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Smog chamber/FTIR techniques were used to study the OH radical and Cl atom initiated oxidatign of CF
OCF=CF; in 700 Torr of air at 296 K. Using relative rate techniques it was determined(@at + CFs-
OCF=CR,) = (2.6 &+ 0.3) x 10 *2 andk(Cl + CROCF=CF,) = (3.0+ 0.4) x 10 *' cm® molecule* s™2.

Cl atom initiated atmospheric oxidation of gFCF=CF, gives CORFL and CEOC(O)F in molar yields of
100%. OH radical initiated atmospheric oxidation ofdOEF=CF; in 700 Torr of air at 295 K gives CQF
CROC(O)F, and FC(O)C(O)F in molar yields of 90, 53, and 40%. The results are discussed with respect to
the atmospheric degradation mechanism of@EF—CF, and other ethers.

1. Introduction

Recognition of the adverse effect of chlorofluorocarbon (CFC)
release into the atmosphéfehas led to an international effort
to replace CFCs with environmentally acceptable alternatives.
Hydrofluoroethers (HFES) are a class of compounds which have
been_developed to re_zplace .CFCS in applications such as t_he Under atmospheric conditions in the presence of 760 Torr of
cleamng_of electronic equipment, heat ”%”Sfef agents In gir collisional stabilization of the excited intermediate [EF
refrigeration systems, and carrier fluids for lubricant deposttion. OC()FCROH]* radical may be significant and thus the
CROCF=CF; (HFE-216, trifluoromethyl trifluorovinyl ether) mechanism proposed by Li et al. may not be relevant to the
has been proposed as an environmentally friendly replace-atmospheriC chemistry of GBCF=CF». To provide further
ment for the perfluorocarbons currently used as plasma etchingmsight into the mechanism of reaction 1 and the atmospheric
gas? CROCF=CF; is a volatile gas and may be released into iqation mechanism of GBCF=CF, we have used FTIR
the atmosphgrfe_durlng Its use. AtmOSphe”C O_X|dat|on of-CF smog chamber techniques to study the kinetics and products of
OCF=CF is initiated by reaction with OH radicals. reactions 1 and 2 at total pressures of- 700 Torr of air diluent.

o _CF
cry” ScF T4 oH T

OH + CF,OCF=CF, — products 1) Cl + CF,OCF=CF,— products (2)
The kinetics and mechanism of the reaction of OH with-CF 2. Experimental Section
OCF=CR, havesbeen studied by Li et %1i1n 1 Torr of helium All experiments were performed in a 140-liter Pyrex reactor
diluent. Li et al” reportky = 8.24 x 107" exp(~9641T) cm’ interfaced to a Mattson Sirus 100 FTIR spectromét&he
m0|ECU|€lZS over the telmE)lerature range 253‘;8 Kk = optical path length of the infrared beam was 27.7 m. The reactor
3.2 x 102 cm® molecule™t s™* at 298 K). Li et a observed,  as surrounded by 22 fluorescent blacklamps (GE F15T8-BL)
but did not quantify, the formation of HF and G@BC()FC-  \hich were used to photochemically initiate the experiments.

(O)F as products of reaction 1. The observation of HF as a The oxidation of CEOCF=CF, was initiated by reaction with

product of reaction 1 is interesting and novel. Under atmospheric oH radicals or Cl atoms which were generated by the photolysis
conditions, the reaction of OH radicals with alkenes proceeds of methyinitrite, or molecular chlorine, in 700 Torr total pressure

essentially exclusively via addition to the double bond to give of O,/N, diluent at 295+ 2 K, respectively,
a f(-hydroxy alkyl radical. The sole atmospheric fate of

B-hydroxy alkyl radicals is addition of ©to give the corre- Cl,+ hv —2Cl
sponding peroxy radicals which then react with NO, INBO,, .

