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We present a theoretical study of the hydrogen abstraction reactions from CH3F and CH2F2 by an ozone
molecule. The geometries and harmonic vibrational frequencies of all stationary points are calculated at the
MPW1K, BHandHLYP, and MPWB1K levels of theory. The energies of all of the stationary points were
refined by using both higher-level (denoted as HL) energy calculations and QCISD(T)/6-311++G(2df,2pd)
calculations based on the optimized geometries at the MPW1K/6-31+G(d,p) level of theory. The minimum
energy paths (MEPs) were obtained by the MPW1K/6-31+G(d,p) level of theory. Energetic information of
the points along the MEPs is further refined by the HL method. The rate constants were evaluated on the
basis of the MEPs from the HL level of theory in the temperature range 200-2500 K by using the conventional
transition-state theory (TST), the canonical variational transition-state theory (CVT), the microcanonical
variational transition-state theory (µVT), the CVT coupled with the small-curvature tunneling (SCT) correction
(CVT/SCT), and theµVT coupled with the Eckart tunneling correction (µVT/Eckart) based on the ab initio
calculations. A general agreement was found among the TST, CVT, andµVT theories. The fitted three-
parameter Arrhenius expressions of the calculated forward CVT/SCT andµVT/Eckart rate constants of the
ozonolysis of fluoromethane arekCVT/SCT(T) ) 2.76 × 10-34T5.81e(-13975/T) and kµVT/Eckart(T) ) 1.15 ×
10-34T5.97e(-14530.7/T), respectively. The fitted three-parameter Arrhenius expressions of the calculated forward
CVT/SCT andµVT/Eckart rate constants of the ozonolysis of difluoromethane arekCVT/SCT(T) ) 2.29 ×
10-36T6.42e(-15451.6/T) andkµVT/Eckart(T) ) 1.31× 10-36T6.45e(-15465.8/T), respectively.

1. Introduction

It has long been recognized that the stratospheric ozone layer
is of vital importance to life on Earth. It is now widely accepted
that chlorofluorocarbons (CFCs) contribute to the “greenhouse
effect” and also are responsible for the depletion of the
stratospheric ozone layer.1-7 Thus, a very important international
effort has been undertaken to find environmentally acceptable
alternatives to CFCs, especially since the production of CFCs
was restricted under the Montreal protocol8 on substances that
destroy stratospheric ozone. With low global environmental
impact, fluoromethane compounds have been proposed as a
potential replacement of the chlorofluorocarbons (CFCs) and
greenhouse gases;3,6,7,9 therefore, it is important to have good
estimates of their atmospheric lifetimes to really assess their
environmental impact. In this context, kinetic studies of relevant
gas-phase reactions involving CH3F (HFC-41) and CH2F2 (HFC-
32) would assist in understanding their fates in the atmosphere.
A continuous search is underway to try to improve the
experimental techniques and the theoretical methodologies that
deal with the kinetics of those reactions involving HFCs and
HCFCs.

CH3F (HFC-41) and CH2F2 (HFC-32) are very important
species in atmospheric study. Although there are some studies

about the reactions of fluoromethanes with different species,
with H•,10 CH•,11 Cl•,12-14 O-,15,16 O2

-,15 OH•,17-21 OH-,22-24

F•,25 and F-,26,27no data were reported about the direct hydrogen
abstraction reaction of ozone with fluoromethanes (CH3F,
CH2F2). The reactions of CH3F (HFC-41) and CH2F2 (HFC-
32) with ozone are of special significance to atmospheric
chemistry. The relevant kinetic data are desirable not only to
understand the reaction mechanism but also to determine if the
HFCs are really safe for the ozone layer under different
conditions. Ozonolysis of CH3F and CH2F2 is the simplest
reaction of a reaction class of ozone molecule with fluoro-
methanes that produce the F-atom substituent alkyl and HOOO
oxygen-rich radical. The hydrogen abstraction reactions by
ozone from fluoromethanes (CH3F, CH2F2) are the most suitable
processes for modeling and testing methodologies that could
be applied to larger molecules or to the complete reaction kinetic
schemes for the degradation of HFCs. The knowledge of rate
constants of these reactions is also of special interest to us
because they can produce the important HOOO radical,28,29

which can dissociate the OH radical and O2 molecule with a
very low barrier. However, to the best of our knowledge, no
kinetics data and reaction mechanism of the title reactions were
reported. To acquire accurate rate constants over a wide
temperature range, both high-level ab initio and rate constant
calculations are required.

