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Product distribution studies of the OH radical and ClI atom initiated oxidation e€8FCH,OH in air at 1

atm and 298t 5 K have been carried out in laboratory and outdoor atmospheric simulation chambers in the
presence and absence of N@he results show that GEH,CHO is the only primary product and that the
aldehyde is fairly rapidly removed from the system. In the absence qftthNOmajor degradation product of
CRCH,CHO is CRCHO, and the combined yields of the two aldehydes formed frosCEFCH,OH are

close to unity (0.95: 0.05). In the presence of N@mall amounts of CfEH,C(O)O,NO, were also observed
(<15%). At longer reaction times GEHO is removed from the system to give mainly JOF The laser
photolysis-laser induced fluorescence technique was used to determine valk@toft CRCH,CH,OH)

= (0.894 0.03) x 10 *2andk(OH + CRCH,CHO) = (2.964 0.04) x 10~*2cm?® molecule* s™%. A relative

rate method has been employed to measure the rate coeffik{@tts+ CRCH,CH,OH) = (1.08 &+ 0.05)

x 10712 k(OH + CgF13CH,CH,OH) = (0.79 + 0.08) x 107*?, k(Cl + CRCH,CH,OH) = (22.4+ 0.4) x

102, andk(Cl + CRCH,CHO) = (25.74 0.4) x 10" *2cn?® molecule* s™%. The results from this investigation

are discussed in terms of the possible importance of emissions of fluorinated alcohols as a source of fluorinated
carboxylic acids in the environment.

Introduction the corresponding aldehyde%:!! In this work kinetic and

. product distribution studies for the reactions of OH radicals and
_ The phase out of chlorofluorocarbons (CFCs) due to their ¢ 41oms with 3,3,3-trifluoropropanol were carried out in
implication |2n stratospheric ozone depletion has been well laboratory reaction chambers and at the European outdoor
documenteti?and a number of hydrofluorocarbons (HFCs) and simulation chamber (EUPHORE) at Valencia, Spain. In addition,
hydrochlorofluorocarbons (HCFCs) have been develope_d 8Sthe rate coefficient for the reaction of OH radicals with
replacement compounds. These compounds are susceptible 1§ 3 4 4 5 5 6 6,7,7,8,8,8-tridecafluorooctanol was determined.
attack by OH radicals and therefore can be oxidized in the 1o regits are used to assess the likely environmental impact

tropospheré.In general, HFCs and HCFCs have rather long ¢ (ojeases of fluid fluoro alcohols into the troposphere.
atmospheric lifetimes and have large global warming poteritials.

Partially fluorinated alcohols have been suggested as alternative
to CFCs in applications such as the cleaning of electronic
components, refrigeration, and carrier compounds for lubricants. Relative Rate StudiesReactions were carried out at 298
Long-chain (G—Ci2) perfluoro alcohols have been detected in 2 K and atmospheric pressure in two different collapsible FEP
the atmosphere and it has been suggested that oxidation of thesgeflon reaction chambers, with volumes of approximately 50
compounds could provide a source of the perfluorocarboxylic and 150 L each. The temperature of the reaction chambers was
acids found in the environmefi. Although perfluoro alcohols  thermostatically controlled and electric fans positioned below
have few direct uses they are employed extensively in the each chamber helped maintain a constant temperature. The
manufacture of fluorinated polymeric materials into which they reaction chambers were surrounded by banks of fluorescent
are incorporated through the OH group. It has been speculatedamps, which provided sources of radiation at 254 nm (Philips
that the eventual degradation of the polymers releases thegermicidal lamps TUV, 15W) and in the 36@50 nm wave-
alcohols into the troposphefé. A number of experimental  |ength region with a maximum intensity around 358 nm (Philips
studies have been reported on the kinetics and mechanisms foplack lamps TL 20/08). The reaction chambers were ap-
the oxidation of fluoro alcohol$®~1° The available evidence  proximately half-filled by a diluent gas, typically zero-grade
suggests that fluoro alcohols are considerably less reactive tharyir, via Teflon tubing, using calibrated flow meters. Measured
the parent alcohols and that the major oxidation products arepressures (MKS Baratron capacitance manometers) of the
reactants were then expanded into the evacuated vacuum line

%xperimental Section

* To whom correspondence should be addressed. Pherg&3-(0)1- and isolated in a calibrated mixing bulb, from which they were
71?62n9i’3ér';ﬁ’“*c”§ﬁg‘g)éhﬁig2127- swept into the reaction chamber by a stream of zero-grade air.

£ Centre Nﬁtionaé de la Recherche Scientifique. Tridecafluorooctanol, which has a very low vapor pressure,
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measured volume of a liquid sample was deposited on sintered(Continuum) pumped frequency-doubled dye laser, which was
glass and flushed into the chamber by purified air. Hydrogen triggered at a variable time after the photolysis pulse, was used
peroxide solution and water (triply distilled) were both injected to determine the concentrations of hydroxyl radicals by laser
directly into the chamber. Ozone was generated by passing zeroinduced fluorescence (LIF). The duration of this probe pulse
grade air through an ozone generator (Monitor Labs) and thewas equal to 7 ns, full width at half-maximum (fwhm). The
ozone produced was flowed into the reaction chamber. When probe operated to excite the;Q Q1%, and R3 lines in the

all the reactants had been added to the chamber it was(1,0) of the (8", v/ = 1) < (X1, /' = 0) transition of the
subsequently filled to capacity at ca. 1 atm of pressure and keptOH radical at around 282 nm. The resulting fluorescence of
in the dark fo 1 h toallow complete mixing of the reactants. the hydroxyl radical was collected by a photomultiplier (PM)
A homogeneous reaction mixture was confirmed by consistent, tube (Hamamatsu R292) equipped with band-pass filter (309.4

reproducible gas chromatographic analysis. nm peak transmission, fwhms 7.6 nm). Hydrogen peroxide
Hydroxyl radicals were generated by the photolysis of (70wt % in water) was concentrated by bubbling helium through
hydrogen peroxide: the solution for several days prior to use to remove water. It
was admitted into the reaction cell by passing a small flow of

