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Products of the OH Radical-Initiated Reactions of Furan, 2- and
3‑Methylfuran, and 2,3- and 2,5-Dimethylfuran in the Presence of NO
Sara M. Aschmann, Noriko Nishino,† Janet Arey,*,‡ and Roger Atkinson*,‡

Air Pollution Research Center, University of California, Riverside, California 92521, United States

*S Supporting Information

ABSTRACT: Products of the gas-phase reactions of OH radicals with furan, furan-d4, 2- and
3-methylfuran, and 2,3- and 2,5-dimethylfuran have been investigated in the presence of NO
using direct air sampling atmospheric pressure ionization tandem mass spectrometry (API-MS
and API-MS/MS), and gas chromatography with flame ionization and mass spectrometric
detectors (GC−FID and GC−MS) to analyze samples collected onto annular denuders
coated with XAD solid adsorbent and further coated with O-(2,3,4,5,6-pentafluorobenzyl)-
hydroxylamine for derivatization of carbonyl-containing compounds to their oximes. The
products observed were unsaturated 1,4-dicarbonyls, unsaturated carbonyl-acids and/or
hydroxy-furanones, and from 2,5-dimethylfuran, an unsaturated carbonyl-ester. Quantification
of the unsaturated 1,4-dicarbonyls was carried out by GC−FID using 2,5-hexanedione as an
internal standard, and the measured molar formation yields were: HC(O)CHCHCHO
(dominantly the E-isomer) from OH + furan, 75 ± 5%; CH3C(O)CHCHCHO
(dominantly the E-isomer) from OH + 2-methylfuran, 31 ± 5%; HC(O)C(CH3)CHCHO (a E-/Z-mixture) from OH +
3-methylfuran, 38 ± 2%; and CH3C(O)C(CH3)CHCHO from OH + 2,3-dimethylfuran, 8 ± 2%. In addition, a formation
yield of 3-hexene-2,5-dione from OH + 2,5-dimethylfuran of 27% was obtained from a single experiment, in good agreement with
a previous value of 24 ± 3% from GC−FID analyses of samples collected onto Tenax solid adsorbent without derivatization.

■ INTRODUCTION

Furan and alkylfurans are emitted directly into the atmosphere
as well as being formed in situ from atmospheric degradation of
certain other volatile organic compounds.1−3 Furan and
alkylfurans are transformed further in the atmosphere by
reactions with OH radicals, NO3 radicals, O3 and Cl atoms,4

and the products of their OH radical-initiated reactions include
unsaturated 1,4-dicarbonyls.5−8 These reactions may therefore
be useful as potentially clean in situ laboratory sources of
unsaturated 1,4-dicarbonyls, which are otherwise not readily
available.6,7 In this work, we have extended our previous
measurements of the rate constants for the reactions of OH
radicals with 2- and 3-methylfuran and 2,3- and 2,5-
dimethylfuran and of the formation yield of 3-hexene-2,5-
dione from OH + 2,5-dimethylfuran7 to investigate the
products formed from OH + furan, 2- and 3-methylfuran and
2,3-dimethylfuran in the presence of NO. Additional product
analyses are presented for OH + 2,5-dimethylfuran for
comparison with the furan, 2- and 3-methylfuran and 2,3-
dimethylfuran reactions. The loss processes of the unsaturated
1,4-dicarbonyls, which are also products of OH + aromatic
hydrocarbon reactions,9−14 were also explored.

■ EXPERIMENTAL METHODS

Experiments were carried out at 296 ± 2 K and ∼735 Torr
pressure of dry purified air in ∼7000 L Teflon chambers, each
equipped with two parallel banks of black lamps for irradiation
at >300 nm and with a Teflon-coated fan to ensure rapid
mixing during the introduction of chemicals into the chamber.

OH radicals were generated by the photolysis of methyl nitrite
(CH3ONO), and NO was also included in the reactant
mixtures to suppress the formation of O3 and hence of NO3

radicals. Unless noted otherwise, all irradiations were carried
out at a light intensity corresponding to an NO2 photolysis rate
of 0.14 min−1.

Analyses by Gas Chromatography. A series of
CH3ONO−NO−furan−air irradiations were carried out, with
initial concentrations (molecules cm−3) of CH3ONO and NO,
∼1.2 × 1014 each; furan, (1.91−2.54) × 1013; and 2,5-
hexanedione (used as an internal standard; see below), (6.10−
8.50) × 1012. Each experiment involved a single irradiation of
duration 1.5−8 min, resulting in 35−64% consumption of the
initially present furan. Three preliminary experiments with 2,3-
dimethylfuran were carried out with similar initial CH3ONO,
NO and 2,3-dimethylfuran concentrations, with the 2,5-
hexanedione internal standard being present initially in one
experiment (2.27 × 1012 molecules cm−3) and being added
after the irradiation in the other two (2.30 × 1012 and 8.99 ×
1012 molecules cm−3). In these three experiments, the mixtures
were irradiated for 3−4 min, with 49−61% consumption of 2,3-
dimethylfuran.
The concentrations of the furans and 2,5-hexanedione (and

3-hexene-2,5-dione in the OH + 2,5-dimethylfuran reaction)
were measured before and after the irradiation by gas
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chromatography with flame ionization detection (GC−FID).
Gas samples of 100 cm3 volume were collected from the
chamber onto Tenax-TA solid adsorbent, with subsequent
thermal desorption at ∼205 °C onto a 30 m DB-1701
megabore column, temperature programmed from −40 °C at 8
°C min−1. For the analysis of furan, gas samples were collected
from the chamber into a 100 cm3 volume all-glass gastight
syringe and transferred via a 1 cm3 gas sampling loop onto a 30
m DB-5 megabore column initially held at −25 °C and then
temperature programmed at 8 °C min−1. Replicate analyses
before and after the irradiations typically agreed to within 3%.
Samples were collected, starting immediately after the lights

were turned off, for 60 min at 15 L min−1 using an XAD-coated
denuder, further coated with O-(2,3,4,5,6-pentafluorobenzyl)-
hydroxylamine (PFBHA) prior to sampling,13,15 and extracted
as described previously.13 The extracts were analyzed by
positive chemical ionization gas chromatography−mass spec-
trometry (PCI GC−MS) and GC−FID, both analyses using 30
m DB-5 columns. The PCI GC−MS analyses used an Agilent
6890N GC interfaced to an Agilent 5975 Inert XL Mass
Selective Detector operated with methane as the reagent gas.
Each carbonyl group derivatized to an oxime added 195 mass
units to the compound’s molecular weight (mw), and methane-
PCI gave characteristic protonated molecules ([M+H]+) and
smaller adduct ions at [M+29]+ and [M+41]+.13

An analogous CH3ONO−NO−3-methyl-2-butenal−air irra-
diation was carried out, with 2,5-hexanedione present as an
internal standard, to measure the glyoxal formation yield from
OH + 3-methyl-2-butenal and compare it with the yield
previously measured using in situ Fourier transform infrared
(FTIR) spectroscopy.16 The initial concentrations (molecules
cm−3) were CH3ONO and NO, ∼1.2 × 1014 each; 3-methyl-2-
butenal, 2.11 × 1013; and 2,5-hexanedione, 4.06 × 1012. The
mixture was irradiated for 3 min, resulting in 50% reaction of
the initially present 3-methyl-2-butenal. The concentrations of
3-methyl-2-butenal and 2,5-hexanedione were measured by
GC−FID analyses of samples collected onto Tenax solid
adsorbent, and those of the dioximes of 2,5-hexanedione and
glyoxal were measured by GC−FID analyses of an extract of a
PFBHA-coated denuder sample, as described above.

Analyses by API-MS/MS. CH3ONO−NO−furan−air
irradiations were carried out during which the chamber
contents were sampled through a 25 mm diameter × 75 cm
length Pyrex tube at ∼20 L min−1 directly into the API-MS
source. The operation of the API-MS in the MS (scanning) and
MS/MS [with collision activated dissociation (CAD)] modes
has been described previously.7,17 Both positive and negative
ion modes were used in this work. In positive ion mode,
protonated water hydrates (H3O

+(H2O)n) generated by the
corona discharge in the chamber diluent air were responsible

Scheme 1
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for the formation of protonated molecules ([M+H]+), water
adduct ions [M+H+H2O]+, and protonated homo- and
heterodimers,7,17 while in negative ion mode O2

−, NO2
− and

NO3
− ions were responsible for formation of adduct ions.17

The initial concentrations and experimental conditions were
similar to those of the product studies, except that 2,5-
hexanedione was not present.
Chemicals. The chemicals used, and their stated purities,

were 2,3-dimethylfuran (99%), 2,5-dimethylfuran (99%), furan
(99+%), 2,5-hexanedione (98+%), 3-methyl-2-butenal (97%),
2-methylfuran (99%), O-(2,3,4,5,6-pentafluorobenzyl)-
hydroxylamine hydrochloride (>98%), 1,2,3-trimethylbenzene
(90%), o-xylene (97%), and p-xylene (99+%), Aldrich; E-3-
hexene-2,5-dione (GC−MS analyses of its dioximes in samples
collected from the chamber onto a PFBHA-coated denuder
showed no detectable Z-isomer), Hestia Laboratories Inc.;
furan-d4, (98 atom % D), Isotec; 3-methylfuran (98%), Arcos
Organic; 5-hydroxy-2-pentanone (≥96%), TCI America; and
NO (≥99.0%), Matheson Gas Products. Methyl nitrite was
prepared as described by Taylor et al.18 and stored at 77 K
under vacuum.

