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Relative rate techniques were used to measure k(OH + 
H FE-7500) = (2.6 ± 0.6) x 1O-14, k(CI + H FE-7500) = (2.3 ± 
0.7) x 10-12, k[CI + n-C3F7CF(OC(0)H)CF(CF3)2] = (9.7 ± 
1.4) x 10-1s, and k[CI + n-C3F7CF(OC(0)CH3)CF(CF3)2] < 6 
x 1O-17 c m3 molecule-1 s-1 at 295 K [HFE-7500 = n-C3F7-
CF(0C2H5)CF(CF3)2]. From the value of k(OH + HFE-7500) 
an estimate of 2.2 years for the atmospheric lifetime of HFE-
7500 is obtained.Two competing loss mechanisms for n-C3F7-
CF(OCHO•CH3)CF(CF3)2 radicals were identified in 700 
Torr of N2/02 diluent at 295 K; reaction with 02 and 
decomposition via C —C bond scission with kojkdecomp = 
0.013 ± 0.006 Torr-1. The CI atom initiated oxidation of HFE-
7500 in N2/02 diluent gives n-C3F7CF(OC(0)CH3)CF(CF3)2 as 
the major product and n-C3F7CF(OC(0)H)CF(CF3)2 as a minor 
product. The atmospheric oxidation of HFE-7500 gives n-C3F7-
CF(OC(0)CH3)CF(CF3)2 and n-C3F7CF(OC(0)H)CF(CF3)2 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-
rofl uorocarbon (CFC) release into the atmosphere (1, 2) has 
led to an international effort to replace CFCs with environ-
mentally acceptable alternatives. Hydrofluoroethers (H FEs) 
are a class of fluid compounds that have been developed to 
replaceCFCs in applicationssuch asthecleaning of electronic 
equipment, heat transfer agents, and carrier fluids for 
lubricant deposition (3). H FE-7000 (n-C3F7OCH 3), H FE-7100 
[supplied commercially asa mixtureof 35%n-C4F9OCH3 and 
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65% (CF3)2CFCF2OCH3], and H FE-7200 [supplied com-
mercially as a mixture of 35% n-C4F9OC2H 5 and 65% (CF3)2-
CFCF2OC2H 5] have attracted commercial interest and we have 
reported assessments of their atmospheric chemistry (4-6). 
H FE-7500 [n-C3F7CF(OC2H5)CF(CF3)2, 2-trifluoromethyl-3-
ethoxydodecafluorohexane] is a new member of this class of 
compounds. H FE-7500 is a volatile liquid (bp 130 IC) with 
a vapor pressure of 16 Torr at 25 IC (7) and will probably be 
released into the atmosphere. Priorto its large-scale industrial 
use, an assessment of the atmospheric chemistry, and hence 
environmental impact, of H FE-7500 is needed. We report 
the results of the first study of the atmospheric chemistry of 
H FE-7500. 

CH3 

CH2

CF3 CF2 

HFE-7500 
F cF3

CF3 

The atmospheric oxidation of H FE-7500 will be initiated 
by reaction with OH radicals. The alkyl radicals produced in 
reaction 1 will add O2 rapidly to give peroxy radicals: 

n-C3F7CF(OCH 2CH3)CF(CF3)2 + OH
n-C3F7CF(OCH.CH3)CF(CF3)2 + H2O (la) 

n-C3F7CF(OCH 2CH3)CF(CF3)2 + OH
n-C3F7CF(OCH2CH2.)CF(CF3)2 + H2O (lb) 

n-C3F7CF(OCH.CH3)CF(CF3)2 + O2 + M - 
n-C3F7CF(OCHOO•CH3)CF(CF3)2 + M (2a) 

n-C3F7CF(OCH 2CH2.)CF(CF3)2 + O2 + M 
n-C3F7CF(OCH 2CH 2OO.)CF(CF3)2 + M (2b) 

The peroxy radicals derived from H FE-7500 will react with 
NO, NO2, HO2, and other peroxy radicals in the atmosphere 
(8, 9): 

n-C3F7CF(OC2H4OO.)CF(CF3)2 +NO 
n-C3F7CF(OC2H 4O.)CF(CF3)2 + NO2 (3a) 

n-C3F7CF(OC2H4OO.)CF(CF3)2 +NO + M
n-C3F7CF(OC2H4ONO2)CF(CF3)2 + M (3b) 

n-C3F7CF(OC2H4OO.)CF(CF3)2 + NO2 M 
n-C3F7CF(OC2H 4O2N O2)CF(CF3)2 + M (4) 

C3F7CF(OC2H4OO.)CF(CF3)2 + HO2 — products (5) 

C3F7CF(OC2H4OO.)CF(CF3)2 + R'O2  products (6) 

Experiments have been performed in our laboratories to 
elucidate the atmospheric chemistry of H FE-7500. A relative 
rate method was used at MIT to measure the kinetics of the 
reaction of OH radicals with H FE-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 CI atoms with H FE-7500 and its oxidation 
products. Fourier transform infrared (FTIR) spectroscopy 
coupled to a smog chamber at Ford was employed to 
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investigatetheatmospheric fateof thealkoxy radicalsC3F7-
CF(OCHO•CH3)CF(CF3)2andC3F7CF(OCH2CH2O•)CF(CF3)2.
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 samplesofHFE-7500usedin 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
otherwisestated.Standarderror propagationmethodswere
used to combine uncertainties where appropriate.

