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2,2-Diphenyl-1-picrylhydrazyl (DPPH) is a stable organic free radical widely used in various fields as a model
free radical. There is scarce information about the stability of this compound in the chemical environments
in which it is used. Side reactions between DPPH and other species can alter the precision of experiments
that use DPPH, such as the evaluation of antioxidant properties amongst others. Following recent
investigations highlighting reactions between DPPH and metal cations or Lewis acids, a quantitative
reaction between DPPH and Fe®" in acetonitrile was studied in the present work. UV-Vis spectroscopy

and electrochemistry were used to monitor the reaction. The results obtained indicate a fast and
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Accepted 14th December 2023 multistep reaction between Fe”" and DPPH that can be simplified as a simple redox reaction with the
formation of Fe?* and DPPH*. The reaction mechanism proposed follows complex steps involving two

DOI: 10.1035/d3ra07106e competing phenomena: a disproportionation which accelerates the reaction and an oxidation process
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Introduction

2,2-Diphenyl-1-picrylhydrazyl (DPPH) is an organic compound
that has an unpaired electron which is stabilized by the
particular chemical structure of the molecule.* The exceptional
stability of this radical compound explains its use in many fields
that require stable free radicals (standards for use in electron
paramagnetic resonance spectroscopy, inhibition of the prolif-
eration of free radicals in certain environments, etc.)."> From
the point of view of a fundamental understanding, the study of
this compound allows better knowledge of the reactivity of free
radicals, recognized for their crucial role in the biochemistry of
living organisms and the occurrence and understanding of
certain diseases such as cancer.®® Meanwhile, the use of DPPH
as a model free radical for the evaluation of the antioxidant
properties of compounds is undoubtedly the most common
application. Among the variety of existing methods, the DPPH
spectrophotometric test is indeed the most widely used because
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that slows it down through DPPH regeneration.

of its simplicity and ease of implementation."*'* This test
consists of monitoring the decrease of the absorption intensity
of the DPPH free radical in the presence of the antioxidant
being tested. Despite the appreciable accuracy of this test,
studies recently performed on DPPH stability reveal that this
radical is capable of reacting under certain conditions, even in
the absence of antioxidants. This is the case of its reactivity in
the presence of oxygen or sunlight."* However, these side reac-
tions remain slow enough to be neglected during the spectro-
metric DPPH assay, characterized as it is by short analysis times
(less than one hour of reaction between the antioxidant and the
DPPH is usually necessary). Other works have focused on the
reactivity of DPPH in the presence of several non-antioxidant
chemical species. In acetonitrile for example, the Cu®>" ion was
reactive enough to oxidize DPPH."” Moreover, in the same
solvent, Lewis acids such as protons or Sc*" promotes DPPH
disproportionation.">** Considering the reactivity of DPPH in
the presence of Cu** and acids, it has been clearly demonstrated
that in acetonitrile, these compounds strongly interfere with the
evaluation of antioxidant properties.”” These investigations
were extended in the present work, by studying DPPH reactivity
in acetonitrile, in the presence of a compound combining both
oxidizing and Lewis acid properties. The Fe®" cation represents
a good candidate for this purpose because of its acidity and
oxidizing properties.** In this work, the reactivity of DPPH in
acetonitrile in the presence of a controlled amount of Fe** was
studied. The reaction was monitored by UV-Vis spectroscopy
and by electrochemistry at stationary and rotating glassy carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrodes. The present work is expected to shed more light on
free radical reactivity in the presence of metal cations and also
to evaluate the interference of these ubiquitous chemical
species in natural living organisms when determining antioxi-
dant properties.

Materials and methods

Chemicals

2,2-Diphenyl-1-picrylhydrazyl (DPPH) (99%), tetrabutylammo-
niumhexafluoro phosphate (TBAHFP) (98%), copper perchlo-
rate  (Cu(ClO,),-6H,0) (98%) and iron perchlorate
(Fe(ClOy4)3-xH,0) (98%) were purchased from Sigma-Aldrich.
Acetonitrile (99.9%) was obtained from Prolabo.

