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Abstract Rate coefficients for the gas-phase reactions of OH
radicals and Cl atoms with 1-methoxy-2-propanone (1-M-2-
PONE), 1-methoxy-2-propanol (1-M-2-POL), and 1-
methoxy-2-butanol (1-M-2-BOL) were determined at room
temperature and atmospheric pressure using a conventional
relative-rate technique. The following absolute rate coefficients
were derived: k1(OH + 1-M-2-PONE) = (0.64 ± 0.13) × 10−11,
k2(OH + 1-M-2-BOL) = (2.19 ± 0.23) × 10−11, k3(Cl + 1-M-2-
PONE = (1.07 ± 0.24) × 10−10 , k4(Cl + 1-M-2-
POL) = (2.28 ± 0.21) × 10−10, and k5 (Cl + 1-M-2-
BOL) = (2.79 ± 0.23) × 10−10, in units of cm3 molecule−1 s−1.
This is the first experimental determination of k2-k5. These rate
coefficients were used to discuss the influence of the structure
on the reactivity of the studied polyfunctional organic com-
pounds. The atmospheric implications for 1-M-2-PONE, 1-
M-2-POL, and 1-M-2-BOL and their reactions were investigat-
ed estimating atmospheric parameters such as lifetimes, global
warming potentials, and average photochemical ozone produc-
tion. The approximate nature of these values was stressed

considering that the studied oxygenated volatile organic com-
pounds are short-lived compounds for which the calculated
parameters may vary depending on chemical composition, lo-
cation, and season at the emission points.

Keywords Atmospheric chemistry .Keto- and glycol-ethers .

OH radicals . Cl atoms . Relative rate coefficient . Gas-phase
reactivity trends . Atmospheric acceptability

Introduction

Oxygenated volatile organic compounds (OVOCs) are ubiq-
uitous in the troposphere (Singh et al. 1995). They have both
primary and secondary sources, being emitted directly into the
atmosphere by biogenic and anthropogenic processes, as well
as being formed from the gas-phase oxidation of parent hy-
drocarbons (Mellouki et al. 2015; Wyche et al. 2007). Natural
OVOC emissions are predominant on a global scale.
However, anthropogenic sources are the most important con-
tributors to ambient concentrations near industrialized areas
(Mellouki et al. 2015; Schade and Goldstein 2001). Among
the anthropogenic OVOCs, the keto-ethers (KEs) and glycol-
ethers (GEs) have received recurring attention. A variety of
these compounds has been widely used mainly for industrial
applications (Calvert et al. 2011). Glycol-ethers act as sol-
vents, which are an essential part of everyday life. They are
an invaluable solution for industries that range from pharma-
ceuticals and microelectronics to domestic cleaning, personal
care, agricultural chemicals, and printing (Dow Chemical
Company 2001; Whin and Johnson 1996). Whereas KEs are
used for pesticide intermediates and polymer synthesis
(Chemical Book 2016), and they are also formed in the tropo-
spheric oxidation of some GEs (Aschmann and Atkinson
1998; Aschmann et al. 2011). Based on the use and
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applications of these organic compounds, their emission levels
are expected to be considerable even when there are no emis-
sion inventories for these OVOCs.

Tropospheric removal processes for OVOCs are well
established to be the chemical processes of photolysis and gas-
phase reactions, and the physical loss processes of dry and wet
deposition. While the major fate of OVOCs is expected to be via
gas-phase reaction with OH radicals (Atkinson and Arey 2003;
Finlayson-Pitts and Pitts 2000), in recent years, the Cl-initiated
degradation has been postulated to be an important homoge-
neous loss process of OVOCs in marine and coastal environ-
ments, where high concentration of Cl atoms has been reported
(Finlayson-Pitts and Hemminger 2000; Spicer et al. 1998). In
addition, large amounts of reactive chlorine species were found
over continental areas in the lowest part of the atmosphere
(Thornton et al. 2010; von Glasow 2010). Thus, the chlorine
chemistry in the atmosphere could play a significant role in the
chemical oxidation of OVOCs.

The OVOCs degradation in the troposphere is complex and
leads to the production of several secondary pollutants such as
ozone, highly oxidized VOCs, and secondary organic aero-
sols. Hence, oxygenated compound emissions have an impact
on the tropospheric oxidizing capacity both on a regional and
global scale, and it is important to consider their possible
effects on air quality (Mellouki et al. 2003, 2015). In addition,
adverse effects on human health, vegetation (e.g., crops), and
materials are known due to elevated levels of tropospheric
ozone. Therefore, understanding the contribution of various
OVOCs to ozone formation is of particular interest.

In this work, we report a relative kinetic study of the oxi-
dation reactions of 1-methoxy-2-propanone (1-M-2-PONE)
and 1-methoxy-2-butanol (1-M-2-BOL) initiated by OH rad-
icals and Cl atoms, and 1-methoxy-2-propanol (1-M-2-POL)
with Cl atoms, at room-temperature and atmospheric pressure:

OH þ CH3OCH2C Oð ÞCH3 → Products k1

ð1Þ
OH þ CH3OCH2CH OHð ÞCH2CH3 → Products k2

ð2Þ
Cl þ CH3OCH2C Oð ÞCH3 → Products k3

ð3Þ
Cl þ CH3OCH2CH OHð ÞCH3 → Products k4

ð4Þ
Cl þ CH3OCH2CH OHð ÞCH2CH3 → Products k5

ð5Þ

To the best of our knowledge, this work constitutes the first
experimental determination of the rate coefficients for the re-
actions of OH radicals (kOH) with 1-M-2-BOL, whereas for 1-

M-2-PONE, there is only one previous kinetic study per-
formed by Dagaut et al. (1989) using the flash photolysis-
resonance fluorescence technique at 298 K. Moreover, there
are no prior kinetic determinations of the rate coefficients for
the gas-phase reactions of Cl atoms (kCl) with the three
OVOCs here studied.

Additionally, this study aims to extend the existing scant
database on the reactivity of KEs and GEs toward tropospher-
ic oxidants as part of an ongoing program in our laboratory
regarding the fate and impact of oxygenated species in atmo-
spheric chemistry (Cometto et al. 2008; Dalmasso et al. 2010,
2012). Moreover, the kinetics results obtained provide an op-
portunity to examine the influence of the ether linkage (–O–)
on the reactivity of these polyfunctional organic compounds.
Finally, the atmospheric implications of the anthropogenic
OVOCs studied were evaluated estimating their atmospheric
lifetimes, radiative efficiencies (REs), global warming poten-
tials (GWPs), and the average photochemical ozone produc-
tion of each OVOC.

