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Kinetics and thermodynamics of the hydroxylation
products in the photodegradation of the herbicide
Metolachlor
Abstract: Electronic structure calculations have been performed to determine the thermochemistry and kinetics of the
reaction between OH and the radicals of the S enantiomer of the herbicide Metolachlor, 2-chloro-N-(2-methyl-6ethylphenyl)-N(2-methoxy-1-methylethyl) acetamide (MC), produced by photoinduced breaking of the C-Cl bond.
Both density functional and ab initio composite methods were employed to calculate the structure of reactants, intermediates, transition states and products. The expected relative abundance of each product was calculated. and compared to the experimentally observed concentrations. It is shown that a combination of thermodynamic and kinetic
characteristics interplay to produce the expected theoretical abundances, which turn out to be in agreement with the
experimentally observed distribution of products.
Keywords: herbicides, metolachlor, photodegradation, hydroxylation, density functional theory, kinetics,
thermochemistry

1 Introduction
Herbicides constitute a large part of the agrochemicals employed in modern extensive agriculture [1]. They and their
degradation products often represent a source of contamination of superficial water, eventually constituting a health
threat for livestock and humans [2].
2-Chloro-N-(2-methyl-6-ethylphenyl)-N-(2-methoxy-1-methylethyl) acetamide, a member of the chloroacetanilide
family, commercially known as Metolachlor (MC, Ciba-Geigy®), and obtained as a racemic mixture of R and S enantiomers [3], is one of the most commonly used herbicides. MC dechlorination occurs by the action of soil microorganisms, producing the two most important ionic degradates, MC-ESA (metolachlor ethane sulfonic acid) and MC-OA
(metolachlor oxanilic acid), more mobile than MC itself and identified in many samples of running and drinking water,
even in larger concentrations than the parent herbicide [4].
Non-biological photodecomposition and oxidation of MC, on the other side, lead to many species which have
been also identified in surface waters [5-16]. Given its possible high environmental impact due to its extended use,
numerous experimental studies have been performed on the photocatalytic oxidation under diverse environmental
conditions, examining the nature and toxicity of the photoproducts [17,18-33]. It is well established that sunlight irradiation causes the cleavage of the C-Cl bond. Radicals formed in this way react directly with available OH radicals in the
medium, leading to a wide variety of products. The hydroxylation mechanism appears to be the major oxidation channel in most investigations, yielding mono-hydroxylated species. Some other studies however, have found the formation
of chloroacetic acid, morpholinone derivatives and several cyclization products [17].
In a previous work [34] we determined computationally the structure of the different conformers of MC, the radical structures obtained by photochemical breaking of the C-Cl bond and the most important, experimentally identified
mono-hydroxylated photofragmentation products. The conformational study yielded good agreement with the available experimental data for rotational barriers. Reaction enthalpies for the various hydroxylation pathways were then
calculated. Based on these values, a theoretical justification of the significance of the various hydroxylation channels
was suggested, with particular attention to the importance of the phenyl group hydroxylation. Thermochemistry arguments however, were unable to explain fully the experimentally observed relative abundance of the products. Therefore, in this work we determined the structure and energies of the transition states connecting the most stable MC
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radical with the different mono-hydroxylated compounds in order to discuss more completely the likeliness of the
different mechanisms leading to the products. The results show that the experimental relative abundance is caused by a
combination of kinetic and thermodynamic factors which affect differently the reaction profiles of the species.

