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Previous experiments on the reactions of O

 

−

 

 with CF

 

4

 

 and CHF

 

3

 

 using a selected ion flow tube (SIFT) have indicat-
ed that many species, such as CF

 

3

 

−

 

, F

 

−

 

, and HF

 

2

 

−

 

, are produced in the O

 

−

 

 

 

+

 

 CHF

 

3

 

 reaction, although no reaction pro-
ceeds in the O

 

−

 

 

 

+

 

 CF

 

4

 

 reaction under thermal conditions.  Ab initio molecular orbital calculations were carried out in
this study to clarify the reason for the difference in the reactivity between these two reactions.  Potential energy surfaces
(PESs) for the possible reaction channels were computed at the UMP2/6-31

 

+

 

G

 

**

 

 level.  Although the S

 

N

 

2-type reac-
tions, such as the CF

 

3

 

O

 

−

 

 

 

+

 

 F channel, are exothermic, the calculated activation energy for the O

 

−

 

 

 

+

 

 CF

 

4

 

 reaction is rath-
er high, 222 kJ/mol.  The energies of the transition states in the O

 

−

 

 

 

+

 

 CHF

 

3

 

 reaction are below that of the reactant.  We
may conclude that the difference in reactivity between the two reactions is attributable to the charge distribution of each
molecule.  The H atom in CHF

 

3

 

 has a large effect on increasing the reactivity because the positively charged H atom at-
tracts O

 

−

 

, whereas O

 

−

 

 has difficulty approaching the CF

 

4

 

 molecule because of the four negatively charged F atoms.

 

Perfluorocompounds (PFCs) have received considerable at-
tention in recent years because they are greenhouse gases spec-
ified as regulated gases in the third session of the Conference
of the Parties on Climate Change (COP3).  Studies on their de-
composition, such as combustion,

 

1

 

 catalytic method

 

2

 

 and the
plasma discharge method,

 

3,4

 

 have been performed in recent
years, while kinetic studies of relevant gas-phase reactions in-
volving PFCs are important for understanding their mecha-
nisms and their fate in the atmosphere.  The chemistry of radi-
cal reactions and ion–molecule reactions in the atmosphere has
been studied in atmospheric chemistry.

 

5

 

  It has been recog-
nized that ion–molecule reactions involving negative ions have
significant roles in the atmosphere.

 

6

 

Kinetic studies of ion–molecule reactions have utilized vari-
ous methods, such as a selected ion flow tube (SIFT)

 

7

 

 and
guided ion beam methods.

 

8

 

  Some reactions of O

 

−

 

 and O

 

2

 

−

 

with PFCs, hydrofluorocarbons (HFCs) and related com-
pounds have been studied by using a SIFT method.

 

9–11

 

Morris

 

12

 

 measured the rate coefficients and branching ratios
for the reactions of O

 

−

 

 and O

 

2

 

−

 

 with CF

 

4

 

, CF

 

3

 

Cl, CF

 

3

 

Br, CF

 

3

 

I
and C

 

2

 

F

 

4

 

 at 298 and 500 K.  Mayhew

 

13

 

 also investigated the re-
activity of O

 

−

 

 and O

 

2

 

−

 

 with some halogenated methanes, in-
cluding CF

 

4

 

.  Both Morris and Mayhew concluded that the re-
action of O

 

−

 

 and CF

 

4

 

 would not proceed at all under thermal
conditions.  On the other hand, Peverall et al.

 

14

 

  measured the
rate coefficients and branching ratios for the reactions of O

 

−

 

and O

 

2

 

−

 

 with CHCl

 

2

 

F, CHClF

 

2

 

, CHF

 

3

 

, CH

 

2

 

ClF, CH

 

2

 

F

 

2

 

, CH

 

3

 

F,
CHF

 

2

 

CHF

 

2

 

, CH

 

2

 

FCF

 

3

 

, and CH

 

3

 

CHF

 

2

 

 at 300 K and 0.5 Torr us-
ing a SIFT method.  They concluded that the reaction of O

 

−

 

with CHF

 

3

 

 proceeds relatively easily with a reaction rate coef-
ficient of 1.9

 

×

 

10

 

−

 

9

 

 cm

 

3

 

 molecule

 

−

 

1

 

 s

 

−

 

1

 

 and with the produced
ions being e

 

−

 

 (30%), OH

 

−

 

 (4%), F

 

−

 

 (16%), HF

 

2

 

−

 

 (3%), and
CF

 

3

 

−

 

 (47%).  These results are very interesting because the
structure of CHF

 

3

 

 is similar to that of CF

 

4

 

, except that an F

atom is replaced with an H atom.
The reactions of neutral radical species, such as O(

 

1

 

D),
O(

 

3

 

P), and OH, with hydrofluorocarbons by ab initio or density
functional theory (DFT) methods have been investigated.
Wang et al.

