
REGULAR ARTICLE

Theoretical study for the CH3OCF2CF2OCHO + Cl reaction

Tong-yin Jin • Hong-bo Yu • Cheng-gang Ci •

Jing-yao Liu

Received: 2 May 2011 / Accepted: 14 August 2011 / Published online: 9 February 2012

� Springer-Verlag 2012

Abstract The reaction of CH3OCF2CF2OCHO with Cl

atom has been investigated theoretically by direct dynam-

ics method. The BB1K hybrid functional in conjunction

with the 6-31 ? G(d,p) basis set has been used to optimize

the geometries for the stationary points and explore the

potential energy surface of the reaction. Four rotation

conformers (RC1-4) of CH3OCF2CF2OCHO are identified,

and they are all considered in the kinetic calculation. For

each conformer, there are two kinds of H-abstraction

channels and one displacement channel, and the latter one

should be negligible due to involving much higher energy

barrier than the former two. The individual rate constants

for each H-abstraction channel are evaluated by the

improved canonical variational transition-state theory with

a small-curvature tunneling correction. The overall rate

constant is evaluated by the Boltzmann distribution func-

tion, and a fitted four-parameter rate constant expression is

obtained over a wide temperature range of 200–2,000 K.

The agreement between the calculated and available

experimental value at 296 K is good. The contribution of

each conformer to the title reaction is discussed with

respect to the temperature. In addition, because of the lack

of available experimental data for the species involved in

the reactions, the enthalpies of the formation (DHf,298�) for

the reactant and its product radicals are predicted via

isodesmic reaction at the BB1K/6-31 ? G(d,p) level.

Keywords Direct dynamics � Rate constant �
Variational transition-state theory � Hydrogen abstraction �
CH3OCF2CF2OCHO

1 Introduction

Owing to the well-known adverse environmental impact of

chlorofluorocarbons (CFCs), many efforts have been

devoted to developing the environmentally acceptable

alternatives such as hydrofluorocarbons (HFCs) and hy-

drofluoroethers (HFEs) to CFCs. Recently, a new class of

hydrofluoropolyethers (HFPEs) with a structure of

CH3O(CF2CF2O)nCH3 was found to have low toxicity and

some other remarkable properties of similar perfluorinated

compounds [1–4] and thus has been suggested as potential

CFC replacements. The atmospheric oxidation of HFPEs

gives the fluoridated formate CH3O(CF2CF2O)nCHO. So,

the problems arise: Do these formates pose any significant

environmental hazard? What are the atmospheric fates of

them? On the other hand, because of the higher reactivity

toward most organic compounds and substantial concen-

tration in the coastal areas and industrial zones, Cl atom

may play an important role in the degradation of these

compounds under atmospheric condition. In our previous

study, we reported the rate constants of the CH3OCF2C-

F2OCH3 ? Cl reaction over a wide temperature range of

200–2,000 K [5]. In order to assess the environmental

impact and provide a more complete picture of the atmo-

spheric degradation mechanism of CH3OCF2CF2OCF3, a

better understanding of the atmospheric removal mecha-

nism of its oxidation product CH3OCF2CF2OCHO is very

necessary. Experimentally, only one kinetic study of the

CH3OCF2CF2OCHO ? Cl reaction was performed by

Wallington et al. [6], and the overall rate constant was
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determined to be (1.81 ± 0.36) 9 10-13 cm3 mole-

cule-1 s-1 at 296 ± 3 K by using relative rate techniques.

For the reaction CH3OCF2CF2OCHO ? Cl, it is easily

found that more than one channel are available at different

sites of CH3OCF2CF2OCHO. For example, the reaction

may take place via the H-abstraction channels from the

–CH3 and –CHO groups, leading to different product iso-

mers or via the displacement channel. However, there is a

lack of relevant theoretical reports on the reaction mech-

anism as well as the rate constants at other temperatures to

the best of our knowledge. Therefore, in the present work,

we employed density function theory (DFT) direct

dynamics method to study the reaction. The potential

energy surface (PES) information was obtained by BB1K

method [7], then the rate constants and the branching ratios

of different channels were calculated using the variational

transition-state theory (VTST) [8–10] over a temperature

range of 200–2,000 K. The comparison and discussion

between theory and experiment were made. Our aim is to

gain a deeper insight into the mechanism and kinetics of

the reaction and fill a void in the available data for atmo-

spheric chemistry.

