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ABSTRACT: The bimolecular hydrogen abstraction reactions of methane with atoms
have become benchmark systems to test and extend our knowledge of polyatomic chemical
reactivity. We review the state-of-the-art methodologies for reaction dynamics
computations of X + methane [X = F, O(3P), Cl, Br] reactions, which consist of two
key steps: (1) potential energy surface (PES) developments and (2) reaction dynamics
computations on the PES using either classical or quantum methods. We briefly describe
the permutationally invariant polynomial approach for step 1 and the quasiclassical
trajectory method, focusing on the mode-specific polyatomic product analysis and the
Gaussian binning (1GB) techniques, and reduced-dimensional quantum models for step 2.
High-quality full-dimensional ab initio PESs and dynamical studies of the X + CH4 and
CHD3 reactions are reviewed. The computed integral cross-sections, angular, vibrational,
and rotational product distributions are compared with available experiments. Both
experimental and theoretical findings shed light on the rules of mode-selective polyatomic
reactivity.

I. INTRODUCTION

Since the first three-dimensional quantum mechanical study
of the dynamics of the H + H2 reaction reported by Schatz
and Kuppermann1 in 1975, reaction dynamics has become a
growing field of chemical sciences driven by the close interaction
between theory and experiment. In the early years atom + diatom
reactions, such as H, F, and Cl + H2, received a lot of
attention.2−4 This class of reactions is often referred as A + BC,
and the so-called ABC code5 is routinely used nowadays for
quantum reactive scattering computations for A + BC systems.
Many experiences with atom + diatom reactions, accumulated
mainly using quasiclassical trajectory (QCT) calculations,
resulted in the Polanyi rules,6 which are the rules of thumb of
reaction dynamics. The rules say that the location of the barrier
that separates the reactants from the products determines the
relative efficacy of translational and vibrational energy on the
reactivity. For early barrier reactions (the transition state has
a reactant-like structure), the relative translational energy of the
reactants is more efficient than vibrational excitation to activate
the reaction, whereas the reverse holds for late-barrier reactions.
The extension of these rules for polyatomic systems may not
be so simple due to the increasing number of vibrational degrees
of freedom, which may involve the concerted motion of
many atoms.
In order to investigate the dynamics of more complex systems

the diatomic reactant was replaced by polyatomic molecules.
The reaction of water (H2O, HOD, and D2O) with hydrogen
(H and D) atom became a prototype of polyatomic bimolecular
reactions.7−11 Furthermore, the H + HOD reaction became
probably the first example of mode- and bond-selective

chemistry, a topic of exceptional importance, since selectively
breaking chemical bonds has always been the dream of chemists.
The mode-selectivity in H + HOD was first predicted in 1984
by the early QCT calculations of Schatz and co-workers.7

They found that a five-quantum excitation of the OH stretching
mode enhances the reactivity by a factor of 10−103 relative to the
OD stretching excited H + HOD → H2 + OD reaction.7 In the
early 1990s bond-selective experiments were performed for the
H +HOD reaction in the groups of Crim8,10 and Zare,9 and these
measurements confirmed the previous theoretical predictions.7

In 1997 Zhang and Light10 carried out quantum dynamics com-
putations for H + HOD showing that one-quantum excitation of
the OH-stretch gives a 13.5:1 OD/OH product ratio, whereas
excitation of the OD-stretch gives an OD/OH ratio of 1:5, in
qualitative agreement with experiment of Zare and co-workers.9

In the early 2000s reaction dynamics studies started to
investigate the atom + methane (CH4, CHD3, etc.) hydrogen
abstraction reactions.12−15 These are the simplest reactions of
a tetrahedral organic molecule, but the dynamics can be quite
complex because methane has nine vibrational modes including
various torsional, bending, and stretching motions. Does the
excitation of every vibrational mode have the same effect on
reactivity? Can the Polanyi rules simply be extended for atom +
methane reactions? These fundamental questions, among
others, motivated both theoretical and experimental chemists
to investigate the dynamics of atom + methane reactions. In the
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recent years X + CH4 abstraction reactions have become
benchmark systems to study polyatomic reactivity. The kinetics
and dynamics of the H + CH4 reaction, which has been probably
the most thoroughly studied X + CH4 reaction, were reviewed in
detail in ref 16. In the present Feature Article, we describe the
recent progress on the dynamics of the X + CH4 [X = F, O(3P),
Cl, Br] reactions focusing on our theoretical contributions
and mentioning, of course, many other theoretical work and
experiments. Note that the other important class of six-atom
bimolecular reactions, that is the X− + CH3Y nucleophilic
substitution (SN2) reactions, was recently reviewed by Hase and
co-workers.17

Following the pioneering Cl + methane experiments of Zare
et al.13 and Crim et al.,14 in 2003 Liu and co-workers15 developed
a novel experimental technique to measure the pair-correlated
coincident product vibrational states in the F + CD4 → DF(v) +
CD3(n1n2n3n4) reaction. These state-to-state correlated vibra-
tional distributions allowed tracking the energy flow along the
reaction coordinate. In the past 10 years Liu and co-workers
applied this technique to the F, Cl, and O(3P) + methane
reactions and uncovered departures from our expectations
based on A + BC systems.18−21 In 2009 they found that the CH
stretching excitation inhibits the cleavage of the CH bond in the
F + CHD3 reaction.19 In 2007 experiment showed that CH
stretching excitation is no more efficient than translational
energy to activate the late-barrier Cl + CHD3 reaction,18 in
contradiction to the extended Polanyi rules. In 2010, experiment
revealed that the CH stretching excitation enlarges the reactive
cone of acceptance in the O + CHD3 reaction, thereby providing
the mechanistic origin of the enhancement of the OH + CD3
channel upon reactant CH stretching excitation.20

The theoretical simulation of the X + methane reactions
consists of two key steps. First, one has to solve the Schrödinger
equation of the electrons at fixed nuclear configurations, which
provides the potential energy surface (PES). Second, dynamical
computations have to be performed on the PES using either
classical or quantum mechanical methods.
Potential energies can be computed on-the-fly using an

electronic structure program whenever they are needed during
a dynamics computation. This approach in connection with
classical dynamics is usually called direct dynamics or ab initio
molecular dynamics. Since a quantitative classical trajectory study
requiresmillions of potential energies and gradients, usually direct
dynamics computations can only afford using relatively low-level
electronic structure methods. It is worth noting that for the F and
Cl + methane reactions Troya and co-workers22,23 developed
reaction-specific semiempirical Hamiltonians that allow efficient
direct dynamics computations. Another approach represents the
PES by an analytical function that can be evaluated highly
efficiently during the reaction dynamics computations.24−30,16

For the F, O, Cl, and Br + methane reactions, Espinosa-Garcıá
and co-workers31−34 developed semiempirical PESs by modifying
the parameters of a well-known analytical function35 designed for
the H + CH4 reaction. These semiempirical PESs were usually
calibrated against available experimental data, e.g., rate constants
and reaction enthalpies, and equilibrium and saddle-point ab
initio results. A fully ab initio approach using high-level energies to
obtain a PES is clearly desirable. We have taken this approach
to fit scattered ab initio energy points, which cover the energy
range and configuration space of chemical importance.29,30,16 The
fitting method explicitly incorporates the permutational invari-
ance of like atoms; it has been previously reviewed in detail in
refs 29 and 16. In section II, we just briefly summarize the key

details of the permutationally invariant PES development, which
played an essential part in the dynamical investigations of the
X +methane reactions. Beside our PESs, ab initio PESs have been
constructed using the Shepard interpolationmethod for the F and
Cl + methane reactions.36,37

Full-dimensional, quantum state-to-state dynamics computa-
tions for six-atom systems are not feasible at present; therefore,
quasi-classical trajectory and reduced-dimensional quantum
dynamical methods have been applied to the X + methane
reactions. (Note, however, that Manthe and co-workers have made
great progress toward full-dimensional rate constant calculations
of X + methane reactions using the multiconfiguration time-
dependent Hartree38 (MCTDH) approach.39 Furthermore,
Suleimanov and co-workers successfully applied the full-dimen-
sional ring polymer molecular dynamics (RPMD) approach to rate
computations of X + CH4 systems.

40,41) In section II, we briefly
review theQCTmethod focusing on the polyatomicmode-specific
product analysis method and the novel binning techniques applied
to obtain quantized vibrational distributions. Then we summarize
the reduced-dimensional quantum models used for X + methane
reactions. In section III, the computational details and properties of
the full-dimensional ab initio PESs of the X + CH4 [X = F, O, Cl,
Br] reactions are described, and the computed dynamical results are
discussed and compared with the available experimental findings.

II. METHODS

A. Potential Energy Surfaces. We represent the potential
energy surface by an analytical function obtained by fitting
accurate ab initio energy points. In order to achieve the correct
asymptotic behavior, we use Morse-type variables, i.e., yij =
exp(−rij/a), where rij denote the interatomic distance and a is
a fixed parameter, typically 2 or 3 bohr. The functional form
of the PES can be given in terms of all the internuclear yij
variables as29,16

∑= ··· ···
=

V C S y y y y y( )n n n n n

n 0

N

n 12 13 14 23 24
j k1 2 3

(1)

where S is a symmetrization operator and Cn are linear
coefficients obtained by a standard weighted linear least-squares
fitting method. The symmetrization ensures that the fitting basis
is explicitly invariant under permutation of identical atoms.
We usually apply a simple weight function of E0/(E + E0), where
E is the potential energy relative to the global minimum and E0
is a parameter chosen to be around 0.05−0.1 Eh. The overall
maximum power of symmetrized monomials is constrained at
typically 5 or 6.
The theory of invariant polynomials offers an elegant and

efficient way to represent PESs as29,16

∑=
=

V h qy p y y( ) [ ( )] ( )
n

N

n n
0 (2)

where hn is a polynomial of the primary invariant polynomials,
p(y) and qn(y) are secondary invariant polynomials, and y
represents the set of variables yij. In practical applications we use
this sophisticated approach for PES developments since eq 2
allows efficient implementation. Detailed descriptions on the
monomial symmetrization approach and the invariant poly-
nomial theory can be found in previous reviews.29,16 The
practical details relevant to the X +methane systems will be given
in section III.
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B. Quasiclassical Trajectory Calculations. The QCT
method is frequently used to study the atomic level dynamics
and mechanisms of chemical reactions in the gas phase. QCT
employs special quasiclassical initial conditions for the
trajectories in which each reactant has internal energy initial
state-selection corresponding to that of a specific ro-vibrational
state. Then the trajectories are propagated using standard
classical mechanics where the negative gradients of the PES give
the forces. Therefore, the efficiency of the potential gradient
computations determines the computational cost of the QCT
calculations. If an analytical PES is available, the potential
energies and gradients can be evaluated highly efficiently, thereby
allowing running millions of trajectories for six-atom systems.
A detailed review of the QCT method for polyatomic reactants
was published by Hase in 1998.42 Below we focus on the initial
conditions relevant for the X + methane reactions that we have
used in our own software, and we present the details of the recent
method developments for the mode-specific vibrational analysis
of polyatomic products.
1. Initial Conditions. Standard normal-mode sampling is

employed to prepare the initial quasiclassical vibrational ground
and mode-specific excited states. The normal coordinates and
momenta are obtained for an N-atom system as

ω
π π= = −

= −

Q
E

R P E R

k N

2
cos(2 ) 2 sin(2 )

1, 2, ..., 3 6

k
k

k
k k k k

(3)

where Rk ∈ [0, 1] is a random number, ωk denotes the harmonic
frequencies, and the energy of each mode is Ek = (nk + 1/2)ωk.
The quasiclassical ground state can be prepared by setting each
vibrational quantum number, nk, to zero. One can also prepare
mode-specific excited vibrational states by giving the appropriate
integer value for the specific nk. Then the normal coordinates
and momenta are transformed into the Cartesian space, and
any spurious angular momentum is subtracted by standard
modifications of the velocities. Then, as described in detail in
ref 42, a tuning procedure is applied to set the actual internal
energy computed using the correct anharmonic Hamiltonian
in the Cartesian space to be equal with the intended energy of
∑k = 1

