¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Benchmark ab initio characterization of the multi-
channel Cl + CH3X [X = F, Cl, Br, I] reactive
potential energy surfacest
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We determine benchmark geometries and relative energies for the stationary points of the Cl + CH3zX
[X = F, Cl, Br, ] reactions. We consider four possible reaction pathways: hydrogen abstraction, hydrogen
substitution, halogen abstraction, and halogen substitution, where the substitution processes can
proceed via either Walden inversion or front-side attack. We perform geometry optimizations and obtain
harmonic vibrational frequencies at the explicitly-correlated UCCSD(T)-F12b/aug-cc-pVTZ level of
theory, followed by UCCSD(T)-F12b/aug-cc-pVQZ single-point computations to make finite-basis-set
error negligible. To reach chemical (<1 kcal mol™), or even subchemical (<0.5 kcal mol™) accuracy,
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we include core-correlation, scalar relativistic, post-(T), spin—orbit-splitting and zero-point-energy
contributions, as well, in the relative energies of all the stationary points. Our benchmark O K reaction
enthalpies are compared to available experimental results and show good agreement. The stationary-
point structures and energetics are interpreted in terms of Hammond's postulate and used to make

predictions related to the dynamical behavior of these reactive systems.
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Introduction

Reactions of chlorine atom with small molecules have long
been ideal test systems in reaction dynamics studies. Besides
the investigations of the Cl + H,/H,O/NHj; reactions,’ the
scientific interest turned towards more complex processes: the
Cl + CH, reaction served as the new benchmark of polyatomic
reactions inspiring extensive experimental and theoretical
studies.”'® Experiments were then extended to study the reac-
tions of Cl with larger alkanes, and other small functionalized
organic molecules. Several initial experimental kinetics studies,
motivated by the atmospheric relevance of the title reactions,
provided rate constants''* and investigated the kinetic iso-
tope effects* " for the hydrogen-abstraction reactions of Cl
atom with halogenated methane molecules. Furthermore, early
scattering experiments investigated the dynamics of the Cl +
CH;l reaction and revealed integral cross sections, angular and
velocity distributions for the I-abstraction reaction path.*” In
addition, reaction rates for the halogen-substitution, ie.,
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methyl-chloride formation have been determined in the case
of the Cl + CH;Br and CH;I-reactions.®® Also, I-substitution in
the reactions of Cl atom with alkyl-iodides has been observed in
kinetics experiments.>" In 2004, Orr-Ewing and coworkers reported
the first comprehensive resonance-enhanced multiphoton ioniza-
tion experiments for the Cl + CH;X [X = F, Cl, Br, I| reactions and
provided detailed insights into the dynamics of the H-abstraction
channel.* They set a special focus on the stereodynamics of
the reactions by analyzing the HCl product rotational-state
distributions.>® In conjunction with their dynamics results for
the reactions of Cl with other functionalized small organic
molecules,*° they found that the degree of rotational excitation
of HCl is in correlation with the dipole moment of the radical co-
product. Thus, the HCI rotational distribution turned out to be a
characteristic property of the angular anisotropy of the potential
energy surfaces (PESs) of these reactions.** ™’

A number of theoretical investigations on some of the
stationary-point structures and energetics of mostly the
H-abstraction path of the title reactions have been carried out, as
well,1>1718:28:40-44 por the Cl + CH,F reaction, G2-level energies,
consisting of MP2/triple-zeta and QCISD(T)/triple-zeta single-point
values, were computed on MP2/double-zeta geometries along the
minimum energy path (MEP) of the H-abstraction reaction.*® After
early ab initio computations on the transition state (TS)
structures,”” more advanced CCSD(T)/aug-cc-pVIZ single-point
energies on CCSD/aug-cc-pVDZ geometries were calculated for
the TS, and the MEP of the Cl + CH;Cl — HCI + CH,CI reaction
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was also studied at the MP2/aug-cc-pVTZ level of theory.”® Also, a
density-functional-theory (DFT) and QCISD(T)/triple-zeta study has
been performed for the Cl + CH;Cl and CH;Br H-abstraction
reactions.”® Various MP2,"” G2,'® DFT'®** and G4*' (including
also CCSD(T)-level correlation-energy terms) computations were
performed for the Cl + CH3;Br — HCI + CH,Br reaction, as well. In
case of the Cl + CH;I — HCI + CH,lI reaction, an early MP2/double-
zeta investigation proposed the presence of a bent pre-reaction
complex.*” In 2013, a comprehensive G2-level theoretical study of
the TS, as well as pre- and post-reaction complex structures for the
Cl + CH3X [X = F, Cl, Br] reactions was carried out, suggesting
8-10 kJ mol " high barriers of H-abstraction.** As to the dynamics
of these reactions, due to the high number of the degrees of
freedom, only lower-level direct dynamics methods have been
available to study their mechanisms. In 2004, along with the
experiments of the Orr-Ewing group, G2//MP2/6-311G(d,p)-level
direct dynamics simulations, ie.,, when the gradients of the
potential energy necessary for the classical trajectories are com-
puted on-the-fly, were carried out, together with the systematic
characterization of the stationary points at the same level of
theory.* In the above studies, apart from some exceptions, the
H-abstraction channel is considered to be the main pathway of the
title reactions, however, other interesting, even high-energy reac-
tion routes are worth being investigated, for which experimental
techniques are also accessible.*®

In the present work we aim to characterize the stationary
points of all chemically interesting reaction channels of the title
reactions. We investigate the hydrogen-abstraction (HA), hydrogen-
substitution (HS), halogen-abstraction (XA), and halogen-
substitution (XS) pathways. We determine benchmark geometries
and relative energies using the best available electronic-structure
methods. The benchmark energies provided include (1) core-
correlation, (2) scalar relativistic, (3) post-(T), and (4) spin-orbit
corrections, as well as (5) zero-point-energy contributions to the
explicitly-correlated CCSD(T)-F12/aug-cc-pVQZ single-point ener-
gies computed at the CCSD(T)-F12/aug-cc-pVTZ stationary-point
structures. These auxiliary energy terms are calculated to ensure
the (sub)chemical (<0.5 keal mol™") accuracy of the results. The
benchmark adiabatic relative energies obtained are compared to
experimental results, as well.