The objective of this study is to accurately calculate the rate
constants of the reactions CHnF4-n+ O3 f HOOO+ CHn-1F4-n
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(n ) 2,3). For comparison, three levels of hybrid density
functional theory methods were employed to investigate the
reactions of fluoromethanes (CH3F, CH2F2) with ozone. The
thermal rate constants were calculated using the conventional
transition-state theory (TST),30 the canonical variational transi-
tion-state theory (CVT),30-33 the microcanonical variational
transition-state theory (µVT),30,34,35the CVT coupled with the
small-curvature tunneling (SCT) correction (CVT/SCT),36-38

and theµVT coupled with the Eckart tunneling correction (µVT/
Eckart)39-41 based on the ab initio calculations.

2. Calculation Methodology

2.1. Electronic Structure Calculations.It has been shown
that the modified Perdew-Wang one-parameter model for
kinetics (MPW1K) method provides a good alternative for a
wide variety of applications, in particular, for kinetic studies.42,43

In the present study, the geometries and frequencies of all
stationary points (reactants, products, and the transition states)
are optimized at the MPW1K level of theory with the 6-31+G-
(d,p) basis set. Synchronously, to validate the reliability of the
MPW1K method, the same calculations are performed by the
BHandHLYP44,45and MPWB1K46-48 levels of theory with the
same basis set. We find that the calculated results predicted at
these levels of theory are in good agreement with one another.
We have also optimized the geometries of the reactants,
products, and transition states at the MPW1K/6-311+G(2df,-
2pd) level of theory to show the impact of basis set effect on
structures. The calculated results of MPW1K/6-311+G(2df,-
2pd) and MPW1K/6-31+G(d,p) agree with each other fairly
well in our study. However, it has been recommended that the
6-31+G(d,p) basis set be used for MPW1K by Truhlar.42

Therefore, the MPW1K/6-31+G(d,p) geometries become our
choice as the base of single-point calculations. To yield more
reliable reaction enthalpies and barrier heights, single-point
calculations for all stationary points are further refined by means
of higher-level energy calculations (denoted as HL)49 based on
the optimized geometries at the MPW1K/6-31+G(d,p) level of
theory. The HL method employs a combination of QCISD(T)50

and MP2(FC)51 methods and can be expressed as:

Here QCISD(T)/cc-pVTZ is referred to as the quadratic con-
figuration interaction calculation including single and double
substitutions with a triples contribution to the energy added,
using Dunning’s52,53 correlation consistent polarized valence
triple-ú basis set. The cc-pVDZ and cc-pVQZ stand for
Dunning’s correlation consistent polarized valence double-ê
basis set and polarized valence quadruple-ê basis set, respec-
tively. MP2(FC) denotes the second-order Moller-Plesset
perturbation theory with frozen core approximation.51 To
validate the reliability of the HL method, the single-point
calculation of stationary points was also performed at the
QCISD(T)/6-311++G(2df,2pd) level of theory. The single-point
calculated results predicted at two levels of theory are in good
agreement with each other. The HL method includes the

extrapolation to the infinite basis set limit and is a dual-level
theory, so it may be suggested that the energetic information
obtained at the HL level of theory is relatively reliable.49,54-56

The theoretical standard enthalpy of formation values (obtained
by HL method) of CH3F and CH2F2 are 245.43 and 450.48 kJ/
mol, respectively. The experimental standard enthalpy of
formation values of CH3F and CH2F2 are 247.00 and 450.66
kJ/mol, respectively.57,58 The little difference between the
theoretical and experimental standard enthalpy of formation of
reactants suggests that HL is good for estimating the energies
of current work. Considering efficiency and veracity syntheti-
cally, the minimum energy paths (MEPs) froms ) -1.50 to
1.50 amu1/2 bohr were done in the mass-weighted Cartesian
coordinate with a step size of 0.01 amu1/2 bohr, using the
intrinsic reaction coordinate (IRC) method at the MPW1K/6-
31+G(d,p) level of theory. Along this energy path, the reaction
coordinates is defined as the signed distance from the saddle
point, with s > 0 referring to the product side. At 20 selected
points (10 points in the reactant side before the transition state
and 10 points in the product side after the transition state selected
by focusing technique39) along the MEP, the force constant
matrixes as well as the harmonic vibrational frequencies were
calculated at the same level. Furthermore, the energies of the
selected points were refined by the HL method to construct a
more accurate potential energy profile. The single-point HL and
QCISD(T)/6-311++G(2df,2pd) calculations are based on the
optimized geometries at the MPW1K/6-31+G(d,p) level of
theory, denoted as HL//MPW1K and QCISD(T)//MPW1K,
respectively. All of the above calculations were performed using
the Gaussian 0359 and MOLPRO 2002.660 program suites.

