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Relative rate techniques were used to estink@@H+HFE-7100)~ 1.2 x 107 cm® molecule* s at 295

K leading to an estimate o5 years for the atmospheric lifetime of HFE-7100 (HEEhydrofluoroether).

Pulse radiolysis transient UV absorption spectroscopy was used to study the ultraviolet absorption spectra
and kinetics of GFOCH,; and GF,OCH,O; radicals at 296 K. At 300 nm(C,FsOCH;) = (5.80+ 0.76)

x 107*%and at 250 nnw(C4FOCHO,) = (2.244 0.24) x 1078 cn? molecule®. Both UV spectra showed

two absorption maxima, one below 230 nm and one at 290 nm. Rate constants for the self-reactions of
C4FOCH, and GF,OCH;O; radicals, the reaction of £,0CH, radicals with @, and the reactions of .-

OCH,0; radicals with NO and N@were (3.5+ 0.8) x 107%, (1.354 0.17) x 107! (uncorrected for possible
secondary chemistry), (26 0.5) x 107%?, (8.54 2.5) x 1072 and (8.84 1.8) x 107'2cm® molecule's™,
respectively. Using a pulse radiolysis method we meask{edtHFE-7100)= (1.6 + 0.6) x 107! cn?®
molecule! s71. Using a Fourier transform infrared spectroscopic technique rate, constants for the reaction
of F and Cl atoms with HFE-7100 and Cl atoms withFgOC(O)H were determined to be (13 0.3) x

1071, (9.7+ 1.4) x 104 and (1.6+ 0.7) x 104 cm?® molecule s7%, respectively. Finally, it was determined

that the sole atmospheric fate off gOCH,O- radicals is reaction with £to give GFsOC(O)H (perfluorobutyl
formate). The results are discussed with respect to the atmospheric chemistry of HFE-7100.

1. Introduction atmosphere.

Recognition of the adverse effect of chlorofluorocarbon (CFC) C,FOCH,0, + NO— C,F,OCH,0+ NO, (3a)
release into the atmosphéfehas led to an international effort

to replace CFCs with environmentally acceptable alternatives. c,F,0CH,0, + NO + M — C,FOCH,0ONO, + M  (3b)
Hydrofluoroethers (HFESs) are a class of fluid compounds which

have been developed to replace CFCs in applications such asC,F,OCH,0, + NO, + M — C,F,OCH,0,NO, + M  (4)
the cleaning of electronic equipment, heat transfer agents in

refrigeration systems, and carrier fluids for lubricant deposttion. C,FsOCH,0, + HO, — products (5)
HFE-7100 (GFyOCHg) is one of the first HFEs to be used
commercially. HFE-7100 is a volatile liquid with a vapor C,F;OCH,0, + R'O, — products (6)

pressure of 210 Torr at 25C% and will be released into the

atmosphere during its use. Prior to its large-scale industrial useExperiments have been performed in our laboratories to

an assessment of the atmospheric chemistry, and hence envielucidate the atmospheric chemistry of HFE-7100. A relative

ronmental impact, of HFE-7100 is needed. rate approach was used at the Massachusetts Institute of
The atmospheric oxidation of HFE-7100 will be initiated by Technology (MIT) to measure the kinetics of the reaction of

reaction with OH radicals. The alkyl radical produced in OH radicals with HFE-7100 and hence to provide an assessment

reaction 1 will rapidly add @to give a peroxy radical. of its atmospheric lifetime. A pulse radiolysis time-resolved
UV —vis spectroscopic technique was used at Risg to obtain
C,F;OCH; + OH— C,F,OCH, + H,O 1) the UV absorption spectra of ;£60CH; and GFgOCH,0>

radicals and to study the kinetics of reactions42and 6. In
C,F,OCH,+ O, + M — C,FOCH,0, + M 2 the case of reaction 6 we studied the self-reaction of the peroxy
radical (RO, = C4FsOCH,O,). The fate of the alkoxy radical
By analogy to other peroxy radicl<;,FsOCH,O; radicals C4FsOCH,O produced in reaction 3a was determined using a
will react with NO, NG, HO,, and other peroxy radicals in the Fourier transform infrared (FTIR) spectrometer coupled to a
smog chamber at Ford Motor Company. To aid in the product
® Abstract published irdvance ACS Abstract€ctober 1, 1997. identification, ab initio calculations were used at Ford Motor
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Company to provide insight into the IR spectrum of the formate of maximum dose, was varied by insertion of stainless steel
C4FsOCHO. The results are reported herein and discussed withattenuators between the accelerator and the chemical reactor.

respect to the environmental impact of HFE-7100.

2. Experimental Section

The analyzing light was provided by a pulsed Xenon arc lamp,
reflected in the reaction cell by internal White type optics,
dispersed usima 1 mMcPherson monochromator (operated at

The three experimental systems used are described in detaif* SPectral resolution of 0.8 nm), and detected by a photomul-

elsewheré:®7 All samples of HFE-7100 used in this work were
supplied by the 3M Company. Experiments performed at MIT
employed a sample of HFE-7100, which was a mixture of 95%
N-C4Fg0OCH; (CRCR.CR,.CROCH;) and 5%i-CaFOCH; ((CRs)-
CFCFR,0CH;). Experiments at Risg were conducted using a
commercial sample of HFE-7100, which was a mixture of 35%
n-C4FsOCHs and 65%i-C4FsOCHs. During the experiments
at Ford Motor Company, samples of pur€,FOCH; and
n-C4FsOCHs became available and were used. In light of the

structural similarities between the two HFE-7100 isomers and

their corresponding alkyl and alkyl peroxy radicals, it is assumed

that the spectroscopic and kinetic results obtained at MIT and
Risg using the mixture of isomers are representative of the
individual pure isomers. Evidence supporting this assumption
was obtained from the work at Ford and is discussed in sections
3.10 and 3.11. The uncertainties reported in this paper are two

tiplier. All transients were results of single pulse experiments
with no signal averaging.

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

SFK,+ 2 MeV € — F + products 9)

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
the yield of CHO; radicals following radiolysis of mixtures of

10 mbar CH, 40 mbar Q, and 950 mbar SF
F+ CH,— CH;+ HF (10)

CHy+ 0, +M— CH,0, + M (11)

standard deviations unless otherwise stated. Standard errolCH3O, radicals were monitored using their absorption at 260
propagation methods were used to calculate combined uncernm. On the basis 0fs0n{CH30,) = 3.18 x 10718 cn?

tainties.
2.1. FTIR—Photolysis System at MIT. An approximate
value for the rate of OH+ HFE-7100 reaction was obtained

molecule’® 2 the F atom yield at full radiolysis dose and 1000
mbar Sk was determined to be (3.18 0.32) x 10> cm338
The quoted uncertainty reflects both statistical uncertainties

by monitoring the disappearance rate of HFE-7100 relative to associated with the calibration procedure and a 10% uncertainty

that of a reference compound (¢Hr CHsCl) in the presence

in O‘(CH302).9

of OH radicals at 295 K. The decay of the sample was measured Reagents used were-27 mbar Q (ultrahigh purity), 956-

using infrared spectroscopy The concentration of HFE-7100
was monitored by spectral subtraction; within the experimental

1000 mbar SE(99.9%), 6-19 mbar GFsOCHs (>99%),
0—0.95 mbar NO £99.8%), 0-1.3 mbar NQ (>98%), and

error all the bands decreased at the same rate, indicating thab—10 mbar CH, (>99%). All were used as received. The

the OH reaction rate constant is practically the same fonthe
andi-isomers. OH radicals were generated by photolysis of
ozone at 254 nm in the presence of water vapor:

0, +hv—0('D) + 0, (7

o('D) + H,0— 2 OH (8)

The long-path absorption cell, made of Pyrex glass, had a
volume of 7.6 L and a base length of 60 cm, which was adjusted

HFC-7100 sample was repeatedly degassed by fremaep—
thaw cycles before use.

