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The dynamics of the hydrogen abstraction reaction between methane and hydroxyl radical is inves-
tigated using an initial state selected time-dependent wave packet method within a six-dimensional
model. The ab initio calibrated global potential energy surface of Espinosa-Garcia and Corchado
was used. Integral cross sections from several low-lying rotational states of both reactants have
been obtained using the centrifugal sudden and J-shifting approximations. On the empirical po-
tential energy surface, the rotational excitation of methane has little effect on the reaction cross
section, but excited rotational states of OH inhibit the reactivity slightly. These results are ratio-
nalized with the newly proposed sudden vector projection model. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866426]

. INTRODUCTION

Recent advances in both algorithms and computational
power have helped quantum dynamical studies to move be-
yond of the A + BC type reactions.!~> Thanks to the larger
number of degrees of freedom, dynamics of reactions involv-
ing four or more atoms are usually richer and more inter-
esting. However, they are also more challenging for quan-
tum dynamical characterization because of the large size of
grid/basis needed to converge the calculations. Except for
few cases,*> full-dimensional quantum dynamical studies be-
yond tetra-atomic reactive systems are almost all based on
the multi-configuration time-dependent Hartree approach.®’
In the mean time, many quantum scattering work employed
reduced-dimensional models, exemplified by studies of the
H + CH,,%> % O + CHy,'*!5 and OH 4+ CH, reactions.!0-20
Benchmark studies have so far suggested that properly de-
vised reduced-dimensional models are capable of giving an
accurate description of the reaction dynamics.'?

Polyatomic reactions offer a fertile field for advanc-
ing our understanding of a fundamental question in reac-
tion dynamics, namely the relative efficacy of various forms
of energy in promoting reactivity. The influence of transla-
tional and vibrational modes of reactants have been exten-
sively investigated by many authors,?'2° and rules of thumb
exist.2’30 However, the effects of reactant rotation are less
well understood.?! This is partly due to the difficulties in ex-
perimental preparation of single quantum states as well as the
rapidly increasing computational costs for exact quantum cal-
culations. It is interesting to note that there are more than one
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rotational degree of freedom for reactive systems with four or
more atoms, thus providing a rich testing ground for under-
standing the rotational effects. Indeed, Zhang and Lee have
addressed this question in the H, + OH*?33 and H, + CN
reactions.** They found that OH rotational excitation mildly
enhances the reactivity while H, rotational excitation inhibits
the H, + OH reaction, and simultaneous rotational excitation
of both H, and OH does not have a correlated effect on dy-
namics. For the H, + CN reaction, CN rotational excitations
up to seven have essentially no effect on the integral cross sec-
tion (ICS) while H, rotational excitation substantially reduces
the cross section.

The particular reaction investigated here is that between
OH and CHg, which produces H,O and CHj3. This is a key
reaction in the combustion of hydrocarbon fuels.>>3¢ In the
troposphere, this reaction represents the major process for the
removal of atmospheric methane,’” which is a greenhouse
gas. Experimental rate constants for the reaction have been
reported over a wide range of temperatures.’’~*" The rate con-
stant is largely Arrhenius at high temperatures but departs the
Arrhenius limit at low temperatures due apparently to tunnel-
ing. The state-to-state dynamics of the OH + CD, reaction
has been studied experimentally by Liu and co-workers.*'~#3
In addition, the vibrational spectroscopy and decay dynamics
of the CH4—OH complex in the entrance channel have been
reported by Lester and co-workers.*»*+

Theoretically, the early attention on the title reaction has
been mostly focused on the transition state, rate constants, and
kinetic isotope effects.**>* There are, however, relatively few
dynamics calculations. Nyman and co-workers'®"'® have, for
example, investigated the mode selectivity of this reaction un-
der the rotating-line and rotating-bond approximations with

© 2014 AIP Publishing LLC
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reduced dimensionality PESs. Subsequently, Yu' performed
quantum scattering calculations on the global empirical PES
of Espinosa-Garcia and Corchado®® using a five-dimensional
model. Very recently, some of the current authors carried out
time-dependent wave packet calculations of the OH + CHy
reaction with six and seven-dimensional models,”” using the
same PES of Espinosa-Garcia and Corchado.’® Here, we ex-
tend that work by focusing on the rotational degrees of both
reactants. This paper is organized as follows. Section II out-
lines the theoretical methodology of the initial state selected
wave packet method. The results are presented in Sec. I1I, fol-
lowed by discussion in Sec. IV. We conclude in Sec. V.

