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Electron capture dynamics of protonated methane (CHs™) have been investigated by means of a direct ab
initio molecular dynamics (MD) method. First, the ground and two low-lying state structures of CHs™ with
eclipsed C;, staggered C; and C,, symmetries were examined as initial geometries in the dynamics calculation.
Next, the initial structures of CHs* in the Franck—Condon (FC) region were generated by inclusion of zero
point energy and then trajectories were run from the selected points on the assumption of vertical electron
capture. Two competing reaction channels were observed: CHst + e~ — CHy + H (I) and CHs™ + ¢~ —
CH; + H, (II). Channel II occurred only from structures very close to the s-C,; geometry for which two
protons with longer C—H distances are electronically equivalent in CHs". These protons have the highest
spin density as hydrogen atoms following vertical electron capture of CHs™ and are lost as H,. On the other
hand, channel I was formed from a wide structural region of CHs*. The mechanism of the electron capture

dynamics of CHs is discussed on the basis of the theoretical results.

1. Introduction

Electron capture by protonated alkanes, RH,", is among the
most important chemical processes that occur in radiation
chemistry.!? The y-ray irradiation of neat alkanes (RH) causes
ionization of RH, forming an electron and a radical cation
(RHY):

RH+hv—RH +e” (D)

The radical cation RH™ reacts easily with a neutral alkane (RH):
RH'+RH—RH," +R )

by proton transfer reaction, forming a protonated alkane (RH, ™)
and neutral radical (R). Of the possible decay pathways of RH,™,
electron capture reactions are the most significant, and are
expressed by

RH," +¢ —[RH,] —RH+H 3)
—R+H, )

Protonated methane, CHs ™, is the simplest protonated alkane
and has a highly fluxional character.>~!® The most stable
equilibrium structure of CHs*, i.e., the global minimum on the
potential energy surface (PES) within the Born—Oppenheimer
approximation, is an eclipsed Cj structure in which an H, moiety
is attached in an eclipsed orientation with respect to the CHz™
moiety. The neutralization of CHs™ and related ions by
dissociative recombination with a free electron is considered
likely to be of importance in astrophysics.>%!® Recently, Mann
et al.!8 observed the electron capture reaction of protonated
methane ions CHs"™ in the gas phase and measured kinetic
energy release (KER) distributions of the products formed from
the reaction. They found two sets of reaction products:
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CH," +e” —[CH,],,—CH, +H (I
—CH,+H, (I

where [CHs]y.r means a CHjs radical at the vertical electron capture
point of CHs™. The KERs in both channels were distributed from
zero to 4.5 eV, with peaks at 3.0 eV, and the KER distribution of
channel II was bimodal. The reaction dynamics of CHs were also
investigated by running quasi-classical trajectory (QCT) calculations
using a PES obtained by ab initio calculation. The QCT calculation
outcomes showed that reaction channels I and II are competitive,
but that channel II is minor. In these calculations, first, an ab initio-
based global PES for H + CHj that describes the abstraction and
exchange reactions H + CH; — H; + CH3 and H + CH; — CHy
+ H was calculated, and then the energies were fit to a polynomial
function.!®? Full dimensionality ab initio molecular dynamics
(MD) calculations for CHs without this fitting provide an alternative
method for exploring the nature of the dissociation dynamics. As
we show here, these calculations provide further insights about the
structures and electronic character of [CHs]ye; (formed by electron
attachment to the various geometries of CHs') that lead to
fragmentation via the two competing pathways.

Ab initio and molecular dynamics methods of the type
employed here were used previously by Hickman et al. to
investigate the electron capture reaction of HCNHT (i.e.,
HCNH™ + €7).2! Rates for dissociative recombination, a process
of importance (along with other electron capture reactions of
molecular ions) in the interstellar medium, breaking either the
CH bond or the NH bond (leading to HNC + H and HCN +
H, respectively), were calculated using a simple quasi-diatomic
model. Similar calculations have been carried out by one of
us.?? These investigations suggest that full-dimensional direct
ab initio MD is an important tool to explore the reaction
dynamics of such systems.

In the present calculation, a direct ab initio MD method is
applied to the dynamics following electron capture by the
protonated methane ion CHs™. We do not restrict the dimensions
of the PES in the calculations of the subsequent reaction
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dynamics of CHs. As a result, further interesting details of the
dissociation dynamics are obtained.

