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Rate coefficients of the reactions of OH radicals and Cl atoms with 2,2,2 trifluoroethyl butyrate have been
determined at 298 K and atmospheric pressure. The decay of the organics was followed using a gas chro-
matograph with a flame ionization detector (GC-FID) and the rate coefficients were determined using the
relative rate method. This is the first kinetic study for these reactions under atmospheric pressure. The

kinetic data are used to update the correlation koy vs. k¢ for different fluoroesters, to develop reactivity
trends in terms of halogen substitution and to estimate the tropospheric lifetime of 2,2,2 trifluoroethyl

butyrate.
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1. Introduction

It is well known the effort to replace chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) due to their significant role
in stratospheric ozone depletion [1]. In this sense, the new alterna-
tives must have similar properties to CFCs but without the harmful
effects to the environment such as ozone layer depletion and glo-
bal warming potentials [2].

Hydrofluoroethers (HFEs), are considered good candidates for
these replacements, by the insertion of an ether oxygen atom into
the molecule that modifies the thermo-physical properties of the
compound for specific end-uses and to activate the molecule to-
wards troposheric oxidant attack. This leads to significantly short-
er atmospheric lifetimes when compared to hydrofluorocarbons
(HFCs), decreasing with the number of hydrogen atoms in the
molecule. The main fate of HFEs in the atmosphere is reaction
with OH radicals forming the corresponding hydrofluorinated es-
ters (FESs) [3,4]. Hence, for a complete assessment of the atmo-
spheric chemistry and potential detrimental environmental
impacts of HFEs, it is necessary to understand the atmospheric
chemistry of FESs. As for HFEs, FESs are removed from the
troposphere mainly by reaction with OH radicals [5] with possible
contributions from wet and dry deposition and reaction with Cl
atoms in marine environments and heavily industrialized urban
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areas with high levels of chloride-containing aerosol [6]. The
tropospheric degradation of FESs may contribute to the
environmental burden of trifluoroacetic acid (TFA) or derivatives
[7,8].

In order to evaluate the possible contribution of the photooxi-
dation of FESs to TFA formation or derivates in the environment, it
is necessary to know the rate coefficients for the reactions of FESs
with tropospheric oxidants such as OH radicals or Cl atoms, as
well as the associated degradation pathways and product
distribution.

In these sense, we have performed previous relative kinetic
studies of the degradation of fluoroacetates (methyl trifluroacetate,
ethyl trifluoroacetate, methyl difluoroacetate and 2,2,2-trifluoro-
ethyl 2,2,2-trifluoroacetate) initiated by OH-radicals by the
GC-FID technique [5] and an FTIR study of the Cl-atom degradation
of these compounds in a quartz glass photoreactor [6]. In addition,
previous product studies were conducted for the Cl initiated
oxidation of methyl trifluoroacetate, ethyl trifluoroacetate and
methyl difluoroacetate [7]. The fate of the fluoroalkoxy radicals
formed in these reactions has been postulated to mainly occurs
through (i) an H-atom abstraction by reaction with O,, to produce
the corresponding fluoroanhydride and (ii) an o-ester rearrange-
ment via a five-membered ring intermediate to give the
corresponding fluoroacetic acid.
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The product distribution and the mechanism of the reaction of
Cl atoms with 2,2,2-trifluoroethyl 2,2,2-trifluoroacetate (CFs.
C(O)OCH,CF3) were investigated in a separate study [8] using the
same experimental technique at NOx-free conditions. The forma-
tion of the corresponding anhydride, CF,0 and CO was identified
and no trifluoroacetic acid (TFA) formation was observed. The neg-
ligible importance of the a-ester channel to produce TFA was ex-
plained by the reduction of the stability of the five-membered
transition state of the o-ester rearrangement.

