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An investigation of one- versus two-dimensional semiclassical transition
state theory for H atom abstraction and exchange reactions

Samuel M. Greene,? Xiao Shan, and David C. Clary
Physical and Theoretical Chemistry Laboratory, Department of Chemistry, University of Oxford,

South Parks Road, Oxford OX1 3QZ, United Kingdom
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We investigate which terms in Reduced-Dimensionality Semiclassical Transition State Theory (RD
SCTST) contribute most significantly in rate constant calculations of hydrogen extraction and
exchange reactions of hydrocarbons. We also investigate the importance of deep tunneling corrections
to the theory. In addition, we introduce a novel formulation of the theory in Jacobi coordinates. For the
reactions of H atoms with methane, ethane, and cyclopropane, we find that a one-dimensional (1-D)
version of the theory without deep tunneling corrections compares well with 2-D SCTST results and
accurate quantum scattering results. For the “heavy-light-heavy” H atom exchange reaction between
CHj3; and CHy4, deep tunneling corrections are needed to yield 1-D results that compare well with
2-D results. The finding that accurate rate constants can be obtained from derivatives of the potential
along only one dimension further validates RD SCTST as a computationally efficient yet accurate
rate constant theory. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942161]

. INTRODUCTION

Conventional quantum mechanical approaches to calcu-
lating reaction rate constants involve constructing a potential
energy surface (PES) and performing either time-dependent
or time-independent quantum reactive scattering (QRS)
calculations on this PES.!® However, these methods are
usually limited to relatively small polyatomic systems due to
the computational expense required to construct a PES and to
perform QRS calculations.*”~ The expense of constructing a
PES scales roughly exponentially with the size of the system,
and this is often the primary obstacle to performing QRS
calculations for reactions involving more than four or five
atoms.'? The largest systems to which QRS has been applied
are the H+ CHy — H, + CH3 and H, + CH; — H + CH4
reactions.!’! QRS results from different PESs exhibited
good agreement with each other and with experimental
results.?%?!

An alternative approach, variational transition state theory
with multidimensional tunneling contributions (VTST/MT),
is a class of efficient methods for rate constant calculations
based on conventional transition state theory (TST). Tunneling
effects on the rate constant are incorporated semiclassically
through a one-dimensional (1-D) WKB integral.>>->* Of these
methods, VTST/LAG is the most accurate but also the most
computationally expensive. The VTST/microcanonically opti-
mized multidimensional tunneling (WOMT) method is a hybrid
of VTST/small curvature tunneling (SCT) and VTST/LCG4
and yields results of similar accuracy with considerably
less computational expense.”> VTST/MT methods have
been applied to a variety of reactions and generally
yield results in good agreement to those from QRS and
experiment.?>~3?
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Additionally, Craig and Manolopoulos***> adapted the
Ring Polymer Molecular Dynamics (RPMD) method to rate
constant calculations. This theory relies upon the isomorphism
between a classical treatment of an infinite number of copies
of the system coupled via harmonic potentials and a quantum
mechanical treatment of a single copy of the system. Their
method has yielded results in agreement with those from other
methods.?%?7-30-3637 Other theories include centroid molecular
dynamics and related quantum mechanical formulations of
TST.3¥*! Recently, Althorpe and Hele**** showed that their
formulation of quantum TST is identical to RPMD TST.
Most of these more approximate methods require a complete
PES and are thus faster than QRS methods only because of
efficiency gains in kinetics calculations and not because of a
reduced need for PES calculations.

Semiclassical Transition State Theory (SCTST), devel-
oped by Miller et al.,*** depends only on derivatives of the
PES at the transition state and the reaction barrier height,
thereby potentially reducing the number of PES calculations
required. Effectively, a one-dimensional potential barrier along
the reaction coordinate is extrapolated from derivatives of the
PES, and coupling among degrees of freedom (DOFs) is
included in the barrier’s shape. The probability of tunneling
through the barrier is calculated using WKB Theory.*’
SCTST in its original form is derived from second-order
vibrational perturbation theory (VPT2) applied to a fourth-
order Taylor expansion of the potential at the transition
state,”® and it therefore relies on the harmonic frequencies and
anharmonic constants of the transition state.**~>? It can also be
adapted for higher-order approaches.> Exact SCTST kinetics
calculations are often computationally intractable for reactions
involving more than three or four atoms, but more efficient
approximations (Multidimensional Monte Carlo Integration
and the Wang-Landau Algorithm) have been developed and
shown to yield accurate results.>*

©2016 AIP Publishing LLC
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SCTST has been applied previously to several reactions
with considerable success.”>™° However, as it depends on the
presence of a transition state, it may not be applicable to
barrierless reactions or reactions with low barriers. Recently,
Wagner® developed an alternative method for constructing
the potential barrier used in SCTST, in which additional
constraints are applied such that the reactant and product
asymptotes are more physically realistic. This method thereby
enables more accurate calculation of tunneling probabilities,
particularly at low energies (“deep tunneling”), at minimal
additional computational expense.

In the past decade, reduced-dimensionality (RD) ap-
proaches to QRS have enabled rate constant calculations
for reactions involving more than six atoms.>!%¢1-%7 In RD
methods, only a subset of the system’s DOFs are treated
explicitly, while the remaining DOFs are treated by more
approximate methods. The primary computational advantage
of this approach lies in the significant reduction of the number
of ab initio calculations required to construct an RD PES,
although RD kinetics calculations are generally also less
computationally expensive than their full-dimensional (FD)
counterparts. Several different approaches to choosing which
DOFs to treat explicitly have been tested and discussed
previously.'%%-7> Recent work in our group has involved
treating explicitly only the DOFs corresponding to the bonds
being formed or broken in RD QRS calculations.”"’® This
has enabled the application of QRS to reactions involving
molecules as large as butane,”® generally with results that
agree with experiment and theory at a fraction of the expense
of FD QRS calculations.

Recently, we developed Reduced-Dimensionality Semi-
classical Transition State Theory (RD SCTST) as a potential
method for further improving the efficiency of rate constant
calculations.’® In RD SCTST, anharmonic constants are
calculated for only a subset of DOFs, and the remaining
DOFs are treated harmonically. We applied RD SCTST to
three gas-phase H atom abstraction and exchange reactions
for which 2-D PESs had been developed previously.””-’® The
resulting rate constants exhibited excellent agreement with
RD QRS rate constants calculated previously using these
PESs. Notably, agreement was observed for the reaction
CH; + CHy — CHy4 + CH3, which has large reaction-path
curvature. “Corner-cutting” effects along paths in the concave
region of the PES between the reactant and product channels
have been shown to contribute significantly to rate constants
for reactions of this type.8'%* RD SCTST results agreed
with QRS results even though this region of the PES is not
considered in RD SCTST.