2.1.FTIR-PhotolysisSystematMIT.The rateconstant
for theOH+HFE-7500reactionwasobtainedbymonitoring
thedisappearancerateofHFE-7500relativetoCH4andCH3-
Cl in thepresenceof OH radicals at 295K. Thedecayof 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:

The long-path absorption cell, made of Pyrex glass, had a
volumeof7.6Landabaselengthof60cm,whichwasadjusted
to giveatotal of 24passesandan 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 (AceHanovia 450-Watt medium-
pressuremercurylamp)wasenvelopedinaVycortube,which
transmits254-nmradiationbutabsorbsthe185-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 weremixed 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 subsequentlymixingitwith helium. The
experimentswereperformed 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-SmogChamber SystematFordMotor Com-
pany.Experimentswereperformed in a140-L Pyrexreactor
interfaced to a Mattson Sirus 100 FTIR spectrometer (11).
The reactor was surrounded by 22 fluorescent blacklamps
(GEF15T8-BL),whichwereusedtophotochemicallyinitiate
theexperiments.TheoxidationofHFE-7500wasinitiatedby
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.

The loss of HFE-7500 and the formation of products were
monitoredbyFTIRspectroscopywithan infraredpath 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
ratetechniqueswereusedtodeterminetherateconstant for

the reaction of Cl atomswith HFE-7500and n-C3F7CF(OC-
(O)H)CF(CF3)2. Second, the products of the atmospheric
oxidationofHFE-7500wereinvestigatedbyirradiatingHFE-
7500/Cl2/O2/N2 mixtures.

Initial concentrationsof thegasmixtures for therelative
rateexperimentsof HFE-7500were1.7mTorr of HFE-7500,
7-30 mTorr of the reference compounds [C2H5Cl or CH3-
OC(O)H], and 100mTorr of Cl2 in 700Torr of air diluent. In
the study of the oxidation of HFE-7500, reaction mixtures
consistedof 1.7mTorr ofHFE-7500,9-100mTorr ofCl2and
10-550TorrofO2atatotal pressureof700Torr inN2diluent.
All experiments were performed at 295 K.

3. Results and Discussion
3.1. RelativeRateStudyof theReaction ofOH withHFE-
7500. The kinetics of reaction 1 weremeasured relative to
reactions 11 and 12 by use of the experimental system at
MIT.

LossofHFE-7500versusthereferencecompoundsisshown
in Figure 1. The error bars on the data points in Figure 1
representtheuncertaintyassociatedwiththeanalysis.Linear
least-squares analysis of the data in Figure 1 gives k1/k11 )
2.96( 0.34and k1/k12) 0.73( 0.05. Usingk11) (6.3( 0.6)
× 10-15and k12) (3.6( 0.7)× 10-14 cm3molecule-1 s-1 (12),
wederivek1) (1.86( 0.29)× 10-14and (2.63( 0.56)× 10-14

cm3molecule-1 s-1. Within theexperimental uncertainties,
the values of k1 derived from the two different reference
compounds are indistinguishable.

Closeexamination of Figure1 reveals that there ismore
data scatter evident in the experiments obtained with CH4

as reference than in those experiments with CH3Cl. The
reason for thegreater scatter in theCH4 data lies in the fact
that CH4 is significantly less reactive than HFE-7500, while
CH3ClhasareactivitycomparabletothatofHFE-7500.Hence,
as seen from Figure 1, the fractional loss of CH4 spans the
range8-21%while that of CH3Cl spans the range23-57%.
It isdifficulttomeasurean8%lossofCH4withgreatprecision
and this probably goes some way to explain why the first
data point in the CH4 series lies above the regression line,

FIGURE 1. Decay of HFE-7500 versus CH4 (2) and CH3Cl (b) in the
presence of OH radicals in 200 Torr of helium at 295 K.

OH + HFE-7500f products (1)

OH + CH4f products (11)

OH + CH3Cl f products (12)

O3+ hν f O(1D) + O2 (7)

O(1D) + H2Of 2OH (8)

Cl2+ hν f 2Cl (9)

Cl + n-C3F7CF(OC2H5)CF(CF3)2f
n-C3F7CF(OC2H4•)CF(CF3)2+ HCl (10)

n-C3F7CF(OC2H4•)CF(CF3)2+ O2+ M f
n-C3F7CF(OC2H4O2•)CF(CF3)2+ M (2)
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which has been forced to fit through the origin. Given the
scatter in the CH4 data discussed above, we choose to cite
afinal valuefor k1 that isbasedupon thedataobtainedwith
CH3Cl as reference. Hence, k1 ) (2.6 ( 0.6) × 10-14 cm3

molecule-1 s-1; the quoted uncertainty includes statistical
uncertaintyink1/k12andpossiblesystematicerrorsassociated
with theuncertainty in k12, and hence reflects theaccuracy
of themeasurement of k1.

