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A recent guided ion beam study of the HCl + HCI" reaction has revealed two different products [Phys.
Chem. Chem. Phys. 2015, 17 (25), 16454—16461]. The first is the proton transfer product, HoCl™ + Cl, where
the cross section of the reactions associated with this product, as predicted, monotonically decreases as
the collision energy between the product increases. The second is the product HCI™ + HCl, where the
cross section of the reaction shows a local maximum at the collision energy of 0.5 eV. The nature of this
unusual behavior of the cross section is not clear. In this manuscript, state of the art ab initio molecular
dynamics (AIMD) simulation is performed to study this bimolecular collision of HCI* + HCI. The potential
energy of profile of this system is first characterized with high-level ab initio methods, and then a
computationally efficient method is selected for AIMD simulation. The cross sections from AIMD agree
well with those from the experiments for both products. The AIMD trajectories reveal the complexity of
this seemingly-simple reaction — a total of five different pathways that result in the aforementioned two
products. The simulation also sheds light on the mystery of the local maximum of the cross section

regarding the HCI* + HCI product.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Charge transfer and proton transfer reactions represent the
most fundamental reactions in the field of ion molecule chemistry.
At the same time, they are among the most efficient reactions in
nature. For the symmetric charge transfer reaction 3®Ar* + Ar, cross
sections as high as 80 A? have been measured at a center of mass
collision energy of 0.2 eV [1]. For the proton transfer reaction
H3 + Hy — Hi + H, cross sections as high as 1000 A% have been
reported at a collision energy of 0.5 meV [2]. In fact the cross sec-
tions reported by Allmendinger et al. are fully compatible with
Langevin calculations for the reaction of a charge mono pole with a
polarizable target [3]. Together with data from Glenewinkel-Meyer
et al. [4], the reaction system H3 + H, — H3 + H now represents
one of the best documented examples for Langevin characteristics
obeyed over a wide range of collision energies. On the other hand,
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since the early studies, many ion molecule reactions have been
reported to exhibit cross sections significantly lower than the
Langevin limit [5]. The situation becomes even more complex when
considering reactions of an ion with a dipolar target. In that case the
cross section is in general predicted to be above the Langevin limit
[6]. Again, there are numerous examples reporting cross sections
well below the approximate dipole orientation (ADO) and below
the Langevin limit [7,8].

Reaching a topical level of understanding today requires the
combination of state-of-the-art experiment and theory. For anion-
molecule reactions a high level of sophistication has been reached
by combined experimental and theoretical studies for several ex-
amples [9,10]. For cation-molecule reactions, we have only recently
reached the possibility to compare high level molecular dynamics
calculations on an ab initio potential energy surface with guided ion
beam experiments [11—15]. In this manuscript, we present an
extensive ab initio molecular dynamics (AIMD) study of the dy-
namics of the reaction system HCI* + HCl that yields two products:
the proton transfer one (PT, forming H,Cl" + Cl) and the charge
transfer one (CT, forming HCI + HCI"). Particular emphasis is given
to the variation of reaction dynamics with respect to the center of
mass collision energy.
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In a recent study, Uhlemann et al. [7] have investigated the
dynamics of this reaction with a guided ion beam experiment. Their
research has shown that the absolute cross sections for PT (and
deuteron transfer) decrease with the increase of center of mass
collision energy, Eco. The cross section for CT (and DCI™ + HCl)
exhibits a maximum with Ec, = 0.5 eV. Uhlemann et al. [7] also
investigated the impact of rotational angular momentum of the ion
(HCI*/DCI™) on the dynamics of the reaction, and reported that the
cross section for PT decrease significantly with increasing rotational
angular momentum ion before increasing again for the highest
value investigated. The impact of rotational angular momentum on
the dynamics of the CT reaction is less clear and highly dependent
on the collision energy. Although a simple model in which both the
collision energy and part of the rotational energy are available for
the reaction was employed to rationalize the experiments [7], the
exact dynamics of this reaction remains largely unknown.

Quantum chemistry calculation has been an effective method of
studying the energy profile of gas phase reaction since its develop-
ment in the early 1950s [16,17]. In an effort to better understand the
experimental results, Uhlemann et al. [7] have utilized high-level ab
initio method to identify the reaction path of the PT reaction: re-
actants (i.e. HCI* + HCl) approach with their H—CI axis perpendic-
ular to one another and form a pre-reaction complex, [HCI——HCI]T,
which crosses the transition state (TS) via one H atom rotating into
the Cl—Cl axis. A post-reaction complex, [HCIH-CI]* is formed before
reaching the product (i.e. H,Cl™ + Cl). Although the energy profile
opens access to chemical information such as reaction rate, time-of-
flight of the product, etc., unfortunately, their validity is at the mercy
of the presumption that a statistical ensemble is maintained for all
intermediates involved [10,18,19]. It requires the lifetime of the in-
termediates formed after the collision is sufficient for the intra-
molecular vibrational redistribution (IVR), a situation that is not
guaranteed in a highly dynamically system excited through bimo-
lecular collision [20]. For example, many ion-molecule reactions
have been reported to contain a significant portion of direct re-
actions (i.e. without forming any intermediates), barrier recrossings
(i.e. many transitions between pre- and post-reaction complexes),
and other non-IRC behaviors [15,19,21].