2.2. Rate Constant Calculations.The conventional transi-
tion-state theory, the canonical variational transition-state theory,
and the microcanonical variational transition-state theory were
employed to calculate the rate constants for the two bimolecular
reactions. There is considerable literature on the TST, CVT,
andµVT formalisms. Below, we give only a brief description
of them, which has been implemented in the POLYRATE 8.261

and Vklab 1.062 programs.
Within the transition-state theory (TST)30 framework, thermal

rate constants of a reaction can be expressed as:

where κ is the transmission coefficient accounting for the
quantum mechanical tunneling effects,σ is the reaction sym-
metry number,Qq andΦR are the total partition functions (per
unit volume) of the transition state and reactants, respectively,
∆Vq is the classical barrier height,T is the temperature, andkB

andh are the Boltzmann and Planck constants, respectively.
The variational transition-state rate constant for a gas-phase

bimolecular reaction is determined by varying the location of
the dividing surface along a reference path to minimize the rate
constant at a given temperature. In other words, CVT minimizes
the recrossing effects by effectively moving the dividing surface
along the minimum energy path (MEP) so as to minimize the
rate constant. In the present study, the MEP is defined as the
steepest descent path from the saddle point to both the reactant
and the product sides in the mass-weighted Cartesian coordinate
system. The reaction coordinate,s, is defined as the distance
along the MEP with the origin located at the saddle point and
is positive on the product side and negative on the reactant side.
For a canonical ensemble at a given temperatureT, the canonical
variational transition-state theory (CVT)31-33 thermal rate

EHL ) E[QCISD(T)/cc-pVTZ]+
(E[QCISD(T)/cc-pVTZ]-

E[QCISD(T)/cc-pVDZ])*0.46286+
E[MP2(FC)/cc-pVQZ]+ (E[MP2(FC)/cc-pVQZ]-

E[MP2(FC)/cc-pVTZ])*0.69377-
E[MP2(FC)/cc-pVTZ]- (E[MP2(FC)/cc-pVTZ]-

E[MP2(FC)/cc-pVDZ])*0.46286

k(T) ) κ(T)σ
kBT

h
Qq(T)

ΦR(T)
e{-∆Vq/kBT}
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constantkCVT(T) is given by

where

where kGT(T,s) is the generalized transition-state theory rate
constant at the dividing surface that intersects the MEP ats
and is orthogonal to the MEP. Here,σ is the symmetry factor
accounting for the possibility of more than one symmetry-related
reaction path,kB is Boltzman’s constant, andh is Planck’s
constant.QGT is the internal partition function of the generalized
transition state with the local zero of energy atVMEP(s). ΦR is
the reactant partition function (per unit volume for bimolecular).
Translational and rotational partition functions were evaluated
classically, whereas the vibrational partition functions were
calculated quantum mechanically within the harmonic ap-
proximation in the present studies.

The microcanonical variational transition-state theory
(µVT)30,34,35 is based on the idea that by minimizing the
microcanonical rate constants along the MEP, one can minimize
the error caused by the “recrossing” trajectories. Within the
framework ofµVT, the rate constant at a fixed temperatureT
can be expressed as:

whereΦR is the total reactant partition function, which is the
product of electronic, rotational, and vibrational partition
functions. The relative translational partition function was cal-
culated classically and is included inΦR. However, the rotational
and vibrational partition functions of the reactant were calculated
quantum mechanically within the rigid rotor and harmonic
oscillator approximations, respectively.NGTS(E,s) is the sum of
states of electronic, rotational, and vibrational motions at energy
E of the generalized transition state located ats, wheres is the
reaction coordinate.