Thisresultcanbecomparedtok(OH+C2H5OC2H5))1.3
× 10-11 (13), k(OH + n-C4F9OC2H5)) (6.4( 0.7)× 10-14 (5),
and k(OH + (CF3)2CFCF2OC2H5) ) (7.7( 0.8) × 10-14 cm3

molecule-1 s-1 (5). The 295-fold reduction in the reactivity
of theOC2H5group inHFE-7500compared to that in diethyl
etherpresumablyreflectstheincreaseinC-Hbondstrength
associated with the presence of multiple fluorinated sub-
stituents (14). As might be expected for such structurally
similarmolecules,thereactivitiesofOH radicalstowardHFE-
7500, n-C4F9OC2H5, and (CF3)2CFCF2OC2H5 are broadly
comparable. The somewhat lower reactivity of HFE-7500
compared to n-C4F9OC2H5and (CF3)2CFCF2OC2H5probably
reflects a somewhat greater C-H bond strength in HFE-
7500.

Thevalueof k1 can beused to providean estimateof the
atmosphericlifetimeofHFE-7500.Assuminganatmospheric
lifetimeforCH3CCl3withrespecttoreactionwithOH radicals
of 5.7 years (15) and a rate constant for the CH3CCl3 + OH
reaction of 1.0× 10-14 cm3 molecule-1 s-1 (12) leads to an
estimate of the atmospheric lifetime of HFE-7500 of (1.0×
10-14/2.6×10-14)×5.7)2.2years.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 k1 at 277 K. By
analogy to other HFEs (12), thetemperaturedependenceof
reaction 1 is expected to bevery similar to that for reaction
of OH radicalswith CH3CCl3. Hence, theuseof 295K rather
than 277K is not expected to have anymaterial impact on
the estimated atmospheric lifetime.

3.2.RelativeRateStudyoftheReactionofClwithHFE-
7500.Prior to investigating theatmospheric fate of n-C3F7-
CF(OC2H4O•)CF(CF3)2radicals,relativerateexperimentswere
performedwith theFTIR systemat FordMotor Companyto
investigate thekinetics of reaction 10. The techniquesused
are described in detail elsewhere (17). Cl atoms were
generated by photolysis of molecular chlorine:

The kinetics of reaction 10 were measured relative to the
reactionsofCl atomswithethyl chlorideandmethyl formate
(reactions 14 and 15):

Reactionmixturesconsisted of 1.7-1.9mTorr of HFE-7500,
100-110mTorr ofCl2,and29mTorr ofC2H5Cl or 7-8mTorr
ofCH3OC(O)H in700Torrofairdiluent.Theobserved losses
ofHFE-7500versusthoseofreferencecompoundsareshown
in Figure 2A. Linear least-squares analysis gives k10/k14 )
0.32(0.04andk10/k15)1.44(0.20.Usingk14)8.04×10-12

(18) and k15) 1.4× 10-12 (19) givesk10) (2.6( 0.3)× 10-12

andk10) (2.0(0.3)×10-12cm3molecule-1s-1, respectively.

Weestimatethatpotential systematicerrorsassociatedwith
uncertainties in the reference rate constants could add an
additional 10% uncertainty range for k10. Propagating this
additional uncertaintygivesk10) (2.6( 0.4)× 10-12 and k10
) (2.0( 0.4) × 10-12 cm3molecule-1 s-1. Wechoose to cite
a final value of k10 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, k10 ) (2.3 ( 0.7) × 10-12 cm3

molecule-1 s-1.
Thisresult can becompared tok(Cl+C2H5OC2H5)) (3.6

( 0.3)× 10-10 (20) and k(Cl + n-C4F9OC2H5)) (2.7( 0.6)×
10-12(5).AswithOH radicals,thereactivityofClatomstoward
the -OC2H5 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 theprevious section,
there is no discernible difference between the reactivity of
Cl atoms toward n-C4F9OC2H5 and HFE-7500. The average
concentration of Cl atoms in theatmosphere ismuch lower
[by a factor of approximately 1000 (21)] than that of OH

Cl2+ hν f 2Cl (13)

Cl + n-C3F7CF(OC2H5)CF(CF3)2f
n-C3F7CF(OC2H4•)CF(CF3)2+ HCl (10)

Cl + C2H5Cl f products (14)

Cl + CH3OC(O)H f products (15)

FIGURE 2. (A) Decay of HFE-7500 versus C2H5Cl (b) and CH3OC(O)H
(2) in the presence of Cl atoms in 700 Torr of N2 at 295 K. (B) Decay
of n-C3F7CF(OCH2CH2O2•)CF(CF3)2 versus CHD3 (O) and CD4 (0) in the
presence of Cl atoms in 700 Torr of N2 at 295 K.
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radicalsand reaction with Cl atomswill not beasubstantial
atmospheric loss of HFE-7500.