Computational details

We investigate the Cl + CH3X [X = F, Cl, Br, I] reactions by
characterizing their potential energy surfaces by using state-of-the-
art electronic-structure methods. We determine the benchmark
geometries and energies of the stationary points, and even compare
the obtained 0 K reaction enthalpies to available experimental data.
As an initial step we search for stationary-point structures using the
restricted open-shell Hartree-Fock (ROHF)-based second-order Mgl-
ler-Plesset perturbation method*® with aug-cc-pVDZ basis set"
(RMP2/aug-cc-pVDZ), by performing geometry-optimization and
harmonic-frequency calculations. Next, we further optimize the
RMP2/aug-cc-pVDZ geometries with the ROHF-based explicitly-
correlated unrestricted coupled-cluster singles, doubles, and
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perturbative triples method*® with the aug-cc-pVDZ and aug-cc-
PVTZ basis sets*’ (UCCSD(T)-F12b/aug-cc-pVDZ and UCCSD(T)-
F12b/aug-cc-pVTZ), followed by harmonic-frequency computations
at each level of theory. At the most accurate benchmark UCCSD(T)-
F12b/aug-cc-pVTZ geometries we perform additional single-point
energy computations to obtain auxiliary energy corrections to
achieve chemical (<1 kecal mol ") or even subchemical (< 0.5 kecal
mol ") accuracy of the final benchmark energies.

For this (a) we compute UCCSD(T)-F12b/aug-cc-pVQZ single-
point energies to make the finite basis-set error negligible, (b)
we determine core-correlation effects by also correlating the
sub-valence-shell electrons applying the corresponding aug-cc-
pwWCVTZ basis set,*® as

Acore = AE(AE-UCCSD(T)/aug-cc-pwCVTZ)
— AE(FC-UCCSD(T)/aug-cc-pwCVTZ), (1)

where FC and AE refer to frozen-core (only the valence electrons
are correlated) and all-electron (the valence and the sub-
valence-shell electrons are correlated), respectively, (c) we
obtain post-(T) energy corrections by computing UHF-based
UCCSDT*® and UCCSDT(Q)®' energies with the aug-cc-pVDZ
basis set to consider higher-order correlation effects, as well:

0[CCSDT] = AE(UCCSDT/aug-cc-pVDZ)
— AE(UCCSD(T)/aug-cc-pVDZ) )

S[CCSDT(Q)] = AE(UCCSDT(Q)/aug-cc-pVDZ)
— AE(UCCSDT/aug-cc-pVDZ) (3)

(d) we also improve our relative energies by computing scalar
relativistic contributions using the second-order Douglas-Kroll
(DK) Hamiltonian®® and the corresponding triple-zeta basis
sets:>

Are1 = AE(DK-AE-UCCSD(T)/aug-cc-pwCVTZ-DK)
— AE(AE-UCCSD(T)/aug-cc-pwCVTZ), )

(e) as the reactants and the halogen-substitution products of
the title reactions involve free halogen atoms, the energy-
lowering effect of the relativistic spin-orbit (SO) interaction must
be taken into account. For this, we apply the multi-reference
configuration interaction method augmented with Davidson-
correction (MRCI+Q),>*>° estimating higher-order contributions,
and the Breit-Pauli operator in the interacting-states approach®®
with the aug-cc-pVDZ basis set. In order to be able to consider the
spin-orbit splitting of both halogen atoms along the halogen-
substitution reaction path, the MRCI active space involves 21
electrons on 11 spatial orbitals (MRCI+Q(21,11)/aug-cc-pVDZ),
while the core orbitals are doubly occupied and are all closed,
in all of the SO computations. SO corrections (4sc) are calculated
as follows: (1) in the case of all stationary points except the XS
products, the SO correction is the difference between the 1/3 of
the experimental®” SO splitting of the free Cl atom (0.84 kcal
mol ") and the calculated SO-correction at the given stationary
point (including XS stationary points, as well), (2) for the XS
products, the SO correction is obtained in the same way as in (1),
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but we use the experimental splittings for all the free halogen
atoms.

Finally, we also include the energy contribution stemming
from the zero-point vibrations (4,pg) at the stationary points in
the harmonic-oscillator approach, calculated at the UCCSD(T)-
F12b/aug-cc-pVTZ level of theory, to obtain vibrationally adia-
batic relative energies.

The final classical, which refers to the classical, i.e., static
nuclei, benchmark energies are determined as

AEassical = AE(UCCSD(T)-F12b/aug-cc-pVQZ) + o[CCSDT] +
J[CCSDT(Q)] + Acore + Arel + 450, (5)

while the benchmark adiabatic energies are calculated as
AEadiabatic = AEclassical + AZPE [6)

In all of the computations, except those of the DK-AE-
UCCSD(T)/aug-cc-pwCVTZ-DK energy, effective core potentials
(ECPs)*® and the appropriate pseudo-potential (-PP) basis sets®®
are applied to replace the 10 inner-core electrons (1s> 2s> 2p°) of
the Br atom and the 28 inner-core electrons (1s* 25> 2p® 3s” 3p°
3d'%) of the I atom. These ECPs partly cover the scalar relati-
vistic effects present in the Br and I atoms. We use the frozen-
core approach in all computations, unless otherwise noted.

