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ABSTRACT: Including the effects of total angular momentum is essential to determine
highly accurate pressure-dependent phenomenological rate coefficients when there are
significant changes of rotational constants along the reaction coordinate. In this work, a
deterministic (matrix) method has been used to solve a completely EJ-resolved two-
dimensional master equation (2DME) for reaction systems that have many
intermediates and many products. The practicality of the method is due to the need
to obtain just a few eigenvalues and corresponding eigenvectors. Three examples are
provided in order to test the performance of the implementation. It is found that the
impact of rotational energy transfer via collisions on a loose transition state (TS) is more
noticeable than a tight TS. The calculated results are then compared with those obtained

Ymex yemas k(E,]) - C(E.J, t)

(kyni (T, P, 0)) = _
O = S v € B0,

from a recent fixed-J] 2DME model.

B INTRODUCTION

In chemical kinetics, a master equation is the name given to a
system of coupled integro-differential equations that describes
the time evolution of various species in a gas phase reaction,
specifically one that includes a complicated competition of
unimolecular reactions and weak-collisional energy transfer
processes.'* The master equation technique is a powerful tool
that is commonly used to compute, predict, and provide rate
coefficients—depending on both temperature and pressure—
for modeling gas-phase reactions occurring in combustion,
atmospheric chemistry, and interstellar chemistry.”~>* For a
one-dimensional master equation (1IDME) where only
(internal) energy transfer is considered in the process,
solutions are well documented.'”* Such IDME methods
have been implemented into numerous well-known software
packages including CHEMRATE,”> UNIMOL,”* MES-
MER,”?° MESS,”” MULTIWELL,”® and others;'""*’ some
are available free of charge. Nowadays, IDME methods are
routinely used and found to work fairly well for a broad range
of reaction systems that have multiple intermediates and
multiple products. A second “dimension”—the effects of
angular momentum (ie, centrifugal corrections)—is also
sometimes included in IDME approaches through an indirect
approximation”®”'%***® or calculated as an expectation
value.”*™** For some reaction pathways where there is a
significant change of rotational constants along the reaction
coordinate (for example, breaking a single bond C—H of CH,
to form CH; + H),”> a proper treatment of total angular
momentum in computing E,J-resolved microcanonical rate
constants as well as in the master equation becomes desirable.

When total angular momentum (J) is included explic-
itly,”*™* the master equation becomes a two-dimensional
(2DME), which fully depends on both total internal energy
and total angular momentum quantum number, both of which
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are allowed to change simultaneously through colli-
sions.””?>*7* There are two main issues that prevent the
use of a full 2DME approach from becoming routine: one is
the need for an EjJ-resolved collisional transfer probability
distribution function, P(E,J,IE,J,),******™>* the form of
which is practically unknown for most reaction systems;”' —>*
the other practical obstacle is the sheer size of the transition
matrix, which is too large to permit a routine full
diagonalization. As a result, full solutions of the 2DME
problem remain rare, at least for reaction systems having
multiple wells and multiple product channels.

Jeffrey et al.*® were the first to report an iterative solution of
the 2DME for thermal unimolecular reactions, which have a
single well and a single product channel (e.g,, C,Hs — CH, +
CHj,), using the Nesbet algorithm.*® To reduce the size of the
matrix, and to speed up the calculations, Robertson and co-
workers”*” then suggested the use of the diffusion equation
technique for the vibrational energy space but a discrete
treatment for the rotational energy space. The matrix is
subsequently simplified to a thin banded one, which is easily
handled. It was reported that this technique was about 10
times faster than the Nesbet algorithm.”” Very recently, Jasper
and co-workers™ have published an excellent paper. These
workers have succeeded to predict pressure-dependent rate
coeflicients for the CH, - CH; + H and C,H; - C,H, + H
reactions from first-principles using an advanced 2DME
technique.”®** In that work, the E,J-resolved collisional
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transfer probabilities were explicitly obtained from classical
trajectory calculations, rather than reliance upon an empirical
model.>® The calculated results in that study were found to
agree well with experiment.” In addition to being impressive,
this study is largely unique and can be considered as a triumph
of modern chemical kinetics and dynamics.”® In addition to
thermally activated reactions, a 2DME approach for chemically
activated reactions was developed by Venkatesh et al.** and
applied to the association of C,Hs + O, leading to C,H, +
HO,.

In previous papers,”’">* to simplify solution of the 2DME
problem, we have proposed the use of the fixed-J
approximation where total angular momentum quantum
number (J) has been kept unchanged in collisions of a bath
gas and an energized molecule.”” " On the basis of this
assumption, solution of 2DME is reduced to a number of
independent 1DMEs, which are relatively straightforward to be
solved. This pragmatic model has three important advantages
over the usual 1IDME approach: (i) the effects of angular
momentum are explicitly included in computing micro-
canonical rate constants k(E,J) (although not in the context
of an E,J-resolved collisional transfer probability distribution
function P(E,JIE,]) = P(EllEz)]); pressure-dependent rate
constants are then calculated as expectation values; (ii) this
fixed-] 2DME model can be applied to any (thermally or
chemically activated) reactions having multiple wells and
multiple product channels (its range of applicability is the same
as that for a IDME treatment); and (iii) since each particular
angular momentum quantum number (J,) is completely
uncoupled to the other J,, the fixed-J algorithm is easily done
in paralle] on any high-performance computing system. It
should be mentioned that such a simple (fixed-J) assumption is
only exact at the low- and high-pressure limits, but not at
moderate pressures, in the falloff regime where a solution of
full 2DME is clearly to be preferred.