3N−6Ek.
The initial distance between the center of mass of the reactants

is (x2 + b2)1/2, where b is the impact parameter and x is usually
around 10 bohr. The orientation of methane is randomly
sampled and b is scanned from 0 to bmax using an equidistant grid.
The maximum impact parameter, bmax, is usually 6−7 bohr
for the X + methane reactions. We compute roughly 5000
trajectories, or 25 000 if the reactivity is small, at each b; resulting
in a total number of trajectories roughly a hundred thousand
for each collision energy (Ecoll). In our X + methane studies,
an integration step of 0.0726 fs (3 atomic time unit) is used, and
the trajectories usually finish within a few hundred fs.
Since we run trajectories at equidistant fixed b values, the final

cross-sections are obtained by a b-weighted integration of the
reaction probabilities, P(b), as

∑σ π= − +
=

− − −b b b P b b P b[ ][ ( ) ( )]
n

n

n n n n n n
1

1 1 1

max

(4)

where bn = n × d [n = 0, 1, ..., nmax] and d is typically 0.5 bohr or
less. It is also possible to sample b as b = (R)1/2bmax, where R is a
random number between 0 and 1, and then the cross-section is
obtained simply as σ = Nr/Ntotπbmax

2 , where Nr is the number of

the reactive trajectories from the total number of trajectories
(Ntot). We also calculate differential cross-sections, and to
achieve good precision, we prefer the equal space sampling of b.
Note that the two different b sampling approaches converge to
the same final results as the number of trajectories increases and
the b spacing decreases.

2. Mode-Specific Vibrational Product Analysis.Motivated by
the measurements of vibrationally state-specific correlated pro-
duct distributions for the F, Cl, andO +methane reactions,15,18−20

method developments for the determination of the classical
actions of polyatomic products obtained fromQCTs were desired.
Semiclassical quantization was successfully applied to triatomic
molecules;43 however, the use of the semiclassical method for
larger products was found impractical. Therefore, a more
straightforward and robust normal-mode analysis method was
proposed by Espinosa-Garcıá and co-workers44 and also by us.45,46

This normal-mode product analysis approach is reviewed below.
The first step of the procedure is to relate the final

configuration, with Cartesian coordinates denoted by ri (i = 1,
2, ...,N), of theN-atomic product to normal mode displacements
of a reference minimum geometry (denoted as ri

eq). There are
different ways to find the reference geometry in the Cartesian
space. (1) We can initiate a gradient-based geometry optimiza-
tion procedure from ri to locate the closest minimum without
introducing significant overall rotation in the Cartesian space.
This method can be useful when the minimum energy structure
is unknown a priori and/or multiple minima exist on the PES.
This is the case in liquids and solids, where Stillinger and
Weber47 used a steepest descent method to assign configura-
tions to a particular minimum. This quenching method was
successfully applied by us to the methyl product of the F + CHD3
reaction in 2009.45 (2) Of course, for small systems the relevant
minimum energy structure is usually known a priori; thus, one
just needs to find the optimal orientation of ri with respect to ri

eq.
This can be done by finding the best overlap between ri and ri

eq by
minimizing

∑ θ ϕ ψ|| − ||
=

C r r( , , )
i

N

i i
1

eq 2

(5)

with respect to the three Euler angles as was done in refs 48−52.
Recently in ref 46, the solution of

∑ θ ϕ ψ× − =
=

m r C r r 0( ( , , ) )
i

N

i i i i
1

eq eq

(6)

was proposed, thereby satisfying the rotational Eckart con-
dition.53 A general solution for satisfying eq 6 was reported by
Dymarsky and Kudin,54 and here we present our practical
implementation, which was first described in ref 46.
(1) Let us denote center-of-mass Cartesian coordinates,

center-of-mass Cartesian velocities, and masses of the N-atomic
product molecule as ri, vi, and mi, (i = 1, 2, ..., N), respectively.
Suppose we know the equilibrium structure of the product
molecule in any orientation in the center of mass frame (denoted
as ri

eq). We perform a normal-mode analysis in ri
eq, which

provides, in the case of nonlinear equilibrium structure, 3N−6
nonzero harmonic frequencies ωk and the orthogonal trans-

formation matrix l ∈ − ×N N(3 6) 3 , which transforms from mass-
scaled Cartesian coordinates to normal coordinates. This
normal-mode analysis is done only once at the beginning of the
product analysis, and the same reference structure and l matrix
are used for every trajectory. For each trajectory, ri and vi are

The Journal of Physical Chemistry A Feature Article

dx.doi.org/10.1021/jp500085h | J. Phys. Chem. A 2014, 118, 2839−28642841



rotated to the Eckart frame corresponding to reference geometry
ri
eq. Thus, the steps discussed below must be repeated for each
reactive trajectory.
(2) We remove the angular momentum by modifying

velocities as

Ω= − ×v v ri i i
nr

(7)

whereΩ = I−1j, where I−1 is the inverse of the moment of inertia
tensor at ri and j = ∑i = 1

N ri × (mivi).
(3) The matrix C, which transforms to the Eckart frame, is

obtained as follows:

∑= =
=

A m r r n m x y z, 1( ), 2( ), 3( )n m
i

N

i i n i m,
1

, ,
eq

(8)

= =A A A A AAand1
T

2
T

(9)

=C U U1 2
T

(10)

where the columns of U1 and U2 contain the normalized
eigenvectors of the real symmetric matrices A1 and A2,
respectively. The Cartesian coordinates, which exactly satisfy
the Eckart conditions and the corresponding velocities are
obtained asCri andCvi

nr, respectively. Before we move forward it
is important to consider the fact that the sign of an eigenvector
is not well-defined; therefore, eight different C matrices exist,
which all satisfy the Eckart conditions. The C matrix of interest
is obtained by finding the best overlap between Cri and ri

eq as
described in detail in ref 46.
(4) The coordinates and momenta in the normal mode space

are obtained as

∑ ∑= − =

= −
= =

Q m P m

k N

l Cr r l Cv( )

1, 2, ..., 3 6

k
i

N

i ki i i k
i

N

i ki i
1

eq

1

nr

(11)

(5) The harmonic vibrational energy for each normal mode is
calculated as

ω
= + = −E

P Q
k N

2 2
1, 2, ..., 3 6k

k k k
2 2 2

(12)

(6) A noninteger classical harmonic action for each mode is
obtained as

ω
′ = − = −n

E
k N

1
2

1, 2, ..., 3 6k
k

k (13)

The integer vibrational quanta are assigned to quantum states by
rounding nk′ to the nearest integer value nk. Hereafter we denote a
vibrational state (n1, n2, ..., n3N−6) as n.
3. Binning Techniques. The standard QCT studies apply the

histogram binning (HB) technique, where the probability of a
particular vibrational state n is

=P
N
N

n
n

( )
( )

HB
tot (14)

where N(n) is the number of products in state n from the total
number of trajectories Ntot.
In order to incorporate the quantum spirit into the QCT

product analysis, the Gaussian binning (GB) method was
proposed by Bonnet and co-workers.55,56 GB was successfully
applied for diatomic products;57−59 however, the efficient applica-
tion of GB to polyatomic products was problematic due to the

exponential scaling of the computational effort with the number
of the vibrational modes. In 2009 we proposed to compute the
Gaussian weight for each product based on the total vibrational
energy as45

β
π

= =
β

′
−

−⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

G p Nn n( ) e 1, 2, ..., ( )p

E E
E

n n
0

( ) ( )
2 ( )

p2
2

(15)

where β = 2(ln 2)1/2/δ, δ is the full-width at half-maximum, and
E(0) is the harmonic zero-point energy (ZPE). Then, the
probability of n can be obtained as

=
∑ =P

G

N
n

n
( )

( )p
N

p
n

GB
1

( )

tot (16)

In 2010 Bonnet and Espinosa-Garcıá60 reported some theoretical
arguments proving the accuracy of eq 15, which is now called
1GB. Several recent applications showed the utility of 1GB for
X + CH4 → HX + CH3 [X = F, Cl, O],45,61,62 Cl + CH4 → H +
CH3Cl,

46 (H2O)2 → 2H2O,
50,52 OH + D2 → D + HOD,63,64

OH +CO→H+CO2,
65 andOH* +H2→H+H2O,

66 and their
isotopologue−analogue reactions.
Now let us consider three different ways to calculate Gp(n)

by using different approaches to obtain the energies E(np′) and
E(n) used in eq 15.
(1) As we proposed originally in 2009,45 one can use the

harmonic energy formulas for both E(np′) and E(n) as follows:

∑ ω′ ′= +
=

−
⎜ ⎟
⎛
⎝

⎞
⎠E n n( )

1
2p

k

N

k k p
1

3 6

,
(17)

and

∑ ω= +
=

−
⎜ ⎟
⎛
⎝

⎞
⎠E nn( )

1
2k

N

k k
1

3 6

(18)

A possible issue of this approach is that the harmonic normal
mode approximation may fail at highly distorted configurations,
and thus, E(np′) may be seriously overestimated.
(2) One can overcome the above-mentioned issue by

determining E(np′) exactly in the Cartesian space as

∑′ = +

−
=

E m V

V

n v v r r r

r r r

( )
1
2

( ) ( , , ..., )

( , , ..., )

p
i

N

i i p i p p p N p

N

1
,

nr
,

nr T
1, 2, ,

1
eq

2
eq eq

(19)

where vi,p
nr is the velocity of the pth product corresponding to zero

angular momentum as defined in eq 7 and V is the potential
energy of the N-atomic product. Approach (2) uses eqs 19 and
18 for E(n′p) and E(n), respectively. As we showed for the
(H2O)2 → 2H2O(n1n2n3) [ref 50] and Cl + CH4 → H +
CH3Cl(n1n2n3n4n5n6) [ref 46] reactions, even if approach (1)
performs much better than HB, approach (1) provides small
populations for some of the energetically closed states due to the
failure of the normal-mode analysis, whereas approach (2) gives
physically correct results. Thus, approach (2) is recommended
instead of approach (1).
(3) We proposed in ref 46 to incorporate the effect of

vibrational anharmonicity by using the second-order vibrational
perturbation theory (VPT2) to calculate E(n) as
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∑ ∑ω χ= + + + +
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(20)

where χk,l are the anharmonicity constants, which can be
nowadays obtained routinely by ab initio program packages for
large polyatomic molecules. Approach (3) calculates the weight
from the anharmonic energies E(np′) and E(n) utilizing eqs 19
and 20, respectively. Approaches (2) and (3) were found to give
similar results for the Cl + CH4 → H + CH3Cl reaction.

