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Two puzzles are associated with reactions of thg@FHO alkoxy radical: first, the ratio of-factors for the
reaction with Q and that for decomposition is about 500 times greater than expected; second, decomposition
is more favored when the alkoxy radicals are produced by the reaction of peroxy radica)jsWRONO,
compared to when they are produced by R@dical disproportionation. Recent experimental evidence sug-
gests that a major fraction of the exothermicity of the reaction R is deposited into vibrational excita-
tion of the alkoxy radical product. A combined electronic structure and kinetic modeling study has been con-
ducted to examine these issues. The results reported here implicate the reaction astheSponsible for the
surprisingly largeA-factor ratio. They also support the notion that significant numbers of vibrationally excited
CFRCFHO alkoxy radicals are produced in the reaction of peroxy radicals with NO and that the radicals sub-
sequently decompose promptly on a nanosecond time scale.

Introduction degradation of HFC-134a have no known ecological im-
act. However, at high concentrations &5 Molar)

ceptable alternatives. While the atmospheric chemistry oyt [5]. However, CRCOOH production is reduced if

su_ch_ subst|tu_tes is generally well established, a few unceé'FSCFHO radicals undergo thermal decomposition:
tainties remain.

Hydrofluorocarbon 134a (1,1,1,2-tetrafluoroethane) ig'F,CFHO + M — CF; + HC(O)F + M (5)
an important CFC replacement used in automotive air
Conditioning and domestic refrigeration SyStemS. It is well In recent experiments' the Competition between reac-
established that HFC-134a has no impaCt on Stratospheti.@ns (4) and (5) has been investigated and two puzz|es
ozone [2] and has only a modest Global Warming Poteflrave emerged. First, measurements of kijss reaction
tial [3]. However, questions have been raised concerningte constant ratio obtained in several laboratories are
the environmental impact of trifluoroacetic acid that isyratifyingly consistent, as long as the £FFHO radicals
formed from HFC-134a in the following reaction se-are produced in the same way, but the ratio differs drama-
quence: tically when the radicals are produced via disproportiona-
tion, rather than via reaction (3):

CF;CFH, + OH — CF;CFH + H,0 (1)
CF;CFHO; + CF;CFHO 2CF5;CFHO + O 6
CF;CFH + 0, + M — CF3CFHO, + M (2) . 2+ 2T e 02 (6)
This puzzle can be explained if a non-negligible fraction
CF;CFHO, + NO — CF;CFHO + NO; (3) " of the nascent CIEFHO radicals from reaction (3) pos-
CF;CFHO + O, — CF;COF + HO, (4) sess sufficient internal excitation to undergo prompt de-

composition, while radicals produced via reaction (6) do

Reaction (4) produces GEOF which is hydrolyzed to Not. Reaction (3) is exothermic by about 17 kcal mol
CFsCOOH after uptake in cloud or groundwater. The conPaseéd on the calculated heats of formation [6]. Such an

centrations of CECOOH expected in rainwater from the xothermicity is consistent with those estimated for the
corresponding reactions of other fluorinated peroxy radi-

cals with NO, namely C§O, (-16.3 kcal mot* [7]) and

CH,FO, (-18.1 kcal mot* [8, 9]). The barrier to C-C
- bond scission has been estimated to be only 8-10 kcal
*) Authors to whom correspondence should be addressed. mol* [10-15]. Recent experimental evidence suggests
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that abaut 60% of the nascentCF;CFHO radicals hawe
sufficient enegy to decanposeprompty [16], i.e. suffi-

ciently rapidy that the bimdecular reacton (4) canrot
compée. The remaning 40% are thermaized and either
reactwith O, via reacton (4), or undergo thermaldecom-
positionvia reaction(5).

The effect of prompt decaonpositionis mosteasly ap-
precided by modifying the mechanismconsising of reac-
tions (1-5) by replaéng reacton (3) with (3) and intro-
ducingtwo addtional reactiong7) and (8):

CF3CFHO, + NO — CF;CFHO" + NO, (3')
(7)

(3)

CF3CFHO* — CF; + HC(O)F
CF3;CFHO* + M — CF;CFHO + M

Insteadof reacton (3), concerteddecanposition via reac-
tion (3") might alsoexpain the promptappeaanceof de-
compgaition producs:

CF;CFHO; + NO — CF;CFHO,;NO* — CF;

+ HC(O)F + NO, (3"
Howewer, it seemsunlikely that the excited nascat
CFRCFHONO* will undego simultaneousfission into
three separatdragments:the seqential processinvolving
reactons (3), (7), and(8) appeargo be morelikely.

