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One-Electron Oxidation and Reduction of Different Tautomeric Forms of Azo Dyes: A
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To characterize the relative reactivities of different dye tautomeric forms of model azo dyes, pulse radiolysis
studies were made of their reactions with either oxidizing radicals (hydroxyl radiiid) @nd N) or reducing
species (g~ and the 2-hydroxy-2-propyl radical) in the pH rangel2. Methyl orange, 2-(arylazo)-1-naphthol-
3,6-disulfonate, and orange | or its O-methylated derivative undergo direct one-electron oxidations'with N
and one-electron reduction with eithegeor the 2-hydroxy-2-propyl radical. The efficiency of one-electron
oxidation of the dyes is strongly dependent upon their different tautomeric forms in the order common ion
> hydrazone> azo. In contrast, the ease of reduction of the different tautomeric forms of the dyes is in the
order protonated aza hydrazone> azo> common ion but shows a weaker dependence than that seen for
oxidation. Radical intermediates formed either from one-electron oxidation or from one-electron reduction of
the dyes mainly decay bimolecularly to give product(s) through radiealical disproportionation. The
reactivity of the*OH is independent of the tautomeric forms of the dyes, formilg adducts that decay
bimolecularly to give addition product(s) by radieabdical combination (dimerization) at high radical
concentrations. However, intermediates formed from orange | and its O-methylated derivative exhibit a
competing hydroxyl ion elimination to give the one-electron-oxidized species, which decay by dispropor-
tionation, a less efficient process than bimolecular dimerization. Thus, the efficiency of removal of the dye
by the *OH is critically dependent on the pH, which governs the competition between the bimolecular

dimerization of theOH adducts and the first-order water elimination pathway.

Introduction it is difficult not only to interpret the structurereactivity
relationship but also to identify and characterize the intermediate

The oxidation/reduction of azo dyes has drawn much attention o ; :
species involved so that a plausible mechanism(s) may be

because of the commercial and in particular environmental o :
concerns over residual dyes present in waste stréaisere-  Proposed for decolorization of the dyes. Our previous study

fore, one of the major areas of interest in dye chemistry is to US!N9 & SEres of azo dyes based on 1-(ary|azo)-2-_naphthol-6-
look for an efficient way for the disposal and treatment of sul_fongte () showed t_hat these dyes und(_argo free radlcal-ln_duced
wastewater by oxidation/reduction processes. Whereas advance@Xidation and reduction processes leading to decolorization of
to their molecular design have improved their photostability and the dyes. Furthermore, th®H adduct of | was most efficiently
stability toward aerobic degradation or common oxidants, their d|500|'0fe<.j by blmolgculgr processes involving radigaldical .
chemical removal is extremely difficult. This has stimulated the combination (dimerization), rather than by a dehydration
development of advanced photochemical methods, like photo- Process, commonly observed with phenolic materials, to give a
Fenton reactioft?and photocatalytic reaction with suspended radical corresponding to that produced by one-electron oxidation.
semiconductof&®such as Ti@to remove dyes. Decolorization ~ For instance;OH-induced degradation of the azo dyes at pH
of the dyes by the sonochemical methlthas also been used.  ~7, where the dyes are predominantly in their hydrazone form
All these methods, however, involve the production of a reactive (s€e Scheme 1), is more efficient when compared with that
free radical species such as hydroxyl radicaBH), which induced by e,q or one-electron oxidation. The reduction
interact with the dyes leading to the decomposition of the dyes. properties of the one-electron-oxidized dye radical of the
Recently, it has been shown that reducing radicals are verycommon ion forri of some azo dyes are known.
effective at bleaching azo dy&xb The main objectives of this investigation were to characterize
If the azo group is conjugated with hydroxy groups, the dyes the relative reactivities of the azo, hydrazone, and common anion
exist in different tautomeric forms (Scheme 1). Consequently, tautomers of a series of azo dyes with one-electron reducing
and oxidizing agents at different pH values. For comparison
with methods used in decolorization of the dyes, the reaction

* Corresponding author. Tel#-+44 1235 841017. Fax:++44 1235
841200. E-mail: p.oneill@har.mrc.ac.uk.

TMRC. of these dyes withOH was also investigated. Because tl& p
¥ University of Pune. _ value of the model azo dye | is11l and similar to the Ig,
® Unilever Research Port Sunlight. values of theOH?® and 2-hydroxy-2-propyl radical$2azo dyes

I'Freelance Consultant, John Oakes Associates Farm Bungalow, Darnhallb d hich h | |
School Lane, Winsford, Cheshire CW7 1LH, UK. E-mail: John@ Pased on orange I (Il), which have loweKpvalues, were

OakesAssociates.Freeserve.co.uk. chosert12to minimize any possible differences in reactivity

