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The electrochemical reduction of bisazo dye Direct Orange—31 has
been studied at Pyrolytic graphite electrode (PGE) in the pH range
2.0-10.3. Two well-defined 4e~, 4H* pH dependent reduction peaks
(Ic & IIc ) have been observed in linear and cyclic sweep voltamme-
try. It has been observed that reduction of azo groups in the dye
does not stop at hydrazo stage but further reduction leads to the
cleavage of -NH-NH- linkage to give amino compounds as the fi-
nal products. At pH 3.0 and 7.0, 4-aminosalicylic acid and 3,3'-di-
methylbenzidine have been characterized as the major products of
reduction. A tentative mechanism for the reduction has also been
suggested.

INTRODUCTION

Azo compounds are among the most profoundly explored classes of or-
ganic compounds both from theoritical and practical viewpoints. The pres-
ence of an azo linkage in aromatic compounds makes them highly important
in dye-stuff industry, pharmacy and dosimetry.'® Azo dyes which form com-
plexes with a large number of metal ions have been used for determination
of aluminium® and numerous other metals in trace quantity, including lan-
thanides.”

Application of moderately reactive azo compounds activated by various
attached groups to biological studies has been reviewed.? Various synthetic
azo dyes have been shown to induce a variety of tumors in mice and rats
and to exhibit inhibitory effects on the biosynthesis of RNA, DNA and pro-
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teins.? When orally administered, azo compounds are found to reduce, mainly
in liver and intestine, to the corresponding amines.!®

Polarographic reduction of azo dyes has attracted considerable atten-
tion."! Electrochemical reduction of azo compounds has been reported to oc-
cur in 2e-, 2H* proccess to give hydrazo products. However in the presence of
strong electron donating groups, reduction has been found to occur in 4e-,
4H* reaction to give amino compounds as the final products. An excellent re-
view on the electroreduction of azo compounds has also appeared in the lit-
erature.l2 However, most of the studies are confined to the reduction at d.m.e.
and very little is known about their reduction behaviour at solid electrodes. As
the orientation of the molecule can be significantly altered at the electrode
surface, it was considered interesting to study the electrochemical behaviour
of an azo dye at solid electrode. As bisazo dyes have attracted less attention,
despite their use as stains to demonstrate collagenous sepla,’® Direct
Orange-31 (I) has been selected for the present investigation.

CH3 CH3
HaC N N =N ——Q-OH

COONa

S03Na
Direct Orange-31 (I)

EXPERIMENTAL

Direct orange was obtained from Sigma Chemical Co. USA and was used as re-
ceived. The stock solution of the dye (1.0 mM) was prepared in double distilled wa-
ter. Voltammograms were recorded in phosphate buffers of ionic strength 0.1 M and
were prepared! by mixing different volumes of NaH,PO, - 2H,0 (0.5 M); Na,HPO, -
2H,0 (0.5 M) and NazPO, - 12H,0 (0.05 M). The pH of buffer solution was measured
using the ECIL expanded scale pH meter (model pH 821), after due standardization
with potassium hydrogen phthalate and borax buffers. For recording voltammo-
grams, 2.0 mL dye solution was mixed with 2.0 mL buffer of appropriate pH. Nitro-
gen gas was bubbled for 8-10 min. before recording the voltammograms. Details of
the equipment used for recording voltammograms, controlled potential electrolysis
and spectral studies were essentially the same as described earlier.’>-7 Pyrolytic
Graphite Electrode (PGE) was prepared by the method reported earlier'® and had an
area ~ 1.8 mm?. All potentials refer to SCE at an ambient temperature of 20+2 °C.

Controlled potential electrolysis of ~ 0.5 mM solution of the dye was carried out
in a conventional H-type cell at potential 50 mV more negative than the peak poten-
tial observed for peak Ic or Ilc in the buffer of desired pH. The working electrode
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was Pyrolytic graphite plate (area 6 x1 cm?), counter electrode was a cylindrical
platinum gauze and the reference electrode was SCE. The value of 'n’ was deter-
mined by attaching a coulometer in series.

