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Pulse radiolysis transient UV absorption spectroscopy was used to study the ultraviolet absorption spectra

(220-320 nm) and kinetics of GEH(¢)OCH,CF; and CRCH(OGs)OCH,CF; radicals at 296 K. At 230
nmM o(CRCH(s)OCH,CR;) = (1.95+ 0.24) x 1078 ando(CRCH(OO)OCH,CR;) = (4.40+ 0.51)x 10718
cn? moleculel. Rate constants for the reaction of F atoms withh@HHLOCH,CF;, the self-reactions of
CRCH(e)OCH,CF; and CRCH(OG)OCH,CF; radicals, the association reaction of{CH(e)OCH,CF; radicals
with O,, and the reactions of GEH(OO)OCH,CF; radicals with NO and N@were (1.5+ 0.7) x 10711,
(2.6 £ 0.4) x 1014 (5.44 0.7) x 1072 (uncorrected for possible secondary chemistry), £2.8.3) x
10712, (1.45+ 0.4) x 10714 and (8.4+ 0.8) x 1072 cm?® molecule® s71, respectively. Using an FTIR
technique, rate constants for the reaction of Cl atoms witfgOEEOCH,CF; and CREC(O)OCHCF; were
determined to be (7.4 0.9) x 1073 and (9.44 1.3) x 10" cm?® molecule! s %. Finally, it was determined
that the atmospheric fate of @EH(O»)OCH,CF; radicals is decomposition via-&C bond scission to give
CFRs radicals and 2,2,2-trifluoroethyl formate (§FH,OCHO) which occurs at a rate of approximately7
1®s L. The results are discussed with respect to the atmospheric chemistry@fi{CFH,CF; and analogous
compounds.

1. Introduction radicals will react with NO, N@ HO,, and other peroxy radicals

Recognition of the adverse effect of chlorofluorocarbon (CFC) in the atmosphere.

release into the atmosphé#fehas led to an international effort _

to replace CFCs with environmentally acceptable alternatives. CRCH(OO)OCH,CR, + NO

Hydrofluoroethers (HFESs) are fluid compounds which have been CF;CH(Gs)OCH,CF; + NO, (3a)
developed to replace CFCs in applications such as the cleaning

of electronic equipment, heat-transfer agents in refrigeration CFsCH(OO)OCH,CF; + NO + M —

systems, and carrier fluids for lubricant deposition. Bis(2,2,2- CF,CH(ONG,)OCH,CF; + M (3b)
trifluoroethyl) ether (CECH,OCH,CF) is a volatile liquid with

a boiling point of 62-63 °C and a vapor pressure of 115 Torr CF,CH(OO)OCH,CF, + NO, + M —

at 19°C. We are interested in this compound because it may

find application as a CFC replacement and because a study of CF,CH(OONG)OCH,CF; + M (4)
its atmospheric chemistry sheds light on the environmental

impact of commercial HFEs such asFgOCH; (HFE-7100) CF,CH(OG)OCH,CF; + HO, — products  (5)
and GFsOCHs (HFE-7200).
The atmospheric oxidation of GEH,OCH,CF; will be CF,CH(OG)OCH,CF; + R'O, — products (6)

initiated by reaction with OH radicals. The alkyl radical . . _
produced in reaction 1 will add rapidly to give a peroxy ~ Experiments have been performed in our laboratories to

radical. elucidate the atmospheric chemistry of LH,OCH,CFs. A
pulse radiolysis time-resolved UWisible spectroscopic tech-
CF,CH,OCH,CF; + OH — nigue was used at Risg to measure the UV absorption spectra

of CRCH(s)OCH,CF; and CRCH(OG)OCH,CF; radicals and
to study the kinetics of reactions 2, 3, 4, and 6. In the case of
CF.CH(+)OCH,CF, + O, + M — reaction 6 we studied the self-reaction of the peroxy radical
3 3 2 (RO, = CRCH(OO)OCH,CFs). The fate of the alkoxy radical
CF,CH(OG)OCH,CF; + M (2) CRCH(Os)OCH,CF; produced in reaction 3a was determined
using a FTIR spectrometer coupled to a smog chamber at Ford
By analogy to other peroxy radicalSF;CH(OO)OCH,CF3 Motor Company. The results are reported herein and discussed

CF,CH(s)OCH,CF, + H,0 (1)
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with respect to the environmental impact of bis(2,2,2-trifluo- 0.15 . 1 . .
roethyl) ether and other HFEs.
0.12 | A .

2. Experimental Section
0.09 -

The two experimental systems used are described in detail ’
elsewhere: ¢

2.1. Pulse Radiolysis System at Risg National Laboratory.
A pulse radiolysis transient UV absorption apparatuas used
to study the UV absorption spectra and kinetics o&CIH(s)-
OCH,CF; and CRCH(OOs)OCH,CFs radicals. Radicals were
generated by radiolysis of gas mixturesa 1 L stainless steel 0.00
reactor by a 30 ns pulse of 2 MeV electrons from a Febetron
705B f|.eld emission accelerr?ltor. The radloly5|s.dose,'referr'ed 0 100 200 300 400
to herein as a fraction of maximum dose, was varied by insertion Time (us)
of stainless steel attenuators between the accelerator and the 05 ; a .
chemical reactor. The analyzing light was provided by a pulsed
Xenon arc lamp, reflected in the reaction cell by internal White
type optics, dispersed ugjra 1 mMcPherson monochromator
(operated at a spectral resolution of 0.8 nm), and detected by a
photomultiplier. All transients were results of single-pulse
experiments with no signal averaging.

