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The kinetics and transient optical absorption spectra of the intermediates formed in the reaxdibin 6§,

and € 5 with 1-arylazo-2-naphthol and its ortho- and para-substituted chloro, methyl and methoxy derivatives
at pH 7.0 have been studied by pulse radiolysis. The rate constants for the reat@éhavfd the nucleophilic
hydrated electron (g with these compounds are (+0.2) x 10°°M~1stand (0.8-2.5) x 10°M1sL

The reaction of M with these azo dyes is more selectiyé & —2.0) with the rate constants varying between
0.1 x 1¢° and 8x 10° M1 s ! depending upon the substituent. The transient optical absorption spectra of
the intermediates formed in the reaction of the dyes v@tH are different from the corresponding spectra of
the intermediates observed in the reaction of the dyes with The *OH radical reacts with the dyes by
addition to form theOH adducts, whereassNeacts with the dyes by direct one-electron transfer to form the
one-electron oxidized dye radical. ThKpof the dye radical of the para-methoxy derivative was determined
to be 5.2. This radical decays bimolecularly, predominantly by disproportionation, where@d-ttaelducts

of the dyes also decay bimolecularly but predominantly by dimerization. The initially formed radical anion
in the reaction of g,qwith the unsubstituted dye protonates rapidly to give the hydrazyl radical, which decays
bimolecularly by disproportionation. Of the radicals studied, ‘tBel-induced oxidation of the dyes is the
most effective process leading to decolorization of the dyes at pH 7.0.

Introduction potential oxidation during normal washing proce$%&sand
. ) - _ . through interactions with the base fab#i&? Azo compounds
Azo dyes find a w@e range of appllcatlons in the textllg, are reduce®® by the intestinal anaerobic bacteria through
Paper, food, cosmetics, agroc.hemlcal, and pharmaceutlcalscission of azo bonds to form aromatic amines, which are toxic
industries. They are characterized by the presence of they, jiing organisms. Therefore, the fate of the byproducts formed
chrpmophorlc azo group-(N=N-) att_ach_ed to the s_upsntuents, and their effect on living organisms have made it necessary to
m.alnly bgnzene or naphthalene derivatives containing eI.ECt.ron'understand the underlying reaction mechanisms and product
Wlthdr{iw!ng or -donating groups or both. Becausg of their high distribution following the oxidation/reduction of these dyes.
splub|llty|n water, they are transported over long distances when The rates of reaction of azobenzene, the simplest azo dye,
discharged into water. ) . . ith the hydrated electron (g, alcohol radicalé*?> and
Because most of the dyes are designed to resist chemical an(x/ydroxyl radical@ (*OH) are diffusion controlleda-Hydroxy-
photochemical degradation processes, it is difficult to remove alkyl radicals and & form hydrazyl radicalé” and the*OH
them completely from industrial effluent. Several methods d '

includi q d oxidati h b dovel adicals interact to giveOH adduct$® The reaction ofOH
Including advanced oxidation processes have been developeq,in 5 amino-substituted azobenzene (acid yellow 9) invéhves

for this PUrpose. The de_gra(_jati(_)n of t_hese dyes to e“”?‘”?“e both*OH adduct formation and electron transfer, whereas the
color and partial mineralization is achieved by photolysis in ¢ tate radical anion (SO) reacts exclusively by electron

1-4 1 1 —8
the presence of 4D,,* photocatalytic and Ti@catalyst; transfer. The one-electron oxidized and reduced forms of

’ i ,10 icll-13 _ i _ N
Fenton's reactioft;'° sonolysis;''* enzyme-catalyzed oxida- 5 v groxynaphthalene azobenzene sulfonate (acid orange 7) and

tion,™ and ra_diol_ysis by_gamrﬁé and high-energy electron substituted diazobenzene dyes have been charactetiagd
beams!®1”Oxidation by singlet oxygen also contributes to the their optical absorption spectra. The reaction@fl with methyl