Finally, wecan use the rateconstants for reactions of Cl
atomsand OH radicalswith HFE-7500 to test theempirical
relationship log [k(OH + HFE)] ) (0.74( 0.07) log [k(Cl +
HFE)] - (4.4( 0.9) proposed recently to estimate k(OH +
HFE) from k(Cl + HFE) or vica versa (22). Substituting a
valueof k10) 2.3× 10-12 into theaboveexpression leads to
a prediction of k1 ) 9.7 × 10-14 cm3 molecule-1 s-1. This
prediction isa factor of 3.7greater than themeasured value
ofk1) (2.6(0.6)×10-14cm3molecule-1s-1,whichprovides
somemeasureof theuncertaintiesinherent in theempirical
relationship.

3.3. Relative Rate Studies of theReactions of Cl with
n-C3F7CF(OC(O)H)CF(CF3)2 and n-C3F7CF(OC(O)CH3)CF-
(CF3)2. As discussed in section 3.4, n-C3F7CF(OC(O)H)CF-
(CF3)2 and n-C3F7CF(OC(O)CH3)CF(CF3)2 were readily gen-
eratedin theFordchamberbyUVirradiationofgasmixtures
of2mTorrofHFE-7500,100-200mTorrofCl2,and6-7Torr
of O2 in 700Torr of N2 diluent. After all (>97%) of theHFE-
7500wasconsumed, areferencecompoundwasadded and
the UV irradiation was resumed:

Therateconstantsk16 and k17werederived byobserving
therelativelossratesofn-C3F7CF(OC(O)H)CF(CF3)2,n-C3F7-
CF(OC(O)CH3)CF(CF3)2, and the reference compounds.
Figure 2b shows loss of n-C3F7CF(OC(O)H)CF(CF3)2 versus
lossesofreferencecompounds.Linear least-squaresanalysis
of thedatain Figure2bgivesk16/k18)0.42(0.04andk16/k19
) 1.58( 0.12. Usingk18) 2.32× 10-14 (17) and k19) 6.1×
10-15 cm3molecule-1 s-1 (17), we derive k16) (9.7( 0.9) ×
10-15and(9.6(0.5)×10-15cm3molecule-1s-1.Weestimate
thatpotential systematicerrorsassociatedwithuncertainties
in thereferencerateconstantscontributeanadditional 10%
uncertainty range for k15. Propagating this additional un-
certaintygivesk16) (9.7(1.4)×10-15and(9.6(1.2)×10-15

cm3 molecule-1 s-1. We choose to cite a final value for k16
thatistheaverageofthosedeterminedwiththethreedifferent
reference compounds, together with error limits that en-
compass the extremes of the individual determinations.
Hence, k16) (9.7( 1.4)× 10-15 cm3molecule-1 s-1, and the
quoted uncertainty reflects the accuracy of the measure-
ments.Therateconstantk16 is237timeslower than k10.This
is consistentwith thebehavior of other formates,which are
typicallysignificantly lessreactivetowardCl atomsthan the
ethers fromwhich they arederived [e.g., k(Cl + CF3OCH3)/
k(Cl + CF3OC(O)H) ) 143( 27 (23)].

During the present series of experiments no discernible
loss (<2%) of n-C3F7CF(OC(O)CH3)CF(CF3)2 was observed
while consumptions of CHD3 and CD4 were 5-90%. From
this observation we are able to derive an upper limit of k17
< 6× 10-17 cm3 molecule-1 s-1.

3.4.StudyoftheMechanismoftheAtmosphericOxida-
tionofHFE-7500.Theatmosphericdegradationmechanism
of HFE-7500 was studied by UV irradiation of HFE-7500/
Cl2/O2/N2 mixtures in the FTIR-smog chamber system at
Ford. Experiments were performed at a constant total
pressureof 700Torr with theO2partial pressurevaried over
therange10-700Torr.Therelativeintensitiesof theinfrared

features of the products of the Cl atom initiated oxidation
of HFE-7500 varied with the O2 partial pressure. A careful
comparison of the IR features formed in low and high [O2]
experiments revealed that two distinct products, or sets of
products, were formed in the chamber. Wewill 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,and1841cm-1.IRfeatures
attributabletoYwereobservedat980,1160,1257,1305,and
1812cm-1. The increases in Xand Y scaled linearlywith the
lossof HFE-7500over therangeof HFE-7500consumptions
of 10-90%, suggestingtheabsenceof significant secondary
loss processes for X and Y. As shown in Figure 4, as theO2

partial pressurewasincreased,theyieldofYdecreasedwhile
thatof X increased.ForO2partial pressuresgreater than 400
Torr there was little change in the yields of X and Y.

n-C3F7CF(OC(O)H)CF(CF3)2+ Cl f
n-C3F7CF(OC(O)•)CF(CF3)2+ HCl (16)

n-C3F7CF(OC(O)CH3)CF(CF3)2+ Cl f
n-C3F7CF(OC(O)CH2•)CF(CF3)2+ HCl (17)

CHD3+ Cl f products (18)

CD4+ Cl f products (19)

FIGURE 3. Infrared spectra of HFE-7500 (A), X ) n-C3F7CF(OC(O)-
CH3)CF(CF3)2 (B), and Y ) n-C3F7CF(OC(O)H)CF(CF3)2 (C).