■ RESULTS AND DISCUSSION
Our recent product study of the OH + 2,5-dimethylfuran
reaction7 showed the formation of the unsaturated 1,4-
dicarbonyl 3-hexene-2,5-dione (mw 112) plus additional
products of mw 114 and mw 128 in both the presence and
absence of NOx, with the 3-hexene-2,5-dione yield being higher
in the absence of NOx (34 ± 3%) than in the presence of NOx
(24 ± 3%, independent of initial NO concentration over the
range (2.4−24) × 1013 molecules cm−3).7 The formation of 1,4-
butenedial from OH + furan,5,6 4-oxo-2-pentenal from OH + 2-
methylfuran,5,6 2-methyl-1,4-butenedial from OH + 3-methyl-
furan,6 and 3-hexene-2,5-dione from OH + 2,5-dimethylfuran7

implies that these unsaturated 1,4-dicarbonyls are formed after
initial OH addition at the 2- or 5-positions (pathway A in
Scheme 1).5−7 However, the formation of additional products
from OH + 2,5-dimethylfuran and the effect of NOx on the 3-
hexene-2,5-dione yield showed that additional reaction path-
ways are operative,7 and these are denoted as pathways B, C

and D in Scheme 1. Table 1 lists the molecular weights of the
potential products formed from these four pathways, noting
that for OH radical addition at the 2- or 5-positions, different
molecular weight products are formed from 2-methylfuran and
2,3-dimethylfuran through pathways B and C depending on
whether the initial OH radical addition is at the 2- or 5-
position. OH radical addition at the 3- or 4-positions would
lead to the same carbonyl-ester products as formed after
addition at the 2- or 5-positions, respectively, via pathway D
(see Supporting Information to ref 7).

Analysis by API-MS. In positive ion mode prior to reaction,
ion peaks due to the furans were observed at M+, [M+H]+ and
[M+NO]+. Additional ion peaks were observed after reaction,
and API-MS spectra from the reactions of furan, 2- and 3-
methylfuran and 2,3-dimethylfuran during the initial stages of
the reactions are shown in Figure 1. An analogous API-MS
spectrum from the 2,5-dimethylfuran reaction was presented in
Aschmann et al.7 The assignments of these ion peaks, based on
API-MS/MS spectra, are noted in the caption to Figure 1 and
the molecular weights of the products observed, and whether
they were observed in negative ion mode as well as in positive
ion mode, are listed in Table 1. An example of the negative ion
mode API-MS spectra obtained is shown in Figure 2 for the
OH + 2-methylfuran reaction, and the ion peak assignments are
given in the caption to Figure 2. The API-MS negative ion
mode spectra for furan, furan-d4, 3-methylfuran, and 2,3- and
2,5-dimethylfuran were analogous, with the ion peaks being
assigned to either one (furan, furan-d4, 3-methylfuran, and 2,5-
dimethylfuran) or two (2-methylfuran and 2,3-dimethylfuran)
product masses (Table 1).
All of the furans studied here show the presence of product

masses consistent with those expected from pathway A and
pathways B and/or C in Scheme 1, noting that pathways B and
C lead to the same product masses. Pathway D can only be
discriminated from pathways B and C for the furan-d4 and 2,5-
dimethylfuran reactions (Table 1). The API-MS spectra
showed evidence for the occurrence of pathway D in the OH
+ 2,5-dimethylfuran reaction (ref 7 and Table 1), but not in the
OH + furan-d4 reaction. The products attributed to formation
via pathways B and/or C were observed in both positive and

Table 1. Products Formed from the Furans Studied from API-MS and API-MS/MS Analyses

molecular weight of potential products (Scheme 1)

furan pathway A pathway B pathway C pathway D observed products from API-MS analyses and ion peak attribution

furan 84 100 100 100 84,a,b HC(O)CHCHCHO
100,a,c HC(O)CHCHC(O)OH and/or isomerd

furan-d4 88 103 103 104 88,a DC(O)CDCDCDO
103,a,c DC(O)CDCDC(O)OH and/or isomerd

2-methylfuran 98 100, 114 100, 114 114 98,a,b CH3C(O)CHCHCHO
100,a,c HC(O)CHCHC(O)OH and/or isomerd

114,a,c CH3C(O)CHCHC(O)OH and/or isomerd

3-methylfuran 98 114 114 114 98,a,e HC(O)C(CH3)CHCHO
114a,c HC(O)C(CH3)CHC(O)OH and/or isomerd

2,3-dimethylfuran 112 114, 128 114, 128 128 112,a,e CH3C(O)C(CH3)CHCHO
114,a,c HC(O)CC(CH3)C(O)OH and/or isomerd

128,a,c CH3C(O)C(CH3)CHC(O)OH and/or isomerd

2,5-dimethylfuran 112 114 114 128 112a,e CH3C(O)CHCHC(O)CH3

114,a,c CH3C(O)CHCHC(O)OH and/or isomerd

128,a CH3C(O)OCHCHC(O)CH3

aObserved in positive ion mode. bSmall NO2
− adduct peak observed in negative ion mode (see Figure 2 and its caption for the case of 2-

methylfuran). cObserved in negative ion mode. dSee Scheme 1, pathways B and C. eSmall ion peak present in negative ion mode which could have
been the NO2

− adduct ion.
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negative ion modes, whereas those from pathways A and D
were observed mainly in positive ion mode (see footnotes to
Table 1).
Analyses by GC−MS. GC−MS analyses of extracts of

samples collected using PFBHA-coated denuders showed the
presence of the expected unsaturated 1,4-dicarbonyls (pathway
A in Scheme 1, and Table 1). A PCI GC−MS total ion
chromatogram (TIC) is shown in Figure 3 for the furan
reaction, and Figures S1−S4 in the Supporting Information
show the PCI GC−MS TICs for 2- and 3-methylfuran and 2,3-
and 2,5-dimethylfuran. Most experiments were carried out with
the internal standard 2,5-hexanedione present in the initial
reactant mixtures (i.e., before reaction). The rate constant for
the reaction of OH radicals with 2,5-hexanedione has been
measured to be (7.13 ± 0.34) × 10−12 cm3 molecule−1 s−1 at
298 K,19 and hence 2,5-hexanedione is less reactive toward OH
radicals than the furans studied here, by factors of 6−18.4,7
Based on the measured concentrations of 2,5-hexanedione
before and after reaction, the percentages of 2,5-hexanedione,
which were consumed by reaction were 11−17% in the furan
reactions and ≤6% in the 2- and 3-methylfuran and 2,3- and

2,5-dimethylfuran reactions, consistent with expectations based
on the relative reactivities of 2,5-hexanedione and the furans
and the fractions of the furans reacted. The unsaturated 1,4-
dicarbonyls and glyoxal, methylglyoxal, 2,3-butanedione and 3-

Figure 1. Positive mode API-MS spectra of irradiated CH3ONO−
NO−furan−air mixtures. The ion peaks are attributed to: OH + furan,
m/z 85, [84+H]+; m/z 101, [100+H]+; m/z 119, [100+H+H2O]

+; m/
z 185, [84+100+H]+; and m/z 201, [100+100+H]+; OH + 2-
methylfuran, m/z 99, [98+H]+; m/z 101, [100+H]+; m/z 115,
[114+H]+; m/z 117, [98+H+H2O]

+; m/z 119, [100+H+H2O]
+; m/z

133, [114+H+H2O]+; m/z 199, [98+100+H]+; m/z 201,
[100+100+H]+; m/z 213, [98+114+H]+; m/z 215, [100+114+H]+;
and m/z 229, [114+114+H]+; OH + 3-methylfuran, m/z 99, [98+H]+;
m/z 115, [114+H]+; m/z 133, [114+H+H2O]+; m/z 213,
[98+114+H]+; and m/z 229, [114+114+H]+; OH + 2,3-dimethylfur-
an, m/z 97, [2,3-dimethylfuran+H]+; m/z 113, [112+H]+; m/z 115,
[114+H]+; m/z 129, [128+H]+; m/z 131, [112+H+H2O]

+; m/z 133,
[114+H+H2O]

+; m/z 147, [128+H+H2O]
+; m/z 225, [112+112+H]+;

m/z 227, [112+114+H]+; m/z 229, [114+114+H]+; m/z 241,
[112+128+H]+; m/z 243, [114+128+H]+; and m/z 257,
[128+128+H]+.

Figure 2. Negative mode API-MS spectrum of an irradiated
CH3ONO−NO−2-methylfuran−air mixture. The ion peaks are
attributed to: m/z 132, [100+O2]

−; m/z 144, [98+NO2]
−; m/z 146,

[100+NO2]
− and [114+O2]

−; m/z 160, [114+NO2]
−; m/z 162,

[100+NO3]
−; m/z 174, [114+60]−; m/z 176, [114+NO3]

−; m/z 199,
[100+100−H]−; m/z 213, [100+114−H]−; m/z 227, [114+114−H]−;
m/z 246, [100+114+O2]

− and [100+100+NO2]
−; and m/z 260,

[114+114+O2]
− and [100+114+NO2]

−.

