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Reactivity of the CFsCFHO Radical: Thermal Decomposition and Reaction with Q'
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The kinetics of CECFHO radical reactions was studied at 20 and 35 Torr and from 259 to 297 K by flash
photolysis with time-resolved mass spectrometry. TheGEHHO, radical was generated by flash photolysis

of Cl, in the presence of GEFH, and Q, and CRCFHO was formed by the reaction of gF-HO, with Cl

and by the peroxy radical self-reaction. The rate coefficient ratio for (k) CEHRO + O, — CRC(O)F +

HO, and (2) CECFHO — HC(O)F + CF; was determined by observing the formation of HC(O)F as a
function of the partial pressure of,0At 20 Torr, ki/k, = (2.4 & 0.8) x 10725 4248:550)T cm? molecule’?,

and at 35 Torrky/k, = (9.1 £ 3.3) x 10726 3785000 ¢y molecule®. Ab initio molecular orbital calculations

for optimized geometries, vibrational frequencies, and total energiesfFEHO, the reaction products, and

the C-C bond-breaking transition state were made. Energies were calculated by the G2 and G2(MP2) methods.
An RRKM model for reaction 2 was based on geometries and energies from the ab initio calculations. RRKM
calculated values df, were combined with the experimentally determirkgft, to estimatek;. Comparisons

were made with estimates made with two other RRKM models (Schneider, W. F.; Wallington, T. J.; Barker,
J. R.; Stahlberg, E. ABer. Bunsen-Ges. Phys. Chel®98 102, 1850; Somnitz, H.; Zellner, RRhys. Chem.
Chem. Phys2001, 3, 2352). The ab initio calculations predict the 298 K enthalpy of formation gBEHO

to be —203.0 kcal mot! (G2MP2) and—203.4 kcal mot! (G2).

Introduction ’kl(n]

ky(T)

Halogenated alkoxy radicals are intermediates in the oxidative
degradgtion of halogé/nated hydrocarbons in the atmosphere, but (2.4579) x 10 2569010 e molecule * (3)
there is relatively little quantitative information on their reaction
rates and products, compared with that of many other traceln all of the work summarized by eq 3, reaction 4 was an
species of importance in the atmosphere. The work reportedimportant source of GJEFHO radicals. The data were all taken
here on reactions of GEFHO radicals is part of an effort to  from experiments in which NO was excluded, thus avoiding
understand the chemical reactivity of halogenated alkoxy the formation and decomposition of chemically activated-CF
radicals better. The GEFHO radical is an intermediate in the CFHO formed by the reaction of NO with @EFHO,.”
atmospheric oxidation of GEFH, (HFC-134a), which is a
replacement for CEl, (CFC-12) in refrigeration and air 2CR,CFHO, —~ 2CR,CFHO+ O, 4)
conditioning. It is well known that at pressures and temperatures
characteristic of the troposphere £FFHO reacts with @and
undergoes unimolecular-&C bond scission, reactions 1 and

760 Torr

In the atmosphere, GE(O)F formed by reaction 1 can

21-12 hydrolyze to CEC(O)OH, a plant phytogen, and it is necessary
to know ki/k; to evaluate the fraction of GEFHO that is
CF,CFHO+ O, — CF,C(O)F+ HO, (1) converted to CEC(O)OH. Because of the pressure dependence
of ki/ky, it is important to determine this ratio at pressures lower
CF,CFHO— CF; + HC(O)F (2) than 760 Torr and also at temperatures below 298 K to assess

o ' ' CRC(O)F formation throughout the troposphere and strato-

The rate coefficient ratioki/k;, has been experimentally  sphere. The pressure dependenck: i has been reported at
determined several times at total pressures in the vicinity of 297 K1 295 K7 and 269 K7 A value ofky/k; is also available
1-2 atm!~7 Wallington and Kaiséf have corrected the at 295 K and 50 mbat.
pressure-dependeri/k, (reaction 2 is in the unimolecular We report here an experimental determination of the tem-
falloff) from refs 1-7 to the common pressure of 760 Torrand o ature dependence lafk, from 259 to 297 K at 35 Torr and
ha\lieliecommended eq 3 to express the temperature dependencg >4 Torr, We also report ab initio molecular orbital molecular
of ki/kz at 760 Torr. structure and energy calculations and an RRKM modeksor

T Part of the special issue “Charles S. Parmenter Festschrift”. that is bas.ed on the aéjt: initio calculations. Schneider & al.
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umn.edu. of k; based on quantum chemical calculations. The former
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RRKM model gives the high-pressure rate coefficient of eq 5, 08T T T T T T
[ O%mmo 0%5% &)(9 %Qllzb %&QQ% %:
_ 2 %0 o)

ky, = 4.8 x 10° exp(-5737M) s * ) o b g @ 5 3

= Q,Q? ae Po LD ]

" o ..: %o ..'ﬁ. LJ .M ..." .*.O\ 4

and the latter RRKM model gives the high-pressure rate o 4 Oo“P-,," e e e ..'-"a:
coefficient of eq 6. L P oo oo 3 L
E & oy T, O, T o 2 % )

_ = L D% Dobn g BT O o9

Ky, = 3.8 x 10" exp(-6414M) s * © & SF Z- o5 R o

ot onm ]

RRKM models provide a means for scalirig/k, to other ;‘- 04 fg%f .
pressures and temperatures. In combination wiitky, RRKM £ E -
models fork; also permit estimates of the absolute valudgpof S 03fF ¢ -
to be made. The only experimental determinations of absolute F P ]
values fork; andk, are an Arrhenius expression fky at 230 02 Es? 3
Torr® and a determination dé; andk; at 295 K and 50 mbaéh. ¥
Estimates ok; made from experimental determinationskaf o o k
ko and RRKM models ok, are made and discussed. " Ie ]
3 ]

Experimental Section 0 e

0 5 10 15 20 25

Detailed descriptions of the experimental techniques and
procedures have been published previod&iy® A brief de- Time, ms
scription is given here. The electron ionization quadrupole mass Figure 1. HC(O)F growth curve at 273 K and 20 Torr. Gas mixture:
spectrometer was interfaced with a temperature-controlled 25% HFC-134a/15% @IN/(O) 1% O, (@) 2% O, or [3,) 4% C..

