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Abstract. In this work cyclic voltammetry was applied to describe
mechanistic changes in the reduction of the electrochemical system
consisting of a quinone, the 2-phenylamine-1,4-naphthalenedione
(PAN), and increasing quantities of phenol, a weak acid reagent. The
quinone system was allowed to proceed deliberately along the differ-
ent characteristic reduction pathways. It was observed step by step
the merging of the two waves, corresponding to one-electron charge
transfer observed in aprotic media, into a single, two-electron charge
transfer wave in the presence of phenol. Applying the Nernst equa-
tion for the different redox pairs involved, it was provided a semi-
quantitative explanation of the potential dependence on the phenolic
additive concentration along with the basic properties of the interme-
diaries Q*/QH- and Q/QH".

Keywords. Organic electrochemistry, quinone reduction mecha-
nisms, reactive intermediates. redox reactions.

Resumen. En este trabajo se aplicé la voltametria ciclica para descri-
bir los cambios mecanisticos en la reduccion del sistema electroqui-
mico de una quinona, la 2-fenilaminol 4-naftaléndiona y cantidades
crecientes de fenol, un dcido débil. Esto permitio al sistema quinona
proceder deliberadamente a través de las diferentes trayectorias de re-
duccion caracteristicas. Se observé de una manera gradual la fusion
de las dos ondas de transferencia de un electron, observadas en medio
aproético, en una onda Unica, correspondiente a la transferencia de car-
ga de dos electrones en presencia de fenol. Se da una explicacion
semi-cuantitativa de la influencia de la concentracion de fenol sobre
el potencial, asi como de las propiedades bésicas de los intermedia-
rios Q*/QH" and Q/QH".

Palabras clave: Electroquimica organica, mecanismo de reduccion
de quinonas, intermediarios reactivos, reacciones redox.

Introduction

The majority of inorganic electrochemical reductions involve
a simple addition of electrons, while organic reductions re-
quire addition of protons, as well, since neutral molecules are
mnvolved. This requirement for proton addition results in com-
plex mechanisms in voltammetry of organic compounds and
leads us to describe many reactions as irreversible. In solvents
with low proton availability, electron addition can take place
with little or no complication by protonation. In such cases, it
is possible to observe the changes in behavior brought about
when acid addition or a change in solvent increases the rate of
protonation. Square diagrams are used in organic electro-
chemistry to describe the different mechanisms resulting from
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changes in media acidity where electron and proton transfers
are exchanged. There are simple square mechanisms, such as
the bielectronic reduction of quinones [1] where nine species
are involved, or much more complex mechanisms in which
six electrons are transferred, as in the reduction of a nitro
group [2]. Scheme 1 shows the general redox diagram for the
quinone/hydroquinone system, where electron and proton
transfers are represented in the horizontal and vertical lines.
respectively. In protic solvents, it is impossible to monitor the
variety of intermediates present at different acidity levels due
to the high proton availability (this is especially true for radi-
cal anions and dianions). Thus, reductions are global process-
es resulting in the transfer of two protons and two electrons
for quinones. The redox potential of the quinone/hydro-
quinone system has been described as a function of pH in
aqueous solution, where only the global redox pair Q/QH,
was studied with no further details on the proton transfer
mechanism [3].
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Scheme 1. Electron and proton transfer reactions involved in the
redox reactions of the quinone system. E; represents the potential of
the electron transfer reactions and K; represents the protonation con-
stant of the homogeneous reaction.

In aprotic solvents, the electroreduction of quinone com-
pounds has generally been studied in the presence of uncon-
trolled amounts of a proton donor [4, 5]. In such cases, the
transformation leads directly, in a global pathway of two elec-
trons and two protons from quinone to hydroquinone. In these
conditions the detection of different possible pathways fol-
lowed by the reactive intermediates described in scheme 1 is
eluded.