The purpose of this work is to develop and implement an
effective, pragmatic algorithm for a solution of a full 2DME
model not only for single well, but also for multiple well
reaction systems. A complete E,J-resolved 2DME code
implementing the ideas here will be incorporated in the
MULTIWELL software package”® in the near future.

B METHODS

An E,J-resolved two-dimensional master equation that
describes the time evolution of multiple intermediates and
multiple products (for example, for the nth well) is given
by46, 7

IC(E, ], 1) ‘e

> [

o C')L]'P(Ei; ]1.|Ek, ]k)'cn(Ek; Jos t):

ot 2 In=
N,
dEk - wL]'Cn(EU ],-; t) - Z kn—>l(Ei) ],-)'Cn(Ei; ],-) t)
I#n
Nm—m
+ 25 kueu(Ey )-Co(E, ], t) + OST(E, ])
m#n (1)

where . is the maximum angular momentum quantum
number; E,, is the maximum internal energy; C,(E,J,t)
represents the population density in the nth well of state (E,J;)
and time t; w;; (in s™!) is the Lennard-Jones collisional
f1'equency;38’56 k,_i(E,J) (in s7') is the (E,J;)-resolved
microcanonical rate coeflicient from the nth well to the Ith
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well or to products; and P(E,JIE,J,) is the E,[J-resolved
collisional transfer probability distribution function from state
(EwJy) to state (E,J,). Details regarding P(E,JIE,,J;) are given
below.

In considering the 2DME, an important factor is the form of
the E,J-resolved collisional transfer probability distribution
function P(E,J|IE,],) from an initial state (E,,J,) to a final
state (Ey,J;). Ideally, such data should be obtained from either
trajectory calculations®>**°%°>373% or experimental measure-
ments.””*” However, such information is rare. Because of this
lack of data, for practical applications, an empirical function®"
is often assumed for the convenience. Here, we assume that the
vibrational and rotational energies are uncoupled and can be
treated separately.***>°° In this case, an E,J-resolved collisional
transfer probability distribution function P(E,J}IE,J,) can be
expressed approximately as a product of the vibrational energy
collisional transfer probability distribution function P,(E,,|E,,)
and the rotational energy collisional transfer probability
distribution function P,(J,IJ,):***°

P(Eli ]1|E2) ]2) = Pv(ElleZV) X Pr(]lljz) (2)

There are two constraints on the collisional transfer
probability distribution function: one is the normalization
condition (eq 3), and the other is the detailed balance rule (eq
4).

Epax  Jmax
> Y PE, JIE, L) =1

E;=0 J,=0

()

E
P(E,, JIE,y, J,) X (2], + 1) X p,(E,, J,) X eXP(_ﬁ)

= B(E,, ]2|E1; ]1) X (2]1 +1) X pl(El; ]1)

exp| ——L
PR 4
where Py and P, are the normalized probability distribution
functions that correspond to energy transferred (per collision)
in downward and upward directions, respectively.
A probability distribution function for energy transferred in a
downward direction is given by

1

Pd(EI’ ]1|E2, ]2) = Pd(Evll ]llEyz; ]2) = w
20 )y

EvZ - Evl .
————|'‘P(JI],) with E, > E
exp( <AE1,>d ] r(]l ]2) v2 = “vl (5)

Here P,(]}I],) is the normalized rotational energy collisional
transfer probability distribution function; note that total
internal energy is always conserved, and thus, E, + E, = E, .
An upward energy transfer probability distribution function is
then computed through the condition at detailed balance (eq
4).

In this work, all stationary points are always assumed to be a
symmetric top species, of which rotational energy levels are
given in Scheme 1.

Here E,;, = BJ(J+1) is the 2D-rotor, which is assumed to be
adiabatic (i.e., total angular momentum is a good quantum
number and conserved along the reaction path) and separated
from the remaining degrees of freedom.”® As a result, relative
(potential) energies have to be adjusted by this amount of
energy accordingly; Ey,,, = (A—B)K” is the K-rotor, which is

https://dx.doi.org/10.1021/acs.jpca.9b11379
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Scheme 1. Rotational Energy Levels of a Symmetric Top
Molecule, with — ] < K < +J and B = VB-C

E,0(J.K) = BJ(J + 1) + (A — B)K?

2D-Rotor: Adiabatic K-Rotor: Active

not a good quantum number and assumed to be active; thus, 1t
can be convoluted with the vibrational degrees of freedom.”®
So, the vibrational energy in the paper includes two terms of
(active) energy: vibrations and K-rotation.

K=+]

Z GV(E - EKrot)

K=-]

G(Er ]) =

K=+]

Z PV(E — Exyor)

K=-]

p(E, ]) =
(6)
In eq S, a single exponential model is assumed for both

downward (unnormalized) vibrational and rotational energy
collisional transfer probability distribution functions.

(EVZ vl) J

(AE,); (7)
with E,, > E, and (AE,); is an average vibrational energy
transferred in a downward direction.

A downward rotational energy transfer probability distribu-
tion function is also given similarly by

B () =

Pd_v(EvllEvz) =e€ [

e i By > B or), >

(8)

The upward rotational energy transfer is then computed via
detailed balance:

B, (L) x p,(J) X eXP( iT)

=
RT 9

In eq 8 and eq 9, AE, = E,,—E,; with E, = BJ(J+1), which is
used for the quantum rotatlonal energy level of the 2D-rotor of
a symmetric top molecule;*® (AE,), is an average rotational
energy transferred in a downward direction; and C(J,) is a
normalization factor, which can be computed using a backward
substitution method.*

In addition to this choice, we have also used another energy
transfer function that has been recommended by Jeffrey et al.*®
Both models give relatively the same results; and the difference
between the two is negligibly small (see Table S3).