photolysis reactor by a 50m pinhole. A 1us Xenon flash lamp ) L ) )
was repetitively pulsed at 5 Hz. The reactor was continuously was monitored. The kinetic results were identical to those from

purged by the flow of the reaction mixture at a sufficient rate V2= 48, indicating that complications from the fragmentation
(about 7 cm/s) to completely sweep away the reaction products®f other species such as &FHO and CECFHO, are
between flashes. Electron ionization energies of 15 to 30 eV Unimportant. Figure 1 shows the kinetic growth of HC(O)F at

were employed to reduce fragmentation. Current pulses from a273 K and 20 Torr. A plateau is reached after approximately
Daly detector were preamplified, discriminated, and signal- 10 ms, followed by a slow decrease in HC(O)F at times beyond
averaged with a multichannel analyzer. The number of flashes 30 MS (not shown in Figure 1). The decrease is due solely to
per experiment was usually 6000, but in some cases up to goodthe purge flow. Figure 1 als_o shows that the numbe_r of counts
flashes were used. Because of the influence of the molecularPer flash in the plateau region depends on the partial pressure
velocity distributiont” data recorded before 0.2 ms was excluded ©f Oz the [HCOF] signal decreases as the partial pressure of
from processing. Also, the sweep of the purge flow imposed Ozlncre_a_ses. This was interpreted as evidence f_or the increasing
an additional decay rate on data acquired after 30 ms. ThecOmPpetition of Q for CRCFHO radicals. Experiments at the
experiments were designed to avoid interference by these factorsOther temperatures and pressures gave similar HC(O)F growth
The CRCFHO radical was generated by flash photolysis of CUrves. .
Cl, in the presence of GEFH, and Q. Reactions 8, 9, 10, We were unable to observe the products of reaction 1. The

and 4 constitute the most important reactions by which-CF  détection of CEC(O)F atm/z = 116 failed because of the low
CFHO is generated. abundance of this ion in the mass spectftiand the decrease

of the signal-to-noise ratio at higher masses in the quadrupole.

Cl, + hy — 2CI @) The fragment ion [CECO'] is also of low abundanc¥, and
[CFs'] is obscured by the fragmentation of &FFH,. The
CR,CFH, + Cl— CR,CFH+ HCI ®) detection of HQ at m/z = 33 failed, presumably because of
CF,CFH+ O, — CF,CFHO, 9) the low concentration of th_is re_acti_ve interm_ediate.
In several of the steady-illumination experiments referenced
CF,CFHQ, + Cl — CF,CFHO+ CIO (10) above, COEformation was observed. We searched for [GOF
at m'z = 66 but did not find any signal greater than the
2CRCFHG, —~ 2CFR,CFHO+ 0, 4) background at this mass. If C@twere present, then we would
) ) have been able to detect it readily.
Mixtures of CiCFH,/Cl,/O,/N, were prepared and stored in a In the absence of data on GKO)F formation, it was

glass bulb. CECFH, of 99% stated purity was procuregl from necessary to use only HC(O)F data to investigateGEFHO
Lancaster, and glof 99.9% stated purity was supplied by 5qjca| kinetics. The rate of formation of HC(O)F in these

Sigma. The Toll Company supplied extra-dry-gradeadd N experiments is not well enough separated from the rate of
of 99.9% purity. CECFH, and Ch were degassed by freeze  ¢qrmation of CRCFHO to allow the determination ok{+ ko)
pump-thaw cycles before use. by fitting the HC(O)F growth curves. Howevee/k, could be
Results obtained from the yield of HC(O)F. The HC(O)F yield was
taken to be proportional to the counts per flash in the plateau.
Determination of ki/kp. Experiments were done with gas The relative yields of HC(O)F determined in pairs of experi-
mixtures consisting of 25 mol % GEFH,, 15% C}, 1-4% ments with different pressures of,Were used to determine

O,, and N as needed to make up the balance. The experimentski/k,. The ion counts in the plateau region were reduced by the
were conducted at 2685 Torr and at 259297 K. HC(O)F, purge flow in experiments at temperatures higher than 297 K
the decomposition product of reaction 2, was detected asand at pressures lower than 20 Torr. For this reason, the
[HCOFT" atm/z= 48. In some experimentsyz = 47 ([COF]") experimental conditions were confined to pressures of 20 and
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35 Torr and temperatures from 259 to 297 K to avoid erroneous TABLE 1: Reaction Model for Numerical Simulations?
results caused by _the purge flow. _ reaction k céslors reference
The rate-coefficient ratioki/k,, was determined from the

o . . . . ; FHO+ 0, — FO-+H 4.05x 10715 thi k
relatlv_e yield of HC(O)F in pairs of experiments in which the gEgFHgJF 32_, gFF;i ,_?C(O)(ij|r M Lg?i 18; thE xg:k
only difference was the partial pressure of. @ 1 and 2 are Cl + CRCFH, — CFsCFH -+ HCI 7.76x 10716 34
the only two reactions competing for gEFHO radicals, then CRCFH+ O, + M — CRCFHO + M 6.2 x 101214 13
the rate ratio of reactions 1 and 2 can XD 11: CFCFH + Cl, —~ CFCFHCI+ Cl 1.28x 10~ 31

e rate ratio of reactions 1 and 2 can be expressed by eq SCRCFHOD 2 CROFHO O, 31651012 33
2CRCFHO, — 35x 1018 27
[CFC(O)F] _ ki[O CRC(O)F+ CF:CFHOH+ Oy
HCOF K (11) CFsCFHO, + Cl— CRCFHO+ CIO 6.6x1012 30
[HC(O)F] 2 CRCFHQ; + CIO— CRCFHO+ CIOO  4.5x 102 30
_ _ CR+0,+M—CRO;+M 2.86x 10712 35
A material balance for the total GEFHO formed, integrated CRCFHO, + CR0, — 291x 1012 35
over the course of the reaction, is given by eq 12, which can be , CFRCFHO+ CRO + 0 b
d to eliminate the unmeasuredsCFO)F from eq 11 2CF0, 7 2CRO + 0o 2.0x 10 »
use 3 g il Cl+0;+M—CIOO+ M 249% 1075 35
Cl 4+ HO, — O, + HCl 345x 1011 35
[CF,CFHO},, = [CF,C(O)F} + [HC(O)F];  (12) 2Clo— Cl + OcClo 317x 1015 35
2C1—Cl, 377x10% 35
— 10
In eq 12, [CRC(O)F}r and [HC(O)F} are the yields of GRS~ &1+ cloo— 40 PR T
(O)F and HC(O)F. Substitution into eq 11 and obtaining the 2cl00— product(s) 16¢ 1011 36
ratio of the result of pairs of experiments in which all variables CIO + HO; — O, + HOCI 7.16x 102 35
except the partial pressure of@re the same gives eq 13. 2HO, + M — Op + H0;+ M 6.02x 1071 35
2CI0— 0, + Cl, 2.16x10% 35
K Cl + HC(O)F— HCI + CFO 7.28x 10°% 5
a_ oa—P (13) CRCFH, + CRRO—CRCFH+ CROH  11x 101 37
k P[O.], — o[O,] CF30, + CF0 — CF0:CF; 1x 10710 38
2 21 22 CRCFHO; + CFs0 — CRCFHO:CFs 1.79x 10011 37
CFs; + Cl, — CRCl + Cl 35x10% 39

In eq 13,P = [HC(O)F]1/[HC(O)F]2 1, oo = [CFsCFHOL total
[CFsCFHOD 1o1a4 @and subscripts 1 and 2 refer to each experiment
of the pair.P is obtained from the counts per flash in the plateau TABLE 2: Values of a = [CF3CFHO] 1 toa/[CFsCFHO] 2 t0tai
region of HC(O)F versus time plots such as those shown in Determined by Numerical Simulationgt

Figure 1.

a Rate coefficients quoted at 259 K, 20 Torr.

