Environ. Sci. Technol. 2002, 36, 2395—2402

Atmospheric Chemistry of HFE-7500
[n-C3F;CF(OC,H;)CF(CF;),]: Reaction
with OH Radicals and ClI Atoms and
Atmospheric Fate of
n-CsF;CF(OCHO.)CF(CF;), and
n-C3F7CF(OCH2CH20¢)CF(CF3)2
Radicals

M. GOTO, Y. INOUE, AND M. KAWASAKI

Department of Molecular Engineering, Kyoto University,
Kyoto 606-8501, |apan

A. G. GUSCHIN, L. T. MOLINA, AND
M. J. MOLINA

Department of Earth, Atmospheric, and Planetary Sciences,
M assachusetts Institute of Technology,
Cambridge M assachusetts 02139

T. ). WALLINGTON* AND M. D. HURLEY

Ford Research Laboratory,SRL-3083, Ford Motor Company,
P.O. Box 2053, Dearborn, Michigan 48121-2053

Relative rate techniques were used to measure k(OH +
HFE-7500) = (2.6 & 0.6) x 10714, k(Cl 4+ HFE-7500) = (2.3 &
0.7) x 10712, K[Cl + n-C3F;CF(OC(O)H)CF(CF3))] = (9.7 +
1.4) x 1075, and k{Cl + n-C3F;CF(OC(O)CH3)CF(CF3);] < 6
x 10717 ¢m3 molecule= s~1 at 295 K [HFE-7500 = n-CsF;-
CF(OC2Hs)CF(CF3),]. From the value of k(OH + HFE-7500)
an estimate of 2.2 years for the atmospheric lifetime of HFE-
7500is obtained. Two competing loss mechanisms for n-CsF4-
CF(OCHO*CH3)CF(CF3); radicals were identified in 700

Torr of N2/O; diluent at 295 K; reaction with O, and
decomposition via C—C bond scission with Ko,/ kdecomp =
0.013 £ 0.006 Torr—L, The Cl atom initiated oxidation of HFE-
7500 in No/O; diluent gives n-C3F;CF(OC(O)CH3)CF(CF3); as
the major product and n-CsF;CF(OC(O)H)CF(CF3); as a minor
product. The atmospheric oxidation of HFE-7500 gives n-CsF-
CF(OC(O)CH3)CF(CF3); and n-CsF;CF(OC(O)H)CF(CF5); as
oxidation products. The results are discussed with respect
to the atmospheric chemistry and environmental impact
of HFE-7500.

1. Introduction

Recognition of the adverse environmental impact of chlo-
rofluorocarbon (CFC) release into the atmosphere (1, 2) has
led to an international effort to replace CFCs with environ-
mentally acceptable alternatives. Hydrofluoroethers (HFEs)
are a class of fluid compounds that have been developed to
replace CFCsin applicationssuch asthecleaningof electronic
equipment, heat transfer agents, and carrier fluids for
lubricantdeposition (3). HFE-7000 (n-CsF;0CH3), HFE-7100
[supplied commercially asa mixture of 35%n-C4sFgOCH3and
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65% (CF3).,CFCF,OCH3s], and HFE-7200 [supplied com-
mercially as a mixture of 35% n-C4FsOC;Hs and 65% (CF3)2-
CFCF,0C;Hs] have attracted commercial interestand wehave
reported assessments of their atmospheric chemistry (4—6).
HFE-7500 [n-CsF;CF(OC;Hs)CF(CFs3),, 2-trifluoromethyl-3-
ethoxydodecafluorohexane] isanew member of this class of
compounds. HFE-7500 is a volatile liquid (bp 130 YC) with
a vapor pressure of 16 Torr at 25 YC (7) and will probably be
released into theatmosphere. Prior toitslarge-scaleindustrial
use, an assessment of theatmospheric chemistry, and hence
environmental impact, of HFE-7500 is needed. We report
theresults of the first study of the atmospheric chemistry of
HFE-7500.

HFE-7500 F

The atmospheric oxidation of HFE-7500 will be initiated
by reaction with OH radicals. The alkyl radicals produced in
reaction 1 will add O, rapidly to give peroxy radicals:

n-C4F,CF(OCH,CH,)CF(CF), + OH —
Nn-C4F,CF(OCHeCH)CF(CF5), + H,0 (1a)

n'C3F7CF(OCH2CH3)CF(CF3)2 + OH —
n-C4F,CF(OCH,CH»)CF(CF,), + H,0O (1b)

n-C4F,CF(OCHCH,)CF(CF,), + O, + M —
n-C4F,CF(OCHOO.CHS)CF(CF5), + M (2a)

n'C3F7CF(OCH2CH2.)CF(CF3)2 + 02 +M—
n-CF,CF(OCH,CH,008)CF(CF5), + M (2b)

The peroxy radicals derived from HFE-7500 will react with
NO, NO2, HO,, and other peroxy radicals in the atmosphere
(8, 9):

n-C5F,CF(OC,H,00.)CF(CF3), + NO —
n-C5F,CF(OC,H ,0e)CF(CF3), + NO, (3a)

n-C4F,CF(OC,H,00¢)CF(CF5), +NO + M —
n-C4F ,CF(OC,H,ONO,)CF(CF5), + M (3b)

n-C4F,CF(OC,H,000)CF(CF;), + NO, + M —
n-C5F,CF(OC,H,0,NO,)CF(CF3), + M (4)

C4F,CF(OC,H,004)CF(CFs), + HO, — products (5)
C4F,CF(OC,H00.)CF(CFs), + RO, — products (6)

Experiments have been performed in our laboratories to
elucidate the atmospheric chemistry of HFE-7500. A relative
rate method was used at MIT to measure the kinetics of the
reaction of OH radicals with HFE-7500 and henceto provide
an assessment of its atmospheric lifetime. Relative rate
methods were used at Ford to measure the kinetics of the
reaction of Cl atoms with HFE-7500 and its oxidation
products. Fourier transform infrared (FTIR) spectroscopy
coupled to a smog chamber at Ford was employed to
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investigate the atmospheric fate of the alkoxy radicals CsF-
CF(OCHOeCH3)CF(CF3); and C3F7CF(OCH2CH20¢)CF(CF3)a.
The results are reported herein and discussed with respect
to the environmental impact of HFE-7500.

