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ABSTRACT: The isoxazole structure is present in several pesticides. However,
there is a lack of information about its degradation products after the release to the
atmosphere. The main atmospheric reactions of hymexazol (5-methylisoxazol-3-ol),
selected as representative model, were investigated at a large outdoor simulation
chamber. The predominant products of atmospheric degradations were gaseous nitrogen
derivates (nitric acid, nitrogen dioxide, nitrogen oxide, nitrous acid, and
peroxyacetylnitrate), ozone, and small oxygenated compounds (formic acid,
formaldehyde, and methylglyoxal). The aerosol yields were lower than 5 %, and an OH
rate-dependence was observed in the nucleation, particle growth, and size distribution.
Also, the chemical composition of minor multi-oxygenated products was studied for
OH-photo-oxidations. More than 20 products were detected in the gas or particulate
phase. The most abundant were heterocyclic cleavage products with C4-chain and
oxygenated moieties at positions 1 and 3, such as 3,4-dioxobutanoic acid, 3-
oxobutanoic acid, and 3-oxobutanal. The suggested reaction pathway is the opening of

heterocycle ring by the cleavage of N-O bond and C-N bond, releasing nitrogen oxides.

Keywords: isoxazole, pesticide, hymexazol, aerosol, photo-oxidation, reaction

mechanism
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1. INTRODUCTION

The isoxazole structure is a 1,2-azol, five-membered aromatic heterocyclic with
an oxygen and a nitrogen. These compounds have a wide range of applications,
including fungicides, insecticides, herbicides and drugs. Examples of aproved pesticides
in Europe are hymexazol, isoxaben and isoflutole. Other compounds are drazoxolon,
isouron, isoxathion (not approved), topramezone (pending) or isoxachlortole (not
registered in Europe). The release of pesticides based on isoxazole structure to the
environment is produced during the manipulation, application and post-application,
being the volatilization from the treated surface the most important input into the
troposphere (Van den Berg et al., 1999).

The information about the atmospheric behavior of isoxazoles (as many
pesticides and heterocycle compounds) is quite scarce. As other semi-volatile organic
compounds (SVOCs) in the atmosphere, isoxazoles are distributed between gas and
particle phase (Atkinson et al., 1999). An oxidative degradation is also produced
reducing its concentration, but new products are also formed. These secondary
pollutants, called residues, include gaseous or condensed compounds with a different
atmospheric residence time, and sometimes worse toxicity than the original molecule.
However, experimental results about pesticides have been reported only for a lower
number of products (Atkinson et al., 1999; Le Person et al., 2007, FOCUS Working
Group, 2008). In order to get a comprehensive overview of their atmospheric fate, both
their gas and particulate reactivity must to be taken in consideration. For that, the use of
atmospheric simulation chambers solves some of the difficulties appeared to carry out
realistic laboratory studies (Finlayson-Pitts and Pitts, 2000; Feigenbrugel et al., 20006).
These full-equipped facilities have allowed the examination of pollutant degradations

under atmospheric controlled conditions, such furan, thiophene or pyrrole - aromatic
3
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cycles with one heteroatom - (Atkinson et al., 1983; Atkinson et al., 1984; Bierbach et
al., 1992; Cabanias et al., 2004; Gomez-Alvarez et al., 2009) or pesticides (LePerson et
al., 2007, Muioz et al., 2012).

An important isoxazole systemic fungicide is 5-methylisoxazol-3-ol, named
hymexazol being used to control diseases caused by soil-borne pathogens and a plant
growth stimulant. In the present study, this compound has been selected as model of
isoxazole reactivity due to its high input in the atmosphere: relatively high volatility
(vapor pressure of 182 mPa at 25 °C) and high use. Since its entry onto the market in the
seventies, the number of application has increased — e.g. rice, vegetable, tobacco,
tomato, and cucumber crops -. In fact, hymexazol is the only registered fungicide that
controls both Aphanomyces and Pythium, and thus is used worldwide as a standard
treatment for sugar beet seed (Payne and Williams, 1990).