 

15

 

 evaluated the difference in the reaction between
O(

 

3

 

P) with CH

 

3

 

F and O(

 

3

 

P) with CH

 

2

 

F

 

2

 

, which occurs via di-
rect hydrogen abstraction.  They optimized the geometries of
the reactants, the transition state and the products at the
UMP2(full)/cc-pVDZ level, and obtained the total energies via
the G2(MP2) scheme.  The reactions of O(

 

3

 

P) 

 

+

 

 CH

 

3

 

F, CH

 

2

 

F

 

2

 

were compared with the O(

 

3

 

P) 

 

+

 

 CH

 

4

 

, CHF

 

3

 

 reactions.  Wang
et al. also investigated the reaction of NH(X

 

3

 

Σ

 

−

 

) with CH

 

x

 

F

 

4

 

−

 

x

 

(

 

x

 

 

 

=

 

 1, 2, 3, 4)

 

16

 

 via direct hydrogen abstraction mechanisms.
The potential energy surfaces (PESs) were calculated at the
G2(MP2) level and the effect of fluorine substitution was stud-
ied.

The dynamics of the gas-phase reactions of ions with meth-
ane, chloromethanes or fluoromethanes were also investigat-
ed.

 

17–20

 

  Even though there have been many studies of S

 

N

 

2-type
reactions,

 

21,22

 

 there have only been a few studies on the reac-
tions of O

 

−

 

 with molecules.  Viggiano et al.

 

23

 

  studied the O

 

−

 

+

 

 CH

 

4

 

 reaction using a selected ion flow drift tube and a theo-
retical method at the QCISD(T) level of theory.  Lee et al.
investigated the reaction of O

 

−

 

 with CH

 

2

 

F

 

2

 

 with ab initio
molecular orbital calculations

 

24

 

 and compared their results
with the experimental results.

 

25

 

  In this study, the calculations
were carried out at various levels of sophistication, such as
MP2/6-31

 

++

 

G

 

**

 

//MP2/6-31

 

++

 

G

 

**

 

 and MP4(SDTQ)/6-
31

 

++

 

G(2df,p)//MP2/6-31++G**, to investigate the reaction
paths and the relative energies of the possible reaction chan-
nels.  Lee et al. also evaluated the reactivity of OH− with
CH2F2 by experiment and ab initio calculations26 and com-
pared the reactivity of OH− with O−.

According to experimental14 and theoretical24 studies, three



1484 Bull. Chem. Soc. Jpn., 75, No. 7 (2002) Reactivity of O− with CF4 and CHF3

[BULLETIN 2002/07/02 13:53] 01451

kinds of reaction channels can be considered in the reaction of
O− with hydrofluorocarbons: SN2 type, H abstraction and H2

abstraction channels.  The main purpose of the present study is
to explain the difference in the reactivity between the O− +
CF4 and the O− + CHF3 reactions by examining three possible
reaction paths using ab initio molecular orbital calculations.

Computational Methods

All calculations were performed with the Gaussian 98 pro-
gram.27  All structures were optimized at the MP2 level with
the 6-31+G** basis set.  The reaction enthalpies of the possi-
ble reaction channels were computed at different levels of the-
ory and different basis sets, and were compared with experi-
mental values in order to evaluate the appropriateness of the
level of theory and the basis sets used in the calculations.  We
chose the reaction of O− with CHF3 in evaluating the appropri-
ateness of our calculations, since there are several reaction
channels for a comparison.  All of the calculations of reaction
enthalpies were performed at the MP2/6-31+G**, MP4-
(SDTQ)/6-31+G**, MP4(SDTQ)/6-31++G(2df,p), and MP4-
(SDTQ)/6-311++G(2df,p) levels.

1. The Reaction of O− with CF4.    The PESs of the O− +
CF4 reaction were investigated by assuming that the reaction
proceeds as an SN2-type reaction, and only exothermic reac-
tion channels were calculated.  The reaction channels consid-
ered in our study are as follows:

O− + CF4 → CF3O− + F (1)

→ F− + CF3O (2)

→ F2
− + CF2O (3)

→ CF2O− + F2 (4)

→ CF3
− + OF (5)

→ OF− + CF3 (6)

The reaction enthalpies of reactions (1)–(6), estimated by
using the experimental NIST data,28 are given in Table 1.  Be-
cause there are no enthalpy data for CF3O and CF2O in the
NIST database, the theoretical values at 298.15 K and 1 atm at
the MP4(SDTQ)/ 6-311++G(2df,p)//MP2/6-31+G* are also
included in Table 1.  The validity of the calculated values is
discussed in the reaction enthalpies section.

