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Ab initio electronic structure calculations provide potential energy surfaces for the decomposition of CF3-
CFHO and its competing reaction with O2. Additional calculations with the same methods study the analogous
reactions of the unfluorinated analogue CH3CH2O. We use transition state theory, incorporating data from
the ab initio computations, to model rate constants for all of these reactions. Comparisons are made between
fluorinated and unfluorinated systems as well as to experiment.

I. Introduction

Hydrofluorocarbon 134a (CF3CFH2) is a chlorofluorocarbon
replacement used in air conditioning systems and refrigerators.
It has been established that it has no impact on stratospheric
ozone.1 However, CF3CFH2 released into the atmosphere may
be oxidized through a sequence of reactions to produce the CF3-
CFHO radical.2,3 This radical may then undergo two possible
atmospheric reactions:

The branching between these two reactions is competitive,
both of these reactions have been the subject of recent
experimental2-8 study, and reaction 2 has been the recent subject
of several computational8-10 studies. Reaction 2 is a thermal
decomposition reaction subject to collisional activation. Reaction
1 is of particular interest as it produces CF3COF, which may
be hydrolyzed to CF3COOH in the atmosphere and precipitated
in rainwater. It has been suggested that CF3COOH precipitation
may have an ecological impact on wetlands over time.11

Experiments2-8 on these two reactions determine the rate
constant ratiok1/k2. This quantity varies due to the pressure
dependence of reaction 2,5-7 but at 1 atm pressure the ratio is
well described7 by the Arrhenius expression

which gives a ratio of 4.0× 10-20 cm3 at 298 K and 1 atm.
It is natural to consider the relationship between the rates of

reactions 1 and 2 with the rates of reaction of the unfluorinated
alkoxy radicals. Recent research has given rise to two questions
on this topic. The first concerns the relative rate of reaction 1
to the rate of reaction of unfluorinated alkoxy radicals with O2.
Bednarek et al.5 use experimental data and simulations to obtain
a somewhat uncertain value ofk1 ) 2.7× 10-15 cm3/molecule*s
at 296 K and 38 Torr; while uncertain, this matches a value
previously obtained by Zellner, as reported in ref 2.12 A recent
computational study of reaction 2 by Somnitz and Zellner10

reports a recent estimate of 4.2× 10-16 cm3/s for the value of

k1, obtained from a value ofk2 determined by ab initio/RRKM
modeling and the Arrhenius expression fork1/k2 noted previ-
ously. Wu and Carr8 also combine ab initio/RRKM modeling
of reaction 2 with experimental results to obtain possiblek1

values of 4.75× 10-15 and 1.9× 10-14 cm3/s at 295 K. Wu
and Carr also studied the reaction of CFCl2CH2O13 and obtained
a rate constant of 1.0× 10-16 cm3/s at 298 K. Wallington6

compares the experimental rate constants reported by Bednarek
et al.5 and Wu and Carr13 to the rate constant for the reaction
of CH3CH2O with O2, which at 298 K is 1.0× 10-14 cm3/
s,14,15 and speculate that the rate constants for the reaction of
fluorinated ethoxy radicals with O2 are 1-2 orders of magnitude
smaller than their unfluorinated analogues, a conclusion shared
by Somnitz and Zellner.10

An additional question concerns the ArrheniusA factors of
reactions 1 and 2 in comparison to their unhalogenated
analogues. Schneider et al.9 observe that, according to Benson,16

A factors for C-C breaking in unhalogenated alkoxy radicals
are typically in the range 3× 1012 to 1014 s-1. A factors for
reaction with O2 are taken as approximately equal to 2nH ×
10-14 cm3/s, wherenH is the number of hydrogens bonded to
the carbon adjacent to alkoxy oxygen.17 Schneider et al.9 argue
that if CF3CFHO behaved in a manner consistent with its
unfluorinated analogues, the ratio ofA factorsA1/A2 would be
expected to have an approximate value between [(2.0× 10-14)/
(3.0× 1012)] and [(2.0× 10-14)/(1.0× 1014)], or between 7×
10-27 and 2× 10-28 cm3, numbers 2-3 orders of magnitude
smaller than Wallington’s value7 of 2.1× 10-25 cm3 for theA
factor ratio.

Schneider et al.9 calculated the Arrhenius parameters of
reaction 2 using intensive ab initio calculations and canonical
transition state theory. They found anA factor comparable to
that of nonhalogenated alkoxy radicals and concluded that
reaction 1 must have anA factor much higher than what is
expected when compared to nonhalogenated radicals.

The alkoxy radical reactions analogous to 1 and 2 are the
reactions of the ethoxy radical, CH3CH2O:

Several experimental studies have examined the rates of
(3)14,18,19and (4),20-23 and reaction 4 has been a subject of study* Corresponding author. E-mail: stevenje@udmercy.edu.

