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Antioxidant ability of thiourea derivatives was characterized based on the measurement of the color
change of 2,2-diphenyl-1-picrylhydrazyl (DPPH�) and 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS�+) when reacting with the studied compounds. The values of IC50DPPH/ [IC50ABTS] of DPTU (1,3-
diphenyl-2-thiourea) and BPTU (1-benzyl-3-phenyl-2-thiourea) are of 0.710 ± 0.001 mM/[0.044 ± 0.00
1 mM] and 11.000 ± 0.015 mM/[2.400 ± 0.021 mM], respectively. As a result, it could be concluded that
DPTU could capture free radicals better than BPTU and quantum chemical calculations also confirmed
this evaluation. Although bond dissociation energy values of bonds in BPTU molecule are less than those
in DPTUmolecule, but the reaction rates of DPTU are greater than those of BPTU when reacting with HOO�

(selected as a representative free radical), so the IC50 values of DPTU were smaller than IC50 of BPTU. On
the basis of kinetic calculations, hydrogen atom transfer (HAT) is supposed to be a preferred mechanism
over single electron transfer (SET) when thiourea derivatives reacted with free radicals. The amount of
products obtained according to HAT mechanism accounts for 99.99% compared with the product amount
of HAT and SET mechanisms.

� 2021 Published by Elsevier B.V.
1. Introduction

Thiourea and its derivatives are known to be a powerful scav-
enger of O2

�– and OH–[1,2]. In 2011, Sudzhaev and coworkers [3]
synthesized several thiourea derivatives including 1-(2-
aminoethyl)thiourea, N,N’–(iminodiethane-2,1-diyl)bis(thiourea),
1-[1-methyl-2-(phenylamino)ethyl)] thiourea, then examined
their antioxidant properties through reactions of cumene oxida-
tion. These thiourea derivatives could inhibit the autooxidation
of cumene by scavenging of cumylperoxy radicals and simultane-
ously affecting the catalytic decomposition of cumyl hydroperox-
ide. In 2015, thiazolidine and pyrrolidine compounds containing
a thiourea moiety were prepared and evaluated the free radicals
scavenging ability [4]. Several compounds were selected and
experimentally evaluated their antioxidant. The resulting data
showed that all of them are useful for preventing oxidative stress
in biological systems. In 2017, free radicals scavenging of urea,
thiourea and selenourea derivatives in both gas phase and aqueous
medium were computationally investigated using density func-
tional theory [5]. The results showed thiourea and selenourea
could scavenge superoxide radical anions efficiently through single
hydrogen abstraction. While urea, thiourea, selenourea and their
derivatives would also scavenge hydroxyl radical efficiently by
the mechanism of addition to carbon sites of the molecules. In
2020, Naz et al. synthesized and studied the properties of 1,3-bis(
3,4-dichlorophenyl)thiourea, 1,3-bis(2,6-dimethylphenyl)thiourea,
diethyl 4,40-(thiocarbonylbis(azanediyl))dibenzoate, 1,3-bis(4-
nitrophenyl)thiourea and 1,3-di-p-tolylthiourea [6]. These com-
pounds showed their promising antibacterial and antioxidant
potential, being very active against glucose-6-phosphatase. Among
them 1,3-bis(3,4-dichlorophenyl)thiourea was more active against
DPPH� and ABTS�+ free radicals than the others.

The above studies showed that thiourea derivatives have an
excellent potential for free radical capturing and antioxidant abil-
ity. However, up to date, the antioxidant potential of derivatives
such as DPTU and BPTU, etc. has not been studied in detail. These
are inexpensive compounds and their molecules have N–H bonds
that are easily severed. Therefore, they are promised as potential
candidates to be studied for an evaluation of their antioxidants.

In this work, the antioxidant ability of DTPU and BPTU were
evaluated using tandem experimental and computational methods
at the M05-2X/6-311++G(d,p) level of theory for calculating ther-
mochemical parameters and reaction kinetics [7,8].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.117149&domain=pdf
https://doi.org/10.1016/j.molliq.2021.117149
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2. Experimental

2.1. Materials

DPTU (1,3-diphenyl-2-thiourea) and BPTU (1-benzyl-3-phenyl-
2-thiourea) were from AK Scientific, USA. Absolute ethanol of HPLC
grade was from Fisher. 2,2-diphenyl-1-picrylhydrazyl; 2,20-azino
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt and
K2S2O8 were obtained from Sigma-Aldrich.