Reactions (1)–(4) are expected to proceed as SN2-type reac-

tions.  O− attacks the carbon atom nucleophilically.  On the
other hand, reactions (5) and (6) proceed by a nucleophilic at-
tack on the F atom.  We investigated reactions (1)–(3) because
these reaction channels are exothermic reactions and reactions
(4)–(6) are relatively high endothermic reactions.

2. The Reaction of O− with CHF3.    PESs of the O− +
CHF3 reaction were calculated, and it was predicted that the re-
action proceeds in two reaction channels, SN2 type and H ab-
straction channels.  The produced ions and their percentage ra-
tios of the O− + CHF3 reaction are: e− (30%), OH− (4%), F−

(16%), HF2
− (3%), and CF3

− (47%).14  F−, HF2
−, and elec-

trons are considered to be produced from the following reac-
tion channels, which can be specified as SN2-type reactions:

(i)   O− + CHF3 → HF + COF2
− → HF + F− + COF

(ii) → HF2
− + COF → F− + HF + COF

(iii) → HF + COF2
− → HF + COF2 + e−

It is difficult for F−, HF, and COF to be produced directly by
the collision of O− and CHF3.  Two reaction channels for pro-
ducing F− are possible.  One way is that HF and COF2

− are
produced as intermediate products and F− is produced from
COF2

− (reaction channel (i)).  The other way is that HF2
− and

COF are produced as intermediate products (reaction channel
(ii)).  Electrons are expected to be produced by electron de-
tachment from COF2

−.14  It is possible that CF3
− and OH− are

produced through H abstraction by O−.

Results and Discussion

1. Reaction Enthalpies.    The reaction enthalpies for the
O− + CHF3 reaction channels14 calculated at MP2/6-31+G**,
MP4(SDTQ)/6-31+G**//MP2/6-31+G**, MP4(SDTQ)/6-
31++G(2df,p)//MP2/6-31+G**, and MP4(SDTQ)/6-
311++G(2df,p)//MP2/6-31+G**, are shown in Table 2.  ∆H
implies the reaction enthalpy at 298.15 K and 1 atm.  The
MP2/6-31+G** frequencies were used for the ∆H calcula-
tions.  The calculated values of the reaction enthalpies were
improved slightly by changing the level of theory from MP2 to
MP4 and the correlation effect has almost converged at the
MP4 level.  However, the differences in the calculated enthalp-
ies between MP4 (SDTQ)/6-31+G** and MP4 (SDTQ)/6-
31++G(2df,p) are relatively large.  The MP4 (SDTQ)/6-
31++G(2df,p) enthalpies are significantly improved and are
close to the experimental values.  Because the calculated val-
ues at MP4 (SDTQ)/6-311++G(2df,p) are almost the same as
those at MP4 (SDTQ)/6-31++G(2df,p), the basis set has al-
most converged.

These reaction enthalpies indicate that the MP4 theory and
the 6-311++G(2df,p) basis set is good enough to obtain reli-
able stationary point energies and that the MP2/6-31+G**
level is suitable for structure optimizations.  In this study, the
MP2/6-31+G** level is utilized for structure optimization.

2. The O− + CF4 Reaction.    2.1 O− + CF4 → CF3O− +
F, F− + CF3O.    The CF3O− + F and F− + CF3O channels
proceed as typical SN2-type reactions.  In both reaction chan-
nels, O− attacks carbon through the F3 triangle of the CF4 mol-
ecules at the initial step.  Unrestricted spin wavefunctions

Table 1.   Reaction Enthalpies (in kJ/mol) of the Reaction of
O− with CF4

Channels Expt20 MP4(SDTQ)/6-311++G(2df,p)
//MP2/6-31+G*(298.15 K,1 atm)

1) CF3O− + F −158 ± 30 −181.0
2) F− + CF3O — −56.6
3) F2

− + CF2O −108 ± 28 −80.1
4) CF2O− + F2 — +290.5
5) CF3

− + OF +284 ± 39 +308.2
6) OF− + CF3 +241 ± 30 +255.2
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(UMP2/6-31+G**) were used throughout the PES calcula-
tions of the O− + CF4 reaction.  The spin contamination was
found to be small in the computed wave functions.  The range
of <S2> was from 0.75 to 0.76.

As O− approaches the carbon atom, the bond length be-
tween the C atom and the F atom gradually becomes longer.
When the C–O distance is 3.13 Å, a complex (O−≥CF4) with
C3v symmetry (Fig. 1(a)) was optimized at a stationary point.