2. Computational Methods

The structures of CHs™ were fully optimized at the MP2/6-
311++G(d,p) level of theory. Previous theoretical calculations
showed that, within the Born—Oppenheimer approximation,
CHs™ has three low-energy stationary points with eclipsed-Cj,
staggered-Cy and C,, symmetries.*317 The energies of these
structures lie close to each other. The electron capture dynamics
calculations were therefore first carried out from these stationary
points. Next, the geometries of CHs* were randomly generated
by inclusion of zero point energy (ZPE) to allow for the fluxional
nature of the ion and trajectories for the neutral radical CHs
were run from these generated points on the assumption of
vertical electron capture (i.e., the Franck—Condon approxima-
tion). The electronic state of the system was monitored during
the simulation. We confirmed carefully that the electronic state
is maintained during the reaction and thus considered dynamics
only on the ground-state PES of the CHs system.

The velocities of atoms at the starting point were set to zero
(i.e., the momentum vector of each atom is zero). The equations
of motion for N atoms in a molecule are given by

49, _oH
dr 0P,

J

4 __oH__oU ©
dr 00, 90,

where j = 1 — 3N, H is the classical Hamiltonian, Q; is the
Cartesian coordinate of the jth mode and P; is the conjugate
momentum. These equations were numerically solved by the
velocity Verlet algorithm method. No symmetry restrictions
were applied to the calculation of the energy gradients. The
time step size was chosen as 0.10 fs, and a total of 10000 or
20000 steps were calculated for each dynamics calculation. The
drift of the total energy is confirmed to be less than 1073%
throughout all steps in the trajectory. The momentum of the
center of mass and the angular momentum were set to zero.
The total energy of the system (4.7 eV, 108 kcal mol~!) was
fixed to the sum of the zero-point energy of CHs", and the
available energy of [CHs]yer (the energy difference between
[CHs]yer and the products is calculated to be 3.3 eV at the MP2/
6-311++G(d,p) level). The total energy is comparable to the
4.1 eV available in the electron capture experiments of Mann
et al.'® but is much less than the energies for experimental
studies of the dissociative recombination (DR) of CHs™, which
exceed 8 eV.6 Further details of the direct MD calculations are

described elsewhere.??26
Static ab initio calculations were carried out using Gaussian
03.%7 To confirm the stability of the complexes at all stationary
points, harmonic vibrational frequencies were calculated at the
MP2/6-311++G(d,p) level of theory. The relative energies were
also calculated at the MP4SDQ, CCSD, and QCISD/6-
311++G(d,p) levels of theory for comparison. Results are also
compared, where appropriate, with prior calculations of the
structures and energetics of the CHs™ and CHs systems.*8720

)

3. Results

A. Structures and Electronic States of CHs™ and CHs.
Eclipsed-Cs. First, the structure of CHs™(e-C;) with eclipsed Cj
symmetry (denoted by e-C;) was optimized at the MP2/6-
311++G(d,p) level of theory. The optimized structure is given
in Figure 1, with parameters also summarized in Table 1. The
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Figure 1. Optimized structures and geometrical parameters of CHs"
calculated at the MP2/6-311++G(d,p) level. Three structures of CHs™,
denoted as eclipsed (e-C;), staggered (s-Cs), and C,, are shown and
discussed further in the text. The values indicate NPA charges of CHs"™
and spin densities of the CHs radical (in parenthesis) at the equivalent
geometries.

TABLE 1: Optimized Geometrical Parameters for CHs™
with e-Cy, s-C; and C, Symmetries Calculated at the .
MP2/6-311++G(d,p) level (Bond Lengths and Angles in A
and degrees, Respectively)

e-Cy s-Cs Cyy

r(C—H;") = R, 1.1862 1.2087 1.1407
rC'—Hy) = R, 1.1890 1.2087 1.1634
r(H' — H)) = R; 0.9754 0.9619 1.1783
r(C—H3") = Ry 1.1107 1.0851 1.0879
r(C—H,") 1.0889 1.1007 1.0882
r(C—Hs") 1.0889 1.1007 1.0882

