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A direct ab initio dynamics method was used to study the mechanism and kinetics of the reaction CF3CHFOCH3

+ OH. Two reaction channels, R1 and R2, were found, corresponding to H-abstraction from a sCH3 group
and asCHF group, respectively. The potential energy surface (PES) information was obtained at the G3(MP2)//
MP2/6-311G(d,p) level. The standard enthalpies of formation for the reactant (CF3CHFOCH3) and products
(CF3CHFOCH2 and CF3CFOCH3) were evaluated via isodesmic reactions at the same level. Furthermore, the
rate constants of two channels were calculated using the canonical variational transition state theory (CVT)
with small-curvature tunneling (SCT) contributions over a wide temperature range of 200-3000 K. The
dynamic calculations demonstrate that reaction R1 dominates the overall reaction when the temperature is
lower than 800 K whereas reaction R2 becomes more competitive in the higher temperature range. The
calculated rate constants and branching ratios are both in good agreement with the available experimental
values.

1. Introduction

Because they lack chlorine and bromine atoms in their
molecules and have no potential for depleting ozone, hydrof-
luoroethers (HFEs) are currently used as third-generation
substitutes for chlorofluorocarbons (CFCs) in foam-blowing and
aerosol-propellant applications.1-3 However, HFEs still have
potential contributions to the greenhouse effect because of their
strong absorption at 1000-3000 cm-1.4,5 To evaluate their
environmental impact, the lifetimes of HFEs in the troposphere
should be determined. Degradation of HFEs in the troposphere
is mostly caused by hydroxyl radicals,6 and therefore, much
effort has been paid in recent years to the reactions of HFEs
with hydroxyl radicals.7-10

For the title reaction, OH radicals can abstract hydrogen atoms
both from sCH3 groups and from sCHF groups

CF3CHFOCH3 +OHfCF3CHFOCH2 +H2O

(R1)

f CF3CFOCH3 +H2O (R2)

Chen et al.7 measured a total rate constant of (1.77 ( 0.69) ×
10-12 exp[(-720 ( 110)/T] cm3 molecule-1 s-1 at 253-328
K. The rate constant was determined as (1.56 ( 0.06) × 10-13

cm3 molecule-1 s-1, and the competition ability (k1/k2) for

reaction R1 and R2 was 4.2:1 at 298 K. To the best of our
knowledge, little theoretical attention has been paid to this
reaction, especially its kinetic properties over a wide temperature
range. The present work focuses on the theoretical investigation
of the mechanism and kinetics of the reaction of CF3CHFOCH3

with OH radical.

2. Computational Methods

Electronic structure calculations were carried out with the
Gaussian 03 program suite.11 The optimized geometries, har-
monic vibrational frequencies, and zero-point energies (ZPEs)
of all stationary points (reactants, complexes, transition states,
and products) were calculated at the MP2/6-311G(d,p) level of
theory.12 The minimum-energy paths (MEPs) were obtained by
intrinsic reaction coordinate (IRC) calculations13-15 at the same
levels. To acquire more reliable kinetic information, further
single-point calculations were performed using the G3(MP2)16

method with the MP2/6-311G(d,p)-optimized geometries.
G3(MP2) is considered to be an efficient and economical method
for calculating single-point energies of transient species involved
in radical reactions, and in our previous reports,17,18 we found
the combination of MP2/6-311G(d,p) with G3(MP2) to ac-
curately predict the reaction kinetics.

By means of the POLYRATE 8.4.1 program,19 theoretical
rate constants were calculated over the wide temperature range
of 200-3000 K using the canonical variational transition state
theory (CVT)20-22 with the small-curvature tunneling (SCT)
correction.23,24 The potential energy surface information, includ-
ing geometries, energies, gradients, and force constants of the
stationary points and 24 extra points along the MEP, was
obtained directly from electronic structure calculations. All
vibrational modes, except for the lowest vibrational mode, were
treated quantum mechanically as separable harmonic oscillators,
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whereas for the lowest-frequency mode, the partition function
was evaluated by the hindered-rotor approximation of Truhlar
and Chuang.25,26 During the kinetic calculations, the Euler single-
step integrator with a step of 0.001 (amu)1/2 bohr was used to
follow the MEP, generalized normal-mode analysis was per-
formed at 0.01 (amu)1/2 bohr. In the calculation of the electronic
partition functions, the two electronic states of the OH radicals
were included, with a 140 cm-1 (637.882 × 10-6 hartree)
splitting in the 2Π ground state. The curvature components were
calculated using a quadratic fit to obtain the derivative of the
gradient with respect to the reaction coordinate. The total rate
constant was obtained as the sum of the individual rate constants
associated with reactions R1 and R2. Furthermore, the branching
ratios of reactions R1 and R2, k1/k and k2/k, respectively, were
also calculated.

