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A smog chamber/FTIR technique was used to study the Cl atom initiated oxidations©fGE& in 700 Torr

of N./O; at 296 K. Using relative rate techniques it was determinedkt@it+ CFROCH;) = (1.4 £ 0.2) x

10 2 andk(Cl + CROC(O)H) = (9.8 4+ 1.2) x 1075 cm® molecule! s™1. At 700 Torr of N/O, diluent at

296 K reaction with Qis the only loss mechanism of the €FCH,O radical. The infrared spectra of the
peroxy nitrates CFOCH,O,NO, and CROC(O)Q:NO, were recorded and compared to the nonfluorinated
analogues CBDCH,0O,NO, and CHOC(O)GNO,. The thermal decomposition rate of LFC(O)GNO; is
(2.3+£0.1) x 10*stin 700 Torr of N, at 295.8 K. The reaction of GBC(O)G radicals with HQ radicals
gives CREOC(O)H in a yield of (80+ 11)%. The results are discussed with respect to the atmospheric
degradation mechanism of gBCH; and other ethers.

1. Introduction CF,0CH,0,” + NO— CF,0CH,0" + NO, (3a)

Recognition of the adverse effect of chlorofluorocarbon (CFC) CF,OCH,0," + NO + M — CF,O0CH,ONO, + M (3b)
release into the atmosphéféhas led to an international effort . .
to replace CFCs with environmentally acceptable alternatives. CROCH,0," + NO, + M = CF,0CH,O,NO, + M 4)
Hydrofluoroethers (HFES) are a class of compounds which have . .
been developed to replace CFCs in applications such as the CROCH,0," + HO, — products ©)
cleaning of electronic equipment, heat transfer agents in CF,0CH,0," + R0, — products (6)
refrigeration systems, and carrier fluids for lubricant deposition. 3 2 2
HFEs are volatile compounds and are released into the atmos- In this work the products of reactions 3 and 5, atmospheric

phere when used. GBCHs has not been used commercially ¢ of CROCH,O* radicals, thermal stability of the peroxy-

but is one of the simplest fluoroethers and serves as a model ;i ate CROC(0)O:NO,, and IR spectra of GCH,O0NO,
compound for the group of fluorinated ethers. The atmospheric CFOC(O)ONO,, and the analogous nonfluorinated peroxyni-
oxidation of CROCH; is initiated by reaction with OH radicals. trates CHOCH,O,NO,, CHOC(O)ONO;, and HC(O)OCHO,-
NO, have been studied.
OH + CR,OCH; —~ CF,0CH," + H,0 (1) 2. Experimental Section

FTIR Smog Chamber Setup.All experiments were per-
The kinetics of the reaction of OH with GBCH; has been the  formed in a 140-L Pyrex reactor interfaced to a Mattson Sirus
subject of three investigatiofis! but the atmospheric degrada- 100 FTIR spectrometérThe optical path length of the infrared
tion mechanism of CfOCHs has yet to be studied. beam was 27 m. The reactor was surrounded by 22 fluorescent
blacklamps (GE F15T8-BL) which were used to photochemi-
cally initiate the experiments. The oxidation of {FCH; was
initiated by reaction with CI atoms which were generated by
the photolysis of molecular chlorine in 700 Torr total pressure

CF,0CH,” + O, —~ CF,0CH,0,’ ) of O,/N, diluent at 2954+ 2 K,
Cl,+ hv — 2Cl

Under atmospheric conditions alkyl radicals produced in
reaction 1 react with oxygen to give peroxy radicals.

By analogy to other peroxy radicdl€, 0CH,O," radicals will .
react with NO, NQ, HO,, and other peroxy radicals in the Cl + CF,0CH; — CF0CH,” + HCI (1)

atmosphere.
P CF,0OCH," + O, + M — CF,0CH,0," + M (2)