0 48.5 454 123.2

) 119.9 106.6 122.0

E/au —40.5908291 —40.5905942 —40.5899841

bond distances of the C—H and H—H were calculated to be R;
= 1.186, R, = 1.189, R3 (=r(H,'—H;")) = 0.975, R, = r(C—H3')
= 1.111, and n(C—H4') = r(C—Hs') = 1.089 A. The distances
of two of the H atoms from the carbon atom are slightly longer
than the others. The atomic charges on the H atoms of CHs"
were calculated by means of natural population analysis (NPA)
and were obtained as H," = +0.39, H,' = +0.43, H3' = +0.35
and Hy' (=Hs") = +0.31 (with the C atom carrying a net
negative charge). Thus, the positive charges are almost equiva-
lently distributed on all the H atoms, with only small differences.
This result indicates that the H atoms in this geometry of CHs™
are almost equivalent, although the positive charge of one atom
(Hy') is slightly larger than the others. The geometries (and those
calculated for the s-C; and C», structures discussed below) agree
well with the previously published structures of Brown et al.
computed at the MP2/cc-pVTZ level of theory.'>!3 For example,
these authors reported the following bond distances for C—H
and H—H in the e-C; structure: Ry = 1.180, R, = 1.183, and R3
=0.976 A.
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The electronic states of [CHs]yer were calculated at the MP2/
6-3114++G(d,p) level, where, as noted earlier, [CHs].., indicates
a CHs radical with geometry corresponding to the CHs™ at the
electron capture point (i.e., the result of a vertical electron
capture process). The spin densities of hydrogen atoms of
[CHs]yer are given in Figure 1. The spin densities on Hy', Hy',
Hj3' and Hy' (=Hs') are calculated to be 0.39, 1.30, 0.12, and
0.23, respectively, indicating that the spin density is largely
localized on only one hydrogen atom (H,"). This feature is not
dependent on the level of theory employed in the calculation
(see Supporting Information). As will be shown in a later
section, the hydrogen atom possessing a large spin density (i.e.,
the H,' atom) is preferentially dissociated after electron capture
by CH5+.

Staggered-C;. The structure of CHs™ with a staggered form,
denoted by s-C, is given in the middle panel of Figure 1. Two
hydrogen atoms (H;" and Hy') are equivalent, and the C—H bond
distances (C—H;" and C—Hy,') are significantly longer than those
of the other bonds (1.209 vs 1.100 A). The charges on H;'
(=H,"), H3', and Hy' (=H5') atoms are calculated to be +0.41,
+0.29, and +0.34, respectively. The positive charges are nearly
evenly distributed over all H atoms, much as seen for CHs"(e-
Cy).

The spin densities at the vertical electron capture point of
CHs"(s-Cy) are calculated to be H;" = H,' = 0.86, Hy' = 0.23,
Hs' = Hs' = 0.21, indicating that two hydrogen atoms (H;" and
H,") have large and equivalent spin density. This result suggests
that [CHs(s-Cy)lver is composed of a methyl radical and two
hydrogen atoms, expressed by CHs--H--H. This deduction is
not dependent on the level of theory (see Supporting Informa-
tion). A hydrogen molecule (H;'—H,") dissociates from CHs"(s-
Cy) after electron capture via this geometry.

C3,. Previous theoretical studies showed that CHs™ also has
a stationary point corresponding to a C,, symmetry geometry.
The optimized structure of CHs"(C,) is illustrated in the bottom
panel of Figure 1. One atom (H,'") is located along the C, axis
of the CH4. The atomic charges on the H,', Hy', H3' (=H5s'),
and H4' atoms are +0.40, +0.46, +0.33, and +0.40, respec-
tively, indicating that the positive charge is delocalized widely
over CHs™", although Hy' has a slightly larger value. The C»,
structure has a slightly higher sum of NPA charges on the H
atoms than for the C; structures, indicating a greater degree of
charge separation. Spin densities for neutral [CHs5(C»,)]ver Were
calculated to be H,' = —0.05, Hy' = 1.64, Hs' (=Hs') = 0.23,
and Hy' = —0.05. This result indicates that the spin density is
only localized on the H,' atom of [CHs(Cy,)]ver- From this
geometry, a hydrogen atom (H,") is dissociated after electron
capture.

