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ABSTRACT

Semiclassical Transition State Theory (SCT T‘T od for calculating rate con-
stants of chemical reactions, offers gains i tati nal efficiency relative to more
accurate quantum scattering methods Kxﬁ:ll—‘a}mensmnal (FD) SCTST, reaction
probabilities are calculated from thi%oﬁ?ﬁh potential derivatives along all vi-

brational degrees of freedom. Howe cdomputational cost of FD SCTST scales

unfavorably with system size <h prohibits its application to larger systems. In
this study, the accuracy and e 01 f 1-D SCTST, in which only third and fourth
derivatives along the react are used, are investigated in comparison to those

of FD SCTST. Potenw%mves are obtained from numerical ab initio Hessian
matrix calculationsiat the MP2/cc-pVTZ level of theory, and Richardson extrap-

o improve the accuracy of these derivatives. Reaction barriers

D(T)/cc-pVTZ level. Results from FD SCTST agree with

olation is applie
are calculated atdhe
results fr/ revi s/theoretical and experimental studies when Richardson extrap-

%y

4 single-

Results from our implementation of 1-D SCTST, which uses only

int MP2/cc-pVTZ energy calculations in addition to those for conven-
tion TSF, agree with FD results to within a factor of 5 at 250 K. This degree of
agreeﬂ?ent and the efficiency of the 1-D method suggest its potential as a means of

ﬂi imating rate constants for systems too large for existing quantum scattering
thods.
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Publishihg INTRODUCTION

Theoretical methods for calculating rate constants of chemical reactions have useful ap-
plications in a variety of areas, including atmospheric chemistry,'™ biological chemistry,®
and materials science.®® Quantum reactive scattering (QRS) approgches involve solving the

nuclear Schrodinger equation on a potential energy surface (PE )_irrh\@n yield the most
C

ate PES and perform-

accurate rate constants.”1® However, constructing a suitably

areas,?’ 3% the applicability of FD QRS methods re

atoms, 293140 -

This limitation has prompted the development of a)arlety of approximate methods for
dynamics calculations. Variational Transi 1(%3 heory with Multidimensional Tunnel-
ing corrections (VIST/MT) constitut K&§ ethods in which reaction probabilities
are calculated semiclassically from tlon egrals along paths on the PES.413 It is often
possible to obtain results in good Gre il nt"w1th benchmark QRS results with an appropri-
ate choice of a VI'ST/MT me hod her methods that require a complete PES include

include quantum mechanical for ns of Transition State Theory?35¢

mer molecular dynamic R.BS ) method.5%® Both of these methods have yielded accurate
a

and the ring poly-

results for a variety 44,45,48,59,60

Semiclassical Fransi 'on State Theory (SCTST) is another approximate theory and was
developed ori iu%m&l\/ﬁ ler et al.%7%3 Tt differs from the aforementioned theories in that
h

it depends o PES and its derivatives only at the transition state (TS). In SCTST,

reaction ‘probébilities are calculated semiclassically from an expression for the energy at
the 1n terms of the system’s “good” quantum numbers. This expression is commonly
derived“uging second-order vibrational perturbation theory (VPT2), which depends only
upen second, third, and fourth derivatives of the PES (i.e., a quartic force field). Evaluating
‘f‘hﬁse\ erivatives is often more efficient than constructing a complete PES. This efficiency
gain has been a primary motivation in the development and application of SCTST, which
has been applied previously to reactions such as H + H, — H, + H,%* HBr + Cl —
Br+HC1,% HO + H, — H,0 + H and isotopologues,®® and C1+ CH, — HCl+ CH, and

isotopologues.5” In all of these cases, results from SCTST have exhibited good agreement
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Publishiwgh those from other theories and from experiment.
Previously,% we evaluated a reduced-dimensionality (RD) approach to SCTST, in which
only a subset of the system’s degrees of freedom (DOF's) are included explicitly in calculations
of the reaction probability (i.e., via calculation of a quartic force field) while the remaining

DOFs are treated harmonically with a partition function. In anarlier study, Nguyen et

al.%¢ implemented a one-dimensional (1-D) approach to SCTST iously applied this
approach to four reactions® and found that the deep tunneling“¢drrections to this theory
described by Wagner™ had to be applied to ensure close a e%t results from accurate
{ild*be noted that 1-D SCTST
1

in Ref. 66 but differs in that (1) it treats the an armomc of the reaction mode and (2) it

can be improved systematically by treatlng
These previous findings suggest tha calculatlons can yield suitable esti-

mates of rate constants from hlgher— 1ty calculations. Typical implementations

QRS calculations performed on the same 2-D PESs. I:E.\ S

with deep tunneling corrections is similar to the asymmetri ckart method implemented

of full-dimensional (FD) SCTST ca atlo require on the order of F' ab initio frequency
calculations, where F is the num er o eﬁ‘al DOFs of the system.%%%” The computational
cost of RD SCTST calculat1 ns S le more favorably than that of FD calculations with
respect to system size, Wthh su the applicability of the RD SCTST method to sys-
tems larger than those ghat ean be treated using other theories. The primary objective of
this study is to evaldate .E\:Der good estimates of rate constants can be obtained using
1-D SCTST, as judg ,{)y gbmparison with results from FD SCTST, and to compare the

computational.costs ef these methods. More rigorous treatments that involve greater com-

putational nge are possible for the systems considered in this study, but the aim here

ical method that can be applied to larger systems.

The quarticeforce field required for FD SCTST calculations is often obtained by dif-
ferentiating )ne Hessian matrix of second derivatives of the PES numerically.”""" This
a roacﬁ) has been applied previously in cases in which analytical first or second deriva-
%78 gL available.5¢:67.71-76 Nany electronic structure software packages enable the efficient
calculation of analytical first and second derivatives at various levels of theory, although
analytical derivatives for open-shell systems are not as widely implemented as for closed-

77-81

shell systems. Many of the elementary gas-phase chemical reactions studied previously

15,31,32,40,82,83

have open-shell transition state structures, including those reactions considered
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We discuss an approach to quartic force field calculations that does not require analytical
derivatives. An advantage of this approach is that it is available to users of all electronic
structure packages at all levels of theory. In some cases, calculations of analytical second
derivatives are computationally more expensive than numerical £alculations, so this ap-

84,85

proach may offer advantages in efficiency in those cases. numgrical calculations

are also more conducive to parallelization,® an advantage that Omes more important as
the system size increases. Numerical differentiation is re orSCTST calculations even

7

when analytical first or second derivatives are available. and“she approach discussed in

i,
ables svs ematic improvement of the

this study, which uses Richardson extrapolation,®¢ e

accuracy of these numerical derivatives. Their a¢curacy be adjusted according to what

is required for the system being investigated. D
FD and 1-D calculations are performe@ dy for the following reactions:
H C4‘B\>HQ 4 CH, (1)
N
The size of these systems is SHN h that FD SCTST calculations are computationally
tractable but large eno, g%llow evaluation of the impact on calculated rate constants

of a significant redu€tion #_the number of DOFs treated. There are a wide variety of

£
existing theoreticdl and_expérimental studies on reaction (1), as it is the simplest H atom
(%)vamg a hydrocarbon 3334:37:40,59.60.8790 Reqction (2), although more

s also been studied as a prototypical H atom abstraction reaction.?’ % Both

abstraction re

1891 and involve the exchange of a light H

re Aiportant in combustion processes
atom fsuggesting the importance of quantum mechanical effects in determining the reaction
rate., mp;ring results from SCTST to those from conventional TST will allow for an
e luatié’l of the accuracy with which SCTST treats these effects.

SFQ% remainder of this paper is organized as follows. Section II discusses the methods em-
pleved to calculate rate constants from quartic force fields and the application of Richardson
extrapolation to quartic force field calculations. Section III presents the results of FD and

1-D calculations on reactions (1) and (2). Finally, Section IV summarizes the key findings

of this study.
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0.87382 A
C)

c) CH;

0.73702 A
1.0744 A

FIG. 1. Optimized structures of the station r;&g@» r reaction (1), i.e., (a) the TS, (b) CH,,
(c) CHs, and (d) H,, calculated at the XI level of theory. Bond lengths are reported

in A, and bond angles in degrees. In ( ,S tom being abstracted from CH, is denoted as H

II. METHODS \\

A. Ab Initio Calculatlons

All quantum ch

software package gq@’metries of the stationary points on the PES were found us-
ing second-or QDWP esset perturbation theory (MP2) with a correlation consistent
polarized val triple-¢ Dunning basis set? (cc-pVTZ). A tight geometry optimization

conditiofy(ma’kimum gradient component less than 10~® Eh a;') was used to calculate the

transifion state(TS) geometries, as suggested by Barone™ for the purpose of anharmonic

alctilations. No symmetry constraints were applied in geometry optimization cal-
‘tionéin order to ensure that no species had strictly degenerate frequencies. Barone™
?&gges ed that degeneracy be broken in order to allow the use of formulas for asymmetric

s in anharmonic constant calculations, which greatly simplifies SCTST calculations. Re-
cent SCTST studies®-®” employed the MultiWell Program Suite?®°7 to perform calculations,

which only includes formulas for asymmetric tops, suggesting that degeneracy was broken

in these studies as well.
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Publishing TS

FIG. 2. Optimized structures Mtionary points for reaction (2), presented as in Fig. 1.

