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Initial state-selected dynamics of the Ne + H+Ne → NeH+ + Ne reaction is in-

vestigated by quantum and statistical quantum mechanical (SQM) methods on the

ground electronic state. The three-body ab initio energies on a set of suitably chosen

grid points have been computed at CCSD(T)/aug-CC-PVQZ level and analytically

fitted. The fitting of the diatomic potentials, computed at the same level of theory,

are performed by spline interpolation. Reaction probabilities obtained from quan-

tum calculations exhibit dense oscillatory structures, particularly in the low energy

region and these get partially washed out in the integral cross section results. SQM

predictions are devoid of oscillatory structures and remain close to 0.5 after the rise

at the threshold thus giving a crude average description of the quantum probabilities.

Statistical cross sections and rate constants are nevertheless in sufficiently good agree-

ment with the quantum results to suggest an important role of a complex-forming

dynamics for the title reaction.
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I. INTRODUCTION

The attractive interactions between rare gases, inert in nature, are of weak van der Waals

type. However, the interaction between rare gases and either metal cations or protons is

far stronger being of covalent or charge induced electrostatic type. Proton-rare gas colli-

sions mostly occur in interstellar medium and planetary ionospheres, and are important in

astrochemistry and in modeling early universe scenario1–3. This importance explains why

simple rare gas complexes such as RgH+ (Rg = He, Ne, Ar, Kr, Xe) have been the subject

of numerous experimental and theoretical studies4–15. Formation of HeH+ ion, for example,

was noticed as early as in 192516.

On the other hand, rare gas-hydrogen molecular ion systems of the type Rg-H+
2 (Rg

= He, Ne, Ar) have also attracted the interest of the scientific community (See Refs.17–28

for some recent works). The Rg + H+
2 → RgH+ + H processes, key reactions to produce

RgH+ molecules, take place along collinear paths while proceeding via formation of a col-

lision complex [RgHH]+ at low energies. This complex-forming dynamics is suggested by

the appearance of numerous resonances in the corresponding probabilities. Analogously,

the possible formation and existence of Rg2H
+ has also been explored by various groups

experimentally29–32. Evidences of centrosymmetric configurations RgH+Rg in noble gas

matrices33–36 revealed a crucial aspect: The symmetric insertion of a proton into the very

weakly bound rare gas dimeric species makes the system much more stable. In 1970, Adams

et al.31 determined the rate coefficients for the reactions of Rg+
2 , RgH+ and Rg2H

+ ( Rg =

He, Ne, Ar ) with H2 via variable temperature flowing afterglow technique. Kunttu et al.

generated solid Rg2H(D)+ (Rg = Ar, Kr, Xe) via UV photolysis and recorded the vibrational

spectra of the bound states36,37. On the theoretical side, several studies have been carried out

to determine the most stable configurations via ab initio or density functional theory (DFT)

methods6,38–42. In all the studies, linear centrosymmetric [RgHRg]+ type configurations are

reported to be the most stable structures for these systems. Ground state potential energy

surfaces (PESs) have also been generated for He2H
+40,43,44 and Ar2H

+42 systems. Reactive

scattering studies have been performed on these PESs for the He + HeH+ → HeH+ + He

reaction by means a time dependent wave packet (TDWP)45,46 and quasiclassical trajectory

calculations44. These studies indicate that the collision proceeds via a bimolecular-complex

forming dynamics. In addition, it has also been found that Coriolis coupling (CC) plays
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an important role for the reaction46. Structural details of different [RgHRg′]+ type systems

have also been explored via experimental34 as well as theoretical studies35,38,39,47,48. A linear

[RgHRg′]+ configuration has been reported as the equilibrium structure for each system. In

our recent studies, time dependent quantum mechanical (TDQM) and statistical quantum

mechanical (SQM) methods have been employed to investigate both He + NeH+ → HeH+

+ Ne49 and the reverse reaction50. While a prominent effect of inclusion of CC in the dy-

namical calculations has been found via the TDQM method, minor differences were seen

between the SQM CC results and those obtained from the calculations performed within

centrifugal sudden (CS) approximation. Dominance of resonances on both processes have

been noticed at low collision energies.