All computations are carried out with the MOLPRO 2015.1
software package®® (for some problematic cases we use MOL-
PRO 2023.2°%°), except for the post-(T) energy corrections, where
the MRCC program®"®” is applied.

In some cases, we encounter electronic-structure convergence
problems: (1) the XS Walden (W) TS geometries could only be
optimized at the RMP2/aug-cc-pVDZ level of theory (UMP2 for X =
I), and in the X = F case we had to increase the robustness of the
HF convergence by using the SO-SCI keyword in MOLPRO 2023.2.
(2) In the case of the X = Br and I XA W TSs the Douglas-Kroll
computations do not converge, (3) the geometry of the Cl-
substitution front-side (FS) post-reaction minimum (postmin)
could only be optimized at the UCCSD(T)-F12b/aug-cc-pVTZ level
by using MOLPRO 2023.2, (4) the SO-corrections for the X = I
system could only be calculated using MOLPRO 2023.2.

For all the mid-reaction stationary points we perform ManyHF
calculations,” to check if the original Hartree-Fock calculation is
converged to the right electronic state. The ManyHF procedure has
been recently developed in our group and involves multiple HF,
DFT and multi-configurational self-consistent-field (MCSCF) cal-
culations to generate different initial orbital guesses and selects
the lowest-energy HF solution to the problem.®® In the case of the
XS channel we experienced significant deviations from the original
HF energy, thus we applied ManyHF-based calculations for all
these stationary points. For the other pathways we do not face HF
misconvergence.

Results and discussion

We characterize the potential energy surfaces of the Cl + CH;X
[X =F, Cl, Br, I] systems by determining benchmark stationary-
point geometries (UCCSD(T)-F12b/aug-cc-pVTZ) and classical
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energies by adding several auxiliary energy terms to the UCCSD(T)-
F12b/aug-cc-pVQZ relative-energy values: (1) core-correlation, (2)
post-(T)-corrections, (3) relativistic effects including scalar relati-
vistic and spin-orbit-corrections (see Computational details for
additional information). The vibrationally-adiabatic relative ener-
gies are then obtained by including ZPE-contributions. Both the
classical and adiabatic energies of the stationary points of the title
reactions relative to those of the reactants are plotted in Fig. 1 and
listed in Table 1. Cartesian coordinates and absolute energies of
each optimized stationary-point structure are given in the ESLT

In Fig. 1 we show the energy profiles for the title reactions.
All four reactions feature four possible product channels: (1)
hydrogen abstraction with the products HCI + CH,X, (2) hydro-
gen substitution leading to H + CH,CIX, (3) halogen abstraction
forming CIX + CHj;, and (4) halogen substitution resulting in
X + CH3CL The substitution products can form either via Walden
inversion or front-side-attack, for which we refer to as W and FS,
respectively, in the nomenclature of the stationary points.

In the case of the X = F and Cl reactions the XA channel is the
most endothermic, with 0 K reaction enthalpies 48.4 kcal mol *
and 25.3 kecal mol ', respectively, and H-abstraction is the
lowest-energy and adiabatically even exothermic reaction path
with product relative adiabatic energies —2.6 kcal mol ' and
—4.7 keal mol™', respectively. In contrast, HA has only the
second lowest reaction energy for X = Br (—3.4 keal mol™ ") and I
(—3.2 keal mol™") and it is also exothermic adiabatically in these
cases. The most exothermic pathway is X-substitution for X = Br
and I, while this route is the second and third most endothermic
for X = F and Cl, respectively. The decreasing tendency of the XS
product relative energies (from 26.7 to —26.9 kcal mol ') as the
size of X increases is not surprising, because the breaking C-X
bonds become weaker and weaker with increasing X size, and the
forming C-Cl bond exceeds their stability in case of X = Br and 1.
The two highest-energy channels for the Br and I systems are HS
and XA. With increasing halogen atom size, the dihalide product
of XA becomes more and more stable due to increased polariz-
ability of the X atom, explaining the considerable decrease in XA
reaction enthalpy (from 48.4 kcal mol™" to 7.5 kecal mol ™). On the
other hand, regarding H-substitution the 0 K reaction enthalpies
cover a much smaller energy range (15.9-21.5 keal mol ) for all
halogens, because there is no significant difference between the
stability of the CH,CIX products. Similarly, the HA exothermicity
varies only between —2.6 (X = F) and —4.74 (X = Cl) kcal mol " as
the relative energies of the CH,X radicals differ only slightly.

