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ABSTRACT

A full-dimensional spin-orbit (SO)-corrected potential energy surface (PES) is developed for the Cl + CH3NH, multi-channel system. Using
the new PES, a comprehensive reaction dynamics investigation is performed for the most reactive hydrogen-abstraction reactions forming
HCI + CH,NH,/CH3NH. Hartree-Fock (HF) convergence problems in the reactant region are handled by the ManyHF method, which finds
the lowest-energy HF solution considering several different initial guess orbitals. The PES development is carried out with the ROBOSURFER
program package, which iteratively improves the surface. Energy points are computed at the ManyHF-UCCSD(T)-F12a/cc-pVDZ-F12 level
of theory combined with basis set (ManyHF-RMP2-F12/cc-pVTZ-F12 - ManyHF-RMP2-F12/cc-pVDZ-F12) and SO (MRCI+Q/aug-cc-
pwCVDZ) corrections. Quasi-classical trajectory simulations show that the CH3-side hydrogen abstraction occurs more frequently in contrast
to the NH,-side reaction. In both cases, the integral cross sections decrease with increasing collision energy (Ecoy). A reaction mechanism
shifting from indirect to direct stripping can be observed from the opacity functions, scattering angle, and translation energy distributions as
Eon increases. Initial attack angle distributions reveal that chlorine prefers to abstract hydrogen from the approached functional group. The
collision-energy dependence of the product energy distributions shows that the initial translational energy mainly transfers to product recoil.
The HCl vibrational and rotational energy values are comparable and nearly independent of collision energy, while the CH,NH, and CH;NH
co-products’ vibrational energy values are higher than the rotational energy values with more significant E.,; dependence. The HCI(v = 0)
rotational distributions are compared with experiment, setting the direction for future investigations.
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I. INTRODUCTION

In 2004, a comprehensive review was reported on the dynamics
of chlorine-atom reactions with organic molecules, such as methane,
ethane, methanol, methylamine, methyl-halides, etc.' The scattering
dynamics of the above systems were probed experimentally, provid-
ing vibrationally resolved rotational distributions for the HCI prod-
uct as well as angular distributions.' ” The accurate simulation of
these measured quantities has challenged theory for many years.””"”
In experiment, the size of the organic molecule does not complicate
the detection of the HCI product obtained by hydrogen abstrac-
tion from the molecule with the Cl atom. However, theory has to
fight against the dimensionality problem, which increases with the

number of atoms. Therefore, in the 2000s, accurate dynamics sim-
ulations were only possible for the six-atomic Cl + CHy system
considering the above group of reactions.”’”'° In 2011, Czaké and
Bowman'’ reported a full-dimensional ab initio potential energy
surface (PES) and quasi-classical trajectory (QCT) simulations for
the Cl + CHj4 reaction, which, for the first time, provided quanti-
tative agreement between the computed and measured” HCI rota-
tional distributions. In the past few years, first-principles dynamics
have become possible for larger systems, such as the reactions
of Cl with CH30H and C,Hs molecules.'"'>'*"? In the case of
Cl + C;Hg, high-level ab initio analytical PES-based QCT
computations performed in our group gave cold HCI rotational
distributions,’® again in excellent agreement with experiment,””’
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thereby “resolving a nearly 25-year discrepancy with the experimen-
tal measurements.””"

The present study extends the above-described line of research
by investigating the dynamics of Cl with methylamine (CH3NH>)
using first-principles theory. The HCl rotational distributions of the
Cl + CH3NH, reaction were measured* in 2003 as discussed by Mur-
ray and Orr-Ewing in the above-mentioned review article in 2004."
However, the theoretical studies of this reaction were restricted to
stationary-point characterizations, rate coefficient determinations
with a master equation model, and on-the-fly computations of a
few trajectories.”” " In 2021, we also started to investigate the title
reaction using high-level ab initio methods and,”* unlike previous
studies,””"”* we reported benchmark stationary-point properties
for several alternative product channels, such as methyl-, amino-,
and hydrogen-substitution, besides two major hydrogen-abstraction
pathways leading to HCl + CH,NH,/CH3;NH. Based on our pre-
vious work,” here we develop a full-dimensional global ab initio
analytical PES for the eight-atomic Cl + CH3NH); system using the
ROBOSURFER program package’ interfaced with MOLPRO? and
the permutationally invariant polynomial fitting code.”® The PES
development for the title reaction is not just challenging because of
its high dimensionality, but electronic structure problems, in par-
ticular Hartree-Fock (HF)?” convergence issues, can occur in the
entrance channel. We show how to overcome these ab initio difficul-
ties by using our recently proposed ManyHF method,”* whose use
is found to be essential to obtain an accurate PES without applying
multi-reference electronic-structure methods. The new PES enables
us to perform efficient QCT simulations for the Cl + CH3NH, reac-
tion, allowing a direct comparison with previously measured HCI
rotational distributions* as well as providing unprecedented insights
into the dynamics of a new member of the Cl atom plus organic
molecule reaction family.

