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Chlorine atom-initiated photooxidations of three homologous 
methyl perfluoroalkyl ethers (HFEs), n-CnF2n+10CH3 (n = 
2, 3, and 5), in air in the absence of NO, were investigated 
with a long path FTIR/photochemical reaction system to 
elucidate the degradation mechanisms. The environmental 
removal processes of these three ethers in the troposphere 
were estimated. For oxidation of the three ethers, perfluoroalkyl 
formates (CnF2n-pi.0CH0; n = 2, 3 and 5) as relatively 
stable intermediates were produced at unity of the production 
ratio, which was independent of the perfluoroalkyl 
length. The rate constants for the reaction of CI atoms 
with C2F50CH0, C3F70CH0, and C5F110CH0 were (1.2 ± 0.5) 
x 10-14, (1.2 ± 0.5) x 10—N, and (1.8 ± 0.7) x 10-14 cm3
molecule-1s-1, respectively. The rate constants of the reaction 
of CI with produced perfluoroalkyl formates were larger 
than these of perfluoroalkyl ethers. The formyl group of the 
perfluoroalkyl formates was finally converted to carbon 
dioxide. The —CF2— of the perfluoroalkyl groups for the three 
ethers was mainly converted to C0F2 through the C —C 
cleavage; the conversion ratios from the carbons of the 
perfluoroalkyl group to C0F2 were 48 ± 10, 76 ± 10, and 60 
± 10% for C2F50CH3, n-C3F70CH3, and n-05F110CH3, 
respectively. Sixteen percent of the perfluoroalkyl group 
for n-C3F70CH3 was converted to C2F5C0F. Similarly, 
the perfluoroalkyl group of n-05F110CH3 was converted to 
CnF2n-pi.00F (n = 2, 3, and/or 4) with the yield of 
15-30%, while for C2F50CH3, the formation of CF3C0F was 
not confirmed. As an oxidation product of the terminal 
CF3— group, 20, 22, and 16% of the CF3 group for C2F5-
0CH3, n-C3F70CH3, and n-05F110CH3, respectively, were 
converted to CF3000CF3. 

Introduction 
Development of alternatives to hydrofluorocarbons (H FCs) 
and hydrochlorofluorocarbons (HCFCs) has been extensively 
conducted throughout the world, because H FCs and HCFCs 
will be regulated due to their global warming potentials 
(GWPs) and/or stratospheric ozone depletion potentials 
(ODPs) (1,2). Hydrofluorinated ether compounds (H FEs) (3, 
4) are considered to be promising materials as new alterna-
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tives. Their ODP is zero, because they contain no chlorine 
atoms. RITE (Research Institute of Innovative Technology 
for the Earth) has been developi ng three homologous methyl 
perfluoroalkyl ethers (n-CriF2n+1OCH3; n = 2, 3, 5) (5) as 
refrigerants and/or blowing agents. The rate constants for 
C2F5OCH3 and n-C3F7OCH3 for the reaction with the OH 
radical at 273 K are 0.819 ± 0.025 x 10-N cm3 molecule-1 s-1
and 0.741 ± 0.023 x 1O-14 cm3 molecule-1 s-1 (6) which were 
measured bythe laser i nduced fluorescencetechnique (LI F). 
Thei r tropospheric I ifeti mes esti mated by usi ng the 7.5 x 1O5
molecule cm-3 of the concentration of [OH] (7) is thus less 
than 6 years. If they are degraded in the troposphere to form 
relative stable byproducts, it would inducetheenvi ron mental 
impacts in addition to global warming. The research of 
degradation processes for H FEs in troposphere is important 
for the environmental assessment of HFEs. 

I n this study, the oxidations of the three ethers were 
initiated by CI atoms. The changes in the concentration of 
the ethers and their degradation products were monitored 
by an FTIR spectrometer. It was revealed that the perfluo-
roalkyl formate was formed as a major intermediate in the 
reaction. The final products observed were CO2 (produced 
from CH3 group), COF2, CF3OOOCF3, and CnF2n-A.COF (n = 
2, 3, and/or 4) which were produced from the perfluoro alkyl 
group. The concentrations of all the final products were 
determined, to check the mass balance of the reactions and 
to elucidate the reaction mechanisms. The kind and distri-
bution of the products from the perfluoro alkyl groups were 
found to be dependent on the chain length. The fate of the 
degradation products in the environment was discussed in 
connection with their environmental impact. 

