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h i g h l i g h t s
� UV and IR absorption cross sections are reported for three unsaturated ethers.
� Rate coefficients of the OH-reaction of these unsaturated ethers are determined.
� A slightly negative activation energy is observed for kOH between 263 and 358 K.
� OH-reaction, with a few hours lifetime, occurs in a greater extent than photolysis.
� Negligible contribution of these species to the global warming.
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a b s t r a c t

Unsaturated ethers are oxygenated volatile organic compounds (OVOCs) emitted by anthropogenic
sources. Potential removal processes in the troposphere are initiated by hydroxyl (OH) radicals and
photochemistry. In this work, we report for the first time the rate coefficients of the gas-phase reaction
with OH radicals (kOH) of 2-chloroethyl vinyl ether (2ClEVE), allyl ether (AE), and allyl ethyl ether (AEE) as
a function of temperature in the 263e358 K range, measured by the pulsed laser photolysiselaser
induced fluorescence technique. No pressure dependence of kOH was observed in the 50e500 Torr range
in He as bath gas, while a slightly negative T-dependence was observed. The temperature dependent
expressions for the rate coefficients determined in this work are:

kOH;2ClEVEðTÞ ¼ ð9:0±2:0Þ � 10�12exp
�
478±72

T

�
cm3 molecule�1 s�1;

kOH;AEðTÞ ¼ ð1:3±0:4Þ � 10�11exp
�
442±91

T

�
cm3 molecule�1 s�1;

kOH;AEEðTÞ ¼ ð5:8±1:3Þ � 10�12exp
�
563±62

T

�
cm3 molecule�1 s�1,

The estimated atmospheric lifetimes (tOH) assuming kOH at 288 K were 3, 2, and 4 h for 2ClEVE, AE and
AEE, respectively. The kinetic results are discussed in terms of the chemical structure of the unsaturated
ethers by comparison with similar compounds. We also report ultraviolet (UV) and infrared (IR) ab-
sorption cross sections (sl and sð~nÞ, respectively). We estimate the photolysis rate coefficients in the
solar UV actinic region to be less than 10�7 s�1, implying that these compounds are not removed from the
atmosphere by this process. In addition, from sð~nÞ and tOH, the global warming potential of each
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unsaturated ether was calculated to be almost zero. A discussion on the atmospheric implications of the
titled compounds is presented.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Oxygenated volatile organic compounds (OVOCs) are an
important group of trace gases in the troposphere. Their sources are
biogenic or anthropogenic, or they may also be formed in the
troposphere as secondary pollutants. They participate in several
atmospheric processes, determining the oxidizing capacity of the
atmosphere (Lewis et al., 2000; Singh et al., 2001).

Unsaturated ethers are OVOCs that are emitted anthropogenic-
ally, since they are used in different industries as solvents, motor
oils additives, for the manufacturing of coatings or as intermediates
for the synthesis of flavours, fragrances, and pharmaceuticals (The
Merck Index, 2013). In particular, 2-chloroethyl vinyl ether (CH2]

CHOCH2CH2Cl, 2ClEVE) is used as precursor of polymers with
diverse possible uses such as thickeners, solubilising agents, cross
linking agents, flocculating agents, dispersants, adhesives, or
binders (Eldin and Stockinger, 1980). 2ClEVE is also used in re-
actions in which hydroxyl (OH) groups must be protected
(Sakatsume et al., 1991). Besides the uses of 2ClEVE in chemical
synthesis, it has been detected in produced water in a petroleum
site (Sirivedhin and Dallbauman, 2004). Another example is allyl
ethyl ether (CH2]CHCH2OCH2CH3, AEE) that is used in the reaction
with carbon monoxide to produce esters in the presence of a halide
of group VII metal as catalyst (Hanes et al., 1987).

Due to their uses, unsaturated ethers may be released into the
troposphere where the potential gas-phase removal processes are
expected to be the reactions with OH and nitrate (NO3) radicals,
chlorine (Cl) atoms, and ozone (O3). There are some experimental
kinetic studies of many different unsaturated ethers with OH rad-
icals (Perry et al., 1977; Thiault et al., 2002; Thiault and Mellouki,
2006; Zhou et al., 2006a, b, 2009, 2012; Peirone et al., 2011), with
NO3 (Scarfogliero et al., 2006; Zhou et al., 2006a,b, 2009, 2012), and
with O3 (Grosjean and Grosjean, 1998; Zhou et al., 2006a,b, 2009,
2012). Moreover, the reactivity between OH radicals and several
vinyl ethers has been theoretically investigated as well (Han et al.,
2014, 2015). Particularly, for 2ClEVE, allyl ether ((CH2]CHCH2)2O,
AE), and AEE scarce kinetic information is currently available in the
literature. Peirone et al. (2011) reported the rate coefficients for the
OH-reactions at room temperature and atmospheric pressure using
a relative rate technique. To the best of our knowledge, no tem-
perature dependence study on the OH-reactions with 2ClEVE (Re-
action R1), AE (Reaction R2) and AEE (Reaction R3) has been
performed to date.