Harmonic Vibrational Frequency. Harmonic vibrational
frequencies of CHs™ with e-Cy, s-C; and C,, symmetries were
calculated at the MP2 level. The results are summarized in Table
S1 in the Supporting Information. The CHs"(s-Cy) ion has all
real frequencies, whereas s-C; and C,, structures have an
imaginary frequency. These results indicate that CHs*(e-Cy) is
located in a minimum (in this case, the global minimum) of
the ground-state PES, whereas s-Cy and C,, geometries cor-
respond to transition states. The zero-point energies and an
imaginary frequency of s-C are in reasonable agreement with
the previous calculations by Brown et al. (e.g., the imaginary
frequencies obtained here and reported previously are, respec-
tively, 2381 cm™! and 216i cm™').!>!3 From an analysis of
normal modes, CHs™(s-C;) is found to be located at a saddle
point for the H; rotation about the Cs axis of the CHs moiety
of CHs*. The C,, structure corresponds to a saddle point for
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TABLE 2: Relative Energies (AE), Zero Point Energies,
and ZPE-Corrected Relative Energies (All in kcal/mol) of
CH;s* with e-Cy, s-C; and C,, Symmetries Calculated at the
MP2/6-311++G(d,p) Level*

AE /kcal/mol ZPE/kcal/mol AE +AZPE/kcal/mol
e-C; 0.0 (0.0) 32.71 (32.71) 0.0 (0.0)
s-C 0.15 (0.10) 32.55 (32.50) —=0.01 (—0.11)
Cyy 0.53 (1.12) 31.77 (31.67) —0.41 (0.08)

“In each case, relative values are quoted with respect to the e-C;
Structure. Values calculated at the QCISD/6-3114++G(d,p) level (in
kcal/mol) are in parentheses.

TABLE 3: NPA Charges of Hydrogen Atoms in CHs™ and
Spin Densities on Hydrogen Atoms in CHs at the Vertical
Electron Capture Point of CHs", Denoted by [CHs]ye

B-Cx S'Cs C217
atom charge spin density charge spin density charge spin density

H, +0.39 0.39 +0.41 0.86 +0.40 —0.05

H, 4043 1.30 +0.41 0.86 +0.46 1.64
H; 4035 0.12 +0.29 0.23 +0.33 0.23
H, +0.31 0.23 +0.34 0.21 +0.40 —0.05
Hs  +0.31 0.23 +0.34 0.21 +0.33 0.23

“The values are calculated at the MP2/6-311++G(d,p) level of
theory.

the structural change e-C; — C», — e-C,. Similar calculations
were carried out at the QCISD and CCSD levels of theory, and
both calculations showed that the e-C; structure is a global
minimum, while the s-C; and C,, structures are saddle points
for internal structural changes (see Supporting Information).
These deductions are in accord with previous calculations of
the structures of stationary points on the CHs™ PES.*7~17

Total and relative energies are given in Table 2. The relative
energies for the three structures are 0.00 kcal/mol (e-Cy), 0.15
kcal/mol (s-Cy) and 0.53 kcal/mol (C;,). Brown et al. obtained
energies of the s-C; and C;, structures that were, respectively,
0.12 and 0.55 kcal/mol above the e-Cy; minimum.!%!3 If zero
point energies are included, the relative energies from our
calculations are changed to 0.00 kcal/mol (e-C;), —0.01 kcal/
mol (s-Cs) and —0.41 kcal/mol (C»,). The results indicate that
these structures are energetically close to each other and that
there are no barriers to their interconversion.*”~!7 The calculated
electron affinities are also found to be similar: values are 99.9
kcal/mol (e-Cs and s-Cs) and 98.7 kcal/mol (C»,).

To check the level of theory used in the calculations, QCISD/
6-311++G(d,p) calculations were also carried out for the three
stationary points. The relative energies are calculated to be 0.00
kcal/mol (e-C;), 0.10 kcal/mol (s-Cy) and 1.12 kcal/mol (Cy,).
After zero-point energy correction, the energies are 0.0 kcal/
mol (e-Cy), —0.11 kcal/mol (s-Cy) and 0.08 kcal/mol (C,),
which are very similar to the MP2 values.

