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Abstract

Real wave packet, statistical quantum and quasiclassical trajectory methods have been em-

ployed to study the dynamics of Ne + HeH+(v0, j0) → He + NeH+ reaction on an ab initio

potential energy surface [J. Phys. Chem. A2013, 117, 13070-13078]. Quantum and statistical

quantum calculations have been performed within the centrifugal sudden (CS) approximation

as well as including the Coriolis coupling(CC). Dense oscillatory structuresof the quantum re-

action probabilities and fair agreement between quantum and statistical cross sections suggest

a complex forming mechanism for the reaction. No significant differences between cross sec-

tions obtained within the CS and CC approaches are observed. Classical trajectory results give

an excellent average description of the quantum CC results. At low collisionenergies, there is

a substantial decrease in reactivity for the reaction upon rovibrational excitation. Initial state
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selected rate constants for the title reaction are calculated between 20 K and 1000 K and the

calculated value at 300 K agrees quite well with the available experimental result. Reaction

cross sections and rate constants are also compared with those calculated via the Langevin

capture model for exothermic reactions.
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Introduction

Hydrogen and helium are the two most abundant components of the interstellar medium (ISM).

Both are the results of primordial nucleosynthesis and form HeH+,1–3 the first molecular ionic

system of the universe which plays an important role in various cosmological phenomena.1,3,4

Other rare gases such as neon and argon are also present in a considerable amount in the ISM.5–8

Recently ArH+ molecular ion has been detected in Crab nebula from spectra recorded by the Her-

schel Space Observatory.6 Collisions between atoms of these rare gases and either H+ or HeH+

are thus possible in the ISM environment since most of these ion-molecule reactions possess no

barriers and can take place at very low temperatures. Therefore, besides a fundamental relevance

on the dynamics of such processes, their study can provide useful knowledge regarding the evolu-

tion of the ISM. Both theoretical and experimental recent advances in gas-phase ion chemistry of

rare gases, as shown in the review article by F. Grandinetti,9 reveals the interest in the subject.

Dynamics of reactions involving Ne and He (the two rare gasesamong the six most abundant

elements in the Solar System10) and hydrogen molecular ion has been widely studied.11–21 In-

volvement of only the ground electronic surface in the dynamics makes these reactions easier for

studying. This type of proton transfer processes usually follow a complex-forming mechanism due

to the presence of potential energy minima along the reaction path and this results in numerous

resonances in the corresponding probabilities. The exothermic HeH+ + H → He + H+
2 reaction,

which plays an important role in the early universe evolution scenario,3,4 has been studied re-

cently in ultracold to hyperthermal region via time independent quantum reactive scattering and

time dependent (TD) real wave packet (RWP) methods, respectively by De Fazio22 and Gamallo

et. al.23 The reaction was found to be less sensitive towards ro-vibrational excitation in the hyper-

thermal region. He2H+ system has been widely studied theoretically, which includes electronic

structure calculation,24 generation of ab initio potential energy surfaces (PES),25,26calculation of

bound and quasibound states25 and studying reactive scattering via time dependent quantum me-

chanical (TDQM) method.27,28We have recently investigated the [HeHNe]+ system, a mixed rare

gas cationic hydride. The electronic structural details for this system have been explored and it
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is found that like other protonated rare gas systems, [HeHNe]+ is most stable at linear (He-H-

Ne) configuration.29 In 1978, Matcha et al. constructed a collinear diatomic-in-molecules PES

for the [HeHNe]+ system.30 Recently, a global analytic surface with a small root mean square

error for this system has been constructed and preliminary quantum dynamical studies have been

performed within centrifugal sudden (CS) approximation by some of us, for the endothermic He

+ NeH+ → HeH+ + Ne reaction.31 Oscillatory behavior of the CS reaction probabilities sug-

gests complex-forming mechanism as a plausible path for thereaction. Necessity of inclusion of

Coriolis coupling (CC) to study bimolecular complex forming reactions has been discussed in the

literature.14,28,32–37In our recent article,37 we reported the results of reactive scattering studies for

the above reaction for different rovibrational reactant states via RWP and statistical quantum me-

chanical (SQM) methods, within CS approximation as well as including Coriolis coupled states.

Significant differences noticed between quantum CS and CC results highlighted the importance of

a proper treatment of the helicity components coupling for this reaction. SQM results were in a

fairly good agreement with the RWP results for the ground vibrational state. Vibrational excita-

tion of the reactants was found to greatly enhance the reactivity of the reaction, while rotational

excitation of the reactants resulted in inhibiting the process.

