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Smog chamber/Fourier transform infrared (FTIR) techniques were used to m&SUr€,F2+1CH(OH))
(x=1, 3,4)=(5.84+ 0.92) x 10 '3 andk(OH+CF2+1CH(OH)) = (1.224+ 0.26) x 10 '3 cm?® molecule™*

s 1in 700 Torr of N or air at 296+ 2 K. The Cl initiated oxidation of CfEH(OH), in 700 Torr of air gave
CRCOOH in a molar yield of 10% 6%. IR spectra of @+1CH(OH), (x =1, 3, 4) were recorded and are
presented. An upper limit dk(CFRCHO+H,0) < 2 x 1072 cm?® molecule® s was established for the
gas-phase hydration of @EHO. Bubbling CECHO/air mixtures through liquid water led t680% conversion

of CRCHO into the hydrate within the approximate? s taken for passage through the bubbler. These
results suggest that OH radical initiated oxidation gf£:CH(OH), hydrates could be a significant source
of perfluorinated carboxylic acids in the environment.

1. Introduction CF,.,CHO+H,0 < CF, ,CH(OH), (1)

Long-chain per_ﬂuoroalkyl carboxylic acids (PF(.:AS‘F@“' Given the abundance of water (gas, liquid, and solid) in the
COOH, Wherex = 6-12) havg been observed in fishand environment and the relatively long lifetime (approximately 20
mammal$ in a range of locations around the world. PFCAs daysd) of CyF:sCHO with respect to reaction with OH
are not generally used directly in consumer or industrial agicals, it seems reasonable to speculate that hydration may

materials, other than in aqueous film forming foams or as ne 5 significant atmospheric fate offG,.CHO. Unfortunately,
polymerization aids in fluoropolymer manufactdréhermolysis there are no kinetic data available with which to assess the

of fluoropolymers produces PFCAdjowever, the magnitude iy nortance of hydration as an atmospheric loss mechanism for
of this source appears insufficient to account for the observed C,F2..1CHO. Furthermore, there have been no studies of the
global environmental burden of these compounds. While it atmospheric fate of Ex;1CH(OH). At the present time it is
cannot be ruled out that PFCAs may be transported long rangejgficult to make a quantitative assessment of the contribution
via ocean currentd] an atmospheric transport route where ¢ atmospheric oxidation of Ex1CH(OH), to the observed
polyfluorinated precursors are degraded to PFCAs is supportedpgca budget.
by recent atmospheric mo_nitoring,_atmospheric chemistry, and 14 improve this situation, we have used smog chamber
global atmospheric modeling studies. Fourier transform infrared (FTIR) and NMR techniques to study
Perfluorinated aldehydesyfx1CHO, are formed during the  the atmospheric chemistry 0fCFox: 1CH(OH) (x = 1, 3, 4).
atmospheric oxidation of HFCs (hydrofluorocarbons), HCFCs Studies of fluorinated alcohdland acid¥ suggest that shorter
(hydrochlorofluorocarbons), and fluorinated alcoldgstmo- chain lengtm-C,F2+1CH(OH), molecules will serve as useful
spheric oxidation of perfluorinated aldehydes has been investi- models to understand the degradation mechanism of long-chain
gated® 1>and offers a possible route to the formation of PFCAs. perfluorinated aldehyde hydrates. Straight-chain isomers were
CxF2x+1CHO form stable hydrates of the formulafg,+1CH- studied in the present work. For simplicity we will refer to these
(OH).. In fact, the aldehydesEx+1CHO (x = 1—4) are only species as §F7CH(OH), and GFgCH(OHY), in the rest of this
available commercially in their hydrated forms. The stability article. The present study had four goals: first, to measure the
of the hydrates is evident from the rigorous conditions required reactivity of GFa2.1CH(OH), with respect to reaction with Cl
to liberate the aldehyde: distillation in the presence of phos- atoms and OH radicals; second, to identify and quantify the

phorus pentoxide. products of the Cl atom and OH radical initiated oxidation of
CuF2x+1CH(OHY),; third, to establish the rate of hydration of
* Corresponding author. E-mail: twalling@ford.com. C«F2x+1CHO both in the gas phase and on contact with IIqUId
lUnivers!ty of Copenhagen. water; finally, to investigate the rate of dehydration QF&1-
s pwersity ro‘ccﬁom‘”gﬁm Denmark. CH(OH), in dry environments. Results are discussed with
I'The University opro)k/&IO_ respect to the atmo;pheric chemistry and environmental impact
B University of Toronto. of fluorinated organic compounds.
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2. Experimental Section

Experiments were performed in a 140 L Pyrex reactor
interfaced to a Mattson Sirus 100 FTIR spectrométerhe
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.

cl, % 2Cl @)

OH radicals were generated by UV irradiation of £LMNO/
NO/air mixtures.

