
Mechanism of Hydroxyl Radical-Induced Breakdown of the Herbicide
2,4-Dichlorophenoxyacetic Acid (2,4-D)

Julie Peller, Olaf Wiest,* and Prashant V. Kamat[a]

Abstract: Oxidative transformations by
the hydroxyl radical are significant in
advanced oxidation processes for the
breakdown of organic pollutants, yet
mechanistic details of the reactions are
lacking. A combination of experimental
and computational methods has been
employed in this study to elucidate the
reactivity of the hydroxyl radical with
the widely used herbicide 2,4-D (2,4-
dichlorophenoxyacetic acid). The exper-
imental data on the reactivity of the
hydroxyl radical in the degradation of
the herbicide 2,4-D were obtained from

�-radiolysis experiments with both 18O-
labeled and unlabeled water. These
were complemented by computational
studies of the .OH attack on 2,4-D and
2,4-DCP (2,4-dichlorophenol) in the gas
phase and in solution. These studies
firmly established the kinetically con-
trolled attack ipso to the ether function-

ality as the main reaction pathway of
.OH and 2,4-D, followed by homolytic
elimination of the ether side chain. In
addition, the majority of the early inter-
mediates in the reaction between the
hydroxyl radical and 2,4-DCP, the major
intermediate, were identified experi-
mentally. While the hydroxyl radical
attacks 2,4-D by .OH-addition/elimina-
tion on the aromatic ring, the oxidative
breakdown of 2,4-DCP occurs through
.OH addition followed by either elimi-
nation of chlorine or formation of the
ensuing dichlorophenoxyl radical.
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Introduction

The hydroxyl radical, .OH, is the major oxidizing species
involved in the advanced oxidation processes of photocatal-
ysis, sonolysis, radiolysis, Fenton-type reactions,[1] UV-O3, and
UV-H2O2 reactions. These processes are linked by the strong
oxidative power of the hydroxyl radical. Some of these
methods are currently used in environmental remediation
processes[2±4] and others show potential use in the cleanup of
contaminated waters and other waste sites.[5±11] The hydroxyl
radical is also generated in living organisms, and its role and
effect on the body×s chemistry have been under intensive
study.[12] In biological systems, .OH is considered a damaging
oxidizer and is believed to be associated with many health
problems, diseases, and aging.[13±15] It is also credited with the

production of other reactive radicals under both normal and
stressed physiological conditions. Moreover, radiation ther-
apy creates hydroxyl radicals, which increase the level of
cellular damage.[16±18]

An understanding of the mechanistic details of hydroxyl
radical attack on organic compounds is developing slowly and
shows variation according to the reaction substrates and
conditions. Although a large amount of information concern-
ing the rates of .OH reactions with organic compounds has
been compiled,[19, 20] the details of the reaction mechanisms
are incomplete. In order to understand the degradation of
environmentally problematic compounds and to determine
how damage is caused or prevented in biological processes,
the detailed chemistry of the hydroxyl radical with organic
compounds must be clarified. The elucidation of the mech-
anistic pathways is essential for the advancement of these
important fields.

Generation of the powerful hydroxyl radical oxidant for
environmental applications can be accomplished by several
different means. For example, TiO2 photocatalysis has been
the subject of many investigations.[21±24] Depending on the
source and conditions of its generation, the hydroxyl radical is
often accompanied by a variety of other oxidants in the
reacting system. These additional oxidants may include
hydrogen peroxide (H2O2), TiO2 holes, oxygen, the hydro-
peroxide radical (HOO.), and the peroxide radical anion
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(O2
.�). Due to the inevitable presence of more than one

oxidant in most advanced oxidation systems, the mechanisms
of the oxidative transformations involved are quite complex.
It then becomes difficult to discern the reactivity of the
hydroxyl radical itself. For example, for the TiO2/UV light
system, Jenks and co-workers identified a lengthy list of
intermediates involved in the breakdown of 4-chlorophe-
nol.[25, 26] Because more than one oxidant is involved in the
heterogeneous TiO2 system, the precise role of the hydroxyl
radical is unclear. Radiolytic oxidation, on the other hand,
provides an environment in which the number of oxidants can
be controlled with the appropriate conditions. Gamma
radiolysis thus provides the cleanest experimental system for
the study of hydroxyl radical reactivity in aqueous solutions.

