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Relative rate techniques were used to study the kinetics of the reactions of Cl atoms and OH radicals with
CF3CH2C(O)H and CF3CH2CH2OH in 700 Torr of N2 or air diluent at 296( 2 K. The rate constants determined
were k(Cl+CF3CH2C(O)H) ) (1.81 ( 0.27) x 10-11, k(OH+CF3CH2C(O)H) ) (2.57 ( 0.44) x 10-12,
k(Cl+CF3CH2CH2OH) ) (1.59( 0.20) x 10-11, andk(OH+CF3CH2CH2OH) ) (6.91( 0.91) x 10-13 cm3

molecule-1 s-1. Product studies of the chlorine initiated oxidation of CF3CH2CH2OH in the absence of NO
show the sole primary product to be CF3CH2C(O)H. Product studies of the chlorine initiated oxidation of
CF3CH2CH2OH in the presence of NO show the primary products to be CF3CH2C(O)H (81%), HC(O)OH
(10%), and CF3C(O)H. Product studies of the chlorine initiated oxidation of CF3CH2C(O)H in the absence of
NO show the primary products to be CF3C(O)H (76%), CF3CH2C(O)OH (14%), and CF3CH2C(O)OOH
(e10%). As part of this work, an upper limit ofk(O3+CF3CH2CH2OH) < 2 × 10-21 cm3 molecule-1 s-1 was
established. Results are discussed with respect to the atmospheric chemistry of fluorinated alcohols.

1. Introduction

Fluorinated alcohols are used in a variety of industrial
applications (e.g., paints, coatings, polymers, adhesives, waxes,
polishes, electronic materials, caulks). In light of the widespread
use of fluorinated alcohols, detailed information on their
environmental impact is needed. There is a concern, for example,
that atmospheric oxidation processes convert fluorinated alcohols
to perfluorinated carboxylic acids (PFCAs) of the form CnF2n+1C-
(O)OH. PFCAs are persistent in the environment, resisting
degradation via oxidation, hydrolysis, or reduction under biotic
and abiotic conditions.1 Analysis of rainwater indicates the
widespread distribution of short-chain PFCAs (n ) 2-7) at low
levels (∼1-100 ng/L).2 PFCAs are bioaccumulative in fish
when the perfluorinated chain is more than seven carbons in
length.3 Long-chain PFCAs (n ) 7-14) have been observed in
fish from the Great Lakes4 and in Arctic fish and mammals.5

Perfluorooctanoic acid (PFOA), is potentially toxic,6-8 and the
health effects associated with long-term exposure to PFOA are
the subject of a current risk assessment.9

Fluorotelomer alcohols (FTOHs) are a class of fluorinated
alcohols that have been suggested as plausible sources of PFCAs
in remote locations.10,11 FTOHs are linear fluorinated alcohols
with the formula F(CF2)nCH2CH2OH (n ) 2, 4, 6, ...).
Fluorotelomer alcohols are volatile, appear to be ubiquitous in
the North American atmosphere (17-135 pg m-3),12,13 have
an atmospheric lifetime (approximately 10-20 days) sufficient
for widespread hemispheric distribution,10,14 and undergo at-
mospheric oxidation in the absence of NOX to give perfluoro-

carboxylic acids.11,15 To improve our understanding of the
atmospheric chemistry of fluorinated alcohols in general and
fluorotelomer alcohols in particular, CF3CH2CH2OH and the
expected oxidation product, CF3CH2C(O)H, were studied using
the smog chamber at the Ford Motor Co. The kinetics and
mechanism of their simulated atmospheric oxidation was
monitored using Fourier transform infrared spectroscopy (FTIR)
and the results are reported here.

2. Experimental Section

Experiments were performed in a 140 L Pyrex reactor
interfaced to a Mattson Sirius 100 FTIR spectrometer.16 The
reactor was surrounded by 22 fluorescent blacklamps (GE
F15T8-BL), which were used to photochemically initiate the
experiments. Chlorine atoms were produced by photolysis of
molecular chlorine.

OH radicals were produced by the photolysis of CH3ONO in
air:

Relative rate techniques were used to measure the rate constant
of interest relative to a reference reaction whose rate constant* Corresponding author. E-mail: mhurley3@ford.com.

Cl2 + hν f Cl + Cl (1)

CH3ONO + hν f CH3O + NO (2)

CH3O + O2 f HO2 + HCHO (3)

HO2 + NO f OH + NO2 (4)
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has been established previously. The relative rate method is a
well-established technique for measuring the reactivity of Cl
atoms and OH radicals with organic compounds.17 Kinetic data
are derived by monitoring the loss of a reactant compound
relative to one or more reference compounds. The decays of
the reactant and reference are then plotted using the expression

where [reactant]t0, [reactant]t, [reference]t0, and [reference]t are
the concentrations of reactant and reference at times “t0” and
“ t”, kreactantandkreferenceare the rate constants for reactions of
Cl atoms or OH radicals with the reactant and reference. Plots
of ln([reactant]t0/[reactant]t) versus ln([reference]t0/[reference]t)
should be linear, pass through the origin, and have a slope of
kreactant/kreference.

The loss of CF3CH2C(O)H and CF3CH2CH2OH was moni-
tored by FTIR spectroscopy using an infrared path length of
27 m and a resolution of 0.25 cm-1. Infrared spectra were
derived from 32 co-added interferograms. All experiments were
performed at 700 Torr and 296( 2 K. Liquid reagents or
reference compounds were introduced into the chamber by
transferring the vapor above the liquid via a calibrated volume.
Similarly, gaseous reagents were introduced into the chamber
via a calibrated volume. The contents of the calibrated volume
were swept into the chamber with the diluent gas (air or
nitrogen). The reagents obtained from commercial sources were
CF3CH2C(O)H (SynQuest Labs, 97% min), CF3CH2CH2OH
(SynQuest Labs, 97% min), and CF3CH2C(O)OH (Aldrich,
98%). The peracid, CF3C(O)OOH, was prepared as described
previously.18 All reagents were subjected to repeated freeze/
pump/thaw cycling before use. Ultra-high-purity synthetic air
and nitrogen from Michigan Airgas were used as diluent gases.

Initial reagent concentrations for Cl atom relative rate
experiments were 8-10 mTorr of CF3CH2C(O)H, 15-30 mTorr
of CF3CH2CH2OH, 3-7 mTorr of the reference compound
CH3OH, 15 mTorr of the reference compound CH3CH2Cl, and
100-110 mTorr of Cl2 in 700 Torr of N2 diluent. Initial reagent
concentrations for OH radical relative rate experiments were
15 mTorr of CF3CH2C(O)H, 15 mTorr of CF3CH2CH2OH, 3-4
mTorr of the reference compound (C2H2 or C2H4), and 100
mTorr of CH3ONO in 700 Torr of air diluent. Initial reagent
concentrations for Cl atom initiated oxidation experiments were
15-22 mTorr CF3CH2C(O)H, 15-30 mTorr CF3CH2CH2OH,
and 100 mTorr Cl2 in 700 Torr of air diluent. Reactant and
reference compounds were monitored using absorption features
over the following wavenumber ranges (cm-1): CF3CH2CH2-
OH, 3600-3700; CF3CH2C(O)H, 1700-1800; C2H5Cl, 600-
700; CH3OH, 1000-1100; C2H2, 700-800; C2H4, 900-1000.
The time required to record a spectrum was 90 s for all
experiments. The total photolysis time for the Cl relative rate
experiments was 8-33 s. The total time of the Cl initiated
kinetic experiments was 17-36 min. The total photolysis time
for the OH relative rate experiments was 6-25 min. The total
time of the OH initiated kinetic experiments was 32-53 min.
In the relative rate experiments, plots of ln([reactant]t0/[reactant]t)
versus ln([reference]t0/[reference]t) were linear and passed
through the origin. Consistent kinetic data were obtained using
two different reference compounds. Such behavior suggests that
the present work is free of complications associated with spectral
interferences or unwanted secondary reactions.

