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Abstract

Quantum mechanical methods for calculating rate constants are often intractable
for reactions involving many atoms. Semiclassical Transition State Theory (SCTST)
offers computational advantages over these methods but nonethel ess scales exponentially
with the number of degrees of freedom (DOFs) of the system. Here we present a method
with more favorable scaling, Reduced-Dimensionality SCTST (RD SCTST), that treats
only a subset of DOFs of the system explicitly. We apply it to three H abstraction and
exchange reactions for which two-dimensional potential energy surfaces (PESs) have
previously been constructed and evaluated using RD quantum scattering calculations. We
differentiated these PESs to cal culate harmonic frequencies and anharmonic constants,
which were then used to calculate cumulative reaction probabilities and rate constants by
RD SCTST. This method yielded rate constants in good agreement with quantum
scattering results. Notably, it performed well for a heavy-light-heavy reaction, even
though it does not explicitly account for corner-cutting effects. Recent extensions to
SCTST that improve its treatment of deep tunneling were also evaluated within the
reduced-dimensionality framework. The success of RD SCTST in this study suggestsits

potential applicability to larger systems.



1. Introduction

Quantum mechanical methods for cal culating reaction rate constants normally
involve constructing a potential energy surface (PES) from ab initio energy calculations
and then performing either time-dependent or time-independent scattering calculations on
this PES.>° For reactions involving more than a few atoms, constructing a PES for all
internal degrees of freedom (DOFs) of the system and performing scattering calcul ations
are often prohibitively expensive in terms of computational effort.’® To our knowledge,
the largest systems to which these methods have been applied, with full treatment of all
DOFs, are the reactions H + CH4 > H, + CH3™ and H, + CH3 > H + CH, (and
isotopol ogues).™ Semiclassical Transition State Theory (SCTST), developed originally
by Miller and colleagues,™*'’ is a computationally more efficient method for calculating
reaction rate constants that is more tractable for larger systems. Initsoriginal form, itis
based on second-order vibrational perturbation theory (VPT2),***° which requires only a
fourth-order expansion of the PES about the transition state, although SCTST can also
accommodate higher-order perturbative approaches.’ As VPT2 treats anharmonic
coupling among all internal degrees of freedom of the system, SCTST relies upon ab
initio calculations of vibrationa frequencies and anharmonic constants at the transition
state.

SCTST simulates semiclassical tunneling through a potential barrier and recovers
in an approximate manner quantum mechanical effects not included in conventional
Transition State Theory (TST). SCTST offers computational advantages over quantum
scattering methods because (1) it requires only derivatives of the PES near the transition

state, rather than the entire PES, thereby reducing the number of ab initio energy



calculations required, and (2) rate constant calculations are considerably less
computationaly intensive in SCTST than in quantum scattering methods. Recently,
Wagner®® developed an extension to SCTST that more accurately treats tunneling through
the potential barrier at low energies, which enables further improvements in the accuracy
of SCTST, particularly at low temperature. SCTST has been applied previously to
reactions such asH + Hy > Hy + H,"® HBr + Cl & Br + HCI,” HO + H, > H,0 + H and
isotopologues,”? and Cl + CH4 > HCI + CH3 and isotopologues.?® Cal culating the
anharmonic constants required by SCTST involves on the order of 3" ab initio energy
calculations, where F is the number of internal DOFs of the system. Applying SCTST to
larger systems is computationally expensive, and a method with better scaling is
desirable.

Improvements in the scaling of quantum scattering methods have been achieved
with reduced-dimensionality (RD) approaches.® ?*° |n these approaches, the potential is
calculated by ab initio methods as a function of only a subset of the internal DOFs, and
the remaining DOFs are treated viatheir zero-point energy (ZPE) contribution to the
potential. Substantially fewer ab initio calculations are therefore required to construct an
RD PES than afull dimensionality PES. Quantum scattering cal cul ations have been

performed previously on RD PESs for a number of reactions,®™

and the results suggest
that only a subset of DOFs need to be considered explicitly in order to calculate rate
constants with reasonabl e accuracy.

In this study, we seek to determine whether treating only a subset of DOFsin
SCTST can aso yield rate constants with acceptable accuracy. We present a modified

version of SCTST, Reduced-Dimensionality Semiclassical Transition State Theory (RD



SCTST), in which only a subset of DOFs are treated explicitly. We apply RD SCTST to

the following H abstraction and exchange reactions of hydrocarbon molecules:

H+ CH4 = Hs+ CH3 (Rl)
H+ CyC-CgHs 2> H+ CyC-CgH5 (RZ)
CHz+ CH; > CH4 + CH3 (R3)

Rate constants for these reactions have been calculated previously by quantum scattering
methods on 2-D PESs.** *! We use these 2-D PESsin our RD SCTST calculations to
evaluate frequencies and anharmonic constants at the transition state and to calculate
barrier heights. Rate constants from RD SCTST are compared to quantum scattering
results, thereby enabling a systematic evaluation of the accuracy of RD SCTST with
respect to RD quantum scattering methods.

R1 and R2, both light-light-heavy reactions, are the simplest H abstraction
reactions involving an alkane and a cyclic alkane, respectively, and therefore serve as
suitable prototypical reactions for our method. All three reactions involve cleavage of a
strong C-H bond®® and are important in hydrocarbon combustion reactions.** R3isa
heavy-light-heavy reaction with a small skew angle and large reaction path curvature.
Corner-cutting effects have been shown to be important for such reactions, meaning that
tunneling along paths in the concave region of the PES in between the reactant and
product channels contributes significantly to the reaction rate.>* We apply the RD
SCTST method to R3 in order to determine whether it can replicate the results of
guantum scattering calculations, which implicitly include corner-cutting effects. All three
reactionsinvolve the transfer of alight H atom, suggesting that quantum mechanical

tunneling effects are particularly important in determining rate constants at low



temperature. Consequently, we expect rate constants calculated using RD SCTST and
guantum scattering methods to be considerably greater than those calculated using
conventional TST at low temperature. Comparing our RD SCTST resultsto TST results
will enable us to determine the extent to which RD SCTST recovers quantum mechanical
effects.

