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E125 (CHROCF3)

David A. Good, Mike Kamboures, Randy Santiano, and Joseph S. Francisco*

Department of Chemistry and Department of Earth and Atmospheric Sciences, Purdgesityj
West Lafayette, Indiana 47907

Receied: June 16, 1999; In Final Form: August 31, 1999

The atmospheric oxidation mechanisms of E143a;(8FH;), E134 (CHROCHFR,), and E125 (CHFOCK)

have been investigated using experimental and ab initio methodology. The oxidation of E143a produces the
stable reservoir species trifluoromethyl formategGEOH, which further oxidizes to GB and CQ. Oxidation

of E134 and E125 shows the presence of only@Ender the condition of high &£oncentrations. Carbonyl
fluoride can be formed from two competing pathways involving the halogenated alkyl radicals formed from
hydrogen abstraction of E134 and E125. CO bond fission reactions amrddtion reactions compete to
produce carbonyl fluoride and a ¢ radical fragment. Computational modeling of the reaction pathways
provides insight into the molecular steps of the degradation process.

I. Introduction found to have rate constants of 2.3410714, 2.53 x 10714,

and 3.38x 10715 cm3 molecule® s~1. Lifetimes on the order
£f3.0,2.6, and 19 years, respectively, were calcul&tdrland

et al? in 1993 measured the rate of reaction of OH radicals
with E134 using pump and probe laser-induced fluorescence
of OH. A rate expression of 5.4 10713 e 1560T was determined.

At 298 K the rate was 3.6 0.7 x 10715 cm?® molecule’? s71,

A lifetime on the order of 24 years was determifgduie et

al. measured the rate of E134 reaction with OH and determined

Because of the ability of chlorofluorocarbons (CFCs) to
deplete stratospheric ozone, many applications have begun t
employ hydrofluorocarbons (HFCs) as working fluids. HFCs
contain no chlorine and are thus given ozone depletion potentials
of essentially zero. Attention is now focused on global warming,
with the goal of reducing greenhouse gas emissions. Air
conditioners, heat pumps, and refrigeration devices that use
refrigerants also use energy. They contribute to global warming 15 1
both by the release of the refrigerant and by the emission of tN€ 298 K rate constant to be 5410 OC”‘3 molecule™ s
carbon dioxide and other greenhouse gases in powering the('éPorted by Garland et &. Hsu et af® used a relative rate
devicest Some HFCs have fairly significant global warming echnique to measure thlf QESE?te constang cio%g,f'sa' E134,
potentials® Leading CFC replacements, such as HFC-125 and E12513to_t£951]r.& 10*e , 1.9x 107 e , and
(CHROCR,), HFC-134a (CHFOCHF,), and HFC-143a (GIOCHy), 47x 107%e o respectlvely.l;l'he 298 K rate conlsétants are
have global warming potentials not much lower than the CFCs thus 1'031X7110 , 227 x 107, and 4.16x 10 crm’
they replacé. In fact, many of the hydrochlorofluorocarbons Molecule™ s, respectively. For E134, the results of Garllfmd,
(HCFCs) would be better replacements than HFCs from a HUi€, and Hsu are in reasonable agreerfiéhiGood et al’
climate-forcing perspective. This situation in combination with USing & two-dimensional (2D) chemical transport model and the

S . !1SH
the indirect global warming effect resulting from differences in rate data of Hsu et a’, determined the lifetimes of E143g,
the efficiencies of these systems results in an issue concerningE 34 and E125 to be 5.7, 29.0, and 165.0 years, respectively.

the use of many HFCs and their impact on climate. For this | €S€ results suggest that these ethers have much longer
reason, research is still devoted to the exploration of novel, third- 2tmospheric_lifetimes than previously suspected and that
generation CFC alternatives. penetration of these ethers into the stratosphere is podsible.

One such third-generation CFC alternative is the fluorinated _ ©ON€ issue that has not been addressed is the atmospheric fate
ether series. These species are analogous to HFCs with th&f these hydrofluoroethers (HFEs) after the initial hydrogen
addition of an ether linkage. The U.S. Environmental Protection aPstraction reaction by the hydroxyl radical. Only one investiga-
Agency (EPA) developed a list of 37 candidate compounds tion has reporFed on the atmos.pherlc fate of El?ﬁaals the .
proposed for use as working fluids, 13 of which were fluorinated PUrPose of this work to examine the atmospheric oxidation
ethers. The list was narrowed down to 11 species, included CF Products of E143a (OCHs), E134 (CHROCHR), and E125
OCH; and CHROCF; 46 (CHROCFR).

Cooper et al’,using ab initio and semiempirical methods,
estimated the energy of the highest occupied molecular orbital,
which is then proportional to the rate of reaction with the A. Computational Methods. All calculations were performed
hydroxyl radical. Using this methodology, atmospheric lifetimes with the GAUSSIAN 94 package of prograrttsGeometry
for fluorinated derivatives of dimethyl ether were found to range optimizations for all species were carried out for all structures
from 7.3 days (CHOCH,F) to 85 days (CHFOCR).” to better than 0.001 A for bond lengths and °Ofér angles.

