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The reaction OH- + CH2F2 f products has been investigated by both selected ion flow tube (SIFT) experiments
and ab initio molecular calculations. The SIFT experiments showed that a bimolecular process, leading to
two major anionic products, CHF2

- (86%) and F- (11%), and one minor anionic product, HF2
- (3%), is in

competition with a three-body association leading to OH-‚CH2F2 (where values in parentheses are the relative
values of the detected anionic products at 300 K). From a pressure dependence study, an upper limit of the
bimolecular reaction rate coefficient at 300 K is determined to be (2.4( 1.4) × 10-12 cm3 molecule-1 s-1.
This shows a small negative temperature dependence, suggesting that the reaction proceeds via an ion-complex
intermediate. These experimental results were rationalized using ab initio molecular orbital calculations.
Stationary points on the reaction paths of the two main reaction channels were located at both the HF/6-
31++G** and MP2/6-31++G** levels. The relative energies of the located stationary points were calculated
at up to the CCSD(T)/6-311++G3df,2p//MP2/6-31++G** level. The CHF2- + H2O channel was found to be
endothermic by 7.5 kcal mol-1 and the F- + CH2(OH)F channel was found to be exothermic by 20.4 kcal
mol-1. It was found that both reaction channels proceed via the reactant-like ion-molecule complex
intermediate, OH-‚CH2F2, in agreement with the conclusion drawn from the experimental negative temperature
dependence of the overall rate coefficient. The fact that the product anion yields show that [CHF2

-] > [F-],
despite the fact that the CHF2

- + H2O channel is endothermic whereas the F- + CH2(OH)F channel is
exothermic, has been rationalized using transition-state theory.

Introduction

Hydrofluorocarbons have received considerable attention in
recent years, as they are considered as possible replacements
for chlorofluorocarbons in industrial applications in order to
reduce stratospheric ozone depletion (see, for example, ref 1
and references therein). In this connection, kinetic studies of
relevant gas-phase reactions involving HFCs and the under-
standing of their reaction mechanisms would assist in under-
standing their fates in the atmosphere. We have recently
published a detailed ab initio and selected ion flow tube (SIFT)
study of the reaction O- + CH2F2 f products.2 This present
study of the reaction OH- + CH2F2 f products is an extension
of this work and is part of a larger program of work to
investigate anion-molecule reactions of importance in the upper
atmosphere. These reactions are also of importance in instru-
ments used for trace gas detection.3 Related studies have been
made by Grabowski and co-workers4 on negative ion reactions
with various chlorinated methanes using the flowing-afterglow
and flowing-afterglow selected-ion flow tube methods.

In the case of the reaction O- + CH2F2 f products, the
reaction mechanisms are rather complex.2 However, based on
the results of the ab initio calculations, it was concluded that
all the observed reaction channels proceed via a reactant-like
anion-molecular complex, O-‚CH2F2, followed by crossing
onto the OH‚CHF2

- surface. Although CHF2- was not detected
as an anionic product in the SIFT experiment, all the observed
charged products (OH-, CF2

-, e-) are derived from this surface.

This study showed that the main experimental observations in
the SIFT work could be satisfactorily accounted for, and it was
suggested that, based on the results obtained, other anion-
molecule reactions of the type O- + RH very probably proceed
via an OH‚R- surface (i.e., via a proton transfer to the anionic
species) even though R- may not be an observed anionic
product. In this connection, it would be of interest to investigate
other anion-molecule reactions involving an anion other than
O- to see whether the proton abstraction step is still the initial
step.