2. Experimental Section

The two experimental systems used are described in detail
elsewhere (10, 11). All samples of HFE-7500 used in thiswork
were supplied by the 3M Company at a purity >99% and
were used without further purification. The uncertainties
reported in this paper are two standard deviations unless
otherwise stated. Standard error propagation methods were
used to combine uncertainties where appropriate.

2.1. FTIR—Photolysis System at MIT. The rate constant
forthe OH + HFE-7500reaction was obtained by monitoring
thedisappearancerateof HFE-7500relativeto CHsand CHs-
Cl in the presence of OH radicals at 295 K. The decay of the
sample was measured by infrared spectroscopy (10). The
concentration of HFE-7500 was monitored by spectral
subtraction. OH radicals were generated by photolysis of
ozone at 254 nm in the presence of water vapor:

05+ hv—0O('D) + O, (7)
O('D) + H,0 — 20H (8)

The long-path absorption cell, made of Pyrex glass, had a
volumeof 7.6 L and abaselength of 60 cm, which was adjusted
to give a total of 24 passes and an optical path length of 14.4
m. The concentrations of the reactants and products were
monitored with an FTIR spectrometer (Nicolet 20SX). The
mercury photolysis lamp (Ace Hanovia 450-Watt medium-
pressuremercury lamp) was enveloped in aVycor tube, which
transmits 254-nm radiation but absorbsthe 185-nmHgline,
and was placed inside the absorption cell. No decay of the
HFE-7500 sample was observed upon irradiation in the
chamber in the absence of ozone.

The organic reactants were mixed with helium in a 3-L
glass reservoir to yield mole fractions of ~1%. Ozone was
prepared by first trapping the effluent from an ozonizer in
cold silica gel, and then desorbing the sample into a 12-L
glass reservoir and subsequently mixing it with helium. The
experiments were performed at room temperature in ~200
Torr of helium as a buffer gas in the presence of 3—5 Torr
of ozone and 2—3 Torr of water vapor.

2.2. FTIR—Smog Chamber System at Ford Motor Com-
pany. Experiments were performed in a 140-L Pyrex reactor
interfaced to a Mattson Sirus 100 FTIR spectrometer (11).
The reactor was surrounded by 22 fluorescent blacklamps
(GE F15T8-BL), which were used to photochemicallyinitiate
the experiments. The oxidation of HFE-7500 was initiated by
reaction with Cl atoms, which were generated by the
photolysis of molecular chlorine in air diluent at 700 Torr
total pressure at 295 + 2 K.

Cl, + hv — 2Cl (9)

Cl + n_C3F7CF(OC2H5)CF(CF3)2 -
n-C5F,CF(OC,H 4)CF(CF3), + HCI (10)

N-C5F,CF(OC,H 4+)CF(CF3), + 0, + M —
n-C3F,CF(OC,H,0,)CF(CF3), + M (2)

The loss of HFE-7500 and the formation of products were
monitored by FTIR spectroscopy with an infrared path length
of 27.4 m and a resolution of 0.25 cm~1. Infrared spectra
were derived from 32 coadded interferograms.

Two sets of experiments were performed. First, relative
ratetechniques were used to determinetherate constant for
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FIGURE 1. Decay of HFE-7500 versus CH4 (a) and CH3CI (@) in the
presence of OH radicals in 200 Torr of helium at 295 K.
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the reaction of Cl atoms with HFE-7500 and n-CsF;CF(OC-
(O)H)CF(CFs3)2. Second, the products of the atmospheric
oxidation of HFE-7500 wereinvestigated by irradiatingHFE-
7500/ Cly/ O/ N, mixtures.

Initial concentrations of the gas mixtures for the relative
rate experiments of HFE-7500 were 1.7 mTorr of HFE-7500,
7—30 mTorr of the reference compounds [C;HsCl or CHs-
OC(O)H], and 100 mTorr of Cl, in 700 Torr of air diluent. In
the study of the oxidation of HFE-7500, reaction mixtures
consisted of 1.7 mTorr of HFE-7500, 9—100 mTorr of Cl; and
10-550Torrof O, at atotal pressureof 700 Torrin N, diluent.
All experiments were performed at 295 K.

3. Results and Discussion

3.1. Relative Rate Study of the Reaction of OH with HFE-
7500. The kinetics of reaction 1 were measured relative to
reactions 11 and 12 by use of the experimental system at
MIT.