In 1992, Zhang et &.measured the rate of reaction of The geometries were fully optimized, and a frequency calcula-
fluorinated ethers with hydroxyl radical using a flash photolysis tion was performed with these geometries. Optimizations were
resonance fluorescence technique. E143a, E134, and E125 werperformed with the Becke nonlocal three-parameter exchange
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II. Methodology
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Figure 1. Oxidation mechanism for CHDCHF, (E134).

and correlation functional with the Leé&rang—Parr correctional
functional method (B3LYP}3 The B3LYP optimizations were
performed with the medium size 6-31G(d) basis set. In addition,
single-point energy calculations were performed using the
6-311+G(2d,2p) basis set. Restricted wave functions were used
for closed-shell and unrestricted wave functions for open-shell
systems with all orbitals active. The total energies are corrected
to 0 K by adding the zero-point energy to the predicted total
energy. To obtain the energy at 298 K, the thermal energy of

each species is added to its total energy instead of the zero-

point energy.

B. Experimental Methods. The experiment consists of a
Matteson Instruments Galaxy Series Fourier transform infrared
(FTIR) spectrometer operating at 1.0 chresolution in which
64 scans are co-added. The spectrometer uses a KBr beal
splitter and a mercury cadmium telluride (MCT) detector capable
of operating between 400 and 6600 wavenumbers. The spec
trometer is interfaced to a 64 émeflon reaction vessel to which
gas mixtures of each ether (1 Torr), chlorine-@ Torr), and
O, (0—100 Torr) were added such that the total pressure within
the cell remained at 100 Torr. Perpendicular to the IR probe
axis is a Lambda Physik Compex 102 excimer laser that was
used to initiate the photolysis of molecular chlorine into chlorine
atoms (reaction 1). The laser produces 60 mJ of 351 nm
radiation while operating at 15 Hz.

Cl, + hv(351 nm)— 2Cl 1)

Reaction mixtures as monitored by their pressures using MKS
capacitance manometers were introduced into the chamber an
allowed to equilibrate for-1 h. After photolysis initiation, the
reaction was monitored by following IR absorption features from
both reactants and products. E134 (1,1,2,2-tetrafluorodimethyl
ether, 97.0%) was obtained from Oakwood Products. E125 and
El43a were obtained from DuPont Inc. No impurities were
detected by gas chromatography/mass spectroscopy (GC/MS)
and all reagents were used without further purification.

I1l. Results and Discussion

A. CHF,OCHF,. The oxidation mechanism of E134 is
illustrated in Figure 1, and the energetics of all reactions are
illustrated and tabulated in Figure 2 and Table 1, respectively.
The hydrogen abstraction reaction (reaction 2) is estimated to
have a barrier height of 0.8 kcal mdlat the B3LYP/6-31%G-
(2d,2p)//IB3LYP/6-31G(d) level of theory.

CHF,0CHF, + OH—CHF,0CF, + H,0 (2
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Hsu et all® using a relative rate technique, measured the
activation barrier to be 4.0 kcal mdl which is 3.2 kcal moit
higher than our calculated activation barrier. This comparison
allows for an estimation of the errors associated with our
computational methodology.

In Table 1, the enthalpy for reaction 2 is estimated to be
—13.8 kcal mott. Hsu et al® determined the CH bond
dissociation energy of E134 to be 104:01.0 kcal mof?! based
on observed trends between the CH bond strength of a molecule
and its rate of reaction with hydroxyl radical. Given that the
OH bond strength of water is 1198 1.0 kcal mot?, the
enthalpy of reaction 2 can be determined from the CH bond
strength of the ether and the OH bond strength of water. Thus,
the 298 K enthalpy of reaction 2 is derived from this
experimental data to be 15.3 4+ 1.4 kcal mofl. This value
compares reasonably well with our ab initio results, which
indicate a reaction enthalpy 6f13.8 kcal mot™.

The CHROCEF, radical formed in the initial hydrogen
abstraction reaction can participate in either an oxygen addition
or two CO bond dissociation reactions.

CHF,0OCF, + 0, — CHF,0CF,0, ®)
CHF,0OCF,— CHF,0 + CF, @)
CHF,0CF,— CHF, + CF,0 (5)

The G addition reaction proceeds without barrier, is exothermic
by —30.7 kcal mot?, and has a negative entropy change of
approximately—0.0403 kcal mot®* K=1. The reaction is thus
spontaneous by-18.7 kcal mot! at 298 K. The CO bond-

cleaving reaction producing CH® and CF is highly endot-

r,[}?ermic (56.7 kcal mol') and is unlikely to be of any

significance at atmospheric temperatures. The CO bond-cleaving
reaction producing carbonyl fluoride and CHE predicted to

be exothermic by—1.7 kcal mot?l. In addition a favorable
entropy change of 0.0397 kcal méIK 1 results in a spontane-
ous process by-13.5 kcal moft. Thus, the thermodynamics
of reactions 3 and 5 are comparable. Although the thermody-
namics for reactions 3 and 5 are similar, the kinetics may not
be. The barrier for reaction 5 was found to be 17.5 kcalthol
whereas the @addition reaction proceeds without barrier. This
result suggests that the bond fission reaction may be slow in
comparison with the @addition reaction.

The alkylperoxyl radical formed in reaction 3 reacts with NO
under atmospheric conditions to form the alkoxy radical, @HF
OCFR,0. This radical may further decompose via the following

&hree reactions.