Sk was used as the diluent gas. Radiolysis of @®duces
fluorine atoms:

0.06 -

Absorbance,(230nm)

0.03 |

Absorbance,;(230nm)

SFK,+ 2 MeV e — F + products (7

Sk was always present in great excess to minimize the relative
importance of direct radiolysis of other compounds in the gas
mixtures. The fluorine atom yield was determined by measuring 0 100 200 300 400
the yield of CHO; radicals following radiolysis of mixtures of Time (us)

10 mbar CH, 40 mbar @, and 950 mbar S Figure 1. Transient absorptions at 230 nm following radiolysis of
e mixtures of (A) 10 mbar C¥H,OCH,CF; and 990 mbar S0.32
F+CH,—CH, + HF (8) dose) and (B) 10 mbar GEH,OCH,CFs, 30 mbar of @, and 960 mbar
of Sk (0.53 dose). The UV analysis path length was 160 cm.
CH; + O, + M — CH,0, + M 9) Absorption is ascribed to (A) GEH(s)OCH,CF; radicals and (B) Cf
. ) . . ] CH(OO)OCH,CF; radicals. The smooth lines are second-order decay
CH;30;, radicals were monitored using their absorption at 260 fits.

nm. On the basis 0f60 n{CH302) = 3.18 x 10718 cn?

molecule’l 7 the F atom yield at full radiolysis dose and 1000 reactor interfaced to a Mattson Sirus 100 FTIR spectronfeter.

mbar Sk was determined to be (2.98 0.33) x 10' cm=3 The reactor was surrounded by 22 fluorescent blacklamps (GE

(760 Torr= 1013 mbar). The quoted uncertainty reflects both F15T8-BL). The oxidation of C}ECHOCH,CF; was initiated

statistical uncertainties associated with the calibration procedureby reaction with Cl atoms generated by the photolysis of

and a 10% uncertainty in(CHzO,).” molecular chlorine in 700 Torr total pressure of/ @, diluent
Reagents used were the following=80 mbar Q (ultrahigh at 295+ 2 K:

purity), 950-1000 mbar Sk (99.9%), 0-31.1 mbar CECH,-

OCH,CF; (>99%), 0-1.02 mbar NO ¢ 99.8%), 0-0.69 mbar Cl, + hw—2Cl (10)

NO; (>98%), and 6-50 mbar of CECCLH (>99%). All were

used as received. The @FH,OCH,CF; sample was repeatedly ~ Cl + CF,CH,0CH,CF; —

degassed by freezgpump-thaw cycles before use. Four sets CF,CH(s)OCH,CF, + HCI (11)

of experiments were performed using the pulse radiolysis 3 3

system. First, the radiolysis of EFRCH,OCH,CF; mixtures

was used to study the UV spectrum and kinetics of thg-CF

CF,CH(s)OCH,CF, + O, + M —

CH(e)OCH,CF; alkyl radical. Second, the radiolysis of @F CR,CH(OG)OCHLCR; +M (2)
CFRCH,OCH,CR/CFRCCLH mixtures was employed to study

the competition for F atoms by GEH,OCH,CF; and Ck- Loss of CRCH,OCH,CF; and product formation were moni-
CClH and thereby to measure the rate of reaction of F atoms tored by Fourier transform infrared (FTIR) spectroscopy using
with CRCH,OCH,CFs. Third, the radiolysis of SFCRCH,- an infrared path length of 28 m and a resolution of 0.25%&m

OCH,CR5/O;, mixtures was used to study the UV spectrum and Infrared spectra were derived from 32 co-added interferograms
kinetics of the CECH(OO)OCH,CF; alkyl peroxy radical. (the data acquisition took 1.5 min).

Finally, the radiolysis of SFCF;CH,OCH,CFs/O,/NOy mix- Radicals were generated by the UV irradiation of mixtures
tures was used to study the rates of reaction of theCEF of 4.4-5.2 mTorr of CRCH,OCH,CF; (>99%) or 4.6-4.4
(O0e)OCH,CF; radical with NO and N@ mTorr of CRC(O)OCHCR; (>99%), 96-370 mTorr of C}

2.2. FTIR—Smog Chamber System at Ford Motor (research grade) 0600 Torr of Q (ultrahigh purity), and 6-11
Company. All experiments were performed in a 140 L Pyrex mTorr of NO (>99%) in 700 Torr of total pressure with
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0.8 ; | . . TABLE 1: Selected UV Absorption Cross Sections
Y wavelength  o(CRCH(s)OCH,CFs)  o(CFRCH(OO»)OCH,CFs)
CF,CH(00.)OCH,CF, (nm) x 102 (cr moleculed)  x 107 (cn? molecule'?)
08l | 220 244 428
225 218 439
o) 230 195 440
2 235 171 401
o 240 149 350
S04t 245 123 304
2 250 99 248
< 255 74 205
260 54 153
02+ 8 270 24 86
CF,CH(.)OCH,CF, 280 14 42
290 4 21
300 8 11
0.0 L 1 1 1 320 4 5
00 02 0.4 06 08 1.0
Relative Dose F.’; 600
Figure 2. Maximum transient absorptions (UV path lengthl60 cm) (_=J=
at 230 nm observed following radiolysis of mixtures of 10 mbag-CF o 500 I CF,CH(00.)OCH,CF,
CH,OCH,CF; and 990 mbar Sf{circles) and 10 mbar GEH,OCH,- g
CFs, 30 mbar of @, and 960 mbar of Sftriangles). Solid lines are ~
linear least-squares fits to the low-dose data (filled symbols). Dotted g
lines are polynomial fits to aid visual inspection of the data trend. g 4001
o
ultrahigh purity N diluent (760 Torr= 1013 mbar). CECH,- = s00 L
OCH,CF;, CRC(O)OCHCF;, and COFE were monitored using %
their characteristic features over the wavenumber ranges 900 o
1400, 1786-1850, and 188061980 cn1?, respectively. Refer- @ 200 |
ence spectra were acquired by expanding known volumes of 2
reference materials into the chamber. At 1944 €m(COR,) g /
= 1.21 x 1018 cm? molecule’l, while at 1817 cmt -% 100 -
o(CRC(O)OCHCFRs) = 1.11 x 10718 cn? molecule’l. Two 5 CF,CH(.)OCH,CF,
sets of experiments were performed. First, relative rate § o | | |

techniques V\I/ere usedh to determine thed rate (C())nstants for 200 220 240 260 280 300 320
reactions of Cl atoms with GEH,OCH,CF; and CEC(O)OCH-
CFs. Second, the products of the atmospheric oxidation af CF Wavelength (nm)

CH,OCH,CF; were investigated by irradiating @EH,OCH,- Figure 3. Spectra of the radical species £IH(s)OCH,CF; (circles)
CF/Cl,/NO/O,/N, mixtures. and CECH(OG)OCH,CF; (triangles).

unimportant in this range.