OH þ CH2¼ CHOCH2CH2Cl���������!kOH;2ClEVE Products; (R1)

OH þ ðCH2¼ CHCH2Þ2O�������!kOH; AE Products; (R2)

OH þ CH2¼ CHCH2OCH2CH3�������!kOH;AEE Products (R3)

Ultraviolet (UV) photolysis in the solar actinic region
(l > 290 nm) can also contribute to the atmospheric degradation of
OVOCs. The gas-phase photochemistry of unsaturated ethers has
not been widely investigated. For instance, for vinyl ethers the
absorption cross sections (sl) have been reported by Nieto-
Gligorovski et al. (2009) between 190 and 227 nm. For this class
of unsaturated ethers, the main absorption band appears below
200 nm with sl on the order of 10�17 cm2 molecule�1, while the
absorption decreases above 225 nm (sl<10�21 cm2 molecule�1).
Therefore, it is expected that unsaturated ethers are not removed
from the troposphere by photolysis in the actinic region.

Another aspect of the potential impact of these emissions in the
atmosphere is the absorption of infrared (IR) radiation that may
affect the radiative forcing of climate change. The radiative effi-
ciency (RE) of a species is usually calculated using radiative transfer
models and accounting the strength and spectral position of the IR
absorption bands, atmospheric structure, surface temperature, and
presence or absence of clouds. Hence, to evaluate the contribution
of unsaturated ethers to the radiative forcing of atmosphere, the IR
absorption cross sections in the so-called IR atmospheric window
(~8e14 mm) are needed. Peirone et al. (2011) reported the RE of
2ClEVE, AE, and AEE to be 0.0315, 0.0565, and
0.1294 W m�2 ppbv�1, respectively. These authors derived the
global warming potential (GWP) relative to CO2 for these com-
pounds using the simplified method described by Pinnock et al.
(1995) to estimate the direct instantaneous cloudy-sky radiative
forcing efficiency and the procedure proposed by Forster et al.
(2007). Peirone et al. (2011) concluded that GWP for a time hori-
zon (TH) of 20 years for 2ClEVE, AE, and AEE was 0.0121, 0.0245,
and 0.1193, respectively, which is several orders of magnitude
lower than those of other ethers like dimethyl ether (GWP ¼ 1) or
fluorinated ethers (GWP > 100) (ICCP, 2001).

The aim of this work is (i) to extend the OH-kinetic data for
reactions (R1-R3) to temperatures of atmospheric interest, partic-
ularly below room temperature; (ii) to evaluate the importance of
the photodegradation route for these unsaturated ethers with
respect to the removal initiated by OH radicals; and (iii) to re-
evaluate the contribution of 2ClEVE, AE, and AEE to the radiative
forcing of climate change by accounting the atmospheric lifetime
derived from the kinetic measurements as proposed by Hodnebrog
et al. (2013).

For that purpose, we report the absolute rate coefficients of the
reactionwith the OH radical of 2ClEVE, AE, and AEE as a function of
temperature in the range 263e358 K for the first time. The absolute
kinetic technique of pulsed laser photolysis e laser induced fluo-
rescence (PLP e LIF) was used to derive the rate coefficients kOH at
each temperature at pressures ranging between 50 and 500 Torr of
He. A discussion on the structure-reactivity relationship is pre-
sented by comparisonwith similar compounds. The absolute kOH at
room temperature is compared to the relative one determined by
Peirone et al. (2011). Additionally, the UV absorption cross sections
between 200 and 350 nmwere determined in this work for the first
time. We also report the IR absorption cross sections for these
unsaturated ethers between 500 and 4000 cm�1 at room temper-
ature. The atmospheric lifetime and GWP of these unsaturated
ethers were also estimated in order to discuss the atmospheric
implications of the emission of these OVOCs.
2. Experimental procedure

Three different experimental systems were employed in this
work: UV and FTIR absorption spectroscopy systems, and an OH
radical kinetics set-up based on the PLP - LIF technique. All of them
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have previously been described in detail (Jim�enez et al., 2005;
Anti~nolo et al., 2010, 2014) and only a brief overview is given in
the subsequent subsections.
2.1. UV and IR absorption spectroscopy systems

The UV and IR absorption spectroscopy systems have already
been described in detail elsewhere (Jim�enez et al., 2005; Anti~nolo
et al., 2010).

The UV spectroscopy set-up consists of a deuterium lamp (Oriel,
emission range ¼ 180e500 nm), an absorption cell (path length
[ ¼ 107 cm) and a spectrograph (Chromex) coupled to a charged
coupled device (CCD) detector. The spectrograph uses a 300
grooves per mm grating centered at 290 nm which provides an
instrumental resolution of 0.18 nm. The CCD is cooled at 253 K by a
Peltier system to reduce the dark current and increase the signal-
to-noise ratio. Wavelengths, ranging between 200 and 350 nm,
were calibrated using a pen-ray Hg-Ar lamp (Newport). UV ab-
sorption spectra were recorded for the three unsaturated ethers in
the gas phase at room temperature and at pressures between 2.6
and 9.2 Torr. Absorbancewas measured as a function of wavelength
(Al) as the natural logarithm of the ratio between the transmitted
light intensity in the absence and presence of ether (I and I0,
respectively), and it is related to the absorption cross section (sl) by
means of the Beer-Lambert law:

Al ¼ ln
�
I0
I

�
l
¼ sl[½R�; (1)

where [R] is the concentration of the unsaturated ether in molecule
cm�3. In Fig. S1 of the supplementary information, some examples
of plots of Al versus [R] are shown at different wavelengths for all
unsaturated ethers. Straight lines were obtained in all cases,
accomplishing the Beer-Lambert law in the concentration range
used. sl were then determined from the slopes of these plots.