CHF,0CF,0 — CHF,0 + CF,0 (6)
CHF,0CF,0 — CHF,0COF+ F @
CHF,0CF,0 + 0,—~ CF,0+CF,0+HO, (8)

Reaction 6 results in the formation of &Fand CHEO and is
exothermic by—3.6 kcal mof™. A barrier height of 10.3 kcal
mol~tis predicted to exist. Reaction 7 is a-€ bond-breaking
reaction that is endothermic by 18.5 kcal mblReaction 8 is
a hydrogen abstraction reaction mediation by molecular oxygen.
The reaction is highly favorable, with a reaction enthalpy of
—44.6 kcal mot! and a barrier height of only 1.7 kcal mél

We find that the atmospheric oxidation of E134 is likely to
form carbonyl fluoride from three possible pathways. Reactions
5, 6, and 8 are each thermodynamically plausible pathways that
could result in the formation of GB. Experiments were
performed to verify some salient aspects of the theoretical
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Figure 2. Energy diagram for oxidation of E134.
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TABLE 1: Energetics for the Atmospheric Oxidation of
E134

o
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activation
enthalpy energy
reaction (kcal mol1)  (kcal mol1)

CHR,OCHFR, + OH — H,0 + CHR,OCF, —13.8 0.8

CHROCR, + O, — CHR,OCH;O, —-30.7 no barrier
CHFR,OCF, — CHF, + CF,O -1.7 17.5
CHR,OCF,— CHRO + CR, 56.7 >56.7

CHR,0OCFR0; + NO — CHROCR0 + NO, —18.6 0.02

CHROCRO + 0,—~CRO-CRO+HO,  —446 17 001 | .
CHR,OCF,0 — CHF0 + CR,0 -36 103
CHR,OCR,0 — CHR,0COF+ F 185 258 0

o
Q
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investigation. The objective of the experiments was to verify
the predicted products and to determine if the bond-cleaving Figure 3. Calibration curve for CFO.
reaction was indeed feasible under atmospheric conditions. The
first experiment consisted of E134, chlorine (boti Torr),
and a large excess of oxygen such that the final pressure was  4€+51 a
100 Torr. The only product observed in this reaction wagdCF 35E416 |
Calibration curves for carbonyl fluoride were generated by
reacting difluoromethane (GH,) with chlorine in a large excess
of oxygen. The result of this reaction is the formation of
carbonyl fluoride. The decay of difluoromethane in units of
molecules per cubic centimeter is plotted against the growth in R
of carbonyl fluoride in Figure 3. The slope of this line is thus .
equal to the product of the path length and the absorbance cross  '#%]
section of carbonyl fluoride for that particular absorbance band. SE+14 |
Using these data, the decrease in the concentration of E134 can 0
be plotted against the increase in concentration of carbonyl
fluoride, as shown in Figure 4. The average yield from three
replicate trials is 20@: 12%. Thus, two molecules of carbonyl  Figure 4. Carbonyl fluoride yield from oxidation of E134.
fluoride are produced from each molecule of E134 reacted.
Quoted errors represent two standard deviations (SDs) aboutto 100 Torr. In the absence of,Oreactions 6 and 8 become
the mean. impossible and thus any @B formed can be attributed to

A second set of experiments was performed without oxygen; reaction 5. Significant concentrations of £F were again
helium was used instead of oxygen to buffer the reaction mixture produced; thus, reaction 5 is feasible at room temperature. In

4.5E+15 q

3E+15

2.5E+15 |

2E+15

A CF,0 (molecules cm™)

0 3E+14 6E+14 9E+14 1.2E+15 1.5E+15 1.8E+15

A E134 (molecules cm™)



Atmospheric Oxidation of Fluorinated Ethers J. Phys. Chem. A, Vol. 103, No. 46, 1999233

addition to carbonyl fluoride, products such as,CkL and CF;0CHF,

CCIROCCIR,; were identified. CECl, is produced from second- °H>

ary reactions of the CHFragment formed from reaction 5. H,0

CCIROCCIR, forms from chlorine addition to the CHBCF, Pt CFLO oo

radical, which is thus in competition with the fragmentation s CROERs oo > CRO+CRy

reaction (reaction 5). In the presence of oxygen, gkéldicals (O ’

react with excess oxygen to form a second@Fnolecule per xo,

molecule of E134 reacted. CFLOCE,0NO, === 0,CF;0CF;
We find that the atmospheric oxidation of E134 is likely to NO

result in the formation of CfO via reactions 5, 6, and 8. (NO

Ultimately, 2 equiv of carbonyl fluoride will result from the ’

atmospheric oxidation of E134 either directly through reaction CROHCRO =mrrrreee OCF0CEs

8 or through the further oxidation of CHend CHFR0 radicals ,)

formed in reactions 5 and 6. F
Dissociation of the CHFOCFE radical is shown to be a CF;0COF

plausible reaction channel in the oxidation of E134. One Figure 5. Oxidation mechanism for GBCHR, (E125).
consideration concerning the degree of GEEF, fragmenta- ] ) o
tion is the amount of internal energy within the radical formed TABLE 2: Energetics for the Atmospheric Oxidation of

during the initial hydrogen abstraction reaction. As an example, E125
consider the CFEHFO radical formed during the oxidation of activation
HFC134a and studied by numerous investigattr® The _ enthalpy ~ energy
removal of CRCHFO occurs via two competing reaction reaction (kcal mol™) (kcal mol™)
pathways. CROCHF, + OH — H;0 + CROCRk, —-14.1 2.1

