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Benchmark ab initio potential energy surface
mapping of the F + CHzNH, reaction

Timea Szlcs 2 and Gabor Czako (2 *

This electronic structure study reveals four exothermic and two endothermic reaction pathways of the
F + CHsNH; system: the barrierless hydrogen abstraction from the methyl/amino group (HF + CH>NH,/
CH3NH), amino/methyl substitution (NH, + CH3sF and CHs + NH,F) and hydrogen substitution from the
two functional groups (H + CH,FNH,/CH3NHF). The benchmark classical and adiabatic energies are
obtained using a high-accuracy composite ab initio approach, where the gold-standard explicitly-
correlated coupled cluster method (CCSD(T)-F12b) is applied with the correlation-consistent polarized
valence quintuple-zeta F12 basis set (cc-pV5Z-F12) and further additive energy contributions.
Considering indispensable post-(T) correlation, core correlation, scalar relativistic, spin—orbit and harmo-
nic zero-point energy corrections, the obtained global minimum of the potential energy surface is the
post-reaction CH,NH,- - -HF complex in the product channel. Although each substitution pathway has a
high barrier, the energies of amino-substitution and methyl-hydrogen-substitution products are below

rsc.li/pccp

|. Introduction

The F + H, reaction is one of the most widely studied funda-
mental chemical processes beyond the H + H, system."® Unlike
H + H,, F + H, involves a ‘heavy’ atom, making its electronic-
structure description more challenging. Nevertheless, a high-
level ab initio potential energy surface (PES) was developed for
the F + H, system in the 1990s,® enabling quantum scattering
computations to provide deep insight into the atomic-level
state-to-state dynamics. In 2013 Schaefer and co-workers’ asked
the question, “What comes after F + H,?”. Of course, the
reactions of F with H,0,® NH;,° CH,,'>'" and C,Hy'>'® are
more complex due to the larger number of electrons and nuclei
making both the electronic structure and nuclear motion parts
more challenging. In the past few decades, significant progress
has been achieved on these systems as well, advancing our
fundamental knowledge on polyatomic reactivity.®** Thus, the
next step forward could be to replace the molecular reactant
with a molecule that has two functional groups, such as, for
example, CH;OH and CH3;NH,. Theoretical research toward
this direction has also been started, especially in the case of
the F + CH,0OH reaction.'*™*’

In the present study we focus on the F + CH3;NH, system
following the early experiments'®'® on the F + CH;ND,
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the energy of the reactants, as well as the submerged-barrier hydrogen-abstraction pathways.

reaction, which measured the HF/DF vibrational and rotational
distributions and the theoretical study of Schaefer and co-
workers,” which characterized the two hydrogen-abstraction
pathways. What comes after the previous work on the title
reaction? First, it is important to note that the previous
computations only considered the H-abstraction channels,
whereas our recent studies on the F/Cl/Br/I/OH + C,Hg>"*!
and Cl + CH;NH,/CH;CN>>?® reactions revealed several other
channels, such as hydrogen and methyl substitution, for the
reactions of C,Hg, and the picture is even more complex in the
cases of CH;NH, and CH;CN. Thus, in the present study, we
plan to characterize all the possible, chemically relevant path-
ways of the title reaction, thereby providing new qualitative
insights into the mechanisms of the F + CH3NH, process.
Furthermore, knowing the challenging electronic structure of
the reactions of the fluorine atom, we plan to use the highest
technically feasible level of theory to achieve sub-chemical
accuracy for the relative energies of the stationary points.
In 2013 Schaefer and co-workers” used the standard CCSD(T)
method with the aug-cc-pvnZ [n = 2(D), 3(T), 4(Q)] basis sets;
however, this previous work did not consider accelerating the
basis-set convergence using the explicitly-correlated CCSD(T)-
F12b method, electron correlation beyond CCSD(T), and the
effects of core correlation, scalar relativity, and spin-orbit
coupling. In the present study, we take all of the above-
mentioned corrections into account, thereby anchoring the
relative energies of the stationary points of the title reaction.
These new benchmark data will guide future PES developments
and reaction-dynamics simulations, whose results may be
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directly compared with experiments. In Section II we describe
the details of the composite ab initio computations; the results
are presented and discussed in Section III; and the paper ends
with our summary and conclusions in Section IV.