Materials and methods

Chemicals

1-M-2-PONE (Aldrich 95%), 1-M-2-POL (Aldrich 99%), 1-
M-2-BOL (Aldrich 98%), cyclopentane (Merck, 99%), n-
heptane (Merck, 99%), 1-pentene (Aldrich 98.5%), butyralde-
hyde (Aldrich 99%), n-pentane (Dorwill, 99.1%), and 2-
chloro-ethyl-methyl-ether (Aldrich, 98%) were degassed by
repeated freeze-pump-thaw cycling and purified by vacuum
distillation until gas chromatographic analysis revealed no ob-
servable impurities.

A 70.5% H2O2 solution was supplied by Atanor S.A., and
it was concentrated by bubbling UHP N2 through this solution
prior to use, to removewater. Cl2 was prepared via the reaction
betweenHCl and KMnO4 and was purified by repeated trap to
trap distillation until a sample of 99% purity was obtained,
confirmed by IR and UV spectroscopy.

Synthetic air (purity 99.999%) and chromatographic gases
were purchased from LINDE.

Relative-rate measurements

Rate coefficients k1-k5 were determined using a relative-rate
method at (298 ± 2) K and atmospheric pressure of synthetic
air. This method assumes that loss of the KE or GE and refer-
ence compound occurs only by reactions (6) and (7):

OH=Cl þ OVOC → Products kOVOCð Þ ð6Þ

OH=Cl þ Reference → Products kRef
� � ð7Þ
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and it allows to obtain the relative-rate coefficient, kOVOC/
kRef, from the slope of a plot of ln([OVOC]0/[OVOC]t) versus
ln([Ref]0/[Ref]t) given by

ln
OVOC½ �0
OVOC½ �t

� �
¼ kOVOC

kRef
xln

Ref½ �0
Ref½ �t

� �
ð8Þ

where [OVOC]0, [Ref]0, [OVOC]t, and [Ref]t are the con-
centrations of KE or GE and reference compound at times
t = 0 and t, respectively, and kOVOC and kRef are the rate coef-
ficients of reactions (6) and (7), respectively.

The experimental set-up used tomeasure k1-k5 was present-
ed in a previous publication (Dalmasso et al. 2005), which
consisted of a greaseless high vacuum system, a 200-L col-
lapsible Teflon bag (reaction chamber), a photolysis box, and
a gas chromatograph (GC-FID, Perkin Elmer Clarus 500) with
flame-ionization detection.

Reaction mixtures consisting of a KE or GE, a reference
organic compound, and the OH radical/Cl atom precursor, dilut-
ed in synthetic air, were prepared in the reaction chamber and left
to mix, prior to photolysis, for at least 1 h. Synthetic air was used
to simulate the concentration of O2 and N2 in the atmosphere.

The initial concentration ranges, in ppm, of 1-M-2-PONE, 1-
M-2-POL, and 1-M-2-BOL, and reference compounds
(cyclopentane, n-heptane, 1-pentene, butyraldehyde, n-pentane,
and 2-chloroethylmethylether) used in the experiments are
shown in Tables 1 and 2. OH radicals and Cl atoms were gener-
ated in situ in the collapsible Teflon bag by the UV photolysis of
H2O2 (germicide lamps, λmax~254 nm) and molecular chlorine
(black lamps,λmax~360 nm), respectively. Typically four of these
lampswere used, and the total time of photolysis varied from 1 to
7 min. The H2O2 and Cl2 concentrations used were in the range
170–220 and 110–220 ppm, respectively (where
1 ppm = 2.46 × 1013 molecule cm−3 at 298 K and 760 Torr of
total pressure).

After each photolysis, reaction mixtures were removed
from the Teflon bag using calibrated gas syringes (Hamilton
gas-tight). The organics were monitored by gas chromatogra-
phy using an Elite-5 capillary column (Perkin Elmer, 30 m,
0.32 mm i.d., 0.25 μm film thickness). The column tempera-
ture was maintained isothermally at 35 °C (1-M-2-PONE and
1-M-2-POL) or 45 °C (1-M-2-BOL), and the carrier gas flow
was 0.9 mL of UHP He per min.

For each reaction mixture, typically 10 or more samples
before photolysis were injected into the gas chromatograph
to obtain the uncertainty associated with the sampling process.
The relative standard deviations of these replicate injections
were below 5% for both OVOC and reference compound.

Infrared absorption spectra

To estimate the radiative efficiency, infrared spectra of the
three OVOCs studied were recorded in the 800–1500 cm−1

region at 298 K using a Nicolet FTIR spectrometer, with
1.0 cm−1 resolution, varying the pressure of a pure compound
between 0.5 and 4.0 Torr. The absorption cell used was a
Pyrex cell sealed with NaCl windows and with an optical path
length equal to (23.0 ± 0.1) cm. Gas sample pressures were
measured with a capacitance manometer (MKS Baratron,
range 10 Torr). Background spectra were measured with the
sample cell under vacuum.

Results

Second-order rate coefficients k1-k5 were determined at
(298 ± 2) K and atmospheric pressure and obtained from the
relative loss of the KE or GEs versus that of the reference
compounds in the presence of OH radicals or Cl atoms.

Table 1 Concentration of the reactants, rate coefficient ratios, kOVOC/kRef, and the absolute rate coefficients, kOVOC, for the reactions of OH radicals
with 1-methoxy-2-propanone and 1-methoxy-2-butanol at 298 K and atmospheric pressure

OVOC [OVOC]0 (ppm) Reference compound [Ref]0 (ppm) Number of runs kOVOC/kRef kOVOC (cm3 molecule−1 s−1)

1-M-2-PONE 39 Cyclopentane 46 1 1.31 ± 0.03 (0.64 ± 0.08) × 10−11

52 45 2 1.28 ± 0.02 (0.62 ± 0.07) × 10−11

46 58 3 1.33 ± 0.03 (0.64 ± 0.08) × 10−11

33 n-Heptane 40 1 0.96 ± 0.03 (0.65 ± 0.12) × 10−11

55 56 2 0.95 ± 0.04 (0.64 ± 0.12) × 10−11

Average (0.64 ± 0.13) × 10−11

1-M-2-BOL 55 Butyraldehyde 60 1 0.88 ± 0.02 (2.10 ± 0.14) × 10−11

49 55 2 0.90 ± 0.03 (2.15 ± 0.16) × 10−11

40 45 3 0.91 ± 0.02 (2.17 ± 0.15) × 10−11

40 1-Pentene 39 1 0.71 ± 0.04 (2.26 ± 0.16) × 10−11

49 60 2 0.70 ± 0.03 (2.23 ± 0.14) × 10−11

Average (2.19 ± 0.23) × 10−11
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The following reactions were used as reference to deter-
mine the reaction rate coefficient of 1-M-2-PONE (k1):

OH þ cyclopentane → Products k9 ð9Þ

OH þ n−heptane → Products k10 ð10Þ

where k9 = (4.85 ± 0.58) × 10−12 (Gennaco et al. 2012) and
k10 = (6.76 ± 1.20) × 10−12 (Atkinson 2003). For reaction (2)
of 1-M-2-BOL, the reference reactions were:

OH þ 1−pentene → Products k11 ð11Þ

OH þ butyraldehyde → Products k12 ð12Þ

with k11 = (3.19 ± 0.14) × 10−11 (Atkinson 1986) and
k12 = (2.39 ± 0.16) × 10−11 (D’Anna et al. 2001). All the k
values are in units of cm3 molecule−1 s−1.