For product characterization about 8-10 mg of the dye was electroreduced at
peak Ic or Ilc potentials. When the peak current reduced to about 5%, the electroly-
sis was stopped and the electrolyzed solution was removed from the cell. The pH was
adjusted to 3.0 to convert sodium salts into the corresponding acid and lyophilized.
The freeze-dried material obtained was dissolved in 2-3 mL water and passed
through a glass column (60 x 1.5 cm) packed with Sephadex G-10 (Sigma, bead size
4-120 p). Doubly distilled water was used as an eluting solvent. Different fractions
(5 mL each) were collected in test tubes. The absorbance of each tube was monitored
at 210 nm and was plotted against volume. The volume collected between 160 to 200
mL (peak P;) was found to contain phosphate and hence discarded. The other three
peaks between volumes 220-250 (P,), 250-270 (P3;) and 290-325 (P,) were collected
separately, freeze-dried and analyzed by m.p., IR and 'H NMR spectra. IR spectra
were recorded as KBr pellets using Perkin Elmer 1600 FTIR spectrometer and 'H
NMR were obtained with a FX-100 Jeol NMR spectrometer. TLC of the electrolyzed
solution was carried out using silica Gel-G as adsorbent and methanol-benzene
(25:75) as developer.

RESULTS AND DISCUSSION

Voltammetric Behaviour

Linear sweep voltammetry of Direct Orange-31 at a sweep rate of 20
mV s! at pyrolytic graphite electrode exhibited two well-defined reduction
peaks (Ic and Ilc) in the pH range 2.0-10.3 when the sweep was initiated in
negative direction. The peak potential of the peaks was dependent on pH
and shifted towards more negative potential with pH increase. The plots of
Ep vs. pH can be approximated as two segments of straight lines which in-
tersect at pH 4.6. (Figure 1). The dependence of Ep on pH can be repre-
sented by the following relations:

Peak Ic
—Ep (pH 2.0 - 4.6) = [250 + 100 pH] mV vs. SCE
—Ep (pH 4.6 —10.3) = [450 + 60 pH] mV vs. SCE

Peak Ilc
—Ep (pH 2.0 —4.6) = [-110 + 100 pH ] mV vs. SCE
_Ep (pH 4.6 — 10.3) = [100 + 65 pH ] mV vs. SCE

The break in Ep—pH curve at around pH 4.6 represents the pK, of the
dye. In cyclic sweep voltammetry at a sweep rate of 100 mV s71, two well-
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Figure 1. Observed dependence of peak potential (Ep) of reduction peaks on pH for
0.5 mM Direct Orange-31, sweep rate 20 mV 1.

defined cathodic peaks (Ic and IIc) were observed. When the direction of
sweep was reversed, two anodic peaks (IIla and IVa) were observed in the
entire pH range (Figure 2). At pH > 4.0, one more anodic peak (Ia) was oc-
cassionaly observed. When the sweep direction was again changed, two new
reduction peaks IIlc and IVc were noticed at pH > 4.0 which formed a
quasi-reversible couple with peaks IIla and IVa. The peak currents of peaks
Ic and IIc were more or less constantly below pH 7.0 and showed a decrease
at higher pH. To check whether the anodic peaks were related to reduction
peaks Ic and Ilc, cyclic voltammograms were also recorded by initiating the
sweep in the anodic direction. As no anodic peak was observed, it was con-
cluded that peaks I1la and IVa were due to oxidation of the products gener-
ated in peak Ic/Ilc reaction. The peak potential of peaks Illc and IVc was
also pH dependent and shifted to more negative potential with pH increase.
The dependence of Ep on pH for these peaks can be represented by the fol-
lowing equations:
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Peak Illc
—-Ep(pH 4.0-10.3) = [120+55 pH] mV vs. SCE

Peak IVe
—Ep(pH 4.0-10.3) = [450+50 pH] mV vs. SCE

To further distinguish whether the species responsible for peaks I1Ia/IIlc
and IVa/IVc were related to peak Ic or Ilc, separate experiments were car-

Current /1A

| l

e
Potential / Volt vs. SCE

Figure 2. Cyclic voltammograms of 0.5 mM Direct Orange-31 in phosphate buffers,
sweep rate 100 mV s L.
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ried out in which direction of sweep was reversed after recording peak Ic. It
was interesting to observe that redox couple IVa/IVe was clearly visible in
such cases. Hence, it was concluded that the species responsible for peaks
IVa/IVe are related to peak Ic reduction product whereas couple IIla/IIlc is
related to peak Ilc. Some of the typical cyclic voltammograms of Direct
Orange-31 are presented in Figure 2.

The peak currents of peaks Ic and IIc were found to increase with an in-
crease in concentration of Direct Orange. The plots of ¢, vs. concentration
for both peaks were linear up to concentration of approximately 1.0 mM and
had a tendency to limit at higher concentrations. The i, (Ic) versus concen-
tration plot for Direct Orange-31 is presented in Figure 3. This behaviour
indicated adsorption of the dye at the surface of PGE.!® Adsorption was fur-
ther confirmed by the linear increase of peak current with increase in sweep
rate (Figure 4).

