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Abstract

A scanning electrochemical microscope (SECM), in the tip generation substrate collection and feedback modes, was used in a

method to characterize the electrode mechanism of the O2=O
��
2 couple in dimethylsulphoxide (DMSO) containing 0.1 M tetrabuty-

lammonium perchlorate (TBAP) as the supporting electrolyte. Also the quantification of the interaction between O��
2 and different

1,4-dihydropyridine compounds is reported.

The SECM results demonstrated that the O2=O
��
2 couple follows an E mechanism, in contrast with the EC2 mechanism (DISP 2)

that was previously reported by cyclic voltammetry. This result implies that in the time scale of SECM measurements there is no

time for a homogeneous chemical reaction to be coupled to the electron transfer, i.e., the superoxide is a stable radical. Also we

have determined the heterogeneous standard rate constant, k0 of the quasi-reversible reduction of oxygen to superoxide anion.

Taking advantage of the fact that the superoxide suffers no chemical decay during the SECM experiment, a method to obtain the

direct interaction of different 1,4-dihydropyridine molecules with superoxide was developed. The study revealed that all the 1,4-

DHPs scavenged superoxide with sufficiently high interaction constants (�105 M�1 s�1). No significant difference between the dif-

ferent molecules was found.

This paper shows that the SECM feedback mode is a sensitive technique, giving an accurate determination of the homogeneous

interaction constant and allowing the determination of faster rate constants than those found from cyclic voltammetry.
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1. Introduction

The study of biological radicals is a topic of increas-
ing interest in the scientific literature due to its impor-

tance in different processes involved in human life. The

superoxide radical anion ðO��
2 Þ is one of the most impor-

tant radicals in biology, because it is the starting point

for the formation of the well-known reactive oxygen

species (ROS). O��
2 is implicated in several harmful bio-

logical processes, such as lipid peroxidation and protein

denaturation. The reactivity of O��
2 in an aqueous med-
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ium is quite different from that in aprotic media. In an

aqueous medium, O��
2 disproportionates spontaneously

into hydrogen peroxide and molecular oxygen, whereas
in an aprotic medium O��

2 is stable and can show reactiv-

ity in several forms, e.g., as an electrogenerated base,

nucleophile, reductant and oxidant.

Although the electrochemical reduction of oxygen to

O��
2 in aprotic solvents has been known for several dec-

ades [1–4] there is still interest in learning more about

the electrochemistry of this radical. Recently, the use

of cyclic voltammetry for the generation, detection and
reactivity of O��

2 towards different compounds has been

reported at different electrodes [5–9]. In this field, we

have described the reaction between O��
2 and a series

of Hantzsch 1,4-dihydropyridines of pharmacological
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significance, revealing that electrogenerated O��
2 quanti-

tatively oxidizes dihydropyridine derivatives to produce

the corresponding aromatized pyridine derivatives [10].

Up-to-date electrochemical studies of O��
2 have been

carried out using only cyclic voltammetric measure-

ments, but the extension of these studies by introducing
scanning electrochemical microscopy (SECM) measure-

ments as a new alternative approach is our current chal-

lenge. SECM has been described as useful in studying

the kinetics and mechanism of coupled reactions associ-

ated with electrode processes [11–15]. The use of SECM

eliminated many typical sources of experimental errors,

e.g., the effects of the resistive potential drop in solution

and the charging current and enabled analytical mea-
surements to be performed in the interfacial region

[16]. On the other hand, because SECM measurements

can be made under steady-state conditions, short-time

measurements are not needed, and contributions by pos-

sible adsorbed electroactive species are avoided, provid-

ing a great advantage in the study of free radicals of

biological significance. Finally, the steady-state TG/SC

mode, in particular, appears to be attractive for measur-
ing fast chemical reactions with rate constants of the or-

der of 4 · 108 M�1 s�1, which is in excess of those

achievable via cyclic voltammetry, where it is not possi-

ble to study rate constants higher than 2 · 104 M�1 s�1.
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Consequently, considering that generally free radicals

formed by an electron transfer first step decay by a first

or second order chemical reaction, the use of this novel

technique to the study of O��
2 would be a very good

alternative. To the best of our knowledge there are no

reports about the use of SECM to characterize the elec-
trochemical behavior of O��

2 in solution. In this work,

we employed SECM TG/SC and the feedback mode in

non-aqueous aprotic media to study the O2=O
��
2 couple

and the interaction between superoxide and a series of

well-known 1,4-dihydropyridine-calcium antagonist

drugs (Fig. 1).
2. Experimental

2.1. Reagents

The aprotic solvent, dimethylsulfoxide (DMSO), used

in the electrochemical experiments was purchased from

Merck and was dried with 3 Å molecular sieves. All

the electrochemical experiments were carried out in an
aprotic medium (100% DMSO) with 0.1 M tetrabuty-

lammonium perchlorate (TBAP) as the supporting

electrolyte (Fluka), ferrocene and N,N,N 0,N 0-tetra-

methyl-1,4-phenylenediamine (TMPD), (all from
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Aldrich Chemical Co., Inc., Milwaukee, WI) were used

without further purification. Oxygen (99.8% pure) and

nitrogen (99.9% pure) were purchased from AGA (San-

tiago, Chile).
2.2. Apparatus

The SECM and cyclic voltammetric experiments were

carried out with a CHI 900 setup (CH Instruments Inc.,

USA). A 10 lm diameter carbon fiber electrode served as

the SECM tip. A 100 lm diameter glassy carbon elec-

trode was used as the SECM substrate. A 0.5 mm diam-

eter Pt wire and an Ag|AgCl|KCl(sat.) electrode were

used as the counter and reference electrodes, respectively.
Before each experiment the tip and the substrate were

polished with 0.3 and 0.05 lm alumina, and then rinsed

with water. All the experiments were carried out at con-

trolled temperature (25 ± 2 �C).
For measurements in oxygen media, O2 gas was bub-

bled directly into the cell in order to obtain an oxygen

solution, and during the measurement, O2 gas was

flushed over the cell solution. Two flow meters (Cole
Palmer 316SS) for oxygen and nitrogen, respectively,

equipped with needle valves were used. Knowing the

oxygen solubility in DMSO containing 0.1 M TEAP

[17] and by establishing the oxygen and nitrogen flow

rates, it was possible to determine the concentration of

oxygen in the measurement cell [18].
2.3. SECM experiments (Fig. 2)

The feedback mode is the main quantitative operation

mode of SECM. When the tip is far from the substrate
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Fig. 2. SECM array scheme illustrating the tip generation/substrate

collection mode for superoxide generation and its reactivity.
and a potential that permits the redox process to occur

is applied, the steady-state current, IT,1, is given by

IT;1 ¼ 4nFDca ð1Þ
where F is the Faraday constant, n is the number of elec-

trons transferred in the tip reaction, D is the diffusion

coefficient of electroactive species, c is the bulk concen-

tration of the species and a is the tip radius. When the

substrate is conductive, a higher tip current is observed

(IT > IT,1) when the tip is closer to the substrate and

then a positive feedback takes place. When the substrate

is insulating, a lower tip current is observed (IT < IT,1)
when the tip is closer to the substrate, meaning that a

negative feedback takes place.

SECM results are presented in the dimensionless

form iT(L) vs. L, where the experimental feedback

current was normalized by the steady-state current,

IT,1, i.e., iT(L) = IT/IT,1 and L is d/a. The absolute dis-

tance d is obtained from the diffusion-controlled stea-

dy-state current–distance curve according to the
analytical approximations for SECM with a disk-

shaped tip [19]:

iTðLÞ¼ IT=IT;1
¼ 0:68þ0:78377=Lþ0:3315expð�1:0672=LÞ: ð2Þ

The heterogeneous rate constant k0 for the ET reaction
can be extracted from the fitting SECM experimental

current (IT)–distance (d) curve (or approach curve) to

the theoretical value. The experimental IT–d curve was

recorded while the tip was approaching the substrate

surface at a speed of 0.1 lm s�1. A sufficiently negative

potential (�1.1 V) was applied to the tip so that the oxy-

gen was reduced at a diffusion-limited rate. For each

current–distance curve, the substrate was biased at dif-
ferent potentials, between 0.2 and �0.7 V prior to and

during the acquisition of data. After the experimental

data were acquired, a theoretical fitting equations was

used [20–25], and the best fit of Kb was obtained, where

Kb corresponds to the dimensionless kinetic parameter

(Kb = akb,s/D). The rate constant for oxidation (kb,s) at

the substrate is given by the well-known Butler–Volmer

equation:

Kb ¼ ðak0=DÞ exp½ðl� aÞnF ðE � E00Þ=RT �; ð3Þ

where k0 is the standard rate constant, E is the electrode
potential, E0 0

is the formal potential (�0.72 V), a is the

transfer coefficient, n is the number of electrons trans-

ferred per redox event, F is the Faraday constant, R

the gas constant, T is the absolute temperature, D is

the diffusion coefficient of the electroactive species and

a is the tip radius. The subscripts indicate the substrate

process. Thus, a plot of Ln Kb,s vs. (ES�E0 0
) will give a

and k0.
To calculate the interaction constant between the

1,4-dihydropyridine derivatives, ki the normalized tip
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(feedback) current as a function of the gap spacing (nor-

malized by the tip radius, a) d/a, at three different 1,4-

DHP concentrations, was fitted to the theoretical curves

for an EC mechanism developed for a second-order

homogeneous chemical reaction [12]. With the best fit

for each concentration we estimate a dimensionless rate
constant, K(K = kia

2c/D) and then the corresponding ki.
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Fig. 3. Cyclic voltammogram at the tip (entire line) and at the

substrate (dashed line) at a large tip–substrate separation. Experimen-

tal parameters are: [O2] = 2.13 mM, [Fc] = 3 mM, scan rate 100 mV/s.
3. Results and discussion

3.1. SECM characterization of the O2=O
��
2 redox couple

mechanism

The SECM technique was applied to study the elect-

roreductive behavior of O2. The O2=O
��
2 redox couple

on the HMDE in DMSO aprotic media was previously

studied by cyclic voltammetry [26]. That study reported

that oxygen reduction followed an EC mechanism with

the superoxide disproportionation reaction as the chem-

ical step as follows:

O2 þ e� ¢O��
2 ð4Þ

2O��
2 ! O2 þO2�

2 ð5Þ
The disproportionation constant (k2c) value obtained by

cyclic voltammetry in the previous work was

(4.08 ± 0.21) · 103 M�1 s�1 [26].

A 10 lm carbon fiber tip electrode and a 100 lm
glassy carbon substrate electrode were used in the
SECM experiments. The experiments were carried out

in DMSO and at the beginning; ferrocene was used as

a calibration mediator. In Fig. 3, the tip and substrate

voltammetry at large tip–substrate separations shows

the reduction of oxygen to form O��
2 at about

�0.85 V. The steady state current yielded a value of

D = (2.23 ± 0.08) · 10�5 cm2 s�1 (obtained from Eq.

(1)) which is close to that of D = 7.49 · 10�5 cm2 s�1 re-
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Fig. 4. SECM cyclic voltammograms of oxygen and ferrocene at a tip substr

the tip is scanned to the first reduction of O2 and then to the oxidation of ferr

0.0 V. Experimental parameters are: [O2] = 2.13 mM, [Fc] = 3.0 mM.
ported in the literature [27]. Also in Fig. 3 the electrooxi-

dation of ferrocene occurring at about 0.5 V is shown.
Data were collected using the SECM in the tip gener-

ation/substrate collection mode (TG/SC). According to

the previously reported mechanism, in this mode of

operation, the O��
2 electrogenerated at a microelectrode

tip can follow two paths: oxidation at the substrate elec-

trode or homogeneous reaction in the gap to form an

electroinactive species prior to reaching the substrate.

The oxygen, which is regenerated at the substrate, is
fed back to the tip. The measured anodic current at

the substrate (collection current) and the cathodic tip

current (feedback current) are functions of both the elec-

trode separation, d and the homogeneous reaction rate

in the gap, k2c The SECM reaction scheme for the

O2=O
��
2 redox couple is illustrated in Fig. 2.