A previous study performed in our atmospheric chamber was focused on the
general description of the hymexazol degradation and the contribution of each
atmospheric reaction was compared with other pesticides (Vera et al., 2011). The main
aim of the present study is the analysis of its OH-degradation products. Measurements,
based on specific instruments and chromatographic techniques, provide information in
regard to the composition and the concentration of formed products in the gas phase as
well as particulate phase, contributing to the elucidation of the degradation pathway and

the evaluation of its environmental impact.

2. EXPERIMENTAL SECTION

The experiments were carried out in the EUPHORE photoreactors (Valencia,
Spain). These chambers consist of two half spherical fluoropolymeric bags, each one of
200 m? with integrated measuring systems for monitoring precursor species, pressure,

humidity, temperature, and reaction products (Borrds and Tortajada-Genaro2012a). A
4
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white-type mirror system (path length of 553.5 m) coupled to a Fourier Transform
Infrared spectrometer with MCT detector (NICOLET Magna 550) was used for
recording concentrations of major gaseous products. Specific monitors were integrated
for measuring NO, NO», NOy and O3, free of interferences. Aerosol mass concentration
was measured with a scanning mobility particle sizer (SMPS).

The chamber set-up or background measurements, see Table 1, were performed
filling the photoreactor with air from a purification system. In experiments type A and B,
the photoreactor was left without/with sunlight radiation, to reproduce the same
conditions as for ozonolysis and photo-exposed reactions, respectively. In experiment
type C, the photoreactor was left in darkness, with an inorganic seeds addition (acidified
ammonium sulfate solution of 0.06 M) to establish the aerosol wall losses. Moreover,
hymexazol was injected via heated air stream to the closed chamber in order to assure
the absence of electrostatic effects with chamber walls. The formation of volatile
(background upper limits: O3 17+ 1 pgm>, NO 0.4 £ 0.1 pgm3; NO2 5.3 £ 0.5 pgm;
HONO 2.9 £ 0.2 ug m>, HNO; 1.3 + 0.1 pg m™) and particle artifacts (background
upper limit: 1 pg m™>) were negligible.

The oxidation experiments consisted of the degradation under dry conditions
(<2% RH, 295-298 K) in the absence of inorganic seed aerosol (Table 1). Regarding the
induced photolysis, cyclohexane was added via sprayer as scavenger of OH radicals.
For the ozonolysis, ozone was produced by passing oxygen through a photo-generator
(A = 280 — 320 nm). For photo-oxidation experiments, hydrogen peroxide was
introduced by a sprayer, and HONO was generated by a liquid-phase reaction between a
0.5% NaNO: solution and a 30% H>SO4 solution and transferred via a stream of
purified air. Later, all the reactants were mixed for 10 min before exposing them to
sunlight (Jvo: = 7x107 s') or kept in darkness for ozone experiment. The onset of
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aerosol formation (0.01 pg m=, 60 particles cm™) was considered to occur when the
first significant particle concentration was registered (3Gbackground). The specific dilution
process was determined using SFs as a tracer being 6.5x10° s™! the average rate. Finally,
the average OH concentrations present in the smog chamber during the photo-oxidation
reactions were calculated from the second-order decay of hymexazol (kou = (4.4 £ 0.8)
x 1012 ¢cm® molecule™ s!). The estimated concentration of OH radical was 2 x 10°
radicals cm™ for experiment in the absence of NOy and 8.8 x 10° radicals cm™ in the
presence of low-NOy.

For fingerprint analysis, gaseous products were sampled with C18 cartridges
during reaction, under a flow rate of 1 L min™! for 0.5 h. Particles were collected at
maximum aerosol formation, under a flow rate of 80 L min™! for 1 h, on quartz fiber
filters that had been pre-baked at 500 °C for 12 h. A blank investigation of cartridges
and filters was done to identify possible artifact formation and no compounds or
artifacts were observed. The analysis of multi-oxygenated compounds by gas
chromatography-mass spectrometry technique was similar to describe in reference
(Borras and Tortajada-Genaro, 2012b). The specific protocol has been included in

Supplementary Information.

