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a b s t r a c t

The static and dynamic reaction pathways involved in the reaction between O� and CH3F have been
investigated. A special attention has been paid to the SN2 reaction channel, that the intrinsic reaction
coordinate (IRC) calculation, one-dimensional relaxed potential energy scan, and Born–Oppenheimer
molecular dynamics (BOMD) simulations have been performed, respectively. Both the forward IRC calcu-
lation and the relaxed potential energy scan from the [O� � �CH3� � �F]� barrier show that the static reaction
products are HF and CH2O�. However, the BOMD simulations initiated at this SN2 barrier reveal two
major dynamic reaction processes, which correspond to the products of HF + CH2O� and the SN2 reaction
products of F� + CH3O, respectively. Although only 104 dynamic trajectories are calculated, the
HF + CH2O� production channel seems to be more dominant than the SN2 pathway. However, the electron
detachment process of CH2O� potentially causes its vanishing in experiments as an anionic product.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The reactions involving methyl fluoride (CH3F) have attracted
much attention because of their important roles in atmospheric
chemistry and combustion chemistry [1–7]. As CH3F is a typical
polar molecule, the reaction between CH3F and a nucleophile prob-
ably undergoes a process of the bimolecular nucleophilic substitu-
tion (SN2) reaction, e.g. CH3F + OH�? CH3OH + F� [8,9]. On the
other hand, the atomic oxygen radical anion (O�) is one of the most
important chemical active negative ions. The reactions of O� with
many neutral molecules have been widely investigated and re-
viewed [10]. As indicated in the previous experimental studies
[11–13], the reaction between O� and CH3F is very rapid and pre-
sents a characteristic of the multi-channel production. Tanaka et al.
obtained a bimolecular reaction rate constant of 1.1 � 10�9 cm3

molecule�1 s�1 using a flowing afterglow apparatus with a quadru-
pole mass spectrometer, and a branching ratio of OH� (98%), F�

(1%), and CHF� (1%) were measured [11]. Dawson et al. employed
a modified ion cyclotron resonance (ICR) mass spectrometer to
study this reaction and acquired a branching ratio of OH� (80%)
and CHF� (20%) [12]. Another experimental study with a selected
ion flow tube (SIFT) operated at 300 K has been performed recently
[13]. A reaction rate coefficient of 1.4 � 10�9 cm3 molecule�1 s�1

and a branching ratio of OH� (68%), CHF� (31%), and F� (1%) have
been reported [13]. Although similar qualitative reaction mecha-
nisms have been deduced from the observed anionic products in
these experimental studies, the measured branching ratios have
ll rights reserved.

: +86 551 3602323.
an obvious difference and demonstrate dependences of experi-
mental conditions and ion detection techniques. A possible poten-
tial reason for the difference of the experimental branching ratios
is that the secondary reactions of anionic products involved in
the previous experiments cause contamination of the measured
anions [10]. In principle, internal energy distributions of the anio-
nic products can be used to distinguish them generated from the
initial or secondary reactions, however, the corresponding mea-
surements have not been performed in the previous experiments.
More significantly, since the mass spectrometry cannot detect neu-
tral products, the reaction process involving the electron detach-
ment of anionic product cannot be identified in the experiments.
Therefore, to obtain a comprehensive reaction mechanism of the ti-
tle reaction, more extended experimental investigations are ex-
pected, while the theoretical calculations are believed to be more
powerful to describe the details of reaction processes, especially
when the secondary reactions and electron detachment processes
exist.

Recently, Yamamoto et al. [7] theoretically studied three ther-
modynamic production pathways of the title reaction as follows,

