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Smog chamber/FTIR techniques were used to measure a 92 ± 7% yield of C8F17CH2CHO in the chlorine
atom initiated oxidation of C8F17CH2CH2OH (8:2 FTOH) in 700 Torr of air. Relative rate techniques were
used to measure k(Cl + C8F17CH2CHO) = (1.9 ± 0.4) � 10�11 and k(OH + C8F17CH2CHO) = (2.0 ± 0.4) �
10�12 cm3 molecule�1 s�1 in 700 Torr of N2 or air diluent at 296 K. The results are discussed with respect
to the atmospheric chemistry of fluorotelomer alcohols.

� 2008 Published by Elsevier B.V.
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1. Introduction

Fluorinated alcohols are used in a variety of industrial applica-
tions (e.g. paints, coatings, polymers, adhesives, waxes, polishes,
electronic materials, caulks). C8F17CH2CH2OH (8:2FTOH) is the
principal material used in the manufacture of fluorotelomer
based-products. In light of the widespread use of fluorinated alco-
hols, detailed information on their environmental impact is
needed. There is a concern, for example, that atmospheric oxida-
tion processes convert fluorinated alcohols to perfluorinated car-
boxylic 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].
Long-chain PFCAs are bioaccumulative [3] and have been observed
in fish from the Great Lakes [4] and in Arctic fish and mammals [5].

Fluorotelomer alcohols (FTOHs) are a class of fluorinated alco-
hols that have been suggested as plausible sources of PFCAs in re-
mote locations [6,7]. FTOHs are linear fluorinated alcohols with the
formula CnF2n+1CH2CH2OH (n = 2,4,6, . . .). Fluorotelomer alcohols
are volatile, have been detected in the air over North America, Arc-
tic, Europe, and Japan [8–10], have an atmospheric lifetime
(approximately 10–20 days) sufficient for widespread hemispheric
distribution [6,11] and undergo atmospheric oxidation in the ab-
sence of NOx to give perfluorocarboxylic acids [7,12].

Most studies of fluorinated alcohols have concentrated on smal-
ler members of the class (e.g., CF3CH2CH2OH) because they are easy
to handle and appropriate reference standards (e.g., CF3CH2CHO
and CF3CHO) are commercially available. It has been assumed that
Elsevier B.V.

.A. Argüello), twalling@ford.

iappero et al., Chem. Phys. L
Ethe chemistry of the larger, more commercially relevant alcohols
(e.g., C8F17CH2CH2OH) is the same as the smaller members of the
series. To test this assumption we studied the yield of
C8F17CH2CHO from C8F17CH2CH2OH oxidation and the kinetics
and mechanisms of reactions of C8F17CH2CHO with Cl atoms and
OH radicals. The results are reported here indicate that the atmo-
spheric chemistry of the larger members of the CnF2n+1CH2CH2OH
and CnF2n+1CH2CHO series are indistinguishable from that of the
smaller members.
81
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2. Experimental

Experiments were performed in a 140-liter Pyrex reactor inter-
faced to a Mattson Sirius 100 FTIR spectrometer [13]. The reactor
was surrounded by 22 fluorescent black lamps (GE F15T8-BL)
which were used to photochemically initiate the experiments.
Chlorine atoms were produced by photolysis of molecular chlorine.

Cl2 þ hm! Clþ Cl ð1Þ

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

CH3ONOþ hm! CH3Oþ NO ð2Þ

CH3Oþ O2 ! HO2 þHCHO ð3Þ

HO2 þ NO! OHþ NO2 ð4Þ

Relative rate techniques were used to measure the rate constant
of interest relative to a reference reaction whose rate constant 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 [14]. Kinetic data were
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:
ett. (2008), doi:10.1016/j.cplett.2008.06.088

mailto:gaac@fisquim.fcq.unc.edu.ar
mailto:twalling@ford. com
mailto:twalling@ford. com
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett
Original text:
Inserted Text
Chemistry 

Original text:
Inserted Text
Oxidation, Kinetics 

Original text:
Inserted Text
Mechanisms 

Original text:
Inserted Text
Reactions 

Original text:
Inserted Text
Atoms 

Original text:
Inserted Text
Radicals

Original text:
Inserted Text
(Cl+C

Original text:
Inserted Text
-11

Original text:
Inserted Text
(OH+ 

Original text:
Inserted Text
-1

Original text:
Inserted Text
-1

Original text:
Inserted Text
2n+1

Original text:
Inserted Text
(n

Original text:
Inserted Text
2-7) 

Original text:
Inserted Text
(∼ 1-100

Original text:
Inserted Text
2n+1

Original text:
Inserted Text
(n

Original text:
Inserted Text
10-20 

Original text:
Inserted Text
acids. 

