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The kinetics and mechanisms of the OH- and Cl-initiated oxidation of two unsaturated HFFgSHE-CH,

and GF;3CH=CH,, were investigated. The kinetic study was performed as a function of pressure and
temperature for the OH reactions and as a function of pressure at 298 K for Cl atom reactions. The rate
constants obtained are (in units of tmolecule? s™1): k(OH + C4JFCH=CH,) = (8.5+ 1.4) x 10°%®
exp[(139+ 48)/T] andk(OH + CgF13CH=CH,) = (1.34 0.5) x 10 2 exp[(314 124)/T] in the temperature

range 233-372 K; andk(Cl + C4FgCH=CH,) = (8.9 + 1.0) x 10 ** andk(Cl + C¢F13CH=CH,) = (9.1 +

1.0) x 107t at 298 K. The OH and Cl reactions rate constants were found to be independent of pressure in
the range 16760 and 15-60 Torr, respectively. The mechanistic study was performed in air at atmospheric
pressure, in the presence or absence of.NED and COF have been identified as the major secondary
products of both OH- and Cl-initiated oxidation of the HFCs. However, there is evidence for the formation
of different primary products: aldehydes,f&CHO and GF3CHO) in the OH oxidation of the HFCs and
ketones (GFC(O)CHCI and GF13sC(O)CH:CI) in the Cl oxidation. This suggests that the oxy radicals,
precursors of these carbonyl compounds, behave differentlysiharoxyoxy radicals g~CH(O)CH,OH

and GF13CH(O)CH,OH decompose, whereas tfiechlorooxy radicals gFsCH(O)CH,CI and GF13CH(O)-

CH.CI react with Q. These results are consistent with the significantly higher activation barrier for the
decomposition of th¢g-chlorooxy, compared to that of th&hydroxyoxy radicals.

Introduction In this paper, we report the first kinetic and mechanistic study
. of OH and Cl reactions with two unsaturated HFCsfF{CH=

The legislated phase out of chlorofluorocarbons (CFCs) has CH, and GF1sCH=CH,. The mechanistic studies were per-
led to the use of substitutes, mainly hydrochlorofluorocarbons ¢,rmed in the presence and absence ofNO
(HCFCs) and hydrofluorocarbons (HFCs). These hydrogen-
containing compounds react with the OH radicals in the
troposphere by an H-atom transfer mechanism. The resulting
lower atmospheric lifetimes compared to the CFCs make these 1 rate constants for the reactions of OH radicals with the
compounds more acceptable as alternatives. HCFCs are lesg,, unsaturated HFCs have been measured using the pulsed
efficient than CFCs in depleting stratospheric ozone. The effect | o, photolysislaser-induced fluorescence (PLP-LIF) method.
of these chlorine-containing molecules is, however, not totally The rate constants for reactions of Cl atoms have been
negligible and they are also planned to be phased out in theyotermined using pulsed laser photolysiesonance fluores-
near future. HFECs, which do not contain chlorine, have no effect (.o ‘The studies of the oxidation mechanisms were carried

on stratospheric ozone but they strongly absorb infrared radiation outin a photoreactor coupled with FTIR analysis of the reactants
and they may then contribute to the greenhouse effect. Theanol products.

global warming potential of a compound will depend on its .

capacity to absorb infrared radiation in the atmospheric window (PEgliTg) L_I"f‘ﬁgrp I_PFE]()Ltl?il)gg;?qsfé-g;\(:ju%zdmiltl;%:je;zzgcfse q
770—-1430 cnt?) and on its atmospheric lifetime. The overall . ' )

étmospheric im[))act of such comgounds may also depend Onhave_ been alr_eady Qescribed in detail previously (e.g., ref 1)
the fate and impact of their oxidation products. The tropospheric and is only brlefl_y discussed he_re. Two sources were used to
chemistry of the saturated HFCs is mainly controlled by reaction generate OH radicals: photc_)IyS|s 0b®k at/ = 248 nm (KrF

with OH radicals while for the unsaturated ones the contribution €XCimer laser) and photolysis of HONO &t= 351 nm (XeF
of NOs; and @ reactions might be not negligible. The oxidation exmm;er laser). This han been gonehln o:de.r to checlk thehpo_?ilble
by Gt kel to benedigleconsderng e preserty SRR 516 B e Pronie et T

estimated low Cl atom concentration in the troposphere. * . X
However, chlorine atom oxidation in laboratory experiments can imes ranging from 1s to 10 ms by pulsed LIF. A Nd:YAG-

provide additional information which can help in defining the PUMped frequency-doubled dye laser was used to excite the OH

atmospheric oxidation of HFC and other organic compounds, fadicals att = 282 nm. Fluorescence from the OH radicals
was detected by a photomultiplier fitted with a 309 nm narrow

