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Quasi-classical trajectory study of the OH™ + CHjsl
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Regarding OH™ + CHsl, several studies have focused on the dynamics of the reaction. Here, high-level
quasi-classical trajectory simulations are carried out at four different collision energies on our recently
developed potential energy surface. In all, more than half a million trajectories are performed, and for
the first time, the detailed quasi-classical trajectory results are compared with the reanalysed crossed-
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beam ion imaging experiments. Concerning the previously reported direct dynamics study of OH™ + CHsl, a
better agreement can be obtained between the revised experiment and our novel theoretical results.
Furthermore, in the present work, the benchmark geometries, frequencies and relative energies of the
stationary points are also determined for the OH™ + CHjsl proton-abstraction channel along with the earlier
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|. Introduction

Moving further to larger systems, the investigations of bimolecular
nucleophilic substitutions (Sy2) have become more and more
complex over the last few decades."® The most thoroughly studied
seven-atomic Sy2 reactions are OH™ + CHzY (Y = F, Cl, Br, I). In
these cases, the Sy2 reaction profile differs from the traditional
X ---CHzY — [X---CHz--Y]" — XCHj---Y path.'®™"® For
Y = Cl, Br and I, in the entrance channel, a H-bonded
HO™---HCH,Y complex and a H-bonded transition state are
located, and for Y = I, the typical X ---CH3Y ion-dipole pre-
reaction complex and the [X---CHj;---Y|" Walden-inversion
transition state cannot be found. Moreover, instead of the
XCHj;---Y ™ postreaction complex, a H-bonded CH;OH---Y~
complex is situated in the product channel, which happens to
be the global minimum for the OH™ + CH;Y reactions. It should
be noted that, by front-side attack'® and double-inversion'”
mechanisms, retention of the initial configuration may also
occur in the OH~ + CH;Y Sy2 reaction.™®

@ Interdisciplinary Excellence Centre and Department of Physical Chemistry and
Materials Science, Institute of Chemistry, University of Szeged, Rerrich Béla tér 1,
Szeged H-6720, Hungary. E-mail: dtasi@chem.u-szeged.hu,
gezako@chem.u-szeged. hu

b mnstitut fiir Tonenphysik und Angewandte Physik, Universitit Innsbruck,
Technikerstrafle 25/3, 6020 Innsbruck, Austria

1 Electronic supplementary information (ESI) available: Integral cross sections

(bohr?) of the possible pathways, structures of the stationary points for the Sy2

and proton-abstraction pathways with the most important bond lengths (A) and

angles (deg) obtained on the PES compared to the CCSD(T)-F12b/aug-cc-pVTZ
values, opacity functions of the Sx2 and proton-abstraction pathways, Cartesian
coordinates (A) and energies (E,) of the stationary points for the proton-
abstraction channel obtained at the CCSD(T)-F12b/aug-cc-pVTZ level of theory.
See DOI: https://doi.org/10.1039/d2cp05553h

This journal is © the Owner Societies 2023

In 2002, Hase and co-workers investigated the reaction
between OH™ and CH;F using direct dynamics classical trajec-
tory simulations, and revealed that the reaction rather takes
place through a direct route by avoiding the deep CH;OH- - -F~
well in the exit channel.”> The stationary points of the
OH™ + CH3;F Walden-inversion pathway were characterized by
Sun et al.™® at HF, MP2 and CCSD(T) levels of theory and by
Gonzales et al.'®'® using density functional theory and the
focal-point approach. Recently, based on the results of Hase
and co-workers, several reaction analysis methods were applied
for the reaction of OH ™~ and CH,F.?°>* Furthermore, dynamics
simulations uncovered a novel oxide ion substitution for the
reaction: in the post-reaction CH;OH- - -F~ complex the leaving
F~ may remove the proton of the hydroxyl group, which leads to
the products of HF + CH;0.>*?® The existence of the oxide ion
substitution for OH™ + CH3F was also confirmed by Li and co-
workers,”” and Ji et al completed a detailed mapping of
the possible proton abstraction-involved channels for the
Y (H,0), + CH;l (Y = F, Cl, Br, I) reactions, where n = 1 or 2,
taking into account an oxide ion substitution leading to the
CH,0™ +HY + HI + (n — 1)H,0 products.”® The OH™ + CH;Cl Sy2
reaction was examined by various studies as well. The stationary
points were identified by Evanseck et al.,'° and later the results
were recalculated by Tachikawa et al,'* Souza et al.,* Laloo
et al*® and Zhao et al.®* using DFT, HF, MP2 and CCSD(T)
methods; moreover, direct dynamics simulations were also
conducted at the HF/3-21+G(d) and B3LYP/aug-cc-pVDZ levels
of theory.**> Wang and co-workers performed QM/MM calcu-
lations for the OH™ + CH3Y (Y = F, Cl and Br) Sy2 reactions in
aqueous solution.***’