Geometries of the z$wa\w oints of reaction (1) are presented in Fig. 1. The C—H and
dhe 34,39
bon

C—H, bond lenPgZzs T/‘S differ from those obtained in previous theoretical studies
by < 1%. The

@ies of the reactants and products exhibit a similar level of agreement.

is approximately 2% shorter than those reported in the previous

studies.

e
Geometriés for reaegion (2) are presented in Fig. 2. The H—H, bond in the TS is 3% longer
than st caleulafed previously,”! and the C—H, bond is 3% shorter. The remaining bond

lengths,and éﬂgles of the TS and other stationary points exhibit closer agreement.
ﬁ

ingh%point energies of the stationary points at these geometries were obtained at the cou-
W gl uster level including single, double, and perturbative triple excitations [CCSD(T)]*®
using the augmented cc-pVTZ basis set.” These results, as well as the reaction barrier
heights, are presented in Table I. The nonadiabatic forward barrier height of reaction (1) is
0.439 kcal mol~! greater and 0.6 kcal mol™! less than those calculated at the CCSD(T)/cc-
pVTZ level of theory in Refs. 18 and 19, respectively. The forward barrier height of reac-

6
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E ABLE I. Single-point CCSD(T)/aug-cc-pVTZ energies of the stationary points of reactions

(1) and (2), and the associated forward and reverse barrier heights and reaction enthalpies.

Molecular energies (Eh)

RH
H
TS
R
H,

—40.44087814
—0.49982118

—40.91725818

—39.76359163
—1.17231562

—79.67985655
—0.49982118

—80.16078001

—79.00787961
—1.17231562

Reaction Energetics

(kcal mol~1)®

Reaction (1)

Reaction (2)

AVy
AV,
AH

14.710
11.703
3.007

11.859
12.183
—0.325

“Zero-point energies are not include

o

these quantities.

tion (2) is 0.1 kcal mol™" less
CCSD(T)-F12a/cc-pV'T
Hessian matrices #whic

partition functiong!

employed in rate co

central

in th

schha
ﬁ

«INumerical Differentiation by Richardson Extrapolation

R

foltow1
riing the STEP parameter in MOLPRO.

™

AN

ant calculations.!?:46:100-102° A1l Hegsian elements were calculated from

R

at reported in Ref. 19, which was calculated at the

-?Rslevel of theory.

were used to calculate anharmonic constants and vibrational

e/ cal)mlated at the MP2/cc-pVTZ level of theory, which is commonly

diff (Q of the energy, using the NUMERICAL option in MOLPRO. Richardson
extrapolafiondvas tised to improve the accuracy of Hessian elements for the T'S, as described
ection. This involves calculating the numerical Hessian using multiple step

In general terms, Richardson extrapolation is a method for accelerating convergence in
a calculation of the value of an infinite series.!%® Ridders®® adapted this technique to the

calculation of the derivatives of a function.'®* Calculations of a numerical derivative at larger

7
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Publishi:n:gp sizes are used to remove the contribution of higher-order derivatives to the error in a
calculation at a smaller step size. A summary of this method is presented below.
Consider a Taylor expansion of the function f about a point z, evaluated at (z + h) and
(x — h):

Ja+h) = @) + [+ = O ()

(3)

3|>—t

8
gy

~/

fle—=h) = f(z) = f'(x)h+ (4)

||
I\
3

n

!
where f(™(x) denotes the n'™® derivative of f evaluated ;s)ébining these expressions

gives:

5 )

A0y = {6 h>2—hf<x 1) _ % Fn) g -

Only odd-numbered derivatives of f are incluw@ese error terms are proportional to

only even powers of h.

Next considering calculations of thi er.i\aw with a different step size, A (ch), where
c > 1, gives:
\

Mz + ch) — KA f’(w>+z(%il)!f@nﬂ)(x)c%h% (©6)

\R n=1
) represeitt, the exact value of the first derivative, f'(x), plus an

infinite sum of error terms. They can be combined as follows:
2 A0) ({J A0

A (ch) =

Both A®(h) and A (c

h > -
L c? _\K/ ) =f@ Z (2n :— 1)!f(2"+1)(x) -1 R (7)

When n = 14 ha%‘m in the above sum is 0. Thus, this expression can be rewritten:

Al ) — AO)(ch) = 1 2 —

% =)+ X o O (8)

n

&
-
I S&l&@)ﬂ which this formulation is useful, successively higher-order terms in the Taylor
e%& constitute lesser contributions to f(z). The left-hand side of the above expression
\Qe referred to as a first-order extrapolation of f’(z). Because it does not include the
)(x) term from the Taylor expansion, it is an estimate of f’(x) with a lesser error than
the zeroth-order extrapolation (Eq. 5).
The key feature of Eq. 5 that enables the construction of an expression for f’(z) with

fewer error terms is the dependence of the error terms on even powers of h. Eq. 8 also

8
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Publishifigbends only on even powers of h, so the above technique can be applied again to further
reduce the error. Defining Eq. 8 as B(h), we have:

¢'B(h) — B(ch) = 1 N e A T
A -1 _f<17)+nz:3—(2n_’_1)!f2+1(f) 2—-1 4—-1 h? (9>

where the error is further reduced because the above sum does not{'féclude the f©)(z) term.
Substituting the definition of B(h) and snnphfymg glves
¢'B(h) — B(ch)  PA(h) — (¢ + ") ch Q) 2h)
A —1 (2 —1)%(c
This is a second-order extrapolation of f'(x), and evaluati g‘lblﬂfi s calculating numerical

derivatives at three different step sizes. In theorygi'}i ve approach can be applied

(10)

arbitrarily many times, with successively larger step siges c’ﬁl, with n a positive integer, to
reduce the error in a numerical calculation of f’

Richardson extrapolation can also be usgdt&'pl‘eye estimates of second derivatives as

follows: %
Z 2n ey LA L (11)

Because the error terms are proporti \p even powers of h, successively better approxi-

mations of f”(z) can be obtame merical calculations of f”(z) with step sizes ¢"h,
as above. Expressions for the d second-order extrapolations of the derivative are

identical to those given e except that A(h) is defined as f”(z) calculated numerically

with a step size of h.

Furthermore 21 eoﬁmq
ﬁy,t\hem‘ ctlon f(z,y) is expanded in four Taylor series at f(x+h,y+h).
are ¢

bined to give:

can be applied to calculate mixed second partial derivatives
numerically. Bri

These expre 10

az+@/y St by —h)— fe—hy )+ fla—hy—h)
4h?2 -
a(nz+”y)
fx 0 Z s ( xnzayn{> AL = (1) = (1) (1) (12)

Ne=2ny

which aéym is the numerical expression for the mixed second partial derivative of f with

o z and y, here denoted f,,(z,y), plus a sum of error terms. The error terms are
nonzero only when both n, and n, are odd, in which case the quantity (n, + n,) is even,
so all error terms are proportional to even powers of h. The analysis discussed above can
therefore be applied here, yielding analogous expressions for higher-order extrapolations of

the derivative.


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

Publishi@g Anharmonic Constants

The quartic force fields used in SCTST are most conveniently defined in terms of sec-
ond, third, and fourth directional derivatives of the system’s potential along normal mode
eigenvectors.53541%5 These derivatives are calculated according to the commonly employed
technique referenced in Section 1757106 RFirst, H(0) is defined as théWilessian matrix eval-
uated at the stationary point of the potential (i.e., the mini eror a molecule and the
saddle point for the TS), and the elements of the matrix M aredefined as follows:

Y —1/2 ‘)q"‘--

. QQQU B
where the atomic masses m; correspond to the esia rdinates used to construct the

art
Hessian matrix. The mass-weighted Hessian \%@(O)M, is diagonalized to obtain a
defi

matrix of eigenvectors, L. The matrix ®(0)%s d as follows:

@<0>\§4-H<0>ML (14)

such that its elements are directi% {vatives of the potential along normal mode eigen-

vectors:
%40) Al (15)

~0Q:0Q;

lagonal, and its elements are proportional to the squares of the

By definition, ®(0) i

system’s harmonic, 4tequénci These elements can be differentiated to obtain third and

fourth directior@{g\; ies of the potential at the stationary point. Third derivatives,
fijk, are calc at?)i as
itk —

lows:

4

BV 1 (8¢jk(0) n Odi(0) n 5’(%-(0)) (16)

0Q:0Q;0Q), 3\ 0Q; 0Q); 0Qy,

-ﬁ
Note w& can be obtained by differentiating three different matrix elements, and the

ﬁ
above formula reflects an average of those three derivatives. Only fourth derivatives of the

.+ are needed for anharmonic constant calculations.®® These are calculated as follows:

1 (9*¢:4(0)  0%¢,,(0)
5( 0z a2 )

fiiji = (17)

In principle, these derivatives could also be obtained by differentiating the matrix element

¢i;(0) along @; and @;. However, as will be made apparent below, adding these terms in

10
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Publishitig calculation of these derivatives would greatly increase the number of Hessian matrix
calculations required for the implementation presented in this study.

