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Relative rate techniques were used to meak(€é+ CRCH,OCHFR,) = (1.24 0.1) x 104, k(Cl + CFs-
CHCIOCHR,) = (5.4 4 0.5) x 1075, k(Cl + HC(O)OCHR) = (2.0+ 0.2) x 104 andk(Cl + CRC(O)-
OCHR,) < 4 x 107" cm® molecule* st at 295 K. Cl atoms react with GEHCIOCHF, (isoflurane, HCFE-
235da2) via H-atom abstraction to give L) CIOCHF, and CRCHCIOCE)F, radicals in yields of 92%

and 8%. OH radicals react with @EHCIOCHF, via H-atom abstraction to give GE(s)CIOCHF, and Ck-
CHCIOC)F; radicals in yields of 95% and 5%. @E(e)CIOCHF, and CRCHCIOC¢)F, add Q to give
peroxy radicals which react with NO to give the alkoxy radicalg@Ps)CIOCHF, and CRCHCIOC(G)-

F.. The atmospheric fate of GE(O»)CIOCHF,; radicals is decomposition via elimination of a Cl atom to
give CRC(O)OCHR and is unaffected by the method used to generate th&€(Cr)CIOCHF, radicals.
Reaction of Cl atoms with GEH,OCHF, (HFE-245fa2) proceeds via H-atom abstraction to givedié-
HOCHF,; radicals in a yield which is indistinguishable from 100%. The fate of the alkoxy radicgC-CF
(Oe)HOCHF, is affected by the method in which it is generated. There are two competing fates for
CF;C(Os)HOCHF, radicals formed by the reaction of gE{OO)HOCHF, with other peroxy radicals;
bimolecular reaction with o give CREC(O)OCHF; and unimolecular decomposition via-€ bond scission

to give a Ck radical and HC(O)OCHJ In contrast, decomposition is the only observable fate ofGEF
(Oe)HOCHF, produced via the GE(OG)HOCHF, + NO reaction. We ascribe this observation to the
formation of vibrationally excited GIE£(Oe)HOCHF, radicals in the CEC(OOG)HOCHF, + NO reaction. IR
spectra of CEC(O)OCHR, and HC(O)OCHE are presented. The results are discussed with respect to the
atmospheric chemistry of GEHCIOCHF, and other ethers.

1. Introduction yearl5 The atmospheric oxidation of GEHCIOCHF, is
Trifluoroacetic acid, CEC(O)OH, has been detected in initiated by reaction with OH radicals which is expected to

surface waters (oceans, rivers, and lakes) and in fog, snow, an roceed predomlnantly via H-atom abstracn(_)n to give .the

rainwater samples around the glébtand is a ubiquitous ;:;C(‘)C|Q§|:HF2 ra}dlcarll.loln the atmg_sphere this raézl_lcall will

component of the hydrosphere. No significant natural sources® Q rapidly to give the corresponding peroxy radical.

of trifluoroacetic acid have been identifiédnd it is believed

that trifluoroacetic acid isnot a natural component of the ~ CFCHCIOCHF, + OH— CF,C(s)CIOCHF, + H,O (1a)

freshwater environmeftThere is a significant research effort

focused on the identification and quantification of anthropogenic CF;C(¢)CIOCHF, + O, + M — CF,C(OG)CIOCHF, + M

CRC(O)OH sources. The atmospheric degradation of the (2)

anesthetic halothane (@EHCIBr) and the CFC replacement

HFC-134a (CECFH,) gives CRC(O)OH fluxes of approxi- It is expected that CJ£(OO»)CIOCHR; radicals will react with

mately 520 and 1200 metric tons yeaf® Pyrolysis of NO to give the corresponding alkoxy radical and possibly the

fluoropolymers also appears to be a significant source @C€F  nitrate CRC(ONQ,)CIOCHFR.”

(O)OH23° While the global production of fluoropolymers is

substantial (40 000 metric tons yeain 1988), it is unclear .

what fraction undergoes pyrolysis and conversion tgG{B)OH. CRC(OO)CIOCHR, + NO = CRC(O:)CIOCHF, + NO,
Isoflurane (CECHCIOCHR,) is an anesthetic and is emitted (3a)

into the atmosphere at a rate of approximately 750 metric tons CF;C(OO)CIOCHF, + NO + M —

CF,C(ONQ,)CIOCHF, + M (3b)
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There are three possible fates of thes;C§e)CIOCHF,
radical: elimination of a Cl atom, CHP radical, or Ckradical.

CF,C(0»)CIOCHF, — Cls + CF,C(O)OCHF,  (4)

1.5

CF,C(0»)CIOCHF, — CF,C(O)Cl+ «OCHF,  (5)
1.0

CF,C(0»)CIOCHF, — CF;e + CIC(O)OCHF,  (6)

The first two possible fates lead to species {C{@©)OCHE,

and CRC(O)CI) that will undergo hydrolysis to give GE-
(O)OH. In process 6 the-€C bond is broken and there will be
no formation of CEC(O)OH. There is no available information
concerning the relative importance of processes$ 4n the
atmospheric chemistry of isoflurane. To assess the contribution
of isoflurane to the C§Z(O)OH budget, we have conducted an
experimental study of the atmospheric oxidation products of
isoflurane. For completeness, the oxidation mechanism of the
related compound GEH,OCHF, (HFE-245fa2) was also
studied. Results are reported herein.

