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ABSTRACT: The dynamics of the HBr* + CO, — HOCO" + Br reaction was recently

“+(C0, > HOCO* +

investigated with guided ion beam experiments under various excitations (collision energy of the 418 fs 880 s

reactants, rotational and spin—orbital states of HBr", etc.), and their impacts were probed through
the change of the cross section of the reaction. The potential energy profile of this reaction has also

(g

been accurately characterized by high-level ab initio methods such as CCSD(T)/CBS, and the )
UMP2/cc-pVDZ/1anl08d has been identified as an ideal method to study its dynamics. This (/

manuscript reports the first ab initio molecular dynamics simulations of this reaction at two

880fs 4181

different collision energies, 8.1 kcal/mol and 19.6 kcal/mol. The cross sections measured from the

simulations agree very well with the experiments measured with HBr" in the *[],/, state. The simulations reveal three distinct
mechanisms at both collision energies: direct rebound (DR), direct stripping (DS), and indirect (Ind) mechanisms. DS and Ind
make up 97% of the total reaction. The dynamics of this reaction is also compared with nucleophilic substitution (Sy2) reactions of
X~ + CH3Y - CH3X + Y™ type. In summary, this research has revealed interesting dynamics of the HBr" + CO, - HOCO" + Br
reaction at different collision energies and has laid a solid foundation for using this reaction to probe the impact of rotational

excitation of ion—molecule reactions in general.

I. INTRODUCTION

A fundamental understanding of the dynamics of elemental
chemical reactions plays an essential role in probing into the
mechanisms of more complicated ones.' Gas-phase reactions,
where the densities of the reactants are extremely low, are ideal
systems for studying reaction dynamics and have attracted
attention from chemists over a few decades.””" Recently,
Paetow et al.”® have employed a guided ion beam apparatus to
study the dynamics of the proton-transfer reaction of HBr" +
CO, —» HOCO" + Br under various excitation conditions.
Three independent variables were controlled while measuring
the cross sections of the reaction: the collision energy between
HBr* and CO,, the rotational energy of HBr", and the angular
momentum of HBr* (and DBr"). It is important to note that in
their experiments, the HBr" ions were specifically prepared at
two different spin—orbit (SO) states, *[]5, and *[]1/5 to
study the impact of the SO effect as well as the thermal effect
on the dynamics of the reaction, since the difference in the
potential energy between the two SO states would change the
reaction from slightly endothermic (*[]s,) to slightly
exothermic (*[],/,)-

For the endothermic reaction (i.e., HBr" in the *[];,, SO
state), Paetow et al.”® have discovered that the cross section of
the reaction increases with the collision energy at all rotational
energy levels of the ion (from 1.4 to 66.3 meV). When the
collision energy is fixed, an increase in the rotational energy of
HBr" also reduces the cross section and this effect is more
significant at the higher collision energies (i.e., larger than 0.85
eV). For the exothermic reaction (i.e., HBr" in the *[],,, SO
state), increasing the collision energy actually inhibits the
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reaction. The impact of the rotational excitation of HBr" (from
34 to 46.8 meV) is more complicated for the exothermic
reaction: the cross section is largely independent of the
rotation of the ion at high (larger than 1.50 eV) collision
energies but demonstrates a negative correlation to the
rotational excitation at intermediate (between 0.25 and 1.50
eV) collision energies. When the collision energy is low (less
than 0.25 eV), as the rotational energy of HBr" increases, the
cross section first decreases, reaches a minimum, and then
increases again. In a later paper, Uhlemann et al” explained a
similar minimum in the cross section of the HCI" + HCI
reaction by a model comparing the rotational velocity of the
ion to that of the neutral. These phenomena, especially that of
the rotational excitation, could not be simply explained by the
potential energy profile of the reaction (endothermic vs
exothermic), indicating that some complicated mechanism
might have taken place.

Quantum chemistry calculation has been an effective
method of studying the energy profile of gas-phase reaction
since its development in the early 1950s.>” There have been
several ab initio calculations to unravel the potential energy
profile of the reaction, including the original manuscript of
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Figure 1. Potential energy profile of the HBr* + CO, — HOCO®" + Br reaction. The values are calculated with the UMP2/cc-pVDZ/1anl08d level
of theory, and the values in parentheses are calculated with CCSD(T)/CBS."! Both values (in kcal/mol) are without zero-point energy and spin—

orbit coupling effect.