46

Recently, this approach was applied to OH* + H2→H +H2O,
66

where the “exact” nearly complete line list with assignments is
available for H2O;

67 thus, the exact quantum vibrational energies
were used for E(n). In this case, approach (3) was found to give
slightly better results than the harmonic energy-based approach
(2). For H2O one can allow using the traditional mode-based
GB approach, where the weight of H2O is a product of three
Gaussians. Reference 66 shows that 1GB gives better results than
the computationally more expensive GB. The reason is that 1GB
via approaches (2) and (3) solves both the rounding issue and
the normal-mode analysis breakdown problem, whereas GB
solves the former issue only.
C. Reduced-Dimensional QuantumDynamics.There are

several reduced-dimensional models developed for quantum
dynamics studies of the X + YCZ3 → XY + CZ3 type reactions.
The simplest model is the 2-dimensional (2D) rotating line
model (RLM),68 in which the X and Y atoms and the center of
mass of CZ3 can move along the C3 axis of the system. The
geometry of CZ3 is usually fixed at the saddle-point value. Clary
and co-workers frequently use a 2D model to study polyatomic
reactions.69 In their 2D model the active coordinates are also
the breaking and forming bond lengths, but the constrained
coordinates are not fixed. In their studies the nonactive
coordinates are relaxed and the harmonic zero-point energy of
each constrained mode is added to the effective potential.
The RLMmodel was improved by Yu and Nyman introducing

the 3D rotating line umbrella (RLU)70 and the 4D rotating
bond umbrella (RBU)71 models. In the RLUmodel the umbrella
mode of CZ3 is also explicitly treated beside the XY and YC
stretching modes, but the C3v symmetry of the whole system is
still maintained. In the RBU model the reactant bending motion
is added to the active coordinates; thus, the C3v symmetry is only
maintained for CZ3, and the collinear X−Y−C arrangement is
not forced. The Hamiltonians in the RLU and RBUmodels were
derived in hyperspherical coordinates.
The semirigid vibrating rotor target (SVRT)model is a general

4D model for atom + polyatom reactions, where the polyatomic
reactant is treated as a semirigid vibrating rotor.72 For the X +
YCZ3 reactions the four active coordinates are r, R, θ, and χ,
where r is the distance between Y and CZ3, R is distance between
X and YCZ3, θ denotes the angle between the r and R vectors,
and χ is the rotational angle of YCZ3 about the YC axis. Later,
a generalized SVRT (GSVRT)73 model was proposed in which
additional vibrational modes of the polyatomic reactant can be
treated explicitly. In practice, a 5D GSVRT model was applied to
the X + YCZ3 reactions, where the umbrella motion of CZ3 was
added to the active coordinates.74

A 6D model was proposed by Wang and Bowman,75 in which
the X + YCZ3 reaction is treated as an atom + pseudotriatom
system, where Z3 is replaced by the pseudoatom. The
Hamiltonian is written in Jacobi coordinates, where the distance
between C and the center of mass of Z3 describes the umbrella
motion of CZ3.

Palma and Clary developed an 8D model for the X + YCZ3
system,76 where the only restriction is that the C3v symmetry of
CZ3 is maintained. In this 8D model, both the umbrella and the
symmetric stretching modes of the CZ3 unit are active. One can
also define a 7D model by fixing the CZ bond length, which is
often done in applications. Zhang and co-workers reported many
state-of-the-art quantum studies on the X + methane reactions
using this 7Dmodel.77−79 Recently, Liu et al.80 proposed a useful
simplification to the Palma−Clary model by assuming that CZ3
can rotate freely with respect to its C3 axis, thereby reducing the
dimensionality from 8D to 7D or from 7D to 6D if the CZ bond
length is fixed.

III. APPLICATIONS TO THE X + METHANE [X = F, O, Cl,
Br] REACTIONS

A. Potential Energy Surfaces. 1. Ab Initio Energy Points.
The first step in the PES development is the selection of the
structures, which cover the configuration space of chemical
importance and the computation of the ab initio energies at the
selected geometries. The configurations are usually sampled by
running direct dynamics simulations using low-level methods
and small basis sets. Furthermore, we add geometries obtained
from randomly displaced coordinates of known stationary points
(minima and saddle points). In order to ensure the correct
asymptotic behaviors we compute separate fragment data for
each reaction channel of chemical importance. These so-called
fragment data are obtained by adding the energies of the
fragments whose coordinates are placed far from each other,
e.g., 8 to 20 bohr, depending on the strength of the long-range
interactions.
The accuracy of the energy points determines the quality of the

PES; therefore, it is important to choose an ab initio level of
theory that gives reasonably accurate energies with affordable
computational time. In 2014, Czako ́ and co-workers81 reported
a detailed calibration study of various standard, explicitly
correlated F12, and composite ab initio methods with different
correlation consistent basis sets for high-dimensional PES develop-
ments. For the F, Cl, O(3P), and Br + CH4 reactions, we used
composite methods, where the energies are obtained as82−85

+ −E E E[A/small] [B/large] [B/small] (21)

In eq 21, A and B denote an expensive and a less expensive
method, respectively, and small and large denote the size of the
basis sets. As shown in previous studies,82,61,84,85 eq 21 provides
A/large-quality results without performing the very time-
consuming A/large computations. The actual choice of A and B
and small and large was made after careful test computations for
each system. For F + CH4, A is UCCSD(T) and B is UMP2, and
small and large bases are aug-cc-pVDZ and aug-cc-pVTZ,
respectively.82 For O(3P) + CH4, we used an even larger basis
of aug-cc-pVQZ.84 In the case of Cl + CH4, B/large was all-
electron (AE) UMP2/aug-cc-pCVTZ, whereas B/small was
frozen-core UMP2/aug-cc-pVDZ, thereby accounting for the
core correlation effect.83 For Br + CH4, the correlation of the core
electrons and the scalar relativistic effects are especially important;
thus, we used AE-UCCSD(T) and AE-UMP2 for A and B,
respectively, and aug-cc-pwCVDZ-PP and aug-cc-pwCVTZ-PP
relativistic effective core potential basis sets.85

The spin−orbit (SO) splittings, ε, between the ground (2P3/2)
and excited (2P1/2) SO states of the F, Cl, and Br atoms are 404,
882, and 3685 cm−1, respectively.86 Therefore, for the entrance
channel of the halogen + methane reactions, the SO coupling
plays an important role since it lowers the reactant asymptote by
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ε/3, thus effectively increasing the barrier height, and has a
significant effect on the entrance channel van der Waals (vdW)
well. For F + CH4 we developed a SO correction surface for the
entrance channel using a 3-dimensional rigid methane model.87

This SO correction surface can be combined with the full-
dimensional non-SO PES of the F + CH4 reaction resulting in a
full-dimensional PES for the SO ground-state reaction. Recently,
Manthe and co-workers88 developed SO coupled diabatic local
PESs for all the three electronic states of the entrance channel
of the F + CH4 reaction. For the Cl and Br + CH4 reactions,
we followed another strategy in order to account for the SO
effect.83,85 First, we selected the entrance-channel geometries
from the total set of configurations based on the following
geometrical conditions:

− > − > − <r R r R r R(C X) min[ (H X)] max[ (C H)]CX HX CH
(22)

where the RCX, RHX, and RCH parameters were chosen to be
2.4/2.0, 1.8/1.5, and 1.3/1.4 Å, for the X + CH4 [X = Cl, Br]
reactions.61,85 Second, we performed SO computations at the
MRCI+Q level using the interacting states approach89 at the
above selected configurations, and the differences between the
SO and non-SO ground state electronic energies were added to
the composite non-SO energies. The MRCI+Q computations
utilized a minimal active space of 5 electrons in the 3 spatial
3p/4p orbitals corresponding to the Cl/Br atom. We performed
frozen-core computations with aug-cc-pVTZ and all-electron
computations with aug-cc-pwCVDZ-PP for Cl and Br + CH4,
respectively, which provided SO splittings of 798 and 3747 cm−1,
whereas the corresponding experimental values are 882 and
3685 cm−1.
2. Fitting the ab Initio Energies. For the X + CH4 [X = F,

O(3P), Cl, Br] reactions, the initial data set included 10 000−
15 000 configurations in the complex region (XCH4) as well as
roughly 2000, 2000, 2000, and 1000 data points for the fragment
channels X + CH4, HX + CH3, H2 + CH2X, and H + CH3X,
respectively. In some cases, e.g., Cl + CH4,

61 we applied an
energy cutoff, e.g., 50 000 cm−1, and all the configurations
that had energy larger than the cutoff parameter were excluded
from the datatset. As described in section II, the PESs were
represented by permutationally invariant polynomial expansions
in variables yij = exp(−rij/a), where a was fixed at 2 bohr. We
included all terms up to total degree six and 3262 coefficients
(3250 + 12 for the short-term repulsion) were determined by
a weighted linear least-squares fit using a weight function of
E0/(E + E0), where E0 = 11 000 cm

−1 and E is the actual potential
energy relative to the global minimum. Note that without the use
of permutational symmetry the number of coefficients would
have been 54 264 instead of 3250. The root-mean-square (rms)
fitting error is usually below 100 cm−1 (0.3 kcal/mol) for the
chemically most important energy interval of (0, 11 000) cm−1.
For the Cl and Br + CH4 reactions, we fit both the non-SO and
SO-corrected data points; thus, PESs were obtained for the non-
SO and SO ground electronic states of the X + CH4 [X = Cl, Br]
reactions.61,85

3. Properties of the Potential Energy Surfaces. Schematics of
the PESs of the X + CH4 [X = F, O(3P), Cl, Br] reactions are
shown in Figure 1. As seen, there are many similarities as well as
differences between the shapes of the PESs. All the reactions have
a shallow vdW well in the entrance channel, a first-order saddle
point separating the reactants from the products, and a relatively
deep CH3···HX complex in the exit channel. The F + CH4
reaction is highly exothermic, the O(3P) and Cl + CH4 reactions

are slightly endothermic, and the Br + CH4 reaction is highly
endothermic. As theHammondpostulate90 predicts, F +CH4 is an
early barrier reaction (the saddle point has a reactant-like
structure), O(3P) + CH4 is a central (or late) barrier reaction,
and Cl and Br + CH4 are late-barrier reactions.
In a correct relativistic description, the ground electronic state

(2P) of a halogen atom splits into a 4-fold degenerate SO ground
state (2P3/2) and a 2-fold degenerate SO excited state (2P1/2).
As mentioned earlier, the energy differences between the 2P3/2
and 2P1/2 SO states of the F, Cl, and Br atoms are 404, 882, and
3685 cm−1, respectively. When the halogen atom approaches
methane, the 4-fold degenerate state splits into two doubly
degenerate SO states, and only the SO ground state correlates
with electronically ground-state products. Thus, three doubly
degenerate SO states are involved in the dynamics of the
halogen + methane reactions, but only the ground SO state is
reactive within the Born−Oppenheimer (BO) approximation.
However, there is evidence for nonadiabatic dynamics. Early
studies showed for the prototypical F + H2 reaction that
F*(2P1/2) can react, though the reactivity of F(2P3/2) is at least
10 times larger.91 In 2007, evidence was found for significant
reactivity of F*(2P1/2) with D2 at very low collision energies
(<0.5 kcal/mol), e.g., at 0.25 kcal/mol F*(2P1/2) is ∼1.6 times
more reactive than F(2P3/2).

92 For the Cl + CH2D2 and Cl + CH4
reactions, 4−8% relative reactivity of Cl*(2P1/2) was observed
experimentally by Liu and co-workers,93,94 in good agreement
with the 2D quantum dynamics study of Clary and co-workers.95

Potential energy curves for the entrance channel of the
Cl + CH4 reaction showing the non-SO and SO states are shown
in Figure 2. As seen, there is a shallow vdW well in the entrance
channel, whose depth depends on the orientation of the
reactants.83 For the H3CH···Cl arrangement, the well is about
100 cm−1 deep, whereas a significantly deeper depth of about
300 cm−1 corresponds to the HCH3···Cl structure on the non-
SO PES. These data were benchmarked by systematic all-
electron CCSD(T)/aug-cc-pCVnZ [n = D, T, Q] computations
with and without counterpoise corrections.61 The SO coupling
has negligible effect on the depth of the former, whereas it
reduces the depth of the latter. Nevertheless, the HCH3···Cl
remains the deeper minimum with De ≅ 200 cm−1 on the SO
ground-state surface, as well. As also shown in Figure 2, the one-
dimensional cuts of the analytical non-SO and SO PESs are in
good agreement with the benchmark ab initio entrance-channel
potentials. For the other halogen + methane reactions the
entrance-channel potentials have similar characteristics as that of
Cl + CH4; the only main difference is in the magnitude of the
energy differences between the various electronic states, due to
the increasing SO splitting from F to Br. The picture is different
for the O(3P) + CH4 reaction since O(3P) splits into a 5-fold
degenerate SO ground state (3P2) and 3-fold degenerate (3P1)
and nondegenerate (3P0) excited SO states. The energies of
O(3P1) and O(3P0) are 158 and 227 cm−1 relative to O(3P2).