H,0, + hv (1 = 254 nm)— OH + OH 1) helium through a glass bubbler containingd4. The reaction

mixture, consisting of measured amounts of the reactant, radical
or by the photolysis of ozone at 254 nm in the presence of water precursor (HO,, 0.5-1.0 x 10 molecule cm?), and the bath

vapor: gas (approximately 100 Torr of helium), was flowed vertically
through the cell, with a linear velocity in the range of 5 to 20

O, + hv (4 = 254 nm)— O('D) + O, (2 cm s, so that each photolysis/probe sequence investigated a
fresh mixture and reaction products did not build up in the cell.

o('D) + H,0— OH + OH (3) The concentrations of reactants and the bath gas were calculated

from their mass flow rates, the temperature, and the pressure in

Molecular chlorine was photolyzed to produce chlorine atoms: the cell. Calibrated mass flow meters and a capacitance
manometer positioned adjacent to the entrance of the cell were

Cl, + hv (4 > 300 nm)— Cl + CI (4) employed to measure all flow rates and the pressure within the
reaction cell, respectively. Each datum point was obtained by
Typical initial mixing ratios employed were [substrate} averaging the signals from 100 probe laser shots. An OH

[referenced = 15—80 ppm; [Q]o = ~50 ppm, [HO]p ~ 2000 concentration versus time profile was obtained by averaging
ppm, and [HOz]o = 500 ppm. For the chlorine atom initiated  signals for delay times from about L& to 30 ms.
reactions, photolyses of substrate, reference, apanGitures Product Studies.Product studies were carried out on the OH
were carried out with [substrate} [referencej = 20—70 ppm and Cl initiated oxidation of Cf&£H,CH,OH and CECH,CHO
and [Chb]o = 40—120 ppm. Mixtures of substrate, reference, both in the absence and presence ofN@der laboratory
and radical precursors were photolyzed until about 50% conditions and at the European Photoreactor (EUPHORE)
depletion of the substrate or reference compound had occurredoutdoor facility in Valencia, Spain. An experimental protocol
These conversion levels minimize any complications arising similar to that described in the relative rate Experimental Section
from secondary chemistry and competing reactions of primary was used in laboratory product studies. Hydroxyl radicals in
photolysis products. Quantitative analyses of the relative rate the product distribution studies were generated by the photolysis
experimental reaction mixtures were achieved by gas chroma-of H,O, at 254 nm and analyses of reaction mixtures was by
tography (Shimadzu GC 8A or Varian 3600) coupled with flame FTIR spectroscopy.
ionization detection and Fourier transform infrared spectroscopy  The reaction chamber employed for product studies at the
(FTIR). A Mattson Galaxy 5000 or a Nicolet Magna 550 FTIR, EUPHORE facility consisted of a half-spherical FEP Teflon
fitted with mercury cadmium telluride (MCT) detectors, was chamber with a volume of around 195000 L mounted on
used for the infrared analyses of reaction mixtures. Each aluminum floor panels covered with FEP Teflon foil. The FEP
spectrometer was fitted with an evacuald L Teflon-coated Teflon had a transmission of more than 80% over the wave-
Wilks cell, containing a multipass White mirror arrangement length range 280 to 640 nm. A hydraulically operated steel
(10 m path length), to facilitate the collection of infrared spectra. housing surrounded the chamber and allowed the exposure time
Spectra were recorded over the range-48000 cnt and with to sunlight to be controlled. Heating of the reaction mixtures
a resolution of 2 cm!. Each resulting spectrum was derived above ambient temperature was compensated with cooling by
from the co-addition of 20 scans under these conditions. a refrigeration system housed in the chamber floor. Typically,
Authentic samples of reactants and products were used tothe chamber temperature was in the range 308 K. The
calibrate reference spectra. chamber was filled with air from the air purification system
Absolute Rate StudiesAbsolute rate studies were carried consisting of absorption dryers connected to charcoal scrubbers.
out with the technique of pulsed laser photolydsser induced Two mixing fans housed in the chamber were used to ensure
fluorescence (PLP-LIF). The experimental setup used in thesehomogeneous reaction mixtures. Measured volumes of gaseous
kinetic studies has been described in detail elsewhere and onlyand liquid samples were introduced into the covered reaction
a brief summary is given hef@ A KrF excimer laser (Lambda  chamber through Teflon tubing by a stream of purified air.
Physik LPX 105i) was employed to generate OH radicals by Hydroxyl radicals and Cl atoms were generated by the solar
the photolysis of HO, at 248 nm. photolysis of HONO and CIC(O)C(O)CI, respectively.

H,0,+ hv (4 = 248 nm)— OH + OH (5) HONO + hv (1 > 300 nm)— OH + NO (6)
The energy of the photolysis laser was of the order 2 to 15 CIC(O)C(O)CI+ hv (4 > 300 nm)— 2ClI+ 2CO  (7a)

mJ per pulse in the cell and the duration of the pulse was equal
to 23 ns, full width at half-maximum (fwhm). A Nd:YAG — CCLO+CO (7b)
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HONO was continuously added to the chamber during the
photolysis to maintain the concentration in the range-20 -
ppm. Losses of reactants and products occurred by leakage frong
the chamber, which was maintained at several Torr above &
ambient pressure. The leak rate was determined by adding anc'
unreactive tracer gas, §Fo the chamber. The loss of reactants
and formation of products was monitored with a Nicolet Magna =
550 FTIR spectrometer equipped with an MCT detector. Infrared &
spectra were obtained by in situ long-path absorption, and were%
derived from the co-addition of 128 scans recorded by using a;’~
path length of 326.8 m over the range 4@M00 cnt? with a
resolution of 1 cm?. The reactants and products were quantified
by using calibrated reference spectra.