3. Results and Discussion
CF,CH(s)OCH,CF; + CF,CH(s)OCH,CF; + M —

3.1. UV Absorption Spectrum of the CRCH(s)OCH,CF3 products (13)
Radical. Following the pulse radiolysis of mixtures of 10 mbar
of CECHZOCHZC?% anz 990 mba?/ of S a rapid increase F+ CF,CH(-)OCH,CF; — products (14)
(complete within +2 us) in absorption at 230 nm was observed,
followed by a slower decay. Figure 1A shows a typical Linear least squares regression of the low-dose data in Figure
absorption transient. No absorption was observed when either2 gives a slope of 0.4@ 0.02. Combining this result with the
10 mbar of CECH,OCH,CF; or 990 mbar of SFwas subject calibrated fluorine atom yield of (2.9& 0.33) x 105cm™2 at
to pulse radiolysis separately. We ascribe the absorption in full dose and 1000 mbar of $Fand the optical path length of
Figure 1A to formation of CECH(s)OCH,CF; radicals via 160 cm givesuzzo nn{CRCH(e)OCH,CF;) = (1.95+ 0.24) x

reaction 12 and their subsequent loss via self-reaction (13). 107*° cn¥ molecule™. The UV absorption spectrum in the
range 226-320 nm was mapped out by comparing the absorp-

. tion at a given wavelength to that at 230 nm and scaling to
F+ CRCH,OCH,CR, — CRCHE)OCHCR, + HF - (12) 0230 nm= 1.95 x 108 cm? molecule’’. The results are listed
in Table 1 and plotted in Figure 3.

In this work we assume that F atoms react withsCH,- 3.2. Kinetics of the Self-Reaction of CECH(s)OCHCF3
OCH,CF; exclusively via H atom abstraction. To determine Radicals. The rate constant for the self-reaction of {CH-
the absorption cross section of the CH(s) OCH,CF; radical (+)OCH,CF; radicals was determined by monitoring the rate of
at 230 nm, the maximum transient absorbance was recorded atlecay of the absorption at 230 nm following pulse radiolysis
various radiolysis doses. Figure 2 (circles) shows a plot of the of mixtures of 10 mbar of Cf£H,OCH,CF; and 990 mbar of
observed maximum absorbance versus the radiolysis dose (an@F;. The radiolysis dose was varied between full dose and 22%
hence initial radical concentration). The absorbance increasesof full dose. The half-lives of the decays were derived from
linearly up to 42% of full dose, suggesting that unwanted fits to the experimental transients using a second-order expres-
radical-radical reactions such as reactions 13 and 14, aresion: A(t) = Ant + (Ao — Ant)/(1 + K (Ao — Ain))t), whereA(t)
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Figure 5. The maximum transient absorbance at 230 nm versug [CF

CH,OCH,CFR;)/[CF;CCLH]. The smooth line is a fit to the data; see
text for details.

observed variation of the maximum transient absorbance at 230
nm as a function of the concentration ratio FCIH,OCH,CFs)/
[CFsCClLH] (the radiolysis dose was 0.32). The maximum
transient absorption decreases with increasingQEZOCH,-
CFs concentration because a greater fraction of the F atoms react
with CRCH,OCH,CF.

The data in Figure 5 can be fitted with a three-parameter
expression

kformation (1 05 8-1)

0 2 4 6 8 10 12 14 16
[O,] (mbar)

Figure 4. (A) Reciprocal half-lives for the self-reaction of gFH- _
(¢)OCH,CF; (circles) and CECH(OO»)OCH,CF; (triangles) radicals Anax=

versus the maximum transient absorbance at 230 nm. (B) Pseudo-first- k;,| [ [CF,CH,OCH,CF,]
order formation rate constant of gFH(OO)OCH,CF; radicals versus Acpacip T ACF3CH@)OCHZCF3 —

the initial oxygen pressure. The inset shows a typical experimental Kis [CF,CCLH]
transient (see text for details). k12 [CFSCHZOCHZCF 3]

is the time-dependent absorbanégandAi,¢ (always close to [k_l_r, [ [CF,CCI,H] ]

zero) are the absorbancestat 0, and att = oo, respectively,

andk' = 2k;3 0230 nn{ CFsCH(s)OCH,CF3)I/In10. kyzis therate ~ Where Amax Acrscciz @nd Acrachgoctzcrs are the observed
constant for reaction 13 arldis the optical path length, 160 Maximum absorbance for the mixture of radicals, the maximum
cm. The decays were always well described by the second-absorbance expected if 100% of the F atoms were to react with
order expression above. An example of a fit is shown in Figure CFCClLH, and the maximum absorbance expected if 100% of
1A. The filled circles in Figure 4A show the reciprocal of the the F atoms were to react with gEH,OCH,CF;, respectively.
decay half-lives at various doses versus the maximum transientAcraccia AcracHgocHzcrs andkiakis were simultaneously varied
absorbance. A linear regression analysis gives a slope of (3.9and the best fit was achieved witkcrscciz = 0.67 & 0.04,

+ 0.3) x 1 s'L This slope equalskz(2 x 2.303)/{ AcracHgocHzcrs= 0.13+ 0.03, andkiokis = 12.44 3.8. The
0230 nn{CRCH(s)OCH,CF)). Hencekiz= (2.6+ 0.4)x 10711 results for Acrscciz and AcaroocHz are consistent with those
cm® molecule s™1. The quoted uncertainty includes uncertain- €xpected based on the absorption cross sections of tge CF

ties in both the slope of the line in Figure 4A andbifg ni{CFs- CCl; and CRCH(s)OCH,CF; radicals given above. Usirlgs

CH(s)OCH,CF). = (1.24 0.4) x 10712 cm® molecule® s71 ° giveski, = (1.5
3.3. Kinetics of the F+ CF3CH,OCH,CF3 Reaction. The £ 0.7) x 107+ cm® molecule* s~

rate constant ratityo/kys was determined from the maximum 3.4. UV Absorption Spectrum of the CRCH(OOs»)-

transient absorption at 230 nm following pulse radiolysis of OCH2CF3 Radical. To study the UV spectrum of the peroxy

mixtures of 6-31.1 mbar of CECH,OCH,CFs, 50 mbar of CE- radical CECH(OO»)OCH,CF;, mixtures of 10 mbar of Cf

