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� Reaction rate coefficients for OH radicals with two hexenols were determined.
� Atmospheric lifetimes of (Z)-2-hexen-1-ol and (E)-3-hexen-1-ol were estimated.
� GWP calculations for (Z)-2-hexen-1-ol and (E)-3-hexen-1-ol were performed.
� Atmospheric implications of the alcohols emissions briefly discussed.
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a b s t r a c t

The relative rate technique was used to determine the rate coefficients of the reactions of OH radicals
with (Z)-2-hexen-1-ol (k1), and (E)-3-hexen-1-ol (k2), at (296 � 2) K and (750 � 10) Torr of N2 or pure air.
The reactions were investigated using a 200 L Teflon reaction chamber and a gas chromatograph coupled
with flame-ionization detection. The following rate coefficients were derived, in units of cm3 mol�1 s�1:
k1 ¼ (1.1 � 0.4) � 10�10 and k2 ¼ (0.8 � 0.1) � 10�10. This is the first experimental determination of k1 and
k2. A comparison between the experimental rate coefficients (kexp) and the calculated rate coefficients
using the structureeactivity relationship (SAR) method (kSAR), for the reaction of different unsaturated
alcohols with OH radicals is presented. The atmospheric lifetimes of the studied alcohols were estimated
considering the rate coefficients of their reactions with OH and NO3 radicals. The radiative efficiencies
(REs) were obtained from the infrared spectra of the two hexenols and the global warming potentials
(GWPs) were then estimated. Atmospheric implications of the alcohols emission are briefly discussed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Biogenic volatile organic compounds (BVOCs) emitted from
plants are a significantpartof the total amountof organic compounds
present in the atmosphere. These emissions occur during growth,
injury and decay of plants. Globally, the BVOCs emissions are around
86% of the total of the volatile organic compounds (VOCs) emitted,
while the rest proceed from anthropogenic sources (Guenther et al.,
1995). BVOC emissions in North America are dominated by isoprene
(51%), terpenes (31%), andoxygenatedVOCs (16%), based onhydroxyl
radical (OH) reactivity (Guenther et al., 2000).

Emissions of hexenals, hexenols, acetaldehyde, acetone, isoprene
and monoterpenes were found from grass cutting (Kirstine et al.,
: þ54 351 4334188.

All rights reserved.
1998). These emissions are more significant than those produced
byundisturbedpasture. Kirstine andGalbally (2004), calculated that
the C6 compounds produced by the cutting of grasses could
contribute with 3e5% of the total urban VOCs emissions.

Hence, the biogenic compounds are chemically active in the
atmosphere and their gas-phase chemistry has a direct impact on
air quality on local to regional scales through their impact on the
abundance of OH radicals, ozone production, and contributions to
secondary organic aerosol formation.

(Z)-2-hexen-1-ol has been reported as an emission from clipped
clover (Kirstine et al., 1998) and is found in abundance in grape
leaves and in grape berries (Watkins and Wijesundera, 2006).
Emissions of (E)-3-hexen-1-ol have been frequently shown to
accompany emissions of the “leaf alcohols”, as one of the main
volatile fractions from fresh and dry leaves such as those from olive
trees (Brahmi et al., 2012). In two sites in the continental USA, the
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landscape flux potential of (E)-3-hexen-1-ol has been found to be
0.3% of the total VOC flux potential (Helming et al., 1999).

It is, therefore, important to know not only the atmospheric
abundance of the biogenic volatile organic compounds, but also
their reaction rates and degradation pathways to enable accurate
model calculations used for air quality forecasts as well as for
regulatory purposes.

Previous laboratory studies have demonstrated that unsatu-
rated alcohols are mainly removed from the atmosphere by reac-
tion with the tropospheric oxidants (OH and NO3 radicals, Cl atoms
and O3 molecule) (Finlayson-Pitts and Pitts, 2000), leading to the
formation of oxygenated degradation products (Reisen et al., 2003;
Aschmann et al., 1997).

