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We present calculations on reactions of the type X+ CZ3Y f XY + CZ3 using a reduced-dimensionality
model with two degrees of freedom. Only the Y-C vibrational modeν1 of CZ3Y and the stretching vibration
of X-Y are treated explicitly in the scattering problem. An approximation accounting for the umbrellaν2

mode of CZ3 has been introduced. A direct comparison with previous calculations of state-selected reaction
cross sections is made on the reactions O(3P) + CH4 f OH + CH3 and O(3P) + CH3D f OD + CH3. The
results show that the approximation applied, in which the umbrella mode is not accounted for explicitly in
the scattering calculations, gives good results for some vibrationally selected reaction cross sections. In
agreement with previous results, we find that the umbrella mode is more efficient in promoting the O(3P) +
CH4 f OH + CH3 reaction and that the stretching vibration enhances the O(3P) + CH3D f OD + CH3

reaction.

1. Introduction

In recent years, reduced-dimensionality (RD) quantum scat-
tering models have been developed to study reactions involving
polyatomics. Those models consider a subset of the degrees of
freedom and treat them by rigorous quantum methods while
accounting for the remaining degrees of freedom by a variety
of approximate methods, like the energy-shifting procedures1-3

and more complex adiabatic treatments.
A number of reactions involving more than four atoms have

been studied using RD quantum scattering techniques. These
reactions include OH+ CH4 f H2O + CH3,4,5 H + C2H2 f
H2 + C2H,6 NH3 + OH f NH2 + H2O,7 H + CH4 f H2 +
CH3,8 Cl- + CH3Cl f ClCH3 + Cl-,9 and Cl- + CH3Br f
ClCH3 + Br-.10

The rotating bond approximation (RBA)11-13 enables the
selection of degrees of freedom that can be identified with
vibrational or rotational modes in both reactants and products.11

It has been applied to many four-atom polyatomic reactions11,14

and has been extended to treat the umbrella vibration in the
gas-phase SN2 reactions9,10,15,16and the hydrogen abstraction
reaction in three- and four-dimensional calculations17-19 in
which the umbrella motion was described as an angular
coordinate.

Nyman and Yu (1998)20 used a related 2D quantum scattering
model to derive rate constants for the Cl+ CH4 f HCl + CH3

reaction. The model is in essence the rotating linear model
(RLM), but it incorporates an adiabatic correction that differs
from that used in the bending-corrected rotating linear model
(BCRLM).21,22 In BCRLM, the constructed potential function
includes the zero-point energies (ZPEs) of the modes not
explicitly treated in the quantum dynamics. Their model was
previously used to study the OH+ CH4 f CH3 + H2O reaction,
and it was termed the rotating line approximation (RLA). A

comparison with a 3D, RBA model has also been investigated.23

In the RLA calculation, the H2O bend was not explicitly treated;
the RBA and RLA rate constants were in close agreement when
the adiabatic treatment is used for the bending degree of
freedom, which is treated explicitly in the RBA but not in the
RLA. As an extension to their 2D model, Yu and Nyman24

developed a three-dimensional model to study again the Cl+
CH4 f HCl + CH3 reaction in which the umbrella mode is
treated explicitly and was simulated by the vibration of the
pseudo-diatom approximation of CH3, it was termed rotating
line umbrella (RLU) model. Furthermore, the authors developed
a 4D model termed rotating bond umbrella (RBU) model25 and
applied it first to the Cl+ CH4 f HCl + CH3, H + CH4 f H2

+ CH3,26 and O+ CH4 f OH + CH3
27 reactions, in which the

zero-point energy of the modes not explicitly treated in the RBU
calculations is approximately included. The RBU model includes
four internal motions: the two reactive bond stretches, the
umbrella vibrational mode, and the rotational mode of CH3,
which becomes a bending mode in CH4.

Many reliable RD models have been used frequently to study
the hydrogen abstraction reactions from methane.17-20,26-30

Cumulative and state-to-state reaction probabilities, as well as
thermal rate constants, were also computed20,26,28,29and com-
pared to experimental ones. Time-dependent wave packet
calculations were used to obtain reaction probabilities for state-
selected reagents.28,31

Earlier work30 on the O(3P) + CH4(s′,u′) f OH(s) + CH3

reaction was based on a three-dimensional model (3D, RBA)
and treats explicitly the CH4 umbrella and bending vibrational
modes, the CH3 umbrella mode, and CH3 rotations. The
following studies17 were based on an extension of that model,
using different approaches for treating the umbrella motion. The
latest work (4D, RBA)19 examines the role of the symmetric
and asymmetric stretching vibrations of CH4 on promoting
reaction. There are many experimental reports of the rate
constant for this reaction.17,26 The same model was also used
later32 to study the effect of the symmetric and the asymmetric
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stretching vibrations on the O(3P) + CH3D(s′,u′) f OD(s) +
CH3 reaction.