The major problem in applying the unrestricted spin formal-
ism is contamination with higher spin states. Severe spin
contamination could lead to a worse estimation of the barrier
height.27,28 We examined the spin contamination before and after
annihilation for all species involved in the title reaction. Table
1 shows that the 〈S2〉 values for the doublet range from 0.755
to 0.777 before annihilation, whereas after annihilation, 〈S2〉 is
0.75 (the exact value for a pure doublet), with a maximum
difference of 4.67%, less than the permitted criterion of 10%.29

Consequently, the wave function was not severely contaminated
by states of higher multiplicity.

3. Results and Discussion

3.1. Reaction Mechanism. The optimized geometries of the
reactants, complexes, saddle points, and products are shown in
Figure 1. In fact, several different conformations of the
CF3CHFOCH3 molecule exist, and it was important to locate
the most stable one as the starting geometry of the reactant for
our calculations. The conformation with an anti-COC′C frame-
work is known to have the lowest energy. Therefore, our
analysis focused on the rotations of CsO and C′sC bonds.
The scanning calculation was performed to investigate the

effects of CsO and C′sC rotations on the CF3CHFOCH3

energy, with dihedral angles H(1)COC′and F′CC′O ranging from
-179° to 180°. The calculations showed that CF3CHFOCH3 is
the most stable when dihedral angle H(1)COC′ equals -70°,
50°, or 170° and dihedral angle F′CC′O is -60°, 60°, or 180°,
and therefore, such a stable conformation was used as starting
point in the subsequent optimization. Some typical curves of
the dependence of the CF3CHFOCH3 energy on CsO and C′sC
rotations are depicted in Figure 2. Table 1 lists the harmonic
vibrational frequencies of all of the stationary points calculated
at the MP2/6-311G(d,p) level. The reactants, complexes, and
products correspond to all-real frequencies, and the transition
states are confirmed to have only one imaginary vibrational
frequency. Table 2 lists the calculated relative energies (Erel),
reaction enthalpies (∆Hr,298

0 ), and CsH bond dissociation
energies (D298

0 ) of CF3CHFOCH3. It is worth noticing that the
loose geometries of the complexes have low relative energies
in Figure 1. PMP2 relative energies are listed in Table 1 to
further reveal the effects of spin contamination on the calculated
energies. As can be seen in Table 1, the differences between
the PMP2 and MP2 energies are very small, which also confirms
that the computational wave function is proper for the title
reaction system. We speculate that intramolecular hydrogen
bonds stabilize the complexes and loosen their geometries at
the same time. The profile of the potential energy surface
obtained at the G3(MP2)//MP2/6-311G(d,p) is depicted in Figure
3. The energies used in the discussion correspond to the
G3(MP2)//MP2/6-311G(d,p) level with ZPE corrections at
the MP2/6-311G(d,p) level, unless otherwise stated.

Because the three hydrogen atoms of the sCH3 group in the
CF3CHFOCH3 molecule are equivalent, only one channel is
feasible for reaction R1. Complexes COMR1 and COMP1 are
located in the entrance and exit valleys, respectively, and their
energies are 0.87 and 21.19 kcal/mol lower than that of the
reactant. The H(1)sO bond distance in COMR1 is 3.021 Å,
and the H(1)sC bond distance in COMP1 is 2.657 Å. In the
saddle point, TS1, the lengths of the breaking CsH bond and

