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While the growing realization of the importance of long-range interactions is being demon-

strated in cold and ultracold bimolecular collision experiments, their influence on one of

the most critical ion-neutral reactions has been overlooked. Here, we address the non-

Langevin abrupt decrease observed earlier in the low energy integral cross sections and

rate coefficients of the astrochemically important H + HeH+ → H+
2 + He reaction. We at-

tribute this to the presence of artificial barriers on existing potential energy surfaces (PESs).

By incorporating precise long-range interaction terms, we introduce a new refined barri-

erless PES for the electronic ground state of HeH+
2 reactive system, aligning closely with

high level ab initio electronic energies. Our findings, supported by various classical, quan-

tum, and statistical methods, underscore the significance of long-range terms in accurately

modeling reactive PESs. The low temperature rate coefficient on this new PES shows a

substantial enhancement as compared to the previous results and aligns with Langevin be-

havior. This enhancement could affect noticeably the impact HeH+ abundance prediction

in early Universe condition.
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I. INTRODUCTION

Recent progress in gas-phase bimolecular collisions has demonstrated the importance of com-

plementarity between experimental measurements and theoretical calculations in molecular reac-

tion dynamics to a great extent.1–4 The potential energy surface (PES) serves as the bridge between

theory and experiment both in gas phase and condensed phase molecular dynamics.5,6 It describes

the total energy relative to a specific electronic state of the molecular system, as a function of the

nuclear coordinates of each atom involved.5,6 The credibility of theoretical predictions depends

on the accuracy of the PES, which must reliably replicate experimental data within uncertain-

ties, assuming the dynamical calculation method is sufficiently accurate. For reactions involving

transition states, an accurate description of the location and energetic height of the barrier along

the reaction path is crucial in predicting dynamical outcomes.7,8 On the other hand, for exoergic

and barrierless reactions, an accurate description of the long-range interaction potential becomes

mandatory.8–10

Exoergic-barrierless reactions are key processes in diverse fields, such as early Universe

chemistry,11,12 interstellar gas clouds,13,14 planetary and stellar atmospheres,15 combustion pro-

cesses, and fusion plasma.16,17 Their barrierless nature leads to high rate coefficients even at low

temperatures, showing non-Arrhenius behavior.8,9 The long-range attractive interactions result in

significant reactive and inelastic scattering cross-sections, particularly at low collision energies.6

These reactions often follow the Wigner threshold laws18,19 at ultracold temperatures and can

be described by the classical Langevin capture model at thermal energies.20–22 They frequently

involve complex formation, making them suitable for description by statistical models23–27 com-

bined with simple capture approximations.28–30

Over the past decade, rapid advancements in experimental techniques for cooling a molecule’s

translational as well as internal energy down to a few Kelvin have enabled the study of molecu-

lar collisions at cold and ultracold temperature conditions.31–34 Additionally, techniques like the

merged beam approach with Rydberg molecules/atoms allow to investigate ion-neutral reactions

effectively even at a few milliKelvin.31,32,35–37 These low-temperature investigations effectively

probe the long-range part of the PES38–40 and have succeeded in testing theoretical predictions

based on capture theories relevant to various types of long-range interactions arising from ion-

dipole and ion-multipole interactions.41–49 Such studies not only demonstrated the effect of the

anisotropy of the long-range potential in explaining the large deviation of low-temperature rate
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coefficients from the classical Langevin model42–44,46,50 but also experimentally verified the phe-

nomenon of "quantum capture"51,52 of molecules with no dipole or quadrupole moments by ions.

As a consequence of the unequivocal success of these investigations, there is a growing con-

sensus that long-range interactions play a major role in ion-neutral reactions at low and ultra-low

energies and must be taken into account in any theoretical simulation pertaining to such type

of reactions.10,53,54 Although there have been numerous studies of exoergic-barrierless bimolecu-

lar reactions at cold and ultracold temperature conditions,21,33,34,55 low-temperature studies with

proper treatment of long-range interactions for one of the important ion-neutral reactions have

been overlooked. This reaction, the focus of the present work, involves the destruction of the

HeH+ cation by the H atom to form H+
2 and He:

H + HeH+
→ H+

2 + He (R1).

