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ABSTRACT: The effect of the molecular structure of azobenzene and related azo dyes on their reactivity towards ‘OH
radicals in water was investigated by performing ultrasonic irradiation experiments on their aqueous solutions and
density functional theory (DFT) calculations. Sonolysis of azobenzene, methyl orange, o-methyl red and p-methyl red
was performed at a frequency of 500 kHz and 50 W applied power under air saturation. Under such irradiation
conditions, these molecules were shown to decompose through "“OH radical addition reactions taking place in the bulk
liquid. The ortho isomer of methyl red reacted at significantly higher rates (nearly 30% higher) than the other three
studied compounds in non-buffered aqueous solutions. In contrast, measurements performed at lower pH (10 mM
HNO3), at which the carboxylic group vicinal to the azo group is protonated, yielded a similar reaction rate for all four
substrates, i.e. the specific acceleration observed in the ortho-substituted dye disappeared with protonation. These
results were rationalized by the computation of formation energies of the adduct originated in the "OH addition to the
azo group, performing DFT calculations combined with the polarized continuum model (PCM) of solvation. The
calculations suggest that intramolecular H-bonding in the o-methyl red—OH adduct provides extra stabilization in that
particular case, which correlates with the observed higher addition rates of ‘OH radical to the anionic form of that
isomer in non-buffered solutions. On the other hand, the energy changes calculated for the ‘OH addition to an o-
methyl red molecule which is protonated in the carboxylic group (representative of the situation at pH 2) do not differ
significantly from those computed for the other three molecules studied. Copyright © 2002 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

Hydroxyl radicals participate in several chemical reac-
tions involved in advanced oxidation processes (AOPs) in
aqueous media, such as semiconductor photocatalysis,’
ultrasonic irradiation”™* and gamma radiolysis,” as well
as in more classical techniques such as ozonation® and
Fenton’s reaction.” These active species react readily
with most organic solutes in water, usually at diffusion-
controlled rates.® Some experimental information is
available on the kinetics and pathways of "OH radical
reactions with azo dyes in aqueous solution.>**'* Azo
dyes constitute an important group of pollutants present
in industrial wastewater effluents. Our recent investiga-
tions suggested that "OH (aq) addition to the azo double
bond can be considered the first step of a degradative
sequence of reactions under ultrasonic irradiation, that
results in the ultimate breakage of the N=N bond and the

*Correspondence to: M. R. Hoffmann, W. M. Keck Laboratories,
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production of single-ring aromatic byproducts and
reaction intermediates.® Under continuous sonication,
some of these undergo further oxidation to yield
carboxylic acids and stable mineralization products such
as NOj (aq) and CO, (g). Hydroxyl radicals are also able
to attack the aromatic rings and the dimethylamino
groups in these molecules. Small amounts of byproducts
of the latter reaction were detected in the work
mentioned.’

In our previous studies,®* four model azo compounds
were studied: azobenzene (AB) and the dyes methyl
orange (MO), o-methyl red (0-MR) and p-methyl red (p-
MR) (Fig. 1). The presence of a carboxylic group in the
vicinity of the azo double bond of 0-MR is most likely the
reason for the observed significantly higher rate of
decomposition of that particular dye, as compared with
those determined for its isomer p-MR and for the related
MO and AB. In the last three molecules, the measured
rate constants were very similar, indicating a certain
insensitivity to the presence of substituents located far
from the azo nucleus. The same trend was observed in
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Figure 1. Schematic structures of the dyes studied

experiments performed under different background gases
(Ar, O, and air). Two other independent determinations
of the bimolecular rate constants for the reaction of AB or
MO with ‘OH radical, based on the pulsed radiolysis of
N,O-saturated dye aqueous solutions, also yielded near
by identical values (2.0 x 10" 1 mol ™" s™1) for these two
dyes.g’10

In this work, our goal was to provide insight into the
influence of the molecular structure on the reactivity of
azo compounds towards "“OH radicals in aqueous solution,
with the primary aim of explaining the observed rate
enhancement due to ortho substitution with a carboxylic
group. Reactions of organic molecules with ‘OH radicals
occurring at near diffusion-controlled rates in aqueous
solutions present small, albeit non-negligible, activation
energies, of the order of 10-20kJmol '.*'" The
observed reaction rates may differ between different
isomers of the reactant owing to changes in their
molecular structure.®'*'4