TABLE 1: Calculated Vibrational Frequencies (in cm-1) and 〈S2〉 Values of the Stationary Points at the MP2/6-311G(d,p) Level
for the Reaction CF3CHFOCH3 + OH

species frequencies 〈S2〉

CF3CHFOCH3 72, 87, 157, 189, 245, 344, 371, 411, 535, 586, 616, 733, 909,
1053, 1100, 1183, 1201, 1233, 1253, 1277, 1348, 1415, 1493, 1510,
1516, 1538, 3069, 3094, 3162, 3220

0.0

OH 3855 0.755
CF3CFOCH3 60, 79, 155, 173, 244, 318, 372, 417, 530, 589, 649, 731, 865,

1028, 1148, 1196, 1211, 1227, 1267,1313, 1466, 1515, 1523, 1532,
3098, 3193, 3233

0.757

CF3CHFOCH2 73, 97, 181, 237, 251, 351, 376, 412, 534, 586, 615, 734, 745, 909,
1091, 1119, 1203, 1241, 1260, 1284, 1350, 1413, 1498, 1511, 3134,
3196, 3352

0.760

H2O 1668, 3906, 4013 0.0
TS1 -1810, 26, 72, 103, 152, 176, 250, 304, 333, 370, 378, 412, 536,

585, 622, 731, 788, 912, 926, 1056, 1102, 1158, 1215, 1238, 1257,
1265, 1352, 1405, 1436, 1501, 1504, 1532, 3130, 3155, 3232, 3827

0.777

TS2 -1912, 57, 86, 109, 119, 165, 183, 206, 251, 338, 370, 407, 468,
569, 590, 634, 755, 852, 980, 1041, 1119, 1182, 1206, 1236, 1266,
1293, 1307, 1447, 1511, 1517, 1535, 1541, 3094, 3188, 3229, 3835

0.776

COMR1 34, 54, 83, 92, 135, 158, 191, 253, 273, 347, 371, 407, 416, 535,
586, 609, 734, 911, 1040, 1065, 1185, 1199, 1234, 1255, 1285,
1347, 1421, 1491, 1508, 1521, 1537, 3080, 3128, 3170, 3222, 3825

0.755

COMP1 52, 60, 78, 102, 126, 141, 194, 216, 247, 289, 340, 356, 379, 412,
533, 586, 607, 632, 735, 914, 1080, 1102, 1204, 1241, 1257, 1292,
1354, 1425, 1501, 1518, 1658, 3166, 3198, 3364, 3887, 4000

0.761

COMP2 39, 50, 94, 108, 119, 169, 177, 199, 242, 245, 319, 360, 374, 417,
530, 588, 650, 731, 863, 1011, 1132, 1203, 1211, 1229, 1264, 1321,
1472, 1522, 1533, 1543, 1682, 3106, 3207, 3239, 3891, 3990

0.757
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the newly formed HsO bond are 1.194 and 1.330 Å, respec-
tively, which are 8.9% and 38.8% longer than the corresponding
equilibrium bond lengths of CsH in CF3CHFOCH3 and HsO
in H2O. Consequently, TS1 can be considered as an early barrier.
As seen in Table 2, this early or late character in the transition
states is in keeping with the perspective of Fisher and Radom30

that an endothermic reaction proceeds via a “late” transition
state whereas an exothermic reaction corresponds to an “early”
transition state. Finally, P1, CF3CHFOCH2 + H2O, is generated,
and the reaction enthalpy (∆Hr,298

0 ) for R1 is -17.50 kcal/mol.
Similarly to channel R1, there exist complexes at the entrance

and exit of channel R2. COMR2 and COMP2 have relative
energies of -0.90 and -18.36 kcal/mol, respectively. The bond
lengths of H(2)sO in COMR2 and H(2)sC in COMP2 are

2.694 and 2.960 Å, respectively. In the TS2 structure, the
breaking CsH bond is 1.196 Å, stretched by 9.0%, and the
newly formed HsO bond is 1.320 Å, 37.8% longer than
the equilibrium bond length in HCl, indicating that reaction R2
also occurs via an early barrier. From Table 2, the exothermicity
and early property of the barrier for reaction R2 also follow
Fisher and Radom’s general rule. The products of reaction R2
are CF3CFOCH3 + H2O, and 16.66 kcal/mol of heat is released.

