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Experimental and Modeling Approach to Decolorization of Azo Dyes by Ultrasound:
Degradation of the Hydrazone Tautomer
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Sonochemical bleaching of monoazo dyes C.I. Acid Orange 7 and C.I Acid Orange 8, which exist in their
hydrazone forms in dye solutions, was investigated by irradiatingMOdye solutions using a 300 kHz
emitter. It was found that the rate of bleaching was first-order with respect to the maximum absorption of the
dye in the visible band and accelerated with increased acidity. Decolorization of Acid Orange 7 was slightly
faster than that of Acid Orange 8 at equivalent test conditions. The oxidative degradation of Acid Orange 7
and Acid Orange 8 were modeled by means of density functional theory calculations. The adduct formation
by hydroxyl radical attack to the carbon atom bearing the azo linkage was more preferred over the attack on
the nitrogen atom. A competing reaction of hydrogen abstraction from theg@Hip in C.I Acid Orange 8

was found responsible for the difference in color removal rates.

Introduction bulk liquid is limited by the quantity of hydroxyl radicals
diffused into the water.

The chromophore structure of azo dyes is made of two aryl
rings connected through an azel\=N—, bridge® The presence

The presence of unfixed azo dye residuals in textile industry
wastewater has been a primary environmental problem not only

because these dyes are relatively resistant to conventionalOf at least one protic donor aroun in coniugation to this azo
treatment methods, but also because some of them produc% . P group In conjug .
ridge leads to a prototropic equilibrium that is generally

carcinogenic amines as byproducts of hydrolysis. This challenge . n
seems to be resolved by the introduction of advanced oxidationr(aferreoI as the azo-hydrazone tautomerigrf{

processes (AOPY);> where highly reactive hydroxyl radicals

generated chemically (Fenton’s reagent), photochemically (UV/

TiO2/H20,, Os/UV), and by radiolytic or sonolytic means are o 0

used as oxidizing agents for the bleaching and mineralization H N == Fi| N |
of troublesome waste. During sonication of a liquid, water vapor N N M
and dissolved gases are entrapped by cavitation bubbles, which

expand at rarefaction cycles of the bubbles and release extreme

temperatures upon adiabatic collapgéinder these conditions,

bubble contents are pyrolytically fragmented into radical species, azo hydrazone

some of which diffuse into the aqueous phase to initiate a series

of oxidation reactions called “sonochemistd/The main chain The main reactions of hydroxyl radicals with azo compounds
reactions occurring during collapse of a bubble are shown below: -gn therefore be addition to the chromophore, addition to the
aryl rings, hydrogen abstraction, or one-electron oxidation.
Experimentally proposed degradation mechanisms focus on the
“OH - *H — H.O F:Ieavage_ of either the NN bqnd resultin.g in nitrosoaryl

2 intermediates or the €N bond with generation of benzene as
*OH + "OH — H,0, one of the intermediate product®){2-13

H,O +))) — "OH + °H (pyrolysis)

R C-N Cleavage
20H—H,0+0

HO'
N S O L O O
In water and wastewater treatment practices, organic pollut-

ants may be destroyed either (i) in the cavitation bubble itself N-N Cleavage

by pyrolytic decomposition (if the compounds are hydrophobic),

(ii) at the interfacial sheath between the gaseous bubble and In previous studie$}*>addition reactions were modeled using
the surrounding liquid, or (iii) in the solution bulk via oxidative ~density functional theory calculations and it was found that
degradation by hydroxyl radicals. The extent of oxidation in bleaching of the dye occurs through the cleavage of thé\N
bond rather than the cleavage of the-l bond in the case of

* Author to whom correspondence should be addressed. azo tautomer. It was concluded that the presence of the
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hydrazone tautomer in experimental studies, rather than the azo 40 uM AO7, 300 kHz+Ar, pH=6.10
tautomer, could be indicative for the mechanism involvingNC
bond cleavagé* Moreover, hydrogen abstraction and addition
to the ring reactions were competing with bond cleavage through
addition reactions®

The present study is an attempt to combine experimental and
computational efforts to elucidate the oxidative cleavage reaction
mechanism of the hydrazone tautomers. The azo dyes C.I. Acid
Orange 7A0O7) and C.I. Acid Orange 8X08), that are known
to exist preferably in their hydrazone form8) (in the dye
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(Orange IT) 60 min
solutionst®18 have been selected for this purpose. Modeling
of the reactive pathways for the reactions of hydroxyl radical 200 300 400 500 600 700 800
with hydrazone tautomer has been performed using density Wavelength (nm)
functional theory (DFT) calculations to investigate the most

plausible mechanism for the initial radical attack that might Figure 1. Spectral changes during 1-h sonication of 40 mM dye
further result in bond cleavage. The aim of the Experimental solutions under nonbuffered conditions.