Figure 3. Positive chemical ionization GC−MS total ion chromato-
gram (TIC) of an extract of a PFBHA-coated denuder sample
collected after 4 min irradiation of a CH3ONO−NO−furan−2,5-
hexanedione (internal standard, IS)−air mixture, with 38% con-
sumption of the initially present furan. IS = dioximes of 2,5-
hexanedione, the internal standard; peak #1, mono-oxime of molecular
weight (mw) 92 carbonyl; peak #2, mono-oxime of CH3C(O)-
CH2CHO (mw 86) formed from OH + 2,5-hexanedione, the internal
standard; peaks #3 and #4, from derivatizing agent; peaks #5, dioximes
of glyoxal; peaks #6, dioximes of CH3C(O)CH2CHO (mw 86)
formed from OH + 2,5-hexanedione; and mw 84 dioximes of
HC(O)CHCHCHO.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp410345k | J. Phys. Chem. A 2014, 118, 457−466460



oxobutanal [CH3C(O)CH2CHO] were identified by matching
GC retention times and mass spectra of their oximes with those
generated in situ from OH radical-initiated reactions of o-
xylene, p-xylene, 1,2,3-trimethylbenzene, and 5-hydroxy-2-
pentanone, which form these compounds.13,20,21 A major
expected product of OH + 2,5-hexanedione is 3-oxobutanal,
and this mw 86 dicarbonyl was observed in all PCI GC−MS
analyses when 2,5-hexanedione was present prior to reaction
(and in much lesser amounts when 2,5-hexanedione was not
present prior to reaction, presumably due to carry-over from
previous experiments).
The products observed from the OH + furan reactions by

GC−MS were then as follows: from furan: 1,4-butenedial
[HC(O)CHCHCHO], glyoxal, and a mw 92 carbonyl; from
2-methylfuran, 4-oxo-2-pentenal [CH3C(O)CHCHCHO],
glyoxal, methylglyoxal, a mw 100 product, and a mw 114
product(s); from 3-methylfuran, 2-methyl-1,4-butenedial [HC-
(O)C(CH3)CHCHO], glyoxal, methylglyoxal, and mw 114
product(s); from 2,3-dimethylfuran, 3-methyl-4-oxo-2-pentenal
[CH3C(O)C(CH3)CHCHO], glyoxal, methylglyoxal, biace-
tyl, mw 60 carbonyl (most likely a hydroxycarbonyl and hence
glycolaldehyde, HOCH2CHO), mw 114 carbonyl, plus other
unidentified peaks; and from 2,5-dimethylfuran, 3-hexene-2,5-
dione [CH3C(O)CHCHC(O)CH3], glyoxal, methylglyoxal,
and mw 114 carbonyl. Based on the PCI GC−MS TICs,
glyoxal, methylglyoxal and 2,3-butanedione formation was
minor in all cases, and could have arisen as second-generation
products.5 Bierbach et al.5 also observed the formation of
glyoxal from OH + furan (with a formation yield of 8.2% in the
initial stages of reaction, decreasing to 4.4% at higher extents of
reaction), and of glyoxal and methylglyoxal from OH + 2-
methylfuran (with formation yields of 1.5−4.8% and 1.6−2.3%,
respectively, both increasing with the extent of reaction), both
reactions being studied in the absence of NOx.
The dioxime profiles from the GC−MS analyses can be

compared to those for the reactions of OH radicals with
aromatic hydrocarbons,7,13,20 where the unsaturated 1,4-
dicarbonyls are assumed to be formed in the Z-configuration
based on the observation that 3-hexene-2,5-dione is formed
from OH + p-xylene and 1,2,4-trimethylbenzene in the Z-
configuration,7,11 recognizing that Z-/E-photoisomerization
occurs and that short irradiation times are hence necessary to
maintain the initial Z-/E-distribution. For dicarbonyls not
containing a CC bond, there are up to four dioximes,
depending on symmetry, these being syn,syn; syn,anti; anti,syn
and anti,anti. For the unsaturated 1,4-dicarbonyls that exist as
Z- and E-isomers, there are up to eight dioximes, with six for
those with a center of symmetry such as 1,4-butenedial and 3-
hexene-2,5-dione, noting that because of coelution and/or
dominance of certain configurations, not all possible dioximes
may be observed.13

Figures 4 and 5 compare the dioxime profiles from the furan
reactions with those from OH + aromatic experiments
conducted at low extents of reaction. Assuming that the
unsaturated 1,4-dicarbonyls formed from the OH + aromatic
reactions are totally or almost totally in the Z-form (recognizing
that some Z-/E-photoisomerization will occur, even for short
irradiation times), it is obvious that 1,4-butenedial from the OH
+ furan reaction is formed dominantly as the E-isomer (Figure
4, traces 1A and 1B), 4-oxo-2-pentenal from OH + 2-
methylfuran is mainly in the E-form (Figure 4, traces 2A and
2B), and 2-methyl-1,4-butenedial from OH + 3-methylfuran is
formed in a Z-/E-mixture (Figure 5, traces 1A and 1B). 3-

Methyl-4-oxo-2-pentenal from OH + 2,3-dimethylfuran also
appears to be formed in a Z-/E-mixture (Figure 5, traces 2A
and 2B), although this interpretation is less straightforward
than for the furan and 2- and 3-methylfuran reactions. We
previously found,7 from GC−FID measurements of under-
ivatized 3-hexene-2,5-dione, that in the presence of NO the OH
+ 2,5-dimethylfuran reaction forms 3-hexene-2,5-dione in the
ratio 69 ± 4% Z/31 ± 4% E. In the presence of NO, there
appears to be a gradual change from dominantly E-isomer
formation of 1,4-butenedial from OH + furan to mainly Z-
isomer formation of 3-hexene-2,5-dione from OH + 2,5-
dimethylfuran. Our observation of mainly E unsaturated 1,4-
dicarbonyl formation from OH + furan and 2-methylfuran is in
agreement with the previous in situ Fourier transform infrared
(FT-IR) spectral data of Bierbach et al.5 for OH + furan and 2-
methylfuran and the solid phase microextraction (SPME) fiber
analyses of Goḿez Alvarez et al.6 for OH + furan.

Quantification of the Unsaturated 1,4-Dicarbonyls.
Concentrations Measured from Denuder Samples with
Internal Standards. Since unsaturated 1,4-dicarbonyls, other
than diketones like 3-hexene-2,5-dione7,11 and 3-methyl-3-
hexene-2,5-dione,14 do not appear to elute from GC columns
without prior derivatization, the unsaturated 1,4-dicarbonyls
were quantified as their dioximes. For the 3-methylfuran and
2,3-dimethylfuran reactions, minor amounts of mono-oximes
were also observed and quantified. 2,5-Hexanedione was used
as an internal standard, with its concentration in the chamber
being measured by GC−FID analyses of samples collected onto
Tenax solid adsorbent (without derivatization) and with it

Figure 4. Positive chemical ionization GC−MS analyses of extracts of
PFBHA-coated denuder samples collected after CH3ONO−NO−air
irradiations. 1A: m/z = 475 [M+H]+ of dioximes of HC(O)CH
CHCHO from a furan reaction after 6 min irradiation; 1B: m/z = 475
[M+H]+ of dioximes of HC(O)CHCHCHO from an o-xylene
reaction after 4 min irradiation; 2A: m/z = 489 [M+H]+ of dioximes of
CH3C(O)CHCHCHO from a 2-methylfuran reaction after 2 min
irradiation; and 2B: m/z = 489 [M+H]+ of dioximes of CH3C(O)-
CHCHCHO from an o-xylene reaction after 4 min irradiation.
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being observed in the PFBHA-coated denuder samples as its
dioximes (no mono-oximes of 2,5-hexanedione were observed).
Hence by ratioing the GC−FID peaks areas of the oximes of
the unsaturated 1,4-dicarbonyls to those of 2,5-hexanedione
and taking into account the differing FID responses of the
oximes of the unsaturated 1,4-dicarbonyls and of 2,5-
hexanedione (using the Effective Carbon Numbers (ECNs)
of Scanlon and Willis22 and Nishino et al.23), the concen-
trations of the unsaturated dicarbonyls in the chamber could be
derived.
As a check on this approach, the glyoxal formation yield from

OH + 3-methyl-2-butenal was measured using this procedure.
After correcting for the GC−FID responses of the dioximes of
2,5-hexanedione and glyoxal using their calculated ECNs,22,23

and for reaction of glyoxal with OH radicals,16 the glyoxal
formation yield was determined to be 40 ± 5%, where the
indicated error is two standard deviations of the four replicate
analyses of the extract combined with estimated uncertainties in
the GC−FID response factors for 3-methyl-2-butenal and 2,5-
hexanedione of ±5% each. This formation yield is in excellent
agreement with that of 40 ± 3% measured by Tuazon et al.16

using in situ FT-IR spectroscopy, indicating that the collection

and derivatization efficiencies of 2,5-hexanedione and glyoxal
were essentially identical and that the use of the calculated
ECNs was appropriate.
The before and after reaction concentrations of the furans

and the after reaction concentrations of the unsaturated 1,4-
dicarbonyls are listed in Table S1 (Supporting Information) (in
parts-per-billion (ppbV) mixing ratio; 1 ppbV = 2.40 × 1010

molecules cm−3 for the temperature and total pressure
conditions of this study). As evident from Table S1, up to
five replicate postreaction GC−FID analyses of the extract of
the PFBHA-coated denuder sample were conducted, with
excellent reproducibility relative to the internal standard.

Corrections for Losses of Unsaturated 1,4-Dicarbonyls.
The unsaturated 1,4-dicarbonyls also react with OH radicals
and undergo photolysis, and these unsaturated dicarbonyl loss
processes need to be taken into account in order to obtain their
formation yields. For a given furan, the OH radical
concentrations averaged over the irradiation period were
independent of the irradiation time, with ≤13% change in the
OH radical concentration for a factor of 2 change in the
irradiation time (see the denuder samples in Table S2
(Supporting Information), for which the irradiation times
were varied for identical initial CH3ONO and NO concen-
trations). Hence the OH radical concentrations could be taken
to be constant during an individual experiment, and corrections
for secondary reactions were carried out as described
previously,24 with k(unsaturated 1,4-dicarbonyl)/k(furan) =
k2/k1 = {k(OH + unsaturated 1,4-dicarbonyl)[OH] +
k(photolysis of unsaturated 1,4-dicarbonyl) + k(wall loss of
unsaturated 1,4-dicarbonyl)}/k(OH + furan)[OH], and with
the correction factors depending on the ratio k2/k1 and the
extent of reaction.24

Rate constants for the OH radical reactions of the Z and E
unsaturated 1,4-dicarbonyls and their rates of photolysis by
blacklamps are, however, not well-known. Rate constants have
been measured for the reactions of OH radicals with 1,4-
butenedial, 4-oxopentenal and 3-hexene-2,5-dione, with room
temperature rate constants of (in units of 10−11 cm3 molecule−1

s−1): Z-1,4-butenedial, 5.29 ± 0.11;25,26 E-1,4-butenedial, 3.45
± 0.34;27 Z-/E-mixture of 4-oxo-2-pentenal, 5.67 ± 0.22;25,26

