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Abstract The hydrogen abstraction reactions of

CF3CF2CFH2 and CF3CFHCF2H with OH radicals and Cl

atoms have been studied theoretically by a dual-level direct

dynamics method. Two stable conformers of CF3CF2CFH2

with Cs and C1 symmetries and all possible abstraction

channels for each reaction are all taken into consideration.

Optimized geometries and frequencies of all the stationary

points and extra points along minimum-energy path (MEP)

have been computed at the BB1K/6-31?G(d, p) level of

theory. To refine the energy profile of each reaction

channel, single point energy calculations have been per-

formed by the BMC-CCSD method. The rate constants are

evaluated by canonical variational transition state theory

(CVT) with the small-curvature tunneling correction

method (SCT) over a wide temperature range of 200–

1,000 K. The detailed branching ratios of four reactions are

discussed. The good agreement found between our theo-

retical rate constants and the available experimental data

suggests that the present approach could provide a reliable

prediction for the CF3CFHCF2H ? Cl reaction about

which there is little experimental information. The kinetic

calculations show that the SCT effect plays an important

role in all channels. In addition, in order to further reveal

the thermodynamic properties, the enthalpies of formation

of the reactants (CF3CF2CFH2 and CF3CFHCF2H) and

the product radicals (CF3CF2CFH, CF3CFCF2H, and

CF3CFHCF2) are evaluated by applying isodesmic reac-

tions at both BMC-CCSD//BB1K/6-31?G(d, p) and

MC-QCISD//BB1K/6-31?G(d, p) levels of theory.

Keywords Direct dynamics � Rate constant �
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1 Introduction

It is well known that chlorofluorocarbons (CFCs) are major

contributors to the active chlorine budget in the strato-

sphere, and hence the release of them is a major cause of

stratospheric ozone depletion, particularly in polar regions.

Public concern over this issue has prompted industries

to look for alternatives of CFCs in various applications.

Partially fluorinated hydrocarbons (HFCs) are among the

leading environmentally acceptable CFC alternatives from

the point of view of ozone depletion. These compounds

are superior to CFCs because they contain hydrogen atoms

and can thus be removed by attacks by the radicals in the

troposphere. However, their infrared absorbing properties

raise concerns over such compounds as potential ‘‘green-

house gases’’. Hence, their residence time in the atmosphere

is a critical element in the assessment of their roles in

radiative forcing and in the calculation of their global

warming potentials (GWPs). The atmospheric lifetimes of

the HFCs will be mainly controlled by the rates of the

reactions with tropospheric species such as OH radical and

Cl atom. These two reactions will, in general, be much

faster than other degradation processes, such as ultraviolet

photolysis or dissolution in the oceans or clouds. In this

paper, we have conducted theoretically on the kinetics of

the reactions of OH and Cl with CF3CF2CFH2 (HFC-236cb)

and CF3CFHCF2H (HFC-236ea). There was only one
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experimental measurement for reaction OH ? CF3CF2

CFH2 (R1). Garland et al. [1] carried out a rate study over

the temperature range 251–314 K using laser photolysis

laser-induced fluorescence techniques and proposed the

Arrhenius expression of k = (2.61 ± 1.61) 9 10-13 exp

[–(2.21 ± 0.40 kcal mol-1)/RT] cm3 molecule-1 s-1,

with a value of k(300 K) = 6.45 9 10-15 cm3 molecule-1

s-1. Based on their data, two evaluations are presented; the

recommended rate constants at 298 K are 6.50 9 10-15

cm3 molecule-1 s-1 [2] and 4.40 9 10-15 cm3 mole-

cule-1 s-1 [3], respectively. The fitting rate constant for-

mula was given as k = 1.30 9 10-12 exp[–(3.38 kcal

mol-1)/RT] cm3 molecule-1 s-1 in 200–300 K [3]. It is

seen that the preexponential factor and activation energy

reported in Ref. [1] is slightly lower than those estimated by

Sander et al. [3]. With respect to CF3CFHCF2H ? OH

(R2), there were four experimental values available at room

temperature. The rate constants (in cm3 molecule-1 s-1)

reported by Nelson et al. [4] [(5.30 ± 0.68) 9 10-15] and

Hsu et al. [5] (5.10 9 10-15) show mutual consistency,

while they are somewhat lower than the results determined

by Garland et al. [1] (6.80 9 10-15) and Zhang et al. [6]

(8.50 9 10-15). Notice that, the recommended values,

5.00 9 10-15 [2] and 5.20 9 10-15 cm3 molecule-1 s-1

[3], are derived from the two formers data [4, 5]. Only one

experimental rate constant was determined to be

(1.50 ± 0.30) 9 10-15 cm3 molecule-1 s-1 [7] at 298 K

for the reaction of CF3CF2CFH2 with Cl (R3). In the case of

the reaction CF3CFHCF2H ? Cl (R4), however, no experi-

mental study has been performed up to now. In view of the

discrepancies of the available experimental results for

R1–R3 as well as the lack of the kinetic study for R4, it is

very desirable to perform deeper theoretical investigations

for the title reactions so as to provide further kinetic

information concerning them. To the best of our knowledge,

no theoretical work has addressed above reactions.