It should be mentioned that the first term on the right-hand-
side of (eq 1) describes the collisional energy transfer rates
from other states into state (E,J,); the second term defines the
collisional energy transfer rates out of state (E,J;) into other
states; the third term expresses the population-loss rates from
the nth well to other wells or to products; the fourth term
represents the population-gain rates from other wells to the nth
well; and finally, OST stands for the original source term (it is
present only for the first well), which can be omitted for a
thermally activated reaction. However, for a chemically
activated reaction, it is given by'

- Pd r(]lljz) X er(]Z) X exp(
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OST(Eu ]) = FCA(Ez) ]) k (T) ‘[Re]-[Re, ]

(10)

where k,(T) is the capture rate constant of the association step
of reactant 1 (Rel) and reactant 2 (Re2) leading to population
in well 1, and Fc,4(E,J;) is the E,J-resolved initial distribution
function for the nascent energized well 1, given by' >

Fea(E, ],)
(2 + V)-ki_r(E;, J)-p, (B, ])-exp(~E/RT)
T (2 + 1) / " ky - re(E, J) 2, (E,, J)-exp(—E,/RT)-dE,
(11)
In eq 11, p,(E,J;) is the density of rovibrational states for
well 1.
For the purpose of practical numerical calculations, the total

energy space is divided into small energy bins (“energy
grains”), whereby the integrals in eq 1 are converted to sums.

dC,(E, ], t) S
T = Z z a)L] P(Et, ]lEk, ]k) C (Ekl ]kl t)
J,=0 E;=0

N,

AE — wL]'Cn(Eif ]i’ t) Z kn—>1(E,) ]) C (E,; ]; t)

n#l
Nuon
+ 2 (B J)-Co(E, J, ) + OST(E, J)

m#n (12)
Equation 12 can then be cast into the matrix form:
oC
— =MC
ot (13)

Here C represents the (quite long) vector of population
density for all wells, and M denotes the transition matrix, which
is both vast and sparse; it will be defined below for different
reaction systems.

If M can be diagonalized to obtain all eigenvalues (A) and
corresponding eigenvectors (Uy), the vector of population
density (C) as a function of time can then be expressed as

C(t) = Uy-exp(A-t)-Uy'-C(0) (14)

When C is known, flux rate coefficients can be obtained as a
function of time:

Y X k(E, ))-C(E, ], t)
meax Yo C(E, ], t) (1)

Product yields are obtained under steady-state conditions

(T,P,t) =

um

(ie., %y = 0) while rate constants are set to be equivalent to
flux rate coeflicients at long times when they become constant
(e, ¥ = 0).77152°

Note that the matrix M is naturally asymmetric. To facilitate
computation, it can be symmetrized to a matrix B before
diagonalizing:*

B = SMS™ (16)

Here S is a diagonal transformation matrix, which has
diagonal elements given by*

1
AY FB(E; ])

and S(E, JI, E, J) =

AY FB(E! ])
(17)
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where Fj is the Boltzmann thermal equilibrium distribution
function:

(2] + 1)-p(E, ]).exp(_%)
Z;"‘;B Yo (2 + 1)-p(E, ]).exp<_£)

FB(E) ]) =

(18)

This similarity transformation preserves the eigenvalues of

M, but B and M have different eigenvectors. The eigenvectors

of the original matrix M (which is needed) can be obtained
simply from those of B via the transformation

V=S (19)

Because B is typically very large, computing all eigenvalues
and associated eigenfunctions is a daunting task, which
effectively sets up the practical limit to the scope of the full
2DME treatment. A simpler, approximate solution can be
suggested. It is often observed that there are a few eigenvalues
of B—named chemically significant eigenvalues (CSEs)—
which are well separated by several orders of magnitude from
the remaining ones; " these CSEs play the most important
role and control chemical kinetics at long times relative to
energy relaxation processes, which need not to be at the
steady-state condition with respect to chemical changes.
Therefore, the 2DME problem can be reduced to computing
the CSEs of the matrix B or M. The Bartis—Widom
technique,’” or Miller and Klippenstein’s method,”®*”*" ma
then be used to obtain phenomenological reaction rate
coefficients. In this work, ARPACK (a numerical software
library for solving large scale eigenvalue problems)s3 is used to
calculate CSEs. Whenever possible, LAPACK®* is also used for
cross-checking.

In the following, we give three simple cases where the
reaction rate constants can be related directly to one (or two)
CSEs:

(i) A — P: this reaction has only one well and one product
channel; the phenomenological reaction rate coefficient
is equivalent to the absolute value of the smallest
eigenvalue of the matrix B (or M) (provided that it is
well separated from the remaining ones):

k(T, P) = 1A, (20)

(ii) A = Py, P,, P, ..., and so on: this reaction has only one
well, but many products that can be produced from it;
the total reaction rate constant, which equals the sum of
all individual rate constants leading to each distinctive
product, is again equal to the absolute magnitude of the
lowest eigenvalue, I1;l. To compute each separable rate
constant (kp), one must know the corresponding

eigenvector (C;) of the smallest eigenvalue, 4,:
Ty Teme ka(E, DC(E, )
Y X Cu(E, )

kE(T) P) =
(21)
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(iii) A 2 B: this is a reversible reaction, which is a closed
system in which population density is not lost. Here, the
two smallest eigenvalues (4, and 4,) control the
chemical kinetics of the system. The first eigenvalue
(4,) is zero; and the second one (4,) has a linear
relationshig o the forward (k;) and reverse (k,) rate

constants: -
ki +k,=— 1, (22a)
In addition, when the reaction reaches equilibrium, we have
k
K, =L
k, (22b)

so that the k; and k, rate constants are given by
Keq

k= —3 .
7T 1+ K,

A,

1

— 1,
1+K,

r

(22¢)

Next, we discuss the construction of a relaxation matrix M
for a given reaction system. We will consider three common
circumstances: one-well, two-well, and three-well systems. On
the basis of these templates, generalization to an arbitrary
reaction system can be accomplished by straightforward
extension.