O� þ CH3F! F� þ CH3O
! OH� þ CH2F
! CHF� þH2O

where these three reaction pathways were defined as SN2 reaction
channel, H abstraction channel and H2O production channel,
respectively. Based on the optimized intermediate complexes and
transition states on the reaction potential energy surface (PES) with
density functional theory (DFT), they presented a qualitative
description of the reaction mechanism. For the SN2 reaction chan-
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nel, geometries of the reactant-like complex (O�� � �CH3F), transition
state ([O� � �CH3� � �F]�), and product-like complex (CH3O� � �F�) were
optimized with the Cs symmetry. However, the reported product-
like complex (CH3O� � �F�) was not a true minimum because of its
imaginary vibrational frequency, and thus the nearby exit-channel
PES needs to be further explored to confirm this SN2 reaction pro-
cess. Moreover, on the reaction PES obtained by Yamamoto et al.
[7], the same intermediate complex and the same subsequent
rate-controlling barrier for both the H abstraction and H2O produc-
tion channels were found. Based on this potential energy diagram, it
is very hard to evaluate the dominant products in the OH� + CH2F
and CHF� + H2O channels by employing the Rice–Ramsperger–Kas-
sel–Marcus (RRKM) theory [14]. As suggested by Hase [8,15], only
investigating the static reaction pathway and using the statistical
theory like RRKM would not be sufficient in this case. Therefore,
the reaction mechanism at the microscopic level should be investi-
gated by following the dynamic reaction pathway, especially for the
SN2 reaction process.

In this work, we explore the static and dynamic reaction path-
ways with B3LYP [16,17] method for the SN2 reaction channel.
The forward intrinsic reaction coordinate (IRC) [18,19] calculation
of the [O� � �CH3� � �F]� transition state is performed to identify the
linked product-like complex, while a relaxed potential energy scan
from this barrier along the elongation of the C� � �F distance with
other coordinates optimized is used to find the final products as
well. Based on these calculations, we obtain a comprehensive
description of the static reaction pathway after passing the SN2
transition state. For comparison with the static reaction pathway,
the Born–Oppenheimer molecular dynamics (BOMD) simulations
[20–22] initiated at the [O� � �CH3� � �F]� barrier are performed to
present the dynamic effect on this process and reveal the dynamic
reaction pathways on the exit-channel PES. On the other hand, as
mentioned above, the H abstraction and H2O production reaction
processes undergo the same intermediate complex and the same
transition state corresponding to the barrier of O� attacking the
H atom of CH3F ([O� � �H� � �CH2F]�) [7], a preliminary BOMD simula-
tion initiated at this barrier is carried out to show the dominant
products and the dynamic reaction processes. As a result, a more
reasonable reaction mechanism is elucidated and an animated dy-
namic image of the title reaction is displayed. In addition, we also
compare the dynamic effect of this SN2 reaction channel with the
OH� + CH3F reactive system [8], and thereby the coupling interac-
tion between the transition vector (imaginary vibrational mode)
and other vibrational modes is expected to be understood deeply,
which is another motivation for us to reinvestigate the SN2 reaction
channel of the title reaction.

2. Computational methods

All the quantum chemical calculations and dynamic trajectory
simulations are carried out with the Gaussian 03 program package
[23]. In order to overcome convergence difficulties of the self-con-
sistent-field (SCF) procedure in this open-shell reaction system, the
quadratically convergent SCF method [24] has been applied
(Appendix A. Supplementary material).

As mentioned above, the IRC calculation and relaxed potential
energy scan are used, respectively, to describe the static reaction
pathway, while the dynamic trajectory calculations on the exit-
channel PES are performed with the BOMD method. Briefly, the
trajectories are integrated by utilizing the Hessian-based predic-
tor–corrector algorithm with Hessian updating for five steps on
the Born–Oppenheimer PES calculated at the B3LYP/6-31+G(d,p)
level of theory [25,26]. The step size for all the trajectories is set
as the default value, 0.25 amu1/2 bohr. The trajectories will be
stopped once the centers of mass (CM) of the dissociating frag-
ments are separated from 15 bohr or the overall steps exceed the
maximal point.

Specifically, for the SN2 barrier of [O� � �CH3� � �F]�, the mass-
weighted internal coordinate IRC calculation has been performed
at the B3LYP/6-31+G(d,p) level of theory, and the potential minima
on both forward and reverse reaction directions have been identi-
fied, respectively. For comparison, one-dimensional relaxed poten-
tial energy scan at the B3LYP/6-31+G(d,p) level has been done
along the elongation of the C� � �F distance with other coordinates
optimized from the SN2 barrier to show the corresponding prod-
ucts on the exit-channel PES, where the C� � �F distance is scanned
from 1.744 Å to 7.744 Å with a step of 0.05 Å. Furthermore, accu-
rate energies are also calculated at the G3MP2 [27] and CCSD(T)
[28] levels of theory for the stationary points on the PES of the
SN2 reaction channel. The corresponding scaling factors for the
zero-point energies (ZPEs) are taken from Ref. [29].