For reactant CF3CF2CFH2, two stable conformers are

located, denoted as SC1 with Cs symmetry and SC2 with

C1 symmetry (see Fig. S1). Based on our electronic

structure calculation, SC2 is only 0.11 kcal mol-1 stabler

than SC1 at the BMC-CCSD//BB1K/6-31?G(d, p) level

of theory, so both of them will contribute to the whole

reaction. For SC1 with Cs symmetry, the two hydrogen

atoms in the –CFH2 position are equivalent, and as a

result only one channel is identified for reaction

SC1 ? OH, that is,

CF3CF2CFH2ðCsÞ þ OH! CF3CF2CFH þ H2O ðR10Þ

While in the case of conformer SC2, the two hydrogen

atoms are not equivalent: one is located between the two F

atoms and the other is in front of them, so the following

two distinct reaction channels are feasible,

CF3CF2CFHH0ðC1Þ þ OH! CF3CF2CFHþ H2O

ðR1a00Þ

! CF3CF2CFH0 þ H2O ðR1b00Þ

And for the species CF3CFHCF2H, hydrogen can be

abstracted from –CFH– and –CF2H groups, respectively,

i.e.,

CF3CFHCF2Hþ OH! CF3CFCF2Hþ H2O ðR2aÞ
! CF3CFHCF2 þ H2O ðR2bÞ

Similar reaction channels can be found for reactions R3

and R4,

CF3CF2CFH2ðCsÞ þ Cl! CF3CF2CFHþ HCl ðR30Þ

CF3CF2CFHH0ðC1Þ þ Cl! CF3CF2CFHþ HCl ðR3a00Þ

! CF3CF2CFH0 þ HCl ðR3b00Þ
CF3CFHCF2Hþ Cl! CF3CFCF2Hþ HCl ðR4aÞ
! CF3CFHCF2 þ HCl ðR4bÞ

The aim of our present work is to study the reaction

mechanism and to obtain the kinetic information, such as

the temperature dependence of the rate constants and

branching ratios over a wide temperature range, the

activation energies, as well as the reaction enthalpies.

Here, a dual-level (X//Y) direct dynamics method [8–10]

proposed by Truhlar et al. is applied to predict the rate

constants of the above reactions. The comparison between

theoretical and experimental results is discussed. In

addition, it is known that the knowledge of the enthalpy

of formation (DHf,298
o ) of the species is important in the

thermodynamic properties as well as in the kinetics of

atmospheric processes. Due to the lack of theoretical or

experimental DHf,298
o values, we evaluated their enthalpies

of formation theoretically by using isodesmic reactions

[11].

2 Calculation methods

The electronic structure calculations are carried out by the

Gaussian 03 program [12]. The geometries and frequencies

of all the stationary points including reactants, transition

states (TSs), products, and complexes are optimized by

using the BB1K method [13] (Becke88 [14]–Becke95 [15]

one-parameter model for kinetics methods) with the 6-

31?G(d, p) basis set. As pointed out by Truhlar et al. [13],

BB1K method is proved to be an effective density function

theory (DFT) method for thermochemical kinetics and can

give good saddle point geometries and barrier heights. At

the same level of theory, the minimum energy path (MEP)

is obtained by intrinsic reaction coordinate (IRC) theory to
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confirm that the TS really connects to reactants and prod-

ucts along the reaction path. The first and second energy

derivatives at geometries along the MEP are obtained to

calculate the curvature of the reaction path and to calculate

the generalized vibrational frequencies along the reaction

path. In order to obtain more reliable energetic, single-

point energies for the stationary points and a few extra

points along with the MEP are computed by the BMC-

CCSD method [16] (a multi-coefficient correlation method

based on coupled cluster theory with single and double

excitations (CCSD) proposed by Lynch and Truhlar) using

the BB1K geometries. The potential profile is further

refined with interpolated single-point energy (ISPE)

method [17], which uses higher-level single-point energies

at the lower-level saddle point plus a few selected points

along the lower-level reaction path.

The initial information on the potential energy surface is

used to evaluate the rate constants by means of the

POLYRATE 9.3 program [18]. The theoretical rate con-

stants are calculated by using canonical variational transi-

tion state theory (CVT) [19–21], which is the specific level

of the variational transition state theory (VTST) [22–24].

The transmission coefficient is calculated by the centrifu-

gal-dominant small curvature semiclassical adiabatic

ground-state tunneling (SCT) [25, 26]. It should be noted

that for a reaction which involves the transfer of a light

particle between two heavy atoms, the large-curvature

tunneling (LCT) [27, 28] probability might be important,

especially at low temperature. While the LCT method

requires more information of the potential energy surface

(PES) and not just the MEP, beyond the scope of our work.

Considering the fact that the SCT approach has been suc-

cessfully used in the studies of many H-abstraction reac-

tions [29–31], we chose SCT method in our present study.

All the vibrational modes are treated as quantum-

mechanical separable harmonic oscillators except for the

two lowest vibrational ones. The hindered rotor approxi-

mation of Truhlar and Chuang [32, 33] is used for calcu-

lating the partition functions of these two modes. In the

calculation of the electronic partition functions, the two

electronic states for OH radical with a 140 cm-1 splitting

in the 2P ground state are included, and the spin-orbit

splitting of Cl, 2P3/2 and 2P1/2 with an 881 cm-1 splitting, is

also considered.