In section 2 of this paper, we provide a brief overview of SCTST before
discussing the modifications required to apply it within an RD framework. We then
discuss briefly the methods used to construct the RD PESs we use in this study and
discussin detail how we calculate the parameters required by SCTST. In section 3, we
compare results from our RD SCTST method to quantum scattering and experimental

results. Section 4 summarizes the key findings of this study.
2. Theoretical Background
2.1 Semiclassical Transition State Theory

2.1.1 Theoretical Overview

In Semiclassical Transition State Theory (SCTST), the cumulative reaction
probability (CRP) is calculated from harmonic frequencies and anharmonic constants of
the vibrational modes of the transition state. Harmonic frequencies are calculated by
diagonalizing the mass-weighted Hessian matrix, evaluated at the transition state. If

rovibrational coupling is neglected, anharmonic constants are calculated as follows:*
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where w; denotes the harmonic frequency of thei™ mode, and figm and fum denote third
and fourth vector derivatives, respectively, of the potential with respect to normalized
normal mode eigenvectors. Asthe vibrational frequency of the reaction modeis
imaginary, off-diagonal anharmonic constants for the reaction mode are imaginary.
The rate constant k(T) is calculated from a Boltzmann-weighted average of the

CRP, here denoted N(E,):*
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where Q,.(T) is the partition function for the reactants, and Qf., . (T), Q¥ .(T), and

Qe (T) arethe trandational, rotational, and electronic partition functions for the
transition state. E, denotes the total energy in all vibrational degrees of freedom (DOFs)
of the transition state and is defined with respect to the reactant energy. Eiresh, the
reaction’s quantum mechanical threshold energy, isthe vibrationally corrected classical
energy of reaction if the reaction is endothermic and zero otherwise.>®

The CRPis calculated in SCTST as
N(Ey,) = Xny Py (Ev) (4)
The set {n} consists of the F — 1 vibrationa quantum numbers of the non-reactive modes
of the transition state, where F is the total number of vibrational DOFs. The sumis
calculated over all configurations{n} allowed at energy E,, so N(E,) isO for E, less than

the total ZPE of al non-reactive modes. The state-dependent reaction probability,

Pty (Ev), for each configuration is calculated as

Pon(E) = (1+ exp (2600 (5)) ©



0y (Ev) represents a barrier penetration integral. For ageneral one-dimensional potential

barrier V(x), the barrier penetration integral is defined in WKB Theory as”’
6(E) = L [[2m(V(x) — E)Jdx (6)

Miller et al.™ give the following analytical expression for the barrier penetration integral

along the reaction coordinate for each configuration {n}:

1
2y +|0F 3 +4 xpF (AV-Ey+Ey) |
Oy (Ey) =T h Ll |

(7)
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where the subscript F denotes the reaction mode, and AV represents the reaction’s
forward barrier height. The quantity E; represents the total amount of energy in the non-

reactive modes of the system:

— 1 - - 1 1
Epy = X0 h oo (ni + E) + X5 YRS] Xk (n]- + E) (nk + E) (8)
Q¢ny represents an effective reaction mode frequency, through which SCTST accounts for

the influence of vibrational coupling on the rate constant:

Dy = Im(h wp) + XIS IMCxip) (n +3) (©)

The above treatment is analogous to calculating the barrier penetration integral for

asymmetric Eckart potential, Ve(s):%°

Oy (Ev) = 7 [[2(Vee () — Ey + Egny)]Pds (10)
where sis the mass-weighted reaction coordinate, with units of (mass”? length). Ve(s) is

defined as follows:

exp(as)
[1+exp(a s)]?

Vie(s)=AV =D + 4D (11)

with
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and

1

q = 222 (13)
The limits of integration in eq 10 are given by the classical turning points of Ve(S) with
respect to the energy (E, — E;ry). Due to this definition of the reaction coordinate, the
factor of m”? in eq 6 is not explicitly included in eq 10, asit isimplicitly included in the

differential ds.

2.1.2 Deep Tunneling Corrections

The deep tunneling extension to SCTST proposed by Wagner® more accurately
represents tunneling through the potential barrier at energies close to the quantum
mechanical threshold energy. Instead of a symmetric Eckart potential, the barrier is
modeled as a 3-part piecewise Eckart potential, constructed such that its second, third,
and fourth derivatives at the transition state equal those implied by € and Xer, and the
potential at s= =+ is equal to the reactant and product energies, respectively. As
demonstrated by Wagner,? the corresponding barrier penetration integral, Oy (Ev), can be

calculated analytically, in analogy to eq 10. Py (E,) is then calculated as follows:™

-1
{1 + exp[2 H{n}(Ev)]} v By — Egy < AV

Pay(Ey) =41 — Py (2 AV — E,), AV < Ey — Egy < AV + min(AV,4%) - (14)
1, AV + min(AV,AV,) < E, — Egyy

We applied this method within the RD framework in addition to the SCTST
method described in section 2.1.1 in order to gain insight into the importance of deep

tunneling for the reactionsin this study.



2.2 Reduced-Dimensionality Semiclassical Transition State Theory

In this section, we present the theoretical basis for Reduced-Dimensionality
SCTST (RD SCTST). DOFstreated explicitly in the calculation of the CRP are referred
to as the active coordinates. Vibrational DOFs consisting only of linear combinations of
the active coordinates are active modes, and the remaining vibrational DOFs are
spectator modes. The active mode with an imaginary frequency is the reaction mode, and
the other modes, which have real frequencies, are the transition modes. The CRPin eq 4
is calculated as a sum over the energetically allowed configurations of the transition
modes, and the energy E, denotes only the energy in al active modes. The state-
dependent reaction probability and barrier penetration integral for each configuration is
calculated as described in section 2.1.1, except that only transition modes are considered
inthesumsin egs 8 and 9.

The spectator modes are treated via an additional partition function, Qf,..(T), in

the expression for k(T), asin other previous RD studies:** #* >

1 Qg:rans (T)Q;!:ot(T)Qilec(T)Qi:peC(T) on:hresh N(Ev) eXp<—%)dEy
KT =3 or (M)

(15)

ijpec(T) isaproduct of harmonic oscillator partition functions, calculated from

frequencies obtained by projecting motion aong the active coordinates out of the Hessian
at the transition state and diagonalizing it. The details of this projection method will be

discussed further in section 2.3.

2.3 Reduced-Dimensionality Potential Energy Surface Construction

Figure 1 presents a schematic representation of a generic hydrogen abstraction

reaction from a hydrocarbon molecule, Y + HoZ = YH, + Z. H, denotes the abstracted H
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atom, C represents the carbon atom from which it is abstracted, and R1, R2, and R3
represent the remainder of the Z moiety. In the previous studies considered in this

%31 reduced-dimensionality potential energy surfaces (RD PESs) were constructed

paper
as functions of only two active coordinates, the Y -H, and Hs-C bond distances (r; and r,
respectively, Figure 1). It isimportant to note that the RD approach does not necessitate
the treatment of these particular internal coordinates and that others have approached RD
scattering cal culations differently.>** 3 |n the construction of the RD PESs considered
in this study, ab initio cal culations were performed on agrid of fixed r; and ro. At each
grid point, a partial geometry optimization of the remaining internal DOFs was
performed, followed by a high-level single point energy cal culation and a frequency
calculation to determine the Hessian. Motion aong the active coordinates was projected

out of the Hessian,**> 8

and the harmonic vibrational frequencies of the remaining F — 2
spectator modes were cal culated from the mass-weighted Hessian. The total zero-point
energy (ZPE) of the spectator modes was cal culated from these post-projection
frequencies and added to the ab initio energy of the system in order to account for the

effect of the spectator modes on the PES.

The Jacobi coordinates R and r at each grid point were calculated from the
optimized geometry of the system. Typically, Ris defined as the distance between the
centers of mass of the moieties YH, and Z, and r as the distance between the moieties Y
and H, (Figure 1). For R2, R was defined differently as the distance between the center of
mass of the moiety Y H, and the C atom from which Ha is abstracted.> For R3, r is
defined as the distance between H, and the C atom of the reactant CHs moiety.** Note

that this treatment does not assume that the 'Y, Ha, and Z moieties are collinear, as al
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coordinates except for the Y-H, and Ho-Z bond distances (but including the Y-Hy-Z

angle) are optimized.