For a One-Well Reaction. Using m bins for the energy
space and n bins for angular momentum results in a square
matrix M having dimension (m-n), which is very dense. A
proper choice of m and n depends on the particular reaction as
well as reaction conditions under consideration. Typically, m is
about 1000 (for example, for E,,,, = 5 X 10* cm™ with AE =
50 cm™) and # about 20 (for J,,. = 200 and AJ = 10). This
creates a matrix M with dimension (2 X 10%). In general, the
structure of the matrix M is

Ml,l MI,Z MI,S Ml,n—Z Ml,n—l Ml,n

MZ,I MZ,Z MZ,3 """"" Mz,n72 Mlnfl Mz,n

M3,1 M3,2 M3,3 M3,n—2 M3,n—1 M3,n

M=

n—2,1 n—2,2 n—2,3 Mn—l,n—l Mn—?.,n—l Mn—Z,n

Mnfl,l Mnfl,Z Mnfl,:i """"" Mnfl,nfl Mnfl,nfl Mnfl,n

Mn,l Mn,l Mn,3 Mn,n—l Mn,n—l n,n
(23)

where the indices refer to certain ranges (bins) of total angular
momentum quantum number J.

As seen in eq 23, the matrix M comprises n* submatrices,
each of which has size m X m and whose form is detailed
below:

For off-diagonal submatrices of the matrix M:

https://dx.doi.org/10.1021/acs.jpca.9b11379
J. Phys. Chem. A 2020, 124, 2907-2918
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P(1, ], 7) P(L T2, ],)

PR, JILJ) P22, ],)

P(m -1 ]yllz ]x) P(m -1 ]y|2, ]x)

P(m, J1,J)  P(m, ]2, ])

each element of the small matrix M; ; represents an E]J-
yx

resolved collisional transfer (normalized) probability.

A(1l1), A1),

AQIL), AQR)

I =
A(m = 111); A(m — 12);

A(ml1); A(ml2);

Elements in the matrix M]J are exactly like those in the

1DME scenario” and are given below:
For diagonal elements of the matrix MJJ:

N,
A(il), = =) ki (B, J) = oy + P, T, ])
I#1

and for off-diagonal elements:
A(KI), = P(, I, ])

It is worth mentioning that a simplification is achieved when
all elements P(E,J,IE,J,) with J, # J, are disregarded (i.e, on
condition that collisional rotational energy transfer proba-
bilities are negligibly small), all off-diagonal submatrices of the
matrix M can be left out. In this case, the solution proposed
above reduces exactly to the fixed-J] 2DME approach that has
been advocated previously.”*~**

For a Two-Well Reaction. The structure of the

corresponding matrix M is displayed in Scheme 2:

(26)

Scheme 2. Structure of the Transition Matrix M for a Two-
Well Reaction

0
*1_\0
0

In Scheme 2, the submatrices A and B have the same
composition as the full M in the one-well reaction revealed
above. Moreover, there are two additional submatrices, which
describe the reversible isomerization step of A 2 B. For these
two submatrices, all off-diagonal elements are equal to zero;
and the diagonal elements represent E,J-resolved micro-
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P(lr ]ylm -1, ]x) P(l, ]ylm: ]x)

L, ]x) P(Z, ]ylm; ]x)

P(2, ] lm —

P(m — 1, m —1,],) P(m—1,]Im, ])

P(m, ]ylm -17]) P(m, J,\m, J)

(24)
For submatrices on the diagonal:
A(llm = 1), A(1lm),
AQ2lm = 1), A(2lm),
A(m — 1lm — 1)] A(m — llm)]
A(mlm — 1), A(mlm); (25)

canonical rate constants for the reversible reaction step. As a
result of these considerations, the matrix M is both sparse and
very large.

For a Three-Well Reaction. Similar to above, the
transition matrix M for an arbitrary reaction that has multiple
wells is relatively straightforward to construct. For example,
with three wells, which can all allow population transfer to any
other well, the matrix M is as shown in Scheme 3.
Generalization to more complicated scenarios is straightfor-
ward, and will quickly lead to matrices of enormous size,
underscoring the practical limitations of the 2DME problem.