CF3CFHO+ O2 f CF3COF+ HOO (1)

CF3CFHOf CF3 + FCHO (2)

k1/k2 ) 2.4× 10-25 exp[3590((150))/T] cm3

CH3CH2O + O2 f CH3CHO + HOO (3)

CH3CH2O f CH3 + CH2O (4)
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by ab initio calculations.22-25 The mechanism of reaction of
CH3CH2O with O2 has not been studied with computational
methods, but some ab initio quantum computational studies of
the reaction of CH3O with O2,

have been reported.26,27Initially, reaction with O2 was predicted
to proceed by formation of a trioxy intermediate, with OOH
then formed by elimination:

This mechanism was advanced to explain lowA factors in the
reaction of alkoxy radicals with O2.9,26 However, Bofill et al.27

have recently studied the reaction of O2 with CH3O with
exhaustive ab initio computations; their results indicate that the
initial computational study26 misidentified the reaction pathway
and that OOH is likely to be formed via a direct abstraction
process.

In summary, existing research engenders the following three
questions: (1) Does CF3CFHO in particular, or fluorinated
radicals in general, react more rapidly with O2 than unfluorinated
ones? (2) If so, is this the result of marked differences in the
mechanism of reaction of fluorinated and unfluorinated radicals
with O2? (3) Is theA factor for the reaction of CF3CFHO with
O2 abnormally large, as suggested by Schneider et al.,9 or is
there another explanation for the largeA factor ratioA1/A2? As
noted above, reactions 1 and 4 have not yet been studied with
quantum computational approaches. To elucidate the questions
outlined above, this work presents ab initio molecular orbital
investigations and subsequent modeling of rate constants for
reactions 1-4. The reactions are studied by consistent electronic
structure and kinetic modeling approaches to facilitate com-
parisons of barrier heights to reactions and parameters arising
from kinetic modeling. The method of our ab initio calculations
is outlined in section II. Section III describes the resulting
reaction potential energy surfaces, section IV discusses our
modeling of rate constants, and section V summarizes the results.

II. Computational Methods

All calculations were completed using the Gaussian 98
electronic structure package.28 Unless otherwise noted, all
minima and transition states were optimized on a single doublet
potential energy surface using the B3LYP hybrid density
functional method.29 A 6-311G(d,p) basis set, referred to as basis
set I, was used for all atoms. Reactants and products were also
optimized with the B3LYP/I method, with the appropriate
ground-state spin multiplicity (singlet for closed-shell species,
doublet for all species with an odd number of electrons, and
triplet for O2). B3LYP/I frequency calculations were performed
for all optimized species. These frequency calculations verify
that all frequencies for minima are real and that all transition
states have one imaginary frequency. In the case of all optimized
transition states, intrinsic reaction coordinate (IRC) calculations
have established connectivity to reactants and products.

The G2M(CC,MP2) method30 was used to calculate higher-
level energies for all geometries optimized with the B3LYP
calculations described above. This method of calculating single-
point energies involves a CCSD(T)/I calculation to determine
a base energy. A pair of MP2 calculations to establish a basis
set correction follows this calculation. One MP2 computation
determines the energy with a large 6-311+G(3df,2p) basis. This

basis set is referred to as basis set II. The basis set correction
is found by subtracting the calculated energy of an MP2/I
calculation from the energy of a MP2/II calculation and then
adding this difference to the CCSD(T)/I base energy. An
additional zero-point energy (ZPE) correction determined at the
B3LYP/I level is added to the base energy, as well as an
empirical high-level correction (HLC) determined by the number
of R andâ electrons. The HLC energy is defined asE[HLC] )
-5.30nâ - 0.19nR, in units of millihartree, wherenâ is the
number ofâ electrons andnR is the number ofR electrons. The
G2M(CC,MP2) energy is thus computed as

Some additional intensive calculations have been made using
the CCSD(T) method with a cc-PVTZ basis set. This basis set
will be referred to as basis set III.

III. Results

In the following sections, energies of optimized structures
are reported relative to reactants for reactions 1-4, as appropri-
ate. B3LYP/I, B3LYP/I+ ZPE, and G2M(CC,MP2) energies
are reported. B3LYP/I results will appear first in the text,
followed in parentheses by B3LYP/I+ZPE in italic and G2M-
(CC,MP2) results in bold.

A. Potential Energy Surfaces for C-C Bond Breaking.
Figure 1 shows the optimized transition state for C-C bond
breaking,TS-CC, in the unfluorinated ethoxy radical, and its
analogue for the CF3CFHO reaction,TS-CC-F. The reactants,
CH3CH2O (R1) and CF3CFHO (R1-F), and products CH3 and
CH2O (P1) and CF3 and CFHO (P1-F) are also displayed.