CClLH, and 1000 mbar SF Reactions 12 and 15 compete for CH:0CH,CF;, 30 mbar of @, and 960 mbar Sfivere subject

the available F atoms. to pulse radiolysis, and the resulting transient absorbance was
monitored at 230 nm. A typical experimental absorption is

F + CFR,CH,OCH,CF, — CF,CH()OCH,CF; + HF  (12) shown in Figure 1B. The maximum absorption observed at 230
nm following the radiolysis of SFCRCH,OCH,CFs/O, mix-

F + CF,CCl,H — CF,CCl, + HF (15) tures was approximately 2 times that observed following

radiolysis of SE/CRCH,OCH,CF; mixtures. We attribute the

The alkyl radical, CECCl,, formed by reaction of F atoms with  absorption observed using $ERCH,OCH,CFs/O, mixtures

CRCCLH (HCFC-123) absorbs strongly at 230 nocfscciz to the formation of CECH(OO»)OCH,CF; radicals via reactions

= 9.7 x 10718 cn? molecule’! 8). In contrast, absorption by 12 and 2.

the CRCH(s)OCH,CF; radical is significantly weakew(= 1.95 To derive the UV absorption spectrum of the SCH(OG»)-

x 10718 cn? molecule’l, see section 3.1). Figure 5 shows the OCH,CF; radical we need to work under conditions where
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unwanted secondary radiealdical reactions such as reactions
13, 14, and 1618 are avoided or minimized.

CF;CH(OO»)OCH,CF,; + CF,CH(OO»)OCH,CF; —~
products (16)

CF,CH(OO»)OCH,CF; + CF,CH(s)OCH,CF, —
products (17)
CF,CH(OO»)OCH,CF,; + F — products (18)

In addition, the reaction of F atoms with,Oheeds to be
minimized:
F+0,+M—FO,+M (29)

To minimize the amount of F atoms consumed by reaction 19

the oxygen concentration should be low. However, a low

Wallington et al.

and a maximum cross section located at-2385 nm of (4

5) x 10718 cm? molecule1.711 Fluorine substitution results in

a blue shift of 16-20 nm?** The spectrum for the GEH-
(O0s)OCH,CF; radical shown in Figure 3 is consistent with
that expected based upon the published spectra of other peroxy
radicals.

3.5. Association Reaction between £and the CRCH-
(¢)OCH.CF3; Radical. The rate constant for the reaction
between CECH(s)OCH,CF; radicals and @was measured by
monitoring the rate of increase in absorption at 230 nm at short
times (+10 us) following pulsed radiolysis (3542% dose)
of mixtures of 10 mbar of CJEH,OCH,CF3, 3.3—14.9 mbar
of O,, and 990 mbar of S~ The inset in Figure 4B shows the
transient recorded using 7.98 mbar of (As discussed above,
the peroxy radical CFEH(OO)OCH,CF; absorbs strongly at
230 nm ¢ = 4.4 x 10718 cm? molecule’?) and its formation
can be monitored easily. In the presence of 10 mbar of CF

' CH,OCH,CF; the lifetime of F atoms with respect to conversion

into alkyl radicals is 0.27%s. At 1us after the radiolysis pulse

oxygen concentration will increase the importance of reactions o -onversion of F atoms into GEH(s)OCH,CF; radicals is
13, 14, and 17. Clearly, a compromise is needed. An initial g7¢4 complete. The observed increase in absorption at times

O, concentration of 30 mbar was chosen.

FO; (kio= 1.9 x 10713 0andky, = 1.5 x 10~ cm?® molecule’®

s™1). Absolute values for the absorption cross sections (in units

of 10729 cn? molecule?) of FO; at different wavelengths ai®
0225 nm = 755, 0230 nm = 508, 0235 nm = 341, 0240 nm = 180,
0245 nm= 153, ando»s4 nm= 69 and can be used to correct for
the absorbance caused by F@dicals.

Under these
experimental conditions 3.7% of the F atoms are converted into

greater than s (see inset in Figure 4B) followed first-order
kinetics and increased with increasing (@artial pressure. We
ascribe this increase in absorption to the formation of@H~
(O0e)OCH,CF; radicals via reaction 2. A first-order rise
expression was fit to the increase in absorption at reaction times
of 1-10us. The expression used WA&) = (Ao — Ainr) eXp-
(—Ksormatiot) + Aint, Where Kiormation iS the pseudo-first-order
formation rate constan#(t) is the absorbance as a function of

There are no literature data concerning the kinetics of e A is the maximum absorbance by §CFH(+)OCH,CFs

reactions 14, 17, and 18, so we cannot calculate their importance

To check for these unwanted radieahdical reactions the

radicals, and\yy, is the maximum absorbance by £LH(OO»)-
OCH,CFRs radicals. Kkiormation Ao, and A were used as fit

transient absorption at 230 nm was measured in experimentSy, ameters. The pseudo-first-order formation rate constants

using [CRCH,OCH,CF;] = 10 mbar, [Q] = 30 mbar, and
[SFs] = 960 mbar with the radiolysis dose (and hence initial

radical concentration) varied over 1 order of magnitude. The
UV path length was 160 cm. The triangles in Figure 2 show

(kiormation) are plotted as function of [£pin Figure 4B. Linear
least-squares analysis givés = (2.3 & 0.3) x 10712 cm?
molecule! s™1. The y-axis intercept in Figure 4B is (1.2
0.6) x 10° s1, which we attribute to the influence of loss of

the observed maximum transient absorption as a function OfCF3CH(-)OCHZCF3 and CECH(OO»)OCH,CF; radicals via

the dose. As seen from Figure 2, the absorption is linear with

radiolysis dose up to 42% of maximum dose. This linearity

indicates that at low radiolysis doses unwanted secondaryrange (£5) x 10712

radical-radical reactions are not important. The solid line

drawn through the data in Figure 2 is a linear least-squares fit

to the low-dose data which gives a slope of 0488.03. From
this and three additional pieces of information, (i) the F atom
yield of (2.98+ 0.33) x 10 cm3 (full dose and [S§ = 1000
mbar), (i) the conversion of F atoms into gFH(OO)OCH,-
CFs (96.3%) and FQ (3.7%), and (iii) the absorption cross
section for FQat 230 nm ¢ = 5.08 x 10718 cm? molecule® 19,

we deriveg(CRCH(OO)OCH,CFs) at 230 nm= (4.40+ 0.51)

x 10718 cm? molecule’l. The quoted uncertainty reflects two

their self-reactions. The measured valuekgfis typical for
addition of Q to an alkyl radical, which typically lie in the
cm® molecule s71.7:11