Calculating these derivatives numerically involves obtaining the Hessian matrix H(£AQ);)

at positive and negative displacements +A(Q); away from the stationary point along each

respective eigenvector. If x(0) represents the vector of atomic cooiﬁnates at the stationary

point, then x(+AQ);), the coordinates at the displaced geometr ,-isca ated as follows:

X(+£AQ;) = x(0) £ AQ;ML; (18)

where L; denotes the " eigenvector. The matrix ®(+AQ; i‘gh.uideﬁned at these displaced

geometries: o
®(+AQ;) = LTMI&A M}J (19)

®(£AQ;) is not necessarily diagonal because $he ma@ of eigenvectors L diagonalizes the
mass-weighted Hessian matrix at the statio?hs‘ﬁot t, and not at the displaced geometries.

71,73

The derivatives f;;; can then be calculated 1 ally as follows:

( D1 (AQ:) — P (—AQ:) ¢ Pri(AQ)) — Pri(—AQ)) n Q. (AQ) — ‘I’ij(—AQk))
2AQ1 N PING) 2AQ;,

fl]k
\ (20]
fiij; is calculated similarly: X’\*\

szJ] -5 ( ”(AQJ) D 2(1)“ —|— (I)jj(AQi) - (I)jj<_AQi) — 2(I)jj(0>> (21)

EQ)W AQ?
prls umerical derivatives of elements of ®; elements of the Hessian

e ®re also calculated numerically. Thus, Richardson extrapolation

Eqgs. 20 and 21 ¢

matrices used to cdlcu
can be applie LSW independent ways to calculations of the potential derivatives f;;, and

fiij;- Calculati can be performed with higher-order extrapolations of Hessian elements

Disp cenints along normal mode eigenvectors are given in dimensionless reduced nor-

m coo%linates. A displacement AQ); in units of (length mass!/?) is calculated from a

H'rs)lacement Aq in reduced normal coordinates as follows:"3107:108
h1/2
AQ; = FAQ (22)

i
where w; is the frequency of the i*" normal mode. In this study, Richardson extrapolation

is applied to both Hessian elements and to the potential derivatives f;;; and f;;;; for the

11


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishifgs of reactions (1) and (2). Richardson extrapolation is not applied to the calculation of
anharmonic constants for the reactants CH, and C,Hy, as those calculated with Richardson
extrapolation were not found to differ significantly from those calculated without it. A single
displacement of Aq = 0.4 was used.

The anharmonic constants x;; and associated constant term Gg can then be calculated

from the third and fourth derivatives according to second-or x-qjibr ional perturbation

theory (VPT?2):63.64.105
" ( N i 8 }
2 .

n’ - Jiig [ink d @i+ W — W)
" o (f e Mo~ o)+

J 7=1

2
fijk:

[(w: + wr)? — 2[(w; — wp)? — o] (25)

i<j<k
where B, is the rotationa ‘bant associated with axis a, and ¢}, is the associated Coriolis
coupling constantdca u{ate}i as described in Ref. 109. Fermi resonances in these formulas

were deperturbed as«described previously.™

\

D. Dengity of States
ﬂ /

Th partﬁ)ion functions required for rate constant calculations are typically calculated

ﬁ
fﬁl& oltzmann-weighted sum over energy levels. The anharmonic energy levels of a
e

,é% leg ate given according to VPT2:6364105
. F
By = Y hwi(ni +1/2) + > ayj(n; + 1/2)(n; + 1/2) + Go (26)
i—1

i>]
where {n} is the set of quantum numbers of the F' vibrational modes of the species. As

this expression for the energy is not separable, it is not possible to separate the partition

12
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Publishif‘ugl ‘tion for this system into a product of individual partition functions for each mode, as
is the case for a system of harmonic oscillators. Consequently, one must enumerate over all
configurations of {n}. This is very computationally expensive for systems with more than
3 or 4 atoms.?

To improve the efficiency of this calculation for larger systemz,/ Nguyen and Barker!!?

adapted a random walk algorithm in energy space develop

iginally by Wang and
Landau''''!?2 and modified later by Basire et al.''® Details 0 :iis Wang-Landau algo-
rithm can be found in Ref. 110. Briefly, the energy spac d}s}\e anharmonic zero-point
energy of the species to a maximum energy FEp.., cho to“emsure convergence of the
partition function, is partitioned into energy bins, 1(‘1\ ea n is initialized with a trial
density of states. A density-weighted Monte-C rl’6 sanipling of the configurations {n} is
then performed, and the density of states in eath bin 1s‘raod1ﬁed as different bins are visited.
This yields a final density of states p(E &\Wmann—welghted average of p(FE) is the

anharmonic partition function Qaun:

Qann(T & eXp — Bk T )dE (27)
In this study, parameters of N; tel& 1 Nuial = 107, defined in Ref. 110, were used. This

choice of parameters has prev10 en demonstrated to be sufficient for convergence.!
For the species consider ﬁsSs study, our implementation of the Wang-Landau algorithm
SO0

required less than 6 time on a 2.4 GHz processor.

£

E. FD SC onstants

In FD SC; as in other rate constant theories, the rate constant kpp(7) is calcu-
lated from oizmann- weighted average of the cumulative reaction probability (CRP),
N 63,6

F]?_mh 3

1 Qtrans( )Qrot( )Qelec( ) fooo NFD(EV) exXp (_Evkngil) dEV
Q.(T) )

\re Q:(T) is the partition function for the reactants, and Qf,,..(T), @t (T), and Q*_(T)

are the translational, rotational, and electronic partition functions for the transition state.
Rotational partition functions were calculated from equilibrium geometries obtained from ab

initio calculations, and electronic partition functions were assumed to be 1 and 2 for closed-

13
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Publishimg! open-shell systems, respectively. Anharmonic partition functions were calculated for
the vibrational DOFs of the reactants as described above.

Both C,Hy and the TS of reaction (2) have a normal mode that corresponds to torsional
motion about the C—C bond. These torsional modes generally have low frequencies, so
treating them with a harmonic or quartic force field can be pr(zb'fematic. Consequently,
these modes were not considered vibrational DOFs and therefor included in anharmonic
constant calculations or anharmonic partition functions. Instead, they were treated with
partition functions for hindered rotors using the “single-fr QMp roximation presented

6§1F'E'a@«tion (2) has an additional

in Ref. 114. Thus, the expression for the FD rate constan
iy

partition function in the numerator and in the deno

inators
The F' vibrational modes of the TS are consi&ied in D SCTST calculation. One of

these modes, the reaction mode, has an imagifary r@ncy and is tangent to the reaction

path at the TS. The remaining F' — 1 bound“wmodesthave real frequencies and an associated

set of quantum numbers {n}’. Typica y&G iclassical CRP is calculated as a sum of
Py F

state-dependent reaction probabilities ):63,67.68

S':V

%& Pay (B 29
{n}!
\

where the sum is over all energetically allowed configurations of {n}’ at energy E,. The
maximum allowed qua urhylber for a particular mode, nmax, is a function of £, and

of, all"ether bound modes:?

4

the quantum numbefs

np.; if B, — Ep_y > D;

(30)
npi 1= (1= BT i B — Bros < D
where Ep% i t}y vibrational energy calculated from the F' — 2 quantum numbers of the
other boundsm es (Eq. 26), and

Qs - _hwi + Z]#z;v::(n] +1/2) B % (31)
\Q\ 2
[hwi + Zj?éi Lij (nj + 1/2)]

= (32)

Each state-dependent reaction probability is calculated from a barrier penetration inte-

gral 01y, which is calculated analytically according to the method described by Wagner.™

14
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Publishiﬁge viously, we found that this method yields results of comparable or better accuracy to
those obtained from SCTST in its original form, as it treats tunneling at low energies close
to the reaction’s quantum mechanical threshold energy more accurately.®®% Briefly, this
method involves constructing an asymmetric piecewise-continuous Eckart potential V(s)
from the reaction’s forward and reverse barrier heights, the anhar?énic constant xpp , and

an effective reaction mode frequency (1y,y/, defined as follows: 3

F-1
Qpny = Im(hwp) + Z Im(z;r) (1 M (33)
i=1
D
where the index F' indicates the reaction mode. Tr¢ating , as the reaction-mode fre-

quency accounts for coupling between the bound.modes an) the reaction mode for a par-

ticular configuration {n}’. The barrier penetrationifitegral is then calculated according to

WKB Theory:15 o

Oy (Ey) = ~ /[ V&+ Egny + Go)]'/?ds (34)

h

where s is the reaction coordinate, 'f'hjl& of (mass'/? length), and Eny is the energy
in the F' — 1 bound modes, calculated from Eq. 26. G was defined in Eq. 22. Finally, the

state-dependent reaction probabilitytis calculated as follows:*!

{1 +£€Xp n}/(EV)} }_1 if £, — E{n}/ < AVf + G,

lf AVf + 2G0 + min(AVf, AW)
y + E{n}/ < B, — E{n}/.

Thegzerospoint energies (ZPE) of the reactants and products are included in AVy and AV,

re ecti\&ly, but the ZPE of the TS is not, as it is included in the expression for Ey,) (Eq.