The IR spectroscopy system consists of a FTIR spectrometer
(Bruker, Tensor 27) equipped with a Globar source and a mercury
cadmium telluride (MCT) detector cooled with liquid N2. Absorp-
tion spectra were measured at wavenumbers, ~n, between 500 and
4000 cm�1 with a 0.5-cm�1 resolution. Two different gas cells were
used in independent measurements: a 10 cm-long cell and a vari-
able multipass cell with a fixed path length of 800 cm. In the first
one, vapour pressures (between 1.5 and 8.4 Torr) of the pure un-
saturated ethers were introduced, whereas in the 800-cm long cell
total pressures ranging 8 and 81 Torr of mixtures of ether
(0.26e0.55%) and He were used. For each unsaturated ether 10e12
spectra were recorded at different concentrations. Beer-Lambert
law (for wavenumbers in this case) was used again in order to get
the IR absorption cross sections as a function of wavenumber, sð~nÞ.
In Fig. S2 of the supplementary information, some examples of
plots of the absorbance versus [R] � [ (since different optical path
lengths were used) are shown at different wavenumbers for all
unsaturated ethers. In addition, integrated absorption cross sec-
tions (Sint), in base e, were also determined between 1500 and
500 cm�1 from the integrated absorbance (Aint, i.e. the area of a
band between ~n1 and ~n2). Sint and Aint are defined as:

Sint ¼
Z~n2
~n1

sð~nÞd~n; (2)
Aint ¼
Z~n2
~n1

Að~nÞd~n; (3)

Therefore, Eq. (1) is transformed into:

Aint ¼ Sint[½R� (4)

Straight lines were obtained in all cases, accomplishing the Beer-
Lambert law in the concentration range used. Sint were then
determined from the slopes of these plots.
2.2. OH radical kinetics set-up

The rate coefficients for reactions (1e3), kOH, were determined
by PLP e LIF as previously described elsewhere (Anti~nolo et al.,
2014). A jacketed Pyrex reaction cell, that was cooled or warmed
by recirculating ethanol or water through the outer jacket, was
used to get gas temperatures between 263 and 358 K. Helium was
used as the bath gas, and the pressure inside the reaction cell
ranged between 50 and 500 Torr. The total flow through the reactor
(225e470 sccm, standard cubic centimeter per minute) was mainly
formed by the flow of He with a small contribution (between 0.2
and 4.4%) of diluted unsaturated ether and the OH-precursor.
Mixtures of the unsaturated ethers in He (f ¼ 0.01e0.34% in the
storage bulb) were flown through the reactor and further diluted
with the bath gas, reaching concentrations between 1.3 � 1012 and
3.5 � 1014 molecule cm�3. H2O2 and HNO3 were used as aqueous
solutions, and were introduced in the reaction cell by bubbling He
through the solution. OH radicals were generated by photolysis of
H2O2 or HNO3 at 248 nm using a KrF excimer laser (E ¼ 4.2e9.9 mJ
pulse�1 cm�2, 10 Hz). H2O2 was used in the measurements at
temperatures higher than room temperature and HNO3 at lower
temperatures. The OH-precursor concentrations in the reaction cell
were estimated as described by Jim�enez et al. (2007) to be
(1.3e4.1) � 1014 and (1.1e4.4) � 1015 molecule cm�3, for H2O2 and
HNO3, respectively. OH radicals were monitored as a function of
reaction time by detecting the laser induced fluorescence (It)
emitted at ca. 308 nm, after excitation to the upper electronic level
at 282 nm. The excitation radiation was provided by a frequency-
doubled dye laser working with Rhodamine 6G (Exciton) and
pumped by a frequency-doubled Nd:YAG laser. A photomultiplier
tube located orthogonally to the photolysis and excitation laser
beams detected the LIF signal. Experiments were performed under
pseudo-first order conditions, with unsaturated ethers concentra-
tions typically higher than two orders of magnitude than initial
[OH]. Under these conditions, the temporal profile of the LIF in-
tensity (see some examples in Fig. S3) is given by:

It ¼ I0e
�k0t ; (5)

where It and I0 are the LIF intensities at a time t (varying the delay
between the photolysis and excitation lasers) and 0, respectively,
and k' is the pseudo-first order rate coefficient, defined as:

k0 ¼ k0 þ kOH½R�; (6)

k0 is the rate coefficient determined when no unsaturated ether is
present and it is due to the diffusion of OH out of the detection zone
and the reaction between OH and its precursor (Anti~nolo et al.,
2012). kOH at a single temperature and pressure was determined
from the slope of the plots of k' versus [R].
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2.3. Reagents