In dynamic trajectory calculations, the trajectories are initiated
at the SN2 transition state of [O� � �CH3� � �F]�. Starting conditions are
determined by thermal sampling and microcanonical normal mode
sampling [30,31]. For the thermal sampling, both the vibrational
and rotational sampling temperatures are chosen as the previous
experimental temperature of 300 K. The transition vector is set to
point to the corresponding products, and the energy added to this
imaginary vibrational mode is sampled from thermal distribution
at 300 K and/or set to be 0.6 kcal/mol. For the microcanonical nor-
mal mode sampling, a total energy of 10 kcal/mol is randomly dis-
tributed into the transition vector and all other vibrational modes
of the transition state, while the rotational sampling temperature
is set to be 300 K as well. A total of 104 trajectories have been cal-
culated for the thermal sampling and microcanonical normal mode
sampling for the [O� � �CH3� � �F]� transition state, and the maximal
steps are specified to be 3500 for each trajectory. In these 104 tra-
jectories, the total energies drift within a range of 0.001–
1.025 kcal/mol, and the total angular momentums float within
about 10�9–10�7 ⁄. In addition, to present the dynamic processes
for the H abstraction and H2O production reaction pathways, a to-
tal of 61 trajectories are calculated from the corresponding transi-
tion state of [O� � �H� � �CH2F]� with the thermal sampling at 300 K,
in which the maximal steps are specified to be 5000. The transition
vector is set to point to the corresponding products, and the energy
added to this imaginary vibrational mode is sampled from thermal
distribution at 300 K. Among these 61 trajectories, the total ener-
gies of 57 trajectories drift within a range from 0.039 kcal/mol to
1.751 kcal/mol, and the total energies of the other four trajectories
drift beyond 2 kcal/mol. The total angular momentums for these 61
trajectories float within about 10�8–10�7 ⁄.

Generally, at least 1000 trajectories are necessary to calculate
branching ratios for a multi-channel reaction, which will cost too
much to be completed here. Because the major aim of this study
is to compare the static and dynamic reaction processes of the title
reaction, we have only calculated the limited number dynamic tra-
jectories initiated at the [O� � �CH3� � �F]� and [O� � �H� � �CH2F]� barri-
ers. Although the number of trajectories is not sufficient to
quantitatively calculate the branching ratios, it is very important
for us to present dynamic effect on the reaction processes and re-
veal the final products, which are probably different from those of
the static reaction pathways. As indicated in our calculations, an
obvious dynamic effect has been found on the SN2 exit-channel
PES of the title reaction from the calculated 104 trajectories. There-
fore, the balance between the computational cost and qualitative
conclusion seems to be satisfied for our aims. It should be noted
here that the convergence problem of the SCF procedure prevents
us from modeling collision dynamics between O� and CH3F on the
entrance-channel PES, and thus we pay our attention on the molec-
ular dynamics on the exit-channel PES.
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3. Results and discussion

3.1. Static reaction pathways from the [O� � �CH3� � �F]� barrier revealed
by the IRC calculation and one-dimensional relaxed potential energy
scan

On the reaction PES calculated by Yamamoto et al. [7], the static
reaction pathway for the SN2 channel of O� with CH3F has been
viewed as follows. At the beginning, O� attacks C atom of CH3F
to form O�� � �CH3F complex (with Cs or C3v symmetry), which is
an energetic intermediate with an ability to overcome the subse-
quent SN2 barrier, [O� � �CH3� � �F]� (with Cs symmetry, close to C3v

symmetry). After passing the [O� � �CH3� � �F]� barrier, another com-
Fig. 1. The minimum energy pathway (MEP) for the SN2 transition state of [O� � �CH3� � �F]
respectively. (a) The forward and reverse IRC profile, where the reverse minimum is the I
and CX2 on MEP are noted as well. (b) The C–O bond length (in black), C–F distance (in
bond angle are shown with the hollow circles. (For interpretation of the references to c
plex of F�� � �CH3O (with Cs symmetry) has been suggested to pro-
duce, which can ultimately decompose to F� and CH3O. However,
the F�� � �CH3O complex on the exit-channel PES reported in their
work has an imaginary frequency, indicating that it is not a true
minimum. Thus, the reaction process of the SN2 channel has only
been presented partially in previous theoretical study [7]. To de-
scribe this SN2 reaction pathway completely, the true product-like
complex on the exit-channel PES should be identified.