OH + HFE-7500 — products (1)
OH + CH,— products (11)
OH + CH;Cl — products (12)

Loss of HFE-7500 versus the reference compoundsis shown
in Figure 1. The error bars on the data points in Figure 1
represent theuncertainty associated with theanalysis. Linear
least-squares analysis of the data in Figure 1 gives ki/ k11 =
2.96 + 0.34 and ky/ k12 = 0.73 £ 0.05. Using k1 = (6.3 & 0.6)
x 107 and ki2= (3.6 + 0.7) x 107 cm3molecule 1s71(12),
wederivek; = (1.86+ 0.29) x 10-1*and (2.63+ 0.56) x 1014
cm?3 molecule™! s~1. Within the experimental uncertainties,
the values of k; derived from the two different reference
compounds are indistinguishable.

Close examination of Figure 1 reveals that there is more
data scatter evident in the experiments obtained with CH4
as reference than in those experiments with CHsCl. The
reason for the greater scatter in the CH, data lies in the fact
that CH4 is significantly less reactive than HFE-7500, while
CHsCl hasareactivity comparableto that of HFE-7500. Hence,
as seen from Figure 1, the fractional loss of CH4 spans the
range 8—21% while that of CH3Cl spans the range 23—57%.
Itisdifficultto measurean 8%Ioss of CH4 with great precision
and this probably goes some way to explain why the first
data point in the CH4 series lies above the regression line,



which has been forced to fit through the origin. Given the
scatter in the CH,4 data discussed above, we choose to cite
afinal valuefor k; that is based upon the data obtained with
CHsCl as reference. Hence, k1 = (2.6 £ 0.6) x 107 cm3
molecule™! s71; the quoted uncertainty includes statistical
uncertaintyin ki/ k12and possible systematic errors associated
with the uncertainty in ki, and hence reflects the accuracy
of the measurement of ki.

Thisresult can becompared to k(OH + C;Hs0C,Hs) = 1.3
x 10711 (13), k(OH + n-C4FgOC;Hs) = (6.4 + 0.7) x 10714(5),
and k(OH + (CF3),CFCF,0C;Hs) = (7.7 + 0.8) x 10 cm3
molecule™! s71 (5). The 295-fold reduction in the reactivity
of the OC;H s group in HFE-7500 compared to that in diethyl
ether presumably reflectstheincreasein C—H bond strength
associated with the presence of multiple fluorinated sub-
stituents (14). As might be expected for such structurally
similar molecules, thereactivities of OH radicalstoward HFE-
7500, n-C4F90OCyHs, and (CF3),CFCF,OC;Hs are broadly
comparable. The somewhat lower reactivity of HFE-7500
compared to n-C4F9OC;Hs and (CF3),CFCF,OC,Hs probably
reflects a somewhat greater C—H bond strength in HFE-
7500.

The value of k3 can be used to provide an estimate of the
atmospheric lifetimeof HFE-7500. Assumingan atmospheric
lifetimefor CH3CCls with respect to reaction with OH radicals
of 5.7 years (15) and a rate constant for the CHsCCls + OH
reaction of 1.0 x 1071* cm? molecule ! s~ (12) leads to an
estimate of the atmospheric lifetime of HFE-7500 of (1.0 x
10714/2.6 x 107%4) x 5.7= 2.2 years. Theoptimal temperature
for such a scaling analysis is 277 K (16) (rather than 295 K
used here) but we do not have any data for k; at 277 K. By
analogy to other HFEs (12), the temperature dependence of
reaction 1 is expected to be very similar to that for reaction
of OH radicals with CH3CCls. Hence, the use of 295K rather
than 277 K is not expected to have any material impact on
the estimated atmospheric lifetime.

3.2. Relative Rate Study of the Reaction of Cl with HFE-
7500. Prior to investigating the atmospheric fate of n-CsF-
CF(OC;H40e)CF(CFs3), radicals, relative rate experiments were
performed with the FTIR system at Ford Motor Company to
investigate the kinetics of reaction 10. The techniques used
are described in detail elsewhere (17). CI atoms were
generated by photolysis of molecular chlorine:

Cl, + hv — 2CI (13)
Cl + n-C5F,CF(OC,H;5)CF(CF3), —
n-C5F,CF(OC,H 4)CF(CF3), + HCI (10)

The kinetics of reaction 10 were measured relative to the
reactions of Cl atoms with ethyl chlorideand methyl formate
(reactions 14 and 15):

cH /O H
3 methyl formate
0

Cl + C,HsCl — products (14)

Cl + CH3;0C(O)H — products (15)
Reaction mixtures consisted of 1.7—1.9 mTorr of HFE-7500,
100—110mTorr of Cl3, and 29 mTorr of C;HsCl or 7-8 mTorr
of CH30C(O)H in 700 Torr of air diluent. The observed losses
of HFE-7500 versus those of reference compounds areshown
in Figure 2A. Linear least-squares analysis gives kio/ kK14 =
0.324 0.04 and kio/ k1s = 1.44 + 0.20. Using k14 = 8.04 x 1012
(18) and k15 = 1.4 x 10712 (19) gives ko= (2.6 4 0.3) x 1012
and ko= (2.0+ 0.3) x 10-2cm3molecule 's1, respectively.
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FIGURE 2. (A) Decay of HFE-7500 versus C;HsCI (®) and CH;0C(O)H
(a) in the presence of Cl atoms in 700 Torr of N, at 295 K. (B) Decay
of n-C3F;CF(OCH,CH,0,¢)CF(CFs), versus CHD; (O) and CD4 () in the
presence of Cl atoms in 700 Torr of N at 295 K.

