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In this paper, using DFT methods and reactivity indices, we show that the oxidative degradation of azo dyes
occurs through the cleavage of the-N bond following the hydroxyl radical addition to the chromophore.

The geometries for two experimentally proposed reaction pathways regarding the cleavage -oNtla@mcC

N—N bonds for Cl- and Chktsubstituted azo dye 4-(4ulfophenylazo)phenol are optimized at the B3LYP/
6-31G(d) level of theory, and energies are further refined by single-point calculations at MPW1K@®B-31
(d,p)//IB3LYP/6-31G(d). Potential energy surfaces (PES) are compared for the two mechanisms to determine
the energetically more favorable mechanism as well as to explain the huge reactivity difference between the
Cl- and CH-substituted derivatives. Reactivity indices are used in the search for competing reactions.

Introduction

HO 9y SN

The degradation of azo dyes, which are found in the @N=N© - @,\’,_N@ @)
wastewater of the textile industry, has been of great environ-
mental concern because azo dyes do not respond well to
conventional treatment methods. The use of advanced oxidation
processes (AOPs), through oxidative cleavage reactions with
hydroxyl radicals, however, appears to be a promising new As the experimental studies show, the rate of azo dye
technique for the degradation of such unmanageable wasteOxidation is dependent on the dye structfe®and the nature
Using high-performance liquid chromatography (HPLC) and of the substituent3.n recent work, Nam et al. have reported
mass spectrometry (MS), two mechanisms involving eitheNC ~ the substituent effect on azo dye oxidation by th FEDTA—
or N—N bond cleavages have been proposed for the oxidative H,0, system for methyl-, methoxy-, and halogen-substituted

Azo-hydrazo tautomerism

cleavage reaction of azo dyes. dyes and model compounds. They have found that halogen-
C-N Cleavage substituted dyes were decolorized to a greater extent and more
o' rapidly2 The aim of this study is to examine the substituent
@N:N© — @N%N@ (1) effects on the oxidative degradation of azo dyes using a
computational and conceptual DFT approati! as well as
N-N Cleavage to check the validity of the most plausible mechanism that was

According to these mechanisms, a hydroxy! radical attacks determined for the unsubstituted model compound, azo ben-

either the carbon atom bearing the azo linkage, leading to theZene:®

cleavage of the €N bond and the generation of benzéné, In this study, because of the large reactivity difference toward
or the nitrogen atom, followed by the cleavage of the M decolorizatior8 2-methyl- and 2-chloro- derivatives of 414
bond resulting in the formation of nitrosobenzé#e!® Both of sulfophenylazo)phenol have been chosen to determine the

these experimentally proposed mechanisms have been studiedypstituent effect on the oxidative degradation of azo dyes.
by means of quantum mechanical calculations using density Apsorbance decreases /atax are 30 and 95% for Cil(Lye)
functional theory (DFT) methods, chemical reactivity indices, 5,4 cJ (lc) substitution, respectivefy,indicating a better

and electron density top_oloé?,and it was found that the AN degradation yield for the chloro-substituted derivative.
bond cleavage mechanism was preferable over thdl @ond

cleavage mechanism. The rapid disappearance of color in dye

solutions, as well as the fact that mineralization was found to i ﬂ

be the rate-determining step, was justified by theNNcleavage O_ﬁ@NZNQOH

mechanism. As a matter of fact, it was concluded that the 0 1 cl

presence of the hydrazone tautomer in experimental studies, “

rather than the azo tautomer, could be indicative of the o]

mechanism involving €N bond cleavage. o'-ﬁ@N:N-@OH
o]
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Figure 1. Potential energy profile for the hydroxyl radical addition mechanism in théd®ond-cleavage pathway of the Cl-substituted azo dye
at the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPWH@ge3i)//B3LYP/6-31G(d), and
IEFPCM) values. (0.0 kcal/mol on the relative-energy axis correspontils to *OH = (—1806.377834;-1806.138183;-1806.670002) hartrees
with the same format.)

SCHEME 1: Mechanism for Radical Addition in C—N
Bond Cleavage Pathway (X=Cl, Me)
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Theoretical Background

DFT and DFT-Based Reactivity Descriptors Modeling the o 300
OX|da_t|ve degradation of azo compounds |r_1v0Ives radical Figure 2. Optimized structures for hydroxyl radical addition in the
reactions or open-shell molecules that are considered challengeg—N cleavage pathway of Cl-substituted azo dya,
in electronic structure methods because of the problem of spin
contamination. However, DFT methdds' are good candidates  be a functional of the number of electrons and external potential,
for calculations involving open-shell systems because they seemg[N, u(r)], then these perturbations can be obtained by a series

to suffer to a lesser extent from spin contaminaidf They  of derivatives of the energy. Perturbations due to changes in
are also more efficient for large systems in terms of computer the number of electrons are defined as global properties and
time compared to post-HF methods such as MP2. are related to overall molecular stability. Perturbations due to

