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Kinetics and Products of the Gas-Phase Reactions of Divinyl Sulfoxide with OH and NO3
Radicals and O3
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Using relative rate methods, rate constants for the gas-phase reactions of divinyl sulfoxide
[CH,=CHS(O)CH=CH,; DVSO] with NO; radicals and O; have been measured at 296 4 2 K, and rate
constants for the reaction with OH radicals have been measured over the temperature range of 277—349 K.
Rate constants obtained for the NOs radical and O3 reactions at 296 4= 2 K were (6.1 £ 1.4) x 107 and (4.3
+ 1.0) x 107! ¢cm? molecule™ s7!, respectively. For the OH radical reaction, the temperature-dependent
rate expression obtained was k = 4.17 x 10712e®3¥= 1407 ¢m3 molecule ™ s! with a 298 K rate constant of
(7.43 £ 0.71) x 107" cm?® molecule™! s~!, where, in all cases, the errors are two standard deviations and do
not include the uncertainties in the rate constants for the reference compounds. Divinyl sulfone was observed
as a minor product of both the OH radical and NOj radical reactions at 296 + 2 K. Using in situ Fourier
transform infrared spectroscopy, CO, CO,, SO,, HCHO, and divinyl sulfone were observed as products of
the OH radical reaction, with molar formation yields of 35 + 11,2.2 + 0.8,33 £ 4,54 + 6, and 5.4 £ 0.8%,
respectively, in air. For the experimental conditions employed, aerosol formation from the OH radical-initiated
reaction of DVSO in the presence of NO was minor, being ~1.5%. The data obtained here for DVSO are

compared with literature data for the corresponding reactions of dimethyl sulfoxide.

Introduction

Volatile organic compounds (VOCs) emitted into the atmo-
sphere are generally removed from the troposphere by one or
more chemical processes, including photolysis at wavelengths
> 290 nm, reaction with OH radicals, reaction with NO;3
radicals, and reaction with O3.! Organosulfur compounds are
emitted into the atmosphere mainly from natural sources.>? To
date, most studies of the atmospheric reactions of this class of
VOCs have been on methanethiol [CH3SH],* dimethyl sulfide
[CH5SCH3;],3# dimethyl disulfide [CH3SSCH3;],* and dimethyl
sulfoxide [CH3S(O)CHj3],>>~13 the latter being a product of the
OH radical-initiated reaction of dimethyl sulfide.>”-14~16 Reac-
tions with OH and NOs radicals are important transformation
processes for these organosulfur compounds in the troposphere,>!”
and for simple organosulfur compounds such as CH3SH,
CH3SCH3, CH3SSCH3, and CH3S(O)CH3, these reactions can
proceed by H-atom abstraction by OH radicals from C—H bonds
and OH and NOj radical addition to the S atom.>*!3 While the
kinetics of these reactions are reasonably well understood,>*
the reactions occurring after the initial step are much less well
understood, especially for dimethyl sulfide and dimethyl sul-
foxide.?

Divinyl sulfoxide, CH,=CHS(O)CH=CH, (DVSO), is a
volatile, commercially available sulfoxide which may have
industrial uses in the formation of resins and polymers. DVSO
is structurally related to dimethyl sulfoxide, with the methyl
groups in dimethyl sulfoxide being replaced by vinyl groups in
DVSO. The influence of the vinyl groups on the atmospheric
reactivity of simple sulfoxides has not previously been inves-
tigated, and hence, in this work we have measured rate constants
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for the gas-phase reactions of DVSO with OH radicals over
the temperature range of 277—349 K and with NO; radicals
and O3 at room temperature. In addition, we have used gas
chromatography and in situ Fourier transform infrared spec-
troscopy (FT-IR) to investigate the products formed from the
OH and NOj radical-initiated reactions of DVSO at room
temperature. These kinetic and product data are compared with
those for dimethyl sulfoxide.

Experimental Methods

Experiments were carried out in three different reaction
chambers. A series of experiments to measure the OH and NO3
radical and Os reaction rate constants and the products of the
OH and NOs radical-initiated reactions were conducted at 296
4 2 K and 735 Torr total pressure of dry purified air in a ~7000
L volume Teflon chamber,'$!? equipped with two parallel banks
of blacklamps for irradiation. Kinetics and products of the OH
radical reaction were also carried out at 298 + 1 K in a 5870
L Teflon-coated, evacuable chamber, with irradiation provided
by a 24 kW xenon arc lamp filtered through a 6 mm thick Pyrex
pane to remove wavelengths < 300 nm.'8~20 In this mode of
operation, the chamber was equipped with a multiple reflection
optical system interfaced to a Mattson Galaxy 5020 Fourier
transform infrared (FT-IR) spectrometer.'®~20 Temperature-
dependent experiments were carried out using a ~5000 L
volume Teflon bag inserted inside of the 5870 L Teflon-coated
chamber,?! with irradiation again provided by the 24 kW xenon
arc lamp filtered through a 6 mm thick Pyrex pane to remove
wavelengths < 300 nm. The 5870 L volume Teflon-coated
evacuable chamber is fitted with a heating/cooling system,
allowing its temperature to be maintained to within + 1 K over
the range ~275—350 K.2! All three chambers were provided
with Teflon-coated fans to ensure rapid mixing of reactants
during their introduction into the chamber. Temperatures of the
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gas mixtures inside of the chambers were measured by
thermocouples, and in all experiments in all three chamber
systems, the temperature rise during the irradiations was always
<2 K.

Kinetic and Product Studies with Analysis by Gas Chro-
matography. Rate constants for the reactions of OH and NOj3
radicals and O3 with DVSO were measured using relative rate
techniques in which the concentrations of DVSO and a reference
compound (whose OH radical, NOs radical, or O3 reaction rate
constant is reliably known) were measured in the presence of
OH radicals, NOjs radicals, or O3.1822

OH
NO; ¥ + divinyl sulfoxide — products (D)
0,

OH
NO; } + reference compound — products )
0O;

Provided that DVSO and the reference compound reacted only
with OH radicals, NO5 radicals, or O3, then

[divinyl sulfoxide],o
In [divinyl sulfoxide], i

ky
—|1
ky
where [divinyl sulfoxide],, and [reference compound],, are the
concentrations of DVSO and the reference compound, respec-
tively, at time 7,, [divinyl sulfoxide], and [reference compound],
are the corresponding concentrations at time #, D, is a factor to
account for dilution caused by any additions to the chamber
during the experiments (D, = 0 for the OH radical reactions,
D, = 0.0027 per N,Os addition to the chamber in the NOj3 radical
reactions, and D; = 0.00135 per O3 addition to the chamber in
the Oj reactions), and k; and k, are the rate constants for
reactions 1 and 2, respectively.