The reaction proceeds on the O−≥CF4 surface within C3v sym-
metry and the total energy gradually increases.  The transition
state structure shown in Fig. 1(b) was optimized within C3v

symmetry.  The energy of the transition state is rather high and
the activation energy calculated for this reaction is 221.9 kJ/
mol.

Two complexes were optimized.  One complex, defined as
complex 2(a) with CS symmetry (Fig. 1(c)), CF3O−≥F, is on

Table 2.   Calculated Reaction Enthalpies (in kJ/mol) for Several Reactions

Channels MP2/6-31+G**
MP4(SDTQ)
/6-31+G**

MP4(SDTQ)
/6-31++G(2df,p)

MP4(SDTQ)
/6-311++G(2df,p)

Expt14 Expt28

F− + HF + COF ∆E −154.7 −159.5 −132.9 −124.9 — —
∆H −166.3 −152.0 −125.4 −117.4 −110 −106 ± 10

HF + COF2
− ∆E −320.4 −323.2 −299.7 −301.9 — —

∆H −332.0 −313.8 −290.3 −292.5 — —
HF2

− + COF ∆E −349.1 −350.6 −320.3 −319.9 — —
∆H −360.7 −341.5 −310.2 −310.8 −271 −296 ± 8

e− + HF + COF2 ∆E −321.9 −318.9 −311.2 −316.7 — —
∆H −333.5 −330.5 −322.8 −328.3 −326 −323

CF3
− + OH ∆E −32.6 −59.8 −23.3 −24.2 — —

∆H −23.1 −50.4 −13.8 −14.7 −22 ± 14 −23 ± 19
OH− + CF3 ∆E −25.4 −24.2 −16.4 −17.5 — —

∆H −16.8 −15.6 −7.8 −9.0 −10 ± 8 −19 ± 2

Fig. 1.   Optimized structures of (a) complex 1, (b) transition state, (c) complex 2(a), and (d) complex 2(b) of the CF3O− + F chan-
nel.
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the CF3O− + F channel.  The other, defined as complex 2(b)
with CS symmetry (Fig. 1(d)), CF3O≥F−, is on the F− + CF3O
channel.  Morris et al.29  theoretically investigated CF3O and
CF3O−, and found that CF3O (2A′) has a Jahn–Teller distorted
CS symmetry structure, while CF3O−(1A1) has a C3v symmetry
structure.  The CS-symmetry CF3O−≥F structure is Jahn–
Teller distorted by the existence of the F(1) atom.  Because
CF3O prefers a Jahn–Teller distorted CS-symmetry, complex
2(b) with the spherical F(1)− prefers a CS symmetry structure.
Therefore, complexes 2(a) and 2(b) with CS symmetry are con-
sidered to be produced by a Jahn–Teller distortion along the
C3v symmetry reaction path.  We have not actually traced the
PES between these complexes and the transition state by in-
trinsic reaction coordinate (IRC) calculations, since it is neces-
sary to take into account the vibronic interaction to produce the
Jahn–Teller distorted reaction paths.

Comparing complex 2(a) with complex 2(b), some differ-
ences are apparent.  In the case of complex 2(a), the distance of
C–F(1) is relatively large, 3.56 Å, and the angle of O–C–F(1)
is strongly bent (∠OCF(1) = 151.4°).  On the other hand, the
distance of C–F(1) in complex 2(b) is 2.95 Å and the O–C
length is 0.17 Å longer than that in complex 2(a).  The angle
OCF(1) is 174.3°.  The energy of the CF3O−≥F structure is
114.6 kJ/mol more stable than that of CF3O≥F−; CF3O≥F−

corresponds to the exited state of that of CF3O−≥F.  There-
fore, complex 2(a) may be connected to the transition state adi-
abatically, and there should be a corresponding path of the ex-
cited state for complex 2(b).  These two paths are plotted by
the dotted lines in Fig. 4.  After the formation of complex 2(a)
and complex 2(b), the reactions proceed to the CF3O− + F
channel and the F− + CF3O channel, respectively.

2.2 O− + CF4 → F2
− + CF2O.    The PES of the F2

− +
CF2O reaction channel is difficult to predict.  However, this re-
action channel is expected to proceed as an SN2-type reaction,
because there are only two reaction types, a nucleophilic attack
on carbon and a nucleophilic attack on fluorine, and O− cannot
get close to negatively charged F atoms under thermal condi-
tions.  Taking the geometry of complex 2(a) into consideration,
the F(1) atom exists relatively near to the F(2) atom.  In order
to calculate the PES of the F2

− + CF2O channel, the C–F(2)
distance was gradually changed and the geometry was opti-
mized in each 0.05 Å step.  Figure 2 shows the optimized ge-
ometry and the atomic charge distribution when the C–F(2)
distance is 2.44 Å.  This geometry consists of two parts, F2

