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a b s t r a c t

Sunset yellow, Allura red and Ponceau 4R are azo-colorants with similar chemical structures. These
colorants were studied by electrochemical methods at a glassy carbon electrode in phosphate buffer
solution (pH 7.0), combined with UVeVis spectroscopic and theoretical methods to unveil their elec-
trooxidation pathway. The electrooxidation of the azo-colorants showed an irreversible process for allura
red and an electrochemical/chemical process for sunset yellow and ponceau 4R. The experimental po-
tentials and the number of electrons involved in the oxidation process were correlated with those ob-
tained from theoretical studies to support our findings. The characteristic bands of each colorant
experimentally observed by UVeVis were successfully assigned to specific molecular orbital transitions
by theoretical calculations. According to this, the band close to 450 nm was assigned to electronic
transitions centered in the azo-moiety, where spectroelectrochemical studies showed its disappearance
after oxidation of the colorants. These results exposed that the azo-moiety is chemically affected by the
oxidation process. The resonance structures of the colorants oxidized through the azo-moiety were
confirmed by spin density analysis, suggesting the azo group as the electroactive center towards the
oxidation of these colorants. In this article, we used a combined experimental and theoretical approach
to provide new insights into the controversial aspects of the electrochemical oxidation of sunset yellow,
allura red and ponceau 4R. As a consequence of these results, we propose a new reaction pathway
involving the direct oxidation of the azo group.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Food colorants are added to food products to improve their
aesthetic appeal to the consumers. The synthetic colorants are
employed by food industry mainly due to their stability and cost of
production compared to natural colorants. They are classified into
five categories: azo compounds, the dye containing the triaryl-
methane group, quinoline yellow (chinophthalon derivatives),
xanthenes (erythrosine) and indigo dye [1].

Sunset yellow FCF (SY), allura red AC (AR) and ponceau 4R (P4)
es), sebastian.miranda@unab.
are synthetic water-soluble azo compounds. In their structure they
contain one azo group (-N]N-) as chromophore in associationwith
aromatic structures with functional groups such as eOH and eSO�

3
(Fig. 1). Azo-compounds are electroactive molecules and can be
involved in both oxidation and reduction reactions [2,3].

The electrochemical reduction of the azo group has beenwidely
studied and its reduction mechanism is well known [3,4]. The main
concern about azo compounds is that their reduction products form
aromatic amines, which are associated with health issues and
carcinogenicity [3,5e7].

On the other hand, the electrooxidation of these azo colorants
has been attributed to the eOH group [8e10]. This mechanism has
been used by several authors to explain the electrooxidation of azo-
dyes, even though in some cases the number of protons and elec-
trons involved is different. This exposes the absence of a detailed
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Fig. 1. Chemical structures of sunset yellow (SY), allura red AC (AR) and ponceau 4R (P4).
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reaction mechanism, where in all cases the mechanism is based on
the electrochemical response of the phenolic group instead of the
aryl-azo group in the oxidation process [2,11]. In fact, Gooding et al.
[3] indicates that in solid electrodes as glassy carbon, the azo bond
is more easily oxidized than reduced. Additional evidence sug-
gesting the azo moiety as the redox active region of dyes comes
from the study of the electrochemical behavior of the azo dye
methyl orange (MO), which does not have hydroxyl groups.
Therefore, the oxidation of MO resulted in its polymerization
through the azo group on the electrode surface [12].

In this article we combined theoretical and experimental data to
provide new insights about the electrooxidation mechanism of SY,
AR and P4 colorants and a new reaction pathway is proposed
involving the azo group supported by experimental evidence.
2. Experimental

2.1. Reagents

SY (CAS 2783-94-0), AR (CAS 25956-17-6) and P4 (CAS 2611-82-
7) were of analytical standard grade (�95%), purchased from
Sigma-Aldrich and dissolved in water to prepare a 0.5mM stock
solution. The sample solutions were prepared by diluting the stock
solution with buffer. For the pH study, a 0.1M Britton-Robinson
buffer was used (boric acid, phosphoric acid and acetic acid). The
other experiments were performed in phosphate-buffered saline
(0.1M PBS, pH 7.0) as the supporting electrolyte solution. All the
solutions were prepared with ultrapure water from a Millipore
Milli-Q System.
2.2. Instruments

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed with a potentiostat CHI 650E (CH In-
struments Inc., USA). A conventional three-electrode system was
used with a glassy carbon electrode (GCE) (Model CHI 104, CH In-
struments Inc., USA), a platinum wire as the counter electrode
(BASiMW-1032) and Ag/AgCl (3M NaCl) (Model RE-5B, BAS) as the
reference electrode. All potentials are given relative to the reference
electrode. A magnetic stirrer provided convective transport when
necessary. The working electrode was polished with 0.30 and
0.05 mm alumina slurries for 1min before use.