- o - band-pass filter. The integrated signals from 10 to 15 delay times
* Corresponding author. E-mail: mellouki@cnrs-orleans.fr.
T Department of Chemistry, University College, Cork, Ireland. from 100 probe laser shots were averaged to generate OH
* Department of Chemistry, University College, Dublin, Ireland. concentration-time profiles over at least three lifetimes.
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Pulsed Laser Photolysis-Resonance Fluorescence (PLP-  TABLE 1: OH + C4FgCH=CH; Reaction: Experimental
RF). This experimental setup as well as the methodology used Conditions and Measured Rate Constants

to measure chlorine atom reaction rate constants have also beent  p [C4FsCH=CH;] K — Ko (k% 20) x 102
already described in previous papers from our group (e.g., ref (K) (Torr) (10** molecules cm®) (s (cm® molecule! s%)
2). Briefly, chlorine atoms were produced by photolyzing CI 372 100 3.49-20.28 645-2736 1.27+ 0.03
at 355 nm using a pulsed, frequency tripled, Nd:YAG laser 100 3.56-20.83 726-2961 1.33+0.16
operated at 10 Hz. The radiatiod (~ 135 nm) from a 100 4.65-22.38 485-2818 1.29+ 0.1G°
microwave discharge in a flowing mixture of (6:2.3%) Cb/ 343 100 2.0421.74 4672875 1.26+0.03
helium at~2 Torr pressure was used to excite the fluorescence 323 1188 gfg_gi'ég ggggggi i%& 8'83
of Cl atoms in the reactor. A solar blind photomultiplier tube 595 300 5.0466.45 793-8475 1.25+ 0.06
perpendicular to both the resonance lamp and photolysis laser 200 2.33-24.63 626-3485 1.31+ 0.02
beam collected the resonance fluorescence radiation resulting 100 2.28-28.42 4773804 1.28+ 0.01
from excitation of Cl. Signals were obtained using photon- 100 2.93-33.60 549-4480  1.30+0.02
counting techniques in conjunction with multichannel scaling. ?8 3;0192—55%88 iigg;gﬂ i%i 8'8421
The decay curves foIIowing 10 06@0 QOO Ia_ser pulses were 100 3.94-28.80 427-3973 144+ 0.068
co-added to improve the signal-to-noise ratio. 100 5.80-32.42 7154462 1.33+ 0.10*
Photoreactor. Product studies were performed at UCD- 50 8.96-35.72 10854395 1.4+ 0.0#
Dublin using the experimental setup described elsewhere. 213 1188 fg‘;gg-g% igggggg iig 8'83\
Reaction_s were carried out in FEP Teflon cylindrical reaction 100 2763278 628-4930 1,43+ 001
vessel with a volume of about 50 L surrounded by 10 lamps 20 1.99-22.07 14014348 1.56+ 0.04
(Philips, TL 20W/09) with irradiation in the range 36@60 100 7.69-38.61 1069-5875 1.55+ 0.08
nm and a maximum intensity at 365 nm for photolysis of CI 233 100 3.6742 725-6633 1.54+0.03
to generate Cl atoms and 10 lamps (Philips, TUV 15\ 100 7.19-40.03 9345469  1.63:0.09
254 nm) for photolysis of kD, to generate OH radicals. a Experiments performed with HONO as source of OH.
Measured amounts of reagents were flushed from calibrated
bulbs into the Teflon bag by a stream of ultrapure air (Air 1E-11

Liquide). The photoreactor was then filled to its full capacity -
with ultrapure air. A Mattson Polaris FTIR spectrometer was ]
used for analysis. FTIR spectra were obtained by using an
evacual® 2 L Teflon-coated cell containing a multipass White 7

mirror arrangement which was mounted in the cavity of the %, 4 - 2 X KCEF13CHCH2
spectrometer. Spectra were recorded gigin6 mpath length "o _ o
over the wavelength range 50@000 cnT! with a resolution E] 7 [
of 2 cnmL. The spectra were derived from 64 co-added spectra. ] -
Materials. Purities of the chemicals were as follows: helium, F_:’ 7
the carrier gas (UHP certified t899.9995% (Alphagaz)), was ”E
passed from the tank to the cell through a liquid nitrogen trap; £ W
Cl, (99.8%, UCAR) was degassed several times at 77 K before = keapacHcH2
use; Q was certified t0>99.995% (Alphagaz). The 50 wt % 1E-12
H.O, solution obtained from Prolabo was concentrated by 1 @ HxOzassourceofOH

bubbling helium through the solution to remove water for several .
days prior to use, and constantly during the course of the 7
experiments. It was admitted into the reaction cell by passing a T T T T T
small flow of helium through a glass bubbler containing 2E3 3E3 4E3 5E3
HONO was produced in situ by reacting NaN@.1 M) with 1T (K1)

dilute H,SQ; (10%) contained in a S“”efj round-bottomed flask. Figure 1. Arrhenius expression of the rate constants for the reactions
The effluent from the flask was swept into the cell by a known 4t oH with C,FeCH=CH, and GF1sCH=CH..

flow of helium. GFyCH=CH, and GF13CH=CH, were from

Elf Atochem and their purities were higher than 96.5% and 97%,
respectively. The analyzed impurities in the HFCs samples were
shown to consist of fluorinated alkanes.