We estimate that potential systematic errors associated with
uncertainties in the reference rate constants could add an
additional 10% uncertainty range for kio. Propagating this
additional uncertainty gives k1o = (2.6 + 0.4) x 1072 and k1o
= (2.0+ 0.4) x 10712 cm3 molecule ! s~1. We choose to cite
a final value of ki that is an average of those determined
with the two different reference compounds, together with
error limits that encompass the extremes of the individual
determinations. Hence, kg = (2.3 + 0.7) x 10712 cm3
molecule™® s71.

Thisresult can be compared to k(Cl + C;H50C;Hs) = (3.6
+ 0.3) x 10719 (20) and k(Cl + n-C4F90C;Hs) = (2.7 & 0.6) x
10-12(5). Aswith OH radicals, thereactivity of Cl atomstoward
the -OC,H5s group in HFE-7500 is substantially lower than
that in diethyl ether. The magnitude of the decrease in
reactivity for the Cl atom reactions is somewhat less than
that for OH radicals (a factor of 78 compared to a factor of
295), reflecting the fact that Cl atoms are, in general, less
discriminating than OH radicals in their reactions with
organic compounds. The less discriminating nature of Cl
atoms is also evidenced by the fact that, in contrast to the
situation for OH radicals discussed in the previous section,
there is no discernible difference between the reactivity of
Cl atoms toward n-C4FsOC;Hs and HFE-7500. The average
concentration of Cl atoms in the atmosphere is much lower
[by a factor of approximately 1000 (21)] than that of OH
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radicals and reaction with Cl atoms will not be a substantial
atmospheric loss of HFE-7500.

Finally, we can use the rate constants for reactions of Cl
atoms and OH radicals with HFE-7500 to test the empirical
relationship log [k(OH + HFE)] = (0.74 + 0.07) log [k(CI +
HFE)] — (4.4 &+ 0.9) proposed recently to estimate k(OH +
HFE) from k(Cl + HFE) or vica versa (22). Substituting a
value of kip = 2.3 x 10712 into the above expression leads to
a prediction of k; = 9.7 x 107 cm3 molecule ! s1. This
prediction is a factor of 3.7 greater than the measured value
of ky=(2.640.6) x 10-*cm3molecule ts~1, which provides
some measure of theuncertaintiesinherentin theempirical
relationship.

3.3. Relative Rate Studies of the Reactions of ClI with
n-C3F;CF(OC(O)H)CF(CFs)., and n-C;F,CF(OC(O)CH3)CF-
(CF3)2. As discussed in section 3.4, n-CsF,CF(OC(O)H)CF-
(CF3)2 and n-CsF7CF(OC(O)CH3)CF(CF3), were readily gen-
erated in theFord chamber by UV irradiation of gas mixtures
of 2mTorr of HFE-7500, 100—200 mTorr of Cl,, and 6—7Torr
of O in 700 Torr of N diluent. After all (>97%) of the HFE-
7500 was consumed, a reference compound was added and
the UV irradiation was resumed:

n-C5F,CF(OC(O)H)CF(CF3), + Cl —
n-C5F,CF(OC(0)e)CF(CF3), + HCI (16)

n-C5F,CF(OC(O)CH 3)CF(CF), + Cl —
n-C5F,CF(OC(O)CH,s)CF(CF5), + HCI (17)

CHD; + Cl — products (18)
CD, + Cl — products (19)

The rate constants ki6 and ky7 were derived by observing
therelativeloss rates of n-CsF;CF(OC(O)H)CF(CFs3), n-CsF7-
CF(OC(O)CH3)CF(CF3);, and the reference compounds.
Figure 2b shows loss of n-CsF;CF(OC(O)H)CF(CFs), versus
losses of reference compounds. Linear least-squares analysis
ofthedatain Figure 2b gives kie/ kig= 0.42 + 0.04 and k1¢/ k19
=158+ 0.12. Using kig = 2.32 x 107%*(17) and k19 = 6.1 x
101> cm3 molecule 1 s71 (17), we derive kg = (9.7 £ 0.9) x
10-and (9.6 + 0.5) x 10->cm3molecule s 1. Weestimate
that potential systematic errors associated with uncertainties
in the referencerate constants contribute an additional 10%
uncertainty range for kis. Propagating this additional un-
certainty giveskig=(9.7+ 1.4) x 100%and (9.6 4+ 1.2) x 1071
c¢m?® molecule™! s71. We choose to cite a final value for kie
thatistheaverage of thosedetermined with thethreedifferent
reference compounds, together with error limits that en-
compass the extremes of the individual determinations.
Hence, kis = (9.7 + 1.4) x 10" cm3 molecule ! s, and the
quoted uncertainty reflects the accuracy of the measure-
ments. Therate constant ki is 237 times lower than kio. This
is consistent with the behavior of other formates, which are
typically significantly less reactive toward Cl atoms than the
ethers from which they are derived [e.g., k(Cl + CF30CH3)/
k(Cl + CF50C(O)H) = 143 + 27 (23)].