2 Calculation method

In the present work, all the electronic structure calculations

were performed with the GAUSSIAN 09 program [11].

The optimized geometries of the stationary points were

calculated at a hybrid Hartree-Fork-density functional

model BB1K (Becke88 [12]-Becke95 [13] one-parameter

model for kinetics) in combination with the 6-31 ? g(d,p)

basis set (BB1K/6-31 ? g(d,p)). The reliability and effi-

ciency of the BB1K/6-31 ? g(d,p) level of theory have

been verified by Truhlar et al. [14] and successfully applied

in many radical reactions [15–17]. Each stationary point

was characterized by the harmonic vibrational frequency

analysis. The number of imaginary frequencies (0 or 1)

indicates whether a minimum or a transition state has been

located. At the same level, the minimum-energy path

(MEP) is calculated with intrinsic reaction coordinate

(IRC) theory to confirm that the transition state (TS) really

connects the reactant and product. Also, the energy deriv-

atives including gradients and Hessians at geometries along

the MEP were obtained to calculate the curvature of the

reaction path.

On the basis of the initial PES information, the kinetics

calculations were performed with the POLYRATE 9.7

program [18]. The theoretical rate constants were calcu-

lated using the improved canonical variational transition-

state theory (ICVT) [19] with the small-curvature tunneling

(SCT) [20, 21] correction over the temperature range of

200–2,000 K. During the kinetic calculations, the Euler

single-step integrator with a step size of 0.001 (amu)1/2 is

used to follow the MEP, and the generalized normal-mode

analysis is performed every 0.01 (amu)1/2 Bohr. Most of

the vibrational modes were treated as quantum–mechanical

separable harmonic oscillators, while the lower modes

associated with torsion was treated as hindered rotor. The

hindered-rotor approximation [22–24] was used for calcu-

lating the partition functions of the torsion modes. The

vibrational frequencies corresponding to the hindered rotor

are labeled in the tables (see Table 1 in the text and Table

S1 in Supporting Information). The Cx scheme [25–27],

which was the recommended method in Reference [28, 29],

was applied for treating the hindered rotor. In this scheme,

the moment of inertia for the minimum-energy point of the

internal rotation potential curve is calculated by a curvi-

linear (C) model [23], harmonic-oscillator frequencies are

obtained by electronic structure calculations, and the bar-

rier of internal rotation is calculated by

Wj ¼ 2Ijðxj=MÞ2

where Ij is the moment of inertia for internal rotation, xj is

the vibrational frequency, and M is the total number of

minima along the torsional coordinate in the range 0–2p
[25]. For each torsion mode, the number of distinct minima

along the torsional coordinate is 3, and the symmetry

number of the minimum has a value of 1, that is, M = 3. In

the calculation of the electronic partition functions, the 2P3/2

and 2P1/2 electronic states of Cl atom were included, with an

881 cm-1 splitting due to the spin-orbital coupling.

3 Results and discussion

3.1 Stationary points

With respect to the reactant CH3OCF2CF2OCHO, we

located four stable rotation conformers, denoted as RC1,

RC2, RC3, and RC4, as well as four transition states for

the interconversion of them. The potential energy profile

connecting them is shown in Fig. 1, and some of the key

optimized geometric parameters for RC1-4 are shown in

Fig. 2. It is clearly seen from the schematic configurations

of the four conformers in Fig. 1 that RC1 can be trans-

formed into RC3 by a rotation of –CF2OCH3 group

around the C–C axis, with a rotation barrier of 3.86 kcal/

mol. By a –CHO group rotation of 180�, RC1 and RC3

can be transformed into RC2 and RC4, respectively. The

rotation barriers are 6.96 kcal/mol between RC1 and RC2

and 6.50 kcal/mol between RC3 and RC4. Also, it is

shown that RC1 and RC3 are the most stable conformers,

while RC2 and RC4 are 0.41 and 0.83 kcal/mol higher in

energy than them. Note that the energies of the two

conformers RC1 and RC3 are not exactly same; if the
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energy of RC1 is set to the zero as reference, the relative

energy of RC3 is 0.06 kcal/mol without ZPE and

-0.002 kcal/mol with ZPE. So when the results are given

to a hundredth of a kcal, they are considered in the same

energy. In addition, because of the small energy differ-

ences among them, all of the four conformers are con-

sidered in the present study.