Original text:
Inserted Text
2n+1

Original text:
Inserted Text
2n+1



T
E
D

P
R

O
O

F

8686

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147
149149

150
152152

153
155155

156

157

158

159

160

161

162

Ln(Reference]   /[Reference]t)to

0.0 0.5 1.0 1.5 2.0 2.5

Ln
 ([

C
8F

17
C

H
2C

H
O

] to
/[C

8F
17

C
H

2C
H

O
] t)

0.0

0.5

1.0

1.5

2.0

Fig. 1. Loss of C8F17CH2CHO versus C2H5Cl (triangles) and CH3OH (circles) following
exposure to Cl atoms in 700 Torr of N2 diluent at 296 K.
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Ln
½reactant�to

½reactant�t

� �
¼ kreactant

kreference
Ln
½reference�to
½reference�t

� �
ðIÞ

where [reactant]to, [reactant]t, [reference]to and [reference]t are the
concentrations of reactant and reference at times ‘to’ and ‘t’, kreactant

and kreference are the rate constants for reactions of Cl atoms or OH
radicals with the reactant and reference. Plots of Ln([reactant]to/
[reactant]t) versus Ln([reference]to/[reference]t) should be linear,
pass through the origin, and have a slope of kreactant/kreference.

C8F17CH2CHO and C8F17CH2CH2OH were monitored by FTIR
spectroscopy using an infrared path length of 27 m, a resolution
of 0.25 cm�1, and 32 co-added interferograms. All experiments
were performed at 700 Torr and 296 ± 2 K. C8F17CH2CHO and
C8F17CH2CH2OH were introduced into the chamber by flowing
the diluent gas slowly over solid samples of these compounds
and into the chamber. Liquid reagents were introduced into the
chamber by transferring their vapor above the liquid into a cali-
brated volume. Gaseous reagents were also introduced into the cal-
ibrated volume. The contents of the calibrated volume were swept
into the chamber with diluent gas (air or nitrogen). With the
exception of C8F17CH2CHO, all reagents were obtained from com-
mercial sources (with purities > 99%). C8F17CH2CHO was obtained
from P&M-Invest with a stated purity of >97%. All reagents were
subjected to repeated freeze/pump/thaw cycling before use. Ul-
tra-high-purity synthetic air and nitrogen from Michigan Airgas
were used as diluent gases.

Initial reagent concentrations for Cl atom relative rate experi-
ments were 0.7–13.8 mTorr of C8F17CH2CHO, 3–5 mTorr of the ref-
erence compound (C2H5Cl or CH3OH), and 100–110 mTorr of Cl2 in
700 Torr of N2 as diluent. Initial reagent concentrations for OH rad-
ical relative rate experiments were 6.2 mTorr of C8F17CH2CHO,
2.3 mTorr of C2H4, and 100 mTorr of CH3ONO in 700 Torr of air
as diluent. Reactant and reference compounds were monitored
using absorption features over the following wavenumber ranges
(cm�1): C8F17CH2CH2OH, 700–1200; C8F17CH2CHO, 1000–1800;
C2H4, 900–1000, C2H5Cl, 920–1320, and CH3OH, 1000–1100.

In smog chamber experiments it is important to check for un-
wanted loss of reactants and products via photolysis, dark chemis-
try and heterogeneous reactions. Control experiments were
performed in which mixtures of reactants (except Cl2) were sub-
jected to UV irradiation for 5 min and product mixtures obtained
after the UV irradiation of reactant mixtures were allowed to stand
in the dark in the chamber for 5 min. With one notable exception
(C8F17CH2CHO) there was no observable loss of reactants or prod-
ucts, suggesting that photolysis, dark chemistry and heterogeneous
reactions are not a significant complication in the present work.
Interestingly, irradiation of a mixture of 5.61 mTorr of
C8F17CH2CHO in 700 Torr N2 diluent for 5 min led to a small, but
discernable, loss (approximately 1%) of C8F17CH2CHO.

Further irradiation of the mixture over a period of 70 min led to
further C8F17CH2CHO loss (14% loss after 70 min). The rate of
C8F17CH2CHO photolysis in the chamber is sufficiently slow that
it will not be a complication in the experiments reported here
where the total irradiation times were <5 min. However, it appears
that photolysis might be an important atmospheric loss mecha-
nism for this compound. Further work is needed to clarify the role
of photolysis but is beyond the scope of the present work. Unless
stated otherwise, quoted uncertainties are two standard deviations
from least squares regressions.
Ln([C2H4]to/[C2H4]t)
0.0 0.5 1.0 1.5 2.0

0.0

Fig. 2. Loss of C8F17CH2CHO versus C2H4 following exposure to OH radicals in
700 Torr of air diluent at 296 K.
3. Results