2 Methods
MC parent species is shown in Fig. 1. It presents several elements of symmetry, of which the most prominent is
the 1’C position where enantiomerism gives rise to the two enantiomers R and S [35-38]. Only the S enantiomer is
biologically active.
MC possesses also an axis of isomerization, around which two conformers ( R) and (S) are possible. It is generally found that in ortho substituted phenyl groups, steric effects preclude free rotation around the amide C-N bond
causing then atropisomerism [39-41] which is defined to occur when the barrier is larger than 22 kcal mol -1. This rotational barrier in MC has been determined experimentally to be Ea = 36.9 ± 3 kcal mol-1 (isomerization half-lives of 50.6
h at 128 °C and 3 h at 154°C) [41], while we calculated it as 34.9 kcal mol-1 in our former work [34]. The phenyl and
amidyl planes adopt an almost perpendicular position. The C-Cl bond suffers scission under photolytic conditions,
giving rise to the MCRad species, with the radical localized on the amidyl residue. Stable conformers of MC and
MCRad were characterized in [34].
Geometry optimizations in this work were performed using density functional theory (DFT) [42]. There are numerous methods that can be chosen for this task. The Minnesota functional M06 [43] is one of the modern versions,
which presents a reasonable balance between accuracy and resources required, something important for relatively large
molecules as the ones studied here. M06 is a hybrid meta-generalized gradient-approximation DFT method, including
not only the density and its gradient, but also the kinetic energy density. A set of parameters in the method were adjusted in the original publication using a high quality benchmark database. The comparison in that paper with the results obtained using other 12 different functionals showed that M06 has a very good behavior for the description of a
combination of main-group thermochemistry, kinetics, and non-covalent interactions. To that end, it was once more
the method chosen in this study.

Fig. 1: Structure of S-metolachlor, indicating the elements of symmetry.

Although DFT methods do not have a large dependence on the basis set, as molecular orbital methods have, the choice
of a reasonably complete set is nonetheless important to obtain good results. Due to the large size of the molecules
studied, a relatively small 6-31+G(d,p) basis set was employed for the exploration steps. A larger basis set, namely
Dunning’s correlation consistent cc-pVTZ, was used to refine the calculations. Geometry optimizations were performed with a threshold of 10-4 Å in all interatomic distances, and an ultrafine grid was used to perform numerical
integrations. Second derivatives of the energy with respect to the nuclear coordinates were calculated analytically both
to characterize the critical points on the PES and to obtain thermochemical properties.
Reaction enthalpies, rHo, and free energies, rGo, at 298.15 K in gas phase, have been obtained using the rigid rotor, harmonic oscillator approximation by standard formulas of statistical thermochemistry. To assess the accuracy of
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the results, these values were additionally calculated using the CBS-QB3 methodology [44] which besides optimization of the geometries at the DFT level, includes corrections for extension of the basis set and more precise dynamical
correlation. This method provides an approximation to the more complete (and unfeasible for molecules of this size)
CCSD(T)/CBS procedure. This method is not so good as G4 or CBS-APNO (other composite methods) but even at
this level, the calculations take several days for each molecule, and some of the species couldn’t be calculated.
All calculations were performed with the G09 suite of computer codes [45].

3 Results and discussion
The main results obtained in this work are the structure and energetics of the reactants, intermediates, transition states
and products of the hydoxylation products. The general scheme of the reactions, according to our calculations, is
shown in Figure 2. Only the most stable isomers of MC and MCRads, obtained in our previous study [34], were used
in this work.

Fig. 2: Schematic diagram of the main processes in the photodegradation of MC in the presence of OH radicals.

It is generally admitted that the photo oxidation of MC under environmental conditions starts with Cl elimination by
photocatalytic cleavage of the C-Cl bond, leading to the formation of MCrad [26, 27, 29, 30]. We calculated the binding energy of the C-Cl bond as 74.1 kcal mol-1 at the M06/6-31+G(d,p) level of theory in our former work [34]. A
better estimation done in this paper at the M06/cc-pVTZ level affords a value of -74.7 kcal mol-1, showing that the
basis set in this case is not a critical issue (structures of all the species are shown in Figs. 3, for the minima, and 4, for
the transition states; detailed information on their geometries can be obtained directly from the authors).
Experimentally, most of the products of the photodegradation process are hydroxylated species, as shown in a detailed study by Bouchonnet et al. [27, 29] under simulated sunlight conditions, although cyclization products and morpholinone derivatives have also been mentioned in other reports [28]. The initial step of the different mechanisms,
once the MCrad species is formed, is an internal hydrogen transfer. Notice that, in principle, the OH radical could react
with the amidyl radical directly (i.e. without previous H-transfer) to give MCAOH in the scheme of Fig. 2. This spe-
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cies is numbered as 15 in the work of Coffinet et al [29]. However, the relative abundance of this isomer is just 1.1%. A
possible explanation of this behavior will be discussed later.