The hydroxyl anion, OH-, has been chosen in the present
study because of its significant role, which is similar to that of
O-, in the negative ion chemistry of the D region of the
ionosphere.5 Also, the proton affinities (PAs) of O- and OH-,
-382.2 and-390.6 kcal mol-1, respectively, as estimated from
available experimental heats of formation (∆Hf,298) and electron
affinities (EAs),6 differ by only 8.4 kcal mol-1. Therefore, it
might be expected that the reactions of these two anionic species
with difluoromethane would proceed by a similar mechanism.
As will be discussed later, the reaction OH- + CH2F2 f
products is significantly slower than the O- + CH2F2 reaction.
Nevertheless, the main reaction channel does indeed proceed
via a reactant-like intermediate, though the pathways after this
intermediate are rather complex.

Experimental Section

As the SIFT apparatus and the experimental and data analysis
methods utilized have been described in detail elsewhere,7 only
a brief description of the method used and experimental details
relevant to this study will be presented here.
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OH- anions were created in a high-pressure source using a
1:1 mixture of N2O and CH4 as the source gas. Dissociative
attachment of electrons to N2O produced O- which then reacted
rapidly with CH4 to form OH-. The reactions involved are

The OH- anions were mass-selected using a quadrupole mass
filter, injected into a flow tube, and convected toward the
reaction region by a fast helium flow (∼150 Torr L s-1) at a
pressure of 0.4-0.7 Torr. To investigate the temperature
dependence of the OH- + CH2F2 reaction, the flow tube was
first operated at 300 and then at 458 K. Commercially
purchased CH2F2 was injected into the flow tube to give a
known, controlled reactant neutral number density, which could
be varied from 0 to∼1013 cm-3. The precursor and product
anions were mass-analyzed using a second quadrupole mass
spectrometer downstream of the inlet and were detected by a
channeltron electron multiplier. Possible contamination of the
injected ions by O- was tested for using this mass spectrometer,
and the ratio of O- to OH- was found to be less than 0.006.
The decrease in the OH- signal was monitored at different
neutral flows to obtain rate coefficients. To ensure that the
branching ratios for the primary product anions were not affected
by secondary reactions, the product percentages were obtained
by extrapolation to zero neutral reactant number density and
were corrected for mass discrimination of the detection system.
Values of product percentages are considered to be accurate to
(30% of the values quoted, although they are generally
reproducible to better than this.

Computational Details

The general strategy used and the details of the calculations
performed follow our recent work on the study of the reaction
O- + CH2F2 f products,2 and therefore will only be sum-
marized here. In brief, the reaction paths of the two main
reaction channels observed experimentally (see next section)
were studied at the HF/6-31++G** and MP2/6-31++G** levels
by carrying out geometry optimization (to locate intermediates),
transition-state (TS) search, and intrinsic reaction coordinate
(IRC) calculations. Higher levels of theory have been employed
than that used in the O- + CH2F2 study2 to evaluate reaction
enthalpies because no experimental values for the electron
affinity (EA) of CHF2 and the heats of formation (∆Hf) of
CHF2

- and CH2(OH)F are available (see later text and ref 8).
As well as the HF/6-31++G** and MP2/6-31++G** levels, the
G1, G2 (MP2), and G2 methods9-11 were employed to obtain
the reaction enthalpies for the two main observed reaction
channels. In addition, the relative energies of all the stationary
points located on the reaction paths were evaluated at the CCSD-
(T)/6-311++G3df,2p//MP2/6-31++G** level, the highest level
of calculation performed in this work. Full counterpoise (CP)
correction for basis set superposition error12 was employed at
this level to obtain the CP-corrected relative electronic energy
difference between the TS obtained and the reactants (see the
next section).

Because all the reactants and products of interest have closed-
shell singlet ground states, it is essentially the closed-shell singlet
hypersurface which is of interest. Nevertheless, all calculations
have employed unrestricted-spin wave functions. This is in case
some open-shell singlet contributions might be important on
parts of the reaction path due to bond breaking. However, the

computed〈S2〉 values were found to be zero in all cases.
CASSCF (4, 4), CASSCF (4, 6), and CASSCF (6, 6) calcula-
tions were also carried out with the 6-31++G** basis set on
the reactant-like intermediate and the TS obtained (see later text)
at the MP2/6-31++G** optimized geometries. All CASSCF
calculations gave only one major configuration, which was the
expected closed-shell configuration, suggesting that nondynamic
electron correlation is not important for the reactant-like
intermediate and TS obtained (as has been found in the O- +
CH2F2 study, see ref 2). All calculations were carried out using
the Gaussian 9413 suite of programs at the Rutherford Laboratory
(RL, EPSRC) on the Dec 8400 computer.