In a continuation of our investigations on the OH-radical and Cl-
atom initiated photooxidation of these fluoroacetates [5-8], we
present here room temperature relative kinetic determinations of
the rate coefficients for the following reactions performed in a col-
lapsible Teflon photoreactor at atmospheric pressure of nitrogen:

(o}
/\)J\ F
o/ﬁ< + «OH ——> Products, (1)
F
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To the best of our knowledge, this work provides the first ki-
netic study for the reaction of OH radicals and Cl atoms with
2,2,2-trifluoroethyl butyrate (TFEB). Therefore, this is the first
determination of the rate coefficients of the reactions (1) and (2)
under atmospheric conditions. The aim of this study was to extend
the existing limited kinetic data base of the reactions of OH radi-
cals and Cl atoms with fluoroesters as part of ongoing work in
our laboratory regarding the atmospheric impact of volatile organ-
ic compounds (VOCs) as acceptable candidates to replace the
harmful CFCs and their derivatives in industrial uses. In this sense,
the results are discussed in terms of the halogen substituents ef-
fects on the reactivity of the esters studied and a correlation be-
tween koy Vs. k¢ of different halogenated VOCs, including FES, is
developed.

Atmospheric lifetimes of the 2,2,2-trifluoroethyl butyrate stud-
ied, with respect to reaction with OH and Cl, have been calculated
using the rate coefficients obtained in this Letter.

2. Experimental

All experiments were carried out in an 80 L collapsible Teflon
bag at (296 + 2) K and atmospheric pressure (760 Torr). Reaction
mixtures consisting of a reference organic compound and the sam-
ple organic reactant, diluted in nitrogen, were prepared in the reac-
tion chamber and left to mix, prior to photolysis, for approximately
1 h. Measured amounts of the reagents were flushed from cali-
brated Pyrex bulbs into the collapsible reaction chamber by a
stream of zero grade N, and the bag was then filled with the zero
grade N or synthetic air. Before each set of experiments, the Teflon
bag was cleaned by filling it with a mixture of O, and N, which was
photolyzed for 15-25 min using four germicidal lamps (Philips
30 W) with a UV emission at 254 nm, to produce Os.

After this procedure, the bag was cleaned again by repeated
flushing with N, and, before performing the experiments, gas chro-
matography was used to verify that there were no observable
impurities.

H,0, and CIC(O)C(0)CI, were used to generate OH radicals and
Cl atoms, respectively, by direct UV photolysis with germicidal
lamps emitting at 254 nm (Philips 30 W). The reaction mixtures
were removed from the Teflon bag using calibrated gas 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 at a temperature of
200 °C for these compounds.

In the presence of hydroxyl radicals and chlorine atoms, 2,2,2
trifluoroethyl butyrate and the reference compounds decay
through the following reactions:

X + TFEB — Products, (3)

X + Reference — Products (4)

where X = OH or Cl.

The relative rate technique relies on the assumption that 2,2,2
trifluoroethyl butyrate and reference are removed solely by reac-
tion with OH radicals or Cl atoms.

Provided that the reactant and reference compound are lost
only by reactions (3) and (4), then it can be shown that:

[TFEB] k [Reference]
n { HFEB]T} =g In { [Reference]?} 0

where [TFEB]o, [Reference],, [TFEB]; and [Reference], are the con-
centrations of TFEB and reference compound at times to and ¢,
respectively, and ks and k4 are the rate constants of reactions (3)
and (4), respectively.

By using this technique, the rate constants for the reactions (1)
and (2) were obtained from Eq. (I). The data were fitted to a
straight line by the linear least-squares procedure. Mixtures of
H,0, or CIC(O)C(0)Cl with both organics were prepared and al-
lowed to stand in the dark for 2 h. In all cases, the reaction of the
organic species with the radical precursor, in the absence of UV
light, was of negligible importance over the typical time periods
used in this work. Additionally, to test for possible photolysis of
the reactants used, mixtures of the reactants in nitrogen or syn-
thetic air, in the absence of H,0, or CIC(O)C(O)CI, were irradiated
using the output of all the germicidal lamps surrounding the cham-
ber between 30 and 50 min. No significant (<2%) photolysis of any
of the reactants was observed.