Z-3-hexene-2,5-dione, 5.90 ± 0.57;7 and E-3-hexene-2,5-dione,
4.14 ± 0.02.7

We obtained additional information concerning the rate
ratios k2/k1 pertinent to our experiments by analyzing the
time−concentration behavior of the unsaturated 1,4-dicarbon-
yls during OH radical-initiated reactions of the furans. This
included additional experiments comprising continuous irradi-
ations of CH3ONO−NO−furan−air mixtures with analysis of
the unsaturated 1,4-dicarbonyls every ∼3 min by API-MS.
These data are presented and discussed in the Supporting
Information, with Table S2 including data from the experi-
ments with denuder sampling as well as from the additional
experiments with API-MS analyses. On the basis of the available
literature data concerning photolysis and reaction with OH
radicals, and consistent with the values of k2/k1 obtained for
unsaturated 1,4-dicarbonyl formation from our OH + furan
reactions (see Supporting Information), we used rate constants
for the OH radical reactions of (in units of 10−11 cm3

molecule−1 s−1) of: E-1,4-butenedial, 3.45;27 4-oxo-2-pentenal,
5.67;25,26 2-methyl-1,4-butenedial and 3-methyl-4-oxo-2-pente-
nal, 6.0 each (estimated); and 3-hexene-2,5-dione, 5.35
(applicable for a 69% Z-/31% E-mixture7). A photolysis rate
of J(unsaturated 1,4-dicarbonyl)/J(NO2) = 0.14 was used for

Figure 5. Positive chemical ionization GC−MS analyses of extracts of
PFBHA-coated denuder samples collected after CH3ONO−NO−air
irradiations. 1A: m/z = 489 [M+H]+ of dioximes of HC(O)C(CH3)
CHCHO from a 3-methylfuran reaction after 4 min irradiation; 1B:
m/z = 489 [M+H]+ of dioximes of HC(O)C(CH3)CHCHO from a
p-xylene reaction after 4 min irradiation; 2A: m/z = 503 [M+H]+ of
dioximes of CH3C(O)C(CH3)CHCHO from a 2,3-dimethylfuran
reaction after 3 min irradiation; and 2B: m/z = 503 [M+H]+ of
dioximes of CH3C(O)C(CH3)CHCHO from a 1,2,3-trimethylben-
zene (1,2,3-TMB) reaction after 2 min irradiation. The peaks labeled
with asterisks in 2B are not due to CH3C(O)C(CH3)CHCHO (the
first asterisked peak being a m/z = 503 [M+H−H2O]

+ of dioximes of a
molecular weight 130 hydroxydicarbonyl, possibly CH3C(O)C(O)C-
(CH3)(OH)C(O)CH3 or isomer formed as a second-generation
product from OH + unsaturated 1,4-dicarbonyl). An additional ion
peak must not be due to CH3C(O)C(CH3)CHCHO, since a
maximum of eight are expected.
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1,4-butenedial and of 0.20 for 4-oxo-2-pentenal and 2-methyl-
1,4-butenedial, based on the experimental data of Bierbach et
al.25 for Z- and E-1,4-butenedial and a Z-/E-mixture of 4-oxo-2-
pentenal and of Thüner et al.28 for E-1,4-butenedial and Z-4-
oxo-2-pentenal. For our experimental conditions, photolysis
was a minor fraction (14−22%) of the OH radical reaction rate
for 1,4-butenedial, 4-oxo-2-pentenal, and 2-methyl-1,4-butene-
dial formed in the furan and 2- and 3-methylfuran reactions.
Photolysis (other than photoisomerization) of 3-hexene-2,5-
dione by black lamps is not important7,11 and this was also
assumed to be the case for 3-methyl-4-oxo-2-pentenal.
The use of these photolysis rates and OH radical reaction

rate constants for the unsaturated 1,4-dicarbonyls, combined
with OH radical reaction rate constants for the furans,7 resulted
in ratios k2/k1 of 1.02−1.04 for formation of 1,4-butenedial
(predominantly the E-isomer) from OH + furan, 0.899−0.914
for formation of 4-oxo-2-pentenal from OH + 2-methylfuran,
0.783−0.792 for formation of 2-methyl-1,4-butenedial from
OH + 3-methylfuran, 0.476 for formation of 3-methyl-4-oxo-2-
pentenal from OH + 2,3-dimethylfuran, and 0.428 for
formation of 3-hexene-2,5-dione from OH + 2,5-dimethylfuran,
where the ranges for the furan and 2- and 3-methylfuran
reactions are due to the varying importance of photolysis versus
OH radical reaction of the unsaturated 1,4-dicarbonyl formed
in the individual denuder experiments (Table S2, Supporting
Information). The use of these k2/k1 ratios to correct for
secondary reactions resulted in unsaturated 1,4-dicarbonyl
formation yields which showed no obvious trend with extent of
reaction, and therefore indicating that these values of k2/k1
were reasonable (see also Figures S5−S8 and the associated
text in the Supporting Information). The resulting unsaturated
1,4-dicarbonyl formation yields are listed in Table 2. Note that
in the single OH + 2,5-dimethylfuran experiment, 3-hexene-2,5-
dione was also quantified from GC−FID analyses of samples
collected onto Tenax solid adsorbent, with agreement to within
20% between analyses of 3-hexene-2,5-dione analyses from
Tenax samples (without derivatization) and as its dioximes
from extracts of PFBHA-coated denuder samples (Table 2).
The multiplicative correction factors24 to account for losses

of the unsaturated 1,4-dicarbonyls were 1.28−1.63 for 1,4-

butenedial formation from OH + furan, 1.25−1.40 for 4-oxo-2-
pentenal formation from OH + 2-methylfuran, 1.27−1.43 for 2-
methyl-1,4-butenedial formation from OH + 3-methylfuran,
1.23−1.32 for 3-methyl-4-oxo-2-pentenal formation from OH +
2,3-dimethylfuran, and 1.10 for 3-hexene-2,5-dione formation
from the single OH + 2,5-dimethylfuran reaction. While there
are significant uncertainties in the k2/k1 ratios, especially for the
formation of 4-oxo-2-pentenal from OH + 2-methylfuran, 2-
methyl-1,4-butenedial from OH + 3-methylfuran, and 3-
methyl-4-oxo-2-pentenal from OH + 2,3-dimethylfuran, only
for formation of 1,4-butenedial from OH + furan would
significant uncertainties in k2/k1 translate into significant
uncertainties in the multiplicative correction factors (a ± 25%
uncertainty in k2/k1 would result in uncertainties in the
multiplicative correction factors of <10% for all but 1,4-
butenedial from OH + furan). During the experiments, the
denuder samples were collected over a period of 1.5 h, and the
consistency of the k2/k1 ratios that fit the experimental data
with measured25−27 or estimated rate constants for the
reactions of OH radicals with unsaturated 1,4-dicarbonyls
indicates that their loss rates during our experiments were
controlled mainly by reaction with OH radicals, and that losses
to the chamber walls were minor and that photolysis was
consistent with the literature data and of relatively minor
importance. That wall losses were minor was confirmed by the
preliminary experiments with 2,3-dimethylfuran, with yields
obtained in experiments where PFBHA-coated denuder
sampling was conducted 45 and 156 min after the irradiation
period, being in good agreement with those where sampling
was initiated immediately after the irradiation period (Table S1,
Supporting Information), and by the additional experiments
with in situ analyses of the unsaturated 1,4-dicarbonyls by API-
MS (see, for example, Figures S9 and S10, Supporting
Information).

Comparison with Literature Data. Previous literature
unsaturated 1,4-dicarbonyl formation yields are listed in Table
2. Bierbach et al.5 used in situ FT-IR spectroscopy to investigate
the reactions of OH radicals with furan and 2-methylfuran in
the absence of NOx. The major products observed were 1,4-
butenedial from furan and 4-oxo-2-pentenal from 2-methylfur-

Table 2. Measured Formation Yields of Unsaturated 1,4-Dicarbonyls from the OH Radical-Initiated Reactions of Furans,
Together with Literature Data

furan unsaturated 1,4-dicarbonyl molar yield (%)a ref

furan HC(O)CHCHCHO 75 ± 5b this work
>70c Bierbach et al.5

109 ± 41d Goḿez Alvarez et al.6

90 ± 36d Goḿez Alvarez et al.6

2-methylfuran CH3C(O)CHCHCHO 31 ± 5b this work
∼70c Bierbach et al.5

60 ± 24 Goḿez Alvarez et al.6

3-methylfuran HC(O)C(CH3)CHCHO 38 ± 2b this work
83 ± 33 Goḿez Alvarez et al.6

1.4 ± 0.3 Tapia et al.8

2,3-dimethylfuran CH3C(O)C(CH3)CHCHO 8 ± 2b this work
2,5-dimethylfuran CH3C(O)CHCHC(O)CH3 27e this work

24 ± 3 Aschmann et al.7

aExperiments carried out in the presence of NOx unless noted otherwise. In this work, analyses of the unsaturated 1,4-dicarbonyls was as their mono-
(minor or not observed) and dioximes from GC−FID analyses of extracts of PFBHA-coated denuder samples (see text). bIndicated errors are two
standard deviations and indicate precision only. cExperiments carried out in the absence of NOx.