2.2. Methods

2.2.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH�) assay
DPPH� was diluted in ethanol at a concentration of 6.7� 10�5 M,

and then the solution was coated with aluminum foil to protect
from the effects of light. Different concentrations of antioxidants
were added to DPPH� with a volume ratio of 3: 1. The reaction solu-
tion was shaken vigorously and kept in the dark for 30 min. TCC-
240A SHIMADZU UV/Vis spectrophotometer was used to measure
the absorbance of the solutions at 515 nm. DPPH� free radical scav-
enging ability was determined by the below equation:

SADPPH�% ¼ Ac - As

Ac
� 100 ð1Þ

SADPPH�% : DPPH� scavenging ability;
Ac: absorbance of the control containing DPPH� (Control = 1 mL
of DPPH� + 3 mL of ethanol);
As: absorbance of the sample containing DPPH� (Sample = 1 mL
of DPPH� + 3 mL of antioxidant at the different concentrations).

2.2.2. 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS�+) assay
ABTS�+ free radical cation scavenging ability was conducted

according to the modified procedure of Re et al. [9]. First, the
2,20-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt was dissolved in water to obtain a stock solution with
a concentration of 7 mM. The ABTS�+ free radical cation was pro-
duced by the reaction of 7 mM 2,20-azinobis(3-ethylbenzothiazo
line-6-sulfonic acid) diammonium salt solution with 140 mM
K2S2O8. The concentration of K2S2O8 after mixing was 2.45 mM.
The solution mixture was incubated in the dark at room tempera-
ture. After 16 h, this mixture was diluted with ethanol to adjust the
absorbance of the solution at 734 nm at 0.7 ± 0.05 on the spec-
trophotometer at room temperature. Tests were conducted by add-
ing 1 mL of antioxidants (at the different concentrations) to 3 mL of
a solution containing ABTS�+ free radical cation and incubating at
room temperature for 6 min. The absorbance was measured at
734 nm. The experiments were repeated three times and results
were expressed as IC50ABTS (mM) values. ABTS�+ free radical cation
scavenging ability was calculated as follows:

SAABTS�þ% ¼ A
0
c � A

0
s

A
0
c

� 100 ð2Þ

SAABTS�þ%: ABTS�+ free radical cation scavenging ability;
A0
c: absorbance of the control containing ABTS�+ (Control = 3 mL

of ABTS�+ + 1 mL of ethanol);

A
0
s: absorbance of the sample containing ABTS�+ (Sample = 3 mL

of ABTS�+ + 1 mL of antioxidant at the different concentrations).
2

3. Computational methods

In this study, all computations were performed by the Gaussian
16 software [10]. The M05-2X method was proposed by the devel-
opers [11], and many reports have indicated the reliability of this
method for evaluating the reaction kinetics [12–14]. In this work,
a combination of M05-2X functional at the basis set of 6-311++G
(d,p) was applied to calculate the essential thermochemical param-
eters and reaction paths in the reaction between the thiourea
derivatives and HOO� free radical then predicting their
mechanisms.

The antioxidant ability of a particular compound could be
assessed by the following mechanisms, namely hydrogen atom
transfer (HAT) mechanism, single electron transfer (SET) mecha-
nism, single electron transfer followed by proton transfer (SETPT)
and sequential proton loss electron transfer (SPLET). . . [15–22].
The details of reaction mechanisms and the calculations of thermo-
chemical parameters are described in Table S6. Enthalpies of elec-
tron (in the gas phase and ethanol) were referenced from the
previous report of Rimarčík et al. [23].

The reaction rate constant (k) and activated Gibbs free energy of
HAT mechanism were calculated by Eyringpy software [24].
According to the theory of Marcus [25,26], the SET reaction relied
on the transition state to determine the electron transfer activation
barrier (DG–

ET) based on two thermodynamic parameters: i) the free

energy of reaction (DG0
ET) and ii) the nuclear reorganization energy

(k):

DG–
ET ¼ k

4
: 1 þ DG0

ET

k

 !2

ð3Þ

Appropriately, k is determined by the formula (4):

k � DEET � DG0
ET ð4Þ

In which DEET is the non-adiabatic energy difference between
reactants and vertical products. This approach is similar to that
of Nelsen et al. which has been used for a large number of sponta-
neous reactions [27].