Electrochemical experiments

The electrochemical monitoring of DPPH reactivity in the
presence of Fe*" was performed in a standard three electrode
electrochemical cell, with 0.03 M TBAHFP in acetonitrile as the
electrolytic solution. A glassy carbon electrode (3 mm of diam-
eter) was used as the working electrode. Prior to any set of
experiments, this electrode was rinsed successively with acetone
and deionized water before being polished with a soft pad using
an aqueous suspension of alumina (particle diameter 0.05 pm).
The electrode was then rinsed thoroughly with distilled water,
dried in the open air, and directly used for electrochemical
experiments performed at room temperature (25 °C) under
atmospheric pressure. A platinum plate (1 cm?) was used as the
counter electrode and a homemade silver wire covered by
a porous film of silver chloride as the pseudo-reference elec-
trode. The potentials reported in this work using this electrode
were referenced to the ferrocene signal (anodic peak at 371 mV
and cathodic peak at 291 mV) recorded in similar experimental
conditions. These electrodes were connected to a p-Autolab
potentiostat (Metrohm) controlled by the GPES (General
Purpose Electrochemical System) software.

For a typical electrochemical experiment, the
concentration of DPPH in the electrolytic solution was set at
0.1 mM and controlled amounts of Fe*" were added to the
solution using stock solutions prepared in acetonitrile. The
signals were recorded at the stationary electrode by cyclic vol-
tammetry at 50 mV s~ or by linear sweep voltammetry at 50 mV
s~" on a rotating electrode (900 rpm).

initial

UV-Visible spectroscopy monitoring of DPPH stability

For the UV-Vis experiments, 2 mL of 0.1 mM DPPH prepared in
acetonitrile was introduced into a 1 cm x 1 cm quartz cuvette.
For rigorous comparison with the results obtained in the elec-
trochemistry experiments, this solution also contained 0.03 M
TBAHFP. The UV-Vis spectrum of this solution was recorded in
the spectral range 280 nm to 900 nm using a GENESYS 10S UV-
Vis (ThermoScientific) spectrophotometer. Controlled amounts
of Fe*" were added to the solution, homogenized with a glass
rod for about 2 min and the UV-Vis spectrum recorded in the
same wavelength range (280 nm to 900 nm).
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Determination of the theoretical residual DPPH percentages
in solution as a function of the concentration of Fe** added

The theoretical percentage of DPPH in solution was determined
using eqn (1).
[DPPH] — [Fe’](2n — 1)

0 —
DPPHY% = 100 DoFE (1)

where the value of n was 1, 2 or 3, [DPPH] (0.1 mM) represents
the initial DPPH concentration and [Fe®"] (mM) the concentra-
tion of Fe*" added to the solution. The values of [Fe**] consid-
ered were in the range 0 mM to 0.1 mM.

Results and discussion

The DPPH UV-Vis spectra recorded in the presence of increasing
amounts of Fe*" (Fig. 1) displayed a progressive decrease in the
intensities of the bands characteristic of DPPH (at 519 nm and
328 nm). Meanwhile, a new absorption band at 384 nm
assigned to DPPH' formed. At an equal concentration of DPPH
and Fe(ClO,);, only the band at 384 nm remained present.

This result indicates a quantitative chemical reaction
between Fe** and DPPH in acetonitrile. A similar result was
recently obtained while reacting DPPH with Cu”".**> Fig. S1}
presents a series of UV-Vis spectra of DPPH recorded in the
presence of increasing amounts of Cu** and demonstrates that
Cu** can oxidize DPPH to yield DPPH' with subsequent
formation of Cu". It thus seems that Fe*" reacts similarly with
DPPH in acetonitrile. However, the plot of the residual
percentage of DPPH (determined from the intensity of the band
at 519 nm) as a function of the amount of Fe*" added followed
a different trend from the linear one obtained with Cu®" (see the
inset of Fig. 1).

For Fe*', a fast and linear decrease in the concentration
range 0 mM to 0.02 mM was followed by a gradual less impor-
tant decrease of the DPPH percentage at higher concentrations
of Fe*'. The slope of the linear section (3051 &+ 77% mM ")
was approximately 3 times greater than that obtained in the

——DPPH 0.10 mM
328 384 ——DPPH 0.10 mM + Fe* 0.02 mM
1.5 ——DPPH 0.10 mM + Fe* 0.05 mM
' DPPH 0.10 mM + Fe** 0.10 mM
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8
1.0
®
o
—
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Fig. 1 UV-Vis spectra of 0.1 mM DPPH in 0.03 M TBAHFP acetonitrile
solution, in the presence of controlled amounts of Fe(ClO4)s (0 mM,
0.02 mM, 0.05 mM, and 0.10 mM).
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presence of Cu®>" (~1097 + 9% mM ). This indicates that the
reactivity of DPPH in acetonitrile in the presence of Cu®>* or Fe**
does not follow the same mechanism.