Experimental Section 
The experimental apparatus used here has been previously 
described in detail (8). Experiments were carried out using 
a 25-L evacuable quartz cylinder (14cm in diameter, 150 cm 
long), surrounded with four 40-W black lamps, equipped 
with an in situ multiple reflection optical system (30-m path 
length) interfaced to a J EOL J I R100 FTIR spectrometer. The 
I R spectra of the reactants and p rod ucts were measured over 
the frequency range from 700 to 3500 cm-1 at 0.5 cm-1
resolution by 50 scans/ interferograms. Liquid fluorinated 
ethers were injected into the chamber with a microsyringe. 
The prescribed amount of Cl2 (2.46 x 1014 molecule cm-3) 
was taken in a gas cell and then introduced into the reaction 
chamber. Each of the HFEs—C12 mixtures was diluted to 
atmospheric pressure (1.01 x 1O5 Pa) with synthetic air (80% 
N2+ 20%O2) at 298 ± 3 K. The i nitial concentrations of H FEs 
was 1.65 x 1O14, 1.23 x 1O14, and 2.16 x 1O14 molecule cm-3
for C2F5OCH3, n-C3F7OCH 3, and n-05FuOCH 3, respectively. 
Theoxidation of HFEs was initiated by CI atoms, which were 
generated by photolysis of Cl2. 

Three kinds of methyl perfluoroalkyl ethers (C2F5OCH3, 
99.9%; n-C3F7OCH3, 99.8%; n-05FEOCH3, 99.8%) were sup-
plied from RITE and used without further purification. 

Results and Discussion 
The Identification of the Degradation Products by the IR 
Spectra. IR spectra of n-05F uOCH 3 (2.16 x 1O14 molecule 
cm-3) and Cl2 (2.46 x 1014 molecule cm-3) in 1.01 x 105 Pa 
of air are shown in Figure 1(a) (before irradiation) and (b) 
(after 30 min irradiation). Figure 1(c) is the subtracted 
spectrum (1(b) — 1(a)). After 30-min irradiation, the peaks 
in the range of 1875-1978 cm-1 and split peaks about 2300 
cm-1 appeared, which were attributed to COF2 and CO2, 
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respectively. Carbon monoxide was not detected in this
experiment.TheabsorptionbandsofHClwereobservedfrom
2726 to 3014 cm-1. The IR absorption of intermediates
appeared at 1805 and 1822 cm-1.

Similar experimentswereconducted for C2F5OCH3 (1.65
× 1014 molecule cm-3) or C3F7OCH3(1.23 × 1014 molecule
cm-3)mixedwithCl2(2.46×1014moleculecm-3).IRspectrum
of C5F11OCH3 in the range of 1700 to 2050 cm-1 at 180min
illumination, that of C3F7OCH3 after 120-min, and that of
C2F5OCH3 after 60-min irradiation are shown in Figure 2
[parts (a1), (b1), and (c1), respectively]. The peaks in the

rangeof1875-1978cm-1 forCOF2weredetectedasthefinal
product. Two IR peaksat 1805and 1822cm-1 for intermedi-
ates also appeared for the oxidation of both C2F5OCH3 and
n-C3F7OCH3, as similarly to n-C5F11OCH3. The absorption
bandsof theintermediatesother than thesetwopeakswere
not observed in the oxidation of three ethers.

Wallingtonetal.(7)calculatedthevibrational frequencies
ofsynandanti structuresofCF3OCHObyabinitiomolecular
orbital calculation with RHF/6-31G(d,p) to confirm the
carbonylstretchingbands(CHdO)at1800cm-1and1823cm-1

for syn and anti structures, respectively. Therefore, the
observed two peaks at 1805 cm-1 and 1822 cm-1 in the
oxidation of three ethers can be attributed to the perfluo-
roalkyl formates. To estimate thevibrational frequencies of
the carbonyl stretching bands (CHdO) for the three per-
fluoroalkyl formates (C2F5OCHO, C3F7OCHO, and C5F11-
OCHO), the syn and anti structures of these three perfluo-
roalkyl formateswere calculated by theab initio molecular
orbital calculationwithrestrictedHartree-Fock(RHF),basis
set of 6-31G-(d,p), by using the Gaussian 94 program. The
calculated spectra arecorrected by thescale factor of 0.873
which has been proposed for CH3OCHO (7). The results of
thiscalculationaresummarizedinTable1.Calculatedspectra
for the CHdO vibrational stretchingbands for syn and anti
of the three kinds of perfluoroalkyl formates show the
frequenciessimilar totheexperimental ones.Thevibrational
frequenciesof CHdO for syn andanti of threeperfluoroalkyl
formates are almost same. For the oxidation of C2F5OCH3,
n-C3F7OCH3,andn-C5F11OCH3,theobservedspectraat1805
and1822cm-1arethusattributed to theCHdObandsof syn
and anti of C2F5OCHO, C3F7OCHO, and C5F11OCHO, respec-
tively.

