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Abstract The triplet potential energy surface of the

O(3P) ? CH3CFCH2 reaction has been investigated at the

BMC-CCSD//MP2/6-311??G(d,p) level. Multichannel

RRKM theory and transition state theory are employed to

calculate the rate constants over a wide range of temper-

atures and pressures. The total rate constants show positive

temperature dependence and pressure independence. At

pressure of 10 Torr with He as bath gas, the addition/

elimination on triplet potential energy surface is a domi-

nant pathway. Major predicted end products are

CH3CFCHO (I) and H at the temperatures between 200 and

3,000 K; the direct hydrogen abstraction leading to

OH ? CH2CFCH2(I) plays an important role at higher

temperatures. The calculated overall rate constants are in

good agreement with the available experimental data.

Keywords CH3CFCH2 � O(3P) � Mechanism �
Rate constants

1 Introduction

Chlorofluorocarbons (CFCs) can cause depletion of the

stratospheric ozone layer as well as global warming.

Therefore, international researchers were prompted to find

the replacement with environmentally friendly alternatives

for CFCs [1, 2]. Hydrofluorocarbons (HFCs) contain nei-

ther chlorine nor bromine and hence do not contribute to

stratospheric ozone depletion [3]. In recent years, HFCs

have been of interest as possible substitutes for the ozone-

depleting CFCs. However, HFCs still have the potential

contributions to the global warming effect because of their

infrared absorbing properties of such fluorinated com-

pounds. Therefore, it is necessary to know the atmospheric

lifetime to access environmental impact and possible glo-

bal warming effects. Because the unsaturated HFCs intro-

duction of C=C bond may lead to an even greater

reactivity, decreased atmospheric lifetime, and global

warming potentials (GWP) of HFCs, unsaturated HFCs are

considered to be the promising substitutes of CFCs. In

order to evaluate the atmospheric lifetimes and the envi-

ronmental assessment of unsaturated HFCs, investigating

the reactivity of unsaturated HFCs against the O atom and

accurate data for their reaction rate constants as well as

their temperature and pressure dependence are required and

important. Such reactions of unsaturated HFCs with free

radicals had been extensively studied experimentally and

theoretically [4–18]. In this study, we will pay attention to

the reactions of CH3CFCH2 with O(3P).

In previous studies, the reaction of CHF=CH2 [14]

CF2=CF2 [15] CH3CF=CH2 [16] CF3CH=CH2 [16–18]

CF3CF=CF2 [16, 17] with O(3P) had been extensively

studied in experiment. Except for the reaction of O(3P)

with CF2=CF2, the rate constant of O(3P) with other fluo-

rinated olefins decreased with the increasing number of
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fluorine substituted [16] compared with unsubstituted

alkenes, which may be due to strong electron withdrawing

effect of F atom. However, the reaction of O(3P) with

CH3CFCH2 has only been studied by one research group

[19]. They have measured the rate constant at 298 K, and

the rate constant is k = 1.99 9 10-12 cm3 mole-

cule-1 s-1. To our knowledge, there are no theoretical

studies on the reactivity of O(3P) with CH3CFCH2. In this

article, we report the first detailed theoretical study on the

triplet potential energy surface and rate constants over a

wide temperatures and pressures for the title reaction,

applying the TST and multichannel RRKM theories. For

the title reaction, the following product channels are

revealed for the first time, that is,

CH3CFCH2 þ O(3P)! CH2CFCH2 þ OH (1)

! CH3CFCH þ OH ð2Þ
! CH3CFCHO þ H ð3Þ
! CH3CFþ CH2O ð4Þ
! CH3CHFþ HCO (5)

! CH3CFCOHþ H (6)

! CH2CHFþ HCOH (7)

! CH2CFOH þ CH2 ð8Þ
! CH2COFþ CH3 ð9Þ
! CH3COFþ CH2 ð10Þ:

2 Computational methods

All the electronic structure calculations are carried out

using GAUSSIAN 03 programs [20]. The geometries of all

species for the O(3P) ? CH3CFCH2 reaction are first

optimized using the MP2 method [21] with the

6-311??G(d,p) basis set. The harmonic vibrational fre-

quencies are obtained at the MP2/6-311??G(d,p) level to

characterize the minimum or first-order transition state.

