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a b s t r a c t

Rate coefficients for the reactions of hydroxyl radicals with ethyl vinyl ketone and vinyl propionate were
determined at 298 K and atmospheric pressure. A collapsible chamber with gas chromatography was used
to perform relative kinetic determinations. The room temperature rate coefficients (in cm3 molecule�1 s�1)
were: k1(OH + CH2@CHC(O)CH2CH3) = (2.90 ± 0.79) � 10�11 and k2(OH + CH2@ CHOC(O)CH2CH3) =
(2.46 ± 0.28) � 10�11. This is the first kinetic study of title reactions under atmospheric conditions. The
kinetic data were compared with previous literature values, used to calculate atmospheric lifetimes and
correlated with the ionization potential of the unsaturated compounds.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Unsaturated ketones and esters are carbonyl volatile organic
compounds (VOC) released to the atmosphere by a variety of
anthropogenic and biogenic sources such as the polymer industry
and vegetation, respectively. On the other hand, they can be pro-
duced by the atmospheric degradation of isoprene, terpenes and
other alkenes emitted from plants [1,2] and by the photodegrada-
tion of conjugated dienes from automobiles [3].

Ethyl vinyl ketone (EVK) (1-penten-3-one), which forms part of
biogenic emissions, has shown to be released to the troposphere by
stressed-induced emissions from different plants [4].

Vinyl ester compounds, with structure of CH2@CHOC(O)R, are
released mainly from industrial uses of polymers and resins. The
sources of the emission of acetates and propionates, like vinyl pro-
pionate (VP), consist of manufacturers of plastics, aircraft and elec-
tronic components with wide applications as solvents and
feedstocks [5].

The atmospheric sink of these unsaturated oxygenated com-
pounds is photolysis and gas-phase reactions initiated by oxidants
like OH radicals during day, NO3 radicals at night and O3 molecules.
Furthermore, the formation of low-vapour pressure organic com-
pounds, like carboxylic acids, may contribute to the formation of
nucleus of condensation leading particle production [6].

In this sense, kinetic and mechanistic studies, under atmo-
spheric conditions, are necessary to understand the effects of the
VOCs degradation processes on the air quality.

The database on kinetic and product distribution studies of the
reactions of unsaturated ketones and esters towards OH radicals is

scarse, including a few calculated values from SAR relationships
[7–13].

In this Letter we report the rate coefficients for the reactions of
OH radicals with EVK (k1) and VP (k2):

OHþ CH2 ¼ CHCðOÞCH2CH3 ! Products ð1Þ
OHþ CH2 ¼ CHOCðOÞCH2CH3 ! Products ð2Þ

Experiments were performed using a collapsible Teflon cham-
ber at room temperature and atmospheric pressure by the relative
method with different reference compounds.

There is only a previous value of the rate constant of EVK with
OH using a PLP system coupled with LIF detection of OH. To the
best of our knowledge the rate coefficient for the reaction of OH
radicals with VP has not been reported in the literature. There-
fore, this is the first determination of the rate coefficient for the
reaction of OH radicals with EVK at atmospheric pressure as well
as the first kinetic determination of the reaction of OH radicals
with VP.

The aim of the work is to gain a better understanding of the
reactivity of the a,b-unsaturated oxygenated VOCs towards differ-
ent tropospheric oxidants. This study also represents an extension
of a previous work on the reactivity of OH towards unsaturated
esters [7–10], Cl towards unsaturated carbonyls [14] and OH
and Cl towards acrylic acid and acrylonitrile [15]. In conjunction
with other available kinetic data, the rate coefficients obtained
in this work, and other values from the literature for similar
unsaturated esters and ketones, were correlated with the ioniza-
tion potential (IP) of the a,b-unsaturated VOC. A good correlation
was found and the equation presented could be used to estimate
rate coefficients for the reactions of similar compounds with
OH radicals for which the rate coefficients have not been yet
determined.
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In addition, the tropospheric implications of the reactions stud-
ied were assessed taking into account the residence lifetimes
determined by the reactions with main tropospheric oxidants.

2. Experimental

The experimental set-up consisted of an 80 L Teflon bag located
in a wooden box with the internal walls covered with aluminum
foil, and operated at atmospheric pressure (750 ± 10) Torr and
(298 ± 1) K.

