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The electrochemical reduction of the disperse azo dyes Redl, Redl3 and Orangel (Orl) was
investigated in the RTILs [C4ymim][NTf;] and [C4ympyrr][NTT;], and in contrast with their behavior in
conventional aprotic solvents, was shown to proceed via a reversible one electron step to form stable
radical anion, which is further reduced at more negative potentials to the dianion. In [Csmpyrr][NT;],
cleavage of the N-H bond on the secondary amine was inferred for Orangel, and the ease at which this
cleavage occurred is rationalized in terms of acidity of the amine moiety. The ease of reduction was
observed to decrease in the order Orl > Red13 > Redl1, and is related to the electron delocalization
within the molecule and the electron withdrawing power of the substituents.

The dyes were then oxidized, and Redl and Red13, bearing an aliphatic amine, were oxidized in a
reversible one electron step, to generate the radical cations. The presence of a primary aromatic amine
in Orl provokes a positive shift in the potential of the oxidation peak and shows reversible
voltammetry only at scan rates above 200 mV s, The ease of oxidation decreases in the order Red1 >
Red13 > Orl, and is thought to relate to the detected mutagenic activity of the dyes.
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1. INTRODUCTION

Although, the majority of commercial textile dyes are water-soluble (hydrophilic), disperse
dyes are a category of hydrophobic dyes and are heavily employed for dyeing polyester fabrics!'l.
Previous studies [2-20] have suggested that some nitro azo dyes from this family of dye, as well some
intermediates or generated products during metabolization can be catalogued as a novel class of
mutagenic compounds. Particularly, some derivatives of disperse azo dyes have been isolated and
identified as mutagenic contaminants in Japanese rivers [3-5, 9, 10, 18-20], Brazilian textile effluents,
river water, sediment and in drinking water[2, 6-8, 11, 13-17]. These species are easily transported in
aqueous systems and have a tendency to bio-accumulate in sediments, soils and may subsequently end
up in drinking water treatment plants.
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Figure 1. Chemical structures of the cations and anion used as the RTIL and the dyes used in this
study.
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It is well known that the toxicity and carcinogenicity of certain azo dyes in mammalian systems
may result either from interactions of the intact molecules with cytosolic receptors or from the
formation of free radicals and arylamines during azoreduction[21-24]. Azoreduction in mammalian
systems is catalysed by hepatic enzymes in the liver and by bacteria in the intestinal tract. Reduction of
azo dyes may produce compounds with decreased or increased toxic or carcinogenic effects, compared
to the parent molecule. Therefore, elucidation of electrochemical mechanisms of the reduction and
oxidation at an electrode surface can be used to suggest mechanisms for the biochemical behaviour of
disperse dyes, i.e. the electrode reactions can serve as models for the biological pathway, or they can
be used to generate intermediates able to induce DNA damage, allowing study of the biological
implications of the redox-activation step.

The special characteristics of room temperature ionic liquids (RTILs) for electrochemical
applications have been the focus of several researchers[25-28]. They are robust, present good
conductivity, exhibit wide electrochemical potential windows[29, 30] and, as materials composed of
cations and anions, are able to solvate a large variety of organic and inorganic compounds, either polar
or non-polar. In addition, some authors have evidenced strong stabilization of electrogenerated radical
anions by the cation of the RTIL[31-35], which affects the kinetics of electron transfer itself and
minimises associated chemical reactions. Therefore, RTILs can constitute an excellent solvent to
investigate structural effects operating in the electrochemical behaviour of disperse dyes.

The aim of the present work was to study the electrochemical behaviour of three disperse dyes:
disperse Red1 (C.I. 11110), disperse Orangel (C.I. 11080) and disperse Red 13 (C.I. 11115) dyes, with
the chemical structures shown in Figure 1. The dyes were chosen as model compounds for disperse azo
dyes bearing the nitro and amino ring substituent groups. The electrochemical reduction and oxidation
of the selected dyes were investigated in the room temperature ionic liquids 1-butyl-3-
methylimidazoloium bis(trifluoromethanesulfonyl)imide, [Csmim][NTf;] and N-butyl-N-methyl-
pyrrolidinium bis(trifluoromethanesulfonyl)imide [Csmpyrr][N(Tf),] (Fig.1) using Pt microelectrodes.
A quantitative interpretation of the mechanism in [Csmim][NTf,] was carried out using digital
simulation techniques (DigiSim® 3.03, BAS Technicol), and appropriate best-fit parameters
determined and reported below.