NP

Typically, the rate constant expression in Eq. 28 is evaluated by enumerating over all

Wher@ia AV, are the reaction’s forward and reverse barrier heights, respectively.

configurations {n}" with energies Ey,) less than a maximum energy FEp,.. chosen to ensure
convergence of the integral. As is the case when evaluating partition functions, this is

impractical for systems with more than 3 or 4 atoms. The Wang-Landau algorithm!? is

15
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Publishitigrefore applied to approximate the density of vibrational states of the TS, pps(£). Average
values of g, and Ep,y are calculated for each energy bin from the configurations of {n}’
sampled within that bin.?°7 The average reaction probability for the i*" bin, P;(E), is
calculated from these parameters according to Eqs. 34 and 35. Thus, the CRP is calculated

as follows:*” A /
Npp(E) = Z prs(E;) Pi(E)AE 5\ (36)

where E; is the energy of the i*" bin and AF is the bin wi t\
D

—_—

F. 1-D SCTST Rate Constants

n‘fé"ally and assumed not to couple with

In a 1-D SCTST calculation, only the reacti m‘(')ye is treated anharmonically. The
remaining F' — 1 spectator modes are treat %\

the reaction mode. Third and fourth derivativeswof‘the potential with respect to spectator

modes are assumed to be 0. The anhafmonic-eonstant for the reaction mode is given as
follows: \ . ,
T o 5f FFF (37>
FF FFFF 302

and the remaining anharmon%aﬂts are 0. The Gg term is:

1 frrrr 5 firrp
Go=1* [ — — 38
Q <64 w?, 576 wi (38)
£
The effective re?éion o)

d/ frequency does not depend on the quantum numbers of the

spectator mo 3
Q = Im(hwg) (39)

£
The ¢ 1%la ion of the CRP Ny.p is greatly simplified by neglecting the energy in the spec-

tator 10des§when calculating the barrier penetration integral and instead including an

\Im(T) _ l erans(T)Qi:ot (T>Qilec<T)Qipec(T) f[)oo NI-D<EV> exp (_EVk]_;lT_l) dEV
~h Q:(T)

rtition function, Q* _.(T) in the rate constant expression:'8102116
) spec

(40)

Qloec(T) is calculated from a product of individual harmonic oscillator partition functions
for each spectator mode. This removes the need to enumerate over configurations {n}’ when

calculating the CRP. Only one asymmetric Eckart potential is constructed.

16
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Publishin
ublis E ABLE II. MP2/cc-pVTZ harmonic frequencies of the stationary points of reaction (1), ob-

tained with different orders of Richardson extrapolation applied to the calculation of Hessian

matrix elements.

CH, TS CH,
Order?® 2nd Oth 4th 2nd Oth Oth /\
3211.83 3211.86 1642.93: 1643.02¢ 1644.09; 3368.94 3
3211.79 3211.76 3291.55 3291.51 3290.98 3368.73 \
821179 3211.70 3290.00 3290.08 3280.88 31787 )

3076.09 3076.05 3133.46 3133.37 3132.10 1446.04
1586.14 1586.14 1948.13 1948.02 1946.44 ..1446,00
1586.13 1586.10 1473.15 1472.92 14 83&.48’6}93
1349.61 1349.61 1469.65 1469.47 4466.5 -
1349.57 1349.59 1151.75 1151.46%&.
1349.57 1349.56 1148.09

6
1 47‘?@\@702
089,03 4036.67

1090.13, 1

591.96% 580.398
576.738 576,268 568.752

ZPE? 28.495 28.495[ w7 27.394 27.336 19.006
@The order of Richardsol

SO extr}olation applied to the calculation of the Hessian matrix ele-

ments used to ca te/fre(ye cies. For all orders, the smallest step size used was 0.01 ayp.

bHarmonic zerd-poiat energy in kcal mol L.

J

R UtT; ND DISCUSSION

-ﬁ
Adﬁé}onal Frequencies

\Sg\/&rational frequencies for the stationary points of reaction (1) are presented in Table II.

I11.

her orders of Richardson extrapolation were applied to calculate Hessian elements and
frequencies of CH, and the transition state (TS). Step sizes of 0.01, 0.02, and 0.04 ay were
used for CH,, and step sizes from 0.01 to 0.16 ay were used for the TS. All zeroth order

calculations were performed at 0.01 ay. For CH,, second-order frequencies differ from their

17
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Publishin
ublis E ABLE III. MP2/cc-pVTZ harmonic frequencies of the stationary points of reaction (2) used

in rate constant calculations.

Frequencies (cm™!) ZPE“

CQHGI’ 3176.48 3176.40 3154.37 3154.29 3082.40 3080.94 47.484
1522.88 1522.84 1522.65 1522.56 1430.90 1410.76 /\
1229.57 1229.56 1029.26 827.033 826.344 316.378 3

TS¢  1644.08: 3254.62 3168.86 3156.37 3150.23 3082.05 46.665\
1867.81 1528.38 1524.86 1506.54 1409.28 1279.77 ‘)

—~
1212.80 1204.12 1148.88 1064.20 912.838 887.457

617.580 350.584 318.029 Vi

C,H:b 3337.15 3223.29 3181.13 3127.42 3045.94 }536.31)38.345

Ao
1521.32 1507.27 1409.52 1225.58 10%{ .28
810.847 490.931 293.700

L —
n —

~—

%Harmonic zero-point energy in kcal mol

bCalculated without Richardson extra %i&g.
“Calculated using second-order Ri<®s¢so extrapolation.

AN

zeroth-order counterpa s‘b&i most 0.09 em~!. Larger differences between second- and

zeroth-order frequendies are observed for the TS, particularly for lower-frequency modes.

The difference fZ th

quencies for the

oweyt—frequency mode of the TS is 7.516 cm™*.

Fourth-order fre-
e sighificantly closer to second-order frequencies than to zeroth-order
frequencies ating that Hessian elements converge as the order of extrapolation is in-
creased. 4All ffequéncies exhibited agreement with those calculated previously by Banks et
al.'® of the sa e‘{evel of theory. The zeroth-order frequencies of the products, CH; and H,
argsals epo&ted in Table II. These are used only to calculate the reaction’s vibrationally
a 'abatis reverse barrier height, AV, (Eq. 35). SCTST calculations are generally signifi-
!

zeroth-order frequencies were calculated for the products.

s sensitive to the reverse barrier height than to the forward barrier height, so only

The vibrational frequencies used in rate constant calculations for reaction (2) are pre-
sented in Table ITI. Only second-order Richardson extrapolation was applied to the TS, as

higher orders of extrapolation were not found to significantly change the frequencies for the

18
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Publishi§ of reaction (1). The TS frequencies of reaction (2) differ somewhat from those reported
in Ref. 91. This is likely due to the tighter geometry optimization condition used to calcu-
late the T'S geometry in this study and not to the application of Richardson extrapolation.
Zeroth-order frequencies were more similar to second-order frequencies than to those from

Ref. 91.

B. Full-Dimensional SCTST Calculations \\
1. H+ CH, —— H,+ CHj; (reaction 1) \
H+ CH, - H,+ CH, (reagM'

1

750 500 ‘(
- T ]
\%%CFST QlH2 |
ST, Q1 HO
CTDH/WWM?>* ]
\x MCTDH/XCZ*

—14L

—1—1)

€ S

k / cm> molecul
I
=
- T T

s RPMD”

N N N N N 1 N N N
2.0 3.0 4.0
(1000 /7) /K"

FIG. 3. e nst s for reaction (1) calculated in this study by SCTST using two different sets

of an ar-rﬁonl nstants (“Q1 H2,” black curve, and “Q1 H0,” dashed green curve), as defined

M38 and XCZ* PESs (red and green curves, respectively), in addition to one RPMD

\w; 9 (blue squares). Results from conventional Transition State Theory (TST) are presented

esented in comparison with results from two previous MCTDH studies performed
the WW

omparison (dashed red curve).

The anharmonic constants of the TS required for full-dimensional (FD) rate constant

calculations on reaction (1) were calculated at three different levels of accuracy. At the

19
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Publishihighest level of accuracy, fourth-order Richardson extrapolation was applied to calculate
elements of the TS Hessian. A fourth-order calculation requires five numerical Hessian
matrices, each calculated using a different step size. Calculations were then performed at four
displacements along each of the normal mode eigenvectors, Aqg = +0.8 and Aqg = +1.6. At

each of the 4F displaced geometries, 3 Hessian matrices were calcu%ed numerically in order

to apply second-order Richardson extrapolation to the Hessian X ents. 0.01ag was

isplacements to calculate

the smallest step size used in these calculations. First-orderRichardson extrapolation was
then applied using these converged Hessian elements at b KE\K

third and fourth potential derivatives. This calculation will be«cdenoted “Q1 H2,” since

Hessian elements at each of the displaced geometrie v;;re Sa lated at second order and

derivatives along the normal mode coordinates C@ere caleulated at first order. This is the

most computationally expensive method applied in E}-l.‘) study, requiring 149 TS Hessian

matrix calculations. At this level of accurat}&irn sing the size of the system requires 36
tiona

additional Hessian matrix calculations per a | atom.

