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Abstract A Theoretical study on the mechanism of the re-
actions of CF2ClC(O)OCH3 with the OH radical and Cl
atom is presented. Geometry optimization and frequency
calculations have been performed at the MPWB1K/6-31+
G(d,p) level of theory and energetic information is further
refined by calculating the energy of the species using
G2(MP2) theory. Transition states are searched on the po-
tential energy surface involved during the reaction channels
and each of the transition states are characterized by pres-
ence of only one imaginary frequency. The existence of
transition states on the corresponding potential energy sur-
face is ascertained by performing intrinsic reaction coordi-
nate (IRC) calculation. Theoretically calculated rate
constants at 298 K and atmospheric pressure using the
canonical transition state theory (CTST) are found to be in
good agreement with the experimentally measured ones.
Using group-balanced isodesmic reactions as working
chemical reactions, the standard enthalpies of formation
for CF2ClC(O)OCH3, CF2ClC(O)OCH2 and CF3C(O)OCH3

are also reported for the first time.

Keywords Bond dissociation energy . Chloro-fluoroesters .

Isodesmic reactions . Rate constant

Introduction

It is now a well recognized fact that atomic chlorine
transported to the stratosphere on account of release of a
variety of chlorine containing compounds particularly chlo-
rofluorocarbons (CFCs) into the atmosphere are responsible
for the catalytic destruction of ozone in the atmosphere [1,
2]. Recently, hydrofluoroethers (HFEs) and some
hydrochlorofluoroethers (HCFEs) have been the focus of
intense attention as replacement materials for CFCs and
hydrochlorofluorocarbons (HCFCs) in applications such as
heat-transfer fluid in refrigeration systems, cleaning agent in
electronic industry, foam-blowing, lubricant deposition and
also as anesthetics [3–6]. The absence of chlorine atoms in
HFEs shows that such compounds would have little impact
on stratospheric ozone and that they would possess a negli-
gible ozone depleting potential (ODP), whereas the presence
of chlorine atom in HCFEs would confer them greater
ozone-depleting potentials (ODP) compared to HFEs [7,
8]. The understanding of the degradation mechanism of both
HFEs and HCFEs are an important area of recent research to
determine the impact of these compounds on atmospheric
pollution and global warming. Therefore, considerable at-
tention has been paid in recent years to perform experimen-
tal and theoretical studies on the decomposition kinetics of
these partially halogenated ethers [8–16]. It is a well known
fact that fluorinated esters (FESs) are the primary products
of the atmospheric oxidation of HFEs [17]. Like most vol-
atile organic compounds, FESs containing C–H bonds are
removed from the troposphere by reactions with atmospher-
ic oxidants, OH radicals being the most dominant oxidant
[18]. Although the reaction with OH radicals constitutes the
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main tropospheric sink of HFEs, the chlorine atom plays an
important role in atmospheric chemistry [19]. In fact, chlo-
rine atoms have been monitored in concentrations on the
order of 104 molecule cm−3 over the marine boundary layer
[20]. Like FESs chlorinated fluoroesters (CFESs) may arise
from both anthropogenic and natural sources and produced
in the atmosphere by photochemical degradation and atmo-
spheric oxidation of hydrochlorofluoroethers (HCFEs) [21].
Quan et al. [22] have synthesized chlorofluoroacetates by
defluorination of chlorofluoroethers using porous aluminum
fluoride (PAF). Sekiya and co-workers [23] reported that
defluorination reaction of 2-chloro-1,1,2,2-tetrafluoro
ethyl methyl ether to methyl chlorodifluoroacetate
(CF2ClC(O)OCH3) proceeded in 67 % using PAF. Never-
theless, CFESs like CF2ClC(O)OCH3 are also expected to
emit directly into the atmosphere due to their extensive use
in laboratory as a building blocks of various valuable or-
ganic intermediates [24–26]. These CFESs are removed
from the troposphere mainly by reaction with OH radicals
[27]. In order to evaluate the possible contribution of the
photooxidation of CFESs in the environment, knowledge of
the rate coefficients for reactions of CFESs with tropospher-
ic oxidants such as OH radicals and Cl atoms as well as
associated degradation pathways and product distributions
are vital. In this work, kinetic and mechanistic studies have
been performed at atmospheric pressure and room tempera-
ture for the reactions of OH radical and Cl atom with methyl
chlorodifluoroacetate (CF2ClC(O)OCH3). To the best of our
knowledge, the reactions of CF2ClC(O)OCH3 with OH
radical and Cl atom have been experimentally investigated
by Blanco and Teruel [28]. They studied the hydrogen ab-
straction reactions of hydroxyl radicals and chlorine atoms
with methyl chlorodifluoroacetate (CF2ClC(O)OCH3) and
ethyl chlorodifluoroacetate (CF2ClC(O)OCH2CH3) by the
relative kinetic method at 298 K and atmospheric pressure
(760 Torr). The experimental rate constants were derived
a s k1 OHþ CF2ClC Oð ÞOCH3ð Þ ¼ 1:1� 0:3ð Þ � 10�13 c
m3 molecule�1 s�1 a n d k2 Clþ CF2ClC Oð ÞOCH3ð Þ ¼
1:0� 0:2ð Þ � 10�13 cm3 molecule�1 s�1 [28]. In other re-
ports, Blanco et al. [29, 30] studied the kinetics of the re-
actions of OH radical and Cl atomwith selected fluoroacetates
by the relative kinetic method at 298±2 K and atmospheric
pressure (760±10 Torr). However, experimental studies pro-
vided only the total rate constant and it is difficult to predict
the detailed mechanism, thermo chemistry and contribution of
each reaction channel toward overall rate constant. Therefore
in our present study, we have performed a detailed theoretical
study for the first time on the above mentioned H-abstraction
reactions of methyl chlorodifluoroacetate (CF2ClC(O)OCH3).