CH,ONO™ CH,0 + NO 3)
CH,0 +0, — HCHO + HO, @)
HO, + NO— OH + NO, )

Reactant and product concentrations were monitored by in
situ FTIR spectroscopy using an analytical path length of 27 m
and a spectral resolution of 0.25 chlIR spectra were derived
from 32 coadded interferograms (1.5 min data acquisition time).
The steps in a typical experiment were (i) prepare reaction
mixture in the chamber, (ii) acquire IR spectrum, (iii) irradiate
mixture for 10-60 s, (iv) acquire IR spectrum, (v) compare IR
spectra before and after UV irradiation, quantify reactant loss

and product formation, and (vi) evacuate and flush chamber
ready for next experiment. Calibrated reference spectra were
acquired by expanding known volumes of reference materials

into the chamber.
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CuF2x+1CHO. Using repeated freezpump—thaw cycling, it

was possible to remove all but a trace gF&+1CHO before

use. Ultrahigh purity nitrogen and synthetic air diluent gases
were used as received. All other commercial samples were used
without further purification.

In smog chamber studies it is important to control for
unwanted loss of reactants and products via dark chemistry,
photolysis, and heterogeneous reactions. Control experiments
were performed in which mixtures ofEx+1CH(OH), and air
diluent were left for 18-1000 min in the dark. A slow loss of
CiF2x+1CH(OH), was observed accompanied by the appearance
of the corresponding aldehyde angdH The loss followed first-
order kinetics. It seems likely that heterogeneous dehydration
on the chamber walls is responsible for thig=§;CH(OH),
loss. Steps were taken to minimize the duration of the experi-
ments. Individual experiments were conducted within ap-
proximately 10 min. Pseudo-first-order loss rates for dehydration
were calculated from the control experiments (0.0016 thin
for CRsCH(OH),) and used to apply minor corrections Z%)
for CyF2+1CH(OHY), loss via dehydration. Unless stated other-
wise, quoted uncertainties are two standard deviations from least
sguares regressions.

All IH NMR spectra were obtained at 2& on a Varian
Unity 500, three-channel spectrometer operating at the appropri-
ate frequency. Samples were prepared by the addition of 500
uL of water to the aldehyde (GER,CHO) in the NMR tube
followed by the addition of 5Q:L of D,O to provide a lock
signal. Spectra were referenced to the signal produced from
HDO.

3. Results

The relative rate method is a well-established and widely used 3.1, Relative Rate Study of Cl+ CxF21CH(OH)2 (x =

procedure for measuring the reactivity of Cl atoms and OH
radicals with organic compounds. Kinetic data are derived by
monitoring loss of the reactant compoundd&+1CH(OH),,

relative to one or more reference compounds. The decays of

1, 3, 4) in 700 Torr of Air/N .. The kinetics of reaction 6 were
measured relative to reactions 7 and 8:

the reactant and reference are then plotted using the expression

_ kre.au:tant

I ([reactantJo)

[reactant]

([referencet])) .
0)

kreference [reference,]
where [reactan{] [reactant] [reference], and [referencepre
the concentrations of reactant and reference at tighesdt
and Kreactantand Krererence@re the rate constants for reactions of
Cl atoms or OH radicals with the reactant and reference.

Cl + C,F,,,,CH(OH), — products (6)
Cl + CH, — products @)
Cl + CH,Cl — products (8)

Initial concentrations were 1.657.64 mTorr of GFo+1CH-
(OH),, 79.3-438 mTorr of C}, and either 7.4915.9 mTorr
of CH4 or 28.5-31.3 mTorr of CHCI in 700 Torr of air diluent.

Reactant and reference compounds were monitored usingThe observed loss of yEx+1CH(OH), versus those of the

absorption features at the following frequencies (ém CFs-
CH(OH),, 700-860 and 10061200; GF,CH(OH),, 890-
1000; GF9CH(OH),, 700-900; CRCOOH, GF,COOCH, and
C4FgCOOH, 18006-1850; CHCI, 1400-1550; GH,, 650-800;
CzH4, 850-1050; CH,, 1240-1380. Reference spectra of £F
CHO, GFsCHO, GF,CHO, and GFsCHO were taken from
previous work in our laboratord Analysis of the IR spectra

reference compounds in the presence of Cl atoms is shown in
Figure 1. As indicated in the previous sections a smalt%)
correction has been applied to theFe+1CH(OH), data to
account for loss via dehydration. Linear least squares analysis
of the data in Figure 1 givels/k; = 5.53 + 0.59 andkg/ks =
1.284 0.13. Usingk; = 1.0 x 10713 andkg = 4.8 x 1071318
we deriveks = (5.53 4 0.59) x 1013 and (6.144 0.62) x

was achieved through a process of spectral stripping, in which 10723 cm? molecule s7%. The results from the two independent
small fractions of the reference spectrum were subtracted studies were in agreement within the combined experimental

incrementally from the sample spectrum. The process is
illustrated in the Supporting Information.