CH3O + O2 f CH2O + OOH (5)

CH3O + O2 f CH3OOO (5a)

CH3OOOf CH2O + OOH (5b)

Figure 1. Structures of reactants, transition states, and products for
the decomposition reactions of CH3CH2O and CF3CFHO, as optimized
with B3LYP/I computations. All bond lengths are in angstroms and
angles are in degrees.

E[G2M(CC,MP2)]) E[CCSD(T)/I] + E[MP2/II] -
E[MP2/I] + E[ZPE(B3LYP/I)] + E[HLC]
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For both the fluorinated and the unfluorinated radical, the
transition state for C-C breaking is rather late.TS-CC appears
at an energy of 19.8 (17.8, 16.4) kcal/mol; the energy of reaction
is 16.9 (11.9, 8.6) kcal/mol. The corresponding enthalpies of
reaction at 298 K (using thermal correction at 298 K as
determined by B3LYP frequency calculation) are 13.1 (10.1)
kcal/mol.

Early experimental determinations20,21of the activation energy
for this reaction obtain a value of 21.6 kcal/mol. As noted in
section III-C, the experimental enthalpy of reaction is 12.8 kcal/
mol, and G2M(CC,MP2) computations underestimate this
enthalpy by approximately 3 kcal/mol. Several ab initio studies
have been made of this reaction. The PMP4/6-31G* calculations
of Gonzales et al.25 find a barrier of 22 kcal/mol for C-C
breaking and an energy of reaction of 18.6 kcal/mol. Hoyermann
et al.23 determine a barrier of 20.8 kcal/mol for C-C breaking
with MP2 methods. Somnitz and Zellner find barriers of 18-
19 kcal/mol with a variety of model chemistries.24 Caralp et
al., in a study involving both computation and experiment,22

implement BAC-MP4 computations and find a barrier of 17.4
kcal/mol and an enthalpy of reaction of 9.6 kcal/mol. The
experimental results and most of the ab initio calculations noted
here suggest that the G2M(CC,MP2) method underestimates
both the barrier height and the endothermicity of this reaction,
but the most recent results of Caralp et al.22 are more in accord
with the G2M(CC,MP2) calculations.

TS-CC-F appears at an energy of 9.7 (8.7, 11.3) kcal/mol,
and the energy of reaction is 1.76 (0.18, 1.46) kcal/mol. These
results are comparable to values obtained by the intensive ab
initio calculations of Schneider et al.,9 which find the barrier to
C-C fission in CF3CFHO to be 10.7 kcal/mol and the energy
of reaction to be-0.3 kcal/mol. The rigorous G2 and G2(MP2)
calculations of Wu and Carr8 also find comparable values of
9.5 kcal/mol (G2 and G2(MP2)) for the barrier and values of
1.10 kcal/mol (G2) and 0.62 kcal/mol (G2(MP2)) for the energy
of reaction. Somnitz and Zellner performed ab initio studies of
this reaction and find a higher barrier of 12.6-13.1 kcal/mol
with a variety of model chemistries.10 Bednarek et al.5 cite a
value of-8.1 kcal/mol31 for the enthalpy of reaction, in poorer
agreement with our results; this is discussed further in section
III-C.

B. Potential Energy Surfaces for Direct H-Abstraction
Reaction with O2. Bofill et al.27 studied the potential energy
of the CH3O + O2 reaction with the B3LYP method as well as
with CISD, CASSCF, and QCISD(T) methods, taking CCSD-
(T)/cc-pVTZ single-point energies at optimized structures.
Figure 2 presents a reaction profile for the CH3O + O2 reaction
as determined by these calculations. Bofill et al.’s computations
found two low-energy transition states for H-abstraction, one
at an energy of 11.6 kcal/mol relative to the reactants and
another, more stable one with a C-H-O-O-O ringlike
structure at a relative energy of 3.7 kcal/mol. IRC computations
verified that these transition states connect to CH3O + O2

reactants and CH2O + OOH products through weakly bound
hydrogen-bonding intermediates. While these calculations were
able to optimize stable trioxy intermediates, these intermediates
did not lie on the low-energy reaction pathway. This mechanism
for H-abstraction was consistently found using the B3LYP
method for optimizations as well as more computationally
demanding approaches.

A pathway for H-abstraction initiating from a trioxy inter-
mediate could not be determined with B3LYP optimizations.
CISD and CASSCF optimizations, however, could determine a
reaction pathway initiating from a “trans” trioxy intermediate.

The highest barrier on this reaction pathway appeared at an
energy of 51.4 kcal/mol relative to the reactants, and Bofill et
al.27 concluded that the reaction would not occur by this route
and that the favored H-abstraction pathways would be the low-
energy, direct ones.