In smog chamber experiments it is important to check for
unwanted loss of reactants and products via photolysis, dark

chemistry, and heterogeneous reactions. Control experiments
were performed in which mixtures of reactants (except Cl2) were
subjected to UV irradiation for 15-30 min, and product
mixtures obtained after the UV irradiation of reactant mixtures
were allowed to stand in the dark in the chamber for 15 min.
There was no observable loss of reactants or products, suggest-
ing that photolysis, dark chemistry, and heterogeneous reactions
are not a significant complication in the present work. Unless
stated otherwise, quoted uncertainties are two standard devia-
tions from least squares regressions.

3. Results

The focus of this study is the atmospheric chemistry of
CF3CH2CH2OH. The atmospheric oxidation of CF3CH2CH2OH
is expected to give the aldehyde CF3CH2C(O)H as the primary
product. As part of this work a study of the kinetics, mechanism,
and products of the oxidation of the aldehyde CF3CH2C(O)H
was conducted. Results for CF3CH2C(O)H are presented first.

3.1. Relative Rate Study of the Reaction of Cl Atoms with
CF3CH2C(O)H. The kinetics of reaction 5 were measured
relative to reactions 6 and 7. The top panel in Figure 1 shows

the loss of CF3CH2C(O)H versus the loss of the reference
compounds following the UV irradiation of CF3CH2C(O)H/
reference/Cl2 mixtures in 700 Torr of N2 diluent. N2 was used
as a diluent to avoid the possibility of OH generation. The lines
through the data in Figure 1 are linear least-squares fits to the
combined data sets that givek5/k6 ) 2.35 ( 0.20 andk5/k7 )
0.32( 0.04. Usingk6 ) 7.9 × 10-12 cm3 molecule-1 s-1 19,20

and k7 ) 5.5 × 10-11 cm3 molecule-1 s-1,21 we derivek5 )
(1.86 ( 0.16) × 10-11 and (1.76 ( 0.22) × 10-11 cm3

molecule-1 s-1. Results obtained using the two different
reference compounds were, within the experimental uncertain-
ties, indistinguishable. We cite a final value fork5 that is the
average of the two determinations together with error limits that
encompass the extremes of the individual determinations,k5 )
(1.81( 0.27)× 10-11 cm3 molecule-1 s-1. Kelly et al.22 used
the relative rate technique to measure the reactivity of Cl toward
CF3CH2C(O)H relative to HC(O)OC2H5 and reportk5 ) (2.57
( 0.04)× 10-11 cm3 molecule-1 s-1. The value ofk5 measured
in the present work is 30% lower than that reported by Kelly et
al.22

The experimental techniques used in the present work and
by Kelly et al.22 are very similar, and the 30% discrepancy
between the measured values ofk5 deserves comment. In the
present work the reactivity of CF3CH2C(O)H toward Cl atoms
was measured relative to the reactivity of CH3CH2Cl and
CH3OH. There have been numerous absolute and relative rate
studies of the reactivity of CH3CH2Cl and CH3OH toward Cl
atoms, andk6 and k7 are well established. Indistinguishable
values ofk5 were obtained from separate experiments employing
CH3CH2Cl and CH3OH references. The fact that independent
experiments give consistent results provides confidence in the
value ofk5 measured in the present work. In contrast, Kelly et
al.22 employed just one reference compound; HC(O)OC2H5

(ethyl formate) and the reference rate constant used by Kelly et
al.22 is based upon just one study: the work by Notario et al.,23

which is the only study ofk(Cl+HC(O)OC2H5) reported to date.

Cl + CF3CH2C(O)H f products (5)

Cl + CH3CH2Cl f products (6)

Cl + CH3OH f products (7)

ln([reactant]t0
[reactant]t ) )

kreactant

kreference
ln([reference]t0

[reference]t ) (I)
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Notario et al.23 studied the reactivity of Cl atoms toward a series
of esters. Unfortunately, recent work has cast doubt upon the
results reported by Notario et al.23

Cavalli et al.24 determined a value ofk(Cl + methyl
propionate) that was 24% lower than that reported in the work
by Notario et al.23 Christensen et al.25 measured a value for
k(Cl+methyl acetate) that was 23% lower than that reported
by Notario et al.23 Langer et al.26 measured a value ofk(Cl+tert-
butyl acetate) that was 34% lower than that reported by Notario
et al.23 Finally, Wallington et al.27 measured a value of
k(Cl+methyl formate) that was 23% lower than that reported
by Notario et al.23 It appears that Notario et al.23 systematically
overestimated the reactivity of Cl atoms toward esters by
approximately 20-30%.

We conclude that the discrepancy between values ofk5

derived in the present and previous work probably reflects errors

in the reference rate constant,k(Cl+HC(O)OC2H5), used in the
previous work.22

3.2. Relative Rate Study of the Reaction of OH Radicals
with CF3CH2C(O)H. The kinetics of reaction 8 were measured
relative to reactions 9 and 10.

The bottom panel in Figure 1 shows loss of CF3CH2C(O)H
versus loss of the reference compounds following the UV
irradiation of CF3CH2C(O)H/reference/CH3ONO mixtures in
700 Torr air diluent. The lines through the data in Figure 1 are
linear least-squares fits to the combined data sets that givek8/
k9 ) 3.18( 0.35 andk8/k10 ) 0.336( 0.045. Usingk9 ) 7.8
× 10-13 28 andk10 ) 7.9 × 10-12,28 we derivek8 ) (2.48 (
0.27)× 10-12 and (2.65( 0.36)× 10-12 cm3 molecule-1 s-1.
Results obtained using the two different reference compounds
were, within the experimental uncertainties, indistinguishable.
We cite a final value fork10 that is the average of the two
determinations together with error limits that encompass the
extremes of the individual determinations,k8 ) (2.57( 0.44)
× 10-12 cm3 molecule-1 s-1. Sellevåg et al.29 used relative rate
techniques to measurek(OH+CF3CH2C(O)H) and reportk8 )
(3.6 ( 0.3) × 10-12 cm3 molecule-1 s-1. Kelly et al.22 used
LP-LIF absolute rate techniques to establishk8 ) (2.96( 0.04)
× 10-12 cm3 molecule-1 s-1. The value ofk(OH+CF3CH2C-
(O)H) determined in the present work is in agreement with that
from Kelly et al.22 but 30% lower than that reported by Sellevåg
et al.29 The origins of this discrepancy are unclear.