If the hydroxyl radical is produced by radiolytic means (�
rays), conditions can be established under which .OH is
practically the sole oxidant.[27] Therefore, in experimental
studies of aqueous systems, radiolysis is the most useful
method for obtaining information on the extent of the
hydroxyl radical reactivity and for determining the products
of its reaction with dissolved substances. In the radiolysis of
aqueous solutions, .OH is produced by the processes depicted
in Equations (1) and (2).[28]

H2O�e�(aq) (2.7) � H . (0.55) � .OH (2.7) � H2 (0.45)
� H2O2 (0.71) � H3O� (2.7) (1)

The numbers in parentheses represent the G values, the
number of species formed per 100 eVof energy. As long as the
concentration of the solute in water is moderate (�0.1�), the
yields of aqueous electrons and hydroxyl radicals are equal.

When an aqueous solution is saturated with nitrous oxide,
aqueous electrons are scavenged by the gas to form N2O�,
which immediately decomposes to N2 and O.� . The pKa of O

.�

is 11.9; therefore, it is readily protonated by the water to form
.OH.[29] The oxygen in this hydroxyl radical originates from
the nitrous oxide gas. Half of the hydroxyl radicals from the �

radiolysis of aqueous solutions are produced through the
scavenging of the aqueous electron [Eq (2)], the other half are
formed from the water solvent [Eq (1)]. Under these exper-
imental conditions, over 90% of the radicals formed in
aqueous solutions are the oxidizing .OH, while the reducing
.H makes up the remainder of the radical population.[27]

N2O(g) � e�(aq) � H2O�N2(g) � .OH � OH� (2)

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is a
compound of great agricultural, economic, and environmental
significance. Starting in 1947, 2,4-D has been used as a

herbicide in an effort to enhance
agricultural productivity. The
use of 2,4-D spread very fast
and it ultimately turned into the
most utilized herbicide.[30] In the
US alone, it is estimated that
23 ± 30 million kilos of 2,4-D are

used annually.[31] Since the agricultural industry has become
dependent upon this compound and its derivatives, concern
over its presence in the environment has evolved. Even

though 2,4-D is eventually broken down by microbes in the
soil and water with half-lives averaging 3 ± 14 days,[32] ad-
vanced technology is deemed necessary, as the use of this
herbicide continues to be great and ubiquitous. The presence
of 2,4-D in natural water supplies is a problem that cannot be
ignored. Another concern is biological toxification through
the formation of stable, toxic intermediates in the herbicide×s
degradation pathway that can accumulate. In an effort to
address these issues, many advanced oxidation processes have
been utilized to study and optimize the breakdown of 2,4-D in
aqueous solutions.[33±45]

A major breakdown product identified in studies on the
advanced oxidation of 2,4-D in aqueous solutions is 2,4-
dichlorophenol (2,4-DCP).[46] This intermediate is considered
to be more toxic than the parent compound, as determined by
the microtox bioassay.[47, 48] Eventually, the oxidative degra-
dation leads to short-chain organic acids, which are much less
hazardous substances, before final mineralization to carbon
dioxide and water. It is clear that the kinetic data of many
organic compounds only relay part of the concerns involved in
the remediation processes, since intermediates generated in
the breakdown may still be problematic. A complete under-
standing of the reaction mechanisms and intermediates that
take place in the degradation of these compounds is needed to
fully address the contamination problems and optimize the
oxidation processes.

Here, we report a study on the reactivity of the hydroxyl
radical in the degradation of the herbicide 2,4-D. In order to
elucidate the mechanism of the hydroxyl radical attack in the
degradation of 2,4-D, data from �-radiolysis experiments with
both 18O-labeled water and unlabeled water were analyzed.
The experimental work is complemented by computational
studies that model the environment in which .OH is the sole
or major oxidant in aqueous solutions in order to determine
the type and location of the initial reaction between the .OH
radical and 2,4-D in the degradative oxidation. This is
followed by an analysis of the reactivity of the main
intermediate, 2,4-DCP, with the hydroxyl radical in the
formation of ensuing intermediates.

Results and Discussion

Reactivity of 2,4-D and the hydroxyl radical : 2,4-D undergoes
efficient degradation when subjected to the oxidative con-
ditions of � radiolysis since it is highly susceptible to attack by
the hydroxyl radical.[37] The intermediates formed in this
oxidative breakdown of 2,4-D are 2,4-DCP, 4-chlorocatechol,
2-chlorohydroquinone, hydroxylated 2,4-dichlorophenols,
2,4-dichloroanisole, 1,2,4-trihydroxybenzene, and small
amounts of several unidentified compounds. The most
prevalent intermediate formed during the early course of
the breakdown is 2,4-dichlorophenol, a more toxic compound
than 2,4-D. Figure 1 shows the variation in formation of 2,4-
dichlorophenol as the concentration of 2,4-D decreases over
time when a 0.20 m� aqueous solution was subjected to �

radiolysis. Total organic carbon (TOC) analyses, shown in
Figure 2, were performed on the aqueous solutions at various
times during the radiolysis, and indicate that most of the
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Figure 1. Radiolytic degradation of N2O saturated aqueous 2,4-D
(0.21 m�), and the formation and subsequent degradation of 2,4-DCP.