2.3. FTIR—Smog Chamber System at Ford Motor
Company. All experiments were performed in a 140 L Pyrex
reactor interfaced to a Mattson Sirus 100 FTIR spectronfeter.
The reactor was surrounded by 22 fluorescent black lamps (GE
F15T8-BL) which were used to photochemically initiate the
experiments. The oxidation of HFE-7100 was initiated by
reaction with Cl atoms, which were generated by the photolysis
of molecular chlorine in @N; diluent at 700 Torr total pressure
at 295+ 2 K,

to give a total of 24 passes and an optical path of 14.4 m. The

concentrations of the reactants and products were monitored Cl,+ hv —2Cl (12)
with an FTIR spectrometer (Nicolet 20SX). The photolysis
lamp (Ace Hanovia 450 W medium-pressure mercury lamp) Cl + C,F;OCH, — C,F;OCH, + HCI (13)
was placed inside the absorption cell, enveloped in a Vycor
tube, which transmits 254 nm radiation but absorbs the 185 nm C,F,OCH, + O, + M — C,F,OCH,0O, + M (2)

Hg line. No decay of the HFE-7100 sample was observed in
the absence of ozone.

The organic reactants were mixed with heliumai 3 Lglass
reservoir to yield mole fractions e¥1%. Ozone was prepared
by first trapping the effluent from an ozonizer in cold silica gel
and then desorbing the sampledrd 3 L glass reservoir and
subsequently mixing it with helium. The experiments were
performed at room temperature+200 Torr helium as a buffer
gas, in the presence ofl Torr ozone.

2.2. Pulse Radiolysis System at Risg National Laboratory.

A pulse radiolysis transient UV absorption apparatuas used

to study the UV absorption spectra and kinetics gF{OCH,

and GF,OCH,O; radicals. Radicals were generated by radi- experiments were 5 mTorr of HFE-7100,-180 mTorr of the
olysis of gas mixturesiia 1 Lstainless steel reactor by a 30 ns reference organic, and either 8:2.2 Torr of C}, or 0.5-1.0
pulse of 2 MeV electrons from a Febetron 705B field emission Torr of i, in 700 Torr of either N or air diluent. In the study
accelerator. The radiolysis dose, referred to herein as a fractionof the oxidation of HFE-7100, reaction mixtures consisted of

The loss of HFE-7100 and the formation of products were
monitored by FTIR using an infrared path length of 27 m and
a resolution of 0.25 cmi. Infrared spectra were derived from
32 coadded interferograms.

Two sets of experiments were performed. First, relative rate
techniques were used to determine the rate constant for the
reaction of Cl and F atoms with HFE-7100. Second, the
products of the atmospheric oxidation of HFE-7100 were
investigated by irradiating HFE-710048D,/N, mixtures with,
and without, added NO.

Initial concentrations of the gas mixtures for the relative rate
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TABLE 1: OH Reaction Rates with HFE-7100 Sample

[HFE-7100] water  photolysis fraction of sample fraction of reference
(mTorr) ref (mTorr) (Torr) time (min) remaining after reaction with OH remaining after reaction with OH ki/Kon+rererence
23 CH:: 29 16 25 0.83 0.89 1.6
28 CH;: 37 11 3.0 0.70 0.90 3.3
23 CHCI: 25 16 25 0.83 0.58 0.35
29 CHCI: 53 1.6 3.0 0.81 0.52 0.32
5—15 mTorr of HFE-7100, 0.20.2 Torr of Ch, 0—16 mTorr 0.06 ' ' ' ' '

of NO, and 46-700 Torr of Q at a total pressure of 700 Torr
in Ny diluent. All experiments were performed at 295 K.
Computational Details. Hartree-Fock and second-order
Mgller—Plesset (MP2) calculations were performed using the
GAMESS®and ACES IH programs, respectively. Molecular
geometries, vibrational frequencies, and intensities were calcu-
lated analytically at the Hartred-ock level with Pople’s 6-31G-
(d,p) basis? The geometries were further refined at MP2
level314using the 6-31G(d,p), and final energies obtained using
the TZ2P! basis with core electrons frozen.

Absorbance,,(300nm)

3. Results and Discussion

3.1. Reaction of OH with HFE-7100 Investigated at MIT. 0.1
HFE-7100 reacted several times faster with OH than methane
and several times slower than methyl chloride. The results of
the kinetics runs are presented in Table 1. UsingClHs a
reference, we estimate the rate constant for the -©HFE-
7100 reaction to bez1.2 x 10714 cm® molecule’! s™1, based
on a rate constant value for GBI + OH of 3.6 x 10714 cm?®
molecule’! s71.15 Within experimental error the result using
CH, as a reference is the same, but the uncertainty is larger,
since only about 10% of the CHeacted with OH. Further-
more, assuming an atmospheric lifetime for methane of 9 {ears
and a rate constant for the GH OH reaction of 6.3x 10715 :
cm® molecule! s71 leads to an HFE-7100 atmospheric lifetime 0 10
against reaction with OH of5 years.

3.2. UV Absorption Spectrum of the GFsOCH, Radical. Figure 1. Transient absorption following radiolys_,is of mixtures of (A)
Following the pulse radiolysis of mixtures of 5 mbar of HFE- S mbar GFsOCH; and 995 mbar $-42% of maximum dose, optical

: T path length 120 cm and (B) 5 mbar HFE-7100, 27 mbar(@per
7100 and 995 mbar of SFa rapid (complete within £2 us) curve) or 6.1 mbar of @(lower curve) and Sfadded to 1000 mbar

increase in absorption at 300 nm was observed, followed by a 45| pressure, 42% of maximum dose, and optical path length 120 and
slower decay. Figure 1A shows a typical absorption transient. 8o cm, respectively. The absorbance were recorded at (A) 300 and (B)
No absorption was observed when either 5 mbar of HFE-7100 250 nm. Absorption is ascribed to (AyEsOCH; radicals and (B) ¢Fo-

or 995 mbar of SFwere subject to pulse radiolysis separately. OCH,O; radicals. The smooth line in (A) is a second-order decay fit
We ascribe the absorption in Figure 1A to the formation gf€ to the data. The smooth lines in (B) are simulations using a chemical
OCH, radicals via reaction 14 and their subsequent loss via self- M0del: see text for details.

reaction 15.