Il. Computational details

During the characterization of the potential energy surface, we
build upon previous work”**> and chemical intuition to identify
the important stationary points of the F + CH;NH, reaction. We use
the restricted open-shell second-order Moller-Plesset perturbation
theory (RMP2)** and the correlation-consistent aug-cc-pVDZ basis
set> to determine the primary geometries, energies and harmonic
vibrational frequencies. In order to refine the structures, further
optimizations are performed using the restricted open-shell Har-
tree-Fock (ROHF)-based unrestricted explicitly correlated coupled-
cluster singles, doubles and perturbative triples (CCSD(T)-F12b)*®
method accompanied with the aug-cc-pVDZ basis set. To increase
the accuracy, based on these structures thus obtained, CCSD(T)-
F12b/aug-cc-pVTZ geometry and frequency computations are per-
formed as well as further single-point CCSD(T)-F12b computations
with the aug-cc-pVQZ and cc-pvnZ-F12 [n = 2(D), 3(T), 4(Q), 5] basis
sets*” being executed by keeping the minima and saddle points
fixed at the CCSD(T)-F12b/aug-cc-pVIZ geometries.

The most accurate benchmark classical relative energies are
obtained in this work using the following expression:

AEassica = CCSD(T)-F12b/ce-pV5Z-F12 + J[CCSDT] +
5[CCSDT(Q)] + Acore + Arel + ASOy (1)

where J[CCSDT], J[CCSDT(Q)], 4core, 4res and Ago are the
additive energy corrections detailed below, which are taken
into account with single-point-energy computations at the
most-accurate CCSD(T)-F12b/aug-cc-pVTZ geometries.

To acquire the post-(T) correlation energy contributions,
unrestricted CCSD(T),*® CCSDT*’ and CCSDT(Q)*° computa-
tions - using the unrestricted Hartree-Fock (UHF) reference
and the aug-cc-pVDZ basis set — are performed using the MRCC
program suite*"** interfaced to MOLPRO.*’ The corrections are
calculated as follows:

J[CCSDT] = AE(CCSDT/aug-cc-pVDZ)
— AE(CCSD(T)/aug-cc-pVDZ), (2)

0[CCSDT(Q)] = AE(CCSDT(Q)/aug-cc-pVDZ)
— AE(CCSDT/aug-cc-pVDZ). (3)
During the computational procedures the frozen core (FC)
approach is used, where only the valence electrons are correlated.
However, the all-electron (AE) method correlates the 1s> electrons
as well in the case of the C, N and F atoms. The difference
between the energies obtained using these two concepts at the

CCSD(T)-F12b/cc-pCVTZ-F12 level of theory”*** provides the core
(core-core and core-valence) electron correlation correction:

Acore = AE(AE-CCSD(T)-F12b/cc-pCVTZ-F12)
— AE(FC-CCSD(T)-F12b/cc-pCVTZ-F12).  (4)

20250 | Phys. Chem. Chem. Phys., 2022, 24, 20249-20257

View Article Online

PCCP

Using the second-order Douglas-Kroll (DK)*® relativistic ener-
gies - computed at the AE-CCSD(T)/aug-cc-pwCVTZ-DK level of
theory*®?° — the scalar relativistic effect is defined as follows:

Arel = AE(DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK)
— AE(AE-CCSD(T)/aug-cc-pwCVTZ). (5)

The interacting-states approach®’ is used with the Davidson-
corrected®®  all-electron  multi-reference  configuration
interaction®® (MRCI+Q) method to determine the spin-orbit
(SO) coupling effect. The aug-cc-pwCVTZ basis set*® is used and
an active space of 5 electrons in the 3 spatial 2p-like fluorine
orbitals is applied. During the SO computations the diagonal
elements of the 6 x 6 SO matrix are replaced by the Davidson-
corrected MRCI energies and the SO eigenstates are obtained by
diagonalizing this matrix. Subtracting the non-SO ground-state
(non-SO,) energy from the SO ground-state (SO,) energy gives
the Ago correction:

Aso = SO;(MRCI+Q/aug-cc-pwCVTZ)
— non-SO,(MRCI+Q/aug-cc-pwCVTZ).

(6)

Considering the zero-point energy contributions (4zpg)
obtained at the CCSD(T)-F12b/aug-cc-pVTZ level of theory, the
vibrationally adiabatic relative energies are determined as follows:

AE,giabatic = CCSD(T)-F12b/cc-pV5Z-F12 + §[CCSDT]

+ 5[CCSDT(Q)] + Acore + Arel + ASO + AZPE-
7)

The computations detailed above are accomplished using
the MOLPRO program package.*’

lll. Results and discussion
1. Benchmark energies and geometries

Our computations reveal the main pathways of the F + CH;NH,
reaction. When a fluorine atom attacks a hydrogen atom at
either the methyl or amino group, this gives two different
abstraction channels, leading to the HF + CH,NH, and to
HF + CH3;NH products, respectively. During a reaction, a
hydrogen atom can be substituted as well, resulting in the
H + CH,FNH, or H + CH3NHF products for the two functional
groups. The processes for which the attacking atom substitutes NH,
(leading to CH,F + NH,) or CH; (leading to NH,F + CHj3) are also
investigated in this study. To illustrate the determined benchmark
energies of the stationary points relative to the reactants, we use the
schematic energy diagram of the seven examined reaction pathways
in Fig. 1. The classical(adiabatic) relative energy values are derived
from eqn (1) and (7) and are presented in Table 1. The key structural
parameters obtained at the three different levels of theory are shown
in Fig. 2, which provide useful information for identifying the
stationary structures of the PES.