In order to give theoretical predictions for the enthalpies

of formation of reactants (CF3CF2CFH2 (SC1 or SC2)

and CF3CFHCF2H) and product radicals (CF3CF2CFH,

CF3CFCF2H, and CF3CHFCF2), the high-level energies are

calculated at both BMC-CCSD and MC-QCISD [34] (the

multi-coefficient correlation method based on quadratic

configuration interaction with single and double excitation)

levels of theory based on BB1K/6-31?G(d, p) optimized

geometries using the following isodesmic reactions:

CF3CF2CFH2 SC1 or SC2ð Þ þ CH3CH3

! CF3CF3 þ CH3CH2CH3 ðR5Þ

CF3CFHCF2Hþ CH3CH3 ! CF3CF3 þ CH3CH2CH3

ðR6Þ
CF3CF2CFHþ CH3CH3 ! CF3CF3 þ CH3CHCH3

ðR7Þ
CF3CFCF2Hþ CH3CH3 ! CF3CF3 þ CH3CHCH3

ðR8Þ
CF3CHFCF2 þ CH3CH3 ! CF3CF3 þ CH3CHCH3:

ðR9Þ

3 Results and discussion

3.1 Stationary points

3.1.1 Geometries and vibrational frequencies

The calculated geometric parameters and harmonic vibra-

tional frequencies of all reactants, translate-states, com-

plexes, and products at the BB1K/6-31?G(d, p) level of

theory are shown in Supporting Information (Fig. S1 and

Table S1, respectively), as well as the available experi-

mental values [35–38]. From Fig. S1 and Table S1, we can

see that the agreement between the calculated and experi-

mental geometries and frequencies data is good. And all

the stationary points are identified as local minima (number

of imaginary frequencies NIMAG = 0) and transition

states (NIMAG = 1). The imaginary frequency can be

seen as a measure of the thickness of barrier. A large

imaginary frequency indicates a large negative force con-

stant for the reaction coordinate mode and therefore a thin

barrier [39]. As shown in Table S1, the transition state of

each channel has a large imaginary frequency, which

implies that the quantum tunneling effect should be

important in the calculation of the rate constant.

For the structures of all the TSs, the following expected

patterns are found:

3.1.1.1 CF3CF2CFH2/CF3CFHCF2H ? OH reaction For

the transition states abstracted by OH radical, it is found that

the geometries of the TSs look more similar to those of

reactants than to those of products. For TS10, TS1a00, TS1b00,
TS2a, and TS2b, the reactive C–H bond, which is broken, is

elongated by 13, 12, 13, 14, and 13% compared to the C–H

equilibrium bond length of the corresponding parent, and the

forming bond H–O is longer than the equilibrium bond

length of H2O by 34, 34, 33, 31, and 33%, respectively, at the

BB1K level of theory. The elongation of the breaking bond

(C–H) is much less than the elongation of the forming bond

Theor Chem Acc (2009) 124:59–70 61

123



(H–O), indicating that these transition states are reactant-

like, so these reactions may proceed via ‘‘early’’ transition

states as expected for the exothermic reactions.

3.1.1.2 CF3CF2CFH2/CF3CFHCF2H ? Cl reaction The

transition states attacked by Cl atoms exhibit just opposite

result, i.e., TS30, TS3a00, TS3b00, TS4a, and TS4b are more

similar to the product geometries than to reactant struc-

tures. The breaking C–H bonds are increased by 29, 29, 29,

30, and 29%, and the forming H–Cl bonds are stretched by

13, 13, 13, 12, and 13%, respectively, with respect to the

corresponding regular bond length. Therefore, the transi-

tion states are product-like, and these reactions proceed via

‘‘late’’ transition states as expected for the endothermic

reactions.

3.1.2 Enthalpies of formation

The reaction enthalpies (DH298
o ) for all channels at the

BMC-CCSD//BB1K level of theory are listed in Table 1.

We can see that the values of DH298
o for reaction channels

involved in H-abstraction from the rotation isomers SC1

and SC2 are very close; for example, the values of DH298
o

are -18.39, -18.74, and -18.50 kcal mol-1 for channels

R10, R1a00, and R1b00, respectively. Thus, in this work, we

choose the lowest-energy product radical (in R1a00) as a

representative to estimate its enthalpy of formation. It is

known that isodesmic reaction, in which the number of

each type of bond is conserved, will cancel the systematic

errors in the ab initio calculations and lead to quite accurate

results because of the similarity of bond type in both

reactants and products. Therefore, we employ R5–R9 to

estimate the DHf,298
o values of the reactants and product

radicals. First, we calculated reaction enthalpies of above

reactions at the BMC-CCSD//BB1K level of theory,

then these theoretical results are combined with the

known standard enthalpies of formation [40] (CH3CH3,

-20.04 ± 0.07 kcal mol-1; CF3CF3, -321.35 kcal mol-1;

CH3CH2CH3, -25.04 ± 0.12 kcal mol-1; CH3CHCH3,

21.52 ± 0.48 kcal mol-1) to estimate the DHf,298
o values of

these species. In order to further test the accuracy of the

BMC-CCSD level of theory, MC-QCISD method is also

applied to refine the energies based on the BB1K/6-

31?G(d, p) geometries. The calculated results at two levels

of theory are listed in Table 2. The calculated enthalpies

of formation are -316.71, -317.34, -267.34, 265.03,

and 265.81 kcal mol-1 for CF3CF2CFH2, CF3CFHCF2H,

CF3CF2CFH, CF3CFCF2H, and CF3CHFCF2, respectively,

at the BMC-CCSD//BB1K level of theory, which are in

good agreement with the results (-317.63, -318.25,

-268.30, 265.94, and 266.53 kcal mol-1) obtained at the

MC-QCISD//BB1K level of theory; the largest deviation

between them is within 1.0 kcal mol-1. The good agree-

ment between the results at two high-levels confirms the

creditability of the enthalpies of formation obtained in the

present study.

