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ABSTRACT

This work is an extensive investigation of the F + CH3NH, reaction dynamics using a newly-developed potential energy surface (PES). The
full-dimensional spin-orbit (SO) corrected (MRCI+Q/aug-cc-pwCVDZ) PES is developed by the ROBOSURFER program package and the
ManyHF method is used in order to fix the Hartree-Fock (HF) convergence issues in the entrance channel. On the surface, retrieved by
the fitting of the iteratively extended set of the ManyHF-CCSD(T)-F12a/triple-zeta-quality and SO-corrected energy points, quasi-classical
trajectory (QCT) simulations are run. By analyzing the opacity functions and integral cross sections (ICSs) of six reaction channels, the
dynamics of the two most reactive hydrogen-abstraction reactions resulting in HF + CH,NH,/CH3NH products are selected for a thorough
examination. Despite the statistically and thermodynamically expected results, the kinetically preferred amino hydrogen-abstraction is the
dominant mechanism at low collision energies. The initial attack angle and scattering angle distributions are investigated as well. The post-
reaction energy distributions show that the collision energy mostly converts into the translational energy of the products, while the reaction
energy excites the vibration of the products. The computed vibrationally resolved rotational distributions and vibrational state distributions
of the HF product are compared to experimental data, and the theory and experiment are found to be in good agreement.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191398

I. INTRODUCTION pared. For example, in an old work, the vibrational branching for
the HF product of the F + H,O — HF + OH reaction was obtained
theoretically by direct dynamics computational simulations’ in
accordance with the experimental crossed jet reactive scattering

dynamics.” Since dynamics simulations require the determination

The experimental investigation of the dynamics of the reac-
tion of the F atom with molecules' ' continues to encourage

. . 2-20 .
the performance of theoretical studies,”” > which can serve as a

¥2:95:G1 ¥20z Aeniged ¢

supplement to the experimental results. In the field of molecular
dynamics, the collaboration between the experimental and theoreti-
cal approaches stands as a cornerstone for unraveling the intricacies
of reaction dynamics and provides an understanding. Thorough
experimental measurements accomplished by refined laser and high-
resolution crossed molecular beam techniques can be compared
to the most advanced-level theoretical quantum dynamics stud-
ies.”! Besides the various parameters that can be obtained by both
approaches, most frequently the energy partitioning, the vibrational
state distributions, or angular distributions of products are com-

of a huge amount of potential energy and gradient calculations, the
available accuracy of direct dynamics is not satisfactory in some
cases. Another common method of the description of the dynam-
ics is the construction of an accurate potential energy surface (PES)
by fitting analytically a database of high-quality ab initio energy
points. This latter approach was used for quasi-classical trajectory
(QCT) simulations for the F + NH3/ND;3 systems by Espinosa-
Garcia and Monge-Palacios'* enabling the comparison of the energy
partitioning, vibrational populations, and scattering angle distri-
butions for the HF and DF products with experiments.”® The
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PES-based QCT simulations have been applied for larger F + CHy4
and F + C,Hs systems as well,'*'® where the obtained HF vibra-
tional and rotational populations are in excellent agreement with
experiments.’—‘”

In addition to the reactions of fluorine atom with the above-
mentioned molecules, methylamine (CH3NH;) with two functional
groups is also a good reactant candidate from the point of view
of the reaction dynamics study. The present comprehensive theo-
retical investigation of the F + methylamine dynamics, in addition
to expanding our knowledge of such systems, is motivated by the
fact that an analytical PES cannot be found for this reaction in the
literature, while the dynamics of the two hydrogen-abstraction reac-
tion channels have already been studied experimentally.'”'' Before
our exhaustive PES characterization of the title reaction covering
six reaction channels,”” Schaefer and co-workers'’ also revealed
theoretically the stationary points of the two hydrogen-abstraction
reactions. The present study provides a CCSD(T)-F12a/triple-zeta-
quality global full-dimensional analytical potential energy surface,
which serves as a basis of the dynamics analysis. For the chal-
lenging PES development, we use the ROBOSURFER program pack-
age,” of which outstanding efficiency has been proven by several
previous studies conducted by our research group,”** and the
ManyHF method.”” This latter is required in order to eliminate
the Hartree-Fock (HF)* convergence problem occurring in the
entrance channel avoiding the use of the multi-reference configu-
ration interaction (MRCI) method®' (which provided a solution for
the same issue in the case of the F + C,Hg system'?). This prag-
matic automated method was successfully applied to the dynamics
analysis of the Cl + CH3;NH, reaction as well* to solve the HF prob-
lems in the reactant region. With the above-mentioned approaches,
in addition to the useful results retrieved from the QCT simulations,
we successfully compared the experimental data'”'" with theoretical
ones for the first time for the hydrogen-abstraction reactions of the
F + CH3NH; system.