The UVevisible spectrawere recorded in the 190e800 nm range
by using a UNICAM UV-3 spectrophotometer with diode array.
Acquisition and data treatment were performed with Vision 2.11
software.
2.3. Electrochemical measurements

Electrochemical measurements of SY, AR and P4 were carried
out in 0.1M PBS at pH 7.0. Cyclic voltammograms (CV) and differ-
ential pulse voltammograms (DPV) were performed over the po-
tential range of 0.0 Ve1.2 V, and the oxidation peak currents were
recorded. The DPV operating conditions were a potential increment
of 0.004 V, pulse amplitude of 0.05 V, and pulse period of 0.2 s. All
experiments were conducted at room temperature and in
quadruplicate.

2.4. Controlled-potential electrolysis (CPE) experiments

Controlled-potential electrolysis (CPE) was performed on a
reticulated porous carbon electrode to oxidize the colorants in
0.1 M PBS pH 7.0 as supporting electrolyte. A three-electrode circuit
system with an Ag/AgCl electrode was used as reference and a Pt
wire as a counter electrode. The potential applied to oxidize each
colorant wasþ0.8 V (SYand P4) andþ0.9 V (AR). These values are at
least 100 mV higher than the oxidation potential of each colorant,
with which we ensure the complete oxidation during the elec-
trolysis. A CHI 650E assembly was used to electrolyze the different
colorants. The electrolyzed solutions were analyzed by UVevis
experiments to follow the electrolysis in-situ.

2.5. Computational methods

2.5.1. Oxidation potentials
To aim towards the highest accuracy possible at computation-

allymodeling the oxidation potentials using the DFT level of theory,
we performed a systematic study using ten different density
functionals searching the most appropriate for these systems. The
list includes the M062X [13], M06L [14], M11 [15], M11-L [16],
BHandHLYP [17], PBE [18], PBE0 [19], revPBE [20], BP86 [21,22] and
B3LYP [23,24]. In addition, we used the 6-311þ g(d,p) basis set [25],
a triple-z basis set with polarization functions able to provide an
acceptable accuracy for the energetics. Diffuse functions were
added to properly describe the anionic nature of these systems. At
each level of theory defined by the functional, we performed a full
geometry optimization of the systems. To calculate the oxidation
potentials we used the following equation:

Eox ¼ �
 
�DG

�
ox

nF
þ SHE

!
(1)

where Eox corresponds to the oxidation potential, DG
�
ox to the free

energy of the oxidation reaction, n is the number of electrons
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involved, F is the Faraday constant (96485 Cmol�1) and SHE is the
potential of the standard hydrogen electrode (4.28 V) [26]. There-
fore, the problem is reduced to calculate DG

�
ox of the oxidation

reaction:

Rs # Os þ n�eg (2)

Here, R refers to the reduced species, namely the colorant, and O
refers to the oxidized colorant. Notice that one of the species should
be charged to keep the neutrality of the balanced equation. The
subscripts indicate if the species is in solution (s) or gas phase (g).
To obtain DG

�
ox, the thermodynamic cycle shown in Scheme 1 was

used, according to which we can calculate DG
�
ox from the sum of

the gas-phase adiabatic ionization energy (IEg) and the difference in
free energy of solvation between the oxidized and reduced species
(DDGsolv) (Eqs. (3) and (4)).

DG
�
ox ¼ IEg þ DDGsolv (3)

DDGsolv ¼ DG*
s;O � DG*

s;R (4)

where DG*
s,R and DG*

s,O are the free energy of solvation of the
reduced and the oxidized species, meaning the free energy change
from taking the specie from the gas-phase to the aqueous-phase.
These free energies were obtained by zero-point energy correc-
tion and thermal correction at 298.15 K, where solvation was
incorporated through the SMD solvation model [27]. The free en-
ergy used for the electron was the obtained with the Fermi-Dirac
statistics at 298 K (0.752 kcalmol�1). For further details regarding
the methodology refer to the thorough work carried out by Arey
et al. [28]. All calculations here performedwere carried out by using
the Gaussian 09 suite of programs [29]. Finally, the Eox values were
converted from SHE to Ag/AgCl (3M) reference electrode by sub-
tracting 0.209 V to the calculated values [30].