86

Thus, the non-SO O(3P) state is above the SO ground state by
only 78 cm−1. When the O atom approaches methane the
degenerate SO states split and the 5 components of 3P2 and one
component of 3P1 correlate with electronically ground-state
products, whereas two components of 3P1 and

3P0 correlate with
excited products. So far, SO surfaces have not been developed for
the O(3P) + CH4 reaction. Nevertheless, the dynamics can be
well described on the non-SO ground electronic state since the
magnitude of the SO splittings is significantly smaller than that in
the halogen + CH4 reactions, especially considering the Cl and
Br + CH4 systems.
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In 2011 Cheng et al.96 probed the entrance channels of the X +
CH4 [X = F, Cl, Br, I] reactions via photoelectron spectroscopy
of the corresponding X−−CH4 anion complex. Furthermore, for
the F and Cl + CH4 systems, Neumark and co-workers97−99

reported slow electron velocity-map imaging (SEVI) spectra. For
the late-barrier Cl, Br, and I + CH4 reactions, the equilibrium
structure of X−−CH4 (single H-bonded structure with C3v point-
group symmetry) overlaps with the entrance-channel vdW
region of the PES; thus, the doublet splittings observed in the
spectra of the complexes are close to the corresponding isolated
atomic SO splittings.96 However, for the early barrier F + CH4
reaction a much larger splitting (∼1310 cm−1) was observed in
the spectrum of F−−CH4 than the SO splitting (404 cm−1) of
the F atom (see Figure 3).96 As shown in Figure 3, ab initio
computations of the SO splitting as a function of the C−F
distance of the H3CH−F system gave a splitting close to the
experimental value at a C−F separation that corresponds to the
equilibrium distance in F−−CH4. Therefore, our interpretation
was that the second peak in the spectrum corresponds to a
transition to an excited electronic state of the neutral system.96

Note that the SO ground and excited states of the neutral system

converge to the ground and excited non-SO electronic states,
respectively, when the C−F separation approaches the
equilibrium distance of the anion complex. Therefore, the
doublet splitting of the complex can be explained considering
simply the non-SO electronic states. Our interpretation was
confirmed in 2013 by Manthe and co-workers88 who carried out
full-dimensional MCTDH simulations of the photodetachment
spectrum of F−−CH4 using ab initio PESs developed for the
entrance channel of the F + CH4 reaction and the F

−−CH4 PES
of ref 100. The simulations showed that the major contribution
to the second peak comes from the excited electron state and the
bending excitation of the CH4 unit, which has energy comparable
to the observed splitting of∼1310 cm−1, has a minor effect on the
second peak. A very recent joint experimental−theoretical study
found resonance features in the SEVI spectra of F−−CH4 and
F−−CD4.

99 The MCTDH simulations showed that periodic
hindered rotations of CH4 relative to F and CH4···F type
stretching motions are responsible for the fine structure of the
spectra.
As described earlier, the SO ground-state PESs of the halogen

+CH4 reactions are developed by using the SO− non-SO energy

Figure 1. Schematics of the potential energy surfaces of the F, O(3P), Cl, and Br + CH4 reactions showing the structures and energies (without ZPE) of
the stationary points. The benchmark energies (upper red numbers) are obtained by the focal-point analysis approach (seemore details in Table 1 and in
refs 82−85.
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differences obtained from MRCI+Q computations as additive
corrections to the non-SO PES. Figure 4 shows the SO correc-
tion curves for the entrance channels of the Cl and Br + CH4
reactions. The shape of the curves is similar for both systems; the
difference is in the magnitude of the SO effect. For Cl and Br +
CH4, the reactant asymptotes are lowered by roughly 300 and
1200 cm−1, respectively. The absolute SO correction decreases as
the halogen atom approaches CH4 and tends to vanish at around
C−X distance of 2 Å. Figure 4 shows that the SO correction
depends on the orientation of the reactant, and the effect is larger
at HCH3···X structures than at H3CH···X geometries. For Br +
CH4, Figure 4 also shows that the energy differences between the
SO and non-SO analytical PESs are in good agreement with the
direct ab initio MRCI+Q data.85

The structures of the saddle points, CH3···HX complexes,
reactants, and products, as well as relative energies such as barrier
heights, dissociation energies of CH3···HX, and reaction energies
for X + CH4 [X = F, O(3P), Cl, Br] are collected in Table 1. The
PES values are compared to benchmark ab initio data determined
by the focal-point analysis (FPA)101,102 approach. The FPA uses
accurate geometries obtained usually at the AE-UCCSD(T)/
aug-cc-pCVnZ [n = T or Q] level of theory. The relative energies
are benchmarked by single-point computations at the above-
defined high-level structures considering the following: (a)
extrapolation103,104 to the complete basis set (CBS) limit using
either aug-cc-pCVnZ [n = Q, 5] or aug-cc-pVnZ [n = 5, 6] basis
sets, (b) post-CCSD(T) correlation effects by performing
CCSDT and CCSDT(Q) computations, (c) core-correlation
effects by either extrapolating to the CBS limit using AE-
UCCSD(T)/aug-cc-pCVnZ [n = Q, 5] energies or using the
difference between the AE and frozen-core UCCSD(T)/aug-cc-
pCVQZ energies as an additive correction to the frozen-core

CBS limit, (d) scalar relativistic effects obtained at the Douglas−
Kroll105 AE-UCCSD(T)/aug-cc-pCVQZ level of theory, and
(e) SO effects.
Among the halogen + methane reactions, F + CH4 has the

unique feature that the saddle-point geometry is slightly bent
with a C−H−F angle of about 150°.82 Note that both MP2 and
CCSD found a collinear C3v saddle-point structure; the
CCSD(T) method is needed to get the bent Cs structure.

82 It
is also important to note that the saddle-point structure is very
fluxional and that the energy difference between the collinear and
bent structures is only a few cm−1. The saddle-point structure of
O(3P) + CH4 is also slightly bent due to the interaction between
two electronic states, 3A′ and 3A″ considering Cs symmetry,
which are degenerate at C3v structures. AE-CCSD(T)/aug-cc-
pCVQZ computation gives a C−H−O angle of 179.3° at the
saddle point and an energy below the C3v structure by only
∼1 cm−1.84 The saddle points of the Cl and Br + CH4 reactions
have exactly collinear structures with C3v point-group symmetry.
As mentioned earlier, the F, O(3P), Cl, and Br + CH4 reactions
are early-, central-, late-, and late-barrier reactions, respectively.
Indeed, at the saddle point, the C−Hb distances, where Hb is the
abstracted H atom, increase as 1.111, 1.288, 1.397, and 1.674 Å,
for F, O, Cl, and Br + CH4, respectively, i.e., stretched by 0.024,
0.201, 0.310, and 0.587 Å, in order, relative to the CH bond
length in CH4. The Hb−X distances are stretched at the saddle
point by 0.704, 0.243, 0.169, and 0.073 Å, for X = F, O, Cl, and Br,
respectively, relative to the bond length of the isolated HX
molecule. On the basis of the above structural parameters, it is
clear that the saddle point of F + CH4 is reactant-like, whereas
the saddle points of Cl and Br + CH4 are product-like. In the case
of O(3P) + CH4, both CHb and HbO distances are similarly
stretched; thus, O(3P) + CH4 can be called a central-barrier

Figure 2. Potential energy curves for the entrance channel of the Cl + CH4 reaction as a function of the C···Cl distance along the C3 axis with fixed
CH4(eq) geometry. The left panels show the direct ab initio results obtained at the MRCI+Q/aug-cc-pVTZ level of theory, whereas the right panels
show the one-dimensional cuts of the non-SO and SO ground-state PESs. A1 and E denote the non-SO ground and excited electronic states, respectively,
and SO1, SO2, and SO3 are the three SO states. Adapted from ref 83.
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reaction, though this category is not well-defined, therefore, in
the literature O(3P) + CH4 is sometimes called as early- or late-
barrier reaction.
In the product channel of all the X + CH4 [X = F, O(3P), Cl,

Br] reactions there is a relatively stable CH3···HX complex with
C3v point-group symmetry. As Table 1 shows, the structures of
the four CH3···HbX complexes are similar. The CHb distances are
2.1−2.3 Å, the HCHb angles are ∼93°, and the CH and HbX
distances agree with the corresponding CH3 and HX bond
lengths within 0.001−0.002 and 0.005−0.013 Å, respectively.

The benchmark dissociation energies (De) of CH3···HX are
1066, 771, 821, and 799 cm−1 for X = F, O, Cl, and Br,
respectively.
The highly exothermic, ΔEe = −10 137/−10 005 cm−1,

F(2P/2P3/2) + CH4 reaction has a low classical barrier height
of 117/240 cm−1, whereas the O(3P), Cl(2P/2P3/2), and
Br(2P/2P3/2) + CH4 reactions are endothermic, ΔEe = 1861,
1797/2091, and 6629/7857 cm−1, respectively, with correspond-
ing classical barrier heights of 4925, 2375/2669, and 6004/
7232 cm−1. Since the SO correction lowers the reactant

Figure 3.Diagram of the potentials of the F−−CH4 and F−CH4 systems and the measured photoelectron spectra of F
− and F−−CH4 taken with 266 nm

photons (upper panels). Potential energy curves (lower left panel) and spin−orbit splittings (lower right panel) of CH4···F as a function of the C···F
distance along theC3 axis with fixed CH4(eq) geometry and C−H···F linear bond arrangement computed at theMRCI+Q/aug-cc-pVTZ level of theory.
See Figure 2 for the notations. Green arrows indicate the C···F equilibrium distance in the anion complex and the corresponding vertical splitting of the
neutral system. Adapted from ref 96.

Figure 4. Spin−orbit correction curves for the entrance channel of the Cl + CH4 (left) and Br + CH4 (right) reactions as a function of the C···X distance
along the C3 axis keeping CH4 at equilibrium with H3CH···X and HCH3···X orientations [X = Cl, Br]. The SO correction is defined as difference
between the SO and non-SO ground-state electronic energies. The curves were obtained by frozen-core MRCI+Q/aug-cc-pVTZ and all-electron ECP-
MRCI+Q/aug-cc-pwCVDZ-PP levels of theory for Cl and Br + CH4, respectively. For Br + CH4, the PES values, i.e., differences between the SO and
non-SO PESs, are also shown for comparison. Adapted from refs 61 and 85.
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asymptotes, the barrier heights and reaction energies are
effectively increased as shown above for the halogen + CH4
reactions. This SO energy shift is larger from F to Br. However,
considering the relative effect on the barrier heights, the SO effect
is themost significant for the low-barrier F +CH4 reaction, where
the SO correction doubles the classical barrier height. Note that
for the late-barrier Cl and Br + CH4 reactions the SO correction
quenches at the saddle point; thus, the SO effect on the barrier
height comes from the SO shift of the reactant asymptote.
However, for the early barrier F + CH4 reaction, a small SO
correction of about−8 cm−1 remains at the saddle point. It is also
interesting to note that the saddle point of the Br + CH4 reaction
is below the product asymptote by 625 cm−1; thus, the backward
reaction, HBr + CH3, has a negative barrier.