3.1.3 Potential energy surfaces

Schematic potential energy surfaces (PESs) of the title

reactions with zero-point energy (ZPE) corrections are

plotted in Fig. 1a–c. The energy of reactants is set to zero

for reference. For all channels, the hydrogen-bonded

complexes are located at the reactant or product side,

which indicates each reaction will take place via an indirect

Table 1 The enthalpies of

reactions (DH298
o in kcal mol-1)

calculated at the BMC-CCSD//

BB1K/6-31?G(d, p) level of

theory

Reactions BMC-CCSD

CF3CF2CFH2 (Cs) ? OH ? CF3CF2CFH ? H2O (R10) -18.39

CF3CF2CFHH0 (C1) ? OH ? CF3CF2CFH ? H2O (R1a0 0) -18.74

CF3CF2CFH0 ? H2O (R1b0 0) -18.50

CF3CFHCF2H ? OH ? CF3CFCF2 H ? H2O (R2a) -15.77

CF3CFHCF2 ? H2O (R2b) -16.55

CF3CF2CFH2 (Cs) ? Cl ? CF3CF2CFH ? HCl (R30) -2.33

CF3CF2CFHH0 (C1) ? Cl ? CF3CF2CFH ? HCl (R3a0 0) -2.68

CF3CF2CFH0 ? HCl (R3b0 0) -2.44

CF3CFHCF2H ? Cl ? CF3CFCF2 H ? HCl (R4a) 0.30

CF3CFHCF2 ? HCl (R4b) -0.49

Table 2 Calculated enthalpies of formation at 298 K at BMC-

CCSD//BB1K/6-31?G(d, p) and MC-QCISD//BB1K/6-31?G(d, p)

levels of theory (in kcal mol-1)

Species BMC-CCSD MC-QCISD

CF3CF2CFH2 -316.71 -317.63

CF3CFHCF2H -317.34 -318.25

CF3CF2CFH -267.34 -268.30

CF3CFCF2 H -265.03 -265.94

CF3CFHCF2 -265.81 -266.53
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reaction mechanism. The barrier heights and exothermic

values of the reaction channels will be discussed in the

following two parts:

3.1.3.1 CF3CF2CFH2/CF3CFHCF2H ? OH reaction For

reaction CF3CF2CFH2 (SC1 and SC2) ? OH (R1), from

Fig. 1a, it is seen that the barrier height of channel R1a00

(2.11 kcal mol-1) is lower than those of R1b00 and R10 by

about 0.29 and 1.22 kcal mol-1, and the former is more

exothermic than the two latters by about 0.10 and

0.38 kcal mol-1, respectively. Thus channel R1a00 is the

most competitive both kinetically and thermodynamically.

In addition, two channels R1a00 and R1b00 of SC2 have lower

barrier heights and more exothermic values than R10 of SC1,

thus we infer that SC2 will have dominant contribution to the

whole reaction of CF3CF2CFH2 with OH radical. For two

channels R2a and R2b, Fig. 1b shows that R2a has a lower

barrier height (2.33 vs. 2.46 kcal mol-1), while R2b has

larger exothermicity (-16.25 vs. -16.88 kcal mol-1).

Thus, we predict that these two channels may be

competitive.

3.1.3.2 CF3CF2CFH2/CF3CFHCF2H ? Cl reaction For

reaction CF3CF2CFH2 (SC1 and SC2) ? Cl (R3) (see

Fig. 1c), these three channels take the barrier heights of

3.37, 2.43, and 3.54 kcal mol-1 for R30, R3a00 and R3b00,
respectively, while the exothermic values of them are

almost the same; thus, R3a00 will be the dominant channel

for R3. On other hand, the barrier height of channel R30 of

SC1 is between those of R3a00 and R3b00of SC2, thus, it

is expected that the contribution of SC1 and SC2 to the

total rate constants may be competitive. For reaction

Fig. 1 Schematic pathways (a) for reactions CF3CF2CFH2 (SC1 and

SC2) ? OH ? products, (b) for reactions CF3CFHCF2H ? OH/

Cl ? products, and (c) for reactions CF3CF2CFH2 (SC1 and

SC2) ? Cl ? products. Relative energies with ZPE correction at

the BMC-CCSD//BB1K/6-311?G(d, p) level of theory are in

kcal mol-1

Theor Chem Acc (2009) 124:59–70 63
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CF3CFHCF2H ? Cl (R4) (see Fig. 1b), by similar com-

parison for the barrier heights and exoergic values, R4b is

expected to be predominant channel.

Furthermore, it is found that R3 and R4 possess higher

potential barriers and less quantity of heat than those of R1

and R2, indicating that the reactions of these two HFCs

with Cl atoms are more difficultly to occur than the reac-

tions of them with OH radicals.

3.2 Rate constants calculation

The PES information for R1–R4 obtained at the BMC-

CCSD//BB1K/6-31?G(d,p) level of theory is put into the

POLYRATE 9.3 program to perform the dynamic calcu-

lation over a wide temperature range from 200 to 1,000 K.

The theoretical rate constants for each reaction channel are

evaluated by canonical variational transition state theory

(CVT) with the small-curvature tunneling (SCT) correc-

tion. In the rate constant calculation, the symmetry factor

(r) is equal to 1 for the reactant (rR) and for the transition

state (rTS). However, note that for conformer SC1 with Cs

symmetry, the transition state has two chiral stereoisomers

(i.e., mTS = 2), thus, as explained by Miller [41] and Gil-

bert et al. [42], the total reaction path degeneracy (n),

which is defined as rR

rTS
� mTS

mR
; is equal to 2. In addition, the

accuracy of the calculated rate constants was monitored by

means of the mean unsigned percentage error (MUPE)

[43], which is very familiar and used more extensively,

defined as

MUPE ¼ 1

N

XN

i¼1

kcalc
i � kexp

i

kexp
i

����

����

 !
� 100% ðE1Þ

where ki
calc represents the calculated rate constant at a

certain temperature, ki
exp represents the experimental result

at the same temperature, and N is the number of rate

constants for which the comparison is made. For compari-

son, the calculated rate constants, available experimental

values [1, 4–7] and MUPE are listed in Tables 3, 4, and 5.