@  HONO as source of OH

of the HFC; it is the sum of the reaction rate of OH with its
precursor (HO, or HONO, with concentrations in the range
(2—10) x 10 molecules cm3), and the diffusion rate of OH
) i out of the detection zoné(, was typically around 10073,
Results and Discussion Reaction OH+ C4,FgCH=CH,. The reaction of OH with
C4FoCH=CH, was studied over the temperature range 233
h372 K using HO, or HONO as the OH source. The obtained
data were similar with the two sources as shown in Table 1
and Figure 1.
The experiments were performed in the pressure ranges 10
300 Torr at 298 K and 20100 Torr at 253 K. No pressure
—kt ) , dependence of the reaction rate constant was observed in these
[OH]; = [OH],e ™ K =KHFC] + K, ranges. Changes in the experimental conditions (photolysis laser
fluence by a factor of 2, and flow velocity by a factor of 3) did
wherek is the rate coefficient for the reaction OHHFC. The not affect the obtained data. The Arrhenius expression derived
decay rateko, is the first-order OH decay rate in the absence from the unweighted least-squares fit to the combined results

Kinetic Studies. OH Reaction Rate Constant Measurements
Reactions were studied under pseudo-first-order conditions wit
the OH concentration much lower than that of the HFCs ([©H]
= (0.2-2) x 10" molecules cm?). Thus, the OH concentration
time profile followed the pseudo-first-order rate law:
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TABLE 2: OH + CgF13CH=CH, Reaction: Experimental
Conditions and Measured Rate Constants

T P [CeF13CH=CH;] k — ko (k £ 20) x 1012
(K) (Torr) (10*molecules cmd) (s (cm®*molecules™?)
372 100 0.78.72 105-1178 1.36+ 0.05

100 0.93-8.95 115-1315 1.50+ 0.09

348 100 0.69-9.31 105-1267 1.38+ 0.03
333 100 1.06-10.65 119-1514 1.44+ 0.06
323 100 0.7810.05 106-1380 1.38+ 0.04
298 760 8.28-37.31 1026-5056 1.35+0.11
400 1.77#20.93 186-2506 1.22+ 0.05

300 1.35-19.76 138-2293 1.18+ 0.04

100 0.84-8.91 65-1345 1.50+ 0.03

100 0.83-9.80 1111353 1.42+ 0.06

100 0.69-7.50 1111232 1.61+ 0.08

50 0.62-8.59 104-1137 1.33+ 0.03

20 0.36-5.07 122-672 1.36+ 0.14

100 0.74-8.07 129-1321 1.65+ 0.1

100 0.64-7.09 125-1130 1.73£ 0.1&

100 0.82-8.62 136-1259 1.51+ 0.0”

100 1.0+-9.38 1671482 1.61+ 0.08

100 0.65-7.83 83-1261 1.70+£ 0.1

273 100 0.9414.61 134-1906 1.44+ 0.04
100 0.919.64 1211573 1.63£ 0.06

253 100 1.47#16.53 233-2203 1.45+ 0.07
100 1-10.90 1371742 1.47+0.18

100 1.22-12.81 2071773 1.40+ 0.04

a Experiments performed in the presence of O

Vésine et al.

TABLE 3: Experimental Conditions and the Measured Rate
Constant Data for the Cl Reaction with C4;FqCH=CH, and
C6F13CH=CH2

P [HFC]x 102 K —Ky k x 101
molecule  (Torr) (molecules cm3) (s (cm® molecule* s1)
C4FoCH=CH; 60 6.0-53.3 542-4437 8.9+1.0
15 4.7-49.0 392-3890
CeF1:CH=CH, 60 6.9-65.11 606-5867 9.1+ 1.0
15 4.1-47.02 365-3948

Discussion The present rate constant data are the first to be
reported for OH reactions with long-chain fluoroalkenes.
However, these results can be compared with the existing data
on the OH reactions with smaller fluoroalkenes such as
fluoroethenes and fluoropropenes. Recently, Orkin antl al.
reported rate constants data for the reaction of OH with-CF
CH=CH,, CRCF=CH,, and CECF=CF,. Their data showed
that the reaction of OH with GEH=CH, (1.5 x 10712 cm?
molecule! s71) is more than 1 order of magnitude slower at
298 K than the reaction of OH with G@H=CH, (26.3 x 1012
cm® moleculet s71). This was attributed to the presence of the
strongly electron-withdrawing GFgroup. Our data shows that
the substitution of C§ by the larger fluorinated groupsEs-
or CgF13 does not lead to a significant change in the rate
constants at 298 Kk(=1.5x 10712, 1.3 x 10712 1.5x 10712
cm?® molecule s71 for CRRCH=CH,, C4FsCH=CH,, and GF1z
CH=CH,, respectively). These £o- and GFi3 groups have

obtained with the two OH sources in the temperature range €ssentially the same deactivating effect ag-Ch a manner

233-372Kis
k(OH+C,FCH=CH,) =
(8.5+ 1.4) x 10 ®exp[(139+ 48)/T] cm® molecule*s™*

The uncertainties for the preexponential factéy, and the
activation energy are given kyA = 2Aoa andAE/R = 20gr.