Results and Discussion

SIFT Results. When association occurs, the kinetic results
are interpreted in terms of the kinetic scheme

which allows for competition between bimolecular reaction 3
and association reactions 4 and 5. For this scheme, the effective
bimolecular rate coefficient is pressure dependent:

As an association product was identified for the reaction of OH-

with CH2F2, the pressure dependence ofk2
eff was examined by

running the SIFT at helium pressures between 0.4 and 0.7 Torr.
It was found that, for the two temperatures used in this study,
the association reactions were in the “unsaturated” region, where
k2

eff increases linearly with helium pressure, i.e.

By fitting the pressure dependence ofk2
eff to eq 7, the

bimolecular rate coefficientkr was extracted from the data. These
results are presented in Table 1 for the two temperatures used
in this study. This approach has been used previously; see, for
example, ref 14. It should be noted that, because of a small
impurity in the CH2F2 sample, which resulted in a Cl- signal
(masses 35 and 37 amu were seen in the mass spectra) with an
intensity comparable to HF2-, the rate coefficients obtained
should be taken as upper limits.

The observed anionic product distributions are also given in
Table 1 together with the corresponding probable neutral
products. For the major reaction channel, production of CHF2

-

(86% at 300 K), the neutral product can safely be assumed to
be water. However, for the remaining minor channels, because
of unavailability of the experimental heats of formation for some
of the species listed in Table 1, it was not possible to establish
the enthalpies of the reactions which would produce the
suggested neutral products. Ab initio calculations were therefore
required to clarify this situation (see Computational Details and
ab Initio Results sections). Since the HF2

- branching percentage
is small and because we cannot rule out that the weak signal
observed atm/z ) 39 amu is a result of the reaction of OH-

with an impurity in the CH2F2 sample, the HF2- product was

N2O + e- f O- + N2 (1)

O- + CH4 f OH- + CH3 (2)

A + OH- 98
kr

products (3)

A + OH- {\}
ka

k-a
(A‚OH-)* (4)

(A‚OH-)* + He98
ks

A‚OH- + He (5)

k2
eff ) kr +

kska[He]

k-a + ks[He]
(6)

k2
eff ) kr +

kska[He]

k-a
(7)
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not considered in the ab initio calculations. It should be noted
that [F-] and [HF2

-] increased with increasing [CH2F2],
suggesting possible contributions from secondary reactions. In
addition, the small negative temperature dependence for the two-
body rate coefficient suggests that the bimolecular reaction
probably proceeds via an intermediate,15 which in the environ-
ment of the SIFT can be collisionally stabilized.

Ab Initio Results. Reaction Enthalpy of Reaction 8. The
computed electronic energy differences (∆Ee) and reaction
enthalpies (∆H) at various levels of theory are summarized in
Tables 2 and 3, respectively, for the two main reaction channels

For reaction 8, although the computed∆H value at the
Hartree-Fock (HF) level differs significantly from the∆H
values derived using methods which allow for electron correla-
tion (see Table 2), it is conclusive from the results of this work
that reaction 8 is endothermic. Excluding the CCSD(T) reaction
enthalpy, the spread of∆H values calculated at the correlated
level is only 0.6 kcal mol-1. The CCSD(T) value, which is

expected to be the most reliable, is, however, lower than the
G2 value. This suggests that higher order correlation is
important and that corrections for the inadequacy of the basis
set are not additive for this system, as assumed in the G1/G2
approach.