For each conformer as shown in Fig. 2, the reaction may

take place via the hydrogen abstraction by Cl atom from

either –CH3 or –CHO group. Since both RC1 and RC2

have C1 symmetry and none of the three hydrogen atoms

(Ha, Hb, and Hc) in the –CH3 group is equivalent, three

distinct H-abstraction channels should be available. How-

ever, for the RC1 ? Cl (or RC2 ? Cl) reaction, only two

distinct channels are found for the abstraction from Hb and

Hc atoms in the –CH3 group, namely R1a-1 and R1a-2 for

RC1 (or R2a-1 and R2a-2 for RC2), respectively. In our

optimization calculations, it is found that when Cl atom

approaches the Ha hydrogen in RC1 (or RC2), the –CH3

group and the Cl atom will rotate simultaneously around

the C–O bond, leading to the same transition-state structure

as TS1a-2 (or TS2a-2). The IRC calculations further con-

firm that transition states TS1a-2 and TS2a-2 connect to the

initial configurations in which Cl atom approaches Hc atom

of RC1 and RC2, respectively, which means that the

H-abstraction channel from Ha is infeasible for RC1 and

RC2. Moreover, one channel is found for the H-abstraction

from the –CHO group for RC1 and RC2, denoted as R1b

and R2b, respectively. Similarly, in the case of conformers

RC3 and RC4 with CS symmetry, the optimization of the

TS for the H-abstraction from the in-plane hydrogen (Ha)

failed, so only one H-abstraction channel from the out-

of-plane hydrogen (Hb) of the –CH3 group and one

H-abstraction from the –CHO group are located. For the

displacement process, the attack of Cl at the a-C in the

molecule is considered for each conformer.

Fig. 1 Schematic potential energy profile for the isomerization

reactions among RC1, RC2, RC3, and RC4. Relative energies (in

kcal/mol) are calculated at the BB1K/6-31 ? G (d,p) ? ZPE level

Table 1 Calculated frequencies (cm-1) of the four reactant conformers, and the products and TSs of the H-abstraction reactions of RC1 at the

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

Species Frequencies

RC1 51,56a,71,115,167,177,213,217,298,312,372,396,524,546,606,626,670,821,881,1052,1063,1146,1191,1209,1217,1234,1247,1282,

1333,1437,1489,1526,1538,1540,1941,3139,3187,3231,3267

RC2 48a,71,85,118,136,154,185,251,290,334,372,387,494,540,568,619,674,803,904,1041,1058,1111,1192,1199,1208,1231,1244,1291,

1334,1471,1497,1522,1530,1538,1962,3140,3161,3233,3270

RC3 42,57a,79,100,174,177,213,223,262,339,370,390,524,548,595,633,666,821,882,1038,1063,1163,1193,1196,1213,1238,1240,1281,

1336,1437,1484,1530,1535,1538,1941,3139,3187,3231,3269

RC4 46a,76,96,108,154,183,222,228,301,344,377,384,493,543,560,629,674,805,896,1038,1065,1127,1186,1200,1213,1239,1240,1293,

1338,1489,1504,1531,1535,1538,1963,3140,3162,3234,3270

P1a-1 53,57,91,119,171,196,213,314,297,313,375,396,522,545,571,606,626,669,817,881,1062,1099,1185,1202,1225,1234,1254,1285,

1338,1436,1489,1512,1943,3191,3251,3410

P1a-2 52,57,84,120,167,193,213,215,292,314,372,399,523,539,557,606,626,669,815,881,1062,1099,1186,1198,1223,1235,1253,1286,

1338,1436,1489,1505,1943,3190,3250,3410

P1b 47,53,67,115,166,173,208,261,291,312,372,396,525,544,605,622,662,819,872,1048,1135,1151,1198,1208,1215,1243,1293,1335,