In this study, gas-phase rate coefficients were obtained for the
reactions of (Z)-2-hexen-1-ol (HxO21) and (E)-3-hexen-1-ol
(HxO31) with the OH radical at 298 K and atmospheric pressure.
To the best of our knowledge, the only previous kinetic studies of
the reactions of these hexenols are with NO3 radicals (Pfang et al.,
2006; Zhao et al., 2011). The studied reactions can be schemati-
cally written as:

ðZÞ-CH3CH2CH2CH]CHCH2OHþ OH/Products (1)

ðEÞ-CH3CH2CH]CHCH2CH2OHþ OH/Products (2)

The kinetic results obtained will be presented and compared
with other similar unsaturated alcohols, taken from the literature,
to discuss the influence of the eOH functional group position on
the reactivity of the studied unsaturated alcohols.

The atmospheric lifetimes (s) of these alkenols and the forma-
tion of atmospheric degradation products from these compounds
are greatly influenced by the presence of the pC]Co double bond
(to which OH and NO3 radicals, Cl atoms and O3 molecule can add),
and by the presence of different functional groups (Davis and
Burkholder, 2011).

Based on these results, the global atmospheric lifetimes and
radiative efficiencies (REs) (Pinnock et al., 1995) were calculated for
the studied hexenols and the atmospheric implications briefly
discussed.
2. Experimental

2.1. Kinetic measurements

The rate coefficients for the reactions (1) and (2) were deter-
mined using a conventional relative rate method:

OHþ alcohol/Products ðkiÞ (3)

OHþ reference/Products
�
kref

�
(4)

The principle of this method is to measure the decay rate of the
alcohol concentration, due to the OH-induced oxidation, relative to
a reference compound for which the OH oxidation rate coefficient is
well known. Provided that the reactant and the reference com-
pound are lost only by reactions (3) and (4), respectively, it can be
shown that:

ln
�½alcohol�0
½alcohol�t

�
¼ ki

kref
ln
�½reference�0
½reference�t

�
(5)

where, [alcohol]0, [reference]0, [alcohol]t and [reference]t are the
concentrations of the alcohol and reference compound at time t¼ 0
and t, respectively, and ki and kref are the rate coefficients of the
reactions (3) and (4), respectively. Eq. (5) can be compared to a
simple linear equation, with a slope equal to ki/kref and zero
intercept. Provided that kref is known, the rate coefficient of the
reaction (3), ki, can be determined by multiplying the slope by kref.

The experimental setup consisted of a greaseless vacuum sys-
tem, a 200 L collapsible Teflon bag (reaction chamber), and a gas
chromatograph (GC-FID, Perkin Elmer Clarus 500) with flame-
ionization detection. Measured amounts of the reagents were
flushed from calibrated Pyrex bulbs into the collapsible reaction
chamber by a stream of ultra pure N2 or ultra pure air and the bag
was then filled to its full capacity at atmospheric pressure. Pressure
measurements were performed with a capacitance manometer
(MKS Baratron, range 10 Torr).

Reaction mixtures consisting of a reference organic compound
and the sample organic reactant, diluted in ultra pure N2 or ultra
pure air, were prepared in the reaction chamber and left to mix,
prior to photolysis, for approximately 1 h.

The Teflon bag was surrounded by six germicide lamps (Phillips
30 W), providing UV radiation with lmax around 254 nm and six
black lamps (Phillips 30 W), providing UV radiation with lmax
around 365 nm to produce OH radicals by the UV photolysis of H2O2
or CH3CH2ONO, respectively. When CH3CH2ONO was used as the
OH radical source, NO was added to avoid the formation of O3, and,
hence, of NO3 radicals (Atkinson et al., 1981). The photolysis time
varied from 1.2 to 2.3 min and from 0.8 to 2.3 min for reactions (1)
and (2), respectively.