Our calculation indicates that two reaction channels are
feasible for the CF2ClC(O)OCH3 + OH/Cl as given below.

CF2ClC Oð ÞOCH3 þ OH ! CF2ClC Oð ÞOCH2 þ H2O ðR1Þ

CF2ClC Oð ÞOCH3 þ Cl ! CF2ClC Oð ÞOCH2 þ HCl ðR2Þ

There may be also the possibility of OH/Cl addition to
the carbonyl (>C=O) carbon atom of CF2ClC(O)OCH3.
However, recent experimental and theoretical study on es-
ters and halogenated esters suggest that H-abstraction is the
dominant pathway for degradation under atmospheric con-
ditions. Accordingly, in our present study we pay our atten-
tion mainly toward the H-abstraction rather than addition
reactions of CF2ClC(O)OCH3 by OH radical and Cl atom
[17, 31, 32]. In addition, the knowledge of accurate enthalpy
of formation (Δ fH°298) for CF2ClC(O)OCH3 and
CF2ClC(O)OCH2 is of vital importance for determining
the thermodynamic properties and the kinetics of atmo-
spheric process. However, no theoretical or experimental
study of standard enthalpy has been reported for these two
species. Here, we predict the enthalpies of formation using
isodesmic reactions by performing single-point energy cal-
culation at high level of theory, namely, G2(MP2) with
geometry parameters obtained at the MPWB1K/6-31+
G(d,p) level.

Computational methods

Ab-initio quantum mechanical calculations were performed
with the Gaussian 09 suite of program [33]. Geometry
optimization of the reactant, products and transition states
were made at the MPWB1K level of theory [34] using 6-
31+G(d,p) basis set. The hybrid meta-density functional,
MPWB1K has been found to give excellent results for
thermochemistry and kinetics and is known to produce
reliable results [35, 36]. In order to determine the nature
of different stationary points on the potential energy
surface, vibrational frequencies calculations were
performed using the same level of theory at which the
optimization was made. All the stationary points had
been identified to correspond to stable minima by
ascertaining that all the vibrational frequencies had real
positive values. The transition states were characterized
by the presence of only one imaginary frequency
(NIMAG=1). To ascertain that the identified transition
states connect reactant and products smoothly, intrinsic
reaction coordinate (IRC) calculations [37] were
performed at the MPWB1K/6-31+G(d,p) level. To ob-
tain more accurate energies and barrier heights, the
energies are refined by using a potentially high-level
method such as G2(MP2) [38]. In this method, the
geometry and frequency calculations were performed at
MPWB1K/6-31+G(d,p) level. The ZPE thus, obtained
was corrected with a scale factor of 0.9537 to partly
eliminate the systematic errors [34].
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Results and discussion