Figure 2. Change in the total organic carbon in the � radiolysis of 2,4-D
(20 ppm carbon) over a 4 hour time period.

organic carbon remained in solution well after the 2,4-D and
2,4-DCP were completely consumed. This established the
presence of other later intermediates formed from the
degradation of 2,4-D.

In all experimental oxidative transformations, the single
most prevalent intermediate in the reaction between hydroxyl
radicals and 2,4-D is 2,4-DCP.[36±39, 43, 44] As depicted in Fig-
ure 1, radiolytic degradation leads to a small build-up of this
intermediate. From a mechanistic viewpoint, the formation of
this intermediate would indicate a specific site for .OH
addition to the 2,4-D ring. For this transformation, an .OH
attack at C1 of the aromatic ring, followed by loss of an alkoxy
radical or anion to form 2,4-DCP could be envisioned.
Alternatively, hydrogen abstraction from the methylene
carbon, followed by trapping of the ensuing radical and
breaking of the C1��O bond, in analogy to the mechanism
proposed in an earlier study by Li and Jenks, is also
possible.[49] These two pathways differ by which C�O bond,
C1�O or C1��O, is broken.

In order to obtain more definitive experimental informa-
tion on the hydroxyl radical attack on the ring, 18O-labeled
water was used in the � radiolysis experiments. A solution of
2,4-D in 18O-labeled water (87% H2

18O) was subjected to �

rays, and 18O-labeled, as well as unlabeled 16O, hydroxyl
radicals, were generated. Both labeled and unlabeled hydrox-

yl radicals reacted with the herbicide. The experiment was
allowed to run for 5 minutes to obtain information about the
early stages of the radical pathway. The products were then
adsorbed onto a SPME fiber and analyzed by mass spectrom-
etry as described in the Experimental Section.

The mass spectral data revealed the presence of the two
expected isotopomers of 2,4-dichlorophenol from the .18OH/
.OH reactions with 2,4-D (Scheme 1). The labeled 2,4-DCP

Scheme 1. Initial hydroxyl radical attack on 2,4-D by 18O-labeled and
unlabeled hydroxyl radicals. The accuracy of the water analysis is estimated
to be �5%.

intermediate was calculated to be present at 38� 4%. Once
again, the 18O content of the solvent water was 87%, where
half of the hydroxyl radicals were formed from the water and
half from the nitrous oxide gas. Within experimental accuracy,
all the phenolic oxygens of 2,4-DCP originated from hydroxyl
radicals. Consequently, the bond between the aromatic carbon
and the ether oxygen (C1�O) is broken in this reaction. The
low concentration of 2,4-DCP early in the reaction (see
Figure 1) and the slightly higher rate constant of the reaction
of the hydroxyl radical with 2,4-D,[37, 46] make 18O incorpo-
ration at the 2,4-DCP stage unlikely. An exchange at the stage
of the phenoxy radical can also be excluded since its sta-
tionary concentration is low and the reaction is known to lead
to different products than the ones observed.[50] It can
therefore be concluded that the formation of 2,4-DCP
proceeds by hydroxyl radical addition to the ring in the first
step of the mechanism, followed by the loss of the alkoxy
group.

While these product studies give strong evidence for a
preferred reaction pathway, they do not provide insights into
the origin of the observed selectivity. Further analysis of the
reaction pathway was therefore pursued by using computa-
tional methods. In the initial hydroxyl radical attack on 2,4-D,
the energies of the reactants and products were calculated in
the gas phase and in a cavity model representing an aqueous
solution.

Scheme 2 summarizes the computed results for the reaction
energies in the gas phase and in water. The results of these
calculations suggest that all addition reactions to the aromatic
ring of 2,4-D are energetically favorable. Ipso attacks (at
carbons 1, 2 and 4 of the aromatic ring) are preferred over
attacks at the unsubstituted positions of the ring by a
significant margin. This is consistent with the observation
that no hydroxylated 2,4-D intermediates were identified in
the experimental work.[37, 46] Attacks at the unsubstituted
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Scheme 2. Energies (gas-phase and water-continuum-model) of the rad-
ical intermediates formed from various hydroxyl radical attacks on 2,4-D;
energies calculated by using B3LYP/6-31G*.

positions are therefore not considered further. The most
relevant pathways in the context of the breakdown of 2,4-D
are the hydroxyl radical additions at the functionalized
positions on the aromatic ring. We will therefore initially
focus the discussion of the computational results on the three
possible ipso attacks.