It is important to develop RD models that can be evaluated
by direct comparisons with experiment or exact state-selected
or state-to-state reaction probabilities. This can be achieved by
including in the models normal vibrations of the actual
molecule17,19 that do not distort significantly the vibrational
modes of reactants and products. The basic idea behind RD
models is that just a few degrees of freedom of the reactive
system participate actively during the collision process.1 The
others act as spectators to the reaction. Accordingly, only this
small number of active degrees of freedom are treated explicitly
in close-coupling expansions in quantum scattering calculations.
For all of these reasons, in the present study, we introduce an
approximation to a previously used (3D, RBA) model30 and
evaluate the reagent state-selected cross sections. This model
accounts for one internal degree of freedom; the second is the
scattering coordinate. On the reactant side (X+ CZ3Y), the
method explicitly considers the Y-C vibration s′ of the breaking
bond in CZ3Y, while on the product side (XY+ CZ3), only the
X-Y vibration s of the forming bond is considered explicitly.
The umbrella motion, characterized by the u′ quantum number,
was not coupled to the internal degree of freedom in the present
calculations. In the 2D model, we evaluate the Hessian matrix
of the potential function and add the harmonic frequency of
the selected excited umbrella state to the optimized potential
during a family of independent calculations, one for each
umbrella excited state. This represents an extension of the
BCRLM to polyatomic reactions.

We study the following reactions

Comparison with the RBA results enables the importance of
coupling the umbrella vibration to the scattering coordinate to
be examined. We discuss the differences between the present
and the previous RD calculations using the same potential
energy surfaces (PESs) to facilitate understanding of reaction
dynamics of polyatomics. The paper is organized as follows.
In section 2, we describe the theory and give some numerical
details. In section 3, we show the reaction probabilities and
discuss them. Finally, we present our main conclusions in section
4.

2. Theory

We employed the hyperspherical coordinates (F,δ) defined
in the usual way from the JacobiR1 andR2 coordinates to write
the Hamiltonian, perform calculations, and extract the scattering
S-matrix.30 The distance joining X and Y atoms isR2, and the
distance between the center of mass of XY and the center of
mass of CZ3 is R1. The polar hyperspherical coordinates15,33

are obtained from the following transformation

whereM1, M2, M3, andµ ) (M1M2M3)1/3 are defined in ref 30.
The Hamiltonian for use in our calculations is extracted from
the same reference

where J is the total angular momentum quantum number
associated with the rotation of X-Y-CZ3 as a rigid linear body
andV(F,δ,θ) is the potential energy surface.θ and the remaining
terms are defined in ref 30. The integration procedure is made
betweenFmin andFmax overNγ sectors. For a fixed total energy
E and initial quantum statek′, the total wave function is
expanded in each sectori in the coupled channel form

whereN is the number of propagated channels andNδ is the
size of theψnδ

ref(δ;Fi) basis.Fi indicates the value ofF in the
center of theith sector, andk′ ) (s′,u′); s′ andu′ are the quantum
numbers of the stretching and umbrella vibrations of CZ3Y,
respectively.

Equation 5 is equivalent to eq 14 of the 3D, RBA model;30

however, in this 2D model, the sum is restricted tosvibrational
states of products XY rather than the sum overk ) (s, u)
products vibrational states. The consequence of this new defini-
tion of the initial wave function will be discussed in section 3.

ψnδ
ref(δ;Fi) are the discrete variable representation (DVR)34,35

eigenvectors of the Hamiltonian

The hyperspherical adiabats,εs(Fi), are the corresponding
eigenvalues of this Hamiltonian. They are obtained by using a
particle-in-a-box primitive basis set with 0e δ e δmax, δmax )
arctan[(mYmtot/(mX(mC + 3mZ)))1/2] andmtot ) mX + mY + mCZ3.