In a 2-D SCTST calculation, anharmonic constants are
calculated for two vibrational DOFs: the reaction mode, which
has an associated imaginary frequency, and the transition
mode, which is orthogonal to the reaction mode and has a
real frequency. 2-D SCTST can be considered to account for
the anharmonicity of each of these modes and the coupling
between them. In this study, we seek to understand the extent
to which the anharmonicity of the transition mode and the
coupling between the modes contributes to rate constants
calculated using 2-D SCTST. In particular, we perform 1-D
SCTST calculations that account only for the anharmonicity of
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the reaction mode and compare their results to those from 2-D
calculations. We previously investigated the effect of the deep
tunneling corrections to SCTST within the 2-D framework, %0
and we here investigate their effect in 1-D. We consider four
reactions, three of which were considered in our previous
study, and for all of which 2-D PESs have been constructed
previously,’678

H+ CH4; — H, + CH3, @))

H + C,Hg — H, + C,Hs, 2)

H + cyc-C3Hg — H; + cyc-C;3Hs, 3)
CH; + CHy; — CHy4 + CHs. “4)

These prototypical reactions serve as baseline tests of rate
constant theories. Reactions (1)—(3) have significance in
combustion processes.”®’885 All reactions involve the abstrac-
tion or exchange of a light H atom, indicating that quantum
mechanical effects contribute significantly to the reaction rate,
particularly at low temperatures. A comparison with results
from TST allows for evaluation of the accuracy with which
different methods recover these effects. In this study, we use
previous QRS results as a basis of comparison because they
were calculated using the same 2-D PESs. We seek only to
evaluate RD SCTST as a method for kinetics calculations and
not to evaluate the validity of the PESs considered.

The remainder of this paper is organized as follows. In
Section II, formulas for 2-D and 1-D SCTST calculations
are presented, as well as a novel method for calculating
frequencies and anharmonic constants in Jacobi coordinates.
In Section III, we present rate constants calculated using 2-D
and 1-D SCTST and investigate the factors that contribute to
differences between results from both methods. Section IV
summarizes the key findings of this study.

Il. METHODS

A. Reduced-dimensionality potential
energy surface construction

Methods for the construction of the reduced-
dimensionality potential energy surfaces (RD PESs) consid-
ered in this study are presented in previous studies.’6’®
Briefly, ab initio calculations are performed on a grid in (r,r7)
coordinate space. For the generic hydrogen atom abstraction
or exchange reaction Y + H,Z — YH,+Z, r; is the Y-H,
distance, and r, is the distance between H, and the atom in
Z to which H, is bonded (Fig. 1). At each grid point, the
3N — 8 degrees of freedom other than r; and r (the “spectator
modes”) are optimized, and the energy is then calculated at
a high level of theory. The zero-point energy (ZPE) of the
spectator modes is then added to this energy.

At each grid point, the Jacobi coordinates  and R are
calculated from the optimized geometry. r is defined as the
distance between H, and the Y atom or moiety (H for reactions
(1)—(3), and the C atom in CHj for reaction (4)). For reactions
(1) and (4), R is the distance between the centers of mass of
fragments YH, and Z. For reactions (2) and (3), R is defined
differently as the distance between the center of mass of YH,
and the atom in the Z fragment to which H, is bonded. In
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FIG. 1. The bond lengths (r; and r7) and Jacobi coordinates (r and R) used
to construct the PESs for the generic reaction Y +H,Z— YH,+Z. The Z
fragment represents a hydrocarbon, with R’, R”, and R"”” bonded to the central
C atom. The white and black circles denote the centers of mass of H,Y and Z,
respectively. Note the differing definitions of the Jacobi coordinate R among
the reactions considered in this study.

the case of reaction (3), this choice was made due to the
presence of a van der Waals complex that affects the behavior
of the minimum-energy path (MEP) in conventional Jacobi
coordinates. This has been discussed in more detail previ-
ously.”® Both definitions of R are consistent with the Bending-
Corrected Rotating Linear Model®” used in QRS calculations
and with the treatment of the system as a three-body system in
this study, as it is equally valid to consider the motion of Y and
H, relative to either the center of mass of Z or the C atom in Z.

Jacobi coordinates were then transformed into hyper-
spherical coordinates p and ¢ as follows:

m m 1/2
=) () e
2 2
r(my\'"?
5 = tan”! —(—2) } (sb)
R n;
where
g = Ut g ©)
my + my + mgy
and
mz:w, (7)
my + myg

where my and my are the masses of the Y and Z fragments,
respectively, and my is the mass of an H atom. Although
the mass p uniquely defines a transformation from Jacobi
to hyperspherical coordinates, it can be defined arbitrarily
for the purpose of QRS calculations due to the presence
of a factor of yu in the Hamiltonian operator expressed
in hyperspherical coordinates. ¢ was defined differently
among the PESs considered in this study. Following this
coordinate transformation to hyperspherical coordinates,
the ZPE-corrected ab initio energies were then fit to a
double-Morse potential function, V(p,d), in hyperspherical
coordinates. Detailed discussions of the choice of this function
and the fitting procedures can be found in previous studies
and references within.”3-86
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B. Two-dimensional semiclassical transition
state theory

1. Theoretical overview

Detailed discussions of SCTST and its derivation can
be found elsewhere.**%358% The modifications to SCTST
required to use it within a reduced-dimensionality (RD)
framework are described in Ref. 80. In an RD SCTST
calculation, the set of F internal degrees of freedom of
the transition state is partitioned into two sets of d active
modes and F —d spectator modes. One active mode, the
reaction mode, has an imaginary frequency and is associated
with motion along the reaction coordinate. The remaining
d — 1 active modes are referred to as transition modes, have
real frequencies, and are orthogonal to the reaction mode.
Anharmonic constants for the active modes are included in
the calculation of the rate constant, and the spectator modes
are treated harmonically.

2. Anharmonic constants

In a two-dimensional calculation, there is one transition
mode and therefore three unique anharmonic constants:
one diagonal anharmonic constant for the reaction mode
(xrF), one diagonal anharmonic constant for the transition
mode (x1;), and one off-diagonal anharmonic constant (x;r).