) . - [02]2%/[02],%
The calculation oki/k; by eq 13 requires the determination
of a. If the total number of CFCFHO radicals formed is the K P (Tom) 4%/1% A%/2% 2%/1%
same in each pair of experiments, themvould be equal to 1, 20 1.49678 1.28320 1.16645
but this is not the case. Although conditions are set to generate 259 35 1.75994 1.40371 1.25408
equal numbers of Cl atoms in each pair of experiments initially, 20 1.40845 1.24069 1.13520
O, competes with HFC-134a for the available CI atoms, 265 35 1.63988 1.24069 1.21374
20 1.36930 1.22220 1.12032
Cl+ 0,4+ M —CI0O0O+ M (14) 273 35 1.58705 1.33014 1.19318
20 1.08921 1.07170 1.01636
and the total amount of GEFHO formed decreases as O 297 35 1.15955 1.12537 1.03040

increases. Because the rate of reaction 14 is both temperature- aGas mixture: 25% FHC134a/15% Cl

and pressure-dependent,depends not only on the (atrtial

pressure but also on the temperature and total pressure. BecausABLE 3: Experimentally Determined Values of ki/k,

ocis a complicated function of reaction chemistry and conditions, T(k) P (Torr) [0 range (molecule crid) ky/k, (cm® molecule?)
it was obtained by a numerical integration of the reaction 20 7.659x 1055-2.983x 10° (3.0+ 0.8) x 10°1°
mechanism in Table 1, which includes other reactions for the 559 35  1.340¢ 106-5.221x 10 (1.9+ 0.4)x 10728
removal and generation of Cl atoms. The mechanism is 20 7.486x 1015-2.916x 10 (2.64+ 0.9) x 10718
discussed later. To calculat® by simulation, the rates of 265 35  1.310« 10-5.102x 10 (1.3+0.4)x 1018
reactions 1 and 2 were set equal to zero. With no provision in 20 7.267x 105-2.830x 101 (1.3 0.5)x 1019
the mechanism for the removal of €FFHO radicals, the 273 35 1.272¢ 10%—4.953% 1016 (8:313:5)>< 10-19
predicted CECFHO asymptotically reached a limiting value that 20 6.679% 105-2.601x 108 (4.0 1.4)x 1019
could be used for the calculation ef The values ot obtained 297 35  1.169« 10%—4.553x 10 (2:21 0:9) x 10719
in this way are listed in Table 2. In the pair of experiments
used for each determination of, the one labeled 2 had the dependence of reactions 8 and 14 makes the loss of Cl by

higher Q pressure, making the expected valuesook 1 if reaction with Q less significant.

reactions removing Cl are the major factor affectmgThe With the values ofx from Table 2,ki/k, was calculated by
values ofo decreased with decreasing oxygen levels at all eq 13. Eaclki/k, value listed in Table 3 is the average of three
conditions, reflecting the decreased competition gff@ ClI values ofkj/k, obtained from reactant mixtures in which the

atoms. The largest values @f were found at the lowest mole fractions of Qare 1, 2, and 4%, respectively, everything
temperatures. This can be largely explained by the negativeelse remaining the same. There are nine experiments at each
temperature coefficient of reaction 14 and the positive activation total pressure and temperature (with different concentrations of
energy of reaction 8. The pressure dependenceisin accord 0Oy). The experiments were repeated at different total pressures
with the pressure dependence of reaction 14. At higher tem- and temperatures, and at each condition, the aveadgewvas
peratureso values are closer to 1 because the temperature calculated. The results summarized in Table 3 show kil
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4 [TTTTTTTT T T T T T T T T T[T T T products, and the €C bond rupture transition state were
[ obtained at UHF/6-31G(d) and UMP2(Full)/6-31G(d) levels. For
the geometry optimization of the transition-state structure, the
QST3! option, based on the structures of the reactant, the
products, and a guess for the transition state, was used.
The MP2(full)/6-31G(d) optimized geometries of £LFFHO,
the C-C bond-scission transition state, and the products CF
and HC(O)F are listed in Table 4. They are very close to the
MP2/6-31G(d,p) optimized structures of the first three species
reported by Schneider et & but there are differences with
] the HC(O)F structure. There are also some differences with the
4 bond lengths of CEEFHO and CECFHOF obtained by Somnitz
. and Zellnet! from geometry optimizations at UHF/6-31G(d),
[ | B3LYP/6-31G(d), and B3LYP/cc-pVTZ levels. The<C bond
sk - lengthening of the transition state is predicted to be 0.38 A by
i 1 both of the MO calculations and 0.51 A by the density functional
I 1 calculationt!
g e e e Our calculations show that both the ground state ofGEHO
33 34 35 3.6 3.7 3.8 3.9 and the transition state for-€C bond scission have asymmetric
1000 K/T structures and ar®A electronic states. The transition state has
Figure 2. Temperature dependencelafie: O, 20 Torr:®, 35 Torr. one imaginary.frequency, cqnfirming that the optimizeq structure
is a saddle point. The reaction path following calculations (IRC
is both pressure- and temperature-dependent. Because reactiopalculations) at the HF/6-31G(d) level also verified that the
1 is expected to be pressure-independent, the pressure deperransition state is on the path from the {L/FHO ground state
dence ofki/k, can be attributed td, and is consistent with  to the decomposition products, €&nd HC(O)F.
reaction 2 being in the unimolecular falloff region. The The total energies of the reactant, products, and transition
temperature coefficient oki/k; at 20 and 35 Torr was  state were calculated at the HF/6/31G(d), MP2(full)/6-31G(d),
determined from a linear least-squares analysis of the ArrheniusMP2/6-311G(d,p), MP2/6-3H#G(d,p), MP2/6-311G(2df,p),
plots shown in Figure 2. The Arrhenius expressions are given MP2/6—-311-G(3df,2p), MP4/6-31G(d,p), MP4/6-3+5G(d,p),
by egs 15 and 16. MP4/6-31G(2df,p), and QCISD(T,E4T)/6-311G(d,p) levels of
] ] theory and are listed in Table 5. Also in Table 5 are energies
ky(T) obtained by the G2 and G2MPZ° basis set additivity methods.
ky(T) 20T0rr_ Zero-point energy corrected barrier heights for € bond
) ' _ _ scission were calculated at each of the theory levels listed in
(24+0.8)x 10 25124855500 e’ molecule ™ (15) Table 5 and are given in Table 6, along with barrier heights

41 F

41 =

lecule'I]

3

m mo

42

1

In[(k /kz)/c

Tk, (T)] reported by Schneider et #.and Somnitz and Zellnét. The
1 = barrier heights calculated in this work tend to decrease with
.kz(ﬂ_ 35Torr increasing basis set size and with the treatment of electron