For the three substituted positions on the 2,4-D molecule,
two different types of pathways were found, one for attack at
the chlorine-substituted positions C2 and C4, and the other
for attack at the oxygen-substituted C1. Reaction of .OH at
C1 leads to the formation of a �-type adduct that is
24.6 kcalmol�1 lower in energy than the separated species.
The length of the newly formed C1�O bond is 1.45 ä, while
that of C1 and the ether oxygen is 1.40 ä. Scans of both the
C�O bond lengths show that .OH attack at carbon 1 of the
ring is barrierless in the gas phase (see Supporting Informa-
tion).

In contrast, no such �-type intermediate could be located
for the attack of .OH at either C2 or C4. Instead, the initial
product of the approach of a hydroxyl to C2 or C4 of 2,4-D is a
�-complex, such as the one shown in Figure 3. The formation
of this complex has a reaction energy of �38.8 kcalmol�1 and
is even more exothermic than the formation of the �-type
intermediate discussed above. The carbon ± chlorine bond

Figure 3. �-Complex formed by .OH addition at carbon 4 of the aromatic
ring.

length is �2.4 ä, far from a normal bond length of �1.7 ä,
and only a weak interaction of the chlorine radical and the
aromatic system persists. Due to the rearomatization of the
ring, the formation of this � complex from attacks at C2 and
C4 is more exothermic by 13.8 kcalmol�1 and 6.6 kcalmol�1,
respectively, than the formation of the �-type adduct. How-
ever, none of the products of .OH attack on C2 or C4 of 2,4-D
were detected in this or earlier experimental studies.[37, 46]

Since the energetic preference for the �-type intermediates
is significantly larger than the margin of error expected for the
computational methodology used, the discrepancy between
theory and experiment is not solely explained by the relative
stability of the intermediates. We thus studied the pathways
leading to the formation of the � complexes in more detail.
The results of these calculations are summarized in Figure 4.

Figure 4. Energy profiles (�E�ZPE and �G) in the .OH additions on
carbon 2 (top) and carbon 4 (bottom) of the aromatic ring (gas-phase
values). �G values are given in parentheses.

.OH addition to the aromatic ring at either C2 or C4 begins
with the establishment of a � complex in which the forming
carbon ± oxygen bond is approximately 2.0 ä. In both cases,
the initial complex formation is exothermic, �6.1 kcalmol�1

for addition at C2 and�3.1 kcalmol�1 for addition at C4. This
complex then proceeds to the transition structure with the
input of energy. The activation energies are 5.7 and
7.7 kcalmol�1 at C2 and C4, respectively, from their original
� complexes. Thus, a small but significant activation barrier
exists in the hydroxyl radical ipso attacks at C2 and C4. On the
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free-energy surface, these differences are even more pro-
nounced due to the more ordered structure and the resulting
loss in entropy. The initial � complex is now 2.2 kcalmol�1

higher in energy than the reactants, while the overall
activation energy is 9.1 kcalmol�1. While a direct free energy
comparison to the .OH attack at C1 is difficult because no
normal-mode analysis can be performed for this pathway in
the absence of a true stationary point, it is clear that there is a
true activation barrier on the �G surface for the attacks of
.OH at C2 and C4 that is significantly larger than the one for
the attack at C1.

From the transition structure, the reaction pathway imme-
diately proceeds energetically downhill in a concerted fashion
to form a second � complex, which has the chlorine weakly
interacting with the aromatic system. These are the lowest-
energy structures depicted in Scheme 2 and Figure 3 from the
.OH ipso attacks at C2 and C4. In the .OH attack at C2, the
downhill process from the transition structure is exothermic
by 37.9 kcalmol�1. With the attack at C4, the energy release
amounts to 31.2 kcalmol�1. Although these calculations do
not include solvent effects, it can be expected that the relative
barriers for the different modes of attack are similar to the
gas-phase values.

The thermodynamic data indicate the preferential forma-
tion of the products of the .OH attack at C2 and C4. However,
the product of the reaction is determined by the barriers for
attack of the hydroxyl radical on the ring: 5.7 kcalmol�1 and
7.7 kcalmol�1, respectively. Similarly, hydrogen abstraction
from the side-chain methylene carbon, which had a reaction
energy of �22.9 kcalmol�1 in the gas phase that was
thermodynamically competitive with OH attack on C1, has
a small but significant activation barrier of 3.5 kcalmol�1. The
reaction conditions and the high exothermicity of either
reaction do not allow the establishment of an equilibrium.
Thus, none of the reaction pathways for which a barrier is
predicted by the computations is experimentally observed. In
agreement with the calculated barrierless attack at C1, the
major observed product is 2,4-DCP. This pathway is also
consistent with the results of the labeling studies discussed
above. Thus, it is clear that the reaction is kinetically
controlled and the barrierless hydroxyl radical attack at C1,
leading to the experimentally observed product 2,4-dichloro-
phenol, is predicted to be dominant pathway.