In Sec. 11, the details of the PES development are described,
including the stationary-point characteristics, the selection of the
initial geometries and their energy computations, the performance
of the ManyHF method, as well as the details of the ROBOSURFER,
the fitting, and the properties and accuracy of the analytical PES. The
computational details of the QCT simulations are given in Sec. III,
and the results are presented and discussed in Sec. I'V. This paper
ends with a summary and conclusions in Sec. V.

Il. POTENTIAL ENERGY SURFACE
A. Characteristics of the PES

The first step of a full-dimensional analytical potential energy
surface development is the mapping of the reaction pathways of
the investigated process. The geometries and energies of the reac-
tants, the most important transition states, the pre- and post-
reaction complexes, and the products for six reaction channels
of the Cl + CH3NH, system were determined using a high-level
ab initio method in our previous work.”” Supplementing the unre-
stricted explicitly-correlated coupled-cluster singles, doubles, and
perturbative triples (UCCSD(T)-F12b) aug-cc-pVQZ single-point
energies obtained at the UCCSD(T)-F12b/aug-cc-pVTZ geometries
with further energy contributions {8[coupled-cluster singles, dou-
bles, and triples (CCSDT)], §[CCSDT(Q)], Acore> Arel» Aso, and
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Azpg} (see details in Ref. 23), the computations revealed that the
low/submerged-barrier hydrogen abstractions from the two func-
tional groups, leading to HCl + CH,NH,/CH3NH, are exothermic
on the vibrationally adiabatic potential energy surface. We denote
the above hydrogen-abstraction (HA) channels as CHs HA/NH,
HA. In order to obtain a comprehensive study of the title reaction
and to prepare for the PES development, the hydrogen substitutions
(H + CH,CINH,/CH3NHCI) and the functional-group substitu-
tions (CH3Cl + NH,/CHj3; + NH;Cl) were also scrutinized. Further-
more, we considered the Walden (W) inversion and the front-side
(FS) attack mechanisms in the case of the amino-substitution (AS)
and the methyl-hydrogen-substitution (CH3 HS) pathways. Despite
the fact that these are high-barrier, endothermic, chemically less-
relevant pathways, reckon with the stationary points and products
in these regions is required to develop a full-dimensional global PES.
The classical (without Azpg correction) global minimum of the sur-
face is a pre-reaction complex (PREMIN) in the entrance channel,
and a post-reaction complex (CH; HA MIN"') in the product chan-
nel is the adiabatic global minimum, which can affect the reaction
dynamics.

B. Initial geometry set

Based on the obtained highly accurate structures of the above-
mentioned reaction pathways, the initial geometry set is constructed
as follows: The Cartesian coordinates of the stationary points in the
interaction region, reactants, and products are randomly displaced
in the 0-0.32 A range. Besides the displacements, the fragments
of the reactants and products are scattered around each other in
random orientations between the 2 and 8 A distance. With this strat-
egy, 500 geometries are generated in both the reactant and each
product regions, while 250 random-displaced structures are cre-
ated for each stationary point in the interaction region. In order
to assemble an appropriate database of ab initio energy points for
the PES development, single-point calculations are carried out for
these geometries, where the UCCSD(T)-F12a method” is applied
with the cc-pVDZ-F12 basis set.’”’ Maintaining the balance between
the computation demand and accuracy, basis set correction is taken
into account using the restricted explicitly-correlated second-order
Moller-Plesset perturbation method (RMP2-F12)*! with both the
cc-pVDZ-F12 and cc-pVTZ-F12 basis sets”’ providing high-level
composite energies. During the evaluation of the relative energies,
it was revealed that most of the results are converged to high-energy,
excited electronic state(s) in the reactant region; hence, we applied
the recently proposed ManyHF method” to solve this issue (detailed
in Sec. II C). For the ab initio computations, the MOLPRO program
package” is used and the energy points are determined as

Ecomposite = ManyHF-UCCSD(T)-F12a/cc-pVDZ-F12
+ (ManyHF-RMP2-F12/cc-pVTZ-F12
— ManyHF-RMP2-F12/cc-pVDZ-F12). 1)