Formulas for these anharmonic constants are as follows:*®

n? 512 2. (8w - 3w?)
XFF = —F (fFFFF - FI;F - lFf 2F > ), (8a)
16w 3wy widwy — wy)
T2 5F% 2 (8w? - 3wk)
Xin=— (f1111— Ui ), (8b)
16w 3w] wi(4wi - wy)
__” ( Sufirr  fUrfFFF
YFE =7 Surr - >~ 5
WIWF Wi Wy
217 0
[(w1 + wF)? - Will(w) - WF)? - W]]
2f2  w?
+ . leFF 1 —— 80)
[(w1 + wp)* — wi][(w) — WF)* — W]

where w; and wp are the harmonic frequencies for the
transition and reaction modes, respectively, and the f terms
denote third and fourth derivatives of the potential with
respect to normal mode eigenvectors. In an RD calculation,
the spectator modes are assumed not to contribute to the
anharmonic constants for the active modes. The frequencies
and normal mode eigenvectors of the active modes are
obtained from a harmonic analysis of the transition state.
Details of these calculations will be discussed below.

In a one-dimensional rate constant calculation, third and
fourth derivatives with respect to the transition mode (fii,
fur, firr, fi111, and fi1pF) are considered to be 0, such
that the transition mode is treated harmonically as a spectator
mode. Within this framework, x; and x;r are 0, and xgFr is
calculated as follows:

h2

1 6(4)%F

&)

XFF =
2
3wy

5 2
(fFFFF_ fFFF>~
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It is interesting to note that the 2-D and 1-D diagonal
anharmonic constants for the reaction mode (xpp) differ
because the 2-D constant depends on fipp.

3. Frequency and anharmonic constant calculations
in Jacobi coordinates

In this study, the active modes are linear combinations
of the Jacobi coordinates. Here we present a method for
calculating the frequencies and anharmonic constants for these
modes. Previously,80 we transformed the Jacobi coordinates
to the Cartesian coordinates of the Y, H,, and Z fragments
along one dimension, assuming a collinear geometry. Using
Jacobi coordinates removes the need for this assumption.

The transition state is modeled as a system of three
particles with masses my, my, and mz and velocities vy,
U, and vz. Subtracting the kinetic energy associated with
center-of-mass translation of the system,

1 2 et + maoio\2
Teou = ! (o + meg + ) (vaY MyUy mzvz) 0
my + myg + my
from the total kinetic energy of the system,
1 . o >
Tiot = 3 (mYUY2 + Myl + szzz) ; (11)
yields the following, after simplification:
1 2 2
TJac: E(mlvR+mzvr), (12)

where vg and v, are the time derivatives of the Jacobi
coordinates, and m; and m, are defined as in Egs. (6) and
(7). Expanding the potential V as a Taylor series to second
order in R and r enables a typical normal mode analysis,
whereby the mass-weighted Hessian in Jacobi coordinates H
is diagonalized to obtain two frequencies and normal mode

k(T)

1 Qi DN N1 fiy, N (E) exp (~Evk'T™") dE,
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eigenvectors,
o*v o’V
-1 -1/2
1 32 (mymy)
H= 0 R32V az‘(’jRar . (13)
(myma) ™2 my' S
dROr 2 9

Derivatives with respect to Jacobi coordinates are calculated
from derivatives with respect to hyperspherical coordinates
using the chain rule,

0 my 1/2 . 0 cosd 0
— == 5— — 14
or (ﬂ) 9T Th 05)’ (4
o (m\'? d sind 0
— == §— ———|, 14b
R (#) %0 " o a6 (140)

where u is the mass used to construct the corresponding PES.
Anharmonic constants are calculated from derivatives of the
potential with respect to the normal mode eigenvectors ¢ and

78
0 o 120 0
6_q_>i =dq;- (mll/za_R’mZI/ZE)' (15)
In the present study, these derivatives were calculated
analytically from the PESs using Mathematica version 8.0.%
The frequencies and anharmonic constants calculated by this
method were equivalent to those calculated previously from
these PESs using Cartesian coordinates.®® Calculating the third
and fourth derivatives of the PES required for 2-D SCTST
calculations analytically was, on average, 43 times faster
in Jacobi coordinates than in Cartesian coordinates for the
reactions considered in this study. Calculating the derivatives
required for a 1-D calculation in Jacobi coordinates is, on
average, 3.09 times faster than for a 2-D calculation.

4. Thermal rate constants

The rate constant k(T) is calculated from the cumulative
reaction probability (CRP), N(E,), as follows:?

h

where Q((T) is the partition function for the reactants, and
Qi (T), Q% (T), and Qzlec(T) are the translational, rotational,
and electronic partition functions for the transition state.
Q:fpeC(T) is a vibrational partition function for the spectator
modes of the transition state. All rotational and vibrational
partition functions were calculated from geometries and
harmonic frequencies presented in the previous studies
associated with these PESs.”®78 As in these previous studies,
the electronic partition functions of all closed- and open-shell
species were considered to be 1 and 2, respectively, as the
first excited states of the species considered in this study have
energies too great to appreciably contribute. E, represents the

O(T) ’

(16)

total energy in the active modes of the transition state. Eiyresh
is the least energy at which tunneling through the reaction
barrier is possible.?’

5. Semiclassical CRP

The CRP in 2-D SCTST is given as

nmax(Ev)

N(E)= ), (1+expO,(E)) ™ (17)

n=0
where 7npm,x, the maximum energetically allowed quantum
number of the transition mode, is a function of E,,>*
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Up E,>D
nmax(EV) = Ev ) (18)
vpll—4/1——| E,<D
D
with
hwl 1
=—— = 19
D 2)(11 2 ( )
and
h2w?
D=-—1 (20)
4)C1]

0,,(E,) represents the barrier penetration integral (cf. WKB
Theory) associated with motion along the reaction coordinate.
Note that this is a one-dimensional integral regardless of the
number of active modes in the SCTST treatment. The influence
of the transition mode on the barrier penetration integral is
accounted for via its dependence on n, the quantum number
of the transition mode. Miller er al*® give the following
analytical formula for 6,(E,):

-Q, +[Q} + 4xpp(AV] - E, + E,)]'/?