Table 2 also lists the CsH bond dissociation energies (D298
0 )

of CF3CFOCH3. The calculated CsH D298
0 values for thesCH3

and sCHF groups at the G3(MP2)//MP2/6-311G(d,p) level are
97.11 and 97.84 kcal mol-1, respectively. From a comparison
of the heights of the energy barriers, reaction enthalpies of the
two channels, and CsH bond dissociation energies of thesCH3

Figure 1. Optimized geometries (bond lengths in angstrom and angles in degree) of all stationary points at the MP2/6-311G(d,p) level.
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and CHF groups, we can speculate that channel R1 is the
dominant channel of the overall reaction. This view is further
supported by the rate-constant study reported in section 3.2.2.

3.2. Calculations of Standard Enthalpies of Formation.
Accurate thermodynamic values are important in evaluating the
environmental impact of atmospheric species. The standard
enthalpies of formation for many HFE molecules, such as
CHF2OCF2CHF2, CH3OCF2CHF2, and CH3OCH2CHF2, have
been calculated theoretically.31 Because little has been reported
on the energetics of the species involved in the title reaction,
CF3CHFOCH3, CF3CHFOCH2, and CF3CFOCH3, we performed
calculations at the G3(MP2)//MP2/6-311G(d,p) to predict the
enthalpies of formation of these three species using the following
isodesmic reactions

CF3CHFOCH3 +CH2F2fCH3OCH3 +CF3CF3

(R3a)

CF3CHFOCH3 +H2O+CH4fCH3OH+CH3OH+

CF3CH2F (R3b)

CF3CHFOCH3 +CH3FfCF3CF2OCH3 +CH4

(R3c)

CF3CHFOCH2 +CH4fCH3OCH3 +CHFCF3

(R4a)

CF3CHFOCH2 +H2O+CH4fCH3OH+CH3OH+

CHFCF3 (R4b)

CF3CHFOCH2 +CH2O+CH4fCH3OCH3 +HCO+

CF3CH2F (R4c)

CF3CFOCH3 +CH4fCH3OCH3 +CHFCF3

(R5a)

CF3CFOCH3 +H2O+CH4fCH3OH+CH3OH+

CF3CHF (R5b)

CF3CFOCH3 +CH2O+CH4fCH3OCH3 +HCO+

CF3CH2F (R5c)

The enthalpies of formation of all species involved in reactions
R3a-R5c, except CF3CHFOCH3, CF3CHFOCH2, and
CF3CFOCH3, have been reported (CH2F2, -108.2 ( 0.2 kcal/
mol;32a CH3OCH3, -44.0 ( 0.1 kcal/mol;32b CF3CF3, -320.89
kcal/mol;32c H2O, -57.798 ( 0.01 kcal/mol;32d CH4, -17.80
( 0.10 kcal/mol;32b CH3OH, -48.04 ( 0.14 kcal/mol;32e

CF3CH2F, -214.1 ( 2 kcal/mol;32c CH3F, -56.8 ( 2 kcal/
mol;32f CF3CF2OCH3, -316.92 kcal/mol;31 CHFCF3, -166.5
kcal/mol;32f CH2O, -25.98 ( 0.01 kcal/mol;32e HCO, 10.55 (
0.10 kcal/mol32e). The reaction enthalpies of reactions R3a-R5c
were calculated at the G3(MP2)//MP2/6-311G(d,p) level, so that
the enthalpies of formation of CF3CHFOCH3, CF3CHFOCH2,
and CF3CFOCH3 could be obtained using these isodesmic
reactions. As listed in Table 3, the average values of the
enthalpies of formation were also calculated to ensure accuracy.
The enthalpies of formation of CF3CHFOCH3, CF3CHFOCH2,
and CF3CFOCH3 were found to be -257.23, -208.55, and
-207.71 kcal/mol, respectively. Such calculations provide
valuable information for thermochemical databases.

3.2. Dynamic Calculations. 3.2.1. Reaction-Path Proper-
ties. The calculation results demonstrate that reactions R1 and
R2 have similar characters, and therefore, we give an example
of reaction R2 to illuminate the reaction-path properties of the
title reaction in this section. Figure 4 shows the classical
potential energy (VMEP), the ground-state vibrational adiabatic

Figure 2. Scans of the dependence of the CF3CHFOCH3 energy on
CsO and C′sC rotations (angles in degree).