Quinone reduction méchanism can present a variety of
changes when different amount of acid reagents are added (i.e.,
water, phenol, benzoic acid) [6-7]. Successive interactions
between acid reagent and the different species (Q, Q~, Q*)
allows to obtain different trajectories described by the square
diagram (scheme 1). The nature of this interaction could be as
hydrogen-bonding or direct protonation, these depend of the
relative acidity of the acidic reagent and the relative basicity of
the quinone and the different intermediates [8].

For a better comprehension of the mechanism that fol-
lows the quinone reduction system in the presence of an acid
reagent, it is necessary to find experimental conditions to con-
trol the stability of the various intermediaries to be able to
study some of the suggested trajectories on the square dia-
gram.

In order to establish the proton donor influence on the dif-
ferent reduction pathways, we performed a voltammetric
study for the reduction of a quinone without acidic protons in
its structure (2-phenylamine-1,4-naphthalenedione, PAN, fig-
ure 1) with increasing amounts of phenol. Phenol added in
small amounts allows its successive interaction with each one
of the intermediates involved in the dielectronic reduction of
the quinone. Applying the Nernst relations associated with the
electrochemical transformations on the quinone, brought
about by different acid reagent amounts added, we assembled
a semi-quantitative explanation for the presence or absence of
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Fig. 1. Structure of 2-phenylamine- 1.4-naphthalenedione (PAN).

voltammetric peaks and their relationships to phenol concen-
tration. This study could provide to the chemists more infor-
mation concerning the comprehension and control of organic
molecule transformations.

2. Experimental

PAN was synthesized in our laboratory as described by Moh-
ammed [9]. Cyclic voltammetric measurements were carried
out on a Bioanalytical Systems Inc 100B/W Electrochemical
Workstation instrument. A three-electrode cell was used for
all electrochemical experiments. A platinum wire was used as
auxiliary electrode. And a BAS platinum disk electrode (3 x
10— cm?) was used as working electrode. Prior to each experi-
ment, the working electrode was cleaned by polishing with
alumina 0.05 p (Buehler, Ltd.) and rinsed thoroughly with dis-
tilled water and acetone. As a reference electrode a saturated
calomel electrode (SCE) was used, separated from the bulk
solution by a bridge filled with acetonitrile and supporting
electrolyte. This reference is commonly used in organic elec-
trochemistry despite of the important liquid-union potential
[18]. Solutions in the bridge were changed periodically to
avoid aqueous contamination entering the cell via SCE. In
order to establish a reference system that took into account the
experimental characteristics of our system, the redox poten-
tials reported here refer to the ferrocene/ ferricinium couple
(Fe/Fe*), as recommended by IUPAC [12]. The potential of
the Fe/Fe* couple was 399 mV vs SCE, determined from the
corresponding voltammogram under the chemical conditions
of the voltammetric study.

The ohmic drop was automatically compensated through-
out the study and proved to be insignificant. Acetonitrile was
used as solvent and Et,;NBF, was chosen as the supporting
electrolyte, as it does not form chelates with the semiquinone
radical anion [10]. The electrolytic solution was bubbled with
N, (previously saturated with dry acetonitrile) for 50 minutes
before dissolving PAN. The inert atmosphere was found to be
particularly important throughout the experiments since dis-
solved oxygen within the solution could be reduced at poten-
tial values near those of PAN, and could also oxidize the radi-
cal anion generated in the first reduction step, as occurs with
other quinones [11]. Cyclic voltammograms for PAN were
run at 100 mV/s at 25°C. A 0.5 M phenol stock solution in
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acetonitrile was prepared and 5 pl increments were added to a
1 mM PAN solution in the electrolytic media to achieve phe-
nol concentrations from 0.5 to 6.5 mM.

3. Results and Discussion
3.1 Electrochemical Reduction of PAN in aprotic media

Cyclic voltammogram of 1 mM PAN in 0.1 M Et,;NBF, /CH;
CN (Fig. 2a) shows the typical behavior of quinones in these
media [13]. Under our experimental conditions, PAN is
reduced by means of an electrochemical-electrochemical
mechanism (EE), giving rise to two, one-electron charge
transfers signals I and II (equations 1 and 2). No signals
resulting from oxidation or reduction of intermediate species
brought about by chemical reactions coupled to the charge
transfer process are detected [14].