The initial concentrations used in the experiments were in the
range of 224-262ppm (1ppm=2.46 x 10" moleculecm™ at
298 K and 760 Torr of total pressure) for 2,2,2 trifluoroethyl buty-
rate, ethyl acetate, cyclohexane and acrylonitrile, 50-130 ppm for
H,0, and 190-220 ppm for CIC(O)C(O)CI.
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3. Materials

The chemicals used were N, (AGA, 99.999%), synthetic air (AGA,
99.999%), 2,2,2 trifluoroethyl butyrate (Aldrich, 98%), ethyl acetate
(Aldrich, 99%), cyclohexane (Merck, 99%), acrylonitrile (Baker,
99.5%), hydrogen peroxide (Ciccarelli, 60% wt) and oxalyl chloride
(Aldrich, 98%). TFEB and reference compounds were degassed by
repeated freeze-pump-thaw cycling.

4. Results

Figures 1 and 2 show the plot of In([TFEB]o/[TFEB];) vs. In([Ref-
erence]o/[Reference],), for reactions (1) and (2) using ethyl acetate,
cyclohexane and acrylonitrile as reference compounds. For the
reactant studied, four runs, using two different references, were
performed for the rate coefficient determination; however, for
the sake of clarity, only one example is presented in Figures 1
and 2. The following compounds were used as reference reactions
to determine the rate coefficient of reactions (1) and (2):

OH + CH3C(0)OCH,CH; — Products (5)
OH + <:> — Products, (6)
Cl + CH3C(0)OCH,CHj3 + CH3C(0)OCH,CH;3 — Products (7)
Cl + CH,=CHCN — Products (8)

where ks =(1.79 £0.16)x10712 [9], ks =(6.38 +1.28) x 10712 [10],
k;=(1.76 £0.26)x107 " [11] and kg=(1.1+0.2) x 1071° [12]. All
the k values are in units of cm® molecule ! s~

Both plots show practically zero intercepts and good linearity
and suggest that the contribution of the secondary reactions with
the products of the reactions studied here could be considered neg-
ligible. The ratio of the rate coefficients was calculated from the
experimental data using Eq. (I) from the slopes of the plots shown
in Figures 1 and 2.

The rate coefficients for reactions (1) and (2), k; and k;, were ob-
tained from the ratio Krpgg/Kreference @S the value of Kgeference Was
known.

The ratio of the rate coefficients, kq/ks, k1/ke, ka/k; and k[kg and
the corresponding rate coefficients for the reactions of OH radicals
and Cl atoms with 2,2,2 trifluoroethyl butyrate, are presented in
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Figure 1. Relative rate data for the reaction of OH with 2,2,2-trifluoroethyl butyrate
using ethyl acetate (@) (r? =0.996) and cyclohexane (M) (1* = 0.986) as reference
compounds at 298 K and atmospheric pressure of air.
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Figure 2. Relative rate data for the reaction of Cl with 2,2,2-trifluoroethyl butyrate
using ethyl acetate (®)(r? =0.997) and acrylonitrile () (> =0.986) as reference
compounds at 298 K and atmospheric pressure of air.

Table 1. The ratios were obtained from the average of several
experiments using different initial concentrations of the reactants.
It is gratifying to note the agreement between the experiments
conducted with two different reference compounds.

The following averaged values of the rate coefficients have been
obtained:

ki = (1.3+0.3) x 10> cm’ molecule 's™

ky = (4.7 +1.1) x 10" cm®molecule 's'

The errors quoted are twice the standard deviation arising from the
least-squares fit of the straight lines, to which we have considered
also the corresponding error on the reference rate coefficients

((5)-(8))
5. Discussion

To the best of our knowledge, no kinetic data of the reactions of
OH radicals and Cl atoms with 2,2,2-trifluoroethyl butyrate have
been reported previously. The present study, thus, is the first mea-
surement of the rate coefficients of the reactions (1) and (2) and
therefore no direct comparison with the literature can be made.