Parts (a2), (b2), and (c2) of Figure 2 are obtained by
subtracting the spectrum around 1900 cm-1 of COF2 from
each of the IR spectra of (a1), (b1), and (c1). An absorption
at1889cm-1wasconfirmedforbothn-C3F7OCH3andn-C5F11-
OCH3 degradation. The peak at 1889 cm-1 was the CdO
stretchingband of C2F5COF, which wasconfirmed byusing
theauthentic sample. Although theCdO stretchingband of
CF3COF has been reported to appear at 1898 cm-1 (9), the
absorptionat1898cm-1(CF3COF)wasnotdetectedinFigure
2[parts(a2), (b2), and (c2)]. Theabsorption at1889cm-1 for
n-C3F7OCH3can beattributed toC2F5COF.Thepeakat1889
cm-1 for n-C5F11OCH3may beattributed to C2F5COF, C3F7-
COF, and/or C4F9COF, taking into account thedegradation
processes as described later, if theCdO stretchingband of
CnF2n+1COF (n g 2) is independent of the perfluoroalkyl
length.

The Quantification of the Intermediates and Final
Products.Theproductsotherthantheperfluoroalkyl formate
were not observed at the initial reaction period for the
oxidationof thethreeethers.AssumingthatCO2isproduced
from the oxidation of -CHO group for the perfluoroalkyl
formates, the values which are derived by subtracting the
CO2concentration formed fromthelossofn-C5F11OCH3(Δ-
[HFEs]-[CO2]) would be same as the concentration of the

FIGURE 1. IR spectra in the frequency region of 700-3500 cm-1

obtained from the photolysis of a mixture containing C5F11OCH3 (2.16
× 1014 molecule cm-3) and Cl2 (2.46 × 1014 molecule cm-3) in 1.01
× 105 Pa of air: (a) before irradiation; (b) after 30-min irradiation;
and (c) differential spectrum.

FIGURE 2. Comparison w ith the three subtracted IR features (1700-
2100 cm-1) obtained from the photolysis of the gas mixture: (a1)
C5F11OCH3 (2.16× 1014 molecule cm-3) after 180-min irradiation, (b1)
C3F7OCH3 (1.23× 1014 molecule cm-3) after 120-min irradiation, and
(c1) C2F5OCH3 (1.65 × 1014 molecule cm-3) after 60-min irradiation
w ith Cl2 (2.46 × 1014 molecule cm-3) in 1.01 × 105 Pa of air. (a2),
(b2), and (c2) are the subtracted IR features from each of the (a1),
(b1), and (c1) from the IR spectra of COF2.

TABLE 1. Comparison of Calculated and Observed Frequencies
(cm-1) for the IR Spectrum of Perfluoroalkyl Formates

νCHdO (calcd)a νCHdO (exptl)

C2F5OCHO anti 1827.4 1822
syn 1806.0 1805

C3F7OCHO anti 1827.0 1822
syn 1805.0 1805

C5F11OCHO anti 1827.3 1822
syn 1805.0 1805

a Ab initio MO calculationwithRHF/6-31G(d, p) frequencies in cm-1,
scaled by 0.873.
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perfluoroalkyl formates. For the oxidation of n-C5F11OCH3,
the concentrations of (Δ[n-C5F11OCH3]-[CO2]) are plotted
against the loss of n-C5F11OCH3 in Figure 3. Since the
absorption coefficient of theperfluoroalkyl formatehasnot
been reported and evaluated, the concentration of the
perfluoroalkyl formatecannot becalculated. Therefore, the
peak area in the range of 1798-1812 cm-1 which has been
assigned as theCHdO stretchingband of syn-C5F11OCHO is
alsoplottedagainsttheΔ[n-C5F11OCH3]inFigure3.Theplots
of the peak area at an arbitrary unit could be adjusted to
those of (Δ[HFEs]-[CO2]). The profile of plots of Δ[n-C5F11-
OCH3]-[CO2] is good agreement with that of the peak area
in the range of 1798-1812 cm-1. For the oxidation of both
C2F5OCH3 and n-C3F7OCH3, theprofileof plots of Δ[HFEs]-
[CO2] werealso similar to that of thepeak area in the range
of 1798-1812 cm-1. This result supports that the perfluo-
roalkyl formate is the sole primary intermediate for the
oxidation of the three ethers, and the CO2 is quantitatively
producedbythedegradationofmethyl perfluoroalkyl ether.