The electrochemical behavior of DPPH in the presence of
Fe** was studied in order to better understand the mechanism
involved during the reaction between these two chemical
species. The electrochemical signal of DPPH in acetonitrile,
obtained using cyclic voltammetry at a stationary electrode, is
characterized by two fast and reversible monoelectronic
systems (Fig. 2). These systems were assigned to the reversible
reduction of DPPH to DPPH ™~ (Epc = 0.017 V and Ep, = 0.095 V)
and the reversible oxidation of DPPH to DPPH" (Ep, = 0.640 V
and Epc = 0.560 V).'¢*®

Fig. 2 also depicts the DPPH signal at a rotating electrode,
showing two well-defined waves (oxidation at E;,, = 0.60 V and
reduction at E;, = 0.05 V) confirming the oxidizing and
reducing properties of the DPPH radical.

The signals recorded on a rotating glassy carbon electrode in
the presence of controlled amounts of Fe*" in 0.1 mM DPPH
solution (Fig. 3) reveal several findings.

Firstly, the presence of Fe** was followed by a significant
decrease of the reduction current (at Ec;, = 0.05 V) and the
DPPH oxidation current (at Ex1;, = 0.60 V). The formation of
a DPPH" reduction wave (at Ecy;, = 0.56 V) that increases in
intensity with the concentration of Fe** was also observed.

Secondly, the presence of an oxidation wave at Ex1/, = 0.95V
that increases in intensity with the concentration of the metal
cation was seen. This signal was similar to the oxidation wave of
reduced DPPH (DPPH-H).">*

Thirdly, a new reduction wave at 0.2 V with an intensity that
increased with the concentration of Fe** added to the solution
was observed. A similar signal was recently observed in aceto-
nitrile during the electrochemical reduction of DPPH in the
presence of Zn>". This signal was assigned to the electro-
chemical formation of the compound Zn(DPPH),."
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Fig. 2 Electrochemical signals of 0.1 mM DPPH in 0.03 M TBAHFP
acetonitrile solution recorded using a glassy carbon electrode at
50 mV s~ L. Cyclic voltammogram at stationary electrode (black curve)
and linear sweep voltammogram at rotating (900 rpm) electrode (red
curve).
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Fig.3 Electrochemical signals at equilibrium recorded by linear sweep
voltammetry at rotating glassy carbon electrode (900 rpm) at 50 mV
5! of DPPH 0.1 mM in TBAHFP 0.03 M acetonitrile solution, in
presence of controlled amounts of Fe(ClO4)s; (0 mM, 0.02 mM,
0.05 mM, and 0.10 mM).

The cyclic voltammograms recorded under identical experi-
mental conditions, but at a stationary electrode (see ESI,
Fig. S271), confirmed these observations.

It thus appears that the presence of Fe** in a DPPH solution
results in the formation of DPPH' and a new reducing
compound analogous to DPPH-H. A similar result was reported
by Nakanishi et al. (2014) during the reaction between DPPH
and Sc** (disproportionation of DPPH to yield DPPH* and
Sc(DPPH)>").** More recently, the disproportionation of DPPH
in acetonitrile in the presence of protons (to yield DPPH" and
DPPH-H) was also reported.*? Thus, the acidity of Fe** promotes
the disproportionation of DPPH with the formation of DPPH"
and DPPH . DPPH ", being a Lewis base, would react with Fe**
to form a compound with structure [Fe(DPPH),]* ", analogous
to Sc(DPPH)>*, Zn(DPPH), or DPPH-H according to eqn (2).

Fe’* + nDPPH™ — [Fe(DPPH),]* " (2)

Thus, DPPH disproportionation is expected to occur in the
presence of Fe** following eqn (3).