The detailed thermodynamic calculations performed at
MPWB1K/6-31+G(d,p) and G2(MP2) levels for reaction
enthalpies and free energies associated with reaction chan-
nels (1–2) are listed in Table 1. The enthalpy of reaction

(ΔrH0
298) values tabulated in Table 1 for R1 and R2 show

that both the reactions are exothermic in nature and thermo-

dynamic facile. The ΔrH0
298 values obtained from the

G2(MP2) and MPWB1K methods for R1 at 298 K differ
by 2.68 kcal mol−1 whereas the same for R2 differ by only
1.18 kcal mol−1. The small difference suggests that the
MPWB1K method provides thermochemical data which
are comparable to the much more expensive G2(MP2)
method. The optimized geometries of reactants, products
and transition states along with structural parameters
obtained at MPWB1K/6-31+G(d,p) level are shown in
Fig. 1. It can be seen that the calculated bond distances for
OH, HCl and H2O at MPWB1K level show good mutual
agreement with the corresponding experimental values [39].
Transition states searched on the potential energy surfaces of
reactions (1–2) and are characterized as TSOH and TSCl,
respectively. The search was made along the minimum
energy path on a relaxed potential energy surface. The TS
structure for H abstraction by OH radical as shown in Fig. 1
followed by visualization of the optimized geometry using
ChemCraft [40] reveals that the breaking bond C–H (C3–
H3) increases from 1.080 to 1.286 Å (19 % increase)
whereas the newly formed H–O bond (H3–O3) is increased
from 0.960 to 1.261 Å resulting in an increase of about
31 %. The fact that the elongation of the breaking bond is
shorter than that of the forming bond indicates that the
barrier of the reaction is near the corresponding reactants.
This means the reaction will proceed via early transition
state structure which is in consonance with Hammond’s
postulate [41] applied to an exothermic hydrogen abstrac-
tion reaction. While for the transition state, TSCl of the
CF2ClC(O)OCH3+Cl reaction, the elongation of the break-
ing C–H bond (C3–H3) is found to be 1.080 to 1.390 Å
resulting in an increase of about 28 %. The forming H–Cl
bond is elongated from 1.275 to 1.452 Å (13 %) with respect
to the equilibrium bond length in an isolated molecule HCl.
The elongation of the breaking bond is greater than that of
the forming bond indicating that the TS is product like, i.e.,

the reaction will proceed via late TS. This can be put in a
more quantitative manner, if one calculates the quantity Rb

[42]. The Rb value should be less than 0.5 for early TS. The
Rb values calculated from the MPWBIK/6-31+G(d,p) opti-
mized structures are 0.45 and 0.67 for the TSOH and TSCl,
respectively. These values indicate that the TSOH is more
like the reactant than the products (early) while TSCl is more
like the product than the reactants, i.e., late TS.

Table 2 presents the harmonic vibrational frequencies of
all the stationary points involved in reactions (1–2) as well
as the reliable experimental values. All the reactants and
products were identified with zero imaginary frequency
(NIMAG=0), and transition states, TSOH and TSCl were
identified with one imaginary frequency at 1548 and
1006 cm−1 corresponding to the reaction coordinate. Intrin-
sic reaction path calculations (IRC) have also been
performed for each transition states at the same level of
theory using the Gonzalez-Schlegel steepest descent path
in the mass-weighted Cartesian coordinates with a step size
of 0.01(amu1/2-bohr). The IRC plots for TSOH and TSCl
shown in Figs. S1 and S2 in Supporting information reveal
that the transition state structures connect smoothly the
reactant and the product sides. The energies of reactants,
transition states and products obtained in the IRC calcula-
tions are given in Table S1 in Supporting information and
they are in excellent agreement with the individually opti-
mized values at MPWB1K/6-31+G(d,p) level of theory.