Time .(”s)

Absorbance ,(250nm)

30 40

20
Time (ps)

cm~3 at full dose and 1000 mbar of $l&nd the optical path
F + C,F{OCH, — C,F,OCH, + HF (14) length of 120 cm givessoonn{C4FsOCHy) = (5.80+ 0.76) X
1071° cm? molecule’l. The UV absorption spectrum in the
We assume that F atoms react with HFE-7100 exclusively via "ange 226-320 nm was mapped out by comparing the absorp-
H-atom abstraction. To determine the absorption cross sectiontion at a given wavelength to that at 300 nm and scaling using
of the GFsOCH, radical at 300 nm, the maximum transient 30on{C4FeOCH,) = 5.8 x 1079 cn? molecule™®. The results
absorbance was recorded at various radiolysis doses. Figure 2r€ listed in Table 2 and plotted in Figure 3 together with the
(circles) shows a plot of the observed maximum absorbance asSPectrum of CHOCH, radicals. As seen from Figure 3, the
a function of the radiolysis dose (and hence initial radical SPectra of these radicals are similar in shape with two absorption
concentration). The absorbance is proportional to the dose upMaxima, one below 225 nm and one at 2800 nm. Replace-
to 42% of full dose suggesting that unwanted radicatlical ~ ment of the CHgroup by the electron-withdrawing,Es group
reactions, such as reactions 15 and 16, are unimportant in thison the ~OCH;* chromophore decreases the absorption cross
range. section by a factor of 24.
3.3. Kinetics of the Self-Reaction of GFgOCH, Radicals.
C,F;OCH, + C,F,OCH, + M — products ~ (15)  The rate constant for the self-reaction ofFgOCH, radicals
was determined by monitoring the rate of decay of the
F + C,F,OCH, — products (16) absorption at 300 nm following pulse radiolysis of mixtures of
5 mbar of HFE-7100 and 995 mbar of §FThe half-lives of
Linear least-squares regression of the low-dose data in Figurethe decays were derived from a fit to the data using a second-
2 gives a slope of (9.5& 0.80) x 1072 Combining this result order expressionA(t) = Ains + (Ao — Ant)/(1 + K (Ao — Aing)-
with the calibrated fluorine atom yield of (3.1 0.32) x 105 t), whereA(t) is the time dependent absorbance agéndAins
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Figure 2. Maximum transient absorptions observed following radi-
olysis of mixtures of 5 mbar ££s0CHs, and 995 mbar SHcircles);

5 mbar GFyOCH;, 27 mbar Q, and 968 mbar Sf(triangles). UV

path lengthsIf were 120 and 80 cm, respectively, and the transients
were recorded at 300 and 250 nm, respectively. Solid lines are least-
squares fits to the low-dose data (filled symbols), and the dashed lines
are polynomial fit to the experimental data to help the visual inspection
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kformation (10 $ )
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of the data. : ) . .
0 2 4 6 8 10
600 [O,] (mbar)
Figure 4. (A) The reciprocal half-lives for the self-reaction ofife-
_ 500 OCH; radicals (circles) versus the maximum transient absorbance at
@ 300 nm. The reciprocal half-lives of the decay aF6DCH,O- radicals
§ 400 | due to self-reaction (triangles) versus the maximum transient absorbance
] at 250 nm. (B) The pseudo-first-order formation rate constantB§-C
o OCH,0O; radicals plotted as a function of the initial oxygen pressure.
5 300} The lines are linear regressions.
2 200 sL. This slope equalsk;g2(2.303)]/( o300nn{C4FeOCHy)).
e Hence,kis = (3.5 4 0.8) x 107 cm® molecule® s71. The
100 guoted uncertainty includes uncertainties in both the slope of
the line in Figure 4A and iw3ponn{C4FsOCH,).
3.4. Kinetics of the F+ C4F9OCH3 Reaction. The rate

0 1 i 1 1 1 R . .
220 240 260 280 300 320 340 constant ratioky4/ky;; was determined from the maximum

Wavelength (nm) transient absorption at 230 nm following pulse radiolysis of

" : : mixtures of 6-18.3 mbar of GFgOCHs, 50 mbar of CECCLH,
F 3. Spectra of GF,OC | d CROC dicals. :
gure pectra of GFOCH (circles) and CHOCH, radicals and 1000 mbar S Reactions 14 and 17 compete for the

TABLE 2: Measured UV Absorption Cross Sections available F atoms.
wavelength  o(C4FOCH,) x 1020 0(C4FOCHO) x 10%°

(nm) ’ ((c?n?g motézgulel) ( (4cng12 m|0_'|29023|61) F+ CFOCH; — C,FOCH, + HF (14)
220 181 512 F + CF,CClLH — CF,CCl, + HF 17)
225 176 489
ggg ﬂg 28451 The alkyl radical CECCl, formed by reaction of F atoms with
240 128 341 CRCCLH (HCFC-123) absorbs strongly at 230 notfccl,
245 93 280 = 9.7 x 10718 cm? molecule18). In contrast, absorption by
250 62 224 the GFyOCH; radical is significantly weakerog,rocH, = 1.7
ggg % gg x 10718 c? molecule’, see Table 2). Figure 5 shows the
570 26 85 observed variation of the maximum transient absorbance at 230
280 42 63 nm as a function of the concentration ratioyfgOCHg]/[CF3-
290 65 67 CClLH]. As shown in Figure 5, the maximum transient
300 58 61 absorption decreases with increasing-§OCHs concentration
310 46 44 because a greater fraction of the F atoms react wifb@CHs.
320 30 33 The data in Figure 5 can be fitted with a three parameter

are the absorbancestat 0, and att = o, respectively, anét’ expression:

= 2ki50300n{C4FsOCH)I /In 10. ks is the rate constant for

reaction 15] is the optical path length, 120 cm, ang,r,och,- kya| | [C4FOCH]

(300 nm)= (5.804 0.76) x 10719 cn? molecule’’. The decays Ackccl, T Acroch, |<_17 [CF,CCLH]

were always well described by the second-order expression A= ok

above. An example of a fit is shown in Figure 1A. The filled &1 [C.FOCH;|

circles in Figure 4A show the reciprocal of the decay half-lives Ki7|| [CF,CCLH]

at various doses versus the maximum transient absorbance. A
linear regression analysis gives a slope of (238.40) x 10° whereAmax, Ackccl,, andAc,roch, are the observed maximum
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[CF,OCH,J[CF,CCIH]
Figure 5. The maximum transient absorbance at 230 nm plotted as

function of [GFsOCH;]/[CFsCCLH]. The smooth line is a fit to the
data; see text for details.

0.5

absorbance for the mixture of radicals, the maximum absorbance

expected if all F atoms react with @EClLH, and the maximum
absorbance expected if all F atoms react withfFdOCH;,
respectively. Aceccl, AcrocH,, andkiskiz were simultaneously
varied, and the best fit was achieved wihg,cc, = 0.34 +
0.01,Ac4|:90c|-|2 = 0.06+ 0.01, and<14/k17 = (13.7212 16) The
results for Acrccl, and AcrocH, are consistent with those

expected on the basis of the absorption cross sections of the

CRCCh and GFyOCH; radicals given above. Usirg; = (1.2
+ 0.4) x 10712 cm?® molecule® s71 17 givesky, = (1.6 & 0.6)
x 10711 cm® molecule s7L. This result is in good agreement
with the value of (1.3+ 0.3) x 1071 cn?® molecule! s

determined using the FTIR technique as described in section

3.10.