Jacobi coordinates were transformed into hyperspherical coordinates p and o,

defined as follows:

%Rz = [p cos(8)]?, %TZ = [psin(8)]? (16)
where
_ (mytmgmg - mymy o me(mzmme) (mym,m )é (17)
1= my+my+myg ’ 2~ my+mH' 3 myg ’ ‘Ll o 1 2 3

my and m; are the masses of the Y and Z moieties, and my and m¢ are the masses of H
and C atoms. The ZPE-corrected ab initio energies were then fit to a double-Morse
potential function, V(p, 9), in hyperspherical coordinates.

The calculations used to construct the RD PESs considered in this study were
performed using the MOLPRO package™ for R2 and the Gaussian 03 package™ for R1 and
R3. Geometry optimizations were performed using second-order Maller-Plesset
perturbation theory (MP2) with a correlation consistent polarized valence triple-C
Dunning basis set® (cc-pV TZ). Single-point energy calculations were performed at the
coupled cluster level including single, double, and perturbative triple excitations
[CCSD(T)] with the cc-pVTZ basis set, except for R2, in which the CCSD(T)-F12al/cc-
pVTZ-F12 level of theory was used.® °2* Hessians were calculated at the MP2 level of
theory using acc-pVTZ basis set, and projections were performed using the rectilinear
projection method of Lu and Truhlar®® for R2 and the curvilinear projection method for

R1 and R3.#%
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2.4 Reduced-Dimensionality Energetics Calculations

For RD SCTST calculations, the frequencies of the active modes were calculated
from the mass-weighted Hessian matrix, evaluated at the transition state of the PES. At
the transition states of R1 and R3, the Y, H,, and Z moieties are collinear,™ and, for R2,
they are nearly collinear, with abond angle of 176.0°.%* For simplicity, we assumed that
the transition states of all three reactions are collinear, which allowed usto consider only
one dimensional motion of each of the moieties along the Y -H,-Z axisin constructing the
Hessian matrices. Second derivatives of the potential V with respect to the positions xy,

Xn, and xz of the moieties Y, H,, and Z, respectively, are calculated analytically as

follows:
% =2 (20)

The chain ruleis applied to calcul ate derivatives of V(p, d), in hyperspherica coordinates,

with respect to the Jacobi coordinatesr and R:

2 my (. i cosSi
E_J:(Sln5ap+ 5 66) (21)

0 _ [ma(ossd _sns 0
ﬁ_\/:(COS6ap > 66) (22)

The masses my, my, and m; are used to weight the 3 x 3 Hessian matrix before

diagonalizing it in order to calculate the frequencies of the reaction mode and transition
mode. Anharmonic constants are calculated from derivatives of the potential at the

transition state with respect to the normal mode eigenvectors, { v} :
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9 _y |y 2 20 20
vy Un (mY dxy’ My dxn’ Mz 6xz> (23)
The forward barrier height used in our RD SCTST calculations, Avsci, is

caculated as follows:

my+mg 2%v

2
24
mpumnz aRz|p=.0ma)o 5=5r> ( )

h
AVS*C = V(PTS, 5TS) - V(pmaxr 57*) - E(

where p7s and drs represent the hyperspherical coordinates of the transition state. pmax
denotes the maximum value of p considered in the quantum mechanical scattering
calculation for each reaction, and ¢, denotes the value of ¢ at the bottom of the reactant
well of the PES at pmax, Which was calculated numerically. The last termin eq 24
represents an effective zero-point energy associated with vibration of the reactant Hy-Z
bond. This definition of AVsc* includes the ZPE of all reactant vibrational modes, both
explicitly viathe last term of eq 24 and implicitly viathe ZPE of the spectator modes
included in the PES. As aresult, ZPEs were not included in the reactant vibrational
partition functions in eq 15. Additionally, AVsc* does not include the ZPE of the
transition mode at the transition state, as this energy isincluded in E;y (eq 8). The

reaction’s reverse barrier height, AV,* was determined similarly:

my+my 2%v z

(25)

h
AVF =V (prs, 81s) = V(Pmax 8p) — 5( p=pmax, =6 )
~Pmax, 0=0p

mymy 0r2

where 6, denotes the value of ¢ at the bottom of the product well of the PES. Eipresn, the

reaction’ s quantum mechanical threshold energy, can be calculated as follows:

Ethresn = max(0, AV — AVF) (26)
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2.5 Quantum Scattering Calculations

In this study, the accuracy of the RD SCTST method is evaluated with respect to
RD quantum scattering calculations, in particular the R-matrix propagation scheme,®
performed on the same two-dimensional PESs. We provide a brief overview of these
38-45,

scattering methods here; more detailed descriptions can be found in previous studies.

4750 The Hamiltonian in hyperspherical coordinatesis given as follows:*®

go_1(o _ 19 3 ]
H = 2u (6p2 + p2 982  4p2 pz) + V(p; 5) (27)

The R-matrix propagation scheme is used to solve the time-independent Schrodinger
equation and calculate the scattering matrix S The CRP, N(E,), is calculated from Sas
follows:

N(E,) = Zif|Siop (B[ (28)
where the subscriptsi and f denote the initial and final states of the reactants and
products, respectively. The quantum scattering calculations performed for R1, R2, and

R3 employed the J-shifting approximation to calculate the CRP.?> % & With this

approximation, the thermal rate constant, k(T), can be calculated using eq 15.
3. Resultsand Discussion
3.1H+CH;> H,+ CH3(R1)

3.1.1 Energetics

Table 1 presents the relevant harmonic frequencies for the vibrational modes of
the transition state of R1. The reported pre-projection frequencies were calculated by

Banks et a.* from the full-dimensionality mass-weighted Hessian, and the post-
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projection frequencies were calculated after motion along the active coordinates, r; and
r,, was projected out of this Hessian. A comparison of these two sets of frequencies
indicates that the active modes correspond to the pre-projection modes with frequencies
1648.6i cm™ and 1352.9 cm™ and that projection left the other spectator mode
frequencies predominantly unchanged. The frequency of the reaction mode from the RD
PES (1782.3i cm™) is similar to that of the pre-projection reaction mode (1648.6i cm™).
However, the frequency of the transition mode from the RD PES (1352.9 cm™) differs
considerably from that of the corresponding pre-projection mode (1941.4 cm™). This
difference arises from the RD nature of the PES, in particular that it only treats the two

active coordinates explicitly. Anharmonic constants for R1 are also presented in Table 1.