For the OH™ + CHj;l reaction, numerous experimental and
theoretical investigations were carried out in the last

Phys. Chem. Chem. Phys., 2023, 25, 4005-4014 | 4005


https://orcid.org/0000-0002-9751-0802
https://orcid.org/0000-0001-7935-6066
https://orcid.org/0000-0001-5136-4777
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp05553h&domain=pdf&date_stamp=2023-01-16
https://doi.org/10.1039/d2cp05553h
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp05553h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025005

Open Access Article. Published on 20 December 2022. Downloaded on 1/20/2026 8:34:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
decade.'***™** Cross-beam imaging techniques were employed
to analyse the dynamics of the reactions of OH™, OH™ (H,0) and
OH ™ (H,0), with CH;I at collision energies (E.oy) of 11.5, 23.1,
34.6 and 46.1 kcal mol *.*>” Considering the I" velocity vector
distributions, three different Sy2 reaction mechanisms were
observed, and their occurrences were dependent on the
presence of the water molecules. The stationary points of the
latter reactions were studied, as well, using DFT and MP2
methods."****%*! The crossed-beam and selected ion flow tube
experiments were supported by the direct dynamics simula-
tions of Hase and co-workers in order to describe the dynamics
and kinetics of the reaction."****%*> These findings, along with
others, showed that the dynamics of the Sy2 reactions had to be
rethought, because the picture is more complex than the
traditional one.*® For that reason, in 2018, we characterized
the Walden-inversion, front-side attack and double-inversion
mechanisms of the OH™ + CH3Y (Y = F, Cl, Br, I) S\2 reactions
with high-level ab initio methods.”> In 2020, for the title
reaction, several global analytical potential energy surfaces
(PESs) were developed utilizing the in-house RoBosurrer pro-
gram package.*>*® The final choice of the ab initio method was
not evident: quasi-classical trajectory (QCT) simulations on the
PESs unveiled that the gold-standard CCSD(T) method provides
unphysically negative energies at some regions of the PES, and
therefore a composite ab initio method was applied to obtain
the energies of the structures.

In this work, we report a more detailed dynamical study of
the OH™ + CHjl reaction. At first, for the title reaction, we
determine the benchmark geometries, frequencies and ener-
gies of the stationary points of the proton-abstraction pathway
using the modern explicitly correlated CCSD(T)-F12b method in
order to explore the energetics of the competing Sy2 and
proton-abstraction channels. Then, utilizing our previously
constructed PES,* in total more than half a million QCT
computations are run at Eo of 11.5, 23.1, 34.6 and 46.1 keal mol *
providing the integral cross-sections (ICSs) of the possible
reaction mechanisms, the scattering angle distributions and
the translational and internal energy distributions of the Sx2
and proton-abstraction products, as well. Last but not least, the
QCT results are compared with the reanalysed crossed-beam
imaging experiments for the OH™ + CH;I reaction. The details
of the theoretical and experimental methods are given in
Section II. The results are described and discussed in Section III,
and in Section IV, the summary of the work can be found.