Connections of the transition states between two local

minima have been confirmed by intrinsic reaction coordi-

nate (IRC) calculations [22, 23]. The geometries optimized

at the MP2/6-311??G(d,p) are used to perform single-

point energy calculations for all species using the BMC-

CCSD method [25]. In this work, we have also carried out

the calculations using CCSD(T)/6-311??G(d,p) [24],

G3(MP2) [26], and CCSD(T)/aug-cc-pVTZ [27] methods

in order to test the accuracy of BMC-CCSD energies. In

view of two aspects in the accuracy of the calculations at

the BMC-CCSD level: (1) The mean unsigned error for

barrier height is only 0.71 kcal/mol [43], and (2) the rate

constant is determined mainly by the barrier height and the

calculated entrance barrier of 0.89 kcal/mol, which is

smaller than the two latter methods. It has been shown that

the BMC-CCSD method gives accurate energetics for

many reactions [28–30]. To gain an insight on multirefer-

ence character for the stationary points, the T1 diagnostic is

monitored for each point using the CCSD(T)/6-

311??G(d,p) method. Values of closed-shell systems

exceeding 0.02 are suspected. Meanwhile, T1 diagnostic

values of open-shell system up to 0.045 may be accepted

[31–34]. Fortunately, the T1 values of closed-shell and

open-shell species in our system are smaller than 0.02 and

0.045, which means that multireference character in the

CCSD wave functions is not a problem.

The rate constants for the main product channels of the

O(3P) ? CH3CFCH2 reaction have been calculated with

transition state theory (TST) and multichannel RRKM

theory. In fact, RRKM–TST method has been successfully

used to deal with many bimolecular reactions in which the

unimolecular decomposition of energy-rich adduct occurs

[35–37]. In the present kinetic calculations, we used a

modified computer program written for the C2H5CO ? O2

reaction by Hou and Wang [37].

3 Results and discussion

For the O(3P) ? CH3CFCH2 reaction, the optimized

structures of the reactants and products are shown in Fig. 1,

along with the available experimental values. It can be seen

from Fig. 1 that the calculated bond lengths of product

species are in good agreement with experimental values.

Figure 2 depicts the optimized structures of intermediates

and transition states. The schematic triplet potential energy

surface for the title reaction is plotted in Fig. 3 to clarify

the reaction mechanisms. Table 1 summarizes the ZPE

corrections, T1 diagnostic values, relative energies, and

reaction enthalpies of all species found on the PES. The

harmonic vibrational frequencies and atomic Cartesian

coordinates of the key species are listed in Table S1 and

S2, respectively. The moment of inertia and rotational

symmetry numbers of all the species are shown in Table S3

as supplementary materials. In the following discussion,

the MP2/6-311??G(d,p) optimized geometric parameters

and the BMC-CCSD ? ZPE energies are used unless

otherwise stated.

3.1 Direct hydrogen abstraction

As shown in Scheme 1, there are four distinct chemical

environments of hydrogen atoms in CH3CFCH2. They are

vinyl terminal hydrogen (two out-of-plane H atoms Ha and

the in-plane H atom Hb) and allylic hydrogen (Hc and Hd).

Therefore, four transition states are located for atomic

oxygen abstracting the H atoms in CH3CFCH2 to form OH

radical. In the Cs symmetry CH3CFCH2 molecule, three

hydrogen atoms in methyl are not equivalent, as stated
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earlier, two H atoms out-of-plane and one H atom in-plane.

TS1a and TS2a are the corresponding transition states to

form P1 (CH2CFCH2(I) ? OH) and P2 (CH2CFCH2(II) ?

OH), respectively. In TS1a and TS2a, the new forming

O–H bond in TS1a and TS2a is about 1.22 and 1.18 Å,

which are about 0.25 and 0.21 Å longer than that in OH

radical, respectively. The breaking C–H bonds are as long

as 1.26 and 1.28 Å, about 0.17 and 0.19 Å longer than the

equilibrium distance in reactants. The elongation of the

forming bond is longer than that of the breaking bond, and

therefore, TS1a and TS2a are reactant-like transition states,

and the channels proceed via an early barrier. It is noted

that CH2CFCH2(I) and CH2CFCH2(II) are conformers.

However, CH2CFCH2(I) has a C=C=C double–double-

bond-like structure, and all atoms are in the plane CCCHc.

CH2CFCH2(II) has a C=C double-bond-like structure and a

C–C single-bond-like structure where two out-of-plane

H atoms Ha are located symmetrically on the two sides

of the CCCHc plane as depicted in Fig. 1. The energy of

CH2CFCH2(I) is 17.6 kcal/mol lower than that of

CH2CFCH2(II) at the BMC-CCSD//MP2/6-311??G(d,p)

level. Furthermore, the formation of P1 (CH2CFCH2(I) ?

OH) is exothermic by 13.3 kcal/mol, whereas the for-

mation of P2 (CH2CFCH2(II) ? OH) is 4.4 kcal/mol

endothermic, and the barriers of TS1a and TS2a

are 8.4 and 13.2 kcal/mol, respectively. Obviously,

CH2CFCH2(I) is more stable than CH2CFCH2(II). These

results indicate that the formation of P1 (CH2CFCH2(I) ?