Fe** + 21iDPPH — nDPPH* + [Fe(DPPH),]> ™" (3)

However, the disproportionation reaction proposed in eqn
(3) does not take into account the experimental data reported
(variation of the absorbance at 519 nm as a function of the
concentration of Fe** added to the solution in the inset of
Fig. 1). According to eqn (3), a linear decrease was expected with
a slope depending on the stoichiometry of the reaction (i.e. the
experimental value of n). Moreover, considering that the value
of n should be greater than or equal to 1, the DPPH percentage
should be zero for n = 1, when [Fe**] = 1/2 [DPPH], as was
recently observed in acetonitrile, in the presence of HClO,."
The experimental data show (inset of Fig. 1) that the DPPH
percentage decay was not linear and the consumption of the
radical compound was complete when [Fe*'] = [DPPH], sug-
gesting an equimolar reaction. Consequently, the reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between DPPH and Fe®" certainly proceeds via a complex
mechanism.

This could be explained by considering two main hypoth-
eses: (i) the disproportionation of DPPH in the presence of Fe**
is more favorable compared to a potential classical oxidation
reaction as observed in the presence of Cu®".*? This hypothesis
is supported by the high acidity of Fe**;*** (ii) the oxidizing
properties of Fe*" are sufficient to promote the oxidation of the
reduced DPPH (DPPH" is produced during the disproportion-
ation) to DPPH (even if bound to Fe*"), according to eqn (4).

[Fe(DPPH),]>” — DPPH + [Fe(DPPH),_;]>" (4)

Therefore, the reaction between Fe*" and DPPH can be
simplified by the balance of eqn (3) and (4) (eqn (5)).

Fe’* + (2n—1) DPPH — nDPPH" + [Fe(DPPH),_,]*™" (5)

In order to identify the reaction that better reflects these
experimental observations, the theoretical variations of DPPH
percentages in solution were calculated based on the stoichi-
ometry of eqn (5), as a function of the concentrations of Fe**
added during the measurements. The values of n explored were
limited to 1, 2 and 3. Fig. 4 presents the expected variations of
the theoretical DPPH percentages in solution as a function of
the concentration of Fe** added.

As expected, the decrease of the DPPH percentages becomes
increasingly fast at higher values of n (slopes of —1000% mM ",
—3000% mM ' and —5000% mM " when the values of n were 1,
2 and 3, respectively). For Fe*" concentrations in the range
0 mM to 0.02 mM, the experimental data overlapped almost
perfectly with the case of n = 2 (slope of —3051 4 77% mM "
instead of —3000% mM ). This is evidence that the reaction
between DPPH and Fe®' in this domain proceeds mainly via
disproportionation (4 moles of DPPH for 1 mole of Fe*) (eqn
(6)), followed by the oxidation of reduced DPPH (DPPH ) by Fe**

D> oo
i
w

Experimental

004 006 008 010

[Fe*] (mM)
Fig. 4 Variations of theoretical DPPH percentages as a function of the
concentration of Fe®* added. Experimental data (green empty stars)

were obtained by following 0.1 mM DPPH absorbance at 519 nm at
increasing Fe3* concentrations in the range 0 mM to 0.1 mM.
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(eqn (7)). The combination of these two equations yields the
overall reaction eqn (8).

4DPPH + Fe’* — 2DPPH* + Fe(DPPH)," (6)
Fe(DPPH)," — Fe(DPPH)" + DPPH (7)
3DPPH + Fe** — 2DPPH" + Fe(DPPH)* (8)

For Fe*" concentrations higher than 0.02 mM, there was
a gradual decrease of the slope of the curve, reflecting
a substantial modification of the reaction mechanism. This
modification tends to increase the amount of Fe’" needed to
react with DPPH. This phenomenon can be rationalized by
considering the oxidation of the compound Fe(DPPH)" by Fe**
according to eqn (9).