3. RESULTS AND DISCUSSION

3.1 Hymexazol consumption and gaseous products

The first step was a theoretical study of isoxazole molecule reactivity based
upon the structure-activity relationship (SAR) methods developed by Kwok and
Atkinson, 1995. The molecular modeling indicated a low degradation rate by photolysis
and ozonolysis reactions but the OH-nucleophilic attack is favored and directed to
certain positions with more positive charge density. The kinetic rate constant, kox
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(cm®molecule™'s™!) for hydrogenated isoxazole ring was 9.1 x 1072 cm>molecule’’s™.
The theoretical OH kinetic rate constant of other isoxazole rings changed depending on
substituents groups. Examples of rate constants are 6 x 10712, 200 x 10'? and 204 x 10712
for isoxaflutole, hymexazol and isoxaben — pesticides allowed in Europe -, respectively.
Then, the atmospheric formation of oxygenated degradation products from isoxazoles is
expected to be important.

The following step was focused on the atmospheric reactivity of hymexazol as a
model compound, measured in simulation chamber. Its consumption was calculated
from the experimental reaction profiles (see Supplementary Information). The
degradation percentages from photo-oxidations were 28.8 % in the absence of NOy, and
50.0 % in the presence of NOy, being substantially higher than those from photolysis
(3.0 %) and ozonolysis (4.0 %). The experimental consumptions of hymexazol, under
both OH-photo-oxidations, were between 26 and 45-fold lower than estimated by SAR
method and measured OH concentrations (2 x 10° — 8.8 x 10° molecules cm™). The
results indicated that SAR method underestimate the rate constant for hymexazol. Other
researchers have also observed these discrepancies between theoretical and
experimental rate constants if some of the subsequent reactions of the precursor and
products formed are not considered (Mereau et al., 2003).

Different gaseous products were observed as function of the degradation modes
and their maximum reaction yields were calculated at steady state (Table 2). The main
products from OH photo-oxidation reaction were ozone, nitric acid, nitrogen dioxide,
nitrogen oxide, and formic acid. Other gases were formaldehyde, nitrous acid,
methylglyoxal, and peroxyacetylnitrate (PAN). Short chain oxygenated products, such
as formaldehyde, formic acid and methylglyoxal were produced as result of the

oxidative breakdown of C-C bonds. The amount produced of NO,, NO, HNOs3, and
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PAN was interpreted as a loss of N-atom after OH attack, since these compounds were
determined up to background levels. The cleavage of isoxazole ring first produce NOx
and the rest of N-containing products are formed from further reactions. In the presence
of NOx, HNOs3 is also produced by the reaction between the initial NO, and OH,
explaining its high observed concentration and NO; levels. This assumption for ring-
cleavage was corroborated comparing the OH-photo-oxidations of other nitro-
compounds, concluding that hymexazol provides higher yields of NOx, HNO3 and PAN
than ortho-nitrophenols (Bejan et al., 2006). Although the photolysis and ozonolysis
reaction rates were almost negligible low, the results pointed out a relevant formation of
O3 and NO> compared to the background experiments, confirming that the loss of
nitrogen atom from heterocycle is an important process. In case of photolysis, the
equilibrium between NO and NO, produces oxygen radical and this radical reacted with
0> to form Os. In case of ozonolysis, the direct release of NO> or the reaction between
NO and O3 could promote the increase of NO; concentration (Finlayson-Pitts and Pitts,
2000).