AIMD simulation [22,23] is an ideal computational method to
capture the dynamics of the reaction by following the motion of
atoms in real time. In AIMD, the interactions between atoms (i.e.
energy gradient, corresponding to forces acting on atoms) is
directly calculated on-the-fly with ab initio methods and their po-
sitions are propagated iteratively by solving the classical equations
of motions over a small time interval [24]. In this way, the time-
evolution of the coordinates of the system (usually referred to as
“trajectories”) is collected. Further, to accurately model reactions in
real life, AIMD simulations of chemical reactions need to sample a
statistical ensemble of trajectories corresponding to the conditions
of the experiments. Herein, a few thousand AIMD trajectories of
this reaction with a low (0.2 eV, 4.6 kcal/mol), medium (0.5 eV,
11.5 kcal/mol), and high (1.0 eV, 23.1 kcal/mol) collision energy are
simulated with no rotational excitation of HCI". The cross section
computed from AIMD simulations are compared with the experi-
ments, and several interesting characteristics of reaction have been
revealed. This study lays a solid foundation for future investigation
on how the rotational excitation impacts the dynamics of the
reaction.

2. Methods
2.1. Potential energy surface

Shown in Fig. 1, the reaction path includes two intermediates
connecting with one submerged barrier (i.e. TS-1). The energy
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Fig. 1. The potential energy profile of the HCI* + HCl — H,CI" + CI (PT) reaction. The
values (in eV) are calculated with MP2/def2-SVP level of theory and the values in
parenthesis are calculated with CCSD(T)/CBS//CCSD(T)/cc-pCVDZ. Zero-point energy is
included in these values.

profile of this reaction has been first reported by Burda [25] and
updated by Uhlemann [7] with second order Mgaller—Plesset
perturbation theory (MP2) [26], coupled-cluster singles and dou-
bles (CCSD) [27], and coupled-cluster singles and doubles plus
perturbative triples (CCSD(T)) [28]. According to CCSD(T)/aug-cc-
pVTZ [29]//CCSD/def2-TZVPP [30], the heat of the reaction at 0 K
is -0.440 eV, somewhat lower than the experimental heat of the
reaction, -0.465 eV [31]. Since it is of great importance to obtain an
accurate potential energy profile as the benchmark to select
optimal ab initio method for AIMD in simulating this reaction,
several improvements have been made as compared to the previ-
ous investigation: (1). Employ CCSD(T) for the geometry optimi-
zations and zero-point energy (ZPE) calculations — previously,
CCSD(T) was only used to calculate energy of structures optimized
with lower level of theory [7]; (b) Include core-valence correlating
functions and weighted core-valence correlating functions to the
correlation-consistent polarized valence basis sets (cc-pVXZ) [29]
to form correlation-consistent polarized core-valence basis sets (cc-
pCVXZ) [32] and weighted correlation-consistent polarized core-
valence basis sets (cc-pwCVXZ) [33], respectively — these basic
sets are known to accurately represent similar systems; (c)
extrapolate the result to the complete basis set (CBS) limit [34]; —
the gold standard of ab initio calculation. These efforts collectively
improve the accuracy and reliability of the benchmark potential
energy profile, whose results are summarized in Fig. 1. As shown,
the heat of the reaction according to CCSD(T)/CBS//CCSD(T)/cc-
pCVDZ is -0.464 eV (-0.466 eV if the ZPEs are scaled by 0.969 for
anharmonicity [35]). The excellent agreement between the theo-
retical and experimental heat of reaction (-0.465 eV) bespeaks for
the accuracy of CCSD(T)/CBS//CCSD(T)/cc-pCVDZ in representing
the potential energy of this reaction. In addition to improving the
accuracy upon previously reported structures in Fig. 1, a new
transition state (see TS-2 in Fig. 2) was found and verified by an
intrinsic reaction coordinate (IRC) [36—38] calculation. We note
that Post-1 and Post-2 are structurally the same as Post in Fig. 1, but
they differ in the source of the H in HyCI* that is closer to the Cl
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Fig. 2. The potential energy profile of the hydrogen exchange pathway. The H original
from the HCI™ reactant ion is colored blue. The values (in eV) are calculated with MP2/
def2-SVP level of theory and the values in parenthesis are calculated with CCSD(T)/
CBS//CCSD(T)/cc-pCVDZ. Zero-point energy is included in these values. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

radical (see Fig. 2). This newly-found TS-2 is expected to open up a
competing channel to the PT product HoCl*+H — the system could
have formed the pre-reaction complex, crossed TS-1, and formed
the post-reaction complex (Pre — TS-1 — Post in Fig. 1), but
instead of forming H,Clt+H, it crosses TS-2 and forms Post-2,
following the Pre — TS-1 — Post (Post-1) — TS-2 — Post-2 —
HCI™ + HCL It is of interest to investigate how this additional TS
could impact the dynamics of the reaction.