The initial concentrations of the organic compounds (alcohols
and references) ranged from 7.3 to 60 ppm (Table 1). When
CH3CH2ONO was used as the OH radical source, its initial concen-
tration varied between 35 and 37 ppm and 35 ppm of NO were
added. The H2O2 concentrations used were in the range 180e
250 ppm, and it was introduced into the chamber with a Hamilton
syringe through a stream of ultra pure N2 or ultra pure air. Rate
coefficients were measured at (298 � 2) K and atmospheric pres-
sure (750 � 10) Torr.

Before each set of experiments the Teflon bag was cleaned by
filling it with a mixture of O2 and N2 which was irradiated for 20e
30 min using the radiation of all of the germicide lamps, to produce
O3. After this procedure, the bag was cleaned again by repeated
flushing with N2 and checked by gas chromatography that there
were no observable impurities, before performing the experiments.

The concentrations of the organic compounds (alcohols and
references) were monitored over the course of the reaction by GC-
FID. Periodically, gas samples were removed from the Teflon bag
using calibrated Hamilton gas syringes (5.0 � 0.1) mL and intro-
duced into the gas chromatograph containing an Elite-5
(30 m � 0.32 mm � 0.25 mm) capillary column. The chromato-
graphic runs were isothermal and ultra pure He was used as carrier
gas.

The rate coefficient k1 for reaction (1) was measured relative to
the rate coefficients of the reaction of OHwith allyl ether, 2-methyl-
1,3-butadiene and 1-methyl-cyclohexene. The rate coefficient k2 for
reaction (2) was measured relative to the rate coefficients of the
reaction of OH with allyl ether, cyclohexene and 1-methyl-
cyclohexene.

The mixtures of the alcohols and references with the OH radical
source (H2O2 or CH3CH2ONO) were stable in the dark when they
were left in the chamber for about 2 h. Moreover, no photolysis of
the alcohols or references was observed when mixtures of the re-
actants, in the absence of the OH radical source, were irradiated for
15 min using the output of all of the germicide lamps (for H2O2) or
black lamps (for CH3CH2ONO).

In this work, the method of Pinnock et al. (1995) was used to
estimate the radiative efficiencies (REs) directly from the IR spectra
of the studied compounds. Spectra were recorded in the 500e
1500 cm�1 region at 298 K using a Nicolet FTIR spectrometer, with



Table 1
Initial concentration of the reactants, rate coefficient ratios, ki/kref, and the relative rate coefficients, ki, for the reactions of OH radicals with the studied unsaturated alcohols at
298 K and atmospheric pressure.

Alcohol Runs [alcohol]0/ppm Reference [reference]0/ppm ki/kref ki/10�10b

(Z)-2-hexen-1-ol 1 16.8 Allyl ether 7.3 1.50 � 0.08 1.0 � 0.2c

2 8.4 16 1.75 � 0.04 1.2 � 0.1c

3 18 18 1.61 � 0.06 1.1 � 0.1
1 20.3 2-Methyl-1,3-butadiene 10 1.10 � 0.04 1.1 � 0.3c

2 10 18 1.23 � 0.04 1.2 � 0.3c

3 18 18 1.09 � 0.04 1.1 � 0.3
1 15 1-Methylcyclohexene 15 1.06 � 0.06 1.04 � 0.08c

2 9 15 1.06 � 0.06 1.04 � 0.08
3a 18 9 1.14 � 0.04 1.07 � 0.06c

Average 1.1 ± 0.4

(E)-3-hexen-1-ol 1 30 Allyl ether 30 1.15 � 0.06 0.8 � 0.1c

2 60 30 1.14 � 0.04 0.8 � 0.1c

3 30 45 1.14 � 0.08 0.8 � 0.1
1 15 Cyclohexene 30 1.24 � 0.04 0.79 � 0.04c

2 45 21 1.23 � 0.06 0.78 � 0.05c

3 21 21 1.19 � 0.04 0.75 � 0.04
1 30 1-Methylcyclohexene 30 0.83 � 0.04 0.81 � 0.05
2 60 30 0.86 � 0.06 0.84 � 0.05c