C. ManyHF vs default HF method

Since the correlation methods indicated in Eq. (1) use single-
determinant HF wavefunctions as their reference, the composite
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energy can be inaccurate if the HF solution is a poor approximation
of the exact ground-state wavefunction and/or HF converges to a
wrong (excited) electronic state. In the case of the entrance-channel
displaced geometries of the Cl + CH3NH, system, the latter occurs
many times, resulting in erratically high energies for the reactant
region. The in-house ManyHF method*® fixes this unreliability by
choosing the lowest-energy HF reference for the correlation meth-
ods from various instances of HF calculations, where different sets
of initial orbitals are applied. Recalculating the energy points with
this pragmatic technique resulted in an excellent improvement in
the accurate description of the reactant region. As Fig. 1 shows,
where the absolute errors in the composite energy obtained with
the default” and ManyHF approaches are displayed as a function
of the ManyHF-based composite energy, these unacceptably high
relative energies occur not only in the largely displaced geometry
regions but in the near-equilibrium ones as well. However, in the
case of the two hydrogen-abstraction product channels, the errors
exceed 1 kcal mol™" at only four cases from a total of 983 (where
both methods give a composite energy). On the contrary, in the reac-
tant channel, the errors are above 10 kcal mol™! in the 0-20 kcal
mol™" region for 95.15% of the geometries. Moreover, the abso-
lute difference between the potential energies obtained with the two
approaches is below 1 kcal mol™" for only 4.30% of the structures in
the reactant region, as Table I shows, while for the other six cases
(abstraction product, TS, and MIN regions), this difference is within
1 kcal mol™" for more than 99% of the geometries. Besides the fact
that the computations converge to the correct electronic state with
the use of ManyHF, it is also obvious that the rate of successfully per-
formed calculations increases (Table I). The previous reasons justify
that the energy points are determined for the PES development using
the ManyHF-based composite method.

D. Potential energy surface development

After the single-point energy calculations at the random dis-
placed geometries, the initial set contains 8693 components, which
decrease to 7393 after the removal of the chemically irrelevant
points, which have more than 200 kcal mol~! energy relative to the
global minimum of the set. The database is fitted with a fifth-order
permutationally invariant polynomial.”® Considering that the title
Cl + CH3NH, system contains five hydrogen atoms, it is expected

ARTICLE pubs.aip.org/aipl/jcp

TABLE I. Comparison of the success percentage of the default HF-based?® and
ManyHF-enhanced2¢ quantum chemical computations for the regions of the reactants
and the two hydrogen-abstraction pathways.

Default HF (%)" ManyHF (%)" Identity (%)
Cl + CH3NH,; 73.20 94.60 4.30
HCI + CH,NH, 97.20 100.00 99.38
HCI + CH3;NH 99.40 100.00 99.80
CH; HA MIN 99.20 100.00 99.19
CH; HA TS 92.00 100.00 96.96
NH,; HA MIN 100.00 100.00 99.60
NH,; HA TS 97.20 99.60 99.17

*Percentage of the successfully completed default HF-based (with MOLPRO 2015.1)*
composite energy calculations for the random displaced geometries.

®Percentage of the successfully completed ManyHF-based”® composite energy calcula-
tions for the random displaced geometries.

“Percentage of the less than 1 kcal mol™" absolute difference between the potential
energy values obtained as a result of successfully executed calculations in both cases.

to use a function that is invariant under the permutation of these
H atoms. Therefore, a permutationally invariant full-dimensional
extension of the y;; = exp(-r;j/a) Morse-like variables is used, where
rij indicates the inter-atomic distances. The a parameter is set to 2.5
bohr, which controls the asymptotic behavior of the PES. The fit-
ting coefficients are determined by a weighted linear least-squares
fit, where each geometry is weighted with

Ey E,

w(E) = . )
() E+E0 E+E1

2

where E is the potential energy of the geometry relative to the min-
imum of the dataset and Eqg and E; are set to 0.1 and 0.5 hartree,
respectively. However, the resulting initial potential energy surface
has a significant degree of inaccuracy; thus, the ROBOSURFER pro-
gram package’* developed in our research group is applied to handle
this.

The concept of this program system is that the accuracy of
the potential energy surface is improved by automatically adding

Reactants HCI + CH,NH, HCI + CH;NH
120 60 7
o % o (1) 1 ] °
° -
100 . 50 - s 6
. ° 1 5
35 [J 40 4 ° ]
£ 1 4-
t_g 30 1
< 1 4]
5 20-_ 5]
L 104 1]
] i °
0 B e L 0 e et
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FIG. 1. Absolute errors of the default HF-based?> composite energies as a function of the ManyHF-based?® composite energies relative to the free reactants for the
Cl + CH3NH, entrance-channel geometries (left) and relative to the free products for the methyl (middle) and amino (right) hydrogen-abstraction pathways.
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selected energy points to the fitting set, where the fitting error is
above a threshold (Etnresh) set by the user. These new data points are
extracted from QCT simulations during the development iteratively.
In this work, these QCT computatlons are carried out at collision
energies (Ec) i 1n the 10-80 kcal mol™ range, where the increment
is 10 kcal mol™!. In each iteration at each E.., the trajectories are
run at 0-8 bohr impact parameter with 0.5 bohr step and when the
number of unphysical trajectories (which cannot be classified to any
energetically available reaction channel) is decreased, the collision
energy is increased and the next iteration is started. With this strat-
egy, finally, the 74th version of the PES has been accepted to be the
final, which contains 10 326 points.