*To whom correspondence should be addressed. Loss of CROCH; and the formation of products were measured
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by FTIR spectroscopy at a resolution of 0.25¢mR spectra —~ 20
were derived from 32 coadded interferograms. - CH
The CROCH; sample was provided by Vladimir Orkin 8 sl 4
(National Institute of Standards and Technology). FTIR analysis o
revealed the presence of 3% gfHmpurity and an unidentified O
impurity with an absorption feature at 712 cinTo obtain a Teo10k
calibrated spectrum of GBCH; a pure CROCH; sample was = CH,CI
achieved by freezepump-thaw cycling which removed all 8
traces of CHF and the unknown. w0 A2
In smog chamber experiments unwanted loss of reactants and O,
products via photolysis, dark chemistry, and wall reactions have E 0.0 . , , )
to be considered. Control experiments were performed to check 0.0 05 1.0 1.5 2.0 25
for such unwanted losses of @BFCHs in the chamber; none Ln([Reference], / [Reference])
were observed. No loss of @BC(O)H was observed when py °
reaction mixtures containing GBC(O)H and G were left to T
stand in the dark showing that dark chemistry and heterogeneous C a0}
loss of CROC(O)H in the chamber are not important. By 8
analogy to the nonfluorinated analogue 4CHC(O)H which does uw’osl
not absorb at wavelengths greater than 263 hirseems highly o
unlikely that photolysis of CFOC(O)H will be significant in e
the chamber. L tor
Four sets of experiments were performed. First, relative rate Q
techniques were used to determine rate constants for the 8 05t
reactions of Cl atoms with GBCH; and CREOC(O)H. Second, Thig
the products of the atmospheric oxidation of;OEH; in the % 0.04 ,
presence of NQwere determined. Third, the mechanism of the S o0 o025 05 075 100 125 150
reaction of CEOCH,O," with HO, radicals was studied. Fourth, Ln([Reference], / [Reference],)
the IR spectra and thermal stability of the peroxy nitrates-CF
OCH,O,NO, and CROC(0)ONO, were investigated. Figure 1. Top: Loss of CEOCH; versus loss of Chi(circles) and

CHGsCI (triangles) in the presence of Cl atoms in 700 Torr of either air
3. Results or Nz diluent. Bottom: Loss of CFOC(O)H versus CB(circles) and
' CHD; (diamonds) in the presence of Cl atoms in 700 Torr of air.
3.1. Relative Rate Measurement dk(Cl + CF3OCHj3). The

kinetics of reaction 7 were measured relative to reactions 8 and4—13 mTorr of CROCH; and 0.4-0.7 Torr of Cbin 700 Torr

9. of air. After all (more than 97%) of GJOCH; was converted
into CRROC(O)H a reference compound (¢bBr CHD3) was
Cl + CF,OCH, — CF,0CH,” + HClI (7) added and the UV irradiation was resumed.
CH,CI + Cl — products (8) CF,0C(O)H+ Cl— CF,0C(Of +HCI  (10)
CH, + Cl — products 9) CD, + Cl— products (12)
The initial concentrations were 6-5.5 mTorr of CROCH;, CHD; + Cl — products (12)

150-260 mTorr of Cp, and 12-16 mTorr of either CH or

CH3Cl in 700 Torr of either air or M diluent. The observed  The rate constarkip was derived by observing the relative loss
loss of CROCH; versus those of reference compounds in the rates of CEOC(O)H and the reference compounds. Absorption
presence of Cl atoms is shown in Figure 1. Absorption bands bands used for spectral subtraction were 1107 and 1807 cm
used for spectral subtraction were at 1171 and 1298 dor for CRROC(O)H, 996 cmit for CD,4, and 1036 cm! for CHDs.
CR0CH;, 739 cnv! for CH3Cl, and 1306 cm! for CH,. Linear The results are shown in Figure 1.

least-squares analysis of the data in Figure 1 diviés = 0.284 Linear least-squares analysis of the data in Figure 1 gives
+ 0.014 andksz/kg = 1.364 0.10. Usingks = 4.8 x 10713 and kiokis = 1.594 0.02 andkyg/ki» = 0.434 0.02. Usingky; =
ko = 1.0 x 1013 cm?® molecule’! s71,1 we derivek; = (1.36 6.1 x 107 andky, = 2.32 x 10 cm?® molecule! s 1,12 we

+ 0.07) x 10713 and (1.36+ 0.10) x 10713 cm?® molecule? derive kjp = (9.7 £ 0.1) x 1075 and (10.0+ 0.5) x 1071
s 1. We estimate that potential systematic errors associated withcm?® molecule® s™1. We estimate that potential systematic errors
uncertainties in the reference rate constants add 10% uncertaintyassociated with uncertainties in the reference rate constants add

range fork;. Propagating this additional uncertainty gives= an 10% uncertainty range fdio. Propagating this additional
(1.36 + 0.15) x 107'® and (1.36+ 0.17) x 10 cn¥ uncertainty gives (9.2 1.0) x 10715 and (10+ 1) x 1071
molecule! s71. We choose to cite a final value f& which is cm® molecule! s™1. We choose to cite a final value fdwg

the average of those determined using the two different referencewhich is the average of those determined using the two different
compounds together with error limits which encompass the reference compounds together with error limits which encom-

extremes of the individual determinations. Henlces= (1.4 + pass the extremes of the individual determinations. Hekge,