Furthermore, DFT methods may be used not only to calculate changes in external potential are called local properties and
molecular properties, potential energy surfaces, and the coursedetermine the site selectivity of a molecule for a specific reaction
of a given reaction but also are very useful tools for obtaining type?20-2t
conceptual information about chemical reactivity as well as for ~ Chemical potential is a global property that measures the
treating qualitative concepts such as hardness and electronegaescaping tendency of an electronic cloud
tIVIty 17,20,21

Because the electron density is considered to contain all the _ (5E[N, U(f)])
information about the molecular properties, chemical reactivity = ON u(r)
should be reflected in the molecular sensitivity to perturbations
of different type<s®21 If the electronic energy is considered to In the finite difference approximation, this is equivalent to the

®3)
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Figure 3. Potential energy profile for the representative lCbond cleavage mechanism after the formation of the radical adduct for Cl-substituted
azo dye at B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPWAGGH31)//B3LYP/6-31G(d),
and IEFPCM). (0.0 kcal/mol on the relative energy axis correspon8€ie = (—1806.407145-1806.3710077,-1806.692005) hartrees.)

174

negative of the average of the vertical ionization potential and
electron affinity

3G —
_(| + A) radical adduct
==z @

Electronegativity,y, is defined as the negative of chemical
potential

X=—n ®)
Hardness is a global property described as the resistance tc
change in the electron distributitfrthat determines the stability
of a molecule

0.969

g = O’EIN, V()] ©)
ON ON? () Figure 4. Optimized structures for the-€N cleavage pathway after
In the finite difference approximation, this is equivalent to the formation of the radical adduct for the Cl-substituted azoJdye
(- A These two local properties are related to each other through
N @) global softness, S.
and for closed-shell molecules, it can be further approximated sr)=1f(r) S (11)

as the HOMG-LUMO energy gap. According to the maximum  However, becausé(/sy is a discontinuous function dfl, it
hardness principle, molecules arrange themselves to be as hardvill have one value from the right, one from the left, and an
as possiblé*2> Global softnessS is the inverse of global  average at some integral value Méf

hardness

()= [w : (asN goes fromN,to N, + 0) (12a)
S= 1 8) ON | wm» 9 0™ 0
n _ op(N]~
Local softnesss(r) describes local perturbations in terms of f (r)= % , (asNgoes fromNy — 0 to Ng) (12b)
electron density with respect to a global change in chemical 1 /0
potential £9(r)= 5[f+(r) +f7(n)]° (average) (12¢)
_0p(r) Here, f*(r) is the reactivity index for a nucleophilic attack,
s(r) = ou ©) ~(r) is the reactivity index for an electrophilic attack, afifr)

is the reactivity index for a radical attack. Within the finite

The Fukui functiorf(r) is a space-dependent local function, and ™, o ; ) .
difference approximation, these relationships can be written as

“it measures how sensitive a system’s chemical potential is to

an external perturbation at a particular poifit'lt also gives T _

information about a quantity related to the electron density of F(1) = pn+ () = on() (13a)

an atom or molecule in its frontier regiohs26 £(r) = pu(r) — pr 1) (13b)
N N—-1

ou | _ (3000
0= (5005, = (1), (10) €0 =3lowa) = a0 (130
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Figure 5. Potential energy profile for the hydroxyl radical addition mechanism in thé&l®ond cleavage pathway of the @Bubstituted azo dye
at the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPWH&ge31)//B3LYP/6-31G(d), and
IEFPCM). (0.0 kcal/mol on the relative energy axis correspondksot+ *OH = (—1386.059447-1385.81679,-1386.395475) hartrees.)

3Cime 3o

Figure 6. Optimized structures for hydroxyl radical addition in the
C—N cleavage pathway of Gsubstituted azo dy&ye.

A condensed form of these functions employs the atomic
populations?’

f'=q(N+1)-q(N) (14a)
f=q(N) — q(N—1) (14b)
P=JaN+D-qN-1]  (140)

Methodology

Gaussian 98 has been employed for the calculation of
geometries and energi&sOptimizations were performed at the