Il. COMPUTATIONAL DETAILS

A. Development of the global potential energy
surface

The implemented steps during the whole PES development
process are represented in Fig. 1. For the fitting set construction,
we utilized the structures and benchmark energies of the stationary
points determined in our previous work for the F + CH3NH, reac-
tion.”” Considering the two functional groups of methylamine, the
database consists of the points in the regions of the reactants, tran-
sition states, pre- and postreaction complexes, and products of the
following channels:

1. Methyl hydrogen-abstraction (CH3 HA, leading to HF
+ CHzNHz)

2. Amino hydrogen-abstraction (NH, HA, leading to HF
+ CH3NH).

3. Methyl hydrogen-substitution (CH3 HS, leading to H
+ CHzFNHz)

4. Amino hydrogen-substitution (NH, HS, leading to H
+ CH3NHEF).

5.  Methyl-substitution (MS, leading to CH3 + NH,F).

6. Amino-substitution (AS, leading to NH, + CH;3F).
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FIG. 1. Simplified flowchart of the potential energy surface development.

Starting from the most accurate geometries determined
by the unrestricted explicitly-correlated coupled-cluster singles,
doubles, and perturbative triples (UCCSD(T)-F12b) method*”
and the correlation-consistent aug-cc-pVTZ basis set,” the
important regions are described by a random displacement
method.

The strategy is that we generate 500 structures in the entrance
and each product channel, 250 geometries for the transition states,
and pre- and post-reaction complexes by displacing the Cartesian
coordinates by 0.00-0.32 A. In addition, the species of the two-
fragment systems are scattered around each other randomly in the
3-8 A range.

The energies of the above-mentioned structures are obtained
by single-point calculations applying the UCCSD(T)-F12a level
of theory with the cc-pVDZ-F12** basis set. Moreover, consid-
ering the basis set correction, further computations are carried
out at these points by the restricted explicitly-correlated second-
order Moller-Plesset perturbation method (RMP2-F12)* with the
cc-pVDZ-F12 and cc-pVTZ-F12 basis sets as well. Because of
HF-convergence problems in the reactant region, the HF wave-
function reference for the correlation methods is chosen by the
ManyHF method; thus, the following composite energy single-
point calculations are carried out for each geometry in the
database:

Ecomposite = ManyHF-UCCSD(T)-F12a/cc-pVDZ-F12
+ (ManyHF-RMP2-F12 /cc-pVTZ-F12
— ManyHF-RMP2-F12 /cc-pVDZ-F12). (1)
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FIG. 2. Histogram of the errors of the default HF-based and ManyHF-based com-
posite energies relative to the free reactants (kcal mol~") for 350 entrance-channel
geometries of the F + CH3NH, reaction.

As described in our previous work for the Cl + CH3NH,
reaction,” in the case of the title system also, a high-energy unde-
sired excited-state wavefunction (and/or HF solution) is obtained by
default (with default settings in MOLPRO 2015.1)*° for many geome-
tries in the reactant region. This HF convergence problem in the
entrance channel may be related to the fact that three electronic
states are close to each other in this region as shown in Fig. 4 in
Ref. 22. This issue is solved by the ManyHF method that selects the
HF solution leading to the deepest energy from several HF calcu-
lations that are started from different initial orbital sets. For 350
geometries, the deviations of the composite energies obtained by
the default HF and ManyHF approaches are determined, and Fig. 2
shows the frequency of the differences. As can be seen, the AEgefauittr
— AEnanynir values can even reach 10 keal mol™'; moreover, 96.57%
of the scrutinized cases are above this. The inset in the graph shows
the 0-10 kcal mol™ interval of the difference in 1 kcal mol™ incre-
ments, where we can see that all the seven cases in this region are
above 1 kcal mol™; thus, all of the obtained deviations are over
the chemical accuracy. With the previous statements, it can be sup-
ported that the ManyHF method was indispensable for accurate PES
development.

After the single-point energy calculations at the random dis-
placed geometries, the database contains 7455 points. The chem-
ically not relevant excessively high-energy region is neglected by
discarding the geometries that have energy above 200 kcal mol™ rel-
ative to the global minimum of the fitting set. After the truncation,
the database consists of 6014 ab initio energy points. The permuta-
tionally invariant polynomial (PIP)*” method is used for the fitting,
where the maximum order of the polynomial expansion is set to five,
resulting in 5419 coefficients, which are obtained by a weighted lin-
ear least-squares fit. The weight of each point in the fitting set is
defined as

1, if E < ESlopeStart:
1+m- (E - ESlopeSlar1)3

Eo E,
E+Ey - ESlopeEnd E+E - ESlopeEnd

if E <E<E
W(E) — SlopeStart SlopeEnd>

5 if E> ESlopeEnd,

@

WSlopeEnd *
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where E is the energy of the geometry relative to the reac-
tants, Eslopestart and Eglopernd are the endpoints, m = (Wsiopeknd
- 1)/(Estopeind — Eslopestart) is the slope of the linearly decreasing
section of the weight function, and wsopegnd is the value of the weight
where the function changes from linear to non-linear. The w(E)
is constant 1 up to Egjopestart» Which is set to 35 kcal mol™}, and it
decreases linearly to 70 kcal mol ™! (Estopeend) relative energy, where
its value is equal to 0.6 (WsiopeEnd)- The Eg and E; are set to 0.1 and 0.5
Ej,, respectively, in the weight function of the highest energy region.