2. EXPERIMENTAL PART

2.1. Chemical reagents

[C4mim][N(Tf),], 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide and
[Campyrr][N(Tf)2], N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide were prepared
by standard literature procedures[36]. Disperse Red1 (C.I. 11110), disperse Orangel (C.I. 11080) and
disperse Red13 (C.I. 11115) dyes was purchased from Aldrich (99.5%) and dissolved directly in the
ionic liquid, submitted to sonication for thirty minutes and used freshly. Guanine solution was made by
dissolving the respective salt, (Aldrich, 99.5%), in the ionic liquid using the same procedure.
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2.2. Instrumental

Electrochemical experiments were performed using a computer controlled p-Autolab
potentiostat (Eco-Chimie, Netherlands). A conventional two-electrode arrangement was employed,
with a platinum working electrode (10 pm diameter) and a silver wire (0.5 mm diameter, Goodfellow
Cambridge Ltd.) quasi reference electrode. The Pt electrode was polished with diamond pastes
(Kemet, UK) of decreasing particle size (3 - 0.1um) on soft lapping pads, followed by polishing with 1
pm and 0.01 pm alumina slurries on lapping pads. The electrode diameter was calibrated
electrochemically by recording voltammograms of a 2 mM solution of ferrocene (Fc) in acetonitrile
containing 0.1 M TBAP, using a scan rate of 10 mV s and diffusion coefficient value of 2.3 x 107
m’s” at 293 K[37] for ferrocene.

A small section of disposable micropipette tip was used to modify the clean microdisk, creating
a cavity into which 20 pL of ionic liquid solvent was placed. The electrodes were housed in a glass T-
cell [38] specially designed for investigating microsamples of ionic liquids under controlled
atmospheres. The RTIL solutions were de-gassed under vacuum (Edwards High Vacuum Pump,
Model ES 50) for ca. 120 min, to remove trace atmospheric moisture and dissolved gases naturally
present in the ionic liquid. All experiments were conducted in a Faraday cage, thermostated at 298 K,
where background noise was minimized.

For experiments involving ferrocene as an internal reference probe, 7 UL of a solution of 10
mM of Fc in acetonitrile was pipette into 20 pL of guanine/RTIL solution inside the T-cell. The
acetonitrile was evaporated during the 120 minute vacuum purgation (Edwards High Vacuum Pump,
Model ES 50) to give an overall Fc concentration of 3.5 mM.

Chronoamperometric experiments were achieved using a sample time of 0.1 s. The potential
was held at point corresponding to zero current for 20 s pre-treatment, after which the experimental
transients were obtained by stepping to a potential just after the peak and measuring the current for 10
s. Fitting of the experimental data was achieved using the non-linear curve fitting function (Origin 7.0,
Microcal Software Inc.), following the Shoup and Szabo[39] approximation, as employed
previously[40-42]. The software was instructed to perform 100 iterations on the data, fixing the value
for the electrode radius calculated by voltammetric calibration of ferrocene.

3. RESULTS AND DISCUSSION

3.1. Electrochemical reduction of disperse Redl, disperse Redl3 and disperse Orange 1 in
[Camim]J[NTf>]

The electrochemical reduction of 0.88 mM disperse Red1 (Red1), disperse Red13 (Red13) and
disperse Orangel (Orl) in dimethylformamide (DMF) plus 0.1 mol L' tetra-n-butylammonium
tetrafluoborate (BusNBF,) at a Pt electrode is shown in Figure 2, as an example of voltammetry in an
aprotic medium. The reduction of the nitro group to its radical anion is observed on first cathodic wave
(Io) for all investigated dyes (-0.69 V vs Ag/AgCl for Red13; -0.79 V for Orangel vs Ag/AgCl and -
0.84 V vs Ag/AgCl for Redl), with a corresponding anodic peak (I,) at all scan rates investigated (10 -
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500 mVs'). The magnitude of the subsequent reduction step (II) to form the dianion decreases
markedly from Orangel (-0.97V) to Redl (-1.06 V) and is almost absent in Red13 dye reduction,
hinting at subsequent chemical reactions suppressing further reduction at more negative potentials. A
shoulder at less negative potential is observed on voltammograms recorded for Orangel (-0.68V) and
Red1 (-0.68V) and is possibly due to adsorption of the reductive product[43]. In order to get more
information about the reductive mechanism and to improve stabilization of anion radical and dianion
for further biological investigations the electrochemical reduction in RTILs was investigated with the
expectation that reaction with the solvent/supporting electrolyte might be reduced.
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Figure 2. Cyclic voltammograms for 0.88 mM (a) disperse Red13, (b) disperse Orangel and (c)
disperse Red1 in DMF plus 0.1 mol L! BusNBF, on a Pt electrode at a scan rate of 50 mV st