3.3. Relative Rate Study of the Reaction of Cl Atoms with
CF3CH2CH2OH. The kinetics of reaction 11 were measured
relative to reactions 6 and 7.

The top panel in Figure 2 shows loss of CF3CH2CH2OH
versus loss of the reference compounds following the UV
irradiation of CF3CH2CH2OH/reference/Cl2 mixtures in 700 Torr
of N2 diluent. The lines through the data in Figure 2 are linear
least-squares fits to the combined data sets that givek11/k6 )
1.96 ( 0.15 andk11/k7 ) 0.295 ( 0.030. Usingk6 ) 7.9 ×
10-12 19,20 and k7 ) 5.5 × 10-11,21 we derivek11 ) (1.55 (
0.12)× 10-11 and (1.62( 0.17)× 10-11 cm3 molecule-1 s-1.
Results obtained using the two different reference compounds
were, within the experimental uncertainties, indistinguishable.
We cite a final value fork11 that is the average of the two
determinations together with error limits that encompass the
extremes of the individual determinations,k11 ) (1.59( 0.20)
× 10-11 cm3 molecule-1 s-1. Kelly et al.22 used the relative
rate technique to determinek(Cl+CF3CH2CH2OH) relative to
k(Cl+HC(O)OC2H5) and reportk11 ) (2.24 ( 0.04) × 10-11

cm3 molecule-1 s-1. As discussed in section 3.1, errors in the
reference rate constant are a likely explanation of the overes-
timation of k11 by Kelly et al.22

3.4. Relative Rate Study of the Reaction of OH Radicals
with CF3CH2CH2OH. The kinetics of reaction 12 were
measured relative to reactions 9 and 10.

The bottom panel in Figure 2 shows the loss of CF3CH2-
CH2OH versus the loss of the reference compounds following

Figure 1. Top panel: loss of CF3CH2C(O)H versus C2H5Cl (circles)
and CH3OH (diamonds) following UV irradiation of CF3CH2C(O)H/
reference/Cl2 mixtures in 700 Torr of N2. Bottom panel: loss of
CF3CH2C(O)H versus C2H2 (circles) and C2H4 (diamonds) following
UV irradiation of CF3CH2C(O)H/reference/CH3ONO mixtures in 700
Torr of air.

OH + CF3CH2C(O)H f products (8)

OH + C2H2 f products (9)

OH + C2H4 f products (10)

Cl + CF3CH2CH2OH f products (11)

OH + CF3CH2CH2OH f products (12)
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the UV irradiation of CF3CH2CH2OH/reference/CH3ONO mix-
tures in 700 Torr of air diluent. The lines through the data in
Figure 2 are linear least-squares fits to the combined data sets
that givek12/k9 ) 0.87 ( 0.09 andk12/k10 ) 0.089( 0.010.
Usingk9 ) 7.8 × 10-13 28 andk10 ) 7.9 × 10-12,28 we derive
k12 ) (6.79 ( 0.70)× 10-13 and (7.03( 0.79)× 10-13 cm3

molecule-1 s-1. Results obtained using the two different
reference compounds were, within the experimental uncertain-
ties, indistinguishable. We cite a final value fork12 that is the
average of the two determinations together with error limits that
encompass the extremes of the individual determinations,k12

) (6.91( 0.91)× 10-13 cm3 molecule-1 s-1. Le Bras et al.14

used relative rate techniques to determinek12 ) (1.06( 0.10)
× 10-12 cm3 molecule-1 s-1. Kelly et al.22 used LP-LIF
techniques to determinek12 ) (8.9( 0.3)× 10-13 and relative
rate techniques to determinek12 ) (1.08( 0.05)× 10-12 cm3

molecule-1 s-1. At the present time we are unable to explain

the 15-30% difference betweenk12 values measured in the
present work and those reported by Le Bras et al.14 and Kelly
et al.22

3.5. Determination of the Gas-Phase Dimerization Con-
stant for CF3CH2C(O)OH. Trifluoropropionic acid, CF3CH2C-
(O)OH, is a possible product in the Cl initiated oxidation of
CF3CH2C(O)H, and a calibrated reference spectrum was re-
quired for analysis. Carboxylic acids form cyclic dimers30-32

and the generation of a calibrated reference spectrum required
knowledge of the dimerization constant. The observed pressure
of CF3CH2C(O)OH vapor is expressed as

wherePM is the pressure of the monomer,PD is the pressure of
the dimer, andKd is the dimerization constant. If dimerization
occurs in the calibrated volume and the dimer dissociates upon
expansion into the chamber, the acid concentration in the
chamber will be higher than calculated assuming only the
monomer in the calibrated volume. To correct for dimer
formation in the calibrated volume, the dimerization constant
was determined for trifluoropropionic acid. The procedure
used is discussed elsewhere.32 The dimerization constant for
CF3CH2C(O)OH was determined to beKd ) 3.4 ( 0.3 Torr-1.
Crawford et al.30 measured the dimerization constant of CH3C-
(O)OH and report a value of 2.5( 0.3 Torr-1. LeCrane et al.33

report the dimerization constant of CH3CH2C(O)OH to be 2.9
( 0.3 Torr-1. The extent of dimerization of CF3CH2C(O)OH
is similar to that in the nonsubstituted acids, presumably
reflecting the modest effect of the CF3 group on electron density
distribution in the C(O)OH group.

3.6. Products of the Cl Atom Initiated Oxidation of
CF3CH2C(O)H in 700 Torr of Air. The Cl atom initiated
oxidation of CF3CH2C(O)H was investigated by irradiating
mixtures containing 15-22 mTorr of CF3CH2C(O)H and 100
mTorr of Cl2 in 700 Torr of air diluent. Figure 3 shows spectra
acquired before (A) and after (B) a 15 s irradiation of 22.2 mTorr
of CF3CH2C(O)H and 100 mTorr of Cl2 in 700 Torr of air.
Consumption of CF3CH2C(O)H was 18% during irradiation.
Panel C shows the IR features of the product spectrum obtained
by subtracting CF3CH2C(O)H features from panel B. Compari-
son with the reference spectrum in panel D shows that CF3C-
(O)H is an important product. Panel E shows the result of
subtracting CF3C(O)H features from panel C. Comparison of
(E) with the reference spectrum in panel F shows that
CF3CH2C(O)OH is a product. Finally, panel G is the result of
stripping CF3CH2C(O)OH features from panel E. The residual
shown in panel G is due to one, or more, unidentified products.
The IR features of this(ese) product(s) scale linearly in all
experiments, and its profile follows the pattern expected from
a primary product. During this experiment, O3 was observed as
a product at 1043 cm-1. In experiments with a high consumption
of CF3CH2C(O)H, IR features due to CF3OH, CF3COOH,
CF3O3CF3, and COF2 were also observed.