10.1021/jp035002v CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/27/2003



7620 J. Phys. Chem. A, Vol. 107, No. 38, 2003 Sharma et al.

SCHEME 1: Azo (1), Hydrazone (2), and Common Anion (3) Forms of Orange |
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reflecting the different forms of these initiating radicals or characterization, and properties of 2-(arylazo)-1-naphthol-3,6-
electrostatic effects wherrg,is used. Orange | (Il) with I§a disulfonate (sodium salt) have been described elsewfere.
8.3 was chosen to study the reactivities of the azo/hydrazoneO-methylated orange | was used as supplied by Peter Gregory
and common ion tautomers whereas O-methylated orange | (Il) (Zeneca) and Richard Clark, Unilever Port Sunlight Laboratory.
and methyl orange (lll) were used as models of the fixed azo N,N,N',N'-Tetramethyl-1,4-phenylenediamine (TMPD) and 7,8-
tautomer and to gain insight into the effects of different electron- dihydrodipyrido[1,2a:2',1'-c][1,4]diazepinedium (3¥") were
donating groups on the chemistry of oxidation between orange gbtained from Aldrich, 2,2azinobis(3-ethyl)[1,3]benzothiazoline-

| and methyl orange. 2-(Arylazo)-1-naphthol-3,6-disulfonate 6-sulfonic acid (ABTS) was from Boehringer Ltd., and all other

(IV) was used for comparison with previous datwith chemicals were from Aldrich and Sigma and used as supplied.
1-(arylazo)-2-naphthol-6-sulfonate using azo dyes with various go|ytions were freshly prepared in phosphate buffex (103
substituents. mol dn3) using water purified by a Millipore Milli-Q system.

. . The pH of the solutions was adjusted using either AR grade
Experimental Section HCIO, or NaOH. Ground state optical absorption spectra of the

Orange | (Fluka) and methyl orange (Aldrich) were recrystal- dyes were recorded immediately prior to irradiation using a
lized in ethanotwater before use. The synthesis, purification, Beckman DU 7400 spectrophotometer. A syringe-bubbling
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technigue was used to saturate the solutions with the appropriatemol dm~3 2-propanol (reaction 5).
gas (either high-purity BD, BOC special gas, or NAir

Products). The solutions were bubbled for 20 min prior to *OH + (CHy) HCOHE'COH(CHg) +H,0 (5
irradiation. All the experiments were carried out at room 2 2 2
temperature{20 °C). K=1.9x 10 dm*mol *s™*

Pulse radiolysis experiments were carried out using a 4.3 MeV
Mullard Linear Accelerator, SL46, which generates single SO~ was generated in deaerated, aqueous solutions containing
electron pulses of 1,6s duration. Spectrophotometric detection 1.5 x 1072 mol dn3 N&S;0s and 2.0x 1072 mol dnr3
of the transient dye radicals produced was monitored as 2-methylpropan-2-ol, as a scavenger©H (reaction 6).
described previousl{4 Signals from the photomultiplier were

stored using a Datalab transient digitizer (model DL 905) 20827 +eq (H)—SO,~ + SO? (HSO,) (6)
interfaced with a PC 386/20, which utilizes a customized version 0. 3 R

of ASYST software (Technologies Inc.) to process the data. Ko, = 1.2 10°dm’ mol *s at pH 7
Appropriate glass filters and a shutter were used to minimize

the effects of photolysis of the samples. KSCN dosimetry was Ky = 2.5x 10" dm’ mol ' s atpH 7

carried out to determine the dose/pulse using aqueous solutions

containing 1x 104 mol dnm 3 KSCN and takingGe>00nm = Ground State Correction. Because the ground state of the

2.6 x 104 m?2 J 1 forl516(SCN)"~. The dose/pulse was in the  dyes absorbs very strongly in the visible, the transient optical
range 110 Gy, which produces at the highest dose a [radical] absorbance of the radicals at a given wavelength was character-
of <6 x 107® mol dm 3. The accuracy of the rate constants ized by using eq 7 to determine the extinction coefficients of
determined for the reactions 6®H, Ng*, and the 2-hydroxy-  the radicals adica). Equation 7 accounts for bleaching of the
2-propyl radical with the dyes is withif:10%. reacted parent compound after irradiation and uses the molar
y-Irradiation. $9Co-y-irradiation of aqueous solutions con- ~ absorptivity of the parent compouné,4en) and the absorbed
taining azo dye (5x 1075 mol dn3) saturated with the dose to calculateyadicay Using the optical absorbance determined
appropriate gas was carried out using a well t§4@o y-source at the wavelength investigated (QRsurejr
in the Department of Chemistry, University of Pune, or the

facilities at the Radiation and Genome Stability Unit, Medical _ ODrcasurefiG€ Daosimeter 5
Research Council. The dose rates were determined using Fricke €radical — €parent Graiea(ODY) (7)
dosimetry. radical dosimeter

Iradiations. Radiolysis of aqueous solution wighradiation Determination of One-Electron Reduction PotentialsThe
or highly energetic electrons leads to the generation of highly j.o_electron reduction potentials*(ZD) of the one-electron-

reactive species (reaction 1), the yields of which are well-known; . idized radical of orange | (D) at pH 7 and 10 were determined
G(*OH) ~ G(€ag) = 2.8 x 107" mol J'* andG(H*) = 0.55 x