2.2. AIMD simulations

To ensure the conservation of the total energy of the reaction
system in a trajectory, the time interval between updating the
position of the atoms is usually on the order of one-tenth of a
femtosecond [39—41]. A chemical reaction in the gas phase in
general takes place on the scale of picoseconds, therefore there are
usually a few thousand to tens of thousands of ab initio energy
gradient calculations involved in modeling each trajectory. Further,
to accurately model reactions in real life, AIMD simulations of
chemical reactions need to sample a statistical ensemble of (usually
a few thousand) trajectories corresponding to the conditions of the
experiments, such as various impact parameters (b) and orienta-
tions (f) of the collision [39—41]. Multiplying the number of tra-
jectories with the number of ab initio energy gradient calculations
per trajectory leads to millions of such calculations and makes the
AIMD simulation very computationally demanding. This enormous
amount of computation presents an inevitable tradeoff between
the accuracy of the ab initio method and the ergodicity of the
sampling.

In addition to being affordable, the ab initio method employed
for AIMD needs to represent the potential energy profile of the
reaction, i.e., optimizing all the key points (reactants, in-
termediates, transition states, and products) and calculating their
relative energies accurately. In this manuscript, 10 commonly-used
density functional theory (DFT) functionals and MP2 combined
with various double-zeta, triple-zeta, or effective core potentials
(ECP) [42—44] basis sets, a total of 231 affordable candidate
methods, have been tested and their relative potential energy
profiles are summarized in Table S1 in the Supplementary
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Information. To evaluate their accuracy in representing the reac-
tion, the root mean square displacement (RMSD) of relative po-
tential energies from each candidate method is computed via the
following Eq. (1):

14, . .
RMSD = N;(ji ,0; = PE(i) — PEef (i) (1)

where N is the total number of structures on the potential energy
surface (see Fig. 1) and ¢; is the difference in relative potential en-
ergies between a candidate method (i.e. PE(i)) and the benchmark
(i.e. PE¢s (i), CCSD(T)/CBS//CCSD(T)/cc-pCVDZ) for structure i.

As shown in Table 1, candidate methods with ECP included have
seen worse the results compared to those without. Among candidate
DFT methods, the M06—2X[45] functional combined with Pople basis
sets [46] show the best performance, e.g. MO6—2X/6-311G** repre-
sents one of the smallest RMSD value. With regard to MP2, its com-
bination with Karlsruhe [30] and augmented correlation-consistent
[29] basis sets also shows low RMSD value (e.g. less than 0.1 eV).
Several candidate methods of the lowest RMSD, including both DFTs
and MP2, are employed to run trial AIMD simulations, and unfortu-
nately, the electron density have been observed to be unstable in
trajectories of all DFT candidate methods. For example, while the two
reactants are separated, they share the total charge of this system
(+0.5 on each reactant) instead of +1 on one and 0 on the other. This
behavior takes place in spite of the fact that at the beginning of the
AIMD simulation, the charges are correctly assigned. In contrast to
that, the MP2 methods combined with Karlsruhe basis sets [30] (def2-
SVP, def2-TZVPP, def2-TZVPPD, etc.) demonstrate correct electron
density throughout the simulation. With regard to the balance be-
tween accuracy and efficiency, MP2 with triple-zeta basis sets is about
5 times slower than it with double-zeta basis sets, while the gain in
accuracy is marginal at best (0.003 eV in RMSD). After considering all
the aforenoted factors, MP2/def2-SVP is selected as the method for
the AIMD simulations in this manuscript.

The initial condition of AIMD simulations is set to represent the
guided ion beam experiment of HCI™ + HCl reaction by Uhlemann
et al. [7] The rotational quantum number of reactant ion and
reactant molecule are set to 0 and 3, respectively, and the vibra-
tional quantum number of both reactants are set to 0. The two
reactants are initially separated by 10 A, a far enough distance to
neglect the intermolecular interaction between them. The initial
orientations between the reactants are randomly sampled. The
positions of the atoms are propagated by velocity Verlet algorithm
in VENUS [47] with a time step of 0.1 fs with the energy gradients
calculated by an applicable quantum chemistry method in
NWChem [24,48] (in this case, MP2/def2-SVP). The partial charges
of each atom are calculated at every integration step with Mulliken
population analysis to identify the potential charge transfer tra-
jectories. The trajectories are halted once either the distance be-
tween two newly formed products exceeds 10 A, or they return to
reactants after the collision. The reactants are set to collide with a
fixed relative translational energy of 0.2, 0.5, or 1.0 eV. For each
collision energy, bmax, the largest impact parameter, is detected by
systematically increasing the impact parameter b until no reactive
trajectory is observed. by is identified as the largest b where at
least one trajectory is reactive among 100 trajectories. In the pro-
duction run, trajectories of b> by are deemed unnecessary for
their low reaction probabilities. In order to account for the correct
probability of the collisions, the number of trajectories sampled at
each impact parameter is proportional to the impact parameter
[15]. In this manuscript, 100 trajectories are sampled at the smallest
impact parameter of b, = 1.0 A. As a result, the number of tra-
jectories sampled at a given b, N(b) is computed as:
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Table 1
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The RMSD of each candidate method with respect to the benchmark value (CCSD(T)/CBS//CCSD(T)/cc-pCVDZ) are summarized in the table. The unit of energy is eV. N/A
indicates at least one of the structures on the potential energy profile (Fig. 1) is not found with the corresponding candidate method (see Table S1 in the Supplementary