In addition, both of the two reactions involve hydrogen-
transfer processes. For such steps, tunneling is expected to be
noticeable. The SCT tunneling method36-38 was employed to
calculate the transmission coefficient in the calculation of the
CVT rate constant, and the Eckart tunneling method39,40 was
employed to calculate the transmission coefficient in the
calculation of theµVT rate constant.

3. Results and Discussion

3.1. Stationary Points.The optimized geometric parameters
of all of the reactants, products, and transition states at
the MPW1K/6-31+G(d,p), BHandHLYP/6-31+G(d,p), and
MPWB1K/6-31+G(d,p) levels of theory along with the MPW1K/
6-311+G(2df,2pd) level of theory are given in Figure 1. The
geometries of the main stationary points are also shown in Figure
1. The TS(1) is the transition state of the reaction of ozone with
fluoromethane, and the TS(2) is the transition state of the
reaction of ozone with difluoromethane. From the results listed
in Figure 1, it can easily be seen that the optimized geometries
for CH3F and CH2F2 areC3V andC2V symmetries, respectively.
The bond lengths and bond angles for the reactants and the
products obtained from different computational techniques are

in good agreement with one another. Furthermore, the calculated
structural parameters for all of the stationary points at the
MPW1K/6-31+G(d,p) level of theory are slightly closer to those
calculated at the levels of MPW1K/6-311+G(2df,2pd) and
MPWB1K/6-31+G(d,p) than the results obtained from the
BHandHLYP method. For the transition-state structure in each
reaction, the lengths of the breaking C-H bond in TS(1), TS(2),
increase by 29.8% and 32.1%, respectively, with respect to the
corresponding equilibrium bond lengths of the reactants CH3F
and CH2F2 at the MPW1K/6-31+G(d,p) level of theory.
Meanwhile, the lengths of the forming O-H bond in each
transition state, which will form a HOOO radical, are 21.7%
and 19.8% longer, respectively, than the equilibrium bond
lengths of the HOOO radical. Therefore, the geometry features
of TS(1) and TS(2) are similar to the structure parameters for
ozone and the fluoromethanes, and this is characteristic for early
transition states.

Table 1 lists the harmonic vibrational frequencies and zero-
point energies of reactants, products, and transition states at the
MPW1K/6-31+G(d,p) level of theory along with the available
experimental data. From Table 1, one can find that the calculated
frequencies at the MPW1K/6-31+G(d,p) level of theory are
consistently larger than the corresponding experimental
values.63-67 However, the discrepancy between theoretical
results and experimental data is generally within 9%. This shows
that the calculated frequencies are in good agreement with the

kCVT(T) ) min
s

kGT(T,s)

kGT(T,s) ) {σ
kBT

h
QGT(T,s)

ΦR(T)
e-VMEP(s)/kBT}

kµVT(T) )
∫0

∞
min{NGTS(E,s)}e-E/kBT dE

hΦR

Figure 1. Optimized geometries of the reactants, products, and
transition states of studied reactions. Parameters are given in the order
(top to bottom): MPW1K/6-31+G(d,p) in normal print, BHandHLYP/
6-31+G(d,p) in italics, MPWB1K/6-31+G(d,p) in bold, and MPW1K/
6-311+G(2df,2pd) in normal print. Bond lengths are in angstroms, and
angles are in degrees.
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available experimental values. For the transition state, the
character of the stationary points is confirmed by normal-mode
analysis, which yield only one imaginary frequency whose
eigenvector corresponds to the direction of the reaction. The
absolute values of imaginary frequencies at the MPW1K/6-
31+G(d,p) level of theory for TS(1) and TS(2) are 1501 and
1470 cm-1, respectively. It can also be seen that the transition
state possesses a large absolute value of the imaginary fre-
quency. This indicates that the quantum tunneling transmission
coefficient should be larger and the quantum tunneling effects
should be important in the calculations of the rate constants.