As in the PES characterization article” reported in more
detail, the energy lowering caused by the relativistic spin-orbit
(SO) coupling must be taken into account for the title open-shell
system in order to achieve chemical accuracy. The Davidson-
corrected™ all-electron multi-reference configuration interaction
method® (MRCI+Q) is used combined with the aug-cc-pwCVDZ
basis set** and applying the interacting-states approach.”> During
the MRCI computations, 5 electrons on 3 spatial 3p-like orbitals
are used as an active space. The SO effect is calculated as the dif-
ference between the SO; and the non-SO; ground-state potential
energies, i.e., Aso = Eso1 — Enon-so1, and added to the single-point
energies,

NH, HS TS *

[#1 4806147042
I @ / \ —~ -3

- / 42 77(45.34)

J/CH: HS TS FS
36.55(36. 59

MS TS / 34.64(32. 25)

./ 1.74(31.42

ASTSW
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Ecomposite + Aso (MRCI+Q(5,3) /aug-cc-pwCVDZ). (3)

In the case of 14 geometries, the multi-configurational self-
consistent-field (MCSCF) method did not converge; therefore,
the final coefficients forming the basis of the reaction dynamics
simulations are determined on a dataset containing 10 312 points.
A measure of the potential energy surface quality is the root-
mean-square (rms) error of the fitting, which is within the chemical
accuracy in the most relevant region for this multi-channel reac-
tion, since the rms values are 0.77, 1.45, and 2.29 kcal mol™" at the
0.00-62.75, 62.75-125.50, and 125.50-313.75 kcal mol™! intervals,
respectively, which are defined relative to the global minimum of
the dataset. (Note that the initial dataset was truncated at 200 kcal
mol ™!, but during the ROBOSUREER iterations, higher-energy points
were added even above 313.75 kcal mol_l.) Meanwhile, the poten-
tial energies of the stationary points relative to the reactants are
determined at the PES-optimized geometries and compared with
the benchmark classical relative energies” (see Sec. II A), as shown
in Fig. 2. Based on the rms values, the most accurate region of the
PES is around —15 to 48 kcal mol™", relative to the reactants. Nev-
ertheless, in the case of a few high-energy stationary points, the
agreement of the benchmark and the PES values is excellent. For
example, for the Walden-inversion transition state of the methyl
hydrogen-substitution (CHs HS TS W) and amino-substitution (AS
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FIG. 2. Schematic potential energy diagram of the title reaction, where in addition to the CCSD(T)-F12b/aug-cc-pVTZ structures, the benchmark classical potential energies
(detailed in Sec. |l A, taken from Ref. 23) and the potential energies obtained at the newly developed PES-optimized geometries are shown relative to the reactants. The
asterisk denotes the PES potential energy obtained at the CCSD(T)-F12b/aug-cc-pVTZ geometry. All energies are given in kcal mol=".
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TS W) or the MIN complex of the amino hydrogen-substitution
pathway (NH; HS MIN), the absolute differences are only 0.04, 0.32,
and 0.44 kcal mol™}, respectively. Furthermore, the PES describes
within chemical accuracy the two structures with the deepest poten-
tial energy relative to the reactants, which may play a significant role
in the dynamics: |AEpgs — AEpenchmark| = 0.83 and 0.49 kcal mol ™! for
CH; HA MIN” and PREMIN, respectively. Despite the fact that in
some cases, the PES values have slightly larger deviations compared
to the benchmark results, the absolute average deviation is 1.04 kcal
mol~! for all stationary points, which can be considered accurate
for such a complex multi-channel reaction. Here, it is important to
note that the comparison of the PES and the high-level benchmark
energies shows the “absolute accuracy” of the PES and the deviations
arise from both the fitting errors and the uncertainties of the ab initio
level used for the PES development.

I1l. QUASI-CLASSICAL TRAJECTORY SIMULATIONS

On the newly developed potential energy surface, quasi-
classical trajectory simulations are run. As ordinarily applied in
the QCT method, at the beginning of the trajectories, the ini-
tial vibrational energy of the system is set to the ground vibra-
tion state by giving ZPE to the molecular reactant applying the
normal-mode sampling.”® The distance between the Cl atom and the

CH3NH; molecule is adjusted with the \/ 2+ v expression, where
x = 18.90 bohr and b is the impact parameter. The latter is varied
between 0.0 and bmax (or above) with 0.5 bohr steps at each Ecop = 1,
5,10, 20, 30, 40, 50, and 60 kcal mol™', where biay is reached when
zero reaction probability occurs. The number of trajectories is 5000
at each E, and b. The trajectories are propagated with 0.0726 fs
time step and stopped when the largest interatomic distance is higher
than the initial largest one by 1 bohr.