The rate constant (k) is calculated in the gas phase using the
conventional transition state theory [14,20].

k ¼ r:j: kB:T
h

e
�DG–
RT ð5Þ

where r is total symmetry number of reaction; j is the coefficient
related to the tunneling correction which was calculated according
to the method of Wigner [28] and Eckart [29]; kB is Boltzmann con-
stant; T is the temperature (K); h is Planck constant; R is gas con-
stant; DG– is Gibbs free energy of activation.

If the reaction occurred with different mechanisms such as HAT,
SET, the total rate constant would be calculated by the formula (6)
[14]:

ktot ¼ kHAT þ kSET ð6Þ
in which kHAT, kSET are the HAT, SET rate constants, respectively.

kHAT ¼ RkHATðiÞ ð7Þ

kSET ¼ RkSETðiÞ ð8Þ
i represents each reaction path which might be happened in each
mechanism.
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The relative amount of products (Ci %) yielded by the different
reaction mechanisms is estimated according to formula (9):

Ci ¼ ki
ktot

� 100 ð9Þ

In addition, AIM2000 software was used to analyze and display
atoms in molecules designed by Biegler – König et al. [30].

4. Results and discussion

4.1. DPPH� radical scavenging assay

In this free radical scavenging assay, the 2,2-diphenyl-1-
picrylhydrazyl (DPPH�) radical, which forms a purple solution
becomes reduced when it reacts with any antioxidant that can
donate a hydrogen atom, forming the yellow-colored
diphenylpicrylhydrazine. The absorbance of the mixed solution
containing DPPH� is detected at 515 nm.

As can be seen in Fig. S1, the change in optical density of DPPH�

solution shows that the DPPH� free radical scavenging capacity of
antioxidants is varied by concentration of DPTU and BPTU. The
higher the concentration of antioxidants, the less absorbance of
(a) DPTU 
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Fig. 1. Relationship between DPPH� scavenging efficiency and concentration of (a)
DPTU and (b) BPTU.
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the solution. DPPH� free radical scavenging ability is assessed by
IC50DPPH value. The IC50DPPH value is defined as the sample con-
centration that can inhibit 50% of the original DPPH� amount. The
smaller the IC50DPPH value, the more active the sample is. From
the relationship between DPPH� scavenging efficiency and concen-
tration of DPTU and BPTU (Fig. 1), the IC50DPPH values of DPTU and
BPTU are calculated. DPTU and BPTU exhibit DPPH� scavenging
activity with IC50DPPH values of 0.710 ± 0.001 mM, 11.000 ± 0.01
5 mM, respectively. It means that DPPH� capturing capacity of BPTU
is not as strong as that of DPTU.
4.2. 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS�+) assay

Antioxidant ability of thiourea derivatives is assessed through
ABTS�+ assay. In this assay, 2,20-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) is oxidized to its radical cation ABTS�+,
produced a blue colored solution (kmax = 734 nm), with potassium
persulfate. When the reaction of ABTS�+ with antioxidant is fin-
ished, the blue color of the solution turns colorless.

Fig. S2 shows ultraviolet–visible spectra of ABTS�+ with different
concentrations of DPTU and BPTU. Similarly to DPPH� assay, as the
(a) DPTU                    
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Fig. 2. Relationship between ABTS�+ scavenging efficiency and concentration of (a)
DPTU and (b) BPTU.
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concentration of thiourea derivatives increases, the visible ultravi-
olet spectral lines of the solution are gradually lower. This proves
that the absorbance of the solution is decreasing, or in other words,
the amount of ABTS�+ in the solution is decreased.

IC50ABTS of DPTU and BPTU are extrapolated from diagrams
showing the relationship between ABTS�+ free radical cation scav-
enging ability (SAABTS

� +) and antioxidant concentrations (Fig. 2).
DPTU has IC50ABTS value of 0.044 ± 0.001 mM while BPTU has this
value of 2.400 ± 0.021 mM. This demonstrates that DPTU is able to
neutralize ABTS�+ free radical cations better than BPTU.

Thus, two experimental methods (DPPH� and ABTS�+) show
DPTU can quench free radicals better than BPTU.