Il. THEORY

The initial state selected time-dependent wave packet
(ISSWP) method employed in the present study is the
same as that in our previous work,2® which has been well
documented.> Hence, we only briefly outline aspects related
to this reaction.

The CH4 molecule in our reduced-dimensional model is
approximated by YCZ3, in which Y is the transferring hy-
drogen and CZj3 represents the non-reactive methyl group.
Both YCZ; and CZj are assumed to maintain the Cz, sym-
metry throughout the reaction.’® The reactant Jacobi coordi-
nates used in the calculations are shown in Fig. 1. The scatter-
ing coordinate R is the distance between the centers of mass
(COMs) of OH and YCZs, r is the distance of OH and is
fixed at its equilibrium position (rjg = 1.833 ap), r, is the
distance between the COM of CZ5 and Y, and r, is the bond
length of CZ in the CZ3 group and is fixed at its equilibrium
position (7,0 = 2.067 ap). Neglecting the CZ; internal rota-
tion, the Cs, symmetry axis of CZ3 group, i.e., s, coincides
with r;.

The six-dimensional (6D) Hamiltonian for the OH

+ YCZ; system is given by (i = 1 hereafter):?%>°
o 19 132 (J—jn? i
 2urAR? 2u, dr  2urR% 2u, 1102
P
+ + K&+ V(R 12, X, 01,02, 9), (1)
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FIG. 1. The seven-dimensional Jacobi coordinates for the OH + YCZj3
system.
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where the moment of inertia, Iycz, = ,uﬂ,.zrz2
3 2 in2 3memy 2 2 i
+ 5Mzryo” SN X + metam, Tu0 cos” x, resulting from

the consideration that the reactant YCZ3 keeps Cz, symme-
try. pg is the reduced mass between OH and Y-CZs, u,, is the
reduced mass of OH, and p,, is the reduced mass of Y-CZ3.
J is the total angular momentum operator of the system and
flz = fl + fz, where fl is the rotational angular momentum
operator of OH, and J, is the rotational angular momentum
operator of YCZ;3 with respect to the axis perpendicular to the
C3y symmetry axis of CZ3 group. In other words, the YCZ;
moiety is approximated as a linear rotor in this model. K, g’é’}
is the vibrational kinetic energy operator for the umbrella
motion of CZ; with the bond length of CZ fixed at 2.067 ay,
which is defined as

1 f[cos?yx sin’x\ 92
=5 + pye]
2ru0 Mx M dx

1 1 1 . a
——5\———)sinxcos x —, 2)
w0 Ms Mox aX

o vib
KC23

where w, = 3myz and uy; = 3mcemz/(mc + 3my).

The parity (¢) adapted time-dependent wave packet is
expanded in terms of the body-fixed (BF) rovibrational
functions,

IJMe, p = =
1// 5(R9r17r21X9t)

= Z F‘Iilvlngi j]jzj]zK(t)un(R)d)Uz (rz)d)vx (X)

nvvy jijpj12K

JM A A
x qjjljziailzK(R’ F1, F2), 3)

where n labels the translational basis functions; v, and v, are
the basis indices for r, and y, respectively; j; and j, are the
rotational quantum numbers of OH and YCZ; moieties. The
translational basis function, u,?, is dependent on v, due to the
employment of an L-shaped grid. /%% , in Eq. (3) is the
parity-adapted coupled BF total angular momentum eigen-
function, which can be written as

27 +1

M _ i
(Djljzsjlzl( - (1 + 81(0) 8—7T

X [DIJ(TMY!'IZK+8(—1)jl+j2+j'2+JD£"I‘<’My_j12*K]’

Jij2 Jiiz
4

where Dy, ,, is the Wigner rotation matrix.>” M is the projec-
tion of total angular momentum J on the space-fixed z axis,
and K is the projection on the body-fixed z axis which coin-
cides with R. Y J/] lsz is the angular momentum eigenfunction

of flz defined as

YJJIIZK = Z (jimi jpK —my |j12K)

mi

X Yjimy 01, 0)y j, k—m, (02, @) &)

and y;,, denotes the spherical harmonics. Note the restriction
that e(—1)/ T2+t =1 for K = 0.
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Under the centrifugal-sudden (CS) approximation,>°
the (J — j)»)? term is given by