; A pulse radiolytically in aqueous solution containing 2002
107" mol J™. mol dm 2 of sodium azide to maintain an oxidizing system
(reaction 9). The yield of radicals shown in reaction 9 was
H,O~"OH, H', &), , H,0,, H,, H,0" (1) determined at equilibriuf@*8usingN,N,N',N'-tetramethyl-1,4-
phenylenediamine (TMPD) as the standard, the reduction
€ aq(E(H20/e 59 = —2.87 V) may be quantitatively converted  potential of which (TMPB"/TMPD) is 0.35 V19 vs NHE. The
into *OH (pKa =~ 11.9% by saturating the aqueous solution with  nonequilibrium mixture of one-electron-oxidized radicals of

N2O (reaction 2). orange | and TMPD were generated following pulse irradiation
of aqueous solutions containing>d 10-3 mol dm~3 orange |
€5 + N0+ H,0— N, + "OH + OH" 2) and various concentrations of TMPD [(0:66.7) x 103 mol

dm~3] with a dose/pulse of-1 Gy.
k=8.7x 10°dm*mol *s ' atpH 7
D*/D*'+ TMPD=-D/D™ + TMPD"" (8)
The oxidizing N radical was generated inN-saturated,
aqueous solution containing 220102 mol dm3 NaNs, where
*OH is converted into i (reaction 3).

The position of equilibrium (9) was determined from the
concentration of TMPE" at 610 nm, as the absorbance of the
one-electron-oxidized dye radical {D) is negligible compared
with that of TMPD™ at 610 nm.

Similarly, the one-electron reduction potential for methyl
orange at pH 7.0 was determined using?8YE(3VZT/3V*) =
—0.549 V)9 as the standard. The position of equilibrium (10)
Jvas determined from the absorbance of 8%t 380 nm using
a dose/pulse of-4 Gy.

"OH + Ny~ — N + OH" ®)
k=1.2x 10°dm*mol s *at pH 7

Solvated electrons are generated under dearated aqueous soluti
containing 2-methylpropan-2-ol (0.2 mol df) as a scavenger

of *OH (reaction 4). e, (CO,) + MO — MO™ + HCO, + OH™  (9)

N
"OH + (CH,),COH— "CH,C(CH,),0H + H,0  (4) MO'™ + 3V** =MO + 3v"* (10)
k=7.6x 1 dm*mol s atpH 7 The aqueous solutions contained 0.1 mol-d@rformate, to

maintain a reducing system,»1 10~4 mol dn1-3 methyl orange
2-Hydroxy-2-propyl radicalsE((CHs),CHOH/(CH).C*—OH) dye, and various concentrations of 3\{(1—10) x 10~ mol
= —1.8 V, Ky ~ 12.2)0a gre generated by quantitative dm™3]. The equilibria (8) and (10) can be related to the
conversion of OH radical underJ® conditions containing 0.1  concentrations of the substrate radicals, using the system
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Figure 1. Corrected transient optical absorption spectra obtained in the reaction ofs(A% N30 us after pulse irradiation) at pH 6.6 and $O

(O, 20 us after pulse irradiation) with orange | at pH 4.0 and (B) With methyl orange %, 30 us after pulse irradiation) at pH 7.0. Insets: (a)
dependence of the optical absorbance of the radical at 380 nm on pH for reactiog ofM@® orange I; (b) dependence of the second-order rate
constant for the reaction of Nwith orange | on pH. [Dyel= 5 x 107° mol dnv 3. Dose/pulse= 2 Gy.

containing 3V* as the example, and the ratio of the (substrate TA1;3]1_E }1: Secon_d-Or(:eroRate Cons(tjar%ts k/10% dm3 mol—*
D : standard 3\9‘1' usin S or the Reaction of* H, N3‘, and the

) ) g 2-Hydroxy-2-propyl Radical with Orange I, O-Methylated
Orange |, Methyl Orange, 2-(Arylazo)-1-naphthol, and

— [DI[OD g5 — ODp. ] (11) 1-(Arylazo)-2-naphthol Dyes
[AIOD 3y.. — ODgpd dyes K. pH ‘OHk Nyk ‘COH(CH)k
The equilibrium constant) is related to the difference in the | 83 3400 ”g 7 O'?(’j
duction potentialsXE) of the reactants in orenge ' 1 ' "
re p (n 54 nd 0.15 0.23
. . 6.4 nd 0.19 0.2
AE=E(D/D"") — EQ@RV"/3V")=RTInK/IF (12) 6.6 09 022 0.18
7.0 nd 0.26 0.15
whereF is the Faraday constant. Thus the one-electron reduction 8.0 nd 0.35 0.07
potentials can be calculated. The potentials are corrected for 1%-2 rlldl %-37 8d04
the ionic strength as described in detail elsewhere. O-methylated orange |~ 3.4 20 11 <001 0.08
| d Di . (fixed azo; I1)
Results and Discussion methy! orange 32 nd 0.2
; . . (fixed azo; I11) 7.0 nd 0.5 0.07
(a) Rate Constants for Reaction of*OH, N3, and the 96 207 nd 0.06