3a 8 16 0.81 � 0.02 0.79 � 0.03c

Average 0.8 ± 0.1

a Experiments carried out with ethyl nitrite as the OH radicals source.
b Units of cm3 mol�1 s�1.
c Experiments carried out with ultra pure air as bath gas.
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1.0 cm�1 resolution. The IR spectra were obtained averaging 4
infrared spectra of the pure compound varying its pressure be-
tween 0.2 and 2 Torr. The glass cell was (23.0� 0.2) cm long, sealed
with NaCl windows. Gas sample pressures were measured with a
capacitance manometer (MKS Baratron, range 10 Torr). Background
spectra were measured with the sample cell under vacuum. The
digitized values of the absorption spectra of the two alcohols are
given in the Supplementary material.
2.2. Materials

The chemicals used were N2 (Linde 99.999%. CAS: 7727-37-9),
O2 (Linde 99.999%. CAS: 7782-44-7), He (Linde 99.999%. CAS: 7440-
59-7), ultra pure air (synthetic air SS Linde), NO (AGA > 99.0%. CAS:
10102-43-9). H2O2 (70,5%. CAS: 7722-84-1) was supplied by Atanor
S.A., (Z)-2-hexen-1-ol (95%. CAS: 928-94-9), (E)-3-hexen-1-ol (98%.
Fig. 1. Typical plots of ln ([(Z)-2-hexen-1-ol]0/[(Z)-2-hexen-1-ol]t) vs. ln ([reference]0/
[reference]t) for the reaction of OH with (Z)-2-hexen-1-ol using three different refer-
ence compounds at 298 K and 750 Torr.
CAS: 928-97-2), allyl ether (98%. CAS: 557-40-4), 2-methyl-1,3-
butadiene (99%. CAS: 78-79-5), 1-methyl-cyclohexene (97%. CAS:
591-49-1) and cyclohexene (99%. CAS: 110-83-8) were supplied by
Sigma Aldrich. Ethyl nitrite was synthesized and purified in our
laboratory following Taylor et al. (1980).

The organics were degassed by repeated freeze-pump-thaw
cycling and purified by vacuum distillation until gas chromato-
graphic analysis revealed no observable impurities.

Commercially obtained (Z)-2-hexen-1-ol has 95% purity. Of the
5% total impurity, 3% corresponds to the (E)- isomer, and the
remaining 2% corresponds to alkanes and alkenes, such as hexane,
hexene and 2-butane. Prior to use, it was degassed by freeze-pump-
thaw cycling and purified by vacuum distillation. Its purity was
checked by GCeMS and NMR before and after purification. After
distillation, impurities are almost completely eliminated as
revealed by GCeMS and NMR analysis. Hence, we are confident
that the IR spectrum of the (Z)-2-hexen-1-ol corresponds to this
compound, only.

3. Results and discussion

3.1. Kinetic measurements

The rate coefficients for reactions (1) and (2), measured at
(298 � 2) K and atmospheric pressure, were obtained from the
relative loss of the alcohols vs. that of the reference compounds in
the presence of OH radicals. The rate coefficients, in units of
cm3 mol�1 s�1, of the reaction of OH with the reference compounds
used in this work were taken as (6.8 � 0.7) � 10�11 for allyl ether
(Peirone et al., 2011), (1.0� 0.2)� 10�10 for 2-methyl-1,3-butadiene
(Atkinsonet al., 2006), (9.81�0.18)� 10�11 for 1-methylcyclohexene
(Aschmann et al., 2012) and (6.35 � 0.12) � 10�11 for cyclohexene
(Aschmann et al., 2012) at 298 K.

In order to check the experimental reproducibility, three refer-
ence compounds were used for the rate coefficient measurements
and, at least, two runs were performed with the same reference
compound.

Figs. 1 and 2 show typical plots of ln ([alcohol]0/[alcohol]t) as a
function of ln([reference]0/[reference]t). The linearity of the data



Table 2
Comparison of the experimental rate coefficients with those calculated using the
SAR method, for the reaction of OH radicals with several unsaturated alcohols at
298 K (in units of cm3 mol�1 s�1).