Zero-point corrected total energies for various species
and transition states involved in the reactions (1–2) calcu-
lated at MPWB1K and G2(MP2) are tabulated in Table 3.
The associated energy barrier corresponding to reactions (1–
2) are also recorded in Table 3. The G2(MP2) calculated
barrier heights for R1 (TSOH) and R2 (TSCl) are 2.59 and
1.42 kcal mol−1, respectively, whereas these values are 2.24
and 2.04 kcal mol−1 at the MPWB1K level. The barrier
heights obtained from the G2(MP2) results are only 0.35
to 0.62 kcal mol−1 higher than that obtained at the
MPWB1K level. An extensive literature survey reveals the
absence of any experimental or theoretical data available for
making a comparison of these values. However, an intensive
ab-initio calculation performed in our previous study [35]
for a similar species, CF3C(O)OCH3 (MTFA) yielded a
value of 2.95 and 1.76 kcal mol−1, respectively for hydrogen
abstraction by OH and Cl atom at G2(MP2)//MPWB1K/6-
31+G(d,p) level. The lowering of barrier heights in case of
CF2ClC(O)OCH3 is expected due to replacement of more
electronegative F atom in CF3C(O)OCH3 by Cl atom in
CF2ClC(O)OCH3. A schematic potential energy surface of
the CF2ClC(O)OCH3+OH/Cl reactions obtained at the
G2(MP2)//MPWB1K/6-31+G(d,p)+ZPE level is plotted
and shown in Fig. 2. In the construction of energy diagram,
zero-point corrected total energies as recorded in Table 3 are
utilized. These energies are plotted with respect to the

Table 1 Thermochemical data for the H abstraction reaction channels of
CF2ClC(O)OCH3 calculated at MPWB1K/6-31+G(d,p) and G2(MP2)
(within parenthesis) level of theories. All values are in kcal mol−1

Reaction channels ΔrH°298 ΔrG°298

Reaction 1 −14.84 (−17.52) −16.17 (−19.80)

Reaction 2 −0.69 (−1.87) −3.26 (−5.28)
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ground state energy of CF2ClC(O)OCH3+OH/Cl arbitrarily
taken as zero. The values in parentheses shown in Fig. 2 are
ZPE corrected values obtained at MPWB1K/6-31+G(d,p)
level. The barrier height for H abstraction by Cl atom is
about 1.17 kcal mol−1 lower than that for H abstraction by
OH radical at G2(MP2) level. Spin contamination is not
important for the CF2ClC(O)OCH3 because <S2> is found
to be 0.76 at MPWB1K/6-31+G(d,p) before annihilation

that is only slightly larger than the expected value of
<S2> = 0.75 for doublets.

Table 4 lists the calculated bond-dissociation energies,

BDE (D0
298 ) of the C–H bonds of CF2ClC(O)OCH3 and

CF3C(O)OCH3 molecules along with some experimental
data. Our G2(MP2) calculated D0

298 value for the C–H bond
in CF2ClC(O)OCH3 is 102.13 kcal mol−1 which is about

8.19 kcal mol−1 lower than the D0
298 value for the C–H bond

TSOH

+

TSCl

+

+

CF2ClC(O)OCH3

CF2ClC(O)OCH2

+

+

HCl
H2O

Fig. 1 Optimized geometries
of reactants, products and
transition state involved in the
H-atom abstraction reaction of
CF2ClC(O)OCH3 by OH
radical and Cl atom using
MPWB1K/6-31+G(d,p)
method. The experimental
values are given in parentheses

Table 2 Unscaled vibrational frequencies of reactants, products and transition states at MPWB1K/6-31+G(d,p) level of theory

Species Vibrational frequencies (cm−1)

CF2ClC(O)OCH3 43, 116, 168, 190, 243, 326, 353, 378, 448, 533, 650, 769, 860, 1014, 1083, 1211, 1215, 1263, 1287, 1429, 1523, 1527, 1529,
1945, 3150, 3243, 3282

TSOH 1548i, 30, 51, 103, 141, 189, 254, 322, 332, 351, 377, 384, 449, 534, 651, 693, 769, 853, 915, 1019, 1118, 1136, 1218, 1267,
1293, 1341, 1431, 1480, 1508, 1936, 3189, 3306, 3876