1480,1524,1529,1538,1983,3141,3234,3270

HCl 3078

TS1a-1 887i,21,43,51,66a,110,135,166,206,214,281,313,371,390,413,514,528,544,608,626,670,817,878,1001,1029,1063,1099,1176,1213,

1232,1239,1251,1264,1289,1321,1436,1484,1513,1944,3188,3198,3323

TS1a-2 903i,16,39,53,64a,103,137,169,200,213,288,312370,385412,510,524,549,607,627,668,817,880,990,1022,1061,1099,1177,1208,

1233,1238,1254,1262,1293,1323,1435,1484,1519,1946,3188,3194,3322

TS1b 1020i,32,42,47,71a,72,129,154,166,21,284,306,322,337,373,402,539,545,608,625,699,824,882,887,1011,1052,1144,1187,1203,

1212,1221,1245,1306,1340,1482,1525,1529,1536,1996,3142,3237,3274

a Torsion mode
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Fig. 2 Optimized geometries parameters (in Å and degree) of the four reactant conformers, and the products and TSs of the H-abstraction

reactions of RC1 at the BB1K/6-31 ? G(d,p) level
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CH3OCF2CF2OCHOþ Cl! CH2OCF2CF2OCHOþ HCl

Rna-1; Rna-2; n ¼ 1; 2; Rna; n ¼ 3; 4ð Þ
! CH3OCF2CF2OCOþ HCl Rnb; n ¼ 1-4ð Þ
! OCF2CF2OCHOþ CH3Cl Rnc; n ¼ 1-4ð Þ

The key optimized geometric parameters and harmonic

vibrational frequencies for the product radicals and

transition states involved in the hydrogen abstraction

channels of RC1 are shown in Fig. 2 and Table 1,

respectively, and the geometric structures and frequencies

of other stationary points in the four reactions (R1-4) are

given in Supporting Information (see Fig. S1 and Table

S1). The reactants and products have only real frequencies,

while the transition states are confirmed to have only one

imaginary frequency corresponding to the stretching mode

of the coupling between the breaking and forming bonds.

In the TS structures of the H-abstraction channels, the

elongation of the breaking bond is greater than that of the

forming bond, indicating that the TSs are more similar to

the products than to the reactants. For example, the length

of the breaking C–H bond in TS1a-1 is elongated by 28%

compared to the equilibrium C–H bond length in the

isolated reactants, and the forming H–Cl bond is stretched

by 14% with respect to the equilibrium bond length of HCl.

Similar cases can be found for other TSs.

Schematic potential energy surface of the CH3OCF2CF2

OCHO ? Cl reaction obtained at the BB1K/6-31 ? G(d,p)

level with the ZPE corrections is plotted in Fig. 3. The

energy of the reactants is set to zero as a reference. As can

be seen from Fig. 3a–d, for each conformer, the displace-

ment channel is kinetically and thermodynamically infea-

sible due to the much higher energy barriers (about

35 kcal/mol higher than those of the H-abstraction chan-

nels) and endothermicity of about 10 kcal/mol, thus its

contribution to the title reaction should be negligible. For

the three H-abstraction channels of RC1, the relative

energies of the transition states for the H-abstractions from

the –CH3 group (TS1a-1 and TS1a-2) are slightly lower

than that for the H-abstraction from the –CHO group

(TS1b) by 0.8 and 0.43 kcal/mol, respectively; as a result,

just from energetic point of view, it is predicted that the

reaction may take place mainly via the H-abstraction from

the –CH3 group, while the abstraction channel from –CHO

group may be competitive. Similar conclusion can be

drawn for the other conformers. Moreover, the reaction

enthalpies (DH298�) calculated at the BB1K/6-31G ? (d,p)

level for the H-abstraction channels are listed in Table 2.

It is seen that the reaction channels R1a-1, R1a-2, R1b,

R2a-1, R2a-2, R3a, R3b, and R4a are almost thermal

neutral, while R2b and R4b are slightly exothermic, with

the values of -3.98 and -4.06 kcal/mol, respectively.