Our computations implement B3LYP/I optimizations to
explore reaction pathways for the reactions of CH3CH2O and
CF3CFHO with O2. For both alkoxy radicals, these calculations
find two-direct abstraction transition states entirely analogous
to the transition states of the CH3O + O2 reaction. For both
radicals, these transition states lie on a reaction pathway which
does not involve the formation of trioxy radical intermediates.
Figure 3 shows optimized structures on the direct reaction
pathway for the CH3CH2O + O2 reaction. Figure 4 presents
optimized structures on the direct reaction pathway for the CF3-
CFHO + O2 reaction. Figure 5 presents reaction profiles for
both of these reactions, summarizing the energetics.

The CH3CH2O and O2 reactants (R2) initially form a weakly
bound complexH-C1 in which O2 interacts with hydrogen and
oxygen atoms on the radical. The relative energy ofH-C1 is
-0.9 (0.01, 10.4) kcal/mol; the high G2M(CC,MP2) energy
appears at the CCSD(T)/I, MP2/I and MP2/II levels of the G2M-
(CC,MP2) calculations. This complex connects directly to two
transition states,TS-A, appearing at 8.9 (7.5, 10.4) kcal/mol,
andTS-B, a more stable transition state with a relative energy
of 5.1 (5.4, 6.1) kcal/mol. Both of these transition states connect
H-C1 to another complex,H-C2, with a relative energy of
-40.2(-37.2, -45.2) kcal/mol. This complex is connected to
the CH3CHO + OOH products (P2) without reverse barrier.
The relative energy ofP2 is -28.4 (-28.7, -36.9) kcal/mol.
For comparison, the experimental enthalpy of reaction is-32.7
kcal/mol, as discussed in section III-C.

For the CF3CFHO + O2 reaction, reactants (R2-F) may
initially form one of two hydrogen-bonded intermediates, one
in which an oxygen atom on O2 interacts with an F atom on
CF3CFHO (H-C1-A-F) and another featuring an interaction

Figure 2. Computed CCSD(T)/cc-pVTZ//CASSCF/6-311G(d,p) reac-
tion path for CH3O + O2 f CH2O + OOH, as presented in ref 21.
Energies are relative to reactants and are in kcal/mol.
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between an O2 oxygen and an O atom on CF3CFHO (H-C1-
B-F). Both complexes are weakly bound; the relative energy
of H-C1-A-F is -1.2 (-0.8, -5.9) kcal/mol, while the relative
energy ofH-C1-B-F is -1.4 (-0.7, -4.3) kcal/mol. H-C1-
A-F connects to the transition stateTS-A-F, the fluorinated
analogue toTS-A, at a relative energy of 7.4 (5.4, 7.9) kcal/
mol. H-C1-B-F connects to the analogue ofTS-B, TS-B-F, at
a relative energy of 4.2 (3.3, 4.1) kcal/mol. Both of these
transition states connect to a hydrogen-bonded complexH-C2-F
at a relative energy of-39.0 (-36.6, -45.1). This complex
connects to the products CF3COF and OOH (P2-F) without
reverse barrier. The relative energy ofP2-F is -31.8 (-31.1,
-39.3) kcal/mol. For comparison, Bednarek et al.5 cite a value
of -38 kcal/mol31 for the enthalpy of reaction, in good
agreement with our results; this will be discussed further in
section III-C.

C. Comparison to Experimental Enthalpies of Reaction.
Comparison of computed enthalpies of reaction to experimental
data provides some measure of the accuracy of the energetics
reported in previous sections. Table 1 displays B3LYP/I, G2M-
(CC,MP2), and experimental enthalpies at 298 K for the
reactions 1-4. The enthalpy of an optimized reactant or product
is taken as the base energy (B3LYP/I or G2M(CC,MP2) with
no ZPE correction) and the standard gas-phase enthalpy
correction at 298 K as determined by Gaussian 98 B3LYP/I
frequency computations and subsequent statistical mechanical
evaluation.32 The statistical mechanics calculation assumes an
internally rigid molecule; that is, all of the internal degrees of
freedom are treated as vibrations and not internal rotations.