Fig. 3: Optimized structures of the reactants, intermediates and products indicated in the scheme of Fig. 2
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Fig. 4: Structure of the transition states in the paths from reactants to products, according to the nomenclature included in the
scheme of Fig. 2

Three radicals can be obtained by hydrogen abstraction from positions 1 or 2 of the ethyl, or from the methyl substituents on the phenyl ring. We have labelled them as MCrad1, MCrad2 and MCrad3 respectively in Fig. 2. They give
rise to several products which have been labelled using the same numbers as in the paper by Coffinet et al [29].
In our previous work [34] we have determined the abundance order to be 11 > 10 ≃14 > 9 > 15 > 13 > 12, based
0
solely on the thermochemical stability of the products with the use of the M06/6-31+G(d,p) ∆𝑟 𝐺298
values, , while at
the CBS level we have obtained 14 > 10 > 9 > 11 > 13 > 15 ≫ 12. The experimental determination followed the order 9
> 10 > 11 ≫ 12 ≫ 14 > 13 ≃ 15. Therefore, just based on the enthalpies of formation the order is not only wrong, no
matter the level of theory, but also 14 appears to be very stable, while it is barely observable experimentally, and 12
comes out to be the least stable, while experimentally it is observed with a small but noticeable 6.2% abundance [29].
These were the discrepancies that we settled down to resolve in this work, calculating the reaction paths that lead to the
observed major and minor products.
The initial diagram we will discuss is presented in Figure 5, which shows the relative energies (including ZPE) at
the M06/6-31+G(d) level, of the reactants, intermediates, transition states and products with respect to MCrad + OH +
HCl (we assumed that the initial formal reaction was MC + H2O to maintain mass balance). For this initial discussion
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we have assumed that the reactions between MCrad1-MCrad3 with the OH radical occur without barriers, while the
intermediates formed, MCI1 to MCI4 are separated from the final products by one or more transition states.

Fig. 5: Relative energies (E+ZPE) of the different reactants, intermediates, transition states and products with respect to
MCRad + HCl + HO, in kcal mol-1.