]E)hg)t.odegra_\dation of arylazho naﬁht%chyes. hHOV\l’gver' for d;f/ed orange and calmagite produé&the anilino radical cation and
abrics, it Is necessary that the dyes should remain fast o0, 4roxycyclohexadieny! radicals. Plausible mechanistic path-
ways proposed involve free radical oxidation/reduction of these

*To whom correspondence should be addressed. E-mail: bsmr@ ; i i
chem.unipune.emet.in. Fax-91 20 5651728 or 5653899, azo dyes to give products that are transparent in the visible

T University of Pune. region.
SMRC. _ In this study, 1-arylazo-2-hydroxynaphthalene-6-sodium sul-
+ Bhabha Atomic Research Centre. fonate (unsubstituted azo dye) and its ortho- and para-methoxy,
Also, Honorary Professor, Jawaharlal Nehru Centre for Advanced -l
Scientific Research, Jakkur campus, Banglore 56 0064, India. -chloro, and -methyl derivatives (Scheme 1) have been chosen
8 Unilever Research. as target molecules for investigation of their oxidation and
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SCHEME 1: Structural Forms of 1-Arylazo-2-naphthol
Dyes
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reduction initiated by radicals generated pulse radiolytically. An
understanding of these processes may give insight into the
reaction pathways leading to decolorization of the dyes. These
dyes predominantly exist in neutral aqueous solutions in the
hydrazone tautomeric ford¥2which is responsible for the dark
colors. Although the hydrazone tautomer is the reactive form
toward the perhydroxyl aniot?231the dye common anion is
the reactive species during the oxidation by peracids and
hypochlorites. Because th&p values of the ground-state dyes
are >10, at pH 7.0 the dyes are most likely to react with the
*OH in their hydrazone form. In addition, these dyes do not
aggregate at low concentrations to produce complicated kinetic
data3®@Kinetic investigation of the reactions of these dyes with

oxidants such as hypochlorite, peracids, and hydrogen peroxide
in aqueous media in the presence or absence of trace metals

has already been reported by Oakes and co-wofReFhe
reaction of N* with these dyes at pH 12, at which the dye exists
mainly in its common anion form, indicated the formation of
the one-electron oxidized dye radiGalThis study was under-
taken to characterize the species formed on reactio®bff

Nz, and the solvated electrons (g with these azo dyes at pH
7.0 at which the dyes are present mainly in their hydrazone
tautomeric form.

Experimental Section
Preparation of Solutions. The synthesis, purification, char-

acterization, and properties of the unsubstituted azo dye and itsf

ortho- and para-methoxy, -chloro, and -methyl derivatives have
been described elsewhefe! Their purity was checked by
HPLC and found to bex95% pure with the exception of the
ortho-chloro derivatives, where its purity 880%. Further
purification was difficult, because the impurities are mainly salt
and water, but they are not expected to influence the pulse-
radiolysis experiments. All other chemicals were of reagent
grade and were used as supplied. Solutions were freshly prepare
by using water purified by a Millipore Milli-Q system. All
experiments were carried out at room temperature. The pH of
the solutions was determined by using a Mettler Delta 340 pH

meter, and the ground-state absorption of the dyes was measured

just before irradiation using a Beckman DU 7400 spectropho-
tometer equipped with a diode array detector.

Irradiations. Radiolysis of aqueous solutions with high-
energy electrons angirays leads to the generation of primary

Sharma et al.

radiolytic products the yields of which are known (reaction 1).

H,O > "OH, H', € 5 H,0,, H,, HiO"

aq

G, = Goy = 0.28uM J*Y G,=0.055uMJI" (1)

-
The e€,q may be quantitatively converted int®H by
saturating the aqueous solution withQ\(reaction 2).

€ aq+ N;O+ H,0— N, + "OH+ OH"

k=87x10C°M*s! at pH7® 2)

N3* was generated in JD-saturated, aqueous solution con-
taining 20 mM NaN, where the*OH is converted into Bt
(reaction 3).

"*OH+ N, — Ny + OH"

k=12x10°M*s? at pH7® (3)

To investigate the reaction of~g, the solutions were
deaerated and contained 2-methylpropan-2-ol (0.2 M) as a
scavenger ofOH (reaction 4).