For reaction 1, an experimental result taken from Bednarek
et al.31 is displayed for comparison to the computed result. Our
G2M(CC,MP2) calculations display excellent agreement with
this experimental data. For reaction 2, the computed result is
compared to experimental data referenced by Bednarek,31 a
computational result of Schneider et al.9 and additionally to an
“experimental” result obtained from recent enthalpy of formation
data. Recent experimental enthalpy of formation data33 are
available for a large number of hydrocarbon radicals and some
fluorinated species, but data for analogous fluorine compounds
are in general sparse and no experimental data are available for
CF3CFHO and CFHO. The enthalpy of reaction 2 is computed
by taking a theoretical value for∆Hf,298 (CF3CFHO) provided
by Wu and Carr,10 a recent computational result34 of Schneider
and Wallington for the enthalpy of formation of CFHO, and
experimental data33 for the enthalpy of formation of CF3. The
G2M(CC,MP2) result for reaction 2 is in poor agreement with
the experimental result reported by Bednarek,31 but does appear
to be in better agreement with a computation of∆E at 0 K by
Schneider et al.9 and the result obtained by combining experi-
mental enthalpy of formation data with computational data.
Reactions 3 and 4 are compared to reaction enthalpies computed
with experimental enthalpy data.33 Discrepancies between G2M-
(CC,MP2) and experiment are between 3 and 5 kcal/mol.

Table 1 also displays more intensive computations of the
reaction enthalpy in which base energies for reactions and
products have been made using the CCSD(T) method with a
cc-PVTZ basis set (basis set III). CCSD(T)/III reaction enthal-
pies exhibit agreement with experiment that is relatively poor

Figure 3. B3LYP/I structures of reactants, transition states, and
products for the reaction of CH3CH2O with O2. All bond lengths are
in angstroms and angles are in degrees.

Figure 4. B3LYP/I structures of reactants, transition states, and
products for the reaction of CF3CFHO with O2. All bond lengths are
in angstroms and angles are in degrees.
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for reactions in which the reactants and products differ in the
number of unpaired electrons. The computed CCSD(T)/III
energies, unlike G2M(CC,MP2) energies, include no empirical
high-level correction (HLC), which serves to make minor
adjustments in the energy based on the number of unpaired
electrons. No HLC correction has been specifically parametrized
for CCSD(T)/III calculations, but an approximate correction has
been made by adding the HLC defined for G2M(CC,MP2) to
the CCSD(T)/III base energies, with a substantial improvement
in agreement with experiment. Such CCSD(T)/III+ HLC
enthalpies (including B3LYP/I enthalpy correction) are included
in Table 1. These enthalpies agree very well with the experi-
mental enthalpy of reaction 1 and with the computational results
(b,c) for reaction 2. These computations, like the G2M(CC,-
MP2) results, show a persistent deviation from experiment of

∼3 kcal/mol for reaction 4, but display an error of only 1.6
kcal/mol for reaction 3.

IV. Modeling of Rate Constants

Modeling of the rate constants of reactions 1-4 was at-
tempted with the activated complex (transition state) theory.16,35,36

For second-order reactions, such as the reaction of an alkoxy
radical with O2, this gives

while the rate constant of a first-order unimolecular decomposi-
tion is given by

whereP0 is the standard pressure,kb is the Boltzmann constant,
h is Planck’s constant,R is the gas constant,T is temperature
(taken as 298 K), and∆Ha and∆Sa are the changes in standard
enthalpy and entropy of activation at 298 K. These last are the
difference between the enthalpy (or entropy) of the transition
state and reactants. Identifying the activation energy as∆H +
RT for first-order processes and∆H + 2RT for second-order
processes provides formulas for the activation energy and gives
the relation

for second-order processes and

for first-order processes, wheree is the exponential constant.
The enthalpy of an optimized reactant or transition state is
defined in the same manner that enthalpies of reactants and
products were defined in section III-D. The entropy of an
optimized reactant or transition state is similarly taken as the
standard gas-phase entropy at 298 K as determined by Gaussian
98 B3LYP/I frequency computations and subsequent statistical
mechanical evaluation.

Table 2 presents rate constants and kinetic parameters
(preexponential factorsA and activation energiesEa) at 298 K
and 1 atm for reactions 1-4 as computed by the methods
described above. For comparison, Table 2 also displays rate
constants determined at temperatures near 298 K and ac-
companying kinetic parameters provided in studies referenced
in this paper. Particulars of our determinations of the data in
this table and data extracted from referenced works are in the
following paragraphs.

For CF3CFHO, our modeled rate constant for reaction with
oxygenkO2,F is taken as the sum of the rate constants determined
at the two direct abstraction transition states,kO2,F ) kO2,F(TS-
A-F) + kO2,F(TS-B-F). Evaluation of rate constants as described
above giveskO2,F(TS-B-F) ) 1.01 × 10-17 cm3/s andkO2,F-
(TS-A-F) ) 1.16× 10-19 cm3/s for a totalkO2,Fof 1.02× 10-17

cm3/s. This value is smaller than all previous estimates ofk1.
For example, this is 2 orders of magnitude smaller than
Bednarek’s5 direct experimental determination ofk1 ) 2.7 ×
10-15 cm3/s. Somnitz and Zellner10 and Wu and Carr8 estimate
k1 from combinations of experimental data and ab initio/RRKM
models and also obtain values ofk1 larger than ours. The rate
constant kO2,F(TS-B-F) by far makes the most significant
contribution tokO2,F; the modeledA factor for this rate constant
is AO2,F ) 3.06× 10-14 cm3/s; the associated activation energy
is Ea,O2,F) 4.7 kcal/mol.