3.5. UV Absorption Spectrum of the GFsOCH,0; Radi-
cal. To study the UV spectrum of the peroxy radicalFe
OCH;O,, mixtures of 5 mbar of ¢gFgOCH;, 27 mbar of Q,
and 968 mbar Sfwere subject to pulse radiolysis and the

resulting transient absorbance was monitored over the wave-

length range 226320 nm. Typical experimental absorption

transients recorded at a monitoring wavelength of 250 nm are

shown in Figure 1B. The maximum absorption observed at 250
nm following the radiolysis of SFHFE-7100/Q mixtures was
3—4 times that observed following radiolysis of @HFE-7100
mixtures. We attribute the absorption observed usingr8te-
7100/Q mixtures to the formation of £&sOCH,O, radicals by

the consecutive set of reactions 9, 14, and 2.

To derive the UV absorption spectrum of thegFgOCH,O,
radical, we need to work under conditions where unwanted
secondary radicalradical reactions, such as reactions 15, 16,
and 18-20, are avoided or minimized.

C,F,OCH,0, + C,F;OCH,0, — products  (18)
C,F,OCH,0, + C,F,OCH, — products (29)
C,FsOCH,0, + F — products (20)

In addition, the reaction of F atoms with,(heeds to be
minimized:

F+0,+M—FO,+ M (22)
To minimize the amount of F atoms consumed by reaction 21
the oxygen concentration should be low. However, a low

oxygen concentration will increase the importance of reactions
15, 16, and 19. Clearly, a compromise is needed. An initial

Wallington et al.
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Figure 6. Spectra of GFsOCH,0; (circles) and CHOCH,O; radicals.

0 L
200 220 320

O, concentration of 27 mbar was chosen. Under these
experimental conditions, 6.0% of the F atoms are converted into
FO; (ko1 = 1.9 x 10713 38andk;4 = 1.6 x 1071 cm® molecule™?

s™1). Absolute values for the absorption cross sections (in units
of 1072% cn? molecule?) of FO, at different wavelengths ae
0225nm= 155,0230nm= 508, 0235nm= 341, 0240nm= 180, 02450m

= 153, antvzsanm= 69, and these values can be used to correct
for the absorbance caused by F@dicals.

There are no literature data concerning the kinetics of
reactions 16, 19, and 20, so we cannot calculate their importance.
To check for these unwanted radieabdical reactions the
transient absorption at 250 nm was measured in experiments
using [GFyOCH;] = 5 mbar, [Q] = 27 mbar, and [S§f =

968 mbar with the radiolysis dose (and hence initial radical
concentration) varied over an order of magnitude. The UV path
length was 80 cm. The triangles in Figure 2 show the observed
maximum transient absorption as a function of 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 secondary radicatlical reac-
tions 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 0.2328: 0.0095. From this and three
additional pieces of information, (i) the F atom yield of (3.18
+ 0.32) x 10*® cm~3 (full dose and [SE = 1000 mbar), (ii)

the conversion of F atoms intos&OCH,O, (94%) and FQ
(6%), and (iii) the absorption cross section for F& 250 nm

(0 = 1.26 x 10718 cm? molecule! 19, we derive o(C4Fy-
OCH,0,) at 250 nm= (2.244+ 0.24) x 10~18 cn? molecule™.

The quoted uncertainty reflects both two standard deviations
from the linear least-squares fit to the low-dose data in Figure
2 and the uncertainty in the absolute calibration of the fluorine
atom yield.

To map out the spectrum of the;f80CH,O; radical, the
maximum transient absorbance was measured over the range
220-310 nm, scaled to that at 250 nm, and placed on an
absolute basis using(250 nm)= 2.24 x 1018 cn¥ molecule’®.

A small correction €11%) was applied to account for the
formation of FQ using the formula: ocorrected = [(Oraw —
0r0,)0.06]/0.94. The results are plotted in Figure 6 and listed
in Table 2.

The spectrum of CEDCH,O, radicals is shown in Figure 6
for comparison. As seen from the figure, the spectrum£%C
OCH,0O, appears to be blue-shifted relative to that of £H
OCH,0,. Interestingly, from a comparison of the spectra in
Figures 3 and 6 it can be seen that the absorption maximum at
290 nm evident in the spectrum ofs&OCH, radicals is
preserved in the spectrum of the peroxy radicgFfdOCH,O,
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radicals. In contrast, the absorption maximum at 290 nm evident optical path lengthl was 80 cm, [GFeOCHs] = 5 mbar, [Q]

in the spectrum of CEDCH, radicals does not appear to be
preserved in the spectrum of the peroxy radicakOBH,O,.
The reason for this difference is unknown.

3.6. Association Reaction between £and the C4FsOCH»
Radical. The rate constant for the reaction betweaRdOCH,
radicals and @was measured by monitoring the rate of increase
in absorption at 250 nm at short timesH20 us) following
pulsed radiolysis (42% dose) of mixtures of 5 mbar of HFE-
7100, 1.1-8.5 mbar of Q, and 990 mbar of S§ As discussed
above, the peroxy radicals£s0CH,O, absorbs strongly at 250
nm (o = 2.24 x 10718 cn? molecule®) and its formation can
be monitored easily. The lower traces in Figure 1B are
examples of traces used to measkye The rise of absorption
in Figure 1B contains information on the rate constantThis
information was extracted using two different methods. The

first method was to fit a first-order rise expression to the increase

in absorption. The expression used wasgt) = (Ao — Ainf)-
exXp(—kiormatior) + Ainf, WhereKsormationiS the pseudo-first-order
formation rate constanf\(t) is the absorbance as function of
time, Ag is the maximum absorbance byFRgOCH, radicals,
andAy is the maximum absorbance byFsOCH,O, radicals.
Krormation Ao, andAins were used as fit parameters. To account
for the finite time taken for the formation of££§OCH, in the
system, the fits were starteduk after the radiolysis pulse at
which time conversion of F atoms intosE&5OCH, radicals is
86% complete. In Figure 4B the pseudo first-order-formation
rate constant¥{rmation) are plotted as function of [} Linear
least squares givde = (2.5 % 0.5) x 10712 cm?® molecule’®
s™L. There is a significant positivg-axis intercept in Figure

= 30 mbar, [SE] = 965 mbar, and the dose was varied between
full and 21% of full dose.