The observation of CF3C(O)H and CF3CH2C(O)OH as
primary products of the Cl initiated oxidation of CF3CH2C-
(O)H is consistent with abstraction of the aldehyde hydrogen

Figure 2. Top panel: loss of CF3CH2CH2OH versus C2H5Cl (circles)
and CH3OH (diamonds) following UV irradiation of CF3CH2CH2OH/
reference/Cl2 mixtures in 700 Torr of N2. Bottom panel: loss of CF3-
CH2CH2OH versus C2H2 (circles) and C2H4 (diamonds) following UV
irradiation of CF3CH2CH2OH/reference/CH3ONO mixtures in 700 Torr
of air.

Pobs) PM + PD ) PM + KdPM
2 (II)
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followed by reaction with oxygen to form the acyl peroxy
radical, CF3CH2C(O)O2.

The acyl peroxy radical, CF3CH2C(O)OO, reacts with other
peroxy radicals to form the radical, CF3CH2C(O)O.

CF3CH2C(O)O eliminates CO2 to form the alkyl radical,
CF3CH2, which will add O2 and react with other peroxy radicals
to give the alkoxy radical, CF3CH2O.

Finally, the alkoxy radical, CF3CH2O, reacts with oxygen to
give the observed product, CF3C(O)H.

Analogous to studies of fluorinated aldehydes by Sulbaek

Andersen et al.,34,35the reaction of CF3CH2C(O)O2 radicals with
HO2 radicals (formed as a product in reaction 18) is expected
to proceed via three channels

The CF3CH2C(O)O radical produced in reaction 19c will then
react via reaction steps (15)-(18) to form CF3C(O)H.

CF3C(O)H, CF3CH2C(O)OH, and CF3CH2C(O)OOH are
formed as primary products following the Cl atom initiated
oxidation of CF3CH2C(O)H in air. These primary products react
with Cl atoms to form secondary products.

The concentration profile of the reactive primary product, CF3C-
(O)H, can be described by the expression36

where x ) 1 - ([CF3CH2C(O)H]/[CF3CH2C(O)H]0) is the
fractional consumption of CF3CH2C(O)H, andR is the yield of
CF3C(O)H from reaction of Cl atoms with CF3CH2C(O)H in
the presence of oxygen. Similarly, the concentration profile of
the reactive primary product, CF3CH2C(O)OH, can be described
by the expression

whereâ is the yield of CF3CH2C(O)OH from reaction of Cl
atoms with CF3CH2C(O)H in the presence of oxygen.

Figure 4 shows a plot of [primary products]/[CF3CH2C(O)H]0
versus∆[CF3CH2C(O)H]/[CF3CH2C(O)H]o for three experi-
ments in which CF3CH2C(O)H/Cl2 mixtures in 700 Torr of air
diluent were subjected to successive irradiations. The formation
of products and the loss of CF3CH2C(O)H have been normalized
to the initial CF3CH2C(O)H concentration. A fit of eq III to the
CF3C(O)H data givesR ) 0.76 ( 0.05 andk20/k5 ) 0.17 (
0.03. A fit of eq IV to the CF3CH2C(O)OH data givesâ )
0.14( 0.01 andk21/k5 ) 0.033( 0.016. Also shown in Figure
4 is the unknown product whose IR spectral features are shown
in Figure 3G.

Although we cannot positively identify the unknown shown
in Figure 3G, there are four pieces of information that lead us
to believe that the unknown is the peracid, CF3CH2C(O)OOH.
First, the IR features scale linearly in all experiments (suggesting
they are associated with one compound). Second, the formation
of IR features follows the pattern expected from a primary
product. Third, the IR features have frequencies consistent with
those expected from CF3CH2C(O)OOH. Figure 5 shows a
comparison of the IR spectrum of the unknown (5A) with
CH3CH2C(O)OOH (5B) and CF3C(O)OOH (5C) at 1300-1900
cm-1. The spectra have similar features at∼1450 cm-1 (OH
bend) and∼1790 cm-1 (carbonyl stretch). The IR spectrum of

Figure 3. IR spectra obtained before (A) and after (B) a 15 s irradiation
of 22.2 mTorr of CF3CH2C(O)H and 100 mTorr of Cl2 in 700 Torr air.
(C) shows the IR product spectrum. (E) shows the IR features of the
product spectrum after the subtraction of features due to CF3C(O)H.
(G) shows the residual IR features of the product spectrum after the
subtraction of features due to CF3C(O)H and CF3CH2C(O)OH.

CF3CH2C(O)H + Cl f CF3CH2C(O) + HCl (5a)

CF3CH2C(O) + O2 f CF3CH2C(O)OO (13)

CF3CH2C(O)OO+ RO2 f CF3CH2C(O)O+ RO + O2

(14)

CF3CH2C(O)Of CF3CH2 + CO2 (15)

CF3CH2 + O2 f CF3CH2OO (16)

CF3CH2OO + RO2 f CF3CH2O + RO + O2 (17)

CF3CH2O + O2 f CF3C(O)H + HO2 (18)

CF3CH2C(O)OO+ HO2 f CF3CH2C(O)OH+ O3 (19a)

CF3CH2C(O)OO+ HO2 f CF3CH2C(O)OOH+ O2 (19b)

CF3CH2C(O)OO+ HO2 f CF3CH2C(O)O+ OH + O2

(19c)

CF3C(O)H + Cl f products (20)

CF3CH2C(O)OH+ Cl f products (21)

CF3CH2C(O)OOH+ Cl f products (22)

[CF3C(O)H]

[CF3CH2C(O)H]0
)

R(1 - x){(1 - x)(k20/k5)-1 - 1}
{1 - (k20/k5)}

(III)

[CF3CH2C(O)OH]

[CF3CH2C(O)H]0
)

â(1 - x){(1 - x)(k21/k5)-1 - 1}
{1 - (k21/k5)}

(IV)
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the unknown is consistent with its assignment as the peracid,
CF3CH2C(O)OOH. Fourth, given the observation of CF3CH2C-
(O)OH and O3 as products of reaction 19a, it would be expected,
by analogy to the oxidation mechanism of fluorinated alde-
hydes,34,35 that the peracid will also be formed in the system.
In the absence of a calibrated reference spectrum, it is not
possible to quantify the peracid yield at the present time;
however, because the yield of CF3C(O)H is 0.76 and the yield
of CF3CH2C(O)OH is 0.14, carbon balance requires that the
yield of CF3CH2C(O)OOH ise0.10. The peracid yields given
in Figure 4 are in arbitrary units. Kelly et al.22 carried out
experiments to determine the products formed from the OH and
Cl initiated oxidation of CF3CH2C(O)H. The major product
observed was CF3C(O)H, formed with a yield close to unity.
Kelly et al.22 found no evidence for the formation of either
CF3CH2C(O)OH or CF3CH2C(O)OOH. Comparing Figure 3E
and 3G in the present work with Figures 5 and 6 from Kelly et

al.22 indicates that the noise on the IR spectra was substantially
(approximately an order of magnitude) lower in the present
work. This factor, together with the lower spectral resolution
(1.0 compared to 0.25 cm-1) and the use of ClC(O)C(O)Cl as
a Cl atom source, which leads to CCl2O formation and obscures
the carbonyl stretching region, may explain why Kelly et al.22

did not observe CF3CH2C(O)OH or CF3CH2C(O)OOH in their
study.