0,(E,) =
(Ey)=n 2xpp

; 21

where the subscript F denotes the reaction mode, and AV
denotes the reaction’s forward barrier height. E, is the
vibrational energy associated with the transition mode,

E,=h + ! + + 1y (22)
n=nwp|n ) X11|n ) .
Q,, is calculated as follows:
1
Q, =Im |:th+)6117 (n+§)] (23)

These formulas were rigorously derived from the VPT2
expression for the energy at the transition state.*>*¢ This
formula for 6,(E,) is equivalently the barrier penetration
integral for a symmetric Eckart potential and for an inverted
Morse potential appropriately fitted to AVfi, xpp, and Q,,.°088
The functional form of this Eckart potential is as follows:

exp(as)

\4 =AV;— Dy + 4Dy ———m————,
e(s) f se se[l " CXp(()/S)]2

(24)
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with
QZ
Dse = _4x:F (25)
and
_8 1/2
- e (26)

where s represents the reaction coordinate, with units of
(mass'/? length). This method for calculating the CRP and
associated rate constants will be referred to as SCTST-M.

6. Semiclassical CRP with deep tunneling corrections

Wagner®® noted that Eq. (21) sometimes inaccurately
represents tunneling at energies near the reaction’s quantum
threshold energy. The reactant and product asymptotes of
Eq. (24) are not Eyesn, as would be motivated by physical
intuition, and are instead given as follows:

lim Vie(s) = Av; - Dq.. (27)
§—+00 E

Consequently, no tunneling occurs when Eyesh < Ey
< AVfi — Dy, which is physically unrealistic. To correct this,
Wagner proposed that the barrier be modeled as a piecewise
asymmetric Eckart potential. Details of the construction of
this potential can be found in Ref. 60 and its supplementary
material. It is defined such that its reactant asymptote is
0 and its product asymptote is AV;!E - AV,*, where AV} is
the reaction’s reverse barrier height, which ensures that
tunneling is possible at all energies greater than Eipregn-
The potential is also defined to be smooth and continuous.
The barrier penetration integral for this potential can be
calculated analytically to obtain 6,,(E,).®° P,(E,) is calculated
from 6,(E,) as described previously.”**" This method for
calculating the CRP and rate constants will be referred to as
SCTST-W.

7. Barrier height calculations

Forward and reverse barrier heights were calculated
from points on the PES corresponding to the transition
state (TS), product, and reactant geometries. The TS was
considered to be the saddle point of the PES instead of the

TABLE L. Energetic parameters used in 1-D and 2-D SCTST calculations.?

Reaction (1) Reaction (2) Reaction (3) Reaction (4)
2-D 1-D 2-D 1-D 2-D 1-D 2-D 1-D

xpF (cm™) -166.44  -248.68 -317.26 —-48539 -25457 -539.89 -109.95 -174.01
x1F (cm™!) —-160.59¢ 0 —-340.96i 0 —618.85i 0 —32.78i 0
x11 (cm™") 0.33 0 14.36 0 109.75 0 —-1.64 0
Go (uEp) -24043  -26534 -383.86 —446.41 -338.20 -48531 -195.75 -198.21
wr (cm™) 1782.3i 1597.2i 1527.6i 1683.6i
w; (em™) 1352.9 1385.0 1537.5 494.7
AVf'JF (kcal mol ™) 11.409 7.647 9.488 16.170
AV,T' (kcal mol ™) 11.786 4.504 4.800 16.170

2 Anharmonic constants (x g g, X1, and x11) are calculated according to Egs. (8) and (9) and reported in cm™!. The subscript F
denotes the reaction mode, and the subscript 1 denotes the transition mode. The 1-D and 2-D G parameters are calculated from
Egs. (29) and (30). The barrier heights used in SCTST calculations (AV;‘ and AV;) are reported in kcal mol~.
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H+ CH, =H,+ CH; (reaction 1)
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FIG. 2. (a) Rate constants calculated for reaction (1) as a function of temperature using TST (dashed red curve), the 2-D SCTST-M method (black curve), 1-D
SCTST-M (blue curve), and QRS.”” (b) Rate constants obtained by setting the parameters x| (magenta curve) and x g (orange curve) to their 1-D values, as
given in Sec. II B 2. Note the different scale in this plot. (c) Symmetric Eckart potentials for n =0 corresponding to the rate constant calculations presented in
(b). (d) The ratio of the anharmonic to the harmonic partition functions for the transition mode as a function of temperature.

TS geometry calculated using ab initio methods and was 2 of 1 fuiii 5 lzn i ,
found via numerical root-finding. The forward barrier height = Z h 64 W %F 64 Z 2(4(1) —w?)
is calculated as follows: = ! ! 1(29)

Assuming that third and fourth derivatives involving the
transition mode are 0 yields the following 1-D formula for G:

12

) , (28) of 1 frrer 5 fEpr
=Pmax,0=0r G = h - - = . 30
P=Pma.0=0 0 64 w2 576 Wt GO

AVi V(prs,01s) = V(Pmax,6r) + Go

1oy
2

mymszy, <9R2

where (prs,01s) is the TS geometry in hyperspherical The reverse barrier height is calculated in a manner
coordinates, and ppax is the maximum value of p considered similar to the forward barrier height,
in QRS calculations performed on the PES. ¢,, the value

of & at the minimum of the reactant well at p = ppax, was AV} = V(prs.615) = V(Pmax. 6p) + Go
calculated numerically. The last term in Eq. (28) represents 2 172
. . . h my + my oV
the zero-point energy of the vibration of the reactant C-H o] r— . (€28
bond and must be included because zero-point energy is not mymy 9r} | 'p=pmax,0=0p

included in the vibrational component of Q«(T) (Eq. (16)).  The derivative with respect to |, the product bond length, is
The zero-point energy of the TS is not included because itis  approximated as follows, based on the assumption that the TS
included in E,, (Eq. (22)). Gy arises from the calculation of is collinear:

the VPT2 energy and must be included in the barrier height P P m P
for an SCTST calculation.>® In the two-dimensional case, it is — =y = (32)
.55 ory  Or my+mydR

calculated as follows:
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H+ CH, »H,+ CH; (reaction 1)
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o
g -16f .
5
g
g
(o]
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FIG. 3. Rate constants for reaction (1) from the 2-D SCTST-M method in this
study (black curve) and from other theoretical studies. Results from RPMD?¢
are presented as blue squares, from the multi-configurational time-dependent
Hartree (MCTDH) approach on the XCZ PES! as the red curve, and from
MCTDH on the WWM PES!” as the green curve.

lll. RESULTS
A. Energetic parameters

The energetic parameters used in SCTST calculations
are presented in Table I. The frequencies calculated from
the PESs for reactions (1), (3), and (4) are equal to those
from our previous work,%’ even though they were calculated
in Jacobi coordinates. Detailed discussions of comparisons
between these frequencies and those calculated by ab initio
methods can be found in Ref. 80.