He (99.999%, Praxair) was used as supplied. 2ClEVE (99%), AE
(98%), and AEE (95%) were purchased to Sigma-Aldrich, and were
degassed by freeze-pump-thaw cycles prior to use. 2ClEVE con-
tained 4-methoxyphenol (50 ppm) and 2,20,200-nitriloethanol
(300 ppm) as stabilizers. HNO3 (65%, Panreac) was used as supplied,
and H2O2 (50%, Scharlau) was pre-concentrated by a flowing He
through it for several days.
3. Results and discussion

3.1. Spectroscopic data

3.1.1. UV absorption cross sections
Fig. 1a illustrates the obtained UV spectrum in terms of sl for
Fig. 1. (A) UV absorption cross sections (sl) of the studied unsaturated ethers in this
work. (B) UV-vacuum spectra of ethyl vinyl ether (EVE), methyl vinyl ether (MVE) and
divinyl ether (DVE) are depicted for comparison purposes.
2ClEVE, AE, and AEE between 210 and 350 nm. An average uncer-
tainty of 30% was found in sl, which is caused by the low absorp-
tion of these ethers particularly above 240 nm. This uncertainty is
around 20% at wavelengths below 240 nm. An example of the un-
certainty is plotted in Fig. 1a for 2ClEVE at 235 nm. As it can be seen
in Fig. 1a, in the investigated spectral region a decrease in the ab-
sorption is observed for all ethers, which corresponds to the tail of
the n / s* and p / p* transition bands of eOe and eCeC groups
respectively. The observed decrease is steeper at wavelengths
below ca. 240 nm, while at longer wavelengths it is milder. For AEE,
a fine structure is observed between 240 and 260 nm, while no
structure was observed for 2ClEVE and AE. This might be explained
by the presence of an extra double bond.When compared the three
unsaturated ethers, it is observed that sl of 2ClEVE are higher than
those for AEE and AE in thewholewavelength range. The reason for
this is the presence of the vinyloxy (eOeCeC) group in 2ClEVEwith
a p-p conjugation that lowers the energy needed for the electronic
transition.

The absorption maximum of the n / s* and p / p* bands,
although not observed in this work due to instrumental limitations,
might be located around 185e200 nm. The UV-vacuum absorption
spectra for methyl vinyl ether (MVE) (Planckaert et al., 1974), ethyl
vinyl ether (EVE) (Nieto-Gligorovski et al., 2009), and divinyl ether
(DVE) (Harrison and Price, 1959) are depicted in Fig. 1b for com-
parison purposes. Only for MVE, the absorption peak is well-
characterized at 186.9 nm. For EVE the absorption drastically de-
creases above 220 nm with respect to 2ClEVE. This may be due to
the substitution of H by Cl, that can alter the spatial orientation of
the vinyloxy system and therefore its polarization degree (Taskinen
and Hellman, 1994; Taskinen, 1997), resulting in a change in the
strength of the p-p conjugation.
3.1.2. IR absorption cross sections
Fig. 2 shows the IR spectra in terms of sð~nÞ for 2ClEVE, AE and

AEE at room temperature. The IR spectra of the stabilizers 4-
methoxyphenol and 2,20,200-nitriloethanol (NIST Mass Spec Data
Center, 2009) were compared with the measured 2ClEVE spec-
trum, and no influence of these impurities was observed. A sum-
mary of the absorption cross sections of the main IR absorption
peaks is shown in Table 1. The uncertainty is estimated to be ±6%
taking into account the small variability of the different spectra
recorded at several concentrations. The three unsaturated ethers
present similar features such as the band corresponding to the CeO
asymmetric stretching mode, located at 1100 and 1124 cm�1 in the
AE and AEE spectra respectively, and at 1215 cm�1 in the 2ClEVE
spectrum. This band is shifted to longer wavenumbers in the latter
due to the conjugation of the vinyloxy system. The C]C stretching
band also appears in the three spectra at 1625 cm�1 (2ClEVE),
1650 cm�1 (AE) or 1658 cm�1 (AEE), whereas the band at 824 cm�1

observed in the 2ClEVE spectrum is not seen in the two other
spectra, being attributed to the CeCl stretching. sð~nÞ of selected
peaks are listed in Table 1 together with Sint in the 1500-500 cm�1

range. When our sð~nÞ are compared with those reported by Peirone
et al. (2011), an incongruence is found in Fig. 5 of their paper, where
the integrated absorption cross sections (base 10) are plotted,
instead of sð~nÞ as stated. From a raw absorption spectrum provided
by these authors, sð~nÞ are derived (data plotted in Fig. 2). For
example, at 1099.8 cm�1 a difference of 12% is observed in the AE
spectrum. As can be seen in Table 1, all Sint are on the order of
10�17 cm2 molecule�1 cm�1. Previously reported Sint for AE is
similar to ours, whereas it is much higher for 2ClEVE and AEE.
Considering the small difference in sð~nÞ, Sint for 2ClEVE and AEE
from Peirone et al. (2011) should be closer to the values listed in
Table 1.