ll. Computational and
experimental methods

For the ab initio characterization of the OH~ + CH;I - H,0 + CH,I™
reaction, the same process is implemented as for the Sy2
channel discussed in ref. 15: the stationary points are searched
at the MP2/aug-cc-pVDZ level of theory,”” then, for the more
accurate energies, structures and frequencies, the modern
explicitly correlated coupled cluster singles, doubles and per-
turbative triples CCSD(T)-F12b method*® is employed with the
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correlation-consistent aug-cc-pvVDZ and aug-cc-pVIZ basis
sets.*® The benchmark classical energies are obtained utilizing
the CCSD(T)-F12b method with the aug-cc-pVQZ basis set at the
CCSD(T)-F12b/aug-cc-pVIZ geometries, and considering the
post-CCSD(T) correlation effects®*™>* and the core correlation
corrections. Taking account of the zero-point energy (ZPE) of
the corresponding stationary point, the adiabatic energy is
determined. For I, a small-core relativistic effective core
potential®® is applied with the aug-cc-pVnZ-PP (n = 2, 3, 4)
and aug-cc-pwCVTZ-PP basis sets. Most of the ab initio calcula-
tions are performed using the Morpro program package,”*
except for CCSDT and CCSDT(Q) where the MRCC program is
used.”>”® A more detailed description of the ab initio computa-
tions is given in ref. 15.

On our previously developed PES, QCT simulations are
carried out for the reaction of OH™ + CHj3I at 11.5, 23.1, 34.6
and 46.1 kcal mol™" E . In ref. 45, the interested reader may
find the details about the PES development. It should be noted
that the energy points of the PES are computed at the CCSD-
F12b/aug-cc-pVTZ + BCCD(T)/aug-cc-pvVDZ — BCCD/aug-cc-pVDZ
composite level of theory’” to resolve the failure of the
CCSD(T)-F12b method. With regard to the conditions of the
simulations, the vibrational ground states of the reactants
(v = 0) are prepared by normal-mode sampling,”®*® and the
rotational angular momenta are set to zero. The initial orienta-
tions of the reactants are randomly sampled, and the initial
distance of OH™ and CH;lI is 40 bohr with a given impact
parameter (b). At each b, 5000 trajectories are propagated and
b is scanned from O to bp.x (Where the probability of the
reaction becomes 0) with a step size of 0.5 bohr. Each trajectory
is run with a time step of 0.0726 fs until the largest interatomic
distance becomes larger by 1 bohr than the largest initial one.
The opacity function (P(b)) is defined by the reaction probability
as a function of b. At each E.;, the ICS of each reaction channel
is determined by a b-weighted numerical integration of the
corresponding P(b):

ICS = 2n (™= P(b)bdb 1)

which is expressed by the trapezoidal rule of the numerical
integration. The scattering angle (0) is the angle of the relative
velocity vectors of the centre of masses of the OH™ and CH;I
reactants and the relevant products. The distributions of 0 are
attained by binning the cosine of the 6 into 10 (for Sx2) and 20
(for proton abstraction) equidistant bins from —1 to 1, where
cos(f) = 1 corresponds to forward scattering. For the ICS of
proton abstraction, two types of ZPE constraints are applied:
(1) soft: reject trajectory if the sum of the classical vibrational
energies of the CH,I™ and H,O products is smaller than the sum
of their ZPEs on the PES, (2) hard: reject trajectory if the
vibrational energy of either product is less than its ZPE on the
PES. The product channels of the OH™ + CH;l reaction are
differentiated by determining the relevant bond distances of the
corresponding products similarly as for the case of NH, ™ + CH3L.*°
Note that, the distinction of the four different channels of

This journal is © the Owner Societies 2023
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proton abstraction with dissociation is based on the different
C-1, O-I and C-O distances.