Figure 3 shows cyclic voltammograms obtained for the reduction of 10 mM Red13 (Curve X);
Red1 (Curve Y) and Orl (Curve Z) dyes on a Pt microelectrode in [Csmim][NTf,] at 100 mV s'. The
voltammetric behavior for each dye is very similar and shows two well-defined reduction peaks (I and
IL.), likely due to the reduction of nitro group to form the radical anion (NO,"") and dianion (N022_),
and two corresponding anodic peaks (I, and II,) on the reverse potential scan at all scan rates (10 -
1000 mV s™).

Steady-state behavior is obtained only at scan rates below 20 mVs' (Curve 1 Figure 4, which is
representative of Red13 behavior) and becomes more transient-shaped at scan rates above 50 mVs™,
Under the latter conditions, the ratio of anodic-to-cathodic peak heights for each redox couple (I,/I. and
IL/II;) are close to 1 at all scan rates studied and are independent of substrate concentration and
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potential scan rate; classic behavior for two reversible one electron reduction processes. For the faster
scan rates, a linear relationship is obtained for plots of peak currents (I and Il.) vs square-root of the
scan rate, indicating that both processes are diffusion-controlled. The reversibility observed for both
reductive peaks contrasts with the behavior described for the reduction of nitrobenzene in
[C4dmim][NTT,] [26, 44, 45] and other aprotic solvents[46, 47], where there is formation of a stable
radical anion (peak 1), followed by an irreversible chemical process (peak 2) involving the formation
of the dianion, rapid protonation and nitrosobenzene generation. The high stability of the radical anion
is likely due to the high delocalization of the negative charge from the nitro group. The presence of the
acidic proton on the C(2) position of the [Csmim]* (1-butyl-3-methylimidazolium) cation, and the
basic nature of the dianion produced during the second reduction step suggests that the solvent cation
might act as a proton donor, but here it is seen a neglected influence.
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Figure 3. Cyclic voltammograms for the reduction of 10 mM Red13 (X), Redl ( Y) and Orangel (Z)
in [C4mim]NTf,] on Pt microelectrode at a scan rate of 100 mV s
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Chronoamperometric transients were recorded for the reduction of 10 mM Red13, Red1 and
Orl dyes in [Camim][NTf,] in which the potential was stepped from O V to -0.9 V vs Agand 0 V to -
1.1 V for Red13, 0 Vto-1.0 and O V to -1.25 V for Orangel and 0 to —0.95 V and OV to -1.3 V for
Red1. The experimental curves were analysed in terms of the Shoup and Szabo equation, as described
previously[39, 41, 42], and an example of the experimental (—) and theoretical (0) transients observed
are shown in the inset of Figure 4 for the first (I) and second (II) reduction of Red13. Excellent fitting
was observed for all transients, and the number of electrons transferred was calculated as close to one
(0.88 £ 0.044 for Red1, 1.02 £0.173 for Red13 and 0.89 £ 0.102 for Or1) for the first wave and close
to two electrons (2.12 = 0.89 for Red1, 1.95 = 0.060 Red13 and 1.87 £ 0.33 for Orl) for the first and
second wave together. The diffusion coefficients obtained from chronoamperometry were (2.13 +
0.15) x 10® cm? 5! for Red1, (2.63 = 0.10) x 10® cm? s™! for Red13 and (2.93+ 0.44) x 10® cm? s™* for
Orl. The values are very similar, but smaller than those observed in conventional organic solvents,
likely due to the difference in the viscosity of the solvents, leading to much slower diffusion in the
more viscous ionic liquids.
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Figure 4. Cyclic voltammetry for 10 mM Red13 in [Csmim][NTf;] at scan rates of (1) 10, (2) 20, (3)
50, (4) 100 and (5) 200 mV s, Inset: Chronoamperometric transients for the reduction of Red13 in
[Cymim]|[NTf,] from I) 0 to -0.90V and ITI) O to -1.1V.