Scheme 3. Structure of the Transition Matrix M for a Three-
Well Reaction

0

A (1\0 q'\g

0 0

«1\0 - 0,\0

0 X 0o ¢
7.0 $ 0

N N C

0 \C 0 <

B RESULTS AND DISCUSSION

Isomerization of CH;NC — CH;3;CN. The isomerization of
methyl isocyanide (CH;NC) to acetonitrile (CH;CN) is a
textbook reaction, which has been well-characterized exper-
imentally by Rabinovitch and co-workers®’~® for an extended
range of temperature and pressure. Two recent experimental
results’””" have also agreed well (within 20%) with those
published by Rabinovitch. In addition, Rabinovitch et al. also
calculated falloff curves using Rice—Ramsperger—Kassel—
Marcus (RRKM) theory and a modified model of the strong

https://dx.doi.org/10.1021/acs.jpca.9b11379
J. Phys. Chem. A 2020, 124, 2907-2918
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collision assumption.”” The experimental results were con-
sistent with Rabinovitch’s theoretical calculations using a
collision efficiency factor of 0.6.°” Based on this observation,
Rabinovitch et al. concluded that this unimolecular reaction
behaves statistically.”” This is in contrast to results obtained
from classical trajectory calculations done by Bunker and
Hase,”>”® who reported nonstatistical behavior (e.g, non-
exponential decay) for this reaction. Very recently, Hase and
co-workers”* have restudied this reaction using trajectory
calculations based on the density functional theory (DFT)
based potential energy surface (PES) and again drawn the
same conclusion. This reaction has also recently been
investigated using the high accuracy extrapolated ab initio
thermochemistry (HEAT) method for the potential energy
surface (PES) in combination with Miller’s semiclassical
transition state theory (SCTST) and the fixed-] 2DME
method alluded to the previous section.”> We have been able
to replicate Rabinovitch’s falloff curves using either a collision
efficiency of 0.7 with the modified strong collision model or an
average down energy transferred per collision of ca. 2500 cm™
with the fixed-J 2DME approach.”® The latter value seems to
be unusually large, suggesting that its unphysical value is
somehow absorbing into the parameter space the effects of the
nonstatistical behavior noted by Hase et al.”* At the high-
pressure limit where the Boltzmann thermal energy distribu-
tion is established, rate constants calculated with the HEAT/
SCTST approach from first-principles (without any adjusted
parameters) agree well with those of experiments within
20%.%

Here, we investigate the effects of angular momentum
transfer by collisions on the calculated rate constants in the
falloff regime through a full solution of the 2DME. It should be
noted that, for this scenario, numerical computations with
high-precision floating-point formats (greater than double-
precision) must be applied for two reasons: (i) first, the rate
constant calculated at the high-pressure limit (9.8 X 107™*s7" at
P = 10° Torr and T = 504 K) is about 10" smaller than a
collision frequency (1.16 X 10" s7'); (ii) second, the ratio of
the largest and smallest eigenvalues (obtained by diagonalizing
the matrix M) is on the of order 10'°, which is the effective
upper limit of a double-precision floating-point calculation.
This makes the smallest eigenvalue, which corresponds to the
reaction rate constant, numerically unreliable. In this work,
quadruple-precision floating-point arithmetic—which provides
33 significant digits of precision—is utilized although it has a
significant and negative impact on computation time. It should
be mentioned that unstable numerical results were previously
reported and discussed.”” Alternative solutions to this problem
were proposed.””' %2

The potential energy surface, rovibrational parameters and
anharmonic constants were reported elsewhere are reused
here.*” All input data (including collisional parameters, energy
grain, maximum energy, maximum total angular momentum,
angular momentum grain, and so on) are given in Table 1,
from which a transition matrix M having dimensions of 11,713
is constructed. This data set is selected to ensure that the
calculated results are converged to within 2% under the
conditions considered here. It takes about S h of computer
time on a computer with 128GB, which is part of the
HiPerGator system at the University of Florida, to obtain a few
small eigenvalues using ARPACK. The smallest eigenvalues
calculated at T = 503.6 K as functions of pressure and average
rotational energy transferred per collision in a downward
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Table 1. Collisional Parameters Used in the E,J-Resolved
2DME Model

parameters values
C,Hg: bath gas mass = 30 g/mol, 6 = 4.39 A, e/ky = 234 K°
CH;NC/CH;CN mass = 42 g/mol, 6 = 447 A, e/kg = 380 K”
E 27,000 cm™" above CH;NC
AE = energy grain 30 cm™
(AE )4 2500 cm™!
T 120
AJ 10

159b 168

“From Hippler et al From Fletcher et a

direction are displayed in Table 2. The relative difference (as
defined in eq 27 below) between a solution of full 2DME and
that of the fixed-J] 2DME approach is plotted in Figure 1. The
relative difference clearly decreases with increasing pressure
and with reducing (AE, ), as expected. Results obtained with
the two methods converge at the high-pressure limit where the
reaction rate constant becomes completely independent of the
individual value of (AE,,); used. Figure 1 also shows the
difference found at the lower pressure; at P = 0.01 Torr (the
lowest pressure considered here and done in the experiment),
the largest difference is found to be about 6% only using a
(preposterously unphysical) value (AE,,); of 4000 cm™'.
These results suggest that the fixed-J 2DME is a good
approximation for a (very) tight transition state (TS), as in this
scenario. This finding is important because the fixed-] 2DME
calculations are much cheaper to do and can moreover be
applied to arbitrary reaction systems. In addition, in most
practical applications such as in atmospheric and combustion
environments, the pressures under consideration are much
higher (at least 100 Torr), and the fixed-J 2DME approach
becomes more accurate. It is worth emphasizing that, as
(AE,,); approaches to zero, the full 2DME becomes
equivalent to the fixed-J] 2DME (see eq 28).