For reaction (3) of 1-M-2-PONE with Cl atoms, n-pentane
and 2-chloroethylmethylether were used as references, and n-
pentane and cyclopentane for reactions (4) and (5) of 1-M-2-
POL and 1-M-2-BOL with Cl atoms. The rate coefficients used
were the following: kn-pentane = (2.52 ± 0.12) × 10−10 (Atkinson
andAschmann1985),k2-chloroethylmethylether=(1.11±0.20)×10

−10

(Dalmasso et al. 2005), and k
cyclopentane

= (3.26 ± 0.10) × 10−10

(Wallington et al. 1989), all in units of cm3 molecule−1 s−1.
The relative-rate technique relies on the assumption

that both OVOC and reference compounds are removed

solely via reaction with OH radicals or Cl atoms. To ver-
ify this assumption, mixtures of H2O2 or Cl2 with both
organic compounds were prepared and allowed to stand in
the dark between 1 and 3 h. No loss of the organic species
was observed over the typical time periods used in this
work, which allowed to conclude that losses of both
OVOC and reference compound due to dark reaction or
by removal at the walls were of negligible importance.
Furthermore, to test for possible photolysis of the reac-
tants used, mixtures of both OVOC and reference com-
pound in the absence of H2O2 or Cl2 were irradiated for
30 min using the output of all the lamps surrounding the
chamber. No significant photolysis of any of the reactants
was observed.

Figure 1 shows example plots of the relative-rate data
obtained for the reactions of OH radicals with 1-M-2-
PONE and 1-M-2-BOL using two different reference com-
pounds. Similar plots for the reactions of Cl atoms with 1-
M-2-PONE, 1-M-2-POL, and 1-M-2-BOL are shown in
Fig. 2. For each OVOC studied, at least two runs were
carried out to determine the rate coefficients and to test
the internal consistency of the rate coefficient ratios. The
results obtained using the different initial concentrations of
the reactants were indistinguishable. Moreover, the linear-
ity of the data points and the fact that the plots show prac-
tically zero intercepts, suggest that the contribution of sec-
ondary reactions with the products of the reactions studied
could be considered negligible. Since, secondary reactions

Table 2 Concentration of the reactants, rate coefficient ratios, kOVOC/kRef, and the absolute rate coefficients, kOVOC, for the reactions of Cl atoms with
three studied OVOCs at 298 K and atmospheric pressure

OVOC [OVOC]0 (ppm) Reference compound [Ref]0 (ppm) Number of runs kOVOC/kRef kOVOC (cm3 molecule−1 s−1)

1-M-2-PONE 50 n-Pentane 50 1 0.46 ± 0.04 (1.16 ± 0.11) × 10−10

52 58 2 0.45 ± 0.03 (1.13 ± 0.09) × 10−10

50 55 3 0.42 ± 0.02 (1.06 ± 0.07) × 10−10

55 ClEMEa 56 1 0.90 ± 0.03 (1.01 ± 0.18) × 10−10

48 50 2 0.91 ± 0.02 (1.01 ± 0.18) × 10−10

Average (1.07 ± 0.24) × 10−10

1-M-2-POL 40 n-Pentane 40 1 0.91 ± 0.05 (2.29 ± 0.16) × 10−10

49 44 2 0.87 ± 0.03 (2.19 ± 0.12) × 10−10

59 41 3 0.92 ± 0.02 (2.31 ± 0.12) × 10−10

40 Cyclopentane 39 1 0.72 ± 0.02 (2.34 ± 0.09) × 10−10

59 58 2 0.70 ± 0.03 (2.28 ± 0.12) × 10−10

Average (2.28 ± 0.21) × 10−10

1-M-2-BOL 45 n-Pentane 43 1 1.12 ± 0.03 (2.82 ± 0.15) × 10−10

49 40 2 1.10 ± 0.04 (2.77 ± 0.17) × 10−10

39 61 3 1.11 ± 0.05 (2.79 ± 0.16) × 10−10

39 Cyclopentane 40 1 0.86 ± 0.05 (2.80 ± 0.19) × 10−10

55 48 2 0.85 ± 0.06 (2.77 ± 0.21) × 10−10

Average (2.79 ± 0.23) × 10−10

a ClEME: 2-chloroethylmethylether
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involving the oxidation products could lead to an additional
consumption of the organic compounds (OVOC, reference
compound), which would result in curvature of the relative-
rate plots (Wheeler et al. 2008). Thus, the ratios of the rate
coefficients, kOVOC/kRef, obtained from the slopes of the
plots shown in Figs. 1 and 2, were reliable for determining
the rate coefficients in absolute terms for reactions (1)–(5).
The second-order rate coefficient values obtained were for the
following OH radicals: k1 = (0.64 ± 0.13) × 10−11 and
k 2 = (2 .19 ± 0 .23) × 10−11 , and for Cl a toms:
k3 = (1.07 ± 0.24) × 10−10, k4 = (2.28 ± 0.21) × 10−10, and
k5 = (2.79 ± 0.23) × 10−10, all in units of cm3 molecule−1 s−1.

The estimated errors on the rate coefficients are propa-
gated errors on the basis of the standard error of the slopes
of the plots of ln([OVOC]0/[OVOC]t) versus ln([Ref]0/
[Ref]t) and the error reported for the reference rate coeffi-
cients. In this approach, any systematic error due to sam-
ple handling and the chromatographic method is included
in the dispersion of the experimental curves and therefore,

in the standard error of the slope. For each individual ex-
periment, the error on the slopes was determined as twice
the statistical deviation arising from the least-squares fit of
the plots of ln([OVOC]0/[OVOC]t) versus ln([Ref]0/
[Ref]t), while the errors on the measured rate coefficients
were determined using the error propagation method

Fig. 2 Relative kinetic data for the Cl atom reaction with 1-methoxy-2-
propanone (1-M-2-PONE), 1-methoxy-2-propanol (1-M-2-POL), and 1-
methoxy-2-butanol (1-M-2-BOL) at room temperature and atmospheric
pressure

Fig. 1 Relative kinetic data for the OH radical reaction with 1-methoxy-
2-propanone (1-M-2-PONE) and 1-methoxy-2-butanol (1-M-2-BOL) at
room temperature and atmospheric pressure
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according to the following expression (Ku 1966;
Messaadia et al. 2013):

ΔkOVOC ¼ kOVOC
ΔkRe f
kRe f

� �2

þ
Δ kOVOC

kRe f

� �
kOVOC
kRe f

0
@

1
A

2
2
64

3
75
1=2

ð13Þ

where (ΔkRef/kRef) and (Δ(kOVOC/kRef)/kOVOC/kRef) are the rel-
ative errors on kRef and the slope (kOVOC/kRef), respectively.
The reported absolute rate coefficient for each OVOC is an
average of the individual determinations with error limits that
encompass the extremes of the determinations. Tables 1 and 2
show a summary of data on the relative-rate coefficients and
the corresponding absolute rate coefficients for the reactions
of OH radicals and Cl atoms with the KE and GEs here stud-
ied, respectively.