Summary of Static ab Initio Calculations. In this section,
we described the static ab initio calculations carried out for CH5"
and [CHslver to elucidate the structures and electronic states
within the Born—Oppenheimer approximation. The results for
geometric parameters, energetics, charges and spin densities are
summarized in Tables 1—3. As was concluded from previous
theoretical studies,*’~!7 CHs"(e-C;) is located at the global
minimum, while CHs%(s-Cy) and (C»,) correspond to saddle
points for internal structural deformation of CHs™. However,
the energy differences of these structures are negligibly small.
We also found that the electronic charge states of all hydrogen
atoms of CHs™ are almost equivalent in the cationic state. On
the other hand, the electronic states of the hydrogen atoms of
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Figure 2. Snapshots along the pathway for the electron capture reaction
of CHs"(e-Cy) obtained by direct ab initio MD calculation at the MP2/
6-311++G(d,p) level. The products are CH; + H. No symmetry
restrictions were applied in the calculations.

CHs* are drastically changed by vertical electron capture. The
spin density is localized on specific hydrogen atoms of [CHs]yer.
In e-C; and C,, geometries, the spin density is localized on one
of the hydrogen atoms of [CHsly., whereas, for the s-C;
structure, the excess electron is localized equivalently on two
hydrogen atoms of [CHs]ye-

B. Electron Capture Dynamics of CHs" with e-C; Sym-
metry. Having optimized the structure of CHs'(e-C;) at the
MP2/6-311+4G(d,p) level of theory and tested the calculations
against prior studies, the dynamics following the electron
capture,

CH,+(e-C,) + ¢~ — [CHj]

can be investigated by means of a direct ab initio MD method
on the assumption of vertical electron attachment. No symmetry
restrictions are imposed on the dynamics calculations.
Snapshots obtained from the calculations are illustrated in
Figure 2. The C—H bond distances of CHs(e-C;) are R; = 1.186
A and R, = 1.188 A at time zero, and are slightly longer than
the others (R4 = 1.111 A, (C—H4') = r(C—Hs') = 1.089 A).
After the electron capture, one of the hydrogen atoms (the Hy'
atom) is rapidly dissociated from CHs. These dynamics continue
until complete dissociation to the final products, CHs + H.
To obtain more quantitative features of the dissociation
mechanism, the time evolution of the potential energy and the
C—H bond distances are plotted in Figure 3 for the trajectory
for which snapshots are shown in Figure 2. The zero of the
potential energy corresponds to the energy level at the vertical
electron capture point, [CHs]ye,. After the electron capture by
CHs™, the energy decreases suddenly as a function of time and
reaches a limiting value at 10—20 fs (—3.5 eV). Thereafter, the
energy oscillates slightly with time. The retention of R; (with
some oscillation) but the elongation of R; is also shown; for
example, the Ro(C—H,") bond distances at time 7.96 and 20.01
fs are calculated to be 2.223 and 5.299 A, respectively. This
result suggests that one of the hydrogen atoms of CHs"' is
directly dissociated without complex formation during the

ver — product
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Figure 3. Time propagations of (A) potential energy, (B) distances
(R; and R»), and (C) angle (¢ = Hs'—C—Hs') for the electron capture
reaction of CHs"(e-C,). No symmetry restrictions were applied in the
calculations. Notations (a)—(e) correspond to those of Figure 2.

electron capture reaction. The other C—H bonds vibrate rapidly
around the equilibrium C—H distance of CHs. The time
dependences of R; and ¢ (see Figure 1 for a definition) show
that the C—H stretching and H—C—H bending modes of the
product CHy vibrate with frequencies 3175 and 1598 cm™!,
respectively. Finally, the electron capture reaction from the e-C;
geometry leads to the hydrogen atom dissociation channel (the
products are CH4 + H). The relative translational energy
between CH4 and H is calculated to be 3.22 eV, which is in
good agreement with the experimental data for channel I
obtained by Mann et al.'8

C. Electron Capture Dynamics of CHs"™ with s-C; Sym-
metry. In this section, the dynamics following electron capture
by CHs"(s-Cy) are investigated in the same manner as for
CHs"(e-Cy). The reaction is expressed as

CH,"(s-C,)+ e~ —[CH,]

Snapshots of geometries of the CHj structure after the electron
capture are illustrated in Figure 4. The C—H and H;—H; bond
distances of CHs(s-C,) are R, = 1.191 A, R, = 1.191 A, and
R; = 0.962 A at time zero. After the electron capture, the
hydrogen molecule (H;"—H,") is formed and rapidly dissociates
from CHs. The hydrogen molecule fully separates from the
methyl radical, giving CH; + H; as the final products.