A linear regression analysis of the data in Figure 4A gives a
slope of (3.47 0.25) x 1 s which equaldgond2 x 2.303)/
(locrs0ch,0,(250 NM)) whereki gonsiS the observed rate constant
for reaction 18,1 is the optical path length, 80 cm, and
OcFs0cH0,(250 Nnm)= (2.24 £ 0.24) x 10718 cn¥ molecule™.
Hence kigobs= (1.354 0.17) x 10711 cm? molecule’l s71. In
addition to reaction 18, the decay of theFgOCH,O, radical
may also be influenced by reactions with other radicals, for
example,

C,F,OCH,0 + O, —~HO, + C,FfOCHO (22)
HO, + C,F;OCH,O, — products (23)
C,F,OCH,0, + C,F;,OCH,0 — products (24)

Since the rate constants for reactions-22 are unknown, we
cannot correct for these reactions at the present time. Our
reported value okiggps is the observed rate constant which
describes the rate of decay of absorption at 250 nm in the
present system. It is interesting to compkygnswith the rate
constants for the self-reaction of other peroxy radicals. Consider
the radicals ChO,, CH;CH;O,, HOCH,O,, CH;OCH,O,
CH3C(O)CH,0,, and CHOC(O)OCHO,. The rate constants
for the self-reactions are (in units of émolecule® s71) 3.7

x 107131970 x 10714197.0x 10712192.7 x 107121°8.3 x
1071219 and 1.27x 10711 (observed only}8 respectively. As

4B which, based upon our experience with such systems, wenoted previousl§°electron-withdrawing substituents increase

attribute to the influence of loss of4EsOCH, radicals via their
self-reaction. The second method used to dekyevas a
detailed modeling approach using the Chemsimul progtam

with a chemical mechanism consisting of reactions 2, 14, 15,

18, and 21 withkeyry = 1.6 x 1071, kpro, = 1.9 x 10713,
|(R+o2 =25x 10_12, kR+R =35x 10_11, kR02+R02 =1.35x%x
101 cm? molecule s71, 0250 C4FgOCH,0,) = 224 x 1072,
and 0250nn{C4FgOCH,) = 62 x 10720 crm? molecule’. The

the reactivity of peroxy radicals toward self-reaction.

3.8. Rate Constant for the Reaction GFOCH->0, + NO»,
+ M — C4FsOCH20,NO; + M. Following the radiolysis
(42% dose) of mixtures of 970 mbar of §B mbar of GFy-
OCHs;, 25 mbar of @, and 0.2%+1.3 mbar of NQ, a rapid
(complete within 4Qus) decrease in absorption at 400 nm was
observed. Figure 7AC show typical absorption transients. We
ascribe the decrease in absorption to loss oh Ni@ reaction

results of such two simulations are shown as the smooth curveswith C4FeOCH;0; radicals. The absorption transient from each
in Figure 1B. In all cases the observed transients were well experiment was fitted using the Chemsimul progtamith a

described using, = (2.54 0.5) x 10712cm® molecule! s
3.7. Kinetics of the Self-Reaction of GFsOCH»0, Radi-

chemical mechanism consisting of the following reactions and
rate constants (R C4/OCH,): F+ RH (1.6 x 10°%), F+

cals. Figure 1B shows typical transient absorptions obtained NOz (1.0 x 107), R + NO; (1.0 x 10%), R+ O, (2.5 x

following the pulsed radiolysis of £gOCHs/SF/O, mixtures.

10719, R+ R (3.5 x 10711, RO, + RO, (1.35 x 10-19), and

The decay of the absorption is due to the self-reaction of the RO + NOz (1 x 10~*%), with k, varied to give the best fit. As

C4FoOCH, O, radical:

C,FyOCH,0, + C,FOCH,0,— products  (18)

shown by the solid curves in Figure 7AC, the experimental
transients were best fit using = 8.8 x 10712 cm?® molecule?
s71. Toillustrate the sensitivity of the fit, the dotted curves in
Figure 7C show the effect of varyirlg by £20%. We estimate

The rate constant of reaction 18 is defined by the equation thatks = (8.8 & 1.8) x 10712 cm® molecule’ls™t. At 1000

—d[C4F90CH202]/dt = 2k130b{C4F90CH202]2. The observed
rate constank;gopsfor reaction 18 can be obtained from a plot
of the reciprocal half-lives of the peroxy radical decay versus

mbar of Sk it is expected thak, is close to its high-pressure
limit. The value ofk, obtained here is similar to the high-
pressure limiting rate constants for the reactions of other peroxy

the maximum transient absorbance measured at 250 nm. Theadicals with NQ which lie in the range (510) x 10712 cm?
triangles in Figure 4A show such a plot. The absorbances aremolecule? s71.19

corrected for the absorption due to £& according to the
formula A = [Ags — o(FO)](80 cm)(0.06)(3.08x 10%)
(molecule cm®)dose. The decay half-lives were derived from
a fit to the transients using the second-order expresskiit):

= Ant + (Ao — Ain)/(1 + K (Ao — Ainf)t), whereA(t) is the time
dependent absorbance afigland A are the absorbancestat
= 0 and att = oo, respectively. k' = kigloc,r0cH,0,(250 nm)/
[(2.303)(2)] whereks is the second-order rate constant for the

3.9. Rate Constant for the Reaction GFgOCH>0, + NO

— Products. The rate constant for the reaction of NO with
C,FsOCH,0O, was studied using the pulsed radiolysis setup.
Following the radiolysis of S§#FC4FsOCHy/O,/NO mixtures, an
increase in absorption at 400 nm was observed. Figure 7D
shows a typical absorption transient. Experiments were per-
formed using 42% of full dose, with mixtures of 5 mbar of
HFE-7100, 25 mbar of & 954 mbar of Sk and 0.3+0.95

self-reaction of the radicals. The decays were always well mbar of NO. The increase in absorption is ascribed to, NO
described by second-order kinetics. For these experiments theformation via reaction 3a. For each concentration of NO the
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Figure 7. Transient absorption at 400 nm following radiolysis (42%
of maximum dose) of mixtures of (A) 0.81, (B) 1.3, (C) 0.42 mbar
NO,, 5 mbar GFsOCH;, 25 mbar Q, and 970 mbar SHI = 120 cm).
Part D shows the transient absorption following radiolysis of a mixture
of 0.76 mbar NO, 19 mbar £,0CH;, 25 mbar @, and 970 mbar SF
(I = 80 cm). The smooth and dotted lines are simulations of the
experimental transients; see text for details.
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Figure 8. First order formation rates of NGformed from the reaction
of NO with C4FsOCH,0,) observed following radiolysis of SFC4Fe-
OCHy/O,/NO mixtures as a function of NO concentration.