0.5
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2. Experimental Section

All experiments were performed using a 140-L Pyrex reactor 10

interfaced to a Mattson Sirus 100 FTIR spectrometer described
in detail elsewheré! The reactor was surrounded by 22
fluorescent blacklamps which were used to photochemically
initiate the experiments. The oxidation of §&FHCIOCHF,; and
CRCH,OCHF, was initiated by reaction with Cl atoms or OH
radicals in 700 Torr of NO, diluent at 295+ 2 K. The loss of
CRCHCIOCHFR, and CRCH,OCHF, and the formation of
products were monitored by Fourier transform infrared spec- 0.0
troscopy using an infrared path length of 27 m and a spectral 00 05 10 15 20 25 30 35
resolution of 0.25 cm'. Infrared spectra were derived from 32 Ln([methane], /[methane],)
co-added interferograms. ) i t

Three sets of experiments were performed. First, relative rate Fk;gijtre 1. De(l:ay of CEC"'t(.:'OCIHE (tog gane_l) f‘”d _ij;H?oCHFZ
techniques were used to study the kinetics of the reactions ofgfocf’;?orﬁgeir? \;grosfoﬁtgf”;?gate?g%n}(. i(circles) in the presence
Cl atoms with CECHCIOCHF, and CRCH,OCHF.. Second,
the products of the Cl atom initiated oxidation of £F  the atmospheric fate of alkoxy radicals, relative rate experiments
CHCIOCHF, and CECH;OCHF, were investigated by irradiat-  \ere performed to investigate the kinetics of reactions 8 and 9.
ing CRCHCIOCHR/CIo/O2/N2 and CRCHO0CHR/Cl/O2/N; The techniques used are described in detail elsewRegé.

mixtures. Third, the products of the OH radical initiated atoms were generated by photolysis of molecular chlorine.
oxidation of CRCHCIOCHF, were determined by irradiating

0.5

Ln([CF,CH,OCHF,], /[CF,CH,OCHF,])

mixtures containing CFEHCIOCHR,, CH;ONO, and NO in air. Cl, + hv — 2Cl @)
Initial concentrations of the gas mixtures for the relative rate
experiments were-46 mTorr of reactant (CJ2EHCIOCHF, or The kinetics of reactions 8 and 9 were measured relative to

CRCH,OCHR,), 12—28 mTorr of reference (Clr CDy), and reactions 10 and 11.
296-701 mTorr of C} in 700 Torr of air diluent. In the CI

atom initiated product studies, reaction mixtures containel 4 Cl + CF,CHCIOCHEF, — products (8)
mTorr reactant (CJCHCIOCHFR, or CRCH,OCHF,), 111-

1820 mTorr C4, and 6-700 Torr Q in 700 Torr of N diluent. Cl + CF,CH,0OCHF, — products 9)
For the OH-initiated experiments, the reaction mixtures con-

tained 438-672 mTorr of CERCHCIOCHF,, 157-216 mTorr Cl 4+ CH, — products (10)
of CHsONO, 4-5 mTorr of GH4, and 5-6 mTorr of NO in

700 Torr of air diluent. All experiments were performed at 295 Cl + CD, — products (11)

K. The samples of Cf£HCIOCHF, and CRCH,OCHF, used

in this work were supplied by the Solvay Chemical Company The gbserved losses of GEHCIOCHFR, and CRCH,OCHF,

?t stated puritie;ls o#gg,?g% an:l were SUbjiCted to repeated | or5us those of reference compounds in the presence of Cl atoms
reeze-pump-thaw cycling before use. The uncertainties e shown in Figure 1. Linear least-squares analysis of the data

reported in this paper are two standard deviations unless; Figure 1 giveskg/kio = 0.06+ 0.01, kg/kis = 0.80+ 0.07
otherwise stated. Standard error propagation methods were use ko= 0.12+ 0.01 and<9)k11 = 1'_9011 0.10. Mﬁltiplica.tior;

to combine uncertainties where appropriate. of these ratios by literature values flop andk; 1 provides two

3. Results independent determinations kf and kg. Using kip = 1.0 x
: 1088 andky; = 6.1 x 102 giveskg = (6.0 £ 1.0) x
3.1. Relative Rate Studies of the Reactions of Cl with 10715 kg = (4.9 £ 0.5) x 10715 kg = (1.20+£ 0.10) x 10714,
CF3CHCIOCHF ; and CF3CHOCHF». Prior to investigating and kg = (1.16 & 0.06) x 10714 cm® molecule® s1. We
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6 Linear least-squares analysis of the corrected data in Figure 2
gives a molar yield of CEEHCIOCHF, of 95 + 8%. The UV
irradiation of CRCH,OCHF,/CI,/N, mixtures produces GF