or other peroxy radicals in the atmosphere to give a variety of CH;ONO+ hw — CH;0 + NO

products’ Direct production of HF from reaction 1 is not CH,0 + O, — CH,O + HO,
expected from the database for reactions of OH radicals with
other alkenes. The mechanism proposed by Li étfal. HF HO, + NO— OH + NO,

formation was

X + CF,0CF=CF, — CF;0CF(X)CFs
* Author to whom correspondence should be addressed. E-mail: .
twalling@ford.com. X + CF,OCF=CF, — CF,0C(s)FCFE,X
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where X= Cl or OH. Loss of CEOCF=CF,; and the formation

of products were measured by FTIR spectroscopy at a resolution
of 0.25 cnTl. IR spectra were derived from 32 coadded
interferograms. Reference spectra were acquired by expanding
known volumes of authentic reference compounds into the

ver Cl + CF,0CF=CF,

-
o

chamber. All reagents except @BINO were obtained from =

commercial sources at puritie99%. Ultrahigh purity synthetic Ty

air was used as the diluent gas in all experimentsz@WO (") 05

was prepared by the dropwise addition of concentratggiQy LL

to a saturated solution of NaNG@n methanol and was devoid 8

of any detectable impurities using FTIR analysis. Reference g

spectra of CEOCFCF,, COF,, and FC(O)C(O)F were ob- ®) °-°0 0 0.2 0.4 0.6 0.8 10 12
tained by expansion of calibrated volumes containing authentic <2 ' ) ' ] ' ] '
samples of these compounds into the reaction chamber. Unless &

otherwise stated all uncertainties quoted in the present manu- 6 OH + CFsoCF=CF2
script are 2 standard deviations from regression analyses. L”L 06 A

In smog chamber experiments, unwanted loss of reactants O

and products via photolysis, dark chemistry, and wall reactions O«;
have to be considered. Control experiments were performed to tL) 0.4
check for such unwanted losses of OEF=CF,, COF,, CFs- =
OC(O)F, and FC(O)C(O)F in the chamber; none were observed. 5 0.2

Three sets of experiments were performed. First, relative rate
techniques were used to determine rate constants for the
reactions of OH radicals and Cl atoms with4Ofc—=CF,, using
C,H4, CoH,, and GHsCI as reference gases. Second, the
products of the Cl atom initiated oxidation of gFCF=CF, in Ln([Reference], /[Reference],)

.700 .T.O” of air in _t_he presence and absence of NO were Figure 1. Loss of CROCF=CF, versus the reference compound$i&
identified and quantified. Third, the products of the OH radical " c,H, and GH, in the presence of either Cl atoms (top panel) or

initiated oxidation of CEOCF=CF; in the presence of NO were  OH radicals (bottom panel). Experiments were performed at 296 K in
measured. 700 Torr of air.

0.5

1.0 1.5 20

The kinetics of reaction 1 were measured relative to reactions

3. Result
esults 5 and 6.

3.1. Relative Rate Study ofk(Cl + CF3sOCF=CF;) and

k(OH+CF3sOCF=CF,). The kinetics of reaction 2 were CF,0CF=CF, + OH — products (1)
measured relative to reactions 3 and 4.
C,H, + OH — products (5)
CF,0CF=CF, + Cl — products (2)
C,H, + OH — products (6)
C,H, + Cl — products 3)
Initial concentrations were 2-23.7 mTorr CROCFCF,,
C,H.CI + Cl— products (4) 100 mTorr CHONO, 10 mTorr NO, and 6:819 mTorr of

either GH4, or GHy, in 700 Torr of air diluent. The observed
loss of CROCF=CF, versus those of reference compounds in
the presence of OH radicals is shown in the bottom panel of
Figure 1. Linear least-squares analysis of the data divés

Reaction mixtures consisted of 3.0 mTorr of LEF=CF,,
15—75 mTorr of Ch, and 7.776 mTorr of either GHy4, or
CoHsCl, in 700 Torr of either air or Mdiluent. The rate con-  —'0.29 4+ 0.02 andki/ks = 2.89 + 0.25. Usingks = 8.53 x
stantk, was derived by observing the relative loss rates of CF 1512 andks = 8.70 x 1023 cm® molecule® s~1 19we derive
OCF=CF; and the reference compounds; results are shown iny, — (2. 47 + 0.17) x 102 and (2.64+ 0.22) x 1012 cn®

the top panel of Figure 1.