The minimum energy path (MEP) of the SN2 reaction channel
has been calculated and shown in Fig. 1(a), and the corresponding
major bond lengths and bond angle have been presented in
Fig. 1(b). As shown in Fig. 1(a), the reverse IRC calculation for the
[O� � �CH3� � �F]� barrier points to a potential minimum denoted as
�, the corresponding major bond lengths and bond angle along the MEP are shown,
M1 while the forward minimum corresponds to IM2, and two key complexes of CX1
blue), C–H bond length (in red) are presented with the solid lines, while the H–C–F
olour in this figure legend, the reader is referred to the web version of this article.)
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IM1 on the entrance-channel PES. The IM1 is an ion–dipole inter-
mediate complex formed by the collision of O� with CH3F, based
on the geometry and Mulliken charge population analysis [32].
The forward IRC calculation leads to another potential minimum
denoted as IM2 on the exit-channel PES. On the MEP along the for-
ward IRC, the [O� � �CH3� � �F]� barrier isomerizes to a special com-
plex denoted as CX1 at the first stage, and the C� � �F distance is
elongated as well as the C� � �O bond is formed simultaneously. As
indicated in Fig. 1(a), the CX1 is an unstable complex, and the
F� of the CX1 can turn around and subsequently approach the
H atom of CH3O moiety to form the IM2 ultimately via another
unstable complex CX2. Both the optimized molecular geometry
and Mulliken charge population analysis of the IM2 demonstrate
that it is indeed an ion–dipole intermediate complex formed by
HF and CH2O�, which can subsequently decompose to HF and
CH2O� since the overall energy of the products, HF and CH2O�,
is much lower than that of the initial reactants, O� + CH3F. Obvi-
ously, the IM2 is not the typical product-like complex of the SN2
reaction channel, therefore, it seems that the reaction does not
proceed all through along the classical SN2 pathway after passing
the [O� � �CH3� � �F]� barrier. However, no other stationary point
without imaginary frequency has been found on the exit-channel
PES. It should be noticed that the reaction stage of CX1 ? IM2 is
very similar to the ‘‘roaming” mechanism observed in the photo-
dissociation of H2CO [33,34], in which the dissociating H atom
can turn around back to attract the H atom of HCO fragment
and form the final product of CO + H2. The similar roaming
mechanism has also been observed in the dissociation of
CH3CHO [35].

Although both the molecular structure and Mulliken charge
population of the CX1 indicate that it is very like the expected
product-like complex of the SN2 channel, the CX1 is an unstable
complex of F�� � �CH3O. Therefore, based on the MEP in Fig. 1(a), a
reasonable supposition of the static reaction pathway is concluded
as that the reaction initially proceeds along the SN2 pathway to
produce the CX1 after passing the [O� � �CH3� � �F]� barrier, and then
the unstable CX1 undergoes along the MEP to form the IM2, which
can finally decompose to HF and CH2O�. The second stage of
Fig. 2. Relaxed potential energy curve along the elongation of the C� � �F distance for the
while the dotted line presents the relaxed potential energy curve along the elongation
broken C–H bond frozen additionally.
CX1 ? IM2 makes the overall reaction process depart from the
classical SN2 reaction pathway.

Since the optimized distance between C and F atoms in the
[O� � �CH3� � �F]� barrier is 1.744 Å at the B3LYP/6-31+G(d,p) level,
the relaxed potential energy curve along the elongation of the
C� � �F distance for the [O� � �CH3� � �F]� barrier has been calculated
with other coordinates optimized from 1.744 Å to 7.744 Å and
shown in Fig. 2 (solid line). With the elongation of the C� � �F dis-
tance, potential energy of the reactive system initiated from the
[O� � �CH3� � �F]� barrier quickly drops to a minimum similar to IM2
when the C� � �F distance is increased to 2.644 Å. Then the molecule
dissociates to the final products of HF and CH2O� with the C� � �F
distance further increased. Interestingly, if the corresponding C–
H bond of the [O� � �CH3� � �F]� barrier is frozen while scanning the
relaxed potential energy, the potential energy curve will point to
the expected products of the SN2 channel, F� and CH3O, as the dot-
ted line shown in Fig. 2. Thus, the one-dimensional relaxed poten-
tial energy scans show the consistent conclusion on the static SN2
reaction process.