The use of a Ag wire quasi-reference has been shown to cause shifts in potential over the
experimental timescale, and so, in order to obtain reliable potential values for simulation purposes (see
Section 3.2), the reduction of 10 mM Red1, Red13 and Orl dyes in [C4mim][NTf,] was studied by
cyclic voltammetry using ferrocene/ferrocenium (Fc/Fc®) couple as internal reference, widely used as a
well-defined redox system in most ionic liquids[48]. Orangel appears to be the most easily reduced
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(at a potential Ey of -0.44 + 0.01 V vs Fc/Fc") followed by Red13 (-0.46 + 0.02 V vs Fc/Fc") and
finally Red1 (-0.52 £+ 0.02 V vs Fc/Fc"), with peak potentials for the second reduction wave, Ej of -
0.67 £ 0.02 V vs Fc/Fc* for Orl, -0.66 + 0.01 V vs Fc¢/Fc* for Red13, and -0.74 + 0.02 V vs Fc/Fc* for
Red1. The peak separation between peak I and II in each case are 229 mV (Or1), 198 mV (Red13) and
226 mV (Red1). This may represent the different electron withdrawing power of the substituents in the
dye analysed. The lower potential required for the reduction of disperse Red13 compared to disperse
Redl suggests that the —Cl substitutent in the ortho position in Red13 is important, and has a
deactivating effect on the electrophilic activity of the nitro group in the molecule, since both dyes have
the same nitro group (electron withdrawing effect) and tertiary amine (-N (CH,CHj3)(CH,CH,0OH))
(electron donating effect) as substituents. On the other hand, the electrophilicity on the nitro group is
dramatically reduced in disperse Orangel because of the aromatic amine substituent (electron
withdrawing and mesomeric effects), leading to a decrease in the charge on the nitro group.

It is shown in the literature[23, 24] that a knowledge of the electrochemical reduction of
substituted azobenzenes by cyclic voltammetry can be a useful model for microsomal azoreductase
mechanism. The mutagenic responses of the three disperse dyes for the strain TA 98 in the assays
without exogenous metabolization, indicates that the disperse Redl is the most mutagenic (with
potency of 4 revert/ng), followed by disperse Red13 (0.4 revert/ug) and disperse Orangel (0.2
revert/ug) [49]. These results are in contrast with the reductive facility of the nitro group observed in
the molecule. It is important to understand the electrophilic character of the molecule or its derivative
since the main characteristic of environmental genotoxic mutagens can increase the possibility of
reaction with nucleophilic sites of the DNA, leading to adduct formation””. The use of RTILs as
solvents allows us to study the electrochemical parameters of the dye and the effect of chemical
structure of such parameters, with less interference of rapid chemical complications.

In order to check the reductive mechanism and to estimate the standard electrochemical
constants involved in the electrochemical reduction of disperse Red1, disperse Red13 and disperse Orl
dyes in [C4mim][NTf,], digital simulation methods were utilized and best fit parameters deduced, as
described in Section 3.2.

3.2. Modelling the reduction of disperse Redl, disperse Redl3 and disperse Orange 1 in
[Cymim][NTf3] in DigiSim®

The one-dimensional diffusion simulation program available in DigiSim® (BAS Technicol)
[51] was used to successfully model the cyclic voltammograms for the reduction of 7 mM disperse
Red1, disperse Red13 and disperse Orangel in [C4mim][NTf,]. Scan rates ranging from 10 mV s™ to
2000 mV s were studied experimentally and simulated using the hemispherical diffusion model [52],
following the mechanism below (Scheme 1), involving the reduction of the neutral species to the
radical anion (1) followed by the reduction of this species to the dianion (2):

E1Z [OzNC6H4N=NC6H4NR1R2] +e 9 [OQNC6H4N=NC6H4N R1R2]._ (1)