Table 1. Pre- and Post-projection Frequencies, and Frequencies and Anharmonic
Constants Calculated from the RD PESfor R1 at the Transition State®

Pre-projection frequencies 1648.6i, 543.5 (2), 1076.5, 1131.5 (2),
1457.6 (2), 1941.4, 3127.8, 3289.4 (2)

Post-projection frequencies 543.5 (2), 1047.5, 1131.5 (2), 1457.6 (2),
3125.5, 3289.4 (2)

RD PES frequencies (v, w1) 1782.3i, 1352.9

RD PES anharmonic constants (xq1, Xar, Xep) ~ 0.33, —159.43i, —165.24

2All frequencies and anharmonic constants are reported in cm™. Multiplicities are
indicated in parentheses. The reported pre- and post-projection frequencies are from
Banks et al.** The two pre-projection frequencies in bold represent those of active modes.
The RD PES frequencies and anharmonic constants were cal culated from derivatives of
the RD PES at the transition state, as described in section 2.4. The subscript 1 denotes the
transition mode, and the subscript F denotes the reaction mode.

Forward barrier heights for R1 are presented in Table 2. AV* denotes the barrier
height without any ZPE contributions, and AV, denotes the vibrationally adiabatic
barrier height. Both of these quantities were calculated directly using ab initio methods.
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AVSC,ai represents the adiabatic barrier height from the RD SCTST method, i.e. AVsct
plus the ZPE of the transition mode at the transition state. There is only a small
difference between AV 4 and AVa', which arises mainly because of the frequency
differences shown in Table 1. It should be noted that the transition state ZPE includes an

anharmonic term but that its contribution to AVSC,ai is negligible (0.00024 kcal mol™).

Table 2. Reaction Energeticsfor R1*

AVF 15.149
AV,"  13.785
AVscs 13.626

2AV* and AV,' represent the forward barrier height and vibrationally adiabatic forward
barrier height, respectively, as calculated by Banks et al.** using ab initio methods,
AVsc s represents the barrier height used in RD SCTST calculations, as defined in eq 24,
plus the harmonic and anharmonic ZPEs of the transition state. All barrier heights are
reported in kcal mol™,

Figure 2a presentsthe potential barrier along the minimum-energy path (M EP) of the PES for R1,
calculated by methods described in Truhlar et al.,® and the semiclassical approximation to the barrier (eq 11).
In order to allow comparison between these barriers, the semiclassical barrier was constructed for 2, equal to

In we|. Figure 1. A schematic showing the definition of the active internal coordinatesr
and r, and the Jacobi coordinates R and r for the general H abstraction/exchange reaction
Y + HaZ 2 YH, + Z. HZ represents a hydrocarbon, with Hy bonded to aC atom inthe Z
moiety. R1, R2, and R3 represent the remainder of the Z moiety. The white and black
circles represent the centers of mass of the YH, and Z moieties, respectively.

Figure 2b presentsthe WK B barrier penetration integrals for each of these barriers, calculated as a function
of energy using eq 6. At low energies, the MEP barrier iswider than the semiclassical barrier, resultingin a
greater integral for the MEP barrier. Thewidths of the barriersare more similar near thetransition state, so

theintegrals converge as E increases. It isimportant to notethat integrals presented in Figure 1A
schematic showing the definition of the active internal coordinatesr; and r, and the
Jacobi coordinates R and r for the general H abstraction/exchange reaction Y + H.Z >
YHa+ Z. HaZ represents a hydrocarbon, with H; bonded to a C atom in the Z moiety. R1,
R2, and R3 represent the remainder of the Z moiety. The white and black circles
represent the centers of mass of the YH, and Z moieties, respectively.

Figure 2b cannot be used directly to calculate reaction probabilities because they do not
include coupling effects. Neverthel ess, comparing them provides an idea of the relative

amount of quantum mechanical tunneling associated with each barrier.
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3.1.2 Rate Constants

Calculated rate constantsfor R1 are presented in Figure 1. A schematic showing the
definition of the active internal coordinatesr, and r, and the Jacobi coordinates R and r
for the general H abstraction/exchangereaction Y + H,Z - YHa + Z. HoZ represents a
hydrocarbon, with H, bonded to a C atom in the Z moiety. R1, R2, and R3 represent the
remainder of the Z moiety. The white and black circles represent the centers of mass of
the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3a TheRD SCTST method yields rate constantsin good agreement with the quantum scattering
results from Banks et al.* between 250 K and 1000 K, differing at most by afactor of 2.13 at 250 K. These RD
SCTST rate constants wer e calculated without the deep tunneling corrections proposed by Wagner % (section
2.1.2). The effect of these correctionswill be discussed in section 3.4. Theratio of the RD SCTST rate constant to

the scattering rate constant is presented in theinset in Figure 1. A schematic showing the definition
of the active internal coordinatesr; and r, and the Jacobi coordinates R and r for the
genera H abstraction/exchangereaction Y + H.Z 2> YH,+ Z. H.Z represents a
hydrocarbon, with H,; bonded to a C atom in the Z moiety. R1, R2, and R3 represent the
remainder of the Z moiety. The white and black circles represent the centers of mass of
the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3a Thisratio decreasesas T increases from 250 K to 800 K but increases from 800 K to 1000 K .
However, it remains between 1 and 2.13 over thisT range. It isworth reiterating that the same PES was used to
calculate therate constantsin both methods, so discrepancies between the RD SCTST and quantum scattering
rate constants arise from differencesin dynamics calculations rather than those in the underlying potential
energy calculations. The RD SCTST and scattering rate constants at 250 K are 399 and 187 times greater than
therate constant calculated using conventional TST, respectively, reflecting the inclusion of quantum
mechanical tunneling effectsin the RD SCTST method. Additionally, RD SCTST results exhibit good agreement

with experimentally deter mined rate constants® (Figure 1. A schematic showing the definition of
the active internal coordinates r; and r, and the Jacobi coordinates R and r for the general
H abstraction/exchange reaction Y + H,Z 2> YH, + Z. HZ represents a hydrocarbon,
with H; bonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of
the Z moiety. The white and black circles represent the centers of mass of the YH, and Z
moieties, respectively.
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Figure 2. () The potential barrier for the H + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3b). Rate constants calculated by all methods discussed in this study and

experimentally determined rate constants are presented in Table 3.
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Table 3. Rate Constants for R1in cm® molecule™ s, Calculated by the M ethods
Described in this Study and Deter mined Experimentally?

T(K) TST RDSCTST scatering® RD SCTST-DT  exptl°
200 8.42(—26) 226(-21) 5.67(-22)  1.60(-21)
250 8.17(-23) 3.26(-20) 1.53(-20)  2.83(-20)
300 8.16(-21) 3.64(-19) 2.33(-19)  3.45(-19)
350 2.24(-19) 3.04(-18) 2.25(-18)  2.97(-18)  2.47(-18)
400 2.74(-18) 1.86(-17) 1.50(~17)  1.84(-17)  1.82(-17)
450  1.96(-17) 8.63(-17) 7.34(-17)  8.60(-17)  8.96(-17)
500 9.62(-17) 3.17(-16) 2.80(-16)  3.17(-16)  3.33(~16)
600 1.09(-15) 2.54(-15) 2.34(-15)  2.54(-15)  2.57(-15)
700  6.49(—15) 124(-14) 1.16(-14)  124(-14)  1.19(-14)
800 2.56(~14) 4.34(—14) 4.07(-14)  436(-14)  3.99(-14)
1000 1.88(-13) 2.81(-13) 2.57(-13)  2.82(-13)
1300 1.32(-12) 1.84(-12) 157(-12)  1.85(-12)
1600 4.87(-12) 6.59(-12) 5.24(-12)  6.63(-12)
2000 1.63(-11) 2.19(-11) 1.57(-11)  2.20(-11)

®Numbersin parentheses denote powers of 10. “RD SCTST-DT” denotesthe RD SCTST
method applied with the deep tunneling corrections discussed in section 2.1.2.

