–1 s–1 Ea, kJ/mol А ΔН#, kJ/mol kPhOH/kPhOD 

1   36.2±1.4 17±1 (3.89±0.21)×104 14±1 2.5 

2 (3.07±0.14)×10–3a 38±2 (5.36±0.26)×103 36±2 3.1a 

3 (1.83±0.07)×10–3a 40±2 (6.8±0.3)×103 38±2 3.3a 

4   52.6±2.1 15±1 (2.48±0.14)×104 13±1 2.6 

5   60.3±2.2 12±1 (8.3±0.3)×103 10±1 2.4 

6   65.2±2.2 10±1 (3.95±0.21)×103 8±1 2.2 

7 (1.12±0.05)×10–3a 41±2 (6.1±0.3)×103 39±2 3.1a 

8   60.4±2.2 12±2 (8.3±0.3)×103 10±1 2.4 

ln kbenz ln (kbenz/T) 

(1/T)×103 (1/T)×103 

                                                   (a)                                                                                                   (b) 

Fig. 2. Determination of activation parameters of the reaction between DPPH· radical with pyrogallol (1), hydroquinone (2), and 
pyrocatechol (3) in benzene using the Arrhenius (a) and Eyring (b) equations. 

Table 1. Experimental values of kinetic and activation parameters of di- and trihydroxybenzenes with DPPH in benzene at 293 K 

a For meta-hydroxybenzenes slowly reacting with DPPH in benzene, the kbenz and kPhOH/kPhOD values at 318 K are given. 
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geometry, electronic, and thermochemical parameters 
of the reactants, intermediates, and products of the 
reaction between DPPH and phenols 1–8 by means of 
the density functional theory (DFT) using the B3LYP 
hybrid functional [6, 7] (Gaussian 09 [8]). The choice 
of B3LYP was supported by the available report [9] on 
successful use of that functional for a series of 
compounds of phenol type. Preliminary search for 
major conformers was performed using the PM6 
semiempirical method [10]. The structures with the 
lowest electronic energy were used as the starting 
approximation for the non-empirical simulation at the 
B3LYP/6-311++G(d,p) level (incliding polarization 
and diffuse functions for all the atoms) for the closed-
shell structures and the UB3LYP/6-311++G(d,p) level 
for the open-shell systems. In the latter case, the 
expected values of the operator of the squared full spin 
moment <S2> were checked: before the application of 
the operator of elimination of the first admixture spin 
state, the <S2> values were 0.76–0.78, being exactly 
0.75 after its application; that corresponded to the ideal 
value for the purely doublet state and evidenced the 
marginal contribution of the states with higher 
multiplicity into the wave function [11]. 

Geometry of the structures was optimized over all 
independent variables without any symmetry restrict-
tions. The obtained results correspond to the ground 
state under standard conditions (T = 298 K,                 
Р = 1 atm). The simulation was initially run in the gas 
phase, and then the output was used as the starting 
point for the complete optimization of the structure 
accounting for the solvent (benzene or DMSO) using 
the polarizable continuum medium РСМ approach 
[12]. To construct the cavity of the solute, atomic radii 
from the UFF force field model were set [13]. We 
performed harmonic vibrational analysis for the equilib-
rium structures, in order to testify the correspondence 
to the minimum and to calculate their thermochemical 
parameters. The vibration frequencies were not scaled. 

Basing on the obtained data, we determined thermo-
dynamic parameters of the reaction (Scheme 2) in different 
media [the changes of enthalpy (ΔrH

HAT/PCET) and Gibbs 
free energy (ΔrG

HAT/PCET)] (Table 2) using Eqs. (2), (3). 

 ΔrH
HAT/PCET = (HDPPH–H + HPhO·) – (HDPPH· + HPhOH),   (2) 

 ΔrG
HAT/PCET = (GDPPH–H + GPhO·) – (GDPPH· + GPhOH),   (3) 

with HDPPH–Н, GDPPH–Н, HPhO·, GPhO·, HDPPH·, GDPPH·, 
HPhOH·, and GPhOH being enthalpies (Н) and Gibbs free 
energies (G) of the DPPН–H molecule, phenoxyl radical, 
DPPH· radical, and PhOH molecule, respectively. 

Energy of homolytic cleavage, i.e. the strength of 
the О–Н bond (DO–H) in a hydroxybenzene molecule 
was calculated using Eq. (4). 

 DO–H = (HH + HPhO·) – HPhOH,                      (4) 

with HН, enthalpy of hydrogen atom [simulated values 
–1312.479574 kJ/mol (gas), –1312.518956 kJ/mol 
(benzene), and –1312.547837 kJ/mol (DMSO)]. 