CROCR, + O, — CROCFE0; —-27.1 no barrier

CF,CHFO+ O,— CF,COF+ HO, 9) CROCR,— CRK + CRO —-1.0 18.9
CROCR,— CRO + CR 60.2 >60.2
CRCHFO— CF; + HFCO (10)  CROCRO,+NO—CFOCRO+NO, —19.6

CROCRO — CR0O + CR0 —2.6 94
Reaction 9 is a hydrogen abstraction reaction initiated by CROCRO— CROCOF+ F 18.8 22.8
molecular oxygen, whereas reaction 10 is a unimolecular
dissociation reaction. There are also two ways in which-CF B. CFsOCHF,. The oxidation of E125 is illustrated in Figure
CHFO radicals can be formed. 5. The energetics of these pathways are tabulated and illustrated

in Table 2 and Figure 6, respectively. The first step in the
CF,CHFQ, + CF,CHFQ, — CF,CHFO+ CF,CHFO+ O, oxidation of E125 is removal of its sole hydrogen atom by the
(11) hydroxyl radical. The barrier for this reaction is calculated to

be 2.1 kcal mot! at the B3LYP/6-313G(2d,2p)//B3LYP/6-
CFRCHFG, + NO—CF,CHFO+NO,  (12)  31G(d) level of theory.

The RQ self-reaction (reaction 11) is exothermic by6 kcal CF,0CHF, + OH— CF;0CF, + H,0 (13)
mol~1, whereas reaction 12 is exothermic by greater thaid
kcal moI—l_ Wa"ington et aF_-g determined that unimolecular Hsu et aF.'O measured the activation barrier to be 4.2 kcaITﬁOI
decomposition of CECHFO radicals (reaction 10) was much Which is 2.1 kcal mot® higher than our calculated activation
more important when the QEHFO radicals were produced barrier. The enthalpy of this reaction is calculated to be
from reaction 12 rather than reaction 11. They ascribe this €xothermic by-14.1 kcal mot*. Hsu et af'® determined a CH
observation to the differences in the internal energy of-CF bond strength for E125 to be 1064 1.0 kcal mot. Given
CHFO resulting from different production mechanisms (reac- that the OH bond strength of water is 119:31.0 kcal mot?,
tions 11 and 12). Reaction 11 generated thermalized or ground-the enthalpy of reaction 13 is determined to b#3.3+ 1.4
state CECHFO radicals, whereas only 36% of the radicals were kcal molt. Our determination of the enthalpy for this reaction
thermalized in reaction 12. The remaining fraction contained is Within experimental error of this value.
sufficient energy to undergo prompt dissociation. The CF?,OCFZ radical formed in the initial reaction may
The CHROCF radical can analogously be produced two participate in the following removal mechanisms:
different ways; from reaction of E134 with chlorine atoms or

with hydroxyl radicals. Our calculations show that with hydroxyl CROCF,—~ CF; + CR0 (14)
radical, hydrogen abstraction from E134 is exothermie-iy3.8 CF.OCF, — CE.O + CF (15)
kcal molL. However, the experiments were done using chlorine 3 2 3 2

atoms. Good et &° determined the heat of formation of CHF CF;,0OCF, + O, — CF,0CE0, (16)

OCHFR, and CHR,OCF, to be —314.5 and—261.0 kcal mot?,

respectively, whereas the heats of formation for Cl and HCI Reactions 14 and 15 are dissociation processes involving the
are 28.9 and-22.06 kcal mot?, respectively. From these data, CO bonds of the alkyl radical. As shown in Table 2, reaction
the hydrogen abstraction reaction initiated by chlorine atoms is 15 is endothermic by 60 kcal moi! and is therefore unlikely
calculated to have a thermoneutral reaction enthalpy of 3.0 kcalto be of any significance under atmospheric conditions. Reaction
mol~! (Figure 2). Based on the differences in reaction enthalpies 14 is predicted to be exothermic byl.0 kcal mot™. In addition,
between Cl- and OH-initiated reactions, the amount of @HF  a positive entropy change (0.0381 kcal mdk—1) is associated
OCFR, fragmentation in systems employing OH may be greater with this reaction, making it spontaneous by 2.4 kcal moi?!

than in systems employing Cl atoms. at 298 K. Reaction 16 is an addition reaction forming an
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Figure 6. Energy diagram for oxidation of E125.

alkylperoxy radical. The reaction is exothermic b27.1 kcal
mol~1, but the reaction has a negative entropy chanrge@442

kcal moi~ K1), making the process spontaneous at 298 K by
—13.9 kcal mot?. As with the analogous reactions in the E134
system, the bimolecular addition reaction (reaction 16) and the
bond dissociation reaction producing carbonyl fluoride (reaction
14) are predicted to be almost equally favorable from a
thermodynamic perspective. Kinetically, the bimolecular oxygen
addition reaction proceeds without barrier, whereas the unimo-
lecular dissociation reaction has a reaction barrier of 18.9 kcal
mol=2.

The alkylperoxy radical formed in reaction 16 is reduced
under atmospheric conditions to an alkoxy radical as described
in reaction 17. The reaction enthalpy for this reaction wa9.6
kcal mol1,

CF,0CFE,0, + NO— CF0CFE,0 + NO, a7)

The alkoxy radical formed in this reaction can participate in
two bond dissociation pathways as shown by reactions 18 and
19.