Section was to examine the degradation of the two dyes by 300

kHz ultrasonic irradiation at acidic and near acidic pH and to absorption of the solutions using a Unicam, Helios Alpha/Beta
assess the impacts of dye structure on the rate of the color decaydouble-beam spectrophotometer through a 1-cm path length.
It is also intended to explain the difference in the rates of color ~Computational. The Gaussian98program system has been
decay by modeling of the competing reactive pathways using employed for the calculation of geometries and energies.

DFT methods. Optimizations were performed at MPW1K/6-31G(d) level of
theory. Energies are further refined with single-point calculations
Methodology at MPW1K/6-3H1-G(d,p) level. Ground-state and transition-state

structures have been confirmed by frequency analyses. Transi-
tion structures have been characterized by having one imaginary
frequency that belonged to the reaction coordinate, correspond-
ing to a first-order saddle point. Zero-point vibrational energies
(ZPEs) have been added (unless otherwise stated) but not scaled
since they would only be used for comparative purposes. IRC
calculations have been performed for all of the transition
geometries, and corresponding minima have been confirmed.
Continuum solvent effects were modeled using the integral
equation formalism (IEF) polarized continuum model (PCM)

of Tomasi et aP! within self-consistent reaction field (SCRF)
theory, by means of single-point calculations based on the gas-
phase geometries. To gain better insight into the specific selute
solvent interactions, a supermolecule approach has been adopted
by adding one explicit water molecule to the reactive region
throughout the reaction paths of AO8.

Experimental. Test Dyes and Sample Preparatidrhe test
dyes AO7 and AO8 were obtained from Aldrich in 85% and
65% purity, respectively, and used as received. All other
reagents were analytical Merck grade. Stock dye solutions were
prepared by dissolvin 1 g of each dyen 1 L of ultrapure
deionized water. Test solutions were made by diluting the stocks
to 40 uM followed by aeration for 1 h.

Experimental Setup and Proceduliégne experimental system
consisted of a 150-mL glass cell surrounded by a water-cooling
jacket to keep its contents at constant temperature{205
°C), a plate type piezoelectric transducer emitting ultrasonic
waves at 300 kHz, and a 25 W generator to convert electrical
power input into mechanical energy (Undatim Ultrasonics,
Belgium). The active acoustical vibrational area of the transducer
was 22 cr. The irradiation intensity in the reactor was 0.184
W/mL as determined by calorimetty.

One hundred milliliter aliquots of aerated test samples were
irradiated fo 1 h during argon bubbling at 1 L/min under the
following conditions: (i) without any pH adjustment (upon A. Ultrasonic Dye Degradation.Comparable profiles of the
dissolution, both dyes were slightly acidic with pE 6.10 in dye spectra@y, = 40 uM) at nonbuffered and acid-buffered
AO7 and 5.95 in AO8) and (ii) after the addition of 10 N-H conditions before and during sonication are presented in Figures
SO, (0.05 mL) to adjust pH to 3. Effluent samples were collected 1 and 2, respectively. The obvious absorption peak at 488 nm
ato0, 3,5, 7, 10, 15, 20, 25, 30, 45, and 60 min of contact for in the spectrum oAO7 and at 492 nm in the spectrum AD8
spectrophotometric analysis. implies the preference of the hydrazone tautomer even though

Analytical. The absorption spectra of raw and sonicated there are very small shoulders around 4@20 nm because of
samples were monitored at 20800 nm and at the visible  the azo tautomer. Overall, these shoulders are negligible. Azo