Discussion

Kinetic data for reactions (1)–(5) in the gas phase at (298 ± 2)
K and atmospheric pressure were obtained in this work. To the
best of our knowledge, there are no other prior reported values
of the rate coefficients for reactions (2)–(5). Thus, the present
work is the first kinetic study of these reactions and therefore
no direct comparison with the literature can be made. The rate
coefficient value for reaction (1) obtained in this work, k-
1 = (6.4 ± 1.3) × 10−12 cm3 molecule−1 s−1, is approximately
5% lower than the absolute one obtained by Dagaut et al.
(1989), using the FP-RF technique at 298 K (k-
1 = (6.8 ± 0.6) × 10−12 cm3 molecule−1 s−1). Therefore, the
two values are in very good agreement within the experimen-
tal error.

The available literature data indicate that the reactions of
OH radicals and Cl atoms with ethers, alcohols, and ketones
proceed mainly through H-atom abstraction from C-H bonds.
Therefore, a similar mechanism is expected for polyfunctional
organic compounds such as keto-ethers and glycol-ethers
(Aschmann and Atkinson 1998; Mellouki et al. 2015;
Tuazon et al. 1998). For comparison purposes of reactivity,
Table 3 shows the OH/Cl reaction rate coefficients for the
OVOCs studied in the present work together with those values
reported previously for a series of compounds with similar
structure. The experimental data indicate the presence of the
carbonyl group decreases the rate coefficient of the butanone
in comparison with the corresponding alkane, so that reaction
of the electrophilic OH radicals with this ketone at the α-
position could be considerably less facile than the reaction
with n-butane (Iwasaki et al. 2007; Mellouki et al. 2003).
However, it is clear that if an ether linkage –O– is included
in this ketone to obtain the keto-ether, an increase in molecular
reactivity is observed (kOH + 1-M-2-PONE/kOH + butanone ≈ 5.4).
This increase can be rationalized in terms of the known

activating effect of the ether linkage (–O–) exerted on the
neighboring C–H bonds (Mellouki et al. 2003; Porter et al.
1997), which is related to a weakening of the adjacent C–H
bonds due to the ability of oxygen atoms to transfer π-electron
density from their filled lone pair to the carbon atom
connected.

Unlike the ketone listed in Table 3, the enhanced reactivity
for the reaction of OH radicals with 2-butanol and 3-pentanol
compared to reaction with the corresponding alkanes can be
explained in terms of the lowering of the α-C–H bond
strength, since it is accepted that, in general, the –OH group
activates the neighboring C–H bonds (Mellouki et al. 2015).
In addition, the available kinetic data for reactions of the OH
radical with alcohols indicate that the functional group –OH
has an activating effect which can reach a distance of up to
three carbon atoms from the oxygen atom of the hydroxyl
group (Nelson et al. 1990).

In particular, these reactions may involve H-abstraction
from both the C–H and O–H bonds, although the former pro-
cess is more favored on thermochemical grounds. Hence, the
OH reactions with these alcohols appear to occur almost ex-
clusively by H-atom abstraction from the C–H bonds (Calvert
et al. 2011). Additionally, the presence of an ether group pro-
duces an increase in the reactivity of the alcohol even when
the –O– linkage is at β-position across the –OH group
(Mellouki et al. 2015; Nelson et al. 1990). This is corroborated
by comparing the reactivity of glycol-ethers with that of ho-
mologous alcohols: kOH + 1-M-2-POL/kOH + 2-butanol ≈ 2.5 and
kOH + 1-M-2-BOL/kOH + 3-pentanol ≈ 2. The reactivity increase is
mainly on the hydrocarbon groups positioned between the two
functional groups. In conclusion, for the polyfunctional organ-
ic compounds studied in this work, the ether linkage (–O–) has
demonstrated to play a key role in the reactivity of these
compounds.

Finally, comparing the reaction rate coefficients of OH
and Cl listed in Table 3, it is important to point out that the
rate coefficients for the reactions with Cl atoms are always
higher than with OH radicals, which can be explained by
considering that the Cl atom is more reactive and less se-
lective than OH radical, so that the H-atom abstraction from
alkyl groups is much faster (Ballesteros et al. 2007; Calvert
et al. 2011; Pilling and Seakins 1997; Thvénet et al. 2000).
Then, the activating/deactivating role of the functional
groups present in the organic compounds studied consti-
tutes a factor of minor importance in the reactivity of KE
and GEs with Cl atoms. Thus, the high reactivity toward Cl
atoms indicates that reactions (3)–(5) seem to be limited by
the collision frequency per se with the organic molecules,
which also increases with the size of them, rather than by
the collision frequency of a specific site of the molecule.
However, further experiments and theoretical studies are
needed to make any definite claims (Vijayakumar and
Rajakumar 2017).

26054 Environ Sci Pollut Res (2017) 24:26049–26059

Author's personal copy



Atmospheric implications
Global lifetime, τglobal, is an important parameter of the

environmental impact of an OVOC in the atmosphere, which
can be obtained from the sum of the individual sink processes
such as oxidation reactions initiated by OH and NO3 radicals,
Cl atoms and O3 molecules, photolysis, and dry and wet de-
position:

τglobal ¼ 1

τOH
þ H

τCl
þ 1

τNO3

þ 1

τO3

þ 1

τphotolysis
þ 1

τother processes

� 	−1

ð14Þ

An upper limit for the global atmospheric lifetime of the
studied OVOCs can be estimated by oxidation reactions with

the trophospheric oxidants (Ox = OH, NO3, O3, and Cl),
which are presented in Table 4. The lifetimes were calculated
using the relationship τOx = 1/kOx [Ox], considering the rate
coefficients obtained in this work and by Aschmann and
Atkinson (1998) and the following global concentrations for
the oxidants: a 12-h average day-time concentration for OH of
1 × 106 radical cm−3 (Prinn et al. 2001), a 12-h average night-
time concentration for NO3 of 5 × 108 radical cm−3 (Atkinson
2000), and a 24-h average concentration forO3 of 7×10

11mol-
ecule cm−3 (Logan 1985). An average global concentration for
Cl of 1 × 103 atom cm−3 (Platt and Jansen 1995) or a peak
concentration as high as 1.3 × 105 atom cm−3 in the coastal
marine boundary layer at dawn (Spicer et al. 1998) were also
considered for calculations.