Linear least-squares analysis of the data in Figure 1 gives
ko/ks = 0.324 0.02 andky/ks = 3.71+ 0.25. Usingks = 9.29
x 10711 8andk, = 8.04 x 10712 cm® molecule® s71,° we derive
ko = (2.97 + 0.19) x 101! and (2.98+ 0.20) x 10711 cm?
molecule’? s71. We estimate that potential systematic errors

molecule! s™1. We estimate that potential systematic errors
associated with uncertainties in the reference rate constants add
a 10% uncertainty range fdg. Propagating this additional
uncertainty givesg = (2.47 £ 0.30) x 10712 and (2.64+
0.34)x 10712 cm?® molecule® s71. We choose to cite a final
value fork; which is the average of those determined using the

associated with uncertainties in the reference rate constants addwo different reference compounds together with error limits

a 10% uncertainty range fdt,. Propagating this additional
uncertainty gives, = (2.974 0.35) x 1071 and (2.98+ 0.36)

x 107 cm® molecule® st We choose to cite a final value
for ks which is the average of those determined using the two
different reference compounds together with error limits which
encompass the extremes of the individual determinations. Hence
ko = (3.0 £ 0.4) x 10" cm?® molecule! s71, the quoted
uncertainty reflects the accuracy of the measurements.

which encompass the extremes of the individual determinations.
Hencek; = (2.6 4+ 0.3) x 1072 cm® molecule! s71. Quoted
error reflects the accuracy of the measurements. This result is
indistinguishable from the value &f = (3.22+ 0.51) x 10712

cm® molecule® s™ measured at 298 K in 1 Torr of helium
diluent by Li et al® Clearly reaction 1 does not display any
pressure dependence over the range 1 Torr of helium to 700
Torr of air.
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Figure 2. Infrared spectra acquired before (A) and after (B) a 40 s Of the composite data set (with and without NO present) gives
irradiation (using 2 fluorescent lamps) of a mixture of 3.7 mTorr of molar yield of COF; and CROC(O)F of 103+ 5% and 102+
CROCF=CF, and 14.8 mTorr of Glin 700 Torr of air. Panel (C) 49%.

shows the prod_uct spectrum obtained after su_btracting features attribut- The reaction of Cl atoms with GBCF=CF, proceeds via
able to CKOCF=CF from panel (B). Panel (D) is a reference spectrum - yiion to give two different substituted alkyl radicals which,

of COR,.. Subtraction of features attributable to CGFom panel (C) N . o . .
gives panel (E) where all the features are attributed tgOCKO)F. g]e?g;(;//vlrlgz?ga% rapidly (within 14s) to give the corresponding

3.2. Products and Mechanism of CI Atom Initiated
Oxidation of CF30CF=CF,. To investigate the products and
mechanism of the reaction of Cl atoms with LEF~CR
reaction mixtures consisting of 3.7 mTorr §FCF—=CF, 14.8 Cle + CF,OCF=CF, —~ CF,0C()FCF,Cl  (2b)
mTorr of Ch, and 3-10.4 mTorr of NO in 700 Torr of air were
introduced into the reaction chamber and subjected to UV CF,0C(CI)FCRs + O, + M — CF,0C(CI)FCEO,¢ + M
irradiation. Figure 2 shows typical spectra acquired before (A)
and after (B) a 40 s irradiation (using two fluorescent lamps) CF,0C()FCECI + O, + M — CF,0C(Qs)FCF,Cl + M
of a mixture containing 3.7 mTorr of GBCFCF, and 14.8
mTorr of Ck in 700 Torr of air. Subtraction of IR features While there is no available information concerning the
attributable to CEOCFCF, from_ (B) gives the product branching ratiok:4ko,, When the strong inductive effect of
spectrum shown in (C). Subtraction of IR product features fiyorine atom substituents and the mesomeric effect of the
attributable to COFfrom panel C gives a residual spectrum  oxygen atom are considered it seems likely that channel 2b will
with IR features at 1176, 1262, and 1900 ¢niThese residual  dominate. In the absence of definitive information concerning
features match in size and shape those of the IR spectrum ofk,ky, in the following discussion we will assume that both
CROC(O)F reported by Johnston et'éQuantification of Ck- radicals are formed. In the absence of NO, the two peroxy
OC(O)F was achieved using: (1299 cntl) = 1.09 x 10718 radicals undergo self- and cross-reactions which will generate
cn? molecule*.X1 Panel E shows our reference spectrum ofCF  alkoxy radicals, e.g.,