OH) channel by H-migration is favorable than that of P2

(CH2CFCH2(II) ? OH).
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Fig. 1 The optimized structures

of the reactants and products for

the reaction of O(3P) with

CH3CFCH2 at the MP2/6-

311??G(d,p) level. Distances

are given in angstroms and

angles are in degrees. The

values in italics are

experimental data from ref. [44]
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The atomic O(3P) can abstract the H atom in CH2 (Hc

and Hd) group to P3 (CH3CFCH(I) ? OH) and P4

(CH3CFCH(II) ? OH). TS1b and TS2b are the corre-

sponding transition states. In TS1b, the breaking C–H bond

is stretched by 0.26 Å compared with the equilibrium

distance of C–H bond in CH3CFCH(I); the forming O–H

bond is about 0.15 Å longer than that in OH radical.

Therefore, in view of structure, TS1b is product-like tran-

sition state. Similar conclusions take place for TS2b.

However, two channels are both endothermic. The barrier

heights of TS1b and TS2b are about 16.0 and 16.6 kcal/

mol, which is 7.6 and 8.2 kcal/mol higher than that of

TS1a, respectively. Thus, the endothermic products P3 and

P4 can only be reached at very high temperatures.
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Fig. 2 The optimized structures

of intermediates and transition

states for the reaction of O(3P)

with CH3CFCH2 at the MP2/6-

311??G(d,p) level. Distances

are given in angstroms and

angles are in degrees
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In view of barrier heights and reaction enthalpies, the

hydrogen abstraction from vinyl terminal hydrogen (the

two out-of-plane H atoms Ha) is more favorable than other

abstraction pathways.

3.2 Addition/elimination

3.2.1 Entrance channel

The interaction between the O(3P) and C=C double bond of

CH3CFCH2 forms a pre-reaction complex CR (O���C3H5F).

The addition of O(3P) radical can occur at both carbon

atoms of the double bond. When the O(3P) radical attacks

the terminal C of CH3CFCH2 in the double bond, the

intermediate IM1 (CH3CFCH2O) is formed via TS3 lying

above the reactant by 0.9 kcal/mol with a barrier of

1.9 kcal/mol. On the other hand, if the O(3P) radical is

added to the central C of the CH3CFCH2, the intermediate

IM2 (CH3CF(O)CH2) is formed via TS4 lying above the

reactant by 1.7 kcal/mol with a potential energy barrier of

2.7 kcal/mol. The processes of forming the intermediate

IM1 and IM2 are typical O-addition mechanisms due to the

rich electron double bond in CH3CFCH2 and the strong

electronegativity of O atom. IM1 and IM2 are 21.3 and

30.5 kcal/mol more stable than the reactant, which means

that the initial association provides IM1 and IM2 with
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enough energy to take subsequent changes. In the follow-

ing, we will discuss the formation pathways of various

products from IM1 and IM2.

3.2.2 Decomposition of IM1 [CH3CFCH2O]

Four decomposition pathways from IM1 have been found.

The energetically most favorable reaction path involves the

formation of P5 (CH3CFCHO (I) ? H) via the C–H bond

cleavage transition state TS5. The barrier height for this

channel is calculated to be 12.5 kcal/mol at the BMC-CCSD

level. The second pathway is initiated by dissociation of the

C–H bond to give formally P6 (CH3CFCHO (II) ? H) via

transition state TS5a. The barrier height is 14.5 kcal/mol,

which is 2.0 kcal/mol higher than TS5. Furthermore, TS5 and

TS5a have very similar vibration frequencies and geometrical

parameters. The classical barrier height (i.e., without the ZPE

correction) is calculated to be 17.0 kcal/mol for TS5. It is

conceivable that the ZPE might play an important role in

TS5. As shown in Table 1, TS5 has almost the smallest ZPE

and the largest ZPE difference with respect to the reactants

(e.g., DZPETS5 = -3.1 kcal/mol). Similar conclusions take

place for TS5a.

The third reaction channel of IM1 produces P7

(CH3CF ? CH2O) via the C–C bond fission transition state

TS6 after clearing a barrier of 22.1 kcal/mol height. However,

TS6 is still higher than TS5 by 9.6 kcal/mol and TS5a by

7.6 kcal/mol. Moreover, the predicted heat of reaction for the

formation of P7 is -0.9 kcal/mol, which is higher than that of

P5 (CH3CFCHO (I) ? H) by 17.7 kcal/mol and that of P6

(CH3CFCHO (II) ? H) by 15.8 kcal/mol; this is reasonable,

as the C–C bond dissociation energy is greater than that of C–

H bond [38]. These results indicate the formation of P7

channel is far from competitive with that of P5 and P6 path-

ways under normal conditions. The last examined decompo-

sition pathway is to produce P8 (CH3CHF ? HCO) by

breaking the C–C bond along with the H in the center carbon

of IM1 migration to the oxygen-bonded carbon atom along

with the reaction exothermicity of 22.0 kcal/mol. However,

the barrier height, 30.1 kcal/mol, is rather high, indicating that

the formation of product P8 is not important to the overall

reaction.