Q+e = Q~ E (N
Q-—+e =—= QT E, (2)

Equations (1) and (2) correspond to the first horizontal
line of the square diagram in scheme 1. Since the hydroquino-
ne anion Q2- 1s an extremely unstable chemical species (high-
ly basic species) that immediately undergoes interaction with
the acidic reagent [15], the reversibility observed of the sec-
ond wave for PAN (AE, = E .- E_. = 69 mV, i/i,, = 0.9)
shows that the electrolytic system was totally free of any
traces of humidity and that the hydrogen bonded to the amine
group of PAN has non acidic properties. These values of AE,
and i/i,. for the second wave have been reported for other
types of quinones [8].

The potentials used for the discussion in this work corre-
spond to the cathodic potential peak (E,) obtained from the
corresponding voltammograms at 100 mV/s. Peak potential, in
cyclic voltammetry, can be associated to the equilibrium
potential (E) of the redox couples formed at the interfase. The
experimental conditions are described at the literature [16-20]
where this assumption is valid.

Both redox pairs involved in the reduction process are
presented in a potential scale (scheme 2), since the potential
E, (Q-/Q*) is more negative than E, (Q/Q), the resulting
cyclic voltammogram produced two pairs of well-defined oxi-
dation/reduction peaks (Fig. 2a). The potential values obtained
in this work are reported in the table 1.

e
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Fig. 2. Typical voltammograms for 1 mM PAN in 0.1 M E{,NBF, in

acetonitrile, with Pt working electrode (3 x 10-4cm?) at 100 mV/s
scan rate: a) without phenol, b) in the presence of 0.5 mM phenol.

Table 1. Effect of the addition of phenol on the electrochemical
potentials* of PAN in Et,NBF, 0.1 M /acetonitrile.

Phenol Wave | Wave 11 Wave I
mM E, (mV) E,. (mV) E, (mV)
0.0 -1236 - ~-1700
0.5 -1236 -1530 ~-1680
1.0 -1236 -1530 -
1:5 -1236 -1475 -
2.0 -1236 -1407 —
25 -1236 -1364 —
3.0 -1234 -1340 —
35 -1234 -1321 -
4.0 -1232 -1239 -
4.5 -1232 -1234 =
6.5 -1216 — —

? Determined by cyclic voltammetry at 100 mV/s. Pt as working and auxil-
iary electrodes. Potentials are given with respect to the Fe/Fe™ redox couple.

3.2 Electrochemical reduction of PAN in 0.5 mM phenol

The cyclic voltammogram shown in figure 2b was registered
at a phenol concentration of 0.5 mM. Under these conditions,
the potential of the first wave remained unchanged; however,
a third reduction wave (IIlc) appeared between the first and
the second reduction waves. These results suggest that one of
the species formed in the interface throughout the reduction
process is having an interaction with phenol. According to
scheme 1, species that could be present at the interface during
the reduction process are: Q, Q- and Q- in the absence of an
acid reagent. As the basicity of the species increases in the
order Q < Q- < Q2 it is likely that the Q2 anion is the base
to undergo interaction first when phenol 1s added. The interac-
tion between Q, Q- ,Q% and phenol could be a simple hydro-
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gen-bonding or a direct protonation. The identification of this
kind of interaction requires of a deep study. In this work, in
order to make a schematic discussion of voltammetric behav-
lor, we are initially considering a direct protonation. Despite
of this assumption, the relationship between potential shifts
and the phenol concentration, could be described in the same
manner if hydrogen-bonding could be present, acidity con-
stants may be changed by hydrogen-bonding constants [8]. In
certain cases we considered this situation.

Protonation of Q- give rise to a new wave (Illc) at a less
negative potential than E,. Accordingly, electrochemical
reduction of PAN likely proceeds via the following mecha-
nism, shown in equations (1), (3) and (2). Wave I corresponds
to reaction (1), wave III corresponds to reaction (3) (pathway
E, — K;, scheme 1), while wave II corresponds to reaction

).