B3LYP/6-31G(d) level of theory. According to the benchmark
studies for radical addition reactions to double bonds, the
B3LYP functional even with a 6-31G(d) basis set was found to
give similar or better geometries and energies than MP2
calculations and similar results to QCISD with the same basis
set?9781 |t is also well known that in DFT calculations, the
choice of the level of theory is more important than the choice
of the basis set. Going to larger basis sets does not significantly
affect the barrier heights and geometries. Therefore, for the azo
dyes, which are relatively large in size, B3LYP/6-31G(d) is a
good trade off between computer time and accuracy. Ground-
state and transition-state structures have been confirmed by
frequency analyses at the same level. Transition structures have
been characterized by having one imaginary frequency that
belonged to the reaction coordinate, corresponding to a first-
order saddle point. IRC calculations have been performed for
these transition geometries, and corresponding minima have
been confirmed. Zero-point vibrational energies (ZPEs) were
calculated at the B3LYP/6-31G(d) level; these were not scaled
because they were used only for comparing possible reaction
mechanisms. Reaction barrier heights were also determined by
calculations at the MPW1K-6-31G(d,p)//B3LYP/6-31G(d)
level of theory. MPW1R? is a relatively new hybrid Hartree

Fock density functional method involving a single parameter
that predicts significantly more accurate barrier heights. The
MPW1K functional has been optimized against a database of
barrier heights and reaction energies, and according to the
available benchmark studies, it performs very well in predicting
transition geometries and energies. However, it was parametrized
with respect to a relatively large basis set and was suggested to
be used with the same one for the best efficiency. This approach
was not computationally affordable for the present purposes
because of the size of the molecules. However, though MPW1K
might perform better, the B3LYP functional also performs well
and is widely used in predicting transition st&fe¥and
hydrogen-bonded complex&s3° In some cases, the transition-
state geometries obtained by these two functionals resemble each
other#° Therefore, the MPW1K-6-31tG(d,p)//B3LYP/6-31G-

(d) methodology seems to be optimal for the present case.

Solvent effects were modeled using the integral equation
formalism (IEF) polarized continuum model (PCM) of Tomasi
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Figure 7. Potential energy profile for the-€N bond cleavage mechanism after the formation of a radical adduct fers@bstituted azo dye at
B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPWk(&&3p)//B3LYP/6-31G(d), and IEFPCM)
(0.0 kcal/mol on the relative energy axis correspond3QGave = (—1386.087742-1386.0776593;-1386.413981) hartrees.

Energetics (kcal/mol)

SCHEME 2: N—N Bond Cleavage Mechanism (X= ClI, A. 2-Chloro-4-(4-sulfophenylazo)phenald). Hydroxyl Radi-
Me) cal Addition. Figures 1 and 2 represent, respectively, the
radical adduct potential energy profile and the optimized structures for radical

the presence of substituents on the rings, the C atoms bearing
the azo linkage are no longer equivalent, as in our previous

OH OH - FESR :
] | i ] addition in the G-N bond cleavage mechanism of the 2-chloro-
[OGS@N:N‘QOH] {Oas C N_N‘@'OH} substituted azo dyelg) in vacuum and in water. Because of
3Ny X 3N, x

“° TS for radical attack o' study with the azobenzene moleciftd herefore, there are now
058 e <:> on . | two possible sites that hydroxyl radicals might attack (or two
@ . OSS‘@N_N‘@'OH subpathways that can end up with-8 bond cleavage): either
TS@N:3Nx) TSN, the carbon atom of the ring with the sulfonyl group or the carbon
T T atom of the ring withm-Cl andp-OH groups through transition
HO' pre.reaction comples Ho' statesTS(2C;c-3Cic)) (with —O-+-C— distance of 1.964 A)
and TS(2C,c-3Cocy) (with —O-++C— distance of 1.966 A),
’035‘@“:"‘@"“ ’°33“@”2”‘Q°H respectively. There is a 1.2 kcal/mol energy difference between
Ny x Max X these two proposed transition states, the latter being more

L -oss@NzN oH _T favorable probably because of the weak hydrogen-bond type
- v T

of interaction N--H— distance: 2.254 A) between the

) hydrogen of hydroxyl radical and an azo nitrogen that is not

°33’@§NZN—QOH '°3s@”=’i‘@ or present in the former case. These transition states proceed to
HO X srerecction comples o x prereaction complexes formed by hydrogen bonding between
2Ny, ‘ 2N,y the same radical hydrogen and azo nitrogen pair as well as by

relatively weaker hydrogen bonds between the ring hydrogens

l i
- <:> _ <:> . <:> <:2 and the oxygen of the radical.
038 N=N OH 035 N=N OH
HO‘ X e . In addition to this difference in barrier heights, the difference