4.3. Computational results

The structures of 1,3-diphenyl-2-thiourea (DPTU) and 1-benzyl-
3-phenyl-2-thiourea (BPTU) were optimized at M05-2X/6-311++g
(d,p) and shown in Fig. 3.

The thermochemical parameters of DPTU and BPTU were calcu-
lated both in the gas phase and ethanol at M05-2X/6-311++g (d, p)
and given in Table 1.

BDE is an important parameter in HAT mechanism to evaluate
the hydrogen atom transfer ability [31]. The lowest BDE values of
DPTU are found at the N2AH17 and N3AH18 bonds (91.2 and
89. 8 kcal�mol�1 in the gas phase, 92.4 and 91.1 kcal�mol�1 in etha-
nol, respectively). Meanwhile, BPTU has these lowest BDE values
for the N2AH17, N3AH20 and C4AH18 bonds (97.5, 87.7 and
79.2 kcal�mol�1 in the gas phase and 101.4, 90.3 and
81.0 kcal�mol�1 in ethanol). And these BDE values tend to increase
slightly by 1.2–3.9 kcal�mol�1 in the ethanol.

There are many steps in SETPT and SPLET mechanisms. How-
ever, the first step plays the most crucial role from the thermo-
chemical viewpoint [32]. In those first steps, the lowest
quantities IE and PA will decide which mechanism is more
dominant.

For SETPT mechanism, IE is a key factor showing the ability of
electron donation [33]. From Table 1, IE values of DPTU and BPTU
are not significantly different. However, IE values display a signif-
icant variation when comparing the calculated values in the gas
phase and ethanol. Specifically, IE decreases from 49.6 kcal�mol�1

to 50.2 kcal�mol�1. This means that the electron exchange process
takes precedence over the ethanol solvent.

In SPLET mechanism, the calculated results of PA values in gas
are higher than in ethanol for DPTU and BPTU. This is explained
by the relative high enthalpies of proton and anion solvation.

In both media, the BDE values of the bonds are significantly
lower than the sum of IE and PDE or PA and ETE. Therefore, it
Fig. 3. Optimized structures of DPTU an
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can be concluded that HAT is the most predominant reaction path-
way in the gas phase and SPLET is the most preferred mechanism
in ethanol from the thermochemical viewpoint.

For a more comprehensive evaluation of thiourea derivatives to
extinguish free radicals, their interactions with HOO� have been
studied in detail with two reaction mechanisms, HAT and SET.
These reactions depend on many factors such as the nature of
the free radicals, the molecular structure characteristics of antiox-
idants and the research environment [34].

According to Ingold and coworkers, a substance which can
donate hydrogen atom perfectly must have low bond dissociation
energy and the reaction speed must be fast [35]. Therefore, we pro-
ceed to construct the potential surface and calculate the reaction
rate constant (k) for the reactions of DPTU and BPTU with the HOO�

(selected as a representative radical).
Fig. 4 shows potential surface of reaction at the N2AH17,

N3AH18 for DPTU and the N2AH17, N3AH20, C4AH18 for BPTU.
All reactions start with the formation of intermediate 1 (Inter 1),
through transition state (TS), intermediate 2 (Inter 2) and finally
produce the products. In DPTU + HOO� reaction, Inter 1, TS and
Inter 2 are formed with the relative energies of �14.0, 2.6 and
1.6 kcal�mol�1 corresponding to reaction at the N2AH17. These
values are �8.2, 11.1 and �5.0 kcal�mol�1 for reaction of DPTU at
the N3AH18. BPTU may have three HAT reaction sites: N2AH17,
N3AH20 and C4AH18. The relative energy values of Inter 1, TS
and Inter 2 are�14.1, 127.4 and 3.7 kcal�mol�1 for reaction of BPTU
at the N2AH17; �4.1, 9.0 and �5.2 kcal�mol�1 for reaction of BPTU
at the N3AH20; �10.7, 5.5 and �12.7 kcal�mol�1 for reaction of
BPTU at the C4AH18. Clearly, the N2AH17 site of DPTU has the
lowest transition energy barrier, so this may be the most preferred
position in the hydrogen atom transfer reaction with HOO� free
radicals.

To evaluate the HOO� free radical capturing reaction rates of the
studied compounds, Gibbs free energy of activation (DG–) and rate
constant (k) are calculated at M05–2X/6-311++G(d,p) at 298 K in
the gas phase (Table 2).