85

For the Cl(2P3/2) and Br(
2P3/2) + CH4 reactions the analytical

SO PESs61,85 give barrier heights of 2648(2669) and 7285(7232)
cm−1, respectively, and reaction energies of 2010(2091) and
7867(7857) cm−1, respectively, in excellent agreement with the
benchmark FPA values shown in parentheses. It is remarkable
(and fortuitous) that the PESs reproduce the relativistic
AE-CCSDT(Q)/CBS-quality FPA data with an average
deviation of only 0.1 kcal/mol. For the F(2P3/2) and O(3P) +
CH4 reactions, the PES(FPA) barrier heights are 289(240) and
5116(4925) cm−1, respectively, and the reaction energies are
−9655(−10005) and 2035(1861) cm−1, respectively. Here, the

average error is about 0.5 kcal/mol, which is still quite good, since
chemical accuracy is usually defined as an accuracy of 1 kcal/mol.
The largest error is found for the reaction energy of F(2P3/2) +
CH4. Nevertheless, the exothermicity of the CCSD(T)/aug-cc-
pVTZ-quality SO PES, −9655 cm−1, agrees well with the direct
ab initio CCSD(T)/aug-cc-pVTZ result (+ SO correction) of
−9639 cm−1. The difference of about 1 kcal/mol between the
CCSD(T)/aug-cc-pVTZ and FPA reaction energy data mainly
comes from the basis set incompleteness error of aug-cc-pVTZ.
(Note that ref 81 shows that CCSD(T)/aug-cc-pVTZ has an
average accuracy of 1 kcal/mol for systems involving first and
second row elements.) Finally, we emphasize that electron
correlation plays an important role in the accurate computation
of the barrier height of the F + CH4 reaction since the ROHF,
RMP2, UCCSD, UCCSD(T), UCCSDT, and UCCSDT(Q)
classical CBS non-SO barrier heights are 3292, 1080, 628, 194,
144, and 109 cm−1, respectively.82 The benchmark SO value of
240 cm−1 was obtained as UCCSDT(Q)/CBS + scalar re-
lativistic correction + diagonal BO correction + SO correction =
109 + 3 + 5 + 123 cm−1.

B. Reaction Dynamics Computations. 1. Integral Cross-
Sections and Reaction Probabilities. Reaction probabilities and
integral cross-sections (ICSs) for the Cl + CH4(v = 0) reaction
obtained fromQCT calculations using the ab initio PES of ref 83
are shown in Figures 5 and 6, respectively. The PES describes

Table 1. Properties of the Potential Energy Surfaces of the X + CH4 → HX + CH3 [X = F, O(3P), Cl, Br] Reactions Showing the
Structures (Å and Degrees) and Relative Energies (cm−1) of the Stationary Points

F + CH4
a O(3P) + CH4

b Cl + CH4
c Br + CH4

d

PES accurate PES accurate PES accurate PES accurate

Saddle Point (H3C−Hb−X)
r(CH) 1.091/1.089 1.088/1.087 1.086/1.086 1.083/1.083 1.083 1.083 1.081 1.081
r(CHb) 1.105 1.111 1.305 1.288 1.403 1.397 1.710 1.674
r(HbX) 1.656 1.621 1.198 1.213 1.437 1.443 1.484 1.486
α(HCHb) 106.5/108.6 107.2/108.3 103.7/103.7 104.1/103.6 101.0 101.1 96.9 97.4
Classical Barrier Height
non-SO 167 117 5116 4925 2384 2375 6039 6004
SO 289 240 2648 2669 7285 7232
CH3···HbX Complex
r(CH) 1.083 1.078 1.081 1.078 1.080 1.078 1.080 1.079
r(CHb) 2.208 2.142 2.337 2.269 2.274 2.236 2.210 2.184
r(HbX) 0.927 0.925 0.974 0.975 1.282 1.284 1.421 1.426
α(HCHb) 93.9 93.1 93.0 92.6 92.8 92.6 92.5 93.0
De 1264 1066 772 771 854 821 867 799
Reactants and Products (CH4, CH3, HX)
rCH(CH4) 1.091 1.087 1.089 1.087 1.089 1.087 1.089 1.087
rCH(CH3) 1.081 1.077 1.079 1.077 1.079 1.077 1.078 1.077
r(HX) 0.922 0.917 0.973 0.970 1.276 1.274 1.412 1.413
Classical Reaction Energy
non-SO −9784 −10137 2035 1861 1751 1797 6637 6629
SO −9655 −10005 2010 2091 7867 7857

aThe PES structures and non-SO energies correspond to the PES of ref 82, whereas the SO energies correspond to the hybrid SO-corrected PES of
ref 87. The accurate structures are obtained at all-electron (AE) UCCSD(T)/aug-cc-pCVTZ (saddle point) and AE-UCCSD(T)/aug-cc-pCVQZ
(all the other species). The accurate energies are obtained from the focal-point analysis (FPA) of ref 82. The saddle point has a bent Cs structure
with α(CHbF) = 144.4° (PES) and 152.3° (accurate); therefore, two different r(CH) and α(HCHb) exist as shown in the table. bThe PES structures
and energies correspond to the PES of ref 84. The accurate structures are obtained at AE-UCCSD(T)/aug-cc-pCVQZ, and the relative energies are
AE-CCSDT(Q)/CBS quality FPA results from ref 84. The saddle point is slightly bent (Cs symmetry and 3A″ electronic state) with α(CHbO) =
179.3° (accurate); therefore, two different r(CH) and α(HCHb) exist as shown in the table. cThe PES results correspond to the non-SO and SO
PESs of ref 83, showing the SO PES structures. The accurate structures are obtained at AE-UCCSD(T)/aug-cc-pCVTZ (saddle point) and AE-
UCCSD(T)/aug-cc-pCVQZ (all the other species). The accurate energies are relativistic AE-CCSDT(Q)/CBS quality FPA results from ref 83.
dThe PES results correspond to the non-SO and SO PESs of ref 85, showing the SO PES structures. The accurate structures are obtained at
AE-ECP-UCCSD(T)/aug-cc-pwCVTZ-PP (saddle point and CH3···HBr), AE-UCCSD(T)/aug-cc-pCVQZ (CH4 and CH3), and AE-ECP-
UCCSD(T)/aug-cc-pwCVQZ-PP (HBr), and the relative energies are relativistic AE-CCSDT(Q)/CBS quality FPA results from ref 85.
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both the abstraction (HCl +CH3) and substitution (H +CH3Cl)
channels. At low collision energies (Ecoll) only the abstraction
channel is energetically accessible; the substitution channel
opens at Ecoll ≈ 13 000 cm−1 and then the cross-section of the
substitution reaction rapidly increases. At Ecoll = 18 000 and
20 000 cm−1 the H/HCl ratios are 0.09(0.29) and 0.21(0.62),
respectively. The ratios in parentheses show the ZPE-con-
strained QCT results, where trajectories are discarded if CH3 or
CH3Cl has less vibrational energy than the corresponding ZPE.
As seen, the ZPE constraint significantly increases the H/HCl
ratio because many CH3 products violate ZPE, whereas CH3Cl is
usually highly excited. As Figure 5 shows the shape of opacity
functions, reaction probability (P) vs impact parameter (b), of
the abstraction and substitution channels is quite different.
The maximum impact parameters are about 6 and 2 bohr for
the abstraction and substitution channels, respectively. The
substitution has the highest probability at b = 0, and P(b)
decreases rapidly with increasing b. For the abstraction channel,
P(b) is nearly constant in the 0−5 bohr impact parameter range
and drops quickly between b = 5 and 6 bohr. At small impact
parameters the rebound mechanism dominates. For the
abstraction reaction the stripping mechanism is also significant
causing the larger bmax value. In Figure 6 the SO effect on the
ICSs is also shown. Since the SO correction effectively increases
the barrier height, we can expect smaller ICSs on the SO PES.

Indeed, the ICSs are about 2 times larger on the non-SO PES
than on the SO PES at a low Ecoll of about 2000 cm

−1, and the SO
effect is still about 10−20% in the Ecoll range of 10 000−20 000
cm−1. These SO effects are not sensitive to the ZPE issue of QCT
because the ZPE constraint has virtually the same effect on the
non-SO and SO results.
The Cl + CHD3 reaction has become a benchmark system for

testing the mode selectivity and the validity of the Polanyi rules
for polyatomic reactions. Following the mode-specific experi-
ments performed for Cl + methane (CH4, CH3D, etc.) in the
groups of Crim and Zare,14,13 in 2007 Liu and co-workers18

found that CH stretching excitation is no more efficient than
translational energy in promoting the late-barrier Cl + CHD3 →
HCl + CD3(v = 0) reaction, in contradiction to the extended
Polanyi rules. Note that the Polanyi rules were designed for
atom + diatom reactions; thus, one may expect that these rules
cannot be simply extended for polyatomic reactions, where many
vibrational degrees of freedom exist. In 2011 we developed a full-
dimensional ab initio PES for the Cl + methane reaction and
carried out QCT calculations for Cl + CHD3(vk = 0,1)→HCl +
CD3 [k = 1, 3, 5, 6].83 Figure 7 shows the computed ICSs as
a function of Ecoll and the vibrational enhancement factors as
functions of Ecoll and total energy (Ecoll + vibrational energy of
CHD3). As seen, the excitation of the bending modes [v3(a1),
v5(e), and v6(e)] and especially the CH stretching [v1(a1)]
excitation enhance the reactivity. However, these enhancement
factors are obtained at the same Ecoll, which does not correspond
to the same total energy of the ground-state and reactant
vibrationally excited reactions. As was done by Liu and co-
workers,18 in Figure 7 we also plot the enhancement factors as a
function of total energy. As seen, at low energies the vibrational
excitation does not promote the reaction, in agreement with
experiment. Analysis of representative trajectories showed that at
low Ecoll the vdWwell in the entrance channel plays an important
role in the dynamics. As mentioned before and seen in Figure 2,
the vdW well is deeper at HCH3···Cl orientations than at
H3CH···Cl; thus, the reactants are steered into a nonreactive
orientation especially at low Ecoll as shown in Figure 7. As Ecoll
increases the effect of the shallow vdW well diminishes and
vibrational excitation, especially CH stretching excitation,
becomes more efficient than translational energy to activate
the reaction.
In 2012, Zhang and co-workers79 performed 7-dimensional

quantummechanical (QM) wave packet dynamics computations
for the Cl + CHD3(v1 = 0,1) → HCl + CD3 reaction using the
Palma−Clary model Hamiltonian76 and the PES of ref 83. As
seen in Figure 8, the QMCH stretching enhancement factors are
3−4 times larger than those obtained fromQCT and experiment.
Both QM and QCT show that at low Ecoll, CH stretching excita-
tion is less efficient to promote the reaction than an equivalent
amount of translational energy, in qualitative agreement with
experiment. The fact that the QM ICS ratios are larger than the
corresponding QCT results may be reasonable since QCT may
miss some quantum effects, for example, CH stretching
excitation energy may leak to other modes prior to the collision,
thereby decreasing the vibrational enhancement factors. (Note
that it was checked by computing the mode energies as a function
of time that this leakage problem is not a serious issue in this
reaction.) Even if the QM study is not full-dimensional, the
QM ICS ratios are the best theoretical predictions for the
enhancement factor at present. When we compare theory and
experiment, several details should be considered. First, experi-
ment probed ground-state CD3(v = 0) only.18 The theoretical

Figure 5. Probabilities of the Cl(2P3/2) + CH4(v = 0)→HCl + CH3 and
H + CH3Cl reactions as a function of the impact parameter at collision
energies of 16 000 and 20 000 cm−1. The probabilities were obtained
considering all the trajectories (“All”) as well as ZPE constrained
trajectories (“ZPE”) in which CH3 or CH3Cl has at least zero-point
vibrational energy. Adapted from ref 61.
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study also computed the CD3(v = 0) resolved ICS ratios as
shown in Figure 8 (right B panel), but these QM results
overestimate the experimental enhancement factors by a factor of
3−4. Second, experiment probed the low NK rotational states of
the CD3 product,

18 whereas the theoretical results correspond to
all the NK states. This rotational-probe issue inspired an experi-
mental reinvestigation of the Cl + CHD3(v1 = 0,1) reactions.106