The most exothermic mechanisms are the hydrogen abstrac-
tion (HA) reactions, with AE(AH,) = —41.26(—44.12) kcal mol "
in the case of hydrogen transfer from the methyl group and

This journal is © the Owner Societies 2022
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Fig. 1 Schematic energy diagram of the F(?Ps/,) + CH3NH; reaction’s potential energy surface, illustrating the CCSD(T)-F12b/aug-cc-pVTZ optimized
geometries and benchmark classical(adiabatic) relative energies. PREMIN is not connected because it can perform an important role in more pathways.

Table 1 Benchmark classical and adiabatic energies with auxiliary energy contributions relative to reactants (kcal mol™), obtained at CCSD(T)-F12b/
aug-cc-pVTZ geometries

CCSD(T)-F12b

Stationary points ce-pV5Z-F12¢ o[ Q) Acore” Arel® Asg’ Classical® Agpi” Adiabatic’
PREMIN —20.61 —0.20 —0.46 —0.08 +0.11 +0.37 —20.87 +1.15 —19.72
CH; HA TS’ —9.24 —0.66 —0.52 —0.12 +0.20 +0.34 —-9.99 —1.65 —11.64
CH; HA TS” —11.39 —0.54 —0.46 —0.14 +0.14 +0.36 —12.04 —2.54 —14.58
NH, HA TS —-19.31 —0.40 —0.44 —0.08 +0.10 +0.36 —-19.77 +0.07 —-19.70
AS TS W 18.37 —0.60 —0.62 +0.47 +0.01 +0.36 17.98 —1.32 16.66
AS TS FS 37.72 —1.08 —0.69 +0.53 +0.00 +0.37 36.84 —-1.32 35.52
MS TS 26.77 —-0.75 —0.63 +0.49 —0.04 +0.37 26.22 —2.24 23.98
CH; HS TS 18.30 —0.42 —0.58 +0.12 +0.11 +0.37 17.90 —3.60 14.30
NH, HS TS 37.53 —0.28 —0.52 +0.33 +0.01 +0.37 37.43 -3.79 33.64
CH; HA MIN' —48.51 —0.08 —0.22 —0.22 +0.20 +0.37 —48.46 —0.73 —49.19
CH; HA MIN” —50.80 —0.06 —0.19 —0.19 +0.20 +0.37 —50.67 —0.38 —51.05
NH, HA MIN —45.50 —0.16 —0.12 -0.01 +0.13 +0.37 —45.30 —0.99 —46.29
AS MIN W —25.42 —-0.17 —0.05 +0.30 +0.07 +0.37 —24.90 —2.91 —27.81
AS MIN FS —26.40 —-0.17 —0.05 +0.28 +0.08 +0.37 —25.90 —2.24 —28.15
MS MIN 16.03 —0.18 —0.25 +0.28 +0.04 +0.37 16.29 —3.42 12.87
CH; HS MIN —17.69 +0.07 —0.19 +0.06 +0.17 +0.37 —-17.22 —3.68 —20.90
NH, HS MIN 33.10 +0.00 —0.34 +0.23 +0.05 +0.37 33.41 —4.68 28.73
CH;NHF + H 33.47 +0.00 —0.34 +0.23 +0.05 +0.37 33.78 —5.00 28.77
NH,F + CH; 17.91 —0.16 —0.24 +0.28 +0.04 +0.37 18.19 —4.25 13.94
CH,FNH, + H —17.42 +0.07 —-0.19 +0.06 +0.17 +0.37 —-16.94 —-3.89 —20.83
CH3F + NH, —23.47 -0.17 —0.04 +0.29 +0.07 +0.37 —22.94 —3.53 —26.48
HF + CH;NH —33.92 —0.16 —-0.11 +0.07 +0.10 +0.37 —33.65 —-3.59 —37.24
HF + CH,NH, —41.38 —0.07 —0.18 —0.19 +0.20 +0.37 —41.26 —2.86 —44.12
CH, + NHF 3.77 —0.38 —0.19 +0.35 —0.05 +0.37 3.87 —3.84 0.03
NH; + CH,F —29.96 —0.15 —-0.11 +0.07 +0.15 +0.36 —29.65 —3.12 —-32.77