2-Hydroxy-2-pr0py| Radical With t'h.e Dyes.The rate consta}nts 2-(arylazo)-1-naphthol  11.3 7.0 1.8 =<0.01 0.2
for the reaction ofOH, the oxidizing N, and the reducing | 123 0.4 nd
2-hydroxy-2-propyl radical with orange I, O-methylated orange 1-(arylazo)-2-naphthdl
I, methyl orange, and 2-(arylazo)-1-naphthol-3,6-disulfonate (I

were determined in aqueous solutions at different pH values. R* =R*=H

The second-order rate constants were evaluated from the linear

dependence of the first-order rate of growth of the transient 2nd= not determined; superscripts refer to rate constants taken from
optical absorption on the concentration of the dyes A )lx indicated literature references (refs 7 and 27).

1074 mol dm3] and are tabulated in Table 1 along with the

corresponding second order rate constants for 1-(arylazo)-2-With pH, as shown in Figure 1A (inset b) reaching a value of

108 7.0 11 0.07 0.25
12.0 nd 0.5 nd

naphthol-6-sulfonate dye series previously repofted. 3.7 x 10° dm® mol~* s™* at pH 10.5, when the dye is present
The rate constants for reaction witbH are similar to the as the common anion. Similarly, the rate constant for reaction

rate constants previously determined for reactionGil with of N3 with 2-(arylazo)-1-naphthol-3,6-disulfonate at pH 7.0 is

1-(arylazo)-2-naphthol-6-sulfondtand azobenzerf@The rate  low when the dye is present predominantly in its hydrazone

constants withOH show very little variation with the tautomeric ~ form but increases with pH to reach a value ok410° dm®
form of the dyes, because they react at the diffusion-controlled mol~* s~ when the dye is present as its common anion, i.e.,
limit, which, to a first approximation, is given by the Stokes when pH> pKj of the dye. Similar changes of the rate constants
Einstein equationky = 8RT/3e = 7 x 10° dm® mol~t s7% In with pH were also seen previoudljor reaction of N* with
contrast, the rate constants for reaction of both &hd the unsubstituted 1-(arylazo)-2-naphthol-6-sulfonate. Therefore, the
2-hydroxy-2-propyl radical with these dyes depend strongly on efficiency of one-electron oxidation of the different tautomeric

the tautomeric forms of the dyes. forms of the dyes is in the order common ienhydrazone>
For instance, the rate constant for reaction af With the azo, consistent with the findings for the oxidation using peracids
fixed azo dye, O-methylated orange |, is lowl x 10° dm? and hypochlorited! where the common anion is more suscep-

mol~! s71, whereas the rate constant with orange | increases tible to oxidation compared with the other tautomers. The lower
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Figure 2. Optical absorbance changes with time determined at pH 6.6 for [dye]>0fl®5> mol dnm and a dose/pulse- 2 Gy. (A) Optical
absorbance changes with time for reaction gf With orange | at 480 nm. (B) Decay of the one-electron-oxidized radical of orange | at 340 nm.
(C) Optical absorbance changes with time for reaction of 2-hydroxy-2-propyl radical with orange | at 480 nm. (D) Decay of the electron adduct of
orange | at 400 nm.

reactivity of Ns* with 2-(arylazo)-1-naphthol-3,6-disulfonate (IV) 12000
compared with 1-(arylazo)-2-naphthol-6-sulfonate (I) at pH 7.0 1 @
(when both are predominantly in their hydrazone forms) parallels
the reactivities of the respective common anions. The reduction
potential of the oxidized common anfoof 1V (0.84 V) is higher

than that of I 0.7 V) and probably reflects the electron-
withdrawing effects of the two additional sulfonate groups of _
2-(arylazo)-1-naphthol-3,6-disulfonate. The greater reactivity of
orange | with N* than either 2-(arylazo)-1-naphthol-3,6- -
disulfonate or 1-(arylazo)-2-naphthol-6-sulfonate, when in their
hydrazone forms, is consistent with their different reduction
potentials (see below). Although methyl orange and O-meth-
ylated orange | are both in the azo form, the rate constant for
oxidation of methyl orange is much greater, reflecting oxidation
of the dimethylanilino moiety due to the effect of the strong 0
electron-donating effect of the dimethylamine group into the
conjugatedr-system. Wavelength/nm