The experimental data on the OH™ + CH;I reaction have
been obtained using crossed-beam velocity map imaging, as
described in earlier publications.'****” In brief, the negative
ions were produced in a pulsed plasma discharge, mass-
selected by time-of-flight, and stored in an octupole ion trap
at about 100 K to cool the translational and rotational motion.
After extraction from the trap, the ions were crossed with a
supersonic neutral jet of CH;I seeded in helium with relative
collision energies selected between 11.5 and 46.1 kcal mol™*
(0.5 and 2.0 eV). Product ions were mapped by a velocity map
imaging spectrometer onto a position- and time-sensitive detec-
tor and for each reactive event the detector information was
transformed into a product mass and velocity vector in the
centre-of-mass frame. From the three-dimensional velocity dis-
tribution, the angular and internal energy distributions are

View Article Online
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integrated after multiplication with an appropriate Jacobian.
During re-evaluation of the data, we noticed that for the
integration of the relative translational energy distributions
shown in Fig. 6 of ref. 14, an incorrect Jacobian was used,
which is corrected in the present work.

Ill. Results and discussion

The stationary points of Sy2 and proton-abstraction channels of
the OH™ + CH;I reaction are shown in Fig. 1 with the corres-
ponding benchmark classical relative energies and PES values.
The detailed ab initio energies are summarized in Table 1
and the structures of the stationary points are given in Fig. S1
(ESIt). Similar to the back-side attack Walden-inversion
(HMIN — HTS — PostHMIN), proton abstraction is also a
submerged pathway, although Sy2 is much more exothermic
with a reaction energy of 66.64 kcal mol~'. In the entrance
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Fig. 1 The schematic potential energy surfaces of the Sy2 and proton-abstraction pathways for the OH™ + CHsl reaction showing the classical
benchmark relative energies (kcal mol™) of the stationary points with the corresponding PES values, relative to OH™(eq.) + CHsl(eq.). In the case of the
Sn2 channel, the benchmark energies and PES values are derived from ref. 15 and 45, respectively.
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Table 1 Benchmark classical and adiabatic energies (kcal mol™?) of the stationary points, relative to the OH™(eq.) + CHsl(eq.) reactants, for the Sy2 and
proton-abstraction pathways of the OH™ 4+ CHsl reaction. For the OH™ + CHsl Sy2 reaction, the benchmark classical and adiabatic ab initio energies are

adapted from ref. 15

Sn2 DZ* TZ" QZ° or? Q) Acore’ Classical® AZPE" Adiabatic’
HMIN —18.89 —18.64 —18.48 —0.02 0.00 0.02 —18.49 0.42 —18.07
HTS —16.74 —16.69 —16.57 —0.04 —0.04 0.01 —16.65 0.50 —16.15
PostHMIN —79.30 —79.08 —79.43 0.09 0.27 0.29 —78.78 4.49 —74.29
FSMIN —24.09 —24.10 —24.05 0.07 —0.23 0.51 —23.69 0.68 —23.01
FSTS 17.19 17.03 17.10 —-0.11 —0.79 0.42 16.62 0.58 17.20
DITS —4.20 —4.13 —4.05 0.07 —-0.01 0.15 —3.85 0.18 —3.67
I + CH;0H —67.16 —67.08 —67.71 0.08 0.31 0.67 —66.64 3.98 —62.67
ABS Dz* TZb Qz°f or? 4(Q)° Acore/ Classical® AZPE" Adiabatic’
TS1' —18.19 —17.92 —-17.76 —0.04 —0.02 0.02 —-17.79 0.33 —17.45
TS1” —17.38 —-17.11 —16.93 0.01 —0.02 0.14 —16.81 —1.93 —18.74
MIN1’ —19.60 —19.49 —19.36 —0.02 0.04 0.32 —19.03 0.33 —18.70
MIN1” —20.89 —20.80 —20.69 —0.03 0.04 0.32 —20.35 0.53 —19.82
TS2 —10.65 —10.60 —10.57 —0.06 0.06 0.41 —10.15 —0.08 —10.23
MIN2 —13.14 —-13.13 —13.07 —0.06 0.05 0.35 —-12.73 0.56 —12.16
CH,I™ + H,O -1.77 —-1.96 —2.08 —0.07 0.11 0.56 —1.49 —1.33 —2.82

@ CCSD(T)-F12b/aug-cc-pVDZ. * CCSD(T)-F12b/aug-cc-pVTZ. © CCSD(T)-F12b/aug-cc-pVQZ. ¢ CCSDT/aug-cc-pvVDZ -

CCSD(T)/aug-cc-pVDZ.