Figure 1 shows the products profiles for both OH-photo-oxidations. A delay
about 30 min after sunlight exposure was observed for the reaction in absence of NOx,
being 5 h the reaction time for reaching the maximum hymexazol consumption. Under
the addition of HONO, products were formed immediately after the exposure to sunlight
radiation with a lower reaction time (3.5 h). This behavior has been observed for other
photo-oxidations, indicating a higher reactivity in high polluted locations and associated
to the rate of OH formation (HONO >> H;0») (Borras and Tortajada-Genaro 2012a).
Furthermore, the reactivity could increases due to other competitive oxidation channels

(i.e. reaction of hymexazol with HO> radical).
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3.2 Formation of particle matter

A detectable amount of particulate matter was obtained in all experiments,
compared to chamber control experiments. The concentrations were 3.4, 2.9, 28, and 40
ug m> for photolysis, ozonolysis, NOx-absence photo-oxidation, and NOx-presence
photo-oxidation, respectively. The aerosol yields (Y), calculated from the maximum
aerosol mass concentration formed (M,) and the mass concentration of hymexazol
reacted (4HC), were lower than 5 %. The aerosol yields were similar to other
heterocycles such as furan (2 - 7%), 2-methylfuran (5.5 %), and 3-methylfuran (8.5%)
(Gomez-Alvarez et al., 2009) or benzene (Borras and Tortajada-Genaro, 2012a); but
lower than substituted-aromatic compounds such as toluene (33%) (Borras and
Tortajada-Genaro, 2012b) and xylenes (6 — 38%; Ng et al., 2007). The results obtained
in the present study, indicated that the atmospheric degradation of isoxazole ring mainly
lead the formation products with a high vapor pressure (volatiles products).
Nevertheless, a higher aerosol formation is expected in the atmosphere, associated to an
early gas-condensed phase partitioning of semi-volatile products on the ambient
particles (Ng et al., 2007) or at lower temperatures.

Figure 2 illustrates aerosol profiles for both OH-photo-oxidations. The first
observation was the rapid OH generation from HONO photolysis that promoted an
immediate particulate matter formation. In NOx-absence conditions, the beginning of
nucleation required a sunlight exposure of 1 h (30 min later than first gaseous products).
The existence of a delay is due to an induction period, where condensable compounds
reach their saturation point (Ng et al., 2007). Secondly, the aerosol growth was studied,
calculating the curves of the aerosol mass concentration (AM,) as a function of the

hymexazol reacted (AHC). A strong linear correlation (R?> 0.95) was observed with

slopes 0.0473 (Y =4.73 + 0.23 %) and 0.0481 (Y = 4.81 + 0.24 %) for the absence and
9
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the presence of NOy, respectively. The maximum formation was reached 5 h and 3.5 h
after the start of nucleation for the NOx-absence and presence, respectively.

The particle size distributions versus time were also studied (inserts of Figure 2).
In both OH-photo-oxidations, an initial growth controlled by condensation or
homogeneous/binary nucleation process was observed. Then, the growth continued and
particle distribution moved to larger sizes, showing a bimodal distribution due to the
coagulation of particles and condensation of semi-volatile compounds on their surface.
This behavior is most evident in the absence of NOy conditions, owing to the slowest
OH production. Finally, when the steady state was reached, the particle size remained

constant.

3.3 Other carbon-containing degradation products

The atmospheric oxidation of semi-volatile compounds generates multi-
oxygenated products. For that, their determination by GC-MS technique was applied to
gas-phase and particulate samples collected during reaction. A typical chromatogram of
a high NOx photo-oxidation gaseous sample analyzed in the electron ionization mode is
shown in Figure 3. A total of 23 products, listed in Supplementary Information, were
found. Most molecules were detected in both OH-photo-oxidant conditions and both
gaseous and particle phases.

The most abundant products were C4-ring-cleavage compounds with
oxygenated moieties at positions 1 and 3. They included 3,4-dioxobutanoic acid, 3-
oxobutanoic acid, 3-hydroxybutanoic acid, 3-oxobutanal, 4-hydroxybutan-2-one, and 2-
oxobutanedioic acid. Other nitro/nitroso substituted compounds were tentatively
identified, such as 4,4-dihydroxy-4-nitrosobutan-2-one and 1-nitrosobuta-1,3-diene-1,3-
diol. Short chain compounds were detected such as 2-oxopropanoic acid, acetone,

acetaldehyde, or hydroxyacetone. Glyoxal and methyl-glyoxal were detected in both gas
10
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and particulate phases. Only two ring-retaining products were detected at trace levels
and tentatively identified as 5-(hydroxymethyl)isoxazol-3-ol and 3-hydroxyisoxazole-5-
carbaldehyde.