3.7. Infrared Spectrum of CF3CH2C(O)O2NO2. The IR
spectrum of CF3CH2C(O)O2NO2 was recorded by irradiating a
mixture of 15.3 mTorr of CF3CH2C(O)H, 101 mTorr of Cl2
and 10.9 mTorr of NO2 in 700 Torr of air. The reaction of Cl
atoms with CF3CH2C(O)H in the presence of O2 leads to the
formation of trifluoropropionyl peroxy radicals. By analogy to
the behavior of other acyl peroxy radicals, it is expected that
trifluoropropionyl peroxy radicals will react rapidly with NO2
to give peroxy trifluoropropionyl nitrate, CF3CH2C(O)O2NO2.

Acyl peroxy nitrates are thermally unstable and decompose to
re-form acyl peroxy radicals and NO2. In the presence of excess
NO2 thermal decomposition of CF3CH2C(O)O2NO2 is masked
by its re-formation via reaction 25. Following UV irradiation
of CF3CH2C(O)H/Cl2/NO2/air mixtures, a product was observed
with IR features at 794, 931, 1050, 1175, 1267, 1300, 1359,
1387, 1750, and 1845 cm-1 whose spectrum is shown in Figure
6A. The features shown in Figure 6A increased linearly with
loss of CF3CH2C(O)H. The product features at 794, 1300, 1750,
and 1845 cm-1 are characteristic of the NO scissors, NO2

symmetric stretch, NO2 asymmetric stretch, and CO stretching
modes in acyl peroxy nitrates and we ascribe the spectrum in
Figure 6A to CF3CH2C(O)O2NO2. For comparison, the spectrum
of CH3C(O)O2NO2 is shown in Figure 6B.

The addition of NO to mixtures containing CF3CH2C(O)O2-
NO2 results in a slow decay of the peroxy nitrate due to a
competition between the following reactions:

Figure 4. Formation of primary products versus loss of CF3CH2C-
(O)H, normalized for the initial aldehyde concentration, for three
experiments in which CF3CH2C(O)H/Cl2 mixtures were irradiated in
700 Torr of air. The primary products are CF3C(O)H (circles), CF3-
CH2C(O)OH (triangles up), ozone (triangles down) and an unknown
(diamonds).

Figure 5. IR spectrum of the unknown (A), CH3CH2C(O)OOH (B),
and CF3C(O)OOH (C).

Figure 6. IR spectra of CF3CH2C(O)O2NO2 (A) and CH3C(O)O2NO2

(B).

CF3CH2C(O)H + Cl f CF3CH2C(O) + HCl (5a)

CF3CH2C(O) + O2 f CF3CH2C(O)OO (23)

CF3CH2C(O)OO+ NO2 T CF3CH2C(O)O2NO2 (24)

CF3CH2C(O)OO+ NO2 T CF3CH2C(O)O2NO2 (24)

CF3CH2C(O)OO+ NO f CF3CH2C(O)O+ NO2 (25)
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followed by decomposition of CF3CH2C(O)O

Calibration of CF3CH2C(O)O2NO2 was achieved by equating
the loss of the peroxy nitrate to the formation of CO2 observed
in such experiments. The integrated band strength (1700-1777
cm-1) of the NO2 asymmetric stretching feature in CF3-
CH2C(O)O2NO2 determined herein is 5.16× 10-17, which is
indistinguishable from that of (5.14( 0.10) × 10-17 cm2

molecule-1 cm-1 for the corresponding feature in CH3C(O)O2-
NO2.37 The integrated band strengths of the corresponding
feature in CF3(CF)nC(O)O2NO2 have been determined to be
(5.15( 1.03)× 10-17, (5.25( 1.04)× 10-17, (5.56( 1.11)
× 10-17, and (5.53( 1.11)× 10-17 cm2 molecule-1 cm-1 for
n ) 0-3, respectively.38,39The intensity of the NO2 asymmetric
stretch at 1700-1780 cm-1 in RC(O)O2NO2 molecules appears
to be insensitive to the nature of the R group.

3.8. Product Study of the Cl+ CF3CH2CH2OH Reaction
in 700 Torr of Air. The Cl atom initiated oxidation of CF3-
CH2CH2OH was investigated by irradiating mixtures containing
15-30 mTorr of CF3CH2CH2OH and 100 mTorr of Cl2 in 700
Torr of air diluent. Figure 7 shows product spectra acquired
after a 5 sirradiation (A) and after a 165 s irradiation (B) of
29.8 mTorr CF3CH2CH2OH and 100 mTorr Cl2 in 700 Torr of
air. Panels C, D, F, and G show reference spectra for CF3CH2C-
(O)H, CF3C(O)H, CF3CH2C(O)OH, and CF3CH2C(O)OOH,
respectively. Consumption of CF3CH2CH2OH was 4% during

the 4 s irradiation and 78% during the 165 s irradiation.
Comparison of the spectrum in (A) with the reference spectrum
in (C) indicates that CF3CH2C(O)H is the major primary
product. After subtraction of features attributable to CF3CH2C-
(O)H from panel (A), there were no residual features that could
be attributed to carbon containing products. In all experiments
employing low CF3CH2CH2OH consumptions (<10%), CF3-
CH2C(O)H was the only observed product. We conclude that
CF3CH2C(O)H is the sole primary oxidation product of CF3-
CH2CH2OH.

This conclusion is consistent with recent work by Hurley et
al.40 in which the chlorine initiated oxidation of CF3(CF2)nCH2-
OH (n ) 0-3) was shown to give one primary product: CF3-
(CF2)nC(O)H (n ) 0-3). Hurley et al.18 have also shown that
CF3(CF2)3CH2C(O)H is the sole primary product of the Cl
initiated oxidation of the fluorotelomer alcohol, CF3(CF2)3CH2-
CH2OH. The reaction of Cl atoms with fluorinated alcohols is
believed to proceed predominantly (>90%) via attack at the
CH2 groupR to the alcohol functionality to give anR-hydroxy-
alkyl radical.10 The selectivity of the Cl atom attack arises from
a combination of the deactivating effect of fluorine substituents
and the activating effect of the alcohol substituent on the CH2

groups in the molecule.40 The atmospheric fate ofR-hydroxy-
alkyl radicals is believed to be reaction with O2 to give the
corresponding aldehydes. The initial steps in the chlorine
initiated oxidation of CF3CH2CH2OH are then

The concentration profile of the reactive primary product, CF3-
CH2C(O)H, can be described36 by the expression

wherex ) 1 - ([CF3CH2CH2OH]/[CF3CH2CH2OH]0) is the
fractional consumption of CF3CH2CH2OH andγ is the yield
of CF3CH2C(O)H from reaction of Cl atoms with CF3CH2CH2-
OH in the presence of oxygen. Figure 8 shows a plot of [CF3-
CH2C(O)H]/[ CF3CH2CH2OH]0 versus ∆[CF3CH2CH2OH]/
[CF3CH2CH2OH]0 for four experiments in which mixtures of
CF3CH2C(O)H and chlorine in 700 Torr of air diluent received
successive UV irradiations. Product formation and CF3CH2CH2-
OH loss have been normalized to the initial CF3CH2CH2OH
concentration. A fit of eq V to the combined CF3CH2C(O)H
data givesγ ) 1.06 ( 0.06 andk5/k11 ) 1.33 ( 0.12. Using
the rate constants derived from the relative rate measurements
in this work, the rate constant ratio isk5/k11 ) (1.81( 0.27) x
10-11/(1.59( 0.19)× 10-11 ) 1.14( 0.22. The rate constant
ratio derived from the fit to eq V is in agreement with that
derived from the individual rate constant measurements, provid-
ing confidence in the present methodology.