3.2.1 CF3CF2CFH2/CF3CFHCF2H ? OH reaction

3.2.1.1 Variational and tunneling correction Firstly, we

presented a detailed analysis for channel R10. Figure 2

depicts the classical potential energy curve [VMEP(s)], the

vibrationally adiabatic ground-state potential energy curve

[Va
G(s)], and the zero-point energy [ZPE(s)] curve for

channel R10 as a function of the intrinsic reaction coordi-

nate s, where Va
G(s) = VMEP(s) ? ZPE(s). It is seen that

channel R10 has a low barrier height and smooth potential

energy profile in the reactant region. The maximum posi-

tions of the VMEP and Va
G curves have a little shift, which

indicates that the variational effect would be important in

the rate constant calculation for R10. The similar plots can

be drawn for the other channels (R1b00, R1a00, R2a, and

R2b) and therefore are not shown in present paper.

Because reaction channels R10 and R1b00 are the favor-

able channels and R1a00, R2a, and R2b have similar vari-

ational and tunneling effects to them, here, we chose these

two reaction channels as representatives to in detail ana-

lyze. The TST, CVT, and CVT/SCT rate constants of

channels R10 and R1b00 are presented in Fig. 3a, b. For R10

(see Fig. 3a), the variational effect deviates the CVT rate

constant from the TST one by factors of 0.39 at 200 K,

0.78 at 400 K, and 0.98 at 1,000 K for R10, respectively.

These ratios indicate the variational effect is important at

low temperatures and almost negligible at the high tem-

perature range. Moreover, by contrasting the CVT and

CVT/SCT, it is shown that the SCT correction must be

taken into account in the rate constant calculations in the

low temperature range, but as the temperature increases,

the two curves are asymptotic to each other. For example,

the ratios of kCVT/SCT/kCVT are 6.17 at 200 K, 1.31 at

500 K, and 1.03 at 1,000 K for R10, respectively. Similar

conclusions can be drawn for R1a00 and R2a. For channel

R1b00 (see Fig. 3b), the case is slightly different, both the

variational effect and SCT effect play an important role

Table 3 Calculated and experimental rate constants (in cm3 mole-

cule-1 s-1) as well as the average error for reaction CF3CF2CFH2

(SC1 or SC2) ? OH ? products in the temperature range of 200–

1,000 K at the BMC-CCSD//BB1K/6-311?G(d, p) level of theory

T(K) k1
0 k1

0 0 k1T Exptl.

200 8.50 9 10-17 5.83 9 10-16 5.38 9 10-16

225 2.27 9 10-16 1.15 9 10-15 1.04 9 10-15

250 5.20 9 10-16 2.13 9 10-15 1.91 9 10-15

251 5.37 9 10-16 2.19 9 10-15 1.96 9 10-15 3.13 9 10-15a

260 7.00 9 10-16 2.69 9 10-15 2.40 9 10-15

270 9.26 9 10-16 3.36 9 10-15 2.99 9 10-15

275 1.06 9 10-15 3.73 9 10-15 3.31 9 10-15 4.60 9 10-15a

286 1.40 9 10-15 4.67 9 10-15 4.12 9 10-15

298 1.87 9 10-15 5.88 9 10-15 5.17 9 10-15

300 1.96 9 10-15 6.11 9 10-15 5.37 9 10-15 6.45 9 10-15a

314 2.66 9 10-15 7.84 9 10-15 6.87 9 10-15 7.60 9 10-15a

325 3.35 9 10-15 9.43 9 10-15 8.24 9 10-15

340 4.49 9 10-15 1.20 9 10-14 1.05 9 10-14

350 5.39 9 10-15 1.40 9 10-14 1.21 9 10-14

365 7.02 9 10-15 1.74 9 10-14 1.51 9 10-14

400 1.17 9 10-14 2.75 9 10-14 2.37 9 10-14

500 3.77 9 10-14 7.86 9 10-14 6.70 9 10-14

600 8.97 9 10-14 1.75 9 10-13 1.48 9 10-13

800 3.17 9 10-13 5.74 9 10-13 4.81 9 10-13

1,000 7.90 9 10-12 1.39 9 10-12 1.15 9 10-12

MUPE 23%

a From Ref. [1]
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over the whole temperature range. For example, the values

of kCVT/kTST are 0.41 at 200 K and 0.83 at 1,000 K, and the

kCVT/SCT/kCVT ratios are 147.76 at 200 K and 1.45 at

1,000 K. Similarly, R2b also has the same property.

3.2.1.2 Total rate constants and branching ratios

CF3CF2CFH2 ? OH reaction In the case of CF3CF2CFH2,

the energy of SC1 is very close to that of SC2, so they will

both contribute to the overall reaction rate constant. When

CF3CF2CFH2 is attacked by OH radicals or Cl atoms, the

total rate constant can be obtained from the following

expression,

knT ¼ x1k0n þ x2k00n
¼ x1k0n þ x2 k00na þ k00nb

� �

¼ k0nT þ k00nT ðn ¼ 1 or 3Þ
ðE2Þ

where x1 and x2 are the weight factors of each conformer

calculated from the Boltzmann distribution function. The

calculated rate constants of each conformer and the total rate

constants of R1 are presented in Table 3, along with the

available experimental values [1] and the average error. It is

found that the calculated rate constants in the temperature

range of 251–314 K are in good agreement with the exper-

imental data [1], with the MUPE of 23%. In 200–300 K, the

Table 4 Calculated and experimental rate constants (in cm3 molecule-1 s-1) as well as the average error for reaction

CF3CFHCF2H ? OH ? products in the temperature range of 200–1,000 K at the BMC-CCSD//BB1K/6-311?G(d, p) level of theory

T(K) k2a k2b k2T Exptl.