2.5.2. UVevisible spectra calculation
An exhaustive computational study carried out by Adamo et al.

[31] defined the functionals best suited to describe the main
spectral features of some types of colorants, among which the azo-
compoundswere included. Among the studied functionals, PBE and
PBE0 showed an outstanding performance, both functionals
included in our set under study. However, only PBE0 showed a good
behavior at describing the oxidation potentials according to our
calculations, therefore PBE0 was selected for the excitation energy
calculations to keep consistency. The same basis set as for the en-
ergy calculations was implemented (6-311 þ g(d,p)). The excitation
energies were obtained by the time-dependent perturbation the-
ory approach (TD-DFT) [32,33] based on the random-phase
approximation (RPA). UVevisible spectra calculations were
Scheme 1. Thermodynamic cycle used to calculate the Gibbs free energy of the
oxidation reaction (DG

�
ox). IEg,298K corresponds to the gas-phase adiabatic ionization

energy calculated at 298 K. DG*
s,X (X¼ R,O) are the Gibbs free energies of solvation of

the reduced and oxidized states, respectively (Adapted from Ref. [28]).
performed considering the environment effect by using the same
implicit solvation model used for the oxidation potentials deter-
mination (SMD). Each calculation involved the estimation of 100
singlet excitation states. For each selected singlet excitation, we
considered for the analysis those molecular orbital transitions with
contributions larger than 20%. Due to the delocalized nature of
molecular orbitals, in order to obtain chemical insights from these,
we determined the molecular orbital decomposition following the
natural atomic orbital (NAO) approach. For this purpose, we
calculated the NAOs with the NBO program [34] implemented in
Gaussian 09 and performed the analysis by using the Multiwfn v3.5
program [35].
3. Results and discussion

3.1. Electrochemical oxidation

General information about the redox behavior of AR, SY and P4
was obtained by cyclic voltammetry in 0.1M PBS (pH 7.0) on a bare
glassy carbon electrode (GCE). The cyclic voltammograms of
0.5mM of the colorants at a scan rate of 50mV s�1 are shown in
Fig. 2. All colorants showed a single oxidation peak between 0.5 and
1.0 V. On the reverse scan, at 50mV s�1 no reduction peak was
detected for AR and SY. For P4, an anodic peak (þ0.7 V) and a small
cathodic peak (þ0.5 V) was observed.

The influence of the scan rate on the peak currents and poten-
tials of AR, SY and P4 was studied by increasing it from 0.05 to
1.0 V s�1 (Fig. 3). A diffusion-controlled process for the three col-
orants was observed by a linear relationship between i vs. n1/2 and
the slope of ln i versus ln v plot, which was close to 0.5 (not shown).
For AR a single anodic peak was observed (Fig. 3A). The oxidation
peak potential (Ep,a) is gradually shifted tomore negative potentials
with the scan rate, confirming the irreversibility of the process. To
determine the number of electrons involved in the oxidation pro-
cess of AR, we use an equation that relates the Ep,a with the scan
rate as follows [36]:

Ep ¼ Eq
0 � RT

anF

"
0:780 þ ln

 
D1=2

k0

!
þ ln

�
anFy
RT

�1=2
#

(5)

Ep ¼ K þ RT
2anF

ln y (6)

where Eq� is the formal potential; D is the diffusion coefficient; k0 is
the standard heterogeneous rate constant; F is the Faraday con-
stant; a is the transfer coefficient; n is the number of electrons
involved in the process; R and T represent their usual meaning.
According to equation (6), the plot of Ep vs ln n showed a linear
relationship (R¼ 0.992), where the slope obtained was of 26mV
(Fig. 3B). The value of the slope equals to RT=2anF , which results in
an ¼ 0:49. For a totally irreversible system, it is assumed that
a¼ 0.5; therefore, we obtained that one electron is transferred in
the oxidation of AR.

In the case of SY, at low scan rates (50 and 100mV s�1) only an
anodic peak was observed (Fig. 3C). When the scan rate increased
up to 100mV s�1 a cathodic peak appeared. This is indicative of a
chemical process following the electron transfer step [36,37],
where the chemical reaction is fast which rapidly remove the
oxidized specie from the region near to the electrode surface.
Therefore, no reverse peak was observed at low scan rates. When
the scan rate is increased, the cathodic peak increases indicating
that the electron transfer step is reversible and is followed by an
irreversible chemical step (ErCi):



Fig. 2. Cyclic voltammograms of 0.5mM of the colorants in 0.1M PBS at pH 7.0. Scan rate¼ 50mV s�1.
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R #O þ n�e

R/ Y (7)

As a diagnostic test for EC reactions, the chemical reaction is of
first order when in a Ep vs ln n plot the shifting in the anodic peak
potential is 30=n mV in the pure kinetic zone [37]. In our case the
slope value was equal to 15mV indicating that for SY n¼ 2 (Fig. 3D).
Another diagnostic test for EC reactions is when the ip,c/ip,a ratio is
less than one but it increases with the scan rate until it get values
close to the unity, which was confirmed for SY. After plotting Ep,a vs
the logarithm of the concentration of SY (log Csy) (not shown), we
obtained a zero slope which confirms that the oxidation of SY
involved an irreversible first-order chemical process (ErCi) [38].