N
*OH + (CH,);COH—>'CH,C(CHj,),OH + H,0

k=76x1FfMts? at pH7 (4)

SOy~ was generated in deaerated, aqueous solutions contain-
ing 15 mM NaS;0s and 20 mM 2-methylpropan-2-ol as a
scavenger ofOH (reaction 5).

S05° +e H) — SO +S07 (HSO,)
ke, =12x10°M's™ at pH7*

k.=25x10M st at pH7? (5)
High-energy electron pulses (7 MeV, 50 ns and 4.3 MeV,
1.6 us) were used for pulse radiolysis experiments, and details
of the two linear accelerator facilities used have been described
elsewheré#a¢ Dosimetry was carried out before each experi-
ment with aerated, aqueous solutions containing 10 mM KSCN

and takingGesoonm = 2.6 x 104 m2 J-1 for the transierifab
(SCN)*~. The known dose per pulse used was in the range
3—10 Gy, producing a maximum [radical] af6 uM.

The accuracy of the rate constants determined for reaction
of *OH, Nz, and € 5q with these dyes is withi10%, except
or the para-chloro derivative for which it &20%.

y-Irradiation. y-Irradiation was carried out using a well-
type C6° y-source in the Department of Chemistry, University
of Pune. The dose rate, which was determined using Fricke
dosimetry, was 11 Gy mirt.

Ground-State Correction. Because the ground state of the
yes absorbs very strongly in the visible, the transient optical
bsorbance of the radicals at a given wavelength was character-
ed by using eq 6 to determine the extinction coefficients of

d

A
ODmeasure(lGe )dosimeter

Graldical (ODl)dosimeter

the radicals € adica). Equation 6 accounts for bleaching of the
reacted parent compound after passage of the electron pulse.
Equation 6 uses the molar absorptivity of the parent compound

(6)

€radical — eparem
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TABLE 1: Second-Order Rate Constants k/10° M1 s71)
for the Reaction of *OH, N3*, and € 5 with 100 ™.
1-Arylazo-2-naphthol Dyes at pH 7.0 . ;OMe
Compound ‘OH Ns' [
R
O 95}
© K x 3 .
x . -Me
(pKs) g
Unsubstituted dye R* =R*=H, 1.1 0.07 25
(108) so |
o- methoxy dye 1.0 04 1.5 o -
R'=H,R%=OCH,, (11.4) T
p- methoxy dye 1.1 0.8 0.8
1 2 R
R'=0OCH;, R’=H, (10.8) 65
p- chloro dye 1.0 0.05 19 ’ L L N
R'=Cl,R*=H, (10.5) 038 04 0.0
p- methyl dye 12 02 1.6 cp’
R!=CH;, R*=H, (10.9) Figure 1. Hammet plot of the dependence of the rate constants for
reaction of N* with para-substituted azo dyes on the valuergf.

(eparen) @nd the absorbed dose to calcukatgcausing the optical equation. The dependence of the rate constant for oxidation of
absorbance determined at the wavelength investigatedthe dyes by i ono,t values for the para-substituted derivatives

(ODmeasurep- is shown in Figure 1. The™ value calculated from the slope
of this dependence is2.0 + 0.1.
Results and Discussion The reactions of B and SQ*~ with the dyes are generally
(a) Evaluation of Kinetics. (i) Reaction of*OH with the more selective than the corresponding reaction vaXH. This
Dyes.The rate constants for reaction ®H with the unsub- IS evident from thep™ values found for the reaction 0OH