CF,OCF,0— CF,0COF+ F
CF,OCF,0— CF,0 + CF,0

(18)
(19)

Reaction 18 involves the cleaving of a-€ bond to form a
potentially stable reservoir species,{EOF. The reaction is,
however, highly endothermic, with a reaction enthalpy of 18.8
kcal mol?1, thus making the reaction improbable. Reaction 19
involves the cleaving of a CO bond to form &Fand carbonyl
fluoride. The reaction is exothermic by2.6 kcal mof! and
has a modest barrier of 9.4 kcal mél

We find that the atmospheric oxidation of E125 is likely to
result in the formation of carbonyl fluoride. Two different reac-
tions can account for the formation of carbonyl fluoride. The
first reaction is the dissociation of @BCF, to form CFk; and
CR0 (reaction 14) and the second possibility is the dissociation
of CROCF,0 to form CRO and CFO (reaction 19).

To verify that reaction 14 is indeed possible under atmo-

2.5E+15 4

2E+15

1.5E+15 4

1E+15

ACF,0 (molecules cm™)

5E+14

0

6E+14 9E+14 1.2E+18 1.5E+15

AE125 (molecules cm™)

Figure 7. Carbonyl fluoride yield from oxidation of E125.

0 3E+14

percent yield for carbonyl fluoride was calculated to be only
152 + 13% compared with the 20& 12% vyield determined

for E134 (Figure 7). This difference in the yield of carbonyl
fluoride is a result of the secondary chemistry of GBFand
CR0 radicals. Under oxygen-rich conditions, the GBFadical
formed in the oxidation of E134 is rapidly converted into a
second carbonyl fluoride molecule. The 4CFradical formed
from E125 can participate in a - dissociation process,
resulting in the formation of carbonyl fluoride and F atoms;
however, this reaction is slo¥.In competition with this reaction

is the reaction between @B, and CRO radicals, which results

in the formation of CEOOOCEFE. The presence of this species
has been reported by a number of investigators in association
with the atmospheric oxidation of species containing & CF
functional groupt®2%¥24 Figure 8 is an IR spectrum of GF
OOOCK; recorded during the oxidation of E125 after features
due to E125 and carbonyl fluoride have been subtracted.
Absorbance maximums measured at 1174, 1257, and 1294 agree
well with those reported previously for @@OOCK; at 1171,
1254, and 1291 cm, respectively. The detection of this species
is evidence that suggests the participation of reaction 14 in the
overall mechanism. The formation of gBOOCFK; requires the
presence of C§o, radicals, which are formed from oxygen

spheric conditions, analogous experiments to those describedaddition to the Ckradicals formed in reaction 14.

previously for E134 were conducted. In the presence of a large
excess of oxygen, the only product observed wasGQCH he

The second experiment consisted of the same amount of E125
and chlorine but no oxygen. The pressure was buffered with
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Figure 8. Vibrational spectra for CfOOOCk. CF0C0 *) CF/OCOH wa-  CF,OH .+ HC(O)OH
CF,0+CO &~ {oz Hy0
98 Torr of helium instead of oxygen. In the absence of oxygen,
reaction 16 becomes impossible; thus, if anyCHks produced _NO.
it must come from reaction 14. As with E134, E125 produced 09N == CO%
significant quantities of carbonyl fluoride in the absence of (
oxygen. In addition to CJO, CRCIl and CROCRCI were also NO2
identified products. CF0C00

Thus, the atmospheric fate of E125 is predicted to be reaction
with OH to form CROCH,, followed by competition between
a CO-dissociation reaction to form g&nd CRO, and an @ CF10+CO;
addition reaction ultimately forming GB and CEO. Under Figure 9. Oxidation mechanism for GBCH; (E143a).
atmospheric conditions, both the £&nd CRO radicals can
be oxidized to another GB molecule via the following TABLE 3: Energetics for the Atmospheric Oxidation of
mechanisms. El43a

activation
CF,+ 0,— CF,0, (20) enthalpy  energy
reaction (kcal mol) (kcal mol?)
CF;0, + NO— CF;0 + NO, (21)  CROCH; + OH— H,0 + CH,OCF; 171 00
CF,0 + NO— CF,0 + FNO (22)  CROCH,+ O, —~ CROCHO, —27.4  no barrier
CROCH; — CR; + CH,O 20.2 36.4
Although the dissociation reaction has been shown both CROCH, —~ CRO + CH, 1120 >112.0
theoretically and experimentally to be possible at room tem- 258g"'282+ “g :(:CH%CC"'Z%+NgO2 _ig-g bari
perature, the relatively large barrier height predicted by our ap CROCHOz +NO; =~ CROCHONO, =l no barer
initio calculations suggests that the reaction may be slow. =~ CROCHO + 0, —~ CFOCOH+ HO, —348 7.6
C. CF30CH3. The proposed degradation mechanism for gEgg:&g:gEgéO%HjoH %2'2 fé'g
El43a is illustrated in Figure 9. The energetics calculated at CROCOH + OH — CROCO 4+ H.0 17'0 00’
the B3LYP/6-311%+G(2d,2p)//B3LYP/6-31G(d) level of theory : 2 T :
are presented in Table 3 and Figure 10. The initial hydrogen CROCOH+ H20 — CROH + HC(O)OH 9.7 296 _
abstraction reaction is predicted to have a barrier of 0.0 kcal gﬁgggi% _’+Cc'::30C(O)Q :ig-é " ga”'er
mol~1, which is ~3 kcal mol? lower than the determination CEOCO_, CEOJF 820 157 091
of Hsu et al'® who measured a barrier of3.1 kcal mot . Our CROC(O)G + NO — CROC(O)O+ NO 29 '1 '
methodology has consistently underestimated the barrier heights - 2 e .
for OH rad?gal reactions byvé kcal mol? P*CROC(0)0, + NO; ~ CROC(0)ONG;  —21.0  no barier
' CROC(0)O— CR0O + CO, —-8.3 11.9