H-abstraction, which is considered as the main route of the
title reactions in the literature, has a small positive barrier, with
0.6-1.4 kcal mol™ ' adiabatic, and 4.8-5.6 kcal mol " classical
heights, indicating a significant ZPE effect. In all cases, HA has
the lowest-energy TSs amongst the possible reaction paths. The
HA pathways also feature shallow exit-channel minima with
small negative relative energies (except the X = F classical value
of 0.3 kcal mol '), considerably smaller when ZPE is taken into
account. Interestingly, we could not identify any stationary
point other than the products for the X = F and CI XA reactions.
For X = Br and I, the XA TSs are not much above in energy with
respect to those of HA. For the CH3F reaction the highest
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Fig. 1 Schematic potential energy diagrams of the Cl + CH3X [X = F, Cl, Br, 1] reactions showing the benchmark geometries and classical (adiabatic)
relative energies of the stationary points, as well as the possible reaction paths. The stationary points marked with * correspond to MP2/aug-cc-pVDZ-

optimized geometries.

barrier corresponds to the Walden-inversion XS pathway, at
44.5 kecal mol ™" adiabatic relative energy, however, this route
lacks an exit-channel minimum. The HS TS is just slightly
lower, with a 42.8 kcal mol ™' adiabatic height, than the XS TS
for the X = F reaction. In the case of the other three halogens, H-
substitution opens at similar energies. The HS reaction always
seems to occur via Walden inversion, as we were not able to
locate a front-side-attack TS geometry in either case. The
thermoneutral Cl + CH;Cl reaction can also take place only
through Walden-inversion (with a 23.7 kcal mol™" adiabatic
barrier), since a front-side TS arrangement could not be found.
In the case of the X-substitution channels of the CH;Br and
CH;l reactions, however, both Walden-inversion and front-side-
attack TSs are found, with the FS TSs being around 20 and 15
kecal mol ™" higher in energy, respectively. The geometries of the
Walden TSs for all four XS reactions could only be optimized at
the RMP2/aug-cc-pVDZ level of theory (except when X = I, where
UMP2 method had to be applied), and all of the related energy-
correction computations turned out to be very problematic.
This is interesting, especially compared to the Walden-
inversion TSs of the similar, but negatively charged, thus closed
shell, systems, ie., in the Sy2 pathways of ion-molecule
reactions.*®> These Sy2 Walden TSs are usually submerged
and straightforward to identify if the nucleophile is Cl~,°°
though they can be problematic or may not exist if it is F~ or
OH™.%*%¢ On the other hand, exit-channel minima both for the
XS W and FS pathways are quite deep, found at adiabatic
relative energies of —13.7 and —14.9 kcal mol " for X = Br,

17698 | Phys. Chem. Chem. Phys., 2024, 26,17695-17706

and —27.4 and —27.7 keal mol ™" for X = I, respectively. In fact,
most of the post-reaction minima identified are rather close in
energy to the product asymptote, leaving the studied reaction
paths without deep exit-channel wells.

In Table 1 we also show the relative energies of each
stationary point of the title reactions obtained by optimizing
the geometries at three different levels of theory: MP2/aug-cc-
pVDZ, CCSD(T)-F12b/aug-cc-pVDZ, and CCSD(T)-F12b/aug-cc-
PVTZ. We can see that the MP2/aug-cc-pVDZ values can differ
by even 6-9 kcal mol™" from the CCSD(T)-F12b/aug-cc-pVDZ
relative energies in the case of the XA products, indicating the
importance of the accurate description of electron correlation.
In contrast, the MP2 relative energies deviate only by a few
0.1 keal mol " from the CCSD(T)-F12b/aug-cc-pVDZ values for
the HS postmin and product when X = F and Cl, and for the HA
TS structures when X = Br and 1. For the remaining stationary
structures, the MP2 - CCSD(T)-F12b difference using the aug-
ce-pVDZ basis set is around 1-4 kcal mol™", suggesting an
overall necessity for coupled-cluster calculations.

In Fig. 2 and Table 1 we show the convergence behavior of
the aug-cc-pvnZ (n = D, T, Q) basis sets applied with the
CCSD(T)-F12b method. Large differences, up to 1.8 kcal mol ™,
can be seen between the DZ and TZ basis sets, with the double-
zeta set usually underestimating the relative energies. These
deviations are the largest for the HS products and post-reaction
minima. In contrast, the QZ and TZ values agree much better,
with deviations mostly around 0.1 kcal mol ™", reflecting the
excellent convergence properties of the explicitly-correlated

This journal is © the Owner Societies 2024
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Table1 Energies (in kcal mol™) of the stationary points of the Cl + CHsX [X = F, CL, Br, ] reactions relative to those of the reactants obtained at different

levels of theory (CC denotes CCSD(T)-F12b, and DZ, TZ, and QZ denote aug-cc-pVnZ with n =

D, T, Q, respectively) along with auxiliary energy

corrections (for details and notations of the corrections see Computational details)