CF,CH,C

In {[CF,C

Materials 0.0 0.2 0.4 0.6 0.8 1.0

Synthetic air, zero-grade (Air Products), helium carrier gas In {[Reference], / [Reference],}
(UHP certified t0>99.9995%, Alpha gas), 4D, (70 wt % in ) I ' . .
. - Figure 1. Concentratiorrtime profiles for the reaction of OH radicals
water, Inte_rox Chemie), @99'950/_0 (Aldrich), CIC(O)C(O)CI with CRCH,CH,OH with 2-fluoroethanol @), n-butyl formate W),
99% (Aldrich), Sk 99.75+% (Aldrich), CRCHCH,OH 97% and n-hexane 4) as reference compounds at 298 2 K and
(Fluorochem), @F13CH,CH,0OH 97% (Atofina company) G& atmospheric pressure.
CH,CHO 97% (Fluorochem)-CgH14 99% (Aldrich), HC(O)-

OC,Hs 97% (Aldrich), CFBCH,OH 95% (Aldrich), and 023
HC(O)O(CH,)3CH3z 97% (Aldrich) were used. Samples of the é‘
compounds were stored in evacuated glass vessels and subject@l- 020
to freeze-pump—thaw cycles prior to use. Trifluoroacetalde- %
hyde was prepared by the addition of 1-ethoxy-2,2,2-trifluoro- O,
ethanol 90% (Aldrich) to concentrated sulfuric acid 99:99 g: 0.15
(Aldrich), distilled off under vacuum and trapped at liquid <
nitrogen temperature. The purity of the product was estimated g
by IR spectroscopy to be better than 98%. Photolysis ofl CF ' 010 1
99% (Fluorochem) at > 300 nm in air was used to generate %
CFR0. Nitrous acid was generated from the reaction of sodium <
nitrite 99.99+% (Aldrich) with sulfuric acid 99.99-% (Aldrich). o %]
=
Results 000 ' ' ' ' '
Relative Rate Studies.Relative rate coefficients for the 00 02 04 06 08 1.0
reaction of OH radicals and chlorine atoms withsCH,CH,- In {[Reference],/ [Reference] }

OH and CKCH,CHO, and for the reaction of QH radlgals with Figure 2. Concentration-time profiles for the reaction of OH radicals
CeF13CHCH,OH were determined by comparing their rates of - ith CgF,sCH,CH,OH with n-butyl formate @) andn-hexane 4&) as
decay with reference compounds whose rate constants have beefeference compounds at 2982 K and atmospheric pressure.
previously established. In the presence of OH radicals or atomic

chlorine the substrate and reference compounds decay due td he experimental values of [substratigubstrate]and [refer-

reactions 8 and 9. encej/[reference]have estimated errors of 2%. Figure 1 shows
the relative rate plots for the reaction of OH radicals withsCF
OH/CI + substrate—~ products (8) CH,CH,OH, with 2-fluoroethanol,n-butyl formate, andn-
hexane as reference compounds. Relative rate plots for the
OHI/CI + reference— products %) reaction of OH radicals with §&1:CH,CH,OH with n-butyl

) formate andn-hexane as reference compounds are shown in
Provided that both substrate and reference are only lost by Figyre 2. The values of [1:CH;CH,OH]o/[CeF1:CHCH,OH];

reaction with OH radicals, or CI atoms, neither organic is 4t |ow conversions of the alcohol are subject to large experi-

reformed in any process, and the dilution due to sampling is mental error and the regression lines in Figure 2 are forced

negligible it can be shown that through the origin by using a weighted least-squares method.
The relative rate data for the reactions of Cl withsCH,CH.-
In{[substrate}[substratg} = OH or CRCH,CHO, using HC(O)OgHs as the reference
ks/ky In{[reference)/[reference} (1) compound, are represented in Figure 3. Table 1 summarizes

the measured ratidg/ke, the rate coefficients for the reactions

where the subscripts 0 andhdicate concentrations at the start ©f OH and ClI with the reference compounds, and the derived
of the reaction and at time respectively. 3,3,3-Trifluoropro- ~ Values ofks. . o .

panol, tridecafluorooctanol, 3,3,3-trifluoropropanal, and the Absolute Rate StudiesAll absolute rate kinetic experiments
reference compounds employed were shown to be stable in theVere carngd out under pseudo-flrst-oro_ler conditions with the
dark and photolytic loss of reactants and reaction products wasconcentration of substrate compounds in large excess over the
found to be negligible over the time period of the kinetic concentration of hydroxyl radicals, [substrate} [OH]o.
experiments. At least three individual runs were carried out for
each of the substrates with a particular reference compound. H,0,+ hw (4 = 248 nm)— OH + OH ()
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0.8

of CRCH,CH,OH was 18x 1014 molecule cm?3. Absolute
rate coefficientsks, were derived from least-squares fits of the
data and are listed in Table 1.

Product Studies.Products from the OH radical and Cl atom
initiated oxidations of 3,3,3-trifluoropropanol and 3,3,3-trifluo-
ropropanal were investigated by using FTIR spectroscopy in
laboratory and outdoor reaction chambers both in the absence
and presence of NOThe initial mixing ratios of reactants in
laboratory chamber studies were the following: [fluoro alcahol]
or [fluoroaldehyde] = 40—80 ppm, [Chb]o = 40—120 ppm or
[H202]0 = 50—100 ppm, [NQJo = 0—20 ppm. For reactions
carried out at EUPHORE the initial mixing ratios of the
fluorinated compounds were in the range-0170 ppm and the
radical sources HONO and CIC(O)C(O)CI had mixing ratios

°~°0'0 o - " - of 10—20 and 5 ppm, respectively. The initial product of
’ ’ ’ ’ ’ the OH and Cl initiated oxidation of GEH,CH,OH was Ck-
In {[HC(0)OC,H,],/ [HC(0)OC,Hyl } CH,CHO, which decays relatively rapidly to form the secondary
Figure 3. Concentratiortime profiles for the reaction of Cl atoms  product CECHO. For reactions carried out in the presence of
with CFCH,CH,OH () and CRCH,CHO (@) with HC(O)OGHs as NO,, a small amount of the peroxyacyl nitrate §CF,C(0)O,-
the reference compound at 2982 K_and atmospheric pressure. The NO, was also produced as a secondary product. At longer
values of Iif[substratej[substrate} in the CRCH,CHOH/HC(O)- reaction times C§CHO was slowly removed from the system
OGC;Hs system have been offset by 0.2 for clarity of presentation. . .
generating CFO, CRC(O)OH, and CEOsCF; in the absence
Following OH formation from photolysis of ., reaction of NOy, and CRO and CEC(O)O,NO; in the presence of NO