Experiments were performed at 2963 K in 700 Torr of
air diluent. All reagents except GBNO and GFx1CH(OH),
were obtained from commercial sources at purit€9%. Ch-
ONO was prepared by dropwise addition of concentrated H
SO, to a saturated solution of NaNGn methanol and was
devoid of any detectable impurities using FTIR analysis.
Samples of Fo+1CH(OH), contained significant amounts of

uncertainties. We choose to cite a final value kgrwhich is

the average of the two determinations with error limits that
encompass the extremes of the individual determinations. Hence,
ke = (5.844 0.92) x 10712 cm® molecule® s™2.

As seen from Figure 1, there was no discernible effect of the
chain lengthx = 1, 3, 4) on the reactivity of Cl atoms toward
CuF2x+1CH(OH),.. This seems reasonable based upon expecta-
tions that the Q21— group will not react with Cl atoms, and
that its influence on the reactivity of the CH(OH), groups
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Figure 1. Decay of CECH(OHY), (circles), GF,CH(OH), (triangles),
and GF,CH(OH), (squares) versus GHind CHCI in the presence of 1
Cl atoms in 700 Torr of air (solid symbols) or,Nopen symbols) at 04

296+ 2 K. 700 800 900 1000 1100 1200 1300 1400 1500 1600

will not change markedly upon increasirgrom 1 to 4. Hence, Wavenumber (cm™)

the results presented here can be generalized for all membersigure 2. IR spectra of CECH(OH), (A), CsFCH(OH), (B), and GFs-
of the family: k(CI+CyFax+1CH(OH)) = (5.84+ 0.92) x 10713 CH(OHY, (C) recorded in 700 Torr of air at 296 2 K.

cm?® molecule’! s72,

. . . . . 0.50

This is the first study of the kinetics of gas-phase reactions 040 - A Bef .
involving GF+1CH(OH),, and direct comparison with previous 030 - Before Irradiation
studies is not possible. Perfluorinated aldehyde hydrates are
approximately a factor of 4 less reactive than their nonhydrated 010
counterparts, &x+1CHO, toward Cl atom&2 The observation 0.00
that GFx1CH(OH), is less reactive than JEx+1CHO s 0.50
reasonable given the fact that both compounds react with Cl 0.40
atoms via H-atom abstraction from the-& bond and this bond 0.30
is likely to be weaker, and hence more reactive, in the aldehyde . ©°2°
than in the hydrate. The reactivity offEx+1CH(OH), toward g o
Cl atoms is similar to that of §E,1CH,OH, (6.484+ 0.53) x s 0 . . . . ) .
10713 cm?® molecule’! s71.9 Abstraction of hydrogen from the 'g 020 ' ' ' ' ' '
O—H bond is thermodynamically unfavorad®The fact that & °" C: Residual Spectrum
CiF2+1CH(OH), has a reactivity which is similar to that of << o010
CuF2x+1CH2OH indicates that the single-€H bond in GFx41- 0.05
CH(OHY), is approximately twice as reactive as each of the two 0.00
C—H bonds in GFx+1CH,OH. The alcohol functionality is 0.80 ! ! | ! |
known to have an activating influence or-& bonds, and hence 060 D: CF.COOH

: o . : CFy

the observed trends are in qualitative agreement with expecta- 0s0 L
tions. ’

3.2. IR Spectra of CRCH(OH),;, CsF7CH(OH),, and 0.20 J\
C4F9CH(OH),. The IR spectra of CFZH(OH),, CsFCH(OH),, 0.00
and GFoCH(OH), were recorded in 700 Torr of air diluent at 800 1000 1200 1400 1600 1800 2000

296 K and are shown in Figure 2. The spectra were calibrated
by monitoring the slow dehydration ofEx1CH(OH), within

the chamber (see section 3.6), giving the corresponding aldehydéFigure 3. IR spectra obtained before (A) and after (B) a 21 s irradiation
(and HO), quantifying the formation of the aldehydand of a mixture (_)f 7.04 mTorr of (_:fCH(OH)z and 83.7 mTorr of Glin
equating formation of aldehyde to loss offG;:CH(OH).. The _700 Torr of air. The consumption of GEH(OH), was 23%. Panel D
integrated cross sections (650600 cnt?) are (1.974 0.20) Is a reference spectrum of gEOOH.