CF,OCH, + OH— CF,0CH, + H,0 (23)

As shown in Table 3 and Figure 10, reactions 24 and 25 are

Th(T_len|_t|haIpy fgg (;eactio_n 2 d3 LS %sﬂrgat%d dt_o ﬂbe.lj'l keal bond-cleaving reactions involving the CO bonds in E143a. Both
mol . Hsu et al” determined the ond dissociation €nergy e actions are significantly endothermic, with high activation

1 .
(éf15§43q tr? (gli 102'% 1.0 kcal n;o;r : Thﬁ.s’ the rgact|on|o(; barriers. For E134 and E125, the analogous reactions to reaction
a wit can be estimated from this experimental data 5¢ \are found to be energetically favorable, whereas reaction

to be—17.34 1.4 kcal mol™. This value compares very well 25 is considerably endothermic by 20.2 kcal mohnd is

with our ab initio results. . : - . :
. . unlikely to compete with the oxygen addition reaction (reaction
The CROCH, radical formed may undergo the following 26). Reaction 26 is exothermic by27.4 kcal mof! and

three reactions. proceeds without barrier. Reaction 26 produces an alkoxy

. radical, RQ, that under atmospheric conditions in the presence
CR,OCH, —~ CRO+ CH, (24) of NO is reduced to alkoxy radicals, RO. The enthalpy of this
CF,0OCH,— CF;+ CH,0O (25) reaction is—22.5 kcal mot?. Alternatively, the R@ radical

may add nitrogen dioxide to form the peroxy nitrate,3CF
CFR0CH, + O, —~ CF,0CH,0, (26) OCH,O,NO,. Christensen et &P found this radical to be
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Figure 10. (a) Energy diagram for oxidation of E143a. (b) Energy d

thermally unstable with respect to the regeneration of B
CROCH,;0O;. Our calculations predict the formation of the alkyl
peroxy nitrate species to be exothermicb$7.6 kcal mot.
This quantity is also the barrier to dissociation of the alkyl
peroxy nitrate species.

CF,0CH,0 — CF,0 + CH,0 27)
CF,0CH,0 — CF,0COH+ H (28)
CF,0CH,0 + 0,— CF,0COH+ HO,  (29)

The alkoxy radical, CEFOCH,O may participate in two bond-

-8.3 kcal mol! {

iagram for oxidation of trifluoromethyl format©CIFH.

% CF0+CO,
———————

resulting in the formation of GJ© and CHO. The second
(reaction 28) is a CH bond cleavage resulting in the formation
of trifluoromethyl formate (CEOCOH) and H atoms. A third
possible pathway is a hydrogen abstraction reaction mediated
by molecular oxygen (reaction 29). Christensen &8 alggest
that reaction 27 was negligible based the absence eOCF
which would result from further reaction of the ¥ radical

in the presence of NO. This logic also stipulates that reaction
24 is negligible as well. These experimental observations agree
with the thermodynamics predicted for these reactions. Reaction
27 is predicted to be endothermic by 20.6 kcal mMolThe CH
bond-cleaving reaction has a barrier height of 19.8 kcalol

cleavage reactions. The first (reaction 27) is a CO bond cleavageand is endothermic by 14.5 kcal mél The entropy for this
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vibration modes were divided into 13 modes of thé A
representation and six modes of the #pe; that is,

T,, = 13A' + 6A” (30)

All 18 fundamental modes are allowed and active in both
the IR and Raman spectra. Thé gpecies are symmetric and
the A" species are antisymmetric to the plane of the molecule.
Using the band centers and relative intensities calculated from
ab initio methods, we simulated an IR spectrum. The simulated

Figure 11. Structure of trifluoromethyl formate.

TABLE 4: Structure of CF ;0COHab spectrum was generated using the calculated frequencies as the
CFOCOH CH.OCOH CH.OCOH mean of a Lorentzian distribution with a fuI_I wi_dth at half-
B3LYP/ B3LYP/ experimental maximum (fwhm) of 16 cm!. The Lorentzian is given by the
coordinate 6-311-+G(3df,3pd) 6-311:+G(3df,3pd)  values following expression:
c'X 1.327 1.087 1.086
cX' 1.329 1.090 1 AX2 (31)
co 1.381 1.442 1.437 7T (AXI2)? + (x — u)?
co 1.379 1.345 1.334
co 1.184 1.214 1.200 whereu is the mean or central frequency and is the fwhm.
CH 1.094 1.098 1101 The tabulated data and simulated spectra are shown in Table
;Fc% i(l)i:; i(l)(s):% 5 and Figure 12, respectively. The simulated spectrum illustrates
coc 1199 114.0 114.8 five intense absorption features in the IR range. The peak at
oco 126.1 125.7 125.9 1854 cnrtis the G=0 stretch. The four peaks clustered between
HCO 107.0 108.1 109.3 1000 and 1400 cnt are the CO asymmetric stretch (1103 djn
Xc'ocC 180.0 180.0 180.0 and the three CF stretching modes (1244, 1215, and 116%).cm
X'C'OC 61.2 60.4 Below 800 cn?, water in the atmosphere absorbs thermal
Sccgg 18%.% 18%.% 15?(')?0 radiation, whereas above 1400 dnwater ar_ld carbon dioxide
both absorb. Therefore, there exists a region between 800 and
#Bond lengths in angstroms; bond angles in degre¥s= F, H 1400 cnt! where thermal radiation emitted from the Earth can