0.6

0.4

In {[Substrate] / [Substrate],}

0.2

5, the radical can be lost via the following processes: Results from an experiment carried out in the outdoor
simulation chamber involving the Cl atom initiated oxidation
OH + substrate— products (8)  of CRCH,CH,OH in the absence of NQare presented in

Figures 5-8. Infrared spectra recorded at the start of the reaction
and after 50 min of sunlight irradiation of a mixture of £F
CH,CH,OH (0.73 ppm) and CIC(O)C(O)CI (1.0 ppm) in air at
atmospheric pressure are shown in Figure 5. Loss of the fluoro
OH — diffusion out of the detection zone (12) alcohol in this experiment after 50 min is approximately 70%.
Reference spectra of the fluoroaldehydes@H,CHO, Cks-

OH + H,0, — products (10)

OH + impurities— products (12)

hence CHO, and CEO are given in Figure 6. Concentratiotime
profiles of reactants and products and product yield plots are
—d[OHJ/dt = (kg[substrate}t k;[H,O,] + shown in Figures 7 and 8, respectively. Figure 9 shows the
ky [impurities] + ky,)[OH] concentratior-time profiles of the reactants and products from

an experiment performed under laboratory conditions in which
In the absence of perturbations due to secondary reactionsa mixture of CECH,CH,OH (54 ppm) and KO, (100 ppm)
the rate of disappearance of the OH radical follows a simple was photolyzed in the absence of Nantil around 50% of the

exponential rate law: CRCH,CH,OH had been lost. The product yield plot is given
, in Figure 10. The OH radical and Cl atom initiated oxidation
[OH], = [OH]Oefkt of CRRCH,CHO was also investigated under laboratory condi-
tions and in the outdoor simulation chamber. In the absence of
wherek’ = kg[substrateH K. NOy, CRCHO was formed in almost quantitative yields,

The rate coefficienk’o represents the first-order decay of OH whereas in experiments conducted in the presence qf G-
radicals in the absence of substrate and depends on the rate o£H,C(O)O,NO, was also formed. At longer reaction times small
reaction of OH with HO,, diffusion out of the detection zone, amounts of CECHO were lost from the system giving mainly
and the rate of reaction of hydroxyl radicals with any impurities CF0O.
present in the substrate. The impurities present igQELCH,-

OH and CRCH,CHO after vacuum distillation were found to  Discussion

be traces €1%) of CRCF,CH,OH and CECFR,CHO, respec- o . .
tively. Since the compounds have considerably lower rate Kinetic Stl_Jdles. The average value of the.rate coefficient
coefficients for reaction with OH than the substrate compounds for the reaction of OH with C¥CH,CH,OH derived from our

it can be assumed that reaction of OH radicals with impurities relative rate measuremertgOH + CR,CH,CH,OH) = (1.08

is negligible, therefore: +0.05)x 1072 cm® molecule* st is in reasonable agreement
with the value ofkg(OH + CFsCH,CH,OH) = (0.89 & 0.03)
Ky = ki [H,0;] + ki x 10712 cm® molecule’ s71 obtained in this work by using a

LP-LIF absolute rate technique. The rate coefficient for reaction
Values fork'o were measured to be in the range-300 s'1. of OH with CRCH,CHO from LP-LIF measurementg(OH
Substrate concentrations and the measured first-order ratet+ CRCH,CHO) = (2.964 0.04) x 10~12 cm® molecule! s71
coefficientsk' have estimated errors of 2%. Plotslofversus is also somewhat lower than the value of (3:8.3) x 10712
the substrate concentration for the reaction of OH radicals with cm?® molecule® s~1 recently reported from our laboratory from
CRCH,CH,0OH and CRCH,CHO exhibit excellent linearity, relative rate studie¥. The reasons for these small discrepancies
Figure 4. Due to the relatively low vapor pressure o5CH,- are not clear. No data have previously been reported for the
CH,0OH, the maximum attainable experimental concentration reactions of OH and Cl with GEH,CH,OH and CECH,CHO.
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TABLE 1: Rate Data for the Reaction of OH Radicals and Cl Atoms with CRCH,CH,OH and CF;CH,CHO and for the
Reaction of OH with CgF13CH,CH,OH at 298 + 2 K

1012k8b,c 1012k8a,b
substrate reference ke/kg? 10'%q2P relative rate absolute rate
OH kinetics
CRCH,CH,OH HC(O)O(CH)sCHs 0.30+0.01 3.544+ 0.52 1.06+ 0.04 0.894+0.03
CHs(CH,)4CHjs 0.20+0.01 5.45+0.18¢ 1.09+ 0.05
CFH,CH,OH 0.95+ 0.02 1.15+0.02 1.09+ 0.02
CsF13CH,CH,OH HC(O)O(CH)sCHs 0.22+0.01 3.54+ 0.5 0.76+ 0.05
CHs(CH,)4CHs 0.15+0.01 5.45+ 0.16 0.82+0.10
CRCH,CHO 2.96+ 0.04
Cl kinetics
CRCH,CH,OH HC(O)OGHs 1.67+ 0.03 13.44+ 0.159 22.4+0.4
CRCH,CHO HC(O)OGHs 1.924+0.03 13.4+0.13 25.7+ 0.4

aErrors are twice the standard deviation and represent precisiondnlynits of cn? molecule s7%. € Errors are twice the standard deviation
and represent precision only: errors in the reference rate coefficients are not included in the derived Jalbes will probably add a further
15% to the error in the reported rate constdrte Calveet all® ¢ Donahue et at* fKelly et al’> 9 Notario et alt®

10000 o 127a e CIC(0)C(0)CI
£ 09 —~
=]