Information).
Basis Set MP2 DFT Functionals
B3LYP MO05 MO06 MO06-2X MO6-L XMO06 CMO6-L XMVS15 B97 B9S
aug-cc-pVDZ 0.07 033 0.20 022 0.14 0.42 N/A N/A 0.29 0.35 0.29
aug-cc-pCVDZ 0.07 0.27 0.20 0.22 0.14 0.42 N/A N/A 0.29 0.35 0.29
aug-cc-pwCVDZ 0.07 0.27 0.19 0.22 0.13 0.42 N/A N/A 0.29 0.29 0.29
cc-pVDZ 0.12 038 0.20 031 0.14 0.45 N/A N/A 0.32 0.40 0.31
cc-pCVDZ 0.12 0.30 0.21 0.23 0.14 0.45 N/A N/A 0.32 0.39 0.31
cc-pwCVDZ 0.12 0.38 0.21 0.23 0.13 0.45 N/A N/A 0.32 0.39 0.30
def2-TZVPP 0.05 033 0.24 0.20 0.10 0.39 N/A N/A 0.27 0.28 0.28
def2-TZvP 0.06 0.34 0.24 0.26 0.10 0.39 N/A N/A 0.27 0.28 0.27
def2-TZVPD 0.06 0.32 0.18 0.20 0.10 0.39 N/A N/A 0.24 0.27 0.27
def2-SVP 0.05 0.46 0.31 0.41 0.24 0.54 N/A N/A 0.38 0.48 0.46
def2-SVPD 0.06 0.28 0.21 0.25 0.16 0.46 N/A N/A 0.27 0.32 0.32
def2-TZVPPD 0.05 0.24 0.23 0.20 0.10 0.39 N/A N/A 0.24 0.27 0.27
6-31 + g* 0.20 0.32 0.15 0.16 0.05 0.40 N/A N/A N/A 0.23 0.22
6-311++g** 0.19 031 0.13 N/A 0.04 0.39 NJA N/A N/A 0.23 0.22
6-311 + g*= 0.19 0.21 0.15 0.17 0.03 0.40 N/A N/A 0.11 0.23 0.22
6-311g** 0.24 0.18 0.13 0.13 0.01 0.37 N/A N/A 0.28 0.20 0.19
6-31g** 0.19 0.35 0.16 0.27 0.07 0.40 N/A N/A 0.13 0.36 0.34
LANLOS? 0.22 0.36 0.33 0.38 0.16 0.48 N/A N/A N/A 0.38 0.35
aug-cc-pVDZ"
LANLO8d" 0.13 0.22 0.27 0.34 0.14 0.43 N/A N/A 0.27 0.34 0.24
aug-cc-pVDZ"
LANLOS? 0.25 0.38 N/A 0.42 0.16 0.51 N/A N/A N/A 0.28 0.27
cc-pvDZP
LANLOSd" 0.16 031 0.28 0.34 0.13 0.43 N/A N/A 0.28 0.24 0.24
cc-pVvDZ"
¢ Basis set for CL.
b Basis set for H.
b - Total
N(b) = N(bmin)'bmm% b < bmax (2) PT —=—
65 - HA —o--
A detailed justification of the AIMD simulation settings could be CT = x—
found in Ref. 15. A total number of 2200, 1600, and 1100 trajectories 60 | HE
are simulated for the relative translational energy of 0.2, 0.5, or HE&CT
1.0 eV, respectively. The total number of ab initio energy gradient _. 55|
calculations has exceeded 53 million in this research. g
850 1
E=]
3. Results )
8451
o
3.1. Reaction pathways .
5 40
=)
The AIMD has revealed five reaction pathways. For clarification, § 61
the atoms in the reactants are labelled as H(1)CI™(2) and H(3)CI(4), < | e = %
these pathways are: 4 . %— - -
H(1)CI(2) + H(3)Cl(4) — H(1)CI"(4)H(3) + CI(2) P1, Proton 3 -,
Transfer (PT) 5 g
H(1)CI*(2) + H(3)Cl(4) — H(1)CI"(2)H(3) + Cl(4) P2, Hydrogen 1 B 27"\-\\
Abstraction (HA) B B : T ———p
H(1)CI*(2) + H(3)Cl(4) — H(1)CI(2) + H(3)CI™(4) P3, Charge 0.2 05 1
Transfer (CT) Ecol (V)

H(1)CI7(2) + H(3)Cl(4) — H(3)CI"(2) + H(1)Cl(4) P4, Hydrogen
Exchange (HE)

H(1)CI™(2) + H(3)CI(4) — H(3)CI(2) 4+ H(1)Cl"(4) P5, HE&CT.