Table 4 Estimated atmospheric lifetimes (τx) and global lifetimes of the studied OVOCs with OH and NO3 radicals, O3 molecules, and Cl atoms

OVOC τOH (days) τCl
a (days) τCl

b (days) τNO3 (days) τO3 (days) τglobal
a (days) τglobal

b (days)

1-M-2-PONE 1.8 115.7 1.16 – – 1.8 0.71

1-M-2-POL 0.6c 50.3 0.5 13.6c 150.3c 0.6 0.26

1-M-2-BOL 0.5 41.3 0.41 – – 0.5 0.22

a [Cl]global of 1 × 103 atom cm−3 from Platt and Jansen 1995
b [Cl]coastal of 1.3 × 105 atom cm−3 from Spicer et al. 1998
c Calculated using rate coefficients for the reactions of 1-M-2-POL with OH, NO3, and O3 from Aschmann and Atkinson (1998)

Table 3 Rate coefficients for the reactions of OH radicals and Cl atoms with the three studied OVOCs, alkane, and homologous compounds at 298 K

Alkane kOH × 10−11a kCl × 10−11a Homologous

compounds
kOH × 10−11a kCl × 10−11a OVOC kOH × 10−11a kCl × 10−11a

n-butane
0.24 ± 0.04b 20.5 ± 2.9c Butanone

0.12 ± 0.05c 3.3 ± 0.2e

4.0 ± 0.4f

1-M-2-PONE

0.64 ± 0.13j

0.68 ± 0.06k 10.7 ± 2.4j

2-butanol

0.87 ± 0.15g 13.2 ± 1.4g

1-M-2-POL

1.86 ± 0.16l

2.09 ± 0.31m 22.8 ± 2.1j

n-pentane

0.39 ± 0.02b 25.2 ± 1.2d

3-pentanol

1.32 ± 0.15h

1.1 ± 0.1i

20.3 ± 2.3h

22 ± 1i

1-M-2-BOL

2.19 ± 0.23j 27.9 ± 2.3j

a The units of kOH and kCl are cm
3 molecule−1 s−1

b Calvert et al. 2008
cAtkinson et al. 2006
dAtkinson and Aschmann 1985
eAlbadalejo et al. 2003
f Kaiser et al. 2009
g Calvert et al. 2011
hHurley et al. 2008
i Lendar et al. 2013
j This work
kDagaut et al. 1989
l Porter et al. 1997
mAschmann and Atkinson 1998
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Unfortunately, there are no data available for the reac-
tions of 1-M-2-PONE and 1-M-2-BOL with O3 molecules
or NO3 radicals. However, based on the values reported by
Aschmann and Atkinson (1998), it is expected that the tro-
pospheric removal rate with both oxidants to be very slow
and then, it is reasonable to assume that their contributions
will be negligible. Since, photodissociation quantum yields
for alcohols and ethers are relatively low and the photolysis
of ketones becomes important only at high atmospheric
altitudes, tropospheric photolysis of the three studied
OVOCs is a negligible loss mechanism (Mellouki et al.
2015).

The term Bother processes,^ takes into account other loss
processes in the atmosphere such as dry and wet deposition
and heterogeneous reactions. The studied compounds are ex-
pected to be relatively soluble in water. The only tabulated
value of the Henry’s law coefficient is for 1-M-2-POL of
4.8 mol m−3 Pa−1 (Sander 2015). Therefore, the τw for 1-M-
2-POL was estimated around 90 days, using the procedure
given by Chen et al. (2003). If a similar value of τw is consid-
ered for the other compounds (1-M-2-PONE and 1-M-2-
BOL), it can be concluded that the wet deposition process
for KE and GEs is negligible compared to the homogeneous
degradation. Finally, the relative volatility of these compounds
will render dry deposition an unlikely removal mechanism.

The estimated global atmospheric lifetimes in Table 4 in-
dicate that the dominant atmospheric loss process for the stud-
ied compounds is the day-time reaction with OH radicals and
that these OVOCs are rapidly removed in the gas phase on
local and regional scales. These obtained global lifetimes are
still a useful atmospheric parameter for these short-lived com-
pounds, although the assumption of a uniform distribution of
the compounds emitted into the troposphere is not ensured due
to can vary depending of the emission location, season, and
local atmospheric conditions. In addition, the reactions of
these compounds with Cl atoms could play an important role
in their tropospheric degradation in both coastal areas and
boundary layer, where it is possible to record peaks of the Cl
atoms as high as 1 × 105 atom cm−3. Under these conditions,
the lifetimes of these OVOCs are on the order of 1 day.

Another atmospheric concern of the studied oxygenated
compound emission is its contribution to the greenhouse
warming as expected by the GWP. World Meteorological
Organization (Law and Sturges 2007) have indicated that the
GWP calculation for short-lived compounds (with lifetimes
shorter than 0.5 years) cannot be considered as appropriate.
However, GWPs for short-lived compounds have been esti-
mated from their direct instantaneous cloudy-sky REs, which
involve spectroscopic information of the studied OVOCs in
the infrared atmospheric window (Aranguren Abrate et al.
2013; Baasandorj et al. 2010).

Radiative efficiency for the KE and GEs here studied was
estimated from the corresponding IR spectra recorded in the

800–1500 cm−1 region at 298 K using the Pinnock’s method
(Pinnock et al. 1995). Figure 3 shows the corresponding plots
of the cross-section versus wavenumber (cm−1) obtained av-
eraging four infrared spectra between 0.5 and 4.0 Torr of pure
compound. The integrated IR absorption cross-section values

Fig. 3 Infrared spectra of 1-methoxy-2-propanone (1-M-2-PONE), 1-
methoxy-2-propanol (1-M-2-POL), and 1-methoxy-2-butanol (1-M-2-
BOL) at room temperature
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for 1-M-2-PONE, 1-M-2-POL, and 1-M-2-BOL were
5.02 × 10−17, 5.78 × 10−17, and 6.18 × 10−17 in units of
cm2 molecule−1, respectively. A conservative uncertainty of
± 6% in the cross-section measurements is raised from the
following sources: the sample concentration (1%), sample pu-
rity (2%), path length (1%), spectrum noise, and residual base-
line offset after subtraction of background (1.5%).
Unfortunately, it is not possible to compare the absorption
cross-sections of the studied compounds, because there are
no literature data for them.

However, for compounds that are not well-mixed in the
atmosphere, a correction to the RE calculated using the
Pinnock et al.’s method is needed. Hodnebrog et al. (2013)
provide the correction factor f (τ) to the RE based on the
lifetime of the compound:

f τð Þ ¼ aτb

1þ cτd
ð15Þ

where a, b, c, and d are constants with values of 2.962, 0.9312,
2.994, and 0.9302, respectively. Using τglobal listed in Table 5,
the correction factors obtained were 0.02, 7.24 × 10−3, and
6.61 × 10−3, for 1-M-2-PONE, 1-M-2-POL, and 1-M-2-
BOL, respectively. The RE and corrected RE* for 1-M-2-
PONE, 1-M-2-POL, and 1-M-2-BOL are shown in Table 5,
together with the calculated values of GWP on a time horizon
of 20 and 100 years.