0.6
8000 g’
1 2 034
0.0 . -
~ 6000 - 8 067 oo
<z i 7
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o
_§ 0.4
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[Substrate] (1014 molecule cm's) 064 g ' ' ' l I '
Q
Figure 4. Plots ofk' for the reaction of OH radicals with GEH,- § 04 -
CHO and CECH,CH,OH versus the concentrations of £H,CHO E
<

For the reaction of OH with §F13CH,CH,OH our rate constant 0.6 -
value, kg(OH + CgF13CH,CH,OH) = (0.79+ 0.08) x 10712
cm? molecule’® s71, agrees within the quoted errors with those
of Ellis et al.# who have recently measured the rate coefficients
for reaction of OH with a series of fluorotelomer alcohols of
structure F(CECR,),CH.CH,OH (n = 2, 3, 4), using a relative 0.6 -

0.4 1
0.2

Absorbance

0.0

(®) and CECH,CH,OH (W) at 298 K. 02 Jw
0.0 ik
€
f

rate method. They reported a rate coefficienk(@H + F(CF,- g 04 4

CR)nCH,CH,OH) = (1.07 & 0.22) x 10712 cm® molecule? -?; ’

s~L. Our value and that of Ellis et dlare similar to that £ °*]

determined in this study for reaction of OH with 3,3,3- 0.0

trifluoropropanol. Thus, as might be expected, substitution of 2000 1800 1600 1400 1200 1000 800

the methyl group in propanol by any totally fluorinated alkyl Wavenumber (cm™)

group resu!ts in essentially th_e sar_ne change in _react|V|ty of Figure 5. IR spectra from the Cl atom initiated oxidation of £FH,-

propanol with respect to reaction with the OH radical. CH,OH carried out at EUPHORE in the absence of N&) before
Kinetic and mechanistic data for the reaction of ®Hand photolysis, (b) after 50 min of photolysis, and after successive

CI20with aliphatic alcohols show that hydrogen atom abstraction subtractions of (c) C&H,CH,OH, (d) CRCH,CHO, (e) CECHO, and
occurs mainly from thex-carbon atom and that alcohols are (f) CF0.

considerably more reactive than the corresponding alkanes. . o )
Thus, abstraction from the CH,— group in ethanol by OH is  Fluorine substitution at thg-carbon atom in alkanes causes

around three times more facile than abstraction frorCi,— only a relatively small increase in the bond dissociation energy
group in alkanes. These results can be rationalized largely in@t the a-carbon atom:D(CFCH,—H) = 447 kJ mot* and
terms of the reduction in the carbehydrogen bond strength  D(CHsCH,—H) = 423 kJ mof™.2! Hence, it seems unlikely

at thea-position in alcohols:D(CHsCHOH—H) = 389 kJ mot? that the increase in the-cH bond strength in CfEHs is the
and D(CHsCHCH;—H) = 409 kJ mol1.2! It is apparent from major factor in the large reduction in reactivity and suggests
the reported rate data for OH and Cl that fluorine substitution that the inductive electron withdrawing effect of th€Fs group

in alkanes substantially reduces their reactivity. For example, destabilizes the transition state for the reaction. The rate
the rate coefficient for reaction of OH with @EH;3 is over 2 coefficients for the reactions of GH1015and CP-10.15 with
orders of magnitude lower than that for reaction with eth@ne. trifluoroethanol are approximately 30 and 150 times, respec-



352 J. Phys. Chem. A, Vol. 109, No. 2, 2005

a

Absorbance

C

2000 1800 1600 1400 1200 1000 800

Wavenumber (cm'l)

Figure 6. IR spectra of (a) C¥cH,CHO, (b) CRCHO, and (c) CEO.
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Figure 7. Concentratior-time profiles of reactants and products from
the reaction of Cl atoms with GEH,CH,OH in the absence of NO
at EUPHORE at 30& 5 K: CRCH,CH,OH (@), CRCH,CHO (O),
CRCHO @), and CRO (a).
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Figure 8. Product yield plots for the reaction of Cl atoms with £F
CH,CH;OH in the absence of NGat EUPHORE at 30& 5 K: CFs-
CH,CHO (©O), CRCHO @), CRO (a), and total product yield=).
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Figure 9. Concentratiorrtime profiles of reactant and products from
the reaction of OH radicals with GEH,CH,OH in the absence of NO
under laboratory conditions at 2982 K: CRCH,CH,OH (W), CFs-
CH,CHO (©), CRCHO @), and CRO (a).

are very much lower than those for reaction with {CHO.

tively, lower than those for the corresponding strongly exother- These results have also been explained mainly in terms of
mic reactions with ethanol. Bond dissociation energies have not destabilization of the transition states for reaction by the electron
been determined for fluorinated alcohols; however, recent withdrawing inductive effect of the-CF; group rather than by

guantum mechanical calculations indicate that theHCbond
strength at thex-position in CRCH,OH is less than 10 kJ mo!
higher than that in ethan8ITherefore, it seems reasonable to
assume that fluorination will not sufficiently strengthen thesCF
CHOH—H bond to account for the observed reactivity trends.

an increase in the GE(O)—H bond energy?

The rate coefficients for the reactions of OH and Cl with
CRCH,CH,OH determined in the present work are about five
times smaller than those for the corresponding reactions with
n-propanol. Hydrogen atom abstraction is expected to take place

It is proposed that the relatively large changes in reactivity are almost exclusively at the-CH,— group since the presence of

mainly due to inductive effects in the transition states. The

the —CF; group will strongly deactivate th@-position. Product

transition states of highly exothermic reactions are normally studies in this study support this conclusion. The reaction of
assumed to be similar in structure and energy to those of theOH with CgF13CH,CH,OH will proceed through a similar
reactants. Hence, the considerable charge separation#n CF primary mechanism since the rate constant of this reaction is