stituted azo dye and its ortho- and para-methoxy, -chloro, and With substituted benzenes'(= —0.5), pyrimidines §* = —0.7)
-methyl derivatives were determined in®¢saturated, aqueous  and purinesg” ~ —1.0), reported by othet& % as well as by
solution at pH 7.0. From the linear dependence of the first- our group**~#%In contrast, a relatively high value pf of —1.5
order rate of growth of the transient optical absorption in the Was reporte® for the reaction of S@~ with substituted
wavelength region 350370 nm on the concentration of the benzenes. From the" value of—2.0 determined in this study
azo dyes ((0.21) x 104 M), the second-order rate constants for the reaction of & with the unsubstituted dye and its
were evaluated and are given in Table 1. The rate constants arélerivatives, it is suggested that the reaction gftith the dyes
independent of the substituents. The rate constants for theProceeds predominantly via an outer-sphere electron-transfer
reaction ofOH with the unsubstituted dye were also determined Mechanism. Further, the higher second-order rate constant at
at pH 4.3 and 10.3 and are the same as those determined at pHH 12.0 shows that the common anion form of the dyes is more
7.0. These values are in agreement with those repété@® ~ easily oxidized than the hydrazone tautomer.
for other azo dyes, azobenzene, acid yellow 9, methyl orange, (iii) Reaction of €44 with the DyesThe rate constants for
and calmagite. reaction of the nucleophilicgqwith the unsubstituted azo dye

(i) Reaction of N* with the Dyes.The rate constants for  and substituted derivatives at pH 7.0 were determined from the
reaction of N* with the unsubstituted azo dye and its derivatives decay of €,q monitored at 700 nm. The second-order rate
((0.2—1) x 104 M) were determined from the linear depen- constants determined for the reaction ofgvith these azo dyes
dence of the first-order rate of formation of the transient species are close to diffusion-controlled and are shown in Table 1. The
of the dyes on the dye concentration at pH 7.0 and are tabulateddecay of the optical absorbance ofag coincided with an
in Table 1. The rate of formation of the optical absorption at increase in optical absorption at 350 and 550 nm. The rate
360-370 nm and 566600 nm are the same as that for the constants for reaction of gy with the substituted dyes are
loss of the ground-state optical absorption at 490 nm. The similar, the highesk value corresponding to the unsubstituted
bimolecular rate constants for the reaction of With the azo dye and the lowest to the para-methoxy derivative. The rate
dyes are lower than those for the reaction w@ and depend constant measured with the unsubstituted dye is comparable with
significantly on the substituents. The lowest rate constant was that reporteé2for reaction of azobenzene and 4-nitroazoben-
determined with the para-chloro derivative, whereas the highestzene with €, (k~ (1-2) x 101°M~1s™1), but is larger by an
value was determined with the para-methoxy-substituted dye.order of magnitude for reduction of the diazo 8yeaphthol
The order for the second-order rate constants decreases amonfglue black). The rate constants for reaction ofiewith
the substituted dyes: para-methoxyortho-methoxy> para- substituted arylazo naphthol dyes observed in this study are
methyl > unsubstituted> para-chloro. Even at the highest higher than those report&dvith the corresponding substituted
concentration of 0.1 mM, reaction ofsNwith the ortho-chloro benzenes containingOCHs, —CHs, or —ClI groups.
derivative was not observed, indicating that its rate constant (b) Transient Absorption Spectra. (i) Reactions ofOH
with N3* is <1 x 10° M~1 s71. The second-order rate constant and Ny. The corrected transient optical absorption spectrum for
for the reaction of ¥ with the unsubstituted dye determined at the species produced in the reactiort©H with the unsubsti-
pH 12.0 is 5.2x 10° Mt s71, which is higher by an order of  tuted azo dye, determined & after pulse irradiation, shown
magnitude than that at pH 7.0. To quantify the effects of in Figure 2A, exhibits a broad maximum in the range 425
substituents, the data were analyzed on the basis of the Hammetb50 nm. The transient optical absorption spectra of the species
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Figure 2. Corrected transient optical absorption spectra of the species formed in the reac@d (@, 7 us after the radiation pulse) and:Nx*,
30 us after the radiation pulse) with (A) unsubstituted dye, (B) ortho-methoxy-substituted dye, (C) para-methyl-substituted dye and (D) para-
chloro-substituted dye at pH 7.0. [Dye&] 50 uM; dose/pulse= 4 Gy.
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Figure 3. Corrected transient optical absorption spectra obtained in

the reaction ofOH (O, 7 us after pulse irradiation) andsN(*, 20 us

after pulse irradiation) with 5&M para-methoxy-substituted dye at

pH 7.0. Dose/pulse= 4 Gy.