The O; reactions were carried out at 296 4+ 2 K in the ~7000
L Teflon chamber. The initial concentrations of DVSO and cis-
2-butene or propene (the reference compound) were ~2.4 x
10'3 molecule cm™3 each, and 1.2 x 10'® molecule cm 3 of
cyclohexane was also present to scavenge >97% of OH radicals
formed in the Oj; reactions. Three to eight additions of 50 c¢m?
aliquots of O3 in O, (each addition corresponding to ~6 x 102
molecule cm ™3 of O3 in the chamber) were made to the chamber
during an experiment. The concentrations of DVSO and the
reference compound were measured during the experiments by
gas chromatography with flame ionization detection (GC-FID),
as described below.

Nitrate radicals were produced from the thermal decomposi-
tion of N,Os,!81% and NO, was also included in the reactant
mixtures. The initial reactant concentrations (molecule cm™?)
were DVSO and methacrolein or trans-2-butene (the reference
compounds), ~2.4 x 101 each, and NO,, (2.4—4.8) x 1013
molecule cm™3; and two to three additions of N»>Os (each
addition corresponding to (1.1—11.4) x 10" molecule cm™—3
of N»Os in the chamber) were made to the chamber during an
experiment. The concentrations of DVSO and the reference
compounds were measured during the experiments by GC-FID,
as described below.

Apart from one experiment (see below), OH radicals were
generated in the presence of NO by the photolysis of methyl
nitrite in air at wavelengths > 300 nm.'®!° The initial reactant
concentrations (molecule cm™3) employed for the OH radical

[reference compound],
n [reference compound], —D,[ @
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reactions were CH;0ONO, ~2.4 x 10'*; NO, ~2.4 x 10'4; and
DVSO and the reference compound, ~2.4 x 103 molecule
cm™3 each. In one experiment, the initial CH;ONO and NO
concentrations were a factor of 10 lower at ~2.4 x 1013
molecule cm™3 each. The reference compounds used were
a-pinene and 1,2,4- and 1,3,5-trimethylbenzene, and irradiations
were carried out at 20% of the maximum light intensity for up
to 12 min in the ~7000 L Teflon chamber and for up to 22 min
in the ~5000 L Teflon bag. While most experiments were
carried out in air (21% O, content), experiments were also
carried out with 1,3,5-trimethylbenzene as the reference com-
pound at ~6 and ~78% O, content.

In additional experiments using 1,3,5-trimethylbenzene as the
reference compound, two experiments were carried out with
dimethyl sulfide present in the reactant mixtures at initial
concentrations of 2.4 x 10'3 and 2.4 x 10'* molecule cm™3. A
third experiment used the dark reaction of Oz with 2-methyl-
2-butene to generate OH radicals in the absence of NO,,?? with
initial concentrations (molecule cm™) of DVSO, ~2.4 x 10'3;
1,3,5-trimethylbenzene, ~2.4 x 10'3; and 2-methyl-2-butene,
4.5 x 10" molecule cm3; and with 6 additions of 50 cm?
aliquots of O3 in O, (each addition corresponding to ~6 x 1012
molecule cm™3 of O3 in the chamber) being made to the chamber
during the experiment.

An experiment was conducted to investigate the importance
of dark decay and photolysis of ~2.4 x 10'* molecule cm™3 of
DVSO in the chamber, with 2.4 x 10! molecule cm™3 of
cyclohexane being present to scavenge any OH radicals formed
during the 60 min of photolysis. Two experiments were also
carried out to measure the rate constant ratio <(OH + 1,3,5-
trimethylbenzene)/k(OH + 1,2,4-trimethylbenzene) for com-
parison with previous data from this laboratory,>* with initial
reactant concentrations (molecule cm™?3) of CH;0ONO and NO,
~2.4 x 10" each, and 1,2,4- and 1,3,5-trimethylbenzene, ~2.4
x 10" molecule cm™ each.

The concentrations of DVSO and the reference compounds
were measured during the experiments by GC-FID. For the
analyses of propene, cis-2-butene, and trans-2-butene, gas
samples were collected from the chamber into 100 cm? volume
all-glass gas-tight syringes and transferred via a 1 cm?® gas
sampling loop onto a 30 m DB-5 megabore column initially
held at —25 °C and then temperature programmed to 200 °C at
8 °C min~!. For the analyses of methacrolein, a-pinene, 1,2,4-
trimethylbenzene, 1,3,5-trimethylbenzene, DVSO and, in prod-
uct studies (see below), divinyl sulfone, 100 cm? volume gas
samples 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, initially held at —40 or 0
°C and then temperature programmed to 200 °C at 8 °C min™".
For a number of the OH radical reactions, DVSO, a-pinene,
1,2,4-trimethylbenzene, and 1,3,5-trimethylbenzene were ana-
lyzed using a 30 m DB-5MS megabore column, with the same
temperature program as that for the DB-1701 column, and in
some of these experiments, both columns were used for analyses
(DVSO eluted before o-pinene, 1,2,4-trimethylbenzene, or 1,3,5-
trimethylbenzene on the DB-5MS column but after them on
the DB-1701 column). On the basis of replicate analyses in the
chamber in the dark, the analytical uncertainties for DVSO and
the reference compounds used were typically <3%.

A product of the reactions of OH and NOs3 radicals with
DVSO was identified by combined gas chromatography —mass
spectrometry (GC-MS) and was quantified by GC-FID using
the DB-1701 column in selected (OH radical reaction) or all
(NOs; radical reactions) kinetic experiments. For the GC-MS
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analyses, samples were collected onto Tenax-TA solid adsorbent
and thermally desorbed onto a 60 m DB-5MS column in a
Hewlett—Packard (HP) 5890 Series II GC interfaced to a HP
5971B mass-selective detector operating in the scanning mode.