The quality of the PES is improved iteratively by the in-house
ROBOSURFER program package. As shown in Fig. 1, at first, the col-
lision energy is set (besides other important parameters during the
configuration of the program), which is applied during the quasi-
classical trajectory (QCT) simulations within the iterations. At the
beginning, the collision energy (Econ) is set to 10 kcal mol™!. The
PES retrieved from the database fitting in each iteration is used
for the QCT computations. In this work, ten trajectories are run
at each collision energy and impact parameter, and the latter is set
from 0 to 8 bohr with 0.5 bohr increment. The geometries obtained
from the reaction dynamics trajectories are filtered by a subprogram.
Structures that may improve the PES are selected and quantum
chemical (QC) inputs are generated automatically at the level of
theory requested by the user. After the QC calculations, the out-
puts are analyzed by the program. If none of the successfully run
cases have a fitting error above the fitting error target (here Ethreshold
equals 0.5 kcal mol™), the cycle continues with dynamics simu-
lations in order to generate new points. Otherwise, if any of the
new geometries have a larger fitting error than Einreshold, after fur-
ther filtering, the fitting set is iteratively expanded with these. Using
underdeveloped PES results in reactive, non-reactive, and unphys-
ical trajectories (where the energy of the products is not allowed)
as well because some important regions are explored insufficiently.
Therefore, by monitoring the number of unphysical trajectories, the
degree of the development can be determined. In this study, if the
ratio of these not-allowed cases relative to all trajectories is less
than or equal to 2%, we consider that the development is done at
the current collision energy. Then, the iteration is stopped, Eqy is
increased, and the iterative procedure continues. Otherwise, a new
ROBOSURFER iteration starts. For the F + CH3NH, reaction, the
development stopped at 100 kcal mol™ collision energy. The num-
ber of iterations is 47, 8, 3,1, 4, 1, 5,9, 4, and 8 at E.; = 10, 20, 30, 40,
50, 60, 70, 80, 90, and 100 kcal mol~?, respectively, i.e., 90 iterations
are needed where 4539 energy points are added to the database; thus,
the fitting set contains 10 553 geometries.

The accuracy of the resulting PES is enhanced by the consider-
ation of the relativistic spin-orbit (SO) correction coming from the
energy lowering by the fluorine atom. With the interacting-states
approach,”® where an active space of five electrons on three spatial
2p-like orbitals is used, the Davidson-corrected™ all-electron multi-
reference configuration interaction (MRCI+Q) method is utilized
with the aug-cc-pwCVDZ basis set. The final potential energy of
each point is calculated as

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

where Aso is the deviation between the SO; and non-SO; ground-
state potential energies. Finally, the coefficients of the fifth-
order polynomial are obtained by fitting the SO-corrected 10548
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FIG. 3. Schematic potential energy diagram of the six reaction channels of the F + CH3NH, reaction. The benchmark classical potential energies [obtained by Eg. (4),
taken from Ref. 22] are determined at the represented CCSD(T)-F12/aug-cc-pVTZ geometries, and the PES potential energies are obtained for the PES-optimized structures
(except the asterix labeled ones, where the PES potential energies are determined at the CCSD(T)-F12/aug-cc-pVTZ geometries), where each value is relative to the
reactants (given in kcal mol~'). PREMIN is not connected because it can perform an important role in multiple pathways.

ab initio energy points (in five cases, MCSCF convergence problems
occurred).

B. QCT simulations

The reaction dynamics of the F + CH3NH, system is inves-
tigated by the quasi-classical trajectory method using the newly-
developed PES. With normal-mode sampling,*’ zero-point energy is
given to the methylamine reactant in order to set the initial vibra-
tional energy of the system to the ground vibration state. In this
study, the number of investigated trajectories is 800 000 altogether,
which results from 5000 at each impact parameter (b) and collision
energy: 1, 5, 10, 20, 30, 40, 50, and 60 kcal mol™". The b takes values
from 0.0 to bmax with steps of 0.5 bohr, where, at bnay, the reaction
probability vanishes. The initial distance setup between the two reac-

tants is determined as \/ x> + b%, where x equals 18.90 bohr. In our
simulations, the end of the trajectory is reached when there is an
interatomic distance that is 1 bohr larger compared to the initial
largest one. The time step is 0.0726 fs (three atomic units) during
the trajectory propagations.

