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ABSTRACT: The OH radical and Cl atom initiated photodegradation of methyl
methacrylate has been investigated in a 1080 L quartz-glass environmental chamber at 298
± 2 K and atmospheric pressure of synthetic air using in situ FTIR spectroscopy to monitor
the reactants and products. The major products observed in the OH reaction were methyl
pyruvate (92 ± 16%) together with formaldehyde (87 ± 12%) as a coproduct from the
C1−C2 bond cleavage channel of the intermediate 1,2-hydroxyalkoxy radical, formed by the
addition of OH to the terminal carbon of the double bond which is designated C1. For the
Cl atom reaction, the products identified were chloroacetone (41 ± 6%) together with its
coproduct formaldehyde (35 ± 5%) and methyl pyruvate (24 ± 4%) together with its
coproduct formylchloride (25 ± 4%). The results show that the fate of the intermediate
1,2-chloroalkoxy radical involves not only cleavage of the C1−C2 bond but also quite
substantial cleavage of the C2−C3 bond. The present results are compared with previous
studies of acrylates, showing different branching ratios for the OH and Cl addition reactions
in the presence of NOx. Atmospheric implications are discussed.

■ INTRODUCTION

Esters are oxygenated volatile organic compounds (OVOC) with
a large number of commercial uses. They are potential
replacements for traditional solvents and are used as diesel
fuels or fuel components since they combine acceptable
properties with low exhaust emissions and reduced combustion
noise.1

Methacrylate esters have the structure CH2C(CH3)C(O)-
OCH2R and are widely used in the production of polymers and
resins, and as for other acrylic compounds the sources of their
emissions are numerous and include the manufacturer of plastics,
aircraft, and electronic components.2 Methyl methacrylate
(MMA) is listed as a high (H) production (P) volume (V)
chemical in the OECD (Organisation for Economic Co-
operation and Development) integrated HPV database.3 Many
different kinds of esters including methyl methacrylate have been
measured in ambient air.4

Emissions of the unsaturated esters to the atmosphere can
occur during their production, processing, storage, and disposal,
and once in the atmosphere they will be subject to photo-
degradation mainly by OH radicals and to a lesser extent NO3

radicals and ozone and, in certain environments, also Cl atoms.5

Oxidation by Cl atoms has been conventionally thought to have
been confined largely to coastal areas and possibly some polluted
industrial regions;6−8 however, recent field work has presented
evidence for Cl chemistry in continental regions remote from
coastal regions,9 suggesting that Cl-initiated photooxidation

chemistry may play a more important role than previously
thought in polluted continental regions.
In order to assess the contribution of the atmospheric

photooxidation of methacrylate esters to the formation of
photochemical oxidants and secondary organic aerosol (SOA) in
urban environments, detailed kinetic and mechanistic informa-
tion on their tropospheric gas-phase degradation pathways are
required. There have been several kinetic studies of the OH-
radical,10−14 O3-molecule,

15−20 and the Cl-atom21−23 initiated
oxidation of unsaturated esters. To date, there have only been
three studies on the reactions of acrylates with NO3 radicals.

24−27

In contrast to the kinetic studies, only a few product studies on
the OH12,13 and NO3

26 radicals and Cl atom28 initiated oxidation
of unsaturated esters have been reported. Blanco et al.,12,13

reported a qualitative GC-MS product study of the reactions of
OH radicals with methyl methacrylate, ethyl methacrylate, n-
butyl methacrylate, and n-butyl acrylate performed in a
collapsible Teflon chamber in which methyl pyruvate, ethyl
pyruvate, n-butyl pyruvate, and n-butyl glyoxylate were identified
as unique reaction products, respectively. In a recent study from
this laboratory,28 performed in a large photoreactor using in situ
FTIR analysis, we reported a product study of the OH and Cl

Received: October 28, 2013
Revised: December 20, 2013
Accepted: January 8, 2014
Published: January 8, 2014