¢ CCSDT(Q)/aug-cc-pVDZ - CCSDT/aug-cc-pVDZ. S AE-CCSD(T)/aug-cc-pwCVTZ ~ FC-CCSD(T)/aug-cc-pwCVTZ. £ QZ + 0T + §(Q) + Acore.

" AZPE(CCSD(T)-F12b/aug-cc-pVTZ). ' QZ + T + 5(Q) + Acore + AZPE.

channel of Sy2 the Y---OH -bonded front-side complex is
below HMIN and the global minimum of the reaction is in
the product channel of Sx2 (PostHMIN) with a classical energy
of —78.78 keal mol ™. In the case of proton abstraction, involving
the same H-bonded complex (HMIN) in the reactant channel as
for Sy2, four minima and three transition states can be found:
HMIN — TS1//TS1” — MIN1’/MIN1” — TS2 — MIN2. As it can
be seen in Fig. 1 and Fig. S1 (ESIt), TS1’ and TS1”, as well as,
MIN1’ and MIN1” are conformational isomers, due to the
torsional motion of OH : For TS1’ and MIN1/, the torsion
angle of I-C---O-H™ is 180° (trans arrangement), while for
TS1” and MIN1” the value is 0° (cis arrangement). The energies
of the isomers are similar, TS1’ is below TS1” by 0.98 kcal mol ™"
and MIN1’ is above MIN1” by 1.32 kcal mol *, without ZPE
corrections (Fig. 1). It should be emphasised that, considering
ZPE effects, an energy of —17.45 and —18.74 kcal mol™ " can be
observed for TS1’ and TS1”, respectively, and since the bench-
mark adiabatic energy is —18.07 kcal mol™" for HMIN, the
barrier of TS1” vanishes (Table 1). For the stationary points of
proton abstraction, the post-CCSD(T) effects are small,
whereas, for Sy2, more significant post-CCSD(T) effect can be

determined, especially for FSTS (—0.90 kcal mol™'). Generally,
the post-CCSD(T) and the core correlation effects cancel each
other, however, in some cases, accumulation of the effects still
appears with the highest values of 1.06 and 0.60 kcal mol " for
the Sx2 and proton-abstraction products, in order. The ZPE
effects are usually between +0.7 kcal mol ', except for Post-
HMIN, TS1”,I" + CH30H and CH,I™ + H,0, where much higher
effects occur: 4.49, —1.93, 3.98 and —1.33 kcal mol ™', respec-
tively. The DFT energies of the stationary points provided by Xie
et al®® are in a qualitative agreement with our benchmark
results, although the energy differences for several cases are
larger than 2 kcal mol ™", especially for TS1”, showing a devia-
tion of —2.96 kcal mol ™. This latter energy discrepancy shows
that by employing DFT method, TS1” happens to be below TS1’,
and the barrier heights of TS1” and TS1’ remarkably diminish
(0.30 and 0.44 kcal mol™*) compared to the benchmark classi-
cal values (1.68 and 0.70 kcal mol ™, in order). As seen in Fig. 1,
for the Sx2 pathway, the PES reproduces the benchmark
energies of the stationary points within the chemical accuracy
(1 keal mol™"), while in the case of proton abstraction, PES
provides slightly lower relative energies for MIN1’, MIN1”, TS2,

~200 , ‘ ‘ 2.5 : : : . 0.5 : ‘ ; :

e (A)[—=—s,2 20 S,2 proton exch. |(B) (C) lodine ABS
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Integral cross-sections for (A) Sy2, proton abstraction with soft and hard restriction; (B) Sy2 with proton exchange, proton abstraction with proton

exchange and proton abstraction with dissociation; and (C) iodine abstraction, Sy2 with retention and proton exchange pathways of the OH™ + CHsl

reaction as a function of collision energy.
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MIN2 and CH,I™ + H,O than the corresponding benchmark values,
with differences of 1.16, 1.17, 1.53, 1.39 and 1.62 kcal mol %,
respectively.