It has been reported that syn-CF3OCHO is more stable
thananti byabout1kcalwhichimpliestherelativepopulation
of 80% syn and 20% anti (7). The C5F11OCHO may exist at
therelativepopulation of 80%syn and20%anti on thebasis
of reference about CF3OCHO. Given that the 80% of (Δ[n-
C5F11OCH3]-[CO2]) correspondsto theconcentration of syn-
C5F11OCHO,theabsorptioncoefficientof IRabsorptionband
in the range of 1798-1812 cm-1 for the CHdO stretching
band of syn-C5F11OCHO is calculated to beσ-(basee)) 3.9
× 10-17cm2molecule-1.Toconfirmwhether thisabsorption
coefficient isreasonablefor theCHdOvibrationbandofsyn-
C5F11OCHO, theinfraredabsorption coefficient in therange
of 1798-1812cm-1wasestimated bythefollowingsteps. IR
absorption coefficient in the range of 1680-1820 cm-1 for
CHdOvibrationbandofCH3OCHOwasmeasuredasσ-(base
e) ) 4.97 × 10-17 cm2 molecule-1 (a). The IR intensity for
CdOvibrationbandofCH3OCHOcalculatedbyusingtheab
initio MO calculation with RHF/6-31G-(d,p) was 452 km/
mol (b). Theratio of (a)/ (b), theexperimental IR absorption
coefficient to thecalculated IR intensity for CH3OCHO,was
utilizedtoevaluatetheIRabsorptioncoefficientofsyn-C5F11-
OCHO as follows; the IR intensity for the CHdO vibration
band (1798-1812cm-1) of syn-C5F11OCHO calculated with
the ab initio MO was multiplied by (a)/ (b). The calculated
IR absorption coefficient for syn-C5F11OCHO was obtained

to be σ-(basee) ) 3.1× 10-17 cm2molecule-1, which is not
so different from theexperimental derived valueof σ-(base
e) ) 3.9× 10-17 cm2 molecule-1.

The rate constants of the perfluoroalkyl formates with
the Cl atom can be evaluated using eq I (10)

where R is the yield of formate from perfluoroalkyl methyl
ether (0 e R e 1), and k1 and k2 are the secondary rate
constants of reactions 1 and 2, respectively.

The relevant reactions are

Ratios of the concentration of CnF2n+1OCHO (n ) 2, 3, and
5), which are used by the value of Δ[CnF2n+1OCH3] - [CO2]
(n)2,3,and5),to theinitial HFEsconcentrationareplotted
against the fractional loss of HFEs in Figure 4. Each rate
constant (k1)of theH abstractionsfor theC2F5OCH3,n-C3F7-
OCH3, and n-C5F11OCH3 by Cl atom was measured by the
method of relative rate constant study (11). The kinetics of
(HFEs+ Cl) weremeasured relative to reaction (CH4+ Cl).
Theinitial concentrationswere1.2-2.2×1014moleculecm-3

of the threeethers, 3.2-4.5× 1014moleculecm-3 of Cl, and
4.9× 1014 molecule cm-3 of CH4 in the 1.01× 105 Pa of air
diluent. The observed loss of three ethers versus those of
referencecompounds in thepresenceof Cl atoms is shown
in Figure5. Absorption bands used wereat 1462.2cm-1 for
C2F5OCH3, 1461.7 cm-1 for n-C3F7OCH3, 1462.0 cm-1 for
n-C5F11OCH3,and3017cm-1 for CH4.Thek1valuesfor three
etherswereobtained by linear least-squares analysis of the
data in Figure5. Usingtherateconstant for CH4+ Cl as1.0
×10-13cm3molecule-1s-1(12),thesek1forC2F5OCH3,n-C3F7-
OCH3 and n-C5F11OCH3 are (11.0 ( 1.4) × 10-14 cm3

FIGURE 3. The plots of IR peak area in the range of 1798-1812 cm-1

for syn-C5F11OCHO (]) at arbitrary unit and the concentration of
Δ[C5F11OCH3]-[CO2] ([), and the concentration of CO2 (b) versus the
loss of C5F11OCH3 in the photolysis of the gas mixture of C5F11OCH3

(2.16 × 1014 molecule cm-3) w ith Cl2 (2.46 × 1014 molecule cm-3)
in 1.01 × 105 Pa of air.

FIGURE 4. Change in the ratio of the concentrations of CnF2n+1OCHO
(2, 3, and 5) to the initial HFEs concentrations versus the fractional
loss of CnF2n+1OCH3 (2, 3, and 5) in the photolysis of HFEs w ith Cl2
(2.46 × 1014 molecule cm-3) in 1.01 × 105 Pa of air:[, C2F5OCH3,b,
C3F7OCH3 and 4, C5F11OCH3. The initial concentrations of C2F5OCH3,
C3F7OCH3, and C5F11OCH3 are 1.65× 1014, 1.23× 1014, and 2.16× 1014

molecule cm-3, respectively.

[formate]t/ [HFE]t0)

[R/ (1- k2/k1)](1- x)[(1- x)(k2/k1-1) -1] (I)

x) 1- [HFE]t/ [HFE]t0 (II)

Cl + CnF2n+1OCH398
k1

R[CnF2n+1OCHO]+ other product
(1)

Cl + CnF2n+1OCHO98
k2
HCl + CnF2n+1OC(O) (2)
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molecule-1 s-1, (11.8( 1.4)× 10-14 cm3molecule-1 s-1, and
(10.3 ( 1.4) × 10-14 cm3 molecule-1 s-1 (see Table 2),
respectively.