MP2/DZ CC/DZ CC/TZ CC/QZ J[T] I[(Q)] dcore 4Arer 4so  Azpe Classical Adiabatic
Cl + CH3F
H abstraction HCI + CH,F 3.99 0.89 1.59 1.50 —0.07 —0.06 —0.12 0.23 0.84 —4.92 2.32 —2.60
TS 5.69 4.52 5.15 5.11 -0.15 -0.19 —-0.11 0.08 0.83 —4.19 5.57 1.38
Postmin 1.61 —1.41 —-0.43 —-0.44 —0.09 —0.08 —-0.14 0.23 0.84 —-3.75 0.31 —3.44
F abstraction  CIF + CH; 58.00 51.84 52.89 52.87 —0.06 —0.29 —0.02 —0.03 0.84 —4.96 53.31 48.35
H substitution H + CH,CIF 18.48 18.49 20.18 20.16 0.13 —-0.18 —-0.11 0.18 0.84 —5.14 21.02 15.87
Walden TS 49.55 45,93 46.50 46.47 —0.25 —0.33 0.06 0.05 0.83 —4.03 46.82 42.79
W Postmin 18.28 18.32 19.94 19.94 0.12 —-0.18 —-0.11 0.18 0.84 —4.91 20.79 15.88
F substitution F + CH;Cl 30.72 26.54 27.23 27.23 0.05 0.02 —-0.13 0.05 0.45 —0.98 27.67 26.69
Walden TS 64.30 — — 45.10 —0.50 —0.53 —0.02 0.10 0.83 —0.51 44.99 44.48
Cl + CH;Cl
H abstraction HCI + CH,Cl 2.92 —-1.05 -0.10 -0.21 —-0.11 —-0.07 -0.15 0.26 0.84 —5.30 0.56 —4.74
TS 4.87 3.54 4.63 4.59 —0.15 —0.22 —-0.13 0.07 0.82 —4.17 4.98 0.81
Postmin 0.01 —3.56 —2.22 —2.26 —0.12 —0.09 —0.18 0.24 0.84 —3.88 —1.58 —5.46
Cl abstraction Cl, + CH; 37.64 28.80 29.18 29.02 —0.07 —0.15 0.00 —0.06 0.84 —4.31 29.58 25.27
H substitution H + CH,CI, 21.91 22.47 24.39 24.33 0.15 —0.20 —0.13 0.15 0.72 —5.22 25.03 19.81
Walden TS 51.14 47.90 49.10 49.04 —-0.22 -0.37 0.03 0.02 0.83 —4.15 49.32 45.17
W Postmin 21.65 22.28 24.09 24.04 0.15 —0.20 —0.13 0.15 0.84 —5.01 24.85 19.84
Cl substitution Cl + CH;Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Walden TS 28.72 — — 24.23 —0.45 —-0.35 0.07 —0.16 0.79 —0.44 24.12 23.68
W Postmin —0.64 —0.55 — —0.62 —0.01 —0.01 —0.03 0.00 0.09 0.18 —0.58 —0.40
FS Postmin —3.20 —4.87 —4.24 —-4.33 —-0.11 —-0.08 —-0.08 —0.05 0.78 0.34 —-3.87 —3.53
Cl + CH;3Br
H abstraction HCI + CH,Br 3.79 0.32 1.19 1.10 —0.14 —0.07 —0.04 0.28 0.82 —5.30 1.95 —3.35
TS 4.67 4.25 4.97 4.95 —0.17 —0.23 —0.12 0.08 0.82 —4.26 5.31 1.05
Postmin 0.66 —2.26 —-1.16 —1.18 —-0.16 —0.10 —-0.11 0.25 0.82 —3.85 —0.47 —4.32
Br abstraction CIBr + CH; 28.27 20.98 21.00 20.69 —0.06 —0.14 0.30 0.23 0.84 —4.06 21.86 17.80
TS 15.29 17.28 — 11.24 -0.47 -0.39 0.12 0.07 0.83 —1.28 11.39 10.11
H substitution H + CH,CIBr 22.29 23.38 25.08 25.01 0.16 —0.21 —0.17 0.21 0.84 —5.23 25.84 20.61
Walden TS 50.68 48.47 49.13 49.05 —0.21 —0.39 0.00 0.07 0.83 —4.20 49.36 45.16
W Postmin 22.01 23.10 24.74 24.68 0.16 —0.21 —-0.19 0.20 0.84 —4.93 25.47 20.55
Br substitution Br + CH;Cl —10.95 —12.13 —11.76 —11.89 0.04 —0.01 0.38 0.48 —2.67 0.41 —13.66 —13.26
Walden TS* 20.83 — — 15.92 —0.44 —0.32 0.14 — 0.79 —0.35 16.09 15.74
W Postmin  —11.65 — — —12.53 0.03 —0.02 0.29 0.39 —2.39 0.56 —14.23 —13.67
FS TS 40.08 — — 35.59 —1.27 —-0.71 0.24 0.03 0.38 0.20 34.27 34.47
FS Postmin —14.17 —15.96 —15.45 —15.63 —0.03 —0.06 0.18 0.35 —0.44 0.75 —15.62 —14.87
Cl + CH;l
H abstraction HCI + CH,I 4.59 0.51 1.26 1.19 —0.18 —0.07 0.03 0.21 0.75 —5.09 1.92 —3.17
TS 4.28 3.78 4.48 4.49 —0.21 —0.26 —0.15 0.11 0.82 —4.25 4.80 0.55
Postmin 1.31 —2.25 —-1.26 —-1.24 —-0.21 —-0.11 -0.09 0.23 0.71 —-3.68 —0.71 —4.40
I abstraction  CII + CH, 16.82  10.53 10.19  9.64(9.38”) —0.05 —0.10 0.78 0.11 0.84 —3.74 11.22(10.96°)  7.48(7.22
TS 11.58 — — 3.64 —-0.45 -0.31 0.52 0.15 0.47 —-1.77 4.01 2.23
Postmin 11.31 — — 4.52 —0.21 —-0.22 0.59 0.16 0.53 —1.97 5.37 3.40
H substitution H + CH,CII 23.03 24.31 25.94 25.85 0.17 —0.22 —0.21 0.20 0.84 —5.19 26.64 21.45
Walden TS 49.81 47.41 4798 47.89 —0.22 —-0.42 —-0.02 0.10 0.83 —4.17 48.16 43.99
W Postmin 22.74 23.99 25.53 25.45 0.16 —0.22 —0.24 0.20 0.82 —4.89 26.18 21.29
I substitution I+ CH;Cl —21.72 —22.63 —22.46 —22.68 0.06 0.01 094 0.34 —6.41 0.81 —27.74 —26.93
Walden TS 14.53 — — 9.03 —0.46 —0.31 0.15 — 0.81 —0.17 9.21 9.05
W Postmin  —22.43 — — —23.40 0.05 0.00 0.71 — —5.65 0.86 —28.29 —27.43
FS TS 32.36 28.54 27.96 27.74 —1.48 —0.77 0.50 0.09 —1.17 —0.24 24.90 24.66
FS Postmin —24.83 —25.87 —25.62 —25.91 0.03 —0.03 0.63 0.32 —3.80 1.06 —28.76 —27.70