The reaction probability of these pathways is depicted in Fig. 3.
The overall reaction probability decreases with the increase in
collision energy, nevertheless, at the highest collision energy tested
in this manuscript (i.e. 1.0 eV), about half of the collisions are still
reactive. This level of reaction probability is much larger compared
to other bimolecular collisions of comparable collision energy, such
as Sn2 (less than 10%) [21,40,49] and CH radical addition (less than
40%) [41,50]. Fig. 3 also shows that the proton transfer (PT)

Fig. 3. The reaction probabilities of each pathway vs. the collision energies from the
AIMD simulations. The reaction probabilities are calculated from byin = 1.0 A to byax.

pathway, P1, makes up an overwhelming majority of the total
reactive trajectories, although its ratio decreases as the increase of
the collision energy (i.e. from 93.3% to 86.5% as the collision energy
increases from 0.2 to 1.0 eV). The charge transfer (CT) pathway, P3,
is the second most populated pathway following the collision of
HCI™ + HCl, and in contrast to the PT pathway, its probability
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increases with the increase of collision energy (i.e. from 2.2% to
11.2% as the collision energy increases from 0.2 to 1.0 eV). The
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reaction mechanism of these two pathways will be discussed in
greater details in the following section. In addition, hydrogen
abstraction (HA, P2, 1.1-3.1% of the total reaction), hydrogen ex-
change (HE, P4, 1.3—2.1% of the total reaction), and the combination
of HE and CT (P5, 0.0—0.1% of the total reaction), although to a much
less degree, have also been observed. One representative animation
for each minor reaction pathway is provided in the Supplementary
Information. These minor reaction pathways have overall demon-
strated to be independent of the collision energy.

3.2. Comparison to guided ion beam experiments

It is essential to validate the results of the AIMD simulations
with experiments. As stated in the Introduction, the cross sections
of the HCI™ + HCI reactions have been investigated by Uhlemann
et al. [7] at various collision energies and rotationally excited states.
It is important to note that according to the guided ion beam
experiment, the cross section is measured for all the reactions that
lead to HCI™ + Cl, which corresponds to both the PT and the HA
pathways observed in the AIMD simulations. In order to observe
the charge transfer product, Uhlemann et al. [7] have to employ
isotopic substitution for the reactant ion, i.e. DCIT + HCl —
DCI + HCI, including both CT and HE pathways from the AIMD
simulation. Although the electronic potential energy surface is in
first approximation identical for both isotopes, the zero-point en-
ergy is different. For this reason, we acknowledge that the
discrepancy introduced by the isotopes, namely DCI™ in the guided
ion beam experiment and HCI" in the AIMD simulations, makes it
very challenging to directly compare the results between them,
therefore, instead of reproducing values of the experimental cross
sections, the focus is to investigate whether the AIMD simulations
are able to demonstrate a similar trend of the impact of collision
energy on the cross section.

a. Direct Rebound PT
100 fs 250 fs 280 fs 350 fs 600 fs
b. Direct Stripping PT
100 fs 300 fs 400 fs 450 fs 650 fs
L s U‘l__, : — “ > ~ >
«— ‘ Pa— ' «— p— ° — ’
c. Indirect PT
80 fs 400 fs 500 fs 600 fs 700 fs
— o~ <@ z %
PLR ou e
—@ ~@ ¢ ) -
1100 fs 1000 fs 900 fs 790 fs 750 fs
L ]
(] Al It
@ c‘ A , 3 ‘-r\

Fig. 5. Snapshots of three representative trajectories of H(black)CI*(red) + H(silver)Cl(yellow) — H,Cl* + Cl reaction mechanisms. The blue arrows denote the motions of the
molecules and are omitted in the last frame to emphasize that the scattering angle of Ind are isotropic. The bond grey arrows represent the time evolution. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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The cross section (¢) from AIMD simulations is computed with
the following equation:

bmﬂX
o= J 2b-p(b)~db 3)
bmin

in which p(b) is the reaction probabilities at impact parameter b.
As discussed above, the p(b) for the HCI™ + HCl — H,Cl™ 4 Cl re-
action is the summation of ppr(b) and py, (b); while the p(b) for the
DCI™ + HCl — DCI + HCI" reaction (HCI™ + HCl — HCl + HCI" in
AIMD simulations) is the summation of p(b) and pyg(b). The cross
sections of the HCI™ + HCl — H,Cl™ + Cl reaction from AIMD
simulations are 85.1 + 3.2, 46.2 + 2.6, and 26.1 = 1.9 A [2] for
Ecol = 0.2, 0.5, and 1.0 eV, respectively; the cross sections of the
DCI™ + HCl — DCI + HCI' reaction are 3.1 + 0.8, 5.4 + 1.1, and
3.7 + 0.9 A [2] for Eco; = 0.2, 0.5, and 1.0 eV, respectively. To high-
light the change in the cross section in response to different colli-
sion energies, the cross sections for these two reactions are
normalized and the results are shown in Fig. 4. As expected for a
barrierless reaction (see Fig. 1 for the potential energy profile), the
cross sections of the HCI* + HCl — H,Cl* + Cl (i.e. PT/HA) decrease
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Fig. 7. The scattering angle (defined in the text) distribution from the AIMD simula-
tions. The maximum probability is set to 1.

with increasing collision energies, and the trend of cross section
from the AIMD simulations almost matches exactly with the
experiment. With regard to the DCI* + HCl — DCl + HCI" reaction
(i.e. CT/HE), both the guided ion beam experiment and AIMD
simulations have shown a maximum in cross section of
Ecol = 0.5 eV, which implies that the collision energy has a non-
intuitive impact on this reaction. Overall, the agreement between
the AIMD simulations and guided ion beam experiment is
remarkable, indicating that the AIMD simulations are able to
accurately represent the dynamics of these two reactions.