The data in Figure 4 were fitted nonlinearly by eq I to
obtain thek2/k1which aresummarized in Table2. Usingk1
values which was obtained in our experiments, the rate
constants (k2) for reaction of Cl atoms with the formates
C2F5OCHO, C3F7OCHO, and C5F11OCHO werecalculated to
be (1.2( 0.5) × 10-14, (1.2( 0.5) × 10-14, and (1.8( 0.7) ×
10-14cm3molecule-1s-1, respectively(seeTable2).Therate
constantsof thereaction of Cl with producedperfluoroalkyl
formateswerelarger than theseofperfluoroalkyl ethers.The
k2/k1, k1, and k2 for the Cl atom initiated degradations of
CF3OCH3 (11), n-C4F9OCH3 (7), and n-C3F7OCH3 (13) which
have been reported by other groups were also depicted in
Table2. Measured k1 values for threeethersweresimilar to
thatofn-C4F9OCH3.Thevaluesofk2 (Cl+C5F11OCHO)were
also similar to that of k2 (Cl + C4F9OCHO) and were larger
than that of k2 (Cl + C2F5OCHO) and k2 (Cl + C3F7OCHO).
Thevalueofk2(Cl+C3F7OCHO)observedinourexperiment
indicated thesimilar valueofk2(Cl+C3F7OCHO)whichwas
reported by Ninomiya et al. in the range of experimental
error.

Figure6(a),(b) shows thechange in theconcentration of
CO2and perfluoroacetyl fluoride, respectively, with the loss
of HFEs (ΔHFEs) for the degradation of C2F5OCH3 (1.65×
1014moleculecm-3),n-C3F7OCH3(1.23×1014moleculecm-3),
andn-C5F11OCH3(2.16×1014moleculecm-3)underthesame
conditions as in Figure3. For theoxidation of threeethers,

the formations of CO2 were not observed in the initial loss
of HFEs. CO2wasproduced after approximately20%lossof
HFEs.When thelossof HFEsreached 100%, theproduction
ofCO2continuesto increase.Thefinal concentration ofCO2

for C2F5OCH3, n-C3F7OCH3, and n-C5F11OCH3 were 1.59 ×
1014 molecule cm-3, 1.18× 1014 molecule cm-3, and 2.10×
1014moleculecm-3, respectively,whichwasthesameasthe
initial concentration of each ether. The production of
perfluoroalkylacetyl fluoridewasnot observed at the initial
reaction period. For n-C3F7OCH3, perfluoroalkyl acetyl
fluorideappearedaftera60%lossofn-C3F7OCH3.Concerning
n-C5F11OCH3, perfluoroalkyl acetyl fluoride began to be
produced after a 32% loss of n-C5F11OCH3. The final con-
centrationsof perfluoroalkyl acetyl fluoridefor n-C3F7OCH3

and n-C5F11OCH3 were 2.16× 1013 molecule cm-3 and 8.11
× 1013 molecule cm-3, respectively.

For the degradation of n-C3F7OCH3, only C2F5COF is
producedasaperfluoroalkyl acetyl fluoride.Theconversion
ratio of theperfluoroalkyl group to C2F5COF was11.7%. For
n-C5F11OCH3, theproducedperfluoroacetyl fluoridemaybe
C2F5COF, C3F7COF, and/or C4F9COF as mentioned in the
previous section. The actual conversion ratio cannot be
calculated, but the conversion ratio would be 15%, if only
C2F5COFwouldbeproduced.Similarly,given thatonlyC4F9-
COF was produced, the ratio would be30%. Therefore, the
conversion ratio is estimated to be in the rangeof 15-30%.

Figure 7(a),(b) plots the COF2 and bis(trifluoromethyl)-
trioxide(CF3OOOCF3) formed, respectively, asa function of
the loss of HFEs (ΔHFEs) for the degradation of C2F5OCH3

(1.65 × 1014 molecule cm-3), n-C3F7OCH3 (1.23 × 1014

moleculecm-3),andn-C5F11OCH3(2.16×1014moleculecm-3)
under thesameconditionsas in Figure3. Thesubtracted IR
feature(700-1400cm-1) for thereactiongasmixtureofC2F5-
OCH3 degraded after 90 min is shown in Figure 8. The
absorption of CF3OOOCF3appearedat1292,1252,and1169
cm-1 (14, 15). Theconcentration of CF3OOOCF3was calcu-
lated by using the absorption coefficient at 1292 cm-1 (σ
(basee))4.1×10-18cm2molecule-1) (16).For theoxidation
of three ethers, the formation of COF2 seems to have the
same induction periods. The production of COF2 occurred
after theapproximately 50-60% loss of HFEs. The concen-
tration of COF2 reached aconstant valueat 1.77× 1014, 2.77
× 1014,and6.81× 1014moleculecm-3 for C2F5OCH3,n-C3F7-

FIGURE 5. The loss of three ethers, C2F5OCH3 ([), C3F7OCH3 (b), and
C5F11OCH3 (4), versus the loss of CH4 compounds in the presence
of Cl atoms in the 1.01 × 105 Pa of air diluent.