Thatappoximately60% of the nascentCF;CFHO radi-
cals may undego promptdecanpositian ratherthan colli-
sional relaxationis of interestfor two reasonsFirst, cur
rent assessmms of the yield of CFC(O)F and hence
CFCOCH, from the atmosperic degadation of HFC-
134ado not accaunt for prompt decanposition and thus
may overesimate the CF;COOH vyield by a facta of
~2.5. Seond, the convenional wisdom is that chemcal
excitaton of alkoxy radicds formed in the reacton of
peroyy radicals with NO doesnot play a role in atmo-
sphert chemistry If nascentCFCFHO radicls do under
go prompt decompogion, then our view of the atmo-
sphere chemstry of alkoxy radials may need to be
chamgedfundanentally To shedlight on this issuewe use
a collision/readbn masterequationmodel to investigaé
the promptdecompogion pahway for CFsCFHO radicals
undercorditions typical of the lower atmosjnere.The re-
sults are consisteh with a significant fraction of the
CFsCFHO radicals producedin reaction(3) decomposig
prompty via reacton (7).

The seconl puzle is that the ky/ks reactionrate con-
stantratio for the thermalizedradicalsis about500 times
larger than expected, basedon analogus reacions by
otheralkoxy radicals.In this work, we useabinitio calcu-
lations to show that the trarsition statefor reaction (5) is
ratherordinay andwe argue that reacton (4) is resporsi-
ble for the unusualrate constan ratio. If our concluson is
correct,other halogenate alkoxy radicalsmay reactsur
prisingly rapidy with O..

Rate Constants k, and ks for Thermalized Radicals

The rate constan ratio ky/ks for thermalizel CFsCFHO
radicds has been measued by seveal groups [10-16]
andis well descibed by:

k
= (21743) x 107 exp (3625 & 140/ T) o’
5

)
The preexponetial factor in this expressionis the ratio
of the A-factors for reactons (4) and (5), which are
known for a numter of alkoxy radicds. For non-haloge-
natedalkoxy radicals,As, the A-factor for reaction(5) is
in the range3x10'? to 10** s, which is appropriag for a
simple bord-fission [17]. For non-halgended alkoxy
radicds, the A-factor for reacton (4) is of the order of
Asxntx2x107 em® s71, where n' is the numter of H-
atomsborded to the carbonadjacen to the alkoxy oxy-
genatom[18]. Thus,the expectedrangefor A,/As for the
CFsCFHO radial is 7x1027 to 2x1072® cm®, which is
two to three ordersof magntude smdler than the mea-
sured value. Because the rate constants havwe not been
measiredindividually, it is not possibleto identify which
reacton is more respoible for the deviation of the mea-
suredratio from the expectedne.

Reacion (4) for non-halgenatedalkoxy radicds has
beensuggestedo be more compicatedthana simple me-
tathess: the A-factor is far too low [19, 20]. Recetly,
Jungkampand Seinfed [21] repored calculatims on the
reacton of methoxyradials with O, and corcludedthat
the reaction probably occursvia an addition-elimiration
process:

CH;0 + O, « CH;000" (10, -10)

(11)

The lower A-factor is the result of the low efficiency of

the overall processBy usingthe pseudo-teady-sate ap-

proximation for the intermedide, the over-all rate constant
for the reacton with O, canbe written

CH;000" — CH,0 + HO;,

ki

k=l —1
k0 + ki

= 8](1() (12)

whereg is the efficiency of the processThe relative rates
of reactons (—10) and (11) depend sensiively on the rela-
tive barrierheighs, which are small. For CH;O (and pre-
sumaby for other norhalogenatd alkoxy radicds), reac-
tion (—10) is muchfasterthanreacton (11) ande is small
[21].

A similar reacton schemeis possble for reacton (4).
If halogensubsttution lowersor eliminaesthe bariier for
reacton (11) relative to reaction (-10), the efficiency ¢
will be increaed. Howewer, halogensubsitution leadsto
lower efficienciesin somecases[22]. If the A-factor for
reactdbn (5) is of the orderof 5x10™ s, thenthe A-fac-
tor ratio in Eq. (9) givesA,=10"" cm® s7* for the A-fac-
tor of reaction(4). This value is aboutwhat is expected
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for a simple metahesisreacton andin this casethe effi-
ciencymug be nearunity.