For P4, one anodic peak (þ0.7 V) and a small cathodic peak
(þ0.55 V) in the reverse scan were observed (Fig. 3E). The initial
value of DEp (~190mV) increases with the scan rate, reaching a final
value of ~430mV at the highest scan rate. The systems cannot be
considered as reversible due to the high DEp and the differences in
currents. Similarly to SY, the cathodic current peak of P4 increases
with the scan rate but the ip,c/ip,a ratio did not reach the unity. Also,
this was confirmed by plotting Ep,a vs the logarithm of the con-
centration of P4 (log CP4). Therefore, an ErCi mechanism is proposed
for P4. After plotting Ep vs ln n (Fig. 3F), we observed that the anodic
potential shifts with the scan rate with a slope of 28 mV, with
which we calculated an n¼ 1.1. The parameters obtained are
summarized in Table 1.
Computational chemistry methods were carried out for the

electrooxidation process to obtain deeper insights about the elec-
tron transfer process. The first step was to explore the nature of the
electron transfer of one electron. After performing an exhaustive
exploration through several levels of theory (Tables Se1), the re-
sults with best agreement with the experimental data were ob-
tained with the BP86 density functional (Table 2). These results
show an excellent agreement with the experimental data, with
deviations of�0.04 V and�0.01 V for P4 and AR. On the other hand,
the deviation of the first electron potential of SY with respect to the
experimental result confirms that this is not a 1-electron process.
The experimental oxidation potential of SY is lower than the other
two colorants, showing the opposite trend when compared to the
calculations. The experimental results showed that the oxidation
pathway of SY involves a 2-electron process. However, it is expected
that the second electron potential to be higher than the first,
confirmed by the 0.92 V calculated for SY. At this point, one pro-
posal was that the second electron transfer was preceded by a
proton release from the eOH group that may decrease the oxida-
tion potential. After calculating this oxidation potential, it
decreased to 0.43 V, which despite of the deviation from the 0.64 V
experimentally obtained, is the only pathway leading to a lower
oxidation potential for SY with respect to the other two colorants.
Thereby, while P4 and AR involve a 1-electron oxidation process, SY
involves 2-electrons and one proton in the first part of the mech-
anism, where the proton is released after the first electron transfer.



Fig. 3. Cyclic voltammograms of 0.5mM solutions of the colorants in 0.1M PBS at pH 7.0 at various scan rates: 50, 100, 200, 300, 400, 500, 600, 800 and 1000 V s�1, respectively.
(AeB) AR, (CeD) SY and (EeF) P4.

Table 1
Summary of parameters of 0.5mM AR, SY and P4 in 0.1M PBS, pH 7.0 obtained by cyclic voltammetry.

Colorant Ep (V) vs Ag/AgCl 3M vln i/vln n Redox process vEp/vln n N� electrons

AR 0.76 0.47 Ei 30 0.98
SY 0.64 0.54 ErCi 15 1.8
P4 0.68 0.41 ErCi 30 1.1

P. Sierra-Rosales et al. / Electrochimica Acta 290 (2018) 556e567560



Table 2
Experimental data and theoretical calculation of the oxidation potential of colorants.

Colorant Experimental Ep/V Theoretical Ep/V

BP86 (1e)a BP86 (2e)b BP86 (1e/1Hþ,1e)c

AR 0.76 0.75 e e

P4 0.68 0.64 e e

SY 0.64 0.88 0.92 0.43

a Ep obtained after one electron transfer.
b Ep obtained after two electron transfer of SY.
c Ep obtained after the second electron transfer of SY preceded by a proton

released.