A reliable enthalpy of formation (DHf,298�) of the species

plays an important role in the atmospheric modeling. Since

there are no relevant experimental or theoretical estima-

tions for the DHf,298� values of the reactant CH3OCF2

CF2OCHO and its product radicals, we evaluated their

DHf,298� values using the following group-balanced

isodesmic reactions:

CH3OCF2CF2OCHOþ 2CH3F! CH3OCH3 þ CF3CF3

þ CH3OCHO R5ð Þ
CH2OCF2CF2OCHOþ 2CH3Fþ CH3CH3 ! CH2CH3

þ CH3OCH3 þ CF3CF3 þ CH3OCHO R6ð Þ
CH3OCF2CF2OCO þ 2CH3Fþ CH3CH3 ! 2CH3OCH3

þ CF3CF3 þ CH3CO R7ð Þ

Here, the geometries and frequencies of the stationary

points involved in these reactions R5-7 are obtained at the

same BB1K/6-31 ? G(d,p) level of theory. Note that only

the electronic structure information of conformer RC1 and

the corresponding product radicals was used in the above

calculations, and it is easy to obtain the DHf,298� values for the

other conformers by adding the enthalpy differences

between them. The calculated reaction enthalpies of R5-7

are combined with the known standard enthalpies of

formation [30] (CH3F: -56.0 kcal/mol; CH3OCH3: -44.0

± 0.12 kcal/mol; CF3CF3: -321.19 kcal/mol; CH3OCHO:

-80.52 kcal/mol; CH3CH3: -20.04 ± 0.07 kcal/mol; CH2

CH3: 28.44 ± 0.49 kcal/mol; and CH3CO: -2.87 ± 0.71

kcal/mol) to evaluate the enthalpies of formation of these

species. The calculated results (listed in Table 3) are

-328.14 ± 0.1 kcal/mol for RC1, -279.95 ± 0.6 kcal/

mol for P1a-1, and -286.07 ± 0.71 kcal/mol for P1b.

3.2 Rate constant calculations

The individual improved canonical variational transition-

state theory with a small-curvature tunneling correction

(ICVT/SCT) rate constants of each H-abstraction channel

of the four conformers is calculated over a wide tempera-

ture region from 200 to 2,000 K. The total rate constants of

each reaction (R1-4) are obtained from the sum of the

individual rate constants, that is, kn = kna-1 ? kna-2 ? k1b

(n = 1, 3), kn = kna ? knb (n = 2, 4), and the results are

listed in Table 4. The temperature dependence of the

branching ratios for each reaction is plotted in Fig. 4. It is

seen that, for the RC1 ? Cl reaction, the branching ratios

of k1a-1/k1, k1a-2/k1, and k1b/k1 are 0.61, 0.27, and 0.12 at

200 K, 0.36, 0.31, and 0.33 at 500 K, and 0.24, 0.28, and

0.48 at 2,000 K, respectively, which means that R1a-1 is

the dominant reaction channel of R1 at the low tempera-

ture, while R1b is more and more important as temperature
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increases and becomes the major one at high temperatures.

However, if we consider the two hydrogen atoms in the

–CH3 group are indistinguishable, that is, k1a = k1a-1 ?

k1a-2, we can conclude that the H-abstraction mainly occurs

at the –CH3 site, while the H-abstraction at the –CHO site

becomes more and more important with the temperature

increasing. Similar conclusion can be drawn for RC3.

While the cases are slightly different for conformers RC2

Fig. 3 Schematic pathway for a RC1 ? Cl ? products, b RC2 ? Cl ? products, c RC3 ? Cl ? products, and d RC4 ? Cl ? products.

Relative energies with ZPE correction at the BB1K/6-31 ? G(d,p) level are in kcal/mol

Table 2 The enthalpy of reaction at 298 K (kcal/mol) for each H-abstraction channel at the BB1K/6-31 ? G(d,p) level

R1a-1 R1a-2 R1b R2a-1 R2a-2 R2b R3a R3b R4a R4b

DH298
� -0.19 -0.18 -0.69 0.16 0.11 -3.98 -0.17 -0.65 -0.04 -4.06
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and RC4. For those two reactions, the H-abstraction

channel from the –CH3 group is the predominant channel

over the whole temperature range, and the H-abstraction

from the –CHO group is the minor one, with the k2b/k2

value of RC2 ranging from 0.03 at 200 K to 0.08 at

2,000 K.