Rate coefficient for the reaction of OH with TFEB has been esti-
mated using the US EPA AOPWIN program [13] which is based
upon the structure-activity relationship (SAR) method described
in Kwok and Atkinson [14]. The estimated OH rate coefficient by
this method was 1.778 x 107!2 cm® molecule™! s~!. The SAR rate
coefficient prediction for this reaction is in good agreement with
the value of (1.3 +0.3) x 1072 cm® molecule™! s~! determined in
this study.

It is estimated that the fractions of the overall OH radical reac-
tion proceeding by H-abstraction from the C-H bonds at the 2
(C(O)OCH;-), 4 (-CH,-C(0)0), 5 (-CH,-) and 6 (CHs-) positions
are (in cm®molecule™'s™!) 0.106 x 107'2, 0.356 x 10712,
1.149 x 1072 and 0.167 x 10~ '2, respectively.

o)
2
6/5\4)1\0/\ﬁ:2
F

The rate coefficients for hydrogen abstraction from (C(O)OCH,-),
(-CH,-C(0)0-), (-CH,-) and (CH3-) groups depend on the identity
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Table 1

Reference compound, measured rate coefficient ratios, Krggp/Kreferences and the obtained rate coefficients for the reactions of OH radicals and Cl atoms with

2,2,2-trifluorethyl butyrate at 298 K in 760 Torr of air.

Reaction Reference KtreR/Kreference ktreR
cm? molecule ! s~!
o Ethyl acetate 0.78 +0.02 (14+02) x 1012
Ethyl acetate 0.78 £0.05 (1.4+02) x 10712
F Cyclohexane 0.21+0.02 (1.3+0.3) x 10712
o + -OH Cyclohexane 0.19 £0.01 (1.2£02) x 10712
F Average (1.3+0.3) x 10712
F
0 Ethyl acetate 2.58+0.10 (45+09) x 1011
Ethyl acetate 2.73+0.16 (48+1.0)x 1071
F Acrylonitrile 0.45 +0.01 (49+1.1)x 107"
O/XF + Cl Acrylonitrile 0.42 +0.01 (47+1.1)x 1071
E Average (47+1.1)x 107"

Table 2
Comparison of the rate coefficient values for the reaction of OH radicals and Cl atoms
with a series of fluoroacetates including TFEB at 298 K.

Fluoroacetate kou ke x 10

(cm® molecule ' s™1) (cm® molecule™' s71)
CF5C(0)OCH3 497 x 107142 9.00 x 10714
CF3C(0)OCH,CHs 264 x107132 1.79 x 10712 ¢
CF,HC(0)OCH; 1.48 x 107132 203 x10°13¢
CF3C(0)OCH,CF3 1.05x 107132 118 x 107> ¢
CH5CH>CH,C(0)OCH,CF; 130 x 10712P 470 x 10711 P

¢ From reference [5].
b This Letter.
¢ From Reference [6].

of the substituents attached to these groups. These rate coefficients
estimated, and as intuitively one would expect, suggest that the
main H-abstraction (around 65%) will be in the position 5 (-CH,-)
due to electron-donating alkyl groups substituents like -CH3 and
-CH,- groups. The lower H-abstraction (around 6%) will be in the
position 2 (-C(0)O-CH,-CF3) consistent with an increase of the
negative inductive effect from —CF; group.

This inductive effect of fluorinated groups is observed if we com-
pare the OH rate coefficient of 2,2,2-trifluoroethyl butyrate with the
OH rate coefficient of the corresponding fully hydrogenated ester
(CH3CH,CH,C(0)OCH,CH3), where kcpschachzc(ojoctzcHs = 4.37 x
107]2Cm3 molecule*l 571 [15]>kCH3CH2CH2C(O)OCH2CF3 =13 x ]0712 Cm3
molecule™' s! (this work). The same tendency is observed for
fluoroacetates where an increase in the substitution of H atoms
by F atoms in esters overcomes the activating effect of the ester
function in reactions with OH radicals leading to a reduction of
the reactivity:

kerscoocns (3.5 x 107°[16]) > kerancoocns (1.5 x 107 2[5]) >
kerscoocns (5.0 x 107'4[5]) and kcrscooctzens (2.6 x 107 °[5]) >
kerscooctzers (1.1 x 10713[5]) in units of cm® molecule ' s~.