Results and Discussion
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Figure 3. Comparative rates of visible absorption abatement in dye
solutions. The solid lines represent the fit of experimental dafdAe
0 min =e™
§ TABLE 1: First-Order Bleaching Rate Constants for AO7
and AO8
60 min dye pH 108 x k (min™1) r2
AO7 3 74.02+ 2.42 0.99
‘ ‘ ‘ AO7 6.10 64.09+ 2.58 0.99
200 400 600 800 AO8 3 58.60+ 1.41 0.99
Wavelength (nm) AO8 5.95 50.92+ 0.77 0.99

Figure 2. Spectral changes during 1-h sonication of 40 mM dye

solutions under acidic conditions. the dyes to approach the negatively charged cavity bubbles,

forms absorb typically at 400440 nm, whereas hydrazone Where*OH radicals are most abundant and undergo additional

forms absorb at 475510 nm22 oxidation/pyrolysis degradation at the gdijuid interface.
The main reaction pathway for sonicated azo dye solutions Similar findings were published in our previous work&!
is oxidation by hydroxyl radical attack in the bulk liquid. B. Computational Modeling. Hydroxyl Radical Addition to

Thermal or oxidative reactions may also occur at the bubble Acid Orange 7.Hydroxyl radicals can add to theN=C—
liquid interface depending on the degree of pollutant's partition- double bond of the hydrazone tautomer either by bond formation

ing between gaseous and aqueous interf&tes. thrOl_Jgh the nitrogen atom (N-attack) or carbon atom (C-attack)
The rate of color decay followed pseudo-first-order kinetics '€ading to the further cleavage of this bond.
with respect to the visible absorption of the dyes: N-attack Pathway.Potential energy surface (PES) and
optimized geometries of the nitrogen attack pathway are shown
dA _ |, in Figures 4 and 5, respectively. Acid OrangeAD(7) molecule
Tdt KA (4) is planar because of hydrogen bonding between oxygen at the

ortho position to the azo link and proton attached to the azo

whereA is the maximum absorbance of the dye solution in the nitrogen. An atoms-in-molecules (AIM) analy&isof this
visible band at time andk is the first-order absorbance decay molecule was performed in a recent wéfk-dydroxyl radical
coefficient (time1). Profiles of color degradation during 1-h  forms a pre-reaction comple”AO7—N1, with Acid Orange 7
sonication of the test solutions and the fit of the data to the by means ofr-H interaction with a gain of 4.1 kcal/mol in the
integrated or exponential form of eq 4 are presented in Figure system’s energy in the gas phase. This energy gain by complex
3. Estimated first-order sonochemical bleaching rate constantsformation is much less in water. The radical addition to the
for the two dyes are presented in Table 1. C—N double-bond reaction proceeds through the transition-state

The hydroxyl group in ortho position to the azo bond in both  AO7—NTS with an activation barrier of 10.2 kcal/mol in the
test dyes favors the hydrazone against the azo structure.gas phase and of 8.7 kcal/mol in water because of solvent
Relatively rapid decolorization of the dyes can be attributed to stabilization. In the transition state, oxygemitrogen interactions
the additional reactivity of hydrazone forms with secondary occur at a distance of 1.729 A and the intramolecular hydrogen
radicals such a#10,/*O; (in addition to reaction with hydroxyl ~ bonding in the parent molecule is preserved with a slight
radicals). Although these secondary radicals are less powerfulincrease of 0.048 A in the bond distance. The initial N-attack
than*OH as oxidizing agents, they are more stable and unlike reaction is endoenergetic by 4.6 kcal/mol in a vacuum, probably
*OH may accumulate in the aqueous phase. because of the loss of this intramolecular hydrogen bonding in

