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The two-electron electrochemical oxidation of dopamine is studied voltammetrically at gold macro-
electrodes around neutral pH with simulations used to give kinetic and mechanistic data. In particular,
the system shows “potential inversion” in which the thermodynamic oxidation potential of dopamine to
form the corresponding semi-quinone formation occurs at a more positive potential than that of the
oxidation of the semi-quinone to the quinone form. The use of Tafel slopes measured from the
voltammograms as a function of the voltage scan rate is show to be a particularly sensitive indicator of
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Introduction

We recently addressed the mechanism of dopamine oxidation
under conditions of high acidity (pH = 0), where the overall
process is described by Scheme 1 and was studied electro-
chemically using glassy carbon and carbon microdisk electrodes.
The process was revealed to be multistep with two-electron
transfers, the first oxidizing dopamine, A, to the semi-quinone, B,
and the second the semi-quinone to the quinone form, C and
showing the phenomenon of ‘potential inversion’ in which the
formal potential for the A/B oxidation (Efs) was found to have a
more positive value than that for the B/C oxidation, Egy,c. Such
inversion behaviour has also been observed in the oxidation of
catechol” and other systems.>* For catechol, a full “scheme of
squares” analysis was possible.” The potential inversion is attri-
buted to solvation® and may be generically typical of hydroquinone/
quinone systems in aqueous but not non-aqueous systems.

A—e =B Epjps (1)
B-—e = C Exc (2)

Dopamine (DA) has an important physiological role as a
neurotransmitter in the central nervous system”® leading to
multiple studies which, as summarized in Tables 1 and 2, have
revealed that the oxidation leads to ‘follow-up’ chemistry in
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undergoes an irreversible cyclization reaction.
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Scheme 1 Schematic representation of the literature dopamine electro-
chemical oxidation mechanism.*

which the quinone form, C, undergoes a cyclization reaction,
Scheme 2, and also polymerization.”™® Such chemistry is
minimised at low pH values, where the thermodynamics
strongly discourages the deprotonation required for a Michael
type reaction within or between oxidized dopamine molecules.
In terms of understanding and quantifying the kinetics and
thermodynamics of the two-electron transfer processes, A/B
and B/C, such follow-up chemistry produces an additional
complication. On the other hand, it has been shown via compu-
tational simulation’* that, when coupled to follow-up chemical
reactions with sufficient fast reaction kinetics, a fast electron
transfer process may appear electrochemically irreversible as
judged by, in particular, Tafel analysis. Proof of concept was
demonstrated experimentally with pyrylium salt reduction and
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Table 1 Previous electrochemical studies of dopamine oxidation
Focus Electrode material Ref.
Cyclization Carbon paste 15
Cyclization/Michael addition Pyrolitic graphite 16
17
Cyclization/Polymerization Platinum 18
Cyclization Carbon paste 19
Cyclization/Michaels addition Carbon paste 20
Cyclization Carbon paste 21
Michael Addition/Cyclization Carbon paste 22
Cyclization/Polymerization Gold 23
Cyclization/Michael addition Glassy carbon 24
Scheme of square Glassy carbon/carbon microdisk 1
Scheme of square Glassy carbon/carbon microdisk 2
Scheme of square Glassy carbon 25
Scheme of square Carbon paste 26
Michael addition Glassy carbon 27
Michael addition Glassy carbon 28
Michael addition Glassy carbon 29
Scheme of squares study/pkK, values Gold 6
Disproportionation Carbon fiber microdisk 30
Polymerization Gold/Platinum/Carbon 31
Polymerization Pyrolytic graphite 32
Dimerization/Polymerization Gold 33
Electrosynthesis Carbon rod 34
Neurological detection Carbon fiber microelectrode 7
Table 2 Selected non-electrochemical studies of the oxidation of dopamine
Focus Methodology Ref.
Cyclization/polymerization UV-Vis 9
Michael addition/polymerization UV-Vis/XPS 10
Polymerization NMR/FT-IR 11
Polymerization Synthesis and general characterization 12
Cyclization Theoretical calculations 13
o ® HO H voltammetric voltage scan rate leads to a marked change in
NHs - the Tafel slope since at slower scan rates the loss of C in the
- + . . . . .
voltammetric time scale is promoted with a decrease in the
° HO apparent reversibility of the A/C reaction. This provides a sensitive
C D measure of the electron transfer kinetics and allows the conclusion