Compound kexp (OH)/10�11 kSAR (OH)/10�11 kSAR/kexp

CH2]CHCH2OH (5.00 � 0.54)a 4.76h 1.0
CH2]CHCH2CH2OH (5.9 � 0.9)b 5.26 0.9
CH2]CHCH(OH)CH3 (5.87 � 0.63)a 6.05 1.0
CH2]CHCH(OH)CH2CH3 (7.12 � 0.73)d 6.57 0.9
CH2]CHCH(OH)(CH3)CH3 (6.49 � 0.82)a 5.52 0.8
CH2]CHCH(OH)(CH3)CH2CH3 (6.02 � 1.80)f 6.02i 1.0
CH2]C(CH3)CH2OH (9.2 � 1.3)b 8.74 0.9
CH2]C(CH3)CH2 CH2OH (9.7 � 1.8)b 10.28 1.1
CH3CH]CHCH2OH (9.8 � 1.5)b 10.23 1.0
CH3C(CH3)]CHCH2OH (15 � 1)c 14.77 1.0
(Z)-CH3CH2CH]CHCH2OH (10.6 � 1.5)e 9.58 0.9
(Z)-CH3CH2 CH2CH]CHCH2OH (11 � 1)g 9.58 0.9
(Z)-CH3CH2CH]CHCH2CH2OH (10.6 � 1.2)d 11.28 1.1
(E)-CH3CH2CH]CHCH2OH (6.76 � 0.70)d 10.88 1.6
(E)-CH3CH2 CH2CH]CHCH2OH (6.15 � 0.75)d 10.88 1.8
(E)-CH3CH2CH]CHCH2CH2OH (8.0 � 0.1)g 12.8 1.6

a Takahashi et al. (2010).
b Cometto et al. (2008).
c Imamura et al. (2004).
d Davis and Burkholder (2011).
e Orlando and Tyndal (2002).
f Bernard et al. (2012).
g This work.
h The f(R) value of 1.81 for eCH2OH group was used. It was obtained from kexp

(CH2]CHCH2OH þ OH) (Takahashi et al., 2010), kexp (CH2]C(CH3)CH2CH3 þ OH)
(Cometto et al., 2008) and kexp (CH3C(CH3) ¼ CHCH2OH þ OH) (Imamura et al.,
2004).

i The f(R) values used were obtained from kexp (CH2]CHCH(OH)(CH3)
CH2CH3 þ OH) (Bernard et al., 2012).
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points, with correlation coefficients>0.99 alongwith the facts that:
i) the plots show practically zero intercepts, ii) no noticeable dif-
ferences in the obtained rate coefficients were observed using
different reference compounds, in the presence or absence of O2, or
with a significant variation of the [alcohol]0/[reference]0 ratios, and
iii) the kinetic measurements were carried out at times shorter
than one lifetime, suggest that the contribution of secondary re-
actions with the products of the reactions studied could be
considered negligible.

Table 1, shows the alcohols and reference compounds used, their
concentrations, the number of runs, the obtained ratios between ki
and kref and the derived rate coefficients for the reaction of OH
radicals with the two studied alcohols.

The main source of error in this method is attributed to the
uncertainty associated with kref which includes systematic errors.
The experimental uncertainties are associatedwith the signal/noise
ratio in the measurements of the chromatographic peak areas and
the sampling volume uncertainty. For each individual experiment,
the experimental errors are quoted as twice the statistical deviation
(2sn�1) stemming from the least-squares fit of the plots of ln
([alcohol]0/[alcohol]t) vs. ln ([reference]0/[reference]t) which
resulted in straight lines with approximately no intercept (<1%).
The systematic uncertainties of our determinations are related to,
at least, four sources: the sampling volume that is negligible
compared with the total volume of the reactor, some hypothetical
interference of secondary chemistry which can also be neglected
due to the reasons explained above, inadequate integrationmethod
of the chromatographic areas and insufficient chromatographic
resolution, which was minimized by careful experimental work.