Experimental heats of formation are available for OH-, H2O,
and CH2F2 (-34.4, -57.8, and-107.4 kcal mol-1 at 298 K
respectively6,16), but not for CHF2-. Although the heat of
formation of CHF2 is available (-57.1,-58.6, and-59.2 kcal
mol-1 from refs,17, 18, and 19, respectively), the reliability of
the only available experimental EA of CHF2, (1.3( 0.3) eV,20

has been questioned8 from a comparison of the MP4/6-
311++G2df,p//HF-6-31++G** derived values of 0.77 (from an
isodesmic reaction) and 0.79 eV (from a isogyric reaction).8

(An alternative value of 1.21 eV has been determined,21 but it
probably has a larger error than the value of ref 20). It was
noted in ref 8 that the experimental EA of CHF2 of 1.3 eV was
obtained from potentially unreliable bracketing experiments. If
this value is used to evaluate the∆H of reaction 8, a value of
-3.8 kcal mol-1 is obtained. On the other hand, using the
MP4//HF value of 0.79 eV from ref 8, a value of+8.0 kcal
mol-1 is obtained. The computed results of this present work
clearly support the conclusions of ref 8, though the EA of CHF2

has not been calculated directly by ab initio calculations.
Nevertheless, using the best ab initio∆H calculated for reaction
8 and the available experimental heats of formation (at 298 K)
for OH-, CH2F2, and H2O, ∆Hf,298 of CHF2

- is deduced as
-77.8 kcal mol-1. From the available experimental heats of
formation of CHF2 (-57.1,-58.6, and-59.2 kcal mol-1 from
refs 17, 18, and 19, respectively), values of 0.90, 0.83, and 0.81
eV can be obtained for the EA of CHF2. The recommended
value for the EA of CHF2 is therefore (0.85( 0.05) eV.

Reaction Enthalpy of Reaction 9. For reaction 9, geometry
optimization and vibrational frequency calculations were carried
out also for CH3OF, an isomer of CH2(OH)F, at the MP2/6-
31++G** level, because the experimental heat of formation of
CH3OF is not available. The minimum-energy geometry
obtained for a CH3OF structure, which has all real vibrational
frequencies, has aCs staggered structure and is calculated to
be 83.9 kcal mol-1 higher in energy than CH2(OH)F. Therefore,
it is unlikely that CH3OF would be the neutral product of
reaction 9, as the reaction producing it would be endothermic
by ca. 60 kcal mol-1 at the MP2/6-31++G** level.

From Table 3, the computed reaction enthalpies for reaction
9 are almost identical at the HF and MP2 levels, suggesting
that the HF and MP2 hypersurfaces for this channel are similar.
The reaction path study indeed showed that this was the case
(see the next subsection). However, it is also clear from Table
3 that higher order electron correlation is important for reliable
reaction energies. In contrast to reaction 8, the G1/G2 methods
gave reaction enthalpies for reaction 9 which are almost identical
to that obtained by the CCSD(T) method but are ca. 4 kcal mol-1

more positive than the HF and MP2 values. Although an
experimental∆Hf of CH2(OH)F is not available, it can be
concluded from the present ab initio calculations that reaction

TABLE 1: Summary of SIFT Experimental Results for the Reaction OH- + CH2F2 f Products

temp (K) detected products (%) probable neutrals
two-body rate coefficient,
kr (cm3 molecules-1s-1)

300 CHF2
-(86) H2O (2.4( 1.4)× 10-12

F- (11) CH2F(OH), CH3OF
HF2

- (3) CH2O

458 CHF2
-(92) H2O (1.6( 0.8)× 10-12

F- (7) CH2F(OH), CH3OF
HF2

- (1) CH2O

TABLE 2: Computed ∆Ee Values and Reaction Enthalpies
(∆H) at Various Levels of Theory for the Reaction OH- +
CH2F2 f H2O + CHF2