Fig. 4. Effect of pH on the anodic peak potential of 10 mM of AR, P4 and SY in 0.1M
Britton-Robinson buffer solution.
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To rationalize the differences on the oxidation potentials be-
tween the colorants studied, we explored the relationship between
the chemical structures and the variations on the potentials. Ac-
cording to Table 2, the 1-electron potentials follow the trend SY
(0.88 V, for the first e-transfer)> AR (0.76 V)> P4 (0.68 V), where
for SY it was obtained through computational methods. Interest-
ingly, SY, AR and P4 can be considered as functionalized forms of
Sudan I because of its chemical structure, which only has the hy-
droxyl group (Fig. S-1). Setting the potential of Sudan I as a base
allows to explain the differences between the colorants here
studied by analyzing the effect that the functional groups (electron-
withdrawing (EW) or electron-donating (ED)) have on Sudan I. In
principle, EW groups increased the oxidation potentials; whereas
ED groups decrease it, as it was observed by Ungureanu et al. for
azo-azulene compounds [2]. Sudan I has an anodic peak at 0.72 V
on GCE (PBS, pH 7.0) [39]. SY has the same chemical structure of
Sudan I but with two sulfonate groups (one in the naphthol ring,
and the second in the benzyl ring). Then, as expected from the ef-
fect of EW groups as sulfonate, the potential is increased when
compared to Sudan I from 0.72 V to 0.88 V. The addition of ED
groups to SY such as eOCH3 and eCH3 leads to the structure of AR,
functional groups that should decrease the oxidation potential with
respect to SY. As expected, the potential decreased from 0.88 V to
0.76 V. On the other hand, the incorporation of a naphtyl group to
SY leads to the structure of P4, which is an ED group. This chemical
modification induces a decrease in the oxidation potential from
0.88 V to 0.68 V. Additionally, P4 has an extra sulfonate group when
compared to SY, but the presence of this group in the naphthol
moiety did not increase the potential and we suggest that the effect
of the ED group was dominant. To complete our analyses we
considered the oxidation potential of the dye Amaranth, which has
two sulfonate groups in the naphthol ring, but in different positions
compared to P4. In the case of Amaranth, the sulfonate group is
next to the eOH and it affects the oxidation potential of the
molecule increasing the potential to 0.75 V [40]. In all the cases, the
presence of different functional groups in the naphthol ring played
a less important role in the anodic potential probably due to the
distance of the groups with the aryl-azo moiety.

In order to determine if the colorants were adsorbed onto the
electrode surface after their oxidization, we performed consecutive
cyclic voltammograms of 0.5mM of AR, SY and P4 in 0.1M PBS at
pH 7.0 (at n¼ 50mV s�1) (Fig. S-2). No reduction peak was observed
in the reverse scan for the three colorants, which indicates that the
oxidation products are not electroactive. During successive scans,
the height of the oxidation peaks decreases (34% for P4, 26% for SY
and 10% for AR) and a positive shift in potential is observed, which
could be explained by two processes: (1) the generation of a non-
electroactive specie with the adsorption of this product onto the
electrode surface or (2) the polymerization of the oxidation product
onto the electrode surface. In the case of 2-naphthol or chlorinated
phenols onto GCE, the decrease in electroactivity is attributed to the
formation of a polymeric film due to the oxidation of the eOH
groups [41e43]. But, for azo dyes like methyl orange (MO), which
lacks eOH groups in its structure and it is chemically similar to the
azo dyes studied here, the decrease in electroactivity was attributed
to the deposition of aromatic polymeric products on the electrode
surface after oxidation of the azo group [12]. Therefore, in order to
clarify the possible products of the oxidation mechanism, it is
necessary to determine whether the redox center of the azo col-
orants is derived from the hydroxyl group or from the azo moiety.

In addition, we studied the pH dependence of the anodic peak of
the colorants over a wide pH range (2.0 and 13.0), using differential
pulse voltammetry (DPV) in 0.1M Britton-Robinson buffer solution.
As shown in Fig. 4, the peak potentials (Ep) linearly shifted to more
negative values with pH range up to a certain value depending on
the colorant (pH 11.0 for SY and P4; pH 13 for AR). In the linear
range, the absolute values of the slopes were similar for all the
colorants (32, 36 and 39mV per pH unit for P4, AR and SY,
respectively). Different authors have associated slopes values close
to 40mV per pH unit with probable dimerization of the molecules,
leading to an irreversible product adsorption [44e46]. This is in
agreement with the results obtained with consecutive cyclic vol-
tammograms in the previous section. For all colorants, the oxida-
tion mechanism at GCE is pH-dependent and protons are involved.