In our previous work [5,6], we reported the rate coefficients for
the reactions of OH radicals and Cl atoms with a series of fluori-
nated esters. Table 2, lists the rate coefficient of these reactions
in comparison with the kinetic results obtained in this work for
TFEB. We observed from Table 2, that the rate constant of OH with
TFEB is at least one order of magnitude higher than the rate coef-
ficients of the others short chain fluoroesters. Blanco et al. [5]
found that, in general, the ester linkage, —C(O)O-, activates the
neighboring C-H bonds, since the reaction rates for the esters are
higher than those of the corresponding halocarbons. Even though,
the reactions of OH radicals with alkanes and esters proceed via a
similar H-abstraction reaction [17], it has been suggested that the
reactions of OH with esters also involve hydrogen-bonded com-
plexes [18] rather than a direct H-atom abstraction pathway.

Hence, the deactivating inductive effect of the carbonyl group in
the esters is offset by the stabilizing effect of the hydrogen bond-
ing. In contrast, such stabilization of the transition state by hydro-
gen bonding should be not possible in the reaction of TFEB with OH
radicals due to the presence of a -CH,- group between the H-atom
of the attacking OH radical and the O atom of the carbonyl group, if
the H-abstraction is produced in the position 5 (-CH,-) as we ex-
plained above. In this case, the reactivity of the —-C(O)OR groups in
the ester should be lower than the reactivity of the corresponding
alkyl (R) group in the alkane.

Unfortunately, no comparison with kinetic experimental data
can be made for TFEB since the rate coefficient for reaction of OH
with the analogous alkane, (1-trifluoro pentane, CH3CH,CH,CH,.
CF3), is not available. However, it can be used the SAR method de-
scribed by Kwok and Atkinson [14] to estimate the k value of the
reaction of 1-trifluoropentane with OH. A calculated value of k is
2.81 x 1072 cm® molecule™! s~! is obtained, which is 1.6 times
faster than SAR estimation of 1.778 x 10~'? cm® molecule ! s~!
for the reaction of OH + TFEB, supporting the above reactivity
considerations.

Additionally, the rate coefficient of the reaction of Cl atoms with
TFEB (4.7 + 1.1) x 107'" cm® molecule™! s7! is higher than the rate
coefficients obtained in our previous work for the reactions of Cl
with similar fluoroacetates (see Table 2). We can explain this dif-
ference thinking that the main H-abstraction will be in the position
5 (-CH,-) which is favored by the electron-donating alkyl groups
substituents like -CH3 and -CH,-groups which is not observed in
the case of fluoroacetates listed in Table 2. No kinetic data for
the reaction of the corresponding fluoroalkane (1-trifluoro pen-
tane) with Cl atoms is available in the literature but we expect that
the rate coefficient of the haloalkane will be faster than the rate
constant of TFEB with Cl atoms, since, the stabilization of the tran-
sition state by hydrogen bonding is not possible in this reaction.

The rate coefficients obtained in this work and the rate coeffi-
cients for the reactions of the fluoroacetates with OH and Cl ob-
tained in previous work are listed in Table 2. These OH and Cl
rate coefficients were incorporated in our previous reported corre-
lation between koy vs. k¢, for a series of halogenated organic com-
pounds for which the same H-abstraction mechanism is operative
[19].The correlation obtained in our previous study for a number of
different compounds (chloroalkanes, fluoroalkanes, chloro-
fluoroalkanes, fluoroethers, chloroethers, chlorofluoroethers and
chlorofluoroesters) was described as follows [17]:

log ko = 0.485 log k¢ — 7.00 (IN)