OC(O)F obtained by subtracting features attributable to £OF
from panel (C). COFand CROC(O)F were the only carbon-  CF,0OC(O»)FCECI + RO, —

Cle + CF,OCF=CF, —~ CF,OC(CFCFs  (2a)

containing products observed. CF,OC(O)FCR,Cl+ RO+ O,
Figure 3 shows a plot of the observed yields of G@Rd
CROC(O)F versus loss of GRCF=CF; following irradiation All peroxy radicals react rapidly with N& and for those

of CROCF=CF./Cly/air mixtures with (open symbols) and experiments where NO was present the sole fate of the peroxy
without (filled symbols) added NO. There was no discernible radicals will be reaction with NO. Such reactions generally
difference in the product yields between experiments conductedproceed via two channels giving alkoxy radicals as major
in the presence and absence of NO. Linear least-squares analysiproducts and alkyl nitrates as minor products, e.g.,
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CF,0C(Os)FCF,Cl + NO —
CF,0C(O)FCF,Cl + NO, (7b)

In the present work there was no evidence of nitrate formation
CF,0C(O,e)FCECI + NO — CF,0C(ONG,)FCFECI (7b)

showing that channel 7b is of minor importance. This observa-
tion is consistent with previous studies of halogenated alkyl
peroxy radicals which appear to produce little or no nitrate in
their reactions with NG? Whether by peroxy radical self- or
cross-reactions, or by peroxy radical and NO reactions, two
alkoxy radicals are produced; gBC(CI)FCROe and Ck-
OC(O)FCF,CI. From the fact that the observed CO&nd
CROC(O)F products account for 100% of the loss ofzCF
OCF=CF,, we conclude that both alkoxy radicals decompose
via C—C bond scission; see the reaction mechanism given in
Figure 4.
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Figure 4. Degradation mechanism for Cl atom initiated oxidation of
CROCF=CF,.
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3.3. Products and Mechanism of OH Radical Initiated
Oxidation of CF30CF=CF,. To investigate the mechanism
of reaction 6, mixtures of 3.7 mTorr of GBCF=CF,, 2851
mTorr of CHRONO, and 5.3-10 mTorr of NO in either 10 or
700 Torr of air were introduced into the reaction chamber and
irradiated using the UV fluorescent lamps. Figure 5 shows
typical spectra acquired before (A) and after) (8 6 min
irradiation (using 22 fluorescent lamps) of a mixture containing
7.4 mTorr of CROCF=CF,, 50 mTorr of CHONO, and 10
mTorr of NO, in 700 Torr of air. Subtraction of IR features
attribute to CEOCF=CF, and NO from panel (B) gives the
product spectrum shown in panel (C). By comparison with the
reference spectra of CQFCFR0OC(O)F, and FC(O)C(O)F shown

Mashino et al.
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Figure 5. Infrared spectra acquired before (A) and aftej é86 min
irradiation of a mixture of 7.4 mTorr of GBCF=CF,, 50 mTorr of
CH;ONO, and 10 mTorr of NO in 700 Torr of air. Panel (C) shows
the product spectrum obtained after subtracting features attributable to
CROCF=CF; and NO from panel (B). Panels (D), (E), and (F) are
reference spectra of CQFCROC(O)F, and FC(O)C(O)F, respectively.

The products following the OH-initiated oxidation of &F
OCF=CF, were investigated in either 700 or 10 Torr of air
diluent. The observed yields of C@FKcircles), CROC(O)F
(triangles), and FC(O)C(O)F (squares) are plotted versus the
loss of CROCF=CF; in Figure 6 for experiments conducted
in either 700 or 10 Torr of air diluent (top and bottom panels,
respectively). Linear least-squares analysis gives molar yields
of COR, CROC(O)F, and FC(O)C(O)F of 96 5%, 53 +
4%, and 40t 3%, and 104t 6%, 8+ 2%, and 69+ 8%, for
experiments conducted in 700 and 10 Torr of air diluent,
respectively. The combined yields of CQEEROC(O)F, and
FC(O)C(O)F account for 9% 5% and 86+ 7% of the Ck-
OCF=CF; loss observed at 700 and 10 Torr total pressure,
respectively.