During the present series of experiments no discernible
loss (<2%) of n-C3F;CF(OC(O)CH3)CF(CFs), was observed
while consumptions of CHD3 and CD4 were 5—90%. From
this observation we are able to derive an upper limit of ki7
< 6 x 1077 cm3 molecule * s

3.4. Study of the Mechanism of the Atmospheric Oxida-
tion of HFE-7500. The atmospheric degradation mechanism
of HFE-7500 was studied by UV irradiation of HFE-7500/
Cly/O2/ N2 mixtures in the FTIR—smog chamber system at
Ford. Experiments were performed at a constant total
pressure of 700 Torr with the O, partial pressure varied over
therange 10—700Torr. Therelativeintensities of theinfrared
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FIGURE 3. Infrared spectra of HFE-7500 (A), X = n-C3F,CF(OC(0)-
CH;)CF(CFs); (B), and Y = n-C5F;CF(OC(O)H)CF(CF;); (C).
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FIGURE 4. Observed yields of X = n-C;F,CF(OC(O)CH;)CF(CF;), (®)
and Y = n-C3F,CF(OC(O)H)CF(CF;); (a) versus the O, partial pressure
following the UV irradiation of HFE-7500/Cl,/N2/O; mixtures at 700
Torr total pressure and 295 K. The curves are fits to the data; see
text for details.

features of the products of the Cl atom initiated oxidation
of HFE-7500 varied with the O, partial pressure. A careful
comparison of the IR features formed in low and high [O3]
experiments revealed that two distinct products, or sets of
products, were formed in the chamber. We will label these
two products X and Y. Figure 3 shows IR spectra of HFE-
7500, X, and Y. IR features attributable to X were observed
at984,1133,1139, 1167, 1257, 1304, and 1841cm~1. IR features
attributable to Y were observed at 980, 1160, 1257, 1305, and
1812cm~L Theincreasesin X and Y scaled linearly with the
loss of HFE-7500 over the range of HFE-7500 consumptions
of 10—90%, suggesting the absence of significant secondary
loss processes for X and Y. As shown in Figure 4, as the O,
partial pressurewasincreased, theyield of Y decreased while
that of Xincreased. For O partial pressures greater than 400
Torr there was little change in the yields of X and Y.



The reaction of Cl atoms with HFE-7500 in the presence
of O, givesriseto two different peroxy radicals, whichin turn
will undergo self- and cross-reaction to give the correspond-
ing alkoxy radicals:

n-C4F,CF(OCHO,sCH)CF(CF5), + RO, —
n-C4F,CF(OCHOCH,)CF(CFs), + RO + O, (20a)

n-C4F,CF(OCH,CH,0,s)CF(CF5), + RO, —
n-C4F,CF(OCH,CH,0s)CF(CF5), + RO + O, (20b)

There are several possible fates of these alkoxy radicals. For
n-CsF7CF(OCHOeCH3)CF(CFs); radicals, the possibilities are

n-C5F,CF(OCHOsCH,)CF(CF5), + M —
n-C5F,CF(OC(O)H)CF(CF3), + CHy + M (21)

n-C5F,CF(OCHOeCH)CF(CF5), + M —
n-C5F,CF(OC(O)CH;)CF(CF5), + He + M (22)

n-C5F,CF(OCHO«CH;)CF(CF3), + O, —
n-C5F,CF(OC(O)CH3)CF(CF5), + HO,s (23)

while for n-CsF;CF(OCH,CH;0s)CF(CF3), radicals the pos-
sibilities are

n-CF,CF(OCH,CH,00)CF(CF3), + M —
n-C5F,CF(OCH,)CF(CF3), + HCHO + M (24)

n-C4F,CF(OCH ,CH,0)CF(CF5), + M —
n-C4F,CF(OCH,C(O)H)CF(CF,),+ He + M (25)

n-C4F ,CF(OCH,CH,0¢)CF(CF5), + 0, —
n-C5F ,CF(OCH,C(O)H)CF(CF3), + HO, (26)

Theincreasein theyield of Xand decreasein Y with increasing
[O2] shows that reactions 23 and/ or 26 become important at
high [O2]. The unknown X is either n-CsF;CF(OC(O)CHs)-
CF(CF3), n-C3F;CF(OCH,C(O)H)CF(CF3),, or both. Thereare
four aspects of the IR spectrum which suggest that X is the
acetate n-CsF;CF(OC(O)CH3)CF(CFs3),. First, the observed
carbonyl stretching frequency of 1841 cm~1 is typical for a
fluorinated ester (4—6). Second, thereis no aldehydic C—H
stretchingfeaturein the 2720—2820cm~1region. Third, there
isno significant-CH- scissorsfeature at approximately 1450
cm~L. Finally, there is no -C(O)H deformation band at
approximately 1400 cm~1. The kinetic behavior of X is also
consistent with its assignment as n-CsF;CF(OC(O)CH3)CF-
(CF3); rather than n-CsF;,CF(OCHC(O)H)CF(CFs3),. Aldehydes
react rapidly with Cl atoms with rate constants of typically
10717101 cm3 molecule ! s1 (12). In contrast, esters are
relatively unreactive toward Cl atoms; for example, k(Cl +
CH3C(O)OCH3) = 2.2 x 1072 cm3 molecule ! s~ with more
than 95% of the reaction occurring at the -OCH3; site (24). It
was determined in the present work (see section 3.3) that Cl
atoms are relatively unreactive toward X (rate constant < 6
x 10717 cm3 molecule™! s71); thus the kinetic behavior of X
is consistent with its identification as n-CsF;CF(OC(O)CH3)-
CF(CF3),. Inthefollowingwewill proceed on theassumption
that X is the acetate n-CsF;CF(OC(O)CH3)CF(CF3),.

As noted above and illustrated in Figure4, increasein the
O, partial pressure led to an increase in theyield of product
X and a corresponding decrease in the yield of product Y.
The simplest explanation of this observation is that product
Y is the formate n-CsF;CF(OC(O)H)CF(CFs), formed via
reaction 21, which isin competition with the O,-dependent
reaction 23. The observed dependence of the yields of the
formate and acetate on [O;] then reflects a competition

(20a)

o X
CH: CH;
Y[§ e o , o

23
~CH /(leoo l @3 S,
F

Fo P CF CFy CF

CF, CF3 _CF_ 3 HO, _ACFy, y
CFS/ “CE, ., CFy CF, o CFy CF, 3

“CFy 1w £ CF

F

FIGURE 5. Schematic depiction of the reactions discussed in section
3.4 leading to formation of X and Y. Reaction numbers are given in
parentheses.

between reactions 21 and 23. For clarity thereactionsleading
to X 'and Y are shown schematically in Figure 5.