The remaining umbrella degree of freedomθ changes from
the reactant side to the product side. The calculation of its
frequency was performed around the optimized angleθm, and
the harmonic potential for the umbrella mode was included
adiabatically in the dynamics to account for the zero-point
energy. For state-selected umbrella excited reactants (u′ quantum
number), a reference potential has been introduced. A potential
V0(δ;Fi) was obtained by minimizing the potential energy
V(δ,Fi,θ) with respect toθ for each value ofδ. At the optimized
structure, the second derivative of the potential energy function
with respect to the nuclear angleθ was calculated by numerical
differentiation. Finally, the force constant matrixKu′ gives the
umbrella harmonic frequency

For u′ g 0, the reference potential is

Note that the umbrella adiabatic eigenvalues form an effective
potential, which, when added to the minimized potentialV0-
(δ;Fi) in each sectori, forms the reference potential of eq 7.

The treatment of the umbrella degree of freedom within this
adiabatic approach required a family of calculations of the
S-matrix for a givenu′ value, one for each umbrella state. The
adiabats are solutions of the Hamiltonian of eq 6 with the
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reference potential defined by eq 7. The overlap matrix and the
adiabats are stored to be used for higher angular momentumJ
as described in ref 36. At large values ofF, the asymptotic wave
functionsψnδ

ref(δ;Fi) become eigenstates of either of the chan-
nels X+ CZ3Y(s′,u′) or XY(s) + CZ3. We used the expectation
value of

to classify the asymptotic reactant and product states. In matrix
form, the reactive equations are expressed simply by

with the diagonal matrix

With addition of the centrifugal termJ(J + 1)/(2µF2) to eq
10, calculations were performed up to a maximum valueJmax

to ensure convergence of cross sections. We used theR-matrix
propagation method37 with a constant step to solve eq 9.
Approximate boundary conditions are then applied forFi ranging
from Fa to Fb to obtain sector scattering matrix elements
Sn′n,i

J (E) for each total energyE. Squaring the state-to-state
Sn′n,i

J (E) elements produces the state-to-state probabilities
Pn′n,i

J (E). Averaging them over sectors in the asymptotic region
gives the state-to-state probabilitiesPn′n

J (E) for the model. The
reagent state-selected cross section for the model was calculated
as

where λn′
2 ) 2µX,CZ3Y(E - εn′)/p2, λn′ stands for the initial

translational wavenumber andµX,CZ3Y ) mXmCZ3Y/mtot.
Numerical parameters used in the calculations are reported

in Table 1. For the O(3P) + CH4 reaction, calculations were
performed using the analytical potential surface (APS) of
Corchado et al.38 appropriate for the reaction on the3A′ potential
with a classical barrier height of 13.6 kcal mol-1, which is
endothermic by 4.9 kcal mol-1. Calculations for the O(3P) +
CH3D reaction were performed using the semiempirical potential
surface with symmetry3A′′ of Jordan and Gilbert39 modified
by Epsinosa et al.40 having a classical barrier height of 13.0
kcal mol-1.

3. Results and Discussion
The vibrational frequencies for the present RD model are

shown in Tables 2 and 3 for reactions O(3P) + CH4 and O(3P)

+ CH3D, respectively. These results compare favorably with
the RBA values. We notice that according to the inequalities
of their ground-state energies, the threshold energy for the
reaction O(3P) + CH3D should be lower than that for the
reaction O(3P) + CH4.

3.1. Application to the O(3P) + CH4(s′,u′) Reaction.In the
previous calculations,17,30computations were done on the same
PES that we have used here and with the wave functionΨk-
(δ,θ;Fi) expanded ins and u variables (see, eq 14 of ref 30),
whereΨk(δ,θ;Fi) can be identified with quantum states of either
CH4 or OH + CH3 whenFi becomes large. Furthermore, it was
found in these 3D, RBA calculations that transitions from
(s′ ) 1, u′ ) 0) and (s′ ) 0, u′ ) 2) lead to excitations of CH3
to eitheru ) 1 oru ) 2. Here, we examine the effect of exciting
the umbrella and stretching vibrational modes of CH4 and CH3D
on the reactivity using the model described in section 2.