In Fig. 4, typical tip and substrate current responses

at tip–substrate separations of infinite and �10 lm are
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ate separation of (a) infinity and (b) 10 lm in the TG/SC mode, where

ocene at a scan rate of 50 mV/s with the substrate potential, ES held at
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shown. A 50 mV/s scan rate was applied to the tip,

which is the generator electrode (TG), while the sub-

strate acts as the collector (SC) and is held at 0.0 V

(see Fig. 2). In this figure, it is possible to observe that

when the electrodes are at a large tip–substrate separa-

tion (d > 20a, infinite), the substrate does not collect cur-
rent due to the oxidation of the superoxide or reduction

of Fc+, both species being generated at the tip (Fig.

4(a)). On the other hand, when the electrodes are close

(e.g., d � 10 lm) a very high collection efficiency was

found for the O��
2 generated and also for the Fc/Fc+

couple (Fig. 4(b)).

Analyzing the feedback tip current–distance curves,

obtained from the TG/SC experiments at different con-
centrations of ferrocene as the calibration mediator, a

change in the behavior of the O2=O
��
2 redox couple

was observed at higher ferrocene concentrations (Fig.

5(a)). According to these results, an apparent interaction

between ferrocene and the superoxide radical anion is

occurring in the gap between the two electrodes.

In previous work [13], an interaction for the mediator

ferrocene with ArO� generated by the oxidation of nitro-
phenolate (ArO�) was described. The reported reaction

is a redox reaction, since the ArO electrogenerated is a

good oxidant. However, the direct reactivity between

Fe2+ or ferrocene and O��
2 is a totally new finding; con-

sequently further studies are necessary to determine the

mechanism of this interaction. However, in SECM

experiments the mediators should not interfere with

the reaction being measured, therefore a new mediator
should be selected. In Fig. 5(b), the feedback tip cur-

rent–distance curves for the O2=O
��
2 redox couple in

the presence of TMPD, which is oxidized at about

0.25 V, are shown. As no evidence of any interaction be-

tween the molecules was observed, TMPD was selected

as a more suitable mediator for this system, and then all

further experiments were conducted with this redox

mediator.
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Fig. 5. Normalized tip (feedback) current–distance behavior for [O
Representative cyclic voltammograms (CV) illustrat-

ing the SECM tip current for oxygen with TMPD as

an internal reference, are shown in Fig. 6(a). CVs of

both species at six tip–substrate separations, d ! 1
(dotted line) and 1 < d < 10 lm (solid lines) are shown.

As expected for a stable couple, the tip current for
TMPD increases at small separation due to positive

feedback from the substrate. For the O2=O
��
2 redox cou-

ple, the SECM response was not as expected for a cou-

ple that involves a follow-up chemical reaction, i.e., the

tip current does not diminish with respect to the diffu-

sion-controlled feedback current (TMPD), even at high

oxygen concentrations. The normalized tip experimental

current for three different concentrations shows similar
behavior to that predicted for a simple diffusion-con-

trolled feedback, deduced from the experiments of

TMPD oxidation (Fig. 6(b)). The same behavior was

observed when the current efficiency (IS/IT) was ana-

lyzed, i.e., a 100% substrate collection for three different

O2 concentrations, furthermore there are no differences

in the behavior with TMPD (inset Fig. 6(b)).

According to the diagnostic criteria, no coupled
homogeneous chemical reactions, on the time scale of

SECM measurements are observed; therefore, we can

conclude that the mechanism for the electrogenerated

superoxide is a simple E mechanism. This result is sur-

prisingly different from that previously described by

cyclic voltammetry. Probably this difference is a conse-

quence of the fact that SECM and CV have different

scale times. Bard and co-workers [11–15] studied differ-
ent mechanisms (ErCi, ErC2i, ECE and DISP 1), devel-

oping the current SECM theories in order to calculate

heterogeneous and homogeneous constants. In all cases

a good agreement between the calculated homogeneous

chemical constant, kc using SECM and other techniques

was obtained. On the other hand, we have also reported

a good correlation between cyclic voltammetric and

SECM determination of chemical rate constants for
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Fig. 7. SECM approach curves obtained with a 12.2 lm diameter

carbon fiber, with the tip (Eappl = �1.1 V) on the glassy carbon

substrate biased at different potentials (a) �0.1 V, (b) �0.3 V, (c)