With the 2-hydroxy-2-propyl radical, its reactivity with orange  gigyre 3. Corrected transient optical absorption spectra of the species
I and 2-(arylazo)-1-naphthol-3,6-disulfonate also reflect the formed in the reaction of 2-hydroxy-2-propyl radica,(20 us after
tautomeric forms of the dyes but to a lesser extent than that the radiation pulse) at pH 6.6 anghe(20us, after the radiation pulse,
seen with N. At pH 6—7, when the dyes are present atpH 6.6 ¢) and 10.0 €)) with orange I. Insets: (a) dependence of
predominantly in the hydrazone form, the rate constants are the optical absorbance at 410 nm on pH for the reaction,pfweith
similar to that for reaction with azobenze#enterestingly, the ~ 2'an9€ |; (b) dependence of the second-order rate constant on pH for
. . the reaction of 2-hydroxy-2-propyl radical with orange |. [Dyep x
rate constant for orange | measured at pH 7 in water is an order; g-s o) dnr-2. Dose/pulse= 2 Gy.
of magnitude higher than that found in methatfaidicating
a relatively large solvent effect for this reaction. With orange |,
the rate constant decreases with increase in pH, as shown iron their tautomeric forms, the optical absorption spectra of the
Figure 3 (inset b), indicating that the common ion is less reactive species produced on reaction with' Nt different pH values
than the hydrazone form. With methyl orange, the azo tautomer have been determined. The corrected transient optical absorption
present at pH 7.0 and 9.6 is less reactive than the protonatedspectrum for the species produced in the reaction Hfwith
azc* form present at pH 3.2 (see Table 1). Therefore, in contrast orange | at pH 6.6, as shown in Figure 1A, is similar to the
to oxidation of the dyes, the ease of reduction of the different spectrum of the species produced in the reaction fviNth
tautomeric forms of the dyes is in the order protonated:azo orange | at pH 10, 2-(arylazo)-1-naphthol-3,6-disulfonate at pH
hydrazone> azo> common ion. 12.4 (Figure 1S), and unsubstituted 1-(arylazo)-2-naphthol-6-
(b) Species Produced on One-Electron Oxidation of the  sulfonaté at pH 12.0. The transient optical absorption spectra
Dyes by Ny. Because the reactivity of the dyes with*Mepends are assigned to the one-electron-oxidized radical of the dyes.
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The K, of the one-electron-oxidized species of orange | was
determined using S£ as the oxidizing agent due to working
in acidic conditions because th&pof Ns* is 4.7410 First, it
was verified that the optical absorption spectrum for reaction
of SO~ with orange | is identical with that of the one-electron-
oxidized species produced withsNat pH ~6.6. However, at

Sharma et al.

3. At pH 3.0, the transient optical absorption spectrum produced
by the reaction of 2-hydroxy-2-propyl radical with orange | (data
not shown) is the same as that observed at pH 6.6, whereas at
pH 10 the transient optical absorption spectrum formed by
reduction of orange | withgg~ (Figure 3) or 2-hydroxy-2-propyl
radical is red shifted compared with the spectrum at pH 6.6.

pH 4.0, the optical absorption spectrum of the species producedThese transient optical absorption spectra are assigned to one-

in the reaction of S@~ with orange | is different, showing a
red shift with respect to the absorption maximum at 430 nm

electron-reduced species of orange |. From the dependence of
the optical absorbance at 410 nm for reaction.gf ith orange

(Figure 1A). From the dependence of optical absorbance of thel on pH, the (K, of the electron adduct of orange | was

species produced in the reaction of ;SOwith orange | on pH
as shown in inset (a) of Figure 1A, th&pof the one-electron-
oxidized radical of orange | was determined to be #.8.2,
similar to the X, of 5.2 & 0.2 reported for the p-methoxy
derivative of 1-(arylazo)-2-naphthol-6-sulfonate. With methyl

determined to be 7.9 0.2 (Figure 3, inset a), and similar to
that of parent orange | (8.3). It is therefore suggested that the
pKa, determined for the one-electron-reduced radical of orange
| reflects the prototropic equilibrium of the hydroxyl group.

The corrected transient optical absorption spectrum produced

orange, the corrected transient optical absorption spectrumin the reaction of g~ and the 2-hydroxy-2-propyl radical with

produced in the reaction with Nat pH 7.0 (Figure 1B) is

methyl orange at pH 7.0 are similar to each other and to that

assigned to its one-electron-oxidized species. As discussedobserved for one-electron reduction of azobenZén€he
earlier, the oxidation of methyl orange is suggested to occur at transient spectrum produced in the reaction of 2-hydroxy-2-

the dimethylanilino moiety, whereas oxidation of the methoxy-
naphthol moiety of O-methylated orange I is not efficient(
108 dm® mol~1 s71).

The one-electron-oxidized radicals of orange | and 2-(aryl-
azo)-1-naphthol-3,6-disulfonate determined at -3360 nm
decay bimolecularly with second-order rate constanky (2
2.7 x 10° dm® mol~t s* at pH 6.6 (Figure 2B) and % 10°
dm® mol~1 s~ at pH 7.0, respectively. The value of b610°
dm® mol~! s7! appears to be too large. Bimolecular radical

propyl radical with methyl orange at pH 3 shows a blue shift
with respect to that at pH 7.0 (data not shown); this species
arises from reduction of the protonated az&/{p~ 3.5)2!

The transient absorption spectra produced in the reaction of
€yq and the 2-hydroxy-2-propyl radical with 2-(arylazo)-1-
naphthol-3,6-disulfonate at pH 7.0 are similar to that for the
electron adduét of unsubstituted 1-(arylazo)-2-naphthol-6-
sulfonate, the transient optical spectrum of which absorbs at
400 and 530 nm. The intensity at higher wavelengths is greater

termination in water would be expected to have values of less than that at shorter wavelengths, in contrast to the observations

than 2x 10° dm® mol~! s72, due to spin statistic¥. Thus, for
example, 2-hydroxy-2-propyl radicals decay bimolecularly with
a rate constant of ¥ 10° dm® mol~! s~ in water?® The high

for the electron adducts of orange | and methyl orange.