3.2.3 Isomerization channel of IM1 [CH3CFCH2O]

TS8 is the transition state for hydrogen migration from the

oxygen-bonded carbon atom to the oxygen atom, forming

another intermediate IM3 (CH3CFCHOH). TS8 is a three-

membered-ring structure. The breaking C–H bond is

elongated to 1.24 Å. The forming H–O bond is 1.22 Å. It

should be pointed out that the process IM1 ? IM3 is

kinetically less feasible at normal temperatures. However,

because their conversion barrier is just 6.9 kcal/mol above

the reactant, this conversion may become feasible at higher

temperatures. Once such a higher-energy transition state

TS8 is surmounted, subsequently, several reaction path-

ways can take place. First, IM3 can directly be decomposed

to yield P9 (CH3CFCOH ? H) via a transition state TS9

after clearing a high barrier of 48.9 kcal/mol. The product

P9 (CH3CFCOH ? H) is about 14.6 kcal/mol higher than

-40

-30

-20

-10

0

10

20

R

-26.5

-37.4

-2.4

-17.1

14.6

-22.5

-1.4

-15.8

-17.7

5.6

8.5

12.5
10.3

15.2

-29.3

-34.5-33.7

-1.6

-15.3

-22.6

-8.8

-6.8

0.8

6.9

8.8

-30.5

-21.3

-13.6

1.7

0.9-1.0

3.9

7.4

12.2 12.8 13.1

15.6

15.0 P4

P2
TS16

IM5

TS15

P13

TS14

P12

TS13

P11

P10

TS12

TS11

IM4

TS10

P9TS9

IM3

TS8

P8

P7

P6
P5

TS7

TS6

TS5a
TS5

IM2

IM1

TS4

TS3CR

P3

P1

TS2bTS1b

TS2a

ΔΕ
(k

ca
l/m

ol
)

TS1a

Fig. 3 The profile of potential

energy surface for the

O(3P) ? CH3CFCH2 reaction.

The relative energies are
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MP2/6-311??G(d,p) ? ZPE

level of theory
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Table 1 ZPE corrections, T1 diagnostic values, and relative energies for various species as well as relative enthalpies of intermediates and

products at 298 K (energies in kcal/mol)

Species ZPE T1
a DEb DEc DEd DEe DHf DHg DHh DHi

R: CH3CFCH2 ? O(3P) 45.6 0.012, 0.008 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P1: CH2CFCH2(I) ? OH 42.3 0.025, 0.010 -13.6 -18.1 -7.9 -11.2 -17.7 -13.3 -7.5 -10.8