Q+e=—=Q~ E, (N
Q" +e+DH=—=QH +Dr E, 3)
Q +e=—=0Q* E, @

Where DH corresponds to phenol and D- corresponds to
phenolate ion. In order to explain how in the presence of the
proton donor the potential for the Q~/QH- (E,’) pair is less
negative than that corresponding to the Q~/Q2- (E,) pair, the
redox potentials of both systems were calculated using the
Nemnst equation (equations 4-9).

From reaction (2), equatien (4) is obtained:

Q7]
[Q*]

Eq-iqi- = EQ-q2- +0.06 log )

The reaction constant for the QH- species (reaction 5) in
sresence of DH is given by equation (6):

QH +D"===0Q» +DH ©)
DH][Q* K

= DHIQ) _ K, ©

[QHT][D]  Kpy

Where Ky corresponds to acidity constant of phenol:
DH=—=D"+H" (7
_ [D7][H7]

Kpn = “DH ®)

And K, corresponds of acidity constant of QH- (see
cheme 1).

Equation (4) can be rewritten as:

Kpy [QJ[DH]
L — G = z_ —— —
Eq-iq- = EQ-qz- +0.06 log a +0.06 log T ©)
The Q"/QH" potential (reaction 3) is:
[Q~][DH]
Eq-ron- = Eg-ion- +0.06 log ————— (10)
e (QHID']

In the equilibrium, Eq-q2- = Eq-qu-

EQ ~IQH" = EOQ.—;QZ— +0.06 sz -0.06 pKDH + log [%)_-] +

&y
Q]
[QH] (1

0.06 log

Equations (4) and (11) show that the redox potential for
Q7/QH" is less negative than that corresponding to the Q~/Q*
couple since the potential of the Q "/QH" pair depends not
only on the pK; (QH") but also on the D/DH ratio in solution.
This ratio is related to the acidity level which is determined by
the D/DH equilibrium.

DH=—=D" +H’ ™
pay- = pKapy + log [%H]] (12)

By placing the three redox systems involved in the pro-
cess on a potential scale (scheme 3), the Q" /QH™ potential
(E,’) is observed to the left of the Q 7/Q* potential (E,). The
potential values are shown in table 1. As E,’ is less negative
than E,, the favored reduction path would be that with the
least negative potential value, for this case, the reduction that
yields the QH™ species through reactions (1) and (3). This
would explain the presence of the third reduction wave (III)
observed in the voltammogram in figure 2b. It is possible to
see that wave II 1s still present, however its current decreased
compared to the one obtained in the absence of phenol (figure
2a). This indicates that the amount of acid reagent added to
the system was insufficient to protonate all of the Q% product
of the reduction of Q" (reaction 2).

Q- Q-
|E1 'Ez' |Ez -E()
Q- QH™ Q%

Scheme 3.
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3.3 Electrochemical reduction of PAN from 1.0 to 2.5 mM
phenol,

Figure 3b-¢ shows that as phenol concentration increased, the
potential for the first electron transfer (wave 1) remained
unchanged, wave Il disappeared and wave [II moved toward
less negative potentials (table 1), This indicates acidity suffi-
cient to protonate all Q*
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Fig. 3. Typical voltammograms for 1| mM PAN in 0.1 M ELNEF, in
acetonitrile. with Pt working clectrode (3 = 10~%¢m?) at 100 mV/s
sean rate, at different phenol concentrations: a) 0.0 mM: b) 1.0 mM;
¢y 1.5 mM, d) 2.0 mM, ¢) 2.5 mM.

The potential for wave [1I becomes less negative, accord-
ing to equation (113, in which the potential for the Q- /QH"
pair 1s shown to depend on the phenol concentration in the
system. As phenol concentration increases, the ratio of [[7]
/[BH] and the pay. decrease. From the equation (11), as log
[D°[DH] decreases, the Q"/QH" potential becomes less neg-
ative. A potential scale can be used to show the variation of
the QrQH" potential value as a function of phenol addition.
As phenol concentration inereases in the electrolytic solution,
the potential for the Q' 7/QH" electron transfer (wave 1)
becomes closer to the potential value of the first eleciron
transfer (Q/) ™) (scheme 4).