It is known that hydrogen and neon are the most and fifth most abundant elements,

respectively, in our solar system51. NASA’s Lunar Atmosphere and Dust Environment Ex-

plorer spacecraft’s Neutral Mass Spectrometer has shown recently for the first time that the

lunar exosphere contains neon, which mainly comes from solar wind52. This finding confirms

the possibility of the interaction between Ne and either H or H+ in cold planetary atmo-

spheres and therefore, the investigation on processes involving these elements are certainly

relevant for understanding the evolution of our solar system. The existence of the [NeHNe]+

system has been predicted by theoretical calculations39, but is yet to be found experimen-

tally. The minimum energy configuration was investigated39 by means of Møller-Plesset

perturbation theory and CCSD(T) level and the possibility to find a secondary minima

of the type [NeNeH]+ was ruled out, in contradiction to similar calculations reported for

Ar2H
+42. Despite the interest on these kinds of systems, surprisingly there is no report in

the literature of any PES for Ne2H
+ till date. In this work, we report an accurate ground

state PES which behaves very well at short and long ranges. We have used this surface to

investigate the dynamics of the Ne + NeH+ → NeH+ + Ne reaction. The scattering stud-

ies of the proton transfer process between two neon atoms are performed using quantum

mechanical (QM) methodologies, TDWP, time-independent and SQM, with the reactant

diatom in its ground ro-vibrational state.

The remainder of the paper is as follows. Computational details of the electronic structure

calculations, construction of the analytical PES, QM and SQM methodologies are given in

Section. II. This is followed by results and discussion in the next section. In the final section,

we conclude and comment on the future perspectives.
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II. COMPUTATIONAL METHODS

A. Potential Energy Surface

1. Ab Initio Calculations

Ab initio energies were computed at the coupled cluster singles and doubles with perturba-

tive triple correction (CCSD(T)) level with augmented Dunning type correlation consistent

polarized quadrupole zeta (aug-cc-pVQZ) basis set. All the electronic structure calculations

were performed by using the Gaussian 09 software53. For this system, there are two reactive

channels starting from NeH+ + Ne: Ne + NeH+ corresponding to the proton transfer channel

and H+ + Ne2 corresponding to the formation of Neon dimer. The H++Ne2 asymptote is ∼

53.34 kcal/mol higher than Ne + NeH+ asymptote. The diatomic potentials were calculated

for NeH+ and Ne2. Emphasizing on all the important regions of the potentials, energies at

317 points were computed between 1 to 100 a.u. for NeH+ and energies at 332 different

geometries were evaluated between 2 to 36 a.u. for Ne2 molecule. Energy evaluations of

the triatomic system for different configurations were carried out in the internal coordinate

system, R1, R2 and θ. Here R1 and R2 are the two NeH+ bond lengths and θ is the Ne-H-Ne

angle. θ was varied from 5° to 180° with a gap of 5° and for each θ, grids were set up for

R1 and R2 covering regions ranging 1.4 - 20 a.u. For θ = 0°, R1 and R2 were Ne-Ne and

NeH+ bond lengths, respectively. Finally, ab initio energies at more than 23000 points were

generated for the triatomic system, which were scattered over all the regions including the

important potential well and asymptotic regions for the system.

2. Fitting

The adiabatic surface of a triatomic system can be expressed analytically with the many-

body expansion form54

VABC(RAB, RAC, RBC) = V
(1)
A + V

(1)
B + V

(1)
C + V

(2)
AB (RAB) + V

(2)
AC (RAC)

+ V
(2)
BC (RBC) + V

(3)
ABC(RAB, RAC, RBC),

(1)

where RAB, RAC and RBC are the distances between the atoms, VABC (RAB, RAC, RBC) is

the potential energy of the triatom at the corresponding geometry and V
(1)
i , V

(2)
i (Ri) and
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V
(3)
ABC(RAB, RAC, RBC) are the one, two and three-body (3B) interaction energies respectively,

at corresponding geometries. All the V
(1)
i s are taken as zero as the isolated atoms are in

their ground states regardless of their charge. The two body interaction energies for the

diatoms at different geometries are calculated by spline interpolation technique. The 3B

interaction energy is expressed by the Aguado and Paniagua function55 having the following

form:

V
(3)
ABC(RAB, RAC, RBC) =

M∑
i,j,k=0

dijkρ
i
ABρ

j
ACρ

k
BC. (2)

Here dijks are the linear parameters and ρAB = RAB exp(−βABRAB). The constraints,

i+ j+ k 6= i 6= j 6= k and i+ j+ k ≤M , are applied as the 3B potential becomes zero at all

the dissociation limits. Considering the symmetry of the system, 140 linear parameters are

evaluated for M = 10. The Levenberg-Marquardt nonlinear optimization method56 is used

to determine the linear and the two exponential parameters by fitting Eq. 2 to the energies

derived from Eq. 1.