Article

pubs.acs.org/est

© 2014 American Chemical Society 1692 dx.doi.org/10.1021/es404771d | Environ. Sci. Technol. 2014, 48, 1692−1699

pubs.acs.org/est


initiated oxidation of methyl acrylate (CH2CHC(O)OCH3)
in which the main product from theOH reaction was observed to
be methyl glyoxylate (HC(O)C(O)OCH3), and methyl 3-
chloro-2-oxopropanoate (CH2ClC(O)C(O)OCH3) was tenta-
tively assigned as a major product for the Cl reaction.
This significant difference in the major products between the

reaction of OH and Cl with methyl acrylate was similar to what
had been observed in a kinetic and product study of the reactions
of OH radicals and Cl atoms with a fluorotelomer acrylate
(CH2CHC(O)OCH2CH2C4F9) in the air using FTIR to
monitor reactants and products.29 In this study for the OH
reaction, the evidence supported formation of the a fluoro-
telomer glyoxylate as the major product, while in the Cl reaction
the experimental observations supported the addition of Cl and
formation of a chain-retaining compound CHCl−C(O)C(O)-
OCH2CH2C4F9.
No quantitative product studies are currently available for OH-

radical- and Cl-atom-initiated degradation of methacrylate esters.
Since, as stated above, methacrylate esters are widely used in the
production of polymers and are released to the atmosphere in
substantial amounts,3,4 this motivated us to investigate
qualitatively and quantitatively the products formed in the
OH-radical and Cl-atom degradation of methyl methacrylate
(MMA).

+ →OH CH C(CH )C(O)OCH products2 3 3 (1)

+ →Cl CH C(CH )C(O)OCH products2 3 3 (2)

It is known that the main reaction pathway for bothOH andCl
with methyl methacrylate is addition to the double bond of the
alkene unit in the ester. The reactions have been investigated in
the presence of NOx, thus after addition of the oxidant it is well-
established that the subsequent chemistry will result in the
formation of hydroxyalkoxy and chloroalkoxy radicals. Themajor
aim of the work was to assess the relative importance of the
different subsequent reaction pathways that are available to the
hydroxy- and chloro-alkoxy radicals. The results will contribute
to an improved representation of the degradation of
methacrylate esters in the atmospheric chemical models used
to assess the environmental impact of chemicals and their
contribution to photooxidant and SOA formation in the
atmosphere.

■ EXPERIMENTAL SECTION
All the experiments were performed in a 1080 L quartz-glass
reaction chamber at 298 ± 2 K and a total pressure of 760 ± 10
Torr of synthetic air (760 Torr = 101.325 kPa). A detailed
description of the reactor can be found elsewhere,30 and only a
brief description is given here. A pumping system consisting of a
turbo-molecular pump backed by a double stage rotary fore
pump was used to evacuate the reactor to 10−3 Torr. Three
magnetically coupled Teflon mixing fans are mounted inside the
chamber to ensure homogeneous mixing of the reactants. The
photolysis system consists of 32 superactinic fluorescent lamps
(Philips TL05 40W: 320−480 nm, λmax = 360 nm) and 32 low-
pressure mercury vapor lamps (Philips TUV 40W; λmax = 254
nm), which are spaced evenly around the reaction vessel. The
lamps are wired in parallel and can be switched individually,
which allows a variation of the light intensity, and thus also the
photolysis frequency/radical production rate, within the
chamber. The chamber is equipped with a White type
multiple-reflection mirror system with a base length of 5.91 ±
0.01 m for sensitive in situ long path infrared absorption

monitoring of reactants and products in the spectral range 4000−
700 cm−1. The White system was operated at 82 traverses, giving
a total optical path length of 484.7 ± 0.8 m. The IR spectra were
recorded with a spectral resolution of 1 cm−1 using a Nicolet
Nexus FT-IR spectrometer, equipped with a liquid nitrogen
cooled mercury−cadmium−telluride (MCT) detector.
Chlorine atoms were generated by the photolysis of Cl2 with

the fluorescent lamps:

+ →hvCl 2Cl2 (3)

Hydroxyl radicals were generated by the photolysis of H2O2
with the mercury lamps:

+ →hvH O 2OH2 2 (4)

or by the photolysis of the mixture CH3ONO/NO/air at 360 nm
as follows:

+ → +hvCH ONO CH O NO3 3 (5)

+ → +CH O O CH O HO3 2 2 2 (6)

+ → +HO NO OH NO2 2 (7)