The above reaction holds a considerable importance in astrochemistry, particularly in helium and

hydrogen reaction networks,11 and is one of the essential process for the formation of primordial

H2 from H+
2 ions.11,12,56

The HeH+ ion is believed to be the first molecular species to have appeared in the early

Universe57,58 after the Big Bang Nucleosynthesis and is thought to have initiated the chemistry

of the Universe via reaction (R1).11,12,58,59 The detection of interstellar HeH+ ion was only recently

achieved60–62 by direct observation of its rovibrational emission lines from the planetary nebula

NGC 7027, after numerous unsuccessful attempts in the past.63–67 The discrepancy between the

observed line strength and theoretical model prediction60,62 has renewed interest in studying the

role of HeH+ in cosmic chemistry68–73 and its potential implications for our understanding of early

astrophysical environments.68,74–77

The reaction (R1) is barrierless and exoergic by ≈ 0.75 eV. The PES of HeH+
2 system possesses

a deep potential well corresponding to the collinear ionic complex [He· · ·H· · ·H]+ which lies ≈

1.087 eV below the bottom of H + HeH+ valley.78 Additionally, it exhibits another shallow well

corresponding to the collinear complex [H· · ·He· · ·H]+ which lies just ≈ 0.067 eV below the

bottom of H + HeH+ valley78 (see section 1 of the supplementary material for more details on the

topography of HeH+
2 PES).

Available experimental measurements for reaction (R1) are those performed in the seventies

by Karpas et al.79 and Rutherford and Vroom80 using ion cyclotron resonance and crossed ion
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neutral beam techniques, respectively. In the last decade, several theoretical calculations have

been carried out by using both classical and quantum mechanical methods to predict the cross sec-

tion, rate coefficient and product rotational angular momentum polarization of reaction (R1).81–89

The PES used in all of these studies is that developed by Ramachandran et al.78 This PES was

generated by calculating the ab initio electronic energies using both multi-reference90,91 and full

configuration interaction92,93 (MRCI and FCI) methods with correlation consistent polarized va-

lence quadruple- and quintuple-zeta94 (cc-pVQZ and cc-pV5Z) basis sets, and then analytically

fitting them afterwards by Aguado-Paniagua functions95 with the polynomials of highest order M

= 6 and 8. Consequently, three PES subroutines were reported by Ramachandran et al.78; M=6

fit of MRCI/cc-pV5Z (hereafter RMRCI6), M=8 fit of MRCI/cc-pV5Z (hereafter RMRCI8) and

M=8 fit of FCI/cc-pVQZ energy points (hereafter RFCI8). The root mean square error (RMSE)

of the above PESs were reported as 14, 7 and 6 meV, respectively. Koner et al.96 recently re-

ported a new non-reactive PES of the H+
2−He system where the the ab initio electronic energies

were calculated at both MRCI with Davidson correction (MRCI+Q)90 and FCI levels of theory

with aug-cc-pV6Z97 and aug-cc-pV5Z98 basis sets, respectively. Accurate long-range interactions

extending up to R−8 term (R being the internulcear separation) were included analytically with

smooth scaling and switching functions.96 The RMSEs of the MRCI+Q and FCI PESs were re-

ported to as 2.16 cm−1 (∼0.26 meV) and 0.92 cm−1 (∼0.11 meV), respectively. This PES was

constructed only for the H+
2−He interaction and does not extend to the asymptote of H + HeH+

channel. Hence, it is not suitable for reactive dynamics study.