1.0

increase in absorption was fitted using the following expression
for a first-order formation:A(t) = (Aint — Ag)(1 — exp(—kistt))

+ Ao, whereA(t) is the time dependent absorbanég,is the
extrapolated absorbance at timme= 0 (always close to zero),
Ay is the absorbance at infinite time, ak#st is the pseudo-
first-order appearance rate of MOThis technique for measur-
ing the rate constant for the reaction of NO with peroxy radicals
is described in detail elsewhete. Figure 8 shows a plot of
Kirst yversus [NO]. Linear least-squares analysis of the data in
Figure 8 givesks = (8.5+ 1.7) x 10712 cm® molecule® s
They-axis intercept is (2.9 0.7) x 10* s~ and suggests that
the self-reaction of the f£gOCH,O5 radicals contributes to the
loss of GFgOCH,O; radicals. The decay half-life for the loss
of C4yFOCH,O, due to the self-reaction is approximately 28
us at 42% of maximum dose. An intercept of 2910* s 1
which is the same as a first order formation half-life for NO
of 34 us is close to the decay half-life for,£&s0CH,O, due to

Wallington et al.
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Figure 9. Decay of HFE-7100 versus GHtriangles) and CECl
(diamonds) in the presence of Cl atoms.
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radicals. To test this hypothesis, the experimental transient
shown in Figure 7D was simulated using a model consisting of
the following reactions (and rate constants):+FRH (1.6 x
101, R+ O, (2.5 x 1013, R+ R (3.5x 1011, RO, +

RO, (1.35x 1071, RO; + NO (8.5x 10719, RO+ NO(1 x
10711), RO+ NO, (1 x 10713, and RQ + NO; (8.8 x 10712

with o(NO;) = 6.01 x 10~ 1%cn¥? molecule® at 400 nmt®> The
result is shown as the smooth curve in Figure 7D. The excellent
fit of the model to the experimental data lends confidence to
the value ofks = (8.5 + 1.7) x 1012 cm® molecule’? s1
obtained here. We estimate that possible secondary chemistry
contributes an additional 10% uncertaintyto Hence we arrive
atks = (8.5% 2.5) x 1071 cm?® molecule* s,

3.10. Relative Rate Studies of the Reactions of Cl and F
Atoms with HFE-7100. Prior to investigating the atmospheric
fate of GFJOCH,O- radicals, relative rate experiments were
performed using the FTIR system at Ford Motor Company to
investigate the kinetics of reactions 13 and 14. The techniques
used are described in detail elsewh@réhotolysis of molecular
halogen was used as a source of halogen atoms.

Cly(orF)+hr—2Cl(or2F) (12)
Cl + C,F;OCH; — C,F,OCH, + HCI (13)
F + C,F,OCH;, — C,F,OCH, + HF (14)

The kinetics of reaction 13 were measured relative to reactions
25 and 26. Reaction 14 was measured relative to reactions 27
and 28.

Cl + CH, — products (25)
Cl + CH,Cl — products (26)
F+ CH,— CH; + HF (27)
F+ CD,— CD; + DF (28)

The observed losses ofsE50CH; versus those of reference
compounds in the presence of either Cl or F atoms are shown
in Figures 9 and 10, respectively. The experiments described
in this section were performed using a sample of HFE-7100
which consisted of 65%-C4FoOCH; and 35%n-C4FgOCHs.
There was no discernible difference in reactivity5®o) of Cl

or F atoms toward thé andn-isomers of HFE-7100. There

the self-reaction. Hence on a semiquantitative basis the interceptwas no discernible difference between data obtained in 700 Torr

in Figure 8 can be explained by the self-reaction gfFdOCH,O,

of either N or air diluent. Linear least-squares analysis gives
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Figure 10. Decay of HFE-7100 versus GD(circles) and CH
(diamonds) in the presence of F atoms.

k13/k25 =1.00+ 0.05,k13/k26 =0.19+ 0.01,k14/k27 =0.19+
0.01, andk4kog = 0.27 & 0.02. Usingkys = 1.0 x 1071315

kzs =49 x 1013,15 k27 = 6.8 x :I.(Tll,l7 and kzg =47 x
101117 the four ratios giveyz = (1.004 0.05) x 10718 ki3 =
(9.3+£0.5) x 107 kg = (1.3£ 0.1) x 107, andkys = (1.3
+0.1) x 10711 cm® molecule® s71, respectively. We estimate
that potential systematic errors associated with uncertainties in

0.0

0.0 2.0

the reference rate constants could add an additional 10% and

20% uncertainty ranges fég; andkj4, respectively. Propagat-
ing these additional uncertainties gives valuek;ef= (1.00+
0.11) x 10718 k3= (9.3+ 1.0) x 10714 kyq4 = (1.3 4 0.3) x
101 andkys = (1.3 4 0.3) x 1071 cm?® molecule’l s™%. We
choose to cite final values &f3 andkj4, which are averages of
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0.4 T T T 1

A: n-C,F ,OC(O)H

0.3

0.2

0.1

L R i 1 R

Absorbance

0 - B: i-C,F,0C(O)H

0.2 1

0.1

0.0 1 ! ] . ! .. i f |
800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Figure 11. IR spectra of (A) 1.84 mTorr of-C,FOC(O)H and (B)
1.88 mTorr of i-C4F0OC(O)H derived from the CI atom initiated

2000

those determined using the two different reference compoundsoxidation of mixtures of eithen-HFE-7100 (A) ori-HFE-7100 (B) in

together with error limits which encompass the extremes of the
individual determinations. Henckys = (9.7 + 1.4) x 1074
andkis = (1.3 + 0.3) x 107 cm?® molecule’s . Quoted

700 Torr of air at 295 K.

Reaction 22 produces perfluorobutyl formate, while the uni-

error reflects the accuracy of our measurements. The value ofolecular decomposition reaction 29 gives a perfluorobutyl

ki4 determined using the FTIR technique is in agreement with
the determination df;4 = (1.6 4 0.6) x 10-11 cm?® molecule?

alkoxy radical which will further decompose and initiate a
sequence of reactions that “unzip” the radical. In the case of

s 1 using the pulse radiolysis technique (see section 3.4). ThereMC4F9O, the reaction sequence-382 produces four molecules

are no literature data available f&gz or k4 with which to
compare our results.

3.11. Determination of the Atmospheric Fate of
C4F9OCH,0* Radicals. The atmospheric fate of £s0CH,O
radicals was studied using the FFHRmog chamber system at
Ford Motor Company. Experiments were performed using the
UV irradiation of GFsOCHs/Cl,/O2/N, mixtures with, and
without, added NO. In these experiments-§OCH,O radicals
were formed either by reaction 18a or 3a.

C,F,OCH,0, + C,F,OCH,0,— C,FOCH,0 +
C,F,OCH,0 + O, (18a)

C,F,OCH,0, + C,F,OCH,0,— C,F{OCHO+
C,F,OCH,0H + O, (18b)

C,F,OCH,0, + NO— C,F,OCH,0 + NO, (3a)

C,F{OCH,0, + NO + M — C,F,OCH,ONO, + M (3b)

Once formed, the £-§OCH,0 radicals are expected to undergo
either reaction 22 or 29.

C,F,OCH,0 + 0, — C,FOC(O)H+ HO,  (22)

C,FOCH,O0+M — C,F,O+HCHO+M (29)

of COFR,, while for i-C4F5O radicals we expect the formation
of two molecules of COfand one of CEC(O)F.

CF;,0+M—C, _,F,,+COF+M (30)
ChiFon + 0,— C R0, + M (31)
C,.F0,+ NO—C,_,F,,0+ NO, (32)

COFR; is readily detectable by its absorption features at 774 and
1850-2000 cnT! and serves as a convenient marker for the
importance of reaction 29. The formation of perfluorobutyl
formate serves as a marker for reaction 22. Four sets of
experiments were performed with samplesnefand i-C4Fs-
OCH; in the presence and absence of NO.