In this article, we report a detailed computational study for the reaction Ne + HeH+ → NeH+

+ He. A schematic potential energy profile for the process is shown in Figure 1. Different rovi-

brational states of reactants and products are also presented in the same figure. As can be seen,

the reactive process is barrierless and exothermic by 0.293eV. The PES is characterized by a po-

tential well which has a depth of∼0.8 eV (with respect to the reactant asymptote) for̂NeHHe =

180◦, with values of the interparticle distances ofrNeH =2.102 bohr andrHeH =1.804 bohr at the

minimum configuration, which may trap the [HeHNe]+ collision complex. Glosík et al.38 have

studied this reaction experimentally by using selected ionflow tube apparatus and the rate constant

at 300 K has been reported to be 1.25± 0.625×10−9 cm3 s−1. To the best of our knowledge, this

is the first theoretical study of the title reaction. RWP, SQM and quasiclassical trajectory (QCT)

methods are employed to investigate the dynamics of the process for various rovibrational states of
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the HeH+ reactant. Both CS and CC reaction probabilities are computed from TDQM and SQM

simulations. Comparisons between QM and QCT results are carried out to determine the extent of

quantum effects on the observables.

This article is arranged as follows: Quantum, statistical and quasiclassical methodologies are

discussed briefly in Sec. II. In Sec. III, results are presented and discussed. Concluding remarks

are given in Sec. IV.

Methods

Real wave packet method

The RWP method followed here is discussed in detail in our previous article37 and only a brief

outline is presented here. The Hamiltonian operator for theNe+HeH+ system is expressed in

reactant Jacobi coordinates as39

Ĥ =− h̄2

2µR

∂ 2

∂R2 −
h̄2

2µr

∂ 2

∂ r2 +
(J− j)2

2µRR2 +
j2

2µr r2 +V(R, r,θ), (1)

whereR is the distance between Ne atom and the center of mass of HeH+, r is the HeH+ bond

length,µR is the reduced mass of Ne and HeH+ andµr is the reduced mass of HeH+. J andj are

the total angular momentum and rotational angular momentumoperators, respectively.V(R, r,θ)

is the interaction potential of the system.

The wave packet (WP) propagation is carried out via a modified Chebyshev method:40 Φk+1 =

D(2ĤsΦk−DΦk−1), whereĤs is the Hamiltonian of the system scaled to be within [-1,1].Ĥs is

expressed aŝHs = (Ĥ −H+)/H− with H+ = (Hmax+Hmin)/2 andH− = (Hmax−Hmin)/2. Here

Hmax andHmin are the upper and the lower bounds of the energy spectrum, respectively. Φ0 =

Ψ(R, r,θ , t = 0) is the initial real WP andΦ1 =DĤsΦ0. The damping function (D) is applied at the

grid edges alongRandr coordinates.41 The propagation was carried out by including CC between

adjacentK (projection ofJ on body fixedz-axis) states as well as within CS approximation, where
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the CCs are ignored.

The energy-dependent total reaction probabilityPr(E) is computed by summing the total flux

passing through a fixed surface located at a sufficiently large distance (rs ) in the product chan-

nel.42–44

Pr(E) =
1

2πµr |ai(E)2|(H−)2 sin2 Θ
× Im

〈
∑
k

(2−δk0) e−ikΘ Φk

∣∣∣∑
k′
(2−δk′0) e−ik′Θ ×

[
δ (r − rs)

δ
δ r

Φk′
]〉

,

(2)

whereΘ = cos−1[(E−H+)/H−]. Here the energy amplitudeaE is written as,45–47

ai(E) =
〈

i

√
µRki

2π
Rh(2)l0

(kiR)|Gk0(R)
〉
, (3)

whereh(2)l0
is the spherical Hankel function of second kind andki =

√
2µREc/h̄2. Gk0(R) is a real

Gaussian WP, representing the translational part of the initial WP. l0 is the initial orbital angular

momentum quantum number, which lies within|J− j0| to (J+ j0). In the CS calculations forj0 >

0, l0 is taken as the nearest integer root of the equationl0(l0+1) = J(J+1)+ j0( j0+1)−2K2.48

For the CC calculations, theJ-dependent total reaction probabilities were calculated by averaging

over all possiblel0-dependent total reaction probabilities.46

As CC calculations are very expensive, for (v0, j0) = (0,1) and (1,0), exact total reaction prob-

abilities were calculated for all theJs less than 40 and thereafter,Js in multiple of five up toJmax

are calculated. To calculate the probabilities for the intermediateJs, a ‘J-shifting’ technique49 is

applied. In this approach, probabilities for a particularJ at a collision energyEc is obtained using

a linear interpolation between two known probabilitiesPJ1 (probability forJ1) andPJ2 (probability

for J2) as

PJ
v0, j0(Ec) = PJ1

v0, j0
(Ec− (V∗

J −V∗
J1
))