x 10716, (1.85+ 0.19) x 10716, and (2.964 0.30) x 10716 Panel C shows the result of subtracting IR features attributable

Wavenumber (cm'1)

cn? molecule’® for CRRCH(OH),, C3F,CH(OH),, and GFsCH- to CRCH(OH), from panel B. Comparison of IR features in
(OH),, respectively. There are no previously reported IR spectra panel C with the reference spectrum shown in panel D reveals
for these compounds. the formation of CECOOH in the system. No other carbon-

3.3. Products of Cl Initiated Oxidation of CF3CH(OH), containing product was detected.
in 700 Torr of Air. The products of the CI atom initiated Figure 4 shows a plot of the formation of gFOOH versus
oxidation of CRECH(OH), were investigated by subjecting the loss of CECH(OH), observed for irradiations of mixtures
mixtures containing CFEH(OH), and Ch in 700 Torr of air consisting of 1.56-7.04 mTorr of CECH(OH), and 80.5-118
diluent to UV irradiation. Figure 3 shows typical spectra mTorr of Ckin 700 Torr of air diluent. As seen from Figure 4,
acquired before (A) and after (B) a 21 s irradiation of a mixture the concentration of GEOOH increased linearly with GF
of 7.04 mTorr of CRCH(OH), and 83.7 mTorr of Gl in 700 CH(OH), loss, indicating that CF&ZOOH is a primary product.
Torr of air diluent. The consumption of @EH(OH), was 23%. The line through the data in Figure 4 is a linear least squares
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Figure 4. Yield of CRsCOOH from Cl atom initiated oxidation of
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fit (forced through zero) which gives a molar_ ylleld of 181 Figure 5. Decay of CRCH(OH), versus GHs and GH, in the presence
6%. Quoted errors are two standard deviations from the of oH radicals in 700 Torr of air at 296 2 K.

regression analysis.
The simplest explanation for the observed product distribution pient to monitor. In the present work, the loss ofsCA(OH),
is that reaction 9 is followed by reaction 10: was inferred from the formation of its oxidation product£F

. COOH. By analogy to the results for Cl atom initiated oxidation
CF,CH(OH), + Cl = CF,C+(OH), + HCI ©) presented in section 3.3, we assume that reaction of OH radicals

with CF:CH(OH), gives CKCOOH in 100% yield.

CF;C+(OH), + O, —~ CF,CO0H+ HO, (10) Figure 5 shows the calculated loss of {CH(OH), versus
the observed loss of the reference compounds,@nd GHg,
By analogy to the reaction of GBH radicals with Q2! when exposed to OH radicals in 700 Torr of air. Linear least

reaction 10 probably proceeds via the formation of a chemically squares fits to the lines through the data divgki» = 0.0149
excited peroxy radical, [GFE(OOGs)(OH),]*, which decomposes + 0.0014 andk;i/kis = 0.146 4+ 0.015. Usingki, = 8.66 x
rapidly to give the observed products. 101224 andkyz = 7.8 x 1071325 givesk;; = (1.294 0.12) x
It is of interest to compare the Cl atom initiated oxidation 1072 and (1.144+ 0.12) x 10°%3 cm® molecule® s It is
products of CECH(OH), with those of CECHO. COF; is the gratifying to note the agreement between the experiments
major product of the Cl initiated oxidation of @EHO in 700 conducted with the two different reference compounds. We
Torr of air at 2964 2 K. There is little (in the absence of NO estimate that potential systematic errors associated with uncer-
or no (in the presence of N CRCOOH formed in the tainties in the reference rate constants angQCFOH yield could
oxidation of CRCHO1%13n contrast, in the present study of add an additional 10% to the uncertainty ranges Ker.
the oxidation of CECH(OH), there was no detectable formation Propagating this additional uncertainty gikes= (1.29+ 0.18)
of COFR,, but CRCOOH was observed in a yield indistinguish- x 10712 and (1.14+ 0.16) x 10713 cm® molecule® s™1. We
able from 100%. The gas-phase oxidation of the aldehyde andchoose to cite a final value f&g1, which is the average of those
that of the hydrate give very different product distributions.  determined using two different reference compounds together
3.4. Relative Rate Study of OH+ CF3;CH(OH), in 700 with error limits that encompass the extremes of the individual
Torr of Air.  The kinetics of reaction 11 were measured relative determinations. Henceg;; = (1.22 4+ 0.26) x 10713 cm?