B. Quantum Dynamics

TDWP calculations are carried out using the Chebyshev real wave packet propagation

method57,58. Details of the methodology followed here for the quantum calculations is well

established57,59 and is also discussed in our previous article49. Propagation of the wave packet

(WP) has been carried out in body-fixed (BF) reactant Jacobi coordinates. The initial WP is

expressed on equidistant grids along R and r coordinates and on Gauss-Legendre quadrature

points along γ coordinate. Here R is the distance between Ne atom and the center of mass

of NeH+ diatom, r is the NeH+ bond length and γ is the angle between R and r. The full

Hamiltonian is written as a tridiagonal matrix60

Ĥ =
[
− h̄2

2µR

∂2

∂R2
− h̄2

2µr

∂2

∂r2
+
j(j + 1)

2µrr2
+
J(J + 1) + j(j + 1)− 2K2

2µRR2
+ V (R, r, γ)

]
δKK′

− h̄2

2µRR2
λ+JKλ

+
jK

√
1 + δK0δK+1,K′ − h̄2

2µRR2
λ−JKλ

−
jK

√
1 + δK1δK−1,K′ , (3)

where λ is defined as λ±JK =
√
J(J + 1)−K(K ± 1). Here µR and µr are the reduced masses

for Ne+NeH+ and NeH+ respectively, j, J and K are the diatomic rotational quantum

number, the total angular momentum quantum number and the projection of J on the BF

z-axis, respectively. In the present set of studies, we have carried out quantum calculations
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TABLE I. Numerical parameters employed in the TDQM calculations (All parameters are given

in atomic units).

Number of R grid points 406

Number of r grid points 148

Number of angular grid points 120

Rmin 0.2

rmin 0.5

δR 0.06

δr 0.12

Centre of initial wave packet 15.0

Starting points of damping along R and r 17.5, 13.1

Analysis point along r 12.98

Number of Chebyshev iterations 50000

including the CC as well as within the CS approximation, where the last two terms in Eq.

3 are excluded during propagation.

All parameters used to get converged results in the TDQM calculations are tabulated

in Table II. Collision energy Ec resolved initial state selected total reaction probabilities

(P J
v0j0

(Ec)) are computed by calculating the total flux in the product channel. A large num-

ber of Js were needed to compute the total integral cross sections (ICSs) in the investigated

energy range. As the CC calculations are expensive, exact CC probabilities are calculated

for all the Js up to 75 and then, for each fifth J afterwards, i.e. for 80, 85, 90,..., Jmax. A

J-shifting technique is employed to compute the CC reaction probabilities for all the remain-

ing Js, for which the variations of reaction probabilities with collision energy are assumed

to be relatively smoother. The interpolation is carried out using the following formula61:

P J
v0j0

(Ec) = P J1
v0j0

(Ec)(Ec − (V ∗J − V ∗J1))
(J2 − J)

J2 − J1

+ P J2
v0j0

(Ec)(Ec + (V ∗J2 − V
∗
J ))

(J − J1)
J2 − J1

, (4)

where V ∗J is the threshold energy for the corresponding J , which is to be determined from

the expression62 V ∗J = AJ +BJ2 +CJ3. Here the coefficients A,B and C are calculated by

fitting the threshold energies of the probabilities for known J values.
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As it is well known, converging TDQM reaction probabilities at very low energies ( Ec <

0.04 eV ) is quite difficult due to the finite sized grid and the poor absorption of the WP by

the damping function. Although all the parameters of the damping function were varied for

a wide range of values, it was impossible to get a proper convergence for the present grid,

the largest we could use. For this reason, we have computed the total reaction probabilities

up to 0.05 eV collision energy via a TIQM method, the ABC code of Manolopoulos and co-

workers63 has been used. This approach solves the Schrödinger’s equation in hyperspeherical

coordinates with a log-derivative propagation64. Separate calculations are performed for each

combination of J , diatomic and triatomic parities. Converged results are obtained with Emax