S5 o CHCIOCHR; in a yield which is indistinguishable, within the
experimental uncertainties, from 100%. We conclude that the
reaction of Cl atoms with GJEH,OCHF, proceeds essentially

Ar exclusively via attack at the CH,— site to give CEC(e)HOCHF,
radicals which then react with molecular chlorine to give;CF
3l CHCIOCHF,.
© « * ° Using ke/kio = 0.06 + 0.01, kg/k;; = 0.80+ 0.07, ke/kyo =
° 0.12+ 0.01, andkg/kys = 1.90+ 0.10 (reported in section 3.1),
2L ° we can derive two independent determinationggis = 0.50

4 0.09 andkg/kg = 0.424 0.05. Substitution of one of the two
hydrogens at the-CH,— site by a chlorine atom (i.e., GF
1 CH,OCHF, — CRCHCIOCHR,) leads to a reduction in

A [CF,CHCIOCHF,] (mtorr)

. reactivity of the molecule of approximately a factor of 2. It
0 L , 1 1 , seems reasonable to speculate that the majority of the reaction
0 1 2 3 4 5 6 of Cl atoms with CECHCIOCHF,; occurs at the secondary
carbon atom. It would appear that th&CHF, group makes a
A [ CF,CH,OCHF,] (mtorr) minor contribution to the overall reactivity of GEH,OCHR,
Figure 2. Formation of isoflurane GEHCIOCHF; versus loss of G and CECHUOCH_FZ- )
CH;OCHF,; following irradiation of mixtures of 5 mTorr of GJEH,- 3.3. Atmospheric Fate of the Alkoxy Radical CREC(Oe)-

OCHR, and 1.5 Torr of Gl in 700 Torr of N diluent. Filled symbols CIOCHF,. The reaction of Cl atoms with GEHCIOCHR

are the observed data; open symbols have been corrected for secondanyenerates GJE(s) CIOCHF, radicals. CEC(s) CIOCHF; radicals

reaction with Cl atoms; see text for details. are expected to react rapidly with,@ give peroxy radicals.
The peroxy radicals will undergo self-reaction to give the alkoxy

estimate that potential systematic errors associated with uncer-agical, CEC(0s)CIOCHF.. The Cl atom initiated oxidation of

tainties in the reference rate constants contribute an additionalcF,CHCIOCHR in air provides a convenient method to study

10% uncertainty range fdg andk. Propagating this additional  the atmospheric fate of GE(Os)CIOCHR; radicals.

unciasrtainty givesks = (6.0+ 1.214>< 10715, kg = (4.9£ 0.7) x Figure 3 shows spectra acquired before (A) and after (B) a 3
10715 ko = (1.20+ 0.16) x 102 andko = (1.16+ 0.13) x min UV irradiation of a mixture of 6 mTorr of GIEHCIOCHR,
10"**cm® molecule™* s™*. We choose to cite final values & 207 mTorr of C}, and 10 Torr of @in 700 Torr of N, diluent.

andke which are averages of those determined using the two pane| C in Figure 3 shows the product spectrum obtained by

different reference compounds together with error limits which gyptracting features attributable to LFHCIOCHF, from panel
encompass the extremes of the individual determinations. Hence_ By comparison of the 19062000 cnt? region in panel C

ks = (5.5+ 1.7) x 107" andkg = (1.2+ 0.2) x 10 * cm? with the reference spectrum of C@Rpanel D), it was

molecule™ 1. _ _ _ determined that COfis a product. IR features attributable to
There have been three previous studielg@indko. Kambgnls CRC(0)Cl and CEOsCFs (product expected if Gfradicals
etalused a very low pressure reactor to measyie helium are formed in chamb@8rwere sought but not found. Upper limits

diluent (the total pressure was not specified but was probably of 395 and 5% were derived for the molar yields of£CEO)CI
a few millitorr) and reportedg = (3.11 4 0.14) x 10 at and CRO:CFs, respectively.

303 K. Hickson and Smifft used relative rate methods in 700 There are three possible fates of the;CEI(Os)OCHR
Torr of No/O; diluent and reportedts = (4.3 £ 0.7) x 107° radical: elimination of either a Cl atom, CHB radical, or Ck
andky = (1.2 £ 0.2) x 10 cnm?® molecule’? s71 at 295 K. radical.