(J2−J)
(J2−J1)

+ PJ2
v0, j0

(Ec+(V∗
J2
−V∗

J ))
(J−J1)

(J2−J1)
. (4)
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HereV∗
J is the energy threshold for the correspondingJ and is calculated from50 V∗

J = AJ+BJ2+

CJ3. The A,B andC coefficients in the above expression are obtained by fitting the threshold

energies of the probabilities for the knownJ values.

The total integral cross section (ICS) is obtained from theJ andl0-dependent probabilities as

σv0, j0(Ec) =
π

k2
v0, j0

Jmax

∑
J=0

(2J+1)
(2 j0+1)∑

l0

PJ
v0, j0,l0(Ec), (5)

wherekv0, j0 is the magnitude of the wave vector corresponding to the initial state at a fixed collision

energyEc.

The parameters used in the quantum mechanical (QM) calculations are tabulated in Table 1.

The reaction has been studied in the collision energy range of 0.001 - 0.5 eV. In case of QM-CC

calculations, a value ofKmax = 9 was found to be sufficient to converge the reaction probabilities

for largerJ values. HenceKmax = min ( 9,J ) were used for all the QM-CC calculations.

Statistical quantum method

The statistical approach of references51–53was originally designed to treat complex-forming reac-

tions. Theoretical details of the method can be found in those original papers and on our previous

study on the reverse reaction He+NeH+.37 In essence, the initial-state-selected reaction probability

for a specific value of the total angular momentumJ is expressed as follows:

PJ
v0, j0(Ec)≃

pJ
v0, j0

(Ec)∑v′ j ′ pJ
v′ j ′(Ec)

∑v′′ j ′′ pJ
v′′ j ′′(Ec)

, (6)

where pJ
v0, j0

(Ec) is the capture probability of complex formation from thev0, j0 initial state,

pJ
v′ j ′(Ec) is the probability of the complex to decay to all energetically accessible HeH+(v′, j ′)

final states at the collision energyEc and the sum on the denominator runs for all open states

from both reactants and products arrangements. Cross sections are then calculated via Eq. (5) and

thermal rate constants are obtained with Eq. (9).

Both CS and CC approaches described in Ref.37 have been also employed in the present study
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of the Ne+HeH+ reaction. The values of the capture radiusRmin defining the onset of the interme-

diate region where the collision complex is assumed to form are 4.0 bohr for the reactant arrange-

ment (Ne+HeH+) and 4.4 bohr for the products (He+NeH+). On the other hand the asymptotic

region for the log derivative propagation is defined with values forRmax of 9.4 bohr and 10.2 bohr

for reactants and products, respectively, for the higher energy range. These are almost the same

choices made in our investigation on the reverse reaction, with a slight increase in the asymptotic

region for Ne+HeH+. In fact, we will discuss in next Section about the convenience of extending

this value even more, up to∼ 70 bohr, when the cross sections are obtained at the lower energy

regime (10−5 eV) required for a proper calculation of the corresponding rate constants.

At the highest energy under consideration,Ec = 0.5 eV, a maximum value ofvmax= 3 vibra-

tional levels were taken into account in the calculation forthe reactant arrangement andv′max= 5

for the product NeH+ diatom. Up tojmax= 17 and j ′max= 26 rotational levels were included for

the ground vibrational state of HeH+ and NeH+, respectively. In addition the number of partial

waves at that specific value of the collision energy isJmax= 95.

Quasiclassical trajectory calculations

The QCT method is well documented in literature.54,55 In this method, the set of Hamilton’s dif-

ferential equations of motion is numerically integrated. The initial conditions are generated from

a standard Monte Carlo sampling. In this work, the rovibrational energies of HeH+ molecule have

been calculated quantum mechanically by employing the Colbert-Miller method56 and these are

later used to calculate the turning points and time periods of the diatomic rovibrational states. For

comparison purposes, QCT probabilities are calculated for both j0 = 0 and 1, following the pro-

cedure in Ref.57 For particular values of orbital angular momentuml0 and collision energy, the

impact parameterb becomes a constant and is expressed asb =
√

l0(l0+1)h̄2/µRvrel, whereµR

is the reduced mass of the reactive system andvrel is the relative velocity of the reactants. ICSs at
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different collision energies are calculated as

σv0, j0(Ec) = πb2
max

Nr

Ntot
(Ec), (7)

whereNr andNtot are the number of reactive and total trajectories, respectively. bmax is the max-

imum value ofb for a reactive trajectory for a particular collision energyand, for each particular

collision energy, is calculated by running a small batch of trajectories (10000s).