The values of 'n' the number of electrons involved in the reduction, were
determined at PGE in the entire pH range. The values of 'n' obtained for
peaks Ic and Ilc at different pH and potentials are presented in Table I. It is
clear from these values that reduction of the dye occurs in two steps, each
involving 4.0 + 0.1 electrons.

Spectral Studies

The progress of electroreduction of Direct Orange-31 was monitored by
recording UV / VIS-spectra in the region 250—-800 nm. Compound I exhib-
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Figure 3. Peak current versus concentration behaviour for the reduction peak Ic of
Direct Orange-31 at pH 7.0.
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Figure 4. Variation of the peak current (i,) observed for the reduction peak Ic with
the variation in sweep rate for 0.5 mM Direct Orange-31 at pH 7.0.

ited two well-defined absorption bands at 257 and 356 nm in the pH range

2.0-4.6. At pH > 4.6, the band at 356 shifted to 407 nm. The shift in 4

max at

pH > 4.6 again indicates the change in structure of the dye and suggests the
pK, of 4.6. A typical UV/VIS spectrum observed for 0.1 mM Direct Orange-

TABLE I
Coulometric n-values observed for the reduction of 0.5 mM Direct Orange-31
at PGE
pH Potential Experimental*
(mV vs. SCE) n value
2.0 —200 4.08
—600 3.96
3.8 —400 4.12
-800 4.10
6.9 —700 4.11
-900 3.86
8.4 -800 3.91
-1050 4.14

* Average of at least three replicate determinations
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Figure 5. Observed spectral changes during reduction of 0.1 mM Direct orange
—31(A) for peak Ic and (B) for peak Ilc at pH 7.0, potential 0.7 and 0.9 V vs. SCE re-
spectively. Curves (1-6) were recorded at 0; 10; 20; 40; 60 and 75 min of electrolysis.
Curve 7 was rcorded after 120 min.

31 at pH 7.0 is presented by curve 1 in Figure 5. Upon application of the po-
tential more negative than peak Ic, the absorbance at 4,,,, decreased sys-
tematically (Figure 5A). If potential is turned off at any stage during elec-
trolysis, no change in absorbance was noticed. Thus, no intermediate
capable of absorbing at longer or shorter wavelength was generated. In con-
trast, if 0.9 V potential was applied (Figure 5B), the absorbance in the re-
gions 250-300 and 350-600 nm decreased and absorbance in the region
300-350 nm increased. After 2 h of electrolysis, a new band at 350 nm was
observed. However, the change in absorbance ceased when the potential was
turned off at any stage of electrolysis.

The progress of electrolysis was also monitored at pH 7.0 by recording
cyclic voltammograms at different time intervals. The cyclic voltammo-
grams of compound I exhibited two reduction peaks (Ic and IIc) and oxida-
tion peaks (IITa and IVa), as shown in Figure 2. When potential was applied
50 mV more to peak Ilc, a systematic decrease in the peak current of peaks
Ic and IIc was noticed. Redox couples IIIa/Illc and IVa/IVe were clearly ob-
served at the end of electrolysis.

Product Characterization

The products of electroreduction were characterized at pH 3.0 and 7.0.
The exhaustively electrolyzed solution of the dye corresponding to peak Ic
exhibited two clear spots in TLC at both pH, with R, values 0.30 and 0.45.
The presence of two spots indicated the presence of two compounds. Hence,
it appears reasonable to conclude that one of the azo linkage breaks in peak
Ic reaction. When electrolysis was carried out at peak Ilc potentials and the
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TLC of the resulting solution was carried out, three spots with R, 0.30, 0.50
and 0.60 were observed. The product with R, ~ 0.30 seems to be common to
both reduction peaks. The electrolyzed solution was freeze-dried (see experi-
mental) and the solutions under various chromatographic peaks were col-
lected separately and lyophilized.

The colourless material under chromatographic peak P, exhibited a sin-
gle spot in TLC (R; ~ 0.60). It had m.p. 145-146 °C and exhibited the follow-
ing prominent bands in the FTIR spectrum: 3429, 3163, 2598, 2085, 1666,
1609, 1441, 1297, 1153, 1029, 892 and 760 cm!. This compound was charac-
terized as 4-aminosalicylic acid by comparing its IR with the authentic sam-
ple. Formation of 4-aminosalicylic acid as one of the products and the
number of electrons involved in the reduction in peaks Ic and Ilc clearly in-
dicates that cleavage of -N=N- occurs. Hence, the other products should be
3,3'-dimethylbenzidine and substituted pyrazole. The volume collected un-
der peak P; on lyophilization gave light brown coloured material having
m.p. > 300 °C. The IR spectrum of the product exhibited the following sig-
nificant bands: 3602, 3520, 3316, 3228, 1607, 1491, 1260, 817, 700 and 507
cm~l. The '"H NMR spectrum of the material exhibited the signals at §/ppm
2.5 (s, 3H), 2.6 (s 3H) and 7.5 (m, 10H). Thus, the compound is character-
ized as 3,3'-dimethylbenzidine. The product corresponding to chromato-
graphic peak P, (R; ~0.30) had m.p. 220 °C and could not be completely
characterized at this stage due to the very small amount obtained. The in-
volvement of four electron reduction in each voltammetric peak suggests
that it should be pyrazole derivative.