�0.4 V and (d) �0.5 V. The different solid lines represent the

theoretical curves fitted with experimental data. Inset: Dependence

of the Ln Kb on (ES�E0).E0 for the O2=O
��
2 couple = �0.72 V. kb

values 0.46 (curve a), 0.24 (curve b), 0.172 (curve c) and 0.103 (curve

d). The irregularities observed are small discontinuities due to an

artifact caused by the piezo click of the z-motors.
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Fig. 6. (a) Representative SECM cyclic voltammograms of oxygen

and TMPD taken in feedback mode. Tip scan rate = 50 mV/s.

Substrate potential = 0.0 V. Experimental parameters are

[O2] = 2.13 mM and [TMPD] = 5 mM. Cyclic voltammograms are

shown for a very large tip-substrate separation (dotted line) and

d < 10 lm separation (solid lines). (b) Normalized tip (feedback)

current–distance curves for [O2] = 2.1 mM (s), 1.03 (h) and 0.52 mM

(n). The simple diffusion-controlled feedback behavior, deduced from

experiments with TMPD oxidation (d) and the theoretical approach

curve for a perfect conducting substrate (solid line) are also shown.

Inset: SECM collection efficiencies (IS/IT)–distance curves for

[O2] = 2.1 mM (s), 1.03 (h) and 0.52 mM (n).
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two different nitrocompounds which follow an ErC2i

mechanism [28].

3.2. Measurements of the heterogeneous rate constant k0

From previous CV studies [29], it is well known that

the oxygen reduction to O��
2 corresponds to a diffusion-

limited, quasi-reversible one-electron transfer. Now

using the SECM we have studied the effective heteroge-

neous rate constant k0 fitting the SECM experimental

current (IT)–distance (d) curve to the theoretical curve

[20]. Fig. 7 shows the experimental IT–d curves fitted with

the theoretical curve under different conditions of ap-

plied substrate potentials. While the tip approaches the

substrate, the tip current response to distance is depen-
dent only upon the kb value of the reverse reaction on
the substrate (Fig. 2). The rate constant for oxidation

(kb) at the substrate is given by the Butler–Volmer equa-

tion (see Section 2), then an increase in the overpotential

(while keeping the values of the other parameters con-

stant) leads to a higher feedback current (curve a, Fig.

7); i.e., at sufficiently high overpotentials, the substrate

behaves like a conductor with diffusion-controlled feed-
back. On the other hand, when the overpotential is low

(curves d, Fig. 7), the rate of the feedback process at

the substrate is negligible; the substrate behaves like an

insulator. The inset to Fig. 7 shows a plot of Ln Kb vs.

the substrate potential. From linear regression of three

independent experiments, the k0 was 0.046 ± 0.00

6 cm s�1. This k0 value is in accord with a previous value

determined by CV of 0.093 ± 0.004 cm s�1 [29]. On the
other hand, the a value determined using the same meth-

odology was 0.9.

3.3. Interaction between superoxide and

1,4-dihydropyridines

As the superoxide is a radical species that is of special

interest in biological systems, since it is one of the most
abundant radicals in living cells, it is a real challenge to

find a simple method that permits the study of its reac-

tivity towards different molecules, in order to find effi-

cient scavengers. As the mechanism determined for the

O2=O
��
2 redox couple by SECM is an E mechanism, this

technique is attractive in developing studies of this kind,

in view of the fact that there are no coupled reactions

that can complicate the reactivity studies.