Moreover the identification of new identified carbon-containing degradation
products appears on Supplementary Information. We describe the interpretation of mass
spectrum for three relevant tentative products obtained by GC-MS in the EI mode.

These products are representatives of the main reaction pathway proposed.

3.4 Degradation pathways of OH-photo-oxidations

The reaction of OH radical with isoxazole takes place via: OH addition and H-
atom abstraction, see Supplementary Information. The theoretical reactivity model
suggested that a double bond OH addition (10-10"® cm® molecule! s') prevails
against the H-abstraction (10'7-10'* c¢cm® molecule”! s'). The proposed OH-attack
proceeds through a pre-reactive complex, the OH radical forms a hydrogen bond with
the heterocycle n-system, as being suggested in the literature (Dillon et al., 2012). The
further adduct radicals are resonance-stabilized, since there is a delocalization across the
ring. However, the specific orientation of the addition and the ring-cleavage mechanism
should depend on the ring moieties.

The OH-attack to hymexazol followed by C-C bond fission was proposed in our
previous study, according to the general reaction pathway for 5-membered oxygen-
containing ring alkoxy radicals (Mellouki et al., 2003). However, the expected main
product (N-(acetyloxy)-2-oxoethanimidic acid), was not detected. Other results of
present study, such as the formation of nitrogen oxides and the detection of several
structurally defined carbon-containing products deserve special emphasis to propose an
alternative and experimentally supported reaction pathway. The nucleophilic attack,

based on the positive charge density of hymexazol, is oriented to C-3 (hydroxyl group)
11
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and, to a lesser extent, C-5 (methyl group), rather than C-4 (non substitutions).
Consecutive reactions lead to the cleavage of the ring, the loss of nitrogen oxides, and
the formation of 1,3-oxygenated C4-products, e.g. 3-oxobutanal. This ring-cleavage is
entropically favored for the formation of new gas molecules and has been described for
other aromatic systems (Baltaretu et al., 2009). Moreover, after the aromatic n-system is
lost, the cleavage of N-O bond (~220 kJ mol™!) and C-N bond (~300 kJ mol™') is more
favorable than the cleavage of C-O bond (~360 kJ mol ™) or C-C bonds (~350 kJ mol ™)
(Finlayson-Pitts and Pitts, 2000). Further degradation of C4-products leads to the
formation of small multi-oxygenated products, e.g. hydroxyacetone. These products are
commonly identified in the photo-oxidations of unsaturated hydrocarbons or aromatic
compounds (Borrds and Tortajada-Genaro, 2012a; 2012b). Although, the proposed
pathway is consistent with the reaction products detected, the lack of other experimental
data introduces an uncertainty about the intermediates.

On the other hand, a high barrier for the exothermic H-abstraction is expected,
because the reaction changes the m-system of the ring as it occurs on other aromatic
systems (Borrds and Tortajada-Genaro, 2012a), or pyrrole (Dillon et al.,, 2012).
However, the H-abstraction from the methyl group of hymexazol is a relevant reaction
as it occurs on toluene (Baltaretu et al., 2009). The detection of 3,4-dioxobutanoic acid
and 2-oxobutanedioic acid (oxygenated group at position 1) is an experimental evidence

that supports this reaction pathway.

4. ATMOSPHERIC IMPLICATIONS

The contamination with pesticides presents an important environmental and
toxicological concern (Atkinson et al., 1999). Regarding the atmospheric hazards