to reactions 12 and 13. molecule’! s7%. As implied by the linearity of the plots in Figure
5, for the small consumptions of @EH(OH), used in the
CF;CH(OH), + OH— products (11) present study, loss of GEOOH via reaction with OH radicals
will be of negligible importanc¥ in the present work.
C,H, + OH— products (12) A methodology similar to that described above was pursued
to determine the reactivity of OH radicals towargFex1CH-
C,H, + OH— products (13) (OH),, x = 3 and 4. Unfortunately, quantitative analysis of the
acids GF,COOH and GFyCOOH was not possible because of
Initial concentrations were 8.84L7.8 mTorr of CECH(OH),, spectral interferences.
88.6-110 mTorr of CHONO, 0-15 mTorr of NO, and 2.82 While there have been no previous studies of the reactivity
6.02 mTorr of either gH4 or C;H» in 700 Torr of air diluent. of OH radicals toward C#&£H(OH),, we can compare our results

Photolysis of CHONO is a convenient source of OH radicals with previous studies of the reactivity of @EFHO. As discussed
for relative rate studies. However, GBINO itself reacts with in section 3.1, the finding that perfluorinated aldehyde hydrates
OH at a moderate ratek(OH+CH;ONO) = 3 x 10713 cm? are less reactive than their perfluorinated aldehyde counterparts
molecule’! s129), scavenges OH radicals, and can make the is confirmed with CECH(OH), being 5 times less reactive than
loss of a less reactive compound difficult to measure. When CRCHO toward OH radical$® Reaction of OH radicals with
working with compounds such as &FH(OH), that have modest  alcohols of the general formulagey+1CH>OH proceeds with
reactivity toward OH radicals, an indirect variation of the relative a rate constant of1.0 x 10713 cm® molecule’? s71 with no
rate technigue (in which reactant loss is inferred from product effect of fluorinated chain lengthThe reactivity of OH radicals
formation) can be usefdf As discussed above, the oxidation toward CRCH(OHY) is indistinguishable from that toward gF
of CRCH(OH), gives CRCOOH in essentially quantitative  CH,OH. As discussed in section 3.1, similar behavior was
yield. CRRCOOH has characteristic IR features that are conve- observed in the reactions with Cl atoms.
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Figure 6. *H NMR observed upon the addition of water to the aldehygl&;CHO. The production of the corresponding hydrate is shown (a). The
1H NMR recorded 5 min after the initial addition (b) indicates a loss of the hydrate produced from solution.

5.2 5.0

3.5.1H NMR Investigation of the Formation of C,FsCH- through liquid water to test for reaction of gas-phase@HO
(OH), from C,FsCHO. To investigate the reaction of,Es- with liquid water. In the second set of experiments;CHO/
CHO with liquid water, a sample of approximately 0.1 mL of H,O/air gas mixtures were prepared and left to stand in the dark
C,FsCHO was placed in an NMR tube and then 0.5 mL of water in the smog chamber to test for reaction of gas-phas€C8P
was added. Th&H NMR was then recorded as soon as possible with gas-phase water. In the third set of experimentsQEF
(within 3 min) upon addition of the water. Figure 6a shows the (OH),/air mixtures were left to stand in the dark in a dry
spectrum recorded. As can be seen from Figure 6a, the aldehydehamber to test for dehydration of gEFH(OH),.
is converted (within 3 min) to the hydrate, &F-CH(OH), In the first set of experimesta 5 L calibrated volume was
which shows a characteristic triplet at 5.4 ppm. Figure 6b shows filled with mixtures containing 0.531.30 Torr of CRCHO in
the 1H NMR recorded 5 min after addition of water to the 700 Torr of air. The smog chamber was then filled with 200
aldehyde. It can be seen from a comparison of the spectrum400 Torr of air, the contents of &b L calibrated volume were
shown in Figure 6a that the signal-to-noise ratio has decreasedhen swept through a glass frit bubbler and into the smog
significantly. It is suggested that this indicates the partition of chamber using a stream of air until the total pressure in the
the resultant hydrate into the headspace above the samplechamber reached approximately 48D0 Torr, and air was then
perhaps indicating a significant wateair partition of the added to the chamber using the conventional gas handling
hydrate. system to reach a total pressure of 700 Torr. Gas flow through
3.6. Hydration of CF3CHO and Dehydration of CF3CH- the bubbler lasted approximately 5 min. Three experiments were
(OH), Studied in Smog Chamber.Three sets of experiments performed: The first experiment was conducted using a dry
were conducted to study the hydration of LHO and the bubbler as a test for loss of @FHO during passage through
dehydration of CECH(OH), using the smog chamber. In the the experimental setup. There was no evidence for l6284)
first set of experiments GEHO/air gas mixtures were bubbled of CRCHO, demonstrating our ability to introduce §&FHO
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Figure 7. Decay of CECHO (circles) and formation of GEH(OH),
(diamonds) in two experiments where mixtures of 16.2 mTorr of-CF
CHO and 5 Torr of HO in 700 Torr of air were left in the dark for 13

h (open symbols) and 22 h (closed symbols). The insert shows a plo
of the formation of CECH(OH), versus loss of Cf£HO.