Analysis of thermodynamic parameters obtained for 
the solvents medium revealed that the reaction 
(Scheme 2) showed that the reaction was more exo-
thermic in benzene than in DMSO. The highest 
ΔrH

HAT/PCET values were found for trihydroxybenzenes 
6 and 8 exhibiting the highest antiradical activity in the 
reaction with DPPH·. The same was found for the 
Gibbs energy of the reaction. The increase in the 
medium polarity led to the increase in the ΔrG

HAT/PCET 
value, hence, the reaction of PhOH with DPPH· via the 
НАТ/РСЕТ mechanism was more thermodynamically 
favorable in benzene. 

Since the lowest DO–H value for the hydroxy-
benzene molecule determined the HAT/РСЕТ (Table 2), 
it was logical to assume the correlation between DO–H 
and the substance reactivity (ln kbenz). For example, it 
was shown that the experimental rate constant in 
benzene medium decreased with the increase in the                 
DO–H value (Fig. 4a). 

ln kbenz = (11.0±0.7) – (21.8±2.1)×10–3 DO–H(benz), 

n = 5, r = 0.986, r2 = 0.972, F = 106, p < 0.002. 

with n, number of the experiments; r, correlation coef-
ficient; r2, determination coefficient; F, the Fischer’s 
parameter; p, significance level. 
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Fig. 3. Kinetic curves of DРРН· consumption in the 
reaction with pyrogallol (1) (с = 3.79×10–4 mol/L) and its 
deuterated derivative (2) (с = 3.79×10–4 mol/L) in benzene 
at 293±2 K.  
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It was noted that for hydroxybenzenes with OH 
groups in the meta positions (compounds 2, 3, and 7), 
the strength of the О–Н bonds were the highest of the 
studied phenols, in agreement with their low reactivity 
in the reaction with the hydrazyl radical. 

In summary, the data on deuterium isotopic effect, 
the results of quantum-chemical simulation of thermo-
dynamic parameters of the reaction, and regression 
analysis of the structure–reactivity relationship led to a 
conclusion that the reaction of the DPPH· radical with 

Comp. 
no. 

Gas Benzene DMSO 

DО–Н(gas) ΔrH
HAT/PCET ΔrG

HAT/PCET DО–Н(benz) ΔrH
HAT/PCET ΔrG

HAT/PCET DО–Н(DMSO) ΔrH
HAT/PCET ΔrG

HAT/PCET 

НАТ/PCET mechanism (Scheme 2)  

1 347 –55.0 –11.4 340 –42.4 –3.2 331 –25.3 –10.2 

2 345 –56.3 –13.5 343 –38.8 –0.2 342 –13.8 24.6 

3 351 –51.2 –9.3 347 –35.2 2.7 343 –12.8 25.2 

4 326 –75.9 –34.9 322 –60.1 –20.6 318 –37.8 1.3 

5 353 –77.8 –34.7 320 –62.2 –23.1 316 –40.0 –1.1 

6 315 –138.4  –40.9  312 –95.6  –29.2  307 –72.0  98.2  

7 351 –77.1 –8.7 348 –34.2 3.9 345 –10.7 27.4 

8 320 –81.8  –37.2  317 –64.9  –24.4  311 –64.9  –2.8  

Comp. 
no. 

PIgas ΔrH
ET–PT ΔrG

ET–PT PIbenz ΔrH
ET–PT ΔrG

ET–PT PIDMSO ΔrH
ET–PT ΔrG

ET–PT 

ET–PT mechanism (Scheme 3)  

1 769 440 127 659 256 22.2 565 –94 –33.5 

2 779 450 136 669 242 31.5  588 –84 –23.6 

3 768 438 58.6 659 256 20.8  584 –88 –35.9 

4 746 417   8.7 636 233 –17.3  556 –116 –55.6 

5 725 396 140 662 218 –17.6  547 –59 –65.3 

6 737 382 121 655 227 18.7  536 –119 –34.4 

7 778 423 135 670 267 32.8  591 –81 –21.2 

8 726 398   85.8 620 217 –15.1  543 –129 –67.1 

Table 2. Enthalpy change (∆rН, kJ/mol) and Gibbs free energy change (∆rG, kJ/mol) of the studies reactions, ionization 
potential (PI, kJ/mol), and strength of the weakest О–Н bond (DO–H, kJ/mol) of hydroxybenzenes 1–8 in different media 
simulated using the B3LYP/6-311++G(d,p) method 