−-
like and CF2O-like geometries.  The total atomic charge of
F(1) and F(2) is −0.96 and the distance is 1.79 Å; this geome-
try is therefore similar to the F2

− geometry shown in Fig. 3(b),
although the distance between the F atoms is a little shorter.
As for the geometry of OCF(3)F(4), the bond lengths are al-
most the same as those of CF2O shown in Fig. 3(a), and the an-
gles of OCF(3) and OCF(4) are only 3° smaller than those of
CF2O.  Thus, the intermediate shown in Fig. 2 is considered to
be on the side of the F2

− + CF2O channel.  On the other hand,
F2

− and CF2O were not produced by scanning the C–F(2) dis-
tance of complex 2(b).

According to the above observations, it may be concluded
that F2

− and CF2O are produced from the surface of complex
2(a) (CF3O−≥F).

2.3 Summary of the O− + CF4 Reaction.    A schematic

diagram of the O− + CF4 reaction computed at the UMP2/6-
31+G** level is shown in Fig. 4, and the energies relative to
the O− + CF4 of some stationary points are listed in Table 3.
As explained above, there is one transition state in this reaction
and the reaction barrier is rather high.  Two product-like com-
plexes exist between the transition state and the products.  One
has CF3O≥F− geometry with CS symmetry on the surface of
the F− + CF3O production channel.  The other is in the CF3O−

Fig. 2.   Geometry and atomic distribution scanned on the sur-
face of the F2

−≥CF2O channel (RCF(2) = 2.44 Å).

Fig. 3.   Geometries of (a) CF2O and (b) F2
− calculated at the

MP2/6-31+G** level.

Fig. 4.   Schematic diagram of the O− + CF4 reaction calcu-
lated at the UMP2/6-31+G** level.
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+ F production channel.  As the reaction proceeds from com-
plex 2(a) on the surface of the CF3O− + F channel, the reac-
tion path is further separated into two channels, so that F2

− +
CF2O and CF3O− + F are finally produced.

It is concluded that our calculations agree with the experi-
mental results,12,13 that it is difficult for the O− + CF4 reaction
to proceed because of a high reaction barrier.

3. The Reaction of O− + CHF3.    3.1 O− + CHF3 → F−

+ HF + COF (SN2-Type Reaction).    SN2-type reactions are
expected to proceed in accordance with reactions (i)–(iii) de-
scribed in section 2 of Computational Methods.  The PES of
each reaction channel was calculated at the UMP2/6-31+G**
level, and a schematic diagram of the F− + HF + COF chan-
nel is shown in Fig. 5. There is a reactant-like complex
(O−≥HCF3) with CS symmetry and a transition state with CS

symmetry.  The energies relative to the O− + CHF3 of com-
plex and transition state are listed in Table 4.  Almost no reac-

tion barrier exists in this reaction.  As the reaction proceeds
from the transition state, the reaction path is separated into
two, the HF + COF2

− channel and the HF2
− + COF channel.

Finally, F− + HF + COF is produced from both channels.
These observations correspond to the prediction in section 2 of
Computational Methods.  The details of each reaction channel
are described below.

< Reactant → Complex (O−≥CHF3) → Transition State >
The geometry of the complex (O−≥CHF3) optimized at the
UMP2/6-31+G** level is shown in Fig. 6(a), in which the
electronic state is 2A′ with CS symmetry.  The optimized geom-
etry was different from the expected one: ∠OCF(1) is not 180°
and ∠OHC is 178.9°.  This geometry with CS symmetry indi-
cates that O− abstracts the H atom at the first step of the SN2-
type reaction. As the reaction further proceeds from the
O−≥HCF3 structure, the CHF3 molecule is gradually rotated
and O− attacks the C atom instead of the H atom.  The transi-
tion state is optimized as shown in Fig. 6(b), in which the elec-
tronic state is 2A′ with CS symmetry and ∠OCF(1) is 163.9°.
As O− comes close to the C atom, the C–F(1) bond length
gradually increases and both ∠F(1)CF(2) and ∠F(1)CF(3) also
become larger.  The reaction barrier calculated at UMP2/6-
31+G** is only 5.6 kJ/mol (endothermic).  In the case of
UMP4(SDTQ)/6-31++G(2df,p), the reaction barrier is −3.2
kJ/mol (exothermic).  It may be concluded that no barrier ex-
ists in the SN2-type reaction of O− with CHF3, which agrees
with the experimental results.14

< Transition State → HF + COF2
− → F− + HF + COF >

IRC calculations were carried out to connect the O−≥HCF3

geometry with the second complex of the F− + HF + COF
channel.  The IRC calculation indicates that the F(1) atom
came apart from the C atom gradually as the reaction proceeds.
However, because the H atom also came apart from the C atom
and came near to the F(1) atom,  the HF≥COF2