Scheme 2 Schematic representation of the oxidized dopamine cycliza-
tion reaction at pH = 7.4.°

follow-up dimerization."* This insight is readily appreciated since
in the situation of an electrochemical quasi-reversible oxidation,
both the forward (anodic) and backward (cathodic) processes
contribute to the net current whilst the latter contribution is lost
or diminished if the oxidation product is unstable and the species
is lost on a timescale fast compared to electron transfer.

In the present paper, we study the mechanism and kinetics
of dopamine oxidation around neutral pH where the follow-up
kinetics is voltammetrically visible both in terms of the A/C
voltammetric feature and the emergence of a new voltammetric
feature attributed to the cyclization product.’®>* The primary
aim is to examine the effect of the follow-up kinetics on the
voltammetric wave shape of the A/C process as recorded by
Tafel analysis and investigate the dopamine oxidation mechanism
at near-neutral pH. In particular it is shown that changing the

Phys. Chem. Chem. Phys.

to be drawn that the potential inversion mechanism operates at
near-neutral pH. Moreover, the difference in the formal potentials,
AE = Efgc — Efap is shown to be consistent with the value
obtained at pH = 0 and also independent of the electrode material
so further validating the mechanism suggested.

Experimental
Chemicals and reagents

All reagents used were of analytical grade and acquired from
Sigma-Aldrich (Gillingham, UK) and used without any further
purification. All solutions were prepared using deionised water
from Millipore (Watford, UK) with a measured resistivity of
18.2 MQ cm at room temperature (298 K). All the buffers were
prepared by dissoluing NaHPO, and Na,HPO, in deionised
water with a total concentration of 0.1 mol L™" and pH = 7.4,
resulting in a Phosphate Buffer Solution (PBS). The pH values
were measured with a pH meter senselON pH 31 from Hach
(Colorado, USA). Adjustments to pH were made by additions of
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a 3 mol L™' NaOH solution. To prevent the dopamine self-
oxidation reaction, only fresh solutions were used and were
degassed for 20 minutes prior each experiment using pure
nitrogen from BOC Gases (Windlesham, UK) to prevent the
atmospheric oxygen from oxidizing dopamine.

Electrochemical procedures

All electrochemical experiments were thermostatted at 25 + 1 °C
by a heat-stirrer UC 152 from Stuart (Stone, UK) and performed
inside a Faraday cage. A pAutolab type III potentiostat/galvanostat
from Metrohm (Utrecht, Netherlands) for all the electrochemical
experiments. A three-electrode system was used with a Gold
macroelectrode (GE) from BASi (West Lafayette, Indiana, USA)
with an geometrical area of 0.0314 cm®, operating as a working
electrode, a pyrolytic graphite electrode from IJ Cambridge
Scientific (Cambridge, UK) as the counter electrode and a satu-
rated calomel electrode (SCE) ((+0.244 V vs. SHE) from BASi,
Japan) as the reference electrode.

Cyclic voltammograms were performed by sweeping the
potential from —0.1 V to +0.5 V, then from +0.5 to —0.5 V, and
back to —0.1 V. The scan rates were used between 0.10 and
1.00 V s~ . Before every experiment, the GE was polished using
diamond spray suspensions with a decreasing particle size of 3.0,
1.0 and 0.1 um from Kemet (Maidstone, UK) on a polishing pad
from Buehler (Lake Bluff, Illinois, USA). All simulations were
performed using the Digisim software from BASi (West Lafayette,
Indiana, USA).**%¢

Results and discussion

This section first presents voltammetric results for dopamine
oxidation. These are then compared with the predictions of
different Randles-Sevcik equations to give an initial indication
of the mechanism of the A/C oxidation. Next, the follow-up
reaction of C to D is explored. Full digital simulation is performed
to extract kinetic and thermodynamic parameters especially in
respect of the potential inversion and the rate of the follow-up
cyclization reaction.