Although the reaction observable data obtained from PESs of Ramachandran et al.78 were later

used in astrochemical predictions,76,77,83 the behavior of the cross section and rate coefficient of

reaction (R1) calculated on these PESs is highly questionable. This is because in all of the above

theoretical investigations, the integral cross section (ICS) was found to abruptly decrease below

10 meV of collision energy for which no explanation was given.83–89 This behavior of the cross

section consequently resulted an unexpected reduction of the rate coefficient at lower tempera-

ture range,83,86,88,89 a range highly relevant for early Universe chemistry at low redshifts.11,12 This

non-Langevin behavior of the ICS and rate coefficient is certainly in contrast with the usual char-

acteristics of an exoergic-barrierless reaction dominated by ion-induced dipole interaction.6,8,9 It

is the purpose of the present work to search for the origin of this problematic behavior and provide

a possible remedy for it.

In what follows next, we show in detail that this abrupt decrease in ICS at low energies is
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attributable to a so-called "artificial barrier" present on the reaction path of RMRCI6, RMRCI8

and RFCI8 PESs. Furthermore, we show how a correct long-range interaction term can be used

to remove this "spurious feature", thus presenting a new "refined" barrierless global PES of the

HeH+
2 reactive system. Employing the new barrierless PES, we calculated the ICS and rate coeffi-

cient of reaction (R1) by means of different quasi-classical 5QCT), statistical (SQM) and quantum

mechanical (QM) methods. We show that the behavior of our new reaction observables is in ac-

cordance with the usual characteristic of an exoergic-barrierless ion-neutral reaction. The rest of

the article is organized as follows. The importance of correct long-range interaction in eliminating

the "artificial" barrier and the details of construction of a new barrierless PES is described in Sec.

II. The dynamical methodology followed in the present investigation is described briefly in Sec.

III. The results from the dynamical calculations are discussed in Sec. IV. Finally, a summary of

the work and the conclusions are presented in Sec. V.

II. TOWARDS AN ACCURATE GLOBAL BARRIERLESS PES

A. On the importance of long range interaction

While analyzing the topographical details of the PESs of Ramachandran et al., it is found that

there exists a barrier to the reaction (R1) near the long-range region from the H + HeH+ channel.

This can readily be seen from Fig. 1 where the minimum energy paths (MEPs) corresponding to

collinear approach are plotted for the RMRCI6, RMRCI8 and RFCI8 PESs. The long-range region

from the H + HeH+ channel has been enlarged in the inset for a clear view. This barrier at a first

glance seems artificial in nature. This is because the height of the barrier in case of RMRCI6 and

RMRCI8 fits of the PES is different and also occur at different nuclear geometry (See section 1

and Fig. S2 of supplementary material) despite the fact that both the fits used same set of ab initio

energy data in Ref. 78. The height of this artificial barrier along the collinear approach is found

to be ∼ 4.8, ∼ 0.66 and ∼ 0.74 meV in case of RMRCI6, RMRCI8 and RFCI8 PESs, respectively.

The barrier is also present for other approach angles in non-collinear geometry, however, its height

decreases with decreasing ∠ HeHH angle from 180 to 0◦ (See section 1 and Figs. S3 and S4 of

supplementary material). It is important to note that the values of barrier-height along the MEPs

are less than the RMSE values of the respective PESs. This means the so-called artificial barriers

are most likely to be originated from a poor handling of fitting of the ab initio energy data. This
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Figure 1: Minimum energy path of reaction R1 at collinear approach i.e., ∠ HeHH = 180◦, obtained from
RMRCI6, RMRCI8 and FCI8 PESs of Ramachandran et al.78. The threshold portion of the MEPs from the

HeH+ + H channel is enlarged in the inset to highlight the presence of artificial barrier. The bottom of
HeH+ diatom well is taken as zero of energy.

can have serious implications in the low energy H + HeH+ collisional dynamics when done using

the PESs of Ramachandran et al.78 In particular, the presence of this "artificial" barrier leads to a

large reduction in the cross section and rate coefficient in the region of low energy and temperature,

respectivley, as already seen in Refs. 83,86–89. The barrier also exists for the approach of H atom

towards HeH+ from the He-side in cases of all three PESs described above (see Fig. S5).