0.2) x 10713 cm® molecule’! s™L. Quoted error reflects the = (9.84 1.2) x 1015 cnm® molecule s71. Quoted error reflects

accuracy of the measurements. the accuracy of the measurements. The rate conkiaig 14
3.2. Relative Rate Measurement ok(Cl + CF3OC(O)H). times lower thark;. This is consistent with the behavior of other

As discussed in section 3.3, trifluoromethyl formate was readily formates, which are typically significantly less reactive toward
generated in the chamber by UV irradiation of gas mixtures of Cl atoms than the ethers from which they are derived; for



4204 J. Phys. Chem. A, Vol. 103, No. 21, 1999

1.0

05

A: Before UV

0.0

03 B: After UV

Absorbance,

0.0

C: CF,OC(O)H A)\\
e H
1400 1600 1800

0.0
800

1
1200

1000
Wavenumber (cm™)

Figure 2. Infrared spectra acquired before (A) and after (B) 1 min
irradiation of a mixture of 7.5 mTorr of GBCH; and 275 mTorr of

Cl, in 700 Torr of air. Panel C shows the product spectrum obtained
after subtracting features attributable tosOEH; from panel B.

example k(Cl + CH3OCHgz)/k(Cl + CH3;OC(O)H) = 1301314
andk(Cl + C4FsOCHgz)/K(Cl 4+ C4FOC(O)H) = 5.15

3.3. Atmospheric Fate of CROCH,0* Radicals.To inves-
tigate the atmospheric fate of gBFCH,O* radicals experiments
were performed using the UV irradiation of gBCH;/Cl,/Oyf
N2 mixtures with, and without, added NO. During the UV
irradiation, peroxy radicals are formed by reactions 7 and 2. In
the absence of NO, GBCH,Or radicals are formed by the
peroxy radical self-reaction (eq 6a).

2CF,0CH,0," — 2CF,OCH,0" + O, (6a)

2CF,0CH,0," — CF,0C(O)H+ CF,0CH,0H + O, (6b)
In the presence of NO, GBCH,O radicals are formed by
reaction 3a.

CF,OCH,0, + NO— CF,OCH,0" + NO,  (3a)

CF,0CH,0," + NO — CF,0CH,0ONO, (3b)

Once formed, the GJOCH,Or radicals are expected to either
react with oxygen to form trifluoromethyl formate or decompose
to give CROr radicals and HCHO.

CF,0OCH,O" + O,—~ CF,OC(O)H+ HO,  (13)
CF,0CH,0' + M — CF,0" + HCHO (14)

CROr radicals react rapidly with NO to give CQF®
CF,0"+ NO— FNO + COF, (15)

The formation of CEOC(O)H provides a marker for the
importance of reaction 13 while formation of C@$erves as a
marker for reaction 14. CQFs stable in the chamber and can
be easily detected by its characteristic IR absorption in the-770
780 and 18562000 cnt? regions.

Christensen et al.

TABLE 1: Comparison of Calculated!® and Measured
Frequencies (cnt?) for the IR Spectrum of CF;OC(O)H,
Numbers in Parentheses are Relative Intensities

synCFROC(O)H anti-CFOC(O)H
calcd measd calcd measd
(Cy=0) 1800 (55) 1807 1823 (13) 1834
»(H-Cy—0) 1351 (3) 1377 1377 (1)
v(F—C§) 1284 (66) 1277 1309 (23)
v(F—CF) 1260 (62) 1246 1250 (22)
v(C—0) 1199 (100) 1187 1224 (16)
1(Co—0) 1129 (32) 1107 1086 (9)

A [CF,OC(O)H], mTorr

=
0& [ I | | | |
0 1 2 3 4 5 6 7

A [CF,OCH,], mTorr

Figure 3. Formation of CEOC(O)H versus loss of GOCH; at a total
pressure of 700 Torr in mixtures of 5 mTorr &¥CHs, 0.3 Torr Ch,

and 6 Torr Q (filled triangles), 5 mTorr CEOCH;s, 0.6 Torr C}, and
147 Torr Q (filled circles), 8 mTorr CEOCHs, 0.3 Torr C}, and 147
Torr O; (filled squares), 5 mTorr GOCH;z, 0.3 Torr Ch, and 700 Torr
O (filled diamonds), 4.4 mTorr GJOCHs, 0.07 Torr C}, 0.7 Torr H;,

and 147 Torr Q (open circles), 5 mTorr GGOCH;s, 0.5 Torr Ch, 14

mTorr NO, and 127 Torr @open squares), and 6.37 mTorr{OH;,

0.3 Torr Ch, 4.44 mTorr NO, and 130 Torr Jopen triangles).

mTorr of Ch, in 700 Torr of air diluent. Subtraction of IR
features attributable to GBCH; from panel B gives the product
spectrum shown in panel C. There was no evidence for the
formation of COFR, (less than 2%) in experiments (both with
and without added NO) showing that decomposition via reaction
14 is not a significant fate of GOCH,O* radicals. The IR
spectrum of the product(s) shown in Figure 2C matches that
calculated for CEOC(O)H15 Interestingly, all of the observed

IR bands in the product spectrum shown in Figure 2C can be
attributed to CEOC(O)H; the assignments are listed in Table
1. The concentration of the product observed following the UV
irradiation of CROCHz/Clo/Oo/No> and CEOCHs/Clo/O,/No/NO

gas mixtures increased linearly with the consumption of-CF
OCH; over the range of consumption studied-D%).