Where possible, quantification of reactants and products was
performed by comparison with calibrated reference spectra
contained in the IR spectral databases of the laboratories in
Wuppertal and Coŕdoba.
The initial concentration of methyl methacrylate used in the

experiments was 0.5−1.0 ppm (1 ppm = 2.46 × 1013 molecules
cm−3 at 298 K and 760 Torr of total pressure). The
concentrations of Cl2, H2O2, and CH3ONO were typically
around 5, 7, and 6 ppm, respectively. The concentration of added
NO was typically around 4 ppm.
The infrared absorption frequency at 1169 cm−1 was used to

monitor the concentration−time behavior of methyl methacry-
late. Readily identifiable products were monitored at the
following absorption frequencies (in cm−1): formaldehyde at
2766, carbon monoxide at 2169, formyl chloride at 738.6, methyl
pyruvate at 1040, chloroacetone at 1371, and formic acid at 1105.
The chemicals used in the experiments had the following

purities as given by the manufacturer and were used as supplied:
synthetic air (Air Liquide, 99.999%), methyl methacrylate
(Aldrich, 99%), H2O2 (Interox, 85%), and Cl2 (Messer
Griesheim, >99.8%). Methyl nitrite was synthesized by the
dropwise addition of 50% H2SO4 to a saturated solution of
sodium nitrite in methanol and was purified by vacuum
distillation until a sample of 99% purity was obtained confirmed
by IR spectroscopy.

■ RESULTS, DISCUSSION, AND CONCLUSIONS
To investigate the mechanisms of the OH-radical and Cl-atom
initiated oxidation of methyl methacrylate, mixtures of H2O2/
NO/ester/air or CH3ONO/NO/ester/air and Cl2/NO/ester/
air were irradiated for periods of around 20min during the course
of which infrared spectra were recorded with the FTIR
spectrometer. Typically, 64 interferograms were coadded per
spectrum over a period of approximately 1 min, and 15−20 such
spectra were collected during the course of the experiment.
Dark reactions, photolysis of the methyl methacrylate in the

absence of radical precursor reactions, and wall losses were
negligible compared to the loss that occurred onOH radical or Cl
atom photoinduced degradation.14

To facilitate the discussion of the results, exemplary reaction
schemes are shown for the reactions of OH and Cl with methyl
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methacrylate in Figures 1 and 2, respectively. For the OH radical
or Cl atom reactions, the major reaction pathway involves initial
addition of the OH or Cl to the terminal carbon atom of the C
C bond, forming 1,2-hydroxyalkyl or 1,2-chloroalkyl radi-
cals.31−33 In the case of OH, the addition mechanism is expected
to account for over 98% of the reaction.32,33 Similarly, the
reaction of Cl atoms with methyl methacrylate is estimated to
proceed by more than 98% via the addition of Cl to the double
bond.34 Under the conditions of the present study, the
hydroxyalkyl and 1,2-chloroalkyl radicals will react with O2 to
form the corresponding 1,2-hydroxyalkyl or 1,2-chloroxyalkyl
peroxy radicals. The peroxy radicals will then react further with
NO to form nearly exclusively the 1,2-hydroxyalkoxy or 1,2-

chloroalkoxy radicals, respectively.31−33 However, under NOx-
free experimental conditions, peroxy self-reactions will occur.
These will also result to a large extent in the formation of the
alkoxy radicals; however, molecular channels are also possible
which will result in the formation of multifunctional products.35

The 1,2-hydroxyalkoxy or 1,2-chloroalkoxy radicals can
decompose by various channels (Figures 1 and 2) which include
(i) decomposing to give methyl pyruvate and CH2OH or CH2Cl
radicals, (ii) decomposing to give hydroxyacetone or chlor-
oacetone and CH3OC(O) radicals, or (iii) ejecting a methyl
group to form methyl-3-hydroxy-2-oxopropanoate or methyl-3-
chloro-2-oxopropanoate, i.e., CH2(OH)−C(O)−C(O)OCH3

or CH2(Cl)−C(O)−C(O)OCH3.