The amounts of the organic reactants measured were flushed
into the bag with a stream of air. The bag was then filled to its full
capacity at atmospheric pressure with synthetic air. H2O2 was used
to generate OH radicals by its photolysis using a set of germicidal
lamps:

H2O2 ! 2OH ð3Þ

These lamps provide UV-radiation with a k maximum around
254 nm. In the present work, typically four of these lamps were
used to produce OH radicals and the time of photolysis varied from
2 to 15 min.

Reaction mixtures consisting of a reference organic compound
and the sample organic reactant, diluted in air, were prepared in
the reaction chamber and left to mix, prior to photolysis, for
approximately 1 h. Before each set of experiments, the bag was
cleaned by filling it with a mixture of O2 and N2 photolyzed for
15–25 min using four germicidal lamps (Philips 30 W) with a UV
emission at 254 nm, to produce O3. After this procedure, the bag
was cleaned up again by repeated flushing with air and the absence
of impurities was checked by gas chromatography before perform-
ing the experiments.

Gas samples were periodically removed from the Teflon bag
using Hamilton gas-tight calibrated syringes. The organics were
monitored by gas chromatography (Shimadzu GC-14B) coupled
with flame ionization detection (FID), using a Porapak Q column
(Alltech, 2.3 m) held from 140 to 180 �C.

In the presence of the oxidant OH radical the VOCs studied and
the references decay through the following reactions:

OHþ VOC! Products ð4Þ
OHþ Reference! Products ð5Þ

Provided that the reference compound and the reactant are lost
only by reactions (4) and (5), then it can be shown that:

In
½VOC�0
½VOC�t

� �
¼ k4

k5
In
½Reference�0
½Reference�t

� �
ð6Þ

where, [VOC]0, [Reference]0, [VOC]t and [Reference]t are the concen-
trations of the VOC and the reference compound at times t = 0 and t,
respectively, and k4 and k5 are the rate constants of reactions (4)
and (5), respectively.

The relative rate technique relies on the assumption that the
VOC and the reference compounds are removed solely by reaction
with OH radicals. To verify this assumption, mixtures of hydrogen
peroxide and air with the VOC of interest and the reference com-
pound were prepared and allowed to stand in the dark for 2 h. In
all cases, the reaction of the organic species with the precursor of
OH (hydrogen peroxide), in the absence of UV light, was of negligi-
ble importance over the typical time periods used in this work.

Furthermore, to test for possible photolysis of the reactants
used, mixtures of the VOCs in air, in the absence of hydrogen per-
oxide, were irradiated for 30 min using the output of all the germi-
cidal lamps surrounding the chamber. No significant photolysis of
any of the reactants was observed.

The initial concentrations used in the experiments were in the
range of 59–124 ppm (1 ppm = 2.46 � 1013 molecule cm�3 at

298 K and 760 Torr of total pressure) for the unsaturated
VOCs, 74–198 ppm for diethyl ether, 3-chloropropene and 1,1-
dichloroethene.

3. Materials

The following chemicals with purities as stated by the supplier
were used without further purification: nitrogen (AGA, 99.999%),
synthetic air (Air Liquide, 99.999%), ethyl vinyl ketone (Aldrich,
97%), vinyl propionate (Aldrich, 98%), diethyl ether (Fluka, 99%),
3-chloropropene (Fluka, 98%), 1,1-dichloroethene (Aldrich,
99.99%) and H2O2 (Cicarelli, 60% wt).

4. Results and discussion

Relative rate coefficients for the reactions of OH radicals with
ethyl vinyl ketone and vinyl propionate were determined by com-
paring the OH reaction with the VOCs studied to that with the ref-
erence compounds from Eq. (6). The data were fitted to a straight
line by the linear least-squares procedure.

The losses of EVK and VP by OH radicals are shown with differ-
ent reference compounds in Figures 1 and 2. Figures 1 and 2 show
only one example with two references for each reaction studied.