TABLE 2: Calculated Reaction Enthalpies (∆Hr,298
0 ,

kcal/mol) for Two Reaction Channels and Dissociation
Energy of CsH bonds (D298

0 , kcal/mol) in CF3CHFOCH3 at
the MP2/6-311G(d,p) and G3(MP2)//MP2/6-311G(d,p)
Levelsa

MP2 PMP2
G3(MP2)//

MP2

Erel

R: CF3CHFOCH3 + OH 0.0 0.0 0.0
COMR1 -3.91 -3.92 -0.87
TS1 4.86 3.91 4.12
COMP1 -23.46 -23.65 -21.19
P1: CF3CHFOCH2 + H2O -17.90 -18.02 -17.50
COMR2 -3.92 -3.93 -0.90
TS2 5.85 4.98 5.03
COMP2 -21.64 -21.54 -18.36

P2: CF3CFOCH3 + H2O -17.06 -16.94 -17.00
∆Hr,298

0

R1 -17.66 -17.50
R2 -16.72 -16.66

D298
0

CF3CHFOCH3 f CF3CHFOCH2 + H 93.93 97.11
CF3CHFOCH3 f CF3CFOCH3 + H 94.77 97.84

a All values obtained at the MP2/6-311G(d,p) and G3(MP2)
levels with ZPE or TZPE corrections of the lower level (in units of
kcal/mol).

Figure 3. Schematic potential energy surface for the CF3CHFOCH3

+ OH reaction obtained at the G3(MP2)//MP2/6-311G(d,p) level. The
values in parentheses and brackets are MP2 and PMP2 energies,
respectively (energies in kcal/mol).
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potential energy (Va
G), and the zero-point energy (ZPE) for

reaction R2 as functions of the intrinsic reaction coordinate (s)
at the G3(MP2)//MP2/6-311G(d,p) level, where Va

G ) VMEP +
ZPE. From Figure 4, the coincidence of the maxima of the VMEP

and Va
G curves implies a small variational effect for reaction

R2. Reaction R1 also exhibits features similar to those of
reaction R2.

Figure 5 depicts the variation of the generalized normal-mode
vibrational frequencies along the MEP for reaction R2. In the
negative limit of s, the frequencies are associated with those of
the reactant complex, and in the positive limit of s, they
correspond to those of the products, H2O and CF3CFOCH3. In
the process of the reaction, most of those frequencies do not
change significantly on going from the reactants to the products.
However, mode 1 (the bold line in Figure 5), which connects
the stretching vibrational mode of the breaking and forming
bonds, exhibits a dramatic drop in the s range from -0.45 to
0.63 (amu)1/2 bohr. Therefore, mode 1 is referred to as the
“reactive mode”. This kind of mode is known to be the typical
character of hydrogen-transfer reaction.33

3.2.2. Rate-Constant Calculations. On the basis of the
G3(MP2)//MP2/6-311G(d,p) PES information, direct dynamics
calculations for CF3CHFOCH3 + OH reaction were carried out
using variational transition state theory with interpolated single-
point energies. The CVT/SCT rate constants were calculated
over the temperature range of 200-3000 K. The total rate
constant was determined as the sum of the individual rate
constants of the two channels, i.e., k ) k1 + k2. Plots of the
calculated rate constants are shown in Figure 6. To reveal

the variational and tunneling contributions to rate constants
calculations, Figure 6 also includes the curves for the TST and
CVT rate constants of reaction R2.

Figure 6 shows that the CVT and TST rate constants for
reaction R2 are almost superposed on each other over the whole
temperature range, suggesting that the variational effects can
be neglectable. However, deviations between the CVT and CVT/
SCT rate constants are notable over the temperature range of
200-600 K, implying that the tunneling contribution plays an
important role in calculations of the rate constants at low
temperatures. The small-curvature effect is significant in the
title reaction, and hence, a noticeable curvature can be expected
in the Arrhenius plot. Figure 6 also shows that the calculated
rate constant (9.01 × 10-14 cm3 molecule-1 s-1 at 298 K) is in
good agreement with the available experimental value [(1.56
( 0.06) × 10-13 cm3 molecule-1 s-1]. In addition, it can be
seen from Figure 6 that the rate constants for the CF3CHFOCH3

+ OH reaction are small at lower temperatures but increase
rapidly as temperature rises. Therefore, the reaction might have
some effect on the atmosphere under high-temperature conditions.