Following the approach used by Barrientos et al. [47], we esti-
mated the voltammetric pKa values from the breaks in the graphs Ep
vs. pH. According to this, the pKa values of SY and P4 were of 11.5
and 12.0; respectively. In the case of AR, no break was observed,
therefore, the pKa value apparently is close to 13 and the break is
not perceptible at the studied pH range. Next, we analyzed DP
voltammograms for the colorants (see Fig. S-3) from which it is
possible to appreciate changes in the DPV profiles at pH values
close to the estimated voltammetric pKa values. For SY (Fig. S-3
(A,B)), the change in the DPV profile was noticed between pH
10.0e11.0, where the current of the peak located close to 0.6 V
decreases with the pH and a second small peak close to 0.9 V
started to appear. In the case of P4 (Fig. S-3 (C, D)), the DPV profiles
at higher pH values (11.0, 12.0 and 13.0), showed a significant
decrease in current and a second peak close to 0.6 V is noticed.
Again, these changes are present at pH values close to the calcu-
lated pKa of P4. Finally, for AR (Fig. S-3 (E, F)), a small change in the
DPV profile appears at pH 13.0, where a decrease in current was
observed. This confirmed that the voltammetric pKa for AR could be
close to pH 13, in agreement of the results present in Fig. 4.



P. Sierra-Rosales et al. / Electrochimica Acta 290 (2018) 556e567562
3.2. UVevisible spectroscopic studies

The UVevisible absorption spectra of the colorants in 0.1M PBS
at pH 7.0 are shown in Fig. 5. AR and SY exhibit three main ab-
sorption peaks with maxima absorbance around 234, 315 and
490 nm. For P4, the same bands are observed but with a slight
bathochromic shift. The absorption band at around 490 nm is
directly related to the color of the solution and the peak at about
315 nm has been related to the aromatic rings [12,48]. These
maximum absorption peaks are similar to the observed for other
azo dyes with similar structure [12,49e52]. Ahmad et al. [49]
studied SY, where they assigned the band at 481 nm to an intra-
molecular charge transfer (ICT) without providing details about the
groups involved in this ICT. In the case of the azo dye methyl orange
(MO), the maximumwavelength observed at 506 nmwas assigned
by Ramirez et al. [53] to a p-p* of the conjugated chromophore
system composed of two benzenic rings and one azo group
(chemically similar to SY). Wang et al. [52] followed the UVevis of
carmoisine (or acid red 14, E122). This azo-colorant showed a well-
resolved band at 514 nm what was assigned to the n-p* transition
of eN]N- group. Despite that what has been reported by these
authors agree in terms of the main bands that seems to be the main
Fig. 5. UVeVis of 50 uM SY, AR and P4 in 0.1M PBS at pH 7.0.

Table 3
Calculated electronic excitations of the UVevisible spectra of each colorant.

Colorant lexp (nm) lcalc (nm) Contributions

SY 234 240.05 103 / 107 (3
219.84 104 / 109 (2

313 327.34
308.29
292.99

103 / 106 (5
104 / 106 (4
105 / 107 (7
100 / 106 (7

481 492.67 105 / 106 (8
AR 234 236.77 116 / 120 (3

116 / 121 (2
315 356.13 114 / 118 (5

324.56 115 / 118 (7
307.99 117 / 119 (8

495 493.46 117 / 118 (8
P4 245 219.06 135 / 142 (4

332 367.24 137 / 139 (8
331.14 138 / 140 (8

506 539.63 138 / 139 (8

a Oscillator strength.
b P4 has a naphthyl and a naphthol group connected by the azo moiety and both arom
electronic spectra feature for these colorants, there are several
discrepancies regarding the bands assignments. In order to shed
light into the electronic transitions nature, we performed compu-
tational calculations of the electronic spectra to properly assign the
bands and compare with the colorants here studied AR, SY and P4.

In Table 3, the calculated electronic excitations (lcalc) reproduce
the three main bands of the UVevisible spectra of each colorant
(lexp). The molecular orbitals involved in each electronic transition
of SY are shown in Fig. 6, which were used to define the nature of
the transition and the main regions of the molecule involved in
each transition. For AR and P4 the molecular orbitals are shown in
the supporting information (Fig. S-4).

According to our results, the most important spectral feature for
the azo-colorants here studied corresponds to the band around
490 nm. This is the only band that is properly described by one
electronic excitation, whose contribution is largely dominated by
the HOMO-LUMO transition (>81%). Its relevance rises from the
fact that this excitation involves an n-p* transition, where the
HOMO orbital is partially dominated by one of the lone pairs
located in the azo-moiety. It also contains some contribution from a
p-bonding orbital located in one of the aromatic rings, but it is only
a minor contribution. The LUMO on the other hand, is highly
dominated by a p* contribution located in the azo-moiety. There-
fore, the presence of this band could be used to evidence the
structural integrity of the azo-moiety. The band around 315 nm
corresponds to a p-p* transition. This transition involves electrons
from both aromatic rings with some predominance of the naphthol
group, towards a p* orbital mostly located at the azo moiety.
Similar to the band at 490 nm, this band will evidence the struc-
tural integrity of the azo moiety as it is involved in the electronic
transition. Finally, the band around 234 nm on the other hand is a
p-p* transition that only involves the aromatic rings, therefore is
should be the less affected after structural modifications to the azo-
moiety.