It is generally believed that the B3LYP method always underes-
timates the barrier heights, especially for the SN2 reactions [36,37].
Therefore, we have calculated more accurate G3MP2 and CCSD(T)
energies for the stationary points on the PES for the SN2 reaction
channel. As listed in Table 1, the B3LYP/6-31+G(d,p) level of theory
underestimates the SN2 barrier height within about 3 –4 kcal/mol.
However, according to our calculations, the B3LYP/6-31+G(d,p) le-
vel of theory could characterize the exit-channel PES for this SN2
reaction channel, and thus we choose this level to perform trajec-
tory calculations. More significantly, the main purpose of this
study is to present the dynamic effect rather than to quantitatively
calculate the branching ratios, therefore a certain degree of the
underestimated barrier height will not cause serious mistakes.

3.2. Dynamic reaction pathways revealed by the BOMD simulations
initiated at the [O� � �CH3� � �F]� barrier on the exit-channel PES

To study the dynamic reaction pathways after passing the
[O� � �CH3� � �F]� barrier, a total of 35 trajectories have been calcu-
[O� � �CH3� � �F]� barrier with other coordinates optimized is shown with solid line,
of the C� � �F distance for this barrier with other coordinates optimized except the



Table 1
Energies for the stationary points on the PES for the SN2 channel of O� with CH3F
(kcal/mol).

Species B3LYPa G3MP2b CCSD(T)c

O� + CH3F 0.0 0.0 0.0
O�� � �CH3F (IM1) �13.0 �13.9 �12.8
[O� � �CH3� � �F]� (SN2 TS) �8.4 �6.0 �4.3
HF� � �CH2O� (IM2) �64.5 �66.0 �63.8
F� + CH3O �27.2 �26.6 �24.1
HF + CH2O� �41.0 �46.2 �43.9

a Calculated at the B3LYP/6-31+G(d,p) level of theory, and the scaling factor for
the ZPEs is 0.9806 [29].

b Computed based on the molecular geometries and ZPEs at the MP2(full)/6-
31+G(d,p) level of theory. The PMP2 single-point energies have been used, and the
scaling factor for the ZPEs is 0.9661 [29].

c Obtained at the CCSD(T,FC)/6-311++G(3df,2p)/MP2(FC)/6-31+G(d,p) level of
theory, and the scaling factor for the ZPEs at the MP2(FC)/6-31+G(d,p) level of
theory is 0.9608 [29].
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lated via the BOMD simulations initiated at this barrier with the
thermal sampling at 300 K, where the energy added on the transi-
tion vector is also sampled from the thermal distribution at 300 K.
Two major types of dynamic reaction processes have been revealed
by these 35 trajectories. The most major dynamic reaction path-
way can be viewed as that the [O� � �CH3� � �F]� barrier decomposes
to the products of HF and CH2O�within a reaction time range be-
tween 254 fs and 2270 fs. Twenty three trajectories are of this type
in all the calculated dynamic reaction pathways. The potential en-
ergy profiles for two typical trajectories of this type leading to HF
and CH2O� are presented in Fig. 3. The first trajectory shows that
the reactive system dissociates quickly to the products as dis-
played in Fig. 3(a), while the other shown in Fig. 3(b) corresponds
to form the HF� � �CH2O� intermediate complex for a period of time
and then dissociate. Interestingly, the case in Fig. 3(b) looks very
like the ‘‘roaming” mechanism in dissociation of H2CO [33,34]
and CH3CHO [35].

The second significant dynamic reaction pathway is found very
similar to the classical SN2 reaction channel, in which the
[O� � �CH3� � �F]� barrier directly dissociates to the SN2 products of
F� and CH3O within a short time range from 319 fs to 710 fs. Six
trajectories are found to be of this type in the overall 35 trajecto-
ries. In Fig. 4, we present a potential energy profile along one of
these trajectories, and molecular structures at several important
reaction times are shown as well. Obviously, the unstable complex
CX3 in Fig. 4 seems very similar to the CX1 at 3.890 amu1/2 bohr in
Fig. 1(a), indicating that the CX1 can dissociate directly to the SN2
products of F� and CH3O, as we have suspected in the aforemen-
tioned static reaction pathway. Besides these two types, there are
other dynamic reaction pathways with small possibilities. Three
trajectories lead to H atom and F�� � �CH2O intermediate complex
as products, while one trajectory corresponds to the final products
of F� + CHO + H2. Actually, the F� + CHO + H2 production channel
has been proposed as a possible production pathway by Peverall
et al. [13], however, it has not been included in the previous theo-
retical work [7]. The present trajectory calculations confirm their
surmise although the branching ratio of this channel seems very
small. Moreover, in the calculated 35 trajectories, two trajectories
stop at the HF� � �CH2O� intermediate complex within limited max-
imal steps, which will also ultimately produce the HF and CH2O� as
products.