The ab initio calculatims reportedby Junckamp and
Seinfetl for the CH;03 systemwere very demandig and
yet still have signficant error bars. Compaable calula-
tions for the muchlarger CFsCFHO; systen would be far
more demauling. The relative rate corstantsdepend sen-
sitively on smdl differencesin enegy bariers. It is un-
likely that even the highest qudity electronic structue
calculdions possble for CFRCFHO; can dekrmine the
enegy barriers sufiiciently accuately Thus, we turned
our attention to reaction (5) as a cardidate for calaila-
tions. If the A-factor for reacton (5) is within the ex-
pectedrange,then reacton (4) is implicated as resporsi-
ble for the unusualrate constan ratio.

Electronic Structure Calculations

Single referencecalculatios were performedusing the
ACESI electronic structre progran [23]. The ground-
state structres of CRCFHO, CF;, HC(O)F, and of the
transtion state connedng these,[CF;sCFHOJ, were de-
termined at the unresticted HartreeFock (HF) and sec-
ond-oder Mgller-Plesset(MP2) levels [24] using a 6-
31G(dp) basisset [25]; the MP2 resultsare reportel in
Fig. 1. The reactantand product geometriedliffer little at
the HF and MP2 levels and are consisent with thosere-
ported previously for relatedmolecule [7, 26, 27]. The
structire of the transtion state [CF;CFHOJ* is expected
to be more sensitve to inclusion of electon correlaion,
althowgh the only notabk difference in the HF and MP2
structiresis anincreaeby 0. 10A in theC-C separation
The approximag spin multiplicty of the MP2 result is
2.09], indicatirg tha spin contamnation is not a sefous
problem To furthe ensue that the MP2 resuls reason-
ably descrile [CF;CFHQ]!, CASSCF [28, 29] cakula-
tions wereperformel at the MP2 geamnetry, usingthe CO-
LUMBUS code[30]. With a 7 electonsin 7 orbitals ac-
tive space,the HF refereme was found to accaunt for
93% of the final CASSCF wawvefunction, with no other
configuration contibuting more than 2%. This result
shows that resonanceis not imporant in the transtion
state and that the HF referenceis adeaate for further
correlaed electrontreatmats. In addtion, the largestcon-
tributing corfigurationsoutsidethe HF referere included
only single and double exdtations into the sameorbital,
which are ademately dealt with in an MP2 correlation
treatmat. We corcludethatthe MP2 stiuctureand poten-
tial enegy surface of [CFsCFHQO* are suficiently reli-
ablefor providing input parametes to the kinetc modds.

Formaton of the transtion stae is accompared by a
lengtkening of the C-C bord by almost 0. 4A and a
slight flattening of both the CF; and HC(O)F fragments.
Vibrational frequencieswere determned by two-point nu-
merical differentation of the MP2 analyical gradentsand
arereportedin Table 1. The presencef a singe imagin-
ary frequeng (905i cm™) confirms the identity of the
transtion state.Rotdional constantswere calculatedfrom

F o F X
ﬁ :
110.0 107.2 @ |
N 1831 {7 A; 107 7/0
,5‘@ —~
@7409 TS ) F 4 \ F
& F

F

oF 0
2
»‘% 5 y 1194“
106.0 §72 7/\@ 1232 1276
ST gé c

w_ Com——
& 5
F (b) )

Fig. 1
MP2/6-31G(d,p)optimizedstructuresof CF;CFHO (a), [CFsCFHO]
(b), CFs (c), andHC(O)F (d)

the CF:CFHO and [CF;CFHO! MP2 optimized struc-
tures,and the reducel momentsof intemal rotaion about
the C—C bords were estimatedusing stardard formulas
[31].

Because of the large size and absace of symmetry in
CFRCFHQO, an approximag bast set additivity schene
similar to that employedpreviousy [26, 32] was usedto
improve the calculded enegetics of reaction(5). Single-
point couplel cluster calculdions [CCSI(T), [33]] were
perfomed using a dowble zeto plus polatization (DZP)
basis set [34], and MP2 calailations were performed at
the same geometriesusirg the sane DZP basg and a
larger, triple zetaplus two polarization (TZ2P) basis[35].
The approximate CCD(T)/TZ2P eledronic enegieswere
then construoed using the formua:

E[CCSD(T)/TZ2P] =~ E[CCSD(T)/DZP]
+ {E [MP2/TZ2P] — E [MP2/DZP|} (13)

The error made in this approimation is —0.3 kcal mol™
for CF; and HC(O)F; the erra is expected to scale
roughly with systemsize andlargely canel in appliation
to reacton (5). Tablke 1 contains the relative enegies of

CFsCFHO, [CFsCFHOF, and CF:+HC(O)F at the various
levels of theory consideredchere.Using Eq. (13) and with

the inclusion of zeropoint enegy, reaction(5) is found to

be slightly endottermic (-0.3 kcal mol™), in good agree-
mentwith availalbe measured[36] and computed [6, 26]

heatsof formation. The barrierto reacton is estimatedo

be 10.7 kcal mol™, slightly larger than that reportedin

previous, lowerlevel calalations [27] and than the acti-
vation enegy inferred from experinental kinetic measue-
ments [10-16]. The final calculded barier is relaively

insendtive to the transtion state geometry e.g. varying

by <1 kcd mol™ from the UHF to the MP2 geoméry.