It turned out that probing all the NK states of CD3(v = 0)
increases the vibrational enhancement factors by a factor of 3−4
(Figure 8), thereby resolving the contradiction between QM
theory and experiment. However, the story does not end here
because the theoretical computations are performed for the J = 0
rotational state of the reactants CHD3(v = 0) and CHD3(v1 = 1),
whereas experiment corresponds to CHD3(v = 0,Trot≈ 5−10 K)
and CHD3(v1 = 1, J = 2, K = 0, ±1). This reactant rotational

probe effect on the vibrational enhancement factor is still an
open question and the theoretical and experimental research is
ongoing about the initial JK-dependence of the reactivity. For the
Cl + CH4 reaction, a 6D QM study107 found that the reaction
probabilities depend on J of CH4, and for Cl + CH3D, a recent
experiment found that higher J states are slightly more reactive
than low J states.108

In 2013, Jiang and Guo109 proposed a sudden vector projec-
tion (SVP) model as a more quantitative alternative to the
Polanyi rules. The SVP model calculates the overlaps between
the normal modes of the reactant and the reaction coordinate
vector at the transition state. On the basis of the overlaps, one can
predict the efficacy of a specific vibrational mode on the reactivity
if the internal energy redistribution prior to the collision is not
significant. The limitations of the SVP model were pointed out

Figure 6. Cross-sections of the Cl + CH4(v = 0)→HCl + CH3 and H + CH3Cl reactions on the SO and non-SO PESs (top); ratios of the non-SO and
SO cross-sections (middle); and ratios of the substitution and abstraction channels on the SO PES (bottom) as a function of collision energy. The cross-
sections were obtained considering all the trajectories without ZPE constraint (left) as well as ZPE constrained trajectories (right) in which CH3 or
CH3Cl has at least zero-point vibrational energy. Adapted from ref 61.
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by Jiang and Guo who wrote that “the sudden model is not a
panacea and cannot be expected to provide all answers for mode
selectivity.”109 For CH stretching and bending excited CHD3,
we showed in refs 45 and 110 that the classical vibrational actions
are nearly constant until the reactants collide, which suggests that
the SVP model could be useful for X + methane reactions. So far,
the model has been applied to atom + diatom systems,109 X +
H2O reactions,111 and the methane dissociative chemisorption
on Ni(111) surface.112,113 Application to gas-phase X + methane
reactions is a work in progress.
Many dynamical studies were reported for the O(3P) + CH4

reaction using full-114 and reduced-dimensional115,116 QCT
and reduced-dimensional QM76,77 methods. Most of the studies
employed reduced-dimensional ab initio PESs115 or the full-
dimensional semiempirical PES of Espinosa-Garcıá and co-
workers.32 The first full-dimensional ab initio PES for this

fundamental polyatomic reaction was developed by Czako ́ and
Bowman (CB) in 2012.84

For the O(3P) + CH4(vk = 0,1)→ OH + CH3 [k = 1, 2, 3, 4]
reactions, full-dimensional QCT and 8-dimensional QM
(Palma−Clary model) computations were performed using
the ab initio CB PES.117,62 The comparison of QM, QCT, and
experimental118 ICSs of O(3P) + CH4(v = 0) as a function of Ecoll

are shown in Figure 9. As seen, the agreement between QM and
QCT as well as theory and experiment is excellent. However,
a few important notes have to be mentioned. First, experiment
probes CH3(v = 0) only, whereas the theoretical results cor-
respond to CH3(all states). As we will discuss later, CH3(v = 0) is
the major product state of the O(3P) + CH4(v = 0) reaction.
Second, experiment does not measure absolute cross-sections;
therefore, the experimental data are scaled by a constant factor
to match the QM result at Ecoll = 14.7 kcal/mol. Third, the QCT
results shown in Figure 9 are based on all the trajectories without

Figure 7. Cross-sections (A) for the Cl + CHD3(vk = 0, 1) [k = 1, 3, 5, 6] reactions and their ratios (B) as a function of collision energy (Ecoll).
Presented in panel C are the cross-section ratios at equivalent amounts of total energy (Etot = Ecoll + Ev), where the vibrational energies (Ev) are 0, 8.6, and
3.0 kcal/mol (relative to ZPE) for the ground state and stretch and bend excited reactions, respectively. In the right panel, snapshots of a nonreactive
Cl + CHD3(v1 = 1) trajectory are shown illustrating the stereodynamics in the van der Waals region causing the unexpected σv/σg < 1 ratio at
Etot = 9.6 kcal/mol as seen in panel C. Adapted from ref 83.
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ZPE constraint, which may affect the QCT data as discussed
below.
In Figure 10 the QM ICSs of O(3P) + CH4(vk = 0,1) [k = 1, 2,

3, 4] are compared to various QCT data obtained by using
different ZPE constraints.62 As mentioned above, for O(3P) +
CH4(v = 0) the nonconstrained QCT results agree well with
QM. However, several trajectories violate the product ZPE; thus,
the soft, CH3-based, and especially the hard ZPE constrained
ICSs underestimate the QM results. Thus, the excellent agree-
ment between the nonconstrained QCT and the QM ICSs may
be due to error cancelations; e.g., QCT does not allow tunneling,
but allows ZPE leak, which may increase the reactivity due to

unphysical energy transfer from the spectator modes to the
reaction coordinate. Note that ZPE constraint means discarding
trajectories if the sum of the product vibrational energies is less
than the sum of ZPEs (soft), either product has less vibrational
energy than the corresponding ZPE (hard), and the polyatomic
product has less vibrational energy than its ZPE (CH3 based).
For the bending-excited O(3P) + CH4(vk = 1) [k = 4, 2] reactions
the soft and CH3-based ZPE constraints give the best agreement
with QM, whereas the nonconstrained and hard results over-
estimate and underestimate the QM results, respectively. For the
stretching-excited O(3P) + CH4(vk = 1) [k = 1, 3] reactions the
nonconstrained and soft constrained ICSs agree well with QM,
whereas the CH3-based results slightly and the hard ICSs
significantly underestimate the QM data. On the basis of the
above findings it is not straightforward to predict how one should
analyze the QCT results if benchmark QM data are not available.
Nevertheless, some general conclusions can be drawn. The
ZPE constraints do not necessarily improve the nonconstrained
QCT ICSs. The hard constraint is too strict and seriously
underestimates the ICSs. For the O(3P) + CD4 reaction a 6D
QM study was recently reported using the CB PES, which found
good agreement between QM and QCT for some of initial state
specific ICSs.119

ICSs for the Br(2P3/2) + CH4(vk = 0,1) [k = 1, 2, 3, 4] reactions
obtained fromQCT calculations using the ab initio PES of ref 85
are shown in Figure 11. The reactivity of Br + CH4 is extremely
small; the ICSs are about an order of magnitude smaller than
those of O + CH4 and about 2 orders of magnitude smaller than
the ICSs of Cl + CH4. Similar to O/Cl + CH4, the bending
excitations of CH4 slightly and the stretching excitations
significantly enhance the reactivity. The vibrational enhancement
factors are much larger for Br + CH4 than those of O + CH4.

Figure 8.Quantum mechanical and QCT (with and without ZPE constraint) total and the product CD3(v = 0) cross-sections for the ground-state (g)
and CH stretching-excited (s) Cl + CHD3(v1 = 0,1)→HCl + CD3 reactions (left panels). In the right panels the vibrational enhancement factors of the
total (right A) and product CD3(v = 0) (right B) cross-sections are shown, based on an equivalent amount of total energy, where the vibrational energy
Ev is 8.5 kcal/mol. Experimental data corresponding to the low-NK and all-NK states of CD3(v = 0) are taken from refs 18 and 106, respectively. Adapted
from ref 79.

Figure 9. Quantum mechanical (QM) and quasiclassical trajectory
(QCT) cross-sections as a function of collision energy for the O(3P) +
CH4(v = 0) reaction (including the 2/3 degeneracy factor). The QCT
results are based on all trajectories without ZPE constraint or weighting.
Experimental data are taken from ref 118. Adapted from ref 117.
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The Br(2P3/2) + CH4(vk = 0,1) ICSs as a function of total energy
(Figure 11) show that the vibrational energy is more efficient
than translational energy to activate this late-barrier reaction, in
agreement with the extended Polanyi rules. Therefore, Br + CH4
is a good example where vibrational excitations greatly help
the reaction, and for example, Br can react with 2-quantum
stretching-excited CH4 even at low collision energies. Experi-
ments on the dynamics of Br + CH4 are ongoing in Crim’s
laboratory. Various ZPE constrained QCT analyses were also
done for Br + CH4 as shown in Figure 11. As seen, the ZPE
constraint significantly decreases the ICSs. Unlike for O + CH4,
here QM data are not available yet for comparison. Nevertheless,
the different ZPE treatments qualitatively show the same trends
for the reactant vibrational effects. Finally, it is worth noting
the large difference between the ICSs obtained on the SO and
non-SO PESs of Br + CH4. Even at a high Ecoll of 16 000 cm

−1,
the non-SO PES gives about 3 times larger ICS than the SO
PES does (Figure 11), showing that the SO correction cannot
be neglected in PES developments for heavy atom (Br, I, etc.)
reactions.
It is interesting to compare the shapes of the excitation

functions of the different reactions. The excitation functions of
O/Br + CH4 have concave-up shapes, whereas Cl + CH4 shows
a concave-down behavior. (Note that the ZPE constraint slightly
affects the shapes of the QCT excitation functions.) As discussed
by Zhang and Liu,118 this suggests a tight and loose bending
potential near the transition state for O/Br and Cl + CH4,
respectively, which should be investigated in more detail in the
near future.

2. Differential Cross-Sections. A joint crossed-beam and
QCT study investigated the differential cross-sections (DCSs)
of the ground-state and bending-excited Cl + CH4(vb = 0,1)
reactions.94 The collision energy dependence of the experimental
and theoretical DCSs for Cl(2P3/2) + CH4(v = 0) is shown in
Figure 12. As seen, at a low Ecoll of 3.7 kcal/mol, the DCS shows
significant backward scattering, and as Ecoll increases, the angular
distributions shift toward sideways and forward directions, and at
Ecoll = 20 kcal/mol, the DCS shows clear preference of forward
scattering. As Figure 12 shows, experimental and theoretical
DCSs are in good qualitative or semiquantitative agreement.
The above findings indicate that, at low Ecoll, Cl + CH4(v = 0)
proceeds with a direct reboundmechanism favoring small impact
parameters and thus backward scattering, and as Ecoll increases,
the strippingmechanism starts to dominate favoring larger impact
parameters resulting in forward scattering. These conclusions are
further supported by the opacity functions as shown in Figure 12.
Even if the bmax value of about 6 bohr does not significantly
depend on Ecoll, the shape of the opacity function is sensitive to
Ecoll. At low Ecoll, P(b) decreases monotonically with increasing b,
whereas at large Ecoll, P(b) increases with b up to about b = 4 bohr.
The above findings are found to be very similar for the bending-
excited reactions as well.
The computed DCSs for the O(3P) + CH4(vk = 0,1) [k = 1, 2,

3, 4] reactions are shown in Figure 13. The shape of the DCSs
does not significantly depend on the Ecoll and the initial
vibrational excitation. In a wide Ecoll range of 3500−7700 cm−1

the DCSs of O(3P) + CH4(v = 0) show clear preference of
backward scattering. This Ecoll dependence can be contrasted to
that of Cl + CH4, where the angular distributions shifted toward
forward directions as Ecoll increased (Figure 12). These finding
indicate that unlike Cl +CH4, theO +CH4 reaction occurs with a
direct rebound mechanism even at higher collision energies. For
O(3P) + CH4(v = 0) → OH(v = 0) + CH3(v = 0), Zhang and

Figure 10. Quantum mechanical (QM) and quasiclassical trajectory
(QCT) cross-sections as a function of collision energy for the O(3P) +
CH4(vk = 0, 1) [k = 1, 2, 3, 4] reactions. The 8-dimensional QM results
are taken from ref 117 (without including the 2/3 degeneracy factor).
The QCT data are obtained by considering (a) all trajectories without
ZPE constraint or weighting, (b) soft, (c) hard, and (d) CH3-based ZPE
constraints, in which trajectories are discarded if (b) the sum of the
product vibrational energies is less than the sum of their ZPEs, (c) either
product has less vibrational energy than its ZPE, and (d) the CH3
product has less vibrational energy than its ZPE. Adapted from
ref 62.
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Liu118 measured the angular distributions, which can be directly
compared to theory as shown in Figure 14. As seen, both theory
and experiment show backward scattering and negligible
probabilities in the forward hemisphere. The excellent agreement
between theory and experiment confirms the accuracy of the CB
PES and shows that QCT is capable to reproduce correlated final
state specific DCSs if an accurate PES is used for the simulation.
In 2010 Wang and Liu measured the integral and differential

cross-sections of the ground-state and CH stretching excited
O(3P) + CHD3(v1 = 0,1) reactions.