Ill. RESULTS AND DISCUSSION
A. Energetics of the PES

As shown in Fig. 3, we investigate four exothermic and two
endothermic pathways for the title reaction. The schematic energy

diagram represents the benchmark classical (retrieved from our pre-
vious work?’) and PES-optimized energies of the stationary points,
relative to the reactants. The former is obtained as follows:

AEpenchmark = CCSD(T)-F12b/cc-pV5Z-F12
+8[CCSDT] + 8] CCSDT(Q)] + Acore
+ Arel + 450, (4)

where the CCSD(T)-F12b/cc-pV5Z-F12 energies, the post-(T) cor-
relation energies (§[CCSDT], §[CCSDT(Q)]), the core correla-
tion corrections (Acore), the scalar relativistic effects (Ayp), and
the spin-orbit corrections (Asp) are obtained at the CCSD(T)-
F12b/aug-cc-pVTZ geometries with single-point energy calcula-
tions (detailed in Ref. 22). Considering the reactions of the
methyl and amino groups, the two hydrogen-abstraction mecha-
nisms (CH3 HA and NH, HA) leading to HF + CH,NH, and
HF + CH3NH are barrierless and these are the most exother-
mic pathways, although the CH; HA is more exothermic with a
reaction energy of —41.43 kcal mol™'. Except in the case of the
transition state of the amino hydrogen-abstraction, the absolute dif-
ferences between the benchmark energies and the PES-obtained
values of the stationary points for these channels are well below
the root-mean-square (rms) error, which is 1.07 kcal mol™! in the
[-50.83, 35.00) kcal mol™" energy region. The pre-reaction com-
plex in the entrance channel and the post-reaction complex in the
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TABLE . Integral cross sections (branching ratios) for the six product channels of the F + CH3NH; reaction (bohr?) at eight collision energies (Eq in keal mol=1).

E.on CH; HA® NH, HA" CH; HS® NH, HS* AS® MS'
1 79.664 (0.20) 325.983 (0.80) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00)
72.304 (0.40) 108.938 (0.60) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00)
10 65.761 (0.43) 86.844 (0.57) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00) 0.000 (0.00)
20 60.120 (0.46) 70.057 (0.54) 0.000 (0.00) 0.000 (0.00) 0.003 (0.00) 0.000 (0.00)
30 58.275 (0.49) 59.607 (0.51) 0.001 (0.00) 0.000 (0.00) 0.005 (0.00) 0.000 (0.00)
40 57.329 (0.52) 52.975 (0.48) 0.016 (0.00) 0.002 (0.00) 0.003 (0.00) 0.000 (0.00)
50 57.155 (0.55) 47.638 (0.45) 0.050 (0.00) 0.003 (0.00) 0.018 (0.00) 0.000 (0.00)
60 55.754 (0.56) 43.962 (0.44) 0.198 (0.00) 0.036 (0.00) 0.022 (0.00) 0.000 (0.00)

*Methyl hydrogen-abstraction.
® Amino hydrogen-abstraction.
“Methyl hydrogen-substitution.
4 Amino hydrogen-substitution.
€ Amino-substitution.
fMethyl—substitution.

product channel (the global minimum of the PES) are also well
described with 0.92 and 0.16 kcal mol™! |AEbenchmark — AEpgs| abso-
lute deviations, respectively. The amino-substitution and the methyl
hydrogen-abstraction pathways are exothermic as well; however,
they have high energy barriers. The former can proceed via Walden-
inversion (AS TS W) and front-side-attack mechanisms (AS TS
FS) with AEpenchmark(AEpEs) = 17.98(17.00) and 36.84(38.13) kcal
mol ™", respectively. The relative energies of the AS FS and the amino
hydrogen-substitution (NH, HS) transition states are in the [35.00,
62.75) kcal mol™" energy region, where the rms error is 1.42 kcal
mol ™", With the 0.52 kcal mol ™" average absolute difference between
the AEpenchmark and AEpgs energies, we can state that the newly-
developed fifth-order analytical potential energy surface describes
the title multi-channel system excellently.

B. Reaction probabilities and integral cross sections

The dynamics of the F + CH3NH; reaction is evaluated by
analyzing the coordinates and the velocity vectors of the reactants
and products at the beginning and at the end of each trajectory.
The first step is the classification of the trajectories, where the six
reaction channels, non-reactive, and unphysical categories are con-
sidered. In Table I, the integral cross sections (o) are indicated for
the six reaction channels. The o is the b-weighted integral of the
opacity function P(b), which is the reaction probability as a func-
tion of the b impact parameter (see Fig. 4). It can be seen that the
two hydrogen-abstraction channels occur at all collision energies
applied for the dynamics simulations. Even though the CH; HS,
NH; HS, and AS pathways open at 30, 40, and 20 kcal mol™" col-
lision energies, respectively, their o values are negligible compared
to the values determined for the CH3/NH, HA reaction chan-
nels. The methyl-group substitution is not observed at any collision
energy. The negligible reactivity of the substitution channels may
be explained by their presumably narrower transition-state attack
angle range and by the fact that the HA pathways are barrierless
and much more competitive than the HS and AS channels. Due