Paetow et al,” in which the relative potential energies of the
products and the hydrogen bond intermediate, IM ([BrH--
OCO]"), were calculated with CCSD(T)/TZ2P from the
structures optimized with MP2/TZ2P. Later, Sun et al.'’
studied the potential energy profile of this reaction with the
CCSD(T) geometry optimization and reported another van
der Waals intermediate ([HBr---OCO]*), v-IM, which lies
about 0.13 eV above the IM. Recently, Shoji et al.'' have
identified a transition state (TS) that connects the
aforementioned IM and v-IM. The potential energy profile of
the reaction suggests that as the reactant molecules approach
each other, depending on their relative orientation, either one
of the two intermediates could form. These intermediates
could interconvert into each other by crossing the low TS
(barrier height less than 0.25 V) between them before
eventually dissociating into products.'”~"*

It is well known that the potential energy profile alone
provides only a steady-state picture of the chemical reaction,
and the information derived from the energy profile (e.g.,
reaction rate, time-of-flight of the product, etc.) is only true
under the assumption that a statistical ensemble is maintained
for all intermediates involved,'>'¥1 i, the lifetime of the
intermediates formed after the collision is sufficient for the
intramolecular vibrational redistribution (IVR). In addition,
the knowledge of the potential energy profile alone does not
guarantee understanding the full reaction dynamics, as many
ion—molecule reactions have been reported to contain a
significant portion of direct reaction (without forming
intermediates), barrier recrossings, and other non-IRC
behaviors."” ™"

Ab initio molecular dynamics (AIMD) simulations™*’ have
been employed to unravel complicated and nonintuitive
reaction dynamics by following the motion of atoms in real
time. In AIMD, a large number of trajectories that represent
the physical ensemble of the reactants are simulated and the
trajectories are updated iteratively according to classical
equations of motion with the forces computed from quantum
calculations. Herein, a few thousand AIMD trajectories of this
reaction with a low (0.35 eV, 8.1 kcal/mol) and medium (0.85
eV, 19.6 kcal/mol) collision energy are simulated with no
rotational excitation of HBr". The cross section computed
from AIMD simulations shows excellent agreement with the
exothermic reaction (HBr" in the *[],/, SO state), and the

trajectories have revealed several interesting characteristics of
the reaction dynamics. This study has laid a solid foundation
for future investigation on how the rotational excitation
impacts the dynamics of the reaction.

This article is organized as follows: The potential energy
profile of the reaction and the details of AIMD simulations are
briefly introduced in the Methods section. The Results section
reports the dynamics of the reaction, including the reaction
probability, the reaction mechanism, the scattering angle of the
reaction, and the partitioning of the kinetic energy in the
product. This article concludes with a comparison between the
AIMD simulations and the experiments and a discussion of
where the dynamics of this reaction is different from other
common ion—molecular reactions.

Il. METHODS

ILI. Potential Energy Surface. As stated in the previous
section, the potential energy profile (shown in Figure 1) of the
HBr* + CO, » HOCO™ + Br reaction has been characterized
by Sun et al.'” and Shoji et al.'' In Sun et al,,'’ the potential
energy profile, including the reaction energy, the H-bonded
intermediates (IM), and the van der Waals intermediates (v-
IM), is characterized by the coupled cluster theory with
complete basis set limit (CCSD(T)*'/CBS***®). In a more
recent study by Shoji et al,'' a transition state (TS) that
connects the aforementioned intermediates has been identified
at a similar level of theory, making the reaction potential
energy profile double-welled. Frankly, CCSD(T) is infeasible
for AIMD simulations and Shoji et al.'' have systematically
screened various inexpensive quantum mechanics methods
(e.g., different combinations of single reference methods such
as density functional theory (DFT)** functionals and MP2,*
basis sets,”® and effective core potentials’’ on Br) and
suggested employing UMP2>°/cc-pVDZ*®/1anl08d** for
AIMD simulations due to its optimal accuracy/cost ratio.
The energy profile computed with UMP2/cc-pVDZ/1anl08d
and its comparison to the benchmark energy from CCSD(T)/
CBS are depicted in Figure 1.

It is important to note that the UMP2/cc-pVDZ/lanl08d
employed in this AIMD study is not able to explicitly account
for the SO coupling effect, and as a result, the AIMD
trajectories are considered to operate on a “spin-averaged”
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Figure 2. The reaction probability, p(b), vs the impact parameter, b, from the AIMD simulations.