- o a- @

| Ey |’='2' |E=" IEE' fEﬂ = E()
a- QH® QH  aH™ o
-

phenal addition increases
Scheme 4.
When the acidity level was controlled only by the phenol

addition (simple protonation), it expects a variation of 60 mV
of the potential of peak IIT with a variation of one order of
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magnitude of phenol concentration. From potential data rep-
orted in table 1, the potential of cathodic peak 111 varies 327
mV when the phenol concentration varies in one order of
magnitude. This important variation indicates the presence of
hydrogen-bonding between Q*° and phenol. This hvdrogen-
bonding allows an interaction of several molecules of phenol
with Q*". From the obtamed results, it can be proposed an
interaction of five molecules of phenol with one molecule of
(*" [8]. This mnteraction can be represented in the same type
of reactions proposed by the direct protonation (sce reactions
1-3), the direct protonation reaction constant for QH™ species
mn presence of DH (reaction 3) must be replaced by hydrogen-
bonding reaction [8]. As the equations used to describe the
hydrogen-bonding are similar to those of hydrogen-protona-
tion we consider an hydrogen-protonation to continue the
semi-quantitative discussion of the reduction pathway modifi-
cation with phenol addition, in order to a better comprehen-
sion of the potential displacements

3.4 Electrochemical reduction of PAN in 3.0 to 4.5 mM
phenol

Table 1 and Fig, 4b-e establish that for phenol concentrations
greater than 3.0 mM, the first reduction wave begins to mov-
ing to less negative potentials. This could oceur as a result of
achieving sufficient phenol concentration to partially proto-
nate Q' (reaction 13°), causing E,’ (reaction 14, pathway E,
— K, scheme 1) (peak Ic") to become less negative than E,.
Therefore, part of the quinone was reduced to QH- in the first
reduction wave (reaction 14) and the rest was reduced to yield
Q" (reaction 1), which at a potential E,' is reduced to QH-
(reaction 3). We will demonstrate latter that QH: 15 reduced at
a potential equal to or less negative than E, ", resulting in a dis-
proportionation reaction {reaction 13) [5], this reaction pro-
vokes a great modification in the associated current m the first
reduction peak, this effect will be discussed in the following
section.

Q+e === (" E, (1

Q +DH == QH +DIr VK" (137
Q+e+DH === QH +D" E;* (14}
Q" +e+DH == QH +D" E;' 3
QH +QH +D" === Q+QH +DH K, (15}

Figures 4 b-e show that the reactions (1) and (14) take
place in a single reduction wave (wave 1), suggesting that the
potentials for both redox pairs Q/Q" (E)) and Q/QH" (E,")
must be very close to one another (scheme 5). The potential
for wave I, where both reductions occur, is therefore, at an
intermediate potential value between E, and E|".
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Fig. 4. Typical voltammograms for | mM PAN in 0.} M Et,NBF, in
acetonitrile with a Pt working electrode (3 x 104 cm2) at 100 mV/s
scan rate, at high phenol concentrations: a) 0.0 mM; b) 3.0 mM: ¢)
3.5mM; d)4.0 mM: e) 4.5 mM.

Q- Q-
151 ‘IE1 JEZ' ’Ez 2
QH' Q- QH- Q?

Scheme 5.

Just as Q%" protonation results in an increase in the poten-
1al value from E, to E,’, the protonation of Q" also results in
n increase in the potential value from E,; to E,". The follow-
ng equations (16 to 21) describe the redox potential for the
JIQH" pair.