to the low reaction probability (thus, large statistical errors) of the
substitution channels, a more detailed investigation is done for the
hydrogen-abstraction reactions. Surprisingly, the NH, HA occurs
more frequently than the CHs; HA at E.,j; < 30 keal mol ™', as the o of
the former is 4.1, 1.5, 1.3, and 1.2 times larger at 1, 5, 10, and 20 kcal
mol ™" collision energies, respectively. It can be explained by the fact
that the transition state of the former pathway has ~8 kcal mol™
deeper relative energy; however, thermodynamically and statisti-
cally (considering the number of hydrogen atoms of the functional
groups), this finding is less expected. In the case of the Cl + CH3NH,
reaction, the opposite is realized, where the methyl hydrogen-
abstraction has at least 2.6 times larger integral cross section at all
collision energies.”’ Table I also shows that this ratio is around 1:1
at E.on = 30 kcal mol™! for the title reaction and the hydrogen-
abstraction from the methyl group is slightly more favorable
beyond this.

The above-mentioned statements are reflected in Fig. 4 as well,
where the integral cross sections (ICSs) as a function of the colli-
sion energy, and the opacity functions are represented for the two
hydrogen-abstraction channels. In addition, soft and hard zero-
point energy restrictions are applied for the ICSs. In the soft case,
only trajectories that fulfill the conditions indicated by Eq. (5) or
(6) are considered, and in the hard case, Egs. (7) and (8) must be
accomplished.

Soft:

CH3 HA:Evib(CHz NHz) + Evib(HF)
> ZPE(CH,NH,) + ZPE(HF), (5)

NH, HA: Egi, (CH;NH) + Ey (HF)
> ZPE(CH3NH) + ZPE(HF). (6)

Hard:
CH3 HA: Evib ( CHZ NHz) > ZPE( CHZ NH; )
and

Eip(HF) > ZPE(HF), 7)
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kcal mol~").

NH, HA: Ey;, (CH3NH) > ZPE(CH;NH)
and

Eyi»(HF) > ZPE(HF). (8)

As both reactions have submerged barriers, it is expected that
the ICSs decrease with increasing collision energy. This effect is
more significant in the case of the abstraction from the amino group,
mainly from 1 to 5 kcal mol™" collision energies, where the ICSs
decrease to around 1/3. Due to the high exothermicity of these reac-
tions, the integral cross sections do not change significantly with the
ZPE constraints. The values change differently in the case of the
two channels. For NH, HA, ICSs decrease for soft and hard con-
straints, whereas the constraints somewhat surprisingly increase the
ICSs for the other reaction. This is because, in the CH; HA case,
the ZPE violation is less significant and the ZPE violating trajecto-
ries of both reactions are rejected, which decreases the total number
of trajectories, thereby increasing the reactivity of the CHs HA
channel.

Apart from the E,y = 1 keal mol™ results, the methyl
hydrogen-abstraction shows weak collision energy dependence, in
contrast to the amino hydrogen-abstraction, whose probability
clearly decreases with increasing E.oy (see Fig. 4). CH3 HA prefers
the nearly frontal collision, where the impact parameter is 0, and
with increasing b, a continuous decrease in the P(b) can be observed.
In contrast, the probabilities increase with b and these have maxi-
mum at higher impact parameter values in the NH, HA case, which
suggests a forward-scattering stripping mechanism at each colli-
sion energy. At lower E, there are higher bmax (where probability
is zero) values because the velocity of the reactants is lower, i.e.,
the available time allows the interactions between the two reactants
to force the correct orientation, thus increasing the reactivity. The
higher collision energies result in lower bmax values since the higher
velocity of the reactants does not allow sufficient time to attract the
reactants close to each other from a long distance and to achieve the
appropriate orientation.

C. Initial attack angle and scattering angle
distributions and energy distributions of the products

The orientation of the reactants is randomly sampled at the
beginning of each trajectory. Therefore, the distributions of the

initial attack angle of the reactive collisions are scrutinized. The «
is defined as the angle of the N-C vector and the center of the mass
velocity vector of the methylamine reactant (see Fig. 5). The cos(«)
= —1 corresponds to the attack of the fluorine atom from the side
of the methyl group in line with the C-N bond and the cos(«)
=1 case is the amino-group-side attack. All determined cos(a) values
are assigned to one of the ten equidistant bins in the —1 to 1 range.
At low collision energies, the a = 0° is not the preferred approach-
ing direction in the case of the methyl hydrogen-abstraction, as
the largest differential cross section (DCS) values are displayed at
the a = 80°-60°, 70°-50°, and 60°-45° ranges at Eco = 1, 5, and
10 kcal mol ™, respectively. At higher collision energies, the CH3 HA
favors the C-side attacking in line with the C-N bond. In the case of
the amino hydrogen-abstraction, the distributions show less depen-
dence on the collision energy, and the attack from the N atom, in
line with the C-N bond, is the most favorable in all cases. However,
at higher energies, the distributions are more isotropic and the colli-
sions are reactive even in the case of the side approach; however, for
Econ = 40-60 kcal mol™ from cos(a) = —1.0 to 0.0, the normalized
DCS values are around 0.6.