associated with the extensive use of pesticides, knowledge of the specific degradation
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products is necessary in order to assess their potential impact. So, the design and
selection between molecules with similar action should be carefully performed
according to their persistence properties. The isoxazole family is an example of
compounds which number of derivatives and applications is continuously increasing,
but their atmospheric chemical behavior is practically unknown. The present study,
based on the use of photochemical reactors, contributes in this area providing useful
data about degradation products and yields. Extrapolating the results of hymexazol
degradation — simulating atmospheric concentrations and isolating of other effects as
dispersion and transport —, we can hypothesize that isoxazole compounds are labile to
OH-photo-oxidation and partially persistent to the photolysis or ozonolysis. For instance,
the expected tropospheric lifetime of hymexazol in a spring-summer day is 19.3 h at
non-polluted location ([O3] = 75 ppb, [OH] = 2 x 10° molecule cm™) and 6.8 h at
polluted location ([O3] = 90 ppb, [OH] = 8.8 x 10° molecule cm™). These values
revealed the importance of characterizing the degradation products due to its short
atmospheric life-time. The high OH reactivity is quite similar than obtained for other
pesticide compounds at non-polluted locations - 3.5 h for chlorpyrifos-methyl (Mufioz
et al., 2011a), 4 h for diazinon (Muioz et al., 2011b), 8.5 h for trifluralin (Le Person et
al., 2007), 4.9 h for dichlorvos (Feigenbrugel et al., 2006) and 20 h for propachlor
(Muiioz et al., 2012).

The detection of several structurally defined products has allowed understanding
of the degradation process, showing some differences respect to other aromatic,
heterocycles, or pesticides compounds. As opposite of other aromatic compounds,
isoxazole ring compounds present no significant differences between the absence and
the presence of NOy, in relation with the chemical composition of degradation products

formed. The analysis of chemical composition and their rate-formation also indicates
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that isoxazole derivatives probably are a relevant source of nitrogen compounds, ozone,
and multi-oxygenated compounds, but the formation of secondary particulate matter is
reduced. The formation of nitrogen oxides, nitric acid, PAN or multi-oxygenated

compounds, is important because they play a significant role of atmospheric chemistry.
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Table 1. Experimental conditions of atmospheric degradations.

Experiment Type Solar Relative Aerosol Hymexazol O; H0, HONO
radiation humidity seeds (ugm®) (gm?) (gm?) (gm’min™)
Chamber background A No Dry No - - - -
Chamber background B Yes Dry No - - - -
Chamber background C ~ No Dry Yes - - - -
Hymexazol wall losses No Dry No 2582 - - -
Photolysis  Yes Dry No 1821 - - -
Ozonolysis ~ No Dry No 2530 130 - -
Photo-oxidation (absence NO,)  Yes Dry No 3208 - 19850 -
Photo-oxidation (presence NO,)  Yes Dry No 3053 - - 3.8%
Photo-oxidation (presence NO,)  Yes Dry No 2701 - - 3.8*
Photo-oxidation (presence NO,)  Yes Dry No 2871 - - 3.8*

* HONO continuoulsy added
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Table 2. Concentration of gas-products (ug m™>). Values in parentheses indicate the

reaction mass-based yields.

Experiment 0; HNO; NO, NO HCOOH PAN HONO HCHO MG
Photolysis 826 <13 352 <04 19.6 <99 <29 <12 <59
@.n - @5 - (11.4) - - - -
Ozonolysis - <13 651 <04 <38 <99 <29 <12 <59
- R 25) - - - - - -
Photo-oxidation 8134 100 135 <04 101.2 86.4 53 23.5 334
(NOy absence) @65) (58 (0.8 (5.8) (5.0) ©.1) (13 (17
Photo-oxidation 969 5988 5149 1355 403 30.9 79.2 50.8 286
(high NO,) @7  (292) (344) (139 2.3) (0.8) Q9 (16

PAN: peroxyacetylnitrate, MG: methylglyoxal
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Figure 1. Concentration profiles for main gas phase products from hymexazol photo-

oxidation: (a) NOx-absence conditions and (b) NOx-presence conditions.
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460  Figure 2. Concentration profiles for particle matter from hymexazol photo-oxidation: (a)
461  NOx-absence conditions and (b) NOx-presence conditions. Inserts illustrate size
462  distribution expressed as number of particles vs. diameter (nm), indicating the central

463  particle size.
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467  Figure 3. Extracted ion chromatogram (m/z=73 and m/z=181) from gaseous sample

468  collected during NOy-presence photo-oxidation.
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