state between the two. This choice clearly compromises the
ability of AIMD to distinguish the difference in the reaction
dynamics introduced by the SO effect but is deemed to be
necessary for the following reasons: first and foremost, this
compromise is a result of the excessive amount of energy
gradient calculations demanded by the AIMD simulation
(about 28 million, details explained in the next section). An
accurate account of the SO coupling effect on-the-fly would
require some multireference ab initio method such as state-
averaged complete active space self-consistent field (SA-
CASSCF)*® and the computation cost of millions of such
energy gradient calculations would be infeasible. Further, for
HBr", a I state diatomic molecule with one unpaired electron,
the addition and subtraction between the orbital and the spin
angular momenta result in two SO coupling states, +3/
2(*[]5/» ground state) and +1/2(*[],/,), respectively. These
SO states are separated by 328 meV (7.6 kcal/mol), and the
average of these SO coupling states lies in the middle (i.e., 3.8
kcal/mol above the 2H3/2 state and 3.8 kcal/mol below the
*T1.) state). As a result, simply from the perspective of the
total energy of the reaction, the “spin-averaged” potential
energy from the UMP2/cc-pVDZ/1anl08d adds 3.8 kcal/mol
to the *[]5/, state and subtracts 3.8 kcal/mol from the *[],,,
state.'’ We acknowledge that the SO coupling effect could
have a more complicated impact on the dynamics than merely
an additional term of energy; nevertheless, Sun et al.'® have
demonstrated that the SO coupling changes smoothly from the
reactants to the products with a comprehensive geometry scan
(e.g., the SO coupling energy is computed at thousands of
configurations that could be populated in the phase space
throughout the reaction). The hypothesis of the SO coupling

effect being mainly an effect of additional energy is in fact also
supported by the results of Paetow et al,”® which
demonstrates that the main effect of going from one spin—
orbit state to the other is to change the effective reaction
enthalpy from endothermic for the SO ground state to
exothermic for the excited SO state. Therefore, the main
difference in the cross sections measured pertains to the
collision energy dependence being characteristic for endother-
mic and exothermic reactions. As a result, for the present
research, the spin-free UMP2/cc-pVDZ/1anl08d level of theory
is considered to be acceptable in probing the dynamics of this
reaction.

ILIl. AIMD Simulations. The AIMD simulations are set to
model the conditions of the guided ion beam experiment as
close as possible. The two reactant molecules, HBr" and CO,,
are initially separated by 12 A (center-of-mass distance), far
enough that the interaction between them is negligible. The
relative orientation between these two linear molecules is
randomly sampled. HBr" and CO, are set to collide with a
fixed relative translational energy of either 8.1 kcal/mol (0.35
eV) or 19.6 kcal/mol (0.85 eV). This translational energy is
distributed into both reactant molecules, while the total
momentum of the system is zero. The initial vibrational and
rotational energies for CO, are selected from a canonical
ensemble at room temperature (298.15 K), while the
vibrational and rotational quantum numbers of HBr" are set
to zero to approximate the vibration and rotation of its
experimental conditions.”® The position of the atoms is
propagated by VENUS®' using the velocity Verlet algorithm
with the energy gradients calculated from UMP2/cc-pVDZ/
1anl08d in NWChem.*>** Most of the AIMD trajectories adopt
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Figure 3. Snapshots of three representative trajectories from different reaction mechanisms. The blue arrows denote the relative translation of the
molecules and the gray arrows denote the relative rotation. The blue arrows in the last frame of Ind are omitted to emphasize that the scattering
angle of Ind is isotropic. The bond gray arrow represents the time evolution.

a 0.2 femtosecond time step, the largest time step that
conserves the total energy of the system. The time step is
subjected to decrease to as low as 0.05 femtosecond for some
of the unstable trajectories. The trajectories are halted once the
products are clearly formed (i.e., the center-of-mass distance
between HOCO™ and Br exceeds 12 A) or they return to the
reactants (i.e., the center-of-mass distance between HBr" and
CO, exceeds 12 A).

The AIMD simulations need to sample a large enough
number of trajectories that represent the physical ensemble of
the guided ion beam experiment to capture the dynamics of
the reaction. For each collision energy, the largest impact
parameter, b, is detected by systematically increasing the
impact parameter b, starting from 4.0 A with an increment of
Ab = 0.5 A. At each impact parameter, 50 trajectories are
sampled and b,,,, is identified as the largest b where at least one
trajectory is reactive. In the production run, trajectories are
only calculated with b < b,,, and the number of trajectories
sampled at each impact parameter is proportional to the
impact parameter (see the Supporting Information for
justification), starting with 25 trajectories at the smallest
impact parameter of b, = 0.5 A.>* Therefore, the number of
trajectories sampled at each b, N(b), is computed as

N(b) = N(bmin

).L; b < bmax
bmin (1)

Depending on their initial conditions, different trajectories
experience different lifetimes. For E_; = 8.1 kcal/mol, the
longest, shortest, and average integration times are 10.6, 1.1,
and 2.0 ps, respectively; for E_; = 19.6 kcal/mol, the longest,
shortest, and average trajectory integration times are 7.4, 0.8,
and 1.1 ps, respectively. The total number of AIMD
trajectories is 3425, and the total number of UMP2/cc-
pVDZ/1anl08d energy gradient calculations exceeds 28 million.
Ninety-seven percent of total trajectories have less than 0.1
kcal/mol of energy conservation error. The average energy
conservation error for both collision energies is 0.04 kcal/mol.