-

method
∆Ee (kcal

mol-1)
∆H0K (kcal

mol-1)
∆H298K

(kcal mol-1)

HF/6-31++G** a 7.19 5.00 5.39
MP2/6-31++G** b 10.75 8.49 8.70
G1 11.05 8.98 8.76
G2 (MP2) 10.44 8.37 9.37
G2 10.78 8.71 9.10
CCSD(T)/6-311++G(3df,2p)c 9.28 7.02 7.53

a At HF/6-31++G** optimized geometries and with unscaled HF/
6-31++G** frequencies for ZPE correction.b At MP2/6-31++G**

optimized geometries and with unscaled MP2/6-31++G** frequencies
for ZPE correction.c At MP2/6-31++G** optimized geometries and
with unscaled MP2/6-31++G** frequencies for ZPE correction.

TABLE 3: Computed ∆Ee Values and Reaction Enthalpies
(∆H) at Various Levels of Theory for the Reaction OH- +
CH2F2 f CH2(OH) F + F-

method
∆Ee (kcal

mol-1)
∆H0K (kcal

mol-1)
∆H298K

(kcal mol-1)

HF/6-31++G** a -26.40 -23.90 -24.28
MP2/6-31++G** b -26.79 -24.71 -24.81
G1 -23.12 -20.56 -20.92
G2 (MP2) -21.73 -19.17 -19.52
G2 -22.54 -19.98 -20.34
CCSD(T)/6-311++G(3df,2p)c -22.35 -20.27 -20.37

a At HF/6-31++G** optimized geometries and with unscaled HF/
6-31++G** frequencies for ZPE correction.b At MP2/6-31++G**

optimized geometries and with unscaled MP2/6-31++G** frequencies
for ZPE correction.c At MP2/6-31++G** optimized geometries and
with unscaled MP2/6-31++G** frequencies for ZPE correction.

OH- + CH2F2 f H2O + CHF2
- (8)

OH- + CH2F2 f CH2(OH)F + F- (9)
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9 is exothermic by ca. 20 kcal mol-1. Combining available
experimental heats of formation (at 298 K) and the best ab initio
∆H for reaction 9 (the CCSD(T)/6-311++G3df,2p value), the
∆Hf of CH2(OH)F can be deduced to be-103.0 kcal mol-1.

From the ab initio results discussed above, reaction 8 should
be slightly endothermic, while reaction 9 should be fairly
exothermic. Clearly, the computed reaction enthalpies of these
two reaction channels cannot account for the observed product
distributions from the SIFT measurements, which clearly show
that reaction 8 is the major channel while reaction 9 is the minor
channel. To understand the SIFT results, the reaction hyper-
surface between the reactants and the products has to be
investigated.

Reaction Path of Reaction 8: Production of CHF2-. (a)
HF/6-31++G** Calculations. The reactant-like intermediate
obtained, OH-‚CH2F2, hasCs symmetry and is shown in Figure
1. It was computed to be 19.4 kcal mol-1 below the reactants
(18.4 kcal mol-1 including the zero-point energy (ZPE) cor-
rection). Optimization with aCs symmetry constraint for the
product-like intermediate, H2O‚CHF2

-, however, led to a first-
order saddle point with an a′′ mode having an imaginary
frequency of 34.7i cm-1. On relaxing the symmetry constraint
to C1, a true minimum was obtained, but this is only 0.02 kcal
mol-1 lower in energy than theCs saddle point; the lowest
computed frequency for thisC1 minimum was 39.4 cm-1. These
results suggest that the HF/6-31++G** surface in this region is
extremely flat. A TS search gave a late transition-state structure,
resembling theCs product-like structure but with a shorter CO
distance (2.614 Å instead of 2.940 Å as in the product-like
intermediate). This TS is 12.7 (8.9) and 3.3 (0.3) kcal mol-1