TSCl 1006i, 21, 34, 55, 131, 197, 245, 334, 370, 411, 449, 506, 537, 651, 759, 840, 973, 1007, 1027, 1152, 1232, 1237, 1283, 1300,
1396, 1499, 1966, 3205, 3342

CF2ClC(O)OCH2 43, 122, 192, 218, 239, 295, 335, 372, 381, 448, 534, 650, 752, 840, 1012, 1155, 1212, 1266, 1301,
1406, 1490, 1943, 3288, 3452

OH 3868

H2O 1637, 3975, 4101

HCl 3084

3266 J Mol Model (2013) 19:3263–3270



in CF3C(O)OCH3 (110.32 kcal mol−1). The high D0
298 of the

C–H bond in CF3C(O)OCH3 is due to the combined electron-
withdrawing inductive effects of three F atoms. At the same

level, the D0
298 (C–O) values for CF2ClC(O)OCH3 obtained

through two pathways are 103.20 and 95.83 kcal mol−1, re-
spectively. No comparison between theory and experiment
can be made due to the lack of the experimental D0

298 (C–O)
values. In order to check accuracy of the calculations, the
value of BDE of the O–H bond in the water molecule has
been computed and compared to the literature data. The

experimental value of D0
298 of the O–H bond in water is

119 .0 kca l mol− 1 [43] . D0
298 ca lcu la ted a t the

G2(MP2)//MPWB1K/6-31+G(d,p) level, in this work, is
119.2 kcal mol−1. Thus, the value of D0

298 of the O–H bond
in water, obtained at the theoretical level applied in this work,
almost reproduces the experimental value. Moreover, our

G2(MP2) calculated D0
298 value for the H–Cl bond

(104.0 kcal mol−1) is also in excellent agreement with the
experimental value of 103.1 kcal mol−1 [43]. The good agree-
ment between the theoretical and experimental above-
mentioned results implies that the G2(MP2)//MPWB1K/6-
31+G(d,p) level is a suitable method to compute the bond

dissociation energies and our calculated D0
298 (C–H) and D

0
298

(C–O) values may be expected to provide reliable reference
information for future laboratory investigations. Moreover,
owing to the lower C–H bond dissociation energy,
CF2ClC(O)OCH3 is more reactive toward hydrogen abstrac-
tion than CF3C(O)OCH3. This is reflected in the barrier height
for hydrogen abstraction for CF2ClC(O)OCH3 and
CF3C(O)OCH3. The barrier heights for hydrogen abstraction
for CF2ClC(O)OCH3 as tabulated in Table 3 at both the
MPWB1K and G2(MP2) levels are lower than the corre-
sponding values for CF3C(O)OCH3 [35]. This result is in line
with the fact that the replacement of one F atom in
CF3C(O)OCH3 by Cl atom increases the reactivity of C–H
bond toward hydrogen abstraction as reported by Blanco and
Teruel [28].

The standard enthalpy of formation (ΔfH°298) at 298 K
for CF2ClC(O)OCH3 and the radical generated from hydro-
gen abstraction, CF2ClC(O)OCH2, can be valuable informa-
tion for understanding the kinetics, mechanism and
thermochemical properties of their reactions and most im-
portantly for atmospheric modeling, but these values are not
yet reported. The group-balanced isodesmic reactions, in
which the number and types of bonds are conserved, are
used as working chemical reactions herein to calculate the
ΔfH°298 for CF2ClC(O)OCH3 and CF2ClC(O)OCH2. Here,
two isodesmic reactions [44] for each species are used to

Table 3 Zero-point corrected total energy for the reactants, products and transition states along with the associated energy barrier,ΔE (kcal mol−1).
All other values are in hartree

Species MPWB1K ΔE G2(MP2) ΔE

CF2ClC(O)OCH3+OH −1001.966757 0.00 −1001.105964 0.00

CF2ClC(O)OCH3+Cl −1386. 454666 0.00 −1385.151997 0.00

TSOH −1001.963183 2.24 −1001.101827 2.59

TSCl −1386.451348 2.08 −1385.149726 1.42

CF2ClC(O)OCH2+H2O −1001.991069 −15.25 −1001.134556 −17.94

CF2ClC(O)OCH2+HCl −1386.456614 −1.22 −1385.156545 −2.85

-2.85 (-1.22)