The reaction energies (∆V), the classical potential barriers
(Vq), the vibrationally adiabatic ground-state potential (Va

Gq),
and the reaction enthalpies (∆H298K°) calculated at the HL//
MPW1K and QCISD(T)//MPW1K levels of theory are listed
in Table 2. Note that the values ofVq andVa

Gq are calculated
at the corresponding saddle points. The predicted values of these
properties are quite scattered between the two different methods.
For the reactions of ozone with fluoromethane and ozone with
difluoromethane, the refined reaction enthalpies are 23.77 and
23.88 kcal mol-1 at the HL level of theory based on the
geometries optimized at the MPW1K/6-31+G(d,p) level of
theory, respectively. The predicted reaction enthalpies from the
QCISD(T)//MPW1K levels of theory are slightly smaller than
those from the HL method. The same trend also appears for
the vibrationally adiabatic ground-state potentials. This means
that the MPW1K/6-31+G(d,p) level of theory can provide
reasonable geometric information42 but additional single-point
HL calculations are needed to get accurate energetic information.
As can be seen from Table 2, it is obvious that the forward
barrier heights of the ozonolysis of fluoromethane are smaller
than those of ozonolysis of difluoromethane. Consequently, it

could be anticipated that the rate constant of the reaction of
ozone with fluoromethane will be larger than that of ozone with
difluoromethane. With the increase of the number of fluorine
substitutions, the forward barrier heights increase. This reflects
that the fluorine substitution can affect the H-abstraction process.

3.2. Reaction Path Properties.As a reasonable compromise
between speed and accuracy, the geometries of points along
the MEP were optimized at the MPW1K/6-31+G(d,p) level of
theory. Starting from the MPW1K saddle-point geometries, and
going downhill to both the asymptotic reactant and the product
channels in mass-weighted internal coordinates (with no reori-
entation and no use of symmetry), we constructed the intrinsic
reaction path (IRC). The potential energy profiles were then
further refined at the HL//MPW1K level of theory.

Figure 2 shows the variation of the bond lengths along the
minimum energy path of the bimolecular reactions as a function
of reaction coordinates ((amu)1/2 bohr) at the MPW1K/6-
31+G(d,p) level of theory. For the reaction of ozone with fluoro-
methane, it is seen from Figure 2a that the change of the C1-
H4 bond length remains insensitive up tos ) -0.8 amu1/2 bohr
and then increases smoothly afterward with the increase of the
IRC coordinate. However, the H4-O6 bond length decreases
smoothly to the H-O bond distance of HOOO radical. This
means that the process of forming the H4-O6 bond and
breaking the C1-H4 bond of the H-abstraction reaction takes
place synergistically along the MEP. The variation of the O6-
O7 and O7-O8 bond distances is mild along the whole MEP

TABLE 1: Harmonic Vibrational Frequencies (cm-1) and
Zero-Point Energy (kcal mol-1) of the Reactants, Products,
and Transition States Using the MPW1K Method with the
Basis Set 6-31+G(d,p)

species frequencies ZPE

CH3F 1124, 1228, 1228, 1528, 1537, 1537, 3133, 3234, 3234 25.4
expta 1154, 1185, 1397, 3078
CH2F2 541, 1169, 1176, 1214, 1314, 1504, 1578, 3071, 3253 21.3
expta 528, 1090, 1111, 1178, 1262, 1435, 1508, 3014
CH2F 590, 1205, 1237, 1511, 3242, 3404 16.0
expta 1170, 1515
CHF2 561, 1039, 1233, 1254, 1392, 3245 12.5
expta 1164, 1173, 1317
O3 790, 1159, 1228 5.2
expta 716, 1089, 1135
HOOO 61, 571, 843, 1328, 1478, 3920 11.7
TS(1) 1501i, 91,b 163, 285, 432, 583, 766, 878, 1110, 1185,

1220, 1238, 1290, 1308, 1523, 1840, 3129, 3319
29.1

TS(2) 1470i, 87,b 153, 206, 388, 525, 535, 597, 830, 1133,
1179, 1212, 1243, 1280, 1321, 1427, 1928, 3120

24.5

a References 63-67. b i denotes the imaginary frequency.

TABLE 2: Reaction Energetics Parameters (kcal mol-1) at
the HL//MPW1K/6-31+G(d,p) and QCISD(T)//MPW1K/
6-31+G(d,p) Levels of Theory

method ∆Ea ∆H298K° Vq b Va
Gq c

CH3F + O3 f CH2F + HOOO
HL//MPW1K 23.10 23.77 37.13 36.64
QCISD(T)//MPW1K 23.08 23.75 36.52 36.03

CH2F2 + O3 f CHF2 + HOOO
HL//MPW1K 23.31 23.88 40.15 38.96
QCISD(T)//MPW1K 22.46 23.03 39.22 38.03

a Reaction energy with zero-point energy correction.b The classical
potential barriers.c The adiabatic barriers at the saddle point structure.