200 1.63 9 10-16 1.13 9 10-16 2.76 9 10-16

225 3.88 9 10-16 2.73 9 10-16 6.61 9 10-16

250 7.98 9 10-16 5.75 9 10-16 1.37 9 10-15

251 8.20 9 10-16 5.91 9 10-16 1.41 9 10-15 3.59 9 10-15a

260 1.03 9 10-15 7.51 9 10-16 1.78 9 10-15 (5.04 ± 0.76) 9 10-15d

270 1.31 9 10-15 9.67 9 10-16 2.28 9 10-15 (5.22 ± 0.59) 9 10-15d

275 1.47 9 10-15 1.09 9 10-15 2.56 9 10-15 5.10 9 10-15a

283 1.75 9 10-15 1.31 9 10-15 3.06 9 10-15 (6.58 ± 0.87) 9 10-15d

286 1.87 9 10-15 1.41 9 10-15 3.28 9 10-15 6.06 9 10-15c

298 2.39 9 10-15 1.83 9 10-15 4.22 9 10-15 6.80 9 10-15a

(5.30 ± 0.68) 9 10-15b

5.10 9 10-15c

(8.51 ± 0.26) 9 10-15d

300 2.49 9 10-15 1.90 9 10-15 4.39 9 10-15 6.93 9 10-15a

7.94 9 10-15c

305 2.74 9 10-15 2.11 9 10-15 4.85 9 10-15 (8.87 ± 1.26) 9 10-15d

314 3.24 9 10-15 2.52 9 10-15 5.76 9 10-15 8.06 9 10-15a

325 3.93 9 10-15 3.11 9 10-15 7.04 9 10-15 1.22 9 10-14c

330 4.28 9 10-15 3.41 9 10-15 7.69 9 10-15 (1.39 ± 0.36) 9 10-14d

340 5.04 9 10-15 4.07 9 10-15 9.11 9 10-15

350 5.89 9 10-15 4.82 9 10-15 1.07 9 10-14 1.75 9 10-14c

364 7.24 9 10-15 6.04 9 10-15 1.33 9 10-14 2.10 9 10-14c

365 7.35 9 10-15 6.13 9 10-15 1.35 9 10-14 (2.18 ± 0.28) 9 10-14d

400 1.17 9 10-14 1.02 9 10-14 2.19 9 10-14

500 3.31 9 10-14 3.30 9 10-14 6.61 9 10-14

600 7.23 9 10-14 8.05 9 10-14 1.53 9 10-13

800 2.27 9 10-13 3.02 9 10-13 5.29 9 10-13

1,000 5.24 9 10-12 7.91 9 10-13 1.32 9 10-12

MUPE 44%

a From Ref. [1]
b From Ref. [4]
c From Ref. [5]
d From Ref. [6]
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calculated activation energy (Ea) 2.74 kcal mol-1, which is

fitted by the CVT/SCT rate constants, is slightly lower than

the value of 3.38 kcal mol-1 recommended by Sander et al.

[3]. In 251–314 K, the theoretical Ea (3.12 kcal mol-1) is

slightly larger than experimental result (2.21 ± 0.40 kcal -

mol-1) proposed by Garland et al. [1].

The temperature dependence of the branching ratios is

plotted in Fig. S2a as Supporting Information for reaction

CF3CF2CFH2 (SC2) ? OH (R100). It is found that the ratios

of k1a
00/k1

00 are 0.66 at 200 K and 0.55 at 1,000 K,

respectively, indicating that channel R1a00 is major channel

over the whole temperature range for R100. From expres-

sion E2, it is easy to evaluate the degree of each conformer

contributing to the total rate constant. For example, the x1

and x2 are 0.09 and 0.91 at 200 K, and 0.39 and 0.61 at

1,000 K, respectively. In addition, the contribution of each

conformer to the total rate constants is depicted in Fig. 4a.

The change of k1T
00/k1T is from 0.99 to 0.74 within 200–

1,000 K, which indicates that the hydrogen abstraction

from conformer SC2 dominates the reaction over the whole

temperature range.

CF3CFHCF2H ? OH reaction For reaction

CF3CFHCF2H ? OH (see Table 4), the rate constant

k(298 K) = 4.22 9 10-15 cm3 molecule-1 s-1 is very

close to the experimental values of (5.30 ± 0.68) 9 10-15

and 5.10 9 10-15 cm3 molecule-1 s-1 reported by Nelson

et al. [4] and Hsu et al. [5], respectively. The calculated

MUPE is 44%. Furthermore, the calculated activation

energies (Ea) along with three experimental values [1, 5, 6]

and two recommended values [2, 3] are listed in Table 6. It

is seen that our theoretical Ea values and four reference

data [2, 3, 5, 6] show mutual agreement in the measured

temperature ranges, while all of them are about 1.5 times

larger than the result from Ref. [1].