The largest energy conservation error is 0.4 kcal/mol for E_; =
8.1 kcal/mol and 0.8 kcal/mol for E_; = 19.6 kcal/mol. The
average and maximum eigenvalues of the total spin-squared
operator during the trajectories are 0.759 and 0.777,
respectively.

lll. RESULTS

liLl. Overview of the Reaction Mechanisms. The
reaction probability (p(b)) vs impact parameters (b) are
shown as a red curve in Figure 2. This figure is derived from
the summary of the simulation in the Supporting Information
(Table S1). Reactions of both collision energies show a similar
trend: Starting from b = 0.5 A, p(b) increases as b increases.
Beyond a local maximum at b = 1.5 A, p(b) shows a significant
dip at 2.0 A (E.; = 8.1 kcal/mol) and 2.5 A (E, = 19.6 kcal/
mol). Thereafter, p(b) increases again with the increase of b,
reaching the largest reaction probability at b = 3.5 A. Further
increase of b from b = 3.5 A decreases p(b). The b,,,, for E_, =
8.1 kcal/mol, 6.0 A, is 1.0 A larger than that of E.;; = 19.6 kcal/
mol. At large b values, instead of colliding directly (i.e., “head-
to-head”), the two reactant molecules are figuratively “passing
by” each other. Combining the difference in the nature of the
collision induced by impact parameter with the fact that the
higher the E_j, the faster the relative velocity between HBr*
and CO,, there is less time for the two reactant molecules to
interact with each other at high E_, and large b, diminishing
the chances for reaction.

AIMD trajectories of both collision energies have revealed
three distinct mechanisms of the reaction: direct rebound
(DR), direct stripping (DS), and indirect (Ind). Snapshots
from a representative DR mechanism are shown in Figure 3a.
In DR, the HBr" ion collides with the CO, molecule “head-to-
head” while pointing the proton toward the CO,. The proton
transfers from the HBr" to the oxygen of the CO, and forms an
HOCO" ion, which immediately bounces off of the massive Br.
Snapshots from a representative DS mechanism are shown in
Figure 3b: the proton is still pointed toward the colliding
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center, while the HBr" ion touches CO, from its terminal (i.e.,
one of the oxygens) and loses the proton. The newly formed
HOCO" ion immediately leaves Br without getting trapped in
either of the intermediates (i.e, IM or v-IM). In contrast to
DR and DS, the Ind mechanism includes all trajectories that
show a detectable lifetime of the intermediates and/or
transitions between them. An example set of the snapshots
of the Ind trajectories is depicted in Figure 3c. Due to the
excess energy available in the system, the intermediate formed
after collision is highly vibrationally and rotationally excited
and the system is transiting between the two intermediates
multiple times before eventually dissociating into products.
One representative animation of the trajectory for each
reaction mechanism can be found in the Supporting
Information.

lILIl. Correlation between Impact Parameter (b) and
Reaction Mechanism. Figure 2 shows that the aforemen-
tioned reaction mechanisms are highly correlated with the
impact parameter. As stated in the previous section, the DR
mechanism demands a head-to-head collision; thus, it only
appears at low b values (ie, b < 2.5 A) for both collision
energies (blue dot-dashed curve in Figure 2). In contrast, the
DS mechanism is triggered by HBr" attacking the oxygen of
the CO, molecule (ie, offloading the proton to it) at a
relatively large distance. As a result, DS trajectories are only
observed for b > 1.5 A and they are predominantly observed at
large b values (black dashed curve in Figure 2). In contrast, the
Ind mechanisms only require the formation of intermediates
and thus are observed in all b values.

It is important to note that collision energy could have a
profound impact on the reaction mechanisms. The two direct
mechanisms are somewhat independent of the collision
energy: DR is only observed at very low b values and DS
predominates at large b. Aligning with the trend of the total
reaction probability, the reaction probability of DR (ppg) and
DS (pps) both decreases when collision energy increases, and
the ratio between them (i.e., ppr/pps) remains similar: 0.05 for
E_, = 8.1 kcal/mol vs 0.03 for E_,; = 19.6 kcal/mol. As shown
in Figure 2, the collision energy has a much larger impact on
the probability of the Ind mechanism (py,4): at E.,; = 8.1 kcal/
mol, ppq is almost independent of impact parameters in the
range of 1.0 A <b <5.5 A; however, the Ind trajectories of b >
2.0 A are largely absent at E, = 19.6 kcal/mol. This
phenomenon can be attributed to the slow approach of the
reactants at low collision energy, allowing abundant time for
intermolecular interactions between HBr* and CO, to form
intermediates even at large b values. In the case of high
collision energy, the time window that allows for the two
reactant molecules to interact and form an intermediate is too
short; consequently, the two molecules have a higher chance of
just flying by each other.