In the HAT mechanism, the rate constants of DPTU are calcu-
lated (based on Eyringpy software) with the values of 5.12 � 104

M�1s�1 at the N2–H17 bond and 5.00 � 101 M�1s�1 at the N3-
H18 bond. Thus the total rate constant of DPTU is estimated at
5.12 � 104 M�1s�1. Meanwhile, this corresponding value of BPTU
in the hydrogen atom transfer reaction with HOO� is 9.81 � 102

M�1s�1.
The activated Gibbs free energy of DPTU also has the lowest

value of 11.6 kcal�mol�1 at the N2–H17 position. This proves that
the reaction of DPTU according to HAT mechanism at this bond
is the most favorable. This is completely consistent with the
d BPTU at M05-2X/6-311++g(d,p).



Table 1
Thermochemical parameters of DPTU and BPTU in the gas phase and ethanol at M05-2X/6-311++g (d, p).

Thermochemical parameters (kcal�mol�1) DPTU BPTU

N2AH17 N3AH18 N2AH17 N3AH20 C4AH18

BDE 91.2 (92.4) 89.8 (91.1) 97.5 (101.4) 87.7 (90.3) 79.2 (81.0)
IE 173.5 (123.3) 171.6 (122.0)
PDE 231.7 (12.9) 230.3 (11.7) 239.9 (23.3) 230.1 (12.2) 221.6 (2.9)
PA 338.9 (43.0) 329.8 (37.4) 344.3 (48.1) 332.0 (38.7) 350.4 (65.7)
ETE 66.4 (93.2) 74.0 (97.6) 67.3 (97.3) 69.8 (95.5) 42.8 (59.3)

Data in ethanol are enclosed in parentheses.
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Fig. 4. Potential energy surface of DPTU and BPTU reaction with HOO� calculated in the gas phase at the M05-2X/6-311++g(d,p) level of theory.

Table 2
Activated Gibbs free energy (DG –) and rate constant (k) calculated at M05-2X/6-311++g(d,p) theory level at 298.15 K in gas phase.

Reactions DG– (kcal�mol�1) k (M�1s�1) ktotal (M�1s�1)

DPTU–N2–H17 + HOO� 11.6 5.12 � 104 5.12 � 104

DPTU–N3–H18 + HOO� 21.6 5.00 � 101

BPTU–N2–H17 + HOO� 62.6 5.54 � 10�105 9.81 � 102

BPTU–N3–H20 + HOO� 18.3 1.99 � 102

BPTU–C4–H18 + HOO� 15.3 7.83 � 102

Table 3
Enthalpies, Gibbs free energies and rate constants at 298.15 K for the reactions (10), (11), (12) and (13) in the gas phase at M05-2X/6-311++G(d,p).

DH0 (kcal�mol�1) DG0 (kcal�mol�1) kSET (M�1s�1) ktotal (M�1s�1)

Reaction (10) 150.2 149.8 1.46 � 10�237 1.46 �10�237

Reaction (11) 270.8 271.0 0
Reaction (12) 148.3 148.2 1.92 � 10�242 1.92 � 10�242

Reaction (13) 279.4 278.7 0
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5



Fig. 5. Geometry of the formed transition state when DPTU approaches HOO� at the
N2–H17 bond.
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potential surface constructed in Fig. 4. Although BPTU has the low-
est BDE value at the C4–H18 bond, the reaction speed at this posi-
tion is not greater than that of DPTU’s bonds. Therefore, this is also
a reason why the IC50 values of DPTU are smaller than IC50 values
of BPTU.

SET is the next mechanism which is applied to evaluate the
antioxidant ability of thiourea derivatives in the gas phase. The
processes of giving electron (reactions (10) and (12)), receiving
electron (reactions (11) and (13)) between thiourea derivatives
and HOO� can happen as follows:

DPTU + HOO� !DPTU �þ + HOO� ð10Þ
DPTU + HOO� !DPTU �� + HOOþ ð11Þ
BPTU + HOO� !BPTU �þ + HOO� ð12Þ
BPTU + HOO� !BPTU �� + HOOþ ð13Þ
Enthalpy (DH0) and Gibbs free energy (DG0) at 298.15 K for

reaction (10) have values of 150.2 and 149.8 kcal�mol�1, respec-
tively, while these values of reaction (11) are 270.8 and
271.0 kcal�mol�1 (Table 3). This proves that reaction (10) is ther-
modynamically more favorable than reaction (11). Similarly, reac-
tion (12) takes precedence over reaction (13). DPTU and BPTU tend
to give electron more easily than they accept electron from HOO�

free radicals.
The rate constants of electron donating reaction and electron

accepting reaction are calculated according to the theory of Marcus
[26]. kSET values are 1.46 � 10�237 M�1s�1, 1.92 � 10�242 M�1s�1

for reactions (10) and (12) and zero for both reactions (11) and
(13). Compared with the value of kHAT, the rate constant values
of kSET are minimal. This proves that the electron exchanging
mechanism is negligible when thiourea derivatives react with
HOO�.
Table 4
Parameters at the critical points in the intermolecular interaction of the transition state.

Contacts q(r) (e�au�3) R(Å) r2q(r) (e�au�5)

N2∙∙∙H17 0.16 1.27 –0.21
H17∙∙∙O29 0.18 1.20 –0.36
O29∙∙∙O30 0.31 1.41 –0.06
O30∙∙∙H31 0.37 0.96 –2.65
O29∙∙∙S1 0.05 2.43 0.11

6

The relative amount of products (Ci %) yielded by HAT reaction
mechanisms accounts for 99.99% of the total products created by
the two mechanisms (HAT, SET) for both DPTU and BPTU. The
N2–H17 bond of DPTU is evaluated as the position that easily
transfers hydrogen as well as reacts with the highest speed in stud-
ied thiourea derivatives. Therefore, the reaction at this bond is cho-
sen for AIM analysis to comprehend the nature of new bonds in
detail when DPTU approaches HOO� free radical [36,37].

As can be seen in Fig. 5, the structure of TS is stabilized by H∙∙∙O
contacts. The distances of these contacts are in the range of 0.96–
1.20 Å (Table 4), which are shorter than the total van der Waals
radii of the considered atoms (2.72 Å). This confirms the existence
of intermolecular interactions in the TS structure. The appearance
of small red spheres represents bonding critical points (BCP), while
the yellow ball represents a ring critical point (RCP). DPTU mole-
cule approaches HOO� free radical leading to the formation of a
pentagonal ring.

From Table 4, electron density (q(r)) and Laplacian value (r2(q
(r))) at the BCP related to O29∙∙∙S1 contact are 0.05 e�au�3 and 0.11
e�au�5. The lowest electron density value and the positive Lapla-
cian value indicate that the O29∙∙∙S1 contact has no covalent nat-
ure [38]. Conversely, the N2∙∙∙H17, H17∙∙∙O29, O29∙∙∙O30,
O30∙∙∙H31 contacts have the negative values of r2q(r) and H(r),
and the ratios of G(r)/|V(r)| are smaller than 1. Therefore, they
are considered to be covalent. The electron density and binding
energy value at the critical point of the O30∙∙∙H31 contact are much
greater than these of the N2∙∙∙H17, H17∙∙∙O29, and O29∙∙∙O30 con-
tacts, which prove that the O30∙∙∙H31 contact plays a significant
role in a stabilization of the TS in a reaction of DPTU and HOO�.

5. Conclusions

The antioxidant ability of DPTU and BPTU is assessed by their
capacity to capture DPPH� and ABTS�+ free radicals. In addition,
quantum chemistry calculations are applied to calculate thermo-
chemical parameters and construct the potential surface of the
reaction with HOO� as well as to calculate the reaction rate con-
stants. The results are multiple:

1. DPTU is better than BPTU in capturing DPPH� and ABTS�+ free
radicals. The IC50DPPH and IC50ABTS values of DPTU are 0.710 ±
0.001 mM and 0.044 ± 0.001 mM respectively while these val-
ues of BPTU are 11.000 ± 0.015 mM and 2.400 ± 0.021 mM.

2. HAT mechanism is preferred over SET when thiourea deriva-
tives react with HOO� free radicals. The amount of products
obtained according to HAT mechanism accounts for 99.99%
compared with the product amount of HAT and SET
mechanisms.

3. The most preferred reaction position of DPTU is the N2–H17
with the reaction rate of 5.12 � 104 M�1s�1 according to the
HAT mechanism.