above the reactant-like and product-like intermediates, respec-
tively, and 13.9 (14.5) and 6.7 (9.5) kcal mol-1 below the
separate products and reactants, respectively (where the values
quoted in parentheses are the enthalpy differences which include
ZPE correction). However, IRC path calculations gave the same
reactant-like intermediate in both the forward and backward
directions. This is almost certainly because, while the TS has
a Cs symmetry, the product-like intermediate has a lower
symmetry,C1. In view of the results obtained for the IRC search
and the product-like intermediate, the HF/6-31++G** level
seems inadequate to describe the hypersurface of reaction 8.
This was shown to be indeed the case as the more reliable MP2

results were found to differ significantly from the HF results;
the MP2 results will be discussed in the next section.

(b) MP2/6-31++G** Calculations. With this basis set, a
reactant-like intermediate similar to that obtained at the HF/6-
31++G** level has been located (Figure 1). However, both
optimization of the product-like intermediate and a TS search
led to the conclusion that the reaction proceeded from the
reactant-like intermediate directly to the separate products.22 This
was so with various starting geometries on the reaction
hypersurface. In summary, the MP2/6-31++G** calculations
gave only a valley, which is the reactant-like intermediate,
OH-‚CH2F2, between the reactants and the products. At the
MP2/6-31++G** level, the reactant-like intermediate is 21.1
(18.6) and 31.8 (27.1) kcal mol-1 below the reactants and
products (see also Table 4) where, as before, the values in
parentheses are the enthalpies which include ZPEs. There is
no barrier on the reaction surface. The reaction path rises
smoothly to the separate products from the reactant-like
intermediate. In this connection, the endothermicity of the
reaction (∆H at the CCSD(T)/6-311++G3df,2p//MP2/6-31++G**

level; see Table 2) may be taken as a lower limit of the energy
barrier (∆Hq for the TS) for reaction 8 in a simplistic treatment.
Taking the entropy change of the reaction (∆S298K ) 5.8 cal
mol-1 K-1 at the MP2/6-31++G** level) as∆Sq to the TS,∆Gq

and the rate coefficient can be calculated as 5.8 kcal mol-1 and
5.9 × 10-13 cm3 molecule-1 s-1 at 298 K, respectively,
employing conventional TS theory.23

Reaction Path of Reaction 9: Production of F-. The HF/
6-31++G** and MP2/6-31++G** results are qualitatively
similar for the reaction hypersurface of reaction 9. The located
TS is shown in Figure 2. It has aC1 structure with long CF
and CO bond lengths (1.729 and 1.951 Å, respectively, at the
MP2/6-31++G** level), which suggests an SN2 mechanism.

Figure 1. The minimum-energy structure of the reactant-like inter-
mediate, OH-‚CH2F2, computed at the HF/6-31++G** and MP2/6-
31++G** levels for the HO- + CH2F2 reaction. The O-C bond
distance is given in angstroms in each case.

Figure 2. The TS obtained for the OH- + CH2F2 f F- + CH2(OH)F
reaction. HF/6-31++G** and MP2/6-31++G** calculations gave very
similar structures for this TS. TheC1 structure shown in this figure
with long C-F and C-O bond lengths (1.729 and 1.951 Å, respec-
tively) was obtained at the MP2/6-31++G** level. This diagram shows
two views of the transition-state structure, one at right-angles to the
other.
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Subsequent IRC path calculations at both the HF/6-31++G**

and MP2/6-31++G** levels connected the TS with the reactant-
like intermediate and the separate products (without going
through a product-like intermediate).