In light of the fact that all of the product features in
experiments conducted in the absence of NO can be assigned
to CROC(O)H, it seems reasonable to assume thaiOTH;
is converted into COC(O)H in essentially a 100% vyield in
such experiments. This assumption is the basis ofythgis
scale in Figure 3. It is possible that gFCH,OH could form
in the peroxy radical self-reaction. No absorption features was
observed that could be ascribed to an alcohol. Alcohols are
generally very reactive toward Cl atoms, elgCl + CH3;OH)
=5 x 10711 k(Cl + CH)CICH,OH) = 3 x 10°1% cm?®
molecule s, k(Cl + n-C4HgOH) = 2 x 10719, andk(CI +

Figure 2 shows spectra acquired before (A) and after (B) a 1 CICH,OH) = 4 x 10712 ¢cm® molecule? s71.17 If CF30CH,-

min irradiation of a mixture of 7.5 mTorr of GBCHs, 275

OH is formed in a significant yield, it would probably react
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with Cl atoms in the chamber and be converted tg@E(O)H relative flux of HQ, and CROCH,O* radicals is given by
by a mechanism analogous to the formation of formaldehyde

from methanol. d[HO,]/dt kg [H,]
Two experiments were performed in the presence of NO =1
using mixtures of 56.4 mTorr of CROCH;, 130 Torr of Q, d[CF,OCH,0,]/dt ky [CFOCH]
0.3—0.5 mTorr of Ch, and 4.4-14 mTorr of NO in 700 Torr
total pressure with Bl When NO is present in the reaction For the given concentrations arkgs = 1.6 x 10714 cm

mixtures, the alkoxy radicals are formed via reaction 3a rather molecule? s71,11 HO, radicals are formed 19 times faster than
than reaction 6a. For experiments using the lowest NO CFOCH,O.". There are no data available on the rate constants
concentration (and for714% conversion of CRCHs) the of reactions 6 and 5, but it seems reasonable to assume that the
observed yields of GJOC(O)H were, within the experimental  rate constant raticks/ks is similar to that of the analogous
uncertainties, indistinguishable from that observed in the absencereactions of the HOCHD, radical. The rate constant of the
of NO (open triangles in Figure 3). It has previously been reaction of HQ with HOCH,O,* is 1.3x 1071 cm® molecule'?
reported®!®that the reactions of NO with GEFHO;* and CFk- s 1 while that of the HOCHO,® self-reaction is 6.2x 10712
CRCFHQ," radicals form chemically activated alkoxy radicals, cm? molecule’ s~1.21 For the experimental conditions used here
which are more likely to decompose via-C bond scission it seems likely that reaction with HOs essentially the sole
than alkoxy radicals formed by the gEFHO,* and CRCF,- fate of CROCH,O,* radicals.

CFHO;" self-reactions. The results presented here show thatthe ¢ open circles in Figure 3 show the observed yield of-CF

fate of the CROCH,O" radicals is not dependent upon their OC(O)H versus the loss of GBCH; following the irradiation

source. For experiments using NO concentrations of 14 mTOIT ot the CROCH,/H,/Cl./air mixture. Linear least-squares analysis
the observed yields of GBC(O)H were slightly (14%) lower ives a molar yield of CEDC(O)H of 80 + 11%. After

than that observed in experiments conducted in the absence of,praction of IR product features attributable to;OE(O)H

NO (open squares in Figure 3). Additional_ IR product features ociqual IR features at 830 (very weak), 1034, and 1184cm
at 760, 1011, 1231, 1284, and 1347 Crattributable to one or \yere ghserved. Those residual features increased in intensity

more unknown product(s) were observed in experiments Con-in hronortion to the conversion of GBCHs. The IR feature at
ducted in the presence of NO'hese features are not attributable 830 cnt? is typical for an O-O stretch, and we tentatively
to the peroxy nitrate GOCH,0.NO; (see section 3.5) butmay  555ign the residual spectrum to the hydroperoxidgQOFH,-
be attributable to the nitrite QE)_CHZONO_ or the nitrate Ck OOH. From the observed yield of 80 11% of CROC(O)H,
OCHZONO? (or poth) formed via association reaction of the .« conclude thakey/(ksa + ksg) = 0.8 and, by inferenceks/
alkoxy radical with NO or NQ. (Ksa + ksp) = 0.2.