− geometry as
in Fig. 7 was optimized in the final step.  Figure 7 shows the
geometry on the PES of HF + COF2

− when the C–F(1) bond
length is 2.58 Å.  The geometries of HF(1) and COF(2)F(3) are
very similar to those geometries of the HF molecule and the

Table 3.   Energies Relative to O− + CF4 (in kJ/mol) of Some
Stationary Points Calculated at the UMP2/6-31+G**
Level

Species ∆E

O− + CF4 0.0
O−≥CF4 (complex 1) −16.7
TS 221.9
CF3O−≥F (complex 2(a)) −205.5
CF3O− + F −197.5
CF3O≥F− (complex 2(b)) −90.9
F− + CF3O −71.6
F2

− + CF2O −99.5

Fig. 5.   Schematic diagram of the F− + HF + COF channels
calculated at the UMP2/6-31+G** level.

Table 4.   Energies Relative to O− + CHF3 (in kJ/mol) of
Some Stationary Points Calculated at UMP2/6-31+G**
Level

Reaction type Species ∆E

SN2 type O−≥HCF3 (complex) −106.1
Transition state 5.6

H abstraction O−≥HCF3 (Complex 1) −87.7
CF3

− ≥OH (Complex 2) −108.4

Fig. 6.   Geometries of (a) complex and (b) transition state of the F− + HF + COF channel.



1488 Bull. Chem. Soc. Jpn., 75, No. 7 (2002) Reactivity of O− with CF4 and CHF3

[BULLETIN 2002/07/02 13:53] 01451

COF2
− anion, respectively.  Furthermore, the charge of COF2

−

is almost minus one.  These observations show that HF and
COF2

− are produced as the first products of the SN2-type reac-
tion.

In the next step, it was expected that COF2
− divided into F−

and COF, with F−, HF and COF being produced finally.  As the
F atom separates from the C atom in the COF2

− structure, the
residual COF geometry gradually changes to the COF mole-
cule geometry and the energy on the PES continues to in-
crease.  The total energy of this structure and HF becomes
close to that of F− + HF + COF production.

< Transition State → HF2
− + COF → F− + HF + COF >

At the dissociation regions of HF + COF2
− and HF2

− + COF,
there may exist van der waals complexes, COF2

−≥HF and
HF2

−≥COF.  A transition state of the isomerization between
COF2

−≥HF and HF2
−≥COF is considered to exist.  We have

not fully optimised the structures of these complexes and the
transition state because this isomerization reaction would not
be important for the main purpose of out study.  Instead, the
path is indicated by dotted line in Fig. 5.

Comparing the total energy of HF + COF2
− with that of

HF2
− + COF, the latter products are approximately 20 kJ/mol

more stable than the former ones.  Figure 7 shows the geome-
try on the IRC with CS symmetry.  There is a possibility that
the distance between an F atom, such as the F(2) atom in Fig.
7, and the C atom gradually increases. Even though CS symme-
try is lowered to C1 symmetry, this change can occur from an
energy point of view, and the geometry changed dramatically.
Figure 8 shows the geometry (RCF(2) = 2.60 Å) on the PES of
the HF2

− + COF channel.  This structure consists of two parts,
the HF(1)F(2) part and the COF(3) part.  Each geometry and
the atomic charge distribution are similar to those of the HF2

−

and COF geometries.  These observations indicate that HF2
−

and COF are produced by an SN2-type reaction.  After the pro-
duction of HF2

− and COF, F− was produced from the HF2
−

structure and the energy of this PES gradually increased until
reaching  the production of F− + HF.

< HF + COF2
− → e− + HF + COF2 >    Peverall et al.

proposed that electrons are produced by the following reaction
path:14

O− + CHF3 → [HF≥COF2]*− → e− + HF + COF2  
∆H = −326 kJ/mol  

Lee et al. indicated that electron production by the O− +
CH2F2 reaction occurs by two routes, a temperature-dependent
route and a temperature-independent route.24  The tempera-
ture-dependent route implies that electrons are produced via
the electron detachment of the product ion CF2

−.  The temper-
ature-independent route implies that the electrons are produced
via electron detachment of the product-like complex H2O≥
CF2

−.  As mentioned above concerning the present study, the
reaction proceeds by a nucleophilic attack on carbon, and the
reactant-like complex O−≥HCF3 and the transition state
OCHF2≥F− exist in the HF + COF2

− channel.  It is expected
that electrons are produced only by a temperature-dependent
route via electron detachment from COF2