In order to characterize the dynamics of the title reaction,
QCT computations are carried out at several E.o (11.5, 23.1,
34.6 and 46.1 kcal mol ™) on our earlier constructed analytical
PES* (see Computational and experimental methods). The
ICSs of the possible reaction channels at each E.,; are pre-
sented in Fig. 2 and in Table S1 (ESIt). As it is expected for
barrierless reactions, with increasing E.oj, the ICSs of proton
abstraction and Sy2 are decreasing. The largest ICSs are
obtained for proton abstraction at each E.,;, peaking at a value
of 169.8 bohr? at E.;; = 11.5 keal mol™?, and even with soft ZPE
restriction, the ICSs of proton abstraction are larger than the
corresponding values of the Sy2 channel. Using hard ZPE
restriction for proton abstraction, the reaction probability
suffers a significant decrease, as its ICSs are 23.9 and 14.8 bohr”
at E.o = 11.5 and 23.1 keal mol ™%, respectively, while in the case
of soft ZPE restriction, ICSs of 100.0 and 40.1 bohr® are
determined. For Sy2, no ZPE violation can be obtained. The
opacity functions of Sy2 and proton abstraction are shown in
Fig. S2 (ESIt). Since the four hydrogen atoms can be distin-
guished during the course of a simulation, two additional
pathways can be identified within Sx2: besides inversion,
retention of the initial CH3I configuration can also take
place (Sx2 with retention), on the other hand, a proton
exchange is feasible between the OH  and CH;I reactants
followed by the traditional Walden inversion (Sx2 with proton
exchange). Within proton abstraction, two other paths can be
separated as well: following proton abstraction, a dissociation
of the C-I bond may occur (proton abstraction with dissocia-
tion), and analogously to Syx2 with proton exchange, proton
abstraction with proton exchange can proceed. Likewise for the
NH,~ + CHj;l reaction,’® the formation of the products of
iodine abstraction ([I---OH|™ + CHj) is viable, although with a
significantly lower probability, and in some cases, as for
OH™ + CH;F,*® proton exchange between OH~ and CH;I may
eventuate resulting products apparently similar to reactants:
OH™ + CH,H'T » HOH' + CH,I" — OH'™ + CH,HI. Regarding
the channels involving proton exchange, at lower E.q, their
ICSs are in the range of 0.3-1.2 bohr?, whereas, at higher Eqy,
these paths are almost negligible. Fig. 3 shows that proton
abstraction with dissociation can be separated into four differ-
ent channels with the largest probability of the CH, + I + H,O
product formation.

Performing crossed-beam ion imaging experiments for the
OH™ + CH;lI reaction, the following product ions are detected:
I, CHyI" and [I---H,O] /[I---OH] . The latter product ions
cannot be resolved individually, because the masses of the ions
are almost equivalent (145 u/144 u), thus the time-of-flight
peaks of [I---H,O]™ and [I---OH]~ overlap. The experimental
and theoretical branching ratios of these ions are shown in
Table 2 at E.oy = 11.5, 23.1 34.6 and 46.1 kcal mol™*. In QCT
simulations, I” is provided by three different reaction channels:
Sx2 (I” + CH30H) and two pathway-types of proton abstraction
with dissociation (CH, + I” + H,O and I” + [CH,- - -H,0]). CH,I~

This journal is © the Owner Societies 2023
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Fig. 3 Integral cross-sections for the different types of the proton
abstraction with dissociation pathway of the OH™ + CHzsl reaction as a
function of collision energy.