FIGURE 4. Observed yields of X ) n-C3F7CF(OC(O)CH3)CF(CF3)2 (b)
and Y ) n-C3F7CF(OC(O)H)CF(CF3)2 (2) versus the O2 partial pressure
follow ing the UV irradiation of HFE-7500/Cl2/N2/O2 mixtures at 700
Torr total pressure and 295 K. The curves are fits to the data; see
text for details.
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Thereaction of Cl atomswith HFE-7500 in thepresence
ofO2givesrisetotwodifferentperoxyradicals,which in turn
will undergo self- and cross-reaction to givethecorrespond-
ing alkoxy radicals:

Thereareseveral possible fatesof thesealkoxy radicals. For
n-C3F7CF(OCHO•CH3)CF(CF3)2radicals, thepossibilitiesare

while for n-C3F7CF(OCH2CH2O•)CF(CF3)2 radicals the pos-
sibilities are

TheincreaseintheyieldofXanddecreaseinYwithincreasing
[O2]showsthat reactions23and/or 26becomeimportantat
high [O2]. The unknown X is either n-C3F7CF(OC(O)CH3)-
CF(CF3)2,n-C3F7CF(OCH2C(O)H)CF(CF3)2,orboth.Thereare
four aspects of the IR spectrumwhich suggest that X is the
acetate n-C3F7CF(OC(O)CH3)CF(CF3)2. First, the observed
carbonyl stretching frequency of 1841 cm-1 is typical for a
fluorinated ester (4-6). Second, there is no aldehydic C-H
stretchingfeaturein the2720-2820cm-1region.Third,there
isnosignificant-CH2- scissorsfeatureatapproximately1450
cm-1. 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-C3F7CF(OC(O)CH3)CF-
(CF3)2ratherthann-C3F7CF(OCH2C(O)H)CF(CF3)2.Aldehydes
react rapidly with Cl atomswith rate constants of typically
10-11-10-10 cm3 molecule-1 s-1 (12). In contrast, esters are
relatively unreactive toward Cl atoms; for example, k(Cl +
CH3C(O)OCH3)) 2.2× 10-12 cm3molecule-1 s-1 with more
than 95%of thereaction occurringat the -OCH3 site (24). It
wasdetermined in thepresentwork (seesection 3.3) thatCl
atomsare relatively unreactive toward X (rate constant< 6
× 10-17 cm3 molecule-1 s-1); thus the kinetic behavior of X
isconsistentwith its identification asn-C3F7CF(OC(O)CH3)-
CF(CF3)2. In thefollowingwewill proceedontheassumption
that X is the acetate n-C3F7CF(OC(O)CH3)CF(CF3)2.

Asnotedaboveand illustrated in Figure4, increasein the
O2partial pressure led to an increase in theyield of product
X and a corresponding decrease in the yield of product Y.
Thesimplest explanation of thisobservation is that product
Y is the formate n-C3F7CF(OC(O)H)CF(CF3)2 formed via
reaction 21,which is in competition with theO2-dependent
reaction 23. The observed dependence of the yields of the
formate and acetate on [O2] then reflects a competition

betweenreactions21and23.Forclaritythereactionsleading
to X and Y are shown schematically in Figure 5.

As shown in Figure 4, while the yield of n-C3F7CF(OC-
(O)H)CF(CF3)2 decreases as the O2 partial pressure is
increased from 3 to 400 Torr, further increase in [O2] has
little or no effect and the n-C3F7CF(OC(O)H)CF(CF3)2 yield
remains at approximately 20%. This behavior suggests that
there is a source of n-C3F7CF(OC(O)H)CF(CF3)2 which is
independent of [O2]. A likely source for this n-C3F7CF(OC-
(O)H)CF(CF3)2 isthen-C3F7CF(OCH2CH2O•)CF(CF3)2alkoxy
radical.Therearethreepossiblefatesof then-C3F7CF(OCH2-
CH2O•)CF(CF3)2 radical: reactions 24-26. Decomposition
via reaction 24gives thecarbon-centered radical n-C3F7CF-
(OCH2•)CF(CF3)2. By analogy to the behavior of analogous
radicals[e.g.,CF3OCH2• (23),C2F5OCH2• (25),C3F7OCH2• (6),
and (CF3)2CFCF2OCH2• (4)] theC3F7CF(OCH2•)CF(CF3)2 radi-
cal isexpectedtoreacttogivetheformate,C3F7CF(OC(O)H)-
CF(CF3)2. Reactions25and 26produceC3F7CF(OCH2C(O)H)-
CF(CF3)2,whichcontainsanaldehydicfunctional groupand,
as discussed above, is expected to be at least 1 order of
magnitude more reactive than HFE-7500 toward Cl atoms
andwill beconvertedinton-C3F7CF(OCH2•)CF(CF3)2radicals
andhenceinton-C3F7CF(OC(O)H)CF(CF3)2viareactions27-
30.Therewereno IRproduct featuresthatcouldbeascribed
to thealdehydeC3F7CF(OCH2C(O)H)CF(CF3)2 in thesystem,
butthisdoesnotprecludeitsformationandsubsequent loss
via reaction 27:

Thedecrease in the yield of n-C3F7CF(OC(O)H)CF(CF3)2
andincreaseofn-C3F7CF(OC(O)CH3)CF(CF3)2withincreasing
[O2] shown in Figure 4 reflects a competition between
reactions21and 23for theavailablen-C3F7CF(OCHO•CH3)-
CF(CF3)2 radicals. We can place the yield of n-C3F7CF(OC-
(O)CH3)CF(CF3)2 on an absolute basis by equating the
increase in its yield to the decrease in the yield of n-C3F7-
CF(OC(O)H)CF(CF3)2andbyassumingthatthesetwospecies
account for all of the observed loss of HFE-7500. It was on
thisbasisthatthen-C3F7CF(OC(O)CH3)CF(CF3)2andn-C3F7-

n-C3F7CF(OCHO2•CH3)CF(CF3)2+ RO2f

n-C3F7CF(OCHO•CH3)CF(CF3)2+ RO + O2 (20a)

n-C3F7CF(OCH2CH2O2•)CF(CF3)2+ RO2f

n-C3F7CF(OCH2CH2O•)CF(CF3)2+ RO + O2 (20b)

n-C3F7CF(OCHO•CH3)CF(CF3)2+ M f
n-C3F7CF(OC(O)H)CF(CF3)2+ CH3• + M (21)

n-C3F7CF(OCHO•CH3)CF(CF3)2+ M f
n-C3F7CF(OC(O)CH3)CF(CF3)2+ H• + M (22)

n-C3F7CF(OCHO•CH3)CF(CF3)2+ O2f

n-C3F7CF(OC(O)CH3)CF(CF3)2+ HO2• (23)

n-C3F7CF(OCH2CH2O•)CF(CF3)2+ M f
n-C3F7CF(OCH2•)CF(CF3)2+ HCHO + M (24)

n-C3F7CF(OCH2CH2O•)CF(CF3)2+ M f
n-C3F7CF(OCH2C(O)H)CF(CF3)2+ H• + M (25)

n-C3F7CF(OCH2CH2O•)CF(CF3)2+ O2f

n-C3F7CF(OCH2C(O)H)CF(CF3)2+ HO2• (26)

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.

n-C3F7CF(OCH2C(O)H)CF(CF3)2+ Cl f
n-C3F7CF(OCH2C(O)•)CF(CF3)2+ HCl (27)

n-C3F7CF(OCH2C(O)•)CF(CF3)2+ O2+ M f
n-C3F7CF(OCH2C(O)OO•)CF(CF3)2+ M (28)

n-C3F7CF(OCH2C(O)OO•)CF(CF3)2+ RO2f

n-C3F7CF(OCH2C(O)O•)CF(CF3)2+ RO + O2 (29)

n-C3F7CF(OCH2C(O)O•)CF(CF3)2+ M f
n-C3F7CF(OCH2•)CF(CF3)2+ CO2+ M (30)
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CF(OC(O)H)CF(CF3)2yields in Figure4werecalibrated. The
dependenceof theproduct yields in Figure4on [O2] can be
used to extract a value for the rate constant ratio k23/k21.
Assuming that the fate of n-C3F7CF(OCHO•CH3)CF(CF3)2
radicals is either unimolecular decomposition via reaction
21or bimolecular reaction with O2 (reaction 23) and that all
n-C3F7CF(OCH2CH2O•)CF(CF3)2 radicals are converted into
n-C3F7CF(OC(O)H)CF(CF3)2, then theyieldofn-C3F7CF(OC-
(O)H)CF(CF3)2 can be related to themolar yields of the two
alkoxy radicals and the rate constant ratio k23/k21:

while the yield of n-C3F7CF(OC(O)CH3)CF(CF3) is given by

The term C in expression II was added to account for the
nonzero intercept in then-C3F7CF(OC(O)CH3)CF(CF3) yield
plot and is discussed later. Thecurves in Figure4are fits of
the above expressions to the experimental data. A least-
squaresfit to then-C3F7CF(OC(O)H)CF(CF3)2datagivesY[n-
C3F7CF(OCHO•CH3)CF(CF3)2] ) 0.91 ( 0.05, Y[n-C3F7CF-
(OCH2CH2O•)CF(CF3)2]) 0.04( 0.03, and k23/k21) 0.011(
0.002Torr-1, whilea fit to then-C3F7CF(OC(O)CH3)CF(CF3)
data gives Y[n-C3F7CF(OCHO•CH3)CF(CF3)2]) 0.88( 0.07,
k23/k21 ) 0.015 ( 0.004 Torr-1, and C ) 0.09 ( 0.06. It is
gratifyingto notethat least-squares fitsof expressions I and
II tothevariationof theyieldsofn-C3F7CF(OC(O)H)CF(CF3)2
and n-C3F7CF(OC(O)CH3)CF(CF3) with [O2] give indistin-
guishablevaluesof k23/k21.Wechooseto quotea final value
of k23/k21 that is an averageof the two determinations, with
error limits that encompass the extremes of the individual
determinations; k23/k21 ) 0.013( 0.006 Torr-1. In 1 atm of
air at 295 K, the O2 partial pressure is 160 Torr and 68%of
the n-C3F7CF(OCHO•CH3)CF(CF3)2 radicals will react with
O2 while the remainder will decompose via reaction 21. In
theatmospheremostof theoxidationofHFE-7500will occur
at elevated altitudes and hence temperatures and total
pressures below that employed here. Lower temperature
favors reaction 23,while lower total pressure(and henceO2