All the trajectories were started at a distance of 20 bohr between the Ne atom and center of mass

of the HeH+ molecule. Trajectory calculations were stopped when the distance between Ne and

H atoms exceeded 25 bohr or distance between He and H atoms exceeded 20 bohr. An integration

step size of 0.05 fs was used for all the calculations, which was sufficient to conserve the total

energy and angular momentum up to eight decimals.J-dependent probabilities were computed

by running a batch of 20000 trajectories at each collision energy, whereas 40000 trajectories were

calculated at each collision energy to determine the integral reaction cross sections. The above

mentioned set of parameters was sufficient to converge the observables to within 0.5 %.

Results and Discussion

Reaction probabilities

Initial state-selected QM-CC total reaction probabilitiesfor some selectedJ values are plotted as

a function of collision energy in Figure 2. The barrierless pattern exhibited by the probabilities

at low values of the total angular momentum,J ∼ 10, changes asJ increases and forJ > 20 a

clear threshold for the reaction due to the corresponding centrifugal barriers is manifested. The

numerous existing sharp resonances for low values ofJ, with widths of typically about∼ 0.001

eV, may have their origin in the PES well which can trap the collision complex for a certain time.

These probabilities reach values close to 1 in the low energyrange and then gradually decrease

with increase in collision energy. This type of behavior hasbeen observed for other barrierless
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exothermic reactions.23,58–63However, in the case of (v0, j0) = (0,0), an increasing behavior of

the probabilities is noticed in the high energy regime for small Js. ForJ = 50, P(E) become

remarkably smaller and resonances are much broader.

Similar calculations have been performed for the reaction initiated from either rotationally or

vibrationally excited HeH+ and the corresponding results are shown in Figure 2. The probabilities

for (v0, j0) = (0,1) follow a similar pattern to that of (v0, j0) = (0,0), i.e. very high values at lower

energy region and then, a gradual decrease with energy. But for J = 0 - 20, there are significant

differences in magnitudes between the probabilities for (v0, j0) = (0,0-1), thus showing an average

reduction of the reaction for the case of excited reactants.Such an inhibition of the reactivity by

rotational excitation of the reactants has been reported for many other barrierless exothermic pro-

cesses before.62,63 As shown in our previous study,31 the minimum energy path for the reaction

corresponds to a collinear or near-collinear approach of the reactants. Rotationally excited reac-

tants disrupt this preferred orientation for the collisionand as a result, reactivity decreases when

the process is initiated from HeH+(v0 = 0, j0 = 1).

Figure 2 also shows noticeable differences with respect to the case (v0, j0) = (1,0), which for

smallerJs, have quite different patterns than the probabilities for(v0, j0) = (0,0). Probabilities for

vibrationally excited reactants are almost invariant, oscillating within 0.5 and 0.65, with respect

to the collision energy in the whole region. The probabilities for (v0, j0) = (1,0) are smaller than

that for (v0, j0) = (0,0), up toJ = 50, in the low energy region, but become similar at high collision

energies. Thus, the vibrational excitation of the reactantmolecules reduces the reactivity of the

title collision to a large extent in the low energy region.

A comparison between the total reaction probabilities for some selectedJs calculated via the

QM, SQM and QCT methods is presented in Figure 3. The QM resultsdisplay a marked oscil-

latory character, although the average performed over theK states in the CC calculations smooth

somehow the corresponding QM-CC probabilities. Interestingly differences between CS and CC

approaches become significant as the total angular momentumbecomes larger, thus suggesting

that Coriolis coupled states can not be ignored within the QM framework for sufficiently high
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values ofJ. We noticed that some QM probabilities are> 1 at the low collision energy regime,

a feature also observed in the literature for barrierless exothermic reactions studied via TD WP

methods.36,58,60,61This may result either from poor absorption of the WP by the absorbing poten-

tial at the end of the grid or from the use of finite grid. Many test runs were carried out by varying

the absorption parameters and no better convergence was found for the present grid. Probably a

finer grid is needed at cold and ultra cold regions for a complete convergence of the total reac-

tion probabilities. However, it is observed that this problem has no significant effect on average

quantities like ICS calculated with the correct maximum value for the correspondingP(E).