It should be noted that the initial reagent concentrations,
irradiation times, and fractional conversions of JOEF=CF,
were essentially identical for the two sets of experiments shown
in Figure 6; the only significant difference was the total pressure
of diluent gas (700 or 10 Torr). It is clear from inspection of
Figure 6 that the CJFOC(O)F and FC(O)C(O)F product yields

in panels D, E, and F it can be seen that these compounds arere dependent upon the total pressure. Decrease in total pressure
formed as products. There were no other carbon-containingfavors FC(O)C(O)F at the expense of LLOC(O)F. This

products detected.

observation can be rationalized in terms of a competition
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between decomposition via HF elimination and collisional
stabilization for the excited [(JOC(e)FCF,OH]* intermediate.

_CF,
ek cF T+

Formation of FC(O)C(O)F after HF elimination from [&F
OC(e)FCFR,0OH]* radicals is explained by the following reac-
tions:

CF,0C()FCF,0H — CF,0C(e)FC(O)F+ HF
CF,0C()FC(O)F+ O, + M — CF,0C(Oy)FC(O)F+ M
CF,0C(O,)FC(O)F+ NO — CF,0C(Gs)FC(O)F+ NO,

CF,0C(Gs)FC(O)F— CF;0e + FC(O)C(O)F

CRs0e radicals react rapidly with NO to give CQE
CF,0e + NO— COF, + FNO

Formation of CEOC(O)F after collisional stabilization of

[CF30C(e)FCF,OH]* radicals is explained by the following

reactions:

CF,OC()FCROH+ O, + M —
CF,0C(Q#)FCF,OH + M

CF,0C(Qs)FCF,0OH + NO —
CF,0C(O»)FCF,0H + NO,

CF;,0C(0Gs)FCF,OH — CF,0C(O)F+ «CF,0OH
+CF,0OH radicals react with ©to give COR.13
«CF,OH + O, — COF, + HO,»

Our observation of an increased yield of FC(O)C(O)F with

decreased total pressure is entirely consistent with the observa- 0.0

tion of HF and CEOC(s)FC(O)F products by Li et &.in 1
Torr of helium.

In the discussion thus far we have considered only the fate
of the radical following OH addition of the terminal carbon
atom. The formation of FC(O)C(O)F product can only be
ascribed to chemistry following OH addition at ts&CF, group,
the 69+ 8% vyield of FC(O)C(O)F at low pressure provides a
lower limit for the fraction of OH attack that occurs at the
=CF, group. Li et al searched for evidence of products
expected from OH addition to theCF= position but none were
found. As seen from Figure 6, the C®¥eld in experiments
conducted at 10 Torr total pressure was slightly greater than
that at 700 Torr total pressure. This difference may be an
indication of the importance of a minor channel involving OH
addition to the—CF= position followed by HF elimination
which is expected to produce two molecules of G@Rd one
of COy:

J. Phys. Chem. A, Vol. 104, No. 13, 200929
OH + CF,0CF=CF, — [CF,OCF(OH)ChRs]*
[CF,OCF(OH)CRge]* — CF,0C(O)CRe + HF

CF,0C(0)CRe + O, + M — CF,0C(0)CFR00» + M

CF,0C(0)CK00s + NO — CF,0C(0)CF,0e + NO,

CF,0C(0)CF,0s — CF,0C(Op + COF,
CF,0C(O) + O, + M — CF,0C(0)0G + M
CF,0C(0)0G + NO — CF,0C(0)3 + NO,

CF,0C(0)® — CF,0e + CO,

Small amounts of C®were formed in the smog chamber
following irradiation of CROCF=CF,/CH3;ONO/NO/air mix-
tures. However, the formation of G&om secondary reactions
following CH3;ONO photolysis precludes any estimate of the
CQ, yield from CRROCF=CF;, oxidation. While we are not able
to exclude a minor channel of reaction 1 occurring via addition
on the middle carbon atom, it is clear that the majority of the
reaction proceeds via attack on the terminal carbon atom.