The branching ratios for this reaction are plotted in

Fig. 4b. We can see that R2a is the more important channel

Table 5 Calculated and experimental rate constants (in cm3 molecule-1 s-1) as well as the average error for reactions CF3CF2CFH2 (SC1 or

SC2) ? Cl ? products and CF3CFHCF2H ? Cl ? products in the temperature range of 200–1,000 K at the BMC-CCSD//BB1K/6-311?G(d,

p) level of theory

T(K) k3
0 k3

0 0 k3T Exptl. k4a k4b k4T

200 5.80 9 10-17 1.29 9 10-16 1.22 9 10-16 5.22 9 10-18 4.93 9 10-17 5.45 9 10-17

225 1.66 9 10-16 2.98 9 10-16 2.83 9 10-16 2.04 9 10-17 1.49 9 10-16 1.69 9 10-16

250 4.04 9 10-16 6.02 9 10-16 5.75 9 10-16 6.26 9 10-17 3.73 9 10-16 4.36 9 10-16

260 5.54 9 10-16 7.77 9 10-16 7.44 9 10-16 9.30 9 10-17 5.17 9 10-16 6.10 9 10-16

275 8.61 9 10-16 1.11 9 10-15 1.07 9 10-15 1.61 9 10-16 8.12 9 10-16 9.73 9 10-16

298 1.58 9 10-15 1.80 9 10-15 1.76 9 10-15 (1.50 ± 0.30) 9 10-15 a 3.38 9 10-16 1.51 9 10-15 1.85 9 10-15

314 2.30 9 10-15 2.45 9 10-15 2.42 9 10-15 5.35 9 10-16 2.21 9 10-15 2.75 9 10-15

325 2.94 9 10-15 2.98 9 10-15 2.97 9 10-15 7.18 9 10-16 2.83 9 10-15 3.55 9 10-15

340 4.01 9 10-15 3.84 9 10-15 3.87 9 10-15 1.04 9 10-15 3.87 9 10-15 4.91 9 10-15

350 4.88 9 10-15 4.50 9 10-15 4.58 9 10-15 1.32 9 10-15 4.71 9 10-15 6.03 9 10-15

365 6.43 9 10-15 5.64 9 10-15 5.81 9 10-15 1.83 9 10-15 6.21 9 10-15 8.04 9 10-15

400 1.15 9 10-14 9.08 9 10-15 9.66 9 10-15 3.62 9 10-15 1.11 9 10-14 1.47 9 10-14

500 4.22 9 10-14 2.63 9 10-14 3.08 9 10-14 1.58 9 10-14 3.92 9 10-14 5.50 9 10-14

600 1.09 9 10-13 5.73 9 10-14 7.37 9 10-14 4.47 9 10-14 9.62 9 10-14 1.41 9 10-13

800 4.16 9 10-13 1.70 9 10-13 2.59 9 10-13 1.78 9 10-13 3.24 9 10-13 5.02 9 10-13

1,000 1.05 9 10-12 3.59 9 10-13 6.26 9 10-13 4.40 9 10-13 7.25 9 10-13 1.17 9 10-12

MUPE 24%

a From Ref. [7]

Fig. 2 Classical potential energy curve (VMEP), ground-state vibra-

tionally adiabatic energy curve (Va
G), and zero-point energy curve

(ZPE) as functions of s (amu)1/2 bohr at the BMC-CCSD//BB1K/6-

31?G(d, p) level of theory for reaction CF3CF2CFH2

(Cs) ? OH ? products (R10)
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than R2b at the low temperature range. The values of

k2a/k2T and k2b/k2T are 0.59 and 0.41 at 200 K. However, as

the temperature increases, the ratio of k2b/k2T is larger than

k2a/k2T and then R2b becomes a major reaction channel.

For example, the values of k2a/k2T and k2b/k2T are 0.40 and

0.60 at 1,000 K, respectively.

3.2.2 CF3CF2CFH2/CF3CFHCF2H ? Cl reaction

3.2.2.1 Variational and tunneling correction The plot of

TST, CVT, and CVT/SCT rate constants for channel R30

is shown in Fig. 3c. It shows that the rate constants of

TST and CVT are nearly the same over the whole tem-

perature range, which means that the variational effect is

very small or almost negligible. This character can also

be analysed from the Va
G(s), VMEP(s), and ZPE(s) curves.

Different from R10, the maximum positions of the Va
G(s)

and VMEP(s) curves are almost the same, implying a small

variational effect. The CVT/SCT rate constants are

greater than the CVT rate constants in the low tempera-

ture range. For example, the ratios of kCVT/SCT/kCVT are

2.06 at 200 and 1.16 at 400 K. Thus, SCT effect plays an

important role for R30 at the low temperature range.

While for R3a00, R3b00, R4a, and R4b, both the variational

effect and SCT effect play an important role over the

whole temperature range.

3.2.2.2 Total rate constants and branching ratios As to the

reactions of Cl atoms with CF3CF2CFH2 and CF3CFHCF2H,

the theoretical results and available experimental value [7]

are listed in Table 5.

CF3CF2CFH2 ? Cl reaction Similar to reaction

CF3CF2CFH2 ? OH, the total rate constants are obtained

from E2. From Table 5, it is found that the calculated value

1.76 9 10-15 cm3 molecule-1 s-1 agrees quite well with

the only experimental datum [7] (1.50 ± 0.30) 9

10-15 cm3 molecule-1 s-1 at 298 K. The MUPE is 24%.

For reaction CF3CF2CFH2 (SC2) ? Cl (R3b00), Fig. S2b (in

Supporting Information) shows the ratios of k3a
00/k3

00 are

0.93 at 200 K and 0.72 at 1,000 K, and thus R3a00 will be

the dominant channel of R300 over the whole temperature

range. In addition, the contribution of conformers SC1 and

SC2 to the total rate constant is exhibited in Fig. 4c. As can

be seen that below 650 K, the contribution of SC2 to the

overall reaction is important; for example, the values of

k3T
00/k3T are 0.96 at 200 K and 0.61 at 500 K, respectively.

However, as the temperature increases, SC1 prevails over

SC2 and then becomes the major one; the ratio of k3T
0/k3T

is 0.65 at 1,000 K. It is clear that the role of SC2 in the

reaction CF3CF2CFH2 ? Cl is much less important than its

role in the reaction CF3CF2CFH2 ? OH.