TABLE 2. k2/k1, k1, and k2 Values for the Degradation of the
Three Ethers

(× 10-14 cm3

molecule-1 s-1)

CF3OCH3 C2F5OCH3 C3F7OCH3 C4F9OCH3 C5F11OCH3

k2/k1 0.11( 0.02 0.10( 0.02 0.17( 0.07c 0.17( 0.06
0.09( 0.02b

k1 14( 0.2a 11.0( 1.4 11.8( 1.4 9.7( 1.4c 10.3( 1.4
9.1( 1.3b

k2 0.98( 0.12a 1.2( 0.5 1.2( 0.5 1.6( 0.7c 1.8( 0.7
0.82( 0.22b

a The data for the Cl atom initiated oxidation of CF3OCH3 by L. K.
Christensen et al. (11). b Thedata for theCl atom initiated oxidation of
C3F7OCH3byY.Ninomiyaetal. (13). c Thedata for theCl atom initiated
oxidation of C4F5OCH3 by T. J . Wallington et al. (7).

FIGURE 6. The plots of the production yields of CO2 (a) and
perfluoroalkylacetyl fluoride (b) versus the fractional loss of HFEs
(ΔHFEs) for the photolysis of C2F5OCH3 ([), C3F7OCH3 (b), and C5F11-
OCH3 (4). The initial concentrations of C2F5OCH3, C3F7OCH3, and
C5F11OCH3 are 1.65× 1014, 1.23× 1014, and 2.16× 1014molecule cm-3,
respectively.
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OCH3, and n-C5F11OCH3, respectively. On the other hand,
the production of CF3OOOCF3 was observed after ap-
proximately 90% loss of HFEs. The final concentrations of
CF3OOOCF3 were 1.69× 1013, 1.99× 1013, and 1.92× 1013

moleculecm-3forC2F5OCH3,n-C3F7OCH3,andn-C5F11OCH3,
respectively. Concerning C2F5OCH3, the molar conversion
for thecarbon of theperfluoroalkyl group to COF2was48(
10%,meaningthatthe-CF2groupwascompletelyconverted
to COF2, while the-CF3- group was not oxidized to COF2.
For thedegradationofn-C3F7OCH3, theconversion fromthe
perfluoroalkyl group to COF2 was 76 ( 10%. For the de-
gradationofn-C5F11OCH3, theconversion fromC5F11toCOF2
was 60 ( 10%. Probably, a part of the CF3- moiety is
transformedintotheCF3OOOCF3.Theconversionratiosfrom
CF3-group toCF3OOOCF3wereestimatedas20%,22%,and
16% for C2F5OCH3, n-C3F7OCH3, and n-C5F11OCH3, in that
order. Theconversion ratios of theperfluoroalkyl group for
the ethers to COF2, perfluoroalkyl acetyl fluoride, and CF3-
OOOCF3 after 100% loss of the perfluoroalkyl formates are
summarized in Table3. For n-C3F7OCH3 and n-C5F11OCH3,

the mass balance of the degradation of the perfluoroalkyl
group is about 100%. Scheme1of the Cl-initiated reaction
of the methyl perfluoroalkyl ether (n-CF3CF2CF2OCH3) is
estimated from the identified degradation products. The
perfluoroalkylether iscompletelyconvertedtoperfluoroalkyl
formate (n-CF3CF2CF2OCHO). The O-C bond cleavage of
perfluoroalkyl formate takes place to produce the CO2 and
perfluoroalkoxy radical (CF3CF2CF2O•). The degradation of
perfluoroalkoxy radical proceeds through the two different
pathways to mainly produce the COF2 and has the minor
production of the perfluoroacetyl fluoride (CF3CF2COF).

Degradation Mechanism of theMethyl Perfluoroalkyl
Ethers. The initial stages of oxidation are considered as
follows: H-abstractionwithaCl atomfromthemethyl group
occurstoproducethealkyl radical (17),and,then,thealkoxy
radical isformedviaO2additionandradical-radical reactions
3-5. Actually, thedetection of C4F9OCH2

• and C4F9OCH2O2
•

radicals for the degradation of HFE-7100 (C4F9OCH3) was
reported (7).