TS(2N,-3N,y) TS for radical attack TSN, 3N between the reaction energies for the initial attack is 9.0 kcal/
| I mol, again, in favor of the latter subpathway because of the
. ’ strong hydrogen bondin@C.cj) lowering the energy.
[OSS@FJH:“’QW} [O’S@Nzg,@c’"] Cleavage of the EN Bond. To gain a better insight into the
3Ny X 3N, X C—N cleavage mechanism of the chloro-substituted azo dye,
we further modeled the cleavage of the-& bond, starting
et al#! within self-consistent reaction field (SCRF) theory by with the 3C,c; compound as a representative of the radical
means of single-point calculations based on the gas-phaseadducts formed (Figures 3 and 4). In the transition sT&8e
geometries. Electronic populations for the calculation of Fukui (3C,c-4Cyc,5C,¢), the —C---N— distance increases to 1.819

radical adduct

indices were obtained from Mulliken population anal§sand A, and the bond is broken, leading to the produgis
natural population analysfs. sulfonylphenyldiazene4(C;) and m-chlorop-hydroxylphenol
_ ) (5Cac).
Results and Discussion B. 2-Methyl-4-(&4sulfophenylazo)phenollye). Hydroxyl
I. C—N Cleavage Mechanism for 2-Chloro and 2-Methyl Radical Addition. In the same manner, Figures 5 and 6 represent,

Substituted Derivatives. Scheme 1 represents the proposed respectively, the potential energy profile and the optimized
hydroxyl radical addition mechanism in-@\ bond cleavage  structures for the hydroxyl radical addition mechanism in the
pathway for both derivatives in the form of a flowchart. C—N bond cleavage pathway of the 2-methyl-substituted azo



Modeling of the Oxidative Degradation of Azo Dyes J. Phys. Chem. A, Vol. 108, No. 28, 2008995

1o+ OH (0.0,0.0,0.0)

T8 for vadical attack

TSN 3N, ) 14 34, -18.3)
S(2Nyr3Nyy) (-1.9, 6.2, -19.8)

-7, 04 -18.6)
(=51, 2.8, -19.9)

2y (54,.-03,-21.8)
2Ny (5.6, 02,218

radical adduct

ANy (71,92, -29.6)

Energetics (kealimol)

= ]
2622 L) Ny (-7.9,-87,-26.6)

3 (-B.7.-29, -223)

3Ny (-10.4,-12.5, -29.2)

3Ny (-11.2,-12.1. 27.0)

.12 -

Figure 8. Potential energy profile for the hydroxyl radical addition mechanism in thdNbond cleavage pathway of the Cl-substituted azo dye
at the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPWH@ge3)//B3LYP/6-31G(d), and
IEFPCM). (0.0 kcal/mol on the relative energy axis correspondksite- *OH = (—1806.377834,-1806.138183;-1806.670002) hartrees.)

dye (Lue) in vacuum and in water. With the methyl group as
the substituent, the energetic order of the transition states is ¢
reversed compared to the previous case, and the carbon aton
of the ring with sulfonyl group becomes more susceptible to
the attack of the hydroxyl radical by 1.5 kcal/mol.

The —C-+-O— distance is 1.979 A fol S(2Cye-3Cime) and
1.979 A for TS(2Cue-3Cave), leading to relatively earlier
transition states than the Cl-substituted case. This is in accord
with the Hammond postulaté, which states that a more
exothermic reaction will have an earlier transition state rather @'
than a less exothermic reaction; the-® cleavage mechanism
for CHs-substituted azo dye is more exothermic than the one
for Cl-substituted azo dye.

Cleavage of the €N Bond. The steps following the initial
radical addition mechanism through the-8 bond cleavage
have been modeled where theC---N— distance increases to
1.824 A through the transition stafé&(3Came-4Co,5Conme) and
the bond is broken leading to produgtsulfonylphenyldiazene
(4C,) andm-methylp-hydroxylphenol 5Caye). (Figures 7 and
1S)

For both derivatives]lc and 1lye, further refinement of
energies at the MPW1K/6-31G(d,p)//B3LYP/6-31G(d) level
has increased the barrier heights by-2340 kcal/mol; however,
the reaction energies for the formation of the adducts have
become more exothermic by 3:8.9 kcal/mol.

II. N —N Cleavage Mechanism for 2-Chloro- and 2-Meth-
yl-Substituted Derivatives.Scheme 2 represents the proposed
hydroxyl radical addition mechanism in the-Nl bond cleavage
pathway for both derivatives in the form of a flowchart.