As shown in Figure 4, while the yield of n-CsF,CF(OC-
(O)H)CF(CF3), decreases as the O, partial pressure is
increased from 3 to 400 Torr, further increase in [O;] has
little or no effect and the n-CsF,CF(OC(O)H)CF(CFs3), yield
remains at approximately 20%. This behavior suggests that
there is a source of n-CsF;CF(OC(O)H)CF(CFs), which is
independent of [O.]. A likely source for this n-CsF;CF(OC-
(O)H)CF(CF3)2 is the n-CsF;CF(OCHCH,0¢)CF (CF3), alkoxy
radical. Therearethree possiblefates of then-CsF;CF(OCH -
CH0e)CF(CFs3), radical: reactions 24—26. Decomposition
via reaction 24 gives the carbon-centered radical n-CsF;CF-
(OCHe)CF(CFs)2. By analogy to the behavior of analogous
radicals[e.g., CF30CH 3¢ (23), C2FsOCH e (25), CsF70CH2e (6),
and (CF3),CFCF,OCH3s (4)] the C3F;CF(OCH2¢)CF(CF3); radi-
cal isexpected to react to give theformate, CsF,CF(OC(O)H )-
CF(CFs3)2. Reactions 25 and 26 produce CsF7CF(OCHC(O)H)-
CF(CFs3),, which containsan aldehydic functional group and,
as discussed above, is expected to be at least 1 order of
magnitude more reactive than HFE-7500 toward Cl atoms
and will be converted into n-CsF;CF(OCH )CF(CFs), radicals
and henceinto n-CsF;CF(OC(O)H)CF(CFs3), viareactions 27—
30. Therewereno IR product features that could be ascribed
to thealdehyde CsF;CF(OCH,C(O)H)CF(CFs), in the system,
but this does not precludeits formation and subsequentloss
via reaction 27:

n-C3F;CF(OCH,C(O)H)CF(CF3), + Cl —
n-C5F;CF(OCH,C(0)e)CF(CF5), + HCI (27)

n-C5F;CF(OCH,C(0)s)CF(CF3), + 0, + M —
n-C,F,CF(OCH,C(0)00s)CF(CF3), + M (28)

n'C3F7CF(OCH ZC(O)OO')CF(CF3)2 + R02_>
n-C5F,CF(OCH,C(0)0s)CF(CF;),+ RO + O, (29)

n-C5F,CF(OCH,C(0)0s)CF(CF3), + M —
n-C5F,CF(OCH,s)CF(CF3), + CO, + M (30)

The decrease in the yield of n-C3F;CF(OC(O)H)CF(CF3),
and increase of n-CsF;CF(OC(O)CH3)CF(CFs), with increasing
[O2] shown in Figure 4 reflects a competition between
reactions 21 and 23 for the available n-CsF;CF(OCHO*CH5)-
CF(CF3); radicals. We can place the yield of n-CsF;CF(OC-
(O)CH3)CF(CF3); on an absolute basis by equating the
increase in its yield to the decrease in the yield of n-CsFs-
CF(OC(O)H)CF(CFs),and by assumingthat thesetwo species
account for all of the observed loss of HFE-7500. It was on
thisbasisthat then-CsF;CF(OC(O)CH3)CF(CFs),and n-CsF -
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CF(OC(O)H)CF(CF3), yieldsin Figure 4 were calibrated. The
dependence of the product yields in Figure 4 on [O;] can be
used to extract a value for the rate constant ratio kzz/kz.
Assuming that the fate of n-C3F;CF(OCHO«CH3)CF(CF3);
radicals is either unimolecular decomposition via reaction
21 or bimolecular reaction with O, (reaction 23) and that all
n-C3F7CF(OCH2CH,0e)CF(CF3), radicals are converted into
n-CsF,CF(OC(O)H)CF(CF3),, then theyield of n-CsF,CF(OC-
(O)H)CF(CFs); can be related to the molar yields of the two
alkoxy radicals and the rate constant ratio ka3/ ka1:

Y[n-C5F,CF(OC(O)H)CF(CF3),] =
1
Y[n-C3F7CF(OCHO-CH3)CF(CF3)2][W] +
Y[n-C5F,CF(OCH,CH,0e)CF(CF5),] (1)
while the yield of n-CsF;CF(OC(O)CH3)CF(CF3) is given by

Y[n-C5F,CF(OC(O)CH;)CF(CF3)] =

(k3 ko)[O,] + 1
c ()

Ko/ k>1)[O
Y[n-C3F7CF(OCHO.CH3)CF(CF3)2][ (kyy/ k1)[05] ]