The experimental information presented above indicates that the elec-
troreduction of Direct Orange-31 dye occurs in two well-defined reduction
peaks at a PGE. As controlled potential electrolysis indicated that peak Ic is
4e~, 4H* transfer process, either the two azo group can be reduced to a
bishydrazo derivative, as reported for bisazobenzene,?%?! or cleavage of one
of -N=N- linkage may take place, as observed in the case of several azo
dyes.?223 As TLC of the exhaustively electrolyzed solution corresponding to
peak Ic exhibited two clear spots, it is concluded that reduction in peak Ic
process leads to cleavage of one of the two azo groups present in the dye. As
cleavage of -N=N- group attached to the bulkier moiety has been often ob-
served due to steric hindrance to coplanarity,2* it seems reasonable to con-
clude that, in peak Ic process, reduction of azo group attached to substituted
pyrazole moiety takes place and cleavage of -N=N- would give substituted
pyrazole IIT and species II as shown in Scheme 1.

The pyrazole species III possesses an amino and hydroxyl group at 4
and a 5 positions. As oxidation of aminophenols is well documented in the
literature,?® it seems reasonable to conclude that redox couple IVa/IVc ob-
served on changing the sweep direction after recording peak Ic is due to oxi-
dation of this compound. Further transfer of 4e~, 4H* in peak Ilc reaction
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Scheme 1. A tentative reaction mechanism proposed for the reduction of Direct
Orange-31.

causes cleavage of the second azo group via a hydrazo intermediate to give
4-aminosalicylic acid (VI) and 3,3'-dimethylbenzidine (IV). Compounds IV
and V have been characterized on the basis of m.p., IR and NMR spectra.
Redox couple IIIa/IIlc has been found to be due to the oxidation of 4-amino-
salicylic acid as it has been confirmed by recording a CV of the authentic
compound. When cyclic voltammograms of authentic 4-aminosalicylic acid
were recorded by initiating the sweep in positive direction, peaks IIIa/IIlc
were observed at the same potential as observed in the case of Direct
Orange-31.

Thus, it is concluded that the electroreduction of Direct Orange-31 dye
does not stop at the hydrazo stage but further reduction of hydrazo molecule
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yields amino compounds as the final products. The observed reduction
behaviour of Direct Orange-31 was also compared with the reduction of
p-bisazobenzene reported in literature.?? It was interesting to observe that in
acidic medium reduction of p-bisazobenzene occurred in two waves at d.m.e.
involving close to 8.0 electrons, whereas in alkaline solution reduction stop-
ped at hydrazo stage (n = 4.0). In the case of several other bisazo dyes
having napthol moiety?® or ethoxy groups,?? reduction has been observed in
8.0 electrons to cause clevage of azo linkages in acidic and alkaline media.
The present studies clearly indicate that the electroreduction of compound I
at solid electrode occurs via hydrazo intermediate to give amino compounds
as the ultimate product. The difference in behaviour from p-bisazobenzene
can be attributed to the electrode material as well as to bulkier pyrazole
moiety attached to one side of an azo group. The steric hindrance due to
bulky groups has been reported to affect the reduction behaviour in a large
number of organic compounds.?’
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SAZETAK

Voltammetrijsko istrazivanje biazo-boje Neposredno narandasto 31
na piroliti¢koj grafitnoj elektrodi

Rajendra N. Goyal, Madhu S. Verma i Naveen K. Singhal

Istrazena je elektrokemijska redukcija biazo-boje Neposredno narancasto 31 na
pirolitickoj grafitnoj elektrodi u rasponu 2,0 < pH < 10,3. U linearnoj i cikli¢koj
voltammetriji uofena su dva dobro definirana odziva uzrokovana redukcijom koja
ukljucuje prijenos 4 elektrona i 4 protona. Produkti redukcije azo-skupina te boje
jesu amini jer se hidrazo-skupina (koja nastaje kao meduprodukt reakcije) cijepa u
daljnjem toku redukcije. Pri pH = 3,0 glavni su produkti redukcije 4-aminosalicilna
kiselina i 3,3'-dimetilbenzidin. PredloZen je mehanizam redoks-reakcije.