dThe two values are the HC(O)CHCHCHO
yields from each of two experiments conducted. eFrom a single experiment. Concurrent GC−FID analyses of samples collected onto Tenax solid
adsorbent with subsequent thermal desorption resulted in a 3-hexene-2,5-dione yield of 22%.
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an. Because of a lack of authentic standards, the absorption
cross-section of the ∼1720 cm−1 CO stretch in 3-hexene-2,5-
dione measured by Tuazon et al.29 was used for quantification
of 1,4-butenedial and 4-oxo-2-pentenal. Goḿez Alvarez et al.6

used SPME with on-fiber derivatization and GC−FID to
quantify the unsaturated 1,4-dicarbonyls as their oximes from
the furan and 2- and 3-methylfuran reactions, with calibration
of E-1,4-butenedial by use of a synthesized standard. The
SPME GC−FID response factor for E-1,4-butenedial was used
for the quantification of Z-1,4-butenedial and the Z- and E-
isomers of 4-oxo-2-pentenal and 2-methyl-1,4-butenedial.
Tapia et al.8 observed the formation of acetic acid, 3-

furaldehyde (3-furancarboxaldehyde), 2-methyl-1,4-butenedial,
3-methyl-2,5-furandione, 3-methyl-2(3H)-furanone and 2-hy-
droxy-3-methyl-5-(2H)-furanone from the OH radical-initiated
reaction of 3-methylfuran in the presence of NO, using
photolysis of CH3ONO at 254 and 360 nm in a 150 L Teflon-
coated chamber with samples being collected onto SPME fibers
without derivatization and with GC−MS analyses. The
reported molar yields, uncorrected for secondary reactions,
were 3.9 ± 1.8% for 3-furaldehyde, 1.4 ± 0.3% for 2-methyl-1,4-
butenedial, 18.1 ± 4.6% for 3-methyl-2,5-furandione, and 1.6 ±
0.2% for 3-methyl-2(3H)-furanone.8 While the much lower
yield of 2-methyl-1,4-butenedial reported by Tapia et al.,8 using
SPME without derivatization, than measured by Goḿez Alvarez
et al.,6 using SPME fibers with on-fiber derivatization, was
ascribed to potentially fast secondary loss processes,8 we have
not been able to quantitatively analyze unsaturated 1,4-
dicarbonyls by gas chromatography without prior derivatiza-
tion, presumably due to adsorption and/or polymerization on
the sampling and/or chromatographic column surfaces. Hence
it is likely that the very low yield of 2-methyl-1,4-butenedial in
the Tapia et al.8 study was due to analytical problems.
Apart from the quantification of E-1,4-butenedial from OH +

furan by Goḿez Alvarez et al.,6 the other literature yield
measurements5,6,8 are subject to analytical uncertainties8 or
uncertainties in the FT-IR absorption cross sections5 or in the
SPME GC−FID response factors,6 which include the on-fiber
collection and derivatization efficiency which can vary
significantly.30 Our 1,4-butenedial yield from OH + furan in
the presence of NO agrees well with those of Bierbach et al.5

(in the absence of NO) and Goḿez Alvarez et al.6 All three
studies show that formation of 1,4-butenedial dominates, and
that 1,4-butenedial is formed primarily in the E-configuration,
with Goḿez Alvarez et al.6 finding a 76% E-/24% Z-isomer
distribution. For OH + 2-methylfuran and OH + 3-
methylfuran, our measured 4-oxo-2-pentenal and 2-methyl-
1,4-butenedial formation yields are lower by a factor of ∼2 than
those reported by Bierbach et al.5 for OH + 2-methylfuran (in
the absence of NO) and Goḿez Alvarez et al.6 for 2- and 3-
methylfuran (in the presence of NO). While the previous
studies did not differentiate the Z-/E-isomer composition of the
unsaturated 1,4-dicarbonyls formed in the 2- and 3-methylfuran
reactions, we find that 4-oxo-2-pentenal formed from 2-
methylfuran is primarily in the E-configuration, while 2-
methyl-1,4-butenedial from 3-methylfuran is a Z-/E-mixture.
It is apparent from Table 2 that our unsaturated 1,4-

dicarbonyl formation yields decrease markedly from 75 ± 5%
for the furan reaction to 8 ± 2% for the 2,3-dimethylfuran
reaction and, as noted above and in Table 2, our 4-oxo-2-
pentenal and 2-methyl-1,4-butenedial yields from 2- and 3-
methylfuran, respectively, are a factor of ∼2 lower than those of
Bierbach et al.5 and Goḿez Alvarez et al.6 The present study

and that of Goḿez Alvarez et al.6 were carried out in the
presence of NO, while that of Bierbach et al.5 was in the
absence of NO. Note that pathway (B) in Scheme 1 as written
would only occur in the presence of NO, and hence a higher
yield of unsaturated 1,4-dicarbonyl would be expected in the
absence of NO then in the presence of NO, as we observed for
3-hexene-2,5-dione formation from OH + 2,5-dimethylfuran,7

with 3-hexene-2,5-dione yields of 34 ± 3% in the absence of
NO and 24 ± 3% in the presence of NO. Hence the
unsaturated 1,4-dicarbonyl yields from the OH + furan, 2- and
3-methylfuran and 2,3-dimethylfuran reactions in the absence
of NO are also likely to be higher than those measured in the
presence of NO.
The unsaturated 1,4-dicarbonyl formation yields measured in

this study could be low because of (a) less than 100% collection
and derivatization efficiency for the C5 and C6 unsaturated 1,4-
dicarbonyls, (b) rapid losses of the unsaturated 1,4-dicarbonyls
to the chamber walls or to aerosol (noting that Goḿez Alvarez
et al.6 measured aerosol yields from 2- and 3-methylfuran of
<6%), (c) rapid photolysis of the unsaturated 1,4-dicarbonyls,
or (d) partitioning of the unsaturated 1,4-dicarbonyls to the
chamber walls with an equilibrium being attained. Our
discussion above showing no evidence for significant wall
losses of 3-methyl-4-oxo-2-pentenal from experiments in which
sampling was initiated up to 156 min after the irradiation
period compared to sampling immediately after the irradiation
period argues against possibility (b). The fact that the variation
of measured unsaturated 1,4-dicarbonyl concentration with
extent of reaction (Figures S5−S8, Supporting Information)
shows no evidence for unsaturated 1,4-dicarbonyl loss rates
greater than expected from OH radical reaction plus a small
contribution from photolysis argues against possibilities (b) and
(c). For a given carbon number, aldehydes derivatize more
easily than ketones,15,30 and hence 3-hexene-2,5-dione would
be expected to be the slowest to derivatize. However, the 3-
hexene-2,5-dione formation yield from the OH + 2,5-
dimethylfuran reaction as measured using the PFBHA-coated
denuder procedure is in good agreement with the yield we
previously measured7 from samples collected onto Tenax solid
adsorbent with subsequent thermal desorption and GC−FID
analysis (without derivatization). We have also shown that the
collection and derivatization efficiencies of 2,5-hexanedione, 5-
methyl-2-hexanone, 2-octanone, and 2-decanone on PFBHA-
coated denuders are equal to within 10%.21 This argues against
possibility (a), although mono-oximes were observed for 2-
methyl-1,4-butenedial from 3-methylfuran and for 3-methyl-4-
oxo-2-pentenal from 2,3-dimethylfuran, with the dioximes
accounting for ≥94% of the total oximes for 2-methyl-1,4-
butenedial from 3-methylfuran and for ≥75% of the total
oximes for 3-methyl-4-oxo-2-pentenal from 2,3-dimethylfuran
(but only 44−63% of the total oximes in the three preliminary
experiments which, however, gave results in good agreement
with the subsequent four experiments (see Table S1,
Supporting Information)).
Finally, to investigate the possibility of significant equilibrium

partitioning to the chamber walls, two experiments were carried
out for OH + 2,3-dimethylfuran, with 2,5-hexanedione present,
in which PFBHA-coated denuder samples were collected
immediately after a single irradiation period and after the
chamber was emptied and backfilled with dry purified air (a
total period of 2.15−2.55 h elapsing between the two denuder
samples). The chamber contents were diluted by factors of 4.2
± 0.4 and 14 ± 3 in the two experiments. Hence, if 3-methyl-4-
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oxo-2-pentenal had partitioned mainly to the chamber walls
with an equilibrium being set up between gas- and wall-phase,
then the (3-methyl-4-oxo-2-pentenal dioximes/2,5-hexanedione
dioximes) ratio would increase from the first denuder sample to
the second denuder sample in the two experiments by factors of
up to 4 and 14, respectively, assuming that no such partitioning
of 2,5-hexanedione occurs. The (3-methyl-4-oxo-2-pentenal
dioximes/2,5-hexanedione dioximes) ratio after the dilution
and backfilling compared to that directly after the irradiation
was 1.5 in the first experiment (versus up to 4.2 expected) and
0.6 in the second experiment (versus up to 14 expected). While
the GC−FID signals after the chamber was emptied and
backfilled were low, these two experiments show no clear
evidence for significant off-gassing of 3-methyl-4-oxo-2-
pentenal from the chamber walls, and hence argue against
possibility (d).
Unsaturated 1,4-dicarbonyls, and 1,2-dicarbonyls, are also

formed from the OH radical-initiated reactions of monocyclic
aromatic hydrocarbons.9−14,23,26,31−33 Glyoxal, methylglyoxal
and 2,3-butanedione formation yields from the toluene, o-, m-
and p-xylene, and 1,2,3-, 1,2,4- and 1,3,5-trimethylbenzene
reactions have been obtained at low NO2 concentrations by
Atkinson and Aschmann,33 Bethel et al.11 and Nishino et al.23