A. 2-Chloro-4-(4-sulfophenylazo)phenald). Hydroxyl Radi-
cal Addition. Figures 8 and 9 represent, respectively, the
potential energy profiles and optimized structures of the adduct
formation mechanism for the 2-chloro-substituted azo dyg (
in vacuum and in water at the B3LYP/6-31G(d) level of theory.
In the C-attack case, because the hydroxyl radical approachess
the C atom in a perpendicular direction to the plane of the ring,
there are two nonequivalent attack sites, one for each carbon,
as*OH approaches from the upper or lower part of the molecular
plane. However, because the hydroxyl radical approaches theFigure 9. Optimized structures for hydroxyl radical addition in the
N atom along the planar &fobes, there is a difference between NN cleavage pathway for Cl-substituted azo dye
the left and right directions due to the presence of a meta lent sites of attack for each of the two nonequivalent N atoms.
substituent. Thus, the hydroxyl radical can add to tlreNNbond The energies of pre-reaction complexes, transition states, and
via four different transition structures by having two nonequiva- adducts have been found to be lowerb$ kcal/mol when the

3NJ‘«'I
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Figure 10. Potential energy profile for the NN bond cleavage mechanism after the formation of radical adduct for the Cl-substituted azo dye at
the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPW#&p)//B3LYP/6-31G(d), and
IEFPCM). (0.0 kcal/mol on the relative energy axis corresponddNg; = (—1806.389196;-1806.34853019;-1806.683594) hartrees.)

Energetics (kcal/mal)

z—0,

radical approaches the molecule from the side of the ClI
substituentN3 andNg, rather than from the opposite direction Ny —
probably because of the stronger hydrogen bonds between the,,ji..i siiuer

O atom of the hydroxyl radical and ring hydrogens.Thi--
-O— distance varies in the range of 2.384.398 A in the
prereaction complex to 1.845..874 A in the transition states
to reach the N-O single bond of 1.4341.448 A in the adducts.

Cleavage of the NN bond. Figures 10 and 11 show the
potential energy profile and the optimized structures, respec-
tively, for the subsequentNN cleavage mechanism after the
formation of one of the N-attack adducts of Cl-substituted dye.
This starting adduct was chosen arbitrarily. It includes a proton
transfer from the hydroxyl group to the nitrogen atom as an
intermediate step. Concerning the energetically high proton-
transfer reaction in the NN bond cleavage mechanism, a
supermolecule approach has been proposed in our previous
study'® where a water molecule from the first solvation shell
assists the proton transfer and lowers its energy through a
subsequent cyclic rotational transition state due to the coopera-
tive hydrogen bonding.

B. 2-Methyl-4-(4sulfophenylazo)phenollfe). Hydroxyl
Radical Addition. In the case of the potential energy surface
for the 2-methyl-substituted derivativd,(), unlike the CI-
substitution, there is no particular preference for one subpathway
over the other. As can be seen in Figure 12, the prereaction
complexes, transition states, and initial-attack products differ
in energy at most by 0.4, 0.5, and 0.7 kcal/mol, respectively.
The —N---O— distance varies in the range of 2.374.403 A
for the complexes, to 1.8391.865 A in the transition states,
and to 1.4351.448 A in the adducts. Figure 13 shows the
optimized structures for the radical addition mechanism. Figure 11. Optimized structures for the\N cleavage pathway after

Cleavage of the NN bond. Figures 14 and 2S, respectively, the formation of a radical adduct for Cl-substituted azo dye
show the potential energy profile and the optimized structures
for the subsequentNN cleavage mechanism after the formation Comparison of Potential Energy Profiles: C versus N
of one of the N-attack adducts of the @bubstituted dye. and Cl versus Methyl

In a similar way, with the case of-&N cleavage, employment Reactions of azo dyes with hydroxyl radicals are characterized
of the MPWI1K/6-3%G(d,p)//B3LYP/6-31G(d) calculations by their relatively fast color disappearance and slow total
have increased the barrier heights b%.8—8.1 kcal/mol for mineralization rate$? In light of this experimental evidence,
both CI- and CH-substituted derivatives. The adduct formation the oxidative degradation of the azo benzene molecule was
mechanisms are more exothermic by-821 kcal/mol at this modeled in our previous stud§,and the comparison of the
level. potential energy surfaces and the application of local reactivity
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Figure 12. Potential energy profile for the hydroxyl radical addition mechanism in thé\Nond cleavage pathway of the gBubstituted azo
dye at the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPW1BE3)//B3LYP/6-31G(d),
and IEFPCM). (0.0 kcal/mol on the relative energy axis correspondsédet *OH = (—1386.059447,-1385.81679,-1386.395475) hartrees.)

Figure 13. Optimized structures for hydroxyl radical addition in the
N—N cleavage pathway of Gfbubstituted azo dy@ye.

indices pointed to a reaction mechanism in which theNNbond
was broken in preference to the-@Gl bond. The same trend

case of 2-chloro- and 2-methyl-substituted derivatives of azo
benzene in this study.