Fig. 2. IR absorption cross sections, sð~nÞ, of 2ClEVE, AE, and AEE obtained in this work
(black lines) together with the results obtained from the data sent on a personal
communication by Peirone et al. (2011) (gray lines).
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3.2. Kinetic data

Plots of k'-k0 versus [R] are depicted in Fig. 3 for the studied
unsaturated ethers at three different temperatures. k'-k0 versus [R]
is plotted instead of k' versus [R] in order to properly compare in-
dependent experiments by correcting the difference inmeasured k0
(146-774 s�1). The interval of k' was 890e21639 s�1 for 2ClEVE, 272
- 12107 s�1 for AE, and 973 - 14161 s�1 for AEE. As shown in Fig. 3, in
Fig. 3. Plots of k'-k0 versus unsaturated ether co
all cases a decrease of the slope of such plots, that is kOH, is observed
as temperature is higher.

Experiments were performed under different pressure condi-
tions, as shown in Table 2. No noticeable pressure dependence of
kOH was observed at a fixed temperature within the studied range,
therefore an average kOH is reported at each temperature (last
column in Table 2).

Room temperature rate coefficient. As shown in Table 3, the
average OH-rate coefficients for reactions (R1eR3) at 298 K are:

kOH;2ClEVEðT ¼ 298 KÞ ¼ ð4:1±0:5Þ � 10�11cm3 molecule�1 s�1

kOH;AEðT ¼ 298 KÞ ¼ ð5:8±0:6Þ � 10�11cm3 molecule�1 s�1

kOH;AEEðT ¼ 298 KÞ ¼ ð3:7±0:6Þ � 10�11cm3 molecule�1 s�1

The observed reactivity trend (kOH, 2ClEVE ~ kOH, AEE < kOH, AE) is
consistent with the proposed reaction mechanism for unsaturated
ethers, where the predominant mechanism was reported to be the
OH-addition to the double bond of the unsaturated ether, with a
small contribution of the H-abstraction from the alkyl groups (Zhou
et al., 2006b). It is then reasonable to obtain higher kOH for AE than
that for AEE, which presents only one allyl group. The experimental
trend of kOH is in excellent agreement with the calculated one by
AOPWIN™model (see Table 3). The relative kinetic study of Peirone
et al. (2011) showed that kOH, AEE < kOH, AE. However, the OH-rate
coefficient for reaction (R1) measured by these authors using a
relative kinetic method is around twice the reported here and the
estimate using AOPWIN™model. The reason for such a discrepancy
is unknown.

The effect of the presence of a double bond on kOH is seen in
Table 3. When the reactivity of 2-chloroethyl ethyl ether is
compared with that of 2ClEVE, a decrease of 5 times in kOH is
observed (Dalmasso et al., 2010). The same trend is observed when
comparing the OH-reactivity of AE and ethyl ether (Lloyd et al.,
1976; Wallington et al., 1988, 1989; Bennett and Kerr, 1989;
Bennett and Kerr, 1990; Nelson et al., 1990; Mellouki et al., 1995;
Harry et al., 1999). The OH-reaction mechanism of saturated
ethers is dominated by hydrogen abstraction, so the increase of
reactivity when a double bond is introduced in the molecule may
indicate that there is a contribution of the addition pathway. Our
results also indicate that the substitution of an H atom in the
methyl group of ethyl vinyl ether (CH3CH2OCH]CH2) by a Cl atom
greatly decreases the reactivity toward OH radicals. In contrast,
Peirone et al. (2011) reported an increase in kOH (see Table 3). Based
on structure-reactivity trends, the substitution of an H atom of the
hydrocarbon chain by a Cl atom in organic compounds tends to
ncentration at three different temperatures.



Table 2
Summary of the experimental conditions and rate coefficients measured in this
work under different pressure and temperature conditions.

T/K P/
Torr

E/mJ
pulse�1

cm�2

[R]/1013

molecule cm�3
kOH ± 2s/
10�11 cm3

molecule�1 s�1

Averaged
kOH ± 2s/10
e11 cm3

moleculee1 se1

2ClEVE 263 72 4.9 2.0e8.4 5.7 ± 0.6 5.7 ± 0.4
92 6.8 3.6e14 5.4 ± 0.9
300 6.7 9.7e35 5.8 ± 0.7

278 52 4.7 2.3e9.3 4.7 ± 0.2 4.8 ± 0.6
71 6.8 1.9e8.0 5.0 ± 0.5
90 6.8 3.4e16 4.8 ± 0.4
301 5.7 9.3e33 5.7 ± 0.6

298 50 7.0 2.7e11 4.5 ± 0.3 4.1 ± 0.5
60 6.3 2.7e13 4.4 ± 0.3
61 8.3 2.5e12 4.4 ± 0.5
71 6.6 4.0e19 4.9 ± 0.4
72 6.3 2.1e10 4.3 ± 0.9
96 5.2 4.2e13 3.9 ± 0.4
201 6.8 5.0e24 4.0 ± 0.1
303 6.8 6.1e24 4.2 ± 0.4