partial pressure) favors reaction 21. Reaction 21 is a uni-
moleculardecompositionreactionandwill haveasubstantial
activation barrier. As with other similar competitions [e.g.,
in the case of theCF3CFHO• radical (8)], it is expected that
the temperature effect will greatly dominate the pressure
effectandthattheatmosphericfateofn-C3F7CF(OCHO•CH3)-
CF(CF3)2 radicals will be dominated by reaction with O2.

At this point weneed to return to the inclusion of factor
C in expression II. It is apparent from Figure4 that n-C3F7-
CF(OC(O)CH3)CF(CF3)hasanonzeroy-axisintercept.There
are several possible causes of this intercept: (i) reaction 21
is important, (ii) there is a contribution due to amolecular
channel of theperoxyradical self- andcross-reactionswhich
gives the ester, or (iii) the ester is formed in the n-C3F7CF-
(OCHO2•CH3)CF(CF3)2 + HO2 reaction. We are not able to
distinguish between these possibilities at the present time.
It should benoted that the important conclusion from this
study, namely, that the atmospheric fate of n-C3F7CF-
(OCHO•CH3)CF(CF3)2radicalsisdominatedbyreactionwith
O2, is insensitive to the cause of the intercept. To quantify
theeffect of factor C on thevalueof k23/k21 obtained in the

analysis, amodified version of expression II (withoutC)was
fitted to thedata in Figure4. Omission of C leads to avalue
k23/k21 ) 0.021 ( 0.007 Torr-1, which is not substantially
different from the value of k23/k21 ) 0.015 ( 0.004 Torr-1

obtained from the complete expression II. Finally, we note
thatfactorCdoesnotneedtobeincorporatedintoexpression
I as the factor Y[n-C3F7CF(OCH2CH2O•)CF(CF3)2] serves to
account for the fact that there appears to be a non-O2-
dependent source of the formate Y.

In section 3.2itwasconcluded that theatmospheric fate
of HFE-7500 is reaction with OH radicals and that reaction
withCl atomsisof littleatmosphericsignificance.Thisraises
thequestion, “Of what help is a study of theproducts of Cl
atom-initiated oxidation of HFE-7500to understandingthe
products of theOH radical-initiated oxidation?” To answer
thisquestionweneedtoconsider twopiecesof information.
First, the molar yield of n-C3F7CF(OCHO•CH3)CF(CF3)2
radicals derived from the data in Figure 4 is approximately
0.90, indicatingthat themajorityof thereaction of Cl atoms
with HFE-7500occurs at the -CH2- site. Second, as evident
from sections 3.1and 3.2, OH radicals are less reactiveand
morediscriminatingthan Cl atoms. It is likely that>90%of
thereactionofOH radicalswithHFE-7500occursatthe-CH2-
site and that Cl atoms provide a good surrogate for OH
radicalsinunderstandingthemechanismoftheatmospheric
oxidation of HFE-7500.

4. Implications for Atmospheric Chemistry
4.1. Atmospheric Fate of Alkoxy Radicals of theGeneral
Formula ROCH(O•)CH3. As discussed in section 3.4, two
competing loss processes were identified for n-C3F7CF-
(OCHO•CH3)CF(CF3)2 radicals: reaction with O2 and de-
composition (k23/k21) kO2/kdiss) 0.013( 0.006Torr-1). We
can compare this behavior with the literature data for that
of structurally similar secondary alkoxy radicals formed
duringtheoxidationofHFE-7200(II),CF3CH2OCH2CF3(III),
ethyl tert-butyl ether (IV), and diethyl ether (V): seeFigure
6.In1atmofairat295K,reactionwithO2anddecomposition
arecompetinglossprocessesforalkoxyradicalsderivedfrom
HFE-7200 (II) with kO2/kdiss ) 0.026 ( 0.010 Torr-1 (5). In
contrast, decomposition via C-C bond scission is the sole
fate of the alkoxy radicals (III) (26), (IV) (27), and (V) (27).
Given the obvious structural similarity of species I and II
evident in Figure 6, it is not too surprising that they have
indistinguishablevaluesofkO2/kdiss.Comparingthechemistry
of species I and II with those of IVand V, it is evident that
fluorination of theRmoiety in ROCH(O•)CH3 radicals leads
toan increasein therelativeimportanceof thereactionwith
O2.

FIGURE 6. Secondary alkoxy radicals derived from HFE-7500 (I),
(CF3)2CFCF2OC2H5 (main component of HFE-7200) (II), bis(2,2,2-
trifluoroethyl) ether (III), ethyl tert-butyl ether (IV), and diethyl ether
(V).