The SQM results remain above the QM probabilities at the higher energy regime, thus suggest-

ing the role played by direct mechanism on the overall dynamics of the collision at those energies.

Reaction thresholds are well described in all cases, regardlessly both the initial HeH+(v0, j0) rovi-

brational state and the value of the total angular momentumJ, but some deviations up toJ = 40

are noticed when the collision energy increases. For the higher partial waves shown in Figure 3,

J = 60 and 70, the statistical predictions decrease somehow andthe comparison with the results

from the other two methods (QM and QCT) improves. The overall agreement between the CS and

CC approaches within the statistical treatment suggests some differences with respect to the ob-

served deviations in the QM results as theJ increases. As opposed to the case of, for instance, the

H+O2 reaction,64,65no significant features of the probabilities obtained by means of the SQM-CC

seem to be lost in the SQM-CS results.

Figure 3 also shows that the total reaction probabilities calculated by means of QCT calcu-

lations successfully reproduce the average behavior of QM probabilities, for all the cases. As

expected, resonance structure of the reaction probabilities could not be reproduced via classical

calculations. QCT probabilities have lower thresholds thanthe quantum probabilities for largerJs,

which may be due to the non-inclusion of the zero point energy(ZPE) correction for the products

with lesser vibrational energy than that of the ground vibrational state. In the case ofv0 = 0, for

a significant amount of reactive trajectories (∼ 18%), the products NeH+ have energies less than

the ZPE. However, this is reduced to∼ 5% for v0 = 1 reactant state. As it is observed, the QCT
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probabilities are closer to QM-CC than the QM-CS results. In the QM-CS method, out of plane

rotations of the reagent molecule are restricted, but no such approximation exists in case of QCT

calculations and this may be the reason for the good agreement between the QCT and QM-CC

reaction probabilities. Despite this average accord with the QM results, QCT probabilities dis-

play some discrepancies such as the case ofJ = 10 for (v0, j0) = (0,0) beyond 0.35 eV or reaction

probabilities forJ = 10 and 30 at low energies.

An estimation of the classical lifetime of the collision complexes shows that the average life-

time is 0.1 ps at low translational energies (0.005 -0.05 eV). The lifetime of the complex is defined

as the time elapsed between the first time a trajectory entersthe complex region and the last exit

time with the condition that the sum of three internuclear distances is less than a cut-off value of 10

bohr. This result compares well with QM estimation of 0.12 pscalculated from the average width

of resonances of QM-CC probabilities at low energies.

Integral Cross Sections and Rate Constants

Total ICSs for the title reaction for different initial reactant states calculated using methods de-

scribed before are presented in Figure 4. To compute QM ICS forthe investigated energy range,

reaction probabilities were calculated up toJ = 96 forv0 = 0 and up toJ = 100 forv0 = 1, for both

the QM-CS and QM-CC calculations. All the QM-CC reaction probabilities for (v0, j0) = (0,0)

for different Js were calculated exactly, but for the excited reactant rovibrational states QM-CC

probabilities beyondJ ≥ 40 only some selected values (45, 50, 55, ...,Jmax) were solved with

the exact treatment. Given the smooth dependence with collision energy observed in general for

reaction probabilities at such large total angular momenta, the remainingJ probabilities were es-

timated from the known probabilities via aJ-shifting method described in section II. To check

the accuracy of this approach, we also computed the QM-CC reaction probabilities for (v0, j0) =

(0,0) using theJ-shifting method. The resultant ICSs are plotted along with the exact QM-CC

cross sections (those calculated from exact QM-CC probabilities) in Figure 4. An excellent agree-

ment between the interpolated and the exact cross sections for (v0, j0) = (0,0) (shown in inset of
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Figure 4 ) encourage us to use theJ-shifting technique for the excited rovibrational states.Cross

sections calculated with all methods here employed are devoid of thresholds, and are very large at

low collision energies. These ICSs decrease rapidly with increment in translational energy up to

∼0.25 eV, but decrease beyond that point. This behavior of cross sections is similar to other barri-

erless exothermic reactions.22,36,58–63As it is seen in Figure 4, the oscillatory structure of quantum

reaction probabilities is greatly reduced in the QM ICS plotsdue to the partial waves-averaging

effect.

For the ground rovibrational reactant state, there are no remarkable differences between the

reaction cross sections obtained using different methods,except at really low collision energies.

Although the QM-CS and QM-CC probabilities for (v0, j0) = (0,0) and (v0, j0) = (1,0) certainly

differ at low Ec, agreement between the cross sections obtained from the QM-CC and QM-CS

methods is reasonably good. It seems that CC has less effect onaverage quantities forj0 = 0.