Beach et al8 employed a discharge flow resonance fluorescence

technique in 2.6-3.4 Torr of helium diluent and measurégl CF,C(0s)CIOCHF, — Cle + CF,C(O)OCHE,  (4)
= (5.94 0.5) x 1015 at 294 K anckg = (1.1+ 0.1) x 10734

cm® molecule! s™1 at 318 K. The results from the present work CF,C(0»)CIOCHF, — CF,C(O)Cl+ «OCHF,  (5)
and the previous studies of Hickson and Sitignd Beach et

al 1% are indistinguishable within the experimental uncertainties, CF,C(Os)CIOCHF, — CF,e + CIC(O)OCHFE,  (6)
while the value ofkg reported by Kambanis et &. is

approximately a factor of 2.5 times larger. The absence of any observablesCEO)CI or CRO3CF; shows

3.2. Mechanism of the Reaction of ClI Atoms with that pathways 5 and 6 are of minor importance. By a process
CF3CH,0OCHF; and CF;CHCIOCHF,. Experiments were of elimination, we conclude that pathway 4 is the major fate of
conducted using GEH,OCHF,/CI,/N, mixtures to provide CRsC(0s)CIOCHF, radicals.
information on the mechanism of the reaction of Cl atoms with  Subtraction of IR features attributed to COffom panel C
CRCH,OCHF,. CRCHCIOCHF, was the only product ob- in Figure 3 gives the residual spectrum shown in panel E. The
served in these experiments. Figure 2 shows a plot of CF features in panel E scaled linearly in all experiments suggesting,
CHCIOCHF, formed versus C#&£H,0OCHF,; consumed follow- but not proving, that they are attributable to one product. We
ing UV irradiation of mixtures containing 5 mTorr of assign the spectrum in panel E to LFO)OCHFE, formed in
CRCH,OCHF and 1.5 Torr of Glin 700 Torr of N diluent. reaction 4. The IR features at 1050, 1117, 1200, 1250, and 1827
The filled symbols are the observed data. The open symbolscm™ can be assigned to(C—F), v(Co—0), v(Ce—0), v(F—
show the result of correction for secondary loss of3CF Cg), andv(C=0) stretches, respectivelj.

CHCIOCHR, via reaction with CI atoms. Corrections were Experiments were conducted usingsCHCIOCHF,/CIl,/O,/
computed using values ¢ andkg reported in section 3.%. N, mixtures with the oxygen partial pressure varied over the
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Figure 3. IR spectra of a mixture of 6 mTorr of GEHCIOCHR,

207 mTorr of C4, and 10 Torr of @in 700 Torr of N, before (A) and
after (B) 3 min UV irradiation. Panel C is the product spectrum obtained
by subtracting features attributable to LHCIOCHF, from panel B

(C = B — 0.28A). Panel D shows a CQReference spectrum.
Subtraction of COFfeatures from panel C gives the features shown
in panel E which we assign to @E(O)OCHFR.

6

w >

A [products] (mtorr)

2 3

4
A [CF,CHCIOCHF,] (mtorr)

5

Figure 4. Formation of CEC(O)OCHF, (circles) and COf(triangles)
versus loss of CEHCIOCHR, following UV irradiation of Ck-
CHCIOCHFR,/CI, mixtures in 700 Torr of WO, diluent with [Q] =

700 (open symbols), 147 (filled symbols), 10 (light gray symbols), or
3 Torr (dotted symbols). Results from experiments conducted using
CRCHCIOCHR/CI/NO/air mixtures are indicated by the open symbols
with crosses.

range 3-700 Torr. As shown in Figure 4, there was no
discernible effect of [G] on the observed COQFRand CRC(O)-
OCHEF, yield. Linear least-squares analysis of the G@&ta

Wallington et al.

gives a molar yield of 8.2+ 0.6%. There are two possible
mechanisms by which CQFan be formed following the UV
irradiation of CECHCIOCHR/CI,/O2/N, mixtures. The first
possibility is that CEC(Os)CIOCHF,; radicals decompose via
reaction 5 to generat€OCHF, radicals which will react with
O, to give COFE:
*OCHF, + O, — COF, + HO, (12)

If reaction 5 followed by reaction 12 were the source of the
COFR,, we would observe GE(O)CI in a molar yield indistin-
guishable from that of CQOF(i.e., 8.2+ 0.6%). The second
possibility is that a small fraction (e.g., 8%) of the reaction of
Cl atoms with CECHCIOCHF, proceeds via attack at the
—OCHF, moiety leading to the formation of GEHCIOCF,O(e)
radicals which then decompose:

CF,CHCIOCFEO(s) — CF,CHCIO() + CF,O  (13)
CRCHCIO(e) radicals formed in reaction 13 undergo unimo-
lecular decomposition (via either-&C bond scission, Cl atom
elimination, or three center HCI eliminati&hand bimolecular
reaction with Q.