(@35ux | = |35 )

~ 85,18 i8inindkk [J(J + D+ ji(in+ 1) — 2K°].
(6)

In other words, K becomes a good quantum number and is
conserved. The potential matrix in the angular basis CIDJJ € can
be calculated as

)= 28k (YIRK [V [VIEF). ()

(@1”8.12K|V|<DJ%84 Jii Jiis >

Jii2j I K’
It can be seen that the potential matrix for even parity is iden-
tical to that for odd parity for K > 0. As both of the po-
tential and centrifugal potential terms are independent of the
total parity of the system, ¢ = *1 yield the same reaction
probabilities.??

In the calculations, we first construct in the reactant
asymptote initial wave packets consisting of a Gaussian wave
packet in the scattering coordinate and internal ro-vibrational
states of both OH and CHy4, denoted by vg = (v29, vy0) and
Jo = (10, j20).- The latter also leads to several possible jjog
values. These wave packets are propagated in time using the
split-operator method.?® In order to obtain the reaction prob-
ability, PU{J ?0 o KO(E ), the flux through the dividing surface,
S[ra = rf1, is obtained from the energy-dependent scattering
wavefunction, ;" (E).

The integral cross section (ICS) from a specific initial
state is obtained by summing the reaction probabilities over
all the partial waves (total angular momentum J),

1
(Z2jio+ D@2jao + 1)
T Je
X Z p Z 2J+ 1)Pv0;01120K0(E)

J120Koe J>Ko

oujo(E) =

1 JioKoe
= G 2 T L ®
Ji120Koe
where alfO';EK“S(E ) is defined as the jj», K and & specific cross
section, and K is taken from O to j;»o. In the case when either
J1 or j, equals to zero, jj» is the sum of j; and j, that can only
take one value. In this study, we focus on the dynamics from
the ground vibrational states, i.e., v, = v, = 0. Thus, we will
drop the indices ¢, v,, vy, and jj» from now on.

The cross section can also be approximately obtained us-
ing the J-shifting (JS) approximation,®"-®> which estimates
the reaction probabilities for / > K by simply shifting the
collision energy in the probability for J = K, i.e., P/~ X(E)
= P/=X(E — AE), where AE = B*[J(J + 1) — K(K + 1)].%
This approximation is much less costly than the coupled-
channel (CC) calculation, but it may introduce significant
eITors.

lll. RESULTS

The numerical parameters employed in the calculations
on an L-shaped grid are similar to those used in our previ-

J. Chem. Phys. 140, 084307 (2014)

ous work.2 For the translational coordinate R, 110 sine dis-

crete variable representation (DVR) basis/points are used in
the whole range from 3.5 to 12.0 a¢ and 35 sine DVR ba-
sis/points are used in the interaction region. For the dissociat-
ing C—H bond of r,, 26 PODVR basis/points are used in the
interaction region, and 3 PODVR basis/points are used in the
asymptotic region. Twelve PODVR points are used for x in
the range from O to 7. The angular basis is 42 for jjm.x and 43
for jomax, respectively. The center of the initial wave packet is
located at 11.0 ¢ and the propagation time is around 18 000
a.u. with a time step of 15 a.u. The flux dividing surface is
positioned at r§' = 3.5 ao.

Our calculations are based on the ab initio calibrated PES
of Espinosa-Carcia and Corchado,” which was constructed
by augmenting the previous potential function for the H/O
+ CH4 systems®*% with two new terms: a Morse function
to describe the O—H bond and a harmonic bending term to
describe the H-O-H bending mode. This PES has a linear
transition state with a barrier height of 0.34 eV with respect
to the reactant asymptote.

A. Comparison of the CS and JS approximations

In our calculations, the reaction probabilities for J = K
were obtained under the CS approximation and the probabil-
ities for J > K were obtained using the JS approximation.
The rotational constant B* is taken as 0.28126 cm™!, which
is obtained from the geometry of the saddle point of the PES
(taken from Table IT of Ref. 50). In our previous work, we
have tested on the accuracy of the CS and JS approximations
by comparing their ICSs with the CC results.?’ It was found
that the CS approximation works well over the whole energy
range studied, and the JS approximation provides accurate
cross sections at low collision energies while overestimates
them at relatively high collision energies. However, the test
was limited to the case with the ground rovibrational states of
the reactants. Here, we extended the comparison to rotation-
ally excited state, i.e., j; = 0, j» = 4, and K = 2. The calcu-
lations were, however, performed only under the CS and/or
JS approximations, because a CC calculation is prohibitively
expensive.