Evaluating the angle of the velocity vectors of the center of
masses of the reactants and products leads to the scattering angle (6)
distributions (see Fig. 5). The 0 is defined as 6 = 0° that corresponds
to the forward scattering and the 6 = 180° case that indicates the
backward scattering. The —1 to 1 range of cos(6) is divided into ten
equidistant bins and each obtained value is assigned to one of these
(as for the attack angle distributions). In both reactions, the forward-
scattering prevails at all collision energies, indicating a stripping
mechanism. However, at lower collision energies, the products’ scat-
tering is more isotropic (due to the complex formation), and with
increasing E, the direction preference appears; the mechanism
is more direct. By examining the animations of selected trajecto-
ries, we have observed that, at lower collision energies, the HF
product is formed along the hydrogen-abstraction pathway through
the transition state and product-like MIN complex(es); however,
the HF and CH/NH bonds alternately lengthen and shorten mul-
tiple times until fluorine finally abstracts the hydrogen. Further-
more, in the case of CH3 HA, the HF fragment often forms a
hydrogen bond with the N atom before separation. At higher col-
lision energies, after the HF bond formation, the products separate
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FIG. 5. Normalized distributions of the initial attack angle (first row), scattering angle (second row), and relative translational energy of the products (third row) determined for
the methyl (left column) and amino (right column) hydrogen-abstraction channels of the F + CH3NH, reaction at eight collision energies (kcal mol=1).

promptly. In consistent with the observation at the opacity func-
tions, where the distributions have a maximum at around the bmax
in the case of the NH, HA reaction, the preference of the forward-
scattering becomes more significant for the abstraction from
the amino-group.

In Fig. 5, the relative translational energy of the products
(Etrans) can be seen as well for the amino and the methyl hydrogen-
abstraction reactions. At each Eq, the energy region between the
minimum and maximum Egans values is divided into 2 kcal mol ™!
equidistant bins, and the relative translational energy of the prod-
ucts of each trajectory is assigned to the corresponding bin. Then, a
cross section is computed for each bin. For both reactions, the dis-
tributions have a maximum at each collision energy, which appears
at the value near the applied E., for the HF + CH,NH, prod-
ucts and at 10 kcal mol™* higher than the E in the case of the
HF + CH3NH products. This indicates that the Eirans transfers effi-
ciently from the reactants to the products. The left-to-right shifting
of the maximum of the curves with increasing collision energy
shows the previously mentioned mechanism shifting from indirect

to direct. This can be supported by the fact that, at lower collision
energies, complexes are formed and the products separate with less
translational energy, unlike in the case of the direct mechanism,
where the products have higher Eirans.

Normalized product internal (Ejy), vibrational (Ey;,), and rota-
tional (Ero) energy distributions of the CH3; HA and NH, HA
reactions can be found in Figs. 6 and 7, of which the former illus-
trates the energy distributions of the HF product of both channels,
whereas the latter refers to CH,NH, and CH3;NH. The internal
energy splitting to the vibrational and rotational energies is based
on the E determination by the rigid rotor approximation and E,
is defined as Ein; — Eror. In all cases (Eint, Evib> Erot), the binning at
each Ey is performed as described for Eirans. The collision energy
dependence of the Eiy distributions of all products is less than in
the case of the above-mentioned translation energy, suggesting a
more efficient transform from Ecoj t0 Etrans. (The average values of
the relative translational, vibrational, and rotational energy of the
products for the two hydrogen-abstraction reaction channels are
represented in Table I1.) The reactions of both methyl and amino
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FIG. 6. Normalized distributions of the internal (first row), vibrational (second row), and rotational (third row) energy of the methyl (left column) and amino (right column)
hydrogen-abstraction-formed HF molecule in the F + CH3NH, reaction at the eight applied collision energies (kcal mol="). The zero-point energy value of HF is indicated by

the vertical lines.

groups are exothermic and the released energy flows into the inter-
nal energy of the products. The AEpenchmark (AEpEs) is —33.65(—33.54)
and —41.26(-41.43) kcal mol ™" for the amino and methyl hydrogen-
abstractions, respectively, and this nearly 8 kcal mol™" difference of
the relative energies can be observed in both the Eiy and Eyy, dis-
tributions of the products. The ZPE values of HF, CH,NH,, and
CH;3NH are indicated in Figs. 6 and 7, and it can be seen that
the ZPE violations are small due to the exothermicity of the reac-
tions. A significant portion of the internal energy originates from
the vibration of the products, which is expected since the HF bond
is elongated by 0.6-0.7 A in the structures of the transition states
of these early-barrier pathways compared to the equilibrium HF
product structure. Thus, vibrationally excited products are formed.
The collision energy dependence of the internal energy distribu-
tions mainly originates from the HF vibration since the rotation is
much less dependent on E.. On the other hand, in the case of
the polyatomic products, the E.o; dependence is due to the rotation
of the CH,NH, and CH3NH molecules since the decay of the Erot
distributions is more and more extended with increasing collision
energy.