Y[n-C3F7CF(OC(O)H)CF(CF3)2])

Y[n-C3F7CF(OCHO•CH3)CF(CF3)2]� 1
(k23/k21)[O2]+ 1� +

Y[n-C3F7CF(OCH2CH2O•)CF(CF3)2] (I)

Y[n-C3F7CF(OC(O)CH3)CF(CF3)])

Y[n-C3F7CF(OCHO•CH3)CF(CF3)2]� (k23/k21)[O2]

(k23/k21)[O2]+ 1� +
C (II)
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It isof interest to contrast theatmospheric fateofROCH-
(O•)CH3radicalsderivedfromethersto theatmospheric fate
of RCH(O•)CH3 radicals derived from alkanes. At room
temperature, RCH(O•)CH3 radicals reactwith O2with a rate
constantofkO2)7.5×10-15cm3molecule-1s-1andundergo
decomposition into RCHO + CH3• with a rate constant of
kdiss) 28s-1 (28, 29). In 1atm of air, kO2[O2]/kdiss) 1400. In
contrasttothefateofROCH(O•)CH3radicals,theatmospheric
fate of RCH(O•)CH3 radicals is completely dominated by
reaction with O2. It can be concluded that the ether
functionality in ROCH(O•)CH3 radicals either decreases the
rate of O2 reaction or increases the rate of the C-C bond
scission,or both. Introduction of theether functionalitywill
changethebondstrengthsin theradical.Thedecomposition
channelwill bemoresensitivethantheO2reactiontochanges
in chemical bond strength.Thesimplestexplanation for the
differentbehaviorofROCH(O•)CH3andRCH(O•)CH3radicals
is that thepresenceof theether functionality decreases the
C-CH3bondstrength,therebyfacilitatingthedecomposition
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.AtmosphericChemistryandEnvironmentalImpact
ofHFE-7500.Wepresent herein a largebodyof kinetic and
mechanistic data pertaining to the atmospheric chemistry
of HFE-7500. The atmospheric lifetime of HFE-7500 is
determinedbyitsreactionwithOH radicalsand isestimated
tobe2.2years.TheatmosphericoxidationofHFE-7500gives
a fluorinated acetate, n-C3F7CF(OC(O)CH3)CF(CF3)2, and a
fluorinated formate, n-C3F7CF(OC(O)H)CF(CF3)2. Theatmo-
spheric fate of these two esterswill probably behydrolysis,
which will produce n-C3F7CF(OH)CF(CF3)2 and CH3C(O)-
OH, and n-C3F7CF(OH)CF(CF3)2 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.Incontrast,n-C3F7CF(OH)CF(CF3)2isnotanaturally
occurring compound. By analogy with the well-known
behavior of CF3OH, we expect that the fluorinated alcohol
n-C3F7CF(OH)CF(CF3)2will undergo heterogeneousdecom-
position to giveHF + n-C3F7C(O)CF(CF3)2. Theperfluoroke-
tonen-C3F7C(O)CF(CF3)2will notreactwithOH radicals,NO3

radicals, or ozone. While there are no available data
concerning the rate of photolysis or hydrolysis of n-C3F7C-
(O)CF(CF3)2, such dataexist for hexafluoroacetone. Hexaflu-
oroacetone (CF3COCF3) is believed to be removed from the
atmosphere via both photolysis and hydrolysis on a time
scale of 5-10days (30). It is likely that a similar fate awaits
n-C3F7C(O)CF(CF3)2; further work is needed to clarify the
atmospheric fate of this compound.

Withregardtotheenvironmental impactofHFE-7500we
can make the following three statements. First, HFE-7500
does not contain any chlorine and will not contribute to
stratospheric ozonedepletion via thewell-established chlo-
rinebasedchemistry.Aswithall hydrofluorocarbons(HFCs)
andhydrofluoroethers(HFEs) theozonedepletionpotential
ofHFE-7500iszero.Second,theatmosphericlifetimeofHFE-
7500isapproximately2.2years.UsingthemethodofPinnock
et al. (31) and the IR spectra of HFE-7500 shown in Figure
3A and CFC-11 reported elsewhere (6), wecalculate instan-
taneous forcings for HFE-7500 and CFC-11 of 0.37 W/m2

and 0.26 W/m2, respectively. Values of the GWP (global
warming potential) for HFE-7500 (relative to CFC-11) can
then be estimated (32):

where IFHFE-7500, IFCFC-11, MHFE-7500, MCFC-11, τHFE-7500, and
τCFC-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
τHFE-7500) 2.2yearsand τCFC-11) 50years (31), weestimate
that theGWPofHFE-7500is≈0.06for a20-yearhorizonand
≈0.02 for a 100-year time horizon. Because of its short
atmospheric lifetime,HFE-7500hasasmall GWP. Emission
of HFE-7500 into the atmosphere will not contribute
significantly to radiative forcing of global climate change.
Third, theatmospheric oxidation of HFE-7500will produce
a fluorinated acetate, n-C3F7CF(OC(O)CH3)CF(CF3)2, and a
fluorinated formate,n-C3F7CF(OC(O)H)CF(CF3)2, neither of
which is expected to be persistent or pose any significant
environmental hazard.
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