The electron adducts decay bimolecularly with second-order
rate constants of (245.0) x 10° dm® mol~* s~ at pH 6 and

value determined in the present study probably reflects a smallg for orange | (Figure 2D), (2:06.0) x 10° dm? mol~1 s1 at

underestimation of the initial concentration of dye radicals to
which this fit is very sensitive. This may also be true for the

pH 3 and 7 for methyl orange, and>3 10° dm?® mol~! s at
pH 7 for 2-(arylazo)-1-naphthol-3,6-disulfonate. The reduction

bimolecular termination constants found for some of the other potential of methyl orangeE(D/D*")) was determined to be
dye radicals; vide supra. At 390 nm, the radical cation of methyl _g 66+ 0.02 V, after correction for ionic strength.

orange decays exponentially with a first-order rate constant of

14 x 1B s L

The reduction potential for one-electron-oxidized orange |
at pH 7 E+(D**/D)) and 10 E'1o(D**/D)) were determined to
be+0.31+ 0.01 andt-0.35+ 0.01 V (vs NHE), respectively,
after correcting for ionic strength. The reduction potential at
pH 10 is lower than the reportédalues ofEl;(D**/D) = 0.64—
0.76 V vs NHE for one-electron-oxidized radicals of 1-(arylazo)-

(d) Species Produced by Reaction oOH with the Dyes.

The reaction ofOH with the various dyes was undertaken to
assess whether th®H adducts subsequently eliminate OH

to form the corresponding one-electron-oxidized species of the
dyes. The corrected transient optical absorption spectrum for
the species produced in the reaction"©H with orange | at

pH 6.6 is shown in Figure 4A. The decrease in the optical
absorption with time monitored at 560 nm (Figure 5A) is

2-naphthol-6-sulfonate and derivatives at pH 12 and the value gccompanied by an increase in absorbance monitored at 340

of 0.84 V for the one-electron-oxidized radical of 2-(arylazo)-
1-naphthol-3,6-disulfonate using Gl@t pH 12.

nm (Figure 5B) and 400 nm. Th@&H adducts of orange | decay
bimolecularly (Figure 5D) with a second-order rate constakjt (2

Attempts were made to determine the reduction potentials of (0.8—1.3) x 10'® dm® mol~! s~! determined at 580 nm and

of one-electron-oxidized radicals of 1-(arylazo)-2-naphthol-6-

pH 6.6. At pH 4.0 the initial species produced in the reaction

sulfonate and 2-(arylazo)-1-naphthol-3,6-disulfonate dyes at pH of *OH with orange | is identical with that of th®H adduct

7.0 using ABTS EL(ABTS/ABTS) = 0.648 V)° as the
standard. However, no equilibrium could be established from

observed at pH 6.6.
However, the rate of decrease of optical absorbance at 560

which it was estimated that the reduction potentials of their one- nm increases compared with that at pH 6.6 (data not shown).

electron-oxidized radicals (0/D) are >0.8V.

(c) Species Produced by One-Electron Reduction of the
Dyes by the 2-Hydroxy-2-propyl Radical and g4 . To

At pH 10.0, the initial species produced in the reactionQ@if
with orange | is, however, different from that observed at pH
6.6. It exhibits a broad maximum at 42600 nm, which decays

characterize the transient species of the different tautomericwithin 110us, leading to a species with an absorption maximum
forms of the dyes following one-electron reduction, the transient at 340 and 425 nm, as shown in Figure 4B. The spectrum of
optical absorption spectra were measured for the reaction ofthe resulting species at 116 is similar to that of the one-

€y and the 2-hydroxy-2-propy! radical with the dyes. The

electron-oxidized species of orange | at pH 10.0. The first-order

corrected transient optical absorption spectra for the speciesrate of decay of th&gOH adduct initially produced in the reaction

produced in the reaction of,& and the 2-hydroxy-2-propyl
radical with orange | at pH 6.6 are similar, as shown in Figure

of *OH with orange | depends on pH, as shown in Figure 4B
(inset a). The initial species produced in the reactionQH