Results are reported in Figures 1-7 and show the cross
sections summed overs product states for the O(3P) + CH4-
(s′,u′) reaction as a function of the initial translational energy
of the (s′ ) 0, u′ ) 0) state of CH4. Comparisons between the
present calculations and RBA results from ref 30 are also
reported. It can be seen in Figure 1 that cross sections out of
the ground state (s′ ) 0, u′ ) 0) have the same threshold energy
and a similar behavior. The two sets of results show a good

TABLE 1: Values of the Parameters Used in the Scattering
Calculationsa

reaction

1 2

N 10 10
Nδ 120 120
Nγ 235 202
Fmin 6.5 4.8
Fmax 30 25
Fa 24 20
Fb 30 25
Jmax 200 200

a Distances are in atomic units.

TABLE 2: Vibrational Frequencies in cm-1

vibration RBA30 model

umbrella CH4 1248 1177
umbrella CH3 517 501
C-H stretch 2772 2732
O-H stretch 3563 3548

TABLE 3: Vibrational Frequencies in cm-1

vibration model

umbrella CH3D 1229
umbrella CH3 546
C-D stretch 2103
O-D stretch 2609

Figure 1. Initial state-selected CH4(0,0) cross section as a function of
translational energy of the (s′ ) 0, u′ ) 0) initial ground state summed
over all product states (b) compared to RBA results (0).

〈ψnδ
ref(δ;Fi)|δ|ψnδ

ref(δ;Fi)〉 (8)

d2
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2

-
p2J(J + 1)

2µFi
2 ] (10)

σn′ (E) )
π

λn′
2
∑

n
∑
J)0

Jmax

(2J + 1)Pn′n
J (E) (11)

Simplified Reduced-Dimensionality Study J. Phys. Chem. A, Vol. 107, No. 49, 200310853



agreement over the whole energy range. This suggests that the
inclusion of the zero-point energy (of the umbrella mode) to
the PES has provided an accurate description of the dynamics
of umbrella motion especially at threshold.

Cross sections out of (s′ ) 1, u′ ) 0) shown in Figure 2
have the same trend with the previous computations; the 2D
cross section is however smaller than the RBA over the whole
energy range. Also its threshold is larger than the RBA one. In
Figure 3, we plot the cross section obtained by the sum of cross
sections out of (s′ ) 1, u′ ) 0), (s′ ) 1, u′ ) 1), and (s′ ) 1,
u′ ) 2). This cumulative cross section, accounting for the
umbrella mode contribution (u′ ) 0, 1, and 2) from the products

compares quite well with the RBA state-selected cross section
(s′ ) 1, u′ ) 0) and recovers its effect missing in the total wave
function expansion of this 2D model (see eq 5). Because the
umbrella motion is treated as if it is adiabatically separable from
motion in the (F,δ) coordinates, the small difference may be
assigned to the neglect of the strong coupling between the
stretching mode and the umbrella mode during the reaction.

We present in Figure 4 cross sections from (s′ ) 0, u′ ) 1).
This cross section has a large threshold and underestimates the
RBA results significantly. However, we show in Figure 5 that
the sum over (s′ ) 0, u′ ) 0), (s′ ) 0, u′ ) 1) and (s′ ) 0, u′
) 2) state-selected cross sections is in slightly better agreement

Figure 2. Initial state-selected CH4(1,0) cross section as a function of
translational energy of the (s′ ) 0, u′ ) 0) initial ground state summed
over all product states (b) compared to RBA results (0).

Figure 3. Sum over initial state-selected CH4(1,0)+ CH4(1,1)+ CH4-
(1,2) cross sections as a function of translational energy of the (s′ ) 0,
u′ ) 0) initial ground state summed over all product states (b) compared
to RBA initial state-selected CH4(1,0) cross section (0).

Figure 4. Initial state-selected CH4(0,1) cross section as a function of
translational energy of the (s′ ) 0, u′ ) 0) initial ground state summed
over all product states (b) compared to RBA results (0).

Figure 5. Sum over initial state-selected CH4(0,0)+ CH4(0,1)+ CH4-
(0,2) cross sections as a function of translational energy of the (s′ ) 0,
u′ ) 0) initial ground state summed over all product states (b) compared
to RBA initial state-selected CH4(1,0) cross section (0).
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with the RBA (s′ ) 0, u′ ) 1) result. Cross sections out of the
second excited state of the umbrella vibration (s′ ) 0, u′ ) 2)
of Figure 6 also underestimate the RBA values and have a large
threshold, whereas we see in Figure 7 that the comparison is
improved for the cumulative cross sections from (s′ ) 0, u′ )
2) to (s′ ) 0, all u′). The “umbrella summed” cross sections
are closer to the RBA (s′ ) 0, u′ ) 2) state-selected cross
sections.