20 The measured DCSs show
that the ground state reaction is backward scattered, whereas the
angular distributions become much broader covering both the
backward and forward hemispheres upon CH stretching
excitation. This indicates that CH stretching excitation enlarges
the reactive cone of acceptance, thereby enhancing the reactivity.
In 2012 we performed QCT simulations using the CB PES for
the O(3P) + CHD3(v1 = 0,1) reactions.

84 As Figure 15 shows, the
reactivity increases significantly upon CH stretching excitation,
and the computed DCSs are in excellent agreement with experi-
ment. As also shown in Figure 15, the shape of the computed
opacity functions further supports the above interpretation of
Wang and Liu since CH stretching excitation enhances the
reaction at larger impact parameters, in agreement with the shape
of the DCSs. It is interesting to compare the computed DCSs
of the O(3P) + CH4(v1 = 0,1) and CHD3(v1 = 0,1) reactions.
As Figure 13 shows the DCSs of the O(3P) + CH4(v1 = 0,1)
reactions do not depend significantly on the vibrational state
of CH4, whereas, as discussed above, the DCS shifts toward
forward scattering upon CH stretching excitation of CHD3. To
the best of our knowledge, DCSs have not been measured for the
CH stretching excited O(3P) + CH4(v1 = 1) reaction.

The computed reaction probabilities and DCSs for the Br +
CH4(vk = 0,1) [k = 1, 2, 3, 4] reactions are shown in Figure 16.85

The reactivity of the Br + CH4(v = 0) reaction is extremely small,
for example, the reaction probability at b = 0 is only 0.1%. The
excitation of the symmetric stretching increases the reactivity,
though P(b = 0) is still only 0.8% for Br + CH4(v1 = 1). Unlike in
the case of O(3P) + CH4, the DCSs of Br + CH4 depend on the
initial vibrational state. Dominance of backward scattering is
found for the Br + CH4(v = 0) reaction, whereas the bending-
excited reactant gives more isotropic angular distributions. For
the stretching-excited Br + CH4(vk = 1) [k = 1 and 3] reactions,
the DCSs show dominance of forward scattering. The initial-state
dependence of the DCSs is consistent with the b-dependence
of the reaction probabilities since bmax increases upon reactant
vibrational excitation.

3. Vibrational and Rotational Distributions. Computed82

and measured120 HF vibrational and rotational distributions for
the F + CH4(v = 0) reaction are shown in Figure 17. Since
F + CH4 is a highly exothermic early barrier reaction, we can
expect that the reaction produces vibrationally excited HF
molecules. Both theory and experiment show that the major
product state is HF(v = 2) and that the HF(v = 1 and 3) states
have minor populations. Note that the ZPE effect is significant
on the QCT results since the ZPE constraint decreases the
population of HF(v = 3) from 35.0 to 17.5%, thereby improving
the agreement with the experimental value of 10.6%.82 We found
that the SO correction does not have a significant effect on the
final-state distributions,87 as shown in Figure 17. The computed
rotational distribution is broad for HF(v = 1) and tends colder
and colder for HF(v = 2) and HF(v = 3), in excellent agreement
with the experiment of Nesbitt and co-workers.120 Many old

Figure 11. Cross-sections as functions of collision energy (Ecoll) and total energy (Etotal) for the ground-state (v = 0), bending-excited (v4 and v2), and
stretching-excited (v1 and v3) Br(

2P3/2) + CH4(vk = 0, 1) [k = 1, 2, 3, 4] reactions obtained by considering all trajectories without ZPE constraint or
weighting. For the Ecoll-dependent cross-sections, results are shown with soft ZPE constraint, hard ZPE constraint, CH3-based ZPE constraint, and 1GB.
In the lower right panel, cross-sections are shown as a function of Ecoll for the Br(

2P) + CH4(v = 0) and Br(2P3/2) + CH4(v = 0) reactions obtained by
using the non-SO and SO PESs, respectively, considering all trajectories without ZPE constraint or weighting. Adapted from ref 85.
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theoretical studies could not reproduce the measured rotational−
vibrational distributions. Perhaps the first QCT study that
captured the experimental features was reported by Troya in
2005 based on a specific-reaction-parameter semiempirical
Hamiltonian.22 Then in 2009 our QCT study on an ab initio
PES finally achieved almost quantitative agreement with experi-
ment as shown in Figure 17.82

Computed vibrational distributions for the HCl and CH3

products of the Cl(2P3/2) + CH4(v = 0) reaction are shown in
Figure 18. As seen, both HCl and CH3 are mainly formed in the
vibrational ground state. Up to about Ecoll = 7000 cm−1, the only
HCl product state is v = 0, and even at a high Ecoll of 20 000 cm

−1,
HCl(v = 0) has about 80% population, whereas the fraction of
HCl(v = 1) is close to 20% and HCl(v = 2) is still negligible. The
mode-specific CH3 vibrational distributions show that at low
collision energies 70−80% of CH3 is formed in its vibrational
ground state, and at Ecoll = 20 000 cm−1, the population of
CH3(v = 0) is still about 50%. Umbrella-excited CH3 is found,
CH3(v2 = 1) is about 15−20%, and the other product states that
have small populations, <10%, are the umbrella overtones, v2 = 2,
3, 4, the bending fundamental v4 = 1, and their combination
bands. Stretching-excited CH3 products are not found. On the
basis of the above-described cold HCl and CH3 vibrational
distributions, we can conclude that the excess collision energy
mainly transfers into relative translational energy of the products,
as expected in the case of a late-barrier reaction.
Mode-specific product vibrational distributions were com-

puted for the Cl(2P3/2) + CH4(v4/2 = 0, 1) → H +
CH3Cl(n1n2n3n4n5n6) reactions using the PES of ref 83, which

describes both the abstraction and the high-energy substitution
channels.46 A schematic of the PES for substitution channel and
the CH3Cl vibrational distributions obtained by HB and 1GB
are shown in Figure 19. Both HB and 1GB show that the Cl +
CH4(v = 0) reaction produces vibrationally excited CH3Cl
products. However, HB gives small populations for vibrational
states that have larger energy than the maximum available energy
in the reaction. This can happen due to the breakdown of the
normal-mode analysis at highly distorted configurations, which
can result in assignments to physically unavailable vibrational
states. This issue can be solved by applying 1GB as shown in
Figure 19. Indeed, 1GB gives small weights for the states that
have much larger quantum energy than the classical total
vibrational energy, thereby closing the undesired product states.
Similar findings were found for the highly excited H2O(n1n2n3)
product from the reactive quenching of OH* by H2.

66

Rotational distributions for the HCl product form the
Cl(2P3/2) + CH4(v = 0) reaction were measured at Ecoll =
1280 cm−1 by three different groups.121−123 The most recent
experiment was reported by Orr-Ewing and co-workers,123 who
found very cold rotational distribution, peaking at J = 1, in
agreement with an earlier experiment of Varley andDagdigian.122

Theoretical simulations were struggling to reproduce the
measured cold rotational distribution using the QCT method
with different PESs and semiempirical Hamiltonians, and instead
produced a too-hot rotational distribution. Therefore, in 2011
a study concluded that “...QCT calculations are missing an
important dynamical feature that quenches the HCl rotational
motion.”51 The conclusion was based on the fact that the HCl

Figure 12.Measured and computed product pair-correlated angular distributions for the Cl(2P3/2) + CH4(v = 0)→HCl(v = 0) + CH3(v = 0) reaction
(upper panels). The collision energies, Ec, are shown in kcal/mol. Lower panels show the computed reaction probabilities as a function of impact
parameter for Cl(2P3/2) + CH4(v = 0) and CH4(vb = 1) [b = 4, 2]→HCl(all states) + CH3(all states) at collision energies of 3.7, 10.0, and 20.0 kcal/mol.
The QCT results are based on all the trajectories regardless of the internal energy of the products. Adapted from ref 94.
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rotational distribution, again quoting from ref 51 “is virtually
identical to those obtained with the SRP-MSINDO PES and
with the high quality ab initio PES of ref 37.” Later in 2011 we
performed QCT calculations using the new ab initio PES of
ref 83, and the HCl rotational distribution, determined by the
same ZPE constrained QCT analysis as was done in ref 51, was
obtained in excellent agreement with experiment as shown in
Figure 20. As also shown in Figure 20, the rotational distributions

are virtually the same with the CH3-based and soft ZPE
constraints; the former was used in refs 83 and 51. Without ZPE
constraint, the distribution becomes broader but still peaks at
J = 1. Trajectory simulations showed that the formation of
the CH3···HCl complex in the exit channel is responsible for
producing rotationally cold HCl molecules, in agreement with
the findings of Murray and Orr-Ewing,124 who suggested that the
post-transition-state interactions play important roles in the
HCl(J) distributions of Cl + alkane reactions.
Computed vibrational distributions for the OH and CH3

products of the O(3P) + CH4(vk = 0,1) [k = 1, 2, 3, 4] reactions
are shown in Figure 21. For OH(v), both HB and 1GB QCT
results are shown, where in the case of 1GB the weight is
obtained as the product of the weights of the product pairs OH
and CH3.

62 Qualitatively, both HB and 1GB show cold OH
vibrational distributions, where OH(v = 0) is the dominant
product state in a wide Ecoll range up to at least 7700 cm−1.
However, HB gives significantly more OH(v = 1) products than
the 1GB results show. This is expected because many CH3

products violate ZPE; thus, these trajectories may give too high
vibrational energy for OH. These unphysical trajectories get
small weights when 1GB is applied. 1GB shows that the O(3P) +
CH4(v = 0) reaction gives ground-state OH products only, and
OH(v = 0) is still dominant for the stretching excited O(3P) +
CH4(vk = 1) [k = 1 and 3] reactions, where OH(v = 1) has about
20% probability. The mode-specific CH3 distributions show
that the ground-state CH3 is the dominant product state of the
O(3P) + CH4(v = 0) reaction, in agreement with the crossed-
beam experiment of Zhang and Liu,118 and the minor states
include the umbrella- (v2) and bending-excited (v4) products.
The CH3(v2) vibrational distributions were measured by Suzuki
and Hirota,125 who found monotonically decreasing populations
from v2 = 0 to 3 and vanishing probability at v2 = 4, in excellent
agreement with the QCT results of ref 62. QCT shows that no
stretching-excited CH3 is formed from O(3P) + CH4(v = 0) and
even the stretching-excited O(3P) + CH4(vk = 1) [k = 1 and 3]
reactions produce only a few % stretching-excited CH3. For
the umbrella-excited O(3P) + CH4(v4 = 1) reaction, Yu and
Nyman71 computed the CH3(v2) distributions using the RBU
quantum model and a semiempirical PES. At high Ecoll
(>5400 cm−1) both the QCT and RBU quantum results show
that CH3(v = 0) is the dominant product state. At a lower Ecoll
of 4200 cm−1, QCT shows that v = 0 and v2 = 1 states have
the highest populations, whereas the RBU quantum study gives

Figure 13. Differential cross-sections (DCSs) for the O(3P) + CH4(v = 0)
reactions at different collision energies (upper panel) as well as
DCSs for the ground-state (v = 0), bending-excited (v4 and v2), and
stretching-excited (v1 and v3) O(

3P) + CH4(vk = 0, 1) [k = 1, 2, 3, 4]
reactions at collision energy of 5240 cm−1 (lower panel) obtained by
considering all trajectories without ZPE constraint or weighting. Adapted
from ref 62.