The barrier calaulated here provides a rea®nably corser

vative estimateof the true barier to reaction(5), andis

useddirectly in the masterequation calculatios reported
below



W.F. Schneideet al.: CFR;:CFHO Radical:Decompositionvs. Reactionwith O, 1853
Tablel
MP2/6-31G(d,pYyotationaland vibrationalspectralparametergcni™), andrelativeelectronicenegies (kcal mol™)
CRCFHO [CFsCFHOT CRs HC(O)F
Harmonicvibrational 76.6 222.2 240.5 905.3i 56.7 170.1 504.2 662.8
frequencies 372.2 409.4 520.2 205.2 286.7 347.1 504.2 1056.6
576.7 594.7 708.6 522.4 537.0 626.6 704.5 1122.0
859.3 1077.1 1153.1 657.0 887.2 1054.7 1126.3 1431.4
1214.9 1279.8 1330.6 1148.7 1338.0 1376.1 1317.7 1887.0
1340.6 1396.3 3096.2 13925 1673.8 3092.6 1317.7 321.7
Rotationalconstants 0.1226 0.0836 0.0690 0.1226 0.0768 0.0648
Red.internalrotation 1.5188 0.6916
constant
ZPE 23.54 21.98 7.83 13.40
Relativeelectronicenegies
(1) MP2/DZP 0 +18.12 -3.41
(2) CCsSD/DzP 0 +17.33 +4.56
(3) CCSD(T)/DzP 0 +15.30 +3.50
(4) MP2/TZ2P 0 +15.09 -4.89
(3)+4)-2 0 +12.27 +2.02
+ZPE 0 +10.7 -0.3

From the calculded molecular frequerties and mo-
mentsof inertia preserted in Table 1, the rate constantin
the high pressire limit for reacton (5) was calculdaed
using caronical transition statetheory Partition funcions
were calculatedusing the usual statistcal mechanicsfor-
mulasbasedon separablesibrations and rigid rotars. The
classtal bariier heightand zeropoint enegieswere taken
directly from the ab initio results. Saling of the vibra-
tional frequerties would have little effect on the results,
which give
ks = 4.8 x 10" exp (—11.4 kcal mol™'/RT)s™'. (14)
This calculded A-factoris compktely consigsent with ex-
perimettal resuls for other alkoxy radicd decanposition
reactons. Combhning with the kyks ratio from Eq. (9)
scaled(by a factor of 1.4) to the high pressire limit [10,
16], we obtain an unwsually large Ay~ 1.4x10°" cm® s
and acivation enegy for reaction (4) of appoximately
4 kcal mol™. Therebre, reactdn (4) ratherthan reacton
(5) is implicatedasthe sourceof the surpisingly large ky/
ks ratio. The likely error rangesof the calailated barrier
height transition state structual parametrs, and vibra-
tional frequendges for this level of calailation do not af
fect this condusion.

Master Equation Calculations

From the eledronic structire calculatims and a few
auxiliary assumptions, we can constructa mode for the
unimolecular demmposition of the CRCFHO radica.
The auxliary assumptionsare neededo accountfor colli-
sional enegy transferand for the enegy distribution of
excitedradicalsproducedn reaction(3).

The enegy-dependentmicrocarmnical unimolecularrate
coeficients, k(E), were calculded accading to conven-
tional RRKM theory[37—39] and basedon the vibrational
model parametess summarzed in Table 1. Variatiors in
the vibrational parametes of ~10% (a gene&ous estimate
of the uncetainty in the MP2 results)hasa negligble im-
pacton the rate coeficients. Dersities and suns of staes
neeakd for the RRKM rate coeficients and collision step-
size probailities were calailated by exact counts using
the Stein-R&inovitch [40] versian of the BeyerSwinehart
algoithm [41] with a grain size of 25cm™. The cakula-
tions were performedusing the stochast time-dgendent
Maste Equation code descrbed previously [42-45].
Briefly, the Maste Equationis solved by the Gillespie
Exact Stothasticmehod [46], which is exactin the limit
of aninfinite numker of stochast trials. For a finite num-
ber of trials, the precison of the calailatedresultis pro-
portioral to N~*? where N is the numter of trials. For
eachdaum in Fig. 2, 1000 trials were used,resultng in
statistcal imprecisionlessthanthe size of the datapoints.