The room temperature rate constant taken as the average o

all values obtained at 298 K is

k(OH+C,F,CH=CH,) =
(1.340.2) x 10 *cm®* molecule*s™*

The uncertainty represents the statistical one to which we have

added 10% for systematic errors.

Reaction OH+ CgF13CH=CH,. The rate constant for this

reaction was determined over the temperature range-2%3
K using HO, as the OH source (Table 2).

similar to the simple alkenes, the reactions of OH with
fluorenated alkenes have a small negative temperature factor,
E/R, which is consistent with an addition of OH to the double
bond of the alkenes. However, it is interesting to note that the
E/R factor for OH reaction with CECH=CH, (=504 K) is
lower than that with CECH=CH,, C4FsCH=CH,, and GF1z
CH=CH, (—183, —139, and—31 K, respectively).

f Cl Reaction Rate Constant Measurement$he chlorine
atom reactions with the two HFCs were also studied under
pseudo-first-order conditions with the CI concentration much
lower than that of the HFCs. Thus, the Cl concentration time
profile followed the pseudo-first-order rate law:

[Cll,=[Cle ™ ; wherek =KHFC]+ K,

k is the rate coefficient for the reaction of Cl with HFC. The
decay ratek'y, is the first-order Cl decay rate in the absence of
the HFC; it is the diffusion rate of Cl out of the detection zone.
The measurements were performed at 292 K and at two

At 298 K, measurements were carried out in the pressure gitferent pressures, 15 and 60 Torr of helium. The obtained rate
range 206-760 Torr. Several experiments were also performed gnstants are

in the presence of XPo, = 3—7 Torr) at 100 Torr. At 298 K,

the data obtained at different pressures and in the presence ok(CI+C,F,CH=CH,) =

absence of @were similar. The following value

K(OH+C,F.CH=CH,) =
(1.5+ 0.3) x 10 **cm® molecule*s™*

(8.9+ 1.0) x 10 " cm® molecule*s*

K(CIHCoF.CH=CH,) =
(9.14 1.0)x 10 ™ cm® molecule*s™*

represents the average of the combined data obtained at room jndependent of pressure between 15 and 60 Torr. The

temperature. The measured rate constants are shown plotted igyperimental conditions together with the values of the rate
Arrhenius form in Figure 1. The Arrhenius expression derived cgonstants are presented in Table 3, and shown in Figure 2.

from the experimental data between 253 and 372 K is
k(OH+C4F,,CH=CH,) =
(1.34 0.5) x 10 2 exp[(31+ 124)T] cm® molecule*s*

Uncertainties are calculated similarly to that k@H+C,4F-
CH=CH2).

Discussion Rate constantsk(Cl+C4FeCH=CH,) and
k(Cl+CgsF13CH=CHy) are equal within the experimental errors.
Comparison of the rate constant data for the reactions of Cl
atoms with the unsaturated HFCs determined in this work, with
the reported rate constant of reaction£ICH;CH=CH, (k=
2 x 10719 cm® molecule? st at 298 K for the addition
channel); indicates that the - and GF1z- groups have a
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] Cy4FoCH=CH;
® CsFy3CH=CH,

2000 —

[HFC] (x10” molecule cm-)

Figure 2. Reactions of Cl with gFgCH=CH, and GF;3CH=CH.:
plots of K — Ko) versus GFsCH=CH, and GF13:CH=CH, concentra-
tions at 298 K.

significant deactivation effect with respect to reaction with Cl

J. Phys. Chem. A, Vol. 104, No. 37, 2008615

showed that photolysis at 254 or 365 nm contributed to less
than 1% per hour in the consumption of the two HFCs.

Mechanism of the OH-Initiated Oxidation of gFgCH=CH,.

(a) In the Absence of NOExperiments were performed by
irradiation of GFoCH=CH,/H>O-/air mixtures at 254 nm. Five
independent experiments were conducted where the initial
concentrations of §-CH=CH, were in the range 2690 ppm.

An example of obtained FTIR spectra before irradiation and
after 60 min of irradiation of the mixture is given in Figure 3.