Figure 2 shows the CS and JS probabilities for the OH
(j1 = 0) + CHy4 (j, = 4) reaction with J = 30, 60, 90, and 120
and K = 2 as a function of translational energy. The CS prob-
ability for / = 2 and K = 2 is given for comparison. As can
be seen from the figure, the JS probability for J = 30 is quite
similar to the CS probability over the whole energy range. As
J increases, however, the difference between the CS and JS
probabilities increases. It appears that the JS approximation
gives a good estimation of the energy threshold while it over-
estimates the reaction probability in higher energy range.

In Fig. 3, we present the CS and JS ICSs for the OH(j;
= 0) + CHy(j, = 4) reaction. It is apparent that the JS cross
sections resemble the CS ones near the reaction threshold.
As the collision energy increases, the JS approximation in-
creasingly overestimates the ICS, with the relative error up
to 30%. These conclusions are generally consistent with the
findings from the ground rovibrational states of the reactants.
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— J=2(CS)
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FIG. 2. The comparison of the CS and JS probabilities for the OH(j; = 0)
+ CH4(j» = 4) reaction with J = 2, 30, 60, 90, and 120 and K = 2 as a
function of translational energy.

Considering that the JS approximation is based on a very
simple physical model, its performance is quite acceptable
for this reaction. As the JS approximation greatly reduces
the computational costs, the results below were all calculated
with this approximation.

B. OH rotational excitation

Figure 4 shows the K-specific and averaged JS ICSs for
the OH(j; = 1, 3, 5) + CH4(j» = 0) reaction as a function
of collision energy. For K = 0, the initial state exists only
in even total parity, while for K > 0, it exists in both even
and odd total parities. However, the two total parities give the
same cross section under the CS approximation. The K de-
pendence of the ICSs ‘7'K—1 is shown in the upper panel of

Fig. 4. Clearly, o; ! is substantially larger than o jK =Y in the

energy range above the threshold. For j; = 3 and 5, as shown

25 T T T T T T T T
- (j,=0,j,=4,K=2)
204 === JS
< 15 -
(=)
L
o) 10 -
S
5
0 T T y T T T T T
0.0 0.2 0.4 0.6 058 10
E ans (V)

FIG. 3. Comparison of the CS and JS ICSs for the OH(j; = 0) + CH4(j»
= 4) reaction with K = 2 as a function of translational energy.
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FIG. 4. The K-specific and averaged JS ICSs for the OH(j; = 1, 3, 5)
+ CH4(j2 = 0) reaction as a function of translational energy.

in the central and lower panels of the same figure, respec-
tively, the cross section increases with the value of K, i.e.,

K3 o gK=2 5 gK=l o GK=D K=5 _ _K=4 _ _K=3
0ofZ > o0fZ > of 3>(7 and 022 > o= > o5
>0kZ >o0f5 > of Th1s trend also holds for j; = 2

and 4

The JS ICSs for the OH(j; = 0-5) + CHy(j, = 0) re-
action are plotted in Figs. 5(a) and 5(b) as a function of
translational and total energy, respectively. From Fig. 5(a),
we can see that the rotational excitation of OH clearly in-
hibits the reaction, at least when j; < 5. Although the OH
rotation has almost no effect on the energy threshold and
the cross section profiles are similar to each other from
different rotational states, the amplitudes are quite differ-
ent. The ICS decreases with the increase of the value of
Jji, in sharp contrast to the effect of OH rotation in the
OH + H, reaction®> where OH rotation excitation mildly en-
hances the cross section. The different behavior can be traced
to the K dependence. It was found that in the diatom-diatom
reactions the cross section first increases and then decreases
with the increase of K for K > 2. In the OH + CH, reaction,
the cross section, however, has a monotonically increasing K
dependence. In Fig. 5(b), the ICSs are plotted as a function
of total energy. Obviously, the rotational energy of OH is less
efficient than translational energy in promoting the reaction.
This conclusion is consistent with the 3D results of Nyman
and Clary on a model PES'® and 5D results of Yu using the
same PES." It appears that these reduced dimensional models
have captured the essence of the dynamics.
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FIG. 5. The averaged JS ICSs for the OH(j; = 0-5) + CH4(j> = 0) reaction
as a function of (a) translational energy and (b) total energy.