CF,CHCIO(s) — decomposition products (24)

CF,CHCIO() + O, =~ CF,C(O)CI+ HO,(s)  (15)
While the relative importance of reactions 14 and 15 fog-CF
CHCIO() radicals produced in reaction 13 is unknown, it is
clear that if reaction 13 were the source of GQfe would
observe CEC(O)CI formation in a molar yield less than, or equal
to, that of COf; (i.e., <8.2%). As noted above, GE(O)Cl was
not an observed product in the experiments. The upper limit
for the molar yield of CEC(O)CI (<3%) is inconsistent with
the first possible mechanism for C@Formation but is
consistent with the second. The simplest explanation of the
observed formation of CQHs that reaction 8 proceeds via two
channels withkgy/(ksa + ksp) = 0.082+ 0.006 and that reaction
13 is the source of CQF

Cl + CF,CHCIOCHF, — CF,CCI(s)OCHF, + HCI (8a)
Cl + CF,CHCIOCHF, — CF,CHCIOC)F, + HCI (8b)

Calibration of the CEC(O)OCHFR, reference spectrum was
achieved by assuming that g&{O)OCHF, was formed in a
yield = Kg(ksa + ksp) = 0.918. The integrated absorption cross
section of the carbonyl stretch of gE{O)OCHF, at 1800~
1855 cnttwas (2.14 0.4) x 10717 cm molecule?. The quoted
uncertainty reflects an assessment of the accur&@p%) of
the measurement. As seen from Figure 4, the concentration of
CRC(O)OCHEF, increased linearly with the loss of GF
CHCIOCHFR,. This linearity suggests that the reactivity of ClI
atoms toward C§C(O)OCHF, is substantially lower than that
toward CRCHCIOCHR,. The reactivity of Cl atoms toward
CRC(O)OCHF, was quantified by irradiating GEHCIOCHF,/
Cly/air mixtures until all ¢98%) of the CECHCIOCHF, was
consumed, adding CPresuming UV irradiation, and monitor-
ing the subsequent loss of gFHO)OCHF, and CD. In such
experiments there was no observable 10s8%) of CFRC(O)-
OCHF, while there was up to 96% consumption of £Dsing
K(Cl + CD4) = 6.1 x 1071512 an upper limit ofk(Cl + CFsC-
(O)OCHR) < 4 x 107" cm® molecule® s71 is derived.
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Alkoxy radicals formed in the reaction of peroxy radicals
with NO possess vibrational excitation which may influence
the importance of decomposition pathwd9y3.0 check for such
effects, experiments were performed using the irradiation gf CF
CHCIOCHR/CIZ/NO mixtures in 700 Torr of WO,. As seen
from Figure 4, the CEC(O)OCHER, yield in the presence of NO
was indistinguishable, within experimental uncertainties, from
that in the absence of NO. We conclude that the atmospheric
fate of CRC(Oe)CIOCHF, radicals is decomposition via
elimination of a Cl atom to give GFC(O)OCHF, and is
unaffected by the method used to generate thgCOQbe)-
CIOCHR,; radicals (reaction of GJ£(O0s) CIOCHFR, with either
NO or with other peroxy radicals).

CF.,C(OO»)CIOCHF, + RO, —
CF,C(Os)CIOCHF, + RO+ O, (16)

CF,C(OO»)CIOCHF, + NO—
CF,C(Os)CIOCHF, + NO, (3a)

From Figure 4 it can be seen that the yields of GOBserved

in experiments conducted in the presence and absence of NO

are indistinguishable. This observation is surprising, as it would
be expected that in the presence of NO the;@HCIO()
radicals produced in reaction 13 would be converted into £OF

CF,CHCIO(s) — CFy(s) + HC(O)CI

CFy(s) + O, + M — CF,006) + M

CF,00() + NO— CF,0(s) + NO,
CF,0(s) + NO— COF, + FNO

while in the absence of NO the there would be no such
conversion.

CF,CHCIO(@) — CFy(s) + HC(O)CI

CFy(e) + O, + M — CF,00() + M
CF,00() + CF00() — CF,0" + CF,0(s) + O,

CF,00(s) + CF,0(s) — CF,000CF,

Hence, we would expect the C@¥eld in the presence of NO

to be twice that in the absence of NO. It appears that
CRCHCIO(e) radicals are not converted effectively into COF
in the present experiments. A possible explanation for this
observation is that GEHCIO() radicals are converted into GF
CO(e) (either by intramolecular HCI elimination or via Cl atom
elimination followed by secondary reaction of £LFHO with

Cl atoms) and that these radicals adgadd then NQto give

the relatively stable peroxy nitrate g&{O)OONQ, thereby
preventing further COf formation. At the concentrations
expected in the present experiment)(5 mTorr), CEC(O)-
OONO; would escape detection by FTIR analysis.

3.4. Atmospheric Fate of the Alkoxy Radical CEC(Oe)-
HOCHF,. To investigate the atmospheric fate of 4CiOe)-
HOCHF, radicals, CECH,OCHF,/CIy/N2/O, mixtures were
introduced into the chamber and subjected to UV irradiation.
The CI atom initiated oxidation of GEH,OCHF, generated
four carbon-containing products: CQRR03CR;, CRC(O)-
OCHF,, and an unknown compound. Figure 5 shows IR spectra