As shown with filled symbols in Figure 3, variation of the
O; partial pressure over the range 00 Torr had no discernible
impact on the yield of CEDC(O)H. We conclude that reaction
13 is the sole atmospheric fate of LFCH,O* radicals. The
behavior of CEOCH,Or radicals is consistent with those of the
structurally similar alkoxy radicald-C4FeOCH,0",'> CHs-
OCH,O*,23and (CH);COCH,O* 2 which also undergo reaction This result is consistent with the available literature database
with 02 to give the Corresponding formates. Concerning reaction of peroxy radicals with H(D which the

For Cl atom initiated oxidation experiments conducted in the Presence of electron-withdrawing groups such &5, and
absence of NO we usually observe the formation of hydroper- OCHs'* increase the importance of the carbonyl-forming reac-
oxides via the reaction RGO+ HO, — ROOH+ O, (R = CFz- tion channel.

OCH;,). The absence of hydroperoxides in the present experi- 3.5. Infrared Spectra of CROCH20,NO,, CF;0C(0)-
ments can be rationalized in several ways: (i) TheeRQHO, O2NO;,, CH30CH,02N0O,, CH30C(0)0O2NO,, and HC(O)-
reaction is unusually slow. (i) The RO+ HO, reaction does OCH302NO.. The peroxy nitrates GOCH,O,NO, and CH-
not give ROOH but instead produces the formate (the analogousOCH,O,NO, were prepared in the chamber by UV radiation of
CH3OCH, O + HO, reaction gives a substantial formate gas mixtures of (i) 8 mTorr of GJOCHs, 0.3 Torr of Ch, 12
yield™). (iii) ROOH is formed in the system but is consumed mTorr of NO; and (ii) 29 mTorr of CHOCH;, 0.1 Torr of C},

by secondary reaction with Cl atoms to regenerate the peroxy 22 mTorr of NQ, respectively, in 700 Torr of © The peroxy
radical. (iv) There is a combination of i-iii. As discussed in the nitrates, CXOCHO,NO,, where X= F or H, are formed by
following section, the most likely explanation of the absence the sequence of reactions

of ROOH is that the R@+ HO; reaction gives a substantial

CF,0CH,0," + HO,— CF,0CH,00H+ 0, (5a)

CF,OCH,0," + HO,— CF,0C(O)H+ H,0+ 0,  (5h)

yield of the formate. , Cl + CX,0CH, — HCI + CX,0CH,’ (17)
3.4. Mechanism of the CROCH-»0, + HO, Reaction.To
investigate the mechanism of reacti a mixture of 4.4 mTorr CX,0CH," + O, + M — CX,0CH,0,” + M  (18)

of CROCHs, 74 mTorr of Ch, and 740 mTorr of Hin 700
Torr of air was introduced into the reaction chamber and CX,0CH,0," + NO, + M — CX;0CH,0,NO, + M (19)
irradiated using the UV fluorescent lamps. The chlorine atoms
react with CEOCH; and H to give CROCH, radicals and H CROCH,O,NO, and CHOCH,O,NO, were found to be
atoms thermally unstable and decompose to regenerate &l a
peroxy radical.
Cl + CF,0OCH; — HCI + CF,0CH,’ (7

Cl+ H,— HCI + H (16)  CX{OCH,O,NO, + M — CX;0CH0;, + NO,+ M (20)

which then add @to give CROCH,O,* and HQ radicals. The CROCH,O* and CHOCH,O-* either react with N@to re-
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Figure 4. Infrared spectra of GGOCH,0.NO,, CROC(O)GONO,, CHs-
OCH,0,NO,, CH;OC(O)QNO,, and HC(O)OCHO,.NO,.

form the peroxy nitrate or undergo self-reaction to form the
formate.

CX,0CH,0, + NO, + M — CX,0CH,0,NO, + M  (19)

2CX,0CH,0, — 2CX,0CH,0' + 0,  (21)

CX;0CH,O" + O,—~ CX;0CHO+ HO, (22)

By photolysis of mixtures containing £and NQ, com-
pounds such as CIONO, CINQOCINO, and HNQ are formed.
Infrared features from these products and from,NOROC-
(O)H, or CHOC(O)H are subtracted from the measured spectra.
The spectra of CJOCH,O,NO, and CHOCH,O,NO, are
shown in Figure 4.