Figure 2. Bond distance curves of the reactions as a function of
reaction coordinates ((amu)1/2 bohr) at the MPW1K/6-31+G(d,p) level
of theory: (a) The reaction of ozone with fluoromethane. (b) The
reaction of ozone with difluoromethane. The numberings of the atoms
can be seen from Figure 1.
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as compared to the C1-H4 bond of the H-abstraction process,
and the C1-H2 and C1-H3 bond lengths are almost unchanged
during the reaction process. For the reaction of ozone with
difluoromethane (Figure 2b), the breaking C1-H3 bond length
almost linearly increases, while the forming H3-O5 bond length
of the HOOO radical gradually shortens in the course of the
reaction. This means that the synergetic process of forming the
H3-O5 bond and breaking the C1-H3 bond of the H-
abstraction reaction takes place.

The classical potential energy curves (VMEP) and vibrationally
adiabatic ground-state potential energy curves (Va

G) of both
channels as functions of the reaction coordinates ((amu)1/2 bohr)
are presented in Figure 3 at the HL level of theory. As can be
seen, the positions of the maximum of theVMEP(s) and theVa

G-
(s) energy curves are the same, and the two curves are very
similar in shape for each reaction. Around the top ofVMEP and
Va

G, the curves of the ozonolysis of fluoromethane are slightly
flatter than those of ozonolysis of difluoromethane, which may

result in a stronger quantum transmission effect of the ozonolysis
of difluoromethane than that of the ozonolysis of fluoromethane.

3.3. Rate Constant Calculations.The TST, CVT, µVT,
CVT/SCT, andµVT/Eckart rate constant calculations are carried
out for a temperature range from 200 to 2500 K on the MPW1K/
6-31+G(d,p) MEPs with energies refined at the HL//MPW1K/
6-31+G(d,p) level of theory. The fitted three-parameter Arrhe-
nius expressions of the calculated forward CVT/SCT andµVT/
Eckart rate constants of the ozonolysis of fluoromethane are
kCVT/SCT(T) ) 2.76 × 10-34T5.81e(-13975/T) and kµVT/Eckart(T) )
1.15 × 10-34T5.97e(-14530.7/T), respectively. For the reaction of
ozone with difluoromethane, the fitted three-parameter Arrhenius
expressions of the calculated forward CVT/SCT andµVT/Eckart
rate constants arekCVT/SCT(T) ) 2.29 × 10-36T6.42e(-15451.6/T)

andkµVT/Eckart(T) ) 1.31× 10-36T6.45e(-15465.8/T), respectively.
Figure 4 shows the Arrhenius plots versus the temperatures.

The curves of TST, CVT, andµVT without tunneling
correction nearly overlap in panels a and b of Figure 4 and
indicate that the variational effect on the calculation of rate
constants is small and can be ignored for the two reactions.
For the reaction of ozone with fluoromethane, it could be found
in Figure 4a that the curves CVT and the curves CVT/SCT are
quite close at a temperature above 1000 K, and with the decrease
of the temperature both curves become separate gradually. The

Figure 3. Classical potential energy (VMEP) and the ground-state
vibrationally adiabatic potential energy (Va

G) curves of the reactions
as functions of the reaction coordinates at the HL//MPW1K/6-31+G-
(d,p) level of theory: (a) The reaction of ozone with fluoromethane.
(b) The reaction of ozone with difluoromethane.

Figure 4. Calculated Arrhenius plots of the rate constants at the HL//
MPW1K/6-31+G(d,p) level of theory of the reaction versus 1000/T
(K-1): (a) The reaction of ozone with fluoromethane. (b) The reaction
of ozone with difluoromethane.aThe TST/Eckart rate constant for the
reaction of CH3F with OH radical.bThe experimental values from refs
15, 17, 21, 24, and 25.
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µVT/Eckart rate constants are consistently larger than theµVT
rate constants. For example, thekµVT/Eckart/kµVT factor of 1.11
at 2500 K and the corresponding factor increase to 166.01 at
250 K. These trends are quite obvious both in Figure 4a and b.
The results tally with the character of the H-transfer reaction;
the tunneling effect is crucial for the H-transfer reaction in the
low-temperature area. For the reactions of both ozone with
fluoromethane and ozone with difluoromethane, the CVT/SCT
rate constants are slightly larger than theµVT/Eckart rate
constants using HL//MPW1K method in the calculated temper-
ature region. To validate the reliability of the HL method for
the similar reaction system further, we also calculated the TST/
Eckart rate constants of hydrogen abstraction reactions from
CH3F by OH radical (Figure 4). From Figure 4, one can find
that the calculated rate constants are in good agreement with
the available experimental values.21