4. BDE is not a parameter that completely determines a sub-
stance’s antioxidant ability. The reaction rate is a very impor-
tant factor when assessing the antioxidant resistance of a
compound.
G(r)/|V(r)| H(r) (hartrees�au�3) EHB (kJ�mol�1)

0.36 –0.12 –253.87
0.34 –0.18 –363.51
0.48 –0.23 –592.26
0.09 –0.73 –1046.28
1.06 0.00 –40.34
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5. Quantum chemistry calculations are consistent with the exper-
imental results based on DPPH� assay and ABTS�+ assay.

6. AIM analysis proves that O30∙∙∙H31 interaction in transition
state of DPTU when reacting with HOO� at the N2–H17 bond
plays an essential role in stabilizing this transition.
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enthalpies of homolytic and heterolytic N-H bond cleavage in p-
phenylenediamine and tetracyano-p-phenylenediamine, J. Mol. Struct.
(Thoechem.) 952 (1–3) (2010) 25–30, https://doi.org/10.1016/j.
theochem.2010.04.002.

[24] E. Dzib, J.L. Cabellos, F. Ortíz-Chi, S. Pan, A. Galano, G. Merino, Eyringpy: a
program for computing rate constants in the gas phase and in solution, Int. J.
Quantum Chem. 119 (2) (2019) e25686, https://doi.org/10.1002/qua.
v119.210.1002/qua.25686.

[25] R.A. Marcus, Chemical and electrochemical electron-transfer theory, Annu.
Rev. Phys. Chem. 15 (1) (1964) 155–196, https://doi.org/10.1146/annurev.
pc.15.100164.001103.

[26] R.A. Marcus, Electron transfer reactions in chemistry, Theory Exp. Rev. Mod.
Phys. 65 (3) (1993) 599–610, https://doi.org/10.1103/RevModPhys.65.599.

[27] S.F. Nelsen, M.N. Weaver, Y. Luo, J.R. Pladziewicz, L.K. Ausman, T.L. Jentzsch, J.J.
O’Konek, Estimation of electronic coupling for intermolecular electron transfer
from cross-reaction data, J. Phys. Chem. A 110 (41) (2006) 11665–11676,
https://doi.org/10.1021/jp064406v10.1021/jp064406v.s001.

[28] E. Wigner, On the quantum correction for thermodynamic equilibrium, Phys.
Rev. 40 (5) (1932) 749–759, https://doi.org/10.1103/PhysRev.40.749.

[29] C. Eckart, The penetration of a potential barrier by electrons, Phys. Rev. 35 (11)
(1930) 1303–1309, https://doi.org/10.1103/PhysRev.35.1303.

[30] F. Biegler-König, J. Schönbohm, Update of the AIM2000-program for atoms in
molecules, J. Comput. Chem. 23 (15) (2002) 1489–1494, https://doi.org/
10.1002/jcc.v23:1510.1002/jcc.10085.

[31] Y.-Z. Zheng, G. Deng, R. Guo, D.-F. Chen, Z.-M. Fu, Substituent effects on the
radical scavenging activity of isoflavonoid, Int. J. Mol. Sci. 20 (2) (2019) 397,
https://doi.org/10.3390/ijms20020397.

[32] M.S. Blois, Antioxidant determinations by the use of a stable free radical,
Nature 181 (4617) (1958) 1199–1200, https://doi.org/10.1038/1811199a0.

[33] D.Q. Dao, T.C. Ngo, N.M. Thong, P.C. Nam, Is vitamin A an antioxidant or a pro-
oxidant?, J Phys. Chem. B 121 (40) (2017) 9348–9357, https://doi.org/10.1021/
acs.jpcb.7b0706510.1021/acs.jpcb.7b07065.s001.

[34] A. Galano, Relative antioxidant efficiency of a large series of carotenoids in
terms of one electron transfer reactions, J. Phys. Chem. B 111 (44) (2007)
12898–12908, https://doi.org/10.1021/jp074358u.

[35] K.U. Ingold, D.A. Pratt, Advances in radical-trapping antioxidant chemistry in
the 21st century: a kinetics and mechanisms perspective, Chem. Rev. 114 (18)
(2014) 9022–9046, https://doi.org/10.1021/cr500226n.

[36] A. Filarowski, I. Majerz, AIM analysis of intramolecular hydrogen bonding in O-
hydroxy aryl Schiff bases, J. Phys. Chem. A 112 (14) (2008) 3119–3126, https://
doi.org/10.1021/jp076253x.