Cyclic voltammetry

Initially, cyclic voltammograms (CV) were recorded over a range
of scan rates to overview the DA electrochemical behaviour.
CVs were performed on a gold macroelectrode (GE) at near-
neutral pH (7.4).

Representative experimental results are shown in Fig. 1.
They show four electrochemical processes, an anodic (I) and
a cathodic peak (II), which form a pair around 0.1 V. Another
pair, a cathodic (III) and an anodic (IV) peak, around —0.3 V
is also observed. The cathodic peak current of process (II)
increased with an increase of the scan rate. The values of peak
potentials and peak currents can be seen in Table S1 (ESIt).
Moreover, the peak potentials of processes (I) and (II) shifted,
to more positive and more negative potentials, respectively.
Peaks (I) and (II) are associated with the A/C reaction,
Scheme 1, whilst peaks III and IV are related to the oxidation
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Fig. 1 CVs of DA solutions in PBS 0.1 M, pH = 7.4 at different scan rates:
A=002Vs % B=01VsC=020VstandD=100Vs™"

of D, Scheme 2. The decrease in the size of peaks III and IV with
the increase of the scan rate is consistent with the cyclization of
D with a chemical reaction with a timescale corresponding to
the voltage timescale used.

Randles-Sevcik equation and ECE mechanism analysis

The Randles-Sevcik equations are an analytical theoretical
prediction of the peak currents of simple electrochemical
process, for a reversible case, eqn (3), and for an irreversible

one, eqn (4).
nFvD
I, = 0.446nFCA 3
b =0.446nFCA, | RT (3)
FvD
I, = 0.446:/n + BFCA ”R; @)

where I, is the peak current in A, n is the overall number of
electrons transferred, ' is the number of electrons prior to the rate
determining step, F is the Faraday Constant in Coulomb mol %,
C is the concentration in mol cm ™3, A the electrode area in cm?,
vis the scan rate in Vs, R is the Gas Constant in J K ' mol* and
T is the temperature in K. A diffusion coefficient (D) of 7.7 x 10™°
cm s~ ', was obtained by chronoamperometry.®”

Returning to Fig. 1, the A/C process was analysed in terms of
a simple EE reaction. Specifically, the experimental results were
compared to the theoretical predictions of the Randles-Sevcik
equations. Fig. 2 shows the experimental peak currents for the
oxidation A to C as a function of the square root of the voltage
scan rate. Also shown are the theoretical predictions based in
eqn (3) and (4) for the following-up cases: a simple reversible
two-electron oxidation and an irreversible two-electron pro-
cesses with either the first or the second step as the rate
determining, assuming in each case a charge transfer coeffi-
cient of 0.5 in the rate determining step. It is clear that the high
scan rate data fits with an overall two-electron process with the
initial electron transfer as a rate determining hinting at a
potential inversion mechanism but that there is a clear current
enhancement over that predicted at lower scan rates.

In order to fully interpret the A/C voltammetry consideration
has to be given to the follow-up reaction of C, as discussed in
the next section and which explains the current enhancement
seen at low scan rates.
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Fig. 2 Plot of the dopamine oxidative peak currents as a function of the
square root of the scan rates, compared to the theoretical peak currents
predicted by the Randles—Sevcik equations for a single step two-electron
reversible transfer (—), for a multi-step irreversible (0’ = 0; n =2; = 0.5)
process (—), and for a multi-step irreversible (0’ = 1, n = 2; § = 0.5) (-),
together with experimental results (M). Electrode area = 0.0314 cm?,
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Fig. 3 Dimensionless parameter A parameter versus the inverse of the

voltage scan rate. Linear regression: 4 = 0.0063 £ 0.0008» — 1 — 0.00873.
R? = 0.897.
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An analysis of the DA oxidation as an EECEE process

We consider the following mechanism in which the product D
can undergo oxidation at the potential of the A/C process:

A=C+2 E} (5)
ke

C—=D (6)