9.1+ 3.3) x 102664378800 3 slecule (16) correlation. (See the QCISDT result) The G2MP2 and G2
barriers at 9.5 kcal mol, as far as we are aware, are the lowest
Ab initio Calculations. Ab initio molecular orbital calcula-  yet computed for reaction 2 by high-level calculations. They
tions were made to study the<C bond scission of GEFHO. are 1.2 kcal moi! lower than the 10.7 kcal mot barrier that
The G-F and G-H bond energies are too large for the loss of was also computed by a basis set additivity methagd are
H or F from CRCFHO to occur in the atmosphere. Calculations about 2.6 kcal mot* beneath the lowest barrier calculated by
were made with the Gaussian 98 series of programs on a SiliconSomnitz and Zellnet
Graphics workstation or an IBM SP supercomputeri®Gd Cl-singles (CIS) calculations for modeling excited states as
G2(MP2y°theories were used to calculate the total energies of a combination of single substitutions out of the HF ground state
those species. The optimized geometries of the reactant, theof CRsCFHO were made. The CIS calculations found, at the

TABLE 4: MP2(full)/6-31G(d) Optimized Geometries of CFsCFHO, CF;CFHO*, and Reaction Products
Bond Lengths (A)

Cl_ C2 Cl_ Fl Cl_ F2 Cl_ F3 C2_ F4 CZ_ H CZ_O
CRCFHO 1.5308 1.3420 1.3401 1.3411 1.3785 1.1014 1.3428
CR—CFHO 1.9146 1.3184 1.3133 1.3246 1.3750 1.1019 1.2058
Ck 1.3272 1.3272 1.3272
HC(O)F 1.3137 1.0808 1.1641

Planar Angles (deg)
Cz_ C]__ Fl CZ_ C]__ F2 CZ_ C]__ F3 Cl_ Cz_ F4 Cl_ Cz_ H Cl_ CZ_O

CRCFHO 109.708 110.703 109.982 107.092 109.168 110.539
CR—CFHO 107.310 108.085 106.083 97.124 93.065 101.147
ch F—C-F

111.91

F-C—H F—-C-0 O-C—-H

HC(O)F 110.05 123.02 126.93
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TABLE 5: Total Energies in Hartrees?

CRCFHO CR—CFHO Ck HC(O)F

HF/6-31G(d) —548.898 125 —548.850 285 —336.131 183 —212.747 841
MP2(full)/6-31G(d) —549.984 278 —549.954 530 —336.755 762 —213.229 262
MP2/6-311G(d,p) —550.277 204 —550.250 954 —336.942 274 —213.341173
MP2/6-31HG(d,P) —550.303 703 —550.277 383 —336.958 084 —213.352 131
MP2/6-311G(2df,p) —550.550 671 —550.526 861 —337.108 243 —213.447 496
MP2/6-31HG(3df,2p) —550.604 701 —550.580 960 —337.140 085 —213.469 857
QCISD(T,EA4T)/6-311G(d,p) —550.336 439 —550.315 160 —336.967 523 —213.365 265
MP4/6-311G(d,p) —550.339 734 —550.314 082 —336.970 362 —213.369 592
MP4/6-311-G(d,p) —550.368 904 —550.343 331 —336.987 747 —213.381 252
MP4/6-311G(2df,p) —550.627 668 —550.604 248 —337.145 051 —213.481 280
G2MP2 —550.732 685 —550.717 554 —337.213 417 —213.518 287
G2 —550.749 821 —550.734 634 —337.223 712 —213.524 352
ZPE[HF/6-31G(d)] 0.040 816 0.036 738 0.013 560 0.023 142
no. of o valence electron 22 22 13 9

no. of 5 valence electron 21 21 12 9

aScale factor for zero-point energies: 0.8929.

TABLE 6: Energy Barriers for C —C Bond Scission in HFC-134a/15% GlI60% N,. Lennard-Jones diameters were
CF3CFHO (kcal mol~*) Corrected for Zero-Point Energy estimated according to Hirschfelder, Curtiss, and Birdnd
geometry energy OcrcrHo = 5.2 A andopatn gas— 4.39 A were obtainedcr,crHo

energy level basis set barrier reference = 250 K was taken from Schneider et*lepath gas= 161 K

HF/6-31G(d) HF/6-31G(d) 27.73 thiswork  was estimated from the above combining rule. This RRKM

MP2(full)/6-31G(d) MP2(full)/6-31G(d) 18.15  this work model is called model I.

MP2/6-311G(d,p) MP2(full)/6-31G(d) ~ 14.19 this work ; ;

MP2/6-311 G(d.p) MP2(full)/6-31G(d) 1453 this work Model I calculations ofk, with fuII_ angular m(_)ment_um

MP2/6-311G(2df,p) MP2(full)/6-31G(d) 1266 thiswork conservation at sgveral pressures c_>f interest are I!sted in Table

MP2/6-311-G(3df,2p) MP2(full)/6-31G(d) ~ 12.61 thiswork 8. The low- and high-pressure limiting rate coefficiekig(T)

QCIS/D(T,4E)(/dG-?;11(3(d,p) Mpzéfullll))//e-sle((g)) 11.07 t:is worlI: ko(T), calculated over the temperature range of 2897 K,

MP4/6-311G(d,p, MP2(full)/6-31G 13.81 this wor i

MP4/6-31HG(d,p) MP2(full)/6-31G(d) ~ 13.76 this work are given by eqgs 17 and 18.

MP4/6-311G(2df,p) MP2(full)/6-31G(d) ~ 12.41 this work o ao78m 3 R

G2(MP2) MP2(full)/6-31G(d) 9.50 this work k,o(T)=1.01x 10 ‘e cm’ molecule s a7

G2 MP2(full)/6-31G(d) 9.53  this work

B3LYP/6-31G(d,p) B3LYP/6-31G(d,p) 10.24  this work k, (T) = 5.90 x 10% 26T 71 (18)

CCSD(T)/TZ2P MP2(full)/6-31G(d,p) 10.7 10 20

G3((P)MP2) B3LYP/cc-pVTZ 12.09 11

RRKM predictions of the temperature dependencé&;ait 20

HFF/6-31G(d) level, three excited states with predicted energies @"d 35 Torr are given by egs 19 and 20.
of 0.6713, 4.7285, and 9.7953 eV.