3.3. The dynamics of the HCI* + HCl — HyCl" + Cl reaction

The dynamics of ion-molecule reactions have been investigated
over the past decades and various direct and indirect mechanisms
have been proposed [10,15,51,52]. Similar to the SN2 reactions, the
HCI™ + HCl — H)Cl" + Cl also demonstrate three mechanisms:
direct rebound (DR), direct stripping (DS), and indirect (Ind)
mechanisms. Snapshots of each pathway are depicted in Fig. 5. One
representative animation for each reaction mechanism is provided
in the Supplementary Information. In DR (Fig. 5a), the two reactants
move toward each other and the collision is “head-to-head”, with
the proton of HCI' cation pointing toward the Cl of the HCI
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Fig. 8. Snapshots of two representative trajectories of H(black)Cl*(red) + H(silver)Cl(yellow) — HCI 4+ HCI"* reaction mechanisms. The “+” indicate the charge distribution. The blue
arrows denote the relative translation of the molecules and are omitted in the last frame to emphasize that the scattering angle of Ind are isotropic. The bond grey arrows represent
the time evolution. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

molecule. Immediately after the collision, the proton from HCI*
cation transfers to HCI molecule, forms H,Cl" cation, and bounces
off from the point of the collision. In DS (Fig. 5b), while the two
reactants approach one another, the HCI™ cation orientate its pro-
ton towards the Cl of the HCl molecule. When the distance between
the two reactants reaches minimum (i.e. at the point of “passing
by”), the proton from HCI™ cation is stripped away by the Cl on HCl
and forms H,Cl™ cation. Similar to DR, the products (i.e. HyCl* + Cl)
immediately fly off from the collision center. With regard to the Ind
(Fig. 5¢), the trajectories show a measurable lifetime of the complex
formed after collision, which could be trapped into pre- and post-
reaction complexes (see Fig. 1) and/or recross the barriers sepa-
rating them, before eventually dissociating into products.

The reaction probability of the HCI* + HCl — H,Cl* + Cl reac-
tion versus the impact parameter of the collision b, are shown
Fig. 6. We note that 100 trajectories are sampled for b = 0.0 A to
assess its reaction probability, but these trajectories do not
contribute to the dynamics of this reaction as suggested by Eq. (2).
This figure shows that as the collision energy increases, both the
reaction probability at each impact parameter (p(b)) and the largest
impact parameter (bngx) decreases. The combination of these two
factors accounts for the decrease in the cross section of the reaction
as the collision energy increases (see section 3.1 and Fig. 3). The
breakdown of the reaction probability of each reaction mechanism
is also shown in Fig. 6. Among the three aforementioned reaction
mechanisms, DR makes up less than 5% of reactive trajectories for
all collision energies; for E.,; = 0.2 and 0.5 eV, DS and Ind share
almost equally the rest 95%; while for E.o = 1.0 eV, DS is more than
twice as much as the Ind. In accordance with the reaction mecha-
nism observed in Fig. 5, DR trajectories are only observed at small
impact parameters (i.e. b < 2.0 A) since the reactants need to be
close enough to have a “head-to-head” collision. In contrast, the DS
trajectories are only observed at large impact parameters (i.e.
b > 2.0 A), which allows for enough distance for the HCl molecule to
approach the HCI™ cation from the side and strip away its proton.
The Ind trajectories is ubiquitous in all b values as they just require
the formation of intermediates after collision, instead of a certain
manner of colliding. Fig. 6 also demonstrates that the reaction
probability of all three mechanisms decrease as the collision energy
increases. In addition, it shows that the dependance of p(b) on

impact parameter b is very similar for direct mechanisms (DR and
DS) at all collision energies. The ppr(b) decreases rapidly as the
impact parameter gets larger; while ppg(b) increases first with the
increase of the impact parameter, reaches a maximum with b of
5.0 A (when Eco = 0.2 eV) or 4.0 A (when Eco = 0.5 eV and 1.0 eV). It
is interesting to note that the distance between Cl and Cl in the
intermediates are ~3.0 A (2.6 A for the Pre and 3.2 A for Post in
Fig. 1), respectively, which is slightly smaller than the value of b that
sees the largest ppg(b). This phenomenon reinforces the fact that
although trajectories traverse through the neighboring areas of the
intermediates in the phase space, the formation of intermediates is
not necessary for the trajectories to be reactive. With regard to the
Ind mechanism, its pp,4(b) shows a downward trend as the impact
parameter increases, however, a local maximum has been found for
both Eco =0.2 eV (atb=6A)and 0.5 eV (at b = 5 A), which is absent
in the case of the highest collision energy of Eco] = 1.0 eV. This is due
to the fact that the slower the approach of the reactants (at lower
collision energy), the more abundant intramolecular interactions
between the reactants are allowed for them to form intermediates
and trigger the Ind mechanism. The analysis of the reaction prob-
ability of each mechanism has also revealed the reason behind the
dip at 2.0 A of the total reaction probabilities (red curve in Fig. 6) —
the reaction probabilities of the DR and Ind mechanisms have
decreased but the reaction probabilities of the DS mechanism is still
yet to pick up. This dip in the reaction probability at intermediate
impact parameter (b ~ 2.0 A) is absent in almost all the Sy2 bimo-
lecular collisions [21,40,49] but interestingly, is reported in recent
studies of bimolecular collision involving a hydrogen halide
(HBr™ + COy) [15] and CH radical addition (CH + C4H, and
CH + H,S)[41,50].