= 2.1 eV, jmax = 30. The maximum values of hyperradii (ρmax) are 30 a.u. and 25 a.u. for

Ec ≤ 0.01 eV and Ec > 0.01 eV, respectively. Accordingly, the number of log derivative

propagation sectors are 430 and 340, for these two regions. A value of kmax = 7 is used as

this was enough for reproducing the exact TDQM results in the Ec > 0.05 eV energy region.

For J = 0, reaction probabilities were calculated via both TIQM and TDQM methods over

the collision energy range from 0.001 eV to 0.4 eV with a grid spacing of 5 × 10−4 eV. For

J > 0, we cover the Ec = 0.001 - 0.05 eV range with TIQM calculations, and the rest of

energies (from 0.05 to 0.4 eV) with TDQM simulations. Kmax = min(7,J) was sufficient to

converge the total reaction probabilities for the TDQM-CC calculations. ICSs are obtained

over the full energy range, i.e. 0.001 - 0.4 eV with reaction probabilities up to J = 157.

Finally the cross sections are employed to produce initial state selected rate constants.

The initial state selected total ICSs are calculated from the reaction probabilities as

σv0,j0(Ec) =
π

k2
v0,j0

Jmax∑
J=0

(2J + 1)

(2j0 + 1)

∑
l0

P J
v0,j0,l0

(Ec), (5)

where kv0j0 is the magnitude of the wave vector corresponding to the initial state at a fixed

Ec. The initial state-specific thermal rate constants as a function of temperature (kv0j0(T ))

are calculated from the initial state selected total ICSs as

kv0j0(T ) =

√
8kBT

πµR

1

(kBT )2

∫ ∞
0

Ec Exp(−Ec/kBT ) σvj(Ec) dEc, (6)

where kB is the Boltzmann constant.
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C. Statistical quantum method

A statistical quantum method65–67 developed for insertion reactions was employed in

the present study. This approach has been applied before to ionic atom-diatom reactions

for which complex-forming dynamics plays some role such as H+
3
68–74. In particular, the

method gave us useful insight regarding the reaction mechanisms behind the He+NeH+49

and Ne+HeH+50 processes. A description of its basic foundations are given in those previous

papers, so here we will restrict to the main aspects. Once the initial-state-selected reaction

probability for a specific value of the total angular momentum J is calculated from individual

capture probabilities for both reactant and products pvj as:

P J
v0,j0

(Ec) '
pJv0,j0(Ec)

∑
v′j′ p

J
v′j′(Ec)∑

v′′j′′ p
J
v′′j′′(Ec)

. (7)

As discussed below, this general expression becomes simpler in the case of reactions with the

same atom-diatom arrangement for reactants and products. If identical rovibrational states

are found at both sides of the reaction, capture probabilities pJvj(Ec) are the same with

equal contributions in the above expression for the numerator and denominator. Under

these circumstances, the total probability can be simplified to one half of the initial capture

probability pJv0,j0(Ec).

Cross sections and thermal rate constants are obtained in a similar manner as the exact

quantum method described in previous sections.

The values of the capture radius Rmin defining the region where the intermediate complex

is formed is 6.6 a.u. and the asymptotic region is extended up to Rmax 16.6 a.u. For this

reaction, both reactant and product arrangements are the same, so the statistical calculation

is performed only once.

III. RESULTS AND DISCUSSION

A. Analytical potential energy surface

As mentioned in the previous section, a spline interpolation technique was used to cal-

culate the diatomic interaction potentials for the analytical PES. An excellent agreement

between the ab initio and analytical data has been achieved in the long range interaction
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FIG. 1. Contour plots of the potential energy surface for four different 6 NeHNe. The spacing

between the contour lines is 6 kcal/mol. The energy of the Ne+NeH+ reactant asymptote is set as

zero. The white lines appearing in the low energy region correspond to the minimum energy paths

for different angles of approach of the reactants.

part of the diatomic potential. The comparison was performed at 110 and 86 randomly

sampled points for NeH+ and Ne2, respectively. The root mean square (RMS) deviations of

2.4× 10−4 kcal/mol and 5× 10−5 kcal/mol are found for NeH+ and Ne2, respectively.