−.
In order to confirm the feasibility of this expectation, the

electron affinity of COF2 was calculated.  Table 5 shows the
electron affinity of COF2 calculated at the UMP4/6-
311++G(2df,p)//UMP2/6-31+G** level.  As the electron af-
finity has a negative value, −15.0 kJ/mol, COF2 is more stable
than COF2

−.  On the other hand, it is also possible that elec-
trons are produced by other temperature-dependent routes,
such as electron detachment from CF3

−, OH−, or F−.  Howev-
er, the electron affinities of these ions listed in Table 5 are rela-
tively high; hence, it is difficult to produce electrons, except
from COF2

−.  It was confirmed that electrons were produced
by electron detachment from COF2

−.
3.2 O− + CHF3 → CF3

− + OH, OH− + CF3 (H Abstrac-
tion).    The fraction of CF3

− was the largest among the prod-
uct fractions in the experiment.  The CF3

− + OH channel is
expected to proceed by H abstraction of O−.  Figure 9 shows
the two complexes on the PES of the CF3

− + OH channel.
The reactant-like complex (O−≥HCF3) with C3v symmetry in
Fig. 9(a) is 87.7 kJ/mol lower than the reactants, and the prod-
uct-like complex (CF3

−≥OH) with CS symmetry in Fig. 9(b) is
108.4 kJ/mol lower than the reactants, as listed in Table 4.
Comparing complex 1 with complex 2, the CH bond length in
complex 2 is 0.66 Å longer than that in complex 1, as shown in
Fig. 9.  The atomic charge distribution is also different be-
tween these complexes.  Although the atomic charge of the O
atom in complex 1 is −0.92, the total atomic charge of O and
H atoms in complex 2 is only −0.12.  This indicates that the
electron in the O atom is transferred to CF3.

Fig. 7.   Geometry scanned on the surface of the HF + COF2
−

channel.

Fig. 8.   Geometry scanned on the surface of the HF2
− + COF

channel.

Table 5.   Electron Affinity of COF2, CF3, OH, and F Calcu-
lated at the MP4/6-311++G(2df,p) Level

Substances Electron Affinity / kJ mol−1

COF2 −15.0
CF3 162.7
OH 156.0
F 312.4
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Figure 10 shows a schematic diagram of the CF3
− + OH

channel obtained at the UMP2/6-31+G** level.  The geome-
tries on the O−≥HCF3 surface were optimized in each 0.1 Å
(or 0.2 Å) step of the OH bond length, while the geometries on
the CF3

−≥OH surface were optimized in each 0.1 Å step of
the CH bond length.  The zero-point energy calculations are
neglected in Fig. 10.  The PESs, when the OH bond length is
from 1.40 to 1.22 Å, are so complicated that we could not de-
scribe the PESs in this region, and no transition state was
found in the CF3

− + OH channel.  The PES of O−≥HCF3 is
considered to cross that of OH≥CF3

−.  It is expected that the
energy of the crossing point is approximately 80 kJ/mol more
exothermic than the reactants, and the OH bond length is near
1.40 Å and the CH bond length is near 1.15 Å according to
Fig. 10.  Even though the symmetry on the PES of O−≥HCF3

is C3v, the symmetry is considered to be broken to the PES of
OH≥CF3

− with CS symmetry, which is more stable.
The idea of a crossing of the PESs supports the mechanism

of the O− + CH2F2 reaction.24  The crossing of the surfaces
also occurs in the H abstraction channel of the O− + CH2F2

reaction. The PES of OH≥CHF2
− crosses the PES of

OH−≥CHF2, and the energy of the crossing point is also be-
low that of the reactant.  The first excited state of OH≥CHF2

−

is OH−≥CHF2 and the PES of the OH−≥CHF2 was calculated
to be only about 25.1 kJ/mol higher than the PES of
OH≥CHF2

−.  These results are in good agreement with our
calculations.

OH− was also produced in an experiment.14  The difference
in the reaction enthalpies between the CF3

− + OH and the
OH− + CF3 channel is only 5.8 kJ/mol at the MP4(SDTQ)/6-
311++G(2df,p)//MP2/6-31+G** level, which explains a pos-
sibility for the production of OH−.  It is expected that OH− is
produced by a nonadiabatic transition to the PES of
OH−≥CF3, which corresponds to an electric excited state of
the OH≥CF3

− PES.
It is concluded that the H abstraction reaction easily pro-

ceeds under thermal conditions because there is no reaction
barrier in this channel.