Hydrogen of C2F5OCH2O• is abstracted byO2 to produce
pentafluoroethyl formate (C2F5OCHO) as reaction 6. Rela-
tively stableC2F5OCHO is oxidized through reactions 7-10
togiveC2F5O•.TheC-CcleavageofC2F5O• leadstoformation
of theCF3 radical and COF2. For C3F7OCH3 and C5F11OCH3,

FIGURE 7. The plots of the concentrations of COF2 (a) and CF3-
OOOCF3 (b) versus the fractional loss of HFEs (ΔHFEs) obtained
from the photolysis of C2F5OCH3 ([), C3F7OCH3 (b), and C5F11OCH3

(4). The initial concentrations of C2F5OCH3, C3F7OCH3, and C5F11OCH3

are 1.65 × 1014, 1.23 × 1014, and 2.16 × 1014 molecule cm-3,
respectively.

FIGURE 8. The subtracted IR feature (700-1400 cm-1) of the gas
mixture of C2F5OCH3 degraded after 60-min irradiation.

TABLE 3. Molar Conversion Ratio of the Perfluoroalkyl Group
in the Ethers to the Products

COF2
(%)

CnF2n+1COFa
(%)

CF3OOOCF3
(%) total conversion

C2F5OCH3 48( 10 0 20 68( 10
C3F7OCH3 76( 10 12 22 110( 10
C5F11OCH3 60( 10 15-30 16 91( 10-106( 10

a CF3COF for C2F5OCH3, C2F5COF for C3F7OCH3, CnF2n+1COF (n) 2, 3,
and/or 4) for C5F11OCH3fhjki.

SCHEME 1

C2F5OCH3+ Cl f C2F5OCH2
• + HCl (3)

C2F5OCH2
• + O2f C2F5OCH2O2

• (4)

2C2F5OCH2O2
• f 2C2F5OCH2O

• + O2 (5)

C2F5OCH2O
• + O2f C2F5OCHO + HO2 (6)
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C3F7O•, and C5F11O• are produced by a route analogous to
the degradation processes of C2F5OCH3. Subsequently, the
cleavageof C-C bond occurs to form C2F5• and C4F9• along
withCOF2.TheC-CbondcleavageofC2F5• andC4F9• occurs
gradually through such reactionsas12a-d and 14a-d, and
the(n-1)COF2(n) 3and5)andCF3•wereproduced finally.
Inanotherpathway,theperfluoroacetyl fluorideisproduced.
The possible process of formation of it is that C3F7O• may
react with HO2 (18) to produceC3F7OH, which is thermally
transformed toC2F5COF (19).CnF2n+1O• (n) 5,4,and3)also
may react with HO2 to produceCn-1F2n-1COF (n ) 5, 4, and
3) as 15a-b. However, the processes of formation of the
perfluoroacetyl fluoride have not been revealed. Further
discussion of these formation processes will be needed.

In the case of C3F7OCH3

In the case of C5F11OCH3

CF3 radicals react with oxygen to produce the CF3O2

radicals(20) asshown in reaction 16,and,subsequently, the
bimolecular reaction of CF3O2 (reaction 17) takes place to
produce the CF3O• (21-23). The CF3O radical reacts with
CF3O2 to produce CF3OOOCF3 as shown in reaction 18.

EstimationofEnvironmental Impactsof theDegrada-
tionProducts.Formationofvariouskindsofrelativelystable
intermediatesanddegradationproductshasbeenconfirmed
in this study. The Cl-initiated oxidation of three methyl
perfluoroalkyl ethers (n-CnF2n+1OCH3; n ) 2, 3, and 5)
produces the corresponding perfluoroalkyl formates (n-
CnF2n+1OCHO; n ) 2, 3, and 5) as the sole product. This
formationprocessoftheperfluoroalkyl formatesisinsensitive
to the difference in the perfluoroalkyl length of the com-
pounds. In general, thereaction rateof organic compounds
with Cl atoms is faster than that with OH radicals (12).
Therefore, the lifetimeof theperfluoroalkyl formates in the
tropospherewasestimatedbyassumingthek2valuesinTable
2 as an upper limit of the reaction rate constant of OH +
CnF2n+1OCHO. Using theaverage tropospheric OH concen-
tration of 7.5× 105 molecules cm-3 (7), the corresponding
lifetimeswerecalculated to be longer than 3.5( 0.10, 3.6(
0.10, and 2.4 ( 0.3 years for C2F5OCHO, C3F7OCHO, and
C5F11OCHO, respectively, assumingatemperatureof 298K.
Sincethelifetimesof theformatesseemtoberelatively long
with respect to reaction with OH radicals, tropospheric
removal processesbywater droplets such as cloudsand/or
rain will be important. A reaction gas mixture of n-C5F11-
OCH3(1.23×1015moleculescm-3)/Cl2(4.92×1015molecules
cm-3)/air (1.01 × 105 Pa) which was irradiated for 30 min
was taken by a stainless steel cylinder cooled at 203K. The
collectedsamplewastransferredtoCDCl3solution inaNMR
sample tube and was analyzed by a 1H and 19F-NMR
spectrometer. Thespectrumof 1H NMRshows thatwater is
presentin thesample(seeFigure9).In the1HNMRspectrum,
the peak of the formyl proton appeared at 8.03 ppm. The
peakat119ppmin 19FNMRwasassignedasF atomof-CF2-
COOH. It is thus implied that the C5F11OCHO produced in
the gas-phase reaction is hydrolyzed to CF3(CF2)4OH and
formic acid in the water which contained HCl in the steel
cylinder.NoNMRpeakswhichcouldbeassignedtoCF3(CF2)4-
OHwereobserved.CF3(CF2)4OH,which isunstable(23),may
bereadilyconverted toCF3(CF2)3COF,whichmaybefurther
hydrolyzed to produce a perfluoro carboxylic acid. Further
studies on an uptake and a chemical reaction of the
perfluoroalkyl formatesbywater will bedesired to estimate
their environmental impacts including their GWP values.