In the Maste Equdion code,collisiond enegy transfer
obeysdetaiked balanceand microscojc reversbility. Len-
nard-Jors parametes for the radicd are neecd for cal-
culatng collision frequenges. In addition, the collision
step-sie distribution, P.(T,E,E), must be specfied. For
this system,the actualenegy transferparametrs are un-
known and mug be estimaed. Detailedexperimentaldaia
and previous masterequation simulations are availele for
deactiation of severalbenzne and toluere isotopaners
[47, 48], as well as for azulere [49] and pyrazine[50,
51]. Considerig the free rotor in the CF;CFHO free radi-
cal, it seened apprqriate to use toluene enegy transfer
paramedrs for collisions with N, [47, 52] to provide an
estimae for the step-sie distribution function (Table 2).
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Fig. 2 Deconposition yields were calculded for various as-

Calculated fraction of nascent CFsCFHO radicals that undego
prompt decompositionversusthe excitation enegy of the nascent
CR;CFHO radicalsat: 250 K in 380 Torr total pressureof N, (O);
298K in 800 Torr of N, (@); and298K in 50 Torr of N, (@)

For preseh purposes,we useda corventional “exponea-
tial” model, becausdat hasbeenshown to give good de-
scripions of datafrom both unimolewlar rate coeficient
studies[39, 53-55] and relatively “direct” expgimentson
enegy transfe [47, 55-57]. Becaisethe collision parame-
ters are only crudely estimated we arbitrarly assimed
that the Lennad-Jones paraméers for CRCFHO are
0=55A ande/k=250K, similar to otherspeciesf about
the samesize (Table 2).

The enegy distribution of exdted CFCFHO radicals
produced in reacton (3) is unknown, although the
exothemicity is about 17 kcal mol™. In the trarsition
statefor reacton (3), thereare 27 vibrational degreesof
freedom, while there are only 18 vibrations in the
CFsCFHO radicd. If enegy is distributed accordingto
the ratio of 18/27, then two thirds of the exahermicity or
about11 kcd mol™, will be depsitedin the nascet radi-
cal. Furthernore, there should be a distribution of ener
giesdepositedin the radicals. Becausethe tabulatedther
mochenical data are probably uncetain by severalkcal
mol* and the distribttion of enegy deposied in the
CFCFHO radials is unknown,we adoptedthe following
apprach.We assumedhat the distribution of exdted rad-
icalsis descrbedby a Boltzmanndistibution at the ambi-
enttemperature but disgacedto higherenegy dueto the
parttioning of enegy betweenthe CFCFHO radicd and
NO. in reaction (3). We consideredising a delta function
for the population distributian, but the themal model is
probaly somewhat more realistic. We investigaéd the
prompt dissaiation yield by arbitrarily varying the nom-
inal amoun of vibrationalexcitaion enegy in the radica.
We could havealso variad the dissociaibn threshold but
the calculded thresholdenegy (i.e. transition state bar
rier) is alread roughly consisteh with experimats [16].
Adjustng the threslold enegy within reasonabléounds

sumedcombnationsof tempeature, pressire, and excita-
tion enegy. Represetative curvesare presergdin Fig. 2.
The curvescorresponding to 298 K show the sensitivity
of the calculateddecamposition yields to a sixteen-fold
charge in pressire. As seenin Fig. 2, the calculaed
yields are moderatly sensitiveto temperature.At 5.5 km
altitude in the US Standird Atmospherethe tempeature
is 250 K andthe pressire is 380 Torr. As seenfrom Fig.
2, the calculded prompt decanpositian yields are similar
for condiions representativeof the surfa@ and5.5 km al-
titude

It shoud be stressd here that the prompt decanposi-
tion yields given in Fig. 2 are the calalated fractions of
excited CFCFHO radicalstha decomposgrompty. For
exampe, given an initial excitation enegy of 10kcal
mol~ the calculdions sugges tha 60% of the CF;CFHO
radicas decampose promptly The remaining 40% are
thermaized by collisionswith the bathgas(N,). The ther
malized radicds either reactwith O, via reaction(4) or
undego thermaldecompogion via reaction(5). The over
all fraction of CF,CFHO radicls that decomposés deter
mined by thosetha undergo prompt decompodgion plus
thosethat undego thermaldecanposition. Thoseradicals
that undego promptdecompodion do so on a time scale
less than 10°° s: they experiencefew if any collisions
prior to decanposition. The lifetime of the themalized
CF;CFHO radials is much longer (on the order of 107
to 10 secomls [58, 59]).