In order to understand better the role of the substitution
with carboxylic groups, we have extended the available
experimental information from near-neutral solutions to
the acidic range. The ultrasonic irradiation of solutions of
all azo compounds was performed under non-buffered
conditions and at pH 2, with all other experimental
parameters mantained constant (e.g. ultrasonic fre-
quency, power density, temperature) at the previously
reported values.® At pH 2, MO and the MRs are present as
neutral non-ionic molecules, whereas at even lower pH
the cationic species predominate owing to the protonation
of N atoms either at the tertiary amino group or in the azo

Copyright © 2002 John Wiley & Sons, Ltd.

group.ls ~!8 Under ultrasonic irradiation at frequencies in
the range 20-1000 kHz, cavitation bubbles are produced
in the liquid. These bubbles are able to couple with the
acoustic field and collapse violently during sonication,
reaching extreme local conditions of temperature and
pressure (in the range of thousands of kelvin and
hundreds of bars, respectively). Several chemical pro-
cesses take place upon cavitation bubble collapse.'®
When the solutes are non-volatile, which is the case with
azo dyes, water thermolysis is the main sonochemical
reaction taking place in the cavities. The main oxidant
species released in solution by this process are "OH
radicals, superoxide and H,O,. The former is short-lived,
reaching a steady-state concentration in water, while
superoxide and H,0, accumulate in the vessel during
irradiation. Organic solutes reacting fast with superoxide
(such as benzoquinone) were shown to follow zero-order
kinetics,* while those reacting faster with ‘OH radicals
follow first-order kinetics. That was observed with
azobenzene and azo dyes.’

Supporting our experimental studies, we have explored
the chemistry of addition of ‘OH radical to each of the
substrates (i.e. adduct formation), using density func-
tional theory (DFT) calculations®®*' combined with a
continuum model of solvation.*” In the case of 0-MR and
p-MR, both the anionic structure and the protonated
molecule were analyzed with the same methodology. The
azo dyes studied are present in solution in two different
configurations, cis (Z) and trans (E),'"* with the latter
being the most stable and abundant isomer. Therefore,
the calculations performed in this work focus on the
comparison between frans isomers only.

EXPERIMENTAL

The experimental setup and methodology employed in
the sonochemical experiments have been described
previously.3’4 Ultrasonic irradiation of air-saturated
solutions of the four substrate molecules in water and
in 0.01 M HNO; (aq) was performed in a 650 ml batch
sonoreactor (Undatim Ultrasonics), operating at 50 W
(77 W 17! power density). The pH of the solutions was
measured with an Altex 71 pHmeter, before and after
ultrasonic irradiation. In the case of non-buffered
solutions, the pH changed from an initial value of 6.5
to a final reading near to 5.0. When HNOj3; was employed
to control the pH, the initial value was set at 2.0 and it
remained constant during the 30 min of irradiation. The
initial concentration of the substrates was adjusted over
the range of 2.7-3.2 uM. These values are close to the
highest soluble dye concentrations attainable at pH 2,
owing to the precipitation of the non-ionic organic
molecules. Such solubility limitations did not exist
during our previous experiments in non-buffered solu-
tions, where the anionic forms of the dyes readily
dissolved in water, and therefore the concentrations
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previously employed (10 uM) were impossible to reach at
pH 2. For that reason, we repeated our previous
experiments (in near-neutral conditions) reducing the
initial dye concentration to 3 uM, for the sake of
comparison. The solutions were filtered through
0.45 pm pore size filters (Gelman) prior to sonication.
The temperature of the treated solutions was kept
constant at 15.0°C by circulating water from a thermostat
through the cooling jacket of the reactor. Samples (1 ml)
were withdrawn at different times and analyzed with a
Hewlett-Packard 8452 A diode-array spectrophotometer,
using a semi-micro 10 mm quartz cuvette.

The chemical reagents, AB (Aldrich, >99%), MO
(Baker, >95%), o-MR (Sigma, >95%) and p-MR
(Sigma, >97%) were used without further purification.
Solutions were prepared with water purified using a
Millipore Milli-Q UV Plus system (R = 18.2 M) cm).