PFrom ref. 44.

‘From ref. 68.

The RD SCTST rate constant is marginally greater than the scattering rate constant over the range of
temperatures shown in Figure 1. A schematic showing the definition of the active interna
coordinatesr; and r, and the Jacobi coordinates R and r for the general H
abstraction/exchangereaction Y + HoZ 2 YH, + Z. HoZ represents a hydrocarbon, with
H, bonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z
moiety. The white and black circles represent the centers of mass of the YH; and Z
moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHjz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3a, although they converge as T increases to 1000 K. This behavior arises from differencesin the
cumulative reaction probability (CRP) calculated in both methods. The CRP ismultiplied by a Boltzmann factor
and integrated with respect to energy in order to calculatetherate constant (eq 15). Consequently, the CRP at
lower energiescontributes moreto thisintegral than the CRP at greater energies. At 250 K, theintegral is
determined primarily by the CRP at energieslessthan approximately 0.6 €V. Because the CRP from the RD

SCTST method is greater than that from the quantum scattering method at these energies (Figure 1. A
schematic showing the definition of the active internal coordinatesr; and r, and the
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Jacobi coordinates R and r for the general H abstraction/exchange reaction Y + H.Z >
YHa+ Z. HaZ represents a hydrocarbon, with H, bonded to a C atom in the Z moiety. R1,
R2, and R3 represent the remainder of the Z moiety. The white and black circles
represent the centers of mass of the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. (4) Rate constants for the H + CH, - H, + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4a), the Boltzmann-weighted CRP is also greater, and the RD SCTST method yields a greater rate
constant at 250 K. At energies near AVgc o (indicated by vertical dashed linesin Figure 1. A schematic
showing the definition of the active internal coordinatesr; and r, and the Jacobi
coordinates Rand r for the genera H abstraction/exchangereaction Y + H.Z 2 YH, + Z.
HaZ represents a hydrocarbon, with H, bonded to a C atom in the Z moiety. R1, R2, and
R3 represent the remainder of the Z moiety. The white and black circles represent the
centers of mass of the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £,
was set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. () Rate constants for theH + CH, = H, + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4), the CRPs of the two methods are closer in value. The Boltzmann factor emphasizes this energy
rangemoreas T increases from 250 K to 800 K. Consequently, the Boltzmann-weighted CRPs from the two
methods, and ther efor e the rate constants, become closer, asindicated by a decreasein theratio of therate

constants from 250 K to 800 K (Figure 1. A schematic showing the definition of the active
internal coordinatesr; and r, and the Jacobi coordinates R and r for the general H
abstraction/exchangereaction Y + HoZ 2 YH, + Z. HoZ represents a hydrocarbon, with
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H, bonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z
moiety. The white and black circles represent the centers of mass of the YH; and Z
moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3. () Rate constants for theH + CH4 = H, + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4y, Figure 1. A schematic showing the definition of the active interna
coordinatesr; and r, and the Jacobi coordinates R and r for the general H
abstraction/exchangereaction Y + HyZ 2 YH, + Z. HoZ represents a hydrocarbon, with
H, bonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z
moiety. The white and black circles represent the centers of mass of the YH, and Z
moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3ainset). At higher energies, the quantum scattering CRP is less than the
RD SCTST CRP. Thisrange of the CRP contributes more to the integral as T increases
further, which explains the increase in the ratio of the RD SCTST and scattering rate

constants from 800 K to 1000 K.

3.2H + CyC-C3H5 > Hy+ CyC-C3H5 (RZ)
The frequencies and anharmonic constants used in RD SCTST calculations for R2

are presented in Table 4. Asin R1, the reaction mode pre-projection frequency (1342.30i
22



cm™) differs somewhat from that obtained from the RD PES (1527.64i cm™), and thereis
agreater difference between the transition mode frequencies (2255.22 cm™ vs. 1537.51
cm™). This contributes to a difference between the vibrationally adiabatic barrier height
obtained from ab initio calculations (AVa4, 13.47 kcal mol™) and vibrationally adiabatic
semiclassical barrier height (AVsc4', 12.09 kcal mol™). The anharmonic ZPE of the

transition mode contributes more to AVsc 4 (0.08 kcal mol™) than in R1.
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Table 4. Energetic Parameters, Frequencies, and Anhar monic Constants for R2*

Pre-projection frequencies 1342.30i, 2255.22

RD PES frequencies 1527.64i, 1537.51

RD PES anharmonic constants (X1, Xir, Xer)  108.96, —614.38i, —252.74
AV 14.56

AV, 13.47

AVsca' 12.09

®The reported pre-projection frequencies correspond to those of the active modes. AV,
AV, and AVsc o' are defined asin Table 2. Frequencies and anharmonic constants are
reported in cm™, and barrier heights are reported in kcal mol ™.

Potential barriers for R2 are presented in Figure 1. A schematic showing the
definition of the active internal coordinatesrl and r2 and the Jacobi coordinates R and r
for the general H abstraction/exchange reaction Y + HaZ - YHa+ Z. HaZ represents a
hydrocarbon, with Ha bonded to a C atom in the Z moiety. R1, R2, and R3 represent the
remainder of the Z moiety. The white and black circles represent the centers of mass of

the YHaand Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH4 > H2 + CH3 reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to | wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. () Rate constants for the H + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T = 800 K. The dashed vertical
line denioteﬁthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSC ..
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Figure 5a. Although the semiclassical barrier has awidth similar to the MEP barrier near
the top, their shapes differ significantly. The reactant and product asymptotes of the
semiclassical barrier are significantly greater than the quantum mechanical threshold
energy. Nevertheless, the rate constants calculated by RD SCTST (without deep
tunneling corrections) exhibit very close agreement with quantum scattering rate
constants (Figure 1. A schematic showing the definition of the active internal coordinates
r1 and r2 and the Jacobi coordinates R and r for the general H abstraction/exchange
reaction Y + HaZ - YHa+ Z. HaZ represents a hydrocarbon, with Habonded to aC
atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z moiety. The white

and black circles represent the centers of mass of the YHa and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH4 - H2 + CH3 reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to | wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. () Rate constants for theH + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T =800 K. The dashed vertical
line deniotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSCg,'.

Figure 5b). At 250 K, the RD SCTST rate constant is 1.67 times greater than the
scattering rate constant and 92 times greater than the TST rate constant. The RD SCTST

and scattering rate constants converge at high T. Additionally, the RD SCTST rate
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constant agrees well with experimental results™ ® from 250 K to 1000 K (Figure 1. A
schematic showing the definition of the active internal coordinatesrl1 and r2 and the
Jacobi coordinates R and r for the general H abstraction/exchange reaction Y + HaZ -
YHa+ Z. HaZ represents a hydrocarbon, with Ha bonded to a C atom in the Z moiety.
R1, R2, and R3 represent the remainder of the Z moiety. The white and black circles

represent the centers of mass of the YHa and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH4 > H2 + CH3 reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to | wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. () Rate constants for the H + CH4 > H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (a) T =250 K and (b) T =800 K. The dashed vertical
line deniotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSC,'.