D=TF+2e E (7

where E{ is the formal potential, k; is the rate constant of
formation of D from C. F is the oxidised cyclization product.
The effective number of electrons transferred (feg) (2 < Hegr < 4),
is a function of the dimensionless parameter (1) where

- (B0 0
F v
and the n,p;, values can be obtained by dividing the experimental
peak current values by the theoretical prediction for a two-electron
process (see above). The low scan rate data such as that shown in
Fig. 2 were analyzed to give n,,, values and then the published*®
working curve used to relate these to A values. Then, a plot of /, as
inferred from the working curve against the reciprocal at the scan
rate as suggested by eqn (9) was made and seen to be linear
passing through the origin as shown in Fig. 4, which is consistent
with the proposed EECEE mechanism. The slope of this plot
allowed the interference of a value of k¢ as approximately
0.2 s, consistent with independent literature values**>* (Fig. 3).
At this point the likely basic mechanism summarized in
Schemes 1 and 2 has been identified, so attention was next turned

to the full modelling of the voltammetry using Digisim as
pioneered by Rudolph.®*3®

Digisim simulations

Digisim software allows the simulation of voltammograms at
macroelectrodes under linear diffusion conditions with various
parameters describing the electrochemical and chemical
steps. In the following, we use Digisim to fully model the
experimental voltammetry of the DA system in the light of the
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Fig. 4 CV presented in Fig. 1 with the respective Tafel plots as inset. The red parts of the voltammograms show the part of the curve sub-plotted to the
Tafel analysis as in the insets. The parameters used in the simulations are presented in Table 5.
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Table 3 p values obtained from the Tafel plots presented in Fig. 4 at
different scan rates

y/Vst B values (experimental)
0.02 1.36 + 0.01
0.05 1.30 £ 0.02
0.10 1.18 &+ 0.03
0.20 1.04 + 0.03
0.50 0.83 £ 0.03
1.00 0.72 + 0.03

Table 4 Mechanistic steps used to simulate the DA system

Step order Mechanism simulated Correspondence Type of step

1st A—e - B (A/B) Electrochemical
2nd B—e —>C (B/C) Electrochemical
3rd C—->D Cyclization(C/D) Chemical

4th D+2e — F (D/E) Electrochemical

Table 5 Optimized parameters for each simulated electrochemical and
chemical step

Step ESIV Kfem st Dfem® s !
A/B 0.2 0.025 7.7 x 107°
B/C 0.0 10* (reversible) 7.7 x10°°
D/E —-0.3 10" (reversible) 7.7 x10°°¢
E/F -0.3 10* (reversible) 7.7 x10°°
Step K ke/s™" kp/s ™"
Cyclization (C/D) 10 0.2 0.02

K is the chemical step equilibrium constant, k;, is the homogeneous rate
kinetics constant of the inverse reaction, k° is the standard electro-
chemical rate constant of the electron transfer.
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preliminary analysis presented above paying particular atten-
tion to the A/C waveshapes and their associated Tafel slopes. In
particular the anodic Tafel slope is given by

RT dIn7
b= 4 ©)

provided that relatively little reactant concentration depletion
taken place. In experimental practice, this constrains the
analysis to the early part of a voltammetric peak, as shown in
red, in Fig. 4, following the recommendations of Li et al.*° Note
that as defined by eqn (9), the Tafel slope is an experimental
quantity independent of the overall number of electrons trans-
ferred in the oxidation.*®**

In order to probe the voltammetry of the dopamine oxida-
tion system, Tafel plots were obtained from CVs presented in
Fig. 1, these results are presented in Fig. 4.

The transfer coefficients values (f) obtained decreased
systematically with the increase of the scan rate, Table 3, from
1.36 (20 mV s~ ") to 0.72 (1000 mV s ). This shift indicates a
decrease in the apparent reversibility of the overall two-electron
oxidation of A to C combined with the electrochemical of
increased loss of C as the voltage timescale increases at slower
scan rates. Thus, the decrease in reversibility is associated with
the emergence of the D/F voltammetric feature. The outline
mechanism used to interpret these data and informed by the
discussion above can be summarised by means of the system
given in Table 4. Each simulation was evaluated by comparing
the peak currents, peak potentials, peak current ratios and the
relation between the f values obtained from the Tafel plots
regarding the scan rate between the simulated voltammograms
and the experimental ones, to observe which mechanism better
represents the latter.