Fig. 6: Upper, front, right- and left-side views of the vdW model of the MCRad species, showing the protective role of the alkyl
substituents on the ring toward the amidyl CH2 radical.
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The first question that poses itself immediately is why the reaction paths going through TS1, TS5 and TS3 toward
MCrad1, MCrad2 andMCrad3 would be preferred, instead of the more direct reaction of MCrad with OH to give 15.
Species 15 could be difficult to obtain either because MCrad transforms very fast to MCrad1-MCrad3 or because of
some kind of sterical impediment which prevents the OH from reaching the radical center. The first hypothesis is
contradicted by the height of the barriers, large enough to require a substantial time for the hydrogen transfer. Notice
that the addition of the solvent would not help these processes by any way of catalysis, since the radical center and the
hydrogens to be abstracted are very near. Tunneling effects, which we did not calculate in this paper, might be important but not to that extent. The sterical impediment explanation, on the other side, carries more weight. Presented in
Figure 6 is the vdW model of MCrad, showing specifically the surroundings of the radical center. It can be noticed that
both sides of the planar radical are reasonably protected from outside interaction by the alkyl substituents of the phenyl
ring. Thus, internal H-transfer is more likely to occur than the interaction with an external OH radical and product 15
will be obtained in low yields, as actually observed in the experiment. Notice that even if an OH radical would try to
approach the CH2 radical center, it would encounter first either other labile hydrogens or the aromatic ring, causing
therefore other reactions than that conducting to product 15.
The transition state TS1, which leads to MCRad1 with the radical center now at the far end of the ethyl substituent,
is the least stable out of the three TS1, TS3, TS5. Although the barriers are very similar (17.9, 15.0 and 17.4 kcal mol-1
respectively at the M06/6-31+G(d,p) level and 17.7, 15.5 and 17.7 kcal mol-1 at the M06/cc-pVTZ level the TS1 one is
not only the largest, but also leads to the least stable H-transfer radical, MCRad1 (all energies for the species at the
different levels of calculation used in this paper are shown in Table 1, notice that the CBS-QB3 value for TS1 is also in
agreement with the DFT calculations). Two paths are now open. On the one side, direct reaction of the OH radical at
the ethyl –CH2CH2 radical center would lead to MCEthOH1, with a terminal alcohol group which nonetheless is not
observed at all experimentally. On the other side, the OH radical could add to the para position at the ring (because of
congruence with our studies on toluene, we would adopt the unconventional nomenclature of ortho, meta and para
with respect to the methyl group on the ring). If this happens, then the terminal CH2 radical also attacks the ring and
forms a three membered additional ring which gives the spiran structure MCI1 which, by a simple H-transfer from the
benzene ring to the cyclopropane ring ends up giving structure 9.
The process described in the former paragraph hints to a possible failure in our reasoning. If there were no barrier
for the reaction of the MCRad1 and OH radicals, then MCEthOH1 should be observed experimentally, but it is not. We
will look further into this problem later on.
The second transition state in energy is TS5 which leads to MCRad2, where the lonely electron is located on the
former CH3 substituent of the aromatic ring, after H-transfer to the amidyl radical. Three paths are now open for further reactions. One of them is the direct reaction of OH with the CH2 radical center which would lead to the alcohol 12.
This is a possible but not favored path, because resonance with the ring makes a very stable delocalized radical. Breaking this delocalization at one of the possible sites of the ring leads to the intermediates MCI2 and MCI4 which further
evolve to 10 and 11, but with barriers that are not present for the obtainment of 12. This process is similar to what happens in the reaction of the benzyl radical, derived from toluene, with the OH radical, where the main observed products are cresols and benzaldehyde, but not benzyl alcohol except in special cases.
MCI2 is actually very close in energy to MCI1, but while the latter leads to 9 traversing only one transition state
(TS2), MCI2 goes first to a quinonic intermediate through a transition state with a larger barrier than MCI1. In fact, the
TS6-MCI2 barrier is 42.4 and 48.9 kcal mol-1 at the two DFT levels of theory we are using, while it is only 25.6 and
27.8 kcal mol-1 for TS2-MCI1. Therefore, depending on the concentration of the MCI1 and MCI2 intermediates, formation of 9 should be more favorable than formation of 10, in agreement to experiment, even if the enthalpy of reaction is slightly more negative for 10.
MCI4 is less stable than MCI2, exhibiting a fused ring structure which, through the TS8 and TS9 transition states
allows for hydrogen migration paths ending up to 11. The transition states TS8 and TS9 are less stable than TS6 and
TS7, and both TS8 and TS6 are less stable than TS2, which implies that 11 will be obtained in less abundance than 10
or 9, exactly as is observed experimentally.
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Tab. 1: Total electronic energy + ZPE (in Hartrees) and relative energies (in kcal/mol) for the different species studied in this
work. Relative energies are expressed with respect to MCRad + HCl + OH at each of the levels of calculation used.

Species a

CBS-QB3 b

M06
6-31+G(d,p)
Et+ZPE

cc-pVTZ

(Et+ZPE)

Et+ZPE

(Et+ZPE)

Et+ZPE

HCl

-460.75879

-460.81453

-460.35483

OH

-75.69253

-75.72983

-75.65806

H2O

-76.37616

-76.37616

(Et+ZPE)