Figure 5. Reaction paths for CH3CH2O + O2 f CH3CHO + OOH
and CF3CFHO + O2 f CF3COF + OOH. B3LYP, B3LYP+ZPE
(italic), and G2M(CC,MP2) (bold) energies are displayed. Energies are
relative to reactants and are in kcal/mol.

k ) (RT/P0)(kbT/h) exp(-∆Ha/RT) exp(∆Sa/R)

k ) (kbT/h) exp(-∆Ha/RT) exp(∆Sa/R)

A ) e2(kT/h)(RT/P0) exp(∆Sa/R)

A) e(kbT/h) exp(∆Sa/R)
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The rate for C-C scission breaking in CF3CFHO is calculated
for one reaction pathway takingTS-CC-F as the transition state.
This gives a modeled rate constantkCC,F ) 1.33× 105 s-1, a
result within an order of magnitude or less than other studies
displayed. This is an order of magnitude smaller than Bednarek’s5

recent experimental value (at 295 K and 38 Torr) ofk2 ) 1.8
× 104 s-1. The pressure-dependence studies of Wallington et
al.6 indicate that Bednarek’s result would be multiplied by
approximately an order of magnitude in the high-pressure limit.
Our results are similar to those of several recent8-10 computa-
tional studies, particularly the ab initio/RRKM results of Somnitz
and Zellner.10 Our modeling obtains anA factor ACC,F ) 1.06
× 1014 s-1, with associated activation energy activation energy
Ea,CC,F) 12.1 kcal/mol. These values may be compared to the
value ofA ) 4.8× 1013 s-1 andEa ) 11.4 kcal/mol Schneider
obtained9 using ab initio calculations combined with canonical
transition state theory. Somnitz and Zellner’s computations10

obtain anA factor of 9.58× 1012 s-1 and activation energyEa

) 12.2 kcal/mol at a pressure of 1 bar. The rate constant ratio
is ko2,F/kCC,F) 7.69× 10-23 cm3, 3 orders of magnitude smaller
than Wallington’s7 value of 4.0× 10-20 cm3, as noted in the
Introduction. The discrepancy may arise from our evaluation
of k1, as noted above.

For CH3CH2O, we again take the rate of reaction with O2

(reaction 3) as the sum of rate constants corresponding to
transition statesTS-A and TS-B or kO2 ) kO2(TS-A) + kO2

(TS-B). Evaluation of rate constants giveskO2(TS-B) ) 2.49
× 10-19 cm3/s, kO2 (TS-A) ) 2.35× 10-21 cm3/s, andkO2 )
2.52× 10-19 cm3/s, a value which is again orders of magnitude

smaller than previous experimental determinations,14,15,18,19as
shown in Table 2. TheA factor forkO2(TS-B) is AO2(TS-B) )
7.9 × 10-15 cm3/s, with accompanying activation energyEa-
(TS-B) ) 6.1 kcal/mol. ThisA factor is lower by an order of
magnitude than the most recent experimental value14 of 7.1 ×
10-14 cm3/s. The activation energy is several kcal/mol higher
than indicated in previous experimental determinations.14,18This
suggests that the computed energy barrier posed byTS-B may
be too high. More computationally rigorous determinations of
the energy ofTS-B are described later in this section.

The modeled rate constant for C-C breaking,kCC, is found
for one path withTS-CC as the transition state; evaluation gives
kCC ) 7.03 s-1. Earlier experimental results20,21give a value of
k4 ) 0.144 s-1 at 298 K and pressures near 1 atm, which
studies21,22 indicate is near the high-pressure limit for alkoxy
radicals. More recent experimental studies22 obtain the expres-
sionk4 ) 1.1× 1013 exp(-70.3 kJ/mol/RT) in the high-pressure
limit, which gives a value of 5.31 s-1. This experimental
expression fork4 is in close agreement with ab initio/RRKM
studies in the same work.22 The ab initio/RRKM study of
Hoyermann et al.23 yields Arrhenius parameters (in the high-
pressure limit) ofA ) 7.9 × 1013 s-1 andEa ) 22.0 kcal/mol;
at 298 K this gives a rather low value ofk4 ) 6.2 × 10-3 s-1.
OurA factor forkCC is ACC ) 2.4× 1013 s-1, with accompanying
activation energyEa,CC ) 17.1 kcal/mol; theA factor is 2 orders
of magnitude beneath the earlier experimental value of 1.0×
1015 s-1,20,21but comparable to the more recent value of 1.1×
1013 s-1 noted above.22

TABLE 1: B3LYP/I, G2M(CC,MP2), CCSD(T)/III, and Experimental Enthalpies (298 K, kcal/mol) of Various Reactions

reaction B3LYP/I G2M(CC,MP2) CCSD(T)/III CCSD(T)/III+ HLC expt.