\

i %h set of anharmonic constants are presented in
C

Fig. 3 and Table IV. Rate congtant
Configurational TimeDepenqni%er (MCTDH), on two different potential energy
or'an

The rate constants calculated u

lcilated previously using a QRS method, Multi-

surfaces®®4% and using RPMD H‘her PES® are also presented in Fig. 3 for comparison.
Results from SCTST are somewhat greater than those from other studies, differing from
RPMD results by a :&Q 8 and from MCDTH results by factors of 2.75 and 6.23 at
300 K. This level 6f a é,emyht is comparable to that among results from the other studies.

In order to smo\the extent to which Richardson extrapolation affects rate constants

calculated usi CTST, another calculation was performed without Richardson extrapola-

iang were  calculated at displacements of Ag = £0.8 along different eigenvectors
than in the “Q4 H2” calculation, as the Hessian calculated at the TS without Richardson
extrap tioé differs from the fourth-order Hessian. It was impossible to calculate a density
off\gtates'for the bound vibrational modes of the TS using the resulting set of anharmonic
?bﬁst\an s because the first derivatives of the energy in the bound modes Ey,y with respect
toweach of the F' — 1 quantum numbers were all negative in the zero-point configuration.
These derivatives must be non-negative for all configurations {n}’ considered in the calcula-
tion of the CRP, as this ensures that the quantum number of each mode does not exceed its

dissociation limit, as discussed in detail by Nguyen and Barker.''® The fact that the zero-

20
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PUbIIShIIn»g' ABLE IV. Rate constants for reaction (1), in units cm® molecule™! s~!, calculated by TST
and SCTST?
SCTST, SCTST, 1-D SCTST, 1-D SCTST,
T(K) TST Q1 H2 Q1 HO Hessians A energies
200 1.30(=25)  5.33(=21)  3.94(—21) 4.56(—22{‘.96(—22)
250 1.15(—22) 5.54(—20) 4.78(—20) 1.22(@ 13(—20)
300 1.08(—20) 5.23(—19) 5.12 2.22?\% 2.14(-19)
350 281(—=19)  4.01(—18)  4.24 z@—.@ 2.41(—18)
400 3.31(—18) 2.33(—17) 2.58 173 7) 1.72(—17)
450 2.30(—17) 1.04(—16) 1.18(— .5;(—17) 8.56(—17)
500 1.10(—16) 3.70(—16) 4.27 ‘)3.24(—16) 3.25(—16)
600 1.20(-15)  2.78(=15) 3. ~ 2.61(—15) 2.63(—15)
700 6.93(—15) 1.28(—14) }39(— 1.25(—14) 1.26(—14)
800 2.67(—14) 4.25(—14 \@M) 4.27(—14) 4.31(—14)
1000 1.89(—13) 2.49(213x 94(—13) 2.61(—13) 2.63(—13)
Nurzbg‘i\o@'&kr%fio Hessian calculations required
CH, 1 o 19 1 1
TS R 53 17 5
Numbers in parentlieses denote powers of 10.

y
4

point configur tiowetermined to be beyond the dissociation limits for all modes implies

that the anhammenic constants used in this calculation were not realistic. Rate constants

a ealgulagionat the “Q1 H2” level of accuracy increases significantly with system size. Fur-

t “moré the cost of each individual numerical Hessian matrix calculation increases with
Weal size. It is therefore desirable to find a method at an intermediate level of accuracy
that scales more favorably but yields accurate results, as determined by agreement with
results from the “Q1 H2” calculation. We therefore performed further calculations and
found that results from a “Q1 HO0” calculation with the same step sizes exhibited the best

agreement. This treatment only differs from the “Q1 H2” scheme in that only one numer-
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Publishing H + C,H, = H,+ C, H; (reaction 2)

750 500 T/K 300
T T T

L
®

-1 -1

logm(k/cm molecule” s )
|
>

L
N

3

[ —— QRsY
| —— QRS?!
| — SCTST, Q1 HO

L
00

e “Q1 HO” scheme described in the text

FIG. 4. Rate constants for reaction (2) calcﬁlt&&'&

(black curve) shown in comparison with results previous 2-D QRS studies'®?! (magenta and

2,93
.

luded as well (red dashed curve).

blue curves), and other experimental st ashed green and blue curves). Results calculated

in this study using conventional T e i

ical Hessian matri @ was performed at each displaced geometry. Rate constants
1Sge

calculated with é\\to TS anharmonic constants can be found in Fig. 3 and Table IV.
These result di@x from'the “Q1 H2” results by 14% at 250 K.

4

Thie niumberngf ab initio Hessian matrix calculations required for each of the rate constant
caleulations discussed in this section are listed in Table IV in order to give a sense of their
relative @mputational costs. Numerical Hessian matrices calculated at different step sizes

Ehﬂ Nge to calculate higher-order matrix elements by Richardson extrapolation are consid-
ered separate Hessian calculations. The “Q1 HO” calculation requires 36% of the Hessian
calculations required for the “Q1 H2” calculation, and yet the resulting rate constants are
comparable in accuracy. This reduction in the number of Hessian calculations required may

yield substantial efficiency gains for larger systems with more DOF's.
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Publishiegg H+ C,H; —— H,+ C,H; (reaction 2)

Rate constants for reaction (2) calculated in the “Q1 HO0” scheme described above are
presented in Fig. 4 and Table V. In these calculations, the DOF's corresponding to internal
rotation about the C—C bond (torsional modes) in both the TS and/C,Hy were not included
in anharmonic constant calculations and were instead treated using hindered rotor partition
functions. These results exhibit reasonable agreement with those ftom a previous 2-D QRS
calculation by von Horsten et al.,!” differing by 19% at 2 O t more at higher tem-
peratures (factor of 2.40 at 500 K). Results from an earligr % S calculation? exhibit
better agreement at higher temperatures but are 16. inle than the SCTST rate con-
stants from this study at 260 K. Results from twe'experimental studies,”?% as well as from
conventional TST, are included for comparison. TSﬂ)calculatlons torsional modes were

L -

\
C. One-Dimensional SCTST lations

N
A 1-D SCTST calculation e%}n on the third and fourth derivatives of the PES
us

along the reaction mode, which a to calculate the anharmonic constant for the reaction
mode, zpp. 1-D SCTSF calculations were performed using the same derivatives that were
used in the “Q1 H24and QPNS—I

The resulting ratg co t/ant;( are labeled as “1-D SCTST, Hessians” in Fig. 5 and Tables

treated as in SCTST calculations.

0” FD calculations for reactions (1) and (2), respectively.

IV and V, as_they were calculated by differentiating Hessian matrix elements. For both

(2), results from 1-D calculations agree sufficiently well with those from
is 1-D method underestimates rate constants by factors of 4.54 and 2.14
ively.
dis epancies can be understood by considering the potential barriers associated
eacy of these calculations, which are presented in Figs. 5b and 5d. Only the po-
arriers corresponding to the ground-state configuration of {n}’ are shown for the
calculatlons The ground-state configuration is the only configuration sampled in the
lowest-energy bin of the density of states (Eq. 36), as is required in the Wang-Landau
algorithm.? This configuration contributes most significantly to calculated rate constants

due to the presence of a Boltzmann factor in Eq. (28).
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Pub||sh|ng H+ CH,~ H,+ CH; (reaction 1) H+ C,Hy— H,+ C,H; (reaction 2)
(a) 750 so0 /K 300 () 750 so0 /K 300
T T T T T T
A —SCTST, Q1 H2 ol —— SCTST, Q1 HO ]
—14k O\ T i'g ggg Hessiang N - 1-D SCTST, Hessians]|
— B » CNCIZIES | ' —— 1-D SCTST, energies |
T TE ]
To i s
= 2
o — 16| [=}
2 L
= =
o (o]
5 | <
S - 18p o
= 5=)
en
< I
20 oy A—-.S...I....I....-
1.0 2.0 3.0 4.0 ' 0 2.0 3.0 4.0
(1000/7) /K" ‘) 1000/ 7) /K~
(b) ()
0.025_---.---.---.--.\\o.ozo............
_ N [
0.020 | | !
NG 0.015
- -
0.015 .
2 3 0.010
X 0010 | . =
0.005
0.005 B -
0000’...\./\..\....... oooof . ., . o . .
- 80 40 \ 0 40 80 —~ 40 ~20 0 20 40
reaction coordinate / a.u. reaction coordinate / a.u.
FIG. 5. ate gohstants for reaction (1) calculated using FD and 1-D SCTST. The results
ﬂ
labeled “1-D T, Hessians” were calculated using anharmonic constants obtained from Hessian

trices isplaced geometries (dashed blue curve). Those labeled “1-D SCTST, energies” were
ca lateb using single-point energy calculations along the reaction mode (red curve). (b) The
he&ponding vibrationally adiabatic potential barriers used to calculate these rate constants.
The FD barrier is presented for the case in which the quantum numbers of all bound modes are 0.