From the HC(O)F and CRC(O)F product yields ob-
servedafter UV irradiaticn of HFC-134a/CL/O,/N-/NO
mixtures, Wallington et al. [16] inferred tha in 800 Torr
of N,, at 243 263 and 295K, the fraction of alkoxy rad-
icals from reacton (3) that undego prompt decanposi-
tion is 0.57+0.05,0.59+Q05, and (0.64'033), respectively
Variation of the total pressureover the range 120-1100
Torr at 243 and 263 K had little (0-15%) effect on the
fraction of alkoxy radicalsthat undergo promptdemmpo-
sition [16]. As seenfrom Fig. 2, the calculatedyields
agreewith the experimentalyields, when the excitation
enegy is in the range of about9 to 11 kcal mol™, in
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good agreemenwith simple statisti@l parttioning of the
exothemicity of reaction (3). Sinee the calculatedbond
threstold enegy is only appoximate and the enegy
transfer paraméers are only rough estimates,the good
guanttative agreemenwith simple statistcal enegy pari-
tioning may be fortuitous, but it clearly demorstratesthe
plausikility of the physicalmodéd.

The model resuls are slightly more sensiive to tem-
peratue and total pressurghanthe expaimental obsena-
tions. Howe\er, given the expaimental uncertaities and
assumptionsinhetent in the modelswe beliewe that these
small differencesare not significant. If the assimed
threslold enegy was lowered (closer to expegimentally
inferred values) the excited free radicals would have a
shorte averag lifetime and the sensiivities would be re-
ducd. In summarythe theoetical calculations are corsis-
tent with the available experimentaldat which suggest
that prompt decanposition of excited nasent CR,CFHO
radicds is important[16].

Implications for Atmospheric Chemistry

The modeling resuls repored here supporttwo main
condusions. First, thermdized CF;CFHO radicals react
with O, at ratesconsideraly highe thanexpectedon the
basisof nonhalogented alkoxy radials. Second vibra-
tional excitaton in CFCFHO radicalsproducedin reac-
tion (3) is likely sufficient to openup a promptdecompo-
sition channel When combinedwith the experinental ob-
servatons reportel elsewherg16], we believe that there
is compdling evidencetha promptdecompogion of ex-
cited nasent CF;CFHO radials limits the formaion of
CRsC(O)F, and henceCFCOCH, in the atmosphéc de-
gradatim of HFC-134a. This effect is substantial as®ss-
mentsof the yield of CF;COOH which ignorethe prompt
decanposition of exdted nasent CFCFHO radicals
overesimate the yield of CF;COOH by a facta of 1.8—
4.0[16].

The atmaspheric oxidaion of all orgaric compoung
proceels via the formafon of peroay radicds. Chemcal
activaton of alkoxy radicals formed from reactons of
peroy radicals with NO may be animportant considera-
tion in the degadationmechanismof somne of theseor-
ganic compunds. For chemi@l activationto impact the
atmosyheric fate of an alkoxy radical there mud be at
leasttwo competing loss mechaisms for the alkoxy radi-
cal, one of which mustbe a unimoleculardecanposition
reacton with a modestbarrier Expaimentalevidencehas
beenpresentd suggeting that chemcal activdion is im-
portant in the atmosperic fate of CFRCFRCFHO [60],
CBr,CIO [61], HOCH,CH,0 [62] and CH,CIO [63] radi-
cals. Further experimatal and compuatioral work is
neeakd to clarify and quantify the role of chemcal activa-
tion in the atmcspheric chamistry of non-halogenged
alkoxy radicals.

JRB tanksNASA for financial supportunderthe auspicesof the
AtmosphericEffectsof Aviation/SubsonidAssessmenProgram.

References

[1] M.J. Molina andF. S. Rowland,Nature249, 810 (1974).

[2] T.J. Wallington, W.F. SchneiderJ. Sehestedand O.J. Nielsen,
J. Chem.Soc.FaradayDiscussiondl00, 55 (1996).

[3] S. Pinnock, K.P. Shine, T.J. Smyth, M.D. Hurley, and T.J.
Wallington, J. GeophysRes.100, 23227(1995).

[4] L.M. Ingle, Proc.WestVirginia Acad. Sci. 40, 1 (1968).

[5] T.K. Tromp, M.K.W. Ko, J.M. Rodriguez,and N.D. Sze,
Nature376, 327 (1995).