The term C in expression |l was added to account for the
nonzero intercept in the n-CsF;CF(OC(O)CH;)CF(CFs) yield
plot and is discussed later. The curves in Figure 4 are fits of
the above expressions to the experimental data. A least-
squaresfit to the n-CsF;CF(OC(O)H)CF(CF3), data gives Y[n-
C3F7CF(OCHO«CH3)CF(CF3);] = 0.91 + 0.05, Y[n-CsF;CF-
(OCH,CH,0e)CF(CF3),] = 0.04 & 0.03, and k»3/ k21 = 0.011 +
0.002 Torr~1, while a fit to the n-CsF;CF(OC(O)CHs)CF(CFs)
data gives Y[n-C3F;CF(OCHO«CH3)CF(CF3).] = 0.88 + 0.07,
k3/kn = 0.015 + 0.004 Torr %, and C = 0.09 £+ 0.06. It is
gratifying to note that least-squares fits of expressions | and
Il to thevariation of theyields of n-CsF;CF(OC(O)H)CF(CFs3),
and n-CsF;CF(OC(O)CH3)CF(CF3) with [O,] give indistin-
guishable values of kz3/ k21. We choose to quote a final value
of kx3/ k21 that is an average of the two determinations, with
error limits that encompass the extremes of the individual
determinations; kz3/ ks = 0.013 & 0.006 Torr~2. In 1 atm of
air at 295 K, the O, partial pressure is 160 Torr and 68% of
the n-CsF;CF(OCHO«CH3)CF(CF3), radicals will react with
0O, while the remainder will decompose via reaction 21. In
theatmosphere most of the oxidation of HFE- 7500 will occur
at elevated altitudes and hence temperatures and total
pressures below that employed here. Lower temperature
favors reaction 23, while lower total pressure (and hence O,
partial pressure) favors reaction 21. Reaction 21 is a uni-
molecular decomposition reaction and will have a substantial
activation barrier. As with other similar competitions [e.g.,
in the case of the CF3CFHOe radical (8)], it is expected that
the temperature effect will greatly dominate the pressure
effectand thattheatmospheric fate of n-CsF;CF(OCHQeCH?5)-
CF(CFs); radicals will be dominated by reaction with O».
At this point we need to return to the inclusion of factor
Cin expression IlI. It is apparent from Figure 4 that n-CsF;-
CF(OC(O)CH3)CF(CF3) hasanonzero y-axisintercept. There
are several possible causes of this intercept: (i) reaction 21
is important, (ii) there is a contribution due to a molecular
channel of the peroxy radical self- and cross-reactions which
gives the ester, or (iii) the ester is formed in the n-CsF;CF-
(OCHO2¢CH3)CF(CF3), + HO, reaction. We are not able to
distinguish between these possibilities at the present time.
It should be noted that the important conclusion from this
study, namely, that the atmospheric fate of n-CsF,CF-
(OCHOeCH3)CF(CF3); radicalsisdominated by reaction with
0,, is insensitive to the cause of the intercept. To quantify
the effect of factor C on the value of k»3/ kz: obtained in the
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FIGURE 6. Secondary alkoxy radicals derived from HFE-7500 (I),
(CF3),CFCF,0C,Hs (main component of HFE-7200) (lI), bis(2,2,2-
trifluoroethyl) ether (M), ethyl tert-butyl ether (IV), and diethyl ether
(V).

analysis, a modified version of expression Il (without C) was
fitted to the data in Figure 4. Omission of C leads to a value
ka3 ka1 = 0.021 4+ 0.007 Torr-1, which is not substantially
different from the value of ky3/ k1 = 0.015 4+ 0.004 Torr!
obtained from the complete expression Il. Finally, we note
that factor C doesnot need to beincorporated into expression
| as the factor Y[n-CsF;CF(OCH,CH0e)CF(CF3);] serves to
account for the fact that there appears to be a non-O.-
dependent source of the formate Y.

In section 3.2 it was concluded that the atmospheric fate
of HFE-7500 is reaction with OH radicals and that reaction
with Cl atomsisof littleatmospheric significance. Thisraises
the question, “Of what help is a study of the products of Cl
atom-initiated oxidation of HFE-7500 to understanding the
products of the OH radical-initiated oxidation?” To answer
this question we need to consider two pieces of information.
First, the molar yield of n-CsF;CF(OCHQOeCH3)CF(CF3),
radicals derived from the data in Figure 4 is approximately
0.90, indicating that the majority of the reaction of Cl atoms
with HFE-7500 occurs at the -CH.- site. Second, as evident
from sections 3.1 and 3.2, OH radicals are less reactive and
more discriminating than Cl atoms. It is likely that >90% of
thereaction of OH radicalswith HFE-7500 occursatthe-CH»-
site and that Cl atoms provide a good surrogate for OH
radicalsin understandingthe mechanism of theatmospheric
oxidation of HFE-7500.

4. Implications for Atmospheric Chemistry

4.1. Atmospheric Fate of Alkoxy Radicals of the General
Formula ROCH(Os)CH3. As discussed in section 3.4, two
competing loss processes were identified for n-CsF;CF-
(OCHO«CH3)CF(CF3); radicals: reaction with O, and de-
composition (ka3/ ka1 = Ko,/ Kgiss = 0.013 4= 0.006 Torr—1). We
can compare this behavior with the literature data for that
of structurally similar secondary alkoxy radicals formed
duringtheoxidation of HFE-7200 (1), CF3CH,OCH,CF5 (1),
ethyl tert-butyl ether (1V), and diethyl ether (V): see Figure
6.In 1atm of airat 295K, reaction with O, and decomposition
arecompetingloss processes for alkoxy radicals derived from
HFE-7200 (1) with ko,/kaiss = 0.026 + 0.010 Torr=! (5). In
contrast, decomposition via C—C bond scission is the sole
fate of the alkoxy radicals (Ill) (26), (IV) (27), and (V) (27).
Given the obvious structural similarity of species | and Il
evident in Figure 6, it is not too surprising that they have
indistinguishable values of ko,/ Kdiss. Comparingthe chemistry
of species | and Il with those of IVand V, it is evident that
fluorination of the R moiety in ROCH (Os)CH3 radicals leads
to anincreasein therelativeimportance of thereaction with
0.