for CROCOH and CHOCOH, respectively® Reference 25. escape. It is therefore expected that halons with absorption

features in this area could contribute to global warming
reaction was estimated to be 23.0 cal Mdk % thus, at 298 depending on the strength of their absorption features. Trifluo-
K, this reaction is not spontaneous. In contrast, the bimolecular romethyl formate has a band strength of 1580 kmThdtood

hydrogen abstraction reaction is exothermic -b348 kcal et al26 using the same basis set and level of theory determined
mol~1. Based on this analysis, the reservoir speciesOQCOH, the total band strength for E143a in the region between 800
results predominantly from the reaction of molecular oxygen and 1300 cm* to be 1310 km mol'. Based on this estimate,

with CR0CH,0. trifluoromethyl formate may be a stronger radiative forcing agent

For CROCOH, the structure was optimized and a frequency than the parent species E143a. o
calculation was performed using the B3LYP level of theory and Trifluoromethyl formate formed_from .the oxidation of.El43a
the large 6-313+G(3df,3pd) basis set. The structure of £F  €an be removed by further reaction with hydroxyl radical.
OCOH is illustrated and tabulated in Figure 11 and Table 4, CE.OCOH+ OH — CE.OCO+ H.0 (32)
respectively. The syn conformer is the more stable conformer, 3 3 2

in accord with the work of Wallington et &%. Table 4 also CF,OCOH+ H,0— CF,OH + HC(O)OH  (33)
contains values for methyl formate for comparison along with
experimentally derived values from Curl et?lThe structural The barrier height for this reaction is estimated to be 0.0 kcal

parameters for methyl formate compare well with the experi- mol~. Thus, we can estimate that the barrier is on the order of
mental values. There are several structural changes that occuB kcal mol? based on the errors determined previously. The
when the three methyl hydrogens in methyl formate are replacedreaction enthalpy is exothermic by17.0 kcal mot!. The

by fluorine atoms to form trifluoromethyl formate. In trifluo-  products of this reaction are the §FCO radical and water.
romethyl formate, the CO single bonds are of roughly equal The polarity of CEROCOH may allow it to be removed through
length; in methyl formate, the two bonds differ in length by reaction with atmospheric water vapor or through heterogeneous
0.1 A. The CR group is a highly electron-withdrawing group  processes. Reaction of trifluoromethyl formate with water vapor
and thus the CO single bond adjacent to the;Gdup shortens  (reaction 33) is predicted to be exothermic-69.7 kcal mot.
from 1.442 A in methyl formate to 1.381 A in trifluoromethyl The CROCO radical formed in reaction 32 can be removed
formate. Conversely, the opposing CO single bond increasesvia three competitive channels: an &ddition mechanism and

in length from 1.345 to 1.379 A while the=€0 bond decreases  two CO bond cleavage reactions are possible.

in length from 1.214 to 1.184 A.

The vibrational spectra for trifluoromethyl formate were also CROCO—CF0 +CO (34)
calculated at the B3LYP/6-3#1+G(3df,3pd) level of theory. CF,0CO— CF, + CO, (35)
This method and large basis set is a fairly reliable method for
predicting vibrational transitions. In a previous study on the CF,0CO+ 0,— CF,0C(0)0, (36)
vibrational properties of E143a, E134, and E125 we found the
ab initio methodology just mentioned is accurate to witki3b Reaction 34 results in the formation of carbon monoxide and

of the measured valu@&The structural model used to describe CFO radicals. The reaction is endothermic by 15.7 kcalthol
trifluoromethyl formate assume@s symmetry. The 18 normal  and is thus unlikely to compete with the remaining two
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TABLE 5: Vibrational Assignment of CF ;0COH

B3LYP/6-311+G(3df,3pd)

mode mode exptl exptl
symmetry number description frequenty absolute intensity frequency frequency

A’ V1 CH stretch 3079 26 2972
V2 C=0 stretch 1854 287 1807 1807
V3 OCH bend 1404 6.14 1384 1377
Va CF stretch 1244 381 1267 1277
Vs CO symmetric stretch 1161 199 1191 1187
Ve CO asymmetric stretch 1103 616 1107 1107
vy CF, symmetric stretch 845 8.0 850
Vg OCO bend 822 13.1 823
2 CFs umbrella 582 27.8
V10 CF, bend 550 0.16
V11 CF bend 374 06
V12 cocC 184 1.0

A" V13 CF, asymmetric stretch 1215 363 1245 1246
V14 HCO wag 1029 0.3 1054
V1s FCF bend 621 4.0
V16 CRsrock 441 0.53
V17 HCO torsion 213 14.7
V1ig CRs torsion 91 15

aUnits of cnt. ® Units of km mol™. € This work. 4 Reference 28.
a Reaction 37 is exothermic by8.3 kcal mot! and has a barrier

of 11.9 kcal mott, Under atmospheric conditions, &Fradicals
can react with NO to form C© and FNO. Our ab initio
calculations suggest that E143a will oxidize to trifluoromethyl
formate, CEOCOH, and ultimately to carbonyl fluoride and
carbon dioxide.