The simplest way to account for the observed products in
the present study and that of Li et®als to assume that
essentially all of the OH reaction with @@CF=CF, occurs
via addition to the terminal carbon atom to give an excited
adduct which either eliminates HF, or undergoes collisional
stabilization. As discussed above, the chemistry following
elimination of HF leads to the formation of FC(O)C(O)F and
COFR, while that after collisional stabilization leads to §0FC-
(O)F and COEL.
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Produ

1.5 1

1.0 H

0.5 H

0.0

0.0 0.5 1.5 2.0
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Figure 6. Formation of COF (circles), CROC(O)F (triangles), and
FC(O)C(O)F (squares) versus loss of;OEF=CF,; following the UV
irradiation of CROCF=CF,/CH;ONO/NO at 296 K in either 700 (top
panel) or 11 Torr (bottom panel) of air diluent.
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4. Implications for Atmospheric Chemistry

We present herein a substantial body of kinetic and
mechanism data pertaining to the atmospheric chemistry gf CF
OCF=CF, (HFE-216). The atmospheric lifetime of HFE-216
is determined by its reaction with OH radicals which occurs
with a rate constant d§, = (2.6 & 0.3) x 10-12cm? molecule’®
sl at 296 K in 700 Torr of air. The atmospheric lifetime of
CROCF=CF, with respect to reaction with OH can be
estimated using three pieces of information: the valud;of
given abovek(OH + CCl3CHz) = 1.0 x 10714 cm? molecule®
s 1 at 296 K& and the atmospheric lifetime of C{IHz with
respect to reaction with OH 5.9 years: This approach gives
an atmospheric lifetime of GBCF=CF, with respect to
reaction with OH of 0.023 years (8 days).

The OH radical initiated atmospheric oxidation of £F
OCF=CF, gives COR, CROC(O)F, and FC(O)C(O)F in molar
yields of 90, 53, and 40%. As with other fluorinated carbonyl
compounds the atmospheric fate of GOEROC(O)F, and FC-
(O)C(O)F is expected to be incorporation into water droplets
within a time frame of 515 days followed by hydrolysis to
give HF and CQ1!2® The atmospheric degradation of HFEs
produces the same fluorinated radical species as formed durin
the degradation of HFCs. HFCs do not impact strato-
spheric ozon® and the same conclusion applies to HFEs3-CF
OCF=CF,; has an ozone depletion potential of zero.

Finally, we need to consider the potential for{OEF—=CF,

to impact the radiative balance in the atmosphere. The infrared

spectrum of CEOCF=CF; is shown in Figure 7. The absorption
cross section for GOCF=CF, integrated over the range 1160
1200 cntlis (2.674 0.30) x 10716 cm molecule? (base e),

Mashino et al.

measurement, and is consistent with the previous determination
of 2.48 x 10716 cm molecule!.> The method of Pinnock et
all® was used to calculate the instantaneously cloudy-sky
radiative forcing of CEOCF=CF,, from the measured absorp-
tion cross section. The instantaneous radiative forcings gf CF
OCF=CF; and CFC-11 were calculated to be 0.28 \W/amd

0.26 W/n#, respectively. The global warming potential (GWP)
was estimated using the expression

IFcroce—cr, Terocr—cr, Mcre_1s

GWP, =
T M
crc-11 Mcrocr=cr,

t
l—exg————
TCF,0CF=CF,

1—ex;{— t ‘)
TeFe-1

where IF, 7, and M are the radiative forcing, lifetime, and
molecular weight of the two compounds arid the time horizon
over which the forcing is integrated. Usingroce—cr, = 8
days andrcrc-11 = 50 years we estimate that the GWP of
CROCF=CFR,is~1.20 x 102 for a 20 year horizon ang4.57

x 1074 for a 100 year time horizon. The GWP of &F
OCF=CR, is negligible. A similar conclusion was been reached
by Li et al>

II:CFC—ll
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