CF3CFHCF2H ? Cl reaction For this reaction, there is

no available experimental rate constant in the literature;

Fig. 3 Plots of TST, CVT and

CVT/SCT rate constants

calculated at the BMC-CCSD//

BB1K/6-31?G(d, p) level of

theory versus 1,000/T between

200 and 1,000 K (a) for reaction

CF3CF2CFH2

(Cs) ? OH ? products (R10),
(b) for reaction CF3CF2CFH2

(C1) ? OH ? products (R1b0 0),
(c) for reaction CF3CF2CFH2

(Cs) ? Cl ? products (R30)
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consequently, no comparison with the calculated result is

made. While owing to the good consistency between theo-

retical and experimental values for the other three reac-

tions, one may expect that the present theoretical calcula-

tion can provide reliable prediction for the rate constant of

this reaction. Figure 4d shows the temperature dependence

of k4a/k4T and k4b/k4T. We find that the contribution of

channel R4b to the overall reaction is important than R4a.

The k4b/k4T ratios are 0.90 at 200 K and 0.62 at 1,000 K,

indicating that R4b is a major channel over the whole

temperature range.

From Tables 3, 4, and 5, we can also see that the

reactions of CF3CF2CFH2/CF3CFHCF2H with OH radicals

are easier to occur than CF3CF2CFH2/CF3CFHCF2H with

Cl atoms. For example, the k1T and k2T are about 2.9 and

2.3 times than k3T and k4T at room temperature, respec-

tively. In addition, in the direct dynamics calculation,

errors may produce from electronic structure calculation of

barrier height and tunneling corrections. The BMC-CCSD

method is known to have mean unsigned error in calcu-

lating barrier height of 0.71 kcal mol-1 [16]; on other

hand, the SCT method may also provide an inadequate

account for the tunneling and be less accurate than the LCT

method. However, these errors may compensate each other

in the rate constant calculation [44]. In view of the largest

MUPE less than 44%, the possibility of error cancellation

appears acceptable and satisfied for the present study.

Fig. 4 Plots of the calculated branching ratios versus 1,000/T between

200 and 1,000 K (a) for reaction CF3CF2CFH2 ? OH ? products, (b)

for reaction CF3CFHCF2H ? OH ? products, (c) for reaction

CF3CF2CFH2 ? Cl ? products, and (d) for reaction CF3CFHCF2H ?

Cl ? products

Table 6 The calculated activation energies (in kcal mol-1) along

with the reference data for reaction CF3CFHCF2H ? OH

T (K) Ea Reference

251–314 3.50 This work

2.01 ± 0.30 Garland et al. [1]

290–380 3.67 This work

3.34 Atkinson et al. [2]

200–300 3.29 This work

3.08 Sander et al. [3]

286–364 3.71 This work

3.30 Hsu et al. [5]

260–365 3.34 This work

2.84 ± 0.31 Zhang et al. [6]
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Since there is few data available at other temperature,

for convenience of future experimental measurements, the

three-parameter expressions for the CVT/SCT rate con-

stants for the title reactions within 200–1,000 K are given

as below (in cm3 molecule-1 s-1):

k1T ¼ 4:08� 10�22T3:24 expð�631=TÞ
k2T ¼ 6:46� 10�21T2:90 expð�941=TÞ
k3T ¼ 5:53� 10�22T3:15 expð�882=TÞ
k4T ¼ 3:30� 10�18T2:10 expð�1669=TÞ

:

4 Conclusions

In this paper, dual-level direct dynamics method is

employed in the study of the hydrogen abstraction reac-

tions of CF3CF2CFH2/CF3CFHCF2H ? X (X = OH and

Cl). The present work can be summarized as follows:

(1) The electronic structure calculations are carried out at

the BB1K/6-31?G(d, p) level of theory and higher

level energies of the stationary points and the points

selected on the MEP are calculated at the BMC-

CCSD//BB1K level of theory. Then, the theoretical

rate constants are calculated in the temperature range

from 200 to 1,000 K by canonical variational transi-

tion state theory (CVT) with a small-curvature

tunneling correction (SCT).

(2) The calculated rate constants, activation energies, and

branching ratios are discussed. When comparison is

available, theoretical results show good agreement

with the available experimental data. The three

parameter expressions for the title reactions within

200–1,000 K are k1T = 4.08 9 10-22 T 3.24 exp

(-631/T), k2T = 6.46 9 10-21 T 2.90 exp(-941/T),

k3T = 5.53 9 10-22 T 3.15 exp(-882/T), and

k4T = 3.30 9 10-18 T 2.10 exp(-1,669/T) cm3 mole-

cule-1 s-1, respectively.

(3) Specially, since the reactant CF3CF2CFH2 has two

stable conformers SC1 with Cs symmetry and SC2 with

C1 symmetry, the total rate constants are obtained by

the Boltzmann distribution function. The present

calculations suggest that SC2 has predominant contri-

bution to the reaction of CF3CF2CFH2 ? OH over the

whole temperature range, while for CF3CF2CFH2 ?

Cl, SC1 and SC2 are competitive with each other.

(4) Furthermore, the enthalpies of formation of CF3CF2

CFH2, CF3CFHCF2H, CF3CF2CFH, CF3CFCF2H, and

CF3CFHCF2 are studied by using isodesmic reactions at

BMC-CCSD//BB1K/6-31?G(d, p) and MC-QCISD//

BB1K/6-31?G(d, p) levels of theory. And the good

agreement is obtained between two high levels of theory,

with the largest deviation within 1.0 kcal mol-1.

We hope the theoretical results may be useful for the

estimating of the kinetics of the reactions over a wide

temperature range where no experimental data are avail-

able yet.
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