-17.94 (-15.25)

2.59 (2.24)

1.42  (2.14)0.00

CF
2
ClC(O)OCH

3
 + OH/Cl

CF
2
ClC(O)OCH

2
 + H

2
O

CF
2
ClC(O)OCH

2
 + HCl

TS
Cl

TS
OH

E
ne

rg
y 

+ 
ZP

E
 (k

ca
l m

ol
 -1

)

Fig. 2 Potential energy diagram of the title reactions. The values in
parentheses are ZPE corrected total energies at MPWB1K/6-31+G(d,p)
level. Energy values are in kcal mol−1

Table 4 Calculated bond dissociation energy (D0
298) (kcal mol−1) for

species at 298 K using G2(MP2)//MPWB1K/6-31+G(d,p) level

Bond dissociation G2(MP2)//MPWB1K/
6-31+G(d,p)

C–H bond

CF2ClC(O)OCH3 → CF2ClC(O)OCH2 + H 102.13

CF3C(O)OCH3 → CF3C(O)OCH2 + H 110.32

C–O bond

CF2ClC(O)OCH3 → CF2ClC(O) + CH3O 103.20

→ CF2ClC(O)O + CH3 95.83

H2O → HO + H 119.2 (119.0)a

HCl → H + Cl 104.0 (103.1)a

a Experimental values from Lide [43]
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estimate the enthalpies of formation of the species. The used
isodesmic reactions are as follows.

a. For CF2ClC(O)OCH3

CF2ClC Oð ÞOCH3 þ CH4 þ CH3CH3 þ CH3F ! CH3COCH3

þ CH3OCH3 þ CHF3 þ CH3Cl ðR3Þ

CF2ClC Oð ÞOCH3 þ CH3Cl ! CH3C Oð ÞOCH3 þ CF2Cl2 ðR4Þ
b. For CF2ClC(O)OCH2

CF2ClC Oð ÞOCH2 þ CH4 ! CH3C Oð ÞOCH3 þ CF2Cl ðR5Þ

CF2ClC Oð ÞOCH2 þ CH4 ! CH3 þ CF2ClC Oð ÞOCH3 ðR6Þ

We calculate the reaction enthalpies of R3–R6 and com-
bine them with the known enthalpies of formation of the
reference compounds involved in these reactions, CH4:
−17.89 kcal mol−1 [45], CHF3: −166.60 kcal mol−1 [45],
CH2F 2 : −10 7 . 7 1 k c a l mo l − 1 [ 4 5 ] , CH 3CH3 :
−20.04 kcal mol−1 [46], CH3COCH3: −52.23 kcal mol−1

[47], CH3OCH3: −43.9 kcal mol−1 [48], CH3Cl:
−19.59 kcal mol−1 [49], CF2Cl2: −117.72 kcal mol−1 [50],
CF2Cl: −65.64 kcal mol−1 [50], CH3C(O)OCH3:
−98.0 kcal mol−1 [51], CH3CONH2: −56.96 kcal mol−1

[52] and CH3NH2: −5.52 kcal mol−1 [53] and to evaluate
the required enthalpies of formation. All of the geometrical
parameters of the species in the isodesmic reactions are
calculated at the MPWB1K/6-31+G(d,p) level and ener-
gies of the species are refined at the G2(MP2) level.
The calculated values of enthalpies of formation are
listed in Table 5 with available experimental data. Un-
fortunately, there are no experimental or theoretical re-
ports on the ΔfH°298 of the species CF2ClC(O)OCH3

and CF2ClC(O)OCH2 to make a comparison. In order to
verify the accuracy of the above calculations, we have
performed theoretical calculation on the ΔfH°298 of
CH3C(O)OCH3 and CF3C(O)OCH3 for which experi-
mental ΔfH°298 are reported. The following group-
balanced isodesmic reactions are used.