/1 u - /1 ixed
relative difference(%) = JA2DME Ted ] 1009
ﬂﬁxed_]
27)
lim 4 =
(AE,, )0 ‘full_2DME “fixed_] ( 2 8)

Pyrolysis of NH; — NH, + H. Ammonia (NH;) is a
ubiquitous compound that has also been well-known as an
additional chemical component of fuel for many years;75 it can
be added to depress NO, emission in internal combustion
engines as well as to convert NO, pollutants to N, in the
presence of a proper catalyst.” NH; has also been
manufactured in massive quantities through Haber process,
mostly for making fertilizers for agriculture. In recent years,
NHj; has gained some considerations as a promising alternative
fuel source that is both renewable and carbon-free.”’~””

The thermal dissociation of NH; to NH, + H is barrierless
and proceeds via a very loose (variational) TS, and there are
substantial changes in rotational constants along the reaction
coordinate. Therefore, the effects of total angular momentum
quantum number on the calculated rate constants in the falloff
regime cannot be ignored. This has been seen in a recent study
where the calculated rate constants are found to depend
sensitively on the specific master-equation model used to treat
total angular momentum.®’ There, it was found that the
experimental results lie between those found with fixed-J

https://dx.doi.org/10.1021/acs.jpca.9b11379
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Table 2. Unimolecular Rate Constant (in s ') for the Isomerization of CH;NC — CH,;CN Calculated as Functions of Pressure
(in Torr) and Average Rotational Energy Transferred (in cm™) in a Downward Direction, (AE,,.),"

P (Torr) (AE,,)a =0 (AE, )4 = 250 (AE, )4 = 500
0.01 7.921 x 1077 8.198 x 1077 8.316 X 1077
0.03 1.980 x 107° 2.049 x 107 2.079 x 107°
0.05 3.029 x 107° 3.135 x 107° 3.180 x 107°
0.07 4,006 X 107° 4.146 x 107° 4205 x 107°
0.1 5.385 x 107° 5.572 x 107 5.652 %X 107°
0.3 1.331 X 107° 1.376 X 1075 1.396 x 10~°
0.5 2.015 x 107° 2.084 x 107° 2.113 x 107°
0.7 2.641 x 107° 2.730 x 107° 2.768 x 107°
1 3.505 X 107° 3.621 X 107° 3.671 X 10~°
3 8.091 x 107° 8.344 x 107° 8.453 x 107°
5 1.163 x 107* 1.198 x 107* 1213 x 107*
7 1.460 x 107* 1.502 x 107* 1.520 x 107*

10 1.834 x 107 1.885 x 107* 1.907 x 107*
30 3.378 x 107* 3.453 x 107* 3.486 x 107*
50 4254 x 107* 4337 x 1074 4373 x 1074
70 4.857 x 107* 4942 x 1074 4980 x 107*
100 5499 x 107* 5.584 x 107* 5.622 x 107+
300 7.302 x 107* 7.373 x 107* 7.405 x 1074
500 7.974 x 107* 8.033 x 107* 8.059 x 107™*
700 8.344 x 107 8.395 x 107* 8.418 x 107+
1000 8.674 x 107 8.717 x 107* 8.736 x 107*
3000 9.339 x 107* 9.359 x 107™* 9.369 X 107*
5000 9.509 x 107* 9.523 x 107* 9.529 x 107*
7000 9.588 x 107* 9.598 x 107* 9.603 x 107*

10000 9.650 x 107* 9.658 x 107* 9.661 x 107+

30000 9.753 x 107* 9.755 x 107* 9.757 x 107*

50000 9.774 x 107* 9.776 X 107* 9.777 X 107*

70000 9.784 x 107* 9.785 x 107* 9.785 x 107*

100000 9.791 x 107* 9.792 x 107* 9.792 x 107*

“The rate constants below appear to be converged to about 1-2%

(AErot>d = 1000

<AErot>d = 1500 (AEmt>d = 2500 (AErot>d = 4000

8.380 X 1077 8.398 X 1077 8.411 x 1077 8417 x 1077
2.095 X 107° 2.099 x 107° 2.102 X 107° 2.104 X 107
3.204 x 107° 3211 x 107° 3216 X 107° 3.218 x 107°
4237 X 107° 4246 x 107° 4253 x 107¢ 4256 X 107°
5.695 X 107° 5.707 x 107° 5.716 x 107° 5.720 X 107
1.406 x 10~° 1.409 x 1075 1412 x 1073 1412 x 107°
2.129 x 107° 2133 x 107° 2137 x 107° 2.138 X 107°
2.788 x 107° 2.794 x 1075 2.798 x 107° 2.800 X 107°
3.698 X 107° 3.706 x 1073 3.711 X 107° 3.714 X 107°
8.512 x 107° 8.530 X 107° 8.542 x 107° 8.547 x 107°
1221 x 107* 1.224 x 107* 1.225 x 107* 1.226 x 107*
1.530 x 107* 1.533 x 107* 1.535 x 107* 1.536 x 107*
1.919 x 107 1922 x 107* 1.925 x 107* 1.926 x 107*
3.504 x 107* 3.510 x 107™* 3.514 x 107* 3.515 x 107*
4393 x 107* 4399 x 107* 4403 x 1074 4.405 x 107*
5.001 x 107* 5.007 x 107 5.011 x 107* 5.013 x 107*
5.643 x 107* 5.649 x 107+ 5.653 x 1074 5.655 x 1074
7.422 x 107* 7.428 x 1074 7.431 x 107* 7.433 x 107*
8.074 x 107* 8.078 x 107™* 8.081 X 107* 8.083 x 107™*
8.430 x 107 8.434 x 107 8.437 x 107* 8.438 x 107*
8.746 x 107* 8.749 x 107* 8.751 x 107* 8.753 x 107*
9.374 x 107* 9.375 X 107* 9.376 x 10~* 9.377 x 107*
9.532 x 107* 9.533 x 107* 9.534 x 107* 9.534 x 107*
9.605 x 107* 9.606 x 107+ 9.607 x 107* 9.607 x 107*
9.663 x 107* 9.663 x 107* 9.664 x 107* 9.664 x 107*
9.757 x 107* 9.758 x 107* 9.758 x 107* 9.758 x 107*
9.777 x 107* 9.777 X 107* 9.777 X 107* 9.777 x 107*
9.786 x 107* 9.786 x 107* 9.786 x 107* 9.786 x 107*
9.792 x 107* 9.792 x 107* 9.792 X 107* 9.792 x 107*

(see the Supporting Information).