3.1. Relative rate study of k(Cl + C8F17CH2CHO)

The kinetics of reaction (5) were measured relative to reactions
(6) and (7):
Please cite this article in press as: M.S. Chiappero et al., Chem. Phys. L
Clþ C8F17CH2CHO! products ð5Þ

Clþ C2H5Cl! products ð6Þ

Clþ CH3OH! products ð7Þ

Fig. 1 shows the loss of C8F17CH2CHO versus the reference com-
pounds following the UV irradiation of C8F17CH2CHO/reference/Cl2

mixtures in 700 Torr N2 diluent. The lines through the data in Fig. 1
are linear least squares fits which give k5/k6 = 2.2 ± 0.2 and k5/
k7 = 0.37 ± 0.04. Using k6 = 8.0 � 10�12 cm3 molecule�1 s-1 [15]
and k7 = 5.5 � 10�11 cm3 molecule�1 s�1 [16] we derive k5 =
(1.8 ± 0.2) � 10�11 and (2.0 ± 0.2) � 10�11 cm3 molecule�1 s�1,
ett. (2008), doi:10.1016/j.cplett.2008.06.088
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respectively. Results obtained using the two different reference
compounds were, within the experimental uncertainties, indistin-
guishable. We cite a final value for k5 which is the average of the
two determinations together with error limits which encompass
the extremes of the individual determinations, k5 = (1.9 ± 0.2) �
10�11 cm3 molecule�1 s�1.

Kelly et al. [11] measured the reactivity of Cl towards
CF3CH2CHO relative to HC(O)OC2H5. Using a value of k(Cl +
HC(O)OC2H5) = 1.0 � 10�11 [17,18] gives k(Cl + CF3CH2CHO) =
(1.92 ± 0.03) � 10�11 cm3 molecule�1 s�1. Hurley et al. [12,19] have
reported k(Cl + CF3CH2CHO) = (1.8 ± 0.3) � 10�11 and k(Cl + C4F9-
CH2CHO) = (1.8 ± 0.3) � 10�11 cm3 molecule�1 s�1. The reactivities
of CF3CH2CHO, C4F9CH2CHO, and C8F17CH2CHO towards Cl atoms
are indistinguishable within the experimental uncertainties. The
observation that there is no discernable effect on the size of the
CnF2n+1– group on the reactivity of the CnF2n+1CH2CHO molecule to-
wards Cl atoms is consistent with the expectation that the majority
of the reaction occurs via abstraction of the aldehydic hydrogen
atom. Changes in the length of the CnF2n+1– group are not expected
to influence the reactivity at the aldehydic site.
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Fig. 3. IR spectra obtained before (A) and after (B) a 15 s irradiation of 11.9 mTorr C8F17CH
Panel (D) is a reference spectrum of C8F17CH2CHO.
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3.2. Relative rate study of the reaction of OH radicals with
C8F17CH2CHO

The rate of reaction (8) was measured relative to reaction (9):

OHþ C8F17CH2CHO! products ð8Þ

OHþ C2H4 ! products ð9Þ

Fig. 2 shows the loss of C8F17CH2CHO versus the loss of C2H4 fol-
lowing the UV irradiation of a mixture of 6.2 mTorr C8F17CH2CHO,
2.4 mTorr C2H4, and 100 mTorr CH3ONO mixtures in 700 Torr air
diluent. The line through the data is a linear least squares fit which
gives k8/k9 = 0.23 ± 0.04 and using k9 = 8.66 � 10�12 [20] we derive
k8 = (2.0 ± 0.4) � 10�12 cm3 molecule�1 s�1. Sellevåg et al. [21],
Kelly et al. [11], and Hurley et al. [19] have reported k(OH +
CF3CH2CHO) = (3.6 ± 0.3) � 10�12, (2.96 ± 0.04) � 10�12, and
(2.6 ± 0.4) � 10�12 cm3 molecule�1 s�1, respectively. Hurley et al.
[19] measured a rate constant ratio k(OH + CF3CH2CHO)/
k9 = 0.336 ± 0.045 which can be compared to the ratio k8/
k9 = 0.23 ± 0.04 measured here. With respect to reaction with OH
E
D

P
R

er (cm-1 ) 
00 1500 1700 1900

(A) before irradiation

(B) 15 sec irradiation

(C) Product

(D) C8F17CH2CHO

2CH2OH and 100 mTorr Cl2 in 700 Torr air. Panel (C) shows the IR product spectrum.
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radicals, the reactivity of C8F17CH2CHO is similar to, but slightly
less than, that of CF3CH2CHO.