Under nonbuffered and acidic conditions, decolorization of the adduct AO7—N2, where hydrogen bond distance in the
AOQ7 is faster than that oAO8. Competing reactions such as parent molecule increases to 2.164 A and planarity is lost.
hydrogen abstraction due to ortho-g€Kubstitution inAO8 However, the same pathway is exoenergetic in continuum by
probably decelerated its bleaching. It was found that rate of 3.9 kcal/mol. The solvent stabilization trend complies with the
color decay in both dyes was accelerated by acidification (pH change in the dipole moments going from transition state (23.4
= 3). This result can be attributed to the neutralization of both D) to adduct (26.3 D).
dyes upon protonation of negatively charged;SGites and C-Attack Pathway.Potential energy surface (PES) and
enhanced reactivity because of their hydrophobic enrichment. optimized geometries of the carbon attack pathway are shown
Acidic conditions are believed to enhance the probability of in Figures 6 and 7, respectively.
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Figure 4. Potential energy profile for N-attack pathway of Acid Orange 7 at MPW1K/6-31G(d) level. Relative energies in parentheses are in the
format of (MPW1K/6-31G(d), MPW1K/6-3tG(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis corresponds
to AO7 + *OH = (—1500.023062;-1500.356061-1500.379549) Hartrees with the same format.)

hydrogen bonding between hydrogen of the radical and nitrogen
of the azo link. As one goes from reactants to the transition-
state structurdO7—CTS, the potential energy profile is quite
shallow and the reaction can be considered as barrierless both
in the gas phase and in water. Adduct formation is exoenergetic
by 24.6 kcal/mol in the gas phase. The formation of an
intramolecular hydrogen bond network can be the reason for
the stabilization of the addu&O7—C2. Further stabilization
. frozoe AOT-NI of 30.8 kcal/mol in the dielectric continuum might be explained,

1.740% :
2 0
1.024CJ 1279

1 1.396

again, by the change in the dipole moments of the AQ{—
CTS 22.5 D) and adductXO7—C2 26.8 D).

The same trend in energetics has also been observed for both
radical attack pathways by the refinement of energy at the
MPW1K/6-31+G(d,p)//MPW1K/6-31G(d) level of theory.

Comparison of the Potential Energy SurfacesA®7. DFT
calculations in a vacuum represent the reaction of dye with
hydroxyl radical in the cavity bubble or on the interface during
sonication, and continuum calculations represent the same
reaction in the bulk solution. As it can be concluded by
comparison of Figures 4 and 6, barrierless C-attack pathway is
preferred over the N-attack pathway, with an activation energy
of 9.1 kcal/mol, in the hydroxyl radical reactions with hydrazone
tautomer of azo dyes. Initial attack and adduct formation are
important steps in the course of the reaction in terms of
consumption of the hydroxyl radicals in the reaction environ-
ment. Therefore, once the adduct structure is determined, this
information can further be used to predict the final cleavage
products.

Figure 5. MPW1K/6-31G(d) optimized structures f&«O7 N-attack HPLC, GC-MS, and caplllar)_/ electro.phore3|s. (CE_MS. and
pathway. CE-UV/DAD) analyses have given mainly two intermediates

for Acid Orange 7 advanced oxidation degradation by different
In carbon attack pathway, as it is commonly observed in many methods: 4-hydroxybenzenesulfonic acid and 1,2-naphthaquino-
radical reactions, a pre-reaction complexQ7—C1) forms ne (or 1,2-dihydroxy naphthalene) (Figure 18Y-28 These
during the hydroxyl radical addition, through intermolecular intermediates might be indicative of a possible attack on the C

AO7-NTS
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Figure 6. Potential energy profile for C-attack pathway of Acid Orange 7 at MPW1K/6-31G(d) level. Relative energies in parentheses are in the
format of (MPW1K/6-31G(d), MPW1K/6-3tG(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis corresponds

to AO7 + *OH = (—1500.023062;-1500.356061,-1500.379549) Hartrees with the same format.)
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Figure 7. Optimized structures foAO7 C-attack pathway.

OH OH o be a proposal for future work as a support for the arguments
OH 0 discussed here.
Oe or OQ Molecular Structure Factors Controlling the Color Decay:
g AO7 vs AO8. The present section aims to explain the difference
SO3 in the color decay rates #&O7 and AO8, as shown in Table
Figure 8. Intermediate structures identified during the advanced 1 in the ultrasonic dye degradation section, by means of quantum
oxidation of Acid Orange 72728

mechanics.
Hydroxyl Radical Addition to Acid Orange Botential energy
rather than the N, which is in accord with the findings of the surfaces (PES) of the nitrogen and carbon attack pathways for
present study. Further modeling of the adduct cleavage might AO8 are shown in Figures 9 and 10, respectively. Optimized
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Figure 9. Potential energy profile for N-attack pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in parentheses are in the
format of (MPW1K/6-31G(d), MPW1K/6-3tG(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis corresponds
to AO8 + *OH = (—1539.303765;-1539.667696;-1539.694109) Hartrees with the same format.)
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Figure 10. Potential energy profile for C-attack pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in parentheses are in the
format of (MPW1K/6-31G(d), MPW1K/6-3tG(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis corresponds

to AO8 + *OH = (—1539.303765;-1539.667696,-1539.694109) Hartrees with the same format.)