J. Phys. Chem. A, Vol. 106, No. 36, 2002395
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Figure 5. IR spectra of a mixture of 5.6 mTorr of GEH,OCHR,
and 140 mTorr of Glin 700 Torr of Q before (A) and after (B) 1 min
UV irradiation. Subtraction of IR features of gFH,OCHF, and COFk
from panel B gives panel C. Subtraction of IR features of@P)-
OCHF,; (see panel D) and GB;CF; from panel C gives the residual
spectrum shown in panel E which we attribute to HC(O)OgHF

acquired before (A) and after {2 1 min UV irradiation of a
mixture of 5.6 mTorr of CECH,OCHF, and 140 mTorr of Gl
in 700 Torr of Q. The product feature at 196@000 cnT?lin
panel B is attributable to CQFsee panel D in Figure 3).
Subtraction of IR features attributable to £LH,OCHF, and
COFR, from panel B gives panel C (note changeyedxis scale).
Comparison of panel C with a spectrum of {CFO)OCHFR,
(panel D) demonstrates the formation of this species.
Experiments were performed using @artial pressures varied
over the range 50700 Torr. Figure 6 shows the formation of
CRC(O)OCHER, versus loss of CJ£H,OCHEF, for experiments
conducted using [§ = 50, 105, 200, 415, and 700 Torr.
Increasing @ partial pressure led to an increase in the;GF
(O)OCHR, yield and a corresponding decrease in the yield of
the unknown product. The simplest explanation of the experi-
mental observations is that reactions 15 and 16 compete for
the available CEC(Os)HOCHF, radicals and that the unknown
is HC(O)OCHPR.

CF,C(Os)HOCHF, — CF, + HC(O)OCHF,  (17)

CF,C(Os)HOCHF, + O, — HO, + CF,C(O)OCHF; (18)

Subtraction of features attributable to £LFO)OCHF, and
CRO3CF; from panel D in Figure 5 gives the residual spectrum
shown in panel E in Figure 5 which we assign to HC(O)OGHF
By analogy to the published spectrum of HC(O)QE#he IR
features at 1043, 1123, 1248, 1285, 1375, and 1780 can
be assigned to(C—F), v(Co—0), v(F—Cop), v(F—Cop), v(H—
Cy—0), andv(C=0) stretches, respectively. The 1750810
cm! band in HC(O)OCHFhas an integrated absorption cross
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Figure 6. Formation of CEC(O)OCHR, versus loss of C}£H,OCHR,
following UV irradiation of CRCH,OCHF,/CI,/O, mixtures in 700 Torr

of Nz diluent with [Q,] = 50 (filled triangles), 105 (open circles), 200
(filled squares), 415 (open triangles), or 700 Torr (filled circles). Lines
indicate linear least-squares fits to the data which give molar yields of
0.06+ 0.01, 0.09+ 0.01, 0.14+ 0.01, 0.22+ 0.02, and 0.36+ 0.02.

section (base) = (2.3 4 0.7) x 10717 cm molecule! which
is similar to the absorption strength of the 177860 cnt?!
band in HC(O)OCE (3.1 0.4) x 107" cm molecule.18
Figure 7A shows the observed formation of HC(O)OGHF
CRC(O)OCHER, and CO; following successive UV irradia-
tions of the mixture of 6 mTorr of GEH,OCHF,, 740 mTorr
of Cl,, and 400 Torr of @in 700 Torr total pressure of N
diluent. As seen from Figure 7A, the formation of £LKO)-
OCHF, increased linearly with the GEH,OCHF, loss. In
contrast to the behavior of GE(O)OCHPF,, the data plots for
HC(O)OCHFR, and COFR in Figure 7A are distinctly curved.
This behavior suggests that HC(O)OCHiS consumed and
COR, is formed via secondary reactions involving Cl atoms.

HC(O)OCHF, + Cl — ()C(O)OCHF, + HCI  (19)

(+)C(O)OCHE, + O, + M — (s)OOC(O)OCHE + M(ZO)

(YOOC(O)OCHE + (2)OOC(0)OCHFE; —
(9)OC(O)OCHE; + ())OC(O)OCHE, + O, (21)

(+)OC(O)OCHF, — (s)OCHF, + CO, (22)

(¢)OCHEF, + O, — COF, + HO, (12)

Figure 8 shows a plot of the yield of HC(O)OCHexpressed
as a fraction of the initial C2H,OCHF, concentration) versus
CFRCH,OCHF; consumption following UV irradiation of Cf~
CH,OCHF,/Cly/air mixtures. The curvature of the data plot in
Figure 8 is related to the rate constant rakig/ke by the
expressiolY

[HC(O)OCHF))/[CF,CH,OCHF,], =
akygke — 1)1 — X)[(L — 0™ — 1] (1)

wherea is the molar yield of HC(O)OCHFollowing reaction
9, [CRCH,OCHR,)o is the initial concentration of GEH,-

Wallington et al.