Fe(DPPH)" + Fe'* — DPPH + 2Fe** (9)

Three hypotheses support this explanation:

(i) The reaction of eqn (9) regenerates DPPH, which would
perfectly explain the decrease of the slope of the experimental
curve;

(i) This reaction would be slower than the disproportion-
ation reaction because the DPPH™ bound to Fe®" necessarily
becomes less reducing (the electron being involved in the dative
bond with the metal). This also explains the over voltage asso-
ciated with the oxidation of compound Fe(DPPH)" during the
electrochemical measurements (Fig. 2);

(iii) The reaction of eqn (9) occurred quantitatively when
Fe(DPPH)" was found in appreciable amounts in solution, as
indicated by the shape of the curve of Fig. 3. Disproportionation
thus accelerates DPPH consumption, while the redox reaction
between Fe*" and reduced DPPH slows down the entire process.
By combining eqn (8) and (9) that summarize the antagonistic
processes, the chemical reaction between these two compounds
is finally a simple oxidation of DPPH to DPPH' by Fe*" (eqn

(10)).

DPPH + Fe** — DPPH" + Fe?* (10)

This equation is perfectly in agreement with the overall
stoichiometry of the reaction corresponding to 1 mole of DPPH
for 1 mole of Fe**, as depicted in the inset of Fig. 1.

To confirm this mechanism, the presence of Fe?* in the
medium after reaction between Fe’" and DPPH was checked
using the 2,2"-bipyridine (BiPy) colorimetric test. Bipy can react
with Fe** to form a dark red complex.'®?° An excess of BiPy was
thus added to a mixture containing equimolar amounts of
DPPH and Fe*" (Fig. 5). The violet solution of 0.1 mM DPPH
(Fig. 5(i)) became yellow after addition of 0.1 mM Fe**, indi-
cating the presence of DPPH" (Fig. 5(ii)). The solution then
turns from yellow to orange-red after adding an excess of BiPy
(Fig. 5(iii)). This confirmed the formation of the complex
between Fe®" and BiPy.

Therefore, it is reasonable that the transformation presented
in eqn (9) is the one ideally describing the reactivity of DPPH in
the presence of Fe*" in acetonitrile. However, it is the

RSC Adv, 2024, 14,1354-1359 | 1357
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Fig. 5 Images of (i) 0.1 mM DPPH, (ii) mixture 0.1 mM DPPH + 0.1 mM
Fe®* after 5 minutes, (iii) tube (i) + 100 uL of 1 M 2,2'-bipyridine, (iv)
0.1 mM Fe®* (v) tube (iv) + 100 uL of 1 M 2,2"-bipyridine, (vi) 0.1 mM
Fe2* and (vii) tube (vi) + 100 pL of 1 M 2,2"-bipyridine.

intermediate steps (disproportionation of DPPH and oxidation
of DPPH ™~ by Fe**) that govern the rate of the reaction. In other
words, during the reaction between DPPH and Fe®’, dispro-
portionation ensures a fast transformation of DPPH, while
DPPH ™ oxidation slows down the entire process by regenerating
DPPH, as summarized in Scheme 1.

It appears that under certain conditions, free radicals can be
oxidized by metal cations such as Fe*". In the case of the reac-
tions involved during the antioxidant properties evaluation,
Fe*" could be mistakenly perceived as an antioxidant. Thus,
antioxidant extracts containing Fe*" would erroneously present
greater antioxidant properties when determined in acetonitrile.

Conclusion

In the present work, the quantitative and fast reaction between
the radical DPPH and Fe®' ions in acetonitrile was reported.
Regarding the antioxidant DPPH spectrophotometric test, Fe*"
behaves like a powerful antioxidant in acetonitrile, as was
recently reported for Cu®>" and acids.’> A mechanism elucidating
the reaction between DPPH and Fe®" was proposed. This reac-
tion follows a complex mechanism involving two competing

N Fe}+
2Fe 4DPPH
N
P,,
/’
,4' Disproportionation
%\ 2pPPH
S 2
+ 2+
2DPPH_+2Fe 2DPPH" + Fe(DPPH);
DPPH
Oxidation
DPPH
Oxidation
Fe’'  2DPPH*+ Fe(DPPH)"

Scheme1 Suggested reaction mechanism between DPPH and Fe** in
acetonitrile.
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phenomena: a disproportionation reaction accelerates the
reaction but is then slowed down by an oxidation process which
regenerates DPPH. Additional investigations with other metal
cations in order to verify if such a reaction is specific to Fe**
should be considered. The effect of the analytical solvent also
represents another interesting investigation to be conducted. It
is indeed known that the solvation effects of the solvent strongly
affect the reactivity of chemical species, especially metal cations
which can be easily solvated.
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