For the Cl-substituted derivative, the highest-energy transition
state of the initial radical attack for the NN cleavage
mechanism TS(2Nic-3Nicy)) is still 2.7 kcal/mol lower in
energy than the lowest-energy transition state of theNC
cleavage mechanisnT$(2Cci-3Czc)) at the B3LYP/6-31G-

(d) level of theory. However, when the barrier heigts) (of

the following bond cleavage steps are compared, this situation
is reversed i, for TS(3Nxc-4Nac)) — Ea for TS(3Coc-4Coci)

= 24.5 kcal/mol), pointing to a slow mineralization for the-N
cleavage mechanism. For the gslibstituted derivative, there

is a larger energy difference between the highest- and lowest-
energy initial attack transition states of two pathwaig (TS-
(2C1me-3Cime) — TS(2Name-3Name)] = 3.4 kcal/mol) in favor

of the N=N cleavage mechanism. As in the case of ClI
substitution, the energy difference between the barrier energies
of the steps that follow points out a slow mineralization for the
N—N cleavage mechanisnky for TS(2Nive-3Nive) = 25.6
kcal/mol) and a fast reaction for-&\ bond cleavageH; for
TS(3Cme-4Come) = 2.1 kcal/mol).

Therefore, in both of these cases, the-Nl cleavage
mechanism, with a smaller barrier for the initial attack of the
hydroxyl radicals that mimics the experimentally observed fast
disappearance of color and with a larger activation barrier for
the following bond cleavage that mimics the experimentally
observed slow mineralization rate, appears to be the preferred
pathway over the EN cleavage mechanism.

The presence of a dielectric medium has a stabilizing effect,
decreasing the overall energy for both-8 and N-N bond
cleavage mechanisms, but still the transition states for the former
lie higher in energy than those for the latter, and the same trend
has been observed in the following steps of the cleavage.

Experimentally, the degradation yield for the Cl-substituted
derivative was observed to be higher than the;Gtbstituted
one? However, the comparison of the-NN cleavage mecha-
nism potential energy surfaces in vacuum and in water for Cl-
and CH-substituted derivatives has given different reactivity
trends. In vacuum, similar potential energy surfaces have been
obtained for both derivatives, with the methyl-substituted
derivative being more reactive. This is contradictory to the
experimental results. However, in the presence of a solvent, the
reactivity trend is reversed in favor of the Cl-substituted dye.

has been observed for the proposed reaction pathways in theA dielectric medium stabilizes the transition states for theN\N
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Figure 14. Potential energy profile for the NN bond cleavage mechanism after the formation of the radical adduct for the@idtituted azo
dye at the B3LYP/6-31G(d) level. Relative energies in parentheses in the format of (B3LYP/6-31G(d), MPW1B6d3)//B3LYP/6-31G(d),
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TABLE 1: Chemical Reactivity Indices for Cl- and
CH3-Substituted Derivatives (X and 1ye) and for the OH
Radical at the B3LYP/6-31(d) Level

1c (S= 12.4013)

O-

(7))

O,
\H
8

0=0=0

1ye (S= 13.2342)

0, . 0, " 0, . .
Pmutiken  Prnpa SoMulllken §)NPA Pmuliken fONPA SOMulllken soNPA Figure 15. Numbering system used in modeling the Competing
1C  0.0004 0.0040 0.0055 0.0495 0.0046 0.0042 0.0612 0.0553 pathways.
2N  0.0516 0.0544 0.6399 0.6751 0.0551 0.0549 0.7296 0.7260
3N  0.0510 0.0569 0.6325 0.7056 0.0577 0.0576 0.7642 0.7619 TABLE 2: Chemical Reactivity Indices for Cl- and
4C —0.0018 0.0004-0.0225 0.0051 0.0015 0.0015 0.0200 0.0194 CHs-Substituted Derivatives and for the OH Radical at
5C 0.0138 0.0181 0.1706 0.2248 0.0312 0.0313 0.4136 0.4148 MPW1K/6-31 + G(d,p)//B3LYP/6-31(d) Level
6C  0.0337 0.0352 0.4176 0.4364 0.0377 0.0374 0.4991 0.4953
7H  0.0477 0.0493 0.5911 0.6115 0.0495 0.0494 0.6556 0.6544 1o (S=12.4013) Lve (5= 13.2342)
8H 0.0192 0.0120 0.2387 0.2476 0.0212 0.0213 0.2807 0.2824 Ouutien Sutiken Ouuticen Suutiken
9H 0.0155 0.0156 0.2047 0.2066
10H 0.0273 0.0274 0.3614 0.3623 1C 0.0093 0.0958 0.0205 0.2175
11H 0.0273 0.0274 0.3619 0.3628 2N 0.0923 0.9482 0.0806 0.8563
. 3N 0.0851 0.8750 0.0960 1.0199
OH radical 6= 3.3904) ac —0.046 -0.4756  —0.0317  —0.3370
(o] 0.7736 0.7736 2.6228 2.6228 5C 0.0119 0.1226 0.0564 0.5990
6C 0.0598 0.6141 0.0288 0.3065
cleavage mechanisms of the Cl-substituted dye more than those 7 H 0.0364 0.3737 0.0358 0.3807
of the CH-substituted one. Also, when the full paths are 8H 0.0141 0.1448 0.0161 0.1709
compared, the Cl-substituted dye was found to be more reactive ?OHH 8‘82% 8'(2)2%
for hydroxyl radical addition reactions in accordance with the 71 0.0220 02343

experiment.