Computational methodology

The geometry of AB, MO, 0-MR and p-MR (the MRs in
their anionic and protonated forms) and their correspond-
ing "OH aducts were fully optimized without symmetry
constraints using DFT calculations.’®?' Restricted RHF
calculations were performed for closed-shell species, and
an unrestricted scheme was employed for the radical
states.

The DFT calculations were performed using a
Gaussian basis set implementation of DFT.?' The
Kohn—Sham self-consistent procedure was applied for
obtaining the electronic density and energy through the
determination of a set of one-electron orbitals.?
Gaussian basis sets were used for the expansion of the
one-electron orbitals and also for the additional auxiliary
set used for expanding the electronic density. Matrix
elements of the exchange-correlation potential were
calculated by a numerical integration scheme.”> The
orbital and auxiliary basis sets optimized by Sim and co-
workers>* for DFT calculations were used for C, N and H
atoms. The contraction patterns were (5211/411/1) for C
and N and (41/1) for H. The contraction patterns for the
electron density expansion sets were (1111111/111/1) for
C and N and (111111/1) for H. A more detailed
description of the technical aspects of the program is
given in Ref. 21 The generalized gradient approximation
(GGA) Becke and Perdew combination of functionals
for exchange and correlation, respectively, was em-
ployed.zS’26

Solvent effects in DFT calculations were modeled
using the polarized continuum model (PCM) schemes.
The PCM implementation given in Ref. 22, in which the
self-consistency between the solute wavefunction and
solvent polarization is achieved during the self-consistent
field cycle, was employed. PCM computations were
performed using the Gaussian98 software package at the
optimized geometries in vacuum.?’

Copyright © 2002 John Wiley & Sons, Ltd.

RESULTS AND DISCUSSION

Sonolysis of azobenzene and azo dyes in aqueous
solution

The sonochemical depletion rates of AB, MO, o-MR and
p-MR were determined in water and in 0.01 M HNOj;
aqueous solutions. The bleaching rates of the substrates
were studied following the disappearance of the parent
molecule through its absorbance at 4., in the visible
region. Dye bleaching reactions followed pseudo-first-
order rates in every case. Under acidic conditions, the
anionic dyes are present in the protonated (i.e. non-ionic)
forms exclusively, whereas azobenzene remains un-
changed.ls’18 Except for AB, the spectra of the proto-
nated molecules are red shifted and considerably more
intense than those corresponding to the anionic spe-
cies.”®?° The values of the measured pseudo-first-order
rate constants (k_x) in each case, together with the
corresponding spectroscopic information, are reported in
Table 1.

The results obtained in non-buffered solutions are
essentially the same as those obtained in our previous
work for higher initial concentrations of the dyes, the rate
measured for o-MR (k_, pgr) being higher than the
others by about 30%. As opposed to the trends previously
observed for the sonolysis rates of anionic species, the
experiments at low pH indicate that protonated o-MR
molecules are not substantially more reactive towards
‘OH radicals than the other molecules. Within experi-
mental error, all four reported k_x values are essentially
the same. Figure 2 illustrates the ratio of the observed
degradation rate of X =MO, 0-MR and p-MR over the
value determined for AB under the same experimental
conditions. Whereas the experiments performed at pH 2
do not show any particular reactivity enhancement as
compared with AB, the data for non-buffered solutions
illustrate the significantly higher relative rate measured
for o-MR, which is not observed with the other studied
substrates.

The actual values of the measured rate constants are
higher at pH 2 than in near-neutral solutions. This
difference is probably related to the presence of a
significant concentration of HNO; in the former case,
which may participate in a variety of high-temperature
gas-phase reactions within the cavitation bubbles,
particularly

HONO,(g)—=+OH (g) + NO,(g) (1)