The 3-hexene-2,5-dione formation yields of Bethel et al.11 from
the OH + p-xylene and OH + 1,2,4-trimethylbenzene reactions
are identical, within the experimental uncertainties, with the
coproduct glyoxal23,32 and methylglyoxal23 formation yields,
respectively. As discussed and presented in the Supporting
Information, using the same analytical procedures as employed
here, the measured formation yields of 1,4-butenedial13 are
similar to those of its assumed coproducts23,33 from the OH +
toluene and OH + o-xylene reactions (Tables S3 and S4 and
Figure S12, Supporting Information). However, the formation
yields of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial, and 3-
methyl-4-oxo-2-pentenal are significantly lower than those of
their assumed coproducts (Tables S3 and S4 and Figure S12,
Supporting Information).13 These observations suggest that, for
whatever reason (but not including more rapid losses from the
gas-phase than anticipated), the amounts of 4-oxo-2-pentenal,
2-methyl-1,4-butenedial and 3-methyl-4-oxo-2-pentenal pro-
duced in the OH radical-initiated reactions of methyl-
substituted benzenes are not quantitatively observed. The
OH + aromatics data suggest that our measured formation
yields of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial, and 3-
methyl-4-oxo-2-pentenal from 2-methylfuran, 3-methylfuran
and 2,3-dimethylfuran could be low. One possibility not
considered above is that some or most of the unsaturated 1,4-
dialdehydes (other than 1,4-butenedial) and unsaturated 1,4-
keto-aldehydes (which do not appear to elute from GC
columns without prior derivatization) undergo heterogeneous
reactions (possibly oligomer formation) on the denuder and
other surfaces (but obviously not rapidly on Teflon film), or are
in equilibrium with an isomer which was not observed in our
previous study of OH + aromatic reactions nor in the present
study. However, it is quite obvious that other products are also
formed from the OH + furan reactions; indeed, in the presence
of NO the yield of 3-hexene-2,5-dione from OH + 2,5-
dimethylfuran is only 24 ± 3% (Table 2).7 While it is possible
that our measured formation yields of 4-oxo-2-pentenal from
OH + 2-methylfuran, 2-methyl-1,4-butenedial from OH + 3-
methylfuran, and 3-methyl-4-oxo-2-pentenal from OH + 2,3-
dimethylfuran are low (and this would be more consistent with
unsaturated 1,4-dicarbonyls being coproducts to the observed

1,2-dicarbonyls in OH + aromatic hydrocarbon reactions), we
have no evidence of problems which would lead to erroneously
low formation yields for these specific unsaturated 1,4-
dicarbonyls in this study.
Theoretical studies of the reactions of OH radicals with

furan,34 2-methylfuran,35,36 and 3-methylfuran37 all conclude
that the dominant pathway at room temperature involves OH
radical addition at the 2- or 5-positions, to form RC(O)CR′
CHC•HOH and/or RC•(OH)CR′CHCHO, where R and
R′ are H and H for furan, CH3 and H for 2-methylfuran, and H
and CH3 for 3-methylfuran (i.e., to form the α-hydroxy radical
product involved in pathways A and B in Scheme 1). Our
experimental data indicate that additional reaction pathways are
involved leading to additional products and suggest that these
are especially significant for 2,3- and 2,5-dimethylfuran. Very
recently, Davis and Sarathy36 have carried out a computational
study of potential reactions occurring subsequent to O2
reaction with the radicals formed by OH addition to 2-
methylfuran in the absence of NO.
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Figure S1.  Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a 
PFBHA-coated denuder sample collected after 2.5 min irradiation of a CH3ONO − NO − 2-
methylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 41% consumption of 
the initially present 2-methylfuran.  IS = di-oximes of 2,5-hexanedione, the internal standard; 
peak #1, mono-oxime of molecular weight (mw) 72 dicarbonyl; peak #2, mono-oxime of 
CH3C(O)CH2CHO (mw 86) formed from OH + 2,5-hexanedione; peaks #3, from derivatizing 
agent; peak #4, mono-oxime of mw 100 carbonyl; peaks #5, mono-oximes of mw 114 carbonyl; 
peaks #6, di-oximes of glyoxal; peak #7, di-oxime of methylglyoxal (mw 72); peaks #8, di-
oximes of CH3C(O)CH2CHO formed from OH + 2,5-hexanedione; and mw 98 di-oximes 
attributed to CH3C(O)CH=CHCHO. 
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Figure S2.  Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a 
PFBHA-coated denuder sample collected after 4 min irradiation of a CH3ONO − NO − 3-
methylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 46% consumption of 
the initially present 3-methylfuran.  IS = di-oximes of 2,5-hexanedione, the internal standard; 
peak #1, ions at m/z 115 and 97 present; peak #2, mono-oxime of CH3C(O)CH2CHO (mw 86) 
formed from OH + 2,5-hexanedione; peak #3, from derivatizing agent; peak #4, mono-oxime of 
mw 98 dicarbonyl; peaks #5, mono-oximes of mw 114 carbonyl; peaks #6, di-oximes of glyoxal; 
peak #7, di-oxime of methylglyoxal (mw 72); peaks #8, di-oximes of CH3C(O)CH2CHO formed 
from OH + 2,5-hexanedione; and mw 98 di-oximes attributed to HC(O)C(CH3)=CHCHO. 
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Figure S3.  Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a 
PFBHA-coated denuder sample collected after 2 min irradiation of a CH3ONO − NO − 2,3-
dimethylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 49% consumption of 
the initially present 2,3-dimethylfuran.  IS = di-oximes of 2,5-hexanedione, the internal standard; 
peak #1, mono-oxime of mw 60 carbonyl, with fragment ions at m/z 129 and 111 present; peaks 
#2 and #3, from derivatizing agent; peak #4, unidentified mono-oxime; peaks #5, mono-oximes 
of mw 112 dicarbonyl (attributed to CH3C(O)C(CH3)=CHCHO); peak #6, mono-oxime of mw 
114 carbonyl; peaks #7, di-oximes of glyoxal; peak #8, di-oxime of methylglyoxal (mw 72); 
peaks #9, di-oximes of CH3C(O)CH2CHO (mw 86) formed from OH + 2,5-hexanedione, with a 
contribution to the earliest-eluting of these peaks from biacetyl; peak #10, di-oximes of mw 102 
dicarbonyl, with fragment ion indicating loss of H2O (and hence possibly CH3C(O)CH(OH)CHO 
formed as a second-generation product from CH3C(O)C(CH3)=CHCHO); and mw 112 di-oximes 
attributed to CH3C(O)C(CH3)=CHCHO. 
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Figure S4.   Positive chemical ionization GC-MS total ion chromatogram (TIC) of an extract of a 
PFBHA-coated denuder sample collected after 1.5 min irradiation of a CH3ONO − NO − 2,5-
dimethylfuran − 2,5-hexanedione (internal standard, IS) − air mixture, with 35% consumption of 
the initially present 2,5-dimethylfuran.  IS = di-oximes of 2,5-hexanedione, the internal standard; 
peak #1, from derivatizing agent; peaks #2, mono-oximes of mw 114 carbonyl(s); peaks #3, di-
oximes of glyoxal; peak #4, di-oxime of methylglyoxal (mw 72); peaks #5, di-oximes of 
CH3C(O)CH2CHO (mw 86) formed from OH + 2,5-hexanedione; and mw 112 di-oximes of 
CH3C(O)CH=CHC(O)CH3. 
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Table S1. Experimental conditions and results for CH3ONO − NO − furan − 2,5-hexanedione − 

air irradiations 

 

 

furan 

irradiation time 

(min)b 

[furan], ppbVa unsaturated 1,4-

dicarbonyl (ppbV)a,c initial reacted 

furan 8 1017 582 271, 266 

 6 1033 500 257, 261, 255 

 4 1029 386 218, 214 

 8 1057 622 289, 299, 294, 298, 292 

2-methylfuran 3 940.5 464.5 106 

 2 895 336 74.3, 74.4 

 3 797.5 401.5 86.9, 86.6 

 2.5 1016.5 412.5 107, 107 

3-methylfuran 3 900.5 506 135, 134 

 2 889.5 400.5 115, 115 

 2.5 1004 513 144, 142 

 2 967 424 126, 129 

2,3-dimethylfuran 3 906 583 37.7, 38.6 

 2 916 449 30.3, 29.4 

 1.5 933.5 354.5 25.4, 25.2 

 2 935 459.5 34.0, 33.6 

 4d 964 592 40.1, 40.9, 39.7 

 3e 919 449.5 27.0, 26.6 

 3f 948.5 474 28.9, 27.7 

2,5-dimethylfuran 1.5 945 330.5 81.3, 81.1 

 
a1 ppbV = 2.40 × 1010 molecule cm-3 for the temperature and pressure conditions employed (296 

± 2 K and ∼735 Torr pressure). 
bAt a light intensity corresponding to an NO2 photolysis rate of 0.14 min-1.  Unless noted 

otherwise, PFBHA-coated denuder samples were collected immediately after the irradiation, 
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with the denuder sampling directly from the chamber and with the denuder inlet protruding into 

the chamber.  2,5-Hexanedione (225-244 ppbV) was included in the reactant mixture prior to 

irradiation.  The initial CH3ONO and NO concentrations were ∼5 ppmV each. 
cMeasured concentrations of unsaturated 1,4-dicarbonyl [HC(O)CH=CHCHO from furan, 

CH3C(O)CH=CHCHO from 2-methylfuran, HC(O)C(CH3)=CHCHO from 3-methylfuran, 

CH3C(O)C(CH3)=CHCHO from 2,3-dimethylfuran, and CH3C(O)CH=CHC(O)CH3 from 2,5-

dimethylfuran].  In each experiment, the dicarbonyl concentration was determined from the GC-

FID peak areas of the di-oxime peaks of 2,5-hexanedione (the internal standard) and of the di- 

and (if present) mono-oxime peaks of the unsaturated 1,4-dicarbonyl, and the measured 

concentration of 2,5-hexanedione (from GC-FID analyses of samples collected onto Tenax solid 

adsorbent; see text), taking into account small differences in the GC-FID response factors for the 

dicarbonyl di-oximes.1,2  The entries for a given experiment are from replicate analyses of the 

extract. 
dPreliminary experiment carried out with PFBHA-coated denuder samples being collected 156 

min after the irradiation period, with the denuder sampling downstream of a cascade impactor.  

2,5-Hexanedione (374.5 ppbV) was added after the irradiation. 
ePreliminary experiment carried out with PFBHA-coated denuder samples being collected 45 

min after the irradiation period, with the denuder sampling downstream of a cascade impactor.  