To record the IR spectrum of GBC(O)QNO,, trifluorom-
ethyl formate was generated in the chamber by UV irradiation
of gas mixtures of 18 mTorr of GOCHz and 1 Torr of C} in
700 Torr of @. When CEOCH; was converted into GBC-
(O)H, 12 mTorr of NQ was added and the UV irradiation was
resumed. Using this procedure approximately 20% of@E-
(O)H is lost via reaction 10 before NQvas added, and traces
of CR,0 and CEOH were formed, together with a product that
absorbs at 1170, 1256, and 1290 ¢nThese absorption bands
overlap with the CEOC(O)Q:NO, spectrum, and it was not
possible to correct for the presence of this product. After 15
min of further UV irradiation 54% of trifluoromethyl formate
was converted to GOC(O)ONO,, which was stable in the
chamber (less than 2% loss in 25 min). Absorption features
attributable to CEOC(O)H, HNG;, NO,, NO, CING, CINO,
CIONO, and NOs were subtracted from the final @C(O)-
O2NO; spectrum shown in Figure 4.

To record the IR spectra of GBC(O)ONO, and HC(O)-
OCHO2NO,, mixtures of 1113 mTorr of CHOC(O)H, 13-

Christensen et al.

19 mTorr of NQ, and 166-170 mTorr of C} in 700 Torr of
O, diluent were subject to UV irradiation. The reaction of Cl
atoms with methyl formate proceeds via two channels:

Cl + CH,OC(O)H— CH,0C(O} + HCI  (23)

Cl+ CH;OC(O)H— ‘CH,OC(O)H+ HCI  (24)
Product spectra obtained after @HC(O)H /NGY/Cl,/O; mix-
tures were subject to UV irradiation contain IR features
attributable to both CEDC(O)GNO, and HC(O)OCHO,NO:..

Acyl peroxy nitrates generally undergo thermal decomposition
considerably more slowly than alkyl peroxy nitratésnd it is
reasonable to believe that @BIC(O)GNO; is more stable in
the chamber than HC(O)OGB,NO,. The spectra of the two
peroxy nitrates can be separated by adding a small amotbt (4
mTorr in our experiments) of NO to the reaction mixture which
causes a rapid loss of the less stable HC(O)@@NO, and
formation of formic anhydride and formic acid. Reference
spectra of pure HC(O)OC(O)H and HC(O)OH were used for
spectral subtraction of these compounds. Spectra obtained using
this approach are shown in Figure 4. Kirchner et*alsed a
similar approach to generate @BIC(O)ONO,, but unlike us
they did not observe peroxy nitrate bands that rapidly disap-
peared when NO was added. The reason for this discrepancy is
unknown. Nevertheless the absorption frequencies ofGIH
(O)ONO; reported by Kirchner et al. are consistent with our
observations. The major IR bands observed for the five peroxy
nitrates are listed in Table 2.

The measured wavenumbers of N@eformation, NQ
symmetric and asymmetric stretches, and tkeQCstretching
modes for the five peroxy nitrates can be compared with the
literature values for CBC(O)O:NO,.2°5 For the six peroxy
nitrates RGNO, with R = CR0C(0), CHOC(0), CHC(0),
CROCH,, CH;OCH,, or HC(O)OCH, the NG deformation
is always found between 791 and 797 ©mit also appears
that the nature of the substituent group R has very little influence
on the position of the symmetric NGtretch. The spectrum of
CROCH,O,NO, (Figure 4) shows two overlapping bands
between 1283 and 1304 ci of which the weaker “right
shoulder” at 1304 cmt is most likely the symmetric N©
stretch. The asymmetric NOstretches are found at lower
wavenumbers for alkyl peroxy nitrates than for acyl peroxy
nitrates, i.e., 17231735 cn1! for CRROCH,O,NO,, CHs-
OCHO,NO,, and HC(O)OCHO,NO; and 174%+1759 cn1?
for CROC(O)QNO,, CH;0C(O)GNO,, and CHC(O)O:NO,.

It is interesting that the spectrum of gBFC(O)QNO, shows
two bands at 1843 and 1875 ciin the carbonyl stretching
region. This observation suggests that there are two stable
conformers of CEOC(O)QNO,, analogous to the syn- and anti-
conformers of CEOC(O)H. The G=O stretch of HC(O)-
OCH,O,NO» is found at 1772 cmt, much lower than those of
the acyl peroxy nitrates. The carbonyl stretch in HC(O)QGH
NO, can be compared with that of HC(O)O@BIC(O)H
(methylene glycol diformate? The HC(O)OCHOC(O)H spec-
trum has a strong isolated=€D stretch at 1769 cmi, which is

in very good agreement with that observed for HC(O)QOH
NO..