Table 1

Interaction constant values ki calculated by SECM, using the second

order homogeneous chemical reaction theory

1,4-DHP 10�5ki (M
�1 s�1)

Furnidipine 0.9 ± 0.2

Nifedipine 1.9 ± 0.7

Nisoldipine 1.4 ± 0.6

Nicardipine 2.0 ± 0.2

Nimodipine 1.2 ± 0.1

Amlodipine 1.5 ± 0.5

Felodipine 1.2 ± 0.4

CDA-50113 1.1 ± 0.5
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Thus, in order to study the interaction of different

1,4-dihydropyridines with superoxide, we have exam-

ined the effect of adding these compounds on the SECM

response of the O2=O
��
2 couple. Fig. 8 shows the normal-

ized tip (feedback) current–distance curves for

[O2] = 2.1 mM (�), in the presence of different concentra-
tions of nicardipine. In this figure, it is possible to ob-

serve that with the addition of nicardipine, the

normalized tip (feedback) current of O2 decreases. These

data suggest that nicardipine reacts with O��
2 ; that is, it

scavenges O��
2 , which cannot reach the substrate to

regenerate oxygen, in a concentration-dependent way.

This reaction between superoxide and other 1,4-dihidro-

pyridine derivatives, such as nisoldipine, was previously
described [26], it being suggested that the first step in the

chemical reaction between superoxide and these mole-

cules is as follows:

O��
2 þDHP ! MHP� þHO�

2; ð6Þ
where DHP and MHP� represent the 1,4 DHP molecule

and the corresponding anion. Thus, superoxide anion
acts as a Brønsted base, deprotonating the 1,4-DHP,

and 1,4-DHP acts by scavenging O��
2 . The reaction is

followed by a series of other chemical reactions that fi-

nally produce the complete aromatization of the 1,4-

DHP, i.e., the corresponding pyridine derivative, as

has been shown recently [10]:

MHP� þHO�
2 ! MHP� þHO�

2 ð7Þ

MHP� ! 1=2DHPþ 1=2Py ð8Þ
Using the SECM theory developed for a second order

homogeneous chemical reaction [12], we can estimate a
Fig. 8. Normalized tip (feedback) current–distance curves for

[O2] = 2.1 mM in the presence of different concentrations of nicardi-

pine, 0 mM (j), 5 mM (h) and 10 mM (s), with the theoretical curves

described for K = 0 (solid line), 1 (dotted line) and 3 (dash-dotted line)

(K = kiD/a2).
value for the chemical interaction constant between

superoxide and the 1,4-DHPs (Eq. (6)). Fig. 8 shows

the normalized tip (feedback) current–distance curves

for [O2] = 2.1 mM (�), in the presence of different con-

centrations of nicardipine with the theoretical curves de-

scribed for K = 0, 1 and 3 (K = kiD/a2c).

According to this theoretical fit, the calculated inter-

action constants for the different 1,4-DHPs are shown in
Table 1. From these values, it is possible to conclude

that all the 1,4-DHPs react with superoxide with high

interaction constants (�105 M�1 s�1) and no differences

between the different 1,4-DHP molecules were found.
4. Conclusions

The O2=O
��
2 redox couple in aprotic medium has been

investigated by scanning electrochemical microscopy

(SECM). The results showed that the normalized tip

experimental current for the O2=O
��
2 couple follows

the predicted behavior for a simple diffusion-controlled

feedback, i.e., E process. These results are contrary to

those previously described by cyclic voltammetry, where

a DISP 2 mechanism was proposed.
The experimental conditions mimicked the possible

interaction between superoxide and 1,4-DHP in cellular

membranes. In fact, there is some evidence revealing

that long term administration of a calcium antagonist

(1,4-DHP) would result in its accumulation in cellular

membranes at concentrations that exceed plasma drug

levels by as much as several orders of magnitude [30–

32]. Consequently, the use of high concentrations of
the drug and the non-aqueous medium resembles in

some way both the lipophilic environment and the drug

concentrations which are found in biological

membranes.

Furthermore, the results of SECM measurements re-

ported in this paper provide a direct method to study the

interaction between superoxide and different molecules,

since the mechanism of O2=O
��
2 is not complicated by

coupled chemical reactions.

In conclusion, this study has demonstrated that

SECM can be a useful alternative technique for
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electrochemical kinetic studies involving superoxide

radical anion.
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