The rate constants obtained by experiment technique for the
reaction of OH•, OH-, O-, O2

-, F• with CH3F and CH2F2 in
the temperature range 300-500 K are also shown in Figure
4.15,17,21,24,25Because the values of the atmospheric lifetimes
for fluoromethanes are needed to infer if the fluorinated
hydrocarbons are really environmentally safe, it is worth
comparing the reaction of CHnF4-n + OH•, OH-, O-, O2

-, F•

with CHnF4-n + O3 reactions. In the present study, the rate
constant of the reaction of ozone with fluoromethane at 300-
500 K is consistently smaller than the rate constants of the
reaction of fluoromethane with other molecules, such as OH•,
OH-, O-, O2

-, and F•. Yet ozone concentration is many orders
of magnitude larger than those of the radicals and anions, so
the H-abstraction reactions by ozone may be very important in
the low-temperature range. The rate constants increase rapidly
with elevation of temperature. At 2500 K, the CVT/SCT and
theµVT/Eckart rate constants of the reaction of O3 with CH3F
are 4.50× 10-17 and 4.87× 10-17 cm3 molecule-1 s-1,
respectively. At 2500 K, the CVT/SCT and theµVT/Eckart rate
constants of the reaction of O3 with CH2F2 are 8.72× 10-17

and 9.24× 10-17 cm3 molecule-1 s-1, respectively. Thus, the
reactions should play a role under high-temperature conditions.

4. Summary

We present a theoretical study of reaction-path dynamics and
rate constants of the bimolecular reaction of CHnF4-n + O3 f
HOOO + CHn-1F4-n (n ) 2,3) over the wide temperature
ranges. The bond lengths and bond angles for stable points
obtained from different computational techniques are in good
agreement with one another. The harmonic vibrational frequen-
cies obtained from the MPW1K/6-31+G(d,p) level of theory
agree with the available experimental data. The forward barrier
heights of the ozonolysis of fluoromethane are smaller than those
of ozonolysis of difluoromethane. With increasing number of
fluorine substitution, the barrier height for the forward reaction
increases. This reflects that the fluorine substitution can affect
the H-abstraction process.

The extended Arrhenius expressions fitted from the CVT/
SCT andµVT/Eckart rate constants of ozonolysis of fluoro-
methane in the temperature range 200-2500 K arekCVT/SCT(T)
) 2.76 × 10-34T5.81e(-13975/T) and kµVT/Eckart(T) ) 1.15 ×
10-34T5.97e(-14530.7/T), respectively. For the reaction of ozone with
difluoromethane, the fitted three-parameter Arrhenius expres-
sions of the calculated forward CVT/SCT andµVT/Eckart rate
constants arekCVT/SCT(T) ) 2.29 × 10-36T6.42e(-15451.6/T) and
kµVT/Eckart(T) ) 1.31× 10-36T6.45e(-15465.8/T), respectively. The
calculated results show that the rate constants for two reactions
have a positive temperature dependence in the temperature range

300-2500 K. Moreover, the variational effect is unimportant
and the tunneling effect is not negligible in the low-temperature
region for the title reactions.

According to the magnitude of the rate constants of the
reactions for CH3F and CH2F2 with OH•, OH-, O-, O2

-, F•,
and O3 at about 300-500 K, we concluded that the rate
constants of the reaction of ozone with fluoromethanes are
consistently smaller than the rate constants of the reaction of
fluoromethanes with OH•, OH-, O-, O2

-, and F• molecules.
Yet ozone concentration is many orders of magnitude larger
than those of the radicals and anions, so the H-abstraction
reactions by ozone may be very important not only in low-
temperature but also in the high-temperature conditions. It is
anticipated that these kinetic data can be used to establish the
modeling and testing methodologies that could be applied to
larger molecules or to the complete reaction kinetic schemes
for HFCs.
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