The anharmonic constants involving the transition mode
(x1F and x;;) are both zero in the one-dimensional case
(Sec. II B 2). The anharmonic constant for the reaction mode
in the two-dimensional case (xpgr) is considerably different
from that in the one-dimensional case primarily due to the
third term in Eq. (8a), which is not present in Eq. (9). For
reaction (1), the absolute value of this term constitutes 49%

J. Chem. Phys. 144, 084113 (2016)

H+ CH, >H,+ CH; (reaction 1)

T/K
750 500 300
1.9 —= . ;
SCTST-M
SCTST-W
1.7¢ i
2 15F g
~e
)
= 13} ]
L1} ]
ooL . . ., o4 0
1.0 2.0 3.0 4.0
1000/ 7) /K"

FIG. 4. Ratios of rate constants calculated within the 2-D framework to those
calculated within the 1-D framework using the SCTST-M (red curve) and
SCTST-W (blue curve) methods for reaction (1). The horizontal dashed line
represents the value 1, at which 1-D and 2-D rate constants are equal.

of the 2-D xpp parameter, and because it is negative, the
magnitude of the 1-D x g parameter is 49% greater than the
2-D parameter. For reactions (2)—(4), the 1-D x gy parameters
differ from their 2-D counterparts by factors of 1.53, 2.12, and
1.58, respectively.

Notably, the magnitude of the 2-D x;r parameter for
reaction (4) is considerably less than those for reactions
(1)—(3). Differences between 1-D and 2-D values of G, were
considerably greater for reactions (1)—(3) than for reaction
(4). The forward and reverse barrier heights of reaction (4)
are equal due to the symmetry of this reaction.

B. H atom abstraction reactions
1. H+ CHy; — H, + CHj; (reaction (1))

Rate constants for reaction (1) calculated using the 1-D
and 2-D SCTST-M methods, QRS, and TST are presented in

TABLE II. Rate constants for reaction (1), in units cm? molecule™ s~! calculated by TST, by the semiclassical

methods discussed in this study, and by QRS.?

T (K) TST 2DSCTSTM  1-DSCTSTM  2-DSCTST-W  1-D SCTST-W QRSP

200 8.52(~26) 4.57(-21) 9.07(-22) 3.03(-21) 2.97(-21) 5.67(=22)
250 8.26(—23) 5.77(-20) 2.99(-20) 4.85(-20) 5.02(—20) 1.53(=20)
300 8.25(-21) 5.84(—19) 4.64(~19) 5.46(—19) 5.82(~19) 2.33(-19)
350 2.26(~19) 4.55(~18) 4.27(-18) 4.42(-18) 4.75(~18) 2.25(~18)
400 2.77(~18) 2.65(~17) 2.65(~17) 2.61(-17) 2.80(~17) 1.50(~17)
450 1.98(~17) 1.18(~16) 1.21(~16) 1.17(~16) 1.25(~16) 7.34(~17)
500 9.73(~17) 4.20(~16) 4.34(-16) 4.19(-16) 4.43(~16) 2.80(—16)
600 L11(-15) 3.20(—15) 3.32(-15) 3.21(-15) 3.36(—15) 2.34(-15)
700 6.57(~15) 1.51(-14) 1.56(—14) 1.52(-14) 1.58(~14) 1.16(-14)
800 2.59(—14) 5.17(-14) 5.32(-14) 5.19(-14) 5.37(-14) 4.07(-14)
1000 1.90(~13) 3.24(-13) 331(-13) 3.25(-13) 3.34(-13) 2.57(~13)
1300 1.34(-12) 2.05(-12) 2.09(-12) 2.06(~12) 2.10(~12) 1.57(~12)
1600 4.92(-12) 7.22(~-12) 7.32(-12) 7.26(~12) 7.38(-12) 5.24(-12)
2000 1.65(~11) 2.36(—11) 2.38(~11) 2.37(~11) 2.40(~11) 1.57(=11)

4Numbers in parentheses denote powers of 10.
YFrom Ref. 77.
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Figs. 2(a) and 2(b). The 1-D and 2-D SCTST-M results exhibit
good agreement with each other over the temperature range in
Fig. 2(a), differing at most by a factor of 1.93 at 250 K. Both
of these rate constants also exhibit good agreement with QRS
results over the temperature range considered in this study. At
250 K, the 2-D SCTST-M rate constant is 3.77 times greater
than the QRS rate constant and 698 times greater than the TST
rate constant. The 2-D SCTST-M rate constant is presented
with results from full-dimensional theoretical studies in Fig. 3,
although it is important to emphasize that these results were
calculated on PESs constructed at a different level of theory
and with a different dimensionality than the one considered in
this study.

In order to gain insight into the factors that give rise to the
difference between rate constants calculated using the 2-D and
1-D SCTST-M methods, we performed additional calculations
in which some of the parameters used to calculate the CRP
(xpF, X1F, X11, and Gp) were varied individually. In each of
these calculations, one of these parameters was assigned its
value from the 1-D framework, and the remaining parameters

H+ C,Hy~ H,+ C,H; (reaction 2)
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FIG. 5. (a) Rate constants for reaction (2) calculated using TST (dashed red
curve), 2-D SCTST-M (black curve), and 1-D SCTST-M (blue curve) with
QRS results from Kerkeni and Clary’® (dashed green curve) and experimental
results.? (b) Rate constants from additional calculations in which individual
parameters (xF, magenta curve; X g g, orange curve) were assigned values
from a 1-D calculation.
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H + cyc-C3 Hg = Hjy+ cyc-C; Hs(reaction 3)
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FIG. 6. (a) Rate constants for reaction (3) calculated by the 2-D (black curve)
and 1-D SCTST-M (blue curve) methods, by TST (dashed red curve), and by
QRS (dashed green curve) as reported by Shan and Clary.”® (b) Results from
additional rate constant calculations in which individual parameters were
assigned their 1-D values (x; F, magenta curve; x g f, orange curve).

were assigned their values from the 2-D framework. Varying
these parameters in this way enabled us to systematically
evaluate which contribute most to the difference in results
between the 1-D and 2-D methods. Figure 2(b) presents
results from this analysis over a temperature range smaller
than that in Fig. 2(a).