3.3 Difference in Reactivity between the O− + CF4 and
O− + CHF3 Reactions.    The results of ab initio calculations
on the O− + CF4 reaction and the O− + CHF3 reaction agree
with the experimental results.  It is very interesting that the dif-
ference in the reactivity of O− with CF4 and CHF3 is very
large.  There is a possibility that the presence of the H atom in
the molecule has a large effect on the reactivity.  It is worth
comparing the reaction O− + CF4, CHF3 with the reaction O−

+ CH2F2.24  Product ions from the O− + CH2F2 reaction are
e− (38%), OH− (25%), CF2

− (37%), and F− (< 1%).  The re-
action proceeds on the OH≥CHF2

− surface at the first step,
and the surface is separated into two channels, the
OH−≥CHF2 surface and the H2O≥CF2

− surface.  Hence, the
O− + CH2F2 reaction proceeds mainly via an H abstraction.  In
the case of O− with CF4, there is no hydrogen abstraction reac-
tion, which is one reason for the low reactivity.  Even though it
is possible that O− attacks an F atom nucleophilically, only the
SN2-type reaction channel is considered to exist because the
negatively charged F atom repels the negatively charged O an-
ion.  Since four negatively charged F atoms surround the C
atom (Fig. 11(a)) and repel O−, it requires a high energy when
O− attacks the C atom nucleophilically.  In the case of O− with
CHF3, the reaction channel of the H abstraction by O− exists
along with the SN2-type reaction channel.  Even though three
negatively charged F atoms exist in the molecule shown in Fig.
11(b), the positively charged H atom exists on the edge of the
molecule, and it is easier for the O anion to approach the CHF3

Fig. 9.   Geometries of (a) complex 1 and (b) complex 2 of the CF3
− + OH channel.

Fig. 10.   Schematic diagram of the CF3
− + OH channel cal-

culated at the UMP2/6-31+G** level.
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molecule.  As we observed in the case of the O− + CHF3 reac-
tion, O− approaches the H atom at the first step in both the H
abstraction reaction and the SN2-type reaction.

Wang et al. reported that fluorine substitution could affect
the H abstraction process of the reaction of O(3P) with fluo-
romethanes.15  The barriers for the reactions of O(3P) with flu-
oromethanes are 4–21 kJ/mol higher than that of the O(3P) +
CH4 reaction.  The O(3P) + CHF3 reaction possesses the high-
est barrier, while the O(3P) + CH3F and O(3P) + CH2F2 reac-
tions involve nearly equal barriers.  Wang et al. also mentioned
the effect of fluorine substitution on the energy barriers for the
reactions of NH(X3Σ−) with fluoromethanes.  When one of the
H atoms in CH4 is substituted by an F atom, the barrier height
for the corresponding reaction is reduced.  However, the barri-
er for the NH + CHF3 reaction becomes slightly larger than
that for the NH + CH4 reaction.  They concluded that this
might be caused by the stabilization of trifluoromethyl, which
made the CH bond in CHF3 somewhat stronger than that in
CH4.  As mentioned above, previous studies indicated that the
effect of fluorine substitution for the fluoromethane reactions
was relatively large.  According to previous studies, the effect
of the substitution of an F atom in CF4 by an H atom is consid-
ered to be rather large.  The H atom substitution adds to the im-
portant reaction path for the reactivity, the H abstraction chan-
nel.

It is concluded that the difference in reactivity between the
O− + CF4 and O− + CHF3 reactions depends on the difference
in the atomic charge distributions between CF4 and CHF3,
brought about by the H substitution.

Conclusions

We have studied the reactions of O− with CF4 and CHF3 by
ab initio molecular orbital calculations.  In the case of the O−

+ CF4 reaction, only CF3O− + F, F− + CF3O, and F2
− +

CF2O channels were calculated because other channels are en-
dothermic.  Even though one transition state geometry was op-
timized, the activation energy was rather high, approximately
222 kJ/mol calculated at the UMP2/6-31+G** level.  The PES
branches to three parts at the transition state and produces
CF3O− + F, F− + CF3O, and F2

− + CF2O channels.  The large
activation energy is in good agreement with the lack of reactiv-
ity in the experimental study.

In the case of the O− + CHF3 reaction, the number of reac-
tion channels increased because the H abstraction channel ex-
ists in addition to the SN2-type reaction.  In the SN2-type reac-

tion, HF + COF2
− and HF2

− + COF are produced at the first
step.  Then, F−, HF, and COF are produced from each reaction
channel.  Electrons are also produced from the SN2-type reac-
tion by electron detachment from COF2

−.  Furthermore, there
was no reaction barrier in the SN2-type reaction.  In the H ab-
straction reaction, CF3

− + OH and OH− + CF3 are produced.
The PESs cross and no transition state exists.

Comparing the O− + CF4 reaction with the O− + CHF3 re-
action, the H atom in CHF3 greatly influences the reactivity.
Because of the positively charged H atom, O− can more easily
approach the CHF3 molecule.
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