Among the three reaction mechanisms, DR makes up less
than 3% of the total reactive trajectories and makes an
insignificant contribution to the total reaction probability (see
Figure 2). Ind is the predominant reaction mechanism at low
impact parameters and accounts for 57 and 17% of the total
reactive trajectories for E., = 8.1 kcal/mol and E_ = 19.6
kcal/mol, respectively. More than 80% of the total reactive
trajectories for E_ = 19.6 kcal/mol are DS, and they are largely
observed at b > 2.0 A. The analysis of the reaction mechanism
at different impact parameters unravels the mysterious dip at
the medium impact parameter (b = 2.0 A for E.,; = 8.1 kcal/
mol and b = 2.5 A for E.; = 19.6 kcal/mol), and the reasons

are different for the two collision energies. For E_; = 8.1 kcal/
mol, the dip is a result of two concerted efforts: the fast
decrease of DR and the absence of DS at b = 2.0 A; for E_| =
19.6 kcal/mol, the dip is mostly due to the sudden decline of
the probability for Ind for the reason mentioned in the
previous paragraph.

lILIII. Scattering Angle and Energy Partitioning in the
Products. The reaction mechanisms have been reported to
have a profound impact on the dynamics of the product for
ion—molecule reactions. The AIMD simulations of the HBr" +
CO, —» HOCO" + Br reaction have demonstrated a similar
trend. The scattering angle of this reaction is defined as the
angle (0) between the velocities of the incoming ion, HBr",
and the leaving atom, Br. Figure 4 shows that the 6 from the
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Figure 4. Scattering angle (defined in the text) distribution from the
AIMD simulations. The maximum probability is set to 1.

DR trajectories are obtuse (backward scattering, 107 + 8 and
100 + 8° for E.; = 8.1 kcal/mol and E_; = 19.6 kcal/mol,
respectively) since in DR, the HBr* collides (at small impact
parameter) into the CO,, transfers a proton, and has the
remaining Br atom bouncing off in the backward direction. As
a result of this head-to-head collision, the compounds (defined
as HBr'/Br and CO,/HOCO") approximately exchange the
direction of their velocities, e.g., Br is moving in the opposite
direction as the direction of HBr* before the collision, leading
to an obtuse angle. The DS trajectories are associated with
acute 6 (forward scattering, shown in Figure 4), i.e., 36 + 22
and 34 + 23° for E_; = 8.1 kcal/mol and E_; = 19.6 kcal/mo],
respectively. In DS, the HBr" moves toward the CO,, colliding
from the side (at large impact parameter) instead of head-to-
head, and offloads the proton. As a result, the directions of the
motions of both compounds remain largely unperturbed—Br
moves in a similar direction as HBr, resulting in an acute
scattering angle. The distribution of 8 in the Ind mechanism is
much more isotropic than in DR and DS. Since the lifetime of
the system trapped in the intermediates after the collision is
longer than their IVR, the system will become more uniformly
excited before it can dissociate. As a result, the dissociation
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becomes a random event and makes the direction of the
leaving Br uniformly distributed. The overall scattering angle
(red solid curve in Figure 4) of the reaction changed from
slightly forward to overwhelmingly forward when the collision
energy increased from 8.1 to 19.6 kcal/mol, largely due to the
absence of Ind mechanism at the higher collision energy.

Another aspect of the dynamics of the reaction pertains to
the partitioning of kinetic energy over the products. Here, the
term kinetic energy of the system is the summation of the
kinetic energy of each individual atom (i.e., 1/2mp?, i is the
index of the atom). A quantitative measurement is carried out
by separating the kinetic energy of the system into three
categories: (1) the relative translational energy between the
products (HOCO" and Br), E,; (2) the rotational energy of
the products (in this reaction, only HOCO®), E,.; and (3) the
kinetic component of the vibrational energy of the products (in
this reaction, only HOCO"), E;,. The method of computing
such energies follows the protocol of classical mechanics and is
provided in the Supporting Information. The results of the
fractions of E, E.o, E, and E;, (internal energy, ie., E. +
E.;,) with respect to the total kinetic energy are summarized in
Table 1.

Table 1. Kinetic Energy Partitioning of the Products of the
HBr* + CO, - HOCO" + Br Reaction”

E_,; = 8.1 kcal/mol

frot S frel it
DR 0.16 + 0.18 0.44 + 0.25 0.40 + 0.25 0.60 + 0.25
DS 0.21 + 0.05 0.34 + 0.05 0.45 + 0.06 0.55 + 0.06
Ind 0.19 + 0.04 0.37 £ 0.05 0.44 + 0.0 0.56 + 0.05
total 0.20 £+ 0.03 0.36 + 0.04 0.44 + 0.04 0.56 + 0.04

E., = 19.6 kcal/mol

frot foio e fint
DR 0.25 + 0.25 0.41 + 0.28 0.34 + 0.27 0.66 + 0.27
DS 0.16 + 0.04 0.25 + 0.0 0.59 + 0.0 0.41 + 0.0
Ind 0.31 £ 0.11 0.37 £ 0.11 0.32 + 0.11 0.68 + 0.11
total 0.19 £+ 0.04 0.28 + 0.04 0.53+0.05 0.47 + 0.0

“The subscript (rot, vib, rel, and int) denotes the fraction of the
rotational, vibrational (kinetic component), relative translational, and
internal (rotational + vibrational) energies of the product,
respectively.