Radical Reactivity Of Tautomeric Forms Of Azo Dyes

10000 =

A
b Po
so00 ' |
*
0N
o Ce
\ '.I p_o
1 1 <
6000 | | .. .
. e\ P:JO ek
B I". . ("O 2® oo
= oo, @ T T\ i
4000 W | | III
ab. | Py
. /[ e -
al | / O
‘e | P Seed
2000 *
| | .
\Ro® »
GO . s
o ; L . |
00 400 500 800 700
Wavalangthinm
10000 =
a
... l\
* | o
|
oo || 2 ¢
/ /e
| s | o y
() /o 0 o
| | 73 y
so004® | «? /0 P \ru./
- OQ" x’ct-) \ P %0 OG." "
E oo | o® 5:,0 \
% 'y ¥, \ \
= 4 O ° ¢
= 4000 1 ol { \ 0 %
o b W OOO
Q
2 9
2000 4 .‘ _..'.20\ .0
y S el
4 e
o T T 2 J.! T 1
00 400 50 500 700
Wavelzngthinm
b
200004 ™ W8
f \
|
A _\ o
-\ || .'| %
|
30000 - | \
|I e I|
| i
/ al
- . iy
€ !
5 200004 .'"\. S oy
= I 2
> i o T
/' / .:.:\
%,e.:_c_:) "\!:.\'
10000 W
Wy
a T T -4
400 500 T

Wavelengthinm

Figure 4. Corrected transient optical absorption spectra formed in the
reaction ofOH with (A) orange | at pH 6.6@, 6 and®, 120us after
pulse irradiation) and (B) orange | at pH 10,(6 and,®, 110us after
pulse irradiation) and with (C) O-methylated orange | at pH 20§
and,®, 250us after pulse irradiation). Insets: (a) pH dependence of
the first-order rate of decay at 580 nm for ti@&H adduct of orange I;

(b) pH dependence of the first-order rate of decay at 530 nm for the
*OH adduct of O-methylated orange I. [Dye]5 x 1075 mol dnt3.
Dose/pulse= 2 Gy.

with orange | is assigned to it®H adduct and it is suggested
that it subsequently eliminates water in aclihse-catalyzed
reactions to give the one-electron-oxidized species.

J. Phys. Chem. A, Vol. 107, No. 38, 2008525

2-(arylazo)-1-naphthol-3,6-disulfonate, the optical absorption
spectrum of which is similar to that with 1-(arylazo)-2-naphthol-
6-sulfonate (data not shown), is stable to O¢limination. That
water elimination occurs from orange | and O-methylated orange
| reflects their similarity to phenols, i.e., electron-donating effect
of the hydroxy and methoxy groups and absence of the electron-
withdrawing sulfonate group. Further, with 1-(arylazo)-2-
naphthol and 2-(arylazo)-1-naphthol, theiKgand redox
potentials are very different from those for phenols or orange
I, partly because the hydroxyl group may hydrogen bond with
the azo group. TheOH adduct of 2-(arylazo)-1-naphthol-3,6-
disulfonate decays bimolecularly with a rate constak) (£

1.4 x 10 dm? mol~1 s7%, determined at 560 nm and a pH of
7.0.

(e) Stoichiometry of Radical-Induced Decolorization of the
Dyes.The stoichiometry for 2-hydroxy-2-propyl radical-induced
loss of orange |, determined from the pulse radiolysis data in
Figure 2C, indicates that 1 dye molecule is removed per 1.8
2-hydroxy-2-propyl radicals. Using a low dose rate 10 Gy/min
of y-irradiation at pH 6.6, the stoichiometry for 2-hydroxy-2-
propyl radical-induced loss of orange | is one dye molecule per
2.2 2-hydroxy-2-propyl radicals (data not shown). This stoi-
chiometry is consistent with the loss of the one-electron-reduced
radicals of orange | to form products involving radieahdical
disproportionation.

The interaction of*OH with the dyes leads to loss of
absorbance in the visible absorption band of the ground state
of the dyes. From pulse radiolysis data at 480 nm with orange
[, 9.9 x 10°" mol dm 2 of *OH results in a loss of 9.& 107
mol dn3 of the dye at pH 6.6, corresponding to a stoichiometry
of 1 dye molecule per ¥OH (Figure 5C), whereas at pH 10.0,
when the®OH adduct of orange | is rapidly converted through
water elimination into the one-electron-oxidized radical, 1 dye
molecule is lost per 2.2D0H. Using a low dose rate 10 Gy/min
of y-irradiation at pH 6.6, the stoichiometry fo®H-induced
loss of orange | is one dye molecule peaH. Therefore, these
differences in the stoichiometry under high [radical] (pulse
radiolysis) and low [radical]¥-radiolysis) conditions at pH 6.6
can be explained on the basis of a competing bimolecular
decomposition of theOH adducts of orange | by radiealadical
dimerization with a first-order elimination of OHo give one-
electron-oxidized radicals of orange I, which decay bimolecu-
larly by radicat-radical disproportionation. The stoichiometry
at pH 7.0 determined from pulse radiolysis data for loss of the
*OH adduct of 2-(arylazo)-1-naphthol-3,6-disulfonate is 1 dye
molecule per 2OH, consistent with that when th@H adducts
of orange | decay bimolecularly and with previous data with
1-(arylazo)-2-naphthol-6-sulfonate.