Changes in the gaseous composition of cavitation
bubbles affect the sonochemical rates due to physical
and chemical modifications of the implosion condi-
tions.>*!” Under the bubble collapse conditions at pH 2
in the presence of HNOj, a higher yield of available ‘OH
radicals may result. This enhanced flux will ultimately
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Table 1. Observed pseudo-first-order rate constants(

x) for the sonolysis under air saturation, bimolecular rate constant for the

reaction of each dye with OH radicals (k_x°") and spectroscopic parameters for X = AB, MO, o-MR and p-MR

pH Parameter AB MO o-MR p-MR
Non-buffered® Amax (M) 319 464 430 464
emax (Imol ™ em™1) 22000 26900 20900 26300
10° kox (min~") 2+2 43+2 55+2 40 +2
10710 k_OH 2¢ 20+0.1 26+0.1 1.9+0.1
(1 mol~! s7h
2° Jmax (nm) 319 507 520 508
emax (1 mol~ cm D) 23900 45700 51800 44500
IOk?)((mln h 82+3 85+3 83+3 88 +3
107! k XOH 2¢ 2.1+0.1 20+0.1 2.140.1
(Imol~!s™h

[OH(aq)]bb (35+02)x 107 M
® [OH(a)]ys = (6.9 £0.2) x 10~ M
¢ Literature value,” taken as reference.

reach the bulk solution and subsequently react with the
azo dyes at a higher pseudo-first-order rates. The
experimental pseudo-first-order rate constant for the
depletion of the substrate X, k_x, can be expressed as
the product of the bimolecular rate constant for the
reaction of X with ‘OH radicals (k_x°") times the steady-
state "OH radicals concentration attained in the bulk
liquid during ultrasound irradiation, [OH (aq)ls, as
follows:

kox = kx""[OH (agq)], 2)

Replacing with the data for AB, for which the bimol-
ecular rate is known (k_,g°"=2x10'"),° we can
estimate [[OH (aq)]ss under the two regimes. These
values are reported in Table 1, and suggest that HNO;
increases the available concentration of "OH radicals by a
factor of nearly 2. The determination of [[OH (aq)];s in
non-buffered solutions is also in good agreement with our
previous determinations in the same reactor.* Equation
(2) allows us to estimate the bimolecular rate constants
k_x°" for MO, 0o-MR and p-MR under the two pH
conditions, also reported in Table 1.

We have assumed, in the present analysis, that only
"OH radicals are able to decolorize azobenzene and azo
dyes solutions under ultrasonic irradiation. Reactions
involving sonochemically generated H,O, are slower,
and can be neglected. Superoxide and ‘O,H radicals are
also produced during sonolysis. However, when these
species react with the substrate at rates similar to those of
"‘OH (diffusion controlled), overall zeroth-order kinetics
should be observed.* Therefore, the observation of first-
order degradation kinetics in this case indicates that ‘OH
radicals are the primary bleaching agents, and that the
other radical species are of minor importance in the
overall process.

Copyright © 2002 John Wiley & Sons, Ltd.

Computational study of ‘OH addition to azo
compounds

The optimized structures for the adducts are presented in
Fig. 3 and the most relevant geometric parameters are
reported in Table 2. In all cases, a significant increase in
the N—N bond distance is observed upon formation of
the adduct; this is consistent with the formally single N—
N bond in the latter. These results for the azo compounds
agree with previous DFT calculations of substituted
azobenzenes,’® and are consistent with the observed
products of their sonolysis, which are mostly single-ring
aromatic compounds originated in the breakage of the
azo bond.> A unique differentiating feature in the
structure of the 0-MR adduct, compared with the other
three, is that the O—H bond is partially dissociated due to
the H-atom abstraction by the carboxyl group. The O—H
distance in this case is 1.380 A, compared with values
corresponding to typical ‘OH bonds in the cases of AB,

MO and p-MR, which are close to 1 A. The N—O bond
distance is also significantly shorter in the 0o-MR adduct
than in the other species. In the case of protonated 0-MR,
there is still an H-bond, but since it is much weaker than
in the unprotonated case, the O—H bond length increases
by only 0.05 A with respect to typical ‘OH values. The
intramolecular H-bonding is facilitated by the formation
of a seven-membered ring, which includes the "OH, one N
atom at the azo group, two aromatic carbons and a C—O
bond from the carboxyl group.

In all cases, the spin density of the adducts is mainly
localized on the nitrogen atoms of the azo group, and on
the para and ortho carbon atoms of the aromatic ring next
to the N where the hydroxyl radical is not bonded. As an
illustrative example, in 0-MR the Mulliken spin popula-
tions of the N atom bonded to the hydroxyl radical, the
other N atom and the ortho and para carbons are 0.15,
0.31, 0.10 and 0.10, respectively.