(¢) & (d) The same results for reaction (2).
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Publishin
’z ABLE V. Rate constants for reaction (2), in units cm? molecule™! s™!, calculated using the

methods discussed in this study.®

SCTST, 1-D SCTST ~ 1-D SCTST
T(K) TST Q1 HO (Hessians) (energies)/
200 8.36(—23)  2.50(—18) 8.30(—19) 2.08(—1§)
250 2.09(—20) (—18) (—18)
300 8.47(—19) (—17) (—17)
350 1.22(—17) (—16) (—16)
400 9.16(—17) (—16) (—16)
450 4.48(—16) (—15) (
500 1.62(—15) (—15)
600 1.16(—14) (—14)
700 4.93(—14) (—14)
800 1.51(—13) (
1000 7.70(—13) (

.

Number of (b @kééan calculations required
C,H, 1 S - 1 1

TS 1 ( 33 7 3

“Numbers in paren%se@o\ti powers of 10.
£

r%s reactions (1) and (2) are higher than the respective 1-D barriers but
€ Y

The FD ba

are also narr which gives rise to greater reaction probabilities at low energies in FD

calculatiéus, dnd therefore greater rate constants, relative to the “1-D, Hessians” calcula-
tions.{ The wi of each barrier is determined by the effective reaction mode frequency §2

and.geas ’on)rlode anharmonic constant xpr used to construct it. Both of these parameters

in orp0r§te coupling between the reaction mode and bound modes through cross-derivatives

P

the 1-D barrier. Differences in the heights of these barriers arise from differences between

S. Therefore, this coupling can be thought to narrow the FD barrier relative to

the harmonic and anharmonic ZPEs of the reactants and TS.
Performing a 1-D calculation in this way requires two numerical Hessian matrix calcu-

lations at displaced geometries. The number of single-point energy calculations required
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Publishifeg these calculations generally increases with system size. In principle, however, only four
single-point energy calculations along the reaction mode are required to calculate the third
and fourth PES derivatives required for a 1-D SCTST calculation, in addition to one at
the TS. An additional calculation was performed in this way, using single-point energies

calculated at the MP2/cc-pVTZ level of theory with a step size ofA).02 Da'/%ay, which was

found to yield the best agreement with FD rate constants. Seco rder*Richardson extrap-
olation was found not to significantly change these results. Ratesgénstants calculated from
the resulting anharmonic constants are presented in Fig. d les'TV and V and labeled

as “1-D SCTST, energies.” These results exhibited a hig aﬂ?e'I"‘ta-ﬁ-.augreeme111; with the “1-D
—

SCTST, Hessians” results, which is reflected in the si 1ilarity)o he corresponding potential
barriers (Figs. 5b and 5d). ([;
In the case of reaction (1), calculating thSF\)@ H2” rate constants required 144

Hessian matrix calculations at displaced x which in total required 33,504 single-

—

e
point energy calculations, more than %s more than the 4 required for the “1-D

SCTST, energies” calculation. For geactiony(2), this difference in the computational costs

of the FD and 1-D calculations %%f\o 0se required for a conventional TST calculation

differed by a factor of approx@ 0.
IV. CONCLUSIO \

This study inyéstigates the accuracy of a 1-D SCTST approach to approximating the
rate constant ;i%&ica reactions. Rate constants from 1-D SCTST calculations are
o)

compared from full-dimensional (FD) calculations, which require third and fourth

offthe PES. A practical procedure for evaluating these derivatives numerically
was discussed,“afid a method (Richardson extrapolation) for systematically improving their
acEULa Waépresented and applied. Third and fourth derivatives along only the reaction
nmede ar%required for 1-D SCTST calculations, so these were also obtained by differentiating
ch;point energies.

FD SCTST rate constants calculated for both reactions agreed well with results from
previous theoretical and experimental studies. FD calculations for the H + CH, reaction
were performed at three different levels of accuracy, as specified by the order of Richardson

extrapolation applied to different derivatives. Calculations at the lowest level of accuracy,
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Publishiwgi ch involved the least computational expense, failed because the anharmonic constants
calculated by this method were determined not to be physically realistic. Calculations at an
intermediate level of accuracy agreed very well with those at the highest level of accuracy
but required 64% fewer Hessian matrix calculations. Rate constant calculations for the
H + C,H reaction were therefore performed at this intermediate (Jével of accuracy. These

results suggest the applicability of Richardson extrapolation t T calculations as an

alternative to existing methods that depend upon analytlcaldglxlves.
ra

For both reactions, the two 1-D SCTST methods yi constants in acceptable

agreement with each other and with FD rate constan S I‘Bqnethod that used single-
point energy calculations was significantly more efficiant thaf the FD methods implemented
in this study, as it requires at minimum 4 single-point rgy calculations in addition to
those required for a conventional TST calculation. I@cessary, this approach can be sys-
tematically improved by Richardson extrap E%I‘he low computational expense of this

for systems significantly larger tham thosésthat could previously be treated by quantum

\\\

1-D method suggests its applicability %\ thod for approximating the rate constants

scattering approaches.

ACKNOWLEDGMENTS

X. Shan and D. }cknowledge financial support from the Leverhulme Trust

(Project Grant G 2013-321). S. Greene acknowledges financial support from the
Rhodes Trust hroh\R odes Scholarship for graduate study. We thank Professor Todd

Martinez for ef | discussions on Richardson extrapolation.

REF

1. Pr(ather and A. H. Jaffe, J. Geophys. Res.: Atmos. 95, 3473 (1990).
\SA.\ . Douglass, M. R. Schoeberl, R. S. Stolarski, J. W. Waters, J. M. Russell, A. E.
oche, and S. T. Massie, J. Geophys. Res.: Atmos. 100, 13967 (1995).
SH. A. Michelsen, C. R. Webster, G. L. Manney, D. C. Scott, J. J. Margitan, R. D. May,
F. W. Irion, M. R. Gunson, J. M. Russell, and C. M. Spivakovsky, J. Geophys. Res.:
Atmos. 104, 26419 (1999).

27


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishin@ I. L. Santee, L. Froidevaux, G. L. Manney, W. G. Read, J. W. Waters, M. P. Chipperfield,
A. E. Roche, J. B. Kumer, J. L. Mergenthaler, and J. M. Russell, J. Geophys. Res. 101,
18835 (1996).
®J. Gao and D. G. Truhlar, Annu. Rev. Phys. Chem. 53, 467 (2002).
6R. M. Navarro Yerga, M. C. Alvarez Galvan, F. del Valle, J. \Zfﬁorla de la Mano, and
J. L. G. Fierro, ChemSusChem 2, 471 (2009).
TA. J. Leenheer and H. A. Atwater, J. Electrochem. Soc. 157, ?290 (2010).
8T. Hisatomi, J. Kubota, and K. Domen, Chem. Soc. J&

9S. C. Althorpe and D. C. Clary, Annu. Rev. Phys. Che
—

(2014).
zr~493 (2003).
hys. Rep. 280, 79 (1997).

10N, Balakrishnan, C. Kalyanaraman, and N. Sathyamurt

'H. Tal-Ezer and R. Kosloff, J. Chem. Phys. 8‘,'3967 4).

M. D. Feit and J. A. Fleck, J. Chem. Phys: 1984).
BW. Hu and G. C. Schatz, J. Chem. Ph @;301 2006).
“G. Nyman and H.-G. Yu, Rep. Pro hy 63,1001 (2000).
15W. H. Miller, Annu. Rev. Phys. Ghem. 245 (1990).

16J. M. Bowman, J. Phys. Cheny 95 01991).
17J. M. Bowman, Theor. Ch n&\X]\o , 125 (2002).
185 T. Banks, C. S. Tautern;gwl. Remmert, and D. C. Clary, J. Chem. Phys. 131,

044111 (2009).

9H. F. von Horste

}ks, and D. C. Clary, J. Chem. Phys. 135, 094311 (2011).
20B. Lasorne, M/A. oﬁjb,/and G. A. Worth, Phys. Chem. Chem. Phys. 9, 3210 (2007).
2G. A, Worth,"H*R. Méyer, H. Koppel, L. S. Cederbaum, and I. Burghardt, Int. Rev.
.a, 569 (2008).
2H.-D. leyer, Gatti, and G. Worth, eds., Multidimensional Quantum Dynamics:
MQ@TPH e@%y and Applications (John Wiley & Sons, Weinheim, 2009).
23'1;\ Franhcombe, M. A. Collins, and G. A. Worth, Chem. Phys. Lett. 489, 242 (2010).
J. M.?owman, B. J. Braams, S. Carter, C. Chen, G. Czaké, B. Fu, X. Huang, E. Ka-
\ma\ ik, A. R. Sharma, B. C. Shepler, Y. Wang, and Z. Xie, J. Phys. Chem. Lett. 1,
1866 (2010).
5J. M. Bowman, G. Czako, and B. Fu, Phys. Chem. Chem. Phys. 13, 8094 (2011).
26W. Koch and T. J. Frankcombe, Phys. Rev. Lett. 110, 263202 (2013).

2"W. Koch and D. H. Zhang, J. Chem. Phys. 141, 021101 (2014).