Comparison of Figure 7B with the reference spectrum of
CF3C(O)H in Figure 7D shows the formation of CF3C(O)H as
a secondary oxidation product in this system. Figure 7E shows
the result of subtracting CF3CH2C(O)H and CF3C(O)H features
from Figure 7B. Comparison of Figure 7E with reference spectra
of CF3CH2C(O)OH (7F) and CF3CH2C(O)OOH (7G) shows
those compounds to be present also. The observation of
CF3C(O)H, CF3CH2C(O)OH and CF3CH2C(O)OOH as second-

Figure 7. Product IR spectra obtained after 5 s (A) and after 165 s
(B) irradiation of 29.8 mTorr of CF3CH2CH2OH and 100 mTorr of Cl2

in 700 Torr air. (E) shows the product IR spectrum (B) after removal
of IR features due to CF3CH2C(O)H and CF3C(O)H.

CF3CH2C(O)Of CF3CH2 + CO2 (15)

CF3CH2CH2OH + Cl f CF3CH2CHOH + HCl (11a)

CF3CH2CHOH + O2 f CF3CH2C(O)H + HO2 (26)

CF3CH2C(O)H + Cl f products (5)

[CF3CH2C(O)H]

[CF3CH2CH2C(O)H]0
)

γ(1 - x){(1 - x)(k5/k11)-1 - 1}
{1 - (k5/k11)}

(V)
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ary oxidation products from the chlorine initiated oxidation of
CF3CH2CH2OH is expected considering that CF3CH2C(O)H is
the sole primary product formed and CF3C(O)H, CF3CH2C(O)OH
and CF3CH2C(O)OOH are observed primary products from the
chlorine initiated oxidation of CF3CH2C(O)H (see section 3.6).
We expect that the observed secondary products will increase
linearly with CF3CH2C(O)H consumption. Because CF3CH2C-
(O)H is formed in 100% yield from the oxidation of CF3CH2-
CH2OH, CF3CH2C(O)H consumption can be equated to the
difference between the loss of the parent alcohol and the
observed concentration of CF3CH2C(O)H.

Figure 9 shows a plot of the formation of CF3C(O)H, CF3-
CH2C(O)OH, and CF3CH2C(O)OOH versus the loss of CF3-
CH2C(O)H calculated from eq VI. Product formation and
CF3CH2C(O)H loss have been normalized to the initial CF3-
CH2CH2OH concentration. The initial slope of the product
profiles in Figure 9 provides information concerning the product
yield from the oxidation of CF3CH2C(O)H. The curvature of
the profiles is influenced by the reactivity of the products toward
Cl atoms. The lines through the product data in Figure 9 are
second-order polynomial least-squares fits to the data. The initial
yield of CF3C(O)H is 0.54( 0.03, and the initial yield of CF3-
CH2C(O)OH is 0.30( 0.02. In the absence of a calibrated
reference spectrum of CF3CH2C(O)OOH, it is not possible to
quantify the peracid yield; however, carbon balance requires
its yield to bee0.16.

The results described above are consistent with those from
our recent study of the Cl initiated oxidation of the fluorotelomer
alcohol CF3(CF2)3CH2CH2OH in the absence of NOX. We
observed CF3(CF2)3CH2C(O)H as the sole primary product and
CF3(CF2)3C(O)H, CF3(CF2)3CH2C(O)OH, and CF3(CF2)3CH2C-
(O)OOH as secondary products in the oxidation of CF3(CF2)3-
CH2CH2OH in the absence of NOX.18

Kelly et al.22 studied the products of the OH radical and Cl
atom initiated oxidation of CF3CH2CH2OH in indoor and

outdoor chambers in the absence of NOX. Kelly et al.22 report
CF3CH2C(O)H as the sole primary product. In the absence of
NOX the major degradation product of CF3CH2C(O)H is CF3C-
(O)H and the combined yield of the two aldehydes formed from
CF3CH2CH2OH was close to unity. They found no evidence
for the formation of CF3CH2C(O)OH or CF3CH2C(O)OOH in
the IR product spectra. A possible explanation for why Kelly
et al.22 did not observe CF3CH2C(O)OH or CF3CH2C(O)OOH
is discussed at the end of section 3.6.

3.9. Product Study of the Cl+ CF3CH2CH2OH Reaction
in the Presence of NOX. The mechanism of Cl atom initiated
oxidation of CF3CH2CH2OH in the presence of NOX was
investigated by irradiating a mixture of 15 mTorr of CF3CH2-
CH2OH, 91.8 mTorr of NO, and 98.5 mTorr of Cl2 in 700 Torr
of air diluent. Figure 10 shows a plot of the observed formation
of CF3CH2C(O)H, HC(O)OH and CF3C(O)H versus loss of CF3-
CH2CH2OH for successive UV irradiations. As seen from Figure
10, the concentration of HC(O)OH increased linearly with CF3-
CH2CH2OH loss, whereas the concentration of CF3C(O)H starts
at a very low level and curves upward with CF3CH2CH2OH
loss. Such behavior indicates that HC(O)OH is a primary
product and that CF3C(O)H is both a primary and a secondary
product in the system. As with the experiments in the absence
of NOX, the concentration of CF3CH2C(O)H increases for small
consumptions of CF3CH2CH2OH and then decreases at larger
consumptions. This behavior suggests that CF3CH2C(O)H is a
primary product in the Cl atom initiated oxidation of CF3CH2-
CH2OH but is lost via secondary reaction with Cl atoms at
higher conversions of CF3CH2CH2OH. In experiments con-
ducted in the absence of NOX, there was one primary product,
CF3CH2C(O)H, in a yield that was indistinguishable from 100%.
In the presence of NOX, CF3CH2C(O)H is the major, but not
the sole, primary product. Formation of HC(O)OH as a primary
product in the presence of NOX is significant given the absence
of this species as either a primary or secondary product in
experiments conducted in the absence of NOX. It is clear that
the presence of NOX has a substantial impact on the first step
of the oxidation mechanism of CF3CH2CH2OH.

Figure 8. Formation of the primary product CF3CH2C(O)H versus
loss of CF3CH2CH2OH, normalized for the initial alcohol concentration,
for four experiments in which CF3CH2CH2OH/Cl2 mixtures were
irradiated in 700 Torr of air.