Further geometry optimizations were carried out in search
of the product-like intermediate. At the HF/6-31++G** level,
a minimum with all real frequencies (the lowest being 87 cm-1)
was obtained. It has essentially a F-(HO)CH2F structure (C1

symmetry), with the F- group bonded to the hydroxyl hydrogen.
This was despite an initial geometry where the F- group was
on the opposite side of the hydroxyl group, adjacent to the two
methylene hydrogen atoms. The F- - -H and OH bond lengths
are 1.289 and 1.064 Å, respectively. This structure has a relative
energy (∆Ee) of -61.7 kcal mol-1 with respect to the separate
reactants at the HF/6-31++G** level. At the MP2 level,
however, a product-like intermediate could not be located.
Instead, geometry optimization of over thirty points on the
hypersurface led to a structure (which is not a stationary point)
which is essentially CH2FO-‚HF with HF and O- - -H bond
lengths of 1.138 and 1.214 Å, respectively. That is, F- has
abstracted the proton from the hydroxyl group. Further
optimization to a stationary point has not been carried out, as
CH2FO- has not been detected experimentally. Nevertheless,
it seems clear that at the MP2/6-31++G** level the anionic
complex, F-‚CH2(OH)F, does not form as a stable intermediate
as it proceeds to the CH2FO-‚HF surface without a barrier. Since
the IRC path discussed above has already shown that reaction
9 proceeds from the TS directly to the separate products, both
the anion-molecule complex, F-‚CH2(OH)F and the CH2FO-‚HF
surface are probably of little significance in determining the
kinetics and dynamics of reaction 9.

The relative energies of the located stationary points at
different levels of calculation are shown in Table 4. Relative
to the reagents, a reactant-like intermediate OH-‚CH2F2 is
located at-20.1 kcal mol-1, and later in the reaction a TS is
located at-2.3 kcal mol-1. This converts to the products F-

+ CH2(OH)F at -22.4 kcal mol-1 with no product-like
intermediate. If the enthalpy (∆H) and the entropy differences
(∆S) between the TS and the separate reactants (see Table 4
and its footnotes) are taken to be∆Hq and ∆Sq, respectively,
then∆Gq and the rate coefficient of reaction 9 can be calculated
using conventional TS theory23 as 9.2 kcal mol-1 and 2.0×
10-15 cm3 molecule-1 s-1, respectively, at 298 K (using CCSD-
(T)/6-311++G3df,2p values; see Table 4).

Comparison between Theory and Experiment.Comparing
the calculated rate constants of reactions 8 and 9 obtained here
(5.9 × 10-13 and 2.0× 10-15 cm3 molecule-1 s-1 at 300 K)
with the experimentally derived values, there is reasonably good
qualitative agreement between the measured upper limit of the
two-body rate constantkr and the calculated value of eq 8. Also,
the calculated rate constants show thatk8 > k9, supporting the

experimental result that [CHF2
-] > [F-]. With the standard

formulation of TS theory,∆Sq has a significant effect on the
computed rate constant of both reactions 8 and 9 (∆S8

q ) 5.8
cal mol-1 K-1, ∆S9

q ) -27.6 cal mol-1 K-1), resulting in a
computed rate constant for reaction 8 which is greater than that
of reaction 9 as is observed. This is despite the fact that the
∆Hq of reaction 8 is calculated to be more positive than that of
reaction 9 (∆H8

q ) 7.5 kcal mol-1, ∆H9
q ) 0.9 kcal mol-1).

For both of these reactions, although temperature changes have
effects on∆Hq and ∆Sq, and hence on the computed rate
coefficient, conventional TS theory cannot account for the effect
on the rate coefficient of the presence of the valley, the reactant-
like intermediate, before the highest energy point on the reaction
surface. Consequently, no attempt was made to compute the
temperature dependence of the rate coefficients using conven-
tional TS theory. Nevertheless, from the computed reaction
profiles of both reactions 8 and 9, the observed slightly negative
temperature dependence of the rate coefficient would imply an
anion-molecule intermediate in accordance with expectations
based on the results of molecular orbital calculations performed
in this work.