EQZ [OQNC6H4N=NC6H4N R1R2]._ +e 9 [OQNC6H4N=NC6H4N R1R2]2_ (2)
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where R; = (CH,CHj3) and R, = (CH,CH,CH3;) in Red1 and Red13 and R; = (H) and R, = (C¢Hs) in
Orl dye. The experimental (—) and theoretical (0) voltammograms at scan rates of 10 mV s, 100 mV
s and 1000 mV s™ are shown in Figure 5 for Orangel, Figure 6 for Red13 and Figure 7 for Redl.
The above mechanistic scheme allowed good fits to be achieved for waves I and II of both the forward
and reverse scans, even without accounting for ion-pairing effects. This result indicates that all the
disperse nitro dyes studied are reduced initially to their corresponding anion radicals during the first
cathodic step (Equation 1). The second cathodic step arises when these anion radicals are reduced to
the stable dianion.
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Figure 5. Comparison of the experimental (—) and simulated (o) cyclic voltammograms for the
reduction of 10 mM of Or 1 in [C4qmim][NTf;] at scan rates of (I) 10 mV s'l; (II) 100 mV s and (III)
1000 mV s on a Pt microeleectrode (radius 6.03pum).

The optimized parameters for the best fits to the experimental data (Figures 5-7) were
calculated and the average values of the three scan rates investigated are compiled in Table 1. Values
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of charge-transfer coefficient (o) and electrode radius (ry) were fixed as 0.50 and 6.03 pm,
respectively. From the data it is observed that the electrochemical rate constant, k1, obtained by
simulation are approximately the same order of magnitude but slightly smaller for Red1 dye. The ratio
of diffusion coefficients, y, where y = Dg/Da, D4 is the diffusion coefficient of the neutral species and
Dg is the diffusion coefficient of the radical anion species, is calculated as close to 0.1. These values
are a lot lower than those expected in conventional solvents, where values closer to unity are observed.
The high ratios arise due to the ionic nature of the solvent, in which the charged species (radical anion)
diffuses much more slowly that the neutral species (parent molecule), due to the increased strength of
the Coulombic forces between the RTIL cation and the radical anion, compared to that with the neutral
molecule. This phenomenon is negligible in more conventional aprotic solvents, but has been observed
previously for other compounds in various RTILs [26, 34, 35].

Next, the oxidation of the three dyes was carried out in [Csmim][NTf,], focusing on the
oxidation of amino group in Red1, Red13 and Orl dyes.
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Figure 6. Comparison of the experimental (—) and simulated (©) cyclic voltammograms for the
reduction of 10 mM Red13 in [Csmim][NTf,] at scan rates of (I) 10 mV st (ID 100 mV s! and (1)
1000 mV s on a Pt microelectrode (radius 6.03 um).
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Figure 7. Comparison of the experimental (—) and simulated (©) cyclic voltammograms for the
reduction of 10 mM Red1 in [Cymim][NTf] at scan rates of (I) 10 mV s (ID 100 mV s' and I1D)
1000 mV s on a Pt microelectrode (radius 6.03 wm).

Table 1. Best fit parameters employed in the DigiSim® simulation of reduction voltammetry of
disperse nitro dyes in [Csmim][NTf,] on a 10ium diameter Pt electrode

DYES ORANGE 1 RED 13 RED1

[A)/ x10”mol I'! 8.69 + 0.04 5.90 + 0.08 274 +0.05
D/ x10% cm? s 2.93 +0.03 1.96 + 0.02 1.83 +0.03
De/x107 cm?® s™! 3.07 £0.01 2.60+ 0.04 7.90 +0.05
Do x107 cm® 57! 1.22+0.03 4.85+0.08 1.20+0.01
Ky /cm s 0.00510 + 0.0003 0.00560 + 0.0002 0.00167+ 0.0004
K/cm s 0.00170+ 0.0001 0.00310+ 0.0002 0.00068+ 0.0001
E% IV -0.876 % 0.005 -0.881 % 0.006 -0.946 + 0.001
E’eo/V -0.986 + 0.004 -0.993+0.008 -0.980+ 0.007
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3.3. Electrochemical oxidation of disperse Redl, disperse Redl3 and disperse Orangel in
[Camim]J[NTf>]