Additionally, in order to determine experimentally the dissoci-
ation constants of the colorants in water we followed the influence
of pH on the UVevis spectra. The analysis of the data was done
following three methods, and the final pKa values were obtained as
an average value between methods [54,55]. Those values are
summarized in Table 4. As can be seen, in aqueous solution the pKa

values are close to the estimated voltammetric pKa values obtained
from the breaks in the graphs Ep versus pH (Fig. 4).

Finally, controlled-potential electrolysis on reticulated carbon
Ga Transition type

0.7%) 0.3234 [p-naphthol þ n-azo] / [p*-naphthol]
4.2%) 0.2619 [p-naphthol þ n-azo] / [p*-benzyl]
2.7%) 0.0359

0.0904
0.1666

[p-naphthol þ n-azo] / [p*-azo]
1.4%) [p-naphthol þ n-azo] / [p*-azo]
4.7%) [p-naphthol þ n-azo] / [p*-naphthol]
0.0%) [p-benzyl þ n-azo] / [p*-azo]
1.2%) 0.0726 [n-azo þ p-naphthol] / [p*-azo]
1.5%) 0.5013 [p-benzyl] / [p*-naphthol]
4.6%) [p-benzyl] / [p*-azo þ p*-benzyl]
4.7%) 0.1192 [p-naphthol/benzyl/azo] / [p*-azo]
7.4%) 0.0322 [p-naphthol] / [p*-azo]
1.8%) 0.0458 [n-azo þ p-naphthol] / [p*-naphthol]
3.4%) 0.0938 [n-azo þ p-naphthol] / [p*-azo]
2.4%) 0.3470 [p-naphthol] þ p-azo] / [p*-naphthol]
7.6%) 0.1357 [p-naphthyl]b / [p*-azo]
2.7%) 0.0756 [n-azo þ p-naphthol] / [p*-naphthol]
4.6%) 0.0774 [n-azo þ p-naphthol] / [p*-azo]

atic systems are involved in the transitions calculated.



Fig. 6. Active molecular orbitals in the electronic transition of SY.
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Table 4
Comparison of the pKa data obtained by UVevisible spectroscopy.

Colorant pKa (method 1)a pKa (method 2)a pKa (method 3)b Average

AR 12.3 12.2 11.5 12.0± 0.44
SY 11.0 10.3 10.3 10.5± 0.40
P4 11.8 11.0 11.1 11.3± 0.44

a Ref. [51].
b Ref. [52].
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electrode was carried out in 0.1M PBS (pH 7.0) and the spectra
changes on the UVevis during 60 min were recorded. The appli-
cation of an oxidation potential of þ0.9 V for AR and þ0.8 V for SY
and P4, produces a decrease in the absorption of the original bands
Fig. 7. UVeVisible changes and Differential UVeVisible spectra of 50 uM of colorants du
potential: þ0.9 V (AR) and þ0.8 V (P4 and SY). Electrolysis medium: 0.1 M PBS at pH 7.0.
with electrolysis time indicating that the compounds concentration
is decreasing to give products. For SY and AR (Fig. 7AeB) the in-
tensities of the bands around 315 and 490 nm decrease during
electrolysis until total disappearance. For these two colorants, a
total discoloration of the solution is obtained after 10 and 25min,
respectively. The disappearance of the bands that are responsible of
the color of the solution is caused by the modification of the elec-
tronic structure of the orbitals involved in these electronic transi-
tions. According to our theoretical results, the main centers in
which these orbitals are located is the azo group. Then, the loss of
these bands point out a modification of this group that could cause
the displacement of the band outside of the studied range, or if it is
a dissociation of the azo moiety, the loss of this transition. Both
scenarios allow to explain the relationship of the loss of color with
ring 1 h of electrolysis. (AeB) AR, (CeD) SY and (EeF) P4, respectively. Electrolysis
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the oxidation of the azo group. After the oxidation, the experi-
mental spectra of the molecule only show transitions from the ar-
omatic ring scaffolds, as supported by our theoretical studies,
transitions that are outside of the visible range. Therefore, the
combination of our theoretical and experimental results shows that
the oxidation process of the colorants deactivates the azo bond in a
short time. In the case of P4 (Fig. 7C), after 60min of electrolysis the
bands decrease in intensity but the solution was not totally trans-
lucent as SY and AR. In all the cases, the most affected group in the
chemical structure of the colorants is the azo bond indicating that it
is the most active group for oxidation. This is in agreement with the
spectral changes observed for other azo dyes [56,57].