% CCSD(T)-F12b/cc-pV5Z- F12 relative energies. > CCSDT - CCSD(T) obtained using the aug-cc-pVDZ basis set. ¢ CCSDT(Q) - CCSDT obtained using
the aug-cc-pVDZ basis set 7 Core correlation correction obtained as the difference between all-electron and frozen-core CCSD(T)-F12b/cc-pCVTZ-
F12 relative energies. ¢ Scalar relativistic effect obtained as the difference between DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK and AE-CCSD(T)/aug-cc-
pWCVTZ relative energles f spin-orbit (SO) corrections obtained as the difference between the SO and non-SO ground -state MRCI+Q/aug-cc-
prVTZ relative energies. £ Benchmark classical relative energies obtained as CCSD(T)-F12b/cc-pV5Z-F12 relatlve energies + J[T] (b) + J[(Q)] () +

Acore (d) + Arer (€) + dso (f ). " Zero- pomt energy (ZPE) corrections obtained at CCSD(T)-F12b/aug-cc-pVTZ. * Benchmark adiabatic relative energies
obtained as classical relative energies (g) + Azpg (7).
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Fig. 2 Optimized geometries of the reactants, stationary-points and products, obtained at the CCSD(T)-F12b/aug-cc-pVTZ level of theory with the

characteristic distances (A) and angles (degree) at three levels of theory: MP2/aug-cc-pVDZ (black), CCSD(T)-F12b/aug-cc-pVDZ (blue) and CCSD(T)-
F12b/aug-cc-pVTZ (red).

AE(AH,) = —33.65(—37.24) keal mol™" for HA from the amino
group. These are followed by the substitution pathways as can
be seen in Fig. 1. We found that the CH; HA MIN” structure in

the product channel is the global minimum of the PES, where
the formed HF binds to the nitrogen atom through a 1.409 A
N---H distance. We present two transition states in the methyl

20252 | Phys. Chem. Chem. Phys., 2022, 24, 20249-20257 This journal is © the Owner Societies 2022
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hydrogen-abstraction channel, where the CH; HA TS’ has
very similar geometrical and energetic parameters to the
structure reported by Feng et al.,” but the classical(adiabatic)
relative energy is more negative by 2.05(2.94) kcal mol " in the
case of TS”. The TS’ and TS” structures differ in bond lengths by
a few hundredths of an angstrom and in angles, mainly the
plane of the C-N-H atoms relative to the plane of the C-H-F
atoms. In the entrance channel a reactant-like pre-reaction
complex with a substantial dissociation energy (De(Do) =
20.87(19.72) kecal mol ') is obtained with a C-N-F angle of
102.8°.

Amino substitution (AS) and methyl-hydrogen substitution
(CH; HS) are thermodynamically favored like the hydrogen
abstractions; however, these substitutions are kinetically not
preferred. We could identify front-side attack (FS) and Walden-
inversion (W) mechanisms in the case of amino-substitution,
where the former has a higher barrier (with 18.86 kcal mol ') as
expected. The classical relative energies of the AS MIN FS
and AS MIN W structures in the product channel differ by
1 kcal mol™', which is in accordance with the very similar
lengths of the C-N (3.366/3.185 A) and C-F (1.392/1.388 A)
bonds. The dipole-polarized-atom force-stabilized CH; HS
MIN complex has the lowest dissociation energy, D.(D,) =
0.28(0.07) keal mol ', among the product-like complexes.

The most endothermic pathway is hydrogen substitution
from the amino group, and it has the highest barrier. The exit-
channel minimum of this process is quite shallow, like in the
other HS pathway. The methyl substitution is endothermic as
well (AE(AH,) = 18.19(13.94) kcal mol™ %), but it has a lower

View Article Online

Paper

relative energy than the above-mentioned NH, HS channel
(AE(AH,) = 33.78(28.77) kcal mol ™).

2. Convergence of the relative energies

Depending on the level of theory and the basis sets, the
convergence of the relative energies is investigated. To compare
the MP2 and CCSD(T)-F12b methods, the difference between
the relative energies calculated using the same aug-cc-pVDZ
basis set can be a guide. The average absolute difference
between the results is 0.80 kcal mol™', but as shown in
Table 2, in some cases the MP2 method can seriously over-
estimate or underestimate the CCSD(T)-F12b relative energies.
An example of the former is the barrier height of AS TS W
(by 2.5 keal mol ") and the latter occurs in the case of PREMIN
(by 6.3 kecal mol™ ') or the hydrogen-substitution channels (by
3.9-5.0 kcal mol ™). We can conclude that the CCSD(T)-F12b
method is needed to achieve chemical accuracy, where the
uncertainty is under 1 kcal mol ™.