Figure 8 shows the cyclic voltammograms obtained for oxidation of 10 mM Red13 (Curve X),
Red1 (Curve Y) and Orl (Curve Z) on Pt microelectrode in [Csmim][NTf,] at 100 mV s Only one
defined oxidation peak (I,) is observed, which is attributed to the oxidation of the amine group present
in all investigated dye molecules. Electrochemically reversible voltammetry is observed for the
oxidation of Redl and Red13 dye bearing secondary aliphatic amines. A plot of peak current vs
square-root scan rate shows a linear relationship as expected for diffusion-controlled processes. The
primary aromatic amine present as a para substituent in the disperse Orangel dye leads to a shift in the
oxidation wave to more positive potentials than observed for Red1 and Red13. A plot of peak current
vs square-root scan rate shows a linear relationship only at high scan rate and the voltammogram
exhibits a small cathodic peak on the reverse scan only at 200 mVs™, suggesting that a slow chemical
reaction is consuming the generated product.
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Figure 8. Cyclic voltammograms for the oxidation of 10 mM Red13 (X), Red1 (Y) and Orangel (Z) in
[Csmim|NTf,] on a Pt microelectrode at s scan rate of 100 mV s'. Inset shows the
chronoamperometric transient for Red1. The potential was stepped from +0.2 to 1.1 V.
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Figure 9. Comparison of the experimental (—) and simulated (©) cyclic voltammograms for the
oxidation of 10 mM of Red1 in [C4mim][NTf,] at scan rates of (I) 10 mV s™'; (II) 100 mV s™ and (III)
1000 mV s on Pt microelectrode (radius 6.03pum).

The cyclic voltammetric behavior was studied versus an internal redox couple of Fc/Fc™ at scan
rates from 10 to 1000 mV s”. The average of the half-wave potentials of the redox couple was
measured in relation to Fc/Fc* added to the solution and the values were almost constant (deviation of
1 - 4 mV) over the whole scan rate range for all dyes and were estimated as +0.57 + 0.003 V vs Fc/Fc*
for Redl, +0.62 + 0.007 V vs Fc/Fc" for Redl3 and +0.72 + 0.010 V vs Fc/Fc* for Orl. The
susceptibility for oxidation of each dye is related to the chemical structure. The lower oxidation
potential of disperse Red1 and disperse Red13 is a result of the electron-donating substituent present in
the structure. Disperse Orangel bears a phenyl ring on the amine group, i.e. an electron-withdrawing
substituent, and requires high positive potential to be oxidized. The ease of oxidation decreases in the
order Redl > Red13 > Orl, and this is directly related to the mutagenic activity [53] of the dye and
ultimately the presence of electron withdrawing substituents within the amine moiety.
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Before attempting to model any cyclic voltammetry, accurate diffusion coefficients and
concentrations of each disperse dye in [Csmim][NTf,] were obtained by chronoamperometry. The
potential was stepped from 0.2 V to a potential of +1.1 V (Redl), +1.3 V (Orangel) and +1.2V
(Red13) and the transients fitted to the Shoup and Szabo expression. An example of the experimental
(-) and theoretical (o) transients is presented in the inset of Figure 8 (X) for Red13. The diffusion
coefficients obtained from chronoamperometry are approximately similar, with values of (7.57 £ 0.25)
x 108 cm? s for Red 1, (9.26+ 0.10) x 10® cm? s! for Red13 and (9.93+ 0.44) X 10 cm? s for Orl
and the number of electrons transferred is close to one (1.02 + 0.14 for Red1, 0.72 + 0.173 for Red13
and 0.87 £ 0.102 for Orl), suggesting the initial formation of a radical cation. The electrochemical
behavior observed indicates that the oxidation of the amino group in Red1 and Red13 dyes generates a
stable radical cation, probably stabilized by charge delocalization. Meanwhile the radical cation of
Orangel is not reduced on the reverse scan possibly due to either ion-pair association or dimerization
reactions, involving the formation of the free radical due loss of hydrogen from the primary amine.
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Figure 10. Comparison of the experimental (—) and simulated (o) cyclic voltammograms for the
oxidation of 10 mM of Orange 1 in [Csmim][NTf,] at scan rates of (I) 10 mV s'l; (IT) 100 mV s' and
(II1) 1000 mV s on Pt microelectrode (radius 6.03um).
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3.4. Modelling the oxidation of disperse Redl, disperse Redl3 and disperse Orangel in
[Camim]J[N1Tf>]