Equation (16) shows that the Q/Q™~ potential (reaction 1)
s the following:

[

Eqigo- = EQiq- +0.06 log Q]

(16)

From the reaction of QH" with D~ (reaction 17), the QH"
onditional acidity constant is obtained (equation 18):

QH +D” == Q- +DH an
DH][Q~ K,
K, - DHIQT _ Ky -
[QH][DT]  [Kpyl
Hence, equation (16) can be described as follows:
- =EL, _+00610g@+006logw (19)
T K, [QH (D]

79

From the Q/QH' redox couple, reaction (14), equation
(20) is obtained:

[QI[DH]

Eqqu = Eqion- +0.06 log ———
Q/QH QIQH e [QH][D]

In equilibrium conditions, Eg,q- = Eqiqn

Therefore, the following equation is demonstrated:

Eqau = Edq-+0.06 PK; - 0.06 [pKpy +log [*D[D_H] .

0.06 log @n

QH']

As shown in equation 21, the potential for the Q/QH" pair
becomes less negative than that corresponding to the Q/Q-
couple, which depends on the QH" acidity constant (K,) and
the ratio of [D~)/[DH] in the system.

3.5 Electrochemical reduction of PAN in 6.5 mM phenol

Figure 5 compares two cyclic voltammograms for PAN: a)
without phenol and b) in the presence of 6.5 mM phenol.
Figure 5b shows that in the presence of 6.5 mM phenol, the
two reduction waves merge into a single wave. The peak for
PAN reduction in the presence of phenol (peak I¢’) is approxi-
mately twice the height of the Ic peak, indicating that the
reduction of PAN takes place through a two-electron process.
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Fig. 5. Typical voltammograms for I mM PAN in 0.1 M Et,NBF, in
acetonitrile, using a Pt working electrode (3*10~cm?) at 100 mV/s
scan rate: a) without phenol; b) in 6.5 mM phenol.

The potential scale shown in scheme 6 provides a more
detailed explanation of the outline of the cyclic voltammo-
gram in figure 5b. Since 6.5 mM phenol is sufficient to com-
pletely protonate Q~ at the E,” potential, reduction of Q to
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QH" must occur (pathway E; — K,). As previously reported
[21]. electrochemical reduction of QH' takes place at a less
negative potential (E,)(scheme 1) than reduction of Q.
Therefore, these reactions can be represented in a potential
scale in scheme 6, as follows:

1 Jee] I

E4 E1I E1 Ez FE(-)
I\ |

QH™ QH Q: Q%

Scheme 6.

According to this potential scale, QH' reduction proceeds
by two different mechanisms, as described below:

DISPROPORTIONATION MECHANISM

2Q+e =—— Q) E, (D

2(Q"+DH == QH +D") 1/K,”  (137)

QH +QH +D- Q+QH +DH Kd (15)

Q+2e+DH = QH +D" (22)
ECE MECHANISM

Q¥e =i~ E, (D

Q" +DH == QH +D" 1K’ (137

QH +e === QH- E, (23)

Q+2e+DH === QH +D- (22)

From reaction (3), the equilibrium potential was describ-
ed by equation (11).

Eq-squ = Ef 1>+ 0.06 pK; = 0.06 [pKoy +log %Dg]]] "
Q7]
0.06 Iog [QH'] (1])

From the reaction of QH- with D (reaction 17), the QH"
conditioned acidity constant is obtained (equation 18):

QH +D° == Q~+DH a7

Martha Aguilar-Martinez et al.

o+~ [DHIQT] _ Ky

2= — (18)
[QHIDT]  [Kpyl
Hence, equation (11) can be described as follows:
Eq-iqu- = EQ-ig2- +0.06 pK3 — 0.06 pK, +
[QH']
0.06 log ——= 24
°¢ QI o5

From the QH./QH- redox couple (reaction 23), equilibria
(25) is obtained:

[QH']
[QH7]

Equon- = Ediign- + 0.06 log (25)

At equilibrium, equation (24) equals equation (25), so:

Eqn ign- = Eg-iqr- + 0.06 pK3 — 0.06 pK., +

[QH']

(26)

Considering that the pK; (QH") > pK, (QH') (according
to the strength of the bases Q?~ and Q~ mentioned earlier),
equation (26) allows us to establish that the potential for the
QH/QH" pair is less negative than the potential for the Q~
/Q*" pair. Although we are unable to place it in the potential
scale for comparison with E,’, the fact that QH' is more easily
reduced than Q, suggests that E, is less negative than E,".
Assuming that the potential for the redox pair QH/QH" (E,) is
less negative than the potential for Q/QH' (E,") (scheme 6),
only one reduction wave will be present with a cathodic cur-
rent due to the simultaneous reduction of both species, Q and
QH'.