Another possible explanation for the experimental reactivity
difference can be attributed to the presence of a competing ©
reaction that would consume the hydroxyl radicals in the case (iii) hydrogen abstraction (7 H, 8H, 9 H, 10 H, 11 H).

OH radical 6=3.3904)
0.7736 2.6228

of CHs substitutions but not in the case of Cl substitutions.

One-electron oxidation is also observed, especially when

Therefore, the competitive pathways have been determined byradiolysis is used as the advanced oxidation method.

using chemical reactivity indices, and the relative energies of

the corresponding transition states were compared witiNC
and N—N bond cleavage mechanisms.

Competitive Pathways

Chemical Reactivity Indices.In the search for a competing

In Tables 1 and 2, the specific sites have been selected on
the basis of their softness values being close to that of the OH
radical, on the basis of the local hargoft acid-base (HSAB)
principle formulated by Gazquez and Mendézyhich states
that the interaction between two chemical species will not
necessarily occur through their softest atoms but through those

reaction, chemical reactivity indices (Table 1) have been whose softnesses are approximately equal. When the same
employed to have information about the most susceptible sitesprinciple is employed, condensed fukui functiori8), being

for hydroxyl radical attack. Figure 15 shows the numbering

local reactivity descriptors, confirm the findings derived from

system that is used throughout the calculations. Sites with the potential energy surface analysis in the sense that hydroxyl

relatively low values are not shown in Table 1.
The hydroxyl radical can undergo mainly three types of
addition reactions with azo dyes
(i) addition to the chromophore (1 C, 2 N, 3 N, and 4 C)
(i) addition to the ring (5 C, 6 C)

radicals prefer to attack the N atom rather than the C atom in
the chromophore. A comparison of the local softness vélues
(s”) for CI- and CH-substituted derivatives predicts a reactivity
difference between the ring addition reactions of these two
compounds through site C5, the latter being more reactive.
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TABLE 3: Energy-Scales for the Transition States of the
Competing Reactions for the Cl-Substituted Dye
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TABLE 4: Energy-Scales for the Transition States of the
Competing Reactions for CH-Substituted Dye

MPW1K// IEFPCM//

TS B3LYP B3LYP B3LYP
TS(2Cici—3Cic) 7.5 7.1 6.6 attack on C
bearing azo link
TS(2Cci—3Cyc) 6.3 6.4 7.5
TS(H 7-attack)ey 3.7 8.5 104 ring-hydrogen
abstraction
TS(2Nic—3Nic) 3.6 55 1.6 attack on N
of azo link
TS(2Noc—3Nz) 3.1 8.3 0.1
TS(C 5-attack) 0.4 0.0 2.3 addition to
the ring
TS(2Nsc—3N3c) 0.3 25 1.3 attack on N
of azo link
TS(2Nsci—3Nsc) 0.0 4.9 0.0

TS(C S-attack), TS(H T-attack)

Addition to ring Hyvdrogen abstraction from the ring

{h)

TS(H T-attacky,
Hydrogen abstraction from the ring

TS(C S-attack)y,

Addition to ring

TS(H 10-attack)yy,
Hydrogen abstraction from methyl group

Figure 16. Optimized structures for the transition states of the

completing reactions for (a) Cl- (b) Gksubstituted derivatives.

However, the reaction of C5 for the Cl-substituted derivative
was found to be more favorabt@ven more favorable than some

MPW1K// IEFPCM//

TS B3LYP B3LYP B3LYP
TS(2Coci—3Cacl) 17.2 7.2 16.5 attackonC
bearing azo link
TS(2Cici—3Cac) 15.8 55 135
TS(H 7-attack)ve  14.9 9.7 17.9  ring-hydrogen
abstraction
TS(C 5-attacke  12.5 3.1 30.3  addition to
the ring
TS(2Name—3Nave) 12.2 7.2 10.1  attackon N
of azo link
TS(2Name—3Name) 12.0 4.7 11.7
TS(2Nome—3Nome)  11.8 6.8 9.5
TS(2Nime—3Nime) 11.4 4.0 105
TS(H 10-attackye 0.0 0.0 0.0 hydrogen abstraction