Figure 5c). Calculated and experimentally determined rate constants for R2 are presented

in Table 5.
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Table 5. Rate Constants for R2 in cm® molecule™ s, Calculated by the M ethods
Described in this Study and Deter mined Experimentally?

T (K)
360
390
420
450
480
510
540
630
660
690
720
750

TST
6.42(~19)
2.87(~18)
1.04(-17)
3.21(~17)
8.64(—17)
2.08(~16)
4.58(-16)
3.18(-15)
5.43(—15)
8.89(—15)
1.40(-14)
2.14(-14)

RD SCTST
1.04(-17)
3.54(-17)
1.02(~16)
2.60(~16)
5.92(~16)
1.24(-15)
2.40(-15)
1.27(-14)
2.00(~14)
3.06(~14)
4.54(~14)
6.56(~14)

scattering® RD SCTST-DT

8.08(—18)
2.83(-17)
8.38(—17)
2.17(~16)
5.02(~16)
1.06(~15)
2.08(-15)
1.09(—14)
1.73(~14)
2.64(~14)
3.91(-14)
5.63(~14)

1.08(~17)
3.66(~17)
1.05(-16)
2.66(~16)
6.06(~16)
1.26(~15)
2.45(-15)
1.29(-14)
2.04(-14)
3.11(-14)
4.62(~14)
6.67(~14)

exptl
2.05(-17)°
7.25(-17)°
2.14(-16)°
5.45(-16)°
1.24(-15)°
2.55(-15)°
4.84(—15)°
6.23(-15)"
9.50(—15)¢
1.40(—14)"
1.99(-14)"
2.75(-14)"

®Numbersin parentheses denote powers of 10. Methods for cal culating rate constants are
denoted asin Table 3.
®From ref. 51.
‘From ref. 53.
9From ref. 69.

3.3CHs+ CHs - CHy4 + CHs3 (R3)

frequencies of both active modes as calculated from the RD PES differ somewhat from

the corresponding pre-projection frequencies (1683.55i cm™ vs. 1948.8i cm™ for the

Freguencies and anharmonic constants for R3 are presented in Table 6. The

reaction mode, and 494.74 cm™ vs. 540.8 cm™ for the transition mode). Additionally, the

vibrationally adiabatic barrier height from ab initio calculations (AV4') is 0.691 kcal

mol™* greater than that calculated from the RD PES (AVgc,ai).
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Table 6. Energetic Parameters, Frequencies, and Anhar monic Constants for R3%

Pre-projection frequencies 1949.8i, 540.8

RD PES frequencies 1683.55i, 494.74

RD PES anharmonic constants (X1, Xir, Xee) —1.63, —32.54i, —109.16
AV? 18.142

AV, 17.705

AVscs' 17.014

®The parameters reported here are defined asin Table 2. Frequencies and anharmonic
constants are reported in cm™, and barrier heights are reported in kcal mol™.

Figure 1. A schematic showing the definition of the active internal coordinatesrl
and r2 and the Jacobi coordinates R and r for the general H abstraction/exchange reaction
Y + HaZ - YHa+ Z. HaZ represents a hydrocarbon, with Ha bonded to a C atom in the
Z moiety. R1, R2, and R3 represent the remainder of the Z moiety. The white and black

circles represent the centers of mass of the YHa and Z moieties, respectively.

Figure 2. (@) The potential barrier for theH + CH4 - H2 + CH3 reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was set to |2 wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3. (@) Rate constants for the H + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T =800 K. The dashed vertical
line deniotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSC,'.

Figureb5. (a) The potential barrier for the H + cyc-C3H6 - H2 + cyc-C3H5 reaction
(R2) along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
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approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary51 (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> ®°

Figur e 6a shows the potentia barrier along the MEP of the RD PES and the symmetric
Eckart potential representing the potential barrier in the RD SCTST method. The two
barriers have very similar shapes near the transition state, but the MEP barrier is
significantly wider than the semiclassical barrier at low energies. Nevertheless, the RD
SCTST method (without deep tunneling corrections) yielded rate constants in good
agreement with scattering results from Banks et al.** (Figure 1. A schematic showing the
definition of the active internal coordinatesr1 and r2 and the Jacobi coordinatesRand r
for the general H abstraction/exchangereaction Y + HaZ - YHa+ Z. HaZ represents a
hydrocarbon, with Ha bonded to a C atom in the Z moiety. R1, R2, and R3 represent the
remainder of the Z moiety. The white and black circles represent the centers of mass of

the YHaand Z moieties, respectively.

Figure 2. (@) The potential barrier for theH + CH4 - H2 + CH3 reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was set to |2 wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3. () Rate constants for theH + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T = 800 K. The dashed vertical
line denioteﬁthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSC ..
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Figureb5. (a) The potential barrier for the H + cyc-C3H6 - H2 + cyc-C3H5 reaction
(R2) along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary51 (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> ®°

Figure 6b). The RD SCTST rate constant at 250 K is 2.25 times greater than the
scattering rate constant and 4380 times greater than the TST rate constant. The RD
SCTST and scattering rate constants converge at high T, although the Arrhenius plot of
the RD SCTST rate constant exhibits more curvature than that of the scattering rate
constant. Figure 1. A schematic showing the definition of the active internal coordinates
r1 and r2 and the Jacobi coordinates R and r for the general H abstraction/exchange
reaction Y + HaZ - YHa+ Z. HaZ represents a hydrocarbon, with Habonded toaC
atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z moiety. The white

and black circles represent the centers of mass of the YHa and Z moieties, respectively.

Figure 2. (@) The potential barrier for theH + CH4 - H2 + CH3 reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was set to |2 wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3. () Rate constants for the H + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 -
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T = 800 K. The dashed vertical
line denioteﬁthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSC ..
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Figureb5. (a) The potential barrier for the H + cyc-C3H6 - H2 + cyc-C3H5 reaction
(R2) along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary51 (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> ®°

Figure 6¢ presents our RD SCTST rate constants in comparison with experimental

results.”®"* Rate constants for R3 are presented in Table 7.
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Table 7. Rate Constants for R3in cm® molecule™ s, Calculated by the Methods
Described in this Study and Deter mined Experimentally?