The scattering angle () of the HCI™ + HCl — H,CI" + Cl, defined
as the angle between the initial velocity of the reactant molecule
(i.e. HCI) the velocity of the product cation (i.e. HoCIT), is also
analyzed. As shown in Fig. 7, trajectories of the DR mechanism are
backward scattering with obtuse 6(119 + 17,113 + 22, and 125 + 8°
for E.o; = 0.2, 0.5, and 1.0 eV, respectively). The trajectories of the DS
mechanism show forward scattering with acute 6 (40 + 27, 33 + 27,
and 36 + 17° for E,, = 0.2, 0.5, and 1.0 eV, respectively). The ¢
distribution of Ind trajectories is more or less isotropic, indicating
the lifetime of the intermediate is much longer than its rotation
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Fig. 9. The reaction probabilities of CT, pcr(b), vs. the impact parameter, b, from the
AIMD simulations. The reaction probabilities of total CT are summarized in red solid
lines. (For interpretation of the references to color in this figure legend, the reader is
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period. For example, with E.,; = 0.2 and 0.5 eV, the ratio between
the forward and backward scattering Ind trajectories, (r(forward)/
r(backward)), are 0.9 and 1.1, respectively. Nevertheless, for
Eco1 = 1.0 eV, this ratio is 2.1, portraying a slight preference to the
forward scattering. Trajectories analysis has shown that the average
lifetime of the intermediates before dissociating into products are
0.27, 0.19, and 0.16 ps for E. = 0.2, 0.5, and 1.0 eV, respectively.
Intuitively, as there is more energy available in the system, the
intermediates are more highly excited, thus experiencing shorter
lifetime according to Rice—Ramsperger—Kassel-Marcus (RRKM)
theory [53].

3.4. The dynamics of the HCI™ + HCl — HCl + HCI* reaction

As discussed in section 3.2, the cross sections of both the
DCI* 4+ HCl — DCl + HCI" guided ion beam experiment and the
HCI" 4+ HCl — HCI + HCI*T AIMD simulations (including both CT
and HE pathways) have shown a local maximum at E.o; = 0.5 eV.
This is a clear contrast to the behavior of the cross section of the
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HCI" 4+ HCl — H,Cl* + Cl reaction, which monotonically decreases
with the increase of the collision energy. Between the CT and HE
pathways that contribute to the cross section of this reaction in
AIMD simulations, CT makes up a much larger portion than HE
(see Fig. 3). Further, as shown in Fig. 3, the reaction probability of
CT is the only reaction pathway that increases with the increase of
the collision energy — a non-intuitive behavior as for reactions
that are barrierless, smaller collision energy (i.e. slower approach
of reactants) allows for longer time of interactions between mol-
ecules, which in general increases the likelihood of the chemical
reaction.

Similar to many other ion-molecule reactions, there are direct
and indirect mechanisms involved in the trajectories of the CT
pathway (snapshots are shown in Fig. 8 and one representative
animation for both direct and indirect CT is provided in the Sup-
plementary Information). As depicted in Fig. 9, the reaction
probability of the direct mechanism dominates the CT reaction.
Trajectory analysis has shown that a successful CT reaction re-
quires a certain orientation between the reactants to ensure that
the initial contact is between the chlorine atoms (although, not all
collisions initiated by Cl—CI lead to the CT pathway). Otherwise,
the proton on the HCI* cation tends to rotate quickly to interact
with the chlorine on the HCl molecule and form the [HCIH-CI]*
post-(PT)reaction complex (see Fig. 1). In other words, as the re-
actants approach one another, the CT reaction via Cl—Cl interac-
tion is competing against the PT reaction via the formation of
post-reaction complex. Recall that the reactants are not highly
rotationally excited (rotation quantum number is O for the ion and
3 for the molecule), and their orientations are randomly sampled.
Therefore, a portion of the trajectories would naturally result in
Cl—CI being the initial contact of the collision. However, trajec-
tories of the lowest collision energy of 0.2 eV have shown that the
slow approaching of the reactants allows enough time for the
positively charged proton from HCI' to rotate and bond with the
Cl (carrying a negative partial charge) from HCI as the reactant
approaches. See Fig. 10a for the snapshot of a representative tra-
jectory. This figure indicates that some of the would-be-CT tra-
jectories are snatched away by the formation of the post-reaction
complex and become PT trajectories instead. To highlight the
impact of the collision energy, the same trajectory (same initial
orientation, vibration, and rotation of the reactants) is reinitiated
with a collision energy 0.5 eV and the snapshots are shown in
Fig. 10b, in which the approach of the reactants is fast enough to
let the Cl—CI contact first before the proton from HCI* has enough
time to rotate and interact with the Cl from HCI. The animations of
Fig. 10 are provided in the Supplementary Information. The same
trajectory with a collision energy of 1.0 eV shows a similar
behavior as the one in Fig. 10b.