kDMSO–benz, L mol–1 s–1 
kDMSO/kbenz kPhOH/kPhOD 

0 30 70 100 

1 36.1±1.4 (1.58±0.12)×102 (3.10±0.18)×102 (3.7±0.3)×102 10.2 0.98 

4 52.6± 2.1 (1.91±0.12)×102 (4.02±0.18)×102 (5.5±0.3)×102 10.5 0.96 

5 60.3±2.2 (2.51±0.15)×102 (5.4±0.3)×102 (6.2±0.3)×102 10.3 1.02 

6 65.2±2.2 (3.56±0.18) ×102 (7.9±0.4) ×102 (9.8±0.4)×102 15.0 0.98 

8 60.4±2.2 (3.11±0.18)×102 (6.8±0.3)×102 (7.3±0.4)×102 12.1 1.01 

Comp.  
no. 

Table 3. Experimental values of the rate constant (kDMSO–benz) of hydroxybenzenes reaction with DPPH· at different fractions 
of DMSO (vol %) in its mixture with benzene at 293±2 K 
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non-hindered di- and trihydroxybenzenes and their 
derivatives in aprotic nonpolar media occurred via the 
НАТ/РСЕТ hydrogen transfer mechanism. 

Reactions in aprotic polar solvent. The addition 
of DMSO to the studied system resulted in sharp 
increase in reactivity of the hydroxybenzenes with 
respect to DPPH· (Table 3). That could be related to 
the effect of specific solvation (formation of hydrogen 
bonds between the radical and the solvent molecules) 
as well as to nonspecific solvation (the increase in the 
dielectric permittivity of the medium ε). 

The derived linear behavior in the coordinates of 
the Leidler–Eyring equation [14] showed that the rate 
of the studied reaction in the binary solvent was 
strongly dependent on the dielectric constant of the 
medium (Fig. 5). 

log kDMSO–benz = lgk0 – 2.3/RT(μ2
PhOH/r2

PhOH + μ2
DPPH·/r2

DPPH·  

 – μ2
≠/r

2
≠)·[(ε – 1)/(2ε + 1)].                                       (5) 

Here, kDMSO–benz is the reaction rate constant in the 
mixed solvent; k0 is the reaction rate constant in gas 
phase with ε = 1; ε is dielectric constant of the mixed 
solvent; 2.3/RT(μ2

PhOH//r2
PhOH + + μ2

DPPH·/r2
DPPH· – μ2

≠/r
2
≠) 

is the value reflecting the effect of the solvent on the 
reaction rate constant; μ≠, μPhOH, and μDPPH·are dipole 
moments and r≠, rPhOH, and rDPPH· are the radii of the 
active complex, the phenol, and the hydrazyl radical, 
respectively; (ε–1)/(2ε+1) (the Kirkwood function) 
determines the solvent polarity. 

The increase in the reaction rate with the increase in the 
mixed solvent polarity followed the linear proportionality, 
and the slope 2.3/RT(μ2

PhOH/r2
PhOH + μ2

DPPH·/r2
DPPH· – μ2

≠/r
2
≠) 

of the linear regression (5) was positive (Fig. 5). That 
pointed that the transition complex was more polar and 
better solvated than the starting reagents, and the reaction 
was accelerated. In view of that, it could be assumed that 
the increase in the medium dielectric constant (that could 
change the reaction mechanism) rather than specific 
solvation had the predominant effect on the radical activity 
of hydroxybenzenes in polar media with poor ionizing 
ability. 

The so high sensitivity of the reaction rate to the 
medium polarity is typical of the reactions with 
electron transfer as the limiting stage, as confirmed by 
the absence of the deuterium isotopic effect (the                 

ln kbenz ln kDMSO 

DO–H(benz), kJ/mol PIDMSO, kJ/mol 

log kDMSO–benz 

(ε – 1)/(2ε + 1) 

                                                   (a)                                                                                                   (b) 

Fig. 4. Correlation of hydroxybenzenes reactivity with the structural parameters in benzene (a) and DMSO (b). 

Fig. 5. The Leidler–Eyring plots for the reaction of DPPH· 
radicals with hydroxybenzenes in a benzene–DMSO 
mixture: (1) pyrogallol, (2) hydroquinone, and (3) pyro-
catechol. 
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kPhOH/kPhOD ratio was close to unity) in DMSO medium 
(Table 3), in contrast to benzene. 