J. Phys. Org. Chem. 2002; 15: 287-292
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Table 2. DFT optimized selected geometric parameters for

o-MR

p-MR

Parameter AB MO o-MR prot. p-MR prot

12} d(NN) (A 1274 1282 1282 1276
d(NN) (A) 1317 1339 1334 1323
d(OH) (A) 0988 0989 1.380 1.033

Ky ! K pg

1.283 1.278
1.329  1.325
0.989 0.989
1.445 1.452

/NOH (°) 103.8 1050 103.6 102.7 1043 102.0

i d(NO) (A) 1439 1450 1.336 1.388

T # These correspond to the reactant.
0.9

Mo MR PR Table 3. Energetic changes (kcal mol~") (1 kcal = 4.184 kJ) in
Figure 2. Ratio between the determined pseudo-first-order vacuum and aqueous solution for reaction (3)
rate constants (k_x) for the sonolysis of MO, o-MR and p-MR
and for azobenzene (k_ag) under air saturation in non- o-MR p-MR
buffered solutions (black) and at pH 2 (white) AB MO  o-MR prot. p-MR prot
DFT —-16.5 —11.8 —42.1 -223 —-14.1 -164

DFT/PCM -113 —-64 —-228 -16.1 —-10.0 —10.4

¢

AB-OH* MO-OH"

Protonated
o-MR-OH*

Protonated
p-MR-OH* p-MR-OH"

Figure 3. DFT optimized structure of the adducts corresponding to the four dyes and the protonated forms of o-MR and p-MR

Copyright © 2002 John Wiley & Sons, Lid. J. Phys. Org. Chem. 2002; 15: 287-292
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Table 3 illustrates the calculated values for the
energetic change AE associated with the addition of
"‘OH radical to the azo double bond of each substrate
molecule:

X 4+ OH — X--OH (3)

where X = AB, MO, o-MR or p-MR (the MRs in their
anionic and protonated form). It can be seen that for all
species the process is predicted to be exergonic in
vacuum. AB, p-MR, the protonated p-MR and MO yield
very similar results. On the other hand, AE calculated for
o-MR is significantly higher. This is consistent with the
experimental kinetic observation, if more negative values
for AE are associated with smaller activation energies. A
significant difference between o-MR and the other azo
species is due to the fact that a very strong intramolecular
hydrogen bond is formed upon "OH addition in this
particular case. Upon protonation of o-MR there is a
marked decrease in AE; however, the computed value is
still much larger than those corresponding to the other
azo compounds. This is also due to the formation of an
intramolecular H-bond (Fig. 3). The decrease in AE can
be ascribed to the fact that for unprotonated 0o-MR, the
hydrogen bond formed with the negatively charged
carboxylic group is much stronger than that formed with
the neutral protonated moiety. Protonation has a very
small effect on the only other azo compound, p-MR,
containing a carboxylic group, since in this case H bonds
are not formed upon reaction with “OH.

In the case of AB, p-MR and MO, consideration of
solvent effects leads to a decrease in the computed energy
changes. This can be understood in terms of a reduction
in solvation energies on going from the reactants to the
adduct. It is interesting that the decrease is of the order of
magnitude of the energy associated with a hydrogen bond
(4-5 keal mol™ 1), which is expected to be lost when free
‘OH forms the corresponding adduct. In the case of o-
MR, the reduction in AE due to solvent effects is of the
order of 20 kcal mol~". In this situation, both reactants,
‘OH and o-MR, form strong H-bonds with the solvent;
these interactions are subsequently lost upon formation of
the adduct. It is interesting that in the case of the
protonated o-MR, a case in which the neutral carboxylic
moiety forms weaker H-bonds with the solvent, the
trends are similar to those for the other azo compounds.

In summary, there is good agreement between the
observed pseudo-first-order rates for the degradation of
the dyes and the above calculations of AE for the ‘OH
adduct formation with both anionic and non-ionic
(protonated) dyes, which strongly suggests that internal
H-bonding in the o-MR adduct is the cause of the
unusually high reactivity of its anionic form.

Copyright © 2002 John Wiley & Sons, Ltd.
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