3.6. Kinetics of the Self-Reaction of CECH(OOs)-
OCH.CF3; Radicals. Figure 1B shows a typical transient
absorption observed following the pulsed radiolysis ofCHf,-
OCH,CR/SK/O, mixtures. The decay of the absorption is due
to the self-reaction of the GEH(OO)OCH,CF; radical:

CF,CH(OG»)OCH,CF; + CF,CH(OG)OCH,CF,—
products (16)

standard deviations from a linear least-squares fit to the low- The rate constant of reaction 16 is defined by the equation
dose data in Figure 2 and uncertainty in the absolute calibration —d[RO,]/dt = 2k;60,dRO2]2. The observed rate constd@tons

of the fluorine atom vyield.
To map out the spectrum of the gFH(OO)OCH,CF;

for reaction 16 can be obtained from a plot of the reciprocal
half-lives of the peroxy radical decay versus the maximum

radical, the maximum transient absorbance was measured ovetransient absorbance measured at 230 nm. The triangles in

the range 226320 nm, scaled to that at 230 nm, and placed
on an absolute basis using230 nm)= 4.40 x 10718 cn?
molecule’l. Corrections were applied to account for the
formation of FQ using the formulaoccorected = (Craw —
0r02)0.037)/0.963 wherer,, is the cross section calculated
assuming 100% yield of RQradicals. The results are plotted
in Figure 3 and listed in Table 1. The UV spectra of alkyl

Figure 4A show such a plot. The absorbances have been
corrected for the absorption due to & cording to the formula
A= Agps— o(FO2) x 160 cmx 0.037x 2.98 x 10> molecule
cm2 x dose. The decay half-lives were derived from a fit to
the transients using the second-order expresa{on—= Ains +

(Ao — Ant)/(1 + K'(Ao — Aimt), whereA(t) is the time-dependent
absorbancef, andAi,s are the absorbancestat 0, and at t=

peroxy radicals typically consist of a single broad structureless o, respectively.k’ = 2kigopsIn 10/( 0roA230 nm)) wheré;sobs

feature in the region 266300 nm with a width of 46-50 nm

is the observed second-order rate constant for the self-reaction
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of the radicals. The decays were always well described by . . "IN} 02 mbar
second-order kinetics. For these experiments the optical path 0.07 - il LTSN RETN ] E P
length () was 160 cm, [CECH,OCH,CF;s] = 10 mbar, [Q] = Wi Y
30 mbar, [SE] = 960 mbar, and the dose was varied between € 006 [NOJ=0.76 mbar |
full and 6% of full dose. A linear regression analysis of the c AL VL
data in Figure 4A gives a slope of (3.55 0.10) x 10* s'1 o 005 ’  [NOEDe6 moar
which equalskigond{2 x 2.303)/( 0roA(230 nm)); hencekigons = s R AN
= (5.4+ 0.7) x 1022 ci® molecule™? s < 004y | Y ST
In addition to reaction 16, the decay of the peroxy radical 8‘_ 0.03 b V4 g™ |
may also be influenced by reaction with &J radicals: c - ll P e INOFO.31 mbar
1] g !
2 - i
CF,CH(0)OCH,CF, + M — CF,CH,0CHO+ CF; (20) § 002 L/
< 0.01 ‘ .
CF,+ 0, + M —CF0, + M (21) I A
CF,CH(OG)OCH,CF; + CF,0, — products  (22) 30 40
25 T
Since the rate constants for reactions-2@ are unknown, we
cannot correct for these reactions at the present time. Our N
reported value okigops IS the observed rate constant which —_ §
describes the rate of decay of absorption at 230 nm in the present K g
system. ltis interesting to compakgonswith the rate constants S 1.5
for the self-reaction of other peroxy radicals. As discussed by Z
Lesclauxt? the unsubstituted secondary peroxy radicals for Z 10
which data are available (2-propyl, cyclopentyl, and cyclohexyl) =~
undergo self-reaction with rate constants of the order ot%*6 05 L
104 cmd moleculel s1. In contrast, the limited database for B
substituted secondary peroxy radicals gCH(OH)CH(Q)CHj, . . | ,
CHsCHBICH(Qy)CHs, and CRCH(O;)CFs) suggests that such 000 02 o4 06 o8 10
species are more reactive and undergo self-reaction with rate [NO,] (mbar)
constants of the order of 18—-10"12cm?® molecule’* s~1. Our 2

reported value ok;eons provides further evidence of the high
reactivity of substituted secondary peroxy radicals.

Figure 6. (A) Typical experimental traces following radiolysis of F
CRCH,OCH,CRJ/O,/NO mixtures, the smooth curves are fits to the
data (see text for details). (B) Pseudo-first-order loss rates of NO

3.7. Rate Constant for thg Reactlon CECH(QO')' following radiolysis of Sk/CRCH,OCH,CF/O./NO, mixtures versus
OCH2CF3 + NO — Products. Kinetic data were obtained by  he initial NO, concentration. The inset shows a typical experimental

monitoring the increase in absorption at 400.5 nm ascribed to trace together with a first-order fit (see text for details).
NO, formation following pulse radiolysis (dose 22% of
maximum) of mixtures of 10 mbar of GEH,OCH,CF;, 30
mbar of Q, 960 mbar of SE and 0.3+1.02 mbar of NO.
Figure 6 shows typical experimental traces. For each NO
concentration the increase in absorption was fitted using the