Experiments with FT-IR Analyses. Irradiations of 2-propyl
nitrite [(CH3);CHONO)]—-NO—-DVSO—1,2,4-
trimethylbenzene—air and 2-propyl nitrite—NO—DVSO—air
mixtures were carried out in the 5870 L evacuable chamber.
The photolysis of 2-propyl nitrite was used as the OH radical
source to allow the formation of HCHO to be investigated.'$=20
Irradiations were carried out either continuously for 22 min,
with FT-IR spectra being collected before the irradiation and
every 1.5—3.5 min during the irradiation, or intermittently for
up to a total irradiation time of 12 min and with FT-IR spectra
being recorded before and after each 3 min irradiation period.
The initial concentrations (molecule cm™>) employed were
2-propyl nitrite, 1.97 x 10'%; NO, 2.46 x 10'%; DVSO,
(2.41—2.71) x 10"; and 1,2 4-trimethylbenzene (when present),
2.88 x 10 molecule cm™3. The quantitative analysis of
products and reactants by FT-IR spectroscopy was carried out
by a subtractive procedure.!8720 Components were successively
subtracted from the spectrum of the mixture using calibrated
spectra of the gaseous reactants and known products which have
been recorded previously with the same instrument and identical
spectral parameters.'8=20

Aerosol Formation. CH;ONO—NO-—air irradiations of DVSO,
DVSO + a-pinene, and a-pinene were carried out at 296 4 2
K in the ~7000 L Teflon chamber, with the concentrations of
DVSO and/or o-pinene being measured by GC-FID as described
above and with the aerosol number density and size distribution
being measured during the experiments using a TSI 3936L.72
scanning mobility particle sizer (SMPS). The initial reactant
concentrations were similar to those used for the OH radical
kinetic experiments (see above).

Chemicals. The chemicals used (and their stated purities)
were divinyl sulfone (97%), methacrolein (95%), o-pinene
(99+%), 1,2,4-trimethylbenzene (98%), and 1,3,5-trimethyl-
benzene (98%), Aldrich Chemical Co.; divinyl sulfoxide
(=97%), Fluka; cis-2-butene (99%), Liquid Carbonic; and NO
(=299.0%), propene (=99.0%), and trans-2-butene (>95%),
Matheson Gas Products. Methyl nitrite, 2-propyl nitrite, and
N,Os were prepared and stored as described elsewhere, 872025
and O3 in O, diluent was generated using a Welsbach T-408
ozone generator. NO, was prepared as needed by reacting NO
with an excess of O,.

Results

Photolysis and Dark Decays. No decay (<5%) of DVSO
was observed in the ~7000 L Teflon chamber over a period of
4.2 h with four 15 min periods of irradiation at the same light
intensity and spectral distribution as that used in the OH radical
rate constant determinations in the same chamber. These results
show that dark losses and any photolysis of DVSO were
negligible for the experimental conditions employed.

Rate Constant for Reaction with Os. The rate constant for
the reaction of O3 with DVSO was measured at 296 = 2 K in
the ~7000 L Teflon chamber, using a relative rate method with
sufficient cyclohexane being added to the reactant mixtures to
scavenge >97% of the OH radicals produced from the reactions
of O3 with the reference compound and (possibly) DVSO. cis-
2-Butene was used in an initial experiment as the reference
compound, but while 70% of the cis-2-butene had reacted by
the end of the experiment, only 1—2% of the DVSO had reacted,
leading to the upper limit to the rate constant ratio k;/k; given
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TABLE 1: Rate Constant Ratios k/k, and Rate Constants
k, for the Reactions of Divinyl Sulfoxide with O3 and with
NOj; Radicals at 296 + 2 K

reaction reference
with compound ki/ky? k; (cm?® molecule™! s71)?
O3 cis-2-butene <0.021 <2.6 x 10718
propene 0.044 £ 0.010 (4.3 +1.0) x 107"
NO;3 trans-2-butene  <0.022 <9 x 1075
methacrolein ~ 0.18 4 0.04 (6.1 £ 1.4) x 1071°

“ Indicated errors are two least-squares standard deviations. ” Placed
on an absolute basis by use of rate constants (cm® molecule™ s™!) at
296 K of kx(O; + cis-2-butene) = 1.22 x 107!, k»(O; + propene) =
9.68 x 10713, ky(NO; + trans-2-butene) = 3.89 x 107'3, and k(NOs
+ methacrolein) = 34 x 107".'* The indicated errors are two
least-squares standard deviations and do not include the uncertainties in
the rate constants k».

0.16

.Dt

o
-
N

0.08

0.04

In([Divinyl sulfoxide], /[Divinyl sulfoxide],)

0.00 © ; .

0 1 2 3
In([Propene], /[Propene],) - D,

Figure 1. Plots of eq I for the reaction of O3 with divinyl sulfoxide at

296 £ 2 K (~7000 L Teflon chamber), with propene as the reference
compound. Analyses were by GC-FID.

in Table 1. Subsequent experiments used propene as the
reference compound, and the experimental data are plotted in
accordance with eq I in Figure 1. Least-squares analysis of these
data leads to the rate constant ratio ki/k, given in Table 1. The
intercept in Figure 1 is within three standard deviations of zero
and within the analytical measurement uncertainties for DVSO
of <3% (the intercept corresponds to 1.7% loss of DVSO);
alternatively, this small intercept could be due to a small amount
of a reactive impurity which coeluted with DVSO. Note that
the maximum amount of DVSO reacted in these experiments
was only 13%, while up to 92% of the propene was reacted
away. The measured rate constant ratios k;/k; are placed on an
absolute basis using rate constants at 296 K of k»(O3 + cis-2-
butene) = 1.22 x 107'® cm? molecule™! s™! and k(O3 +
propene) = 9.68 x 107!8 cm3 molecule™ s~1,! and the resulting
rate constants k; are given in Table 2. The upper limit to the
rate constant obtained using cis-2-butene as the reference
compound is consistent with that obtained using propene as the
reference compound.