10 - 14 18
12 4 a6
8 - 14 ] R
20mvs™ 104  [50mvs’ 12.] 100 mv's™
6 Experimental 8] —— Experimental 10 ] —— Experimental
— Simulated —— Simulated —— Simulated
< 4] < 6 < 84 ==
= X 3 5]
~ 2. ~ 4 i 44
2 4 24
0 0. 0
2 4
-2 - 24 -4 4
-4 6
-4 T T T T T T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
EIV EIV i EIV
20 30 20.)
164 200 mV s 204 500 mV's' 30 1000 mV s
12 4 —— Experimental —— Experimental 20 —— Experimental
—— Simulated 10 4 —— Simulated — Simulated
< 84 < < 104
= =5 3
I 4 I o4 I o4
0+ 10
10 4
-4 - -20
-8 4 -20 -30
-12 <4 -40 -
T T T T T -30 T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
EIV EIV EIV

Fig. 5 (=) Simulated CV voltammograms; (=) of DA solutions in PBS 0.1 M, pH = 7.4 at different scan rates: A= 0.02Vs ™ B=005Vs 5 C=010Vs?%
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To fit the experimental waveshapes with the simulation, the
homogeneous rate constant for step 3 and the parameters
(E2, k°, and p) describing the electrochemical steps were varied
and the resulting voltammograms were compared with the
experimental ones. The optimized formal potential for A/B
process was 0.2 V while the B/C was set at 0.0 V, following
the reference presented by Lin et al." which shows the potential
inversion occurs before the chemical step. The cyclization (C/D)
is a fast and irreversible reaction, as aforementioned. It affects
the electrochemical steps at scan rates below 100 mV s .
The peak of the D/F couple was optimized by adding a slow
homogeneous first order decomposition of F (~1 s ).

The best fit simulated voltammograms are shown in Fig. 5
superimposed on typical experimental data. Fig. 6 shows the
successful fitting of the A/C voltammograms in terms of the
ratio of the forward and reverse peak currents. A reasonable
agreement is seen suggesting that several conclusions can be
drawn. First and foremost the potential inversion mechanism
operates at neutral pH consistent with the conclusion made
under strongly acidic conditions." Second, importantly, the
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Fig. 6 Peak current ratios (anodic/cathodic) of the experimental and
simulated voltammograms as a function of the scan rate, presented in a
logarithm scale.
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Scheme 3 Proposed electrochemical oxidation mechanism for dopamine
in near-neutral pH.

simulations successfully reproduce the Tafel slopes and their
variation with the voltage scan rate. Fig. 7 shows the level of
agreement and indicates that concept of chemically induced
electrochemical irreversibility in which the cyclization reaction
exerts a profound influence on the Tafel slopes. Moreover, if
this feature were neglected from the mechanistic analysis quite
erroneous inferences the electrochemical kinetics of the A/C
system would be drawn. Third, we note the oxidation product F
show some slow kinetic lability on the voltammetric timescale.

In summary, the DA oxidation mechanism shown in
Schemes 1 and 2 has been shown to be consistent with all
the voltammetric data (Scheme 3).

Conclusions

Dopamine cyclization was studied at near-neutral pH in aqueous
solution using cyclic voltammetry at gold microelectrodes and
Digisim software used to digitally simulate the voltammograms.
Dopamine oxidizes in a quasi-reversible process, A/C, involving
two-electron transfers. The first one is a quasi-reversible transfer,
which forms a semi-quinone (A/B) and the second one is a
reversible one (B/C), forming a quinone. But, with a potential
inversion such that B is more easily oxidized than A. The
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electrochemical of the follow-up kinetics on the apparent reversi-
bility of the A/C couple is profound as revealed by the Tafel slopes.
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