into the chamber using this method. In the second experimen
the bubbler was filled with approximately 200 mL of deionized
water (pH 7). The amount of GEHO used in te 5 L volume
was equivalent to a concentration of 20.1 mTorr in the 140 L
chamber. After the Cf£HO/air mixture was bubbled through
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Finally, in the third set of experiments, mixtures containing
5.6 mTorr of CECH(OH), in 700 Torr of air were admitted
into an initially dry chamber and left to stand in the dark. The
amount of water unavoidably introduced into the chamber with
the hydrate was 100 mTorr. @EH(OH), decayed slowly (56%
loss in 22 h) and was replaced by §LHHO. Given the long
time scale, we cannot exclude the possibility that the dehydration
occurs on the surface of the chamber. In fact, given the evidence
for a heterogeneous component of the reverse hydration reaction,
it seems likely that dehydration proceeds, at least in part, via a
heterogeneous mechanism.

4. Implications for Atmospheric Chemistry

A large body of self-consistent data is presented that improves
our understanding of the atmospheric chemistry ¢hG 1CH-
(OH),. CRCH(OH,) reacts with Cl atoms and OH radicals with
rate constants of (5.82 0.92) x 1072 and (1.22+ 0.26) x
1022 cm® molecule’? s, respectively. The reactivity of

tCXF2x+1CH(OH)2 (x= 3, 4) toward Cl atoms is indistinguishable
from that of CRCH(OH,). On progressing through the series
of perfluorinated aldehyde hydratesFa1CH(OH), the
tgreatest change in chemical environment of theHCbond
occurs on moving from GEH(OH), to C,FsCH(OH),. Given

our finding that the reactivity of Cl atoms towardfGCH(OH),

and GFyCH(OHY), is indistinguishable from that with GEH-
(OH),, it seems reasonable to generalize our results to all

the water and flowed into the chamber three compounds wereMembers of the &»1CH(OH), series. Taking the average of

identified; CRCHO, CRCH(OH),, and HO in concentrations

of 2.8 mTorr, 0.8 mTorr and 5.9 Torr, respectively. Presumably
the balance (82%) of the sample, remained ag3Ef and/or
CRCH(OHY), in solution in the bubbler. The third experiment
was conducted using water at pH 2 and with an amount @gf CF
CHO in the 5 L volume corresponding to a concentration of
44 .2 mTorr in the chamber. After the gEHO/air mixture was
bubbled through the water and into the chambes@HO, Cks-
CH(OH),, and HO were observed in concentrations of 7.8
mTorr, 1.7 mTorr, and 2.8 Torr, respectively. Presumably the
balance (79%) of the original remained as;CHO and/or Ck-
CH(OHY), in solution in the bubbler. We conclude that (i) gas-
phase CECHO reacts rapidly with liquid water, (ii) under the
present experimental conditions the majority of the products
are retained in liquid water, and (iii) variation of pH over the
range 2-7 does not change the first two conclusions.

The second set of experiments was conducted to test fo
reaction of gas-phase gEHO with gas-phase #D. In a control
experiment, it was established that the loss of@HO in a
dry chamber (dried by evacuating and flushing with dry air)
was less than 2% over a period of 23 h. Following the control

our results, we arrive &(Cl+C,F1CH(OH)) = (5.924 0.88)

x 10712 cm?® molecule® s7! and k(OH+-CyFox1CH(OH),) =
(1.224- 0.26) x 103 cm? molecule? s™. Quoted uncertainties
were chosen to encompass the extremes of the individua
determinations.

The value ok(OH+CFx+1CH(OH),) can be used to provide
an estimate of the atmospheric lifetime gfFex-1CH(OH), with
respect to reaction with OH radicals. Using the rate constant
measured at 296 K together with [OH] 1.0 x 10° molecule
cm 326 leads to an estimate of the atmospheric lifetime of
CuF2x+1CH(OH), of approximately 90 days. The approximate
nature of this atmospheric lifetime estimate should be stressed.
The average daily concentration of OH radicals in the atmo-
sphere varies significantly with both location and season, and
the local lifetime with respect to reaction with OH will also
vary significantly?”