Rate Constant for Reaction with NO; Radicals. Reactions
of N,Os—NO3;—NO,—DVSO—reference compound—air mix-
tures were carried out at 296 £ 2 K in the ~7000 L Teflon
chamber, with GC-FID analyses of DVSO and the reference
compound. trans-2-Butene was used as the reference compound
in an initial experiment, and while at the end of the experiment
95% of the initial trans-2-butene had reacted, only 4% of the
initial DVSO had reacted, leading to the upper-limit rate constant
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Figure 2. Plots of eq I for the reaction of NOj3 radicals with divinyl
sulfoxide at 296 £ 2 K (~7000 L Teflon chamber), with methacrolein
as the reference compound. Analyses were by GC-FID.

ratio listed in Table 1. Methacrolein was therefore used as the
reference compound in subsequent experiments, and the data
obtained are plotted in accordance with eq I in Figure 2. Least-
squares analysis of these data leads to the rate constant ratio
given in Table 1. The intercept in Figure 1 is just beyond three
standard deviations of zero and almost within the analytical
measurement uncertainties for DVSO of <3% (the intercept
corresponds to 3.1% loss of DVSO). Alternatively, this intercept
could be due to a small amount of a reactive impurity which
coeluted with DVSO. This observation is similar to that for the
O3 reaction (see above).

The measured rate constant ratios ki/k, are placed on an
absolute basis using rate constants at 296 K of k,(NO3 + trans-
2-butene) = 3.89 x 10713 cm?® molecule ™! s7! ! and k»,(NO3z +
methacrolein) = 3.4 x 1071 cm3 molecule™! s71,14 and the
resulting rate constants k; are given in Table 1. The upper limit
to the rate constant obtained using trans-2-butene as the
reference compound is consistent with that obtained using
methacrolein as the reference compound.

Rate Constants for Reaction with OH Radicals. A series
of CH3ONO—NO—DVSO-—reference compound—air irradia-
tions were carried out in the three chambers, with a-pinene,
1,2 4-trimethylbenzene, and 1,3,5-trimethylbenzene as the refer-
ence compounds. 1,2,4-Trimethylbenzene was used in the
evacuable chamber experiment because of interferences in the
IR spectrum from reaction products when 1,3,5-trimethylben-
zene was used. Because the measured rate constant for the
reaction of OH radicals with dimethyl sulfide shows a depen-
dence on the O; concentration,>* experiments were also carried
out in N, + O, diluent with ~6 and ~78% O, content using
1,3,5-trimethylbenzene as the reference compound. The reaction
of OH radicals with dimethyl sulfide has also been shown to
be subject to secondary reactions when experiments are
conducted in the presence of NO,, 2028 presumably due to
CH3SO; (possibly CH3S03) radicals formed from CH3S radi-
cals.> Hence, two experiments were carried out with added
dimethyl sulfide (2.4 x 10'3 and 2.4 x 10'* molecule cm™3,
the latter concentration corresponding to a similar OH radical
reaction rate with dimethyl sulfide as that with DVSO) to
determine if this had any effect on the rate constant for the
reaction of OH radicals with DVSO. An additional experiment
was carried out in the absence of NO,, using the reaction of O3
with 2-methyl-2-butene to generate OH radicals.?
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Figure 3. Plots of eq I for the reaction of OH radicals with divinyl

sulfoxide at 296 £ 2 K (~7000 L Teflon chamber), with 1,3,5-

trimethylbenzene and a-pinene as the reference compounds. Analyses

were by GC-FID. The data with o-pinene as the reference compound
have been displaced vertically by 0.2 units for clarity.
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Figure 4. Plots of eq I for the reaction of OH radicals with divinyl
sulfoxide at 296 £ 2 K (~7000 L Teflon chamber with analyses by
GC-FID) and at 298 4+ 1 K (5870 L Teflon-coated evacuable chamber
with analyses by in situ FT-IR spectroscopy), both with 1,2,4-
trimethylbenzene as the reference compound. The evacuable chamber
data with FT-IR analyses have been displaced vertically by 0.2 units
for clarity.

The experimental data are plotted in accordance with eq I in
Figures 3—5, and the rate constant ratios k;/k, obtained from
least-squares analyses of these data are given in Table 2. These
rate constant ratios ki/ks are placed on an absolute basis by use
of rate constants k, of k;(OH + o-pinene) = 1.21 x 107 1e#36/T
cm? molecule™! s™!, k,(OH + 1,2,4-trimethylbenzene) = 3.25
x 1071 ¢cm? molecule ™! s71 at 296—298 K, and k»(OH + 1,3,5-
trimethylbenzene) = 5.67 x 107! cm?® molecule™! s~! at 296
K.! The resulting rate constants k; are given in Table 2. The
room temperature rate constants obtained in the three-chamber
systems with o-pinene and 1,2,4- and 1,3,5-trimethylbenzene
as the reference compounds are in generally good agreement.
Although there are some differences which exceed the combined
two standard deviation error limits (Table 2), these are within
the combined estimated +6% overall uncertainties in each rate
constant ratio measurement when the small temperature differ-
ences are taken into account.
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Figure 5. Plots of eq I for the reaction of OH radicals with divinyl
sulfoxide at 277 £ 2, 299 £ 2, 321 £ 2, and 349 + 1 K, with o-pinene
as the reference compound. Experiments were carried out in a ~5000
L Teflon bag with analyses by GC-FID. The data at 321 + 2, 299 +
2, and 277 £ 2 K have been displaced vertically by 0.1, 0.2, and 0.3
units, respectively, for clarity.