As the energy added on the transition vector is set to be
0.6 kcal/mol, and the vibrational and rotational degrees of freedom
are sampled from the thermal distributions at 300 K, a total of 35
trajectories have been obtained. Among these 35 trajectories, 26
trajectories lead to HF and CH2O� as final products within a reac-
tion time range from 303 fs to 2355 fs, and seven of them corre-
spond to the SN2 products of F� and CH3O within a short
reaction time range between 233 fs and 534 fs. The other two tra-
jectories lead to F�� � �CHO + H2 and HF� � �CH2O� intermediate com-
plex, respectively.

For the microcanonical normal mode sampling with 10 kcal/
mol, a total of 34 trajectories have been calculated, and the ob-
tained results are similar to the simulations with the thermal sam-
pling mode. Two major dynamic reaction pathways have been
presented among these 34 trajectories. The dominant dynamic
reaction pathway with 14 trajectories shows the corresponding
products of HF and CH2O� within a wide time range from 222 fs
to 1516 fs, in which a fast dissociation process and a slow process
with formation of the HF� � �CH2O� intermediate complex are iden-
tified, respectively. The other significant reaction pathway includ-
ing eight trajectories leads to the F� and CH3O as products within a
time range between 230 fs and 556 fs. Besides these 22 trajectories
mentioned above, the other 12 trajectories correspond to the dy-
namic reaction pathways with small branching ratios, such as the
F�� � �CH2O + H, F� + CHO + H2, and HF + CO� + H2 production
channels.

To be summarized, two major dynamic reaction pathways after
passing the [O� � �CH3� � �F]� barrier have been revealed by the BOMD
simulations. The one leads to the products of HF and CH2O� (63/
104, �61%) and the other corresponds to F� and CH3O (21/104,
�20%). However, as the expected major anionic product in the
present dynamic trajectory calculations, the CH2O� was not ob-
served in the previous experiments [11–13], while the F� was de-
tected with a very small branching ratio [11,13]. A potential reason
seems to be reasonable that the CH2O� is a temporary and unstable
anion. According to the experimental study and quantum chemis-
try calculations [38–43], the electron affinity (EA) of CH2O is neg-
ative, and thus the neutral formaldehyde molecule (CH2O) will
be produced in experiment through electron detachment of the
CH2O�. Therefore, the previous experiments have not observed
the CH2O� as an anionic product.

3.3. Driven energies for the major dynamic reactions pathways
initiated at the [O� � �CH3� � �F]� barrier on the exit-channel PES

There are two main cases in the dynamic trajectory simulations
for the [O� � �CH3� � �F]� barrier, when the kinetic energy is added on
the transition vector. One is beneficial to the separation of F� from
CH3O, when the coupling between the transition vector and other
vibrational modes is weak and the intramolecular vibrational
redistribution (IVR) [44,45] is not efficient. This dynamic behavior
helps the title reactive system undergo the SN2 reaction pathway
to produce the F� and CH3O. It seems very similar to that of the
OH� + CH3F reactive system [8], in which ‘‘the very weak coupling
between CH3OH + F� relative translation and O–C� � �F� bending
and other vibrational degrees of freedom of the reactive system”
makes most (�90%) of the trajectories initiated at the
[HO� � �CH3� � �F]� barrier directly dissociate to CH3OH and F� with-
out trapping in the CH3OH� � �F� intermediate complex. The other
case is exactly the opposite. When the coupling between the tran-
sition vector and other vibrational modes is relatively strong and
the IVR is efficient, the strong interaction between F� and CH3O
on the exit-channel PES will prevent F� from departure and pull
it back to interact with CH3O moiety to ultimately produce HF
and CH2O�.