Next, the voltammetry for the oxidation of Red1, Red13 and Orl dyes in [C4smim][NTf;] ionic
liquid was simulated using the DigiSim® program described previously [50,54]. The simulated
voltammograms for the oxidation of each dye (at scan rates of 10, 100 and 1000 mV s™) were obtained
using fixed values of a (= 0.5) and electrode radius, r4 (6.03 wm, obtained by calibration with 2 mM of
Fc/Fc* redox couple in acetonitrile) and adjusting the concentration, ¢, formal electrode potential, Er,
and diffusion coefficients of A and B, Da and Dg, where A is the neutral parent molecule and B is the
radical cation. Figures 9, 10 and 11 show the best theoretical fits (o) to the experimental data (-) for
the oxidation of 10 mM Redl, Red13 and Orl dyes in [Csmim][NTf,] on a Pt microelectrode.
Excellent theoretical fitting to the experimental data was observed, supporting a mechanism where the
amine group is oxidized with the transfer of one electron. Table 2 shows the best fit electrochemical
parameters obtained using the method described above. Diffusion coefficients for species A, D4 are of
the same order of magnitude for Redl Red13 and Orl dyes with values around 10® cm® 5. For all
dyes the values of y=Dg/Da are very close to 0.10. In addition, the values of ko are approximately the
same order of magnitude, suggesting small influences of structure change within the dye molecule.
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Figure 11. Comparison of the experimental (—) and simulated (o) cyclic voltammograms for the
oxidation of 10 mM of Red 13 in [C4mim][NTf;] at scan rates of (I) 10 mV s'l; (II) 100 mV s! and
(IID 1000 mV s on Pt microelectrode (radius 6.03um).
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Table 2. Best fit parameters employed in the simulation of oxidation voltammetry of disperse nitro
dyes in [C4mim][NTf,] on a 10um diameter Pt electrode

DYES ORANGE 1 RED 13 RED1
[A) x10mol I'" 34.12 +0.14 13.76 £ 0.14 35.17 £0.05
Dal/x10%cm” s 9.70 +0.22 9.43 +0.05 9.46 +0.45
Dy/x107 cm? s™! 145 £1.01 9.35+2.04 10.25 + 1.05
K /em s 0.00333 + 0.005 0.00443 + 0.006 0.00217+ 0.0010
E% IV -1.075 +0.020 -0.985 + 0.060 -0.965 + 0.010

3.5. Electrochemical reduction of disperse Redl, disperse Redl3 and disperse Orangel in

[Campyr][NTf>]

Taking into consideration the observation that RTILs can act as hydrogen-bond donors and

acceptors, with acidity related to the nature of the cation, further studies were carried out to investigate

the electrochemical reduction of disperse nitro dyes in [C4smpyrr][NTf;], with the aim of investigating

the effect of the RTIL cation on the stability of the radical anion and dianion.
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Figure 12. Cyclic voltammograms for the reduction of 10 mM Red13 in [Csmpyr][NTf;] on a Pt
microelectrode at a scan rate of 100 mV s™.
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Figure 13. Cyclic voltammograms for the reduction of 10 mM Redl in [Csmpyr][NTf;] on a Pt
microelectrode at a scan rate of 100 mV s™.