produced on reaction ofOH with the unsubstituted dye ! ! iges Ul d .
determined at pH 4.3 and 10.3 is identical to that determined at@re consistent with dimerization of th®H adducts to give

pH 7.0. The corrected transient optical absorption spectra for Product(s) that absorb less than the parent (see below). The other
derivatives also show similar decay characteristics to that of

the species produced on reaction ¥WH with the other
derivatives are shown in Figures 2® and 3. As can be seen,
the spectral characteristics of the species formed in the reaction The radiation chemical yield forOH-induced loss of the

of *OH with para-methoxy, -chloro, and -methyl and ortho-

methoxy derivatives are more or less similar to that observed
with the unsubstituted dye. These species are assigned to the
*OH adducts of the respective dyes.

The kinetics of decay of th#®H adducts of these azo dyes
at pH 7.0 were determined to be bimolecular from the
dependence of the change of optical absorbance at 560 nm with
time. The bimolecular decay of the transient species was also
confirmed from the inverse proportionality of the first half-life
of the dye radicals on their concentration, which is directly
related to the dose/pulse used-@ Gy). The second-order
rate constants for the decomposition reaction of@id adducts
of all of the dyes studied were determined to be {ALSB) x
1000 M-t st
The bimolecular decay of th®H adducts of the unsubstituted
dye results in loss of optical absorption at wavelengths within
the visible absorption band of the ground state of the dye, as

shown in Figure 4. Following the initial loss of absorption at
490 nm (Figure 4A), due to the interaction of the dye wih

OH, the subsequent loss of absorbance occurs on the same time
scale as the loss of th®H adducts determined at 560 nm
(Figure 4B). The changes of absorbance with time in Figure 4

the unsubstituted dye.

unsubstituted dye was determined followipdrradiation of a
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Figure 4. Optical absorbance changes with time for reactiorO#t (A,B) and N (C,D) with the unsubstituted dye determined at 490 (A,C), 560
(B), and 540 nm (D) for pulse irradiation of an aqueous solution containing\d@nsubstituted dye at pH 7.0. Dose/putse4 Gy.

N.O-saturated, aqueous solution containing 0.1 mM dye. The
dependence of the optical absorption of the solution on radiation

dose was determined from the spectrophotometric changes at

490 nm, the maximum optical absorption of the dye. The

dependence of the decrease in optical absorbance on radiation

dose is linear as shown in Figure 5. From the slope of this
dependence, the loss of dye was determined to be{323)

x 1077 M Gy~! assuming that product(s) formed do not absorb
at 490 nm. This yield corresponds to the yield©H of 5.5 x

1077 M Gy~ Therefore, one molecule of dye is removed per
*OH, in agreement with the bimolecular reaction of tH
adducts of the dye occurring by dimerization. From pulse
radiolysis data at 490 nm (see Figure 4A), it is calculated that
1.9 uM of the unsubstituted dye was consumed by @2\2 of
*OH, determined from the dose/pulse delivered (4 Gy). This
stoichiometry of approximately one unsubstituted dye molecule
being removed peOH is consistent with the dimerization of
the*OH adducts, although a reaction involving H atom transfer
between the radicals would also be consistent with the stoichi-
ometry determined.

In the presence of O([05] ~ 15-25 uM), the transient
species produced in the reaction"@H with the unsubstituted
dye does not appear to react with & pH 7.0. It is proposed
that the unpaired spin of th®H adduct is delocalized to give
a heteroatom-centered radical.
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Figure 5. Dependence of the loss of unsubstituted dye on radiation
dose fory-irradiation of a NO-saturated, aqueous solution containing
either 0.1 mM unsubstituted dy®) or 50 uM unsubstituted dyex)
and 20 mM NaN at pH 7.0.