C. CH, rotational excitation

In Fig. 6, we present the K-specific and averaged JS ICSs
for the OH(j; = 0) + CHy4(j» = 1, 3, 5) reaction. It can be
seen that the cross section decreases with the increase of K
over the entire energy range except that o £ =)' > o j12<:=30 at high
collision energies above about 0.8 eV. We also examine the K
dependence of the ICSs for j, = 2 and 4. They show the same
behavior as those for j, = 1, 3, and 5. The K dependence for
CHy4 rotational excitation is clearly different from that for OH
rotational excitation. Interestingly, it is similar to the K depen-
dence of H, rotational excitation in the OH + H, reaction.’?

The averaged JS ICSs for the OH(j; = 0) + CH4(j»
= 0-5) reaction are plotted in Figs. 7(a) and 7(b) as a func-
tion of translational and total energy, respectively. It can be
seen from Fig. 7(a) that the rotational excitation of CH, has
a very mild inhibition effect. The ICSs for j, = 0, 1, and 2
are almost indistinguishable. For the six different initial states
studied here, they give nearly the same energy threshold. This
is different from that of H, rotational excitation in the OH
+ H, reaction,’>% in which the rotational excitation of H,
presents a large inhibition effect. The ICSs are plotted as a
function of total energy in Fig. 7(b). Obviously, the rotational
energy of CHy is slightly less efficient than translational en-
ergy. However, we note that the approximate treatment of the
CHy, rotation as a linear rotor serves as a caveat on the afore-
mentioned conclusion as this approximation assumes its ro-

J. Chem. Phys. 140, 084307 (2014)
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FIG. 6. The K-specific and averaged JS ICSs for the OH(j; = 0) + CHx(j>
=1, 3, 5) reaction as a function of translational energy.
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FIG. 7. The averaged JS ICSs for the OH(j; = 0) 4+ CH4(j2 = 0-5) reaction
as a function of (a) translational energy and (b) total energy.
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tational angular momentum vector is always perpendicular to
the breaking C—H bond and no rotation along the C—H bond.

IV. DISCUSSION

To understand the dependence of the reactant rotational
excitations in this reaction, we resort to the recently pro-
posed Sudden Vector Projection (SVP) model.”®-*! Based on
the premise that the rate for intramolecular vibrational en-
ergy redistribution (IVR) is longer than the collision time,
SVP attributes the efficacy of a reactant mode in promot-
ing the reaction to its coupling with the reaction coordinate
at the transition state. Such a coupling is quantified by the
overlap between the reactant normal Enodel (Q;) and the reac-
tion coordinate vector (Qrc): Pi = Q; - Qrc € [0, 1]. It has
been shown that the SVP model correctly predicted the trends
in reactions involving diatomic, triatomic, and penta-atomic
reactants.”1-%%" The details for the determination of the
vectors (Q), including those for the reactant rotation, have
been given in our earlier work.?*3!

The SVP values for the reactant modes on the empirical
PES of Espinosa-Garcia and Corchado are listed in Table 1.
It is clear that the symmetric stretching mode of CHy4 has the
largest efficacy in promoting the reaction. This is followed
by the antisymmetric stretching mode. The reaction is also
readily enhanced by the translational mode. The two bend-
ing modes of CH, and the OH stretching mode have negli-
gible overlaps with the reaction coordinate, thus having lim-
ited capacity to enhance the reaction. These conclusions are
consistent with the results presented in our earlier paper on
this reaction,”” as well as earlier work.'%1%30 Interestingly,
the SVP values for the rotational degrees of freedom of both
reactants also suggest near orthogonality with the reaction co-
ordinate. This is consistent with the results presented above.
The inhibitory effects of the reactant rotational excitation can
be attributed to the so-called “dis-orienting” effect, which at-
tributes the lower reactivity of rotationally excited reactants
to their difficulties to enter the cone of acceptance.®®70

However, the conclusions reached by the quantum dy-
namical studies reported here may not be definitive, as the
PES used in the calculations is empirical in nature. To il-
lustrate the possible deficiencies of the PES, we compare in

TABLE 1. SVP projections (P; = Q,— . QRC) on the PES of Espinosa-
Garcia and Corchado and based on ab initio calculations (UCCSD(T)-
F12a/AVTZ).