The voltammograms obtained for reduction of 10 mM Redl, Red13 and Orl dyes in
[C4mpyrr][NTf,] on Pt microelectrode are shown in Figures 12, 13 and 14 respectively. The curves
obtained for Red13 (Figure 12) and Redl (Figure 13) and are fairly similar to those obtained in
[C4mim][NTHf;] and present two reversible reduction peaks at potentials of -0.62 V vs Fc/Fc™ (1) and -
0.92 V vs Fe/Fc™ (I1.) for Red13 and -0.68 V vs Fc/Fc* (1) and -0.98 V vs Fc/Fc™ (I1..) for Redl. The
ratio of I/I. and IL/Il; is close to unity and the peak current increases linearly with square root of scan
rate from 10 to 2000 mV s'. Both waves indicate that Red1 and Red13 are being reduced in a similar
way to that proposed in Equations 1 and 2, generating the respective radical anion and dianion.
However, Orl is reduced in three cathodic steps in [Cimpyrr][NTf;], as shown Figure 14 . The
corresponding Ej,» values of -0.64 V vs Fc/Fc™ (I) and -0.91 V vs Fc/Fc™ (II.) for Orangel was
obtained. The first peak (I) presents an anodic peak (I,) at a potential 60 mV less negative on the
reverse scan, and the I,/I; are close to one at all scan rates, indicating the occurrence of a stable radical
anion. The second reduction peak (Il.) presents an anodic peak (II,) on the reverse scan that is
significant only at scan rates higher than 1000 mV s, In addition, a shoulder is seen at less negative
potential that increases at slower scan rates, clearly indicating the occurrence of a disproportionation
reaction of the dianion formed. A third cathodic peak is observed, labeled IIl., at a more negative
potential of -1.22 vs Fc/Fc™ which becomes more reversible at higher scan rate. The magnitude of the
peak IL. decreases markedly while the reversibility of the second reduction step (Il.) increases at high
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scan rate, indicating that the product of the following chemical reaction to the dianion formation is
electroactive at more negative potentials (I1L;).
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I/ nA

18 15 12 09 06 03 00
E/VvsAg

Figure 14. Cyclic voltammograms for the reduction of 10 mM Orangel in [Csmpyr][NTf;] on a Pt
microelectrode at a scan rate of 100 mV s™.

Taking into consideration that the chemical structure of Orl and Red1 differ only by an amine
group, this behavior could be indicative that the dianion Orl is susceptible to cleavage of the N-H
bond of the secondary amine. Similar behavior was observed previously for N-n-butyl-4-
nitrobenzenesulfonamide in aprotic medium [53]. The pyrrolidinium, [Csmpyrr]”, system is less acidic
than the imidazolium, [Csmim]", moiety since the two nitrogen atoms decrease the reactivity of the H
located in position 2. Thus, the [Csmpyr][NTf;] is a base strong enough to associate or remove protons
from the mono-substituted amine group as in the case of Orl. Thus the third reductive process could be
explained using equations (3) and (4) respectively.

[OzNC6H4N:NC6H4NR]2_ + [C4mpyrr]+ > [OzNC6H4N=NC JH4NR] + [C4mpyrr]H+ (3)
[0:NCGH,N=NCSHiNR] " + ¢~ > [O;NCeH,N=NCsH;NR]** @)

An overview of the electrochemical reduction of Orl seems to show evidence that they
undergo N-H cleavage only when the dianion is generated. The occurrence of bond cleavage observed
for Orl and slow dissociation of the dianion formed only in [Csmpyr][NTf,] indicates that the
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electrochemical reduction of nitro aromatics compounds cannot be generalized, but the anion radicals
are stable enough to allow the transfer of a second electron.

4. CONCLUSIONS

An overview of the electrochemical reductions of disperse azo dyes Red1, Red13 and Orangel
in the ionic liquids [C4mim][N(Tf),] and [Csmpyrr][N(Tf),] seems to show evidence that they undergo
a one electron reversible step to form a radical anion stable enough for allowing the transfer of a
second electron in a separate step, in contrast with other aprotic medium as DMF, that present almost
complete suppression of the dianion radical. Despite forming the dianion radical with relatively high
stability in RTILs, there was evidence that a cleavage reaction involving the N-H substituent on
secondary amine of Orangel in [Csmpyrr][N(Tf),] alters the route observed for all other dyes. The
large difference in the stabilities between secondary amine radical anions implies that the ease with
which nitrogen-hydrogen bond cleavage occurs is easily rationalised on the basis of their acidities.
Their influence on nitro reduction is explained due to high electron delocalisation in the molecule. The
potentials required for reduction and oxidation represent the different electron withdrawing power of
the substituents in the dyes analyzed, but while the reductive facility of the nitro group seems to be
inversely proportional to the mutagenic responses of the three disperse dyes for the strain TA 98 in the
assays without exogenous metabolization, the oxidation of amine substituent on the dye seems to be
directly dependent of the detected mutagenic activity.
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