1. CF3CFHO+ O2 f CF3COF+ OOH -31.6 -37.0 -34.5 -37.8 -38.0a

2. CF3CFHOf CF3 + CFHO 0.9 2.2 2.0 2.0 8.1,a

0.3,b

0.3c

3. CH3CH2O + O2 f OOH + CH3CHO -28.2 -37.4 -31.1 -34.3 -32.7d

4. CH3CH2O f CH2O + CH3 13.4 10.1 10.5 10.5 12.8d

a Reference 31.b Reference 9, computational result. (∆E for the reaction at 0 K is computed by approximation to CCSD(T)/TZ2P calculations
at MP2/6-31G(d,p) geometries.)c Enthalpies of formation are taken from refs 33 (CF3), 34 (CFHO, computational result, approximation to QCISD(T)/
aug-cc-pVTZ calculations at MP2/6-31G(d,p) geometries), and 8 (CF3CFHO, computational result, G2MP2).d Enthalpies of formation are taken
from ref 33.

TABLE 2: Rate Constants and Arrhenius Parameters (A and Ea) of Reactions 1-4 at Temperatures Near 298 K (Pressures for
Pressure-Dependent Rate Constants (Reactions 2 and 4) Are 1 atm Unless Otherwise Noted)

reaction k A Ea ref

1 2.7× 10-15 cm3/s (295 K) 5,12
4.75× 10-15-1.9× 10-14 cm3/s (295 K) 7.5× 10-15-4.8× 10-13 cm3/sa -0.5 to 1.9 kcal/mola 8
4.2× 10-16 cm3/s (300 K) 3.06× 10-14 cm3/s 4.7 kcal/mol 10
1.02× 10-17 cm3/s (298 K) this work

2 9.8× 104 s-1 (298 K) 7.4× 1011 s-1 9.4 kcal/mol 2
1.8× 104 s-1b (295 K, 50 mbar) 5
4.56× 104 s-1 (297 K) 9.5 kcal/molc 8
2.1× 105 s-1 (298 K) 4.8× 1013 s-1 11.4 kcal/mol 9
1.1× 104 s-1 (300 K, 1 bar) 9.58× 1012 s-1 12.2 kcal/mol 10
1.33× 105 s-1 (298 K) 1.06× 1014 s-1 12.1 kcal/mol this work

3 1.0× 10-14 cm3/s (298 K) 7.1× 10-14 cm3/sd 1.10 kcal/mold 14,15
1.4× 10-14 cm3/s (298 K) 3.0× 10-13 cm3/s 1.84 kcal/mol 18
7.8× 10-15 cm3/s (296 K) 19
2.52× 10-19 cm3/s (298 K) 7.9× 10-15 cm3/s 6.1 kcal/mol this work

4 0.144 s-1 (298 K) 1.0× 1015 s-1 21.6 kcal/mol 20,21
5.31 s-1 (298 K)e 1.1× 1013 s-1 16.8 kcal/mol 22
6.2× 10-3 s-1 (298 K)f 7.9× 1013 s-1 22.0 kcal/mol 23
1.46 s-1 (300 K, 1bar) 9.8× 1012 s-1 17.6 kcal/mol 24
7.03 s-1 (298 K) 2.4× 1013 s-1 17.1 kcal/mol this work

a Applies to estimate ofk1 ) 1.9× 10-14 cm3/s. b Should be multiplied by approximately 1 order of magnitude to obtaink at 1 atm, as noted in
text. c G2 barrier height.d Reference 14.e High (infinite)-pressure limit.f High-pressure limit.
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This modeling lends support to the contention that the reaction
of CF3CFHO with O2 is more rapid than its unfluorinated
analogue (k ) 1.02× 10-17 cm3/s for CF3CFHO vsk ) 1.59
× 10-21 cm3/s). The rate of reaction of the fluorinated compound
is 4 orders of magnitude larger than that for the unfluorinated
compound, a result greater than the 2 orders of magnitude
difference suggested by Wallington et al.6 The larger rate
constant is a result primarily of the smaller barrier to reaction
for CF3CFHO (4.1 kcal/mol forTS-B-F vs 6.1 kcal/mol for
TS-B, considering the barrier posed by the more stable transition
state as provided by standard G2M(CC,MP2) calculations). This
result is naturally subject to errors in the computed energies of
the transition state. Section III-E compares the enthalpies of
computed G2M(CC,MP2) reactions and experiment; the largest
discrepancy occurs in reaction 3. The G2M(CC,MP2) energy
of TS-B, which lies on the path of reaction 3, may be
particularly inaccurate.