CH,OH will be reflected in the loose transition states formed
in reactions with OH and CI. The transition states involve a
hydrogen atom positioned between the electrolphilic OH or ClI
species and the GEHOH radical. Fluorine substitution of the
hydrogen atoms in the-CHjz group in ethanol will reduce the
electron density on the H atom abstracted from ¢h€H,—

almost the same as that of reaction of OH with;CH,CH,-
OH. A similar decrease in the reactivity of gEH,CHO in
reactions with OH and Cl is observed compared to their
reactivity with CHCH,CHO. Since the €H bond strengths
at thea-CH,— group in CRCH,CH,OH and at the aldehydic
group in CRCH,CHO are expected to be similar to those in

group and thus destabilize the transition state compared to thatCH;CH,CH,OH and CHCH,CHO, respectively, the reduction

formed with CHCH,OH. In a similar manner, the rate coef-
ficients for the reaction of OH22.23gnd CF2.24with CFRCHO

in reactivity of CRCH,CH,OH and CECH,CHO must reflect
the long-range destabilizing inductive effect of th€F; group
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Figure 10. Product yield plots for the reaction of OH radicals with
CRCH,CH;OH in the absence of NQunder laboratory conditions at
298 + 2 K: CRCH,CHO (©), CRCHO (@), CRO (a), and total
product yield ).

in the transition states for the reactions. Kwok and Atkirfgon

have previously found that the rate coefficients estimated from
simple structure-activity relationships, which consider only next

neighbor atomic groups, result in higher values than experi-
mentally observed when applied to reactions of OH radicals
with fluorinated compounds. They pointed out that the long-
range deactivating effect of fluorinated groups must be incor-
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CHO) = 0.9. Hence for reaction with OH the aldehyde is
considerably more reactive than the initial reactant, while for
the reaction with Cl both compounds have virtually the same
degree of reactivity. Thus, as is demonstrated in Figures 7 and
9 the maximum vyield of primary product QEH,CHO is
significantly lower for reaction with OH than that observed for
reaction with Cl. As a consequence, formation of the major
secondary product GEHO occurs much more rapidly when
the oxidation is initiated by OH radicals.

Degradation of CECH,CHO gives CECHO as the major
product. The combined yields of @EH,CHO and CECHO
were (0.95+ 0.05) for OH and Cl initiated oxidations carried
out in the absence of NOn both laboratory and outdoor
simulation chamber experiments for conversions ogCHb-
CH,OH <50%. When reactions were carried out in the presence
of NOy the combined yields of GEH,CHO and CECHO were
0.804+ 0.10. Spectral evidence indicates that small unquantified
amounts of CECH,C(O)O,NO, were also produced in these
reactions. In the absence of N@e product distribution yields
can be rationalized in terms of the following reaction scheme:

CF,CH,C(0) + O, + M — CF,CH,C(0)0, + M (16)

CF,CH,C(0)0, + RO,— CF,CH,C(0)O+ RO+ 02(

porated into the relationships to obtain reasonable agreement

between calculated and experimental rate coefficients.
Reaction Products.The only primary product formed in both
the OH and Cl initiated oxidation of 3,3,3-trifluoropropanol was
3,3,3-trifluoropropanal and production of the aldehyde was
unaffected by the presence of NOn the system. This
observation is consistent with hydrogen atom abstraction from
the a-CH,— group in CRCH,CH,OH. Abstraction of a
hydrogen atom from thg position in CRCH,CH,OH would
lead to the generation of the gEH(O)CHOH radical. This
species would give rise to GEHO by C-C bond fission. The
absence of CJ£HO as an initial product from both the OH

and Cl initiated oxidation reactions suggests that abstraction

from the 5-CH,— group is negligible. Thex-hydroxy alkyl
radical, produced by abstraction of a hydrogen atom from the
o-CH,— group, reacts directly with molecular oxygen to give
the aldehyde.

OH/(Cl) + CF,CH,CH,0OH —
H,O/(HCI) + CF,CH,CHOH (13)
CF,CH,CHOH + O, —~ CF,CH,CHO+ HO, (14)
3,3,3-Trifluoropropanal was fairly rapidly removed from the

system following abstraction of the aldehydic H atom by
reaction with OH or Cl.

OH/(CI) + CF,CH,CHO — H,0/(HCI) + CF,CH,C(O)
(15)

The concentrationtime profiles of CECH,CH,OH and the
primary oxidation product GJEH,CHO are a function of the
relative values of the rate coefficients for the reactions of OH
or Cl with these compounds. Rate data from this work gives
the following: ki3(OH + CRCH,CH,OH)/k;5(OH + CFCH,-
CHO) = 0.3 andk;3(Cl + CFCH,CH,OH)/k;5(Cl + CFCHy-

17)

CF,CH,C(0)0O— CO,+ CF,CH, (18)
CF,CH, + 0,+ M — CF,CH,0,+ M (19)
CF,CH,0,+ RO,— CF,CH,0+ RO+ 0,  (20)
CF,CH,0+ 0,— CF,CHO+ HO, (21)

where RQ is a peroxy radical.

Reaction of the acyl peroxy radical, §FH,C(O)0O;, with
HO, may give rise to the formation of the corresponding acid
and peracid.

CF,CH,C(0)0, + HO,— CF,CH,C(O)OH+ 0,  (22)
— CF,CH,C(O)OOH+ 0,  (23)
— CF,CH,C(0)O+ OH + O, (24)

The reactions of C#£(0)O, and GFsC(O)0, with HO, have
been shown to produce the corresponding carboxylic acids and
alkoxy radicals with yields of around 25% and 75%, repec-
tively.2627 However, CHC(O)OOH is the major product from
the reaction of CHC(O)O;, with HO, while the yield of acetic
acid represents only 20% of the reactfSizormation of alkoxy
radicals in the CHC(O)O, + HO, system appears to be
negligible. No evidence for features attributable to sCF
CH,C(O)OH and CBCH,C(O)OOH were found in the IR
spectra of the products arising from the OH and ClI initiated
oxidation of CRCH,CH,OH in the absence of NQO This
observation indicates that the yields of these acids are less than
10% under the present experimental conditions. The combined
yields of CRCH,CHO and CECHO were close to 100% (95
=+ 5%), providing support for this argument.