In the case of polar aprotic solvent, the interaction 
of the hydrazyl radical with the studied phenols could 
be represented as successive transfer of electron (slow, 
Scheme 4) to form the phenol cation-radical as the 
intermediate, followed by proton transfer (fast,                
Scheme 4) (ЕТ–РТ). 

Likely, the increase in the medium dielectric 
constant led to significant charge separation in the 
transition state (Scheme 5) and favored the subsequent 
decomposition of the active complex with charge 
transfer into the ions. 

Thermodynamic parameters of the rate-limiting 
stage (Scheme 3) in different media were calculated 
using Eqs. (6), (7). 

 ΔrH
ET–PT = (HDPPH– + HPhO+·H) – (HDPPH· + HPhOH),      (6) 

 ΔrG
ET–PT = (GDPPH– + GPhO+·H) – (GDPPH· + GPhOH).      (7) 

with HDPPH–, GDPPH–, HPhO+·H, and GPhO+·H being 
enthalpy (Н) and Gibbs free energy (G) of the DPPН 
anion and the PhOH cation-radical, respectively. 

Analysis of the calculated enthalpies and Gibbs free 
energies showed that the ЕТ–РТ mechanism of elec-
tron transfer was thermodynamically more favorable in 
DMSO than in benzene (Table 2). 

The parameter related to the occurrence of the ЕТ–
РТ mechanism is the enthalpy of electron transfer from 
the antioxidant, i.e. its ionization potential (PI). Table 2 

lists the calculated adiabatic ionization potentials of 
the hydroxybenzenes. 

PI = HPhO+·H – HPhOH. 

The PI values were notably reduced when the 
solvent became more polar. It was remarkable that ln 
kDMSO was better related to PIDMSO than to the bond 
strength О–Н of the hydroxybenzenes. 

ln kDMSO = (23.6±1.8) – (3.1±0.3)×10–2 РIDMSO, 

n = 5, r = 0.984, r2 = 0.968, F = 89.6, p < 0.002. 

The increase in ionization potential of hydroxy-
benzenes resulted in the regular decrease in their 
reactivity (Fig. 4b), possibly related to deceleration of 
electron transfer from phenol to the radical in the 
frames of the ЕТ–РТ mechanism. 

Comparison of antiradical activity of hydroxy-
benzenes in the reaction with the hydrazyl radical 
showed that as benzene was changed to DMSO, the              
ЕТ–РТ mechanism became dominant over the НАТ/
РСЕТ one, accelerating the process (kDMSO/kbenz) by               
10–15 times (Table 3). 

In summary, the elucidated mechanism of 
antiradical activity of di- and trihydroxybenzenes as 
structural elements of more complex natural phenols 
suggested that the similar processes could underlie the 
action of other classes of compounds (phenolcar-
boxylic and hydroxycinnamic acids, flavonoids and 
their glycosides, etc.; that would require further 
experimental confirmation. The suggested possible 
mechanism of the reaction between a DPPH· stable 
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radical with molecular forms of phenols allows 
simulation of their behavior in organic substrates (oils, 
fats, and lipids), aqueous, and aqueous-organic 
biological systems with low pH, suppressing 
dissociation of phenolic compounds. 

EXPERIMENTAL 

The DPPH stable radical and DMSO (Sigma 
Aldrich) were used. The radical solvent in aprotic 
solvents was violet, the absorbance maximum being 
520 nm. Storage of DPPH in DMSO and benzene in 
dark during 72 h did not affect the solution absorbance 
in its maximum. DMSO was purified via the 
conventional procedure [15]. Hydroxybenzenes 
(chemical pure grade) were purified via repeated 
recrystallization from ethanol and dried at 40°С under 
nitrogen, followed by sublimation in vacuum. 
Oxyhydroquinone was synthesized as described 
elsewhere [16]. 

The experiments were performed at 293–318 K and 
starting concentrations of the reactants 10–4–10–5 mol/L. 
A phenol solution was mixed with DPPH solution (the 
reactants were taken in equimolar concentration), and 
the absorbance was measured using an SF-2000 
spectrophotometer (Russia). DPPH concentration was 
calculated using the molar absorptivity values εDMSO = 
1.2×104 L mol–1 cm–1 and εbenz = 8.77×103 L mol–1 cm–1.  

1Н NMR spectra were recorded using a Bruker 
Avance-II-400 spectrophotometer (Germany) with 
working frequency 400 MHz. Spectra of hydroxy-
benzenes in DMSO-d6 and in the DMSO-d6–D2O 
mixtures (with D2O volume fraction 20 to 30%) were 
recorded at 298 K (cPhOH = 0.025 mol/L). 
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