P2: CH2CFCH2(II) ? OH 43.9 0.016, 0.010 3.9 -1.5 8.3 5.6 -1.0 4.4 8.8 6.1

P3: CH3CFCH(I) ? OH 43.6 0.026, 0.010 12.8 8.4 17.9 15.4 8.9 13.3 18.4 15.8

P4: CH3CFCH(II) ? OH 43.6 0.026, 0.010 13.1 8.5 18.0 15.4 9.0 13.6 18.5 16.0

P5: (CH3CFC(O)H(I) ? H) 41.1 0.023, 0.000 -17.7 -22.6 -11.1 -13.8 -22.0 -18.6 -11.9 -14.6

P6: (CH3CFC(O)H(II) ? H) 41.2 0.024, 0.000 -15.8 -20.4 -8.7 -11.5 -19.8 -16.7 -9.6 -12.4

P7: (CH3CF ? CH2O) 43.7 0.016, 0.017 -1.4 -6.4 1.4 0.5 -6.00 -0.9 1.8 0.9

P8: (CH3CHF ? HCO) 42.7 0.014, 0.024 -22.5 -27.1 -18.8 -20.1 -26.6 -22.0 -18.2 -19.6

P9: (CH3CFCOH ? H) 42.0 0.026, 0.000 14.6 11.1 22.8 19.7 11.7 13.7 21.8 18.8

P10: (CH2CHF ? HCOH) 43.0 0.013, 0.018 -17.1 -19.8 -10.8 -15.4 -22.4 -19.6 -13.0 -17.6

P11: (CH2CFOH ?CH2) 41.4 0.013, 0.009 -2.4 -6.6 14.8 0.6 -5.8 -1.8 13.2 -1.1

P12: (CH2COF ? CH3) 41.9 0.020, 0.008 -37.4 -41.9 -31.6 -34.5 -41.1 -36.6 -30.8 -33.7

P13: (CH3COF ? CH2) 40.4 0.018, 0.009 -26.5 -31.8 -12.6 -15.6 -31.1 -25.8 -17.5 -24.2

CR1(O…C3H5F) 46.0 0.011 -1.00 -0.9 -1.1 -1.2 -0.8 -0.9 -1.0 -1.1

IM1(CH3CFCH2O) 46.9 0.017 -21.3 -19.1 -17.6 -20.9 -19.7 -21.9 -18.2 -21.5

IM2(CH3CF(O)CH2) 46.1 0.017 -30.5 -28.1 -26.6 -29.7 -28.8 -31.2 -27.2 -30.3

IM3(CH3CFCHOH) 47.2 0.017 -33.7 -29.4 -26.4 -30.5 -29.9 -34.1 -26.8 -31.0

IM4(CH2CHFCHOH) 46.3 0.016 -29.3 -25.1 -22.2 -26.3 -25.4 -29.6 -22.5 -26.6

IM5(CH2CF(OH)CH2) 45.0 0.014 -34.5 -30.7 -27.8 -31.9 -31.0 -34.8 -28.1 -32.2

TS1a 42.8 0.024 7.4 10.9 12.3 9.2

TS2a 43.2 0.016 12.2 14.5 15.9 12.7

TS1b 42.7 0.024 15.0 18.4 20.2 16.8

TS2b 42.6 0.024 15.6 19.2 20.9 17.7

TS3 46.5 0.027 0.9 11.7 4.8 1.4

TS4 46.3 0.028 1.7 4.5 6.0 2.6

TS5 42.5 0.024 -8.8 -5.2 -1.5 -5.9

TS5a 42.6 0.025 -6.8 -3.0 0.6 -3.7

TS6 45.5 0.026 0.8 4.6 7.4 3.7

TS7 44.2 0.023 8.8 12.3 16.3 11.6

TS8 44.4 0.018 6.9 10.7 14.0 8.9

TS9 42.6 0.025 15.2 19.4 23.7 19.0

TS10 44.3 0.018 10.3 15.4 19.9 14.4

TS11 43.9 0.026 12.5 17.4 20.9 16.3

TS12 44.8 0.027 8.5 13.7 17.1 12.6

TS13 44.2 0.023 -22.6 -19.1 -15.8 -20.1

TS14 44.5 0.022 -15.3 -12.0 -9.3 -12.9

TS15 42.9 0.018 -1.6 2.2 5.3 0.1

TS16 43.5 0.024 5.6 11.1 15.1 9.8

a T1 diagnostic values are calculated at the CCSD(T)/6-311??G(d,p) level
b At the BMC-CCSD ? ZPE level
c At the G3(MP2) ? ZPE level
d At the CCSD(T)/6-311??G(d,p) ? ZPE level
e At the CCSD(T)/aug-cc-pVTZ ? ZPE level
f The calculated heats of reaction at 298 K at the G3(MP2) level
g The calculated heats of reaction at 298 K at the BMC-CCSD level
h The calculated heats of reaction at 298 K at the CCSD(T)/6-311??G(d,p) level
i The calculated heats of reaction at 298 K at the CCSD(T)/aug-cc-pVTZ level
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reactants. Apparently, the pathway is of no importance for

the whole reaction. Second, the hydrogen atom of the ter-

minal CH3 group can shift to the center carbon atom in IM3

leading to IM4 (CH2CHFCHOH) via TS10 with a barrier

of 44.0 kcal/mol. IM4, -29.3 kcal/mol relative to the ini-

tial reactant, can dissociate to the product P10

(CH2CHF ? HCOH) and P11 (CH2CFOH ? CH2) by

breaking the C–C bond, respectively. The corresponding

barrier heights are 37.8 and 41.8 kcal/mol, respectively.

Due to higher barriers, the channels which initiated from

IM3 are expected to be negligible at low and moderate

temperatures.

3.2.4 Decomposition of IM2 [CH3CF(O)CH2]

As seen from Fig. 3, two possible decomposition channels

of IM2 are found. The most feasible decomposition chan-

nel of IM2 is the formation of P12 (CH2COF ? CH3) via

the C–C bond fission transition state TS13 with a barrier of

7.9 kcal/mol. The breaking C–C bond in TS13 is 1.97 Å,

which is 0.43 Å longer than that in the IM2. It is antici-

pated that dissociation step passes an early barrier, which is

in accordance with the reaction exothermicity of 36.6 kcal/

mol. In addition, the formation of P12 (CH2COF ? CH3)

is the most stable product on the PES. The second

decomposition channel is the C–C bond fission in IM2

leading to P13 (CH3COF ? CH2) via TS14 overcoming a

barrier of 15.2 height, which is exothermicity by 25.8 kcal/

mol. However, TS14 is still higher than TS13 by 7.3 kcal/

mol. These results indicate that the formation of P12

(CH2COF ? CH3) is more favorable than the formation of

P13 (CH3COF ? CH2).