The CCSD(T)/III+ HLC reaction enthalpies shown in Table
1 display excellent agreement with experiment for both reactions
1 and 3. A comparison of the CCSD(T)/III+ HLC relative
energies ofTS-B and TS-B-F might provide a more reliable
estimate of relative barrier heights than a comparison of G2M-
(CC,MP2) results. However, the expense of a CCSD(T)/III
calculation ofTS-B-F prohibited this computation. A CCSD-
(T)/III + HLC calculation of the energy ofTS-B relative to
the reactants was feasible. This calculation determined a barrier
height of 6.2 kcal/mol; this result incorporates B3LYP/I zero-
point energy corrections for better comparison to the G2M(CC,-
MP2) results, which also incorporate this ZPE correction.

The G2M(CC,MP2) enthalpy of reaction 1 and the CCSD-
(T)/III +HLC energy of reaction 3 both show close (less than
2 kcal/mol) agreement with experiment, suggesting that the
G2M(CC,MP2) energy ofTS-B-F and the CCSD(T)/III+ HLC
energy ofTS-B may provide energies close to the true barrier
heights of reactions 1 and 3, and it is worthwhile to compare
the two. The high-level CCSD(T)/III+ HLC calculation of
TS-B finds a barrier height of 6.2 kcal/mol; this number is
approximately 2 kcal/mol higher than the G2M(CC,MP2)
relative energy ofTS-B-F. As the CCSD(T)/III+ HLC relative
energy ofTS-B is essentially the same as the relative energy at
the G2M(CC,MP2) level, substitution of the CCSD(T)/III+
HLC energy into the computation ofkO2 discussed above makes
little difference in the results.

V. Summary

The final paragraph of the Introduction of this paper poses
three significant questions, and the results supplied in the
subsequent sections provide indications of the possible answers.
To address the first question, the computations presented here
do suggest that CF3CFHO reacts more rapidly with O2 than its
unfluorinated analogue, CH3CH2O. It may be true that fluori-
nated alkoxy radicals in general react more rapidly with O2 than
unfluorinated ones. Future computational and experimental
studies on other systems may make it possible to directly
compare rate constants for fluorinated alkoxy radicals with their
unfluorinated analogues and provide more insight into this
question.

To speak to the second question, this study finds no
substantial differences between the reaction mechanisms of
reactions 1 and 3. The results indicate that the reaction of CF3-
CFHO with O2 occurs by means of transition states very similar
to those of the reaction of CH3CH2O with O2. The calculations
suggest that reaction occurs more rapidly for the fluorinated
compound primarily because the energetic barrier to reaction

posed by the transition state is lower than that for the
unfluorinated analogue. Our best computations indicate that the
barrier to reaction is approximately 2 kcal/mol higher in the
unfluorinated species. This suggests the possibility that fluori-
nated alkoxy radicals in general have lower barriers to reaction
with O2 than their unfluorinated analogues. Further computa-
tional work comparing fluorinated and unfluorinated systems
might lend additional support to this hypothesis.

Concerning the third question, our ratio ofA factors for
fluorinated and unfluorinated compounds is nearly equal. The
ratio of A factorsAO2,F/ACC,F ) 2.89× 10-28; this is 3 orders
of magnitude smaller than Wallington’s value of 2.1× 10-25.9

The computed ratio ofA factors for the reactions of CH3CH2O
is AO2/ACC ) 3.24× 10-28 cm3. This A factor ratio should be
compared to the ratio ofA factors obtained by taking theA
factor for reaction with O2 reported by Hartmann,14 and dividing
by Caralp’s22 experimentalA factor for decomposition; this gives
a value of (7.1× 10-14 cm3/s/1.1× 1013 s-1) ) 6.4 × 10-27

cm3 for A3/A4. The modeling deviates from experiment by an
order of magnitude. These results do not support earlier
speculations that theA factor ratio will be much larger for CF3-
CFHO. We note that the modeledA factor for the reaction of
CF3CFHO with O2, AO2,F ) 3.06 × 10-14, is larger than the
correspondingA factor for CH3CH2O, AO2 ) 7.9× 10-15. This
difference of an order of magnitude is in qualitative agreement
with the hypothesis of Schneider et al.9 However, the decom-
position rate constants also differ by an order of magnitude;
the modeled decompositionA factor for CF3CFHO, ACC,F )
1.06 × 1014 s-1, is an order of magnitude larger than the
modeledA factor for the unfluorinated analogue,ACC ) 2.4×
1013.
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