Spin contamination is not important for the £FFHO radical Ko(Mcal 20 o= 3.67 x 10'% *%T 57 (19)
because%(is in the range of 0.758 at HF/6-31G(d) to 0.76 at 0 4068T
QCISD(T)/6-311G(d,p) before annihilation, only slightly larger Ko(T)cal,35 Tor= 6-89 x 100 4008T 571 (20)

than the expected value &= 0.75 for doublets. However,

for the C-C bond-breaking transition stat&[is in the range Figure 3 shows the pressure dependenckb,.. at 273 K,

of 0.873 at QCISD(T)/6-311G(d,p) to 0.894 at HF/6-31G(d). illustrating that the experimental data at 20 and 35 Torr are
We estimated the enthalpy of formation of {LAFHO at 298 well into the unimolecular falloff and that the falloff region is

K from the thermally corrected G2 and G2(MP2) energies of exceptionally broad. The breadth is attributable mainly to the

CRCFHO and the elements from which the oxy radical is small barrier height for €C bond breaking.

formed. The calculations givAH°:9(CFRCFHO) = —203.0 The above RRKM calculations are based on the 25% HFC-

kcal moit at G2MP2 andAH°q9g(CFRCFHO) = —203.4 kcal 134a/15% CI60% N, bath gas used in this work. RRKM

mol~! at G2. Also,AH°(CRCFHO) = —195.8 kcal mot!at calculations were also made using Ids the bath gas to

G2MP2, andAH°o(CRCFHO)= —196.1 kcal mottat G2. The determine if significant changes would result. The results are

298 K values are in excellent agreement withd s 9s(CFs- listed in the Table 8. Using the J\bath gas affect&, only

CFHO) = —203 kJ mot* determined by Dixon and Wile$? slightly, and a consideration of bath gas effects will have very
RRKM Calculations. An RRKM model was obtained from little influence on atmospheric modeling.

moments of inertia and vibrational frequencies derived from  Maricq and Szenfereported the temperature dependence

the MP2(full)/6-31G(d) optimized structures and a critical (216—372 K) of the CRCFHO dissociation rate coefficient at

energy,Ez o, set equal to the 9.53 kcal mdlG2 barrier. The 230 Torr, taken from observations of the time dependence of a

frequencies and moments of inertia are listed in Table 7. The transient UV absorption feature attributed tosCFHO. The

UNIMOL 2 Fortran program package, with a tight transition- data were expressed in Arrhenius form Ig{T)230 torr = (3.7

state treatment, was used for calculationk(&). The moments ~ + 0.7) x 107e72200£150)T 5-1 The preexponential factor and

of inertia and rotational constants were obtained using the activation energy in this Arrhenius expression are considerably

GEOM progran?* Master equation calculations were made smaller than the corresponding 230 TAgrand E; that can be

using the biased random-walk model for energy tradsfer obtained from any of the existing RRKM models. Nevertheless,
calculateky(T). Lennard-Jones parameters were obtained via the Table 9 shows that the individual rate coefficients calculated
combining rulesoag = (0a + 0g)/2 andepg = (ep x €p)t2.26 from this expression at 259, 273, and 295 K are in reasonable

The bath gas used in this work is typically a mixture of 25% accord with thek, calculated from the Schneider et!t&RRKM
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TABLE 7: Calculated Vibrational Frequencies, Moments of Inertia, and Rotational Constants

Unscaled Vibrational Frequencies (th
CRCFHO (ground state)
77,222,241, 372, 410, 520, 577, 595, 710, 860, 1078, 1153, 1214, 1280, 1332, 1343, 1396, 3070.

CR—CFHO'
904, 57, 170, 206, 287, 347, 522, 537, 628, 658, 890, 1053, 1149, 1337, 1376, 1391, 1674, 3071

Principal Moments of Inertia (B
CRCFHO (ground state)
244.449, 201.568, 137.565

CF—CFHO
260.078, 219.335, 137.574

Rotational Constants (crn)

CRCFHO (ground state)
0.06889, 0.08355, 0.1224
CR—CFHO
0.06475, 0.07678, 0.1224
TABLE 8: RRKM Calculations 2 12 —rrr-rr-rrrr-rrrrr T T
Bath Gas: 25% HFC-134a/15%A80% Ny, - 1
Barrier Height= 9.53 kcal mot?* B 7
259 K 265 K 273K 297K
ko2otor(S) 6.99x 108  1.00x 10* 1.58x 10*  5.07x 10*
kogston(s™l) 1.03x 100 1.49x 10* 2.35x 10* 7.72x 10*
kozeoTon(S D) 4.72x 100 7.11x 10* 1.19x 106  4.56x 10*
koo 1.46x 10714 2.11x 10°1* 3.34x 104 1.10x 10718 £
ko (579) 8.94x 10" 141x 10° 3.52x 10°  1.20x 10° £
B 0.391 0.382 0.373 0.332 N
g
ko.oT) = 1.01 x 10 7e4078T cm? molecule’! s71 2
Koe(T) = 5.90 x 101352607 g-1
Bath Gas: 25% HFC-134a/15%A80% Ny,
Barrier Height= 10.7 kcal mot?
259 K 265 K 273K 297K
koooton(sY) 1.27x 108 1.94x 10° 3.28x 10°  1.29x 10*
koasTon(SY) 1.79x 100  2.74x 10° 4.67x 10° 1.88x 10*
ke7e0Ton(S™Y) 6.29x 10°  1.01x 10* 1.82x 10*  8.64x 10 PRI SPEPEPE EPEPETE EPEPEPE B
Koo 3.52x 10715 535x 10715 9.00x 107 3.52x 10714 0
kow (571) 9.69x 10° 1.61x10* 3.07x10* 1.73x 10° 1 2 3 4 5 6
B2 0.406 0.396 0.384 0.347
log(P/Torr)
= 7a—4653T 1g1
Ez((?-) :25%?; 11%_13:7583% ;nf molecule™ s Figure 3. Calculated pressure dependencéqfiks. at 273 K: - - -,

Ezo = 11.2 kcal mof?; —, Ezo = 10.7 kcal mot?.
Bath Gas: N, Barrier Height= 10.7 kcal mot?t

259 K 265K 273K 297K Discussion
kozoron(s!) 1.32x10°  2.01x10°  3.41x10°  135x 10% Relative Rate Coefficientky/k,. Equation 15 gives a 20 Torr
kossTor(s™l) 1.85x 103 2.83x 10® 4.84x 10® 1.96x 10¢ S - .
ko b 360x 1015 561x 10-15 9.46x 10-15 3.72x 10-14 value ofkj/k, that is in agreement with that of Wallington et
Koo (57Y) 069x 108 1.61x 100 3.07x 100 1.73x 10P all, who determined the pressure dependencky/éf at 297
B2 0.406 0.396 0.384 0.347 K. From their Figure 5, it can be estimated that at 20 kafk,
ko o(T) = 2.49 % 10-7e~4665T e moleculet st ~ 3 x 10 cm?, and eq 15 giveki/k, = (3.94+ 1.3) x 10°%°
Koo(T) = 5.91 x 10t% 58367 g1 cn? at 297 K. Equation 15 is also in agreement with a study of

the pressure dependencekgk; at 269 and 296 K,where the
data have been fit by the Troe methdWe calculated
model, which is called model Il here. A closer examination of ki/kx(269 K)o torr = (1.4 & 0.7) x 10718 cm® molecule’? and
the experimentak, shows that they are somewhat larger than ki/kz(296 K)o tor= (2.5+ 1.3) x 1071 cm® molecule™ from
the model 1l calculation at 259 K and somewhat smaller at 295 the reported Troe parameters. The 269 K ratio is in good
K, showing why theA, and E, from the experiments are  agreement with/kx(269 K)o torr = (1.8 £ 0.7) x 10718 cm?®
unusually small. It is expected that an RRKM model with an molecule’* from eq 15, and the experimental uncertainty of the
appropriate barrier would predict reliable Arrhenius parameters 296 K ratio overlaps the uncertainty &f/kx(296 K)o tor =

at any pressure in the falloff. The 50 mbar (37.5 Torr), 295 K (4.2 + 1.6) x 1071 cm® molecule’* from eq 15.