D. Rotational quantum number value and vibrational
state distributions of the HF product

The rotational quantum number value (J) distributions, i.e.,
normalized J-specific cross sections, of the HF product originat-
ing from the methyl and amino hydrogen-abstraction reactions are
investigated in this work (Fig. 8), also considering the vibrationally
resolved J distributions (Fig. 9). The results with ZPE restrictions
are not presented here since, as described above in the examination
of Eine and Ey;p,, the ZPE violation is slight for these two reaction
channels, especially for CH3 HA. (Note that we have checked the J
distributions for both channels with ZPE restrictions, but the results
have been found very similar with and without the constraints.)
The collision energy dependence of the distributions is not signif-
icant, but a modest blue shifting of the curves’ maximum can be
observed with increasing E.i. The most populated levels are in a
slightly more extended range for the CH3 HA (J = 4-7) compared
to the NH, HA (J = 3-5). In Fig. 9, the DCSs of the J values are
shown for the HF product at Ecqy = 5 keal mol™! originating from
the two hydrogen-abstraction reactions. It can be seen that, at higher
vibrational states, the rotation of the HF is not much colder, and the
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TABLE II. Average values of the relative translational (Eyans), Vibrational (E,p), and rotational (E,) energy of the products
for the methyl (CH3 HA) and amino (NH, HA) hydrogen-abstraction channels of the F + CH3NH, reaction at eight collision
energies (kcal mol~").

CH3; HA NH; HA

Evip ! Erot Eyip ! Erot

Et Ewans HF CH,NH, HF CH,NH, Euwws HF CHsNH HF CH:;NH

1 7.37 2312 46.07 3.46 3.16 13.90 13.32 39.43 3.71 4.97

8.37 24.16 47.14 3.69 3.89 17.05 14.22 39.45 3.78 4.85
10 11.24  25.59 46.92 3.72 4.85 21.08 14.98 39.13 3.84 5.03
20 17.99 27.74 46.02 3.94 6.53 28.43 16.40 39.33 4.04 5.74
30 26.00 28.58 46.02 4.17 7.61 3572 17.29 40.03 441 6.36
40 34.25 28.87 46.05 4.46 8.44 43.45 18.09 40.99 4.82 6.86
50 42.69 28.89 46.40 4.92 9.06 51.52 18.94 41.07 5.31 6.74
60 50.96 28.79 47.26 5.34 9.62 59.88 19.38 41.73 5.63 6.87

*Eyp is relative to the corresponding product minimum.
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FIG. 8. Normalized distributions of the HF product’s rotational quantum number
value (J) of the methyl (top) and amino (middle) hydrogen-abstraction channels of
the F + CH3NH; reaction and of the two channels (bottom, the HF provenance is
not distinguished) at the eight applied collision energies (kcal mol~").

rotational excitation of the molecule decreases with increasing vibra-
tional quanta (v), but the effect is not radical. The mean of the DCS
values in the J = 8-22 range is higher by 0.011 for v = 0 than for
v = 3 in the case of the CH3 HA-resulted HF and by 0.016 for the
NH,; HA-resulted HF.

The vibrational-state distributions of the HF molecule are
shown in Fig. 10 at eight collision energies for the two hydrogen-
abstraction reactions. As expected from the above-mentioned state-
ments of the elongated H-F bond in the transition states, the HF
molecule is formed in vibrationally excited states. The most pop-
ulated level is the v = 2 in the CH3; HA case (in consistent with
the observations made for the F + C,Hg reaction),'® while for the
NH,; HA reaction, the v = 0 and 1 states have the highest proba-
bility. This means that the HF product is less excited vibrationally
in the latter case (since the reaction energy released is less for NH,
HA), which is also seen in the case of vibrational energy distribu-
tions. With increasing collision energy, HF is more excited since,
in the non-site-specific case at Ecoy = 1 kcal mol™!, the most pop-
ulated level is v = 1, while at Ecy = 60 keal mol™!, the v = 2
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FIG. 9. Vibrationally resolved normalized distributions (Eo = 5 kcal mol=") of the
HF product’s rotational quantum number value (J) of the methyl (top) and amino
(middle) hydrogen-abstraction channels of the F + CH3NH, reaction and of the
two channels (bottom, the HF provenance is not distinguished).

is the most populated. The HF excitation by 1 quantum requires
~12 kcal mol™! energy; thus, the v = 4 and 5 levels are more
populated at higher E.,i and in the case of the CH3 HA, which
is more exothermic. At low collision energies, the small popula-
tions of these levels are often due to the ZPE violation of the
co-product.