328 52 6.8 1.9e9.5 3.9 ± 0.2 3.9 ± 0.2
92 5.7 3.6e17 4.0 ± 0.4
202 5.2 4.6e19 3.7 ± 0.3

358 53 5.4 1.8e8.9 3.4 ± 0.1 3.4 ± 0.1
61 8.3 2.2e11 3.5 ± 0.1
206 6.8 4.3e21 3.2 ± 0.2

AE 263 50 8.0 0.81e3.0 7.3 ± 0.3 7.1 ± 0.6
80 5.2 4.2e16 7.6 ± 0.7
80 7.3 0.14e0.70 6.7 ± 0.4
300 7.6 0.85e3.9 6.8 ± 0.2
500 6.8 0.83e3.3 6.9 ± 0.2

278 50 8.4 0.77e3.0 6.7 ± 0.3 6.6 ± 0.3
60 4.2 0.90e4.1 6.7 ± 0.3
120 8.9 0.81e3.7 6.4 ± 0.2
300 9.2 4.4e17 6.6 ± 0.6

298 50 9.9 0.43e2.0 6.2 ± 0.5 5.8 ± 0.6
65 6.3 4.8e19 5.6 ± 0.5
70 7.8 0.13e0.53 5.6 ± 0.2
120 9.5 0.83e3.9 5.9 ± 0.2
300 9.4 0.73e2.9 5.8 ± 0.1
500 9.9 0.74e2.9 5.4 ± 0.3

328 50 8.8 0.77e3.0 5.3 ± 0.1 5.2 ± 0.2
65 4.7 5.2e20 5.1 ± 0.4
120 7.3 0.90e4.2 5.1 ± 0.1
300 9.6 0.67e3.1 5.1 ± 0.3

358 50 8.5 0.57e2.6 4.7 ± 0.2 4.6 ± 0.6
65 5.2 0.57e16 4.2 ± 0.3
120 7.2 0.82e3.8 4.5 ± 0.2
300 9.3 0.62e2.8 4.9 ± 0.3

AEE 263 52 7.1 2.7e11 4.7 ± 0.4 4.8 ± 0.7
94 7.6 3.8e18 4.2 ± 0.2
171 6.6 5.0e24 4.9 ± 0.1

278 55 7.6 2.5e11 4.3 ± 0.1 4.4 ± 0.1
92 6.6 3.6e17 4.4 ± 0.1
144 7.8 5.7e24 4.4 ± 0.2

298 51 6.3 2.2e11 3.7 ± 0.1 3.7 ± 0.6
70 7.6 2.9e13 3.8 ± 0.1
80 7.8 3.0e13 4.5 ± 0.3
102 5.9 2.8e13 3.9 ± 0.1
103 8.0 4.1e20 3.3 ± 0.1
211 6.9 5.6e27 3.4 ± 0.2
275 6.1 7.1e35 3.6 ± 0.2

328 51 6.3 2.0e9.6 3.3 ± 0.2 3.0 ± 0.3
101 7.9 2.9e13 2.9 ± 0.1
105 8.3 3.9e14 3.2 ± 0.7
212 8.5 6.0e33 3.0 ± 0.1

358 52 6.3 1.8e8.8 2.9 ± 0.1 2.8 ± 0.1
101 7.8 3.0e16 2.8 ± 0.2
196 8.1 5.1e28 2.8 ± 0.1

Table 1
IR absorption cross sections (base e) at selected wavenumbers of the titled unsat-
urated ethers obtained in this work.

Wavenumber/
cm�1

sð~nÞ/10�19 cm2 molecule�1 Sint/
10�17cm2 molecule�1 cm�1

2ClEVE 824.0 2.5
961.9 1.9
1214.6 8.3
1326.9 2.3
1625.4 5.6
1500e500 7.8 ± 0.2

AE 925.3 4.0
995.2 1.7
1099.8 4.0
1351.5 1.2
1427.7 1.2
2857.3 2.5
3095.5 1.3
1500e500 6.8 ± 0.1

AEE 924.3 2.1
1004.3 1.2
1123.4 5.6
1350.1 1.4
2864.5 3.0
2989.9 2.9
1500e500 6.1 ± 0.1

M. Anti~nolo et al. / Chemosphere 181 (2017) 232e240 237
decrease the OH-rate coefficient (Atkinson et al., 2006, 2008). As
Table 3 shows, it is observed a good agreement in the obtained kOH,
AE (298 K) and kOH, AEE (298 K) in this work with previous results
within the uncertainties.

Another aspect that can be observed is the effect of the eOe
group on the OH-reactivity. The presence of the O atom on the OH-
reactivity is small, since kOH(298 K) for AE and AEE is barely affected
when comparing with the corresponding alkenes, 1,5-hexadiene
and 1-pentene, respectively. This behaviour is not observed for
saturated species, as alkanes, which are much less reactive than
their corresponding ethers (Atkinson and Arey, 2003), what in-
dicates that the influence of the double bond is much more
important than the influence of the O atom in the structure of the
reactant towards the OH radical.