Figure 1. Simplified reaction mechanism for the addition channel in the OH-radical initiated oxidation of methyl methacrylate in the presence of NOx.
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OH Reaction. Figure 3a shows IR spectra acquired before
(panel A) and after (panel B) UV irradiation of a mixture of
methyl methacrylate and H2O2 in air, in the presence of NOx.
Panel C in Figure 3a, shows a reference spectrum of methyl
pyruvate (CH3C(O)C(O)OCH3) and panel D, the residual
product spectrum obtained after subtraction of reactants and
identified products from the spectrum in panel B. Methyl
pyruvate, HCHO, and CO were readily identifiable as reaction
products. In the residual product spectra, unidentified absorption
bands were observed at 939, 1066, 1164, 1201, 1446, 1753, and
2970 cm−1. The concentration−time profiles of methyl pyruvate
and HCHO (Figure 3b) show that they are both primary
products, whereas the delayed formation in the profile of CO
shows that formation is secondary in nature.
Least-squares analyses of plots of the concentrations of methyl

pyruvate and HCHO as a function of the amount of reacted

methyl methacrylate (Figure 3c) give molar yields of 92 ± 16%
and 83 ± 12%, respectively, for these compounds (see Table 1).
Formaldehyde will be subject to secondary oxidation with OH,
whereas methyl pyruvate reacts only very slowly with OH, and
loss via secondary reaction with OH should be negligible.
Correction of the HCHO yield for secondary reaction with OH
using the method outlined in Tuazon et al.36 gives a final
corrected yield of 87 ± 12% for formaldehyde. The mechanism
presented in Figure 1 (channel A) predicts equal yields of
HCHO and methyl pyruvate, and within the experimental error
limits, this is the case.
The absorption band observed at 1753 cm−1 in the residual

product spectrum indicates the presence of other carbonyl-
containing products; however, based on the measured yields of
methyl pyruvate and HCHO, the yields of these carbonyl
products will be small. Other possible carbonyl-containing

Figure 2. Simplified reaction mechanism for the addition channel in the Cl-atom-initiated oxidation of methyl methacrylate in the presence of NOx.
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products include (i) hydroxyl methyl pyruvate (CH3OC(O)C-
(O)CH2(OH)) and hydroxy acetone (CH3C(O)CH2OH)
produced by CH3 elimination from the 1,2-hydroxyalkoxy
radical or a C2−C3 bond cleavage, channels C and B, respectively

Figure 1, and (ii) CH3OC(O)C(CH3)(OH)CHO produced
from reaction of O2 with the 2,1-hydroxyalkoxy radical formed
from OH addition to the carbon of the double bond adjacent to
the carbonyl entity of the ester group. No indication could be
found in the product spectra for the formation of hydroxy
acetone. The compound giving rise to the residual carbonyl
absorption in the product spectrum is, therefore, most probably
CH3OC(O)C(CH3)(OH)CHO. On the basis of the yields of
methyl pyruvate and HCHO, the molar yield of CH3OC(O)-
C(CH3)(OH)CHO is estimated to be <8%.

Cl Reaction. Figure 4a, panel A, shows a spectrum of a
MMA/NO/Cl2/air reaction mixture before irradiation, panel B
the product spectra after 10 min irradiation and subtraction of
spectral features due to MMA, and panel C the residual product
spectrum after the subtraction of features attributable to the
major identified MMA oxidation products from the spectrum in
panel B. Chloroacetone (CH3C(O)CH2Cl), formaldehyde,
methyl pyruvate, formyl chloride (HC(O)Cl), and carbon
monoxide were positively identified as reaction products. In
the residual product spectra (Figure 4a, panel C), absorption
bands can be seen in the regions 782−849 cm−1, 1191−1308
cm−1, and 1670−1840 cm−1.
Concentration−time profiles of MMA, CH3C(O)CH2Cl,

HC(O)Cl, HCHO, CH3C(O)C(O)OCH3, and CO are shown
in Figure 4b. The concentration−time profiles of HCHO,
HC(O)Cl, and CH3C(O)C(O)OCH3 show that all are primary
in origin, and the upward curve of the CO profile shows that its
formation is secondary in nature. Secondary rapid reactions of Cl
with HCHO will result in the formation of CO. The amounts of
CH3C(O)CH2Cl, HC(O)Cl, HCHO, and CH3C(O)C(O)-
OCH3 formed plotted as a function of the amount of reacted
MMA are shown in Figure 4c. The plots are linear and give molar
yields for formyl chloride, chloroacetone, methyl pyruvate, and
formaldehyde of 25 ± 4%, 41 ± 6%, 24 ± 4%, and 23 ± 3%,
respectively. The corrected yield of formaldehyde was 35 ± 5%.
The formation of chloroacetone shows that a major fate of the