A: products in absence of NO
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B: products in presence of NO
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Figure 7. Formation of COFE (triangles), HC(O)OCHJ(circles), and
CRC(O)OCHER; (diamonds) versus loss of @EH,OCHF, following
irradiation of mixtures of 6 mTorr of GGEH,OCHF,, 740 mTorr of

Cl,, 400 Torr of Q, and either O (top panel) or 16 mTorr (bottom panel)
of NO in 700 Torr total pressure of Nliluent. The open symbols in
the lower panel show the result of correction for secondary reactions
involving Cl atoms; see text for details.
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Figure 8. Concentration of HC(O)OCHFnormalized to the initial
concentration of CfEH,OCHF, versus the fractional consumption of
CRCH,OCHF, following irradiation of CRCH,OCHF,/Cl /air mix-
tures. The curve is a fit to the data (see text for details).

0.00
0.0

1.0

OCHF,, andx is the fractional loss of GJEH,OCHF, at time
t (x = A[CF3CH,OCHFR,)/[CFsCH,OCHR]o). The curve in
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Figure 8 shows a fit of expression | to the data which yields
kigkg = 1.67 £ 0.14. Combiningkig/ke = 1.67 4 0.14 withkg

= (1.24 0.2) x 10 giveskyg = (2.0 & 0.4) x 10 cm®
molecule’? s1. This result can be compared k¢Cl + HC-
(O)OCHs) = (1.4 4+ 0.1) x 107221 k(Cl + HC(O)OCR) =
(9.84 1.2) x 1071518 K(Cl + HC(O)OGF;) = (8.2 + 2.2) x
1071522 andk(Cl + HC(O)OGFg) = (1.6 4 0.7) x 10714 cm?®
molecule! s71.23 Fluorination leads to a substantial decrease
in the reactivity of formates toward Cl atoms. The reactivity of
HC(O)OCHFR, is comparable to that reported for similar
fluoroformates.

As in the case of the decomposition pathway o:EC©e)-
CIOCHF, described above, the effect of vibrational excitation
on the decomposition pathway of the {LfOs)HOCHF, alkoxy
radical needs to be considered. To check for such effects,
experiments were performed using the irradiation of the same
mixture used for the experiments reported in Figure 7A but with
the addition of 16 mTorr of NO. Following UV irradiation two
products were observed: HC(O)OCH#aNd COR. There was
no observable formation of GE(O)OCHF, (<5% yield).
Figure 7B shows a plot of the formation of HC(O)OCHersus
loss of CRCH,OCHEF, in the presence of NO. The filled
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Figure 9. Formation of CEC(O)OCHPF; (circles) and COf(triangles)
versus loss of CfEHCIOCHF, (inferred from measured £, loss)

symbols are the observed data; the open symbols have beeffollowing UV irradiation of CRCHCIOCHR/C,H4/CH;ONO/NO mix-

corrected for loss of HC(O)OCHHvia reaction with Cl atoms.
The straight line in Figure 7B is a linear least-squares fit to the
corrected data which gives a molar HC(O)OGCH#eld of 99

+ 6%. Clearly, within the experimental uncertainties, the yield
of HC(O)OCHF, accounts for 100% of the loss of gEH,-
OCHPF,. The presence of NO has a major impact on the product
distribution. We conclude that chemical activation is an
important factor in the fate of GE(Os)HOCHF, radicals.
Alkoxy radicals formed via the self-reaction of peroxy radicals
have little, if any, internal excitation while alkoxy radicals
formed via reaction of peroxy radicals with NO can possess
significant internal excitatiof? The experimental results suggest
that reaction of CEC(OO)HOCHR,; radicals with NO produces
vibrationally excited CEC(Os)HOCHF, radicals that possess

tures in 700 Torr of air.

sure. In the present work the loss of the reactant;{CF
CHCIOCHR,) was monitored indirectly by observing the loss
of a more reactive tracer compoundx(G). In 700 Torr of air
diluent OH radicals react with 4£l4 with a rate constariy,; =
8.5 x 102 cm?® molecule’® s71.27

C,H, + OH — products (23)

The kinetics of the reaction of OH radicals with £F
CHCIOCHF, have been studied by Brown et &.Tokuhashi

et al.2? and Beach et dF As discussed by Beach et &i.the
results from the three studies are in good agreement. Taking a
value ofk; = (1.9 & 0.2) x 10714 cm® molecule® s71 from

internal energy exceeding that necessary to overcome the barrieBeach et al® it follows that kos/k; = 450. The loss of CF

for C—C bond scission. The mechanism can be written as
CF,CH(OGs)OCHEF, + NO — CF,CH(0s)OCHFE* + NO,
CF,CH(O»)OCHF,* — CF; + HC(O)OCHF,

Similar chemical activation effects have been reported for a
variety of other alkoxy radicals (e.g., @EFHO»,20 HOCH,-
CH;0e¢,2* and CHCIOe 29),

3.5. Products of the OH Radical Initiated Oxidation of
CF3CHCIOCHF ,. To provide insight into the mechanism of
the reaction of OH radicals with GEHCIOCHF,, the products
of the OH radical initiated oxidation of GEHCIOCHF, in air
in the presence of NO were determined. OH radicals were
generated by the photolysis of methyl nitrite in 700 Torr total
pressure of air diluent at 295 2 K.