GWP of the studied OVOCs relative to CO2 can be ob-
tained considering the following expression (Hodnebrog
et al. 2013):

GWPOVOC THð Þ ¼ AGWPOVOC THð Þ
AGWPCO2 THð Þ ð16Þ

where the numerator and denominator are the absolute GWP
(AGWP (TH)) over a given time horizon (TH) for the studied
OVOC and CO2, respectively. For each OVOC studied, the
AGWPOVOC (TH) (in W m−2 year kg−1) can be calculated as
follows (Hodnebrog et al. 2013):

AGWPOVOC THð Þ ¼ REOVOCτOVOC 1−exp
−TH
τOVOC

� �� �
ð17Þ

where REOVOC (in Wm−2 kg−1) is the radiative efficiency due
to a unit increase in atmospheric abundance of the OVOC, and
τOVOC (in years) is the atmospheric lifetime for OVOC.
While, the used AGWPs values for CO2 were 2.46 × 10−14

and 9.17 × 10−14 W m−2 year (kg CO2)
−1 for time horizons of

20 and 100 years, respectively, which were reported by
Hodnebrog et al. (2013). From Eq. 16, the 20-year time hori-
zon GWPs for 1-M-2-PONE, 1-M-2-POL, and 1-M-2-BOL
were estimated to be 2.21 × 10−2, 2.95 × 10−3, and
1.93 × 10−3, respectively, which were an order of magnitude
higher than their corresponding GWPs (TH = 100 years)
(Table 5). As a result of their global lifetimes and corrected
lifetime radiative efficiencies, the OVOCs here studied have
small GWPs, so their emission into the atmosphere will not
contribute significantly to the global warming of the Earth.

Release of OVOCs into the troposphere may contribute to
the photochemical formation of tropospheric ozone, which is a
growing problem in the developing world and continues to be
the most pervasive air pollution problem in industrialized
countries. The effectiveness of ozone formation for the three
studied OVOCswas assessed by examining the average ozone
production during 99% reaction of them with OH radical,
using the following equation indicated by Dash and
Rajakumar (2013):

O3½ �average ¼
�n kOVOC OH½ �ð Þ2

4:6 2:7x10−5−kOVOC OH½ �� � x 1

kOVOC OH½ � −
1−exp

−1:24x10−4
kOVOC OH½ �

� �

2:7x10−5

0
B@

1
CA ð18Þ

where n' is the maximum possible ozonemolecules that can be
produced from one molecule of OVOC, kOVOC is the rate
coefficient of OH radical with OVOC, and [OH] is the global

average day-time concentration for OH of 1 × 106 radical cm−3

(Prinn et al. 2001). The maximum number of ozone molecules
(nC + nH) that can be produced from 1-M-2-PONE, 1-M-2-

Table 5 Global lifetimes (τglobal), radiative efficiency (RE), corrected lifetime radiative efficiency (RE*), andGlobalWarming Potential (GWP) for the
three studied OVOCs

OVOC τglobal (years) RE (W m−2 kg−1) RE* (W m−2 kg −1) GWP (TH = 20 years) GWP (TH = 100 years)

1-M-2-PONE 5.0 × 10−3 4.9 × 10−12 9.8 × 10−14 2.21 × 10−2 5.92 × 10−3

1-M-2-POL 1.6 × 10−3 5.7 × 10−12 4.1 × 10−14 2.95 × 10−3 8.03 × 10−4

1-M-2-BOL 1.4 × 10−3 5.1 × 10−12 3.4 × 10−14 1.93 × 10−3 5.41 × 10−4
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POL, and 1-M-2-BOL are 12, 14, and 17, respectively. The
obtained values of average ozone concentration produced by
the reaction of 1 ppm of OVOCwere 0.62, 2.10, and 3.02 ppm
for 1-M-2-PONE, 1-M-2-POL, and 1-M-2-BOL, respectively.
Considering the Bufalini et al.’s scale (Bufalini et al. 1976), we
could indicate that the degradation of the studied OVOCs
would make a negligible contribution to ozone formation in
the troposphere.

Based on mechanical studies of the oxidation of OVOCs
in the gas phase (Aschmann et al. 2011; Calvert et al. 2011;
Mellouki et al. 2015), the removal of the three organic
compounds studied with OH/Cl, under tropospheric condi-
tions in the presence of NOx, could proceed by initial H-
atom abstraction from the –CH2– group located adjacent to
the ether linkage. This pathway would lead to formation of
carbonyl products such as methyl formate (CH3OC(O)H),
acetaldehyde (CH3CHO), and propanal (CH3CH2CHO). In
addition for the studied GEs, a significant amount of reac-
tion should also occur at the –CH– group adjacent to the
alcohol functionality, likely leading to 1-methoxy-2-
propanone (CH3OCH2C(O)CH3) and 1-methoxy-2-
butanone (CH3OCH2C(O)CH2CH3) for 1-M-2-POL and
1-M-2-BOL, respectively.

Conclusions

In this work, we concerned a relative-rate study on the kinetics
of the gas-phase reactions of OH radicals and Cl atoms with a
keto-ether (1-M-2-PONE) and two glycol-ethers (1-M-2-POL
and 1-M-2-BOL), which are emitted into the atmosphere as
primary pollutants mainly from anthropogenic sources. The
rate coefficients obtained for these OVOCs along with previ-
ous rate coefficients for a series of compounds with similar
structure allow us to conclude that for the polyfunctional or-
ganic compounds studied in this work, the presence of an
ether group plays a key role in the reactivity increased of these
compounds. The atmospheric lifetimes calculated clearly in-
dicate that 1-M-2-PONE, 1-M-2-POL, and 1-M-2-BOL will
be removed from the troposphere in a few hours time and
mainly by reaction with OH radicals. However, the reaction
of Cl atoms with these OVOCs may contribute significantly to
their tropospheric loss under certain atmospheric conditions.
Particularly, their atmospheric removal in the marine bounder
layer and the coastal areas could be important, because their
major emission source will most likely be the large cities lo-
cated in coastal areas. Then, the co-location of both, an emis-
sion source and regions with high concentrations of Cl-atoms,
could enhance the removal rate of these OVOCs. REs and
GWPs of the three studied OVOCs are low, and therefore,
these compounds are expected to have a small climatic im-
pact. In addition, the photochemical ozone production of these
compounds is relatively low, so the tropospheric degradation

of these compounds would have a low impact on air quality.
However, studies are needed to quantify the degradation of
three studied OVOCs with OH radical and Cl atoms under
atmospheric conditions to fully evaluate the impact of these
compounds and their degradation products on climate and air
quality.