T(K) TST RDSCTST scattering RD SCTST-DT  exptl
200 1.64(-31) 3.68(-25) 1.83(-26)  1.70(-25)  1.46(-28)°
250  1.09(—27) 4.77(=24) 2.12(-24)  3.58(24)  2.17(-25)°
300 4.00(-25) 7.39(-23) 8.90(-23)  6.74(-23)  2.82(-23)°
350 2.81(23) 1.03(-21) 1.74(-21)  1.00(-21)

400 7.09(-22) 1.06(-20) 1.91(-20)  1.05(-20)  1.45(-20)°
450  9.00(-21) 7.76(=20) 1.36(~19)  7.74(=20)  1.03(~19)°
500 7.07(20) 4.24(-19) 7.02(-19)  4.23(-19)  4.94(-19)°
600 1.67(-18) 6.39(-18) 9.30(-18)  6.40(-18)  5.19(-18)°
700 1.72(-17) 5.07(-17) 6.51(-17)  5.08(-17)  2.78(-17)°
800 1.05(-16) 2.62(-16) 2.99(-16)  2.63(-16)  9.80(~17)°
1000 1.49(-15) 3.06(-15) 2.83(-15)  3.07(-15)

1300 2.10(-14) 3.74(-14) 2.65(-14)  3.75(-14)

1600 1.28(-13) 2.11(-13) 121(-13)  2.12(-13)

2000 7.07(-13) 1.11(-12) 5.11(=13)  1.11(-12)

®Numbersin parentheses denote powers of 10. Methods for calculating rate constants are
denoted asin Table 3.

®From ref. 70.

‘From ref. 71.

For reactions with small skew angles and large reaction path curvature such as
R3, corner-cutting effects have been shown to be important.>>>® " Corner-cutting
involves tunneling along paths between the reactant and product channels of the PES
other than the MEP. The barrier along a chosen corner-cutting path is narrower than that
along the MEP, such that the associated barrier penetration integral is less than that of the
MEP, even though the barrier is higher. One possible corner-cutting path on the RD PES
for R3 is presented in Figure 1. A schematic showing the definition of the active internal
coordinatesrl and r2 and the Jacobi coordinates R and r for the general H
abstraction/exchangereaction Y + HaZ - YHa+ Z. HaZ represents a hydrocarbon, with

Habonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z
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moiety. The white and black circles represent the centers of mass of the YHaand Z

moieties, respectively.

Figure 2. () The potential barrier for theH + CH4 > H2 + CH3 reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to | wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. (@) Rate constants for the H + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (a) T =250 K and (b) T =800 K. The dashed vertical
line deniotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSCg,'.

Figure5. () The potential barrier for the H + cyc-C3H6 - H2 + cyc-C3H5 reaction
(R2) along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary51 (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> *

Figure6. (@) The potentia barrier for the CH3 + CH4 - CH4 + CH3 reaction (R3) along
the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R3 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Banks et al.* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.”®"*

Figure 7aasthe blue line (“CC path”). The potentia barrier associated with this path is
presented in Figure 1. A schematic showing the definition of the active internal
coordinates rl and r2 and the Jacobi coordinates Rand r for the general H

abstraction/exchangereaction Y + HaZ - YHa+ Z. HaZ represents a hydrocarbon, with
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Habonded to a C atom in the Z moiety. R1, R2, and R3 represent the remainder of the Z
moiety. The white and black circles represent the centers of mass of the YHaand Z

moieties, respectively.

Figure 2. () The potential barrier for theH + CH4 > H2 + CH3 reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £,
was set to | wF| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. (@) Rate constants for the H + CH4 - H2 + CH3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(Ev), for theH + CH4 >
H2 + CH3 reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T =800 K. The dashed vertical
line deniotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVSCg,'.

Figure5. () The potential barrier for the H + cyc-C3H6 - H2 + cyc-C3H5 reaction
(R2) along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary51 (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> *

Figure6. (@) The potentia barrier for the CH3 + CH4 - CH4 + CH3 reaction (R3) along
the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R3 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Banks et al.* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.”®"*

Figure 7b (blue curve) in comparison to the MEP barrier (red curve). Although the
corner-cutting barrier is higher than the MEP barrier, it is considerably narrower, and it is

also similar in width to the semiclassical barrier at lower energies (black dashed curve).



We believe that, because of thisinteresting behavior of the semiclassical barrier, our RD
SCTST method simulates enough tunneling at low T, thereby giving reasonable rate
constants without considering the concave region of the PES in between the reactant and
product channels. This finding warrants further investigation and the application of RD

SCTST to other reactions with different reaction path curvatures.

3.4 Rate Constants with Deep Tunneling Corrections

In order to evaluate theimportance of the deep tunneling correctionsto the SCTST method proposed
by Wagner® (section 2.1.2) within the RD framework, we compared RD SCTST rate constants calculated with
and without these corrections. Werefer to RD SCTST applied with these correctionsas“RD SCTST-DT.” The

ratios of theRD SCTST-DT rate constantsto the RD SCTST rate constants are presented in Figure 1. A
schematic showing the definition of the active internal coordinatesr; and r, and the
Jacobi coordinates R and r for the general H abstraction/exchange reaction Y + H.Z >
YHa+ Z. HaZ represents a hydrocarbon, with H; bonded to a C atom in the Z moiety. R1,
R2, and R3 represent the remainder of the Z moiety. The white and black circles
represent the centers of mass of the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate a ong the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, £
was set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassica
(dashed curve) barriers.

Figure 3. () Rate constants for theH + CH, = H, + CHj3 reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(E,), for theH + CH, >
H, + CHs reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (@) T =250 K and (b) T = 800 K. The dashed vertical
line deinoteﬁthe vibrationally adiabatic barrier height from the RD SCTST method,
AVscyq .

Figure5. () The potential barrier for the H + cyc-C3Hg = H, + cyc-CgHs reaction (R2)
along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
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from Shan and Clary™* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> ®°

Figure 6. (@) The potential barrier for the CHz + CH, - CH,4 + CHg reaction (R3) along
the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R3 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Banks et al.* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.”®"*

Figure 7. (@) Contour plot of the fitted RD PES in hyperspherical coordinates from
Banks et a.* The red curve is the minimum-energy path (MEP), and the blue line
represents a possible corner-cutting (CC) path. (b) The potentials as a function of the
reaction coordinate along each of these paths, as well as the semiclassica (SC)
approximation to the potential (eq 11).

Figure 8afor R1, R2, and R3. Numerical values of these rate constants are presented in Tables 3, 5, and 7.
For R1 and R2, the RD SCTST-DT rate constant differed from the RD SCTST rate constant by no morethan
15% from 250 K to 1000 K. Differenceswere greater for R3, but the RD SCTST-DT rate constant was
nonetheless only 25% lessthan the RD SCTST rate constant at 250 K. The RD SCTST-DT potential barrier was

wider than the RD SCTST barrier at low energiesfor R3 (Figure 1. A schematic showing the
definition of the active internal coordinatesr; and r, and the Jacobi coordinates R and r
for the general H abstraction/exchangereaction Y + H,Z - YH, + Z. HoZ represents a
hydrocarbon, with H, bonded to a C atom in the Z moiety. R1, R2, and R3 represent the
remainder of the Z moiety. The white and black circles represent the centers of mass of
the YH, and Z moieties, respectively.

Figure 2. () The potential barrier for theH + CH, - H, + CHz reaction (R1) asa
function of the reaction coordinate along the minimum-energy path (MEP) of the PES
(solid curve), and the symmetric Eckart potential that represents the effective barrier for
SCTST calculations (eq 11, dashed curve). In constructing the semiclassical barrier, Q;
was Set to |2 we| in order to enable comparison with the MEP barrier. (b) Barrier
penetration integrals, calculated using eq 6, for the MEP (solid curve) and semiclassical
(dashed curve) barriers.