For the fitting of 3B interaction energies, 22537 ab initio energies below 70 kcal/mol (zero

was set at atomic dissociation level) were used. Finally, 142 parameters were evaluated after

fitting these huge number of data to the corresponding analytical expression. The RMS

error for the overall fitting was 0.026 kcal/mol and the maximum energy deviation was 0.43

kcal/mol. The point of maximum deviation corresponds to a configuration having the two

NeH bond distances of 1.5 and 1.6 a.u. with 6 NeHNe = 165°.

The contour plots of the analytical PES for four different Ne-H-Ne angles are presented

in Figure 1. As the Ne atom approaches the NeH+ ion in a near collinear path, interac-

tion between the atoms becomes stronger and a potential well is formed. Its deepest value

corresponds to the collinear [NeHNe]+ configuration, which is in fact the global minimum,

located 16.6 kcal/mol below the Ne + NeH+ channel and 69.94 kcal/mol below the Ne2 +

H+ channel. This most stable geometry for the Ne2H
+ system has been characterized by

harmonic frequencies calculated via an ab initio calculation. The details of the equilibrium

geometries for NeH+, Ne2 and Ne2H
+ systems computed from ab initio calculations and ob-
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TABLE II. Equilibrium bond lengths (in a.u.) and energies (in kcal/mol) at equilibrium geometries

of diatoms and triatom and harmonic vibrational frequencies (in cm−1) of the triatom at most stable

geometry. Energies of the atoms are set as zero.

ab initio analytical PES

NeH+ Req 1.8716 1.8716

Energy -53.4327 -53.4327

Ne2 Req 5.845 5.845

Energy -0.0952 -0.0952

[NeHNe]+ Req(NeH) 2.1563 2.1557

Energy -70.0361 -70.0385

Harmonic vibrational 513.7,818.5 514.5,794.7

frequencies 818.5,1588.9 794.7,1587.2

tained from the analytical PES are tabulated in Table I. An excellent agreement is obtained

between the ab initio and the analytical results. The minimum energy paths for the process

highlighted with white lines in Figure 1 are compared for different Ne-H-Ne angles in Figure

2(a). As can be seen, the reaction is barrierless in nature for the collinear approach. Also,

the depth of the potential well decreases when the 6 NeHNe becomes smaller and a barrier

appears for small Ne-H-Ne angles. In Figure 2(b), contour plot of the interaction potential

is presented for different 6 NeHNe values with equal NeH+ distances. The white line in this

figure represents the path of evolvement of the minimum as a function of 6 NeHNe. It is

clear that for small 6 NeHNe values, the barrier height crosses the all-atomic dissociation

level for the system.

The energies obtained from the analytical PES for different configurations including short

range and long range regions are plotted along with their ab initio counterparts in Figure

3. It is obvious from Figure 3 that there is an excellent agreement between the ab initio

and analytical energies over all the regions of the surface. Finally, energies of 776 random

configurations were computed by means of ab initio calculations and compared with those

obtained from the analytical PES. The RMS deviation of the energies was found to be 0.025

kcal/mol while the maximum energy deviation was 0.182 kcal/mol. The differences between

analytical and ab initio energies for these random configurations are plotted with respect
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FIG. 2. (a) Minimum energy paths for different 6 NeHNe angles. (b) Contour plot of the analytical

PES with equal NeH bonds for different 6 NeHNe. The white line represents the minimum energy

path along 6 NeHNe with equal NeH bond distances, i.e., it connects the central points of the MEPs

of Fig. 2(a).

to total energies in Figure 4. For most of the geometries, there are very small differences

between the analytical and ab initio energies. It is quite clear from Figure 3 and Figure 4

that the analytical PES successfully describes the global ab initio PES for Ne2H
+ system.