Furthermore, this study reveals the basis-set effect of the
results determined using the CCSD(T)-F12b method, compar-
ing the aug-cc-pvnZ (n = D, T, Q) and the cc-pVnZ-F12 (n =D, T,
Q, 5) basis sets. In Fig. 3 the relative energies, which are
obtained using the above basis sets, are presented relative to
the CCSD(T)-F12b/cc-pV5Z-F12 data. In the case of the aug-cc-
pVDZ and aug-cc-pVTZ basis sets, the geometry optimizations
are carried out, whereas in the other cases single-point compu-
tations are performed at the CCSD(T)-F12b/aug-cc-pVTZ
geometries. With the increasing basis set, the average
absolute deviations between the CCSD(T)-F12b/aug-cc-pVnZ

Table 2 Classical energies relative to reactants (kcal mol™), obtained at MP2/aug-cc-pVDZ and CCSD(T)-F12b with the aug-cc-pVnZ (n = D, T, Q) and
cc-pVnZ-F12 basis sets (n = D, T, Q, 5). The CCSD(T)-F12b/aug-cc-pVQZ and CCSD(T)-F12b/cc-pVnZ-F12 (n = D-5) energies are obtained at the

CCSD(T)-F12b/aug-cc-pVTZ geometries

CCSD(T)-F12b

MP2
Stationary points ~ aug-cc-pVDZ  aug-cc-pVDZ  aug-cc-pVIZ  aug-cc-pVQZ  cc-pVDZ-F12  cc-pVTZ-F12  cc-pVQZ-F12  cc-pV5Z-F12
PREMIN —27.63 —21.31 —20.63 —20.69 —20.39 —20.26 —20.54 —20.61
CH; HA TS’ -7.33 -9.14 -9.39 —9.38 —8.07 -9.00 -9.21 —9.24
CH; HA TS” —11.59 —11.45 —11.44 —11.52 —10.25 —11.10 —11.33 —11.39
NH, HA TS —17.30 —18.61 —19.38 —19.40 —18.04 —19.07 —19.27 —19.31
AS TS W 21.28 18.81 18.26 18.27 19.52 18.62 18.41 18.37
AS TS FS 39.88 38.19 37.53 37.66 38.77 37.93 37.76 37.72
MS TS 28.89 27.04 26.73 26.72 27.55 27.00 26.84 26.77
CH; HS TS 15.37 18.57 18.30 18.22 19.68 18.67 18.38 18.30
NH, HS TS 37.45 37.18 37.45 37.48 38.30 37.77 37.60 37.53
CH; HA MIN' —50.54 —48.76 —48.61 —48.68 —47.64 —48.20 —48.44 —48.51
CH; HA MIN” —53.07 —51.01 —50.93 —50.99 —49.89 —50.49 —50.74 —50.80
NH, HA MIN —46.19 —45.80 —45.62 —45.67 —44.92 —45.28 —45.45 —45.50
AS MIN W —25.23 —25.62 —25.48 —25.51 —24.91 —25.20 —25.39 —25.42
AS MIN FS —26.20 —26.62 —26.50 —26.50 —25.85 —26.19 —26.37 —26.40
MS MIN 16.33 16.09 16.00 15.98 16.71 16.25 16.09 16.03
CH; HS MIN —23.20 —18.36 —-17.71 —17.79 —16.95 —17.39 —17.64 —17.69
NH, HS MIN 28.86 32.54 33.04 33.07 33.71 33.34 33.17 33.10
CH;NHF + H 29.10 32.97 33.41 33.40 33.98 33.73 33.61 33.47
NH,F + CHj; 18.45 18.26 18.01 17.89 18.54 18.13 17.96 17.91
CH,FNH, + H —23.03 —18.03 —17.44 —17.54 —-16.77 —-17.07 —17.28 —17.42
CH;F + NH, —22.83 —23.45 —23.46 —23.54 —22.94 —23.25 —23.43 —23.47
HF + CH;NH —34.16 —33.77 —33.80 —33.98 —33.46 —33.72 —33.87 —33.92
HF + CH,NH, —42.75 —41.02 —41.19 —41.45 —40.58 —41.06 —41.32 —41.38
CH, + NHF 6.31 4.04 3.87 3.79 4.07 3.88 3.80 3.77
NH; + CH,F —-29.71 —29.77 —29.89 —30.05 —29.16 —29.65 —29.92 —29.96
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Fig. 3 Difference between the relative energies of the stationary points and products, obtained at the CCSD(T)-

-

12b level of theory with the aug-cc-

pVnZ (n = D, T, Q) and the cc-pVnZ-F12 (n = D, T, Q) basis sets compared with the cc-pV5Z-F12 basis set.