The following compounds were used as reference reactions to
determine the rate coefficients of reactions (1) and (2):

OHþ CH3CH2OCH2CH3 ! Products ð7Þ
OHþ CH2 ¼ CH2CH2Cl! Products ð8Þ
OHþ CCl2 ¼ CH2 ! Products ð9Þ

where k7 = (1.36 ± 0.11) � 10�11 [16], k8 = (1.69 ± 0.07) � 10�11 [17]
and k9 = (1.05 ± 0.10) � 10�11 [18]. All the k values are in units of
cm3 molecule�1 s�1.

Table 1 shows the data on relative rate coefficients kVOC/kref and
absolute rate coefficients kVOC at room temperature (298 K). The
ratios were obtained from the average of several experiments
using different initial concentrations of the reactants. The rate con-
stants obtained by averaging the values from different experiments
were the following:

k1 ¼ ð2:90� 0:79Þ � 10�11cm3 molecule�1 s�1

k2 ¼ ð2:46� 0:28Þ � 10�11cm3 molecule�1 s�1
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Figure 1. Plots of the kinetic data for the reaction of ethyl vinyl ketone with OH
radicals using diethyl ether (h) and 1,1-dichloroethene (s) as reference
hydrocarbons.

160 M.B. Blanco, M.A. Teruel / Chemical Physics Letters 502 (2011) 159–162



Author's personal copy

The errors quoted are twice the standard deviation arising from
the least-squares fit of the straight lines, to which we have also
considered the corresponding error on the reference rate constants
(7)–(9).

In this work the reaction of OH radicals with EVK (1) was stud-
ied for the first time under atmospheric pressure using two differ-
ent reference compounds, diethyl ether and 1,1-dichloroethene,
with air as bath gas. In Table 2 are listed the value obtained for
k1 from this work in comparison with previous values from litera-
ture. The average of all the measurements yields k1 = (2.90 ±
0.79) � 10�11 cm3 molecule�1 s�1 in agreement, within the experi-
mental error, with the absolute value by the PLP–LIF technique of

(2.36 ± 0.47) � 10�11 cm3 molecule�1 s�1 previously reported. Fur-
thermore, our value agrees with the two different previous SAR
estimations, [19,20] being in between of both of these reported
values of 2.49 and 3.6 (in units of 1011 cm3 molecule�1 s�1).

To the best of our knowledge, no values of the rate constants for
the reaction (2) of OH radicals with vinyl propionate have already
been reported. Thus, this study is the first kinetic study of these
reactions and therefore, no direct comparison with the literature
can be made.

The reactivity of the OH radicals with ethene and methyl substi-
tuted alkenes has been found to correlate with the ionization
potential (IP) of the olefins. The energy required to remove a p
electron, the ionization potential [21] is lowered in the olefins by
substitution of an H atom by an alkyl group, while the electron
density of the double bond is increased by the substitution, leading
to an increase in the reaction rates. Thus, the use of the rate coef-
ficients determined in this work, together with values of different
unsaturated carbonyl compounds and acrylonitrile from the litera-
ture, enables a relationship with the IP for the reactions of OH rad-
icals with unsaturated carbonylic VOCs. This correlation is shown
in Figure 3. The ionization potentials (IP) for the unsaturated VOCs
were calculated using the GAUSSIAN 03 package. The geometry opti-
mizations and initial values of energies were obtained at the Har-
tree–Fock (HF) level, and ab initio Hamiltonian with a 6–31++
G(d,p) basis sets. The self-consistent field energies were then cal-
culated by Moller–Plesset perturbation theory (MP4-SCF) using
an ab initio Hamiltonian with a 6–311++ G(d,p) basis sets. The cor-
relation obtained for this group of reactions is as follows:

k� 1011cm3 molecule�1 s�1 ¼ �1:06� IP ðeVÞ þ 12:81 ð10Þ

The good quality of this correlation is such that estimations can
be made of the rate coefficients for reactions of OH with unsatu-
rated carbonyl VOCs, not yet investigated.

Atmospheric lifetimes, sx, of the VOCs studied in this work were
calculated through the expression: sx = 1/kx[X] with X = OH, NO3

and Cl. Table 3 lists the atmospheric lifetimes with respect to the
reaction with OH radicals, NO3 radicals and Cl atoms for the unsat-
urated VOCs. For the calculations the following rate coefficients
values were used: k1 = 2.90 � 10�11 and k2 = 2.46 � 10�11 cm3 mol-
ecule�1 s�1 from this work, k(NO3 + EVK) = 9.4 � 10�17 [13],
k(Cl + EVK) = 2.91 � 10�10 [23] and k(Cl + VP) = 2.06 � 10�10 [23].