As a check on the internal consistency of the rate constants
used for the reference compounds, we measured the rate constant
ratio k(OH + 1,3,5-trimethylbenzene)/k(OH + 1,2,4-trimeth-
ylbenzene) directly from CH30NO—NO—1,3,5-trimethylben-
zene—1,2,4-trimethylbenzene—air irradiations in the ~7000 L
Teflon chamber, with GC-FID analyses using both the DB-1701
and DB-5MS GC columns. The resulting data are plotted in
accordance with eq I in Figure 6, together with previous data
from Atkinson and Aschmann®* (in that study, propene was used
as the reference compound, and only one experiment had both
1,2,4- and 1,3,5-trimethylbenzene present in the reactant
mixture). The agreement between the previous®* and present
data is excellent, with a rate constant ratio from the complete
data set of k(OH + 1,3,5-trimethylbenzene)/k(OH + 1,2,4-
trimethylbenzene) = 1.74 £ 0.02, where the indicated error is
two least-squares standard deviations. This agrees with the rate
constant ratio of 1.77 + 0.10 derived from the rate constant
ratios k(OH + 1,3,5-trimethylbenzene)/k(OH + propene) and
k(OH + 1,2,4-trimethylbenzene)/k(OH + propene) determined
by Atkinson and Aschmann?* and is identical to the rate constant
ratio derived from the recommended rate constants for 1,2,4-
and 1,3,5-trimethylbenzene.! In addition, a-pinene and 1,3,5-
trimethylbenzene were both present as reference compounds in
a number of experiments carried out in the ~7000 L Teflon
chamber at 296 + 2 K, and the rate constant ratio k<(OH + 1,3,5-
trimethylbenzene)/k(OH + o-pinene) = 1.04 + 0.04 at 296 +
2 K (Figure 6) measured here is in good agreement with the
ratio of 1.07 derived from the recommended rate constants' and
with our previously measured values of 1.12 + 0.02 at 296 £+
2 K'® and 0.989 + 0.021 at 298 + 1 K.2!

An Arrhenius plot of the rate constants k; for DVSO is shown
in Figure 7. Using only the rate constants measured relative to
those for o-pinene, then

k,(OH +DVSO) =
4.06 x 10~ 2e®BE4T oy molecule ' s™! (277-349 K)

where the indicated error is two least-squares standard devia-
tions, and
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k,(OH +DVSO) =
7.23%x 10" cm® molecule ' s7! at 298 K

Using this temperature dependence to correct the rate constants
measured at 296 and 299 K to 298 K, then the average 298 K
rate constant obtained using all three reference compounds is

k,(OH+DVSO) =
(7.434+0.71)x 10" cm® molecule ' s at 298 K

where the error limit is two standard deviations. Combining this
298 K rate constant with the temperature dependence obtained
relative to o-pinene leads to our recommended Arrhenius
expression, shown as the solid line in Figure 7, of

k,(OH + DVS0) =

4.17 %10 "2e¥¥ ¢m?® molecule ' s7! (277—349 K)

Products of the Reaction with NO3; Radicals. GC-MS
analysis of a reacted N,Os—NO,—DVSO—air mixture showed
the presence of divinyl sulfone [CH,=CHS(0),CH=CH,], from
matching the GC retention time and mass spectrum with those
of an authentic standard. After calibration of DVSO and divinyl
sulfone, analyses of the GC-FID data from the kinetic experi-
ments provided the concentrations of divinyl sulfone formed
and of DVSO reacted. Divinyl sulfone was present at concentra-
tions of (1.2—12) x 10'° molecule cm™ in the initial prereaction
analyses, compared to a maximum divinyl sulfone concentration
in the postreaction analyses of 3.6 x 10'! molecule cm™3. A
plot of the amounts of divinyl sulfone formed against the
amounts of DVSO reacted with the NO;3 radical was a good
straight line, suggesting that divinyl sulfone is less reactive than
DVSO toward the NOj; radical (as is the case for dimethyl
sulfone compared to dimethyl sulfoxide®) and that secondary
reactions were relatively minor. A least-squares analysis of the
data leads to a divinyl sulfone yield from the NO; radical
reaction of 8.6 + 2.3%, where the indicated error is two least-
squares standard deviations combined with estimated overall
uncertainties in the GC-FID response factors for DVSO and
divinyl sulfone of £5% each. Clearly, the reaction of NO3
radicals with DVSO is slow, and the formation yield of divinyl
sulfone from this reaction is low.

Products of the Reaction with OH Radicals. GC-MS
analysis of an irradiated CH3ONO—NO—DVSO—air mixture
also showed the presence of divinyl sulfone. Figure 8 shows
plots of the amounts of divinyl sulfone formed against the
amounts of DVSO reacted with the OH radical, as obtained
from GC-FID analyses of data from a series of kinetic
experiments. Divinyl sulfone was not present at detectable
concentrations in the preirradiation analyses. While there is no
information concerning the rate constant for reaction of divinyl
sulfone with OH radicals, the reasonably good straight lines in
Figure 8 suggest that divinyl sulfone is less reactive than DVSO
toward OH radicals and that secondary reactions were relatively
minor (this is analogous to the observation that dimethyl sulfone
is much less reactive than dimethyl sulfoxide toward OH
radicals”). The data in Figure 8 show that the divinyl sulfone
yield depends on the O, concentration, being 4.4 + 0.6% in air
(21% O, content), 2.5 + 0.3% at ~6% O, content, and 7.7 +
1.2% at ~78% O, content, where the indicated errors are two
least-squares standard deviations of the slopes of the plots in
Figure 8 combined with estimated uncertainties in the GC-FID
response factors for DVSO and divinyl sulfone of £5% each
(note that the yields at ~6 and ~78% O, content are from a
single experiment each).
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TABLE 2: Rate Constant Ratios ki/k, and Rate Constants k; for the Reaction of OH Radicals with Divinyl Sulfoxide

temperature (K) chamber® reference compound kilky” 10" x k¢ (cm® molecule™! s71)
277 +2 A o-pinene 1.51 £ 0.06 8.82 £ 0.36
296 +£2 B o-pinene 1.48 +£0.04 7.81 £0.22
296 42 B 1,3,5-trimethylbenzene 1.42 4 0.044 8.05 +0.23¢
2906 + 2 B 1,2,4-trimethylbenzene 2.22 +0.08 7.22 +£0.26
208 + 1 C 1,2,4-trimethylbenzene 2.29 £ 0.06¢ 7.44 £ 0.20¢
299 +£2 A o-pinene 1.35 £ 0.06 7.02 £0.32
321 +£2 A o-pinene 1.22 +0.04 5.74 £0.19
349 + 1 A o-pinene 1.13 +£0.04 4.77 £ 0.17

@A = ~5000 L Teflon bag inside of a 5870 L evacuable chamber; B = ~7000 L Teflon chamber; C = 5870 L evacuable, Teflon-coated
chamber. ® Indicated errors are two least-squares standard deviations. Estimated overall uncertainties in these rate constant ratios are +6%.
¢Placed on an absolute basis by use of rate constants of kx(a-pinene) = 1.21 x 107"1e¥T ¢cm3 molecule™ s7!, ky(1,2,4-trimethylbenzene) =
3.25 x 107" ¢cm® molecule™! s7! at 296—298 K, and kx(1,3,5-trimethylbenzene) = 5.67 x 10~'" cm® molecule™ s™! at 296 K.! The indicated
errors are the two least-squares standard deviations and do not include the uncertainties in the rate constants k», which are likely to be ~410%.
4 Includes experiments at ~6 and ~78% O, content, experiments with added dimethyl sulfide, and an experiment carried out in the absence of

NO;, (see text). ¢ From a single experiment.