∆[CF3CH2C(O)H] )
∆[CF3CH2CH2OH] - [CF3CH2C(O)H] (VI)

Figure 9. Formation of secondary products versus the loss of CF3-
CH2C(O)H, normalized for the initial alcohol concentration, for four
experiments in which CF3CH2CH2OH/Cl2 mixtures were irradiated in
700 Torr of air. The secondary products are CF3C(O)H (circles), CF3-
CH2C(O)OH (triangles up), ozone (triangles down), and CF3CH2C-
(O)OOH (diamonds).
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Sulbaek Andersen et al.41 have reported the results of a study
of the Cl initiated oxidation of the 4:2 fluorotelomer alcohol,
CF3(CF2)3CH2CH2OH, in the presence of NOX. In the presence
of NOX, CF3(CF2)3CH2C(O)H, HC(O)OH, and CF3(CF2)3C(O)H
were formed as primary products in yields of 44%, 52%, and
21%, respectively. In contrast, in the absence of NOX the Cl
initiated oxidation of CF3(CF2)3CH2CH2OH gave a sole primary
product, CF3(CF2)3CH2C(O)H.18 These results were used to
construct a mechanism in which Cl atoms react with CF3(CF2)3-
CH2CH2OH to give CF3(CF2)3CH2CHOH radicals that then add
O2 to give chemically activatedR-hydroxy peroxy radicals
designated as [CF3(CF2)3CH2CHOH(OO)]*. Approximately

50% of the [CF3(CF2)3CH2CHOH(OO)]* radicals decompose
“promptly” (on a time scale less than the collisional time scale
of approximately 10-10 s) to give HO2 radicals and CF3(CF2)3-
CH2C(O)H. The remaining [CF3(CF2)3CH2CHOH(OO)]* radi-
cals undergo collisional deactivation to give thermalized peroxy
radicals, CF3(CF2)3CH2CHOH(OO). Decomposition to HO2 and
CF3(CF2)3CH2C(O)H is the dominant atmospheric fate of the
thermalizedR-hydroxy peroxy radicals. In the presence of excess
NO, the thermalized peroxy radicals react to give CF3(CF2)3-
CH2CHOH(O) radicals that then decompose to give HC(O)OH
and the alkyl radical CF3(CF2)3CH2. Secondary products
included CF3(CF2)3CH2C(O)O2NO2, CF3(CF2)3C(O)O2NO2, and
COF2. In contrast to experiments conducted in the absence of
NOX, there was no evidence (<2% yield) for the formation of
the perfluorinated acid CF3(CF2)3C(O)OH.

It seems reasonable to assume that a similar mechanism
explains the formation of HC(O)OH and CF3C(O)H as primary
products in the chlorine initiated oxidation of CF3CH2CH2OH
in the presence of NOX. CF3CH2CHOH radicals react with O2

to give chemically excited peroxy radicals

There are two possible fates of [CF3CH2CHOH(OO)]*: (i)
“prompt” decomposition to give HO2 radicals and CF3CH2C-
(O)H via reaction 28 and (ii) collisional deactivation to give
thermalized CF3CH2CHOH(OO) radicals via reaction 29.

There are two possible fates of thermalized CF3CH2CHOH-
(OO) radicals. CF3CH2CHOH(OO) radicals can decompose via
reaction 30 to give HO2 radicals and CF3CH2C(O)H, or they
can react with NO to form the alkoxy radical, CF3CH2CHOH-
(O), via reaction 31. The alkoxy radical, CF3CH2CHOH(O),

decomposes to give CF3CH2 radicals and HC(O)OH.

The alkyl radical, CF3CH2, will react with O2 and NO to form
CF3C(O)H.

The curvature in the product yield plot for CF3CH2C(O)H in
Figure 10 is attributed to secondary loss of CF3CH2C(O)H via
reaction with Cl atoms. The concentration profile of the reactive
primary product, CF3CH2C(O)H, can be described36 by eq V.

A fit of eq V to the CF3CH2C(O)H data in Figure 10 gives
γ ) 0.81 ( 0.06 andk5/k11 ) 1.27 ( 0.12. The line through
the HC(O)OH data in Figure 10 is a linear least-squares fit
(forced through zero) giving a molar yield of 9.5( 0.3%. The
line through the CF3C(O)H data in Figure 10 is a second-order
least-squares fit (forced through zero) giving an initial molar
yield of 2 ( 1% CF3C(O)H.

Quoted uncertainties are two standard deviations from the
linear regressions together with our estimation of the uncertain-
ties associated with the calibration of our reference spectra.
Using the rate constants derived from the relative rate measure-
ments in sections 3.1 and 3.3, the rate constant ratio isk5/k11 )
(1.81( 0.27)× 10-11/(1.59( 0.20)× 10-11 ) 1.14( 0.22.
The value ofk5/k11 derived from eq V is consistent with the
rate constants measured using the relative rate technique. The
presence of NOX during the Cl initiated oxidation of CF3CH2-
CH2OH affects the mechanism, diminishing the yield of CF3-
CH2C(O)H by approximately 20%, but does not appear to affect
the kinetics of the system.

From the yields of CF3CH2C(O)H and HC(O)OH, we
conclude that, under ambient conditions, approximately 80%
of [CF3CH2CHOH(OO)]* radicals decompose promptly via (28)
to give CF3CH2C(O)H and that reaction with NO dominates

Figure 10. Primary product formation versus CF3CH2CH2OH loss for
successive irradiations of a mixture of 15 mTorr of CF3CH2CH2OH,
91.8 mTorr of NO and 98.5 mTorr of Cl2 in 700 Torr air. The primary
products are CF3CH2C(O)H (circles), HC(O)OH (triangles), and CF3C-
(O)H, (diamonds).

CF3CH2CH2OH + Cl f CF3CH2CHOH + HCl (11a)

CF3CH2CHOH + O2 f [CF3CH2CHOH(OO)]* (27)

[CF3CH2CHOH(OO)]* f CF3CH2C(O)H + HO2 (28)

[CF3CH2CHOH(OO)]* + M f CF3CH2CHOH(OO)+ M
(29)

CF3CH2CHOH(OO)f CF3CH2C(O)H + HO2 (30)

CF3CH2CHOH(OO)+ NO f CF3CH2CHOH(O)+ NO2

(31)

CF3CH2CHOH(O)f CF3CH2 + HC(O)OH (32)

CF3CH2 + O2 f CF3CH2OO (33)

CF3CH2OO + NO f CF3CH2O + NO2 (34)

CF3CH2O + O2 f CF3C(O)H + HO2 (35)
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the loss of thermalized CF3CH2CHOH(OO) radicals. On the
basis of the formation of CF3CH2C(O)H and HC(O)OH, we
can account for (91( 3)% of the loss of CF3CH2CH2OH in
the initial phase of the degradation.

Given our conclusion that decomposition via reaction 32 is
the sole fate of CF3CH2CHOH(O) and the expectation that CF3-
CH2 radicals are converted into CF3C(O)H via reactions 33,
34, and 35, the yields of HC(O)OH and CF3C(O)H would be
expected to be comparable. However, as seen from Figure 10,
the initial yield (2%) of CF3C(O)H is substantially (ap-
proximately a factor of 4) lower than that of HC(O)OH. It
appears that there are other reactions which compete with
reaction 35. Under the conditions of this experiment, those
reactions include

The curvature of the CF3C(O)H profile is consistent with the
substantial loss of CF3CH2C(O)H via secondary reaction with
Cl atoms and the expectation that at least some of this would
be converted into CF3C(O)H.