Therefore, we choose to inform values of the rate coefficients
that are the average of the independent experiments with the same
reference compound. The errors quoted for the average values of k1
and k2, encompass the extremes of the individual determinations
and the errors of k1 and k2 quoted for the individual determinations
include the experimental uncertainties and the uncertainties from
the reference rate coefficients. We estimate in our measurements
an uncertainty of around 10% due to systematic errors that could be
added to the final informed value of the rate coefficient.

The recommended rate coefficient values obtained by averaging
the values from the different experiments at 298 K, were the
following: k1 ¼ (1.1 � 0.4) � 10�10 and k2 ¼ (0.8 � 0.1) � 10�10 (in
units of cm3 mol�1 s�1).
Fig. 2. Typical plots of ln ([(E)-3-hexen-1-ol]0/[(E)-3-hexen-1-ol]t) vs. ln ([reference]0/
[reference]t) for the reaction of OH with (E)-3-hexen-1-ol using three different refer-
ence compounds at 298 K and 750 Torr.
To the best of our knowledge, there are no other prior reported
values of the rate coefficients for reactions (1) and (2). Thus, the
present work is the first kinetic study of these reactions and
therefore, no direct comparison with the literature can be made.

3.2. Structureeactivity relationships (SAR)

A comparison between the experimental rate coefficients (kexp)
and the rate coefficients calculated by using the structureeactivity
relationship (SAR)method (kSAR), developed by Atkinson (1987), for
the reaction of unsaturated alcohols with OH radicals is shown in
Table 2.

The rate coefficient, kSAR, of alcohols is estimated from the
number, position and type of the substituent groups, by multi-
plying a basic structure rate coefficient, kbasic, by one or more
group-reactivity factors, f(R), which reflect the type of substituent
group attached to the double bond (f(eCH3) ¼ 1, by definition):

kSAR ¼ kbasic
Yi¼1�4

i¼1

fðRÞ (6)

The kbasic values used were those given by Kwok and Atkinson
(1995) for OH radical þ alkene reactions and the f(R) values ob-
tained by Cometto et al. (2008). The contribution of the H-atom
abstraction (from CeH or OeH bonds), to the room-temperature
rate coefficients of unsaturated alcohols is generally minor
(Grosjean et al., 1993; Aschmann et al., 1997; Orlando et al., 2001),
therefore it was not taken into account, assuming that the overall
rate of these reactions is determined solely by OH addition to the
double bond. The group-reactivity factor for the eCH2OH group
(Cometto et al., 2008) was recalculatedwithout considering the (E)-
isomers (Table 2).

As can be noted in Table 2, there is very good agreement be-
tween the calculated (kSAR) and the experimental rate coefficients



Table 3
Experimental rate coefficients for the reactions of studied unsaturated alcohols with
OH and NO3 radicals, the corresponding estimated atmospheric lifetimes and their
global lifetimes.

Alcohol k298 (OH)/10�11 k298 (NO3)/10�13 sOH (h) sNO3
ðhÞ sglobal (h)

(E)-3-hexen-1-ol 8.0 � 1.0a 4.43 � 0.91b 3.5 1.2 0.9
(Z)-2-hexen-1-ol 11.0 � 4.0a 3.81 � 0.38c 2.5 1.5 0.9

All of the k(298K) values are in units of cm3 mol�1 s�1. The 12-h average day-time
global concentration of OH radicals is 1 � 106 radicals cm�3 (global weighted-
average concentration) (Prinn et al., 2001) and the 12-h average night-time of
[NO3] is 5 � 108 mol cm�3 (Atkinson, 2000).

a This work.
b Pfang et al. (2006).
c Zhao et al. (2011).
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(kexp), the ratio falls in the range 0.8 < kSAR/kexp < 1.1, except for the
(E)-isomers of the alcohols for which kSAR/kexp, is in the range 1.6e
1.8.

Taking into account that the values of f(R) used in these calcu-
lations are all very similar, approximately equal to 2 (Cometto et al.,
2008), we can conclude that the reactivity trend of these reactions
is mainly determined by the aliphatic structure of the alcohols,
corresponding to the kbasic values of SAR and, therefore, indepen-
dent of the location of the double bond with respect to the position
of the hydroxyl group, or the eOH bonded to a primary, secondary
or tertiary carbon atom.