3.6. Thermal Stability of CFsO0C(O)O2NO,. Acyl peroxy
radicals are known to form relatively stable peroxy nitrates.

CF,0C(0)0 + NO, + M — CF,0C(O)GNO, + M (4)
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TABLE 2: Band Centers (in cm™1) of the Measured IR Absorptions for CF;0C(O)O,NO,, CH30C(0)0O,NO,, CF;OCH,0,NO,

CH30CH>0,NOs,, and HC(O)OCH202N02

band center, cmt

CF:0CH,0,NO;
CF:0C(0)QNO;
CH;OCH,0,NO,
CHsOC(O)ONO;
HC(0)OCHO,NO,

791 (NG def), 1007, 1164, 1257,

0.2 -

0.4 -

-0.8 -

| | 1 1
40 60 80

100

Ln([CF,0C(0)O,NO,},/ [CF,0C(0)O,NO,},)

Time, min
Figure 5. Thermal decomposition of GBC(O)ONO; at 295.8 K.

793 (NG def), 994, 1073, 1135, 1194, 1232, 1283, 1304 §{N¢@n str), 1735 (N@asym str)

1298 (NGym str), 1759 (N@asym str), 1843 and 1875 (CO str)

794 (NG def), 921, 1099, 1171, 1215, 1297 (A&m str), 1723 (N@asym str)
797 (NG def), 928, 1197, 1235, 1304 (NGym str), 1448, 1748 (NLasym str), 1836 (CO str)
793 (NG def), 988, 1112, 1161, 1297 (N®ym str), 1732 (N@asym str), 1772 (CO str)

for the analogous reactions of gO)O,® radicals. Accordingly,
we have assumed a valuelafks = 0.6427 The corrected data
are shown by squares in Figure 5. A linear regression of the
corrected data points gives the rate constant at 2958 K5
(23+0.1)x 104s L

The value ofk_4 derived here can be compared with those
of similar acyl peroxy nitrates. The rates of decomposition of
CH3C(O)ONO; (PAN), CRC(O)ONO,, and CHOC(O)O-
NO; at 295.8 K are 3.6« 104s71,2653x 10°s1,2?and 6.1
x 1074 s71,24 respectively. This series of data suggests (i) that
fluorinated acyl peroxy nitrates are more stable than their
nonfluorinated analogs, and (ii) that the presence of-tke-
group tends to increase the rate of decomposition.

4. Implications for Atmospheric Chemistry

The kinetics of the reaction of OH radicals with £LFCHs
have been the subject of three studiesThe early work of
Zhang et af is superseded by that of Orkin et’aand is not

Circles indicate the measured data, and squares indicate the result ofOnsidered further. The results reported by Hsu eeaid Orkin

correction for regeneration via reaction 4.

The peroxy nitrates decompose via the reverse reaction.
CF,0C(O)ONO, + M — CF,0C(0)Q,” + NO, + M (—4)

The decomposition of GOC(O)ONO, was studied in an
excess of NO, which removes the £L¥(0)O° radicals via

et al’ are in good agreement and gike= 1.2 x 107 cm?
molecule’* s at 298 K. Assuming an atmospheric lifetime
for methane of 9 yeat$and a rate constant for the GH OH
reaction of 6.3x 107> cm® molecule! s! leads to an
atmospheric lifetime of CFOCHz against reaction with OH of
~4.7 year.

Reaction with OH gives the alkyl radical @6CH,* which
is rapidly converted into the corresponding peroxy radicaj-CF

reaction 3a and thereby precludes the reformation of the peroxyoCcH,0,*. As with other alkyl peroxy radicals, the atmospheric

nitrate.

Trifluoromethyl formate was generated in the chamber by
UV radiation of gas mixtures of GOCHz and C} in 500 Torr
of O,. When all ¢95%) of the CEOCH; was converted into
CROC(O)H, NG was added to the reaction mixture and the
UV irradiation was resumed which resulted in the formation of
CROC(O)GNO:s. In the absence of added NO, there was no
observable €2%) loss of CEOC(O)OQ:NO; on standing in the
dark in the chamber for 25 min.