and corresponding  CCSD(T)-F12b/cc-pVnZ-F12  relative
energies are decreasing, as 0.80 (n = D), 0.29 (n = T) and
0.15 (n = Q) kecal mol . If the results that are achieved using
the cc-pV5Z-F12 basis set — used for benchmark values - are
examined, as opposed to the results obtained with the mentioned
other basis sets, we can establish that the root-mean-square
deviation (RMSD) is less for the comparison of aug-cc-pvVDZ and
cc-pV5Z-F12 (RMSD = 0.37 keal mol ™), than cc-pVDZ-F12 vs. cc-
pV5Z-F12 (RMSD = 0.82 kcal mol ). The inference is similar in
the case of the aVIZ - V5Z-F12 and the VIZ-F12 - V5Z-F12
differences, where RMSDs are 0.09 and 0.26 kcal mol ', respec-
tively. The VQZ-F12 - V5Z-F12 difference is the least, with RMSD =
0.07 kcal mol'. Thus, the CCSD(T)-F12b/cc-pV5Z-F12 relative
energies are clearly basis-set-converged within 0.1 kecal mol .

3. Energy contributions

One of the goals of this electronic-structure study is to achieve
subchemical accuracy in the relative energies of the character-
ized structures, thus auxiliary energy corrections must be
computed. As we can read from Table 1, the post-CCSD(T)
corrections are negative contributions with a few exceptions.
The four cases, where 6[CCSDT] is not negative, occur for the
hydrogen-substitution exit-channel complexes and products.
All of the absolute post-CCSD(T) corrections are in the range
of 0.00 to 1.08 keal mol ™" in the case of 5[CCSDT] and go from
0.04 to 0.69 kcal mol ' for §[CCSDT(Q)], showing that these
effects are not negligible. The largest post-(T) correlation effects
are found for PREMIN and the TSs, which may have slight
multi-reference characters as the T; diagnostic*! values between
0.02 and 0.05 also show. Nevertheless, we think that the neglected
post-(Q) effects must be small, and the present correlation treat-
ment is converged within about 0.1-0.2 kcal mol ', even for the
TSs. For the exit-channel complexes and products the T, values
are always below 0.02, indicating that the use of single-reference
wave functions is clearly adequate in these cases.

20254 | Phys. Chem. Chem. Phys., 2022, 24, 20249-20257

The sum of the energy contributions of the core correlation and
scalar relativistic effect is in the range of —0.02 to 0.52 kcal mol .
These corrections play the most significant role in the case of the
functional-group-substitution pathways, the finding of which is
supported by the fact that Aeore + Are = 0.52 keal mol ™" for the
AS TS FS, whereas this value is only —0.01 kcal mol " for the CH;
HA TS’. As this latter value shows, for the stationary points and
products of the hydrogen-abstraction channels, these effects almost
cancel each other.

The relativistic spin-orbit (SO) interactions in halogen
atoms such as F may cause energy lowering in open-shell
systems, and we have to take them into account in order to
achieve chemical accuracy. The non-relativistic *P ground state
(non-SO) of the fluorine atom splits to the ground p,,, state,
with a lower energy by 1/3¢, and to the excited >Py, state (SO;),
with a higher energy by 2/3¢ regarding the non-SO state, where ¢
is the SO splitting between the *P;,, and *Py,, states. While the
F atom approaches the CH;NH, molecule, the former fourfold
degenerate state splits into two twofold degenerate states: the
SO ground (SO;) and SO excited (SO,) states. Furthermore,
three twofold degenerate states form as a result of the splitting
of the non-SO ground state, resulting in a non-SO ground (non-
SO,) and two non-SO excited states (non-SO, and non-SO3). The
potential energy curves of these six states, for the cases where
the fluorine atom approaches the methylamine from seven
different directions, are investigated and detailed in Subsection
II1.4. The SO-coupling-instigated energy decrease of the F atom
is calculated as the difference between the asymptotic limits of
the SO; and non-SO; potential energies. In general, this results
in a SO correction of 0.37 kcal mol™", whereas Ago is 0.34/
0.36 kecal mol " for hydrogen-abstraction transition states and
AS TS W, the effect of which will be further discussed below.

The energy contribution values, as mentioned above, do not
exceed 1 kcal mol~' (one exception), whereas the effect of the
relative-energy shifting caused by the harmonic zero-point

This journal is © the Owner Societies 2022
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energy (ZPE) is more significant. For the reactant-like PREMIN
and NH, HA TS the ZPE correction is positive, but in all other
cases 4,pg is negative. The absolute correction for the products
is larger than for the TS or MIN complexes, due to the decrease
in the number of vibrational degrees of freedom in the product
channels, or, for example, for the H-substitution pathways, due
to the replacement of the high-frequency C-H/N-H stretching
modes with lower-frequency C-F/N-F bonds. For example, the
NH, HS TS has a —3.79 kcal mol™* ZPE correction, the NH, HS
MIN has —4.68 kcal mol™, and this effect is —5.00 kcal mol™*
for the CH;NHF + H products.