rate coefficientk, = 1.8 x 10* s7%, reported by Bednarik et Equation 16 gives 35 Torr values di/k, that are in
al® is also in better agreement with model Il than with the agreement with the Troe fits reported by Wallington et Bbr
Somnitz and Zellnét RRKM model (called model I1l) or with example, at 297 K eq 16 gives 2:2 1071° cm® molecule’?,
model I. Table 9 shows that the values from our G2-derived  and the Troe expression gives:2 1071° cm® molecule’.
RRKM model are a factor of 5 to 10 larger than the experimental Equation 16 also gives a 35 Torr value kifk, that is in

ko, and that the Somnitz and Zelldék, values (not shown) are  agreement with the experimental value of Bednarik éfTalese
about a factor of 10 smaller than the experimental values. workers fit transient OH and N{£Zoncentration profiles obtained

aThis work.? cm® molecule® s,
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TABLE 9: Comparison of ki/ks, ko, and ky with the experimental measurements. The two expressions for
259 K 273K 205K  reference k; agree to within the experimental uncertainty and show no
evidence for a pressure dependenckofveraging these two

Ka/k 2.51x 10719 1.23x 10719 4.63x 10720 7 . .

EC;;%%",;"C’L,@) B B ) k, estimates gives

Ka/k 3.2x 10718 1.4x 1078 4.3x 101 this work _ 1
(afootor * * * k,(T) = (7.5 2.5) x 10 6?2590 o molecule * s
(cm® molecule™) 1

(Ku/k2)35 Torr 1.9x 10718 83x 10710 2.4x 101 this work (22)
(cm® molecule'?)

(kiko)re0 = 50 1019 23x 101° 6.0x 10-2 this worle If the model | calculated temperature dependencé,ait
(cmémoleculel)  45x 1071° 1.7x 101 4.5x 10-2 this work 760 Torr is applied to eq 3, theq is estimated to be

Ke,230 Ton(S 1) i;gi igz 121 18: iﬁ%gi 18: ?his worke ky(T) = (4.87:5) x 10 %0 em® molecule s
2.96x 10* 7.15x 10* 2.32x 10° this work (23)
1.8x 10* 4 . S
Kar37.5 Tor(S 1) 1.77x 10  this worlé The different temperature dependencie&,oh eqs 23 and 22
7.38x 10¢  this work originate in the differences in the exponents of egs 3, 15, and
271035 4 16. The reasons for the different temperature dependencies of
ki 4.05x 10715 4.25x 10715 4.75x 10715 this worlé ki/k, are the differences in the low-temperature data. Although
(cm® molecule® s71) 2.22x 10714 2.03x 104 1.86x 10" this work® the Arrhenius parameters in eqs 22 and 23 are different, the
a Scaled with model 1120 = 10.7 kcal mot). b Scaled with model temperature dependence is not strong and the temperature range
| (Ez0 = 9.5 kcal mot?). is not large, so the individud values are not very different.

_ _ At 295 K, k; = 1.9 x 10 cm® molecule! s71 is calculated
experlmentally from the 351-nm flash phOtOlySlS 0f3(:FH2/ from both egs 22 and 23. Using eq zq,increases by on|y
O2/NO/Cl; mixtures by a numerical simulation of a reaction 139 from 295 to 259 K, an#; from eq 23 decreases by 30%
mechanism. The authors reportedk, = (1.5+ 0.3) x 10 over the same range. All of thie values estimated between
cm? at 38 Torr and 295 K. USIng eq 16 to Ca'CUlklé(z at 295 295 and 259 K from eqs 22 and 23 are encompassdq by
K and 35 Torr and linearly extrapolating to 38 Torr giva, (1.8+ 0.6) x 10~ cm? molecule s1. The range ok; about
= (2.1+ 0.7) x 1079 cm®. The two values agree to within  the central value is about the same as the experimental

experimental uncertainty. Bednarik et’groduced CECFHO uncertainty in theky/k, values from which they are derived, so
by the CECFHQ; plus NO reaction, which is thought to form  this temperature-independent value suffices over the temperature
chemically activated GFEFHO. 3 However, chemically acti-  range of this work.

vated CECFHO is expected to decompose considerably faster  The rate coefficient of reaction 1 can also be estimated by
than the millisecond times of the eXperimental transients, which app|y|ng model Il to eq 3. From the parameters reported in ref

must be due only to thermal reactions. 10, we calculateé,(760 Torr)= 4.8 x 104%e52%T 571 resulting
The 20 and 35 Torr experimental valueskgk, were scaled in

to 760 Torr via eq 21 for comparison wikik, calculated from

eq 3, assuming thad is independent of pressure. k(T)=1.2x 10 e " cm®* molecule*s ' (24)
ﬁ _ ﬁ Kop RRKM) 1) This preexponential factor differs from the surprisingly large
Ko)760 Torr  \Ko P experimental Ko 760 Torr (RRKM) A1~ 1.4 x 10711 cm® molecule’® s71, estimated by Schneider

et al1% This value was obtained by scalidg from 760 Torr to
The results are presented in Table 9. There is excellentthe high-pressure limit by applying the factor of 1.4 suggested
agreement withky/k, calculated from eq 3 at 295 K and by Wallington et at. Comparing the RRKMA; at 760 Torr
reasonable agreement at 273 K when model | rate coefficientswith Az, = 4.8 x 101, we find that the reaction is actually
are used. However, at 259 K the scaling results k@'l value substantially into the falloff and that the scale factor for
that is 80% larger thaky/k, from eq 3. Table 9 also shows that ~should be about 10. Th&, obtained by this latter scaling is in
scaling with model 1l does not agree as well with the 760 Torr reasonable agreement with tiefactor in eq 24. However,
data as scaling with model | and that the scaled 259 K value of scaling only theA factor is not very accurate because it ignores
ki/ko in this case is larger than the data by more than a factor the pressure dependence of the activation energy in the falloff.

of 2. The individualk; values calculated from eq 24 are listed in Table
The Arrhenius-like expressions fai/k, can also be used in 9. They are seen to be a factor of about 5 to 10 smaller than the

eq 21. With model 1, scaling eq 15 gives/iz)760 Tor= 3.8 x ki values estimated from model I. According to eq 24,