-76.35859

MC + H2O

-1325.74169

-89.5

-1326.01834

-77.4

-1324.711370

-93.8

MCRad + HCl + OH

-1325.59905

0.0

-1325.89493

0.0

-1324.56195

0.0

TS1 + HCl + OH

-1325.57057

17.9

-1325.86673

17.7

-1324.53491

17.0

MCRad1 + HCl + OH

-1325.59342

3.5

-1325.89001

3.1

-1324.90808

3.5

MC_ETOH1 + HCl

-1325.73427

-84.8

-1326.01337

-74.3

-1324.702330

-88.1

MCI1 + HCl

-1325.68794

-55.8

-1325.96655

-44.9

-1324.65062

-55.6

TS2 + HCl

-1325.64716

-30.2

-1325.92230

-17.2

MCOHPhp (9) + HCl

-1325.74882

-94.0

-1326.02992

-84.7

-1325.07829

-96.6

MCAOH (15) + HCl

-1325.74283

-90.2

-1326.02144

-79.4

-1325.07366

-92.8

TS5 + HCl + OH

-1325.57140

17.4

-1325.86673

17.7

MCRad2 + HCl + OH

-1325.61161

-7.9

-1325.90810

-8.3

-1324.574410

-7.8

MCMethOH (12) + HCl

-1325.73728

-86.7

-1326.01653

-76.3

-1325.06829

-89.5

MCI2 + HCl

-1325.68911

-56.5

-1325.96813

-45.9

TS6 + HCl

-1325.62151

-14.1

-1325.89027

2.9

MCI3 + HCl

-1325.72611

-79.7

-1326.00571

-69.5

TS7 + HCl

-1325.64794

-30.7

-1325.92733

-20.3

MCPhOHo (10) + HCl

-1325.75038

-95.0

-1326.03030

-84.9

-1325.07980

-97.4

MCI4 + HCl

-1325.68270

-52.5

-1325.96184

-42.0

TS8 + HCl

-1325.60497

-3.7

-1325.88487

6.3

MCI5 + HCl

-1325.70118

-64.1

-1325.98188

-54.6

TS9 + HCl

-1325.61161

-7.9

-1325.89130

2.3

MCPhOHm (11) + HCl

-1325.75108

-95.4

-1326.03054

-85.1

-1325.07859

-96.8

TS3 + HCl + OH

-1325.57515

15.0

-1325.87019

15.5

MCRad3 + HCl + OH

-1325.61605

-10.7

-1325.91219

-10.8

MCEtOH2 (13) + HCl

-1325.74236

-89.9

-1325.02163

-79.5

-1325.07346

-93.4

TS4 + HCl + OH

-1325.57950

12.3

-1325.87397

13.2

MCEthMeth + HCl + OH

-1325.58732

7.4

-1325.88343

7.2

MCBOH (14) + HCl

-1325.74861

-93.8

-1326.02726

-83.0

a

-1325.08006

-97.0
b

The product species have been identified with the same numbers used in the work by Coffinet et al [29]. Some of
the species were not calculated at this level.
Finally, the most stable H-transfer radical MCRad3, where the radical center is located at the secondary carbon of
the ethyl substituent, is reached through the also more stable transition state TS3. As in the other cases, two products
can be reached; 13 by a direct reaction of the two radicals MCRad3 and OH, or 14 through a transition state TS4 and an
intermediate MCEthMeth. While we will talk about the direct addition later, it is worth mentioning now that even if
the reaction enthalpy of 14 is similar to that of 9, 10 and 11, TS4 is much higher in energy than any of the other transition states. This explains then why 14 is observed experimentally in small amounts, while it would not be so if relying
only on the enthalpies of formation.
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To solve completely the puzzle of the discrepancies between our former study and the experimental results, we
must explain why 12 and 13 are observed in small amounts and MCEthOH1 not observed at all in the experiments, even
if direct reaction with OH at the radical centers would lead to very favorable energy drops making the products almost
as stable as the observed ones 9, 10 and 11. The only possible explanation is that our initial assumption that there is no
transition state for the addition of OH at the radical center is wrong.