For rotationally excited reactant state, QM-CS results underestimate the QM-CC ICSs above 0.3

eV and it is observed that both results diverge beyond this collision energy. Thus, it is clear

that CC promotes the reactivity of the rotationally excited reactants. As in the case ofj0 = 0,

QM-CS cross sections are slightly larger than the QM-CC ones inthe very low energy region.

As mentioned previously, it is always cumbersome to converge probabilities in this regime with

TD WP calculations, which require very large grids, long propagation time and precise damping

procedures of the WP to conclude anything about the behavior of the reaction attributes.

Figure 4 shows that QCT results successfully reproduce the overall qualitative behavior of the

QM cross sections for all the reactant states, except at verylow collision energies, a regime at

which the QM results exhibit a maximum peak around∼ 3× 10−3 eV. For the Ne+HeH+(v0 =

1, j0 = 0) collision (bottom panel of Figure 4) the QCT approach yields cross sections which

slightly overestime the QM results at the lower energies (Ec ∼ 0.11 eV). Formation and breaking

of the intermediate complex may drive the reaction at low collision energies and quantum effects

like resonances become important in this region. This may bethe cause of apparent disagreement

between QCT and QM results at low collision energies for vibrationally or rotationally excited
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reactants.

The SQM cross sections reproduce fairly well the main features of the QM results for the

three different HeH+(v0, j0) rovibrational initial states, thus suggesting the essentially complex-

forming nature of the overall dynamics. SQM-CC and SQM-CS calculations yield essentially

the same results, and the only apparent difference comes from the oscillations introduced in the

CC cross sections (calculated at a fewer number of energies for its computational demand) by

the interpolation. In particular the agreement observed between the SQM-CC and QM-CC cross

sections seems to be the result of some sort of compensation introduced by the partial waves

average between the overestimation of the statistical reaction probabilities for small total angular

momentum and the underestimation for the larger valuesJ. As expected, values for the exothermic

title reaction are much larger than the corresponding crosssections for the endothermic reverse

reaction (see Fig. 8 of Ref. [36]) with remarkably better agreement between the QM and statistical

results. The SQM approach was found to fail to describe the low energy region for the He +

NeH+ → HeH+ + Ne reaction when the process is initiated from the first vibrationally excited

state(v0, j0) = (1,0). This seems not to be the case for the present reaction.

The issue of a proper description of the low collision energyregime can also be addressed

within the statistical framework. Recent investigations onthe D++H2 reaction66–68 revealed that

the value of the radius describing the asymptotic regionRmax has to be extended up to sufficiently

large distances in order to achieve the right behaviour of the cross sections. A similar test has been

performed here for the present reaction and a comparison of the corresponding ICSs can be seen

in Figure 5. WithRmax = 9.3 bohr the cross sections for Ne + HeH+(v0 = 0, j0 = 0) → NeH+

+ He reaction calculated by means of the SQM-CS approach exhibits a deviation with respect

to the expected behaviour for a converged result in a logarithmic representation with respect to

the collision energy around∼ 7× 10−3 eV. As seen in the figure, when the asymptotic region

is enlarged up to∼ 33 bohr the convergence region extends down below 10−3 eV. It is however

necessary to makeRmax∼ 67 bohr to ensure correct cross sections for collision energies close to

∼ 10−5 eV.
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QM-CC cross sections for different initial rovibrational states are compared in Figure 6. The

figure shows that the cross sections for excited ro-vibrational states are different than the results

for the ground state: differences are large in the low energyregion and small in the high energy

regime. Cross sections for (v0, j0) = (0,1) are smaller than (v0, j0) = (0,0) cross sections in the

entire energy range. ICSs for (v0, j0) = (1,0) start being smaller than those for the reaction fromthe

ground rovibrational state at low collision energies but become larger beyond 0.35 eV. Substantial

decrease in the ICSs at low collision energies with vibrational excitation has also been observed for

exothermic C+OH reaction.69 Inhibition of reactivity due to rotational excitation is seen for many

exothermic reactions,59,62,63which may be related to orientation effect of the reactants.Similarities

among the cross sections for different initial rovibrational states in the high energy region is also

common for exothermic reactions59,62,63,69with no barrier along their collision paths. The ICSs

for a barrierless exothermic reaction can be calculated by the Langevin capture model, which

expresses the ICS for a reaction between an ion and a neutral species as70,71

σLang(Ec) = 2π
(

C4

Ec

)1/2

, (8)