Assigning the parameter x;r its 1-D value (0) causes
the rate constant to increase relative to the 2-D case (by a
factor of 2.42 at 250 K). This increase can be understood by
considering the symmetric Eckart potentials that correspond
to these calculations (Sec. II B 5), which are presented in
Fig. 2(c) for n = 0. Because Im(x;r) < 0 for reaction (1),
setting it to zero causes € to increase (Eq. (23)). ¢ represents
an effective reaction mode frequency, so an increase in this
parameter causes a narrowing of the barrier. Narrowing the
barrier decreases the barrier penetration integral and therefore
increases the CRP and the rate constants. Only the n =0
case is considered in this discussion because it contributes
significantly more to the rate constant than the higher-energy
n =1 case due to the presence of a Boltzmann factor in
Eq. (16).
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TABLE III. Rate constants for reaction (2), in units cm? molecule™! s7!, calculated by TST, SCTST, and QRS.?

T (K) TST 2DSCTSTM  1-DSCTSTM  2-DSCTST-W  1-D SCTST-W QRSP

200 7.97(=24) 1.21(~19) 1.35(-19) 1.36(-19) 2.32(-19) 4.08(-21)
260 8.78(=21) 7.49(~18) 8.98(~18) 7.91(-18) 1.17(-17) 7.74(-19)
320 731(-19) 1.25(~16) 1.49(-16) 1.29(-16) 1.73(~16) 2.36(—17)
360 6.28(~18) 5.27(-16) 6.19(—16) 5.39(-16) 6.89(—16) 1.27(~16)
420 7.55(-17) 2.94(~15) 3.38(-15) 2.99(~15) 3.63(~15) 9.08(—16)
480 5.01(~16) 1.13(-14) 1.28(-14) 1.15(-14) 1.35(-14) 4.11(~15)
520 1.41(~15) 2.41(-14) 2.69(14) 2.45(~14) 2.82(~14) 9.43(-15)
630 2.81(-14) 2.30(~13) 2.49(~13) 2.33(-13) 2.58(~13) 1.06(-13)
880 2.88(-13) 1.44(-12) 1.53(-12) 1.46(-12) 1.58(~12) 7.12(~13)
1000 7.78(~13) 3.24(-12) 3.42(-12) 3.29(-12) 3.51(-12) 1.61(~12)
1300 4.57(-12) 1.42(-11) 1.49(-11) 1.44(-11) 1.52(-11) 6.92(~12)
2000 4.55(-11) 1.05(-10) 1.09(-10) 1.06(—10) 1.11(~10) 4.50(-11)

4Numbers in parentheses denote powers of 10.
®From Ref. 76.

In contrast, assigning the parameter xpp its 1-D value
causes the rate constant to decrease relative to the 2-D
rate constant (by a factor of 3.74 at 250 K). The reaction
barrier in this case is wider than the 2-D barrier, and its
asymptotes are greater due to a lesser value of Dy, (Egs. (25)
and (27)). This results in less tunneling and a lower rate
constant.

Assigning the parameter x;; its 1-D value (0) affected
the rate constant negligibly, indicating that the transition
mode for reaction (1) is not significantly anharmonic.
This is illustrated in Fig. 2(d) in which the ratio of the
anharmonic partition function for the transition mode to
the harmonic partition function is presented as a function
of temperature. This ratio is close to 1 from 250 K to
1000 K. At 250 K, the temperature of greatest difference
between these partition functions, the rate constant calculated
assuming that x;; is 0 is 0.05% greater than the 2-D rate
constant.

Assigning the parameter Gy its 1-D value also affected
the rate constant negligibly because G contributes negligibly
to AVJf. The absolute value of Gy is 1.3% of AVJf in the
2-D case. The rate constant calculated by assigning Gy
its 1-D value is 3.2% greater than the 2-D rate constant
at 250 K.

Only the changes in the xpp and x;p parameters
contribute significantly to the difference in value between the
1-D and 2-D rate constants. The net effect of changing the xrr,
x1r, and G( parameters on the barrier shape is represented as
the 1-D SCTST-M barrier in Fig. 2(c). Because assigning xpp
its 1-D value decreases the rate constant and setting x;r to 0
increases the rate constant by approximately the same factor,
and because the Gy and x;; parameters do not contribute
significantly to the 2-D rate constant, the 1-D and 2-D rate
constants for reaction (1) do not differ significantly. 1-D and
2-D rate constants calculated with the SCTST-M method are
presented in Table II along with results from TST and QRS.

Differences between 2-D SCTST-M and 2-D SCTST-W
results for reaction (1) are negligible and have been discussed
previously.®’ The SCTST-W method is even less sensitive than
SCTST-M to a reduction in dimensionality from 2-D to 1-D.
At250 K, the 2-D SCTST-W rate constant is 1.02 times greater
than the 1-D SCTST-W rate constant. Ratios of the 2-D to
1-D rate constants for the SCTST-M and SCTST-W methods
are presented in Fig. 4. Numerical values of rate constants
calculated using 1-D and 2-D SCTST-W are also presented in
Table II. The relative insensitivity of the SCTST-W method
to a reduction in dimensionality will be discussed further in
Sec. III C.

TABLE IV. Rate constants for reaction (3), in units cm? molecule™! s™!, calculated by TST, SCTST, and QRS.?

T (K) TST 2-DSCTST-M  1-DSCTST-M  2-DSCTST-W  1-D SCTST-W QRSP

360 6.49(~19) 1.39(-17) 2.15(-17) 1.45(-17) 2.59(~17) 8.08(~18)
390 2.90(-18) 4.62(-17) 6.84(~17) 4.77(-17) 7.97(-17) 2.83(-17)
420 1.05(-17) 1.31(~16) 1.88(~16) 1.35(-16) 2.13(-16) 8.38(~17)
450 3.24(-17) 3.28(~16) 4.57(-16) 3.36(~16) 5.10(-16) 2.17(~-16)
480 8.73(-17) 7.42(~16) 1.01(~15) 7.58(~16) L11(-15) 5.02(—16)
510 2.10(-16) 1.54(~15) 2.04(-15) 1.57(~15) 2.22(-15) 1.06(~15)
540 4.63(~16) 2.96(—15) 3.87(-15) 3.02(-15) 4.17(-15) 2.08(~15)
630 3.21(-15) 1.51(~14) 1.89(-14) 1.54(-14) 2.01(-14) 1.09(~14)
660 5.49(-15) 2.39(-14) 2.96(—14) 2.43(~14) 3.12(-14) 1.73(-14)
690 8.99(—15) 3.64(~14) 4.46(-14) 3.70(~14) 4.69(~14) 2.64(~14)
720 1.42(~14) 5.38(~14) 6.54(~14) 5.47(-14) 6.86(—14) 3.91(-14)
750 2.16(~14) 7.73(-14) 9.32(—14) 7.86(—14) 9.76(~14) 5.63(—14)

4Numbers in parentheses denote powers of 10.