The identified reaction products were CO, GO&nd HC-
(O)OH. In addition, after subtraction of the spectra of the
products CO, COJ and HC(O)OH, and also ££sCH=CH,
an absorption band between 1830 and 1730%onas observed
and attributed to the carbonyl function£®©) of C4FsC(O)H
similarly to that of GF13C(O)H which has been produced in
an independent experiment by the photolysis of a mixture of
CeF13CH=CH,/Cly/air (see next section). The residual spectrum
also shows a series of bands between 1400 and 110bwehich
correspond to €F bonds of GFo.

The observed plots of CO, CQFand GFoC(O)H concentra-
tions versus ¢FgCH=CH, consumed (Figure 4) indicate that
CO and COF are secondary products while the fluorinated
aldehyde is a primary product of the reaction. A primary product
is defined as a product whose formation is rate limited by the
initial OH reaction with the HFCs, while for a secondary
product, the formation is rate limited by the reaction of a primary

atoms as observed for the OH reactions but lower. The product.

deactivation effect is not as pronounced as for the analogous The following mechanism is suggested to explain these
reactions with OH radicals. This is the consequence that observations. The primary step of the OH reaction witk&
reactions of Cl atoms are much faster and then have a muchCH=CH; is an electrophilic addition of OH to the double bond

narrower range of rate constants than the OH reactions.
Mechanistic Studies The oxidation of the two unsaturated

HFCs was initiated by either OH radicals or Cl atoms in air in

the absence or presence of NQPreliminary experiments

and predominantly to the terminal carbon. The yield of this
addition channel is expected to be higher than 65% which is
the yield of the similar channel of the O propene addition

reaction® This hypothesis is based on the strong electron-

(U]

®)

{©
L Y 2 N .
d
gt anrnrrad ek A AL\,‘,_
0 1500 1600 1. 128 100 "
Wavenumber

Figure 3. FTIR spectra for the OH- C4,FCH=CH, reaction in air in the absence of MO(a) spectrum of GFsCH=CH, before irradiation(b)
spectrum after 60 min irradiatiorfc) spectrum of GFC(O)H after subtraction of £sCH=CH,,COF, CO and HC(O)OH, andd) reference

spectrum of COE Absorbance is in arbitrary units.
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40 However, HCHO was not observed since it reacted rapidly with
+ COFR OH. The absolute concentrations of CO and GQfere
35 A Co determined using their calibrated reference spectra. This was
&  C4FgCHO (arbitrary units) not possible for GFgC(O)H since its calibrated spectrum was
not available. Accounting only for CO, C@QFand HC(O)OH
as reaction products the carbon balance is about 43%. The
missing part could be attributed mainly ta;fgC(O)H. The
E observed CO and HC(O)OH products are expected to be
& generated from the oxidation of HCHOCOR, is likely to be
g produced from the aldehyde,esC(O)H which reacts with OH
2 or photolyses to form &g which is a precursor of CQF
]
= C,F,C(O)H+ OH— C,F,CO+ H,O (8a)
C,F;C(O)H + hv — C,F4 + products (8b)
C,/CO+0O,+M —C,F,C(O)0,+M (9)
C,FCO+M—C,F+CO+M (20)
0 s 10 s 20 s 30
d[C.F,CH-CH,] (ppm) C,F,C(0)0, + C,F,C(0)Q,— 2C,F,C(0)O+ O, (11)
Figure 4. Concentrations of products versus consumption g#,C
CH=CH; in the OH-oxidation of GFsCH=CH, in the absence of NQ C/FC(O)O+ M — CjFg + CO, + M (12)
in air, [C4FsCH=CH,], =30 ppm.
CFy+0,+M—C,FO,+ M (13)
withdrawing effect of the GFy group which is expected to
reduce the electron density on the adjacent carbon of the double C,F0, + RO, — C,F,0 + products (14)
bond in GFyCH=CH, more than that of the terminal carbon.
Therefore, in air, the following initial mechanism is expected: C,F,0 + M — CF, + COF, + M (15)
OH + C,F,CH=CH, + M — C,F,CHCH,OH+ M (1
aFo 2 sFeCHCH, @) C4F,+ O, + M ——— COF, (16)

C,F,CHCH,0OH + O, + M — C,F,CH(OO)CHOH + M ) )
(2) CFR0 produced in sequence (16) may partly react with the

peroxy radicals §Fan+10, to produce trioxide C§O3ChFant1
In absence of N@the self-combination peroxy radical produced since IR bands characteristics of trioxide were probably

can proceed through the two following channels: observed:® This mechanism, where CQfs formed through
the GFoC(O)H intermediate, is consistent with the observation
C,FCH(OO)CHOH + C,F,CH(OO)CHOH — of COFR, as a secondary product.
2C,F,CH(O)CH,OH + O, (3a) The relative importance of reactions 8a and 8b in our