The time evolutions of potential energy and geometrical
parameters are plotted in Figure 5. The potential energy
decreases to —3.22 eV at 18.8 fs (point c) and it stabilizes around
—3.2 eV. After the electron capture, two C—H bonds (R; and
R») rapidly elongate as time evolves. For example, the C—H
bond distances (R;) at time 8.99 and 30.25 fs are calculated to
be 1.619 and 5.424 A, respectively. Molecular hydrogen is
released after electron capture, and the relative translational
energy between CH3 and H; is calculated to be 3.02 eV, which
agrees well with the experimental data for channel II reported
by Mann et al.'®

The H,'—H,' bond distance of the product hydrogen molecule
is plotted as a function of time in Figure 5 and is seen to oscillate
with a time period and amplitude that are calculated to be 7.3
fs and 0.1 A, respectively, indicating that the product H; is

ver > products



Electron Capture Processes of Protonated Methane
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Figure 4. Snapshots for the electron capture reaction of CHs*(s-Cy)
obtained by direct ab initio MD calculation. The products are CH;3 +
Hs. No symmetry restrictions were applied in the calculations.
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Figure 5. Time propagations of (A) potential energy, (B) distances
(R1, R> and R3), and (C) angle (¢ = Hy' —C—Hs') for the electron capture
reaction of CHs"(s-Cy). No symmetry restrictions were applied in the
calculations. Notations (a)—(e) correspond to those of Figure 4.

vibrationally excited. This excitation is caused by the large
H,'—H,' bond distance at time zero (0.9619 A). The stretching
mode of product H, vibrates with a frequency of 4550 cm™!
and the H—C—H bending mode of the methyl radical is
observed to vibrate with a frequency of 1190 cm™!.

D. Electron Capture Dynamics of CHs™ with C,, Sym-
metry. The results of dynamics calculation for dynamics
initiated from the CHs™(C,,) geometry are given in the Sup-
porting Information. The reaction is expressed by
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CH,"(C,,)+ e~ —[CHJ]

The C—H bond distances of CHs(C»,) are R; = 1.145 A and
R, = 1.163 A at time zero. After the electron capture, one of
the C—H bonds (R;) increases gradually with time: the C—H
bond distance, (R;) for the extending bond at times 4.7, 10.1
and 19.9 fs are calculated to be 1.662, 2.999 and 5.561 A,
respectively. Thus, one of the hydrogen atoms of CHs* is
directly dissociated, leaving the other C—H bonds to vibrate
rapidly around the equilibrium C—H distance of CHy. The angles
(6 and ¢, see Figure 1) vibrate with time periods of 22 and 21
fs, respectively. This electron capture reaction asymptotically
results in loss of a hydrogen atom, so the products are CHy +
H. The relative translational energy of the CH, and H is
calculated to be 3.26 eV, which is also in good agreement with
experimental data.'8

E. Effects of Zero Point Energy of CHs' on the Dynamics.
In an actual system, the structure of CHs™ fluctuates around the
120 equivalent e-C; minima because of the ZPE. To include the
fluxional nature of the ion geometry in the study of the dissociative
recombination dynamics, which have so far focused on selected
geometries, the geometrical configurations of CHs™ were randomly
generated by direct ab initio MD calculation with ZPE, and then
trajectories were run from the selected points.

The results of direct ab initio MD calculations of CHs™ with
ZPE are illustrated in Figure 6. The potential energy oscillates
as a function of time, and the positions of the hydrogen atoms
change markedly over time as the CHs' ion passes through
several configurations during the simulation. The total energy
(the sum of potential and kinetic energies) is constant at the
ZPE (32.7 kcal/mol) level during the simulation. From the direct
ab initio MD calculations with ZPE, 38 geometrical configura-
tions were generated and electron capture dynamics calculations
run from these geometries. The two channels (denoted as I and
II) were observed as product channels, but only three trajectories
gave channel II. The branching ratio to channels I and II (I:IT)
is therefore roughly estimated to be 13:1, indicating that channel
I is only a minor product of the reaction, with loss of a single
H atom dominating.

F. Origin of the Reaction Channels. In this section, the
origins of reaction channels I and II are considered on the basis
of the theoretical results. The present calculations show that
the electron capture by CHs™ results in both channels I and 1T
because the CHs™ ion adopts a variety of geometrical configura-
tions on the ground-state PES and the hydrogen atoms of the
CH; radical at the vertical electron capture point [CHs]y.r acquire
specific spin densities.