Since QH" is more easily reduced that Q, the electron ad-
dition reaction of QH' can also take place in solution by
means of a disproportionation reaction (14). The presence of
this reaction could compete with the ECE mechanism. As
mentioned, when QH' appears at the interface, it is immedi-
ately transformed into QH~ (reaction 23) due to the electrode
potential conditions (E,”) where QH- is formed. This accounts
for the increase in the current of reduction of wave I (Fig. 5)
and also for the different potentials at which QH' and Q" are
reduced. The reduction peak I¢” and its corresponding oxida-
tion peak Ia’ with an E,, = (E,, + E,)/2 = -1174 mV, and
AE, = E,- E,. = 85 mV, (figure 5b) are thus related to the
global reaction (22). The reduction reaction from Q to QH-
can take place via either mechanism, depending on the veloci-
ty of the protonation reaction of Q~ (reaction 13°).

The variation of the cathodic peak potentials with the
addition of phenol, have allowed to describe schematically the
modification of the reduction pathways of this quinone.
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However, a more detailed study to the mechanism must be
taken into account the variation of the cathodic peak current
with the phenol concentration.

4. Conclusions

Applying cyclic voltammetry to study PAN in acetonitrile, it
was demonstrated that small changes in phenol concentrations
produced detectable alterations in the reduction pathway fol-
lowed by the quinone system. Due to the presence of hydro-
gen-bonding it is possible to detect the variation of peak III
potential with the addition of phenol. We were able to explain
displacements and the absence or presence of the different
voltammetric waves based on assumptions for basicity of the
different intermediates in the reduction of PAN and calcula-
tions of potential relationships for the redox pairs using the
Nernst equation. Figure 6 illustrates the different reduction
pathways that PAN can undergo within the 0.5 to 6.5 mM
phenol concentration range evaluated. According to these
data, in the absence of phenol, the electrochemical reduction
takes place through two, one-electron charge transfers, from Q
to Q~ and then from Q~ to Q*". As the equations used to
describe the hydrogen-bonding are similar as those of hydro-
gen-protonation, we have considered an hydrogen-protonation
to continue the semi-quantitative discussion of the reduction
pathway modification with phenol addition, in order to a bet-
ter comprehension of the potential displacements.

Between 0.5 mM to 3.0 mM phenol, reduction of PAN
proceeds initially with transformation of Q to Q. At these
concentrations, the quantity of phenol is insufficient to proto-
nate Q ", while succeeding to protonate Q. Thus, the second
electron transfer corresponds to the Q ~ transformation to QH™.

Between 3.5 and 4.5 mM phenol, the quantity of phenol
allows partial interaction of the Q ~ product of the first one-
electron transfer. Therefore, the PAN reduction takes place in
a one-electron step to form Q™ or QH', species which can
undergo a second one-electron transfer to form QH™. The dif-
ference of the potentials for both one-electron transfer proces-
ses becomes less as the phenol concentration increases.

When phenol concentration reaches 6.5 mM, the phenol
added allows total protonation of Q~, giving rise to QH,
which undergoes a reaction of disproportionation. The PAN
reduction thereby proceeds through a two-electron charge
transfer in a single step, to form QH".

This study is important because it contributes to chemists
to have a better comprehension about the organic molecules
reductions showing them the possibilities to guide the mecha-
nism not only by controling the potential variation, but by
modifying the proton donor concentrations in the system.
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Fig. 6. Schematic summary of the electrochemical findings showing
the experimental reduction potentials of PAN for waves I (m), Ii(®)
and III(#) as functions of phenol concentration.
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