Considering of all the energy corrections mentioned so far,
we can compare the computed benchmark adiabatic relative
energies (obtained using eqn (7)) with the experimental data,
which are provided by the Active Thermochemical Tables
(ATcT).** The 0 K reaction enthalpy is determined by extracting
the enthalpy of formation from the ATcT database for the
reactants and products for the following three reaction path-
ways: hydrogen abstraction from the methyl group (CH; HA)
and from the amino group (NH, HA) and for amino substitu-
tion (AS), where AH, = —43.98 £+ 0.11, —37.22 + 0.12 and
—26.10 + 0.08 kcal mol™", respectively. By comparison, the
present benchmark ab initio AH, values are —44.12, —37.24 and
—26.48 kcal mol™' in order. In the case of NH, HA, the
agreement between the experimental and theoretical data is
outstanding, where the deviation is only 0.02 kcal mol .
Although for the other two pathways the differences are not
within the ATcT uncertainty determined via Gaussian
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propagation law, they are nevertheless well below the 1 kcal mol ™
chemical accuracy.

4. Potential energy curves of the F- - -CH;NH, system

As described in the previous subsection, three SO and three
non-SO states play key roles in describing the F---CH3;NH,
interaction. Representative potential energy curves, relative to
the ground non-SO; asymptotic limit, are shown in Fig. 4A,
where the fluorine atom approaches the methylamine molecule
perpendicularly to the C-N bond (CN2). At the reaction asymp-
tote, where the inter-fragment distance is large, the previously-
mentioned SO correction of about 0.37 keal mol ™" can be seen
as the difference between the energy of SO, and non-SO4, but as
the reactants approach each other, this effect drops to zero.
Fig. 4C shows this SO; — non-SO, difference for the seven
approaching directions as indicated in Fig. 4D. The decrease
in energy is not steep; it starts around at 4 A and lasts until
about 2 A, but when the fluorine atom attacks methylamine
from the side of the amino group (CN1, N1, N3), the decay
starts at around 5 A.

To investigate the reactive SO, state corresponding to the
different orientations of separation, we illustrate the potential
curves of this state in Fig. 4B. The van der Waals wells are
shallow with depths of 0.2-0.5 kcal mol " in the region of 3.0-
3.5 A, when fluorine approaches the C or N atom from the
hydrogen (C2, N2), the C atom along the line of the C-N bond
(C1) or the C-N bond perpendicularly (CN2). The wells are
deeper for the cases where F approaches methylamine from the
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(A) Potential energy curves of six states in the case of CN2 as indicated in panel D; (B and C) distance-dependence of the energy of the SO, state

(B) and E(SO;) — E(non-SO,) (C) for the seven orientations indicated in panel D; and (D) seven different separation orientations of the F atom and
methylamine, which is kept frozen in its equilibrium geometry, where fluorine approaches the C atom in line with the C—N bond (C1) or in line witha C-H
bond (C2), the C—N bond perpendicularly from two sites (CN1 and CN2), the N atom in line with the C—N bond (N1), in line with the N—H bond (N2), or
from the same orientation as in PREMIN (N3). Potential energies are obtained at the MRCI+Q/aug-cc-pwCVTZ level of theory.
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more polar amino group in line with (N1) or perpendicularly to
(CN1) the C-N bond, and are the deepest (—7.0 kcal mol™ " at
2 A distance) when the angle of the approach is equal to the
C-N-F angle obtained in PREMIN (N3). Here it is important to
note that MRCI+Q seriously underestimates the well depth of
PREMIN as the benchmark value is 20.87 kcal mol ™" (see Fig. 1)
and the geometry effect corresponding to fixed vs. relaxed
CH;NH, is only 0.1 kcal mol *. These findings indicate that
dynamical electron correlation, even beyond single and double
excitations, is important for describing the F---CH3;NH, inter-
action. To further support this conclusion, we report that
the PREMIN complex is unbound at the ROHF level, and
CCSD-F12b underestimates the CCSD(T)-F12b well depth by
3.7 keal mol™*. These extremely large correlation effects are not
unprecedented as the barrier height of the F + CH, reaction is
9.41, 1.80, and 0.55 kcal mol™* at the ROHF, CCSD, and
CCSD(T) levels of theory, respectively.'®