Species PES Ab initio Mode*

CHy 0.289 0.344 Asymmetric stretch
0.471 0.425 Symmetric stretch
0.015 0.013 Rock bend
0.011 0.087 Umbrella bend
0.001 0.096 In-plane rotation
0.000 0.000 Out-of-plane rotation

OH 0.002 0.016 Stretch
0.034 0.128 Rotation

CH4—OH 0.265 0.431 Translation
0.000 0.000 Relative rotation

2For degenerate modes, the average is used.
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180.0°
172.4

1.317
1.206

Frequencies:

3800, 3278, 3278, 3103, 1528, 1398, 1398, 1220,
1015, 833, 630, 440, 432, 34, 1703i

3756, 3200, 3197, 3067, 1479, 1454, 1354, 1279,
1199, 898, 715, 323, 309, 83, 1418i

FIG. 8. The saddle point geometry for the title reaction determined at the
CCSD(T)-F12a/AVTZ level of theory. The corresponding PES and ab initio
values for the bond lengths (A), bond angles (degree), and harmonic frequen-
cies (cm™ ") are listed in normal and italic fonts, respectively.

Fig. 8 the transition-state geometry obtained using an ex-
plicitly correlated version of the unrestricted couple clus-
ter singles, doubles and perturbative triples method with the
correlation corrected augmented valence triple zeta basis set
(UCCSD(T)-F12a/AVTZ)""-7? with that calculated from the
PES. This level of theory has been shown to provide com-
plete basis set quality.”® Significant differences are found in
the saddle point geometries: The ab initio OHC angle is less
than 180° while that on the PES is collinear, the ab initio
HOH angle is smaller than that on the PES, and the distances
between the transferring H and the two heavy atoms are sig-
nificantly different from those on the PES. In addition, the
imaginary frequency at the saddle point is overestimated by
the PES. These differences raise a serious question concern-
ing the accuracy of the PES and suggest the need to construct
a more accurate global PES based on a large number of high-
level ab initio points.

To predict the mode selectivity with the ab initio sad-
dle point, we have computed the corresponding SVP val-
ues, which are also listed in Table I. The overall agreement
between the PES and ab initio values is good, but there
are some quantitative differences. In particular, we note that
the rotational modes of the two reactants appear to be more
strongly coupled with the reaction coordinate. As a result,
the conclusions based on the empirical PES might need some
modifications.

V. CONCLUSIONS

In this work, we have studied the effect of reactant ro-
tation on the dynamics of the OH + CHy reaction using the
initial state selected time-dependent wave packet method. The
calculation has been carried out on an empirical global PES
within a reduced six-dimensional model. The accuracy of the
JS approximation for rotationally excited states of the reac-
tants was assessed by comparing its ICSs with the CS results.
It was found that the JS model performs well at low collision
energies just above the energy threshold while it obviously
overestimates the CS ICSs at high collision energies.
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Within the JS model, it is found that the rotational energy
of OH is less efficient than translational energy in promoting
the reaction. For the initial states j; = 1, 2, 3, 4, and 5, they all
present a monotonic increasing K dependence over the whole
energy range studied. On the other hand, the rotational exci-
tation of CHy is slightly less efficient than translational en-
ergy. Interestingly, they present a completely different K de-
pendence with respect to the rotational excitation of OH. For
Jjo=1,2,3,4, and 5, they give a monotonic decreasing K
dependence at low and moderate collision energies. The low
efficacies of the rotational degrees of freedom of the two re-
actants are attributed based on the SVP model to their lacks
of coupling with the reaction coordinate of this reaction.

However, it needs to be pointed out that the PES used
in this work is not sufficiently accurate to yield definitive
conclusions concerning the mode selectivity in this reaction.
High-level ab initio determination of the reaction saddle point
uncovered substantial inaccuracies in the PES, which un-
derscores the urgent need to develop quantitatively accurate
global PES for this prototypical reaction.
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