Details of the .OH attack at carbon 1 were investigated
further by computational analyses. Once the position of the
initial attack is established, extrusion of the alkoxy side chain
leads to the formation of 2,4-DCP. This bond breakage
between the aromatic carbon and the oxygen of the ether can
take place in either a heterolytic or homolytic manner. This
breakage may be solvent dependent due to the formation of
highly solvated ions in the heterolytic cleavage. Therefore,
cleavage of the ether group after .OH addition to the ring was
calculated in both gas-phase and water solvent systems. The
conductor-like polarizable continuum (CPCM) model simu-
lates the effect of the water solvent[51] at least in a qualitatively
correct manner and has, for example, recently been utilized to
calculate pKa values for organic acids.[52] Scheme 3 summa-
rizes the results of the calculations. As expected, the
homolytic cleavage of the C�O bond is overwhelmingly

Scheme 3. Energies of the homolytic and heterolytic cleavage of the
alkoxy group of 2,4-D.

favored over heterolytic break again in the gas phase.
However, it is also highly favored in water. Although the
cavity model used does not consider specific solvent inter-
actions that could lead to subsequent reactions of either ion
formed (such as protonations and deprotonations), the
energetic preference of 34.5 kcalmol�1 for the homolytic
process is large enough to make this the favored process.
Unlike the reaction energies shown in Scheme 2, a large
difference is noted between the energies in the heterolytic
formation of the 2,4-DCP radical cation and alkoxy anion in
water and in the gas phase. Since ions are well stabilized in the
water solvent, this large difference was expected. Even so, the
stabilization of the ions by water still does not compete well
with the more favored homolytic cleavage and formation of
the stable 2,4-DCP.

These results suggest that the mechanism of hydroxyl
radical attack on 2,4-D begins with .OH addition to the
aromatic ring, followed by loss of the alkoxy group. This
mechanism differs from the proposed mechanisms of the
.OH-induced decomposition of anisole by Li and Jenks.[49] In
their study, two competitive pathways, hydrogen abstraction
and .OH addition, were proposed for the hydroxyl-mediated
reaction of isotopically labeled anisole with the TiO2 ad-
vanced-oxidation system. In the present study, based on the
observed 18O incorporation, we can rule out the hydrogen
abstraction pathway. It can thus be concluded that for the
.OH-mediated oxidation of 2,4-D, an addition ± elimination
pathway dominates. This inconsistency between the two
studies is probably due to the different advanced oxidative
processes utilized in their experiments (photocatalysis and
hydrogen peroxide/UV light) versus the radiolytic system
used in our experiments. Gamma radiolysis of N2O-sparged
aqueous solutions generates the hydroxyl radical as the
prominent oxidizing species, whereas other advanced oxida-
tive systems involve more than just the hydroxyl radical as the
oxidizing species and/or heterogeneous effects at the solid/
liquid interface.

The finding that the initial reaction is followed by loss of the
alkoxy group leading to 2,4-DCP as the primary product is
further supported by previous experimental work, in which
the buildup of chloride ions did not occur to any measurable
extent in the first few minutes of the radiolysis experiments.[37]

The delayed accumulation of chloride ions suggests that
chloride is not lost from the aromatic ring in the initial
hydroxyl radical attacks. In fact, the �-radiolysis experiments
revealed a buildup of chloride ions only after the decay of 2,4-
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DCP. This observation further supports the fact that 2,4-D
transforms to 2,4-DCP before the Cl� is displaced.

A minor product formed in the � radiolysis of 2,4-D is 2,4-
dichloroanisole. This compound is formed through a minor
pathway of decarboxylation, followed by hydrogen abstrac-
tion from the solvent. Phenoxyacetic acid compounds are
known to undergo decarboxylation reactions under oxidizing
conditions.[53, 54] A very small amount of 2,4-dichloroanisole
with no incorporation of labeled oxygen was detected in the
18O water experiments. This further confirms that the
decarboxylation pathway that accounts for the presence of
this intermediate is a minor side reaction.