Figure 14.Computed andmeasured differential cross-sections (dσ/d cos θ) for theO(3P) +CH4(v = 0)→OH(v = 0) +CH3(v = 0) reaction at collision
energies of 15.0 and 14.7 kcal/mol, respectively. The QCT results are obtained by using histogram binning. The experimental data are taken from
ref 118. Adapted from ref 62.
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Figure 15.Cross-sections as a function of collision energy and reaction probabilities (Ecoll = 4000 cm
−1) as a function of impact parameter for the ground

state and CH stretching excited O(3P) + CHD3(v1 = 0,1) → OH + CD3 reactions (upper panels, ZPE-constrained QCT results). Computed and
measured differential cross-sections of the O(3P) + CHD3(v1 = 0,1) reactions at collision energy of 4000 cm

−1 (lower panels). In the QCT analysis, the
correlated product-state assignment was done using histogram binning without ZPE constraint. The experimental data are taken from ref 20. Adapted
from ref 84.

Figure 16. Reaction probabilities as a function of impact parameter (upper left) and differential cross-sections (lower left) for the ground-state (v = 0),
bending-excited (v4 and v2), and stretching-excited (v1 and v3) Br(

2P3/2) + CH4(vk = 0, 1) [k = 1, 2, 3, 4] reactions at Ecoll = 12 000 cm−1 obtained by
considering all trajectories without ZPE constraint or weighting. In the right panels, differential cross-sections are shown for Br(2P3/2) + CH4(v1 = 0, 1)
at three different collision energies. Adapted from ref 85.
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hotter vibrational distributions with negligible CH3(v = 0).
Unfortunately, experimental data are not available for the
O(3P) + CH4(v4 = 1) reaction. Overall, it is found that the
O(3P) + CH4(vk = 0,1) reactions produce mainly ground-state
OH + CH3 product pairs; thus, the excess translational and/or
vibrational energy transfers into relative translational energy of
the products.

IV. SUMMARY AND CONCLUSIONS

Moving beyond atom + diatom and atom + triatom reactions, the
atom + methane reactions have become benchmark systems of
polyatomic abstraction processes. Since methane has nine
vibrational modes including torsional motions, which involve
the concerted motion of many atoms, the dynamics of the atom +
methane reactions is muchmore complex than that of the tri- and
tetra-atomic prototype reactions. In the past decade, exper-
imental techniques were developed to probe the state-to-state
dynamics of atom + methane reactions, thereby tracking the
energy flow along the reaction coordinate.15 Of course, detecting
all the final states is very challenging; thus, experiment probes the
major product states, e.g., the ground state of the methyl product
or the umbrella-excited overtones. Theoretically, the simulation

of the reactions involves two main steps. First, the potential
energy surface (PES) is developed, which governs the motion of
the nuclei. Second, dynamical computations are performed using
the PES. For the X +methane [X =H, F, O(3P), Cl, Br] reactions,
full-dimensional analytical PESs were developed by (a) a
semiempirical approach, calibrating several parameters of the
functional form of an old H + CH4 model PES, and (b) fitting
high-level ab initio energies. Our approach follows (b) using the
permutationally invariant polynomial approach.29,16 The PESs
are used in full-dimensional QCT and reduced-dimensional
quantum mechanical dynamical computations. In order to
simulate the product-state specific experiments, a normal-mode
analysis method was developed to assign harmonic classical
actions to polyatomic product molecules. In 2009 we proposed
an efficient method for the application of the Gaussian binning
(GB) technique for polyatomic processes, thereby including
some quantum effect into the QCT product analysis.45 This
energy-based polyatomic GB method is now called 1GB. 1GB
was validated against benchmark quantum results for the
OH + D2 → D + HOD(n1n2n3) reaction, and 1GB has been
used for the X + methane reactions, as well. As state-to-state
quantum methods improve for six-atom systems, we expect

Figure 17.HF vibrational and rotational distributions for the F + CH4 reaction at collision energy of 1.8 kcal/mol. For the vibrational distributions both
the non-SO PES (ref 82) and the SO-corrected PES (ref 87) are used, whereas the rotational distributions are obtained on the non-SO PES. The QCT
studies employ ZPE-constrained histogram binning. Theoretical and experimental results are taken from refs 82, 87, and 120, respectively. Adapted from
ref 16.

Figure 18.Normalized HCl and mode-specific CH3 vibrational distributions for the Cl(
2P3/2) + CH4(v = 0) reaction at different collision energies. The

QCT study employs histogram binning of HCl(v) considering trajectories in which CH3 has at least zero-point vibrational energy. The assignment of the
vibrational states of CH3 and their Gaussian binning were done based on ref 45. The harmonic vibrational energies of CH3 are relative to the ZPE
(6548 cm−1). The harmonic frequencies corresponding to the modes (ω1, ω2, ω3, and ω4) of CH3 are (3128, 527, 3293, and 1428) cm

−1. The states
shown here correspond to 98, 99, 97, 97, and 92% of the total CH3 vibrational populations at collision energies of 1280, 3500, 7000, 12 000, and
20 000 cm−1, respectively. Adapted from ref 61.
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rigorous tests of 1GB for the X +CH4 reactions. Nowadays, state-
to-state quantum dynamics computations are usually performed

using reduced-dimensional models. Nevertheless, important
advances are currently under development for computing

Figure 19. Schematic of the vibrationally adiabatic potential energy surface of the Cl(2P3/2) + CH4(v4/2 = 0, 1) → H + CH3Cl reactions showing the
collision energy (Ecoll) dependence of the maximal available internal energy (Emax) for CH3Cl at different initial states of the reactant (upper panel). The
relative energies correspond to the global PES of refs 83 and 61 including harmonic ZPE corrections. Product CH3Cl vibrational distributions (showing
all the product states) for the Cl(2P3/2) + CH4(v = 0) reaction at collision energy of 16 000 cm−1 obtained by histogram binning and Gaussian binning
(1GB) (lower panels). Adapted from ref 46.

Figure 20. Normalized HCl(v = 0, J) rotational distributions in the Cl(2P3/2) + CH4(v = 0) reaction at Ecoll = 1280 cm−1. The QCT study considers
all the trajectories, ZPE constrained trajectories in which CH3 has at least zero-point vibrational energy [ZPE(CH3)] and ZPE constrained trajectories
in which Evib(HCl) + Evib(CH3) is at least ZPE(HCl) + ZPE(CH3) [ZPE(soft)]. The experimental results are taken from ref 123. Adapted from refs 83
and 61.
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full-dimensional state-to-state cross-sections for X + methane
reactions using the MCTDH approach.
One of the fundamental questions is concerned about the

validity of the extended Polanyi rules for polyatomic reactions.
Since the rules were proposed for atom + diatom reactions, it is
argued that they may not be simply extended for polyatomic
systems. Indeed, Liu and co-workers found departures from our
simplified expectations, namely, that CH stretching excitation
enhances the D-abstraction in F + CHD3 and that translational
energy is more efficient than CH stretching excitation to activate
the late-barrier Cl + CHD3 reaction.19,18 QCT simulations
showed that the shallow van der Waals well in the entrance
channel of the reactions plays an important steering role in the
dynamics, which causes the unexpected results. These findings
have inspired several experimental and theoretical studies, some
of them are still ongoing. In the past 1−2 years, quantum
simulations of Cl + CHD3 found larger vibrational enhancement
factors than QCT and experiment.79 This theoretical study
inspired an experimental reinvestigation,106 which found that
probing all the NK rotational states of CD3(v = 0) increases the
vibrational enhancement relative to the previous study, which
probed the low NK states only. The new experimental data are
in good agreement with the quantum computations. A next
question is how the reactant rotational excitations influence the
reactivity. Theoretical and experimental work is in progress about
this reactant rotational-probe effect. Another question is how
this state-to-state dynamical information can be formulated
into general rules of polyatomic reactions. As mentioned above,
there are several ongoing research projects investigating
these questions, and we expect extensive research on this
topic in the near future because the story of the extended Polanyi
rules has not been ended even for the F and Cl + methane
reactions.
Beside the many open questions about the mode-selective

dynamics of the X + methane reactions, recent experiments and
computations have extended our knowledge on polyatomic
reactivity. Let us summarize the most important findings about
the X + methane [X = F, O(3P), Cl, Br] reactions.

(1) F, O(3P), Cl, and Br + CH4 are early-barrier−highly exo-
thermic, central-barrier−slightly endothermic, late-barrier−

slightly endothermic, and late-barrier−highly endothermic
reactions, respectively.

(2) All the X + methane [X = F, O(3P), Cl, Br] reactions have
a shallow vdW well in the entrance channel, where the
HCH3···X minimum is deeper than H3CH···X, and a
relatively stable CH3···HX complex in the product well.

(3) The reactivity of X + CH4 decreases in the order of F, Cl,
O, and Br.

(4) For F and O(3P) + methane, translational energy is more
efficient than vibrational excitation to promote the reaction.
Vibrational energy drives the Cl + methane reaction more
efficiently, except at low collision energies. For Br +
methane, vibrational energy is clearly more efficient than
translational energy to activate the reaction, in agreement
with the Polanyi rules.

(5) The angular distributions of Cl + CH4 shift from backward
to forward directions with increasing collision energy
indicating the dominance of stripping over the rebound
mechanism as collision energy increases. The product
angular distributions of O(3P) + CH4 show backward
scattering without significant collision energy and initial
vibrational state dependence. Br + CH4 is backward
scattered for the ground-state reaction, whereas forward
dominance is seen upon reactant stretching excitations.

(6) The F + CH4(v = 0) reaction produces inverted HF
vibrational distributions, where HF(v = 2) is the most
populated state, whereas the O(3P) and Cl + CH4(v = 0)
reactions give mainly ground-state OH(v = 0) +
CH3(v = 0) and HCl(v = 0) + CH3(v = 0) product
pairs, respectively.

Finally, we emphasize that for most of the above dynamical
findings there is good agreement between theory and experi-
ment. Theory can provide explanation of the experimental results
and predictions, whichmay inspire new experiments. Experiment
can provide accurate data, which may serve as reference for
testing the accuracy of the PESs and dynamical computations.
We think that the joint and back-to-back theoretical−
experimental efforts will remain the driving force of the field
and will uncover many new, perhaps unexpected, details about
polyatomic reactivity.

Figure 21.Normalized OH (left) mode-specific CH3 (right) vibrational distributions for the O(
3P) + CH4(vk = 0, 1) [k = 1, 2, 3, 4] reactions. For OH,

the QCT study employs histogram binning (HB) without ZPE constraint and Gaussian binning via the 1GB procedure. For CH3, 1GB is employed. The
harmonic frequencies of CH3 (ω1, ω2, ω3, and ω4) are (3118, 491, 3294, and 1403) cm−1. Adapted from ref 62.
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Conformations of Non-Rigid Molecules; Laane, J., Dakkouri, M., van der
Veken, B., Oberhammer, H., Eds.; Kluwer: Dordrecht, Netherlands,
1993; p 343.
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