Kelly et al.22 studied the products arising from the OH radical
and Cl atom oxidation of CF3CH2CH2OH conducted in the
presence of NOX. Their results showed that CF3CH2C(O)H is
the sole primary product and the combined yields of CF3CH2C-
(O)H and CF3C(O)H were 0.80( 0.10. Small unquantified
amounts of CF3CH2C(O)O2NO2 were also reported by Kelly et
al.22 These observations are broadly consistent with those of
the present work.

3.10. Reaction of O3 with CF3CH2CH2OH. For complete-
ness, an experiment was performed using a mixture of 15 mTorr
of CF3CH2CH2OH and 62 mTorr of O3 in 700 Torr of air diluent
at 296 K to check for reaction of O3 with CF3CH2CH2OH. There
was no observable (<2%) loss of CF3CH2CH2OH after allowing
the mixture to stand in the dark for 90 min, and we derive an
upper limit of k(O3+CF3CH2CH2OH) < 2 × 10-21 cm3

molecule-1 s-1. Assuming this result is representative for
fluorotelomer alcohols (FTOHs) and assuming a global back-
ground [O3] ) 40 ppb, the lifetime of FTOHs with respect to
reaction with O3 will be >5900 days. The lifetime of FTOHs
with respect to reaction with OH is approximately 20 days.
Reaction with O3 is not a significant atmospheric fate of FTOHs.

4. Implications for Atmospheric Chemistry

The motivation for the present work was to improve our
understanding of the atmospheric chemistry of fluorinated
alcohols and assess the likelihood that their atmospheric
oxidation contributes to global perfluorocarboxylic acid pollu-
tion. The present work provides a detailed description of the
kinetics and mechanism of the Cl atom initiated oxidation of
CF3CH2CH2OH in the presence and absence of NOX. Atmo-
spheric oxidation of CF3CH2CH2OH is initiated by reaction with
OH radicals. Cl atoms and OH radicals react with CF3CH2CH2-
OH via the same mechanism (abstraction of a hydrogen atom
R to the OH group) and give the same radical products. A study
of the Cl atom initiated oxidation of CF3CH2CH2OH, therefore,
provides information concerning the OH radical initiated
atmospheric degradation. Given the structural similarities, the
atmospheric oxidation mechanism for CF3CH2CH2OH is likely
to be similar to the longer chain, commercially important,
fluorotelomer alcohols.

Using results from this and recent work in our laborato-
ries10,11,18,41and elsewhere,14,22 we are able to construct the

detailed atmospheric oxidation mechanism for a generic flu-
orinated alcohol of the structural formula CxFyCH2CH2OH
depicted in Figure 11. Atmospheric oxidation is initiated via
reaction with OH radicals. On the basis of the measurement of
k(OH+CF3CH2CH2OH) reported here (see section 3.4) and
studies of the reactivities of larger members of the series, the
atmospheric lifetime of CxFyCH2CH2OH is estimated to be
approximately 10-20 days.10,14,22 As shown in Figure 11,
reaction with OH proceeds via abstraction of the hydrogenR
to the-OH group.10,18,22The resultingR-hydroxyalkyl radical
adds O2 to give a chemically activated peroxy radical, [CxFy-
CH2CHOH(OO)]*.41 These chemically activated peroxy radicals
decompose (either promptly or via the intermediacy of the
stabilized CxFyCH2CHOH(OO) radical) to give the aldehyde
CxFyCH2C(O)H.41

The atmospheric fate of CxFyCH2C(O)H is reaction with OH
leading to the formation of CxFyCH2C(O)O2 acyl peroxy
radicals. Reaction of CxFyCH2C(O)O2 with NO2 gives the
thermally unstable peroxynitrate CxFyCH2C(O)O2NO2, which
will decompose to regenerate the reactants (see section 3.7).
Reaction of CxFyCH2C(O)O2 with HO2 radicals gives the acid
CxFyCH2C(O)OH and peracid CxFyCH2C(O)OOH.42-49 Reaction
of CxFyCH2C(O)O2 with NO leads to decarboxylation and the
formation of CxFyCH2O2 peroxy radicals. Reaction of CxFy-
CH2O2 with NO2 (not shown in Figure 11) gives a very short-
lived alkyl peroxy nitrate CxFyCH2O2NO2 which decomposes
rapidly to re-form CxFyCH2O2 and NO2. Reaction of CxFyCH2O2

with HO2 (not shown in Figure 11) will give a hydroperoxide
CxFyCH2OOH. Reaction with OH will return the hydroperoxide
to the CxFyCH2O2 radical pool (CxFyCH2OOH + OH f CxFy-
CH2O2 + H2O). Reaction of CxFyCH2O2 with NO leads to the
formation of the perfluoroaldehyde CxFyC(O)H, as shown in
Figure 11.

CxFyC(O)H reacts with OH leading to the production of
CxFyC(O)O2 acyl peroxy radicals. Reaction of CxFyC(O)O2 with
NO2 (not shown in Figure 11) gives the thermally unstable
peroxynitrate CxFyC(O)O2NO2, which will decompose to re-
generate the reactants.39 Reaction of CxFyC(O)O2 with HO2

radicals gives the acid CxFyC(O)OH (see box in Figure 11) and
peracid CxFyC(O)OOH (not shown in Figure 9).34,35 Reaction
of CxFyC(O)O2 with NO leads to decarboxylation and the
formation of CxFyO2 peroxy radicals, which can react further

CF3CH2O + NO f CF3CH2ONO (36)

CF3CH2O + NO2 f CF3CH2ONO2 (37)

Figure 11. Simplified atmospheric oxidation mechanism for CxFyCH2-
CH2OH. CH3O2 is the most abundantR-hydrogen containing peroxy
radical in the atmosphere and was chosen to represent all such peroxy
radicals in the reaction leading to CxFyOH.
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with NO and initiate a sequence of reactions in which the
molecule “unzips” by eliminating COF2 units indicated by the
reactions forming the triangle at the bottom right in Figure 11.39

CxFyO2 radicals can also react withR-hydrogen containing
peroxy radicals (CH3O2 is by far the most abundant member of
this class in the atmosphere and is used for illustration in Figure
11). Reaction of CxFyO2 with CH3O2 will produce the perfluoro
alcohol CxFyOH whose sole atmospheric date is elimination of
HF giving an acyl fluoride which then hydrolyzes to give a
perfluorocarboxylic acid.11

The present work confirms that atmospheric oxidation of
fluorinated alcohols is a source of perfluorocarboxylic acids in
the atmosphere. However, given the competing pathways and
complex mechanism illustrated in Figure 11, the magnitude and
hence significance of this source is unclear. A modeling study
is needed to quantify the contribution of fluorinated alcohol
degradation to the environmental perfluorocarboxylic acid
burden.
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