Reactivity of 2,4-DCP and the OH radical : The reactivity of
the hydroxyl radical with 2,4-dichlorophenol shows several
similarities to that with 2,4-D. 2,4-DCP is efficiently degraded
in �-radiolysis experiments; this shows that the hydroxyl
radical is comparably effective in attacking the chlorinated
phenol. The lifetime of 2,4-DCP upon irradiation with a dose
rate of 5.3 kradmin�1 is somewhat longer than that of 2,4-D,
with a half-life of 13 minutes compared with 9 minutes for 2,4-
D. The difference in the calculated lifetimes is explained, at
least in part, by the ineffective reaction of the OH radical at
carbon 1. Intermediates formed in the hydroxyl-mediated
degradation include hydroxylated 2,4-dichlorophenols,
4-chlorocatechol, and 2-chlorohydroquinone. Forty minutes
into the radiolysis of 2,4-DCP, only a few aromatic species are
still present in very small amounts; this indicates that the
reactions between the aromatic intermediates and the hy-
droxyl radical are also fast. Conversely, the slow loss of
organic carbon shows that the smaller nonaromatic com-
pounds have much longer lifetimes in aqueous solution under
the radiolytic oxidizing conditions. After 3 hours of � radiol-
ysis, only about half of the organic carbon was mineralized.
Figure 5 shows the change in organic carbon in the � radiolysis
of 2,4-DCP.

Figure 5. Change in the total organic carbon in the � radiolysis of N2O-
saturated aqueous 2,4-DCP (16 ppm carbon) over a 3 hour period.

The preferred pathway in the hydroxyl radical reaction with
chlorinated phenols is radical addition to the aromatic ring.
Many pulse-radiolysis studies on phenol and other benzene
derivatives have demonstrated the formation of the cyclo-
hexadienyl radicals upon .OH addition.[55±60] Hydroxyl radical
additions have also been verified by other experimental work

with substituted phenol compounds.[61±63] We have investigat-
ed the reaction of 2,4-DCP with the hydroxyl radical using
computational methods. Our calculations indicate that all the
hydroxyl radical additions to the aromatic ring of 2,4-DCP are
highly exothermic reactions and are not strongly solvent-
dependent. In addition, phenoxyl-radical formation though a
hydrogen-abstraction reaction is also a favorable reaction.
Scheme 4 shows the energies calculated for the various .OH
reactions with 2,4-DCP.

Scheme 4. Gas-phase and water-continuum-model energies of the various
hydroxyl radical attacks on 2,4-DCP. Energies calculated by using B3LYP/
6-31G*.

Addition of the hydroxyl radical to the substituted carbon
atoms is favored over .OH addition at the unsubstituted
position (carbon 6) of the aromatic ring. Formation of the
chlorinated phenoxyl radical from the .OH reaction with 2,4-
DCP is comparable in energy to the .OH additions at the
substituted positions of the aromatic ring. Since the existence
and stability of the phenoxyl radical and related species (i.e.,
tyrosyl radical in biological systems[64±67]) are well document-
ed, this radical intermediate is considered a viable intermedi-
ate in 2,4-DCP oxidation. Experimental .OH-induced oxida-
tions (� radiolysis) of 2,4-DCP generate the intermediates
4-chlorocatechol and 2-chlorohydroquinone. Their presence
in the oxidation pathway supports the theory of .OH attack at
the carbons bonded to the chlorines on the aromatic ring,
exemplified in the first two reactions of Scheme 4.

The calculated structures of the reaction intermediates
from the .OH additions vary according to position of attack.
For .OH attack at carbon 4, the optimized geometry consists
of two separated species, the phenoxyl radical and hydrogen
chloride, while the .OH attack at carbon 2 proceeds via a �

complex. These reaction intermediates are different from
those formed from .OH addition at carbons 1 and 6. More-
over, the high exothermicity of the .OH addition at carbon 4
(�45.1 kcalmol�1) is partly due to the re-establishment of
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aromaticity. The other reaction that leads to an optimized
intermediate with aromatic character is the hydrogen ab-
straction reaction, which forms the chlorinated phenoxyl
radical.

A comparison of reaction energies can be made between
the intermediates formed from the .OH attacks at carbons 1
and 6. The hydroxyl radical adds to the ring at both of these
positions to form optimized � complexes. The calculated
energies for these reactions are substantially different. For
attack at carbon 1, 34.2 kcalmol�1 of energy is released, while
attack at carbon 6 is exothermic by only 13.9 kcalmol�1. Once
again, these computational results indicate that .OH addition
at the nonsubstituted positions of the ring is not likely.