In the presence of NO, peroxy radicals are converted to the
corresponding alkoxy radicals by reaction with NO:

CF,CH,C(0)0, + NO — NO, + CF,CH,C(0)O (25)

and
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CF,CH,0, + NO — NO,+ CF,CH,0 (26)

Kelly et al.

product is CECHO formed with a yield close to unity. At high
conversions, the degradation of £L/HO leads to C§O produc-

NO:; is generated in reactions 25 and 26 and may react with tion as previously outlined.

the acyl peroxy radicals to give the peroxynitrate;CiH,C(O)O,-
NO..

CF,CH,C(0)0, + NO,+ M — CF,CH,C(0)O,NO, + M
(27)

The rate coefficients for reaction of @F223and CF2-24with

CRCHO are considerably lower than those for the correspond-

ing reactions with CECH,CHO. Hence, loss of GEHO from
the CRCH,CH,OH oxidation systems is quite slow, Figures 6

Atmospheric Consequences

The atmospheric removal of @EH,CH,OH will be initiated
by reaction with OH radicals. Photolysis is unimportant since
it does not absorb radiation at actinic wavelengths. Using the
averaged rate coefficie{OH + CFRCH,CH,OH) = 1.03 x
10712 cm?® molecule! s~ obtained in this work and a global
averaged OH concentration of éladicals cn® 29 yields an
estimated atmospheric lifetime for gEH,CH,OH of around

and 8, and only occurs at high conversions of the initial reactant. 12 days. The primary oxidation product of ££/H,CH,OH, CFs-

The main degradation product from the oxidation o,CRO
is CRO. In the absence of N@&mall amounts of Cf£(O)OH

CH,CHO, may be lost by either reaction with OH or photolysis.
The lifetime with respect to reaction with OH radicals is

and the trioxide were also observed, while in the presence of estimated from the rate data obtained in this study to be close

NOy traces of the peroxynitrate @E(O)ONG, were detected.
HO/(CI) + CF,CHO Ozg; H,O/(HCI) + CF,C(0)0, (28)

CF,C(0)0, + RO, —~ CF,C(0)0+ RO+ 0,  (29)
CF.C(0)0, + HO, — CF,C(O)OH+ O, (30)
CF,C(0)0, + HO,— CF,C(0)0O+ OH+ 0,  (31)
CF,C(0)O— CO, + CF, (32)
CF,+0,+M —CF,0,+ M (33)
CF,0, + RO, — CF,0 + RO+0, (34)
CF,0 + CF,0, — CF,0,CF, (35)

In the OH radical experiments @B radicals may react with
CRCH,CH,0OH, H;0O,, or HO to give CROH, which will
produce CEO following decomposition of the alcohol.

CF,0 + CF,CH,CH,0OH/H,0,/H,0 —
CF,0OH + CF,CH,CHOH/HQ,/OH (36)
CF,OH—CFO+HF (37)
CR0 is also probably formed in the chlorine atom initiated
oxidations by reaction of GB with CRCH,CH,OH and degra-
dation of CROH, reactions 36 and 37. It is also possible that

in this system reaction of Cl atoms with ¢Bcan lead directly
to CR0.

CF,OH+ CI—CF,0 + CIF (38)

Oxidation in NQ containing systems results in the conversion
of peroxy to alkoxy radicals via reaction with NO and leads
directly to CRO formation with small amounts of GE(O)O,-
NO; being generated.

CF,C(0)0, + NO—NO,+ CF,C(0)0  (39)
CF,0, + NO— NO,+ CF,0 (40)
CF,0 + NO— CF,0 + FNO (41)

CF,C(0)0, + NO, + M — CF,C(O)ONO, + M  (42)

A number of experiments were carried out on the direct OH
and Cl initiated oxidation of the primary product, §&FH,CHO
generated in the GEH,CH,OH system. As expected, the major

to 4 days, while the photolysis lifetime has recently been
reported as longer than 15 daysThus, the main degradation
pathway for CECH,CHO would appear to be reaction with OH
generating CECHO as the major oxidation product. Oxidation
of CRCH,CHO in moderately polluted atmospheres containing
NOx would also be expected to form small amounts of;-CF
CH,C(O)O:NOs,. Since peroxynitrates are thermally unstable
with lifetimes of a few hour$? they can only provide a
temporary reservoir for the GEH,C(O)— group. Under low
NOx conditions, reaction of the GEH,C(O)O; radical with
HO; could lead to the formation of the corresponding carboxylic
acid?’ The potential importance of the reaction of {LH,C-
(0)0O, with HO, as a source of GEH,C(O)OH is dependent
on the rate coefficients for the reaction of {LH,C(O)0, with

NO and HQ and their atmospheric concentrations.

It is evident that the major atmospheric oxidation product of
CR;CH,CH,OH will be trifluoroacetaldehyde. The atmospheric
lifetime of CRRCHO has been estimated from the available OH
rate coefficient¥'2223and photolysis daté as approximately
25 days and greater than 27 days for reaction with OH and
photolysis, respectively. Reaction of OH with {LHHO produces
the CRC(O)O; radical, which in the presence of N@enerates
CR0O and the unstable compound £LFO)O,NO,. As outlined
above for CECH,C(O)O,, at low NO levels reaction of CC-
(O)O, with HO, can provide a source of trifluoroacetic acid.
Photolysis of CECHO is likely to produce Ckradicals, which
again lead to C§O formation. Trifluoroacetaldehyde is highly
soluble in water and general circulation model calculations
indicate that rainout lifetimes of such compounds depend mainly
on their mode of input into the troposphere. When a species is
formed fairly uniformly in the troposphere, which is the case
for CRCHO, the average lifetime is of the order of-180
days3! Following incorporation into cloud droplets trifluoro-
acetaldehyde will rapidly hydrate to form gEH(OH), and in
aqueous media further oxidation produces trifluoroacetic acid.
If the acid is not produced prior to evaporation of the cloud
droplet, gaseous GEH(OH), will be generated. Photolysis of
this dialcohol is negligible and reaction with OH will be
expected to yield CF£(O)OH.