7 T T T T T T
6 F—= -
< <AErot>d = 4000 cm-1
< <AErot>d = 2500 cm-1 1
[0) <AErot>d = 2000 cm-1
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EI_.) <AErot>d = 1000 cm-1 -1
(9] —-—- <AErot>d= 500 cm-1
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s 2
L
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o 1 Il 1 1 | """""""""""" I
102 107 1 10 102 10° 10* 105
Pressure (Torr)
Figure 1. Relative difference (%) of full solutions of 2DME and the

fixed-] 2DME for the CH;NC — CH;CN isomerization calculated at
T = 503.6 K as functions of pressure and average rotational energy
transferred per collision in a downward direction, (AE,,), Note that
the fixed-] method is accurate to within 7% under all conditions.

2DME and fixed-J,K 3DME models.*® Here, this reaction is
investigated using a full solution of 2DME, and the calculated
results are compared with those of the fixed-] 2DME model.
All energies, rovibrational parameters, and collisional param-
eters reported previously®’ are adopted here for the 2DME
simulation. The calculated phenomenological rate constants at
T = 1800 K as functions of pressure and (AE, ), are given in
Table S1 (see the Supporting Information), and the relative
differences of solutions of full 2DME and the fixed-] 2DME are

2913

displayed in Figure 2. Inspection of the latter shows that the
relative difference again decreases marginally with increasing

T T T
L e ]
2000em™ TTTTTTTeeal T=1800 K
g . <AE, >, = 629 cm!
S = JN ]
b 1 \\‘

3 r00em T AN
c T T T T ——— )
Q e _tooemt T~ ]
5 ——————_ TNl -
= T~
[a) 800 cm’’! Tl Y
° Y S~
.é 629cem™ T
2 2
] 500 cm’!
o 2

Pressure (Torr)

Figure 2. Relative difference (%) of solutions of full 2DME and the
fixed-] 2DME for the pyrolysis of NHj; calculated at T = 1800 K as
functions of pressure and average rotational energy transferred per
collision in a downward direction, (AE, ) .

pressure, and it rises slightly from about near 0% to 10% when
(AE, )4 is enlarged from 200 to 2000 cm™". Note that (AE,,,),
2000 cm™! is again unphysically large, but might be
presumed in a strong-collisional model for rotational energy
transfer. Classical mechanics trajectory calculations can, in
principle, provide both quantities of (AE,;), and (AE,,,), but
such information is very rare in practice.4 »% In experiments,
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an average (internal) energy (which should include both
vibrational and rotational energies) transferred per collision is 75 TS1

sometimes measured.’’ Because of the dearth of data at hand,
it is plausible here to assume that (AE,,,); may be equivalent to
(AE, ;) s which is 629 cm™ (at T = 1800 K, see Table S2) in
our calculations. Overall, as seen in Figure 2, the effects of the
change of rotational energy by collisions on the phenomeno-
logical rate constant are found to be rather weak, well under
10% in this example. If the weak-collisional model is also
assumed for rotational energy transfer here, such effects
become negligible. This finding is likely to imply that the fixed-
] 2DME approach is a very good approximation for the
pyrolysis of NHj.

Thermal Dissociation of Criegee syn-CH;CHOO —
CH,CHO + OH. Criegee intermediates are very reactive
species produced by the ozonolysis of olefins. Although the
mechanism for Criegee formation was proposed in 1931,°"**
those molecules have been detected experimentally only very
recently.”” ™ Tt is widely accepted that Criegee intermediates
play important roles in producing OH radicals and low-
volatility organic compounds in the atmosphere.”” Under
atmospheric conditions, the ozonolysis of olefins can yield
both vibrationally excited (hot) and collisionally thermalized
(cool) Criegees,”" but their fates are very different. A hot
Criegee has sufficient energy to rapidly undergo a further
decomposition to yield OH. A cool Criegee has a longer
lifetime, thus surviving in the air for a while, with a fate
depending on its chemical structure as well as the environment
in which it is produced. It is believed that the lifetime of a cool
Criegee intermediate in the atmosphere is mainly determined
through its thermal unimolecular dissociation rate’>”" or its
reaction with water vapor.**

In a previous paper, we reported falloff curves for the
Criegee acetaldehyde oxide, syn-CH;CHOO, based on the
mHEAT-345(Q) PES and the fixed-] 2DME calculations.*” At
the generic conditions of T =298 K and P = 1 atm that is (in
this scenario) almost close to the high-pressure limit, the
predicted rate constant (124 s™')* is in good agreement with
an experimental estimate’> and with other theoretical
results.”> "> As compared to other possible removal paths,
the thermal unimolecular dissociation of Criegee syn-
CH;CHOO was found to predominate at atmospheric
conditions.”” In this work, the thermal dissociation of syn-
CH;CHOO is studied using a full solution of 2DME to
evaluate the sensitivity of the falloff curve to the rotational
energy transfer via collisions. All data, including energies,
rovibrational parameters, anharmonic constants, and collisional
parameters published previously,”” will be reused here in the
2DME simulation.