The possible existence of a second minimum for the structure [Ne-Ne-H]+ was also ex-

plored in the ab initio studies. As was the case in Ar2H
+ , a local minimum was found for

the [Ne-Ne-H]+ linear structure. The bond lengths are 5.0 bohr and 1.87 bohr, for Ne-Ne

and Ne-H+, respectively. The geometry is stable by only 0.774 kcal/mol from the NeH+ +

Ne asymptote. The transition state is non-linear and the barrier height for the conversion

of this local minimum to the global minimum is only 0.012 kcal/mol (≈ 4.4 cm−1). Such

a small barrier is not expected to play any role in the dynamics. As noted in Ref. 40, the

usage of larger basis sets reduces the barrier height to a large extent and the inclusion of

core correlation might also affect this small energies. Keeping in mind that the RMS error

of the fitted surface is 0.026 kcal/mol (≈ 9.0 cm−1), the fitted surface produces a secondary

minimum lying 0.767 kcal/mol below the reactant asymptote but with an extremely small

barrier height ( < 1.0 cm−1 ) for its conversion to the [Ne-H-Ne]+ minimum.
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FIG. 3. Comparison between analytical energies (lines) and ab initio energies (square points): (a)

along the minimum energy path at 6 NeHNe = 180°; (b) along the white line in Fig. 2(b); (c,d) at

different R values with fixed r = 2.48 a.u. and req (1.8716 a.u.) and θ = 12°, 38°, 17°and 41°; (e,f)

at long range interaction region for two different θ values.

B. Reaction Probabilities

Total reaction probabilities as a function of collision energy for the ground rovibrational

reactant state and for some selective Js obtained from TDQM-CC, TDQM-CS, TIQM and

SQM calculations are shown in Figure 5. For J = 0, the agreement between TIQM and

TDQM results is very good over all the energy region, except at very low energies and this

shows that the TDQM results are well converged with respect to the set of grid parameters
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FIG. 4. ∆E, the differences in energies between analytical and ab initio values, are plotted against

total ab initio energy at some random configurations. Zero is set at all-atomic dissociation limit.

used. For J > 0, and Ec > 0.05 eV, TIQM probabilities were calculated at few energy points

(plotted with blue filled circle) to compare with the TDQM results. An excellent matching

between the TIQM and TDQM-CC probabilities can be observed in Figure 5 for all the Js.

It is also observed in Figure 5 that the reaction probability curves for smaller Js (J = 0, 10,

20, 30) follow a similar average pattern, i.e., these probabilities are remarkably large at low

energies and these large values gradually decrease to a minimum as Ec increases. For Ec ≈

0.15 - 0.4 eV, the average of the less oscillatory probabilities form a dome like shape and

this is followed by an uprising behavior of the average of probabilities towards the end of

the energy range. Reaction probability curves for J = 70, 90 and 110 show, on an average,

a declining behavior in almost the entire energy range after reaching the maximum value

near the threshold region.

With the reactant in its ground rovibrational state, the title reaction is thermo-neutral

in nature and there is no barrier along the minimum energy path ( see Figure 2 ). Reaction

probabilities for small Js thus start at very low collision energies, as shown in Figure 5.

As the value of J increases, centrifugal barrier starts to appear in the reaction path due to

the rotation of molecular plane and as a result, the reaction fails to occur for the collision

energies less than the barrier height. This results in appearance of thresholds in the reaction

probabilities for larger Js. However, by including the CC terms in the calculations, the
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FIG. 5. Total reaction probabilities plotted as a function of Ec, for eight different J states for Ne

+ NeH+(v0 = 0, j0 = 0)→ NeH+ + Ne. Solid blue lines and blue filled circles represent the TIQM

results. Solid green lines represent the SQM results.

centrifugal barrier height decreases as it depends on Kmax and thus the threshold energies

for the CC probabilities become relatively smaller than the corresponding CS probabilities

(this is quite clear for larger Js). Minor differences can be seen between CC and CS reaction

probabilities for small Js (J = 0, 10, 20, 30), whereas differences are quite large for the

larger Js, i.e., J = 70, 90, 110 and 140. Numerous resonances can be seen in the reaction

probability curves for smaller Js. The oscillations are very sharp in the low energy region

and their amplitudes decrease with the increase in collision energy. As known from the

characteristic of the PES, there exists a potential well of depth ∼0.72 eV at the linear