Since the reaction probability of the DR mechanism is much
lower compared to that of DS and Ind (see Figure 2), the error
bar associated with its energy partitioning is too large to have
statistical significance. Therefore, the focus of the analysis is to
compare the impact of the collision energy on the energy
partitioning between DS and Ind mechanisms. For E_; = 8.1
kcal/mol, the energy partitioning of DS and Ind trajectories is
indistinguishable and the E;, and E. are almost equally
partitioned (55 vs 45%). In contrast, the DS mechanism at E_
= 19.6 kcal/mol has clearly demonstrated its tendency to
preserve the relative translation of the system (E,; makes up
almost 60% of the total kinetic energy). This result is expected:
the higher the collision energy, the less time available for the
two molecules to interact with each other. Therefore, the
collision should be more elastic, which in turn preserves more
relative transitional energy. Compared to E. = 8.1 kcal/mol,
E, only makes up one-third of the total kinetic energy in the
Ind trajectories at E.; = 19.6 kcal/mol. The significant
decrease (ie., from 44 to 33%) in E, at the higher collision

energy is counterintuitive: as the total energy of the system
increases, the Ind trajectories spend less time (on average)
being trapped by the two intermediates (0.80 ps vs 0.46 ps for
Ey = 8.1 kcal/mol and E_;; = 19.6 kcal/mol, respectively) and
the collision should have become more elastic (i.e., preserving
more relative transition energy). In addition, upon increasing
E.; from 8.1 to 19.6 kcal/mol, the loss in fraction of the
relative translational energy is all transferred to the rotation of
HOCO" and the fraction of E,; remains constant. Further
discussion of this counterintuitive phenomenon can be found
in the next section.

IV. DISCUSSIONS

IV.l. Comparison with Experiments. Pactow et al.>°
have reported the cross sections of the HBr" + CO, —
HOCO?" + Br reaction under various excitations, and it is of
interest to compare them with the AIMD simulations. In
regard to the heat of reaction, the reaction is endothermic
(experimental reaction energy + 4.8 kcal/mol) if HBr" is in the
*T15/2 SO state but exothermic (experimental reaction energy
—2.6 kcal/mol) if HBr" is in the *[],,, SO state.'’ For the
reasons discussed in the Introduction section, the AIMD
simulations in this research are performed with a spin-free ab
initio method (i.e., UMP2/cc-pVDZ/1anl08d). The potential
energy profile of this method suggests that the reaction is
almost thermoneutral (—0.3 kcal/mol), much closer to the
exothermic reaction (HBr" in the *[],/, SO state). The cross
section (o) from AIMD is computed with the following
integral

b
o= f 272b-p(b)-db
B ()

p(b) is the reaction probability (see Figure 2) at impact
parameter b. The cross sections from AIMD computed with eq
2 are 11.7 + 2.6 and 7.2 + 1.8 A? for E_ = 8.1 kcal/mol and
E.o = 19.6 kcal/mol, respectively. These values agree well with
the experimental cross sections of the exothermic reaction (i.e.,
HBr" in the *[],/, SO state): 11.7 and 4.8 + 0.4 A* for E_ =
8.1 kcal/mol and E.; = 19.6 kcal/mol, respectively. It is
important to note that the experimental cross section for E_| =
8.1 kcal/mol was not directly measured by Paetow et al.>°
(thus does not have an error bar) but interpolated from other
cross sections of similar collision energies. In comparison, the
cross sections measured from the endothermic reaction (i.e.,
HBr" in the *[]5/, SO state) are much smaller: 1.4 + 0.3 and
3.3 + 0.2 A% for E_; = 8.1 kcal/mol and E_,; = 19.6 kcal/mol,
respectively. The normalized cross sections from the AIMD
and the crossed beam experiments of both SO states are
summarized in Figure 5. The figure demonstrates that for the
exothermic reaction, the cross section decreases with the
increase of E_; for the endothermic reaction, the trend is
reversed. Recall that the heat of the reaction according to
UMP2/cc-pVDZ/1anl08d is much closer to the exothermic
reaction than to the endothermic reaction—it is interesting to
note that the AIMD simulations also more accurately represent
the dynamics of the former. As a result, further investigation of
the impact of the rotational excitation with the UMP2/cc-
pVDZ/1anl08d AIMD simulation will be compared with the
exothermic reaction only.