All three hydroxylated isomers of 2,4-DCP have been
detected experimentally in the .OH-mediated oxidation of
2,4-DCP. Since .OH attack at the unsubstituted positions of
the ring is energetically less favored than the alternative
reactions (Scheme 4), a pathway that involves a phenoxyl
radical intermediate is postulated in the formation of these
compounds. According to our calculations, the energy of
reaction of 2,4-DCP with the hydroxyl radical to form the
chlorinated phenoxyl radical is �29.4 kcalmol�1, as shown in
Scheme 4. Also, the phenoxyl radical may be formed after an
.OH addition to the ring, for example at carbon 4, which is
followed by loss of HCl.

ESR studies and other theoretical studies have shown that
the radical character of phenoxyl radicals is well dispersed in
the aromatic ring, giving relatively high stability to the
radical.[68±71] The spin densities obtained from our calculations
confirm this radical dispersion. Figure 6 shows the spin-
density values for the 2,4-dichlorophenoxyl radical. The
carbons bear a large part of the radical character; this
indicates that further radical reactions are possible on the
ring.

Figure 6. Spin densities of the 2,4-dichlorophenoxyl radical, calculated in
both the gas phase (left) and in a water solvent continuum (right).

The postulated .OH reaction pathway for the formation of
hydroxylated dichlorophenols, is shown in Scheme 5. The
phenoxyl radical is formed first. After an .OH attack on an
unsubstituted position of the phenoxyl radical, the compound

Scheme 5. Proposed reaction pathway in the formation of the dihydroxyl-
ated 2,4-DCP molecule

tautomerizes to the lower-energy aromatic system. The over-
all scheme requires two .OH and is highly exothermic with an
overall reaction energy of �101.3 kcal.

An alternative pathway to the formation of the hydroxy-
lated 2,4-DCP isomers is direct .OH addition to 2,4-DCP.
Direct additions to unsubstituted positions of the ring will
lead to the hydroxylated 2,4-DCP isomers. (Scheme 4, reac-
tion 3) These transformations require the loss of a hydrogen
atom (a highly reactive reducing species) after the hydroxyl
radical addition. The computational analysis of this path-
way indicates a slightly endothermic process overall
(4.8 kcalmol�1). This pathway is therefore not competitive
with the highly exothermic reactions discussed above.

Conclusion

Mechanistic information on the reactivity of the hydroxyl
radical with the herbicide 2,4-D has been obtained by using a
combination of experimental and computational investiga-
tions. The major pathway begins with .OH addition to the
aromatic ring of 2,4-D, which is followed by the loss of the
alkoxy radical to form 2,4-DCP, the prominent intermediate
in the degradation. The .OH-mediated transformations of 2,4-
DCP are similar in reactivity to those of 2,4-D, but probably
also include the chlorinated phenoxyl radical in the formation
of some of the intermediates. As the reaction proceeds
beyond the early intermediates of the 2,4-DCP oxidation,
more polar and ionic non-aromatic species form. Detection of
these types of compounds requires the use of different
analytical tools than those used for the early stages of the
mechanism. The experimental work to investigate the further
fate of these species is currently in progress.

Experimental Section

Chemicals : 2,4-dichlorophenoxyacetic acid (Aldrich, 99%), 2,4-dichloro-
phenol (Aldrich, 99%), catechol (Aldrich, 99%), chlorohydroquinone
(Aldrich, 85%), 4-chlorocatechol (TCI, 99%), hydroquinone (Aldrich,
99%), 4,6-dichlororesorcinol (Aldrich, 97%), 2,4-dichloroanisole (Lancas-
ter, 99%), 2,4-D methyl ester (Chem Service, 99.5%), 18O-labeled water
(Isotec, minimum 95 atom% 18O; Medical Isotopes, Inc. 95.1% H2

18O.)
were used as supplied. Unbuffered aqueous solutions were prepared by
using Milli-Q purified water. High-purity N2O gas was supplied by Mittler
Supply Co., South Bend, IN and further filtered through a drying agent.

�-Radiolysis experiments : �-radiolysis experiments were conducted with a
Shepherd 109 60Co source. The aqueous solutions were sparged with
N2O(g) for 45 min in glass vials, which were capped with a rubber septum
before � irradiation. Samples were taken at the indicated times. Fricke
dosimetry was performed to determine the dose rate. A dose rate of
5.3 kradmin�1 was determined by using a H2SO4/FeNH4SO4 (0.40:10.0 m�)
dosimetry solution.