40 50

Table 2 The experimental and theoretical branching ratios (%) of the
product anions of |-, CH,l™ and [I---H,O]/[I-- -OH]~ for the OH™ + CHsl
reaction at different collision energies. Note that for the theoretical
branching ratios, soft ZPE-restricted proton abstraction is considered?

r CH,I™ [I-- ‘H,0] /[I. - -OH]
Eeon (kcal mol™) Exp.  Sim.” Exp. Sim.° Exp.? Sim.*
11.5 45.38 44.01 53.79 55.76 0.84 0.03
23.1 32.54 36.83 66.66 62.81 0.80 0.13
34.6 36.49 36.31 62.00 62.22 1.51 0.60
46.1 40.49 40.75 56.93 56.57 2.58 0.91

“100% = ICS’SNZ + ICSABS soft T ICSABS dissociation T Icslodine aBs T ICSProton
exche 217 originates from Sy2, and two channels of the proton abstrac-
tion with dissociation leading to CH, + I + H,O or I" + [CH, - -H,O].
° CH,I™ originates from the soft-restricted proton abstraction. ¢ The
[I--‘H,O] and [I-- -OH]  ions cannot be distinguished from each other
experimentally. ¢ The sum of the branching ratios of the [I- - -H,0] and
[I---OH] product ions. [I- - -H,O] " originates from one of the channels
of proton abstraction leading to the CH, + [I-- -H,O]~ products, while
[I---OH] is generated in iodine abstraction.

is formed as a result of proton abstraction, and note that, for
the branching ratios, the soft ZPE-restricted proton abstraction
is taken into account. The product of [I- - -H,O] is generated by
one of the pathways of proton abstraction with dissociation,
while [I- - -OH] ™ occurs as a result of iodine abstraction, as seen
in Fig. 2 and 3. At 11.5 kcal mol ™" E,;, experiment assesses a
slightly higher ratio for I than theory with a difference of
~1.4%, while at E.,; = 23.1 keal mol ™, a reversed situation
appears, the formation of the I" is overestimated by theory
emerging a ~4.3% deviation. As a consequence, at low E.;, the
computed and measured ratios of the CH,I™ product ion also
differ from each other. Nevertheless, the agreement between
theory and experiment is still impressive, almost quantitative,
at these low collision energies. Furthermore, at higher E.);, an
excellent, clearly quantitative, agreement can be identified
between the experimental and theoretical branching ratios of
I” and CH,I : the differences of the corresponding ratios are
below ~0.4%. At each E.., experiment reveals a more signifi-
cant prevalence of the [I---H,O] /[I---OH]~ product ions, for
instance at 46.1 kcal mol ™! E..y, a value of 2.58% is measured,
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whilst theory provides only 0.91%. It should be highlighted
that, in the case of proton abstraction with dissociation, QCT
simulations unveil another product ion, [I- - -CH,]” (see Fig. 3),
which may be detected by the crossed-beam technique as I" if
the complex dissociates during the time scale of the experiment
or as CH,1™ if the complex remains stable. Therefore, we do not
consider the small fraction of [I---CH,]| ™ (0%, 0.1%, 0.8% and
1.8% at E.o = 11.5, 23.1 34.6 and 46.1 kcal mol™%, respectively)
at the branching ratio computations. Nonetheless, the direct
dynamics simulations performed by Xie et al. gave branching
ratios of 31%, 38% and 36%, for I, and 69%, 62% and 63% for
CH,I  at E. = 11.5, 34.6 and 46.1 kcal mol *.**

For the products of OH™ + CH3l Sy2 and the proton-
abstraction reaction, the experimental and theoretical

Sy 2

View Article Online

PCCP

internal energy as well as scattering angle distributions are
compared at several E.o in Fig. 4 and 5. As we can distin-
guish the products of proton abstraction in each simulation,
the internal energy contributions of CH,I" and H,O can be
determined, which is presented in Fig. 6. The theoretical
translational energy distributions of the Sy2 and proton-
abstraction products are shown in Fig. 7. In the case of the
products of proton abstraction, with increasing E.oy, transla-
tional energies are more affected, than internal energies and
the dominance of the forward-scattering becomes more and
more favoured. These tendencies support a prevalence of
the direct stripping mechanism at each E.,; for proton
abstraction, and it should also be emphasised that experi-
ment and theory are in accordance with each other. As it can