3.2.5 Isomerization channel of IM2 [CH3CF(O)CH2]

IM2 can rearrange to intermediate IM5 (CH2CF(OH)CH2) via

a four-center transition state TS15, needing to surmount a

barrier of 28.9 kcal/mol. Subsequently, the C–C bond disso-

ciation in IM5 could produce P11 (CH2CFOH ? CH2). The

corresponding barrier height is 40.1 kcal/mol. Moreover, the

formation of P11 (CH2CFOH ? CH2) is only exothermic by

1.8 kcal/mol. Therefore, it should be anticipated that this

channel should play a negligible role in the reaction.

In summary, the addition/elimination pathway can give rise

to the adduct IM1 (CH3CFCH2O) and IM2 (CH3CF(O)CH2).

Under conditions from moderate to higher temperatures, IM1

will rapidly decompose to P5 (CH3CFCHO (I) ? H) and P6

(CH3CFCHO (II) ? H), and IM2 dissociates to P12

(CH2COF ? CH3), which are important end products. The

direct hydrogen abstraction pathway cannot compete with

addition/elimination channel at low and moderate tempera-

tures, but plays an important role at higher temperatures.

Moreover, some species have been formed during the reaction,

especially, formaldehyde and free radicals containing fluorine,

would raise particular interest since they could effectively

contribute to important radical reactions in our environment.

3.3 Kinetic calculation

For the rate constant calculations, we choose two important

reaction channels: direct hydrogen abstraction and C=C

bond addition/elimination. The following reaction paths are

included in the calculations:

Mechanism I:

O(3P) + CH3CFCH2 !
TS1a

P1:CH2CFCH2ðIÞ þ OH

!TS1a
P3:CH3CFCHðIÞ þ OH:

Mechanism II:

Ha

Ha

Hb

Hc

Hd

Scheme 1 The four different chemical H atoms in CH3CFCH2

O(3P)+CH3CFCH2 CH3CFCH2(O)*(IM1*) P5: CH3CFCHO(I)+H

P6: CH3CFCHO(II)+H

CH3CF(O)CH2*(IM2*) P12: CH2C(O)F+CH3

a (TS3)

b TS4

CH3CFCH2(O)(IM1)

CH3CF(O)CH2(IM2)

TS5

TS5a

TS13O(3P)+CH3CFCH2

1 2

3

4 5

ω

ω
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The conventional transition state theory (CTST)

including the unsymmetrical Eckart tunneling correction

[39] is employed to estimate the rate constants for mech-

anism I. For mechanism II, the multichannel RRKM–TST

theory is used. During the rate constant calculations, sin-

gle-point energies of all species are found at the BMC-

CCSD level. The steady-state assumption for excited

intermediates leads to the following expressions for the

second-order rate coefficients of mechanism II:

kP5ðEÞ ¼
aa

h

Q 6¼t Q6¼r
QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

k2ðEÞN2ðE 6¼Þ
k1 þ k2 þ k3 þ x

e�E 6¼=RT dE 6¼

kP6ðEÞ ¼
aa

h

Q 6¼t Q6¼r
QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

k3ðEÞN2ðE 6¼Þ
k1 þ k2 þ k3 þ x

e�E 6¼=RTdE 6¼

kP12ðEÞ ¼
ab

h

Q
6¼
t Q6¼r

QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

k3ðEÞN2ðE 6¼Þ
k4 þ k5 þ x

e�E 6¼=RTdE 6¼

kIM1ðEÞ ¼
aa

h

Q 6¼t Q6¼r
QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

w2ðEÞN2ðE 6¼Þ
k1 þ k2 þ k3 þ x

e�E 6¼=RT dE 6¼

kIM2 Eð Þ ¼ ab

h

Q6¼t Q 6¼r
QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

w2ðEÞN2ðE 6¼Þ
k4 þ k5 þ x

e�E 6¼=RTdE 6¼

kIIðEÞ ¼
aa

h

Q6¼t Q 6¼r
QOð3PÞQCH3CFCH2

e�Ea=ðRTÞ

�
Z1

0

ðk2 þ k3 þ k5 þ wÞðEÞN2ðE 6¼Þ
k1 þ k2 þ k3 þ k4 þ k5 þ x

e�E 6¼=RTdE 6¼:

In the above equations, a is the statistical factor

(degeneracy) for the association step a and b; Ea is the

energy barrier of TS3 and TS4 for the reaction step a and b;

QOð3PÞand QCH3CFCH2
are the total partition functions of

O(3P) and CH3CFCH2, respectively; and Q6¼t and Q 6¼r are

the translational and rotational partition functions of the

transition state TS3 and TS4 for the association. N2(E=) is

the number of states for the association transition state

(TS3 and TS4) with excess energy E= above the

association barrier.