Theformyl groupof perfluoroalkyl formateisoxidized to
CO2 via C-C cleavage in the presence of oxygen. The
perfluoroalkyl group mainly reacts with O2 to produce Rf-
CF2O•, followed by C-C bond cleavage to form COF2.
However, when the carbon number of the perfluoroalkyl
group is larger than 2, e.g. n-C3F7- and n-C5F11-, their
correspondingafewperfluoroalkoxyradicalsareconverted
to perfluoroacetyl fluorides. The terminal CF3- group is
oxidized to produce CF3OOOCF3 through the CF3O• in the
chamber experiment. However, CF3OOOCF3 is unlikely to

FIGURE 9. 1H NMR spectrum of the photolysis mixture of C5F11OCH3

(12.3 × 1014 molecule cm-3) and Cl2 (49.2 × 1014 molecule cm-3) in
1.01 × 105 Pa of air sampled in CDCl3 after 30-min irradiation.

C2F5OCHO + Cl f C2F5OCO
• + HCl (7)

C2F5OCO
• + O2f C2F5OC(O)OO

• (8)

2C2F5OC(O)OO
• f 2C2F5OCOO

• + O2 (9)

C2F5OCO2
• f C2F5O

• + CO2 (10)

C2F5O
• f CF3

• + COF2 (11)

C3F7O
• f C2F5

• + COF2 (12a)

C2F5
• +O2f C2F5O2

• (12b)

2C2F5O2
• f 2C2F5O

• + O2 (12c)

C2F5O
• f CF3

• + COF2 (12d)

C3F7O
• + HOOf C3F7OH + O2 (13a)

C3F7OH f C2F5COF + HF (13b)

C5F11O
• f C4F9

• + COF2 (14a)

C4F9
• + O2f C4F9O2

• (14b)

2C4F9O2
• f 2C4F9O

• + O2 (14c)

C4F9O
• f f f CF3

• + 3COF2 (14d)

CnF2n+1O
• + HO2f CnF2n+1OH + O2 (15a)

(n ) 5, 4, and 3)

CnF2n+1OH f Cn-1F2n-1COF + HF (15b)

CF3
• + O2f CF3O2

• (16)

2CF3O2
• f CF3O

• + O2 (17)

CF3O2
• + CF3O

• f CF3OOOCF3 (18)
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form in the troposphere because the concentration of the
CF3O• and CF3O2 is considered to be very low.

As has been reported, the COF2 and CF3COF have the
values larger than 0.5 of Hk, where H is the Henry’s law
constant and k is the hydrolysis rate constant and their
troposphericlifetimesbyclouds/rainareestimatedlessthan
30 days (24). For the perfluoroalkyl halides (CnF2n+1COF, n
> 2), the values of Hk have not been determined but may
besimilar to those for COF2 and CF3COF. It is thus inferred
that the perfluoroalkyl halides may not contribute to the
global warming, because their short lifetimes will be esti-
mated. However, it is to be noted that the perfluoroalkyl
halides will be converted to perfluoroalkyl carboxylic acids
and HF, which are suspected to cause ecological impacts.

In summary,wehavethepotential degradationproducts
of the three ethers in troposphere. All the products except
CO2 are likely to be removed by clouds/rainwater, taking
intoaccounttheratesoftheirgas-phasereactionsestimated.
Theproducts themselvesmaynot causehuman health and
ecological systems, but more attention should be paid to
perfluoroalkyl carboxylic acids and HF.
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