The spectral characteristics of the species produced in the
reaction of N° with the dyes, determined 2(B0 us after the
pulse, are shown in Figures 24 and 3. The transient optical

L
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Figure 6. Corrected transient optical absorption spectra obtained in Figure 7. Corrected transient optical absorption spectra obtairnesl 4
the reaction of S@~ with para-methoxy-substituted dye (aM1) at after the radiation pulse for the species produced in the reaction of
pH 4.1 ©) and at pH 7.0%), 20us after the pulse. Inset A shows the € 4 (O) and H () with unsubstituted dye (0.1 mM) at pH 7.0. Dose/
dependence of the optical absorption at 460 nm on pH. Dose/pulse pulse= 7 Gy. Inset A shows the optical absorbance changes with time
4 Gy. in a solution containing 5@M of unsubstituted dye determined at 490
nm at pH 7.0. Dose/pulse 3.8 Gy.
absorption spectra of the species formed on reactiorsoivith
these dyes is significantly different than those induced by the to decay of the resulting one-electron oxidized radicals of the
*OH. The optical absorption spectrum of the transient speciesdye. However in contrast to the bimolecular dimerization of
for reaction of N* with the unsubstituted dye is identical with ~ the *OH adducts, the changes of absorbance with time (Figure
that reporte? for reaction of N* with the dye anion. The  4C,D) are consistent with disproportionation of the species
corrected transient absorption spectra for the unsubstituted,induced by N following decay of the one-electron oxidized
ortho-methoxy, para-methoxy, para-methyl, and para-chloro species at 560 nm. From the pulse radiolysis data at 490 nm,
derivatives exhibit a peak at 390 nm and a broad maximum in 0.9 uM of the unsubstituted dye was removed for a dose that
the range 508530 nm. The species produced in the reaction produces 2.2«M of N3* and assuming that the product(s) of
of N3 with the para-methoxy derivative at pH 7.0 (Figure 3) the decay of the one-electron oxidized radicals do not absorb
shows absorption maxima at 390 and 575 nm, representing astrongly at 490 nm. Thus, the stoichiometry of the reaction with
red shift with respect to that with the unsubstituted dye radical Ns* removes one dye molecule per 2.4°NThe radiation
(Figure 2A). The transient optical absorption spectra are assignedchemical yield for N-induced loss of the unsubstituted dye
to the formation of the one-electron oxidized radical of the dye. Was also determined following theirradiation of NO-saturated
Similarly, the optical absorption spectra for the other substituted aqueous solution containing 5M dye. The dependence of
derivatives are assigned to one-electron oxidized radicals of thethe decrease of absorbance with dose is linear with a slope of
respective dyes. The one-electron oxidized radical of the para-(2.2+ 0.3) x 10~" M Gy~ !(Figure 5), corresponding to half of
methoxy derivative was also produced in its reaction with’SO  the yield per unit dose of (5.5 x 107" M Gy ') assuming
at pH 4.1 and 7.0. The optical absorption spectrum for the the absorbance of the product(s) at this wavelength is negligible.
reaction of S@~ with the para-methoxy dye at pH 7.0 is However, the optical absorbance of the product(s) is significant
identical with that of the one-electron oxidized species produced at 490 nm (e.g, 175 Gy is equivalent 90 uM of Ng°). If it
in the reaction of the dye with {(Figures 3 and 6). However, is assumed that this absorbance is due to product(s), the
the optical absorption spectrum for the species produced ondependence of the decrease of absorbance, after correction for
reaction of S@~ with the para-methoxy dye at pH 4.1 is blue- that of product(s), with dose is linear with a slope of (%9
shifted with respect to that observed at pH 7.0 (Figure 6). The 0.2) x 1077 M Gy~ .. Therefore, 2.52.8 Ns* are required to
dependence of optical absorbance of the species produced irflestroy one molecule of dye, which is in agreement with
the reaction of S@~ with the para-methoxy dye on pH is shown bimolecular decay of the one-electron oxidized species occurring
in Figure 6, inset A. From this dependence, thg jof the one- predominantly by disproportionation.
electron oxidized radical of the para-methoxy derivative was (i) Reaction of €, The corrected transient optical absorption
determined to be 5.2 0.2. The optical absorption spectrum spectrum of the species produced on reaction gf with the
for the reaction of S@~ with the para-methoxy dye at pH 4.1  unsubstituted dye was determined at pH 7.0 on pulse irradiation
is suggested to be that of the dye radical cation. of Nx-saturated, aqueous phosphate buffer solutions containing
The decay kinetics of the transient species formed in the the unsubstituted azo dye and 0.2 M 2-methylpropan-2-ol and
reaction of N° with the para-methoxy derivative at 560 nm are is shown in Figure 7. With the use of the isopropyl alcohol