We have added in this plot the experimental values of koy vs. k| for
the reactions of OH and Cl with the series of fluoracetates obtained
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Figure 3. Plot of log ko vs. log ke (2 = 0.89): (O) chloroalkanes, fluoroalkanes and
chlorofluoroalkanes [20], (A) fluoroethers [20], (OJ) chloroethers [20], () chloro-
fluoroethers [20] and (®) chlorofluoroesters [19], fluoroesters [5,6] and TFEB (this
Letter).

previously [5,6] and listed in Table 2 together with the rate coeffi-
cients obtained in this work for the reaction of TFEB with OH and
Cl obtaining the new correlation plotted in Figure 3. A least-squares
treatment of the data points in Figure 3 yields now the following
updated expression:

log ko = 0.447 log k¢ — 7.41 (1IN

with the rate coefficients in units of cm® molecule ' s~!. The good
quality of the correlation between the reaction rate coefficients of
OH radicals and Cl atoms is such that it can be used to estimate rate
coefficients of reactions which have not yet been investigated.

5.1. Implications for atmospheric chemistry

Regarding to the atmospheric implications of the reactions
studied, the rate coefficients summarized in Table 1 can be used
to calculate the atmospheric lifetimes of the 2,2,2-trifluoroethyl
butyrate due to reaction with OH radicals and Cl atoms. Unfortu-
nately, no kinetic data are available for the reaction of TFEB with
NOs; radicals or O3 molecules. Nevertheless, reactions of saturated
esters with O3 or NOjs radicals are expected to be of negligible
importance [21]. The atmospheric lifetimes can be calculated using
the expression: 7, = 1/k,[X] with X = OH or Cl, where k, is the rate
coefficient for the reaction of the oxidant X with the TFEB and [X] is
the typical atmospheric concentration of the oxidant, as follows:

Ester TOH Tql
24 days

2,2,2-Trifluoroethyl butyrate 4 days

In these calculations the following rate constant values were
used: koy = 1.3 x 10712 cm® molecule™! s~! (this Letter), k¢ = 4.7 -
x 107" cm® molecule™! s~ (this Letter).

Typical oxidant concentrations in the atmosphere have been
used: [OH]=2 x 10°radicalscm™> [22] and [Cl]=1x 10%-
atoms cm > [23].

The atmospheric lifetimes obtained for TFEB, in the order of few
days, are considerably shorter than for other fluorinated small
chain esters as fluoroacetates (between months and years) by its
reactions with OH radicals or Cl atoms [5,6].

The low Henry’s law coefficients of esters, Ky <10 M atm™" at
298 K [24], probably preclude wet deposition from being a signifi-

1

cant atmospheric loss mechanism. Kutsuna et al. [24] have sug-
gested that dissolution in clouds serves only a minor
atmospheric sink for some fluoroesters, although its dissolution
in ocean water could be significant. The volatility of these com-
pounds will render dry deposition and unlikely removal mecha-
nism. Photolytic loss of the haloesters will be negligible since
they are photolytically stable in the actinic region of the electro-
magnetic spectrum [19].

In conclusion, the atmospheric lifetime is determined by the
OH-initiated oxidation for TFEB. Although, in the early morning
hours in marine environments, Cl-atom initiated reactions could
compete with the OH reaction [6].

This species survives long enough to become well dispersed
from the source origin in which regional scale transport is likely.
Urban emissions of this compound are, therefore, unlikely to con-
tribute to local ozone and photooxidant formation.

The OH radical initiated atmospheric degradation of the studied
TFEB is expected to result in the formation of mainly acids, alde-
hydes and dicarbonyls compounds which will be subject to further
reaction with OH and also photolysis. In particular, acids with low-
er molecular weight are highly soluble compounds and may be
rapidly incorporated into cloud droplets, contributing to the acidity
of precipitation [7,8].

Further experiments, to study the product distribution of differ-
ent fluoroesters reactions would be desirable to obtain a better
understanding of the atmospheric implications associated with
the widespread use of fluoroethers on air quality and their contri-
bution to the acid precipitation in general.
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