5. Comparing the F + CH;NH, and the Cl + CH;NH, reactions

As we published in our previous work,*” in the reaction of Cl +
CH;NH, there are six reaction channels, as in the title reaction:
two hydrogen-abstraction pathways from the two functional
groups and are four substitution pathways, where the halogen
atom substitutes the amino/methyl group or one hydrogen of
these. When methylamine reacts with the fluorine atom, the
reaction channels are more exothermic than in the case of
reaction with chlorine; however, in both cases the CH; HA
products have the lowest relative energy and the NH, HS
products have the highest. The global minimum of the vibra-
tionally adiabatic PES belongs to the CH; HA MIN” complex for
the two reactions (—51.05/—15.56 kcal mol " for F/CI + methy-
lamine), but while in case of the F + CH3NH, system it is the
classical minimum as well (—50.67 kcal mol™"), in the case of
Cl + CH;3NH, classically the global minimum belongs to the
PREMIN structure (—15.30 keal mol ™). We have found that the
CH,;F/CH;Cl + NH, and CH,CINH, + H products can be formed
by both Walden-inversion and front-side attack mechanisms;
however, we have not found the front-side attack pathway for
the formation of the CH,FNH, + H products. These two
channels are exothermic in the title reaction, but in the case
of Cl + CH3NH, they are endothermic.

The two additional kinetically hindered product channels
are also investigated in the title reaction, where two bonds are
required to break and form, leading to NH; + CH,F and CH, +
NHF. The products of the former channel have a AE(AH,) =
—29.65(—32.77) kcal mol™" relative energy and those of the
latter have a AE(AH,) = 3.87(0.03) kcal mol ', whereas the
corresponding values for the Cl + CH3;NH, system are
—3.70(—8.20) and 14.24(9.82) kcal mol ', respectively.”” In both
reactions, the exothermic NH; formation is thermodynamically
competitive with H-abstractions; however, the former may have
a much higher barrier due to the two bond cleavages required
to form the NH; + CH,F/CH,Cl products.

The calculated SO interactions, which lower the asymptote
of the reactants by 0.84 kcal mol ™" and 0.37 kcal mol " for the
chlorine and fluorine reactions, respectively, show good
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agreement with the measured SO splittings (eexpe)’’ Of these
atoms, as Eexp/3 = 0.84 (Cl) keal mol ™" and 0.39 (F) keal mol .
Considering the different separation orientations of the reactants,
it can be seen for both systems that the deepest van der Waals
wells of the potential energy curves occur when the halogen atom
approaches the amino group of methylamine with the angle of
C-N-CI/F obtained at the PREMIN geometry. The depth is shal-
lower if the F/Cl atom attacks the molecule at the side of the
hydrogens or at the methyl group in line with the C-N bond. The
distance dependence of the SO - non-SO ground-state energy
difference for the different approaching orientations is quite
similar for the two systems.

IV. Summary and conclusions

In addition to the previously-studied” exothermic hydrogen-
abstraction pathways of the F + CH;NH, reaction, the hydrogen
and functional-group substitutions are investigated as well in
the present theoretical study. Transition states and post-
reaction complexes are identified in all the reaction channels.
The methyl-hydrogen abstraction has the lowest adiabatic energy
among the exothermic channels (AH, = —44.12 kecal mol ),
which is followed by amino-hydrogen abstraction, amino-
substitution, and methyl-hydrogen-substitution with reaction
enthalpies of —37.24, —26.48, and —20.83 kcal mol™’, in
ascending energy order. Amino substitution can proceed
via Walden-inversion and front-side-attack mechanisms,
where the latter has a higher classical barrier height by
18.86 kcal mol™?, although the energies of the post-reaction
minima are close to each other. The two thermodynamically
unfavored endothermic pathways are methyl substitution
and amino-hydrogen substitution. The global minimum of
the potential energy surface corresponds to the complex CH;
HA MIN” in the product channel, where the formed HF binds
to the N atom of the CH,NH, fragment. A pre-reaction
minimum has been found in the entrance channel, which
has a deeper energy (—19.72 kcal mol™" adiabatically) than
all saddle points, and thus it may play an important steering
role in all the reaction pathways.

The above-indicated subchemically accurate benchmark
energy values are obtained by taking into account further
energy contributions besides the CCSD(T)-F12b/cc-pV5Z-F12
single-point energies obtained at the CCSD(T)-F12b/aug-cc-
pVTZ geometries. As we have already seen in the case of the
reaction between chlorine and methylamine,*” the zero-point
energy correction is the most significant among the energy
contributions determined by us. By considering the post-(T)
correlation (which mainly affects the energy of the TS structures
and often by more than 1 kcal mol "), the core electron
correlation and scalar relativistic effects (which are usually
negligible to reach chemical accuracy but are often needed if
subchemical accuracy is desired), and the SO correction of
about 0.37 kcal mol ™", we are able to achieve excellent agree-
ment with the experimental results for the three product
channels, where data are available in the ATcT database.
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This study provides guidance for the development of a
global analytical ab initio potential energy surface required
for the first-principles investigation of reaction dynamics,
thereby enabling a comparison with the results obtained via
experiments, and gaining deeper atomic insight into the
mechanisms of the F + CH;NH, reaction.
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