Acknowledgments The authors wish to acknowledge the financial
support of CONICET (PIP 11220090100436) and ANPCyT-FONCyT
(PICT2010708/BID2437/OC-AR) from Argentina, and SECyT-UNC
(05/C146) from Córdoba, Argentina. JAB thanks CONICET for the doc-
toral fellowship granted. PRD and SIL are members of the Research
Career of CONICET.

References

Albadalejo J, Notario A, Cuevas CA, Jimenez E, Cabañas B, Martinez E
(2003) Gas-phase chemistry of atmospheric Cl atoms: a PLP-RF
kinetic study with a series of ketones. Atmos Env 37:455–463

Aranguren Abrate JP, Pisso I, Peirone SA, Cometto PM, Lane SI (2013)
Relative rate coefficient of OH radical reactions with
CF3CF=CClCF3 and CF3CH=CHCH2OH. Ozone depletion poten-
tial estimate for CF3CF=CClCF3. Atmos Environ 67:85–92

Aschmann SM, Arey J, Atkinson R (2011) Kinetics and products of the
reaction of OH radicals with 3-methoxy-3-methyl-1-butanol.
Environ Sci Technol 45:6896–6901

Aschmann SM, Atkinson R (1998) Kinetics of the gas-phase reactions of
the OH radical with selected glycol ethers, glycols, and alcohols. In J
Chem Kinet 30:533–540

AtkinsonR (1986) Kinetics andmechanisms of the gas-phase reactions of
the hydroxyl radical with organic compounds under atmospheric
conditions. Chem Rev 86:69–201

Atkinson R (2000) Atmospheric chemistry of VOCs and NOx. Atmos
Environ 34:2063–2101

Atkinson R (2003) Kinetics of the gas-phase reactions of OH radicals
with alkanes and cycloalkanes. Atmos Chem Phys 3:2233–2307

Atkinson R, Arey J (2003) Atmospheric degradation of volatile organic
compounds. Chem Rev 103:4605–4638

Atkinson R, Aschmann SM (1985) Kinetics of the gas phase reaction of
Cl atoms with a series of organics at 296 ± 2 K and atmospheric
pressure. In J Chem Kinet 17:33–41

Atkinson R, Baulch DL, Cox RA, Crowley JN, Hampson RF, Hynes RG,
Jenkin ME, Rossi MJ, Troe J (2006) Evaluated kinetic and photo-
chemical data for atmospheric chemistry: volume II-gas phase reac-
tions of organic species. Atmos Chem Phys 6:3625–4055

Baasandorj M, Knight G, Papadimitriou VC, Talukdar RK, Ravishankara
AR, Burkholder JB (2010) Rate coefficients for the gas-phase reac-
tion of the hydroxyl radical with CH2=CHF and CH2=CF2. J Phys
Chem A 114:4619–4633

Ballesteros B, Garzon A, Jimenez E, Notario A, Albaladejo J (2007)
Relative and absolute kinetic studies of 2-butanol and related alco-
hols with tropospheric Cl atoms. Phys Chem Chem Phys 9:1210–
1218

Bufalini JJ, Walter TA, Bufalini MM (1976) Ozone formation potential of
organic compounds. Environ Sci and Tech 10:908–912

Calvert JG, Derwent RG, Orlando JJ, Tyndall GS, Wallington TJ (2008)
Mechanisms of atmospheric oxidation of the alkanes. Oxford
University Press, New York

Calvert JG, Mellouki A, Orlando JJ, Pilling MJ, Wallington TJ (2011)
The mechanisms of atmospheric oxidation of the oxygenates.
Oxford University Press, New York

26058 Environ Sci Pollut Res (2017) 24:26049–26059

Author's personal copy



Chemica l Book (2016) . h t tp : / /www.chemica lbook .com/
ChemicalProductProperty_EN_CB8198947.htm. Accessed 2016

Chen L, Takenaka N, Bandow H, Maeda Y (2003) Henry’s law constants
for C2-C3 fluorinated alcohols and their wet deposition in the atmo-
sphere. Atmos Environ 37:4817–4822

Cometto PM, Dalmasso PR, Taccone RA, Lane SI, Oussar F, Daële V,
Mellouki A, Le Bras G (2008) Rate coefficients for the reaction of
OH with a series of unsaturated alcohols between 263 and 371 K. J
Phys Chem A 112:4444–4450

Dagaut P, Liu R,Wallington TJ, KuryloMJ (1989) Kinetic measurements
of the gas-phase reactions of hydroxyl radicals with hydroxy ethers,
hydroxy ketones, and keto ethers. J Phys Chem 93:7838–7840

Dalmasso PR, Taccone RA, Nieto JD, Cometto PM, Lane SI (2010)
Kinetic study of the OH reaction with some hydrochloroethers under
simulated atmospheric conditions. Atm Env 44:1749–1753

Dalmasso PR, Taccone RA, Nieto JD, Cometto PM, Lane SI (2012)
Hydrochloroethers in the troposphere: kinetics with Cl atoms, life-
times and atmospheric acceptability indices. Atm Env 47:104–110

Dalmasso PR, Taccone RA, Nieto JD, Teruel MA, Lane SI (2005) Rate
constants for the reactions of chlorine atoms with hydrochloroethers
at 298 K and atmospheric pressure. In J Chem Kinet 37:420–426

D’Anna B, Andresen Ø, Gefen Z, Nielsen CJ (2001) Kinetic study of OH
and NO3 radical reactions with 14 aliphatic aldehydes. Phys Chem
Chem Phys 3:3057–3063

Dash MR, Rajakumar B (2013) Experimental and theoretical rate coeffi-
cients for the gas-phase reaction of β-pinene with OH radical.
Atmos Environ 79:161–171

Dow Chemical Company (2001). http://msdssearch.dow.com/
PublishedLiteratureDOWCOM/dh_0032/0901b80380032bc8.pdf?
filepath=oxysolvents/pdfs/noreg/110–0927pdf&fromPage=
GetDoc. Accessed Nov 2001

Finlayson-Pitts BJ, Hemminger JC (2000) Physical chemistry of airborne
sea salt particles and their components. J Phys Chem A 104:11463–
11477

Finlayson-Pitts BJ, Pitts JN (2000) Chemistry of the upper and lower
atmosphere. Academic Press, New York

Gennaco MA, Huang YW, Hannun RA, Dransfield TJ (2012) Absolute
rate constants for the reaction of OH with cyclopentane and
cycloheptane from 233 to 351 K. J Phys Chem A 116:12438–12443

Hodnebrog O, EtminanM, Fuglestvedt JS, Marston G, Myhre G, Nielsen
CJ, Shine KP, Wallington TJ (2013) Global warming potentials and
radiative efficiencies of halocarbons and related compounds: a com-
prehensive review. Rev Geophys 51:300–378

Hurley MD, Wallington TJ, Bjarrum M, Javadi MS, Nielsen OJ (2008)
Atmospheric chemistry of 3-pentanol: kinetics, mechanisms, and
products of Cl atom and OH radical initiated oxidation in the pres-
ence and absence of NOx. J Phys Chem A 112:8053–8060