2.0
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0.5 1

vs o-Pinene
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5

Figure 6. Plots of eq I for the reaction of OH radicals with 1,3,5-
trimethylbenzene at 296 + 2 K, with 1,2,4-trimethylbenzene and
a-pinene as the reference compounds. Experiments were carried out
in ~6400 or ~7000 L Teflon chambers with GC-FID analyses. O, A:
this work. @: Atkinson and Aschmann.* The solid line for 1,2,4-
trimethylbenzene as the reference compound is a least-squares fit to
the complete data set.

Extrapolation of these yields to the high-O, limit from a plot
of 1/yield against 1/[O;] suggests that there is a minor reaction
pathway, accounting for ~8% of the overall reaction (i.e., &t ~
0.08), which leads to an intermediate, presumably the adduct
CH,=CHS(O)(OH)CH=CH,, which then reacts with O, to form
divinyl sulfone in competition with another process

OH + DVSO — o adduct (1a)
adduct + O, — divinyl sulfone 3)
adduct — other products 4)

Two irradiations of 2-propyl nitrite—NO—DVSO—air mix-
tures were also carried out in the evacuable chamber with in
situ FT-IR analyses, showing formation of CO, CO,, SO,
HCHO, and divinyl sulfone. As noted above, the quantitative
analysis of products and reactants by FT-IR spectroscopy was
carried out by a subtractive procedure in which components
were successively subtracted from the spectrum of the mixture
using calibrated spectra of the gaseous reactants and known
products recorded previously with the same instrument and
identical spectral parameters. Minor corrections to the measured
concentrations of HCHO and CO, were made to account for

10

11 3 -1 -1
10" x k (cm” molecule™ ™)

28 3.0 3.2 3.4 36
1000/T (K)

Figure 7. Arrhenius plot of rate constants for the reactions of OH
radicals with divinyl sulfoxide. Rate constants are from O the ~5000
L Teflon bag inside of the evacuable chamber and the ~7000 L Teflon
chamber, relative to o-pinene; O the ~7000 L Teflon chamber, relative
to 1,3,5-trimethylbenzene; A the ~7000 L Teflon chamber, relative to
1,2,4-trimethylbenzene, ¥ the 5870 L evacuable chamber, relative to
1,2,4-trimethylbenzene. The solid line is our recommended Arrhenius
fit (see text).

formation from the photolysis of 2-propyl nitrite,'8~2° and the
HCHO concentrations were also corrected for secondary reaction
with OH radicals, using a rate constant of 8.5 x 10'? cm?
molecule™! s for HCHO* and the value measured here for
DVSO. Any corrections for secondary reactions for CO, CO,,
or SO, were negligible, and the maximum correction to the
measured HCHO concentration was 4.6%. Least-squares analy-
ses of the data resulted in formation yields of 35 &+ 11% for
CO, 2.2 £ 0.8% for COy, 33 + 4% for SO, 54 £+ 6% for
HCHO, and 5.4 £ 0.8% for divinyl sulfone, where the errors
are two least-squares standard deviations combined with esti-
mated overall uncertainties in the IR calibrations of £5% for
DVSO, £5% for divinyl sulfone, £5% for SO,,2° +5% for
HCHO,!8 +£7% for CO,!8 and +7% for CO,.!8 The formation
yield of divinyl sulfone obtained from the experiments with in
situ FT-IR analyses (5.4 £ 0.8%) agrees within the experimental
uncertainties with that of 4.4 £+ 0.6% in air determined from
independent experiments with GC-FID analyses. This agreement
suggests that artifactual formation of divinyl sulfone during the
GC-FID sampling and analysis procedures was not significant.

Figure 9 illustrates spectra recorded from one of the irradia-
tions. Trace A is the spectrum of the initial DVSO, and trace B
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reactions of OH radicals with divinyl sulfoxide in air (21% O, content)
and in N,—O», mixtures with ~6 and ~78% O..
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Figure 9. FT-IR spectra recorded from an irradiation of a 2-propyl
nitritt—NO—divinyl sulfoxide (DVSO)—air mixture (numbers in
parentheses are the concentrations in units of 10'* molecule cm™). Trace
(A) is the spectrum of the initial DVSO; (B) is a reference spectrum of
divinyl sulfone; (C) is the spectrum of products formed from DVSO
after ~51% reaction, after subtraction of absorptions due to DVSO
and products formed from 2-propyl nitrite and NO,; (D) is after
subtraction of the absorptions of HCHO and SO, from (C); and (E) is
after subtraction of absorptions of divinyl sulfone from (D).

is a reference spectrum of divinyl sulfone, where the numbers
in parentheses are the concentrations in units of 10'3 molecule
cm 3. Trace C is the spectrum of products attributed to arise
from DVSO after ~51% reaction of the initial DVSO (i.e.,
absorptions of the parent compound and of products formed
from 2-propyl nitrite and NO, have been subtracted). Trace D
is obtained after subtraction of the absorptions of HCHO and
SO, from C, revealing the presence of a detectable amount of
divinyl sulfone. Subtraction of absorptions due to divinyl sulfone
from D leaves a significant set of absorptions by unidentified
products in trace E. By comparison of residual spectra such as
E at different times of the reaction, it was possible to derive
two qualitative sets of absorptions. One of these is composed
of three distinct absorption bands at 1740, 1365, and 1217 cm™!,
which are most likely from a single product which increased in
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concentration at longer irradiation times (i.e., with the extent
of reaction). The presence of these frequencies at 1740 (C=0
bond stretch), 1365 (region of =CH, “scissor” motion), and
1217 cm™! (consistent with an “influenced” S=O bond stretch)
makes possible a tentative assignment to CH,=CHS(O)CHO,
a product which is predicted on the basis of plausible reaction
mechanisms (see below). The shift in the vapor-phase S=O
stretch frequency to a higher position relative to those in DVSO
(~1100 cm™1)? and dimethyl sulfoxide (1101 cm™1)3 is
consistent with the presence of an electron-withdrawing alde-
hyde group in CH,=CHS(O)CHO. The other set of absorptions
indicates other unidentified carbonyl-containing products from
DVSO.