[NeHNe]+ configuration, which is the most stable structure for the present system. It is

expected that the potential well supports many metastable states of the [NeHNe]+ complex

and those may contribute to the oscillating feature to the reaction probabilities for the title

reaction. As can be seen, the resonances are very narrow at low energies, which suggests

the formation of collision complexes with long lifetime. The value of the lifetime of the

collision complex is calculated to be ∼0.75 ps from the average width of the resonances

appearing in the probability curves for smaller Js at around ∼ 0.005 eV of Ec. However, the

resonance features become less prominent as the peaks become boarder with the increase

in collision energies. This suggests the shortening of lifetime of the collision complexes at

higher energies. The same is quite clear for the larger values of J and it is apparent that

the reaction follows a direct path for larger Js at higher collision energies. However, dense

resonances are also quite obvious for the larger Js near the threshold region.
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All these considerations about the dynamics of the process could suggest, in principle,

that statistical techniques should provide a reasonably good description of the process. Fig.

5 includes the comparison of the above mentioned TDQM and TIQM reaction probabilities

with predictions obtained by means of the SQM of Section II B. The statistical results,

almost independent with respect to the collision energy, do not reproduce the rich resonance

structure of the QM probabilities but provide an average value which slightly overestimate

the correct result for the larger energies. As expected for the case of a reaction with identical

reactant and product arrangements, the SQM produces a constant value, P J
v0,j0

= pv0,j0/2,

since the intermediate complex finds the same accessible rovibrational states in reactants and

products and then the quotient of sums in the numerator and denominator of Eq. 7 yield a

constant value of 0.5. In addition, in absence of centrifugal barriers, the capture probability

from the initial NeH+ rovibrational ground state, pv0,j0 , is close to 1. A similar situation

was previously observed for the H++H2 → H2+H+ reaction68, but diatom symmetry con-

siderations for the ortho/para molecular hydrogen impose restrictions on the rovibrational

states existing on reactants and products. Therefore, besides a much denser population of

available rovibrational states found for H2 than NeH+ in the energy range considered here,

different contributions from the initial and final states for the expression given in Eq. 7 were

observed for the mentioned investigation on H+
3 . Despite these limitations, the comparison

shown in Fig. 5 reveals a correct description of the onset of thresholds for reactions in the

statistical results as the value of the total angular momentum J increases.
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C. Integral Cross sections

In Figure 6, total ICSs for the Ne + NeH+(v0 = 0, j0 = 0) → NeH+ + Ne reaction

obtained from QM and SQM calculations are plotted as a function of Ec. Sharp oscillatory

behavior of the reaction probabilities are reflected in the reaction cross sections curves at

low collision energies. However, in the high energy range, resonances are washed out from

the ICS curve due to J-averaging effect. Starting from a very high value, the reaction cross

section rapidly decreases with the increase in Ec in the low energy region. Sharp resonance

peaks can be seen between Ec = 0.0045 - 0.0085 eV. Beyond Ec = 0.02 eV, ICSs decrease

progressively but very slowly with the energy and remain almost invariant at high collision

energies. This behavior of the ICSs is very typical of barrierless exothermic or thermoneutral

reactions45,46,50,75–81. Blue filled circles plotted in Figure 6 are the TIQM cross sections at

few selected energies. As it is seen, TIQM ICSs are in an excellent agreement with the

TDQM-CC ICSs. The CS approximation clearly underestimates the reaction cross sections

for Ec below ∼ 0.2 eV. The reaction prefers a complex forming mechanism at low collision

energies and inclusion of CC allows the reactants to undergo out of plane rotations necessary

to excite the vibrational modes of the collision complex formed during reaction. This leads

to an efficient breakage of the collision complex in CC. In the CS approach where the

molecular rotation is confined to the molecular plane, the dissociation pathways are limited

leading to smaller cross sections. However, at high energies, the reaction may adopt a direct

mechanism path and hence, CC is observed to have less effect on the reaction mechanism.

As has been mentioned before, because of the finite grid size and improper absorbing of the

wave packet at the grid edges, TDQM calculations did not converge below 0.03 eV. For that

low energy regime, the TIQM approach becomes the adequate method to investigate the

overall dynamics of the title reaction.