Two typical structures of [CHs]ye, at time zero with inclusion
of zero-point energy are illustrated in Figure 7. The upper and lower
structures lead to channels I and I, respectively. The present direct
ab initio MD calculations show that channel II occurs only from
a specific geometrical configuration where the two hydrogen atoms
with longer C—H bonds are equivalent and have high spin density
at the start of the trajectory. In the case of the s-C; structure, two
H atoms are symmetrically equivalent, so that the [CHs(s-Cy)]ver
structure always gives the products, H, + CHj3 (channel II). On
the other hand, channel I results from dynamics initiated over a
wide structural region. This difference causes the large branching
ratios in favor of channel I.

G. Structures of Excited States of CHs. The CHs radical
at the vertical electron capture point has low-lying electronically
excited states above the ground-state of CHs(s-Cy). As shown
in the previous section, the ground-state PES in CHs is
dissociative in nature. To derive information on the PESs for
the excited states of CHs, a preliminary SAC-CI calculation was

ver > products
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Figure 6. Potential and kinetic energies of CHs™ plotted as a function
of time, obtained by means of direct ab initio MD calculations. The
two components of energy sum to the zero point energy of 32.7 kcal/
mol indicated by the horizontal line. Typical snapshots of structures
are also shown.

o 0.126
—_— H+ CHg4
0.232
0232
0.015
0.586 ’\
— Hz + CHa

0.536 ‘/ 0.053

0.053

Figure 7. Typical structures of CHs" selected from direct ab initio
MD with ZPE. The upper and lower structures give channels I and II
after the electron capture, respectively. The values indicate spin densities
on the hydrogen atoms of the CHs radical at time zero, [CHs]ver.

carried out for the CHs radical and the results are given in Table
S2 (Supporting Information). The SAC-CI/6-311++G(d,p)
calculation for [CHs]yer shows that the first, second, and third
excitation energies are 0.567, 1.802, and 2.168 eV, respectively.

Next, the structures of the first and second excited states were
optimized at the SAC-CI/6-311++G(d,p) level. The optimized
structures at the first and second excited states are given in the
Supporting Information (Figure S4). These excited states were
found to be bound and do not fragment to products. The excited-
state PESs are thus not dissociative in nature. This result
indicates that, following formation by electron capture, internal
conversion from the excited states to the ground state may
contribute to the dissociation process. Further information on
the excited-state PESs is, however, needed to elucidate more
details of the excited-state dynamics of CHs.

4. Discussion

A. Model of Electron Capture Dynamics of CHs*. On the
basis of the present results, we propose a model for the electron
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Figure 8. Reaction model of electron capture by CHs" derived from
the present study.

capture dynamics of CHs™ which is illustrated schematically in
Figure 8. The CHs"' ion has a wide Franck—Condon region
because of its flexible structure. After the electron capture by
CHs™, two reaction channels I and II are competitive. If there
are two two equivalent hydrogen atoms in the ion that have
extended C—H bonds (i.e., the s-C; type structure), channel II
is dominant and the products are H, + CH3. On the other hand,
if these more extended H atoms are not equivalent, channel I
results. The main dissociation route is via channel I, with almost
all trajectories following this direction. Channel II is a minor
product channel because it occurs from a specific structural
configuration of CHs* where the environments of two specific
hydrogen atoms are equivalent, such as arises for the s-C;
symmetry structure.

B. Comparison with Previous Studies. Previous experi-
ments indicated that both channels I and II are formed following
electron capture by CHs™ and that the branching ratio to channel
II is significantly smaller than that of channel I. Mann et al.!8
determined from their experimental study that the branching
ratio of H:H; products is 11 (£2):1. From the present calcula-
tion, the ratio is obtained to be 13:1, which is in qualitative
agreement with the previous experimental results. The CHs™
ion has highly fluxional character and the H atoms are
exchanged freely by passage over low energy isomerization
barriers corresponding to s-Cs and Cs, structures (Figure 1).47718
The present calculation suggests that only specific structures
of CHs" (for example, s-C; symmetry) give channel II.
Therefore, the branching ratio to channel II is much smaller
than for channel I.