CH3C Oð ÞOCH3 þ CH3CH3 ! CH3COCH3 þ CH3OCH3 ðR7Þ

CH3C Oð ÞOCH3 þ CH3NH2 ! CH3CONH2 þ CH3OCH3 ðR8Þ
CF3C Oð ÞOCH3 þ CH4 ! CH3C Oð ÞOCH3 þ CHF3 ðR9Þ

CF3C Oð ÞOCH3 þ CH4 þ CH3CH3

! CH3COCH3 þ CH3OCH3 þ CHF3 ðR10Þ
The calculated enthalpies of formation for CH3C(O)OCH3

and CF3C(O)OCH3 at G2(MP2)//MPWB1K/6-31+G(d,p)
level using isodesmic reactions (R7–R10) are −98.60 and

−243.35 kcal mol−1, respectively. It is seen that our calculated
ΔfH°298 values for CH3C(O)OCH3 (−98.00 kcal mol−1 [51])
and CF3C(O)OCH3 (−237.00 kcal mol−1 [54]) is consistent
with the literature values. The ΔfH°298 value for
CF2ClC(O)OCH2 radical can also be easily calculated from
the reported ΔrH°298 value for R1 in Table 1, the calculated
ΔfH°298 value for CF2ClC(O)OCH3 and the experimental
ΔfH°298 values for H2O (−57.8 kcal mol−1) and OH
(8.93 kcal mol−1) radical [43]. The Δ fH°298 for
CF2ClC(O)OCH2 radical calculated from G2(MP2) results
are −145.82 kcal mol−1 which is very close to ΔfH°298 value
of −146.59 kcal mol−1 calculated by using isodesmic reactions
R(5) and R(6). This infers that the present theoretical calcula-
tions for ΔfH°298 values for CF2ClC(O)OCH3 and
CF2ClC(O)OCH2 species at G2(MP2) level may be reliable.

Rate constants

The rate constant for reactions (R1–R2) is calculated using
canonical transition state theory (CTST) [55] that involves a
semi-classical one-dimensional multiplicative tunneling cor-
rection factor given by the following expression:

k ¼ σΓ ðTÞ kBT
h

Q
z
TS

QR
exp

�ΔE

RT
; ðR11Þ

where, σ is the symmetry number, Γ(T) is the tunneling
correction factor at temperature T. Q‡

TS and QR are the total
partition functions for the transition states and reactants,
respectively. ΔE, kB and h are the barrier height including
ZPE, Boltzmann’s and Planck’s constants, respectively. The
partition functions for the respective transition states and
reactants at 298 K are obtained from the vibrational frequen-
cy calculation made at MPWB1K/6-31+G(d,p) level.

Table 5 Enthalpies of formation (fH0
298) (kcal mol−1) at 298 K from

the isodesmic reactions

Species Isodesmic
reaction
schemes

G2(MP2) Average
value

Literature
values

CF2ClC(O)OCH3 R3 −195.23 −195.80 –

R4 −196.38

CF2ClC(O)OCH2 R5 −144.89 −145.82 –

R6 −146.75

CH3C(O)OCH3 R7 −98.60 −98.59 −98.00a

R8 −98.58

CF3C(O)OCH3 R9 −243.35 −243.68 −237.00b

R10 −244.01

a From [51]
b From [54]
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Barrier heights were estimated from the energy difference
including ZPE between TSs and reactants. The partition
functions for the respective transition states and reactants
at 298 K are obtained from the vibrational frequencies
calculation made at MPWB1K/6-31+G(d,p) level. The
translational partition function was evaluated per unit vol-
ume. The total partition function was calculated as a product
of the individual partition functions, the translational, rota-
tional, vibrational, and electronic partition functions. Most
of the vibrational modes were treated as quantum-
mechanical separable harmonic oscillators except for lower
vibration modes. The hindered-rotor approximation of
Truhlar and Chuang [56] was used for calculating the parti-
tion function of lower vibration modes. During the calcula-
tion of total partition function for OH radical its electronic
partition function was corrected by considering the excited
state of OH radical with a 140 cm−1 splitting by using the
expression given below [57].