TABLE 2: Reaction Mechanism Used to Fit the
Experimental Data

rate constant

reaction (cm?® moleculel s™1) ref

CHEMSIMUL program3with the chemical mechanism in Table E+ EH* —’MR +IfNFa " 1-? x iﬁii tlhisi’\’ork
2 ando(NOy)a005 nm= 6.5 x 10710 cr? molecule > The +NO+ Ot 51> 107° >, 16
- . . R+R+M—R+M 2.6x 10" this work
kinetic data in Table 2 were taken from the literature where g1 o, + M —R0, + M 2.3 % 10-12 this work
available!>18 By analogy with other halogenated peroxy R+NO+M—RNO+M 15x 1071 assumed
radicals:!! it was assumed that the formation of nitrate from RO;+R0O;—~RO+ RO+ O, 5.4 x 1Cfﬁ this work
reaction 3 is negligible. Two parameteksandkyo, were varied ~ ROz #NO—RO+ NO, Lax 1077 varied
imultaneously to provide the fits to the experimental data shown RO, + NO + M = ROMNO2 1 M 8.4x 10 this work
simu y1lop pernm , RO+ M — CF; + CFCH,0CHO+ M 7 x 108 varied
in Figure 6. The fits were evaluated by visual inspection. The RO+ NO+ M — RONO+ M 3.6 x 10711 b
best fit values ofk; were sensitive to the rate of increase in CR+ 0;+M —CR0O; + M 4 x 101211 17
absorption while those fdky, the decomposition rate of GF gggzi mg:%ﬂ'ﬁo ZF’;'C?ZI\‘O y %-6 chlr(lrz ; ﬁ
H HH H 2 2 - 2! 2 X ’
CH,OCHO)CF; radicals, were sensitive to the magnitude of CF+ NO + M — CFNO + M 1.6 x 10-11 17

the final absorption. For all transients the final absorption could
be accounted for usinkpo = (7 = 2) x 10° s™L. There are two
competing loss mechanisms for §FH,OCHOE)CF; radicals

in the reaction scheme in Table 2, and the valuegis actually
determined relative tk(CFR;CH,OCHOE)CF; + NO) which is
assumed equal k{CHzO + NO). Accounting for uncertainties = (1.45 = 0.40) x 10°** cm® molecule® s%; the quoted

in k(CFCH,OCHOE)CF; + NO) we estimate that the value  uncertainty reflects the range of acceptable valudg ai the

for kyo is accurate to within a factor of 2. The smooth curves fits plus an additional 10% uncertainty because of the complex
in Figure 6A show the results of simulations uskag= 1.45 x reaction mechanism used. This result is consistent with the
10711 cm?® molecule! s, which gives acceptable fits of all ~ kinetic data determined previously for reactions of other peroxy
the data. To illustrate the sensitivity kg, the dashed lines for  radicals with NO’-11

aR = CRCH,OCH(s)CFs. ? Assumed equal t&(CHzO + NO).18

the [NO] = 0.5 mbar data are simulations usikg= 1.2 and
1.7 x 10711 cm® molecule’* s~1. We report a final value df3
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3.8. Rate Constant for the Reaction CECH(OOe)-
OCH,CF3 + NO2 + M — CF3CH(OONO2)OCH,CF3 + M.
Kinetic data were acquired by monitoring the decrease in
absorption at 400.5 nm ascribed to N@ss following pulse
radiolysis (22% dose) of mixtures of 10 mbar of CH,OCH,-

CFs, 30 mbar of Q, 960 mbar of SE and 0.19-0.69 mbar of
NO,. Theinsetin Figure 6B shows a typical experimental trace
obtained using a mixture containing 0.39 mbar of NGror
each concentration of NQthe decrease in absorption was fitted
using a first-order decay expression. The smooth line in the
inset shows the result of such a fit. Figure 6B shows a plot of
the resulting pseudo-first-order loss rat&¥! versus [NQ].
Linear least-squares analysis of the data in Figure 6B dives
= (8.44 0.8) x 10-2cm® molecule’* st They-axis intercept

is —(3£ 9) x 1 s 1 and is not significant. The NL£oss can

be calculated from the decrease in absorption us{iND.) =

6.5 x 1071° cm? molecule® *and when expressed in terms of
the initial F atom concentration was 1.#30.19. The value

of k4 obtained here is similar to the high-pressure limiting rate
constants for the reactions of other peroxy radicals with, NO
which lie in the range (510) x 10712 cm? molecule* s71.7:11

3.9. Relative Rate Studies of the Reactions of Cl Atoms
with CF3CH20CH2CF3 and CF3C(O)OCH2CF3. Prior to
investigating the products arising from the Cl atom initiated
oxidation of CRCH,OCH,CF;, relative rate experiments were
performed using the FTIR setup to investigate the kinetics
of the reaction of Cl atoms with GEH,OCH,CF; and
CRC(O)OCHCFs. The relative rate technique is described in
detail elsewheré?2® Photolysis of molecular chlorine was used
as a source of Cl atoms.

Cl, + hv — 2Cl (10)

Wallington et al.
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Figure 7. Plots of the decay of (A) GEH,OCH,CF; (labeled “ether”)
versus CHCI and CHOCHO and (B) CEC(O)OCHCF; (labeled
“ester”) versus HCFC-141b and GBvhen mixtures containing these
compounds were exposed to Cl atoms in 700 Torr gf $blid lines

The kinetics of reaction 11 were measured relative to those of 4re jinear least-squares fits.

reactions 23 and 24; reaction 25 was measured relative to

reactions 26 and 27.

Cl + CF,CH,OCH,CF, —
CF,CH(s)OCH,CF, + HCI (11)

Cl + CH,Cl — products (23)

Cl + CH;OCHO— products (24)

Cl + CF,C(O)OCH,CF; — products (25)

Cl + HCFC-141b (CHCCLF) — products  (26)
Cl + CD, — products (27)

The observed loss of GEH,OCH,CF; versus that of Cht
Cl and CHOCHO following the UV irradiation of CECH,-
OCH,CFR/CH3CI/Cl, and CECH,OCH,CR/CH;OCHO/Ch mix-
tures in 700 Torr of total pressure ok shown in Figure 7A.
Linear least-squares analysis givagkr,s = 1.43+ 0.07 and
k11/|(24 = 0.52+ 0.03. Usingk23 =4.9x 101321 gnd k24 =
1.4 x 10712 cm? molecule® s1 22 givesk;; = (7.0 £ 0.8) x
103and (7.24 0.8) x 10713 cnm?® molecule! s, respectively,
where the quoted errors include a 10% uncertainty in the

Figure 7B shows the observed decay o:CE)OCHCH;,
HCFC-141b, and Clpwhen mixtures of these compounds were
exposed to Cl atoms in 700 Torr total pressure gf Nrrom
the data in Figure 7B, rate constant ratioskgfk,s = 0.45+
0.03 andkzs'koz = 0.156+ 0.011 are derived. Usings= 2.0
x 10715 20andky7 = 6.1 x 10715 20giveskys = (9.2 £+ 1.1) x
1016 and (9.54 1.2) x 10716 cm3 molecule’l s71, respectively,
where the quoted errors include a 10% uncertainty in the
reference rate constants. We choose to quote a final value which
is the average of the individual determinations with error limits
that encompass the extremes of the individual determinations.
Hence kos = (9.4 4 1.8) x 10716 cm® molecule® s™1. There
are no literature data fde 1 andkys to compare with our results.