Iwasaki E, Taketani F, Takahashi K, Matsumi Y, Wallington TJ, Hurley
MD (2007) Mechanism of the gas phase reaction of chlorine atoms
with butanone. Chem Phys Lett 439:274–279

Kaiser EW, Wallington TJ, Hurley MD (2009) Products and mechanism
of the reaction of Cl with butanone in N2/O2 diluent at 297-526 K. J
Phys Chem A 113:2424–2437

Ku HH (1966) Notes on the use of propagation of error formulas. J Res
Natl Bur Stand Sec C 70C:263–273

Law KS, Sturges WT (2007) Scientific assessment of ozone depletion:
2006. World Meteorological Organization, Geneva

Lendar M, Aissat A, Cazaunau M, Daële V, Mellouki A (2013) Absolute
and relative rate constants for the reactions of OH and Cl with
pentanols. Chem Phys Lett 582:38–43

Logan JA (1985) Tropospheric ozone: seasonal behavior, trends, and
anthropogenic influence. J Geophys Res 90:10463–10482

Mellouki A, Le Bras G, Sidebottom H (2003) Kinetics and mechanisms
of the oxidation of oxygenated organic compounds in the gas phase.
Chem Rev 103:5077–5096

Mellouki A, Wallington TJ, Chen J (2015) Atmospheric chemistry of
oxygenated volatile organic compounds: impacts on air quality
and climate. Chem Rev 115:3984–4014

Messaadia L, El Dib G, Lendar M, Cazaunau M, Roth E, Ferhati A,
Mellouki A, Chakir A (2013) Gas-phase rate coefficients for the
reaction of 3-hydroxy-2-butanone and 4-hydroxy-2-butanone with
OH and Cl. Atm Env 77:951–958

Nelson L, Rattigan O, Neavyn R, Sidebottom H, Treacy J, Nielsen OJ
(1990) Absolute and relative rate constants for the reactions of hy-
droxyl radicals and chlorine atoms with a series of aliphatic alcohols
and ethers at 298 K. In J Chem Kinet 22:1111–1126

Pilling MJ, Seakins PW (1997) Reaction kinetics. Oxford Science
Publications, Oxford

Pinnock S, Hurley MD, Shine KP, Wallington TJ, Smyth TJ (1995)
Radiative forcing of climate by hydrochlorofluorocarbons and
hydrofluorocarbons. J Geophys Res 100:23227–23238

Platt U, Janssen C (1995) Observation and role of the free radicals NO3,
ClO, BrO and IO in the troposphere. Faraday Discuss 100:175–198

Porter E, Wenger J, Treacy J, Sidebottom H, Mellouki A, Teton S, Le
Bras G (1997) Kinetic studies on the reactions of hydroxyl radicals
with diethers and hydroxyethers. J Phys Chem A 101:5770–5775

Prinn RG, Huang J, Weiss RF, Cunnold DM, Fraser PJ, Simmonds PG,
McCulloch A, Harth C, Salameh P, O'Doherty S, Wang RHJ, Porter
L, Miller BR (2001) Evidence for significant variations of atmo-
spheric hydroxyl radicals in the last two decades. Science 292:
1882–1888

Sander R (2015) Compilation of Henry's law constants (version 4.0) for
water as solvent. Atmos Chem Phys 15:4399–4981

Schade GW, Goldstein AH (2001) Fluxes of oxygenated volatile organic
compounds from a ponderosa pine plantation. J Geophys Res 106:
3111–3123

Singh HB, Kanakidou M, Crutzen PJ, Jacob DJ (1995) High concentra-
tions and photochemical fate of oxygenated hydrocarbons in the
global troposphere. Nature 378:50–54

Spicer CW, Chapman EG, Finlayson-Pitts BJ, Plastidge RA, Hubbe JM,
Fast JD, Berkowitz CM (1998) Observations of molecular chlorine
in coastal air. Nature 394:353–356

Thornton JA, Kercher JP, Riedel TP, Wagner NL, Cozic J, Holloway JS,
Dubé WP, Wolfe GM, Quinn PK, Middlebrook AM, Alexander B,
Brown SS (2010) A large atomic chlorine source inferred frommid-
continental reactive nitrogen chemistry. Nature 464:271–274

Thvénet R, Mellouki A, Le Bras G (2000) Kinetics of OH and Cl reac-
tions with a series of aldehydes. In J Chem Kinet 32:676–685

Tuazon EC, Aschmann S, Atkinson R (1998) Products of the gas-phase
reactions of the OH radical with 1-methoxy-2-propanol and 2-
butoxyethanol. Environ Sci Technol 32:3336–3345

Vijayakumar S, Rajakumar B (2017) An experimental and computational
study on the Cl atom initiated photo-oxidization reactions of butenes
in the gas phase. J Phys Chem A 121:5487–5499

von Glasow R (2010) Atmospheric chemistry: wider role for airborne
chlorine. Nature 464:168–169

Wallington TJ, Skewes LM, Siegl WO (1989) A relative rate study of the
reaction of chlorine atoms with a series of chloroalkanes at 295 K. J
Phys Chem 93:3649–3651

Wheeler M, Mills R, Roscoe JM (2008) Temperature dependence of the
rate coefficients for the reactions of Br atoms with dimethyl ether
and diethyl ether. J Phys Chem A 112:858–865

Whin BP, Johnson PG (1996) Directory of solvents. Springer, London
Wyche KP, Blake RS, Ellis AM, Monks PS, Brauers T, Koppmann R,

Apel EC (2007) Performance of chemical ionization reaction time-
of-flight mass spectrometry (CIR-TOF-MS) for the measurement of
atmospherically significant oxygenated volatile organic compounds.
Atmos Chem Phys 7:609–620

Environ Sci Pollut Res (2017) 24:26049–26059 26059

Author's personal copy

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB8198947.htm
http://www.chemicalbook.com/ChemicalProductProperty_EN_CB8198947.htm
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_0032/0901b80380032bc8.pdf?filepath=oxysolvents/pdfs/noreg/110%E2%80%930927pdf&fromPage=GetDoc
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_0032/0901b80380032bc8.pdf?filepath=oxysolvents/pdfs/noreg/110%E2%80%930927pdf&fromPage=GetDoc
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_0032/0901b80380032bc8.pdf?filepath=oxysolvents/pdfs/noreg/110%E2%80%930927pdf&fromPage=GetDoc
http://msdssearch.dow.com/PublishedLiteratureDOWCOM/dh_0032/0901b80380032bc8.pdf?filepath=oxysolvents/pdfs/noreg/110%E2%80%930927pdf&fromPage=GetDoc

	Keto-ether...
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Relative-rate measurements
	Infrared absorption spectra

	Results
	Discussion
	Conclusions
	References