10-27e#827T cnd, and scaling eq 16 givesy(kz)760 Torr = 2.7 X increases by less than 20% between 259 and 295 Kkand

10-27e4887T ¢, There is a significant discrepancy between (4.35=+ 0.3) x 1071® cm2 molecule’ s™* covers the entire
these two expressions and eq 3. It is evident that this is causedange.
by the stronger temperature dependenck b data at 20 and Bednarek et al. reported k; = (Z.ﬁfjb x 10715 cm?
at 35 Torr compared with the 760 Torr data. The discrepancy molecule’ s~ from numerical simulation of their 295 K data.
is almost entirely because of the differences in the 259 K data. Rattigan et af. combined the Bednarek et @atate coefficient
Estimates of ki(T). An estimate ofky(T) was made by with the recommended factor for the ethoxy plus £reactiorn?®
multiplying the temperature dependencekgk, from eqs 15 6.0 x 1071 cm® molecule s71, to obtaink(T) = 6.0 x
and 16 by the RRKM-calculatdd(T) expressed by eqs 19 and 10147925 ¢cm?® molecule! s~2. This expression givdg values
20, respectively. The estimate with the 20 Torr datk {$) = that compare favorably with the individulgl values in Table 9
(8.8 £ 2.9) x 1071524255501 cm? molecule! s71, and with estimated using model Il, whereas thevalues estimated using
the 35 Torr data it isk(T) = (6.3 & 2.3) x 10153025007 model | are about a factor of 5 larger. Somnitz and Zelher
cm® molecule! s71, where the uncertainties are those associated recommendedt; = 4.2 x 10716 cn® molecule! s at 295 K.
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This comparatively smaller rate coefficient comes from model times smaller than the rate of @b, formation, and reaction
Il calculations, which give smallek, values and therefore  with Cl, can account for between 7 and 26% ofs@Bnsump-
smallerk; when combined withki/k; from eq 3. Because the  tion, depending on conditions. The §J, radical can react with
various estimated absolute valueskefandk; are at variance CRCFHGO, to form additional CECFHO, and it can also
by about a factor of 40, we next carried out numerical disproportionate (reaction 29).

simulations of the experimental HC(O)F growth curves to

determine which estimates kf andk; would best simulate the CF; + O,— CF,0, (27)
data.

Mechanism. The mechanism for the numerical simulations ~ CFsCFHO, + CF,0, =~ CF,CFHO+ CF,0+ O, (28)
isli in Table 1. All of th ffici h f
is listed in Table of the rate coefficients except those for  cp | cE O, —CRO+ O, (29)

the reaction of Cl and CIO with GEFHGO; are available from
literature reports. In the absence of rate data for these reactionsT ) . ) )
their rate coefficients were set equal to those for similar reactions | € numerical simulations showed that reactions-29 play

of Cl'and CIO with CECICH,0,.3° The simulations were only & Minor role in the sense _thbilkz is very insensitive to them._
modestly sensitive to these two rate coefficients. When they "€ CRO formed by reactions 28 and 29 |;53r3ezmoved primarily
were varied by+50%, the simulated HC(O)F growth curves by association with CjQz to form a trioxidel-> The reaction
changed by less than the error limits of the data points. Because?’ CFO with CRCFH; is too slow for the formation of CG&

the unavailability of authentic samples of HC(O)F prevented OH t0 be important during our 2680 ms observation time.
the calibration of the mass spectrometer, all comparisons wereBecause CEOH has been suggested to be a precursor of the

made by scaling to an HC(O)F yield of 1.0 in the plateau. The CF,0 that has been observed in steady photolysis experirhents,

evaluation ok, andk, was therefore based on a comparison of ©OUr failure to observe GB, as noted above, must be due to
the simulations with experiment in the rising portion of the HC- the successful competition of €8, with CFCFH, for CRO.
(O)F growth curve. There is no evidence for the removal of HC(O)F by chemical

The simulations predict that Cl atoms decay to 1% of their reaction(s) at observation times in the plateau region (Figure
initial concentration in 10 ms and to 0.02% in 20 ms. The 1)

following reactions are the principal ones removing Cl. Numerical Simulations. The HC(O)F kinetic growth curves
were numerically simulated with the mechanism in Table 1.
Cl + CF,CFH, — CF,CFH + HCI (8) The rate coefficienty,, for the thermal decomposition of GF
CFHO was calculated from RRKM models. Either model I,
Cl + CRCFHO, =~ CFR,CFHO+ CIO (10) model Il, or model Il was used. Model | with a QCISD(T)
Cl+0,+M—CIO0O+M (14) barrier of 11.07 kcal moft was also used in a few calculations.
For consistencyk; was constrained to agree with the experi-
Cl+ HO,— O, + HClI (25) mentally determined/k; obtained from the plateau of the
_ growth curve being simulated. Thug,was calculated by =
The relative rates at 259 K and 20 Torr awgr1o/r14rs = (Ka/Ko)experimentaiX Ko,rrim for each of the RRKM models. The

1:0.40:0.27:0.01. Other Cl removal reactions listed in Table 1 remaining rate coefficients were taken from the literature. No

have smaller rates than reaction 25. The numerical simulationrate coefficients were adjusted to force a fit with the data. The

also revealed that eq 10 is the most important reaction for oxy results from the numerical simulations are presented in Figures
radical formation. The average rate of reaction 10 between 0 4 and 5. The initial concentration of atomic chlorine, [Cllsed

and 30 ms was calculated to be 9 times the average rate ofin the simulations was taken from an experimental determination

reaction 4 over the same time period. of this quantity by NOCI actinometr3f. For these simulations,
The reaction of CECFH with Ch regenerates Cl atoms, some  [Cl]o = 5.6 x 10* molecule cnm® and [Q] = 2.98 x 10
of which react with CECFH,. molecule cn®.
CF,CFH+ Cl,— CF,CFCIH + Cl (26) At 259 K and 20 Torr, the simulations shown in Figure 4

reveal that the predicted HC(O)F growth rate is RRKM model
Cl + CF,CFH, — CF,CFH+ HCI (8) sensitive. The dominant model parameterBs, the ZPE
corrected barrier height. Model Efo = 9.53 kcal mof?)
There is the potential for a chain reaction composed of reactionspredicts a HC(O)F growth curve that rises slightly faster than
8 and 26, with CECFH as a chain carrier. Under the conditions the data (open circles), but the 11.07 kcal mMaQCISD(T)
of this work, roe ~ 10rg. The principal chain-termination step  barrier underestimates the growth rate. ModelB3},{ = 10.7
is reaction 9. Withkog/ke(£18%) = 0.16 &°240M 31 the kinetic kcal moi™?) fits the growth curve quite well, but model 11E§
chain length, which is given by the ratio of the rate of = 12.09 kcal mot?) underestimates the HC(O)F growth rate.
propagation to terminatiomyg/re, varies from 0.01 to 0.04 over  Figure 5a shows that at 273 K model IlI still does not give a
the entire range of experimental conditions, and a chain reactionlarge enough C&£FHO radical decomposition rate to predict
cannot be sustained. This conclusion is supported by experi-the observed HC(O)F growth, but the predictions from the other
mental observations. In some experiments, the transient HClthree calculations agree well with the data and are nearly
signal was monitored and found to reach a plateau after aboutindistinguishable from one another. At 297 K (Figure 5b), the
15—20 ms. If the chain reaction were important, then HCl would CFCFHO decomposition rates calculated by all of the models
not be expected to become constant but to continue to growhave become fast enough to agree with the observed HC(O)F

with increasing time as Cl atoms continue to attackCHH,. growth rate.
Similarly, the chain would cause HC(O)F to continue to grow,  The numerical simulations predict that the rate of formation
whereas Figure 1 shows this not to be the case. of CRCFHO at 259 K is somewhat faster than its decomposi-