YFrom Ref. 78.
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CH;+ CH4 > CH4+ CHj (reaction 4)
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FIG. 7. (a) Rate constants for reaction (4) calculated by 2-D SCTST-M
(black curve), 1-D SCTST-M (blue curve), QRS’’ (dashed green curve),
and TST (dashed red curve). (b) Rate constants calculated by assigning the
x1F (magenta curve) and x g (orange curve) parameters their 1-D values
individually. (¢c) Symmetric Eckart potentials for n =0 corresponding to the
SCTST-M results presented in (b).

2. H+ CoHg — H> + CoHs (reaction (2))
and H + cyc-C3Hg — H> + cyc-CsHs (reaction (3))

SCTST-M rate constants for reactions (2) and (3) are
presented in Figs. 5(a) and 6(a) and Tables IIl and IV. As

J. Chem. Phys. 144, 084113 (2016)

is the case for reaction (1), the 1-D and 2-D SCTST-M rate
constants exhibit good agreement with each other from 250 K
to 1000 K. At 250 K, 1-D rate constants are 1.19 and 1.85
times greater than 2-D rate constants for reactions (2) and (3),
respectively. For reaction (3), 2-D rate constants also exhibit
good agreement with QRS results,”® differing by a factor of
2.66 at 260 K. For reaction (2), 2-D SCTST-M rate constants
are greater than QRS results,’® differing by a factor of 9.67
at 260 K, indicating that the SCTST-M method overestimates
contributions from tunneling for this reaction.

This discrepancy can be attributed to a key difference
between the SCTST methods and QRS. SCTST depends only
upon the shape of the PES at the transition state, whereas QRS
depends upon the shape of the PES from the interaction region
near the transition state to the asymptotic region in the product
and reactant channels. QRS is less sensitive than SCTST to the
shape of the PES near the transition state. This suggests that
further investigation of the accuracy of the PES for reaction
(2) near the transition state is needed. The challenges involved
in constructing an accurate PES are discussed in Ref. 89.

Figures 5(b) and 6(b) present rate constants calculated by
varying each of the parameters x;r and xgp individually for
reactions (2) and (3). As in reaction (1), Im(xr) < 0 for both
reactions, so assigning x; g the value O resulted in a narrowing
of their n =0 potential barriers and therefore increased
rate constants relative to the 2-D SCTST-M calculation (by
factors of 2.25 and 4.19 at 250 K for reactions (2) and (3),
respectively). It is interesting to note that the effect of the x| ¢
parameter on the rate constant is greater in reaction (3) than in
reactions (1) and (2), primarily because the magnitude of x;r
is greater for reaction (3) than for reactions (1) and (2). This
partially explains the fact that 1-D rate constants for reaction
(3) are somewhat greater than 2-D rate constants, which was
not observed in reaction (1), and which was observed to a
lesser extent in reaction (2). Using the 1-D values of xpp
resulted in rate constants less than the 2-D SCTST-M rate
constants by factors of 0.59 and 0.55 at 250 K for reactions
(2) and (3), respectively.

As is the case for reaction (1), setting the parameters x;;
and Gy to their 1-D values affects rate constants negligibly,
indicating that the x;r and xpp parameters are primarily
responsible for differences between the 1-D and 2-D rate
constants. At 250 K, the rate constant calculated assuming that
x11 = 01s 2.1% greater than the 2-D SCTST-M rate constant
for reaction (2) and 17% greater for reaction (3). Using values
of Gy from 1-D calculations increased rate constants for
reactions (2) and (3) by 8.2% and 20%, respectively, at 250 K.

Results from 1-D and 2-D SCTST-W calculations for
these reactions exhibited excellent agreement with 1-D and
2-D SCTST-M results (Tables III and IV), suggesting that
applying deep tunneling corrections does not appreciably
improve the accuracy of SCTST calculations for these
reactions.

C. CH;3; + CH4 — CHj + CHj; (reaction (4))

Calculated rate constants for reaction (4) are presented in
Fig. 7 and Table V. At 250 K, the 2-D SCTST-M rate constant
is 3.20 times greater than the rate constant calculated by QRS
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TABLE V. Rate constants for reaction (4), in units cm? molecule™ s~ calculated by TST, SCTST, and QRS.?

T (K) TST 2DSCTSTM  1-DSCTSTM  2-DSCTST-W  1-D SCTST-W QRSP

200 1.68(=31) 5.70(-25) 1.31(-26) 2.46(-25) 8.09(—26) 1.83(-26)
250 1.11(=27) 6.78(—24) 1.25(-24) 4.94(-24) 2.49(—24) 2.12(~24)
300 4.08(-25) 9.83(-23) 4.81(-23) 8.88(—23) 6.16(=23) 8.90(—23)
350 2.88(-23) 1.31(=21) 9.55(-22) 1.27(-21) 1.05(-21) 1.74(-21)
400 7.24(=22) 1.30(=20) 1.11(-20) 1.29(-20) 1.16(=20) 1.91(-20)
450 9.20(-21) 9.33(-20) 8.56(—20) 9.29(~20) 8.76(—20) 1.36(~19)
500 7.23(=20) 5.00(—19) 4.75(~19) 4.99(~19) 4.81(-19) 7.02(~19)
600 1.71(~18) 7.34(~18) 7.17(~18) 7.35(~18) 7.23(~18) 9.30(—18)
700 1.76(~=17) 5.72(-17) 5.65(-17) 5.74(-17) 5.68(—17) 6.51(-17)
800 1.07(~16) 2.92(-16) 2.89(-16) 2.92(~16) 2.91(-16) 2.99(~16)
1000 1.52(~15) 3.35(-15) 3.32(-15) 3.36(-15) 3.34(-15) 2.83(-15)
1300 2.15(-14) 4.02(-14) 3.98(~14) 4.03(~14) 4.01(-14) 2.65(—14)
1600 1.31(-13) 2.25(-13) 2.22(-13) 2.26(~13) 2.23(-13) 1.21(-13)
2000  7.23(-13) 1.17(-12) 1.15(-12) 1.18(-12) 1.16(-12) 5.11(=13)

4Numbers in parentheses denote powers of 10.
YFrom Ref. 77.

and 6085 times greater than the TST rate constant. The fact
that the ratio of the 2-D SCTST-M rate constant to the TST rate
constant is considerably greater for reaction (4) than for the
other reactions considered in this study indicates the relative
importance of quantum tunneling effects in reaction (4). The
difference between rate constants calculated using the 2-D
and 1-D SCTST-M methods is also considerably greater for
reaction (4) than for the other reactions considered. The 2-D
rate constant is 5.42 times greater than the 1-D rate constant
at 250 K.