Figure 3. (@) Rate constants for the H + CH, - H, + CHg reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling
corrections (solid black curve), presented with scattering results from Banks et al.**
(dashed blue curve). Theratio of the RD SCTST rate constant to the scattering rate
constant is plotted in the inset. (b) Experimental results from Sutherland et al.*® presented
with TST and RD SCTST results from this study.

Figure 4. The product of the cumulative reaction probability, N(E,), for theH + CH,; >
H, + CHj reaction (R1), calculated by RD SCTST and quantum scattering methods, and
the Boltzmann factor evaluated at (a) T =250 K and (b) T =800 K. The dashed vertical
line deinotesthe vibrationally adiabatic barrier height from the RD SCTST method,
AVscya'

36



Figure5. () The potential barrier for the H + cyc-CsHg = H, + cyc-CzHs reaction (R2)
along the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R2 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Shan and Clary™* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.> ®°

Figure 6. (@) The potential barrier for the CHz + CH, - CH,4 + CHg reaction (R3) along
the MEP of the RD PES (solid curve), and the semiclassical Eckart potential
approximation (eq 11, dashed curve). (b) Rate constants for R3 calculated using TST
(dashed red line) and RD SCTST (solid black curve), as well as scattering rate constants
from Banks et al.* (dashed blue curve). (c) RD SCTST and TST rate constants as
compared to experimentally determined rate constants.”®"*

Figure 7. (@) Contour plot of the fitted RD PES in hyperspherical coordinates from
Banks et a.* The red curve is the minimum-energy path (MEP), and the blue line
represents a possible corner-cutting (CC) path. (b) The potentials as a function of the
reaction coordinate along each of these paths, as well as the semiclassical (SC)
approximation to the potential (eq 11).

Figure 8b). This difference contributed more to a difference in rate constants at low T for
R3 because its potential barrier height is significantly less than those of R1 and R2. These
results indicate that, for the temperature range and reactions considered in this study,
applying deep tunneling corrections does not significantly improve the accuracy of RD

SCTST rate constant cal culations with respect to quantum scattering cal culations.

4. Conclusions

We present a Reduced-Dimensionality Semiclassical Transition State Theory (RD
SCTST) for calculating reaction rate constants. It offers computational advantages over
RD guantum mechanical scattering methods and full-dimensionality SCTST. RD
potential energy surfaces (PESs) developed previoudly for three H abstraction and
exchange reactions of hydrocarbon molecules were used to calculate the harmonic
frequencies and barrier heights required by RD SCTST. These parameters exhibited

acceptable agreement with those obtained from ab initio calculations. Rate constants for
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the three reactions calculated using RD SCTST were compared to those from quantum
scattering cal culations performed on the same PESS, thereby enabling a systematic
evaluation of RD SCTST. We observed good agreement between these rate constants
from 250 K to 1000 K. RD SCTST results also agreed with experimenta results for all
three reactions. RD SCTST performed well aso for R3, even though it does not account
explicitly for the corner-cutting effects shown previously to be important for heavy-light-
heavy reactions. Additionally, we applied deep tunneling extensions to SCTST within the
RD framework and found that they did not appreciably improve the accuracy of
calculated rate constants over the temperature range considered in this study. The results
suggest that the RD SCTST method has significant potentia for calculating reaction rate

constants with minimal computational expense.
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Figures

Figure 1. A schematic showing the definition of the active internal coordinatesr; and r, and the
Jacobi coordinates R and r for the general H abstraction/exchangereaction Y + HoZ > YH, + Z.
HJZ represents a hydrocarbon, with H, bonded to a C atom in the Z moiety. R1, R2, and R3
represent the remainder of the Z moiety. The white and black circles represent the centers of
mass of the Y H, and Z moieties, respectively.

Figure 2. () The potential barrier for the H + CH4 - H, + CH3 reaction (R1) as afunction of
the reaction coordinate along the minimum-energy path (MEP) of the PES (solid curve), and the
symmetric Eckart potential that represents the effective barrier for SCTST calculations (eq 11,
dashed curve). In constructing the semiclassical barrier, Q(, was set to |2 wg| in order to enable
comparison with the MEP barrier. (b) Barrier penetration integrals, calculated using eq 6, for the
MEP (solid curve) and semiclassical (dashed curve) barriers.

Figure 3. (@) Rate constants for the H + CH, - H» + CHg reaction (R1) calculated by
conventional TST (dashed red line) and by RD SCTST without deep tunneling corrections (solid
black curve), presented with scattering results from Banks et al.** (dashed blue curve). Theratio
of the RD SCTST rate constant to the scattering rate constant is plotted in the inset. (b)
Experimental results from Sutherland et al.®® presented with TST and RD SCTST results from
this study.

Figure 4. The product of the cumulative reaction probability, N(E,), for theH + CH; - H, +
CHg; reaction (R1), calculated by RD SCTST and quantum scattering methods, and the
Boltzmann factor evaluated at (a) T =250 K and (b) T = 800 K. The dashed vertical line denotes
the vibrationally adiabatic barrier height from the RD SCTST method, AVSC,ai.

Figure5. () The potential barrier for the H + cyc-CsHg = H, + cyc-C3Hs reaction (R2) aong
the MEP of the RD PES (solid curve), and the semiclassical Eckart potential approximation (eq
11, dashed curve). (b) Rate constants for R2 calculated using TST (dashed red line) and RD
SCTST (solid black curve), aswell as scattering rate constants from Shan and Clary®* (dashed
blue curve). (¢) RD SCTST and TST rate constants as compared to experimentally determined
rate constants.” %

Figure 6. (@) The potential barrier for the CHz + CH, - CH,4 + CH3 reaction (R3) aong the
MEP of the RD PES (solid curve), and the semiclassical Eckart potential approximation (eq 11,
dashed curve). (b) Rate constants for R3 calculated using TST (dashed red line) and RD SCTST
(solid black curve), aswell as scattering rate constants from Banks et al.** (dashed blue curve).
(c) RD SCTST and TST rate constants as compared to experimentally determined rate
constants.”>"*

Figure 7. (a) Contour plot of the fitted RD PESin hyperspherical coordinates from Banks et al.**
The red curve is the minimum-energy path (MEP), and the blue line represents a possible corner-
cutting (CC) path. (b) The potentials as a function of the reaction coordinate along each of these
paths, as well as the semiclassical (SC) approximation to the potential (eq 11).
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Figure8. () Theratio of the RD SCTST rate constants calculated with the deep tunneling
corrections described in section 2.1.2 to those cal cul ated without corrections for R1 (red curve),
R2 (green curve), and R3 (blue curve). (b) The potential barrier for R3 used in deep tunneling
RD SCTST calculations (blue curve), and the symmetric Eckart potential representing the
potential barrier for the RD SCTST method without deep tunneling corrections (eq 11, red
curve). In constructing these barriers, Q;,, was set to | w|.
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