It is, however, of interest to compare our value gy with the

rate of reaction of Cl atoms with diethyl ether that proceeds
with a rate constant of % 1071° cm?® molecule® s~ 22 which

is at, or near, the gas kinetic limit. Making the reasonable
assumption that abstraction of the H atoms from ethyl ether is
statistical, it follows that reaction of Cl atoms with tReCH,—
units in CRCH,OCH,CF; is a factor of 170 times slower than
that in ethyl ether. Clearly, fluorine substitution has a dramatic
effect on the reactivity the-CH,— groups (presumably by virtue

of increasing the €H bond strength).

3.10. Study of the Atmospheric Fate of CECHO(e)-

reference rate constants. We choose to quote a final value whichOCH2CF3 Radicals. To determine the atmospheric fate of the

is the average of the individual determinations with error limits

alkoxy radical CECHO()OCH,CF; formed in reaction 3a,

that encompass the extremes of the individual determinations.experiments were performed in which §H,OCH,CF/NO/

Hence,kis = (7.14 0.9) x 1073 cm® molecule? s™2.

Cly/O, mixtures at a total pressure of 700 Torr in Niluent
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were irradiated in the FTIR-smog chamber system:

CF,CH()OCH,CF, + 0, + M —
CF,CH(OO)OCH,CF, + M (2)

CF,CH(OO)OCH,CF, + NO—
CF,CH(O»)OCH,CF; + NO, (3a)

CF.CH(OO)OCH,CF, + NO+ M —
CF,CH(ONG,)OCH,CF, + M (3b)

The loss of CECH,OCH,CF; and the formation of products
were monitored by FTIR spectroscopy. There are three possible
loss mechanisms for the alkoxy radical:

CF,CH(Os)OCH,CF, + M —
CF,CH,0CHO+ CF,+ M (20)

CF,CH(Os)OCH,CF, + M —
CF,C(O)H+ CF,CH,0() + M (28)

CF,CHO@)OCH,CF, + O, —
CF,C(O)OCHCF, + HO, (29)

CRs radicals from reaction 20 will add £and react with NO,
leading to formation of COF

CF,+0,+M—CF0,+ M (21)
CF,0, + NO— CF,0 + NO, (30)
CF,0 + NO— COF, + FNO (31)

If reaction 20 is the dominant fate of @EH(Os)OCH,CF3
radicals we expect to observe the formation of G@id Ck-
CH,OCHO in molar yields of 100% (assuming that reaction
3b is of minor importance).

CRCH,O(e) radicals from reaction 28 will react with, Qo
give CRC(O)H**

CF,CH,0(s) + O,— CF,C(O)H+HO,  (32)

The reactivity of CEC(O)H toward Cl atoms is 2.5 times that
of the ether CECH,OCH,CF,2° and it is expected that for the
conversions of C#EH,OCH,CF; used in the present study-{6
66%) secondary loss of GE(O)H via reaction 33 will be
significant.

CF.,C(O)H+ Cl— CF,CO+ HCl (33)

Under the present experimental conditions the@® radicals
formed in reaction 33 will be converted into ©fadicals which,
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Figure 8. Spectra acquired before (A) and afte) @7 min irradiation

of a mixture of 5.2 mTorr of CECH,OCH,CF;, 11 mTorr of NO, 174
mTorr of Ch, and 10 Torr Qin 700 Torr total pressure of Ndiluent.
Spectrum C was obtained by stripping features attributable to N@, NO
CINO, and CINQ from panel B. Panels D and E are reference spectra
of COR, and CRC(O)OCHCEFs.
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in turn, will be converted into COFvia reactions 21, 30, and
31:

CF,CO+ 0,— CF,C(0)0, (34)
CF,C(0)0,+ NO— CF,COE)O+NO,  (35)
CF,CO()0— CF, + CO, (36)

Thus, if reaction 28 is the dominant fate of LHO(@)OCH,-
CRs radicals we expect to observe the formation of G@Fa
molar yield of 200%.

Four sets of experiments were performed with @rtial
pressures of 10, 115, 400, and 600 Torr. Figure 8 shows spectra
before (A) and after (B) irradiation of a mixture of 5.2 mTorr
of CRRCH,OCH,CF3, 11 mTorr of NO, 174 mTorr of G| and
10 Torr of G in 700 Torr total pressure withAN Spectrum C
is obtained by stripping features attributable to NO,,NCINO,
and CINQ from panel B. Panels D and E are reference spectra
of COF, and CRC(O)OCHCF;. As seen from Figure 8C,
while COF, was an observed product there was no observable
formation of CRC(O)OCHCRF; (<13% yield). The absence
of CRC(O)OCHCF; suggests that reaction 29 is unimportant.
Figure 9 shows a plot of the observed formation of G@é&rsus
the loss of CECH,OCH,CF;. As seen in Figure 9, variation
of the O, partial pressure by a factor of 60 had no discernible
impact on the COFvyield, providing further support for the
conclusion that reaction 29 is unimportant. Linear least-squares
analysis of the data in Figure 9 gives a GOkeld of (90 &

8)%. Quoted uncertainties are two standard deviations; in
addition we estimate that possible systematic errors associated
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Figure 9. Plot of the observed yield of CQNersus the loss of GF
CH,OCH,CF; following the irradiation of mixtures of 4:45.2 mTorr
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10 (v), 115 @), 400 ©), or 600 @) Torr of O, in 700 Torr total
pressure of Mdiluent at 295 K.

4.0

with calibration of the COfFand CRECH,OCH,CF; reference
spectra contribute an additional 10% uncertainty range. Propa-
gating this uncertainty leads to a final value for the G®ield

of 90 &+ 12%.