IV. RESULTS AND DISCUSSION

The reaction dynamics results are obtained from the analy-
sis of the trajectories of the QCT simulations. The first step of

ARTICLE pubs.aip.org/aipl/jcp

ones are assigned to the appropriate reaction channels. Unphysi-
cal means that the reaction cannot be classified as either reactive or
non-reactive, i.e., energetically not allowed products are obtained.
(The number of unphysical trajectories is negligible in the collision
energy range of 1-60 kcal mol™'.) Representing the reaction prob-
ability as a function of the b impact parameter gives the opacity
function [P(b)], and the b-weighted numerical integration of this
provides the integral cross section (o) data. Based on the latter, the
two hydrogen-abstraction pathways are selected for a more detailed
investigation since the other channels have negligible o against
these two. The H-substitution from the methyl-group, the amino-
substitution channel, and the H-substitution from the amino-group
open at E. = 30, 40, and 60 kcal mol ™, respectively, but at the
highest 60 kcal mol™" collision energy used in our simulations, the
o is only 0.0405, 0.0082, and 0.0003 bohr? for these cases. Mean-
while, the two abstraction pathways occur at all collision energies
used for the simulations in this work and the cross section val-
ues are significant as well, see below. Therefore, in the following,
the results are reported only for the reactions resulting in the HCI
+ CH,NH,/CH;3NH products, including the attack and scattering
angle distributions, the post-reaction distributions of energy, and
the rotational quantum number (J) distributions of the HCl product.
For the latter and for the integral cross sections (ICSs), soft and hard
ZPE constraints are applied, where the following conditions must be
fulfilled for the vibrational energy and ZPE of products in order not
to reject a trajectory:

Soft: Eyp, (CHzNHz) + Evip (HC])

> ZPE(CH,NH,) + ZPE(HCl)  (CH; HA), (4)

E.in (CH3NH) + Ey;, (HCI)

> ZPE(CH;NH) + ZPE(HCl)  (NH, HA), (5)

Hard: Evib(CHzNHz) > ZPE(CHzNHz) and

Eu(HCl) > ZPE(HCl) (CH;HA),  (6)

this investigation is the classification of each trajectory into reac- Euip(CHsNH) > ZPE(CH;NH)  and
tive, non-reactive, or unphysical categories; moreover, the reactive Es(HCl) > ZPE(HCl)  (NH, HA). (7)
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80 —e— CHg HA —o— NHp HA CHg HA —E =1 Egon=30| NH, HA
] —e— CHg HA soft NHy HA soft 04 — Egy=5 —— Eq =40
70 —0— CHg HA hard NHy HA hard : —— E gy =10 — Eog = 50
N’: S 0.3+ \ |l = Econ=20 Egol =60
5 Q
= 0.2 -
o
0.1 1
0 T T T T T T 0-0 T T T T T
0 10 20 30 40 50 60 0 2 4 6 8 10 12
E_. (kcal/mol) b (bohr) b (bohr)

FIG. 3. Integral cross sections as a function of the collision energy for the two functional-group hydrogen abstractions for the Cl + CH3NH, reaction, with and without
zero-point energy restrictions (left). Reaction probabilities as a function of the impact parameter at eight different collision energies, given in kcal mol=!, for the methyl
hydrogen-abstraction channel (middle) and for the amino hydrogen-abstraction channel (right).
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In the soft case, the trajectory is taken into account if the sum of the
zero-point energies of the products has a smaller value than the sum
of their vibrational energies. These conditions must be valid for each
product separately in order for the trajectory to be acceptable in the
hard approach.

A. Integral cross sections and opacity functions

The opacity functions are represented in Fig. 3 at the eight col-
lision energies (1, 5, 10, 20, 30, 40, 50, and 60 kcal mol_l) applied
in the QCT simulations. It is obvious that the hydrogen abstraction
occurs more frequently from the methyl group, which is expected
from the thermodynamic conditions, since this is an exothermic
pathway, and from the statistics due to the number of hydrogens.
For example, the reaction probability of the methyl H-abstraction
is 14.0 times higher than the amino H-abstraction at 30 kcal mol ™
collision energy and 1 bohr impact parameter and 14.4 times at