The CK radical formed by reaction 2 can react with£F  tion. At this temperature, there is enough separation between
CFH,, Cl,, and Q, with the addition of @ being the dominant  these two rates to show the slight overestimation of the observed
reaction. Abstraction of H from GEFH, by CR; is about 10° HC(O)F growth rate by model I. At 273 K, GEFHO
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Figure 4. HC(O)F concentration profiles at 259 K and 20 TofD,
Experimental data;- — —, model |;—, model Il; — - —, model IlI;

- - -, model I calculated withE,o = 11.07 kcal mott. Conditions:
[HFC134a]= 1.86 x 10" molecule cm3; [O,] = 2.98 x 10 molecule
cm3; [Cly] = 1.12 x 10 molecule cm?; [Cl]o = 5.6 x 10" molecule
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Figure 5. (a) HC(O)F concentration profiles at 273 K and 20 Torr:
data and RRKM calculations; + —, model lll. (b) HC(O)F concentra-
tion profiles at 297 K and 20 Torr: data and RRKM calculations;

—, model Ill.

decomposition rates are faster, and HC(O)F formation is
sufficiently rate-limited by CECFHO formation that the
overestimation of the HC(O)F growth rate is no longer observ-
able. Furthermore, discrimination between models \Eitly <

11 kcal mott is not possible. At 297 K, it is not possible to
discriminate between any models wiag < 12 kcal mot?.

Conclusions

Model Il gives better agreement with both the HC(O)F
formation data and the experimentally determined valuds, ot

J. Phys. Chem. A, Vol. 107, No. 49, 200B0741

barrier for HCI elimination that is within 0.5 kcal mol of
experiment? The basis set additivity method used by Schneider
et all® for their model must also be judged to be very
satisfactory for CECFHO. It seems most likely then that the
barrier for C-C bond scission in GEFHO lies in the range

of 9.5 to 10.7 kcal mol. For atmospheric modeling, an RRKM
model based on MP2/6-31G(d) or MP2/6-31G(d,p) geometry
optimizations and a barrier of 946 0.6 kcal mof?! will give

the best current estimate kf.

In Table 9, the values d§ from 259 to 295 K obtained from
eq 3 and the model ll-calculatel, at 760 Torr are all
encompassed b = (4.40+ 0.35) x 10715 cm?® molecule’?

s 1. Model Il applied to eqgs 15 and 16 will give nearly the
same result. As shown above, valuekpfrom 259 to 295 K

are all encompassed bl = (1.8 &+ 0.6) x 1074 cn?®
molecule! s~ when they are obtained from model | and the
20 and 35 Torki/k, data. Thek; values from model | are larger
than those from model Il primarily because of the lower barrier
in the former model. Alsok; values obtained from the
application of model Ill to the data are smaller than from either
model | or model Il because of the higher barrier. For alkoxy
radicals, Atkinsoftt has recommendek(RO + O;) = 4.0 x
100 exp(-0.28 AH;) cm?® molecule’? s1, wheren is the
number of H atoms on the carban to the O atom. With
AH; (rxn 1) = —38.7 kcal mot?, from the G2 calculation of
AH{°(CRCFHO) and literature dat#;(298 K) = 2 x 10“cm?
molecule’! st is predicted. This is in excellent agreement with
thek; derived from model |, but it has not been possible to test
whether Atkinson’s equation is applicable to {CIFHO or to
halogenated alkoxy radicals in general because of the lack of
data, and the agreement cannot be used to support the larger
Ki.

In the atmosphere, the relative rate of the reaction of-CF
CFHO with G and thermal decompositiony/r, = ki[O2]/kz,
increase with increasing altitude becausedecreases more
rapidly with pressure and temperature than doeg.[@he
formation of CRC(O)F therefore becomes increasingly impor-
tant with increasing altitude. At ground level (288 K, 760 Torr),
rir, = 0.36, and at 5 km (253 K, 400 Torm,/r, = 3.8. The
temperatures and pressures are those of the U.S. standard
atmospheré? The ground-level calculation uses eq 3, and the
5-km calculation usek; = 4.35 x 1071 cm?® molecule® s™1
and RRKM model Il. With model | anéy = 1.2 x 10 cm?®
molecule* s7%, ry/r, = 1 is predicted at 5 km. At 21 km (220
K, 35 Torr)*3 eq 16 predictsi/r, = 12. The extrapolation of
eq 16 from the 259 to 297 K range over which it was determined
to 220 K causes some uncertainty in the 21-km ratio, but not
enough to reverse the upward trendrgf, with altitude.

Chemically activated GJEFHO is formed by the reaction
of CRCFHG, with NO,” and 60% of the oxy radicals formed
in this reaction undergo prompt-&C bond rupturé:1® The
remaining 40% are collisionally stabilized and react thermally.
Using the above rate ratios, we calculate that of theGFHO

as discussed above, than does model I. However, using modeformed in the atmosphere by the NO reaction the sum of

| to scale the 20 and 35 Toki/k, data to 760 Torr gives better
agreement with the 760 Torr d&tahan does scaling with model
II. Thus, both models | and Il agree with at least part of the

decomposition by prompt and thermal decomposition is 90%
at the earth’s surface, 68% at 5 km (80% if model | is used),
and 63% at 21 km. Because §&H-HO is produced in the

existing body of experimental data, and an unambiguous choiceatmosphere by other paths, such as@FHO, + HO, and

between them is difficult at present. Model Ill is not as
satisfactory as either I or Il. The difference in the barrier height
of models | and Il is within the 1.21 kcal nidl average absolute
deviation from experiment that has been found for the G2
method?® and it must be concluded that G2 functions as well
as expected for the GEFHO radical. We have previously found
that G2 works satisfactorily for C}1O radicals, predicting a

2CRCFHQO;,, which are not exothermic enough to generate
chemically activated GJEFHO radicals, the percent decomposi-
tion will be smaller, and the yield of GE(O)F will be
somewhat larger than that implied by the above values.
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