The overall rate constant (koverall) for the reaction of

CH3OCF2CF2OCHO ? Cl ? products can be obtained

from the following expression:

koverall ¼ x1k1 þx2k2 þx3k3 þx4k4

¼ x1 k1a�1 þ k1a�2 þ k1bð Þ þx2 k2a�1 þ k2a�2 þ k2bð Þ
þx3 k3a þ k3bð Þ þx4 k4a þ k4bð Þ
¼ k1T þ k2T þ k2T þ k4T ðE1Þ

where xi (i = 1–4) is the weight factor of conformer (RC1-

4) and defined as

xi ¼
expð�DEi=RTÞ

P4
i¼1 expð�DEi=RTÞ

ðE2Þ

where R is the gas constant and DEi is the energy difference

between RCi (i = 1–4) and RC1. The values of xi

(i = 1–4) and overall rate constants are also listed in

Table 4. From the weight factors of conformers (xi,

i = 1–4), it is very easy to find the degree of each con-

former contributing to the overall rate constant. For

example, the values of x1, x2, x3, and x4 are 0.403, 0.144,

0.403, and 0.05 at 200 K and 0.269, 0.243, 0.269, and

0.219 at 2,000 K, respectively. The theoretical rate con-

stant of 2.69 9 10-13 cm3 molecule-1 s-1 at 296 K is in

good agreement with the experimental value

((1.81 ± 0.36) 9 10-13 cm3 molecule-1 s-1) determined

by Wallington et al. [6]. The temperature dependence of

the contribution of each conformer to the title reaction (knT/

koverall) is plotted in Fig. 5. It is seen that the k1T/koverall,

k2T/koverall, k3T/koverall, and k4T/koverall ratios are 0.54, 0.04,

0.36, and 0.06 at 200 K, respectively, which means RC1 is

the most important conformer, which contributes to the

title reaction, and RC3 is the secondary one, whereas RC2

and RC4 have negligible contribution at low temperatures.

While as temperature increases, the ratios of k1T/koverall and

k3T/koverall decrease whereas the ratios of k2T/koverall and

k4T/koverall increase, especially at T = 800 K and above,

k4T/koverall increases dramatically. For example, the frac-

tions are 0.36, 0.14, 0.23, and 0.27 for k1T/koverall, k2T/

koverall, k3T/koverall, and k3T/koverall at 1,000 K, respectively,

Table 3 Enthalpies of

formation (kcal/mol) of

CH3OCF2CF2OCHO,

CH2OCF2CF2OCHO, and

CH3OCF2CF2OCO at the

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

a For P1a-1; b For P1a-2; c For

P2a-1; d For P2a-2

CH3OCF2CF2OCHO CH2OCF2CF2OCHO CH3OCF2CF2OCO

R1 -328.14 ± 0.12 -279.95 ± 0.69a -286.07 ± 0.71

-279.93 ± 0.69b

R2 -327.68 ± 0.12 -279.14 ± 0.69c -288.90 ± 0.71

-279.19 ± 0.69d

R3 -328.12 ± 0.12 -279.91 ± 0.69 -286.01 ± 0.71

R4 -327.35 ± 0.12 -279.01 ± 0.69 -288.66 ± 0.71

Table 4 Rate constants (kn, in cm3 molecule-1 s-1) for the reactions R1-4 and the overall rate constant (koverall) in the temperature range