OH + CF,CH(OH),— H,0 + CF,C(OH),  (43)

CF,C(OH), + O, =~ CF,C(O)OH+ HO, (44)
Since the lifetimes of CGJ£HO with respect to loss by reaction
with OH or photolysis are relatively long, uptake in surface
and rainwater or cloud droplets may be an important sink for
CRCHO and hence a source of &O)OH. For long-chain
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fluorotelomer alcohols the data from this work and from Ellis (5) Elliis, D. A.; Martin, J. W.; De Silva, A. O.; Mabury, S. A.; Hurley,

4 5o di ; i ; M. D.; Sulbaek Andersen, M. P.; Wallington, T.Brwiron. Sci. Technol.
et al* indicate that the OH reaction will also be the major 2004 38, 33163321,

atmospheric Iqss process.giving lifetimes of around 12 days. (6) Wallington, T. J.; Dagaut, P.; Kurylo, M. J. Phys. Cherr1988
The atmospheric degradation of these long-chain fluorotelomer 92, 5024-5028.

alcohols produce the primary aldehydgg41CH,CHO by a (7) Tokuhashi, K.; Nagai, H.; Takahashi, A.; Kaise, M.; Kondo, S.;
series of reactions analogous to those described fgEBE fgg'g%eﬁjzgkzahasm' M.; Gotoh, Y.; Suga, &.Phys. Chem. A999
CH.OH. These aldehydes are expected to react predominantly” "~ g)" chen, L: Fukuda, K.: Takenaka, N.: Bandow, H.; Maedaln.

with OH to form GF.+:CHO but may provide a source of J. Chem. Kinet200Q 32, 73-78.

CnF2n+1CH,C(O)OH by the reaction of (F2n+1CH,C(O)O;, with I((9) PlapagiJmigLou, \éhC-: Pg&gtilsb%\% eLrasz%u, Y. G.; Papagian-
H H H H nakopouios, . yS. em. f .

HO?I' Reacl}('on of (;H ‘?"th E]:Z"+ fHO V;’.'" generat?: rgalnly (10) Hurley, M. D.; Wallington, T. J.; Sulbaek Andersen, M. P.; Ellis,

perfluoroalkoxy radicals, although reaction offen+1C(0)O, D. A.; Martin, J. W.; Mabury, S. AJ. Phys. Chem. 2004 108 1973~

with HO, under low NQ conditions could yield §F2n+1C(O)- 1979.

OH. It is expected that the major loss processes for long-chain _ (11) Le Bras, G.; Bossoutrot, V.; Magneron I. Final Report to the
perfluoroalkoxy radicals will be via sequential carbararbon Fluorotelomer Research Programme, July 2003.

bond breaking to form CP. Recently Ellis et at have Ch(i#Z_)owsllf)gﬁ;?';(;ﬁghEisdié‘gzgfei}gjll%gflgars’ A LeBras, &.

suggested that in the absence of NiBe dominant loss of (13) Le Calve S.; Le Bras, G.; Mellouki, AJ. Phys. Chem. A997
perfluoroalkyl peroxy radicals is likely to be reaction with other 101, 5489-5493.
peroxy radicals to form the corresponding perfluoroalkoxy . (14) Donahue, N. M.; Anderson, J. G.; Demerijian, X.Phys. Chem.

dicals: h th | | h lofth A 1998 102 3121-3126.
radicals, however, theé molecuiar channel ot theé perqpgroxy (15) Kelly, T.; Treacy, J.; Sidebottom, H.; Bossountrot, V.; Magneron

radical reaction leads to formation of perfluoro alcohols. Loss |.; Mellouki, A.; Le Bras, G. Manuscript in preparation, 2004.
of HF from these alcohols forms perfluoroacyl fluorides, which ~ (16) Notario, A.; Le Bras, G.; Mellouki, AJ. Phys. Chem. A998

will hydrolyze in the atmosphere to form perfluorocarboxylic 10%13)1152& %{/Jég . R.: Kelly, T.: Sidebottom, H. NielsenBys. Cher
gmds. Thg long-chain quoroaIdehydes are likely to be relatively ~p&n, Phys2004 6, 12431252, e e :
insoluble in cloud droplets but will behave as surfactants and  (18) Atkinson, R.J. Phys. Chem. Ref. Data, Monogi994 2.

form G\F2n+1CH(OH), at the surface of water droplets. Evapo- (19) Atkinson, R.; Baulch, D. L.; Cox, R. A;; Hampson, R. F., Jr.; Kerr,
ration of the droplet followed by reaction of the gaseous hydrates J- A-; Rossi, M. J.; Troe, . Phys. Chem. Ref. Dat999 28, 191-647.

; ; . (20) Taatjes, C. A.; Christensen, L. K.; Hurley, M. D.; Wallington, T.
may produce the acids En+1C(O)OH in a manner similarto  5° Phys. Chem. A999 103 98059814,

that proposed for GEH(OH).. Thus, oxidation of long-chain (31 'sander, S. P.; Fried], R. R.; Golden, D. M.; Kurylo, M. J.; Huie,
fluorotelomer alcohols might generate fluorinated carboxylic R. E.; Orkin, V. L.; Moortgat, G. K.; Ravishankara, A. R.; Kolb, C. E.;
acids in their atmospheric degradation, although an important Molina, M. J.; Finlayson-Pitts, B. J. Chemical Kinetics and Photochemical

. . . . . Data for Use in Atmospheric Studies, Jet Propulsion Laboratory, California
degradation product will be GB. This compound is unreactive Institute of Technology, Pasadena CA, Evaluation no. 14, 2002; Publication

with OH and will not photolyze under tropospheric conditions. 02-25.
The most probable loss process is uptake in cloud droplets (22) Scollard, D. J.; Treacy, J. J.; Sidebottom, H. W.; Balestra-Garcia,

followed by hydrolysis. The atmospheric lifetimes of the fluoro g7-? I;%\éeér_dféég'; Le Bras, G.; MacLeod, H.t®®, S.J. Phys. Chenl993
alcohols and their oxidation products are sufficiently short that (23) Dbe S.; Khachatryan, L. A.; Bees, T.Ber. Bunsen-Ges. Phys.

their contribution to radiative forcing will be negligible. Chem.1989 93, 847—852.
(24) Wallington, T. J.; Hurley, M. DInt. J. Chem. Kinet1993 25,
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