The contributions of the x;; and Gy parameters to
the difference between 1-D and 2-D rate constants are
insignificant, as in the other reactions. The rate constant
obtained by assigning x;; the value 0 is 0.003% greater than
the 2-D rate constant at 250 K, and the rate constant obtained
by assigning Gy its 1-D value is 3.1% greater.

There are two factors that primarily account for this
relatively large difference between 1-D and 2-D rate constants.
First, the difference between the rate constant calculated
assuming that x| = 0 and the 2-D rate constant is significantly
less for reaction (4) than for reactions (1)—(3). At 250 K, the
rate constant from the x;r = O calculation is 1.32 times greater
than the 2-D rate constant (Fig. 7(b)), whereas this ratio is 2.42,
2.31, and 4.29 for reactions (1)—(3), respectively. The absolute
value of the x;p parameter is significantly less for reaction
(4) than for reactions (1)—(3) (Table I). Because x;r < 0 in all
cases, assigning it the value O results in a broadening of the
potential barrier. Less broadening is observed for the n = 0
barrier for reaction (4) because x| ¢ is less negative (Fig. 7(c)).
Second, the ratio of the rate constant calculated using the 1-D
value of xff to the 2-D rate constant is also considerably less
for reaction (4) than for the other reactions. At 250 K, this
ratio is 0.15, whereas for reactions (1)—(3), it is 0.27, 0.61,
and 0.55, respectively. In the 1-D calculation for reaction (4),
assigning the value O to the xr parameter does not increase
the rate constant (relative to the 2-D case) as much as for the
other reactions, and assigning x g its 1-D value decreases the
rate constant more than in the other reactions.

For reaction (4), including deep tunneling corrections in
rate constant calculations (the SCTST-W method) yields less

significant differences between 1-D and 2-D results than when
using the SCTST-M method, which does not include these
corrections. The ratios of 2-D to 1-D rate constants calculated

CH;+ CH4 = CH4+ CHj (reaction 4)
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FIG. 8. (a) Ratios of 2-D rate constants to 1-D rate constants for reaction (4)
calculated using the SCTST-M (red curve) and SCTST-W (blue curve) meth-
ods. (b) The potential barriers associated with the n =0 case in SCTST-W
calculations for reaction (4). The blue curve represents the barrier for the 1-D
method, and the black curve for the 2-D method.
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using the SCTST-M and SCTST-W methods are presented
in Fig. 8(a). At 250 K, the 2-D SCTST-W rate constant is
only 1.98 times greater than the 1-D SCTST-W rate constant,
whereas the 2-D SCTST-M rate constant is 5.42 times greater.

This relative insensitivity of the SCTST-W method to a
reduction in dimensionality can be understood by considering
the potential barriers used in these calculations, which are
presented in Fig. 8(b) for n = 0. The 1-D SCTST-W barrier
(blue curve) is slightly greater than the 2-D barrier (black
curve), but the difference between these barriers is only
0.0011 E; at the point of greatest difference. In contrast,
the difference between the 1-D and 2-D SCTST-M barriers
for reaction (4) is significantly greater (Fig. 7(c)), tending to
0.011 E; at the reactant and product asymptotes (Eq. (27)).
Greater asymptotes result in less tunneling and therefore lower
rate constants. Applying the SCTST-W method ensures that
the barriers’ asymptotes tend to physically realistic values,
thereby eliminating the unrealistic differences between the
asymptotes of the 1-D and 2-D barriers observed in the
SCTST-M method. The SCTST-W method is therefore less
sensitive to changes in the xr and x| parameters associated
with reducing the dimensionality of the calculation from 2-D
to 1-D, as these parameters determine the asymptotes in
SCTST-M calculations.

IV. CONCLUSIONS

We applied one- and two-dimensional SCTST to calculate
rate constants for four reactions involving the abstraction or
exchange of an H atom. The frequencies, barrier heights, and
1-D and 2-D anharmonic constants used in these calculations
were obtained from 2-D PESs developed previously by others
for QRS calculations. We presented a novel method for
calculating frequencies and anharmonic constants in Jacobi
coordinates, which is more computationally efficient than
previous methods and does not rely upon the assumption
of a collinear geometry at the transition state. We also
investigated the impact of the deep tunneling corrections
to SCTST proposed by Wagner in the 1-D frame-
work.

For the H + CHy, H + cyc-C3Hg, and CH3; + CHy reac-
tions, rate constants calculated by 2-D SCTST without
deep tunneling corrections exhibit close agreement with
QRS results, and for the H + C,Hg reaction, agreement is
acceptable. For the H + CHy, H + C;Hg, and H + cyc-C3Hg
reactions, 1-D rate constants calculated without deep tunneling
corrections deviate little from 2-D results primarily due to two
opposing effects approximately equal in magnitude. Assigning
the anharmonic constants x| r and x g ¢ their 1-D values results
in increased and decreased rate constants, respectively, relative
to the 2-D case. For the CH3 + CHy reaction, assigning xp
its 1-D value does not increase rate constants to the same
extent as for the other reactions, so 1-D rate constants for
this reaction are considerably less than 2-D rate constants.
However, applying deep tunneling corrections rectifies this
issue because it imposes more realistic behavior of the reactant
and product asymptotes of the reaction barrier. It is particularly
notable that a 1-D method yields rate constants in agreement
with QRS results for this heavy-light-heavy reaction.

J. Chem. Phys. 144, 084113 (2016)

For the reactions considered in this study, we have
demonstrated that treating only one DOF in SCTST
calculations yields results that agree with 2-D QRS results
calculated from the same PES, provided that deep tunneling
corrections are applied. This suggests that SCTST can yield
accurate reaction rate constants in a reduced-dimensionality
framework and that the SCTST-W method should be applied
in the 1-D framework, particularly given that its efficiency
is comparable to SCTST-M. The primary cost of an SCTST
calculation lies in the cost of constructing the requisite PES or
calculating the potential directly by ab initio methods. Thus,
reducing the number of dimensions treated explicitly in an
SCTST calculation can significantly improve its efficiency
via a need for a smaller region of the PES. In this study,
we used analytical PESs that had already been developed,
so 1-D calculations were not substantially faster than 2-D
calculations. This suggests future investigation of the accuracy
and efficiency of an ab initio RD SCTST approach.
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