geometries are given in Figures 11 and A®8 molecule is drops almost 4 kcal/mol in a vacuum (this is almost equivalent
planar because of the intramolecular hydrogen bonding similarto a weak hydrogen bond energy) probably because of the
to the case ofAO7. Bond distances are similar for both prevention of the formation of the nice intramolecular hydrogen
molecules. However, the hydrogen bond distance decreases tdond network observed iAO7—radical adductAO7—C2, by
1.711 A while it is 1.725 A inAO7. Potential energy surfaces the bulkiness created by methyl substituenAi@8. Now the

of these azo dyes resemble each other with similar barriers andquestion arises: if these two compound€)7 and AO8, are
reaction energies for radical addition. Adduct formatioAD8 so similar in geometry and their PESs resemble so strictly each
occurs through radical attack of the carbon atom, and the other, then why does their color removal by hydroxyl radicals
endoenergetic, high-barrier N-attack pathway is quite unfavor- occur at close yet different rates? The explanation to the
able. The exoenergicity of barrierless C-attack pathway8 difference in reactivity can be attributed to the presence of a
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Figure 11. Optimized structures for Acid Orange 8@®8) N-attack

pathway. Figure 12. Optimized structures for Acid Orange 8@8) C-attack

pathway.

competing reaction that would consume the hydroxyl radicals ence!® this model is probably overestimating the barriers for
in the case oAO8 but not in the case cAO7, which is a case hydrogen abstraction reaction from azo dyes because of poor
similar to a previous work with Ckisubstituted dyes. definition of proton interactions. Therefore, to improve the
Competing Reaction for Acid Orange 8: Hydrogen Abstrac- prediction of hydrogen bonds within the intermediates and of
tion versus Addition to Double Bonds it is mentioned in the proton transfer in the continuum, hydrogen atoms undergoing
Introduction section, hydroxyl radical may abstract hydrogen hydrogen bond type of interactions have been defined explicitly
from organic compounds. It was shown tRathis reaction with individual spheres employing the radii from the UFF force
competes with the addition reaction especially in the case of field. Indeed, these later calculations (Figure 13) have been
CHs substitution which provides a better hydrogen donor than comparable to some extra calculations with Bondi's atomic radii,
the ring carbons. Indeed, the transition state for hydrogen which proposed a barrier height of 2.8 kcal/mol and reaction
abstraction from the CHgroup, AO8—HTS, lies lower in energy of—27.5 kcal/mol for hydrogen abstraction in solution.
energy than the transition state for C-attadlQ8—CTS, by Explicit definition of hydrogen atoms is more important for
0.7 kcal/mol with MPW1K/6-31G(d) (Figure 13). The stability the reactions where proton transfer occurs than the others. For
order of transition states changes in favor of C-attack by 2.2 example, in hydrogen abstraction froh®8, by changing the
kcal/mol in continuum and by 1.0 kcal/mol when the energies definition of the cavity from UA model to Bondi, a net
are refined at a higher level, MPW1K/6-8G(d,p), but still it stabilization of 4.8 and 6.8 kcal/mol has been obtained for
is possible to consider a competing reaction to some extent.activation and reaction energies, respectively. As a comparison
Moreover, hydrogen abstraction reaction is more exoenergeticwith the addition case, the net stabilization for the whole
than addition reaction by 7.8 kcal/mol in a vacuum even though N-attack pathway foAO8 with the same exchange of methods
this difference in reaction energies drops to 2.9 kcal/mol in favor was only about 0.51.5 kcal/mol.
of the addition in the presence of dielectric continuum. These (Energetics for the explicit hydrogen atom definitions of the
alternating trends in a vacuum and in solvent might be due to AO7 pathways by UFF parameters has been presented as
characteristics of the cavity used in IEFPCMA@®7, Bondi's Supporting Information in Table 1S.)
atomic radii, which give better results than the default cavity = Figure 14 shows the optimized geometry for the pre-reaction
formation method of the Gaussian program, have been em-complexAO8—H1, the transition-statéddO8—HTS, and the
ployed. Unfortunately, it was not possible to use this option in intermolecular hydrogen-bonded reaction produdtdg—H2
modeling the C attack pathway A08 because of convergence and HO,. Figure 1S represents the potential energy surface for
problems. Therefore, for the sake of convenience, all of the an alternative approach of hydroxyl radical to the methyl group
AO8-related pathways, namely, N-attack and C-attack radical without forming a hydrogen bond with tleeoxygen. This latter
addition and hydrogen abstraction, were first modeled by the pathway is slightly unfavorable as compared to the former one.
default united atom (UA) model of the program in which Figure 2S shows the optimized geometries for the alternative
hydrogen atoms are enclosed in the sphere of the atom to whichhydrogen abstraction transition state and product obtained from
they are bonded. However, according to our previous experi- IRC calculations.
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Figure 13. Potential energy profile for hydrogen abstraction pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in parentheses