[6] D.A. Dixon and R. Fernandezpage 189, Proceedingf the
STEP-HALOCSIDE/AFEAS Workshop, University College
Dublin, Ireland,March 1993.

[7] W.F. SchneideandT. J. Wallington, J. Phys.Chem.97, 12783
(1993).

[8] T.J. Wallington, M. D. Hurley, W.F. SchneiderJ. Sehestedand
0.J. Nielsen,Chem.Phys.Lett. 218 34 (1994).

[9] W.F. SchneiderB.l. Nance,andT.J. Wallington,J. Am. Chem.
Soc.117, 478 (1995).

[10] T.J. Wallington, M.D. Hurley, J.C. Ball, and E.W. Kaiser
Environ. Sci. Tech.26, 1318(1992).

[11] E.O. Edney and D.J. Driscoll. Int. J. Chem. Kinet. 24, 1067
(1992).

[12] E.C. TuazonandR. Atkinson, J. Atmos. Chem.16, 301 (1993).

[13] G. BednarekM. Breil, A. Hoffmann,J.P. Kohimann,V. Mérs,
andR. Zellner, Ber. BunsengesPhys.Chem.100, 528 (1996).

[14] O.V. Rattigan,D.M. Rowley, O. Wild, R.L. Jones,and R.A.
Cox, J. Chem.Soc.FaradayTrans.90, 1819(1994).

[15] R. Meller, D. Boglu, and G.K. Moortgat, EUR 16171EN, in:
TropospheridOxidation Mechanismsed. by K. H. Becker Joint
EC/EuroTac/GDCU Workshop, LACTOZ-HALIPR Leipzig,
Sept.20-22,1994.

[16] T.J. Wallington, M. D. Hurley, J.M. Fracheboud,).J. Orlando,
G.S. Tyndall, J. Sehested].E. Mggelbeg, and O.J. Nielsen,J.
Phys.Chem.100, 18116 (1996).

[17] S.W. Benson, ThermochemicalKinetics, 2nd edition, Wiley,
New York, 1976.

[18] R. Atkinson, D.L. Baulch, R.A. Cox, R.F. HampsonJr, J.A.
Kerr, andJ. Troe,J. Phys.Chem.Ref. Data21, 1125 (1992).

[19] R. Zellner Journ.Chim. Phys.84, 403 (1987).

[20] D. Hartmann,J. Karthauser J.P. Sawerysyn,and R. Zellner
Ber. BunsengesPhys.Chem.94, 639 (1990).

[21] T.PW. Jungkampand J.H. Seinfeld, Chem. Phys. Lett. 263
371(1996).

[22] F. Wu andR.W. Carr, J. Phys.Chem.100, 9352(1996).

[23] ACES I, an ab initio programsystem,authoredby J.F. Stan-
ton, J. Gauss,J.D. Watts, W.J. Lauderdale,and R.J. Bartlett,
QuantumTheoryProject,University of Florida.

[24] R.J. Bartlett, Annu. Rev Phys.Chem.32, 359 (1981).

[25] P.C. HarihararandJ.A. Pople,Theor Chim.Acta28, 213(1973).

[26] W.F. Schneiderand T.J. Wallington, J. Phys. Chem. 98, 7448
(1994).

[27] D.A. Dixon, Proceeding®f the Workshopon the Atmospheric
Degradationof HCFCsand HFCs, Boulder Colorado,Novem-
ber17-19,1993.

[28] R. ShepardAdv. Chem.Phys.69, 63 (1987).

[29] B. Roos,Adv. Chem.Phys.69, 399 (1987).

[30] R. Shepard,. Shavitt, R.M. Pitzer D.C. Comeau,M. Pepper
H. Lischka, PG. Szalay R. Ahlrichs, F.B. Brown, and J.G.
Zhao,Int. J. QuantumChem.Symp.22, 149 (1988).

[31] G.N. Lewis and M. Randall, Thermodynamicsievisedby K. S.
PitzerandL. Brewer McGraw-Hill, New York, 1961.

[32] J.A. Pople,M. Head-GordonD.J. Fox, K. Raghavachariand
L.A. Curtiss,J. Chem.Phys.90, 5622(1989).

[33] R.J. Bartlett and J.F. Stanton,in: Reviewsin Computational
Chemistry Vol. V, p. 65, ed. by K.B. Lipkowitz and D.B.
Boyd, VCH, New York, 1994.

[34] (a) T.H. DunningJr, J. Chem.Phys.53, 2823(1970)

(b) L.T. Redmon,G.D. Purvis lll, and R.J. Bartlett, J. Am.
Chem.Soc.53, 2823(1979).