The SQM ICSs reproduce reasonably well the QM results. As expected from the previ-

ously discussed comparison observed for the reaction probabilities, the statistical predictions

remain slightly below (about a ∼ 0.8 factor) up to Ec ∼ 0.2 eV, where both QM and SQM

values cross. Beyond that energy, the TDQM result decreases when the energy increases but

the statistical ICS seem somehow to get a stable value. The comparison at the low energy

regime, Ec ≤ 10−2 eV, reveals that the SQM gives the correct behaviour displayed by the

TIQM as the energy decreases, but the value of Rmax to describe the asymptotic region has

16



to be enlarged up to ∼ 39 a.u. to ensure convergence down to Ec = 10−3 eV.

According to Langevin’s capture model82,83, the ICSs for a barrierless reaction between

an ion and a neutral species can be expressed as σ(Ec) = 2π

(
C4

Ec

)1/2

where C4 is written

as C4 =
1

2

q2α

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

permittivity. α for the Ne atom has been calculated at CCSD(T)/aug-cc-pVQZ level nu-

merically to be 2.5933 a.u. using the Gaussian 09 software53. The ICSs for the title reaction

computed by employing the above stated formula is also depicted in Figure 6. The QM ICSs

show the same overall behavior like Langevin ICSs in the entire energy region, except at low

energies where a significant deviation is seen between the QM ICSs and the capture cross

sections. This may stem from the inherent limitation of Langevin’s model, as the model

assumes an isotropic interaction between the reactants.

D. Rate Constants

Temperature dependent thermal rate constants for the title reaction have been computed

from the QM and SQM cross sections for a wide range of temperatures and the results

are represented in Figure 7. The comparison between both set of results reveals differences

within a factor of ∼ 0.11, which indicates that statistical approaches provide indeed a fairly

good reproduction of the overall dynamics of the process. In fact, rate constant for a

barrierless reaction between an ion and a neutral species can be also calculated by using

Langevin’s capture model as kLang(T ) = 2π

(
2C4

µR

)1/2

. Such a rate constant is temperature

independent and for most of the reactions, kLang(T ) has a magnitude ≈ 10−9 cm3 s−1. In the

present case, kLang(T ) has been calculated as 0.45365×10−9 cm3 s−1 and is plotted in Figure

7. It can be seen that the QM rate constant is almost invariant at high temperatures and

as the temperature decreases QM k(T ) shows a declining trend. These QM rate constants

are in good agreement with kLang(T ) at high temperatures, whereas at low temperatures,

QM rate constants are smaller than kLang(T ). In view of the requirements for a sufficiently

large asymptotic distance in time independent approaches and the difficulties found for time

dependent techniques to treat the low energy regime, one has to be very careful in the analysis

of the behaviour of rate constants at low temperatures, before extracting any definitive

conclusion. It is to be mentioned that in the QM rate constant calculation, the minimum
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collision energy (Emin) was 0.001 eV, a value which perhaps should be even decreased for an

accurate description of k(T ) when the temperature under study is low.

IV. CONCLUSION

An analytical potential energy surface for the [Ne2H
+] system is constructed from ab

initio points calculated at the CCSD(T)/aug-cc-PVQZ level. The analytical surface displays

a small root mean square error of 0.026 kcal/mol. Minimum energy paths for different

approach angles of a neon atom towards NeH+ molecule are calculated and it is observed

that the process of proton transfer from one neon atom to another follows a collinear path.

On the dynamics side, we have performed quantum and statistical quantum simulations of

the proton transfer process over a collision energy range of 0.001 - 0.4 eV. While TIQM is

used in the low energy region (from 0.001 to 0.05 eV), wave packet calculations are performed

for the rest of the energy region till 0.4 eV. CS and CC results clearly differ from each other,

particularly for larger J values. CS cross sections are smaller than the CC values for energies

below 0.2 eV. SQM produces the correct behavior of cross sections at low energy region and

is in overall good agreement with the quantum results.
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61I. Miquel, M. González, R. Sayós, G. G. Balint-Kurti, S. K. Gray, and E. M. Goldfield,

“Quantum reactive scattering calculations of cross sections and rate constants for the

N(2D) + O2(X
3Σ−g ) → O(3P) + NO(X 2Π) reaction,” J. Chem. Phys. 118, 3111–3123

(2003).

62E. Aslan, N. Bulut, J. F. Castillo, L. Bañares, O. Roncero, and F. J. Aoiz, “Accurate
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