2,5-Hexanedione (124 ppbV) was added after the irradiation. 
fPreliminary experiment carried out with PFBHA-coated denuder samples being collected 1 min 

after the irradiation period, with the denuder sampling downstream of a cascade impactor.  2,5-

Hexanedione (96 ppbV) was included in the reactant mixture prior to irradiation. 
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Behavior of Unsaturated 1,4-Dicarbonyls during OH + Furan Reactions 

For the reaction sequence, 

 

OH + furan → α dicarbonyl + other products     (kfuran) 

OH + dicarbonyl → products        (kOH) 

dicarbonyl + hν → loss of dicarbonyl      (kphot) 

dicarbonyl → wall loss of dicarbonyl       (kw) 

 

the concentration of the dicarbonyl at time t is given by, 

 

[dicarbonyl]t = A (e-x – e-Bx)       (I) 

 

where A = α[furan]initial{kfuran[OH]/(kOH[OH] + kphot + kw)]}, α is the formation yield of 

dicarbonyl from reaction (1) B = (kOH[OH] + kphot + kw)/kfuran[OH], and x = extent of reaction = 

ln([furan]to/[furan]t).3,4  Hence a fit of Equation (I) to the experimental data leads to values of A 

and B,3,4 with the values of B (referred to here and in the manuscript as k2/k1) being of particular 

interest in this study.   

 Two sets of relevant data were obtained (Table S2); one set from the denuder analyses, 

with one data point per experiment at a given extent of reaction and with the duration of the 

experiments being ∼1.5 hr, and the second set from continuous irradiations of CH3ONO − NO − 

furan − air mixtures with analysis of the unsaturated 1,4-dicarbonyl every ∼3 min by direct air 

sampling atmospheric pressure ionization mass spectrometry (API-MS).4  In this second set of 

experiments, the furan (or alkylfuran) concentrations were measured by GC-FID before and after 
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the irradiations, which were carried out for 21-66 min at a light intensity corresponding to an 

NO2 photolysis rate of ∼0.035 min-1 (a factor of 4 lower than used for the experiments with 

sample collection onto annular denuders). 

 Figures S5-S8 show plots of Equation (I) for the experiments with GC analyses of 

PFBHA-coated denuder samples (i.e., the data presented in Table S1, with each data point in 

Figures S5-S8 being an average of the replicate unsaturated 1,4-dicarbonyl concentrations for 

that experiment), together with predictions from Equation (I) with differing values of k2/k1 (see 

also text in the manuscript and the captions to the individual figures).  In these denuder 

experiments, conducted with identical initial CH3ONO and NO concentrations, for a given furan 

the OH radical concentrations averaged over the irradiation period were independent of the 

irradiation time, with ≤13% change in the OH radical concentration for a factor of 2 change in 

the irradiation time (see the denuder samples in Table S2).  Hence the OH radical concentrations 

could be taken to be constant for the experiments with a given furan in the same Teflon chamber, 

and for a given furan the relative contributions of photolysis and OH radical reaction were 

essentially constant for that series of experiments.  The data for OH + 2,3-dimethylfuran shown 

in Figure S8, for two series of experiments in different Teflon chambers with differing OH 

radical concentrations, are consistent with our assumption that photolysis of 3-methyl-4-oxo-2-

pentenal by black lamps was of no importance.  

The data from the second set of experiments (those with continuous irradiations and in 

situ API-MS analyses) are summarized in Table S2 and representative plots of Equation (I) are 

shown in Figures S9 and S10.  In these experiments, with pre- and post-reaction GC-FID 

analyses of the furan and API-MS analyses of the unsaturated 1,4-dicarbonyl, the OH radical 

concentrations during the 21-66 min irradiation period were assumed to be constant in order to 
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calculate the extents of reaction, ln([furan]to/[furan]t).  While the OH radical concentrations 

would very likely decrease during the irradiation periods, the effect should have been small 

because of the low light intensities employed.  If the OH radical concentration in an experiment 

decreased with irradiation time, then the assumption of a constant OH radical concentration 

would mean that the derived values of k2/k1 would be upper limits (see Figure S11). 

The data from the two sets of experiments are reasonably consistent (Table S2), with 

values of k2/k1 of ∼1.0 for HC(O)CH=CHCHO formation from OH + furan, 0.6-0.9 for formation 

of CH3C(O)CH=CHCHO from OH + 2-methylfuran, 0.6-0.8 for formation of 

HC(O)C(CH3)=CHCHO from OH + 3-methylfuran, and ∼0.5 for formation of 

CH3C(O)C(CH3)=CHCHO from OH + 2,3-dimethylfuran. 
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Table S2. Experimental conditions and results from analyses of the time-concentration 

behavior of unsaturated 1,4-dicarbonyls during OH radical-initiated reactions of 

furans 

 

 

furan 

CH3ONO 

(ppmV) 

NO 

(ppmV) 

irradiation 

time (min)a 

10-7 × [OH]av 

(molecule cm-3)b 

 

k2/k1 

analysis 

method 

furan 2 2 45 1.52 0.8 ± 0.1c API-MS 

furan 1 2 66 0.73 1.2 ± 0.1 API-MS 

furan 2 1 30 2.81 0.9 ± 0.1 API-MS 

furan 5 5 4-8 4.36-4.86 1.03d denuder 

2-methylfuran 2 2 33 1.70 0.5 ± 0.1e API-MS 

2-methylfuran 1 1 36 1.67 0.6 ± 0.1 API-MS 

2-methylfuran 1 2 39 0.93 0.9 ± 0.1 API-MS 

2-methylfuran 2 1 21 3.19 0.3 ± 0.1 API-MS 

2-methylfuran 5 5 2-3 4.74-5.36 0.90f denuder 

3-methylfuran 2 2 27 1.81 0.65 ± 0.1 API-MS 

3-methylfuran 1 2 39 0.94 0.55 ± 0.1 API-MS 

3-methylfuran 5 5 2-3 5.46-5.71 0.79g denuder 

2,3-dimethylfuran 2 2 24 1.60 0.55 ± 0.1 API-MS 

2,3-dimethylfuran 1 2 36 0.88 0. 45 ± 0.1 API-MS 

2,3-dimethylfuran 5 5 1.5-4 2.96-4.47h 0.48i denuder 

 
aAt light intensities corresponding to NO2 photolysis rates of 0.14 min-1 for experiments with 

GC-FID analysis of annular denuder samples and ∼0.035 min-1 for experiments with API-MS 

analysis. 
bCalculated from pre- and post-reaction GC-FID analyses of the furans. 
cSee Figure S9. 
dSee Figure S5; four experiments were conducted. 
eSee Figure S10. 
fSee Figure S6; four experiments were conducted. 
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gSee Figure S7; four experiments were conducted. 
hFor data denoted by open symbols ( ) in Figure S8, the four irradiations were for 1.5-3 min, 

with calculated OH radical concentrations of (4.21-4.54) × 107 molecule cm-3.  For the three 

preliminary experiments (filled symbols ( ) in Figure S8), irradiations were for 3-4 min, with 

calculated OH radical concentrations of (2.96-3.15) × 107 molecule cm-3. 
iSee Figure S8. 
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Figure S5.  Plot of measured concentrations of HC(O)CH=CHCHO as a function of the extent of 
reaction, defined as ln([furan]to/[furan]t), in the OH + furan reactions.  Each data point is the 
average measured concentration from a single experiment (see Table S1).  The lines are 
calculated from the expression [HC(O)CH=CHCHO] = A{exp(-k1t) - exp(-k2t)}, where k1 is the 
rate of reaction of the furan, k2 is the rate of reaction of HC(O)CH=CHCHO (by reaction with 
OH radicals, photolysis and any other loss processes), and A was used as an adjustable constant 
to match the experimental data in the Y-axis.  Note that ln([furan]to/[furan]t) = k1(t - to) since the 
OH radical concentration was essentially constant and equal for all four experiments. 



 S14

ln([2-Methylfuran]to/[2-Methylfuran]t)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

[C
H

3C
(O

)C
H

=C
H

C
H

O
], 

pp
bV

0

50

100

150

0.90

2.00

k2/k1

 
 
 
Figure S6.  Plot of measured concentrations of CH3C(O)CH=CHCHO as a function of the extent 
of reaction, defined as ln([2-methylfuran]to/[2-methylfuran]t), in the OH + 2-methylfuran 
reactions.  Each data point is the average measured concentration from a single experiment (see 
Table S1).  The lines are calculated from the expression [CH3C(O)CH=CHCHO] = A{exp(-k1t) - 
exp(-k2t)}, where k1 is the rate of reaction of the 2-methylfuran, k2 is the rate of reaction of 
CH3C(O)CH=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), 
and A was used as an adjustable constant to match the experimental data in the Y-axis.  Note that 
ln([2-methylfuran]to/[2-methylfuran]t) = k1(t - to) since the OH radical concentration was 
essentially constant and equal for all four experiments. 
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Figure S7. Plot of measured concentrations of HC(O)C(CH3)=CHCHO as a function of the 
extent of reaction, defined as ln([3-methylfuran]to/[3-methylfuran]t), in the OH + 3-methylfuran 
reactions.  Each data point is the average measured concentration from a single experiment (see 
Table S1).  The lines are calculated from the expression [HC(O)C(CH3)=CHCHO] = A{exp(-k1t) 
- exp(-k2t)}, where k1 is the rate of reaction of the 3-methylfuran, k2 is the rate of reaction of 
HC(O)C(CH3)=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), 
and A was used as an adjustable constant to match the experimental data in the Y-axis.  Note that 
ln([3-methylfuran]to/[3-methylfuran]t) = k1(t - to) since the OH radical concentration was 
essentially constant and equal for all four experiments. 
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Figure S8.  Plot of measured concentrations of CH3C(O)C(CH3)=CHCHO as a function of the 
extent of reaction, defined as ln([2,3-dimethylfuran]to/[2,3-dimethylfuran]t), in the OH + 2,3-
dimethylfuran reactions.  Each data point is the average measured concentration from a single 
experiment (see Table S1).  The lines are calculated from the expression 
[CH3C(O)C(CH3)=CHCHO] = A{exp(-k1t) - exp(-k2t)}, where k1 is the rate of reaction of the 
2,3-dimethylfuran, k2 is the rate of reaction of CH3C(O)C(CH3)=CHCHO (by reaction with OH 
radicals, photolysis and any other loss processes), and A was used as an adjustable constant to 
match the experimental data in the Y-axis.  Note that ln([2,3-dimethylfuran]to/[2,3-
dimethylfuran]t) = k1(t - to) since the OH radical concentration was essentially constant and equal 
for the experiments with the same symbol.  , experiments with 2,5-hexanedione initially 
present in the reactant mixtures and with sampling immediately after the irradiation period; , 
preliminary experiments (see Table S1 for conditions and Table S2 for the OH radical 
concentrations during the experiments). 
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Figure S9.  Plot of the API-MS signal attributed to ions of HC(O)CH=CHCHO as a function of 
the reaction time in an OH + furan reaction (see Table S2 for the experimental conditions).  The 
lights were turned on at 0 min and off at 45 min, and data obtained after the lights were turned 
off are also shown.  The lines are calculated from the expression [HC(O)CH=CHCHO] = 
A{exp(-k1t) - exp(-k2t)}, where k1 is the rate of reaction of the furan, k2 is the rate of reaction of 
HC(O)CH=CHCHO (by reaction with OH radicals, photolysis and any other loss processes), and 
A was used as an adjustable constant to match the experimental data in the Y-axis.  A constant 
OH radical concentration was assumed, with ln([furan]to/[furan]t) = k1(t - to). 
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Figure S10.  Plot of the API-MS signal attributed to ions of CH3C(O)CH=CHCHO as a function 
of the reaction time in an OH + 2-methylfuran reaction (see Table S2 for the experimental 
conditions).  The lights were turned on at 0 min and off at 33 min, and data obtained after the 
lights were turned off are also shown.  The lines are calculated from the expression 
[CH3C(O)CH=CHCHO] = A{exp(-k1t) - exp(-k2t)}, where k1 is the rate of reaction of the 2-
methylfuran, k2 is the rate of reaction of CH3C(O)CH=CHCHO (by reaction with OH radicals, 
photolysis and any other loss processes), and A was used as an adjustable constant to match the 
experimental data in the Y-axis.  A constant OH radical concentration was assumed, with ln([2-
methylfuran]to/[2-methylfuran]t) = k1(t – to). 
 