from CH; group

C6 is another site where addition to the ring may take place,
and the local softness value for this atom points to the-CH
substituted derivative to be more reactive for an attack through
this site. However, one of the products of such a substitution
reaction is another hydroxyl radical, and the total number of
hydroxyl radicals in the environment does not change. Therefore,
this is probably not the competing reaction that lowers the yield
in dye degradation for methyl substitution. Another competing
reaction is the abstraction of ring hydrogen H 7. A comparison
of the local softness values indicates the s&dbstituted
derivative to be relatively more reactive toward this type of
reaction (Table 1). Actually, the transition staleS(H7-
attack)ve was found to be located lower in energy than the
transition stateT S(H7-attack)c; by 0.45 and 0.7 kcal/mol in
vacuum at the B3LYP/6-31G(d) and MPW1K/6-BG(d,p)
levels of theory, respectively, with respect to the coresponding
reactants. These differences are not enough to explain the huge
difference in the experimental yields. Besides, in a dielectric
medium, this trend is reversed. Therefore, this probably is not
the competing reaction being searched for either.

Indeed, the key mechanism of competition appeared to be
another hydrogen abstraction reaction: hydrogen abstraction
from the methyl group itself. The hydrogen atoms of thesCH
group are good candidates to consume hydroxyl radicals. Even
though they seem to be less reactive than ring hydrogens on
the basis of their local softness values (Table 1), their transition
state for the abstraction mechanism was found to be energetically
more favorable because of a hydrogen-bonding network (Figure

N attack reactions (Table 3). It may be that the transition state 16) in a seven-membered ring. For example, in vacul®&{H

for this derivative TS(C 5-attack)q)) is stabilized by hydrogen

10-attack)ve is 11.5 kcal/mol lower in energy tharS (2N e~

bonding between the hydrogen of the hydroxyl radical and the 3Nive), being the closest neighbor transition state over the
nitrogen of the azo group, whereas no hydrogen bonding waspotential energy surface. The same trend has been observed in

observed for the Cllerivative caselS(C 5-attack)ye) (Figure

a solvent, with an energy difference of 2 kcal/mol. Also, it is a

16). This draws attention to the point that although chemical highly exothermic reaction in terms of the initial attack with a
reactivity descriptors are useful tools in predicting the course reaction energy of-29.4 kcal/mol, probably because of the
of a reaction, in some cases special interactions such as hydrogefydrogen bonding present in the product (Figure 3S). Therefore,
bonding may interfere with the predictions. It must also be noted it can be concluded that the Gisubstituted derivative has a
that, having exothermic reactions for the initial attack (both lower yield for the dye degradation reaction, that is, for addition

AEn, (C 5-attack)c andAE, (C 5-attack)yve are—28.3 kcal/

to the chromophore reaction, than the Cl-substituted derivative

mol), addition to the ring reactions seriously compete with @S0 because of the presence of a competing hydrogen abstrac-
addition to the chromophore reactions for both derivatives in a tilon mechanism that consumes the hydroxyl radicals in the
vacuum. The exothermicity may be due to the stabilization of €nvironment.

the initial attack products via hydrogen bonding (Figure 3S).
In solution, however, addition to the ring is a concern only for

ClI substitution AE [TS(C 5-attack)e) —1¢] = —17.6 kcal/
mol) but not for CH (AE [TS(C 5-attacke — 1me] = +15.0
kcal/mol) substitution (Tables 3 and 4).

Conclusions

The purpose of this study was to determine the most plausible
mechanism for the hydroxyl radical addition to substituted azo
dyes as well as to explain the pronounced difference in reaction
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yields for CI- and CH-substituted derivatives. Comparing the
potential energy surfaces and employing the local reactivity

Ozen et al.

(16) Ozen, A. S.; Aviyente, V.; Klein, R. AJ. Phys. Chem. 2003
107, 4898-4907.
(17) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and

descriptors have shed light onto both of these issues: as in theygjecules Oxford University Press: New York, 1989.

case of the azo benzene molecule, theNNbond cleavage

(18) Koch, W.; Holthausen, M. CA Chemist's Guide to Density

mechanism has been found to be the more preferable pathwayunctional Theory Wiley-VCH: Weinheim, Germany, 2001.

over the mechanism where a—@ bond is broken for both
derivatives. The greater reactivity of the Cl-substituted derivative

(19) Jensen, Antroduction to Computational Chemistrgohn Wiley
& Sons: Chichester, U.K., 1999.
(20) (a) De Proft F.; Geerlings, Ehem. Re. 2001, 101, 1451-1464.

has also been explained by the presence of a competing reactiof) Geerlings, P.; De Proft, F.; Langenaeker, @hem. Re. 2003 103

for the CHs-substituted derivative, consuming the hydroxyl

radicals in the environment. It has also been seen that local

reactivity indices are useful tools for predicting the susceptible

sites for a reaction to proceed but, as expected, cannot describ

the secondary interactions such as hydrogen bonding.
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