[37] I. Rozas, I. Alkorta, J. Elguero, Behavior of ylides containing N, O, and C atoms as
hydrogen bond acceptors, J. Am. Chem. Soc. 122 (45) (2000) 11154–11161,
https://doi.org/10.1021/ja0017864.

[38] L. Zhang, F. Ying, W. Wu, P. Hiberty, S. Shaik, Topology of electron charge
density for chemical bonds from valence bond theory: a probe of bonding
types, Chemistry 15 (12) (2009) 2979–2989, https://doi.org/10.1002/chem.
v15:1210.1002/chem.200802134.

https://doi.org/10.1016/j.molliq.2021.117149
https://doi.org/10.1080/00275514.2000.12061226
https://doi.org/10.1080/00275514.2000.12061226
https://doi.org/10.1021/ja983275b
https://doi.org/10.1134/s1070427211080167
https://doi.org/10.1016/j.tetlet.2015.10.037
https://doi.org/10.1016/j.tetlet.2015.10.037
https://doi.org/10.1016/j.cplett.2017.06.040
https://doi.org/10.1016/j.cplett.2017.06.040
https://doi.org/10.1515/chem-2020-0139
https://doi.org/10.1515/chem-2020-0139
https://doi.org/10.1039/c9ra08381b
https://doi.org/10.1021/ct200572p
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.1021/ct050276310.1021/ct0502763.s00110.1021/ct0502763.s002
https://doi.org/10.1021/ct050276310.1021/ct0502763.s00110.1021/ct0502763.s002
https://doi.org/10.1039/c3cp43319f
https://doi.org/10.1039/c3cp43319f
https://doi.org/10.1002/poc.v22:1010.1002/poc.1547
https://doi.org/10.1002/jcc.23409
https://doi.org/10.1021/ja012732c
https://doi.org/10.1016/j.comptc.2013.02.018
https://doi.org/10.1021/ol051962j
https://doi.org/10.1021/ol051962j
https://doi.org/10.1016/j.cplett.2015.02.033
https://doi.org/10.1039/c8ra09763a
https://doi.org/10.1039/c8ra09763a
https://doi.org/10.1021/acsomega.9b0178010.1021/acsomega.9b01780.s001
https://doi.org/10.1021/acsomega.9b0178010.1021/acsomega.9b01780.s001
https://doi.org/10.3390/antiox8120590
https://doi.org/10.3390/antiox8120590
https://doi.org/10.1039/c9ra10835a
https://doi.org/10.1016/j.theochem.2010.04.002
https://doi.org/10.1016/j.theochem.2010.04.002
https://doi.org/10.1002/qua.v119.210.1002/qua.25686
https://doi.org/10.1002/qua.v119.210.1002/qua.25686
https://doi.org/10.1146/annurev.pc.15.100164.001103
https://doi.org/10.1146/annurev.pc.15.100164.001103
https://doi.org/10.1103/RevModPhys.65.599
https://doi.org/10.1021/jp064406v10.1021/jp064406v.s001
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRev.35.1303
https://doi.org/10.1002/jcc.v23:1510.1002/jcc.10085
https://doi.org/10.1002/jcc.v23:1510.1002/jcc.10085
https://doi.org/10.3390/ijms20020397
https://doi.org/10.1038/1811199a0
https://doi.org/10.1021/acs.jpcb.7b0706510.1021/acs.jpcb.7b07065.s001
https://doi.org/10.1021/acs.jpcb.7b0706510.1021/acs.jpcb.7b07065.s001
https://doi.org/10.1021/jp074358u
https://doi.org/10.1021/cr500226n
https://doi.org/10.1021/jp076253x
https://doi.org/10.1021/jp076253x
https://doi.org/10.1021/ja0017864
https://doi.org/10.1002/chem.v15:1210.1002/chem.200802134
https://doi.org/10.1002/chem.v15:1210.1002/chem.200802134

	Antioxidant activity of thiourea derivatives: An experimental and theoretical study
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Methods
	2.2.1 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay
	2.2.2 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS+) assay


	3 Computational methods
	4 Results and discussion
	4.1 DPPH radical scavenging assay
	4.2 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS+) assay
	4.3 Computational results

	5 Conclusions
	Funding
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