experiments is not known. However, photolysis ofF§CHO

— C,F,C(O)CH,0OH + C,F,CH(OH)CH,0OH + O, (3b) is likely to be slow at the 254 nm wavelength, considering the
low absorption cross section of the similar moleculezGHO,
The oxy radical formed in reaction 3a can decompose by at this wavelength? The reaction of GFeCHO with OH can

carbon-carbon bond fission or react with,O be significant within the reaction time of the experiment since
the concentrationtime profile of GFyCHO exhibits a maxi-
C,F,CH(O)CH,OH + M — C,F,C(O)H+ CH,OH+ M mum (observed aftel h of experiment). The rate constant for
(4) the reaction of GFgCHO with OH (reaction 8a) is not known

but it can be assumed to be equal or less than that for the reaction
of CRCHO with OH: k = 6 x 10713 cnm® molecule! s1 at

. 298 K1 This lower value compared to that for the initial
The observation of g~9C(O)H and not that of g~sC(O)CH,- : _ . o :
OH indicates that the reaction proceeds through channel 3areact|on of GFsCH=CH, with OH can qualitatively explain

. .. ~“the concentrationtime profiles of GFsCHO.
];?:fr\]’\r’]ee?_ by channel 4. The other possible decomposition (b) In the Presence of NOFour experiments were performed

in the presence of NQwith initial concentrations of gFsCH=
C4F9CH(O)CHZOH +M— C4F9 + HC(O)CHZOH +M CH2 and NO ranging from 20 to 60 ppm and 15 to 45 ppm,
(6)

C,F,CH(O)CH,0H + O, — C,F,C(O)CH,0H + HO, (5)

respectively. The major identified products were G@Rd CO.
Subtraction of the known spectra ofjkgCH=CH,, HC(O)-
was considered to be unimportant since features correspondingOH, and COFE from that obtained after 60 min of irradiation
to a pure spectrum of glycolaldehyde, HC(O)YXCHH, was not gives a spectrum which indicates the presence of organic
observed in the FTIR spectrum of the products. The,@Hl nitrate(s) (Figure 5). This latter spectrum clearly shows the
radical also formed in reaction 4 will react with, @ produce characteristics of PAN-like absorption bands at 1841, 1741,
HCHO: 1304, and 790 cmt. The PAN-like compound is most likely
C4FoC(O)ONO; produced from the reaction of,EC(O)H with
CH,OH + O, —~ HCHO + HG, (7) OH which has been suggested to be the major loss process for
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Figure 5. (a) Reference spectrum of PAND) residual spectrum for the Ot C4FeCH=CH, reaction in air, in the presence of N®@btained after
60 min photolysis, after subtraction oflgCH=CH,, HC(O)OH, and COF

C4FoC(O)H in our experiments. £4C(O)O:NO, would be ad . COF,
produced by reactions 8a, 9, and 17: s CO
*9 u unknewn product (arbitrary unit)
C,F,C(0)0,+ NO, + M — C,F,C(O)ONO, + M (17)
30 —
In the presence of N C4FC(O)H is also produced by
decomposition of the oxy radicals£,CH(O)CHOH (reaction £ 251
4). But this oxy radical is produced by the following reaction, &
instead of reaction 3 in the absence of NO ’:;; 20 =
i
C,F,CH(OO)CHOH + NO — C,F,CH(O)CH,OH + NO, I
(18)
Besides, the absorption band observed at 1764 ¢Rigure 5) 105
is likely due to an organic nitrate product likek3,+10:NO5,
this band having been attributed to §CKLNO; in previous 5
studiest?13
Mechanism of the Cl-Initiated Oxidation of gFgCH=CH,. 0 | T I
(@) In the Absence of NOTwo experiments were conducted 0 s 10 1 20 » 30
with initial concentrations of 40 ppm of the HFC and, @l air -d{C F,CH=CH,] (ppm)

usmg_the TL ZQW/OQ 'Iamps_ (iradiation in the range 3@60 Figure 6. Concentrations of products versus consumption gf.C

nm with a maximum intensity at 365 nm). CO, COENd an ~ CH=CH, in the Cl oxidation of GFeCH=CHs in air, in the absence

unknown species were observed. The obtained concentrationof NO,. [C4FsCH=CH]o = 40 ppm.

profiles of the products versus consumegF§CH=CH, are

shown in Figure 6. The profiles indicate that CO and G@ie oxidation of GFgCH=CH, is assumed to be a;Es-containing

secondary products of the reaction as for the OH-initiated carbonyl compound other thanyE3C(O)H.

oxidation of GFeCH=CH, while the “unknown” species is a The following mechanism is proposed to explain the observed

primary product. products. For the same reason as for the OH reaction, the initial
The unknown product has an infrared band at 1788%m  addition channel is expected to occur predominantly at the

which corresponds to a carbonyl group. However, the corre- terminal carbon of the double bond:

sponding compound is not,EsC(O)H, since the band at 1777

cm* attributed to this species in the OH-initiated oxidation of Cl+ C,F,CH=CH, + M — C,F,CHCH,CI+ M  (19)

C4FoCH=CH, was not observed in the Cl-initiated oxidation.