Figure 3 displays a schematic reaction energy profile of the
decomposition of Criegee syn-CH;CHOO (SYN) calculated at
the mHEAT-345(Q) level of theory. It first isomerizes via a
very tight TS1 leading to hot vinyl hydroperoxide (VHP*);
next, VHP* decomposes rapidly via a fairly loose TS2 to a van
der Waals complex (vdW); finally, vdW yields OH +
CH,CHO in an effectively spontaneous fashion. This is the
major pathway, which is also known as a “well-skipping”
mechanism (via highly vibrationally excited VHP*) and
contributes more than 95% at 298 K and 1 atm. The
remaining fraction (<5%) is for a thermalized stabilization of
VHP through colliding with the bath gas. The ultimate fate of
thermalized VHP seems to be a thermal unimolecular decay,
thus ending up with the same products OH + CH,CHO, but
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=79

VHP

Figure 3. Schematic reaction energy profile for the thermal
unimolecular dissociation of Criegee syn-CH;CHOO — OH +
CH,CHO calculated at the mHEAT-345(Q) method.

this secondary chemistry mechanism takes a longer time.”” In
the following ME simulation, both SYN and VHP (i.e., two-
well reaction system) are included, but not vdW. This
simplification leads to a slight overestimate of the thermal
rate constant of VHP, but does not impact the well-skipping
pathway via TS1, which is kinetically governing in this case. It
should be mentioned that both the tight TS1 and the loose
TS2 are included in the 2DME simulation, thus allowing us to
see these interesting joint effects on the falloff curve.

In this two-well reaction system, there are two important,
smallest eigenvalues (A, and 4,) that are well-separated from
the remaining ones by more than 5 orders of magnitude. The
phenomenological rate coefficients can be derived using these
two chemically significant eigenvalues. As shown elsewhere,*”
the smallest eigenvalue 4| is directly equivalent to the
dissociation rate constant of VHP while the second smallest
one |4,| is equal to the total dissociation rate constant of SYN.
Therefore, here we study the effects of the change of total
angular momentum through collisions on both A; and 4,.
Figures 4 and 5 show such impacts as functions of pressure and
(AE, )4 Overall, these two figures look qualitatively similar to
Figures 1 and 2. They exhibit similar trends in that the relative

16 T T T T

<AErot>d = 2300 cm-1
—=-++ <AErot>d = 1000 cm-1 -
S <AErot>d = 500 cm-1
NN <AErot>d = 230 cm-1
——= <AErot>d = 180 cm-1 -

-
'S

[
T
/)

<AErot>d = 140 cm-1
—-=- <AErot>d = 100 cm-1
—=—=— <AErot>d = 60 cm-1

o

®
T

Relative Difference (%)

Pressure (Torr)

Figure 4. Relative difference (%) of the E,J-resolved 2DME and the
fixed-] 2DME for A, from the thermal dissociation of syn-CH;CHOO
calculated at T = 300 K as functions of pressure and average rotational
energy transferred per collision in a downward direction, (AE, )4
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Figure 5. Relative difference (%) of the E,J-resolved 2DME and the
fixed-] 2DME for A, from the thermal dissociation of syn-CH;CHOO
calculated at T = 300 K as functions of pressure and average rotational
energy transferred per collision in a downward direction, (AE,,) .

difference slightly decreases as pressure increases; and it
increases with the larger value of (AE, ), Interestingly (but it
can be expected), the effect on 4, is more pronounced because
TS2 is fairly loose; in contrast, the influence on 4, is virtually
insignificant because TS1 is very tight.

For this scenario, passing over (or through by tunneling)
TS1 (associated with 4,) is the rate-determining step.
Therefore, the fixed-J] 2DME results remain highly accurate
because they agree closely (within 1%) to the fully E,J-resolved
2DME (see Figure 5). To the best of our knowledge, this is the
first time a full solution of 2DME for a two-well reaction
system has been determined. It is desirable to apply this
method to other (complicated) reaction systems, and efforts in
that direction are planned.

B CONCLUSIONS

Iterative solutions of E,J-resolved 2DME problem for some
reaction systems comprising one well and one product were
formerly reported in the literature.”>**” In this work, we have
developed and implemented a pragmatic solution of
completely E,J-resolved 2DME applicable to multiple well
and multiple channel reactions. Three reactions that have
different characteristics are used to test the performance of the
new implementation. As compared to the fixed-] 2DME model,
the E,J-resolved 2DME approach gives slightly higher
phenomenological rate coeflicients although the differences
are less than 15% in all cases studied. However, this does not
ensure that such a small difference can also be expected for
other reactions. A further test for an extended reaction system
is certainly warranted. In addition, effects of the rotational
energy transfer through collisions on a loose TS are found to
be more pronounced than a tight TS. Given that the fully E,J-
resolved 2DME calculations are very expensive, the fixed-J
2DME model—which is now calibrated—is an effective
compromise and a practical tool. However, the fully E,J-
resolved 2DME calculations may be desired for benchmarking
high-accuracy rate constants. Efficient iterative methods in
searching for chemically significant eigenvalues, in combination
with fast parallel algorithms on high-performance computer
systems, can be used to speed up the solutions of the E,J-
resolved 2DME problem.
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