The experimental results are illustrated in Figures-1Bze.
M Figure 13a is prior to photolysis and thus only features due to
El143a are present. Figure 13b is taken after 9 min of photolysis
and shows evidence for the formation of a carbonyl-containing
species with an absorption feature at 1807 &nin addition,
absorption bands at 1106, 1190, 1245, and 1272 @re visible
in the IR spectra. The simulated spectra presented in Table 5

b and Figure 12 show the carbonyl stretching mode to resonate
at 1854 cm! in addition to CO and CF stretching modes at
1103, 1161, 1215, and 1244 ctnThe experimental absorption
bands from this work and those of Christensen €€ algree
J .

Yoy Bt

reasonably well with the absorption bands predicted fog-CF
OCOH as calculated by ab initio methods. The largest error is
~2.6%, which is within the error range expected for this ab
initio methodology.

At later times in the reaction (Figures 13c and 13d), features
due to CRO are detectable. Absorption bands at 1944, 1249,
962, and 774 cmt are evident and have previously been
assigned to CO. In addition to CRO, carbon dioxide begins

A
3500 3000

Wavenumber (cm™}

Figure 12. (a) Experimental vibrational spectra of EFCOH. (b)
Simulated vibrational spectra of @6COH.

exothermic processes. Reaction 35 is exothermie by.9 kcal ~ to form, and absorption features at 2300 and 667 ‘care

mol~1 and has a reaction barrier of 13.7 kcal molReaction detectable. Also at these times, while features due te &

36 proceeds without barrier and is exothermic-b£9.1 kcal CRO0 are increasing, features due toOFEOH are decreasing.

mol1, In Figure 13d, features due to gBCOH have decreased
The CROC(0)G radical formed in reaction 36 is expected substantially while features due to g@nd CRO continue to

to be reduced by NO to form an alkoxy radical, 0E(0)O grow. Figure 14 illustrates the reaction progress. E143a is shown

and NQ. Alternatively, NG may be added to form GBC- to decrease continually throughout the reactions@FOH is

(O)O.NO,, an acyl peroxy nitrate. Christensen ef&hbserved an intermediate that forms at short reaction times, levels off,

this species experimentally suggesting that unlike@EH,0,- and begins to decrease at longer reaction times. Botha®®

NO,, CROC(O)QNO: is stable with respect to dissociation at CF,0 emerge at intermediate times and grow substantially
room temperature. The reaction enthalpy associated with thethroughout the remainder of the reaction. These trends suggest
formation of CEOC(O)G:NO: is calculated to be-21.0 kcall that CQ and CRO are formed from the further oxidation of
mol~ and is thus more stable than LFCH,O,NO,, which is CROCOH, which is supported by our ab initio calculations.

in support of the experimental observatids. Additionally, CRsOOO0CF; is also detected after subtracting
Ultimately, the CEOC(O)O radical decomposes to génd peaks due to carbonyl fluoride. The detection 0bOBOCH
CRO. suggests the participation of reaction 35 in the degradation of

El1l43a. The production of GBOOCK; requires the presence
CFR,0C(0)0— CR,0 + CO, (37) of CR0,, which is produced from oxygen addition to £F
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Figure 13. Reaction progress for reaction of E143a with chlorine atoms
in the presence of oxygen.
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Figure 14. Species concentration as a function of time for the oxidation
of E143a.

radicals. Reaction 35 is a thermodynamically plausible source

of CFs radicals.

IV. Conclusion

E125 and E134 each undergo reaction with tropospheric

hydroxyl radical to yield water and an alkyl radical (§CFCF,
and CHROCR,). The resulting radical can participate in two
competitive pathways: reaction with molecular oxygen to yield

an alkyl peroxy radical or fragmentation. Under atmospheric

conditions, both reactions will result in the formation of two

J. Phys. Chem. A, Vol. 103, No. 46, 1998239

CFR,0 molecules per molecule of ether reacted. Both the oxygen
addition and bond dissociation pathways are predicted to be
energetically favorable. Evidence for the dissociation reaction
was found experimentally; however, the substantial barrier
height predicted by ab initio calculations suggests that the
reaction may be slow compared with the &idition reactions.
The oxidation of E143a results in the formation of trifluorom-
ethyl formate (CEBOCOH). This new reservoir further reacts
forming CRO and carbon dioxide. In all systems we find
evidence for competitions between oxygen addition and bond
dissociation reactions.

This work has shown that a major product formed from the
oxidation of these fluorinated ethers is carbonyl fluoride.
Carbonyl fluoride in the atmosphere is removed rapidly by its
heterogeneous reaction with water. This reaction results in the
formation of hydrofluoric acid and carbon dioxide. The lifetime
of carbonyl fluoride is estimated to be on the order of d&ys.
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