QE OHð Þ ¼ 2þ 2 exp � 140 cm�1ð Þhc0
KBT

� �
ðR12Þ

Where, C0, T and KB are velocity of light in vacuum,
temperature and Boltzmann’s constant, respectively. Simi-
larly, the electronic partition function of Cl atom was
corrected by considering the 2P3/2 and

2P1/2 electronic states
with 881 cm−1 splitting. The tunneling correction factor
Γ(T) was calculated by using Wigner [58] and Eckart sym-
metrical barrier method [59–61]. Tunneling correction fac-
tor Γ(T) estimated by using Wigner and Eckart method are
found be 3.32, 5.96 and 1.98, 2.48 for TSOH and TSCl,
respectively. The calculated Γ(T) values by using Eckart
symmetrical barrier are within the range of Johnston and
Rapp estimated symmetrical tunneling barriers for chemical
reactions [61]. The rate constant values for the reaction of
CF2ClC(O)OCH3 + OH/Cl estimated by using Wigner’s and
Eckart tunneling correction along with the experimental
values are presented in Table 6. The theoretically computed
rate constant for H atom abstraction reaction of
CF2ClC(O)OCH3 by OH radical as given by reaction (R1)
by using Wigner and Eckart symmetrical method are found
to be 0.51×10−13 and 0.91×10−13 cm3 molecule−1 s−1, re-
spectively at 298 K with available experimental value
[(1.0±0.2)×10−13 cm3 molecule−1 s−1] reported by Blanco
and Teruel [28]. Whereas, the rate constant for H atom
abstraction reaction of CF2ClC(O)OCH3 by Cl atom using
Wigner and Eckart symmetrical method are found to be
0.96×10−13 and 1.20×10−13 cm3 molecule−1 s−1, respective-
ly at 298 K with reported experimental value of (1.1±0.3)×
10−13 cm3 molecule−1 s−1 [28]. Therefore, from our calcu-
lated rate constant it can be concluded that for the reaction
of CF2ClC(O)OCH3 + OH, rate constant estimated by Eck-
art method is in very good agreement with the experimental

one. However the rate constant calculated by Wigner’s
method slightly underestimated the experimental value. On
the other hand for the reaction of CF2ClC(O)OCH3 + Cl our
calculated rate constant using both Wigner’s and Eckart
method are in very good agreement with the available ex-
perimental value. In general, tropospheric lifetime (τeff) of
CF2ClC(O)OCH3 can be estimated by assuming that its
removal from troposphere occurs only through the reactions
with OH radical and Cl atom. Then (τeff) can be expressed
as [62],

1 teffð Þ= ¼ 1 tOHð Þ= þ 1 tClð Þ= ðR13Þ
Wh e r e , tOHð Þ ¼ KOH � OH½ �ð Þ�1 a n d tClð Þ ¼

KCl � Cl½ �ð Þ�1. Using the 298 K value of KOH ¼ 0:91� 1
0�13 cm3 molecule�1 s�1 a n d KCl ¼ 1:20� 10�13 cm3

molecule�1 s�1 , and the global average atmospheric OH
and Cl concentrations of 8.8×105 and 1.0×104 molecule
cm−3 respectively [63, 64], the estimated atmospheric life-
time of CF2ClC(O)OCH3 is found to be around 142 days.

Conclusions

The potential energy surface and reaction kinetics of the H
abstraction reaction of CF2ClC(O)OCH3 + OH [Reaction (1)]
and CF2ClC(O)OCH3 + Cl [Reaction (2)] are investigated at
G2(MP2)//MPWB1K/6-31+G(d,p) level of theory. The barri-
er heights for these pathways are calculated to be 2.59 and
1.42 kcal mol−1, respectively at G2(MP2) level. The calculat-
ed rate constants of the H abstraction reactions are consistent
with the available experimental values. The ΔfH°298 values
for CF2ClC(O)OCH3, CF2ClC(O)OCH2 and CF3C(O)OCH3

are predicted to be −195.80, −145.82 and −243.68 kcal mol−1,
respectively. The estimated atmospheric life time of
CF2ClC(O)OCH3 is expected to be around 142 days. The
relatively short atmospheric life time of CF2ClC(O)OCH3

make their negligible contribution toward ozone depletion
(ODP). These data can be useful for further thermo-kinetic
modeling of other reactions involving these species.
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