Huang et al.* carried out diffusion Monte Carlo calculations
of the geometries of the ground-state of CHs' and concluded
that the relative probabilities are 38% for the geometry of the
e-Cy(I) minimum, 41% at the C,, saddle point, and 22% at the
s-C,(II) saddle point. These population data would suggest that
channel II arises from about 22% of the total reactive trajectories
because the present study shows that this pathway follows from
electron capture at the s-C(Il) geometry. The present calcula-
tions also show, however, that slight deformations from the
s-Cs(II) structure result in channel I products. Therefore, the
probability of dissociation via channel II becomes significantly
smaller than this 22% estimate.

Mann et al.'3 reported product KER distributions for channels
I and II. The peaks of the distributions are located around 3.0
eV in both channels. The present calculations support the
experimental findings. Channel II also showed a peak at low
KER in the experimental data. Unfortunately, the present
calculations do not explain this low energy peak because the
numbers of trajectories obtained for channel II are too limited,
and a much larger number of trajectories must be run for further
insights. Recent theoretical investigations have shown, however,
that two H—H bond distributions in CHs may contribute to the
bimodal product KER distributions.!® The prior observation that
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the distribution with shorter H—H bonds is associated with
dissociation via channel II is consistent with the present result
that the H—H bond distances (H,'—H,' in Figure 1) contributing
to channel II are close to 1.0 A.

C. Additional Comments. We have introduced several
approximations to calculate regions of the PES and to treat the
reaction dynamics. First, we assumed a MP2/6-311++G(d,p)
multidimensional PES throughout the dynamics calculations.
To check the validity of the MP2 surface, QCISD calculations
were carried out for some points obtained in the dynamics
simulations, and the energies of the MP2 results were found to
be close to those of QCISD -calculations (see Supporting
Information). Therefore, the MP2 level of theory is judged to
be effective to obtain qualitative features of the present reaction
dynamics. However, more accurate methods (e.g., CAS and MR-
SD methods) may provide deeper insight in the dynamics.

Second, we have assumed that the reaction proceeds on the
ground-state potential energy surface of CHs and the total energy
of the system (4.7 eV) is fixed to the sum of the zero-point
energy of CHs" and available energy of [CHs]yer. Any contribu-
tions of excited states to the reaction dynamics may change
slightly the branching ratio between channels I and II. Surface
hopping trajectory calculations may be an effective method to
include the coupling effect between ground and excited states.

With the choice of the total energy of the system made in
the current calculations, the three-body dissociation channel,
CHs — CH; + H + H, was not observed. Experimental
investigations of the dissociative recombination of CHs + e~
carried out in a storage ring have a larger available energy (=8.0
eV, 185 kcal/mol) than is obtained with the method of electron
transfer from C; atoms used by Mann et al. (4.1 eV, 95 kcal/
mol). The DR experiments report the three-body dissociation
channel to be dominant,® but it is the lower energy experiments
that are modeled by the calculations presented here.

In the dynamics calculations, we considered the three low-
energy stationary structures of CHs™ (e-C;, s-C;, and Cy,) as
initial geometries. The CHs™ ion has additional stationary points
on the ground-state potential energy surface (for example,
structures of Cy, and D3, symmetry). The structures and energies
of CHs" with the C4, and D3, symmetries are given in the
Supporting Information (Figure S5) but are respectively 2.7 and
10.9 kcal/mol higher in energy than e-C, and have two imaginary
frequencies (978 cm™! for Cy, and 511 cm™! for Ds,). They are
not therefore regarded as candidates for dynamically important
forms of CHs" in the context of the current dissociative
recombination study.

Lastly, in the present study, the initial ranges of structures
and momenta of CHs are generated from a distribution dictated
by the zero-point energy of CHs™. This corresponds to a classical
distribution. Although CHs™ is structurally flexible, the potential
energy surface for the dissociation reaction (CH4 + H) is tighter.
Quantum effects such as penetration of dissociative wave
packets into the walls of the potential, should therefore be small.
Modification of the initial conditions to account for quantum
mechanical behavior may, however, modify the calculated
branching ratios, and thus, to obtain more accurate dynamics,
these effects may need to be incorporated. Despite the assump-
tions summarized above, the results enable us to obtain valuable
new information on the mechanism of the electron capture
dynamics of CHs™.
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