Aerosol formation was measured during CH;ONO—NO—air
irradiations of DVSO, DVSO + a-pinene, and a-pinene carried
out in the ~7000 L Teflon chamber at 296 + 2 K. The initial
reactant concentrations and experimental procedures were as
those in the kinetic experiments, with three irradiation periods
and GC-FID analyses of DVSO and/or o-pinene before and after
each irradiation period. The fraction of the initially present
DVSO and/or a-pinene reacted by the end of the experiments
was DVSO alone, 46—50%; DVSO + a-pinene, 50—64 and
38—53%, respectively; and o-pinene alone, 31%. Aerosol
number and size distribution were measured during the experi-
ments using a TSI 393672L scanning mobility particle sizer
(SMPS). The aerosol loadings prior to beginning the irradiations
and with all of the reactants present in the chamber were in the
range of 4—38 ug m—3 (4 ug m~3 for both DVSO experiments
and one of the two DVSO + o.-pinene experiments). The SMPS
data showed that new particle formation occurred during the
first irradiation period in one of the two DVSO alone experi-
ments and in the DVSO + o-pinene experiment with the lowest
initial aerosol loading, with the increase in aerosol mass during
the second and third irradiation periods being due to the growth
of existing particles. In the other experiments (one DVSO alone,
the a-pinene alone, and the DVSO + a-pinene experiment with
the highest initial aerosol loading), the increase in aerosol mass
during all three irradiation periods was due to the growth of
existing particles. Assuming that the aerosol had the same
density as the reactants, the aerosol yield at the end of the
reaction was 1.5% for the DVSO alone experiments, and within
the measurement uncertainties, the aerosol yield was constant
throughout each experiment. Clearly, aerosol formation in the
OH radical-initiated reaction of DVSO was minor. The aerosol
yield at the end of the a-pinene alone experiment was 8—9%.
However, factors of ~3—6 higher amounts of aerosol were
formed in the DVSO + o-pinene experiments if the aerosol
yields from DVSO alone and a-pinene alone were additive.

Discussion

While DVSO reacts slowly with Oz with a rate constant at
296 4+ 2 K of 4.3 x 107! cm? molecule™ s™! (Table 1), only
an upper limit to the rate constant of <1 x 107! cm?
molecule™! s7! at 295 + 2 K has been reported for the reaction
of dimethyl sulfoxide with O3.° Our observation of a reaction
of DVSO with O3, with a rate constant a factor of ~3—4 lower
than that for ethene,! suggests that the reaction of O3 with DVSO
occurs at the C=C bonds and that the C=C bonds in DVSO
are of roughly similar reactivity as those in ethene. In contrast
to the O3 reaction, DVSO is markedly less reactive than dimethyl
sulfoxide toward NOj; radicals, with room-temperature rate
constants of 6.1 x 1071¢ (Table 1) and ~2 x 107'3 cm?
molecule™! s71,39 respectively. Again, the rate constant for the
reaction of DVSO with NOs radicals is of similar magnitude to
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that for ethene,! possibly suggesting that the NOs radical reaction
with DVSO proceeds mainly by addition to the C=C bonds.
This would be in contrast to the NOs radical reaction with
dimethyl sulfoxide, which is believed to react mainly by addition
to the S atom and form dimethyl sulfone as the only observed
product, in 10—94% yield.’

The measured rate constant for the reaction of OH radicals
with DVSO, of 7.43 x 107! cm? molecule™! s~! at 298 K, is
invariant of O, content (~6—78%), the presence of dimethyl
sulfide, and the presence or absence of NO,. The magnitude of
this rate constant, together with the negative temperature
dependence, indicates that the reaction proceeds by initial OH
radical addition. The rate constants for the reactions of OH
radicals with DVSO and dimethyl sulfoxide both have similar
room temperature rate constants (7.4 x 107! cm? molecule™!
s~! for DVSO and ~8 x 107! cm? molecule™" s~! for dimethyl
sulfoxide>®%%12) and negative temperature dependencies (E/R
= —858 £ 141 K for DVSO and —800 + 540 K for dimethyl
sulfoxide®). Experimental®!%12 and theoretical'!:!3 studies of the
reaction of OH radicals with dimethyl sulfoxide indicate that
the reaction proceeds by initial OH radical addition to the S
atom to form an adduct, which then decomposes to CH3S(O)OH
(methanesulfinic acid) plus CHs

OH + CH,;S(O)CH, <> [CH;S(O)(OH)CH;] —
CH,S(O)OH + CH; (5)

In the case of DVSO, the OH radical reaction could proceed
by initial addition to the S atom to form the adduct
CH,=CHS(O)(OH)CH=CH, and/or by addition to the carbons
of the C=C bonds to form the radicals CH,=
CHS(O)C'HCH,OH and CH,=CHS(O)CH(OH)C H,. Presum-
ably, reaction of the CH,=CHS(O)(OH)CH=CH, adduct with
O, leads in part to formation of divinyl sulfone, and extrapola-
tion of our GC-FID data to limiting high O, concentration
suggests that this accounts for ~8% of the overall OH radical
reaction. The carbon-centered radicals formed after OH radical
addition to the C=C bonds are anticipated to form, after addition
of O, and reaction with NO, the CH,=CHS(O)CH(O")CH,OH
and CH,=CHS(O)CH(OH)CH,O" alkoxy radicals. By analogy
with simple alkoxy radicals formed from alkanes, these may
be expected to react by