The observation of a CQFyield of essentially 100% that is
independent of the fractional loss of &H,OCH,CF; over the
range 6-66% suggests that the sole atmospheric fate of CF
CH(O»)OCH,CF; radicals is decomposition via elimination of
a CR; group (reaction 20). Consistent with this conclusion a
product feature at 175601800 cnt! was observed in all
experiments (see Figure 8C). This feature scaled linearly with
the loss of CECH,OCH,CF; and has a frequency consistent
with that expected for the carbonyl stretching mode of the
formate CECH,OC(O)H. From the linear increase of ¢FH,-
OCHO we conclude thats; < 0.5 x kp1, henceks7 < 4 x
10713 cm® moleculet s72,

Cl + CF,CH,0CHO— products (37)

The simulated atmospheric oxidation of £LH,OCH,CF;
in the presence of NO has also been studied by O’Sullivan et
al2?% Consistent with the results from the present work,
O’Sullivan et al?® report the formation of CJ£H,OC(O)H and
COFR, as major products with a yield 0f90% in air.
O’Sullivan et al?® also report the formation of GE(O)OCH-

CF; and that the yield of this product increased in experiments
conducted in @ In contrast to the results of O'Sullivan et #.,

in the presence of NO we did not observe any formation of
CRC(O)OCHCEFs; (yield < 13%) even in the presence of 600
Torr of O,. From the upper limit for the GE(O)OCHCF;s
yield measured here we can derive an upper limit for the rate
constant ratidog/kog < 8 x 10721 cm?® molecule’l. At 295 K

in 1 atm of air< 4% of CRCH(O)-OCH,CF; radicals undergo
reaction with Q.

For completeness, a limited series of experiments was
performed using CIEH,OCH,CF/Cl,/O,/N, reaction mixtures
(as above but without NO). Interestingly, a small (ca. 15%)
yield of the ester C§c(O)OCHCF; was observed. However
the yield of the ester was unaffected by variation of the@rtial
pressure over the range-2@00 Torr and we conclude that the

Wallington et al.

ester is formed in reaction 16b, or 5b, or both, and not via
reaction 29.

2 CF,CH(OO»)OCH,CF, —
2 CF,CH(O»)OCH,CF, + O, (16a)

2 CF,CH(OO»)OCH,CF, — CF,C(O)OCHCF, +
CF,CH(OH)OCHCF, + O, (16b)

CF.,CH(OOOCH,CF, + HO, —
CF,CH(OOH)OCHCF; + O, (5a)

CF,CH(OO)OCH,CF, + HO, —
CF,C(O)OCHCF, + H,0 + O, (5b)

Implications for Atmospheric Chemistry. We present
herein a large body of kinetic and mechanistic data pertaining
to the atmospheric chemistry of bis(2,2,2-trifluoroethyl) ether.
The atmospheric lifetime of bis(2,2,2-trifluoroethyl) ether is
determined by its reaction with OH radicals and has been
estimated to be>114 days® Reaction with OH gives the alkyl
radical CRCH(e)OCH,CFs. In 1 atm of air this alkyl radical
has a lifetime of 84 ns with respect to addition of © give
the corresponding peroxy radical §FH(OO)OCH,CF;. We
show here that the peroxy radical reacts rapidly with NO to
produce NQ and, by inference, GEH(Os)OCH,CF; radicals.
Using ks = 1.4 x 10711 cm® molecule’® s~ together with an
estimated background tropospheric NO concentration 0&2.5
10® molecule cm?, the lifetime of the peroxy radicals with
respect to reaction with NO is calculated to be 5 min. Reaction
3is likely to be an important atmospheric loss ofsCH(OO»)-
OCH,CRs radicals. The sole fate of the alkoxy radical derived
from bis(2,2,2-trifluoroethyl) ether is decomposition via-C
bond scission to give 2,2,2-trifluoroethyl formate @CH,-
OCHO) and a Cgradical. This behavior is entirely consistent
with the available database concerning the behavior of similar
nonfluorinated alkoxy radicals, e.g.,2l8sOCH(O)CH; and
(CH3)3COCH(G)CHjs radicals are known to decompose via
C—C bond scission to give formatés. It is reported herein
that the formate CfFEH,OCHO is rather unreactive toward ClI
atoms and is likely to be similarly unreactive toward OH
radicals. Organic compounds which react with Cl atoms with
rate constants in the range 26—10-13 cm® molecule® s™1
generally react faster with Cl atoms than with OH radicals.
Hence, we can use the valuelgf < 4 x 10713 cm?® molecule™?

s 1 as an upper limit tck(OH + CRCH,OCHO). Using the
structure-reactivity relationship approaghgives an estimate
of the reactivity of the-CH,— group in CRCH,OCHO toward
OH attack of 1.1x 10713 cm® molecule’! s1. In typical
formates (methyl formate, ethyl formate etc.) the formate group
itself is considered to make a negligible contribution to the
overall reactivity of the molecule, and consequently structure
reactivity factors for the formate group are not available. In
the case of CFCH,OCHO the reactivity of the formate group
may make a significant contribution to the overall reactivity
and it is difficult to estimate the overall reactivity of g&H,-
OCHO toward OH radicals. Using a 24 h global average OH
concentration of X 10° cm~2 andk(OH + CRCH,OCHO) <

4 x 10713 cm3 molecule! s71, we derive a lower limit of 30
days for the atmospheric lifetime of @EH,OCHO with respect

to reaction with OH radicals. In view of the polar nature of
CRCH,OCHO it seems likely that the main atmospheric
removal mechanism of this compound will be via wet/dry
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Figure 10. IR spectrum of CECH,OCH,CF.
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the expression
IF TetheMcrc-11|[ 1 — XPTgine)
Terc-11Methef \1 — €XP/Tcrc 17

where IRwes IFcre-11, Methes Mcrc-11, tethes @ndtcre-11 are

ether

ether

GW

IFCFC—l

the instantaneous forcings, molecular weights, and atmospheric

lifetimes of the two species ands the time horizon over which
the forcing is integrated. Usingmer> 114 day3® andtcrc-11

= 50 years® we estimate that the GWP of bis(2,2,2-trifluoro-
ethyl) ether is> 0.019 for a 20 year horizon are0.007 for a
100 year time horizon. The GWP of bis(2,2,2-trifluoroethyl)
ether is modest.
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