For small (:-10%) conversions of the HFE-7100 there was
no detectable formation of CQRn the system, showing that
reaction 29 is not an important loss mechanism §fgOCH,O
radicals. IR product features were observed at 751, 827, 890,
976, 1041, 1080, 1113, 1149, 1192, 1230, 1249, 1304, 1805,
and 1823 cm? in experiments employing-HFE-7100 and 728,
825, 992, 1027, 1052, 1068, 1169, 1263, 1293, 1807, and 1822
cm1 in experiments employing-HFE-7100. As discussed
below we ascribe these features to the perfluorobutyl formates
and conclude that reaction 22 is the dominant loss &#,C
OCH,0 radicals in the system. IR spectra of the formates are
shown in Figure 11. Interestingly, there was no discernible
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difference between the formate yields in experiments with, and
without, added NO and no evidence for the formation of other
carbon containing products. The only reasonable interpretation
is that HFE-7100 is converted into formate in both systems in
essentially 100% yield. On this basis we are able to calibrate
the formate spectra shown in Figure 11. For Cl-atom-initiated
oxidation experiments conducted in the absence of NO, we
usually observe the formation of hydroperoxides via the reaction
RO, + HO, — ROOH + O; (R = C4FOCH,). The absence

of hydroperoxides in the present experiments can be rationalized
several ways: (i) the RO+ HO; reaction is unusually slow,

(ii) the RO, + HO; reaction does not give ROOH but instead
produces the formate (the analogous ;08H0, + HO,
reaction gives a substantial formate y#&)d (i) ROOH is
formed in the system but is consumed by secondary reaction
with Cl atoms to regenerate the peroxy radical, or (iv) a
combination of the above.

Following the irradiation of HFE-7100/@hir mixtures, the
concentration of the formates were observed to increase linearly
with loss of HFE up until about 50% loss of the parent HFE-
7100. For conversions of HFE-7100 85—90% the formate

Wallington et al.
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yield reached a plateau and then decreased. We ascribe thigigure 12. Plots of the observed concentration ofFDC(O)H

behavior to reaction of Cl atoms with the formate. By
monitoring the formation and subsequent loss of the formate

normalized to the initial HFE-7100 concentration versus the fractional
loss of HFE-7100 following irradiations of mixtures of HFE-7100 and
Cly in 700 Torr of air diluent. Part A shows the data for thvésomer

as a function of the fractional conversion of HFE-7100, we can yhjle panel B shows data for thiesomer. The curves are fits to the

establish the rate constant for reaction of Cl atoms with the
formates.

Cl + C,F;OC(O)H— HCI + C,FOC(0)  (33)

The relevant reactions are 33 and 34
Cl + HFE-7100— o formate+ other products (34)

wherea is the yield of formate from HFE-7100 (8 a < 1).

The corresponding rate equations can be solved analytically to
relate the amount of formate at any tin® the corresponding
conversion of HFE-7100 at timeas a function ofx and the
rate constant ratikss/kss, wherekss andks4 are the bimolecular
rate constants of reactions 33 and 34, respectively. The
expression, as derived in reference 24, is

[formate] o
[HFE-7100] L Ksg'
Kaq

[ X){k33’k34— 1 _ 1] 0}

wherex is the conversion of HFE-7100, defined as

[HFE-7100]
[H FE-?lOO]0

Figure 12 shows plots of the observed concentration £%C
OC(O)H normalized to the initial HFE-7100 concentration
versus the fractional loss of HFE-7100 following irradiations
of mixtures of HFE-7100 and €lin 700 Torr of air diluent.
Fits of expression | to the data in Figure 12A,B give values of
kaz/ksa = 0.20£ 0.04 and 0.14+ 0.05 for then- andi-isomers,
respectively. Within the experimental uncertainties there is no
significant difference in reactivity of the two formate isomers

data; see text for details.

7100)= (9.7 4 1.4) x 10713, we arrive atksz = (1.6 = 0.7) x
10714 cm® molecule’® s71,

For completeness the Cl-atom-initated oxidation of the
formates was studied as part of the present work. The
experimental method was as follows. Mixtures efsimTorr
of eithern-HFE-7100 ori-HFE-7100, 206-300 mTorr of C},
16—18 mTorr of NO, and 40 Torr of @&n 50 Torr total pressure
of N2 diluent were prepared and irradiated for successive 2 min
periods until all IR features attributed to the HFE-7100 had
disappeared. The product mixtures were then subject to further
UV irradiation, and the loss of formate and formation of GOF
and CREC(O)F were monitored. The results are shown in Figure
13. The radical formed in reaction 33 is expected to add O
react with NO to give the corresponding alkoxy radical, and
then decompose to give a perflurobutyl alkoxy radical which
will “unzip” via reactions 36-32. As expected, the oxidation
of n-C4,FOC(O)H gave a molar CQ#yield of 370+ 63% while
i-C4F9OC(O)H degradation gave molar yields of 1#230%
COR,; and 101+ 18% CRC(O)F. Quoted errors include two
standard deviations from linear regressions of the data in Figure
13 plus an additional 15% uncertainty associated with uncertain-
ties in the calibrations of the CQFCRC(O)F, and formate
reference spectra.

3.12. Computational Study of Perfluoroalkyl Formate IR
Spectra. A surprising feature of the perfluoroalkyl formate
vibrational is the presence oo bands in the carbonyl stretch
region. Ab initio calculations were performed to examine the
vibrational spectra of the formates, using :O0E(O)H as a
simple model for the higher homologues. Alkyl formates can
exist in both syn and anti conformers. If R is a hydrocarbon,

O o)
/ 4
H—C H—C
\ \
O—R O
/
R

syn anti

with Cl atoms, and we choose to quote an average value of

ksglkss = 0.17 £ 0.07 with error limits that encompass the
extremes of the individual determinations. Usk{(€I+HFE-

the syn conformer is preferred to the anti by several kcalfpol
the barrier for interconversion is approximately 10 kcal Mpl
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10 TABLE 3: Selected Geometry Parameters, Vibrational
Frequencies and Intensities, Dipole Moments, and Relative
Energies of Stable CEOC(O)H Conformers and Transition
State Connecting Them
5 synCFR0C(O)H TS anti-CFROC(O)H
E Selected Geometric Paramlsers
= Cy=0 1.203 1.198 1.200
TR Cy—O 1.386 1.417 1.395
(@) C—0O 1.384 1.361 1.371
o, H—Cq 1.091 1.091 1.093
F—Cr 1.333,1.337 1.330, 1.343, 1.353 1.327, 1.346
0o=Cy—0 126.0 122.5 120.4
OH-Cy—0O 107.0 110.9 113.2
OCH—0—-Ck 117.5 115.7 1159
0.0 0.5 1.0 1.5 2.0 25 JO0=Cy—0O—Cr O 92.3 180
[n-C,F,OC(O)H] (mTorr) Selected Vibrational Frequencies and Intendities
5 »(Ch—H) 2895 (5) 2874 (1)
»(CH=0) 1800 (55) 1823 (13)
B »(H-Cy—0) 1351 (3) 1377 (1)
__4F v(F—Cp) 1284 (66) 1309 (23)
= »(F—Cp) 1260 (62) 1250 (22)
2 »(Ce—0) 1199 (100) 1224 (16)
E st ¥(Co—0) 1129 (32) 1086 (9)
‘w Dipole Moment§
S, 1.91 1.86 1.80
E Relative Energies
a, CF,C(O)F RHF/6-31G(d,p) 0 7.8 2.2
1 MP2/6-31G(d,p) O 8.2 2.1
MP2/TZ2P 0 7.5 1.2
o | | | | zPER 0 -0.6 -0.2
00 05 10 15 20 25 a2 MP2/6-31G(d,p) distances in angstroms, angles in degtéddF/
[i-C,FsOC(O)H] (mTorr) 6-31G(d,p) frequencies in cr scaled by 0.873. RHF/6-31G(d,p)