Itisof interest to contrast the atmospheric fate of ROCH-
(Oe)CH5radicals derived from ethers to the atmospheric fate
of RCH(Oe¢)CH3 radicals derived from alkanes. At room
temperature, RCH(Oe)CH3 radicals react with O, with arate
constant of ko,= 7.5 x 10->*cm3molecule 1s tand undergo
decomposition into RCHO + CHse with a rate constant of
Kaiss = 28571 (28, 29). In 1 atm of air, ko,[O2]/ kgiss = 1400. In
contrast to thefateof ROCH (Oe)CH3radicals, theatmospheric
fate of RCH(Os)CH5; radicals is completely dominated by
reaction with O,. It can be concluded that the ether
functionality in ROCH (Oe)CH 3 radicals either decreases the
rate of O, reaction or increases the rate of the C—C bond
scission, or both. Introduction of the ether functionality will
changethebond strengthsin theradical. Thedecomposition
channel will bemoresensitivethan the O, reaction to changes
in chemical bond strength. The simplest explanation for the
different behavior of ROCH (Oe)CH3and RCH(Oe¢)CHsradicals
is that the presence of the ether functionality decreases the
C—CHsbond strength, thereby facilitatingthedecomposition
channel. High level ab initio calculations are needed to
provide further insight into the fundamental cause of the
different behavior of the two types of alkoxy radical. Such
calculations are beyond the scope of the present work.

4.2. Atmospheric Chemistry and Environmental Impact
of HFE-7500. We present herein a large body of kinetic and
mechanistic data pertaining to the atmospheric chemistry
of HFE-7500. The atmospheric lifetime of HFE-7500 is
determined by itsreaction with OH radicalsand is estimated
to be 2.2 years. Theatmospheric oxidation of HFE-7500 gives
a fluorinated acetate, n-CsF;CF(OC(O)CH3)CF(CF3),, and a
fluorinated formate, n-CsF;CF(OC(O)H)CF(CFs),. The atmo-
spheric fate of these two esters will probably be hydrolysis,
which will produce n-CsF;CF(OH)CF(CFs), and CH3C(O)-
OH, and n-CsF;CF(OH)CF(CFz), and HC(O)OH. Acetic acid
and formic acid are ubiquitous naturally occurring com-
pounds in the atmosphere and the additional burden
associated with the oxidation of HFE-7500 is of no conse-
quence. In contrast, n-CsF;CF(OH)CF(CFs);isnotanaturally
occurring compound. By analogy with the well-known
behavior of CF30H, we expect that the fluorinated alcohol
n-CsF,CF(OH)CF(CF3); will undergo heterogeneous decom-
position to give HF + n-C3F;C(O)CF(CFs3),. The perfluoroke-
tonen-CsF;C(O)CF(CFs3), will not react with OH radicals, NOs
radicals, or ozone. While there are no available data
concerning the rate of photolysis or hydrolysis of n-CsF,C-
(O)CF(CFs3),, such data exist for hexafluoroacetone. Hexaflu-
oroacetone (CF3COCF3) is believed to be removed from the
atmosphere via both photolysis and hydrolysis on a time
scale of 5-10 days (30). It is likely that a similar fate awaits
n-CsF,C(O)CF(CF3)y; further work is needed to clarify the
atmospheric fate of this compound.

With regard to theenvironmental impact of HFE-7500 we
can make the following three statements. First, HFE-7500
does not contain any chlorine and will not contribute to
stratospheric ozone depletion via the well-established chlo-
rinebased chemistry. Aswith all hydrofluorocarbons (HFCs)
and hydrofluoroethers (HFEs) the ozone depletion potential
of HFE-7500is zero. Second, theatmospheric lifetime of HFE-
7500is approximately 2.2 years. Usingthe method of Pinnock
et al. (31) and the IR spectra of HFE-7500 shown in Figure
3A and CFC-11 reported elsewhere (6), we calculate instan-
taneous forcings for HFE-7500 and CFC-11 of 0.37 W/m?
and 0.26 W/m?, respectively. Values of the GWP (global
warming potential) for HFE-7500 (relative to CFC-11) can
then be estimated (32):

GWPyre_7500 =
(’FHFE7500)(THFE7SOOMCFC11)(1 - eXp(_t/THFE7500))

IFcec-11 J\tcre-1iMnre-7500)\ 1 — €Xp(—t/7cpc_11)

where IFure-7500, 1Fcre-11, Mure-7500, Mcrc-11, ThFE-7500, @nd
Tcre-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. Using
THrE=7500 = 2.2 Years and tcrc-11 = 50 years (31), we estimate
thatthe GWP of HFE-7500is~0.06 for a 20-year horizon and
~0.02 for a 100-year time horizon. Because of its short
atmospheric lifetime, HFE-7500 has a small GWP. Emission
of HFE-7500 into the atmosphere will not contribute
significantly to radiative forcing of global climate change.
Third, the atmospheric oxidation of HFE-7500 will produce
a fluorinated acetate, n-CsF,CF(OC(O)CH3)CF(CF3),, and a
fluorinated formate, n-CsF;CF(OC(O)H )CF(CFs3),, neither of
which is expected to be persistent or pose any significant
environmental hazard.
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