We remark that, apart from the equivalence for the ground-
state cross sections with the RBA calculations, only cumulative
cross sections (Figures 3, 5, and 7) are close to the 3D, RBA
calculations. Cross sections with one quantum of internal
excitation in the umbrella mode underestimate the RBA results

(because the cross sections reported here are only summed over
the degrees of freedom explicitly treated in the quantum
scattering calculations). A systematic behavior has been under-
lined, in which state-selected cross sections in (s′, u′) excited
vibrational modes have large thresholds and small contribution
when compared to the 3D, RBA model. This reinforces the
fact17,19,30that the umbrella mode promotes the O(3P) + CH4

reaction and is strongly coupled with the reaction coordinate
and also with the stretching mode.

It is evident that the adiabatic procedure, together with a sum
over the state-selected cross sections in the umbrella mode, has
improved the comparison between the 2D and the RBA state-
selected cross section calculations. This is not surprising because
the umbrella degree of freedom does contribute effectively to
the progress of the reaction and an explicit treatment is necessary
to get a good estimate of the state-selected cross sections.

3.2. Application to O(3P) + CH3D(s′,u′) Reaction. The
reagent state-selected cross sections (s′ ) 0, u′ ) 0), (s′ ) 1, u′
) 0), and (s′ ) 0, u′ ) 1) are plotted versus the initial
translational energy of the (s′ ) 0, u′ ) 0) state of CH3D in
Figures 8-10 for the O(3P) + CH3D reaction. Comparisons are
made with 4D, RBA results from ref 32 from which some values
are reported on the plots. We note that the present and RBA
cross sections are quite close. They exhibit the same trend and
thus provide quite a good agreement for the thermal energy
range.

However, the present cross section out of (s′ ) 1, u′ ) 0) is
smaller than the RBA at high energies. This result reinforces
the fact that the stretching mode has a major effect in promoting
this reaction and confirms the strong coupling between the mode
promoting the reaction and the remaining modes as was the
case for reaction 1 with the umbrella mode. Because the
umbrella mode does not have such an important role in this
reaction, the state-selected cross sections (in the umbrellau′
mode) within this adiabatic approximation describe the dynamics
quite accurately.

One could expect that cumulative probability will recover
the contribution missing in the state-selected cross sections (in
part due to the sum only over explicitly treated degrees of

Figure 6. Initial state-selected CH4(0,2) cross section as a function of
translational energy of the (s′ ) 0, u′ ) 0) initial ground state summed
over all product states (b) compared to RBA results (0).

Figure 7. Sum over initial state-selected CH4(0,0)+ CH4(0,1)+ CH4-
(0,2) cross sections as a function of translational energy of the (s′ ) 0,
u′ ) 0) initial ground state summed over all product states (b) compared
to RBA initial state-selected CH4(1,0) cross section (0).

Figure 8. Initial state-selected CH3D(0,0) cross section as a function
of translational energy of the (s′ ) 0, u′ ) 0) initial ground state
summed over all product states (b) compared to RBA results (9).
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freedom in the definition of the total wave function) and lead
to comparable thermal rate constants, when adequate energy-
shifting procedures are applied. In the RLA calculations reported
by Nyman,23 on the OH+ CH4 f CH3 + H2O reaction, the
H2O bending degree of freedom does not contribute effectively
to the reaction and hence the RLA cumulative reaction prob-
ability and the thermal rate constant agreed well with the 3D,
RBA model that treats explicitly the bending mode during the
calculations.

4. Conclusions

The principal goal of this paper has been to examine the state-
selected dynamics in the reaction of O(3P) with CH4 and CH3D.
A reduced-dimensionality quantum-dynamical method has been
used in which two stretching vibrations are treated explicitly
and the umbrella vibration mode is accounted for by using an
adiabatic approximation. Comparison with cross sections ob-
tained with the RBA, in which the umbrella mode is treated
explicitly, shows good agreement for transitions out of the
ground vibrational states. For transitions from vibrational excited
states, the agreement is not so good, especially for CH4. The
results illustrate the significant effect of the umbrella mode on
this reaction and suggest that quantum-dynamical calculations
that do not treat this mode explicitly should be used with caution.
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