Fig. 3: Structure of the three intermediate H-transfer radicals MCRad1, MCRad2 and MCRad3. The carbon bearing the
lonely electron is color-coded light blue and bears the number [1].
In the case of 12, that would arise from the direct reaction of OH with the methylene radical center formed from
the CH3 substituent in the aromatic ring, the explanation is relatively easy. Looking at the structure of MCRad2, the
precursor of 12 (see Fig. 5), it is noticeable that the CH2 radical center is delocalized with the ring and somehow
stacked (although not completely) between two methyl residues on the amidyl group. These would tend to disfavor the
interaction of the OH radical with the CH2 group and to redirect the reaction toward addition to the ring, a similar
phenomenon to that noticed in toluene. In a certain sense, the difficulty in attacking the benzyl radical at the CH 2 center is analogous to what we described for the amidyl radical (see Fig. 4). Therefore, nothing remains unexplained in
this case.
13 is a similar case. The radical center on the CH group is delocalized and therefore exhibits the same preference
for OH to add to the ring instead of this carbon. Notice that the radical center is not so well protected in MCRad3 as it
is in MCRad2 by the substituents in the amidyl residue, but the methyl group on the radical center contributes to the
shielding environment. Thus, the explanation for the small abundance of 13 would be analogous to that given for 12.
However, the complete absence of MCEthOH1 from the experimentally observed products is puzzling. Since it is
the least stable of all the products, it might well be that it would be present in a small amount, but its complete absence
is a problem in itself (of course, keeping in mind that perhaps it could not be experimentally identified even if it was
present). The structure of MCRad1, the putative precursor of MCEthOH1, is shown also in Fig. 5. It can be seen that
there is neither a steric impediment for the approach of the OH radical nor a stabilization by delocalization of the CH2
radical center. Therefore, our calculations predict that MCEthOH1 should be obtained is small quantities, certainly less
than 13, 14 and 15, but should nonetheless be observable.
A final analysis concerns the relative abundance of compounds 9-12, which we have found is the most relevant
species. According to the preceding discussion, once the intermediates MCI1, MCI2 and MCI4 (which have quite
similar energies) are formed, kinetics favor 9, 10 and 11, in that order. The transition states for acquiring the three principal isomers of MCRad (MCRad1, MCRad2 and MCRad3) also have quite similar energies, although MCRad1 (the
precursor of 9) is a less stable intermediate than the other two. The equilibrium should then be shifted toward MCRad2
(the precursor of 10, 11 and 12) and MCRad3, the precursor of 13 and 14. Most of MCRad3 will not react and end up
being redistributed between MCRad1 and MCRad2, which will evolve to MC1, MC2 and MC4. While all the concentration of MCRad1 goes into MCI1, that of MCRad2 will be divided into MC2 and MC4. MC4 will then proceed with
the higher barriers toward 11, while MC1 will evolve to 9 and MC2 to 10. Given now the height of the barriers involved, 9 will appear much faster than 10. Putting now all these data together, the order of abundances should be 9 >
10 > 11 ≫ 12 ≃ 13 > 14 ≃ 15 which is very similar to the experimental one, although our calculations do not allow to
determine precisely the order of 12 and 13, and of 14 and 15, which nonetheless are minor products.
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4 Conclusions
A detailed computational chemistry analysis of the reaction paths leading to the major mono-hydroxylated products of
the photofragmentation product of metolachlor, after the attack of a hydroxyl radical has been performed. The structures of reactants, intermediates, transition states and products was determined resorting to DFT calculations using the
M06 exchange-correlation functional and medium and large size basis sets, as well as the ab initio composite CBSQB3 method.
The results indicate that a combination of thermodynamic and kinetic factors do explain the relative abundance of
the products observed experimentally. Product 14, that in our previous work was competing with the major products,
but was not observed in such an abundance experimentally, was shown to be scarce because of the much higher transition state TS4, with respect to the other paths. Products 12 and 13 were shown to be less favorable than 9, 10 and 11
because the precursors exhibit a strong delocalization of the radical with the aromatic ring and a protective effect of the
alkyl substituents on the amidyl residue. Addition to the ring is then strongly favored against direct addition to the
radical center. While radical-radical reactions normally exhibit no intrinsic barrier [46, 47], diffusion or steric related
factors may favor one type of addition over another, as it happens in these cases.
The three internal H-transfer intermediates MCRad1, MCRad2 and MCRad3 exhibit the expected behavior.
MCRad1, with the radical centered at the distal CH3 group in the ethyl substituent of the ring, is the least stable, followed by the species with the radical centered at the methyl substituent, MCRad2, and with MCRad3, the species
where the radical center is at the secondary carbon of the ethyl group, the most stable one. The intermediates obtained
from them by addition of the OH, MCI1, MCI2 and MCI4, are however very near in energy. From these intermediates,
species 9 is obtained more easily, justifying its prevalent abundance, followed by 10 and then 11, in agreement to the
observed facts.
Our calculations did not allow us to explain why the compound MCEthOH1, arising also from the MCrad1 intermediate, is not observed albeit at a small concentration. The stabilization energy obtained with the theoretical methods
used is the smallest of all the products, implying then a small abundance, but there is no theoretically discernible reason for which it must be completely absent. More experimental work seems in order to try to find this isomer.
Our study shows that the M06 method is reasonably accurate for the prediction of possible reaction paths occurring from the addition of OH to the intermediate H-transfer radicals. Therefore, the conclusions provided here could be
used with confidence in order to study further experimentally the different reaction products observed.
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