The microcanonical rate constant is calculated using the

RRKM theory as follows:

kiðEÞ ¼ aij

ffiffiffiffiffi
I 6¼i
IIM
j

s
Ni E � E 6¼i

� �

hqjðEÞ
; i ¼ 1; 2; 3; j ¼ 1; 2

where ki(E) is the energy-specific rate constant for the ith

channel; ai is the statistical factor for reaction path

degeneracy; j is the tunneling factor; Ii
= and Ij

IM are the

moments of inertia (IaIbIc, that is, the product of Ia, Ib, and

Ic) of the transition state i and the intermediate j; h is

Planck’s constant; qj(E) is the density of states at energy E

of the intermediate j; Ni(E - Ei
=) is the number of states at

the energy above the barrier height for transition state i;

and the density of states and the number of states are

calculated using the extended Beyer–Swinehart algorithm

[40, 41]. The collision deactivation rate x = bcZLJ[M]; in

here, bc is the collision efficiency calculated using Troe’s

weak collision approximation [42] with the energy transfer

parameter -hDEi. The simple expression for collisional

energy transfer (-hDEi) [45, 46] is

bc

1� b1=2
c

ffi �hDEi
FEkT

:

This expression holds nearly exactly at the weak collision

limit -hDEi �FEkT for all collision models [45, 46]. The

factor FE is set to 1.0 empirically. The -hDEi is unknown

and cannot be calculated quantitatively. In consideration of

the experimental rate constants, it is found that the values

around 100 cm-1 for -hDEi should be reasonable to

calculate the rate constants. ZLJ is the Lennard–Jones

collision frequency. The collision efficiency is estimated

using the Lennard–Jones potential (V(r) = 4e[(r/r)12 - (r/

r)6]) by fitting the interaction energies calculated at the MP2/

6-311G(d,p) level for IM1…He and IM2…He. It is

estimated that (e = 92.2 K, r = 4.01 Å) for IM1…He and

(e = 70.28 K, r = 3.96 Å) for IM2…He, and [M] is the

concentration of the bath gas M (He). The weak collision

approximation is used for the intermediate.

The rate constants for hydrogen abstraction can be

readily obtained using the conventional TST:

kabsðTÞ ¼ j
kBT

h

Q6¼TS

QOð3PÞQCH3CFCH2

e�E=ðRTÞ

where j is the tunneling factor and kB and h are Boltzmann

and Planck’s constants, respectively. Q
6¼
TS, QOð3PÞ, and

QCH3CFCH2
are the transition states (TS1a or TS1b) and OH

and CH3CFCH2 partition functions. E is the energy barrier

of the transition states (TS1a or TS1b).
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For the multichannel reaction of O (3P) ? CH3CFCH2,

at the bath gas of He, the calculated rate constant for direct

hydrogen abstraction (Ha and Hc) from CH3 and CH2 group

is denoted kTS1a and kTS1b, and the rate constant for addi-

tion/elimination is denoted kIM1, kIM2, kP5, kP6, kP12, rep-

resenting the rate constants of IM1, IM2, P5, P6, and P12,

respectively. The total second-order rate constant for the

O(3P) ? CH3CFCH2 reaction is denoted ktot, ktot = kT-

S1a ? kTS1b ? kIM1 ? kIM2 ? kP5 ? kP6 ? kP12, and the

product branching ratios are kTS1a/ktot, kTS1b/ktot, kIM1/ktot,

kIM2/ktot, kP5/ktot, kP6/ktot, kP12/ktot, respectively. The

ktot(a) is obtained by high-level single-point CCSD(T)/aug-

cc-pVTZ//MP2/6-311??G(d,p).

Figure 4 and Table 2 depict the total and individual rate

constants over the temperature range of 200–3,000 K at the

pressure of 10 Torr of He to compare with the previous

experimental result. The calculated ktot at BMC-CCSD

level is in good agreement with experiment data; however,

the values of CCSD(T)/aug-cc-pVTZ are lower than

experimental rate constant and the values calculated by

BMC-CCSD. As shown in Table 2, for example, at

T = 298 K, the rate constants are 4.80 9 10-13,

8.48 9 10-13, and 1.99 9 10-12cm3 molecule-1 s-1 at

the CCSD(T)/aug-cc-pVTZ, BMC-CCSD and experiment

value, respectively. This is because the rate constant is

determined mainly by the barrier height, especially the

entrance barrier for addition step. For the formation of IM1

and IM2, the entrance barrier at BMC-CCSD level is 0.57

and 0.88 kcal/mol lower than that of CCSD(T)/aug-cc-

pVTZ, which leads to the rate constant decreasing with the

temperature increasing. The two sets of rate constants at

these levels are in good accordance with each other in the

wide temperature range. As seen in Fig. 4, the total rate

constants of the title reaction show positive temperature

dependence at the whole temperature region

(200–3,000 K). The predicted total rate constant at 298 K

is in good agreement with the available experimental data.