CH2(Cl)C(CH3)(O
•)C(O)OCH3 1,2-chloroalkoxy radicals

formed in the reaction of Cl with MMA in the presence of
NOx is cleavage of the C2−C3 bond to form chloroacetone
(CH3C(O)CH2Cl) and CH3OC(O) radicals with a yield of
∼41% (Figure 2, channel B). The formation of HC(O)Cl and
methyl pyruvate shows that cleavage of the C1−C2 bond to form
these products (Figure 2, channel A) is also operative and
accounts for around 25% of the reaction.
The identified products, however, account for only around

65% of the reacted MMA. Since all possible C−C bond cleavage
products have been detected and quantified, the missing
product(s) must be in a form retaining all or most of the

Figure 3. (a) Panel A: A spectrum of methyl methacrylate (MMA) in
the spectral range 2200−700 cm−1 before irradiation in a MMA/H2O2/
NO/air reaction mixture. Panel B: The product spectrum obtained after
irradiation and subtraction of absorptions due to MMA. Absorptions
due to the products CO and HCHO highlighted. Panel C: A reference
spectrum of methyl pyruvate. Panel D: The residual spectrum obtained
after subtraction of all identified products. (b) Concentration−time
profiles of methyl methacrylate (MMA) and the reaction products
methyl pyruvate, HCHO, and CO obtained from the irradiation of a
MMA/H2O2/NO/air reaction mixture. (c) Plots of the concentrations
of the reaction products methyl pyruvate and HCHO as a function of
reacted methyl methacrylate (MMA) obtained from the irradiation of a
MMA/H2O2/NO/air reaction mixture.

Table 1. Formation Yields of the Oxidation Products
Identified from the OH Radical and Cl Atom Oxidation of
Methyl Methacrylate in the Presence of NOx

reaction product yield (%)a

methyl methacrylate + OH methyl pyruvate 92 ± 16
formaldehyde 87 ± 12b

methyl methacrylate + Cl formylchloride 25 ± 4
chloroacetone 41 ± 6
methyl pyruvate 24 ± 4
formaldehyde 35 ± 5c

aThe errors quoted are 2σ statistical errors from the linear regression
analysis. bYield corrected for secondary reaction with OH radicals.
cYield corrected for secondary reaction with Cl atoms.
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MMA carbon skeleton. Close inspection of the residual product
spectrum (Figure 4a, panel C) shows that it contains absorptions

from nitrosyl chloride (ClNO) and nitryl chloride (ClNO2)
formed from reactions of Cl with NOx in the system.
Absorptions from nitric acid (HNO3) are also visible. Although
the residual product spectrum that is obtained after subtraction
of these compounds is quite noisy, there is positive evidence for
the presence of methoxy formylperoxynitrate (CH3OC(O)-
O2NO2). This compound can be formed from consecutive
reactions of the CH3OC(O) radical with O2 and NO2 and is
reasonably thermally stable at room temperature.37−39 Other
remaining absorptions strongly resemble those of the product
observed in the reaction of Cl with methyl acrylate,28 which was
assigned to methyl-3-chloro-2-oxopropanoate (CH2(Cl)C(O)-
C(O)OCH3). The compound can be formed in the reaction of
Cl with MMA via elimination of the CH3 group from the
intermediate 1,2-chloroalkoxy radical, CH2(Cl)C(CH3)(O

•)C-
(O)OCH3, i.e., pathway C in Figure 2, and could potentially
account for ≤35% of the overall reaction. However, a
contribution from the C-skeleton retaining product methyl 2-
chloro-2-methyl-3-oxo-propanoate (OCHC(Cl)(CH3)C(O)-
OCH3), formed from reaction of 2,1-chloroalkoxy radicals,
OCH2CCl(CH3)C(O)OCH3, with O2 cannot be completely
excluded.
The measured yield for HCHO is lower than that expected

from the occurrence of pathway B in Figure 2; however, the
observation of the formation of methoxy formylperoxynitrate
supports that quite a substantial fraction of the CH3OC(O)
radicals, formed in pathway B, are retained in the form of this
fairly stable peroxy nitrate.37−39