Temperature dependence of kOH. It is seen in Table 1 that kOH
slightly decreases as T increases. The observed decrease in kOH is
around 60% between 263 and 358 K. Averaged OH-rate coefficients
(in log scale) are plotted as a function of 1/T and fitted to the
Arrhenius equation (Fig. 4), obtaining the following expressions:

kOH;2ClEVEðTÞ ¼ ð9:0±2:0Þ

� 10�12exp
�
478±72

T

�
cm3 molecule�1 s�1;

(7)

kOH;AEðTÞ ¼ ð1:3±0:4Þ

� 10�11exp
�
442±91

T

�
cm3 molecule�1 s�1; (8)

kOH;AEEðTÞ ¼ ð5:8±1:3Þ

� 10�12exp
�
563±62

T

�
cm3 molecule�1 s�1 (9)

The obtained pre-exponential factor, A, and activation energy,
Ea, are similar within the reported uncertainties (±2s, statistical
error). The slightly negative Ea, ranging from �4.7 to �3.7 kJ mol�1,
suggests that the reaction mechanism proceeds either by addition
of the OH radical to the double bond of the unsaturated ether or by
hydrogen-abstraction through a pre-reactive H-bonded complex.



Table 3
Comparison of kinetic parameters of the titled unsaturated ethers and other similar compounds.

Compound kOH (298 K)/10�11 cm3 molecule�1 s�1 A/10�12 cm3 molecule�1 s�1 (Ea/R)/K Reference

2ClEVE (ClCH2CH2OCH]CH2) 4.1 ± 0.5 9.0 ± 2.0 ¡478 ± 72 This work
9 ± 1 Peirone et al. (2011)
3.7 AOPWIN™ model

CH3CH2OCH]CH2 7.79 ± 1.71 Zhou et al. (2006a)
6.8 ± 0.7 1.55 ± 0.25 �445 ± 13 Thiault et al. (2002)

ClCH2CH2OCH2CH3 0.83 ± 0.19 Dalmasso et al. (2010)
AE ((CH2]CHCH2)2O) 5.8 ± 0.6 13 ± 4 ¡442 ± 91 This work

6.8 ± 0.7 Peirone et al. (2011)
6.4 AOPWIN™ model

CH3CH2CH2OCH2CH2CH3 2.18 ± 0.17 Harry et al. (1999)
2.16 ± 0.16 (1.84 ± 0.23) � 10�2T2 �767 ± 34 Mellouki et al. (1995)
1.99 ± 0.17 Nelson et al. (1990)
1.86 11.5 ± 2.7 �144 ± 72 Bennett and Kerr (1990)
1.53 ± 0.16 Bennett and Kerr (1989)
1.97 ± 0.08 Wallington et al. (1989)
1.80 ± 0.22 5.6 ± 1.7 �270 ± 100 Wallington et al. (1988)
1.73 ± 0.35 Lloyd et al. (1976)

CH2]CHCH2CH2CH¼CH2 5.85 ± 0.35 Ohta (1983)
AEE (CH3CH2OCH2CH]CH2) 3.7 ± 0.6 5.8 ± 1.3 ¡563 ± 62 This work

4.2 ± 0.7 Peirone et al. (2011)
3.7 AOPWIN™ model

CH3CH2CH2CH]CH2 2.74 ± 0.38 1.07 ± 0.62 �1016 ± 129 McGillen et al. (2007)
3.13 ± 0.13 Atkinson and Aschmann (1984)
2.9 ± 0.4 Biermann et al. (1982)
3.97 ± 0.38 Nip and Paraskevopoulos (1979)

Fig. 4. Arrhenius plot for the studied unsaturated ethers.
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The addition mechanism was observed to be predominant for the
reaction between propyl vinyl ether and OH, inwhich the formation
of propyl formate and formaldehyde was observed with yields
between 60 and 80% (Zhou et al., 2006b). It was also proposed a
small contribution (11%) of the H-abstraction from the alkyl groups.
For the OHþ EVE reaction, with a suggested additionmechanism of
the OH radical to the double bond, a similar Ea was also reported
(see Table 3) (Thiault et al., 2002). For the OH-reaction with satu-
rated ethers, such as propyl ether, the reported activation energy is
also negative, but in this case, the proposed mechanism is an in-
direct H-abstraction pathway via the formation of an OH … ether
adduct (Nelson et al., 1990; Mellouki et al., 1995), similarly to what
was observed for other oxygenated VOCs such as acetone
(Vandenberk et al., 2002). As shown in Table 3, the variability of Ea
for propyl ether makes impossible to establish a good trend for this
parameter. Although no product study is available to confirmwhich
mechanism is taking place in the reaction between OH radicals and
the title unsaturated ethers, based on previous studies on saturated
and unsaturated ethers, it looks very likely that the reaction will
mainly proceed via an OH-addition to the double bond with a small
contribution of H-abstraction through the formation of a pre-
reactive complex.
4. Atmospheric implications