(f) Reaction MechanismsOur earlier studyon 1-(arylazo)-
2-naphthol-6-sulfonate dyes withsNhad clearly shown that
N3* reacts via an outer sphere electron-transfer process, leading
to the formation of the one-electron-oxidized species of the dyes.
A similar mechanism is proposed for the oxidation of orange |
and 2-(arylazo)-1-naphthol-3,6-disulfonate by.NT'he initial

The optical absorption spectrum of the initial species produced reaction involves electron transfer to give radical cation/

in the reaction ofOH with O-methylated orange | is shown in

naphthoxyl radicall in Schemes 2 and 3. With orange I, the

Figure 4C. This species then undergoes a first-order decay, theradical specied (see Scheme 2) has &pvalue of 4.6. From

rate of which depends on pH, as shown in Figure 4C (inset b).
The initial species produced in the reaction ‘@H with
O-methylated orange | is assigned to i®H adduct, which
eliminates OH in acid—base-catalyzed reactions to give the
one-electron-oxidized species.

Consistent with previous observations with tldH adducts
of 1-(arylazo)-2-naphthol-6-sulfonatethe *OH adduct of

the stoichiometry for the loss of orange I, the one-electron-
oxidized radicals decay bimolecularly by radieahdical dis-
proportionation. ¥ oxidizes methyl orange to give its one-
electron-oxidized radica® in Scheme 1S. As discussed earlier,
this oxidation preferentially occurs at the anilino ring, a
reflection of the higher reactivity of methyl orange than that of
O-methylated orange | with ]
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Figure 5. Traces showing (A) decay of th®H adduct of orange | at 560 nm, (B) absorption buildup at 340 nm for the reactittbfvith
orange I, (C) optical absorbance changes with time for reactio@ldfwith orange | at 480 nm at pH 6.6, and (D) decay at 560 nm for the reaction

of *OH with orange | at pH 6.6. [Dyef 5 x 10°° mol dnr3. Dose/pulse= 2 Gy.

SCHEME 2: Oxidation of Orange | by *OH and Nz

o)L woens Oy

+HF

+0OH +N;3°/S0,4°" +OH

_OFS‘@*R/\N oM™

~OH™ 1

+H*1 —~H%pKa =4.6

-U,SAQ—N\N

It is proposed that one-electron reduction of orange I, methyl etry for loss of orange | at pH-67, it is inferred that the radicals
orange and 2-(arylazo)-1-naphthol-3,6-disulfonate by 2-hydroxy- mainly decay bimolecularly by radicatadical disproportion-
2-propyl radical/gy” at pH 7 involves nucleophilic attack to  ation to give products, the stability of which are not known at
form the one-electron-reduced adducts. These adducts onpH 5—10.
protonation give their corresponding hydrazy! radicasir( Similar to the mechanism proposed f@H addition to the
Schemes 3 and 4 and 1S). With orange |, the one-electron-1-(arylazo)-2-naphthol-6-sulfonate dy&sjs suggested that the
reduced species has &pof 7.9, due to protonation of the reaction of theOH with orange I, O-methylated orange |, and
hydroxyl group, as shown in Scheme 4. The one-electron- 2-(arylazo)-1-naphthol-3,6-disulfonate involv&3H addition
reduced adducts decay bimolecularly, and from the stoichiom- mainly to the naphthol-ring system to give addu¢tshown in
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SCHEME 3: Oxidation (*OH and Nz*) and Reduction (g4~ and the 2-Hydroxy-2-propyl Radical) of
2-(Arylazo)-1-naphthol-3,6-disulfonate
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SCHEME 4: Reduction of Orange | by ey~ and the 2-Hydroxy-2-propyl Radical
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Schemes 2, 3, and 2S, although a lesser contribution of adductgphenols. In such cases, the efficiency of removal of the dye by
may arise by addition gfOH to the phenyl ring. In contrastto  the*OH is critically dependent on the pH and the competition
the*OH adducts of 2-(arylazo)-1-naphthol-3,6-disulfonate, which between the bimolecular decay of @H adducts and the first-
are stable to OH elimination, theOH adducts of orange | and  order water elimination pathway.
O-methylated orange | subsequently elimina®kh an acid-
base-catalyzed reaction to give their corresponding one-electron- Acknowledgment. K.K.S. thanks IUC-DAEF, KC, for the
oxidized radicals, as shown in Schemes 2 (radigahnd 2S leave of absence and financial support provided by Unilever
(radical3). The resulting one-electron-oxidized radical of orange Port Sunlight Laboratory and the MRC Radiation and Genome
| undergoes bimolecular decomposition predominantly by Stability Unit, Harwell.
radicat-radical disproportionation.

Supporting Information Available: Figure 1S shows the
Conclusions optical absorption spectra of the one-electron-oxidized radical
of 2-(arylazo)-1-naphthol dye. Scheme 1S shows the oxidation
and reduction of methyl orange. Scheme 2S shows the mech-
anism of oxidation of O-methylated orange | bB®H. This
material is available free of charge via the World Wide Web at
http://pubs.acs.org.

The ease of oxidation and reduction of the dyes but not their
reactivity with *OH depends on their tautomeric form. With
orange |, one-electron oxidation is most efficient with its
common anion whereas one-electron reduction is more efficient
with the azonium and hydrazone forms. In both cases, the
resulting radical intermediates mainly decay biomolecularly by
radicat-radical disproportionation TheOH is efficient at References and Notes
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