ARTICLE pubs.aip.org/aipl/jcp

40 kcal mol™ and b = 2 bohr. These ratios are slightly large espe-
cially that CH3 HA has a ~4 kcal mol™! barrier, while the NH, HA
is a submerged-barrier pathway. The lower reactivity of the NH,
hydrogens can be explained by the non-bonding electron pair of the
nitrogen atom, which steers the reaction to the non-reactive PRE-
MIN complex in the entrance channel, where the chlorine atom
binds to the methylamine from the amino-group. The maximum
value of b (bmax, where the probability vanishes) decreases as the
collision energy increases from about 10 to 7 bohr in both cases
in accordance with the presence of long-range interactions, which
can prevail at low collision energies. The impact parameter generally
affects the shape of the curves in the way that the probability does
not change significantly in the 0-6 bohr interval and then abruptly
drops. However, instead of a near constant phase, peaks close to
the bmax value are formed as the collision energy increases, which
indicates a mechanism shifting to the direct stripping, which can be
seen as well in the later discussed scattering angle distributions and
translational energy distributions.
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Integral cross sections as a function of the collision energy are However, for the other reaction where a slightly low positive barrier

shown in Fig. 3 as well, considering the ZPE constraints defined exists, this behavior may be explained by the artifacts of the clas-
by Egs. (4)-(7). The preference of the methyl hydrogen-abstraction sical simulations, where the ZPE can flow between the vibrational
pathway can also be seen here because without the restrictions at modes whose effects may allow reactivity at lower collision ener-
1 kcal mol™ collision energy, the o is 84.07 bohr® for this chan- gies than the adiabatic barrier height. Nevertheless, it is important
nel and 29.86 bohr® for the abstraction from the amino-group, and to note that future quantum dynamics computations, where tunnel-
the o is 40.69 and 5.20 bohr?, respectively, at Ec, = 60 kcal mol ™. ing can facilitate reactivity at low Ecoy, may support the decaying
Note that the experiment found almost equal reactivity for the two excitation function. The decrease in the ICS caused by the soft con-
hydrogen-abstraction channels at E.o of ~5 kcal mol™,* whereas straint is around 10% for the CHj; abstraction, which increases to
the present simulations show an enhancement of CH3 HA rela- ~70% for the hard case at low collision energies and ~60% at high
tive to NH, HA by a factor of 2.65 at this E,. With increasing collision energies. The ZPE violation is more significant at low colli-
collision energy, the ICS is decreasing for both reaction channels. sion energies for the NH, abstraction pathway, as it can be seen that
For the amino-hydrogen substitution pathway, this is expected since the constrained ICS is less than the no-constraint data by 81.63% and
the relative energy of the stationary points is below the reactants. 97.49% at E.op = 1 kecal mol ™ in the soft and hard cases, respectively,
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FIG. 5. Normalized internal (first row), vibrational (second row), and rotational (third row) energy distributions of the CH,NH, product formed by hydrogen-abstraction from
the methyl group (a)—(c) and of the CH3NH product formed by amino-hydrogen abstraction (d)—(f) at eight different collision energies (kcal mol~"). Vertical lines indicate the
zero-point energy values of the molecules.
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whereas these effects are only 28.35% and 63.22% at E, = 60 kcal
mol L.

B. Attack angle, scattering angle, and product relative
translational energy distributions

The initial attacking orientation leading to the hydrogen-
abstraction reactions is investigated by the examination of the angle
(a) of the center of mass velocity vector of the reactant molecule and
the interatomic N-C vector. As Fig. 4 shows, the cosine of the a val-
ues is assigned to one of ten bins equidistant in the —1 to 1 range.
The inserted figure of the methylamine visualizes that if a equals to
0° [cos(a) = 1], the chlorine approaches the molecule from the CH;
group side in line with the C-N bond and Cl approaches CH3NH,
from the NH, group side when a = 180° [cos(«) = —1]. Differen-
tial cross sections (DCSs) as a function of cos(«) show directional

ARTICLE pubs.aip.org/aipl/jcp

preferences, as the reactant atom abstracts the hydrogen from that
functional group wherefrom the chlorine attacks. The attack-angle
distribution of NH, HA [Fig. 4(d)] has more significant collision-
energy dependence than the other pathway [Fig. 4(a)]. At higher
Eo11, the distribution is more isotropic, as the decrease in the DCS
is modest in the -1 to 0 range, indicating that side-on attack can
occur as well; despite this at Eco; = 1 and 5 keal mol~}, the descent is
more rapid.