1856

W.F. Schneideet al.: CF;:CFHO Radical:Decompositiorvs. Reactionwith O,

[35] T.H. DunningJr, J. Chem.Phys.55, 716 (1971).

[36] M.W. Chase,C.A. Davies, J.R. Downey D.J. Frurip, R.A.
McDonald,and A. N. Syverud,JANAF Thermochemicalables,
3rd. ed.;J. Phys.Chem.Ref. Data14 (Suppl.1), 1985.

[37] PJ. Robinson and K.A. Holbrook, Unimolecular Reactions,
Wiley, London,1972.

[38] W. Forst, Theory of UnimolecularReactions, AcademicPress,
New York, 1973.

[39] R.G. Gilbert, K. Luther and J. Troe, Ber. BunsengesPhys.
Chem.87, 169 (1983).

[40] S.E. Stein and B.S. Rabinovitch,J. Chem. Phys. 58, 2438
(1973).

[41] T. BeyerandD.F. SwinehartComm.Assoc.Comput.Machines
16, 379(1973).

[42] J. ShiandJ.R. Barker Int. J. Chem.Kinetics 22, 187 (1990).

[43] J.R. Barker Chem.Phys.77, 201 (1983).

[44] J.R. Barker J. Phys.Chem.96, 7361(1992).

[45] J.R. BarkerandK. D. King, J. Chem.Phys.103 4953 (1995).

[46] (a) D.T. Gillespie,J. Comput.Phys.22, 403 (1976);
(b) D.T. Gillespie,J. Phys.81, 2340(1977);
(c) D.T. Gillespie,J. Comput.Phys.28, 395 (1978).

[47] J.R. Barker and B.M. Toselli, Int. Rev Phys.Chem. 12, 305
(1993).

[48] J.R. Barker J.D. Brenney andB. M. Toselli, VibrationalEnegy
Transferlnvolving Large and Small Molecules,ed. by J.R. Bar
ker, Adv. Chem.Kineticsand Dyn., Vol. 2B, 393—-425(1995).

[49] J. ShiandJ.R. Barker J. Chem.Phys.88, 6219(1988).

[50] L. A. Miller andJ.R. Barker J. Chem.Phys.105 1383(1996).

[51] L. A. Miller, C.D. Cook, and J.R. Barker J. Chem.Phys.105
3012(1996).

[52] B.M. Toselli, J.D. Brenney M.L. Yerram, W.E. Chin, K.D.
King, andJ.R. Barker J. Chem.Phys.95, 176 (1991).

[53] D.C. Tardy andB. S. Rabinovitch,Chem.Rev 77, 369 (1977).

[54] M. Quackand J. Troe, in: Gas Kinetics and Enegy Transfer
Vol. 3, p. 175, eds.by P.G. Ashmoreand R.J. Donovan(Spe-
cialist PeriodicalReports)The ChemicalSociety London, 1977.

[55] I. OrefandD.C. Tardy, Chem.Rev. 90, 1407 (1990).

[56] H. Hippler and J. Troe, in: BimolecularCollisions, p. 209, ed.
by. J.E. Baggott and M.N. Ashfold, London: The Royal
Societyof Chemistry 1989.

[57] J.D. Brenney J.P. Erinjeri, and J.R. Barker Chem.Phys. 175,
99 (1993).

[58] M.M. Maricq and J.J. Szente,J. Phys. Chem. 96, 10862
(1992).

[59] J. SehestedT.E. Mggelbeg, K. Fagerstim, G. Mahmoud,and
T.J. Wallington, Int. J. Chem.Kinet. 29, 673 (1997).

[60] T.E. Mggelbeg, J. Sehested(.S. Tyndall, J.J. Orlando, J.M.
Fracheboudand T.J. Wallington, J. Phys.Chem.A 101, 2828
(1997).

[61] M. Bilde, T.J. Wallington, C. Ferronato,J.J. Orlando, G.S.
Tyndall, E. Estupitan, and S. Haberkorn,J. Phys. Chem. A
102 1976(1998).

[62] J.J. Orlando, G.S. Tyndall, M. Bilde, C. Ferronato,T.J. Wall-
ington, L. Vereeckenand J. Peeters,). Phys. Chem.submitted
for publication.A 102 8116 (1998).

[63] M. Bilde, J.J. Orlando, G.S. Tyndall, T.J. Wallington, M. D.
Hurley, and E.W. Kaiser J. Phys.Chem.,to be submitted.
(Received:July 10, 1998 E 9987

final version:Septembe®, 1998)