NO was added to the chamber, and the loss ofGZKO)-
O,NO, was monitored at a total pressure of 700 Torr and a
temperature of 295.& 0.5 K. The loss was measured relative
to the initial concentration of the peroxy nitrate, using its infrared
features at 792 and 1006 cf Figure 5 shows the logarithm
of the measured peroxy nitrate loss as a function of time
(circles). A complication in this experiment is the unavoidable
presence of N@in the reaction chamber that leads to regenera-
tion of CRROC(O)Q:NO; via reaction 4. The observed rate of
CROC(O)ONO, decay kops is related to the true rate of decay,
k_4, by the expression

k., = k0b3(1 +

The concentrations of NO and NGn the chamber were

k4[N021) )

k{NO]

fate of CROCH,O,* radicals will be reaction with either NO,
NO,, HO,, or other peroxy radicals. We show here that reaction
of CRsOCH,O; radicals with HQ gives CROC(O)H in a yield
of 80+ 11%. Reaction of C#OCH,O," radicals with NQ gives
a thermally unstable peroxy nitrate which will decompose to
regenerate the GBCH,O* radicals. Reaction of GOCH,O,*
radicals with NO produces the alkoxy radical LEEH,O". It
is shown here that the sole fate of the alkoxy radicad@EH,0O"
is reaction with Q to give the formate, CJOC(O)H. This is
entirely consistent with the behavior of the structurally similar
alkoxy radicals, such aisC4,FsOCH,0*,1> CH;OCH,0",3 and
(CH3)3COCH,O* 2 radicals, which are known to exclusively
react with Q to give formates. Irrespective of whether the
oxidation of CEOCH;z occurs in high or low N@environments,
the formate CEOC(O)H is the major primary oxidation product.
It is reported herein that the formate £FC(O)H is rather
unreactive toward Cl atoms and is likely to be similarly
unreactive toward OH radicals. Organic compounds which react
with Cl atoms with rate constants in the range 16-1013
cm?® molecule s71 generally react faster with Cl atoms than
with OH radicalst! Hence, we can use the valuelgf = 9.8
x 10715 cm?® molecule’! st as an upper limit t&(OH + CFs-
OC(O)H). Using a 24 h global average OH concentration of
7.5 x 10° cm3, we derive a lower limit of 3.8 years for the
atmospheric lifetime of CJOC(O)H with respect to reaction

monitored using their characteristic IR absorptions. The rate with OH radicals. In view of the polar nature of gBC(O)H it

constant ratio,ks/ks, has not been reported, but it seems
reasonable to assume thaftks will be similar to that measured

seems likely that the main atmospheric removal mechanism of
this compound will be via wet/dry deposition and possibly
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Figure 6. Infrared spectrum of GOCHs.

photolysis. Unfortunately, there are no available data for the

Christensen et al.

(3) Farman, J. D.; Gardiner, B. G.; Shanklin, J.Niature 1985 315,
207.

(4) Product information sheet from 3M Specialty Chemicals Division,
1996.

(5) Hsu, K.-J.; DeMore, W. BJ. Phys. Chem1995 99, 11141.
(6) Zhang, Z.; Saini, R. D.; Kurylo, M. J.; Huie, R. B. Phys. Chem.
1992 96, 9301.

(7) Orkin, V. L.; Khamaganov, V. G.; Guschin, A. G.; Huie, R. E;
Kurylo, M. J. Presented at the 13th International Symposium on Gas
Kinetics, University College, Dublin, Ireland, 1994.

(8) Wallington, T. J.; Schneider, W. F.; Worsnop, D. R.; Nielsen, O.
J.; Sehested, J.; Debruyn, W. J.; Shorter, E#iron. Sci. Technol1994
28, 320.

(9) Wallington, T. J.; Japar, S. M. Atmos. Cheml989 9, 399.

(10) Vesine, E.; Mellouki, A.J. Chim. Phys1997 94, 1634.

(11) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. JPL Publ. 974, 1997

(12) Wallington, T. J.; Hurley, M. DChem. Phys. Letil992 189, 437.

rates of these processes, and hence, it is not possible to provide (13) Jenkin, M. E.; Hayman, G. D.; Wallington, T. J.; Hurley, M. D.;

an estimate of the atmospheric lifetime of EC(O)H at this
time.

The method of Pinnock et &.was used to calculate the
instantaneously cloudy-sky radiative forcing of{OfCHs, from
the measured absorption cross section. The infrared spectru
of CF0CH;z is shown in Figure 6. The instantaneous radiative
forcings of CROCH; and CFC-11 were calculated to be 0.19
and 0.26 W/r4, respectively. The global warming potential
(GWP) was estimated using the expression

_t
TCF0CH,

)
Tcre-1

where IF, 7, and M are the radiative forcing, lifetime, and
molecular weight of the two compounds dridl the time horizon
over which the forcing is integrated. Usinge,ocH, = 4.7 years
andtcrc-11 = 50 years’! we estimate that the GWP of GF
OCH; is ~0.28 for a 20 year horizon arrd0.11 for a 100 year
time horizon. The GWR,of CRsOCH; is 5—15 times less than
those of typical CFCs, like CFC-11, CFC-12, and CFC-13.

1—exg—
_ IFCFsocHs TerocH; Mepc-11
IFcre-11 Terc-11 Merocn, 1— exp(—

GWP,
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