are in the format of (MPW1K/6-31G(d), MPW1K/6-315(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis
corresponds t&\O8 + *OH = (—1539.303765;-1539.667696,-1539.694109) Hartrees with the same format.)

AO8

AO8-HTS

Figure 14. Optimized structures for hydrogen abstraction fromsCH

To gain better insight into the specific solutsolvent prominent by the introduction of water assistance (Figures 16
interactions and their effects on the preference of one reactiveand 17). In a vacuum, hydrogen abstraction transition state
pathway over the other, especially for t#O8 cases, a (AO8BW—HTS) has been more stabilized, and in the continuum
supermolecule approach has been adopted by inclusion of onenow the two transition state$,O8—HTS and AO8W—CTS,
water molecule forming a complex with the intermediates. In have been located at the same energy level. However, the
general, addition of an explicit water molecule has had a reaction energies have, again, as in the non-water-assisted
stabilizing effect in all mechanisms, lowering both the activation mechanism, shown different trends in a vacuum and in
barriers and reaction energies. In parallel with the previous casescontinuum, hydrogen abstraction being more favorable in the
N-attack pathway has been the least favored mechanism (Figurdormer by 3.1 kcal/mol and C-attack in the latter by 2.7 kcal/
15). On the other hand, the competition between C-attack andmol. In the water-assisted mechanisms, solvent calculations have
hydrogen abstraction mechanisms has become a little bit morebeen performed by the same method of explicit definition of
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Figure 15. Potential energy profile for water-assisted H abstraction pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in
parentheses are in the format of (MPW1K/6-31G(d), MPW1K/6-G1d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative
energy axis corresponds A&D8 + *OH + H,O = (—1615.662743;-1616.0704895;-1616.0806181) Hartrees with the same format.)
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Figure 16. Potential energy profile for water-assisted C-attack pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in parentheses
are in the format of (MPW1K/6-31G(d), MPW1K/6-315(d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative energy axis
corresponds t&AO8 + *OH + H,O = (—1615.662743;-1616.0704895;-1616.0806181) Hartrees with the same format.)

the hydrogen atoms participating in hydrogen bonding and Figures 3S, 4S, and 5S show the optimized structures for the
proton transfer by UFF radii since Bondi radii cavity definition water-assisted N-attack, C-attack, and H-abstraction mechanisms
was again not applicable. for AO8, respectively. The most drastic structural change due
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Figure 17. Potential energy profile for water-assisted H abstraction pathway of Acid Orange 8 at MPW1K/6-31G(d) level. Relative energies in
parentheses are in the format of (MPW1K/6-31G(d), MPW1K/6-G1d,p)//MPW1K/6-31G(d), IEFPCM) values. (0.0 kcal/mol on the relative
energy axis corresponds A&O8 + *OH + H,O = (—1615.662743;-1616.0704895;-1616.0806181) Hartrees with the same format).