0.10 T T T T T T

T T T T

E.,, = 11.5 kcal/mol

T T T

E..; = 11.5 kcal/mol

—e— Theory
— Experiment

T T

0.05 T T T

T T T

E..; = 34.6 kcal/mol

E.o = 34.6 kcal/mol

0.03- 1 0.04. E.,, = 46.1 kcal/mol
W 0.02- | 1
] J
S 0.01- 1
000 T = T T T T 0.00 T T T T \\“
0 20 40 60 80 100 120 0 10 20 30 40 50

E,, (kcal/mol)

E_ (kcal/mol)

Fig. 4 Experimental and theoretical (ZPE-corrected) internal energy distributions of the products of the Sy2 (CH3zOH) and proton-abstraction
(CH,I™ 4+ H,0) channels of the OH™ + CHsl reaction at different collision energies.
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Fig. 5 Experimental and theoretical normalized scattering angle distributions of the products of the Sy2 (CHsOH + |I7) and proton-abstraction
(CH,l™ 4+ H,0) channels of the OH™ + CHsl reaction at different collision energies.

be expected, the internal energy contributions of the CH,I™
product ion are more substantial than that of H,O declaring
that H,O is more responsible for the hard-restricted
proton-abstraction trajectories than CH,I . In contrast, the
dynamics of Sx2 has a different character: on the one hand,
upon increasing E.o, the CH;OH internal energy is more
impacted than translational energy showing an indirect
feature. On the other hand, the scattering angle distri-
butions of CH;OH display forward and/or backward prefer-
ence besides the isotropic character signifying direct strip-
ping and/or rebound pathways as well as complex-forming
indirect dynamics. As seen in Fig. 4 and 5, the experimental

This journal is © the Owner Societies 2023

and theoretical CH;OH internal energy distributions are in
good agreement at E.,; = 11.5 and 23.1 keal mol™*, whilst
theory underestimates internal energies at E.,; = 34.6
and 46.1 kcal mol . Regarding the scattering angle distribu-
tions of the Sy2 products, a pleasant agreement can be
identified, as well, except at E., of 23.1 kcal mol™",
where experiment shows the preference of a dual forward-
backward scattering; however computations reveal an iso-
tropic feature. Concerning the direct dynamics computations
of Xie et al., for proton abstraction and Sy2, as well, a
forward-scattered distribution is reported at E.,; = 11.5,
34.6 and 46.1 kcal mol '."*
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Fig. 6 Theoretical ZPE-corrected internal energy distributions of the products of the proton-abstraction channel (H,O and CH,l™) of the OH™ + CHsl

reaction at different collision energies.
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Fig. 7 Theoretical relative translational energy distributions of the products of the Sy2 (CH3OH + I7) and proton-abstraction (CH,I™ + H,O) channels of

the OH™ + CHzsl reaction at different collision energies.

IV. Summary and conclusions

In this paper, the dynamics of the OH™ + CH;I reaction has
been investigated performing QCT simulations at E..; of 11.5,
23.1, 34.6 and 46.1 kcal mol " on our high-level ab initio PES.*®
Utilizing the explicitly correlated CCSD(T)-F12b method, the
stationary points of the proton-abstraction channel have been
explored and presented with the previously characterized Sy2
channel.” The theoretical analysis for the title reaction has
been compared with the revised crossed-beam ion imaging
experiments. Briefly, in the case of the branching ratios of the
product ions, the internal energy distributions of the Sy2 and
proton-abstraction products, as well as the scattering angle
distributions of the proton-abstraction products, a pleasant
agreement has been found. For proton abstraction, a domi-
nance of the direct stripping mechanism is unveiled, in con-
trast for Sy2, a rather indirect character is found. The most
notable difference between theory and experiment is observed
for the scattering angle distributions of CH;0H at E.o; = 23.1
kcal mol™!, where a mixed backward-forward character is
measured, while simulations show an isotropic feature. The
earlier reported direct dynamics study of Xie et al.'* could not
describe the dynamics of the OH™ + CH;lI reaction as accurate
as our present QCT simulations, underlining the importance of

4012 | Phys. Chem. Chem. Phys., 2023, 25, 4005-4014

the accuracy of the PES to provide well comparable results with
experiments.
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