. . . - — intensities weighted by relative thermal populations at 298 K and
Figure 13. Product yields following the ClI atom initiated oxidation - . ) :
of (A) N-C4FsOC(O)H and (B)i-C4FsOC(O)H; see text for details. nonPlaI;zed to 1_00 maximuni.MP2/6-31G(d,p), in d_ebyé'.ln kcal
mol~1. © Zero-point energy, from unscaled frequencies.

ind only the syn is ob.served under normal conditiénst R atmospheric lifetime of HFE-7100 is determined by its reaction
= Chs, however, we find that the two conformers are much iy O radicals and is estimated to bes years. Reaction
closer in energy, and that the rotational barrier separating the i, oH gives the alkyl radical §540CH, which, within less
two decreases. Such differences are consistent with the strongy, 5, 1us, will be converted into the corresponding peroxy
i i 26 ’

m-accepting |nflqence of the Q@roup.. . . radical GFOCH,O,. We show here that £,0CH,O, radicals

Table 3 contains the results of ab initio calculations on the .o rapidly with NO to produce Nand, by inference o-
two conformers and the transition state connecting them. The OCH,0 radicals. Using = 8.5 x 10712 (’:mg molecule® -1
two differ only slightly in structure, and at the highest Igvel of together with an estimated background tropospheric NO con-
theory considered, the syn is more stable than the anti by only ..iration of 2.5x 108 molecule cm?3. the lifetime of GFs

1 H . ,

1.2 keal mot™. Zero-point energy and thermal effects decrease ¢y, radicals with respect to reaction with NO is calculated
this difference to about 1 kcal md} which implies arelative 4, g min. Reaction 3 is likely to be an important atmospheric
populanqn of apprC_)X|mater 800/9 syn to ,20% anti at 298 K. |oqq of GFyOCH,O; radicals. The sole fate of the alkoxy
The barrier separating these two |§1apprOX|mately 7 kealol 4 dical derived from HFE-7100 is reaction with @ give the
Assuming a prefactor of about F0s™*, the conformer lifetime ¢ 11310~ This behavior is entirely consistent with the available
is roughly 0.1us, sufficient for the two conformers t0 be  yaiapase concerning the behavior of similar nonfluorinated
resolved in infrared experiments. Harmonic vibrational fre- alkoxy radicals, e.g., CH¥DCH,0 and (CH)sCOCH,O radicals
quencies were calculated for both conformers, and the frequen-are known to e;<cl'u§,ively react with,@o give formate€’ It is
cies scaled by 0.873 to facilitate comparison with experiment reported herein that the formateRGOC(O)H is rather. unre-
(scale factor determined by comparison of the experimental and qtjve toward CI atoms and is likely to be similarly unreactive

calculated spectra of methyl formate). The calculated carbonyl ;.4 OH radicals. Organic compounds which react with Cl
stretch bands for the two conformers are in excellent agreement o« with rate constants in the range %6-1013 cn?

with the two bands observed in both andi-C4FeOC(O)H, molecule? s generally react faster with Cl atoms than with
and we assign the low-and high-energy bands to the syn andq adicalsts Hence. we can use the value ok = 1.6 x
anti conformers, respectively. When weighted by the relative ;3-14 .13 molecule'® s'*l as an upper limit t(OH+C4FoOC-
populations of the two conformers (Table 3), the calculated (O)H). Using a 24 h global average OH concentration of 7.5
intens_ities of the two bands are in e_xcel!ent agreement with | "1 5 cm3, we derive a lower limit of 3 years for the
experiment. A number of other vibrational doublgts are atmospheric lifetime of gFSOC(O)H with respect to reaction
e;xpected for the two conformers, but thg most prominent are ih OH radicals. In view of the polar nature ofGOC(O)H
likely obscured by the large number of intense-festretch i soemg Jikely that the main atmospheric removal mechanism
bands from the perfluorobutyl chains. of this compound will be via wet/dry deposition and possibly
photolysis. Unfortunately, there are no available data for the
rates of these processes and hence it is not possible to provide
We present herein a large body of kinetic and mechanistic an estimate of the atmospheric lifetime offFgOC(O)H at this
data pertaining to the atmospheric chemistry of HFE-7100. The time.

4.0. Implications for Atmospheric Chemistry
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Figure 14. IR spectra of HFE-7100 (mixture of andi-isomers used
commercially) and CFC-11.
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The atmospheric degradation of HFEs produce the same
fluorinated radical species as formed during the degradation of

HFCs. HFCs do not impact stratospheric ozéaad the same
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(13) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359.
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Quantum Chem. Symp., Quantum Ch&8v9 13, 1325.

(15) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J.; JPL Publication No. 94-26; NASA Jet Propulsion Laboratory:
Pasadena, CA, 1994.

(16) Prinn, R. G.; Weiss, R. F.; Miller, B. R.; Huang, J.; Alyea, F. N.;
Cunnold, D. M.; Fraser, P. J.; Hartley, D. E.; Simmonds, P SGience

conclusion applies to HFEs. HFE-7100 has an ozone depletion1995 269, 187.

potential of zero. Finally we need to consider the potential for
HFE-7100 to impact the radiative balance in the atmosphere.
Using the method of Pinnock et #@with the IR spectra shown

in Figure 14 we calculate instantaneous forcings for HFE-7100
and CFC-11 of 0.37 and 0.26 W#nrespectively. Values of
the GWP (global warming potential) for HFE-7100 (relative to
CFC-11) can then be estimated using the expredsion

GWRee_7100=

(IFHFE7100)(‘CHFE710CN|CFC1:)(1 — eXptTyre—7100
1 - exp(-treec1d)

where IFyre-7100 IFcre-11, MuFe-7100 McFc-11, THFE-7100 @Nd
Tcrc-11 are the instantaneous forcings, molecular weights, and
atmospheric lifetimes of the two species and t is the time horizon
over which the forcing is integrated. Usimgre—7100~5 years
andrcrc-11 = 50 years® we estimate that the GWP of HFE-
7100 is~0.23 for a 20 year horizon arrd0.091 for a 100 year
time horizon. The GWP of HFE-7100 is a factor of 20 less
than those of the CFCs that it replaces.
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