Hydrolysis of CRCHO and dehydration of GEH(OH), were
investigated in the smog chamber, and for these processes we
can make the following conclusions: (i) gas-phase@HO is
lost rapidly (79-82% loss in approximatgl2 s residence time
in bubbler) on contact with liquid water; (ii) at least some of

r

experiment two experiments were conducted in which mixtures the reaction produces hydrate (the NMR study described in

of 16.2 mTorr of CECHO and 5 Torr of water in 700 Torr of
air were allowed to stand in the dark. In the first experiment
the mixture was left for 13 h; in the second experiment the
mixture was left for 22 h. As seen in Figure 7, in both
experiments a significant decay of &FHO, and formation of
CFRCH(OH),, was observed. The fact that different rates of

section 3.5 indicates that hydration is the sole fate #CHO

on contact with liquid water); (iii) homogeneous gas-phase
reaction of CECHO with H,O occurs slowly, if at all; (iv) in

a relatively dry environment ([40] = 0.1 Torr) the gas-phase
hydrate CECH(OH), loses water slowly (probably via hetero-
geneous decomposition) to give 4FHO in a yield indistin-

reaction were observed in the two experiments suggests thatguishable from unity.
the reaction was heterogeneous in nature. Interestingly, the yield At this point it is germane to note the existence of several

of CRCH(OHY), (see insert in Figure 7) in both experiments
was similar and was 0.7& 0.09. The missing carbon is
probably attributable to GEHO, CRCH(OH), or both,

other removal mechanisms foikz.+1CH(OH), . In addition
to reaction with OH radicals, organic compounds are removed
from the atmosphere via photolysis, wet deposition, dry deposi-

dissolved in a surface layer of water on the chamber walls. From tion, and reaction with N@radicals, Cl atoms, and OFor

the CRCHO loss in the experiment lasting 23 h we derive an
upper limit to the homogeneous reactiorkEFRC(O)H+H,0)
< 2 x 1002 cm® molecule* s™1,

saturated compounds such ag-%£:1CH(OH), reaction with
NOj; radicals and @are typically too slow to be of importance.
The average concentration of Cl atoms in the troposphere is
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several orders of magnitude less than that of OH radiédrs. (2) Moody, C. A.; Kwan, W. C.; Martin, J. W.; Muir, D. C. G.; Mabury,
the present study we observe that Cl atoms are 5 times moreS: A Anal. Chem2001, 73, 2200. . . .
reaciive than OH radicals toWardG(CH(OH): hence, oss 1, MEM: % W Stk 1, Braune W eksts, P 7
via reaction with Cl atoms will not be an important atmospheric (4) Determination of low leels of fluoropolymer polymerization aies
loss mechanism for E,+1CH(OH). Alcohols do not absorb  a guidance document; SPI Literature Catalogue BZ-102; The Society of
at UV wavelengths- 200 nm?° and fluorination causes a blue ~ the Plastics Industry: New York, 2003. _

shift in their UV spectrd® It is likely that gem-diols express (5) Ellis, D. A.; Mabury, S. A.; Martin, J. W.; Muir, D. C. GNature

_ . . . 2001, 412, 6844.
similar properties, and thus, phOtOIySIS Q@HCH(OH)Z will (6) Li, Y. F.; Macdonald, R. W.; Jantunen, L. M. M.; Harner, T.;

not be important in the troposphere. Bidleman, T. F.; Strachan, W. M. ci. Total Eniron. 2002 291, 229.
Estimation of the significance of wet and dry deposition for (7) Prevedouros, K.; Cousins, I. T.; Buck, R. C.; Korzeniowski, S. H.

CiF2+1CH(OHY), is complicated by the lack of physicochemi- ~ Emviron. Sci. Technol2006 40, 32.

cally relevant parameters for perfluorinated aldehyde hydrates. , (8) Hurley, M. D.; Ball, J. C.. Wallington, T. J.; Sulbaek Andersen,
. L - . M. P.; Ellis, D. A.; Martin, J. W.; Mabury, S. AJ. Phys. Chem. 2004

Given the water solubility of @21CH(OH),, it seems likely 108 5635.

that incorporation into raincloud—seawater will be a significant (9) Hurley, M. D.; Wallington, T. J.; Sulbaek Andersen, M. P.; Ellis,

atmospheric removal mechanism for the short-chain hydrates.D. A.; Martin, J. W.; Mabury, S. AJ. Phys. Chem. 2004 108 1964.

While reaction of the hydrates with OH in the aqueous phase _ (10) Sulbaek Andersen, M. P.; Hurley, M. D.; Wallington, T. J.; Ball,

is a potential source of PFCAs, the NMR results in the present é‘sf"lg/.'amn' J- W Ellis, D. A Mabury, S. AChem. Phys. Let2003

work suggest the importance of partitioning of the hydrates back  (11) sulbaek Andersen, M. P.: Stenby, C.: Nielsen, O. J.; Hurley, M.

into the gas phase where their fate will be dictated by gas phaseD.; Ball, J. C.; Wallington, T. J.; Martin, J. W.; Ellis, D. A.; Mabury, S. A.