Table 2
Comparison of the room temperature rate coefficients for the reaction of OH radicals
with ethyl vinyl ketone informed in this work with previous reported determinations.

kOH � 1011

(cm3 molecule�1 s�1)
Technique Reference

(2.90 ± 0.79) RM–GC This work
(2.36 ± 0.47) PLP–LIF [12]
2.49 SAR estimation [19]
3.6 SAR estimation [20]

RM-GC, Relative method-gas chromatography; PLP-LIF, Pulsed laser photolysis–
laser induced fluorescence; SAR, Structure activity relationship.
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Figure 3. Plot of the room temperature rate coefficients for the reactions of OH
radicals with unsaturated esters and ketones from this work and literature. The IP
were calculated using the GAUSSIAN 03 package and the rate coefficients were
obtained from Ref. [22].
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Figure 2. Plots of the kinetic data for the reaction of vinyl propionate with OH
radicals using diethyl ether (h) and 3-chloropropene (s) as reference
hydrocarbons.

Table 1
Rate constant ratio kVOC/kreference and rate constants for the reaction of OH radicals
with ethyl vinyl ketone and vinyl propionate at 298 ± 3 K in 760 ± 10 Torr of air.

VOC Reference kVOC/kref kVOC (�1011)
(cm3 molecule�1 s�1)

CH2@CHC(O)CH2CH3 CH2@CCl2 (2.53 ± 0.10) (2.53 ± 0.60)
CH2@CCl2 (2.98 ± 0.20) (2.98 ± 0.79)
CH3CH2OCH2CH3 (2.00 ± 0.15) (2.72 ± 0.42)
CH3CH2OCH2CH3 (2.48 ± 0.13) (3.37 ± 0.45)
Average (2.90 ± 0.79)

CH2@CHOC(O)CH2CH3 CH2@CHCH2Cl (1.35 ± 0.02) (2.28 ± 0.24)
CH2@CHCH2Cl (1.47 ± 0.04) (2.48 ± 0.26)
CH3CH2OCH2CH3 (1.92 ± 0.05) (2.61 ± 0.28)
CH3CH2OCH2CH3 (1.80 ± 0.04) (2.45 ± 0.25)
Average (2.46 ± 0.28)
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Typical oxidant concentrations were used: a 12 h average OH
radical concentration of [OH] = 2 � 106 radicals cm�3 (day-time)
[24]; [NO3] = 5 � 108 radicals cm�3 (night-time) [25] and [Cl] = 1 �
104 atoms cm�3 [26].

Other process like photolytic loss of the esters and VP will be
negligible, since as we pointed out previously, they are photolyti-
cally stable in the actinic region of the electromagnetic spectrum
[7,8,12]. Furthermore, this statement was also confirmed by the
negligible depletion of the chromatographic areas corresponding
to the unsaturated photolysis of the VOCs in the absence of hydro-
gen peroxide.

Unfortunately, no data are available on the reactions of NO3

radicals with VP or EVK and VP with O3 molecules. However, on
the basis of structural similarities it is probable that will show a
reactivity towards NO3 radicals similar to that of EVK. Therefore
the lifetimes indicate that the esters are likely to be removed rap-
idly in the gas phase, the reaction with OH being the major loss
process for both compounds studied during day and with NO3 rad-
icals at night. The short lifetimes for EVK and VP, in the range of
few hours, implies that they are likely to be removed rapidly in
the gas phase close to their source of emission.

Further work concerning product studies at different NOx, con-
centrations, pressure and temperature conditions is required to
postulate the atmospheric degradation pathways of terminal car-
bonyl unsaturated compounds in the troposphere. Kinetic informa-
tion, together with product information of the reactions of these
carbonyl compounds with OH radicals, is necessary to evaluate
their impact on air quality, their influence on the atmospheric oxi-
dation capacity and on their possible contribution to the SOA
formation.