The scattering angle (6) is defined as the angle of the relative
velocity vectors of the center of masses of the products and reac-
tants. The binning of the cosine 8 is implemented as previously
described for cosine « (ten bins in the —1 to 1 range). The 8 = 0° case
[cos(0) = 1] corresponds to the forward-scattering, and 6 = 180°
[cos(0) = —1] defines the backward-scattering. With increasing col-
lision energy, the mechanism shifts to direct stripping more and
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0.12 0.15
0.104 — Eai=1 Eeon =30 D
’ — Ecol\ =5 — Ecol\ =40 0.12+
_ 0.08- T Beq =10 = £y = 50
LL'IE - E_, =60 0.09
- 0.06- ;
® \ A 0.061
0.04 4
0.02 4 0.03
0.00 T T T 7 T 0.00 T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
E, ., (kcal/mol) E;; (kcal/mol)
0.21 0.28
B E
0.18+ 0.24 4
0.154 0.20
gl
w 0.124 0.16
e
g 0091 ) 0.12-\
©
0.06- 008{ N\
0.03 0.041
0.00 ; = 0.00 —— —
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
E,i, (kcal/mol) E,i, (kcal/mol)
0.35 0.40
\ C . F
0.304 \
0.32
0.25+
LLI§ 0.204 0.24
R
_8 0.154 0.164
0.104
0.08 4
0.05 1
0.00 \,- ; Y 0.00 . — —
0 5 10 15 20 0 5 10 15 20 25
E, ot (kcal/mol) E, ot (kcal/mol)

FIG. 6. Normalized internal (first row), vibrational (second row) and rotational (third row) energy distributions of HCI formed by hydrogen-abstraction from the methyl group
(a)~(c) and from the amino-group (d)—(f) at eight different collision energies (kcal mol~"). The vertical lines indicate the zero-point energy value of the HCI molecule.
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more for both channels, where the forward-scattering occurs [see
Figs. 4(b) and 4(e)], in consistent with the statements expressed for
the reaction probabilities. This mechanism is also preferred at lower
Econ, but the scattering is more isotropic in these cases, which indi-
cates indirect characteristic at low collision energies especially in the
case of abstraction from the methyl group, where a prolonged rise in
the shape of the curves can be seen.

The relative translational energy (Eians) distributions of the
reaction products (HCI + CH,NH,/CH3NH) at the eight collision
energies used for simulations are investigated as well [Figs. 4(c) and
4(f)]. The maximum of the curves appears where the Eirans is around
the applied collision energy, which reveals an efficient translational
energy transfer from the reactants to the products. The plotted cross
sections show that the peak of the curves drifts from the lower Erans
forward to higher Eirns with increasing collision energy. This sup-
ports our claims about the mechanism shifting from the indirect to
the direct since during the former, complexes are formed and the
separated products have less translational energy than in the case of
the direct reaction.

ARTICLE pubs.aip.org/aipl/jcp

C. Internal, vibrational, and rotational energy
distributions

The collision energy set at the beginning of the simulations
can transfer to the relative translation of the products, as described
above, or to the products’ internal degrees of freedom. The internal
energy (Eint) can be separated into vibrational (E.y,) and rota-
tional (Ert) parts using a classical rigid rotor approximation for
Eiot, and then, E., is obtained as Ein¢ — Erot. In the case of the
title reaction, the internal energy transfer is less efficient than the
translational as it can be seen in Figs. 5 and 6 since the internal
energies that correspond to the peaks are in a narrow interval for
all E.o values and do not change with E., as much as in the case
of Egans. The internal energy distributions of the CH,NH, prod-
uct [Fig. 5(a)] are clearly hotter (peaks are in the 40-45 kcal mol™!
range) than those of CH3;NH [peaks are in the 33-35 kcal mol™!
range; see Fig. 5(d)], and the ZPE violation is less significant, which is
expected as the methyl-hydrogen abstraction is a more exothermic
reaction channel. Moreover, the shape of the curves changes more
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with the collision energy increase for CH,NH, than for CH3NH,
which originates from the rotational energy of the molecule. In
the case of these two molecules, the vibrational energy [Figs. 5(b)
and 5(e)] is much hotter than the rotational energy [Figs. 5(c) and
5(f)], in contrast to the HCI vibrational and rotational distribu-
tions, which have a fairly similar scale. The zero-point energy of
the HC] molecule is 4.32 kcal mol™" (obtained on the PES), which
is comparable with the internal energy corresponding to the highest
DCS values, resulting in significant ZPE violation (see Fig. 6), which
can be explained by the moderate exothermicity of these reaction
channels.

D. Rotational quantum number value distributions

The rotational quantum number (J) values are determined
for the product HCI of the amino- and methyl-hydrogen abstrac-
tion channels at the eight collision energies as well. The soft and
hard ZPE constraints are also taken into account, and the nor-
malized distributions are plotted in Fig. 7. The difference between
the CHs HA [Figs. 7(a)-7(c)] and the NH, HA [Figs. 7(d)-7(f)]
plots is slight since the most populated levels are J = 3-6 for
both channels, but for the methyl-group reaction, the distribu-
tions are smoother due to the better statistical accuracy. With
the rejection of the ZPE-violating trajectories, the curves decay
more rapidly for both cases. Applying selective deuteration, exper-
iments suggest that CH3 HA results in rotationally hotter HCI
products than NH, HA,* which is not confirmed by the present
simulations. Nevertheless, the computed CHj-site specific HCI dis-
tributions agree well with experiment, and the difference is in the
NH, HA results, where the measured distribution is significantly
colder.