28


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishirf#lt. Conte, P. L. Houston, and J. M. Bowman, J. Chem. Phys. 140, 151101 (2014).
2R. Welsch and U. Manthe, J. Chem. Phys. 141, 174313 (2014).
30U. Manthe, J. Chem. Phys. 142, 244109 (2015).
31F. Huarte-Larraniaga and U. Manthe, J. Chem. Phys. 113, 5115 (2000).
32F. Huarte-Larranaga and U. Manthe, J. Phys. Chem. A 105, 2%2 (2001).
3T. Wu, H.-J. Werner, and U. Manthe, Science 306, 2227 (2004),
34T, Wu, H.-J. Werner, and U. Manthe, J. Chem. Phys. 124, 422
35@G. Schiffel and U. Manthe, J. Chem. Phys. 132, 08410 %0}»\
36R. van Harrevelt, G. Nyman, and U. Manthe, J. Chent«JPhys«126, 034303 (2007).
3TR. Welsch and U. Manthe, J. Chem. Phys. 141, 0 1‘1-‘(;2 (2014).
3R. Welsch and U. Manthe, J. Chem. Phys. 13@2441 2012).
39R. Welsch and U. Manthe, J. Chem. Phys. 438, @8 (2013).
R, Welsch and U. Manthe, J. Chem. Phy%&li’)w (2015).

4D, G. Truhlar, A. D. Isaacson, a d}Q. rrett, in Theory of Chemical Reaction
Sy
~

07 (2006).

Dynamics, Vol. IV, edited by Bae RC Press, Boca Raton, 1985) Chap. 2, pp.
65-137. S

2B, C. Garrett and D. G. Tr lar,\Q ry and Applications of Computational Chemistry:
The First Forty Years, editem. E. Dykstra, G. Frenking, K. S. Kim, and G. E.

Scuseria (Elsevier, A sraﬁl:l, 2005) Chap. 5, pp. 67-87.
A

. Ellingson, B. C. Garrett, and D. G. Truhlar, in Reviews in

C’omputatz'om?c {stry ol. 23, edited by K. B. Lipkowitz and T. R. Cundari (John

Wiley & Sons; Ine,, Hoboken, 2007) Chap. 3, pp. 125-232.

e@, D. G. Fleming, Y. Li, J. Li, Y. V. Suleimanov, and H. Guo, J. Phys.

120, 1641 (2016).

a{ov and J. Espinosa-Garcia, J. Phys. Chem. B 120, 1418 (2016).

461\4& ‘ D.&(. Mok, E. P. Lee, and J. M. Dyke, Mol. Phys. 113, 1511 (2015).
S. GoSg, Q. Luo, and G. M. Wei, J. Phys. Chem. A 119, 4746 (2015).

BE . “Geonzalez-Lavado, J. C. Corchado, Y. V. Suleimanov, W. H. Green, and J. Espinosa-
Garcia, J. Phys. Chem. A 118, 3243 (2014).

49R. Meana-Pafieda, D. G. Truhlar, and A. Ferndndez-Ramos, J. Chem. Theory Comput.
6, 3015 (2010).

0R. Meana-Pafieda, D. G. Truhlar, and A. Ferndndez-Ramos, J. Chem. Theory Comput.

29


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

Publishingé, 6 (2010).
°IT. V. Albu, J. C. Corchado, and D. G. Truhlar, J. Phys. Chem. A 105, 8465 (2001).
2T, C. Allison and D. G. Truhlar, in Modern Methods for Multidimensional Dynamics
Computations in Chemistry, edited by D. L. Thompson (World Scientific, Singapore,
1998) pp. 618-712.

A

3S. Jang and G. A. Voth, J. Chem. Phys. 112, 8747 (2000). \
%E. Geva, Q. Shi, and G. A. Voth, J. Chem. Phys. 115, 9 O%)
1. Navrotskaya, Q. Shi, and E. Geva, Isr. J. Chem. 42 M .

°@G. A. Voth, D. Chandler, and W. H. Miller, J. Chem. Z?é."&l, 7749 (1989).
7. R. Craig and D. E. Manolopoulos, J. Chem. Ph ‘.-;2 084106 (2005).

1. R. Craig and D. E. Manolopoulos, J. ChemG:ys. , 034102 (2005).

Q. Meng, J. Chen, and D. H. Zhang, J. C th 143, 101102 (2015).
60Y. V. Suleimanov, R. Collepardo—Guevara‘J,\Q E. Manolopoulos, J. Chem. Phys. 134,

044131 (2011). \

\
6IW. H. Miller, J. Chem. Phys. 6241899 {975).

62W. H. Miller, Faraday Discuss4 Ch bSD@ 2, 40 (1977).

6
63W. H. Miller, R. Hernandez, N.\C’. dy, D. Jayatilaka, and A. Willetts, Chem. Phys.
Lett. 172, 62 (1990). \\

64M. J. Cohen, N. C. HanidyR. Hernandez, and W. H. Miller, Chem. Phys. Lett. 192, 407
(1992).

G5M. J. Cohen,?[ i léttS/ and N. C. Handy, Chem. Phys. Lett. 223, 459 (1994).
6T. L. Nguyen. J."W, Stanton, and J. R. Barker, J. Phys. Chem. A 115, 5118 (2011).
67J. R. Ba B L. Nguyen, and J. F. Stanton, J. Phys. Chem. A 116, 6408 (2012).
68S. M. reepe, Xy Shan, and D. C. Clary, J. Phys. Chem. A 119, 12015 (2015).
695, M~Gre ,’5(. Shan, and D. C. Clary, J. Chem. Phys. 144, 084113 (2016).
704_;\ Waéler, J. Phys. Chem. A 117, 13089 (2013).
W. Soﬁneider and W. Thiel, Chem. Phys. Lett. 157, 367 (1989).
2]. Neugebauer and B. A. Hess, J. Chem. Phys. 118, 7215 (2003).
>v}aarone, J. Chem. Phys. 122, 14108 (2005).
™R. D. Amos, N. C. Handy, W. H. Green, D. Jayatilaka, A. Willetts, and P. Palmieri, J.
Chem. Phys. 95, 8323 (1991).
A. L. L. East, W. D. Allen, and S. J. Klippenstein, J. Chem. Phys. 102, 8506 (1995).

30


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishin®:. Burcl, N. C. Handy, and S. Carter, Spectrochim. Acta, Part A 59, 1881 (2003).

H.-J. et al.. Werner, “MOLPRO, a package of ab initio programs, version 2010.2,”.

Y. Shao, Z. Gan, E. Epifanovsky, A. T. B. Gilbert, M. Wormit, J. Kussmann, A. W.
Lange, A. Behn, J. Deng, X. Feng, D. Ghosh, M. Goldey, P. R. Horn, L. D. Jacobson,
[. Kaliman, R. Z. Khaliullin, T. Kus, A. Landau, J. Liu, E. Z/Proynov, Y. M. Rhee,
R. M. Richard, M. A. Rohrdanz, R. P. Steele, E. J. Sund r I.. Woodcock III,
P. M. Zimmerman, D. Zuev, B. Albrecht, E. Alguire, B. xk G. J. O. Beran, Y. A.

W

Bernard, E. Berquist, K. Brandhorst, K. B. Bravaya, n, D. Casanova, C.-M.
Chang, Y. Chen, S. H. Chien, K. D. Closser, D. L. Cri eﬁ'deﬁ M. Diedenhofen, R. A.

—
DiStasio Jr., H. Dop, A. D. Dutoi, R. G. Edgar, %, . Fusti-Molnar, A. Ghysels,
A. Golubeva-Zadorozhnaya, J. Gomes, M. W.gHan Heine, P. H. P. Harbach, A. W.

Hauser, E. G. Hohenstein, Z. C. Holden, ’Xaé?l, H. Ji, B. Kaduk, K. Khistyaev,
D

J. Kim, J. Kim, R. A. King, P. Klunzingx‘7 senkov, T. Kowalczyk, C. M. Krauter,
K. U. Lao, A. Laurent, K. V. Lawl r,m chenko, C. Y. Lin, F. Liu, E. Livshits,
R. C. Lochan, A. Luenser, P. Mamohar,"S, F. Manzer, S.-P. Mao, N. Mardirossian, A. V.
Marenich, S. A. Maurer, N. J 4Ma; h,‘@. M. Oana, R. Olivares-Amaya, D. P. O’Neill,
J. A. Parkhill, T. M. Perr ne&K\.% rati, P. A. Pieniazek, A. Prociuk, D. R. Rehn,
E. Rosta, N. J. Russ, N. Sergh\s M. Sharada, S. Sharmaa, D. W. Small, A. Sodt,
T. Stein, D. Stuck, .— . A. J. W. Thom, T. Tsuchimochi, L. Vogt, O. Vydrov,
T. Wang, M. A. J. enzel A. White, C. F. Williams, V. Vanovschi, S. Yeganeh,
S. R. Yost, u I/Y Zhang, X. Zhang, Y. Zhou, B. R. Brooks, G. K. L. Chan,
D. M. Chlpm . amer, W. A. Goddard IIT, M. S. Gordon, W. J. Hehre, A. Klamt,
H. F. Sch )H M. W. Schmidt, C. D. Sherrill, D. G. Truhlar, A. Warshel, X. Xua,
A
T
C

hsen}eld V. A. Rassolov, L. V. Slipchenko, J. E. Subotnik, T. Van Voorhis, J. M.