OH chemistry. This process is expected to increase in impor- J- Phys. Chem. 2004 108 6325. _

tance for the more environmentally relevant long-chain hydrates | g,z)MS“'.bae" Andersen, M. P.; Hurley, M. D.; Wallington, T. J.; Ball,

. . . . . C.; Martin, J. W.; Ellis, D. A.; Mabury, S. A.; Nielsen, O. Ghem.

such as @F17CH(OH), with long hydrophobic fluorinated tails  phys’ Lett2003 379 28.

that are less soluble and will likely reside at the gamter (13) Sulbaek Andersen, M. P.; Nielsen, O. J.; Hurley, M. D.; Ball, J.

interface where they can evaporate into the gas phase. It isC.; Wallington, T. J.; Stevens, J. E.; Martin, J. W.; Ellis, D. A.; Mabury, S.

difficult to estimate the rate of wet deposition for these long- * (\]]:4I;)hl)</:")?h'?m8§22§u%r?)? ?/l-s?\)lagneron L Wirtz, K; Treacy, J.

chain hydrates. . i Mellouki, A’; Sidebottom, H.; Le Bras, Gl. Phys. Chem. 2005 109,
We show here that reaction of Cl atoms withFex+1CH- 347.
(OH), proceeds via H-atom abstraction to givg-&+1C-(OH), (15) Solignac, G.; Mellouki, A.; Le Bras, G.; Barner, |.; Benter, Th.

radicals. The sole atmospheric fate gfg1C+(OH), radicals ~ Phys. Chem. 2006 110 4450.

. - - . - : (16) Hurley, M. D.; Sulbaek Andersen, M. P.; Wallington, T. J.; Ellis,
is reaction with Q to give the corresponding perfluorinated 5 3™ /2™ Wy Mabury, S. AJ. Phys. Chem. 2004 108, 615,

carboxylic acid, GFa1COOH, and HQ. For saturated Com- (17) walington, T. J.; Japar, S. M. Atmos. Chem.989 9, 399.
pounds with only one type of reactive-® bond such as (18) Sander, S. P.; Friedl, R. R.; Golden, D. M.; Kurylo, M. J.; Huie,
CiF2x+1CH(OH), the products of reaction with OH radicals are R. E.; Orkin, V. L.; Moortgat, G. K.; Ravishankara, A. R.; Kolb, C. E.;
expected to be the same as those for reaction with Cl atoms.Molina, M. J.; Finlayson-Pitts, B. IPL Publ.2003 No. 02-25. =
Hence, from the results presented in section 3.3 we conclude; (Al.?)RQS“;'it‘f\fl’.”jT}E}i‘f'ﬁ{"%y’; gﬁ:hﬁs'RAe'ngg"&%%";’z';'7Fé'3*.”" Kerr,
that OH radical initiated oxidation of ;€x:1CH(OH), gives (20) Hashikawa, Y.; Kawasaki, M.; Waterland, R. L.; Sulbaek Andersen,
the corresponding perfluorinated carboxylic acid. Atmospheric M. P.; Nielsen, O. J.; Hurley, M. D.; Ball, J. C.; Wallington, T JJ Fluorine
oxidation of GF1CH(OH), hydrates could be a significant =~ Chem.2004 125 1925.

source of perfluorinated carboxylic acids in the environment. ~ (21) Dibble, T. S.Chem. Phys. Let002 355 193.

However, it is difficult to provide a quantitative assessment of Ch(ezrﬁ)_ gfe'fggéf'zg;'l%gg_bonom' H. W.; Donlon, M.; Treacyin. J.
the environmental relevance of this source of perfluorinated (23) Takahashi, K.; Matsumi, Y.; Wallington, T. J. Hurley, M. D.
carboxylic acids given the absence of information concerning Geophys. Re2002 107, ACH 4-1.

(i) the equilibrium between E,+1CHO and GFx1CH(OH), (24) Calvert, J. G.; Atkinson, R.; Kerr, J. A;; Madronich, S.; Moortgat,
under environmentally relevant conditions and (ii) the rate of & K. Wallington, T. J; Yarwood, GThe Mechanism of Atmospheric

. . . Oxidation of the Alkenexford University Press: Oxford, UK, 2000.
wet deposition of (Fox1CH(OH),. Further work in this area (25) Atkinson, R.. Baulch, D. L.; Cox, R. A; Crowley, J.: Hampson,

is needed. R. F., Jr.; Jenkin, M. E.; Kerr, J. A; Rossi, M. J.; Troe, J. IUPAC
Subcommittee on Gas Kinetic Data Evaluation. http://www.iupac-kinetic-
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