The finding that OH addition to the double bond in MMA
results in close to unity cleavage of the C1−C2 bond to form
methyl pyruvate and CH2OH radicals, which react further to
formHCHO, is in agreement with the findings of a previous GC-
MS product determination study on the reactions of OH with
methyl methacrylate, ethyl methacrylate, and n-butyl methacry-
late.12

The results contrast sharply with those obtained for the
reaction of Cl with MMA, where although cleavage of the C1−C2
bond to formmethyl pyruvate and formyl chloride was observed,
it only accounted for around 25% of the degradation mechanism.
Cleavage of the C2−C3 bond to form chloroacetone and
CH3OC(O) radicals was found to be a more important channel
with a yield of around 41%. Further, the gap in the carbon balance
and the lack of other C−C bond cleavage products in the residual
product spectrum supports that a C-chain retaining channel is
also operative, leading most probably to the formation of
CH2ClC(O)C(O)OCH3.
This product channel branching behavior observed for the

reaction of Cl with MMA not only contrasts sharply with that of
the analogous OH reaction as stated above but also with that
observed for the reaction of Cl with methyl acrylate (MA) where
no C−C bond cleavage was observed,28 and the only product
channel was assumed to be a C-chain retaining product, i.e.,
CH2ClC(O)C(O)OCH3, the same product that is thought to be
formed in the Cl/MMA/NO reaction through elimination of a
CH3 group from the MMA C-skeleton. This dramatic difference
in the contributions of the various reaction channels to the fate of
the 1,2-hydroxyalkoxy and 1,2-chloroalkoxy formed in the
reactions of OH and Cl with MA and MMA can probably be
attributed to the differences in the distribution of the excess
energy in the hydroalkoxy and chloroalkoxy radicals arising from
the exothermic reactions of the corresponding peroxy radicals
with NO. It would be interesting to study any changes in the
product distributions when the 1,2-hydroxyalkoxy and 1,2-

Figure 4. (a) Panel A: A spectrum of methyl methacrylate (MMA) in
the spectral range 2300−700 cm−1 before irradiation in a MMA/Cl2/
NO/air reaction mixture. Panel B: The product spectrum after
irradiation and subtraction of features due to MMA. Absorptions due
to the products CO, HC(O)Cl, and CH3C(O)CH2Cl are highlighted.
Panel C shows the residual product spectrum after subtraction of
HC(O)Cl, CH3C(O)CH2Cl from the spectrum in panel B. (b)
Concentration−time profiles of methyl methacrylate (MMA) and the
reaction products CH3C(O)CH2Cl, HC(O)Cl, CO, HCHO, and
methyl pyruvate obtained from the irradiation of a MMA/Cl2/NO/air
reaction mixture. (C): Plots of the concentrations of the reaction
products CH3C(O)CH2Cl, HC(O)Cl, CH3C(O)C(O)OCH3 and
CH2O as a function of reacted methyl methacrylate (MMA) obtained
from the irradiation of a MMA/Cl2/NO/air reaction mixture.
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chloroalkoxy are formed via nearly thermo-neutral peroxy−
peroxy reactions. Such information is necessary for modeling the
oxidation of the VOCs in low NOx regimes.
Reactions of Cl atoms with VOCs are often used as a surrogate

for the corresponding OH reactions since the Cl reactions are
approximately 1 order of magnitude faster, are generally easier to
study, and are assumed to proceed by similar reaction
mechanisms. These studies show that, although these
assumptions are probably true for mechanisms involving only
H-atom abstraction, care should be taken into account when
addition to alkene entities is involved in the mechanism since
branching ratios for the possible product channels can be
completely different and would lead to completely wrong
reaction schemes and prediction of environmental impacts if
transferred to the OH radical.
The persistence of methacrylates in the atmosphere is short,

on the order of a few hours (dominated by OH radical
chemistry).14,22 These short lifetimes indicate that the
methacrylates will be degraded close to their emission sources.
Since the degradation products can contribute to ozone and
photooxidants formation in the troposphere to different degrees,
it is important to know the product branching for different
atmospheric conditions. This study and ongoing work in our
laboratories supports that the product branching ratios for the
reactions of OH radicals and Cl atoms with acrylate esters are
particularly NOx sensitive and need further investigation to
correctly represent the oxidation mechanisms of this class of
compounds in atmosphere CT models.
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