CH,ONO + hy — CH,0 + NO
CH,0 + 0, — CH,O + HO,
HO, + NO— OH + NO,

While photolysis of CHONO is a convenient source of OH
radicals, it is not well suited to the study of less reactive
compounds because @BINO itself reacts with OH at a
moderate rate (approximatelyx310~13 cm? molecule® s7129),

CHCIOCHF, can be calculated from the consumption eHG
Experiments were performed using mixtures efsdmTorr of
CoHg4, 438-672 mTorr of CERCHCIOCHF,, 157216 mTorr

of CHsONO, and 5-6 mTorr of NO in 700 Torr of air diluent.
UV irradiation for periods of 0.530 min leads to consumption
of 30—95% of the GH4 with corresponding (calculated) GF
CHCIOCHF, consumptions of 0.0790.66%. Two carbon-
containing products were observed: :CFO)OCHF, and COF,.
Figure 9 shows a plot of the observed formation osEC©)-
OCHFR,; and COR, versus CECHCIOCHR,; loss in these experi-
ments. As seen from Figure 9, g O)OCHF, and COF,
increased linearly with GJEHCIOCHF, loss. Linear least-
squares analysis of the data in Figure 9 gives molar yields of
85 + 10% for CRC(O)OCHF, and 5+ 1% for COFR,. The
formation of CRC(O)OCHER, in reaction 4 is accompanied by
the production of Cl atoms which can react with £F
CHCIOCHR,; and raises the question, “to what extent does Cl
atom initiated oxidation of CfEHCIOCHFE contribute to the
observed CEC(O)OCHF, and COR, product yields shown in
Figure 9?" Usingk(Cl + CRCHCIOCHR,) = 5.4 x 10715 k(ClI

+ CoHg) = 9.3 x 101, K(Cl + CHzONO) = 2.1 x 1071230
cm® molecule® s, and the average initial experimental
conditions given above, it can be calculated that only 0.2% of
the Cl atoms generated in the system will react withs-CF
CHCIOCHR,. CI atom initiated oxidation of C&£2HCIOCHR,

is of negligible importance.

scavenges OH radicals, and makes loss of a less reactive The yields of CEC(O)OCHF, and COFR provide infor-

compound (e.g., GEHCIOCHR,) small and difficult to mea-

mation concerning the relative importance of reaction pathways
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1la and 1b.

CF,CHCIOCHEF, + OH — CF,C(s)CIOCHF, + Hzo( )
la

CF,CHCIOCHF, + OH — CF,CHCIOC)F, + H,0 b

CRsC(e)CIOCHF,; radicals formed in reaction la are converted
into CRC(O)OCHR, while CRCHCIOCE)F, radicals are
converted into COf From the yields of CEC(O)OCHR, and
COR,; observed from the OH radical initiated oxidation of £F
CHCIOCHF, and assuming that in the presence of NO each
CRCHCIOC@)F; radical is converted into either one or two
molecules of COf(see section 3.3), we derikey/(kia + Kip)

= 0.954 0.03 andkyp/(kKia + kip) = 0.054 0.03.

4, Discussion

The aim of the present work was to provide a better
understanding of the atmospheric chemistry of isoflurane. A

substantial body of data concerning the atmospheric chemistry

of isoflurane is presented herein. The results from this work
taken together with those from previous studies provide a

reasonably complete picture of the atmospheric chemistry of

isoflurane. The atmospheric oxidation of LHCIOCHF, is
initiated by reaction with OH radicals which proceeds with a
rate constank; = (1.9 £ 0.2) x 10~ cm® molecule’? s71.16
Assuming an atmospheric lifetime for methane of 8.9 yéars
and a rate constant for the GH OH reaction of 6.3x 10715
cm® molecule’! s! leads to an estimate of the atmospheric
lifetime of isoflurane with respect to reaction with OH radicals
of approximately 3 years. The reaction of OH radicals with-CF
CHCIOCHF,; proceeds via H-atom abstraction withy/(kia +

kip) = 0.95+ 0.03.

CF,CHCIOCHF, + OH— CF,C*)CIOCHF, + H,0 (1a)

CF,CHCIOCHF, + OH— CF,CHCIOCF, + H,0 (1b)

In the atmosphere GE(e) CIOCHF,; radicals will add Q rapidly

to give CRC(OG)CIOCHF, which will be converted by
reaction with NO into CEC(Os)CIOCHF, radicals. The sole
fate of CRC(0s)CIOCHF, radicals is decomposition via Cl-
atom elimination to give the ester g@&{O)OCHF, which is
relatively unreactive toward further gas-phase chemistry. By
analogy to similar fluoroesters, @E(O)OCHF, is expected to

be removed from the atmosphere by incorporation into cloud-
rain-fog water followed by hydrolysis to give @&O)OH, CQ,

and HF®2 The atmospheric oxidation of isoflurane gives
trifluoroacetic acid in a molar yield of 9% 3%. Isoflurane is

Wallington et al.
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