 S19

Time (min)

0 10 20 30 40 50

[P
ro

du
ct

]

0.0

0.1

0.2

0.3

0.4

[OH] constant 
[OH] decreasing with
lifetime of 60 min 

 
 
Figure S11.  Plots of Equation (I), with (red) a constant OH radical concentration for 40 min, and 
(blue) an OH radical concentration which decayed exponentially with a lifetime of 60 min 
(approximately corresponding to that expected for the light intensity employed in the 
experiments with in situ API-MS detection of the unsaturated 1,4-dicarbonyls).  The integrated 
OH radical concentration at t = 40 min was identical in both calculations.  The maximum 
[Product] occurs earlier in the simulation with decreasing OH radical concentration, which 
would be interpreted as a higher value of k2/k1 if an constant OH radical concentration was 
assumed to derive the extents of reaction, x, in Equation (I). 
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Formation of unsaturated 1,4-dicarbonyls from OH + aromatic hydrocarbons 

Unsaturated 1,4-dicarbonyls and 1,2-dicarbonyls are also formed from the OH radical-

initiated reactions of monocyclic aromatic hydrocarbons.2,5-10  Glyoxal, methylglyoxal and 2,3-

butanedione formation yields from the toluene, o-, m- and p-xylene, and 1,2,3-, 1,2,4- and 1,3,5-

trimethylbenzene reactions have been obtained at low NO2 concentrations.2,7,11  The 3-hexene-

2,5-dione formation yields of Bethel et al.7 from the OH + p-xylene and OH + 1,2,4-

trimethylbenzene reactions are identical within the experimental uncertainties with the co-

product glyoxal2,12 and methylglyoxal2 formation yields, respectively.  The 3-hexene-2,5-dione 

formation yields can then be used to place the unsaturated 1,4-dicarbonyl relative yield data of 

Arey et al.9 onto an absolute basis (assuming that all of the unsaturated 1,4-dicarbonyls have the 

same collection and derivatization efficiency and that the GC-MS total ion chromatogram signal 

responses are the same).  The resulting comparison of the 1,2-dicarbonyl2,7,11 and unsaturated 

1,4-dicarbonyl9 formation yields are shown in Figure S12 and Table S3.  While the formation 

yields of 1,4-butenedial are similar to those of its presumed co-products (Table S4), the 

formation yields of 4-oxo-2-pentenal, 2-methyl-1,4-butenedial and 3-methyl-4-oxo-2-pentenal 

are significantly lower than those of their assumed co-products (Table S4).   
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Table S3. Molar formation yields (%) of 1,2-dicarbonyls and of their unsaturated 1,4-
dicarbonyl presumed co-products at atmospheric pressure of air and low NO2 
concentrations 

 
aromatic 1,2-dicarbonyla presumed co-productb 

toluene (CHO)2, 26.0 ± 2.2 CH3C(O)CH=CHCHO, 7.7 

HC(O)C(CH3)=CHCHO, 1.2 

 CH3C(O)CHO, 21.5 ± 2.9 HC(O)CH=CHCHO, 24.1 

o-xylene (CHO)2, 12.7 ± 1.9 CH3C(O)C(CH3)=CHCHO, 0.6 

HC(O)C(CH3)=C(CH3)CHO, not observed 

 CH3C(O)CHO, 33.1 ± 6.1 CH3C(O)CH=CHCHO, 14.4 

 CH3C(O)C(O)CH3, 18.5c HC(O)CH=CHCHO, 16.3 

m-xylene (CHO)2, 11.4 ± 0.7 CH3C(O)CH=C(CH3)CHO, 1.6 

 CH3C(O)CHO, 51.5 ± 8.5 CH3C(O)CH=CHCHO, 25.4 

HC(O)C(CH3)=CHCHO, 11.5 

p-xylene (CHO)2, 38.9 ± 4.7 CH3C(O)CH=CHC(O)CH3, 40.5 (32.3d) 

 CH3C(O)CHO, 18.7 ± 2.2 HC(O)C(CH3)=CHCHO, 4.4 

1,2,3-TMB (CHO)2, 4.7 ± 2.4 CH3C(O)C(CH3)=C(CH3)CHO, 0.1 

 CH3C(O)CHO, 15.1 ± 3.3 CH3C(O)C(CH3)=CHCHO, 3.2 

 CH3C(O)C(O)CH3, 52.0d CH3C(O)CH=CHCHO, 16 

1,2,4-TMB (CHO)2, 8.7 ± 1.6 CH3C(O)C(CH3)=CHC(O)CH3, 3.0 

 CH3C(O)CHO, 27.2 ± 8.1 CH3C(O)C(CH3)=CHCHO, 0.2 

CH3C(O)CH=CH(CH3)CHO, 0.4 

CH3C(O)CH=CHC(O)CH3, 25.6 (30.9d) 

HC(O)C(CH3)=C(CH3CHO, not observed 

 CH3C(O)C(O)CH3, 10.2 HC(O)C(CH3)=CHCHO, 2.4 

1,3,5-TMB CH3C(O)CHO, 58.1 ± 5.3 CH3C(O)CH=C(CH3)CHO, 7.2 
 

aFrom Nishino et al.,2 unless noted otherwise, at low NO2 concentration. 
bFrom Arey et al.,9 using the formation yields of 3-hexene-2,5-dione from the p-xylene and 
1,2,4-trimethylbenzene reactions measured by Bethel et al.7 to place the relative yield data of 
Arey et al.9 on an absolute basis. 
cFrom Atkinson and Aschmann.11 
dFrom Bethel et al.7 
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Figure S12.  Top panel: glyoxal and co-product unsaturated 1,4-dicarbonyl formation yields from 
the aromatics.  Middle panel: methylglyoxal and co-product unsaturated 1,4-dicarbonyl 
formation yields.  Bottom panel: 2,3-butanedione and co-product unsaturated 1,4-dicarbonyl 
formation yields.  The data are from Table S3.  Black bars refer to the 1,2-dicarbonyls, blue to 
HC(O)CH=CHCHO, pink to CH3C(O)CH=CHCHO, tan to HC(O)C(CH3)=CHCHO, red to 
CH3C(O)C(CH3)=CHCHO, bright yellow to CH3C(O)CH=C(CH3)CHO, green to 
CH3C(O)CH=CHC(O)CH3, and turquoise to CH3C(O)C(CH3)=CHC(O)CH3. 
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Table S4. Ratios of (molar yield of unsaturated 1,4-dicarbonyl)/(molar yield of 1,2-dicarbonyl co-product) calculated using the data 

presented in Table S3 for OH + methyl-substituted benzenes 
 

 

unsaturated 1,4-dicarbonyl 

from reaction of OH radicals with 

toluene o-xylene m-xylene p-xylene 123-TMB 124-TMB 

HC(O)CH=CHCHO 1.12 0.88     

CH3C(O)CH=CHCHO ≥0.31a 0.44 ≥0.64a  0.31  

HC(O)C(CH3)=CHCHO ≥0.07a  ≥0.44a 0.24  0.24 

CH3C(O)C(CH3)=CHCHO  ≥0.05a   0.21  

 

aTaking into account the measured formation yield of the other unsaturated 1,4-dicarbonyl (see Table S3), which may be a lower limit.  

For example, for OH + m-xylene, the co-products to methylglyoxal (51.5% measured yield) are CH3C(O)CH=CHCHO (25.4% 

measured yield) and HC(O)C(CH3)=CHCHO (11.5% measured yield).  The ratio (CH3C(O)CH=CHCHO yield)/(methylglyoxal yield) 

= 25.4/(51.5-11.5) = 0.64.  Since the measured HC(O)C(CH3)=CHCHO formation yield may be a lower limit, the ratio 

(CH3C(O)CH=CHCHO yield)/(methylglyoxal yield) ≥0.64. 
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