“ Relative energies and corrections correspond to MP2/aug-cc-pVDZ geometries. ” CCSD(T)-F12b/aug-cc-pV5Z relative energy. © Classical and
adiabatic relative energies obtained by using the CCSD(T)-F12b/aug-cc-pV5Z relative energy.

CCSD(T)-F12b method. The QZ - TZ differences are always
negative, with the largest absolute values for the XA products of
the X = Br (0.3 keal mol ") and I (0.55 kcal mol ™) reactions. Note,
that in the latter case we also perform a CCSD(T)-F12b/aug-cc-
pV5Z computation, which results in a 0.26 kcal mol " further
lowering effect. The TZ - DZ difference has a negative sign only
for the XS FS TS and the XA product channel of the X = I reaction.

Various auxiliary corrections to the relative energies are
presented in Fig. 3 and in Table 1, as well. It is clear, that the

This journal is © the Owner Societies 2024

scalar relativistic effects are of a few 0.1 kcal mol ', mostly
within 0.5 kcal mol ™%, in the case of all four reactions, and are
usually positive, except for the XA products when X = F and Cl,
and for the XS W TS and XS FS postmin of the Cl + CH;Cl
reaction. The largest relativistic corrections are seen for the Br +
CH;Cl products. As to the correlation of the sub-valence-shell
electrons, with increasing X atom size, the core-correction is
more and more positive and larger and larger in magnitude
(from 0.1-0.2 keal mol " for the F to around 1 kcal mol " for
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cc-pVTZ and CCSD(T)-F12b/aug-cc-pVQZ (QZ — TZ) relative energies for the stationary points of the Cl + CHzX [X = F, Cl, Br, I] reactions.

the I reaction), probably (1) due to the larger number of
electrons on the sub-valence shell, as well as (2) to the increased
nuclear charge with increasing atomic number. The core-
correlation effect is more significant in the case of reaction
routes involving multiple halogen-bond breaking and forming,
i.e., XA and XS pathways, especially for the CH;I reaction. To
take higher-order excitations into account we also determine
CCSDT/aug-cc-pVDZ and CCSDT(Q)/aug-cc-pVDZ relative ener-
gies. The deviations between the CCSDT(Q) and CCSDT (J[(Q)])
values, a few 0.1 keal mol " and mostly negative, are similar in
absolute value as the CCSDT and CCSD(T) (J[T]) differences. We
can see some exceptions, e.g., the XS W TS structure (optimized
only at the MP2/aug-cc-pVDZ level) for the X = F reaction, and
for the XS FS TS geometries when X = Br and I, where these
corrections exceed 1 kcal mol ™.

To obtain vibrationally adiabatic relative energies we deter-
mine the harmonic frequencies of each stationary point, and
calculate their ZPE contributions to the classical relative energy
values, which are shown in Fig. 4, and also in Table 1. In the
case of the halogen substitution channel, we find small ZPE
contributions (both positive and negative), around or below
1 kcal mol ! absolute value, which is not surprising as the
breaking C-X bonds are replaced by the forming C-Cl bonds
that are similar in strength (or the same in case of the X = Cl
reaction). Since the imaginary frequencies are not included in

17700 | Phys. Chem. Chem. Phys., 2024, 26, 17695-17706

the ZPEs of the transition-state geometries, the reactant/product-
like nature cannot be unambiguously deducted from the ZPE
corrections. As can be expected, since a C-Cl bond is forming in
all four reactions, the relative strength of the breaking C-X bonds
determines the sign and magnitude of the ZPE correction in the
XS reaction. This is nicely reflected in Fig. 4 by the small negative
value corresponding to the F + CH;Cl products and the increas-
ingly positive ZPE contributions for the X = Br and I reaction
energies. As to the halogen-abstraction channel, the ZPE effect is
dominated by the strength of the breaking C-X bond with respect
to the forming Cl-X bond. For the F reaction, this difference is
manifested in a large negative ZPE contribution, which suggests
that the C-F bond has much higher frequency that the CI-F bond.
We see less and less negative, but still considerable, ZPE con-
tributions to the relative energies of the XA stationary points as
the size of X increases, indicating a smaller difference in the C-X
and the Cl-X bond-strengths. For the HA and HS pathways, the
ZPE effects are the largest, between —4 and —5 kcal mol ", In
both reactions a C-H bond breaks, which is replaced by a C-Cl,
and a H-Cl bond in HS and HA, respectively. Thus, we see
very similar ZPE contributions, differing only within a few
0.1 keal mol ™, for the stationary points of both of these channels.