CH,=CHS(0)CH(O")CH,OH — CH,=CHSO +
HOCH,CHO (6a)
CH,=CHS(0)CH(O")CH,OH — CH, = CHS(O)CHO +
‘CH,OH (6b)
‘CH,0H + O,—~HCHO + HO, (7
and
CH,=CHS(O)CH(OH)CH,O® — CH,=CHS(O)C'HOH +
HCHO (8)
CH,=CHS(O)C'HOH + O, — CH,=CHS(O)CHO + HO,
©)

If the CH,=CHSO radical is formed, it may ultimately lead to
CH,=C'H + SO,, with the vinyl radical reacting with O, to
form HCHO + CO. However, since HOCH,CHO was not
observed in the FT-IR analyses, reaction 6a cannot occur to
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any significant extent. The products observed and quantified in
air account for 38 £ 5% of the sulfur and 28 £ 4% of the
carbon reacted, and aerosol formation (1.5%) increases these
numbers only very slightly. Obviously, a large fraction of the
reaction products is presently not accounted for.

Acknowledgment. This work was supported by ENSCO, Inc.
While this research has been funded by this agency, the results
and content of this publication do not necessarily reflect the
views and opinions of the funding agency. The TSI 3936L72
SMPS instrument was purchased with funds from the William
M. Keck Foundation (Environmental Chamber Research Pro-
gram on Air Pollution Grant). R.A. thanks the University of
California Agricultural Experiment Station for partial salary
support.

References and Notes

(1) Atkinson, R.; Arey, J. Chem. Rev. 2003, 103, 4605.

(2) Aneja, V. P.; Cooper, W. J. In Biogenic Sulfur Emissions: A Review,
in Biogenic Sulfur in the Environment; Saltzman, E. S., Cooper, W. J.,
Eds.; ACS Symposium Series 393; American Chemical Society: Washing-
ton, DC, 1989; pp 2—13.

(3) Barnes, I.; Hjorth, J.; Mihalopoulos, N. Chem. Rev. 2006, 106, 940.

(4) IUPAC, http://www.iupac-kinetic.ch.cam.ac.uk/ (2007).

(5) Barnes, I.; Bastian, V.; Becker, K. H.; Martin, D. In Fourier
Transform IR Studies of the Reactions of Dimethyl Sulfoxide with OH, NO3,
and Cl Radicals, in Biogenic Sulfur in the Environment; Saltzman, E. S.,
Cooper, W. J., Eds.; ACS Symposium Series 393; American Chemical
Society: Washington, DC, 1989; pp 476—488.

(6) Hynes, A. J.; Wine, P. H. J. Atmos. Chem. 1996, 24, 23.

(7) Sgrensen, S.; Falbe-Hansen, H.; Mangoni, M.; Hjorth, J.; Jensen,
N. R. J. Atmos. Chem. 1996, 24, 299.

(8) Urbanski, S. P.; Stickel, R. E.; Wine, P. H. J. Phys. Chem. A 1998,
102, 10522.

(9) Falbe-Hansen, H.; Sgrensen, S.; Jensen, N. R.; Pedersen, T.; Hjorth,
J. Atmos. Environ. 2000, 34, 1543.

(10) Arsene, C.; Barnes, 1.; Becker, K. H.; Schneider, W. F.; Wallington,
T. J.; Mihalopoulos, N.; Patroescu-Klotz, I. V. Environ. Sci. Technol. 2002,
36, 5155.

(11) Wang, L.; Zhang, J. Chem. Phys. Lett. 2002, 356, 490.

(12) Kukui, A.; Borissenko, D.; Laverdet, G.; Le Bras, G. J. Phys. Chem.
A 2003, 107, 5732. .

(13) Gonzalez-Garcia, N.; Gonzdlez-Lafont, A.; Lluch, J. M. J. Phys.
Chem. A 2006, 110, 798.

(14) Arsene, C.; Barnes, 1.; Becker, K. H. Phys. Chem. Chem. Phys.
1999, 7, 5463.

(15) Arsene, C.; Barnes, I.; Becker, K. H.; Mocanu, R. Atmos. Environ.
2001, 35, 3769.

(16) Gross, A.; Barnes, L.; Sgrensen, S.; Kongsted, J.; Mikkelsen, K. V.
J. Phys. Chem. A 2004, 108, 8659.

(17) Tyndall, G. S.; Ravishankara, A. R. Int. J. Chem. Kinet. 1991, 23,
483.

(18) Aschmann, S. M.; Tuazon, E. C.; Atkinson, R. J. Phys. Chem. A
2005, 109, 2282.

(19) Aschmann, S. M.; Tuazon, E. C.; Atkinson, R. J. Phys. Chem. A
2005, 7109, 11828.

(20) Tuazon, E. C.; Aschmann, S. M.; Atkinson, R. J. Phys. Chem. A
2007, 111, 916.

(21) Aschmann, S. M.; Long, W. D.; Atkinson, R. J. Phys. Chem. A
2006, 110, 7393.

(22) Aschmann, S. M.; Atkinson, R. J. Phys. Chem. A 2006, 110, 13029.

(23) Chew, A. A.; Atkinson, R. J. Geophys. Res. 1996, 101, 28649.

(24) Atkinson, R.; Aschmann, S. M. Int. J. Chem. Kinet. 1989, 21, 355.

(25) Taylor, W. D.; Allston, T. D.; Moscato, M. J.; Fazekas, G. B.;
Kozlowski, R.; Takacs, G. A. Int. J. Chem. Kinet. 1980, 12, 231.

(26) Wallington, T. J.; Atkinson, R.; Tuazon, E. C.; Aschmann, S. M.
Int. J. Chem. Kinet. 1986, 18, 837.

(27) Barnes, I.; Bastian, V.; Becker, K. H.; Fink, E. H.; Nelsen, W. J.
Atmos. Chem. 1986, 4, 445.

(28) Barnes, 1.; Bastian, V.; Becker, K. H. Int. J. Chem. Kinet. 1988,
20, 415.

(29) Ellzy, M. W.; Christesen, S. D.; Jensen, J. O.; Kay, J. G.
Spectrochim. Acta, Part A 2005, 61, 1075.

(30) Forel, M.-T.; Tranquil, M. Spectrochim. Acta, Part A 1970, 26,
1023.

JP803223E