Besides, the spectra obtained, after subtraction £CH= The peroxy and oxy radical are produced as follows:

CH, and COFR, show features in the region 1460100 cnt?,

likely due to C-F absorption bands similar to those attributed  C,F;CHCH,CI + O, + M — C,F,CH(OO)CHCI + M
to C4F9C(O)H. Then, the unknown product in the Cl-initiated (20
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C,F,CH(OO)CHCI + C,F,CH(OO)CHCI —
2C,F,CH(O)CH,CI + O, (21)

The decomposition of the oxy radical, as observed in the OH
reaction

C,F{CH(O)CH,Cl + M — C,F,C(O)H+ CH,Cl + M (22)

is unlikely since GFyC(O)H, has not been observed in the ClI
+ C4FgCH=CH, system. Therefore, the oxy radical most likely
reacts with Q:

C,F.CH(O)CH,Cl + O, — C,F,C(O)CH,CI + HO, (23)

Some experiments carried out in pure oxygen did not show any
difference in the product distribution and yields. This supports
the assumption that oxy radicals predominantly react wigth O
in air.

Then, the unknown carbonyl compound detected by FTIR
would be the ketone f£C(O)CH.CI.

The present results show evidence for a difference in the
behavior of-hydroxyoxy-GFyCH(O)CH,OH, andf-chloro-
oxy-C4FgCH(O)CH,CI radicals. The first one would predomi-
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Figure 7. Concentration of product versus consumption gff@CH=

nantly decompose whereas the second one would react withCHz in the OH oxidation of @F1,CH=CH; in air, in the absence of

O,. A similar behavior has already been observed for the
HOCH,CH,0O and CICHCH,O radicals produced in the OH-
and Cl-initiated oxidation of ethene in air, respectively. The
different behavior of HOCKCH,O and CICHCH,O radicals
was consistent with the higher activation barrier for decomposi-
tion of CICH,CH,O, 15-16 kcal mof, compared to that of
HOCH,CH,0, 10-11 kcal moi1.14 A comparable difference
in the activation barrier for decomposition of CIQEH(O)-
CH3z and OHCHCH(O)CH; has been obtained from quantum
calculations for CICHCH(O)CHs!®> and HOCHCH(O)CHs.16
Current quantum calculations from our laboratory for C}cH
CH(O)CR and HOCHCH(O)CFR; lead to the same conclusiéh.
Therefore, similar difference in the activation barriers for
decomposition of the FsCH(O)CHCI and GFyCH(O)CH,-
OH oxy radicals is expected. This difference can explain the
mechanism suggested in this work, i.e., decomposition of
HOCH,CH(O)CF; and reaction of CICKHCH(O)CFK with Ox.
Concerning the ketone4s£4C(O)CH,CI produced in reaction

NOX, [C6F13CH=CH2]0 =71 ppm.

those of HFC, COEL and NOCI (formed through C+ NO
(+M) — CINO (+M)) from the spectrum obtained after 60 min
of irradiation time exhibit bands corresponding to PAN-like
compound(s) (i.e., 1841, 1741, 1304, and 1163 Ymas
observed for the OH-initiated oxidation ofjfggCH=CH, in the
presence of NQ

Mechanism of the OH-Initiated Oxidation of GF13CH=
CHa. As for CFoCH=CH,, the oxidation of GF;3CH=CH,
was initiated either by OH or Cl in the presence and absence of
NOx. The study of @F3CH=CH; is not described in detail since
its oxidation mechanisms are very similar to those gfFCH=
CHa.

(@) In the Absence of NOTwo experiments were performed
with 50 and 71 ppm of gF13CH=CH,. The resulting concen-
tration profiles of the reaction products versus consungd£
CH=CH, are shown in Figure 7. In addition to CO, C®&nd

23, the two potential loss processes are photolysis and reactiorHC(O)OH, the fluorinated aldehyde {&:CHO) was observed.

with Cl. Photolysis is certainly negligible since photolysis of
another chloroketone, chloroacetone,:CKD)CH,CI, has been
found to be negligible under the same experimental conditions
as those used for the study of the Cl oxidation aFCH=
CH,. Then, the Cl reaction is likely to be the major loss process
of C4FC(O)CHCI. But the observed profiles of product
concentration versus 4£CH=CH, consumed, specially the
delay in producing significant CO and C@Iend products,
indicates that the ketone is quite unreactive. Considering the
existing rate constant data for Cl reaction with acetone and
chloroacetonek(= (3.1+ 0.4) x 107 *2andk = (3.54 0.4) x
102 cm? molecule® s™1 at 298 K)17 the expected rate constant
for the Cl reaction with gFsC(O)CH,CI should be not higher
than 2 x 10712 cm® molecule® s™%. The value of this rate
constant will be in any case much lower than that of the initial
reaction of Cl with GFoCH=CH, (k = (8.9 & 0.6) x 10711
cm® molecule! s71) and this can explain the observed product
profiles.