Therefore, the trajectory analysis seems to have revealed the
mystery involved in the increase of the CT pathway probability with
respect to the collision energy (see. Fig. 3). The faster approach of
the reactants (i.e. the higher the collision energy) overcomes the
propensity of rotation of HCI™ that forms the post-reaction complex
and forces a Cl—Cl collision that might lead to the CT pathway.
However, it is important to acknowledge that the higher the colli-
sion energy is, the shorter interaction time between reactants is
allowed, which should in return hinder the reaction probability.
These two effects take place simultaneously and compete with one
another: at Ecq) = 0.2 eV, the first effect overweighs the second, but
the situation is the opposite for Eco] = 1.0 eV. The trajectories for
Eco1 = 0.5 eV demonstrate an optimal speed of approach that is fast
enough to minimize the formation of the post-reaction complex
(i.e. forcing Cl—Cl collision instead) which would lead to a PT re-
action, and slow enough for adequate interaction between
reactants.
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the references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Discussions

The AIMD simulations of the HCI" + HCI reaction revealed
various reaction pathways and represented the impact of the
collision energy on this reaction in remarkable agreement with the
guided ion beam experiment [7]. The simulations also shed light on
the mysterious experimental result of the charge transfer reaction,
HCI™ + HCl — HCl + HCI". Intuitively, for a barrier-less reaction
(which is the case of the charge transfer reaction), a higher collision
energy reduces the reaction probability as there is less time for the
reactants to interact with one another [9,10,15,40,49]. The AIMD
trajectories show that this trend is observed for all pathways except
the charge transfer reaction, which increases with the increase of
the collision energy (see Fig. 3). Although the guided ion beam
experiment did not provide information of the reaction probability
at each impact parameter, it reported that the cross section of the
charge transfer reaction (integrated overall possible impact pa-
rameters) demonstrates a maximum at Ec, = 0.5 eV (among 0.2,
0.5, and 1.0 eV, see Fig. 4), which is also verified by the AIMD tra-
jectories. The remarkable agreement between the experiment and
AIMD simulation on this non-intuitive behavior of the cross section
demonstrates the validity of the trajectories thus analyzing the
animations of trajectories is merited.

The animations of the charge transfer trajectories show that
Cl—Clinitiated collision (versus H—Cl or H—H initiated collision) is a
necessary but not sufficient condition for the charge transfer reaction
to take place. Since the orientation of the reactions are randomly
sampled (see Section 2.2), naturally, a same portion of those tra-
jectories would result in CI—Cl initiated collisions despite different
collision energies. However, the trajectories suggest that when
HCI™ and HCl approach each other, due to Columbic interaction, the
proton on HCI" tends to interact with the negatively charged Cl on
HCL. As a result, those would-have-been Cl—Cl initiated collisions
are converted to H(from HCI")-Cl(from HCI) initiated collisions,
should the Columbic interaction be strong and long-last enough.
We note that although the strength of the Columbic interaction
only depends on the configuration of the system (i.e. independent
of the collision energy), a larger collision energy would reduce the
time allowed for the Columbic interaction to convert those would-
have-been Cl—Cl initiated collisions to H—Cl initiated collision. In
other word, more Cl—Cl initiated collisions are preserved, through
which the charge transfer reaction could take place.

Therefore, through decreasing the temporal length of intermo-
lecular interaction, the increase in collision energy has two effects
specifically in the HCl + HCI" reaction:

1. Decreasing the reaction probability.
2. Preserving the CI—Cl initiated collisions, which increases the
reaction probability of the charge transfer reaction.

These two effects obviously work against one another, and a
detailed breakdown on their relative importance is still under
investigation. However, both experiment and simulation suggest
that under either of the two extreme conditions, the charge transfer
reactions are not likely to take place. At low collision energy (i.e.
0.2 eV), effect #1 is diminished but almost all of those would-have-
been Cl—Cl initiated collisions are converted to H—CI collisions,
resulting in low charge transfer reaction probability. At high colli-
sion energy (i.e. 1.0 eV), all would-have-been Cl—Cl initiated colli-
sions are preserved, but there is not enough interaction time for the
charge transfer reaction to take place. Somewhere in between these
two extreme conditions, there exists an optimal condition that
maximizes the charge transfer reaction probability.

This discovery, however, seems to be suggesting a contradicting
viewpoint to the common knowledge that different isotopes have
same chemical property. In other words, HCI* + HCl and DCI* + HCl
should follow the same “chemistry” in forming charge transferred
products, i.e. HCl + HCI* and DCl + HCI", respectively. However,
according to the AIMD simulations, it is reasonable to expect that,
replacing H with D in HCI" would slow down its rotation (due to a
larger moment of inertia) induced by potential energy gradient,
thus hinder the impact of collision energy on the orientation of the
reactants when they collide. This seems to suggest that the isotope
effect does have an impact on this specific reaction. We are
currently investigating the dynamics of the collision of the
DCI* + HCl to fully unravel the isotope effect.
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