The rate constants for direct hydrogen abstraction and

addition/elimination channel increase monotonically, as

well as the rate constants of IM1 and IM2 collisional sta-

bilization channel decrease with rising temperatures. The

branching ratios are shown in Fig. 5. Under 10 Torr He,

the yield of P5 sharply drops with increasing temperatures,

79.6 to 29.9% between 200 and 3,000 K, whereas the

yields of P6 and P12 rise with increasing temperatures first

(at the 200–1,600 K), but drop with increasing tempera-

tures (T C 1,700 k), and the branching ratios of P6 and P12

are smaller than that of P5 at the whole temperatures range.

As can be seen in Fig. 5, the kTS1b/ktot, kIM1/ktot, kIM2/ktot

are approximately zero at T \ 2,000 K, and therefore, the

contribution of P3, IM1, and IM2 can be negligible.

However, the kTS1a/ktot almost become a constant (zero)

first and then quickly increase when temperatures are

greater than 2.000 K. But kTS1a/ktot is still lower than kP5/

ktot. Thus, the title reaction is dominated by addition/

elimination channel and the major products is P5

(CH3CFCHO(I) ? H) at low and high temperatures.

We also select the temperature of 298 K and perform the

pressure dependence of the rate constants for addition/

elimination channel. Obviously, the overall rate constant kII

is pressure independent at pressure range from 10-4 to

1013 Torr. However, the individual rate constants are sen-

sitive to pressure (e.g., kP5 and kIM1 are pressure depen-

dence). Moreover, IM1 deactivation is dominant at

P [ 104 Torr. Figure 6 shows that kIM1 exhibits positive

pressure dependence when pressure is lower than 104 Torr,

and it is a constant above 105 Torr when it is close to the

kII. kIM2 are much smaller than kIM1 at the whole pressure

range(10-4–1013 Torr). In contrast to kIM1, kP5 is negative

pressure dependence above 103 Torr, and it also becomes a

constant below 103 Torr. The rate constants for P6 and P12

are always a few orders of magnitude lower than P5 and

thus are negligible. At P = 103 Torr, the rate constants for

kIM1 and kP5 almost take the same value. These results

indicate that the stabilization kIM1 plays an important role

in higher pressures, and the kP5 is dominant at low and

moderate pressures.

An unsymmetrical Eckart potential was used to calculate

the tunneling factor j. For the addition mechanism, the j
was always in the range 1.2–1.0 from 200 to 3,000 K. For

the main direct abstraction step, the j is relatively large at

the low temperatures. The values of j at 200, 300, and

500 K are 8.4 9 105, 622, and 8.8, respectively. However,

this significant tunneling effect cannot influence our kinetic

calculations significantly. For example, at 200 K, even if

0 1 2 3 4 5
10-30

10-28

10-26

10-24

10-22

10-20

10-18

10-16

10-14

10-12

k
TS1a

k
TS1b

k
P5

k
P6

k
P12

k
IM1

k
IM2

k
tot

k
tot

(a)

k
exp

k(
cm

3m
ol

ec
ul

e-
1s

-1
)

1000/T(K-1)

Fig. 4 Temperature dependence of the total and individual rate

constants for the O(3P) ? CH3CFCH2 reaction in the temperature

range 200–3,000 K at 10 Torr pressure of He along with experimental

value
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the tunneling correction is included, the dominant channel

is still the addition with a rate of 4.14 9 10-13 cm3 mol-

ecule-1 s-1 because this value is about 4 orders of mag-

nitude higher than that for the abstraction pathway (about

3.36 9 10-17 cm3 molecule-1 s-1). From 1,000 to

3,000 K, j is in the range 1.7–1.1. It is indicated that the

tunneling effect is not significant at higher temperatures.

4 Conclusion

In the present study, the triplet potential energy surface for

the O(3P) ? CH3CFCH2 was characterized using the high-

level quantum chemical BMC-CCSD method. The rate

calculations, to quantificationally predict the major prod-

ucts, were carried out using RRKM–TST theory. Two

reaction mechanisms including H-abstraction and addition–

elimination were revealed for the O(3P) ? CH3CFCH2

reaction on the triplet surface, and the addition/elimination

channel was determined to be the most favorable. The title

reaction exhibited both positive temperature dependence

and pressure independence. At low and high temperatures,

the CH3CFCHO(I) and H were the most important prod-

ucts. It was worth noting the theoretical results of geom-

etries, frequencies, and rate constants were in good

agreement with experimental data. The present work would

provide useful information for understanding the processes

of oxygen atom reaction with other unsaturated

hydrocarbons.
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