IV.Il. Comparison with Other lon—Molecule Reac-
tions. Ion—molecule reactions have been investigated
extensively with guided ion beam experiments and AIMD
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Figure 5. Normalized cross sections from the AIMD simulations and
the experiments.s’6 The cross sections of E_,; = 8.1 kcal/mol for both
the endothermic and the exothermic are scaled to 1. The blue line is
the spline fit of the experimental result of the exothermic reaction.

simulations over the past decade. The dynamics of the
nucleophilic substitution (Sy2) reactions'>**™*" of type X~ +
CH;Y — CH;3X + Y has been selected to compare with the
HBr" + CO, — HOCO" + Br reaction for two reasons: (1)
both reactions have reported similar mechanisms (i.e., DR, DS,
and Ind) and (2) the potential energy profiles of both reactions
are double-welled, consisting of a prereaction complex, TS, and
postreaction complex. The dynamics of the reaction is probed
through three observables: the cross section (o), the scattering
angle (#), and the energy partitioning of the Ind (f.(Ind)).
The results of the cross section measured from AIMD of a
few Sy2 reactions are summarized in Table 2. It should be
noted that in addition to the nature of the reaction and the
collision energies, the cross section depends heavily on the
quantum chemical method that is employed in the AIMD
simulation. Take the reaction of F~ + CH;I - CH3F + 1™ asan
example: this reaction was first studied with a DFT method,
B97-1/aug-cc-pVDZ (with ECP/d on 1), because its calculated
reaction energy agreed well with experimental results.”® The
DFT simulations show good agreement with experiments of
low collision energy but were not able to reproduce the
scattering angle of the experiment of high collision energy.*”
Therefore, the potential energy of the reaction was revisited
and MP2/aug-cc-pvdz (with ECP/d on I) was employed for a
new set of AIMD simulations.”® Compared to the previous

DFT method, MP2/aug-cc-pvdz is a little worse in
representing reaction energy (experimental: —196.8 kJ/mol,
B97-1/aug-cc-pVDZ: —195.4 kJ/mol, MP2/aug-cc-pvdz:
—177.3 kJ/mol); however, in addition to the traditional
Walden inversion (C,,) pathway, it includes a reaction
pathway that involves a hydrogen bond complex [F---
HCH,I]~, which is confirmed by high-level CCSD(T) but
absent in the potential energy of DFT.** The MP2 simulations
show much better agreement with experiments of high
collision energy, although it has a much smaller cross section
(B97-1/aug-cc-pVDZ: 8.6 + 2.2 A2, MP2/aug-cc-pvdz: 1.8 +
0.3 A%).*° The smaller cross section is a concerted result of a
smaller b, (B97-1/aug-cc-pVDZ: 5.75 A, MP2/aug-cc-pvdz:
4.75 A) and smaller probability reaction at each impact
parameter (B97-1/aug-cc-pVDZ: ~8%, MP2/aug-cc-pvdz:
~4%). A similar result has been found in the CI” + CH;I —
CH,Cl + I” reaction, where the cross section from BhandH*'
(a DFT functional) is much larger compared to the cross
section from MP2.*” The dispersion correction is applied in
neither of the simulations. Therefore, the relative difference
between the cross sections of different collision energies is
more important than the values of the cross section
themselves. Table 2 suggests that the cross section of various
Sn2 reactions decreases when the collision energy increases—a
similar trend has been reported for the HBr* + CO, reaction.
However, it is important to note that unlike the nearly
thermoneutral HBr* + CO, reaction, all of the Sy2 reactions in
Table 2 are much more exothermic (E,, in Table 2).
Therefore, there appears to be a general trend that an
increment in the collision energy suppresses the cross section
of the ion—molecular reaction. According to eq 2, the cross
section of a reaction is determined by the reaction probability
(p) as well as the largest impact parameter that a reaction can
be observed (b,,), and the increment in collision energy
suppresses both (Figure 2 and Table 2, respectively). In the
previous section of the manuscript, the suppression of the cross
section as a result of the high collision energy has been
attributed to inadequate time for the reactant molecule to
interact with each other. This statement should hold true in
general for all of the product pathways that are energetically
accessible, making the collision energy the overwhelmingly
predominant factor regardless of the thermal effects (i.e., heat
of reaction) of the reaction. It is of interest to further
investigate to what extent this general trend applies to.