Herbest A. 1. Krylov, P. M. W. Gill, and M. Head-Gordon, Mol. Phys. 113, 184 (2015).
S ™ ~Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-
man, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Ki-
tao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark,

31


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishingl. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, 9/ A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, . Farkas, J, Foresman, J. V. Ortiz,
J. Cioslowski, and D. J. Fox, “Gaussian 09 Revision E.0L,” E%?lssian, Inc., Wallingford
(2009). \
80M. F. Guest, I. J. Bush, H. J. J. V. Dam, P. Sherwood, . H«Thomas, J. H. V. Lenthe,
R. W. A. Havenith, and J. Kendrick, Mol. Phys. Q]ﬁ) 005).
81«J. F. Stanton, J. Gauss, M. E. Harding, P. GfSzalay,'wec. f. A. A. Auer, R. J. Bartlett,
U. Benedikt, C. Berger, D. E. Bernholdt, \g;@ble, O. Christiansen, M. Heckert,
son

O. Heun, C. Huber, T.-C. Jagan, D. Jo\. Jusélius, K. Klein, W. J. Lauderdale,
D. A. Matthews, T. Metzroth, D. KOR'H, . R. Price, E. Prochnow, K. Ruud, F.
ez

Schiffmann, S. Stopkowicz, J. Vazquez, €. Wang, J. D. Watts and the integral packages
MOLECULE (J. Almlof, P. R. Tay;SP‘BOPS (P. R. Taylor); ABACUS (T. Helgaker, H.

J. Aa. Jensen, P. J@rgensenﬁi‘;%qb nd ECP routines by A. V. Mitin, C. van Wiillen.
1

CFOUR, Coupled-Cluster te \a'ueb for Computational Chemistry, a quantum-chemical

program package,”
itz, “and H.-D. Meyer, J. Chem. Phys. 110, 241 (1999).

82A. Jackle, M.-C.

83G. W. M. Vissefs <{A/B McCoy, J. Phys. Chem. A 110, 5978 (2006).

84H. B. Schle Z 1 Ab Imitio Methods in Quantum Chemistry I, Advances in Chemical
.D’, edited by K. Lawley (John Wiley & Sons, Chichester, 2009) pp. 249—

Physics,
286. £ 4
8P, Pulay, R’és Comput Mol Sci 4, 169 (2014).
86% 'dderé Adv. Eng. Software 4, 75 (1982).
J. W.sgutherland, M. C. Su, and J. V. Michael, Int. J. Chem. Kinet. 33, 669 (2001).
$J. Bspinosa-Garcia, Phys. Chem. Chem. Phys. 10, 1277 (2008).
>M\J Kurylo, G. A. Hollinden, and R. B. Timmons, J. Chem. Phys. 52, 1773 (1970).
9J. Pu and D. G. Truhlar, J. Chem. Phys. 116, 1468 (2002).
91B. Kerkeni and D. C. Clary, J. Chem. Phys. 121, 6809 (2004).
922M. G. Bryukov, I. R. Slagle, and V. D. Knyazev, J. Phys. Chem. A 105, 6900 (2001).

32


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.

Publishif®l. Lede and J. Villermaux, Can. J. Chem. 56, 392 (1978).
94D, Jones, P. A. Morgan, and J. H. Purnell, J. Chem. Soc., Faraday Trans. 1 73, 1311

(1977).
%T. H. Dunning, J. Chem. Phys. 90, 1007 (1989).
%J. R. Barker, Int. J. Chem. Kinet. 33, 232 (2001). /

97J. R. Barker, N. F. Ortiz, J. M. Preses, L. L. Lohr, A. Marghzana, €. J. Stimac, T. L.
Nguyen, and T. J. D. Kumar, “Multiwell-2014.1 software,” ( mj, http://aoss.engin.
umich.edu/multiwell/. \

%K. Raghavachari, G. W. Trucks, J. A. Pople, and M ?d’@rordon, Chem. Phys. Lett.
157, 479 (1989).

9R. A. Kendall, T. H. Dunning, and R. J. Harﬁin, ~“€hem. Phys. 96, 6796 (1992).

100A M. Mebel, E. W. G. Diau, M. C. Lin, aﬁxl\@okuma, J. Phys. Chem. 100, 7517

(1996), http: //olx.doi.org/m.1()21/J'p953,&W\w
101§ Canneaux, C. Hammaecher, F. L uis,\qd . Ribaucour, in Reaction Rate Constant

Computations: Theories and Applications, edited by K. Han and T. Chi (Royal Society
of Chemistry, Cambridge, 2014) Chaps 2;pp. 34-54.

102X Shan and D. C. Clary, J. Phyg . A 118, 10134 (2014).

1031,, F. Richardson and J. ASN\ hil. Trans. R. Soc. Lond. A 226, 299 (1927).

104\, H. Press, S. A. T kd% . T. Vetterling, and B. P. Flannery, Numerical Recipes

in C: The Art of Séien

1992). /
1051, M. Mills, i

, 11

Computing, 2nd ed. (Cambridge University Press, Cambridge,

cula Spectroscopy. Modern Research, edited by C. W. Mathews and
K. N. R ademic Press, New York, 1972) Chapter 3.2, pp. 115-140.
106Vy . H. reen, DiJayatilaka, A. Willetts, R. D. Amos, and N. C. Handy, J. Chem. Phys.

93 /1965 (1990,
1074_;\ ! I.Sv’lills, and G. Strey, Mol. Phys. 24, 1265 (1972).

18R. Kh?irutdinov, K. I. Zamaraev, and V. P. Zhadanov, in Electron Tunneling in Chem-

istrys-Comprehensive Chemical Kinetics, Vol. 30, edited by R. G. Compton (Elsevier,
Aasterdam, 1989) pp. 69-110.

1093, E. Wollrab, Rotational Spectra and Molecular Structure, Physical Chemistry: a Series
of Monographs (Academic Press, Inc., New York, 1967).

HOT 1., Nguyen and J. R. Barker, J. Phys. Chem. A 114, 3718 (2010).

33


http://dx.doi.org/10.1063/1.4954840

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishilt#l'. Wang and D. P. Landau, Phys. Rev. Lett. 86, 2050 (2001).
H2F Wang and D. P. Landau, Phys. Rev. E 64, 056101 (2001).
H3M. Basire, P. Parneix, and F. Calvo, J. Chem. Phys. 129, 081101 (2008).
14y Y. Chuang and D. G. Truhlar, J. Chem. Phys. 112, 1221 (2000).
HSpD. J. Griffiths, Introduction to Quantum Mechanics, 2nd ed. (Pearson Education, Inc.,

Upper Saddle River, 2005). ,-)
H6B, Kerkeni and D. C. Clary, J. Chem. Phys. 120, 2308 (2&

34


http://dx.doi.org/10.1063/1.4954840

a) TS

0.87382 A

0.73702 A

1.0744 A @:@


http://dx.doi.org/10.1063/1.4954840

a) TS 0

0.88939 A ,



http://dx.doi.org/10.1063/1.4954840

y. v

—1-1
[
[E—
~
T T

I
[S—
AN

I

log (k/ cm’ moleculé 's )
|
o

T L) |/ T T T T

H+CH,- H,+ CI((r\ea\jion 1)
750 500 T<K/ 300

&N

TST, Q1 H2

gz - SCTST, Q1 HO
MCTDH/WWM*®

MCTDH/XCZ*
RPMD>’

N

I
)
—_
-

20 30
(1000 / T) /K

2.0


http://dx.doi.org/10.1063/1.4954840

L L L
ox -b b

log,,(k/ cm’ molecule™'s ™)

L
)

H+C,H,—> H,+ CQK action 2)
750 500 , S 300
I

| SCTST, Q1 HO
| T-- Expt® .
| Expt® .
S ST
1.0 2.0 3.0 4.0
(1000/ T)/ K



http://dx.doi.org/10.1063/1.4954840

H + CH,—> H,+ CH; (reaction 1) H+ C,H;—> H,+ C,H; (reaction 2)
T/K )/ T/K

(a) 750 500 300 (c) 750 500 300
i —— SCTST, Q1 H2 o SCTST, Q1 HO

R N 1-D SCTST, Hessiang| NN - 1-D SCTST, Hessians
_ —— 1-D SCTST, energies | .—) _ — 1-D SCTST, energies |
n
| :
5 — 16}
S
C’)E —
=
O I
< —18f
bb—‘ = —
S

- 20 L L ) — _20 A R AR

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
(1000 Rsl 1000/ 7) /K"

(b) £, (@

0.025---.--/-.\/..... 0.02 0 ——————————————

0.020 - - -

0.015

0.015 F ]
> 3 3 0.010
N o.mo& ) ~

[ 0.005
0.005 - - (
~ 80 ~ 40 0 40 80 — 40 ~20 0 20 40

reaction coordinate / a.u. reaction coordinate / a.u.


http://dx.doi.org/10.1063/1.4954840

	Article File
	1
	2
	3
	4
	5