to introduction of explicit water molecule has been observed in TABLE 2: Comparison of Activation Barrier ( E,) and

the C-attack pathway. The distance between the interacting nggcggﬂeigg%'iiaﬁ;ﬁ])oror B3LYP and MPWIK (without
atom of the dye molecule and the oxygen of the hydroxyl radical

shortened from 2.233 ANO8—CTS) to 2.056 A AO8W— 53@: P’?G;G(.d)

CTS); this might be interpreted as a stronger interaction during V\g_sle Jfé?d ?S's MPW1K/6-31G(d)
TS, AOBW—CTS. On the other hand, the most characteristic .

feature of the N-attack and H-abstraction TBOBW—NTS AO7 N-attack &, 33 11.6

. . . AO7 N-attack  Exn 2.0 4.5
andAOBW—HTS, respectively) has been the slight lengthening  Ao7 c-attack  Ey, —227 _253
of the intramolecular hydrogen bond of the dye molecule. AQS8 C-attack Epq —21.2 -17.6

Moreover, the shortest hydrogen bond distances between the
hydrogen of the explicit water molecule and electronegative ) )
acceptor atom of the dye molecule have been observed for thePast works. However, since the potential energy of A7
H-abstraction case, because of an extra stabilization factor forC-attack has a very shallow maximum, it was not possible to
this particular system. In the same context, the largest inter- locate the transition state for this pathway with B3LYP and this
molecular accepterproton distances have been observed for attempt was later replaced by MPW1K functional. On the other
the N-attack pathway. hand, B3LYP and MPW1K give the similar trends throughout
No color removal is proposed to happen during hydrogen the PES even if not the same absolute energetics. A positive
abstraction since the structure of the chromophore and planarityactivation barrier was found for N-attack pathway, which is in
of the parent molecule is preserved. The difference betweenaccord with MPW1K calculations, even though the height of
the addition and abstraction barriers is less than the differencethis barrier was underestimated by 8.3 kcal/mol (without ZPE).
for the m-substituted azo compoun#,probably because- N-attack pathway was endoenergetic with an energy value of
substituFed CHl group is sterically more hindered than t_h_e 2.0 kcal/mol (without ZPE) while C-attack pathway was
mrsubstituted one. Another reason might be the reactivity expenergetic with an energy value of 22.7 kcal/mol (without

difference bgtween _the azo a!”d hydrazone tautomers agai_nsEPE), in qualitative ageement with the MPW1K functional with
hydroxyl radical addition reactions. As a result of the compari- +4.5 and—25.3 kcal/mol (without ZPE) values, respectively

son of energy profiles in ref 13 with MPW1K/6-315(d,p)// . .
B3LYP/6-31G(d) for azo compounds and in the present work Tat_;le_2 summarizes these results. Figure 18 shows the B3LYP
optimized geometry of the N-attack transition-state structure

at MPWIK/E-31+ G(d,p)/MPW1K/E-31G(d) level of theory for together withAO7—NTS-MPW1K of Figure 5 to emphasize

hydrazone compounds, it can, very roughly, be estimated that , .
the hydrazone tautomeric form is more reactive against reactionsN€ resemblance. While the angles and dihedrals resemble each

with hydroxy! radical. other in the two geometries, bond distances vary, especially for
Mini Benchmark: B3LYRs MPW1K Since the present study the intramolecular hydrogen bonding, probably because of the
correlates strongly to a set of previous stu#iés26and it is different basis sets used. In the absence of optimizations at a
an extension of a more general framework on the oxidative higher level of theory, this mini benchmark only intends to be
degradation of azo dyes, B3LYP, with basis sets 6-@fip) a case study instead of deriving absolute conclusions for the

for the reactive core and 6-31G(d) for the rings, was the first use of B3LYP and MPW1K functionals in modeling the radical
choice of functional for convenience between the present andaddition reactions.



3516 J. Phys. Chem. A, Vol. 109, No. 15, 2005

AOQT-NTS-MPWIK

AOQ7-NTS-B3LYP
Figure 18. Comparison of the B3LYP and MPW1K optimized
structures forAO7 N-attack TS.

Conclusion

Sonochemically generated hydroxyl radicals oxidize azo dyes

Ozen et al.
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