In Fig. 5 we present the relevant structural parameters of the
stationary-point geometries of the title reactions, which makes
possible to judge if a transition-state geometry resembles more

This journal is © the Owner Societies 2024
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Fig. 3 Scalar relativistic (AE(DK-AE-CCSD(T)/aug-cc-pwCVTZ-DK) — AE(AE-CCSD(T)/aug-cc-pwCVTZ)), core-correlation (AE(AE-CCSD(T)/aug-cc-
pwCVTZ) — AE(FC-CCSD(T)/aug-cc-pwCVTZ)) and post-(T) (6[T] = AE(CCSDT/aug-cc-pVDZ) — AE(CCSD(T)/aug-cc-pVDZ) and 4[(Q)] = AE(CCSDT(Q)/
aug-cc-pVDZ) — AE(CCSDT/aug-cc-pVDZ)) energy corrections for the stationary points of the Cl + CH=X [X = F, Cl, Br, 1] reactions.

to the reactants (early-barrier reaction) or to the products (late-
barrier reaction). Such a comparison allows for making some
prediction regarding the dynamics behavior of these reactive
systems. The H-abstraction path involves a TS structure that is
very similar for all four reactions, which is not surprising at all,
because a C-H bond breaks and a H-Cl bond forms in all of the
HA processes. The TS can be referred to as a so-called central
barrier, because the H-CI bond is lengthened to about the same
extent as the C-H bond is stretched in this arrangement. On the
other hand, all the HA Postmin structures have clearly product-
like geometries with only 0.01 A longer H-CI distances than in
the HCI molecule. As to H-substitution, both the C-H and C-Cl
bond-lengths are considerably longer in the HS W TS than in
the reactant and the product molecules, respectively, however,
this lengthening is much more significant for the C-H bond,
making HS a late-barrier pathway. Similar to HA, the geome-
tries of the HS W Postmins are very close to those of the CH,CIX
products, with extremely long C-H distances. In the case of the
X-abstraction channel, we find a late-barrier Br and I reaction,
while for F- and Cl-abstraction we could locate neither the TS
nor the Postmin. Interestingly, for the Br-abstraction TS a
slightly bent structure is found (with 158.5° Cl-Br-C bond
angle). We can only identify a XA Postmin for the I reaction,
where it has a linear C-I-Cl arrangement, with short Cl-I
distance. For halogen substitution (XS), we find both Walden-
inversion and front-side TSs, as well, the latter ones only for X =

This journal is © the Owner Societies 2024

Br and 1. The XS Walden TS geometry, which could only be
optimized at the MP2/aug-cc-pVDZ level of theory in all four
cases, is increasingly reactant-like as going from F to I, with
very product-like XS W Postmin structures featuring extremely
long C-X distances. The methyl group is nearly planar in the
TS, while it is bent towards X in the Postmin arrangement
(which is not found for X = F). The XS FS TSs of the Br and I
reactions seem to be rather product-like or central, also with
very long C-X separation. The X-C-Cl angles are a bit smaller
for the XS FS Postmin than for XS FS TS.

Knowing the reaction energy of the different channels of the
title reactions allows for interpreting the structural parameters
of the stationary points in the framework of Hammond’s
postulate,®” as visualized by the schematic graphs of Fig. 6.
The postulate presumes that an exothermic reaction has a
reactant-like transition-state arrangement, whereas endother-
mic reactions have product-like TS geometries.®” Hammond’s
idea is often explained by intersecting harmonic parabola
potential energy functions corresponding to the breaking bond
of the reactant and the forming bond of the product. For
example, in the case of the H-abstraction pathway of the title
reactions, which is not far from a thermoneutral reaction for all
X atoms, the intersection of the parabolae corresponding to the
breaking C-H bond and the forming H-CI bonds results in a
central-barrier to the reaction, in accordance with what we see
in Fig. 5. In contrast, the 21-27 kcal mol~" endothermicity of
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the H-substitution reaction, i.e., the up-shifting harmonic
potential curve of the forming C-Cl bond with respect to that
of the tearing C-H bond, leads to product-like TS structures, as
also reflected in Fig. 5. However, when the different X halogen
atoms participate explicitly in the chemical reaction, we have
different parabolae for the reactants (XS channel), or both for
the reactant and product species (XA channel). In these cases,
not only the position of the minimum of the functions, but
their widths play an important role, as well, which depend on
the strength of the given bond. The interplay of these two
effects, shown schematically in Fig. 6, culminates in increas-
ingly product-like TS structures in the XA case as the size of the
halogen increases. However, in Fig. 5, we find an interesting
tendency for the halogen-substitution reaction, which features
more and more reactant-like XS W TS geometries, which are
always the lowest-lying TSs in the XS reactions, as going from F
to I. Here, the impact of the widening harmonic functions,
which contributes to determining the position of the TS along
the reaction coordinate, is counteracted by the decreasing
reaction energy as the halogen size increases. This finding
can be clearly seen in the last panel of Fig. 6.

Stepping further from the stationary-point picture of the CI +
CH;X [X = F, Cl, Br, I] reactions, we can make some preliminary
predictions based on the so-called Polanyi-rules.®® These rules
of thumb are based on the dynamical observations obtained for
atom + diatom reactions, and say that early-barrier reactions
can be more effectively promoted by translational excitation of
the reactants, while vibrational excitation can increase the
reactivity more efficiently of late-barrier reactions.®® Thus, we
expect vibrational enhancement in the case of the HS and XA
channels, and more and more pronounced translational pro-
motion in the XS reaction. However, for these complex reac-
tions only detailed dynamics simulations can ultimately tell
which form of energy is more efficient in increasing reactivity.
Additionally, in the case of these polyatomic systems, several
deviations from the Polanyi rules are expected due to the
increase in the number of degrees of freedom with respect to
atom + diatom reactions.