Acknowledgements

The authors wish to acknowledge SECYT (Argentina), CONICET
(Argentina), ANPCyT-FONCYT (Argentina), SECyT-UNC (Córdoba,
Argentina), Fundación Antorchas (Argentina), TWAS (Italy) and
RSC (UK) for financing this research.

References

[1] B.J. Finlayson-Pitts, J.N. Pitts Jr., Chemistry of the Upper and Lower
Atmosphere, Academic Press, California, 2000.

[2] J.J. Orlando, G.S. Tyndall, E.C. Apel, D.D. Riemer, S.E. Paulson, Int. J. Chem. Kinet.
35 (2003) 334.

[3] C.A. Jemma, P.R. Shore, K.A. Widicombe, J. Chromat. Sci. 33 (1995) 34.
[4] R. Fall, T. Karl, A. Jordan, W. Lindienger, Atmos. Environ. 35 (2001) 3905.
[5] T.E. Graedel, Chemical Compounds in the Atmosphere, Academic press, New

York, 1978.
[6] A. Mellouki, G. Le Bras, H. Sidebottom, Chem. Rev. 103 (2003) 5077.
[7] M.A. Teruel, S.I. Lane, A. Mellouki, G. Solignac, G. Le Bras, Atmos. Environ. 40

(2006) 3764.
[8] M.B. Blanco, R.A. Taccone, S.I. Lane, M.A. Teruel, Chem. Phys. Lett. 429 (2006)

389.
[9] M.B. Blanco, M.A. Teruel, J. Phys. Org. Chem. 21 (2008) 397.

[10] M.B. Blanco, I. Bejan, I. Barnes, P. Wiesen, M.A. Teruel, J. Phys. Chem. A. 113
(2009) 5958.

[11] M.B. Blanco, I. Bejan, I. Barnes, P. Wiesen, M.A. Teruel, Env. Sci. Technol. 44
(2010) 7031.

[12] E. Jimenez, B. Lanza, M. Antiñolo, J. Albaladejo, Env. Sci. Technol. 43 (2009)
1831.

[13] C. Pfrang, C. Tooze, A. Nalty, C.E. Canosa-Mas, R.P. Wayne, Atmos. Environ.
40(4) (2006) 786.

[14] M.B. Blanco, I. Barnes, M.A. Teruel, Chem. Phys. Lett. 488 (2010) 135.
[15] M.A. Teruel, M.B. Blanco, G.R. Luque, Atmos. Environ. 41 (2007) 5769.
[16] A. Mellouki, S. Teton, G. Le Bras, Int. J. Chem. Kinet. 27 (1995) 791.
[17] J. Albaladejo, B. Ballesteros, B.E. Jimenez, Y. Diaz de Mera, E. Martinez, Atmos.

Environ. 37 (2003) 2919.
[18] J.P.D. Abbatt, J.G. Anderson, J. Phys. Chem. 95 (1991) 2382.
[19] E.C. Kwok, R. Atkinson, R. Atmos. Environ. 29 (1995) 1685.
[20] D. Grosjean, E.L. Williams, Atmos. Environ. Part A 26 (1992) 1395.
[21] M.B. Blanco, R.A. Taccone, S.I. Lane, M.A. Teruel, J. Phys. Chem. A. 110 (2006)

11091.
[22] NIST-Chemical Kinetics Database on the Web - Standard Reference Database,

17,Version 7.0 (Web Version), Release 1.2 (2006), <http://physics.nist.gov/
PhysRefData/Contents.html>.

[23] M.A. Teruel, M. Achad, M.B. Blanco, Chem. Phys. Lett. 479 (2009) 25.
[24] R. Hein, P.J. Crutzen, M. Heimann, M. Global Biogeochem. Cycles 11 (1997) 43.
[25] Y. Shu, R. Atkinson, J. Geophys. Res. 100 (1995) 7275.
[26] O.W. Wingenter, M.K. Kubo, N.J. Blake, T.W. Smith, D.R. Blake, F.S. Rowland, J.

Geophys. Res. 101 (1996) 4331.

Table 3
Estimated tropospheric lifetimes of the unsaturated carbonyl compounds studied in
this work with OH radicals, NO3 radicals and Cl atoms.

VOC sOH

(hours)
sNO3

(hours)
sCl

(days)
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