(b) In the Presence of NOTwo experiments were performed
with the following initial concentrations: [HFGE 20 and 40
ppm, [Cklo = 75 and 100 ppm, and [N@} 50 and 150 ppm,

This latter was identified by comparison with the IR spectra
obtained from the reaction of Cl withg€13CH,OH in air which
was shown to producegE;3CHO with a yield close to 100%

in this laboratory. The spectra o0&k 3CHO were recorded from

an independent experiment after 2 min irradiation of a mixture
of 93 ppm of GF13CH,OH and 96 ppm of Glin air. In Figure

8 are shown the spectrum of&:CH,OH (a), the spectrum
obtained after 2 min irradiation ofg€13CH,OH/Cly/air mixture

(b), and the spectrum (c) resulting from subtraction efG
CH,0OH and COF from spectrum (b). The spectrum (c) is then
that of GF13CHO. The spectra assigned tgFgCHO and GFy-
CHO obtained in reactions OH CgF13CH=CH, and OH+
C4FoCH=CH,, respectively, are presented in (d) and (e). Spectra
in (c), (d), and (e) show that the position of the absorption band
centered at 1778 cm, due to the &0 group of the aldehyde

is not affected by the number of the surroundingFECbonds
(C4F9 or C6F13).

The profiles shown in Figure 7 indicate thagfg;CHO is a
primary product of the reaction while CO and CO&re
secondary products as observed fgF{CH=CH,. The overall
oxidation mechanism of §£,3CH=CH, is expected to be similar

respectively. The residual spectra obtained after subtraction ofto that for GFgCH=CH..
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Figure 9. Concentrations of products versus consumption ¢f. £
CH=CH; in the CI oxidation of @F;3CH=CH, in air, in the absence
of NOX, [C6F13CH=CH2]0 =30 ppm.

(b) In the Presence of NOTwo experiments were conducted
with the initial concentrations [§F13CH=CH]o = 50 and 71
ppm, and [NOj = 25 and 140 ppm, respectively. CO, HC(O)-
OH, and COFEL were identified as products. Characteristic bands
of a PAN-like compound were also observed, as in the-©H
C4FoCH=CH, experiments in the presence of NO

Mechanism of the Cl-Initiated Oxidation of gF13CH=CH..

(a) In the Absence of NOTwo experiments were performed
with the initial concentrations [§F13CH=CH]o = 15 and 30
ppm, and [Cf]o = 150 and 30 ppm, respectively. The profiles
of the reaction products versugfgsCH=CH, consumed are
shown in Figure 9. As in the f£gCH=CH, experiments, the

profiles of CO and COfbehave like that of secondary products,
and the spectrum of the intermediate product differs slightly
from that of the fluorinated aldehyde {EsCHO).

One experiment was conducted in purg([TeF13CH=CH;]o
= 32 ppm, [C}]o = 60 ppm). The resulting profiles of the
products were similar to that in air, indicating that the nature
of the products and their yields do not depend on the concentra-
tion of O,. This suggests, similarly to the Gt C4FsCH=CH,
mechanism, that the oxy radicakkiz:CH(O)CHCI expected
to be formed reacts predominantly with,@he decomposition
being negligible. The expected reaction product is the ketone,
CeF13C(O)CHCI, corresponding to the unknown carbonyl
infrared band observed.

(b) In the Presence of NO A single experiment was
conducted where the initial concentrations gFGCH=CH,,
Cl,, and NO were 31, 90, and 60 ppm, respectively. The reaction
product profiles (CO, COJ and an unknown product with a
band at 1788 cml) are similar to those obtained withsFs-
CH=CH2.

Conclusion

The results from this work provide some additional informa-
tion concerning the behavior @¢-hydroxy-oxy ands-chloro-
oxy radicals, produced in OH and CI oxidation of alkenes in
air. The obtained results suggest that th&4CH(O)CH,OH
(and GF13CH(O)CHOH) oxy radicals will decompose, whereas
the GFsCH(O)CHCI (and GF13CH(O)CH:CI) oxy radicals will
react with Q under air conditions. Such a different behavior of
B-hydroxyoxy andg-chlorooxy radicals, previously observed
for HOCH,CH,O and CICHCH,0,* can be explained by a
significantly higher activation barrier for decomposition of the
pB-chlorooxy compared to that for the decomposition of the
B-hydroxyoxy radicals. This different behavior leads to different
oxidation products since aldehydes will be produced in the OH
oxidation and ketones in the Cl oxidation of alkenes (except
ethene). This will have atmospheric implications if both OH
and ClI oxidation of alkenes occur in the atmosphere.
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