Concluding Remarks

The reaction OH- + CH2F2 f products has been studied by
SIFT experiments and high-level ab initio calculations. The
two main reaction channels, reactions 8 and 9, which lead to
the anionic products CHF2- (86%) and F- (11%), were
computed to be endothermic by 7.5 and exothermic by 20.4
kcal mol-1 (∆H values at 298 K), respectively, at the CCSD-
(T)/6-311++G3df,2p//MP2/6-31++G** level. The reaction path
obtained for reaction 8 at the MP2/6-31++G** level shows that
it proceeds with neither a TS nor a product-like intermediate.
For reaction 9, however, a TS was located with its structure
suggesting a SN2 mechanism. For both reaction 8 and reaction
9, the initial step is the formation of a reactant-like intermediate.
This valley on the reaction path is probably the cause of the
observed slight negative temperature dependence of the overall
bimolecular rate coefficient.

The product ion yields, which show that [CHF2
-] > [F-],

are not in accordance with relative magnitudes expected on the
basis of the enthalpies for reactions 8 and 9. This difference
has been rationalized using the entropy difference between the
reagents and the transition state in both reactions (∆S8

q ) +5.8
cal mol-1 K-1, ∆S9

q ) -27.6 cal mol-1 K-1) and calculated
rate constants for both reactions using conventional TS theory.

It is, however, clear that conventional TS theory23 is not
appropriate to calculate reliable rate coefficients for reactions
such as reactions 8 and 9 studied here, as their reaction surfaces
are rather complex. More sophisticated theoretical methods
based on the canonical variational TS theory22,24which considers
a large portion of the hypersurface along the reaction path rather
than a single point, the TS, will be required to yield results
suitable for a more meaningful comparison with experimental
rate constants measured at different temperatures. However,
these calculations are beyond the scope of the present investiga-
tion. Nevertheless, the present study would be a useful starting
point for such further investigations.

Comparing the reaction OH- + CH2F2 with a previous related
study on O- + CH2F2

2, the major channel in the case of the
OH- reaction occurs via proton abstraction; this is in accordance
with the results of the previous work on O- + CH2F2.2

However, the OH- + CH2F2 room temperature rate coefficient
is smaller than the O- + CH2F2 room temperature rate constant
(1.8 × 10-9 cm3 molecule-1 s-1)14 by 3 orders of magnitude,

TABLE 4: Computed Relative Energies,∆Ee (in kcal/mol),
of the Stationary Points for the Reaction Channel, OH- +
CH2F2 f F- + CH2(OH)F, at Various Levels of Calculations

∆Ee (kcal/mol)
HF/

6-31++G**
MP2/

6-31++G**
CCSD(T)/

6-311++G(3df,2p)a

OH- + CH2F2 0.0 0.0 0.0
OH-‚CH2F2 -19.4 -21.1 -20.1
TS +5.8 -4.2b -2.3c

F- + CH2(OH)F -26.4 -26.8 -22.4

a At the MP2/6-31++G** optimized geometries.b ∆Sq at the MP2-
6-31++G** level is -27.6 cal mol-1 K-1 at 298 K (see text).c The
CP-corrected∆Ee

q is +1.1 kcal/mol; the corresponding∆Hq,298K is +0.9
kcal/mol (employing unscaled MP2/6-31++G** frequencies; see text).
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despite the fact that the PA of OH- is larger than the PA of O-

by 8.4 kcal mol-1. This is because the reaction rate is
determined by the highest part of the reaction hypersurface rather
than the portion of the hypersurface associated with the initial
steps. Therefore, in the interpretation of the kinetic results, the
details of the whole reaction hypersurface are required. Nev-
ertheless, from the present and previous study,2 it seems that
the proton abstraction step is an important initial step in this
type of anion-molecule reaction.

The 298 K heats of formation of CHF2
- and CH2(OH)F and

the electron affinity of CHF2 were deduced to be-77.8 and
-103.0 kcal mol-1 and 0.85 eV, respectively.
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