Figure 7 depicts the temperature dependence of the branching
ratios, k1/k and k2/k. The calculated value of k1/k (0.785) at 298
K agrees well with the experimental value of 0.808.7 The
competition of reactions R1 and R2 can also be observed from

Figure 4. Classical potential energy curve (VMEP), ground-state
vibrationally adiabatic energy curve (Va

G), and zero-point energy (ZPE)
curve as functions of s (amu)1/2 bohr at the G3(MP2)//MP2/6-311G(d,p)
level for reaction R2.

TABLE 3: Calculated Enthalpies of Formation (kcal/mol) of
CF3CHFOCH3, CF3CHFOCH2, and CF3CFOCH3

MP2 G3(MP2)

species
isodesmic
reaction ∆Hf,298

0 average ∆Hf,298
0 average

CF3CHFOCH3 R3a -254.10 -255.66 -256.22 -257.23
R3b -254.92 -254.81
R3c -257.95 -260.65

CF3CHFOCH2 R4a -210.82 -212.43 -209.70 -208.55
R4b -210.35 -210.04
R4c -205.26 -205.92

CF3CFOCH3 R5a -209.88 -207.87 -208.86 -207.71
R5b -209.41 -209.20
R5c -204.31 -205.08

Figure 5. Changes of the generalized normal-mode vibrational
frequencies as functions of s (amu)1/2 bohr at the G3(MP2)//MP2/6-
311G(d,p) level for reaction R2.

Figure 6. Calculated rate constants at the G3(MP2)//MP2/6-311G(d,p)
level between 200 and 3000 K for the CF3CHFOCH3 + OH reaction,
along with the available experimental value.

Reaction of CF3CHFOCH3 with OH Radical J. Phys. Chem. A, Vol. 113, No. 20, 2009 5955



Figure 7. In the low-temperature range, channel R1 exhibits
significant predominance, but its preponderance is gradually
weakened as the temperature increases. Because k1/k decreases
to 0.525 when the temperature reaches 800 K, it is reasonable
to deduce that channel R2 should dominate the overall reaction
as the temperature increases further.

Because of the lack of experimental data over a wide
temperature range, the CVT/SCT rate constants of each channel
and the overall reaction over the temperature range of 200-3000
K, fitted by three-parameter formulas, are given as follows (in
cm3 molecule-1 s-1)

k1 ) (3.26 × 10-21)T2.98 exp(-26.94 ⁄ T)

k2 ) (3.70 × 10-22)T3.34 exp(-384.73 ⁄ T)

k) (6.66 × 10-22)T3.31 exp(-41.08 ⁄ T)

4. Conclusions

The hydrogen-abstraction reaction CF3CHFOCH3 + OH was
investigated by a direct ab initio dynamics method at the
G3(MP2)//MP2/6-311G (d,p) level. Hydrogen abstractions from
the sCH3 and sCHF groups were found to be feasible, and
two corresponding transition states were located. The stan-
dard enthalpies of formation of CF3CHFOCH3, CF3CHFOCH2,
and CF3CFOCH3 were calculated to be -257.23, -208.55, and
-207.71 kcal/mol, respectively, using the isodesmic reaction
model. The rate constants were calculated by canonical varia-
tional transition state theory (CVT) with the small-curvature
tunneling (SCT) correction over the temperature range of
200-3000 K. The calculations showed that the variational effect
is negligible for the title reaction and small-curvature tunneling
is significant for calculating the rate constants at lower tem-
peratures. The calculated rate constant and branching ratio at
298 K are in good agreement with the available experimental
values. The dynamics calculations also indicate that channel
R1 dominates the title reaction from 200 to 800 K whereas the
reaction proceeds mainly via channel R2 at temperatures higher
than 800 K.
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