whereC4 =
1
2

q2α
(4πε0)2 . α denotes the dipole polarizability of the neutral reactant and ε0 is the

vacuum electric constant.α for Ne atom has been calculated at CCSD(T)/aug-cc-pVQZ level

numerically to be 2.60918 a.u. using the ORCA software,72 which agrees quite well with values

from literature.73–75 The Langevin cross sections, also shown in Figure 6, are in a fairly good

agreement with the QM-CC results, especially for (v0, j0) = (0,1) betweenEc = 0.02 - 0.22 eV. It

is worth mentioning at this point that a proper description of the long-range part of the potential is

required to have accurate estimation of cross sections for ionic reactions. However, the long-range

part of the PES used in the present set of calculations may notbe accurate enough to account for

the cross sections in the low energy region. This could be thereason for the deviation of QM ICSs

from the Langevin behavior at the low energies. Moreover, anisotropy of the PES31 which leads

to a non-uniform variation of the potential at largeR for differentθ values affects the observables
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and hence, the actual cross sections for this reaction may not coincide with the simple Langevin

capture results.

Initial state-specific thermal rate constants (kv0, j0(T)) are calculated from the initial state se-

lected total ICSs by averaging over collision energies as76

kv0, j0(T) =

√
8kBT
πµR

1
(kBT)2

∫ ∞

0
Ec dEc ×e−Ec/kBTσv j(Ec), (9)

wherekB is the Boltzmann constant. The results estimated from QM, SQMand QCT ICSs are

plotted in Figure 7. After showing a rapid early rise, the rate constants remain almost invariant

with respect to temperature. There are no differences between the rate constants obtained from

QM-CC exact and interpolated cross sections for (v0, j0) = (0,0). This finding suggests the validity

of J-shifting approximation for the title reaction. In addition, no significant differences can be seen

between QM-CC and QM-CS rate constants for all the cases, except at very cold regions. QCT

calculations successfully reproduce the overall behaviorof QM rate constants and for (v0, j0) =

(0,0), the agreement between QM and QCT rate constants is good. For (v0, j0) = (1,0), QCT rate

constants overestimate the QM results.

SQM rate constants are in qualitative agreement with those obtained by means of the two

other theoretical approaches employed here. The accord is specially good for the reaction initiated

from the rovibrational ground state of reactants and for thecase for which the largest deviations

are seen, that is (v0, j0) = (1,0), the statistical predictions are only∼ 1.2 times larger than the

QM rate constants atT = 1000 K. Differences between the CC and CS statistical calculations are

only noticeable at low values of the temperature. For this low T regime, the SQM rate constants

exhibit a similar behaviour as that observed for QM results,with decreasing values ofk(T) asT

approaches to 0 K. A recent study on the D++H2 reaction concluded that rate constants tend to

be independent with respect to decreasing temperature whenthe corresponding ICS is calculated

with a sufficiently large asymptotic region for a proper description at low energies.68 As discussed

before (see Figure 5), SQM cross sections were obtained withlarger values of theRmax radius,
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and the corresponding rate constants exhibited differences at theT < 100 K range. In particular,

thek(T) calculated with the ICS starting from a minimum collision energy of 10−5 eV and with

Rmax enlarged up to∼ 67 bohr, yielded values which were∼ 1.7 times larger atT = 10 K than

those obtained from cross sections in whichRmax = 9.4 bohr. The improvement is nevertheless

not dramatic since the new thermal rate constants still display a qualitatively similar behaviour as

those shown in Figure 7 (see inset on top panel of the figure).

Figure 8 shows a comparison of the initial state-resolved rate constants calculated from QM-

CC ICSs with the available experimental result. Figure shows that all QM rate constants follow a

similar pattern, but the rate is reduced to a large extent by vibrational or rotational excitation. At

300 K, the QM-CC rate constant for (v0, j0) = (0,0) is 0.79×10−9 cm3 s−1, which is within the

error bar of experimental rate constant measured to be 1.25± 0.625×10−9 cm3 s−1 by Glosík et

al.38 Here it is noteworthy that the computed rate constats are Boltzmann averaged over collision

energies only but not over the rovibrational energies. Quantum dynamical calculations are very

expensive forj0 > 0 for these type of ion-molecule reactions and hence, we report only initial state

selected rate constants in this article. Rate constant for this type of barrierless exothermic reactions

can be calculated using the Langevin capture model as70,71

kLang(T) = 2π
(

2C4

µR

)1/2

. (10)