Differences in kexp between the corresponding (E)- and (Z)-
isomers of the unsaturated alcohols are observed in Table 2 and
seem to play an important role in determining the compounds’
reactivity. At present, we are unable to offer a reasonable expla-
nation to this difference, noting that the relationship kSAR/kexp in
Table 2, for the (E)-isomers is close to 2, and that, in this case, the
SAR method does not correctly predict the experimentally
observed differences in reactivity.
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Fig. 3. Plots of cross-section vs. wavenumber of (Z)-2-hexen-1-ol (HxO21) and (E)-3-
hexen-1-ol (HxO31).
3.3. Atmospheric implications

An important component of the environmental impact of a VOC
is its global lifetime, sglobal, in the atmosphere, which is the sum of
the individual sink processes. It can be obtained considering the
following expression:

sglobal ¼
"
1
sCl

þ 1
sOH

þ 1
sNO3

þ 1
sO3

þ 1
sphotolysis

þ 1
sother processes

#�1

(7)

The rate coefficients for the reactions of (Z)-2-hexen-1-ol and
(E)-3-hexen-1-ol with NO3 radicals were measured by Pfang et al.
(2006). Unfortunately, there are no data available for the re-
actions of (Z)-2-hexen-1-ol and (E)-3-hexen-1-ol with O3 mole-
cules or Cl atoms. Atmospheric photolysis is another potential loss
process, but the UV absorption cross-sections (s) of butenols,
pentenols and hexenols have been measured, and it was observed
that the absorption vanishes above 290 nmwith values of s smaller
than 1 � 10�21 cm2 mol�1 (Jimenez et al., 2009; Aschmann et al.,
1997; Cometto et al., 2008; Kirstine et al., 1998; Atkinson et al.,
1995; Aschmann et al., 2012). Therefore, it is reasonable to as-
sume that the tropospheric photolysis of the hexenols here studied,
is negligible. The term “other processes”, takes into account other
loss processes in the atmosphere such as dry and wet deposition,
heterogeneous reactions, etc. The studied alcohols are expected to
be relatively soluble in water (e.g., Henry’s law coefficient for
different unsaturated alcohols is between 20 and 200 M atm�1 at
298 K) (Sander, 1999) so that wet deposition is limited to be of
importance. Finally, the volatility of these compounds will render
dry deposition an unlikely removal mechanism.

Therefore, an upper limit for the global atmospheric lifetime of
the studied unsaturated alcohols was estimated, taking into ac-
count the photo-oxidationwith OH and NO3 radicals only (Table 3).
The estimated atmospheric lifetimes and global lifetimes of the
studied alcohols are presented in Table 3. The lifetimes were
calculated using the relationship sx ¼ 1/kx [X], where [X] is OH or
NO3 radicals. The 12-h average day-time global concentration of OH
radicals of 1 � 106 radicals cm�3 (global weighted-average con-
centration) (Prinn et al., 2001), and the 12-h average night-time
concentration of NO3 of 5 � 108 mol cm�3 (Atkinson, 2000) were
considered for the calculations.

The atmospheric lifetime of both unsaturated alcohols studied is
0.9 h, suggesting that they will be quickly degraded when emitted
into the atmosphere and will be involved in tropospheric chemistry
on local to regional scales. The estimated global lifetimes are based
on the assumption of a uniform distribution of the compounds
emitted into the troposphere; however, the calculated lifetimes do
not ensure such condition so that the actual lifetime of these
compounds will depend on local atmospheric conditions and
season.

Calculation of the global warming potential (GWP) for short-
lived compounds (with lifetimes shorter than 0.5 years) has not



Table 4
Global lifetimes, estimated RE, GWP and HGWP for the studied unsaturated alcohols.