In this study, non-constrained, soft and hard distributions of
the J values for the ground vibrational state (v = 0) of HCI are
investigated without distinguishing the two hydrogen-abstraction
pathways in order to directly compare our data with the experi-
mental results measured by Orr-Ewing and co-workers.” In Fig. 8,
the experimental and theoretical values are represented together,
where the latter results are obtained at E.oy = 5 kcal mol™!. The
normalization is performed from J = 0 to 8 due to the limits in
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FIG. 8. Theoretical (Eo = 5 kcal mol=") and experimental* normalized rotational
quantum number (J) value distributions (non-site-specific) for the v = 0 vibrational
state of the HCI product originating from the two hydrogen-abstraction pathways.
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the experimental signal-to noise ratio; however, as we described
above (Fig. 7), higher J levels exist. The distributions determined
in this work are shifted toward higher rotational quantum numbers
in contrast to the experimentally obtained results. The measured
HCI(J) distribution of the title reaction is similar (peak at J = 1) to,
albeit slightly hotter than, that of Cl + CHy4/ C,Hg;”*° however, the
present agreement between theory and experiment is surprisingly
not as impressive as in the case of the Cl + CH4/C,Hg systems,]iw
even if the applied level of theory is basically the same. Neverthe-
less, it is important to note that based on the site-specific results
discussed above, theory and experiment are in good agreement
for the CHs; HA channel and the contradiction arises from the
NH; site. To quantitatively support this conclusion, we have com-
puted the average rotational energy of the HCI(v = 0) product at
E.on = 5 kcal mol ™!, which is 2.08, 1.85, and 2.01 kcal mol~" in the
case of CH3-, NH;-, and no site specificity, respectively, in reason-
able agreement with the measured CH3-specific energy (1.43 kcal
mol™!) and substantially overestimating the NH;- (0.35 kcal mol ™)
and non-specific (0.65 kcal mol™") experimental data.’

V. SUMMARY AND CONCLUSIONS

Based on our previous ab initio mapping of the potential energy
surface of the multi-channel Cl + CH3NH, reaction,”’ automated
full-dimensional PES development is performed using the ROBO-
SURFER program system”* and the permutationally invariant poly-
nomial method.”® We have found that a HF convergence issue in the
entrance channel makes the PES development practically impossible
with default settings in MOLPRO 2015.1;>> however, our in-house
ManyHF method” provides a solution to the problem, allowing
accurate ab initio computations with a single-reference method.
Thus, the fitted energy points used for the PES development are
computed with a high-level ManyHF-based coupled-cluster-quality
composite energy approach and the final fitting set is complemented
with spin-orbit correction. The newly developed potential energy
surface describes the stationary points of the reaction pathways with
appropriate accuracy opening the door to quasi-classical trajectory
simulations. From the analysis of the QCT results, it turns out that
the most reactive channels are the hydrogen-abstractions from the
functional-groups leading to the HCI + CH,NH,/CH3NH products;
hence, the more detailed reaction dynamics investigations are car-
ried out for these channels. Besides the fact that the preference of the
methyl-hydrogen abstraction is revealed, the integral cross sections
show that both reactions have exothermic barrier-less characteris-
tics and the ZPE violation is significant, especially with the hard
constraint in the CH3z HA case. With the reaction probability rep-
resentation as a function of the impact parameter, the dominance of
the direct stripping mechanism at high collision energies is uncov-
ered and supported by the scattering angle and translational energy
distributions of the products. The methyl-side attack of the chlo-
rine atom is favored for the methyl-hydrogen abstraction, and if Cl
approaches the methylamine from the opposite direction, the hydro-
gen of the product HCI mainly originates from the amino-group,
as it is expected and verified by the initial angle distributions. As
from the post-reaction energy distributions can be seen, the energy
transfer from the reactants to the relative translational energy of the
products is more efficient than to their internal energy. The vibra-
tional and rotational energies of HCI can be assigned to similar
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scales, which cannot be claimed about the co-products. In addition,
the Eyj, and Eyo distributions of the co-products CH,NH,/CH3NH
show more significant collision-energy dependence. In the case of
the HCI product, the rotational quantum number (J) value distri-
butions are determined with no-, soft, and hard ZPE constraints;
moreover, the values (assigned to v = 0) obtained at E., = 5 keal
mol™' are compared to the experimental data. Despite the simi-
lar methodology, the agreement between theory and experiment is
not as good in the present case than for the Cl + CH4/C;Hs sys-
tems, warranting future investigations on the dynamics of the title
reaction.

SUPPLEMENTARY MATERIAL

See the supplementary material for PES codes (Ref. 26).
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