Isolation of intermediates by using SPME methods for GC/MS analysis :
Solid-phase microextraction (SPME) fibers were obtained from Supelco
Chromatography. Two different fiber types were utilized, 65 �m and 70 �m
carbowax/divinylbenzene on a StableFlex fiber. For each trial run, the fiber
was submerged in the aqueous solution for 1 h with stirring. It was then
immediately placed into the GC/MS injector, where it was allowed to
desorb for 10 min at 230 �C. GC/MS data were acquired on a Varian Saturn
2000GC/MS system equipped with a Varian Star 3400CX gas chromato-
graph. The GC column was a J&W#38;W Scientific DB-5 column
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measuring 30 m� 0.250 mm, with a 0.25 �m film thickness. The temper-
ature program began at 50 �C, at which it was maintained for 10 min for
complete desorption of the organics on the fiber. The column oven
temperature was then increased by 10 �Cmin�1 to 250 �C and then held
constant.

Identification of intermediates : Intermediates were identified by compar-
ison with authentic samples by using a Waters HPLC system (Millen-
nium32 2010, Waters717 plus Autosampler, Waters600 Controller Solvent
Pump) with an Alltech Econosphere C8 column: 5 �m; 250� 4.6 mm. A
solvent gradient was utilized that consisted of methanol, water, and 1%
aqueous acetic acid for 30 minutes at 1.2 mLmin�1. The solvent mixture
started as 6% methanol, 92% water and 2% of the acetic acid solution. By
18 minutes, the mixture was 70% methanol, 27% water and 3% acetic acid
solution, then it was returned to the original composition by the 30 minute
mark. The intermediates were monitored at 285 nm with a photo diode
array detector and were also identified by using the Varian GC/MS system
described earlier.

Total organic carbon analyses : Mineralized carbon was measured by using
a Shimadzu total organic carbon (TOC) analyzer, model TOC-5050
equipped with an ASI-500A autosampler. All analyses were performed
in triplicate.

Experiments with H218O : 18O water was purchased from Isotec and from
Medical Isotopes, Inc. and contained 95.4 and 95.1 atom% 18O, respec-
tively, according to the specification sheets. We analyzed all of the H2

18O
samples by GC/MS and determined the labeled-compound enrichment
(H2

18O) to be 87 and 88% for the Isotec samples and 87% for the Medical
Isotope samples (see Supporting Information). 5.0 mL of a solution of 2,4-
D in methanol (0.5 m�) were transferred to a round-bottom flask and
evaporated to dryness. The flask was then set on a vacuum line for 3 hours.
Approximately 1 mL of 18O-labeled water was transferred by syringe from
the original vial to the flask. It was stirred for several minutes and
transferred to a small sealed vial. Nitrous oxide was bubbled into the vial
for several minutes, and then the solution was subjected to � rays for
5 minutes. Reaction products were adsorbed onto the SPME fiber and
analyzed by GC/MS. The isolation and analysis of intermediates was
repeated with the SPME fiber and GC/MS five times. The 18O water was
also checked after the � radiolysis experiments and the isotopic concen-
tration remained at 87%; this indicated that no significant contamination
by moisture had taken place.

GC/MS studies of labeled compounds : GC/MS experiments were per-
formed on a JEOL GC Mate equipped with an HP6890 GC and
autosampler. The GC was operated under the following conditions:
column, HP-5 30 m� 0.32 mm i.d., 0.25 �m film thickness; injector
temperature, 180 �C; column program, 50 �C for 1 min ramp to 250 �C at
10 �Cmin�1. EI mass spectra were acquired by using magnet scans over the
mass range 10 ± 50 at a rate of 0.8 s per scan.

Analysis of the 2,4-dichlorophenol MS data : The isotopic pattern, due to
the presence of two chlorines on the ring, should show mass spectrum peaks
for the 2,4-DCP compound at 162, 164, and 166 in a 9:6:1 ratio. The
compound was tested several times on the GC/MS, and the response of the
instrument to the peak at 164 in comparison to the peak at 162 was 72%�
2%, instead of the expected 67%. When this response was combined with
the data from the labeled water experiments, the percentage of the labeled
2,4-dichlorophenol was determined to be 38%� 4 (see Supporting
Information).

Computational studies : All geometries were optimized at the B3LYP/6-
31G* level of theory by using the Gaussian 98 series of programs.[73] This
level of theory has been shown to adequately predict reaction energies and
transition-state energies for radical pathways.[74±76] In particular, Hadad and
co-workers demonstrated that for additions of .OH to aromatic hydro-
carbons, the activation energies calculated by B3LYP/6-31G* matched well
with the experimental data.[74] B3LYP/6-31�G* single-point calculations
demonstrated that this basis set is converged (see Supporting Information).
All energies are corrected for zero-point energies from harmonic-
frequency analysis of the B3LYP/6-31G* optimized structures. Solvent
effects were evaluated by using the CPCM model for water and the default
values for the cavity with �� 1.4 and 60 tesserae. Energies from the CPCM
calculations were corrected for zero-point energies by using the results of
the gas-phase calculations.
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