In the title reaction, as mentioned above, the dynamic reaction
pathway leading to the products of HF and CH2O� is relatively ma-
jor, while the dynamic reaction pathway corresponding to the SN2
products of F� and CH3O is relatively minor. This implies that the
coupling between the transition vector and other vibrational
modes of the [O� � �CH3� � �F]� barrier is strong based on the current
BOMD simulations at the B3LYP/6-31+G(d,p) level of theory. Fur-
thermore, the occurrence of other dynamic reaction pathways,



Fig. 3. Potential energy profiles initiated at the [O� � �CH3� � �F]� barrier along the thermal sampling trajectories, which lead to HF and CH2O�. (a) The reaction process is
completed with a direct and rapid dissociation within 254 fs. (b) The reaction undergoes a relatively slow process within 2270 fs, in which a HF� � �CH2O� intermediate
complex is formed for a period of time. Molecular geometries of several typical reaction complexes are shown along these two trajectories as well.
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such as HF + CO� + H2, is also due to the strong coupling of the
transition vector with other vibrational modes and the efficient
IVR. In summary, the coupling between the transition vector and
other vibrational modes is the most significant factor to determine
the dominant dynamic reaction pathways.
3.4. Dynamic reaction pathways revealed by the BOMD simulations for
the H abstraction and H2O production reaction channels

As suggested in the previous theoretical calculation [7], the H
abstraction and H2O production reaction channels undergo the
same intermediate complex of O�� � �HCH2F and the subsequent
barrier of [O� � �H� � �CH2F]�. Therefore, our dynamic trajectory calcu-
lations are chosen logically to initiate at this barrier. Starting from
the [O� � �H� � �CH2F]� barrier, a total of 61 trajectories have been cal-
culated via the BOMD simulations with the thermal sampling at
300 K, and the trajectories with SCF convergence problems have
been discarded. As mentioned in the section of computational
methods, the total energies of four trajectories drift beyond
2 kcal/mol, and these four trajectories are excluded in the follow-
ing discussion. Among the rest 57 trajectories, 35 of them lead to
OH� and CH2F as products, six of them result in H2O + CHF�, two
trajectories correspond to CH2OH + F�, and 14 trajectories do not
meet the stopping criteria within 5000 steps. These 14 trajectories



Fig. 4. Potential energy profile initiated at the [O� � �CH3� � �F]� barrier along the thermal sampling trajectory, which leads to the SN2 reaction products of F� and CH3O within
339 fs. Molecular structures of several key reaction complexes are exhibited along this trajectory as well.
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will mostly lead to OH� + CH2F or H2O + CHF� with additional
steps. According to the expensive computational cost and the con-
vergence difficulty of the SCF procedure, we have not performed
more trajectory calculations for this [O� � �H� � �CH2F]� barrier. How-
ever, we still can draw a primary conclusion that the H abstraction
channel seems to be more dominant than the H2O production
channel, which agrees with the previous experimental results
[11–13]. Since the present calculations are preliminary, more ef-
forts should be paid to calculate more dynamic trajectories to eval-
uate accurate branching ratios in the future.

4. Conclusions

Here we present detailed theoretical investigations on the static
and dynamic reaction pathways involved in the reaction of O� and
CH3F. Both the IRC calculations and one-dimensional relaxed po-
tential energy scan have been performed for the SN2 reaction chan-
nel, and the revealed static reaction process corresponds to the
HF + CH2O� products, which are unexpected in the classical SN2
reaction mechanism. Based on the present calculations, a reason-
able description of the overall static reaction process has been con-
cluded as that the reaction initially proceeds along the SN2
pathway to produce a SN2 product-like complex after passing the
[O� � �CH3� � �F]� barrier, and then the unstable complex undergoes
along the MEP to the final products of HF and CH2O�.

Moreover, two major types of dynamic reaction pathways initi-
ated at the [O� � �CH3� � �F]� barrier have been revealed with the
BOMD simulations based on the B3LYP/6-31+G(d,p) molecular
structure calculations, in which the HF + CH2O� and F� + CH3O
are suggested to be the corresponding products. Although the HF
and CH2O� production channel seems to be more dominant than
the SN2 pathway to produce F� and CH3O on the basis of our trajec-
tory calculations, the CH2O� has not been observed in experiments
as an anionic product, which is due to the electron detachment
process of the CH2O�. Through comparison with the reactive sys-
tem of OH� + CH3F, the coupling between the transition vector
and other vibrational modes is believed as the most significant fac-
tor to determine the dominant dynamic reaction pathway.

In addition, the H abstraction and H2O production reaction
channels have been also studied with the dynamic trajectory calcu-
lations initiated at the [O� � �H� � �CH2F]� barrier. Although limited
trajectories are calculated and the present investigations are preli-
minary, we still can draw a primary conclusion that the H abstrac-
tion channel is dominant, which agrees with the previous
experimental results.
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