3.3. Formation of C8F17CH2CHO in the Cl atom initiated oxidation of
C8F17CH2CH2OH

Fig. 3 shows IR spectra recorded before (A) and after (B) a 15 s
irradiation of a mixture of 11.9 mTorr C8F17CH2CH2OH and
100 mTorr Cl2 in 700 Torr of air. Panel C is the product spectrum
obtained by subtracting features attributable to C8F17CH2CH2OH
from panel B. The consumption of C8F17CH2CH2OH was 18%. Panel
D is a reference spectrum of the aldehyde C8F17CH2CHO. It is clear
from comparison of panels C and D that C8F17CH2CHO is a major
product in the system. The vapor pressure of C8F17CH2CHO is suf-
ficiently low that it cannot be measured accurately with the equip-
ment available to us. The reference spectrum of C8F17CH2CHO was
obtained by flowing diluent gas over the solid C8F17CH2CHO and
into the chamber. Calibration of the C8F17CH2CHO reference spec-
trum was achieved by subjecting a C8F17CH2CHO/Cl2/N2 mixture
to UV irradiation and equating the observed formation of HCl with
the C8F17CH2CHO loss. The inset in Fig. 4 shows the C8F17CH2CHO
calibration plot.

Fig. 4 shows a plot of the observed C8F17CH2CHO formation ver-
sus the C8F17CH2CH2OH loss. Assuming that C8F17CH2CHO is
formed following reaction (10) and is lost solely via reaction (5),
then its concentration profile can be described by expression (II)
[22]:

½C8F17CH2CHO�
½C8F17CH2CH2OH�0

¼ að1� xÞfð1� xÞðk5=k10Þ�1 � 1g
f1� ðk5=k10Þg

ðIIÞ

where x = 1 � ([C8F17CH2CH2OH]/[C8F17CH2CH2OH]0) is the frac-
tional consumption of C8F17CH2CH2OH, a is the yield of
C8F17CH2CHO from the Cl atom initiated oxidation of
C8F17CH2CH2OH, and k5 and k10 are the rate constants for reactions
(5) and (10):
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Fig. 4. Concentration of C8F17CH2CHO (normalized to the initial C8F17CH2CH2OH
concentration) versus the fractional consumption of C8F17CH2CH2OH observed
following the UV irradiation of C8F17CH2CH2OH/Cl2 mixtures in 700 Torr air. The
inset shows the formation of HCl (in units of mTorr) versus the loss of C8F17CH2CHO
(expressed as a fraction of the reference spectrum) following irradiation of
C8F17CH2CHO/Cl2/air mixtures, the slope provided the absolute calibration of the
C8F17CH2CHO reference spectrum.
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Clþ C8F17CH2CH2OH! products ð10Þ

The curve through the data in Fig. 4 is a fit of expression (II) to
the data which gives a = 0.92 ± 0.07 and k5/k10 = 1.08 ± 0.07. Using
a value of k10 = (1.6 ± 0.5) � 10�11 [6] gives k5 = (1.7 ± 0.5) �
10�11 cm3 molecule�1 s�1; consistent with the value reported in
Section 3.1. The observed formation of C8F17CH2CHO in a yield
which is close to 100% is consistent with previous findings that
CF3CH2CHO and C4F9CH2CHO are formed in essentially 100% yields
from CF3CH2CH2OH and C4F9CH2CH2OH, respectively [12,19]. The
observation of C8F17CH2CHO as the dominant product of the Cl
atom initiated oxidation of C8F17CH2CH2OH suggests that reaction
(10) proceeds predominantly via hydrogen abstraction from the
terminal carbon atom:

Clþ C8F17CH2CH2OH! C8F17CH2CHOHþHCl ð11Þ

C8F17CH2CHOHþ O2 ! C8F17CH2CHOþHO2 ð12Þ
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O4. Implications for atmospheric chemistry

The goal of this work was to test the assumption that the chem-
istry of large, commercially relevant, fluorinated alcohols such as
C8F17CH2CH2OH can be predicted by studying smaller members
of the series such as CF3CH2CH2OH and C4F9CH2CH2OH which are
easier to handle in the laboratory. We find that (i) as with the smal-
ler members of the series, the chlorine atom initiated oxidation of
C8F17CH2CH2OH gives the corresponding aldehyde, C8F17CH2CHO,
in a yield which is close to 100%; (ii) the reactivity of C8F17CH2CHO
towards chlorine atoms is indistinguishable from that of the smal-
ler members of the series; (iii) the reactivity of C8F17CH2CHO to-
wards hydroxyl radicals is similar to, but slightly less than, that
of CF3CH2CHO. The available data suggest that the chemistry of
large, commercially relevant, fluorinated alcohols such as
C8F17CH2CH2OH can be predicted by studying smaller members
of the series.
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