E. Comparison with experiments

The vibrationally resolved rotational quantum number value
(J) distributions of the HF product produced by the methyl
hydrogen-abstraction reaction at 5 kcal mol™ collision energy are
compared to experimental data published by Wategaonkar and
Setser'! (see Fig. 11). The distinction of the two functional group
reactions is achieved by deuterium substitution of the H atoms in the
NH,-group in the experiments, resulting in CH3ND; reactant. In the
experimental article, the reported results are gained from two experi-
mental methods: fast flow reactor (FR) and arrested relaxation (AR),
where the latter data are measured by Wassell and co-workers."”
Our simulations are in good agreement with the measurements by
the AR method, but the distributions determined by the theoretical
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calculations are slightly shifted to higher J values. The finding that
the present theoretical results agree better with the AR experimental
data is expected since the arrested relaxation studies are done in an
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FIG. 12. Theoretical (Eqy = 5 kcal mol=") and experimental (Ref. 11) vibrational
state distributions (normalized to 100) of the HF product originating from the methy!
hydrogen-abstraction channel of the F + CH3;NH,(theory)/CH3ND,(experiment)
reaction.

effort to prevent experimental difficulties associated with relaxation
and secondary reactions to obtain nascent HF distributions.

In Ref. 11, the vibrational state distribution of the HF product
originating from the CH3 HA reaction was reported, enabling the
comparison with the theoretical data obtained in this work at E.oy
= 5 kcal mol™! as shown in Fig. 12. For the v = 1, 2, 3, and 4, the
experimentally determined P, values (normalized to 100) are 25 + 1,
41 £ 1,33 £ 1,and 1 + 0.2, respectively, and 37, 45, 15, and 3 are the
corresponding theoretical results. In both cases, the most populated
level is v = 2 and the least populated is v = 4.

IV. SUMMARY AND CONCLUSIONS

A full-dimensional spin—orbit-corrected PES is developed for
the F + CH3NH, reaction using the ROBOSURFER program package
and the fifth-order permutationally invariant polynomial method
for fitting. For the calculations of the ab initio energy points con-
structing the fitting set, the ManyHF method is used for handling the
HF convergence problems in the reactant region, where the default
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FIG. 11. Theoretical (Eqy = 5 kcal mol=") and experimental normalized rotational quantum number value (J) distributions for the v = 1, 2, and 3 vibrational states of the
HF product originating from the methyl hydrogen-abstraction channel of the F + CH3;NH,(theory)/CH;ND, (experiment) reaction. The FR and AR experimental results are
acquired from Ref. 11 (normalized in this work), which correspond to the data obtained by the fast flow reactor method and the arrested relaxation method, respectively. (AR

measurements were originally reported in Ref. 10.).
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HF method implemented in the MOLPRO program package deter-
mines absurdly high energies. For the development, the ManyHF-
UCCSD(T)-F12a/cc-pVDZ-F12 level of theory is applied with basis
set correction of cc-pVTZ-F12-cc-pVDZ-F12 at the RMP2-F12 level
of theory. Quasi-classical dynamics simulations are performed on
the new PES. Reaction probabilities and integral cross sections show
that the two exothermic H-abstraction pathways are the most reac-
tive of the six investigated channels. Further analysis is performed
for these two reactions, including the initial attack angle, scattering
angle, product translational energy, and post-reaction energy dis-
tributions. The first of these shows that the hydrogen-abstraction
occurs on the functional-group that is approached by the fluorine
atom in line with the C-N bond, or in the case of the methyl H-
abstraction, the side-attack is reactive as well. From the scattering
angle distributions, we can conclude that, with increasing collision
energy, the forward scattering is getting more common. Most of the
collision energy flows into the relative translational energy of the
products, and a slight amount excites the rovibrational modes. Due
to the elongated H-F bond at the transition states, and the exother-
micity of the reactions, the produced HF molecule is vibrationally
excited. The rotational quantum number value distributions of the
HF product are examined as well, where the HF ] values in the
case of the CH3-side reaction are slightly blue-shifted, but the dif-
ference between the two reactions is not significant, not even with
the vibrational state resolution. The J value distributions obtained
in this work at v = 1, 2, and 3 states for the HF originating from
the CH3 HA are in consistent with the experimental data obtained
by the arrested relaxation method. The HF vibrational state distri-
bution corresponding to the CHs-group reaction is also compared
to experimental data, and in both cases, v = 2 is the most populated
level, but some discrepancy is observed for the v = 1 and 3 levels.
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Codes (Ref. 37) and coefficients for PES evaluation.
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