In the UV solar actinic region (l > 290 nm), region of atmo-
spheric interest, the title compounds present a very low absorption
(< 2 � 10�21 cm2 molecule�1 for 2ClEVE; < 2 � 10�22 cm2 mole-
cule�1 for AE; < 10�22 cm2 molecule�1 for AEE). From the UV ab-
sorption cross sections derived in this work, the estimation of the
photolysis rate coefficient, J, can be made by following the same
method previously described by our group (Anti~nolo et al., 2011).
The photolysis quantum yield has been considered to be 1 and the
solar actinic spectral flux of a sunny midday of June in Ciudad Real
was taken from the Tropospheric Ultraviolet Visible (TUV) model
(Madronich and Flocke, 1999). With these considerations, we have
estimated an upper limit of J < 3 � 10�6 s�1 for 2ClEVE, J < 3 � 10�7

s�1 for AE, and J < 1 � 10�7 s�1 for AEE. Therefore, the tropospheric
lifetimes of the titled compounds due to photodegradation (thn¼ 1/
J) were estimated to be > 4 days for 2ClEVE, > 1month for AE, and >
4 months for AEE.

Regarding the tropospheric lifetime (tOxid) of 2ClEVE, AE and
AEE due to homogeneous processes initiated by reaction with
tropospheric oxidants (OH and NO3 radicals, O3, or Cl atoms), it can
be estimated assuming an average concentration of the oxidant in
the atmosphere ([Oxid]) and that the unsaturated ether is uni-
formly distributed in the troposphere:

tOxid ¼ 1
kOxid½Oxid�

; (10)

For the OH reaction, the lifetime tOH was estimated using
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kOH(288 K) determined from the Arrhenius expression obtained in
this work, since 288 K is the average temperature in the Earth
surface, and [OH]12h ¼ 1.9 � 106 radical cm�3 reported by Prinn
et al. (2001) as the average concentration of OH in the atmo-
sphere during daytime. The estimated tOH was ca. 3, 2, and 4 h for
2ClEVE, AE, and AEE, respectively, implying that these compounds
will be oxidized very rapidly near the emission sources. It is clear
that atmospheric UV photolysis of these ethers is negligible
compared with the removal initiated by reaction with the OH
radical.

It is interesting to compare the contribution of other degrada-
tion routes to the disappearance of the studied unsaturated ethers.
The availability of kinetic data for the reaction of these compounds
with other tropospheric oxidants is very scarce. As far as we know,
only the reaction of AEE with O3 is reported in the literature, with a
rate coefficient kO3, AEE¼ 8.69� 10�18 cm3molecule�1 s�1 (Al Mulla
et al., 2010). Assuming an average O3 concentration,
[O3]24h ¼ 7 � 1011 molecule cm�3 (Logan, 1985), tO3, AEE is esti-
mated to be ca. 2 days, indicating that the OH radical reaction is a
more important degradation route for AEE than reaction with O3.
For other vinyl ethers, such as iso-butyl and tert-butyl vinyl ethers,
Zhou et al. (2012) found out that the tropospheric lifetimes due to
their reaction with OH, NO3 and O3 were very similar, ranging the
lifetimes for the individual processes between 1 and 2 h (they
considered the 12-h daytime average concentration of OH and the
12-h night time concentration of NO3). In that case, OH and O3
compete for the daytime removal of these vinyl ethers. To our
knowledge, no kinetic data on NO3 and Cl reactions with the
investigated unsaturated ethers here has been reported yet. Based
on the behaviour of other unsaturated ethers, it is expected that for
2ClEVE, AE, and AEE these degradation routes may have compa-
rable importance. Further kinetic studies with those oxidants are
needed to confirm this.

The contribution of the 2ClEVE, AE and AEE to the climate
change can be evaluated by calculating their GWP. In this work, we
followed themethod proposed by Hodnebrog et al. (2013), inwhich
a correction is made for short-lived species (lifetimes shorter than
0.5 years). This correction makes that the calculated GWP(TH ¼ 20
years) for the title unsaturated ethers are lower than 2� 10�3, even
lower to what was found by Peirone et al. (2011), confirming that
these compounds do not have any impact on global warming.

5. Conclusions

In this work, we reported UV and IR absorption cross sections for
the unsaturated ethers 2ClEVE, AE, and AE at room temperature. No
absorption in the UV solar actinic region (l > 290 nm) is expected,
consequently the estimated photolysis rate coefficients are very
low, on the order of 10�6 - 10�7 s�1. We have determined for the
first time the rate coefficients of the reaction between OH radicals
and 2ClEVE, AE, and AEE as a function of temperature in the range
between 263 and 358 K and at different pressures of He in the in-
terval 50e500 Torr. No pressure dependence was observed in the
studied range, whereas a slightly negative temperature depen-
dence of kOH was noticed, this suggests that the mechanism pro-
ceeds either by addition of the OH radical to the double bond or by
H-abstraction after the formation of a pre-reactive OH … ether
adduct.

The lifetimes of the studied unsaturated ethers point out that,
once emitted, they will be removed in a few hours, being reaction
with OH radicals a more important degradation route than
photolysis, although it looks feasible that reaction with other
tropospheric oxidants may compete under certain circumstances.
Finally, we concluded that these compounds are not expected to
have any effect on the global warming of Earth's atmosphere.
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