Table 2. Comparison of the Cross Section (&), the Largest Impact Parameters (b,,,,), and the Relative Translational Energy of
the Ind Mechanism (f,(Ind)) between the HBr* + CO, — HOCO" + Br Reaction and a Few Sy2 Reactions of X~ + CH;Y —

CH;X + Y

X Y E.y (kcal/mol) E,.." (kcal/mol)

OH I 11.5 —62.1
23.0

F I 74 —46.7
35.2°
35.2°¢ —41.2

Cl I 9.0 —-12.2
17.5

HBr* + CO, 8.1 —03
19.6

o (A% bonax (A) fra(Ind) ref
16.5 + 4.3 6.5 0.18 + 0.02 35
109 + 3.1 6.0 0.15 + 0.02

108.7 + 9.7 8.8 0.21 + 0.02 13

8.6 + 22" 5.8° 0.31 + 0.02°

1.8 + 03¢ 4.8° 0.15 + 0.07° 36
0.48 + 0.26 4.0 4 37
0.31 + 0.14 2.0 0.08 + 0.05
117 + 2.6 6.0 0.44 + 0.05

72+ 18 5.0 0.33 + 0.11

“Reaction energy without zero-point energy. ®The ab initio method employed in this AIMD simulation is B97-1/ECP/d. “The ab initio method
employed in this AIMD simulation is MP2/ECP/d. “There is only one Ind trajectory.

G
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The X~ + CH;Y — CH3X + Y type Sy2 reactions and the
HBr* + CO, — HOCO" + Br reaction share common
characteristics: backward scattering (6 > 90) for DR, forward
scattering (@ < 90) for DS, and isotropic scattering for
Ind.">*737% Nevertheless, the detailed differences in the
scattering angle of direct reactive trajectories (i.e., DR and DS)
suggest a potential impact of the mass of the reactant ion: the
HBr" ion accounts for about two-thirds of the total mass of the
system, while the reactant ion makes up only 20% of the total
mass at most for the listed Sy2 reactions (Cl~ + CH,I).”” The
heavier reactant ion has decreased the scattering angle of DR
trajectories. For example, the HBr" + CO, reaction shows a
narrowly distributed and close-to-vertical distribution of
scattering angles, while trajectories of the same mechanism
of S\2 reactions show a distribution of scattering angles
centered around 135°."%°°737* However, the heavier reactant
ion seems to have a negligible impact on the DS mechanisms
as both HBr* + CO, and S\2 reactions show distributions of
scattering angles that are further away from 90° and much
broader. It remains unclear why DR and DS respond
differently to the increase in mass of the reactant ion, and
further investigations of similar reactions are necessary.

As shown in Table 1, the trajectories of the Ind mechanism
of HBr* + CO, become less elastic (i.e., preserve less relative
translational energy) when the collision energy of the reactants
increases. This result contradicts the premise that higher
collision energies induce more elastic collisions. This premise,
though simple, remains largely true for various Sy2 reactions
listed in Table 2; for example, the relative translational energy
of the product for the F~ + CH;I — CH3F + I reaction
increased from 21 to 31% when E_ increased from 7.4 to 35.2
kcal/mol."* This premise even holds true for Sy2 reactions of
tertiary amines as well: for example, the relative translational
energy of the product for the F~ + NH,Cl - NH,F + CI”
reaction increased from 26 to 33% when E_; increased from
0.9 to 40.0 kcal/mol.*” In some other cases of the Sy2
reactions, the relative translational energy of the product is
slightly suppressed by the collision energy. For example, the
relative translational energy of the product of OH™ + CH;I —
CH;CI + I" decreases from 18 to 15% when the collision
energy was doubled from 11.5 to 23.0 kcal/mol.”> To the best
of our knowledge, this is the first time that a relatively
significant negative correlation between the collision energy
and the fraction of translational energy of the products has
been reported for an ion—molecular reaction. To unravel the
counterintuitive results, the dependence of the relative
translational energy of the products on the impact parameter
b has been analyzed and the results are shown in Figure S2 in
the Supporting Information. The relative translational energies
of the products of Ind mechanism increase with the increase of
b for both collision energies (the Pearson correlation
coefficients for E_; = 8.1 kcal/mol and E_,; = 19.6 kcal/mol
are 0.62 and 0.75, respectively); thus, the Ind trajectories at
larger b are expected to have higher relative translational
energies. As mentioned in the manuscript, the Ind trajectories
of b > 2.0 A are largely absent at E.,; = 19.6 kcal/mol; hence,
the average relative translational energy of Ind is smaller
compared to E.; = 8.1 kcal/mol, which includes many Ind
trajectories of b > 2.0 A.

In summary, this manuscript has revealed three reaction
mechanisms contributing to the HBr* + CO, - HOCO" + Br
reaction with AIMD simulations. The cross sections computed
at two different collision energies, 8.1 and 19.6 kcal/mol, agree

well with the experimental observations. Analysis of the AIMD
trajectories has shown nonintuitive behavior of the relative
translational energy of the product in response to an increase
of collision energy. Further investigations are necessary to
explain the potential impact of massive reactant ions on ion—
molecule reactions. This research has also laid a solid
foundation to study how the rotational excitation of HBr"
can affect the dynamics of the reaction in future work.
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