This journal is © the Owner Societies 2024

The spin-orbit corrections to the relative energies are also
listed in Table 1 and shown for the XS channel in Fig. 7. As can
be seen in Table 1, the spin-orbit coupling in the mid-reaction
stationary points and products of the HA, HS and XA channels
is not significant, we can only see small deviation (less than
0.15 kcal mol ") from the 0.84 kcal mol ' SO-splitting of the
reactant Cl atom in two cases: (1) for the HS products in the CI
reaction and (2) for the HA stationary points for X = Br and I. As
to the halogen-substitution products, the SO splitting of the
forming halogen atom, of course, has a notable effect, larger
and larger in magnitude as the halogen size, along with the
splitting itself, increases. More interestingly, such effects are
also seen in Fig. 7 in the case of the TS and Postmin geometries,
where the SO splitting is usually considered as quenched. The
quenching, ie., the unaffected 0.84 kcal mol ™' SO-correction
value of the reactant Cl atom in Fig. 7, is only seen for the XS W
TS structures, which can be explained by the increasing
reactant-like character of these stationary points, as discussed
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Fig. 7 Spin—orbit corrections for the stationary points of the halogen-
substitution pathway of the Cl + CH3zX [X = F, Cl, Br, I] reactions obtained at
the MRCI+Q(21,11)/aug-cc-pVDZ level of theory.
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Table 2 Comparison between the benchmark theoretical 0 K Cl + CH3zX
reaction enthalpies of the present work with the values taken from the
1.130 version of active thermochemical tables (ATcT).%° All data are given
in kcal mol™*

X Reaction channel ATcT This work Difference
CIF + CH; 48.27 £+ 0.05 48.35 —0.08
H + CH,CIF 16.09 £+ 0.21 15.61 0.49
F + CH;Cl 26.35 &+ 0.06 26.69 —0.33
Cl HCI + CH,CI —4.40 £+ 0.21 —4.74 0.34
Cl, + CH; 25.08 + 0.04 25.06 0.02
H + CH,CIl, 20.12 £ 0.08 19.81 0.31
Br CIBr + CH; 17.44 £ 0.04 17.61 —0.17
H + CH,CIBr 21.26 + 0.29 20.61 0.65
Br + CH;Cl —13.27 + 0.03 —13.26 —0.02
I Cll + CH; 5.94 4+ 0.04 7.22 —1.28
1+ CH;Cl —26.66 + 0.05 —26.93 0.27

above (see Fig. 5 and 6), which prevents the more and more
strongly bound X, with increasing SO splitting, to impact the
relative energy. In contrast, the product-like geometry of the XS
W Postmin results in a large negative SO correction for X = Br
and I, and visible decrease in the SO-splitting in the X = Cl case.
Regarding the XS FS TS geometry the forming Br atom has only
a slight influence on the SO-splitting of the TS, whereas the
breaking C-1 bond in the XS FS TS leads to a small negative SO
correction. Similar, but larger effects are found for the X = Br
and I XS FS Postmin structures, reflecting their more product-
like character. For the I reaction, a small SO effect is also found
for the XA TS (0.4 kecal mol ™) and Postmin (0.3 keal mol ™).
Our 0 K reaction enthalpies can be directly compared to
“experimental” values taken from the active thermochemical tables
(ATcT),* which comparison is shown in Table 2. In most cases the
differences are below 0.4 kcal mol !, and are always below
0.7 keal mol ™, except for the CII + CH; I-abstraction channel, where
the difference between the ATCT data and ours is 1.28 kecal mol .
This unexpectedly”® large deviation indicates either problems with
the present computations and/or with the ATcT data. From the
theoretical side, additional basis-set effects and anharmonic ZPE
contributions could be considered, while verification of the
enthalpy of formation value of CII in ATcT would also be needed.

Summary

We determine benchmark geometries and energies of the
stationary points of the Cl + CH3X [X = F, Cl, Br, I] reactions
by optimizing their structures at the explicitly-correlated
UCCSD(T)-F12b/aug-cc-pVTZ level of theory, and augmenting
the quality of their relative energies with auxiliary energy
corrections, computed at the above geometries. We study four
possible pathways of the title reactions: hydrogen abstraction,
halogen abstraction, hydrogen substitution, and halogen sub-
stitution. We compute UCCSD(T)-F12b/aug-cc-pVQZ single-
point energies at the benchmark geometries to make finite-
basis-set error negligible. We consider the energy correction
stemming from the correlation of the sub-valence-shell elec-
trons at the AE/FC-UCCSD(T)/aug-cc-pwCVTZ level of theory,
and also from scalar-relativistic effects using the second-order
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Douglas-Kroll (DK) Hamiltonian. We take higher-order electron-
correlation effects into account by determining post-(T) corrections
as energy increments between UCCSD(T), UCCSDT and
UCCSDT(Q) relative energies applying the aug-cc-pVDZ basis set.
Due to the presence of free halogen atoms in the title reactions, we
also account for spin-orbit splittings at the multi-reference
MRCI+Q(21,11)/aug-cc-pVDZ level of theory in case of all the
stationary points. Zero-point-energy contributions, determined at
the UCCSD(T)-F12b/aug-cc-pVTZ level, are also included in the
benchmark adiabatic relative energies, which are compared to
experimental values and show generally good agreement. It turns
out that the above-detailed energy correction terms are necessary
to reach chemical accuracy of the results. Based on the energetics
and structural parameters of the studied stationary points we
interpret our results in terms of Hammond’s postulate and make
predictions for the expected dynamics behavior of the title reac-
tions based on the Polanyi rules, which may motivate future
theoretical dynamics investigations of the present reactive systems.
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