Alcohol sglobal (years) RE (W m�2) GWP20 GWP100 HGWP20 HGWP100

(E)-3-hexen-1-ol 1.0 � 10�4 0.03562 0.0080 0.0012 1.2 � 10�6 4.9 � 10�7

(Z)-2-hexen-1-ol 1.0 � 10�4 0.03826 0.0087 0.0024 1.3 � 10�6 5.2 � 10�7

CFCl3 45a 0.25a 6730a 4750a 1 1

a Forster et al. (2007).
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been considered appropriate by the World Meteorological Orga-
nization (WMO) (Law and Sturges, 2007), due to the fact that
detailed global modeling and emission scenarios would be needed.
However, the direct instantaneous cloudy-sky radiative efficiency
(RE), which is a necessary parameter to calculate the GWP, involves
important spectroscopic information of the studied species in the
IR spectral window, where the radiative efficiencies can be signif-
icant. In fact, GWPs for short-lived compounds have been reported
recently (Nilsson et al., 2009; Baasandorj et al., 2011; Jiménez et al.,
2011; Cometto et al., 2011; Aranguren Abrate et al., 2013).

Plots of the cross-sections (cm2 mol�1 cm�1) as a function of
wavenumber (cm�1) of the unsaturated alcohols studied are shown
in Fig. 3. The integrated IR absorption cross-section (500e
1500 cm�1) values for (Z)-HxO21 and (E)-HxO31 are 2.56 � 10�17

and 1.93 � 10�17 (in units of cm2 mol�1 cm�1), respectively. Un-
certainties in the cross-section measurements arise from the
following sources: the sample concentration (1%), sample purity
(3%), path length (1%), spectrum noise and residual baseline offset
after subtraction of background (1.5%). Considering these individual
uncertainties, we quote a conservative uncertainty of �6%. Unfor-
tunately, there are no literature data for the absorption cross-
sections of the studied alcohols to compare with.

The model of Pinnock et al. (1995) for the calculation of RE is
also based on the assumption of the uniform distribution of the
compound over the troposphere. Radiative efficiencies calculated
with this model for short-lived compounds, such as the ones
studied in this work, can be significantly lower because their
abundances will decrease strongly with altitude. Taking this into
account, the calculated REs in the present work should be consid-
ered as upper limits.

Table 4 shows the calculated values of the RE for (Z)-2-hexen-1-
ol and (E)-3-hexen-1-ol, together with the RE of CFC-11 (Forster
et al., 2007) (in units of W m�2) and the calculated values of
halocarbon global warming potential (HGWP) and GWP on a time
horizon of 20 and 100 years.

The HGWPwas calculated relative to CFC-11 using the following
expression (Fisher et al., 1990):

HGWP ¼ salcohol
sCFC-11

MCFC-11
Malcohol

REalcohol
RECFC-11

�
1� exp�t=salcohol

��
1� exp�t=sCFC-11

� (8)

where salcohol and sCFC-11 are the corresponding tropospheric life-
times, Malcohol and MCFC-11 are the corresponding molar masses,
REalcohol and RECFC-11 are the radiative efficiencies of the alcohols
and CFCl3, respectively, and t is the time horizon over which the RE
is integrated.

The GWPs of the unsaturated alcohols, relative to CO2, were
calculated multiplying the HGWP values by the scaling factors,
6730 and 4750 on a time horizon of 20 and 100 years, respectively
(Forster et al., 2007). These scaling factors are the GWP values of the
CFC-11.

Summarizing, the lifetime of the studied alcohols indicates that
they will be removed from the troposphere in a few hours time. In
addition, it is clear from the GWP values that these compounds will
not have a significant contribution to the radiative efficiencies of
climate change.
Based on studies of the mechanisms for the reactions of the OH
radical with unsaturated alcohols (Orlando et al., 2001; Atkinson,
2000; Jimenez et al., 2009; Takahashi et al., 2010), aldehydes and
other products with carbonyl groups can be expected for the re-
actions studied. Identification of the products of these reactions is
of great importance because they would be secondary pollutants
that are involved in processes such as the photochemical smog
(Committee on Aldehydes, 1981) or peroxyacyl nitrates (PANs)
formation (Wayne, 2000).
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