As it is clear from the above expression,kLang(T) is temperature independent. For the title reaction,

the value of the Langevin rate constant is 0.728×10−9 cm3 s−1 which is consistent with the usual

value for this kind of processes.kLang(T) is also plotted in Figure 8. Result from the simple

Langevin model is also within the error bar of the experimental results and agrees quite well with

the QM results:kLang(T) lies in between (v0, j0) = (0,0) and (0,1) rate constants, closer to (0,1)

rate constants than those for (0,0). At this point, we reiterate that a proper description of the long-

range interactions for a ion-molecule system is necessary to calculate the rate constants at low

temperatures. In addition time independent methods, more robust to describe the dynamics at such
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temperature regimes, may provide an useful insight. This isbeyond the scope of this article and

will be examined in future studies.

Conclusions

Reactive scattering studies for the exothermic atom-molecular ion type Ne + HeH+(v0, j0) → He

+ NeH+ reaction have been performed via TD WP, statistical quantum methods and by means of

QCT calculations. Numerous resonances seen in the QM probability curves for smallJs indicate

formation of an intermediate complex during reaction. Rovibrational excitation of the reactants

significantly decrease the reactivity of the reaction in thelow energy regime. Differences between

the SQM-CC and SQM-CS reaction probabilities are relatively small when compared to QM re-

sults, except for some smallJs for (v0, j0) = (0,0). Minor discrepancies are found between the

QM-CC and QM-CS ICSs forj0 = 0 reactant state at most of the investigated energies. However,

for j0 = 1 reactant state, CC has been found to promote the reaction. Although at high collision

energies SQM probabilities for smallJs are a bit different than the corresponding QM results,

SQM ICSs successfully reproduce the overall behavior of QM-ICSs and in fact, SQM ICSs are

in a fairly good agreement with the QM ICSs in the high energy regime. An excellent agreement

found between the QCT and QM-CC results highlights QCT as an efficient method to study this

reaction. Simple Langevin capture model can also describe the reaction very well. A good agree-

ment between the experimental and theoretically calculated rate constants have been achieved in

this work. It is hoped that the present theoretical study will stimulate new experimental work on

this system.
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Table 1: Parameters used in the quantum dynamical calculations (All parameters are given in
atomic units).

Number ofRgrid points 310
Number ofr grid points 132
Number of angular grid points 130
Rmin 0.2
rmin 0.5
δR 0.09
δ r 0.13
Centre of initial wave packet 15.0
Starting points of damping alongR andr 19.0, 12.59
Analysis point alongr 12.46
Number of Chebyshev iterations 22000

29



−0.8

−0.6

−0.4

−0.2

 0

 0.2

 0.4

 0.6

Reaction Coordinate

E
n

e
rg

y
 (

e
V

) Ne+HeH+
(v0,j0)=(0,0−2)

(v0,j0)=(1,0)

(v0,j0)=(0,0−2)

(v0,j0)=(1,0)

NeH++He

[NeHHe]+
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Figure 2: QM-CC total reaction probabilities for Ne + HeH+ (v0, j0) → NeH+ + He for different
initial reactants rovibrational states for some selectedJ values.
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Figure 3: Total reaction probabilities as a function of collision energy for the Ne + HeH+(v0, j0) →
NeH+ + He reaction calculated using QM-CC, QM-CS, SQM-CC, SQM-CS and QCT methods.
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Figure 4: Total integral cross sections (ICSs) as a function of collision energy for the Ne +
HeH+(v0, j0) → NeH+ + He reactions obtained from quantum, statistical and classical dynami-
cal simulations. Inset in the top panel shows a comparison between the cross sections obtained
from the QM-CC exact probabilities of all theJs (red line) and those calculated from the prob-
abilities computed via aJ-shifting method (green line). Various reactant rovibrational states are
indicated in the panels.
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Figure 5: Cross sections for the Ne + HeH+(v0 = 0, j0 = 0) → NeH+ + He reaction calculated
with the SQM-CS approach with different values of theRmax radius. See text for details.
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Figure 7: Temperature dependence of the rate constant for the Ne + HeH+(v0, j0) → NeH+ + He
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Figure 8: Comparison of state-selected QM-CC rate constants with the available experimental rate
constant (green point with error bar) at 300 K38 for the Ne + HeH+(v0, j0) → NeH+ + He reactions.
Rate constants calculated using the Langevin model are also shown as a black dashed line. QM-CC
rate constants for(v0, j0) = (0,1) and(v0, j0) = (1,0) are calculated from the corresponding ICSs
those are calculated via aJ-shifting method.
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