200–2,000 K at the BB1K/6-31 ? G(d,p) level

T k1 x1 k2 x2 k3 x3 k4 x4 koverall

200 8.36E-14 0.403 1.78E-14 0.144 5.64E-14 0.403 7.17E-14 0.050 6.26E-14

296 3.48E-13 0.365 1.13E-13 0.182 2.44E-13 0.365 3.60E-13 0.089 2.69E-13

(1.81 ± 0.36)E-13a

298 3.57E-13 0.364 1.16E-13 0.182 2.50E-13 0.364 3.69E-13 0.090 2.75E-13

400 9.56E-13 0.339 3.72E-13 0.202 6.65E-13 0.339 1.06E-12 0.119 7.51E-13

500 1.95E-12 0.323 8.36E-13 0.214 1.34E-12 0.323 2.21E-12 0.140 1.55E-12

600 3.45E-12 0.312 1.56E-12 0.221 2.33E-12 0.312 3.95E-12 0.155 2.76E-12

800 8.24E-12 0.297 3.93E-12 0.230 5.38E-12 0.297 9.49E-12 0.176 6.62E-12

1,000 1.58E-11 0.288 7.73E-12 0.234 1.01E-11 0.288 1.82E-11 0.190 1.27E-11

1,200 2.65E-11 0.282 1.32E-11 0.237 1.65E-11 0.282 3.05E-11 0.199 2.13E-11

1,400 4.05E-11 0.277 2.04E-11 0.239 2.47E-11 0.277 4.65E-11 0.206 3.25E-11

1,700 6.78E-11 0.273 3.48E-11 0.241 4.04E-11 0.273 7.77E-11 0.213 5.45E-11

2,000 1.03E-10 0.269 5.33E-11 0.243 6.01E-11 0.269 1.18E-10 0.219 8.25E-11

a The experimental data from Reference [6]
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and the fractions of knT/koverall decrease in the order of

k1T/koverall [ k4T/koverall [ k3T/koverall [ k2T/koverall when

the temperature is higher than 800 K, indicating that

H-abstraction reactions from RC1 and RC4 dominate the

reaction at high temperatures.

Since there is a lack of experimental data at other

temperatures except for 296 K, to facilitate future experi-

mental study, the overall rate constants are fitted to a four-

parameter rate-temperature formula, which was proposed

by Truhlar et al. [29]. This four-parameter model is used

here because it could provide a good representation of the

temperature dependence over the whole temperature range

of 200–2,000 K for the title reaction. The fitted expression

is given as follows (in cm3 molecule-1 s-1),

koverall ¼ 7:659� 10�18T2:178

� exp �768:9 T � 60:20ð Þ= T2 þ 3623:44
� �� �

ðE3Þ

4 Summary and conclusions

In this paper, theoretical study for the reaction of

CH3OCF2CF2OCHO ? Cl has been carried out using the

direct dynamics method. The PES information is obtained

at the BB1K/6-31 ? G(d,p) level, and the ICVT/SCT rate

constants of each H-abstraction channel have been calcu-

lated over 200–2,000 K. The main results are as follows:

Fig. 4 The calculated branching ratios vs 1,000/T between 200 and 2,000 K for a RC1 ? Cl ? products, b RC2 ? Cl ? products,

c RC3 ? Cl ? products, and d RC4 ? Cl ? products
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1. The contributions of the four stable conformers of

CH3OCF2CF2OCHO to the global rate constant have

been considered due to the small energy differences

between them. For each conformer, the H-abstraction

channels from the –CH3 and –CHO groups and the

displacement channel attacked at the a-C were iden-

tified. The calculated energetic results show that the

displacement channel can be negligible due to the high

energy barrier and endothermicity. Also, the enthalpies

of formation (DHf,298�) for the reactants and the

product radicals, which are lack of experimental data,

were estimated via isodesmic reactions.

2. The kinetic calculations show that for RC1 and RC3,

the H-abstraction reactions mainly take place at the

–CH3 site, especially at the low temperatures, while

the H-abstraction from the –CHO group becomes a

competitive channel with the temperature increasing;

for RC2 and RC4, the H-abstraction channel from the

–CH3 group is the predominant one over the whole

temperature range.

3. The overall rate constant of the title reaction was

obtained by considering the weight factors of the four

conformers calculated from the Boltzmann distribution

function. The theoretical value of koverall at 296 K is

2.69 9 10-13 cm3 molecule-1 s-1, in good agreement

with the available experimental data. To provide good

estimation for further experimental study, the fitted

four-parameter rate constant expression for the title

reaction within 200–2,000 K is given as: koverall ¼
7:659� 10�18T2:178exp �768:9 T � 60:20ð Þ= T2 þ 36ð½
23:44Þ�.

4. The calculated results show that RC1 is the most

important conformer to the title reaction and RC3 is

the secondary one at low temperature range, while as

temperature increases, RC4 becomes more important

and the fractions of knT/koverall decrease in the order of

k1T/koverall [ k4T/koverall [ k3T/koverall [ k2T/koverall at

800 K and above, thus RC1 and RC4 have the

dominant contribution to the title reaction at high

temperatures.
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