With the differential UVeVisible spectra the appearance of new
bands was noted (Fig. 7DeF). In the case of SY, the peak observed at
258 nm initially increased in intensity with 5 min of electrolysis
indicating the formation of a product but with time the intensity of
the band started to decrease simultaneously with an increment of a
band at 268 nm. This could indicate that the initial product started
to turn a new product. For AR, the peaks at 268 nm increases their
intensity with 5 min of electrolysis, but then started to decrease
accompanied with a bathochromic shift. Similarly to SY, the initial
products change with electrolysis. Finally, for P4, a new band at
264 nm appears with electrolysis showing the presence of a new
product. In all cases, the bands that increases in intensity are
localized in the region associated to a p-p* transition involving the
aromatic rings and the bands associated to the azo-moiety
decreased.
3.3. Electrooxidation pathway of colorants on glassy carbon
electrode at neutral pH

The electrochemical measurements indicate that the oxidation
Scheme 2. Proposal pathway for the electrooxidation of azo colorants
of the azo-colorants here studied involved 1�e for AR and P4, and 2�e
for SY. The evidence presented in this work suggests that these
colorants share a common pathway for the loss of the first electron.
The spectroelectrochemical results showed that the electro-
oxidation of the colorants produced the discoloration of the solu-
tions, which was closely related to the disappearance of the bands
commonly attributed to the azo bond. The nature of this band was
confirmed after the identification of the azo orbitals as an impor-
tant contribution to the molecular orbitals involved in the elec-
tronic transitions associated to that band. This result reveals that
the loss of this band after the oxidation is related to impairment in
the electronic and probably the structural integrity of the azo-
moiety. Thereby, our experimental and theoretical results suggest
that the oxidation occurs through the azo moiety, supported by the
molecular orbital analysis, which identified the azo-moiety as the
most active center towards oxidation processes; this because the
HOMO orbital is mostly localized in the azo bond (orbital 105 for SY,
117 for AR and 138 for P4; Fig. 6 and Fig S-2). Therefore, we pro-
posed that the oxidation pathway of the azo-colorants will give a
radical cation centered in the azo-moiety, which is characterized by
the resonance structures proposed in Scheme 2. This proposed
radical cation and its resonance structures are supported by the
quantification and localization of the spin density after the oxida-
tion of the colorant. This computational method provides the most
stable configuration of the unpaired electron in the molecule
without bias, identified by the subtraction of the a-spin density and
the b-spin density of the molecule. The results obtained (Fig. 8) are
in complete agreement with the proposed pathway and is easy to
identify that the unpaired electron is mainly localized in the azo-
bond for all the colorants, with some delocalization in the aro-
matic rings, as expected from the proposed resonance structures.
For SY, the radical also delocalized in the naphthol group next to the
with the formation of a radical cation localized in the azo-moiety.



Fig. 8. Spin density obtained after the removal of 1�e of the colorants.
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azo-moiety, but in aminor quantity, which is in agreement with the
resonant structures proposed in Scheme 2. The same trend is
observed for AR, the radical delocalized mostly in the azo bond and
then in the naphthol group. In the case of SY and AR, both colorants
have almost the same chemical structure but AR has more func-
tional groups attached to the benzyl ring compare to SY. However,
these groups did not affect the delocalization of the electron. In the
case of P4, the azo bond connects a naphthol group with a naphthyl
group; the delocalization of the electron in this molecule is mostly
in the azo bond, and then is equally distributed between the
naphthyl/naphthol groups. This result also corroborated the sta-
bility observed by spectroelectrochemical measurements for P4,
which was the only colorant that did not completely discolor dur-
ing the electrolysis.
4. Conclusions

Herein, we presented a characterization of the oxidation
pathway for azo-colorants. For this purpose, we proposed an
electrochemical approach complemented with spectroscopic and
theoretical methods in order to obtain a complete representation of
the process. Our approach allowed us to obtain new insights
regarding the oxidation process of azo-colorants, pinpointing the
azo group as the main oxidation center of the molecule. According
to this, the subsequent steps should be related to the chemical
modifications suffered by the azo moiety. The present work is the
first stage of a complex study to determine the oxidation pathway
of azo colorants focused into solving the redox center of the
molecule, which was commonly assigned to the eOH group.
Further progress in the characterization of the oxidation products is
currently being made. Also, we are actively investigating the next
steps involved in the oxidation process of a major group of color-
ants, which will be published soon. Finally, the methods combined
in this work proved to be a powerful approach to provide a deeper
understanding of the electrochemical processes with more chem-
ical detail.
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