bimolecular with a second-order rate constant of %.A.0% radical as a one-electron reductant, the rate constant for reduction
M~1s 1 determined at pH 7.0. The second-order rate constantsof the unsubstituted dye by the isopropyl alcohol radical was
for loss of the species produced on reaction with fdr the found to be lower by an order of magnitude £ 2.5 x 1(°
other dyes are in the range<40) x 1® M~1 s, M~1 s7%) than that with 59 (k = 2.5 x 101 M~ s71). The

Similar to the observations for the bimolecular decay of the bimolecular decay of the electron adduct of the dye was
*OH adducts of the dyes, a decrease in the optical absorption atconfirmed from the inverse proportionality of the first half-life
wavelengths within the visible absorption band of the ground of the species with the dose/pulse usee-93Gy). Similar to
state of the dyes is induced by reaction witkt,Morresponding the one-electron oxidized dye, the electron adducts undergo
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SCHEME 2: Reaction Pathways of'OH, Nz*, and SOy~ with the Azo Naphthol Dyes
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bimolecular decay, preferentially by disproportionation, as determined at pH 1.0 is different from that of the one-electron
inferred from the change of absorbance at 490 nm after reduced species produced at pH 7.0 (Figure 7).

completion of the disappearance of the electron adducts (Figure (c) Reaction Mechanism.The reaction mechanisms are
7, inset A). The initial loss of the dye at 490 nm is due to the discussed on the basis of the dye reactive form being the
reaction of €,qwith the unsubstituted dye followed by partial hydrazone tautomer.

restoration of the absorbance. The concentration for loss of (i) Reaction with Iy and SQ~. Because Kt and SQ'~

unsubstituted dye was determined to be OM for a radia- generally react by direct electron transfer, the formation of the
tion dose that producesl uM (3.8 Gy) of e 44 Therefore, radical catiorll (reaction 1) is proposed in the first step as shown
~2.5 uM of e q are required to remove-1 uM of the dye. in Scheme 2. The dependence of the rate constants for reaction
The second-order rate constant for decomposition of the elec-of N3* with the substituted dyes at pH 7.0 upon the substituent
tron adduct of the unsubstituted dye at pH 7.0 is 2.10° is consistent with electron transfer. The radical cation subse-
M~1s1 qguently undergoes a prototropic equilibrium (reaction 2). If pH

The corrected transient absorption spectrum of the H atom > pKp of the dye radical, it deprotonates to the corresponding
adduct of the dye was also determined at pH 1.0, at whigh e  dye radical2, on the basis of the similarity of its spectrum at
is quantitatively converted into*Hby reaction with protons. The  pH 7.0 with that reported in the reaction of N with the dye
spectrum of the H atom adduct of the unsubstituted dye at pH 12 (common anion).



2922 J. Phys. Chem. A, Vol. 106, No. 12, 2002 Sharma et al.

The dye radical2 subsequently decays bimolecularly by which for the para-methoxy derivative has Epof 5.2. The
disproportionation at pH 7.0 (reaction 3), resulting in loss of one-electron oxidized radicals decay bimolecularly, predomi-
absorbance in the visible region of the absorption spectrum of nantly by disproportionation, whereas the dye radicals induced
the dye. This mechanism is similar to that proposed for the by *OH at neutral pH decay by bimolecular dimerization.
bimolecular degradation of the dye proposed by Coen & al. Reduction of the dyes by g, leads to the formation of a
in their recent study of the reaction ogNvith the dye common hydrazyl radical, which decays also bimolecularly by dispro-
anion and the findings based on peroxidase-mediated dyeportionation. TheOH-radical-induced dimerization of the dyes
oxidation!* The important finding of the present study is that represents the more efficient method of decolorizing the dyes.
the one-electron oxidized dye radical leads to decolorization of
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