The impact of the artificial barrier on the dynamics is investigated through quasi-classical tra-

jectory (QCT) (See section 3C below for details of the method) simulations. If barriers are truly

present on these PESs then the energy dependent profile of the ICS calculated by QCT method will

show a clear threshold at an energy close to the barrier-height. This is because the classical tra-

jectories can not tunnel through the barrier and can only surpass it if they have higher energy. The

QCT ICS computed on the RMRCI6 and RMRCI8 PESs are shown in Fig. 2. It can be seen from

the figure that the QCT ICSs show clear thresholds at lower energies confirming the presence of

"artificial" barrier on the PESs of Ramachandran et al.78 Moreover, the threshold of ICS calculated

on RMRCI8 PES occurs towards lower energy than that of RMRCI6 PES, which is consistent with

the fact that the barrier-height in case of RMRCI8 PES is lower than that in RMRCI6 PES.
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Figure 2: Initial state-selected total ICS of reaction R1 for HeH+ (v=0, j=0) as a function of collision
energy computed with QCT-HB method obtained from RMRCI6 and RMRCI8 PESs of Ramachandran et

al.78

B. Correcting the long range behavior

The PES of reactive molecular system is generally expressed in terms of a many body expansion

as it is done for the HeH+
2 system in Refs. 78,96. For a tri-atomic (A + BC) reactive system, this

can be written as,

V(rAB, rBC, rAC) =
∑

i

V (1)
i +

∑
i, j

V (2)
i j (ri j) + V (3)

ABC(rAB, rBC, rAC), (1)

where V (1)
i , V (2)

i j and V (3)
ABC are the mono-atomic, two-body and three-body terms, respectively, with

ri j (i, j=A, B and C) representing the internuclear distances. The two-body pair-wise terms (second

summation should count each pair only once) are responsible for the attractive nature of the PES

and make a key contribution around the long-range region while the three-body terms are generally

repulsive in nature. Since the long-range nature of the two-body potentials mainly affects the this

particular region of the PESs, the two-body terms can be efficiently tuned, as it is done in the

present case, to effectively remove the "artificial" barrier. It is found that making the two-body

terms appropriately attractive by incorporating the correct analytical long-range interaction terms

efficiently removes the "artificial" barrier.

The long-range interaction terms added to the two-body potentials in the present work has the
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following form.96,99

Vlong(r) = −
αdq2

2r4 −
αqq2

2r6 −
αoq2

2r8 −
βddqq3

6r7 −
γdq4

24r8 , (2)

where r is the internuclear distance of the diatomic molecule, q is the charge, and αd, αq and αo

are the dipole, quadrupole and octopole polarizabilities of H and He, respectively.99,100 βddq and γd

are the first and second hyperpolarizabilities, respectively.99,100

We first show the importance of two-body long-range terms towards the contributions of overall

two- and three-body potentials to the PES. For this purpose the one-dimensional cuts of sum of

the three-body and one of the two-body potentials are plotted in Fig. 3 for various combinations of

the potentials. Importantly, the three-body term is taken from the RMRCI6, RMRCI8 and RFCI8
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Figure 3: Long-range region of the one-dimensional cuts of three-body plus one of the two-body
potentials of various combinations (see text for details) to show the effect of long-range term in removing
the artificial barrier. Left: three-body plus two-body of H+

2 at a collinear approach of attacking H towards
the H-side of HeH+, where HeH+ is fixed at its equilibrium distance. The zero of energy is the bottom of
HeH+ diatom well. Right: Same as in left but two-body of HeH+ is taken at a collinear approach of He

towards H+
2 and H+

2 is fixed at its equilibrium distance. The zero of energy is the bottom of H+
2 diatom well.

PESs of Ramachandran et al.78, and the two-body terms are taken from the FCI/aug-cc-pV5Z (M

= 10) PES of Koner et al.96 both with and without the long-range. The left panel of Fig. 3 shows

the three-body plus H+
2 two-body potential plotted against H...H distance for a collinear approach

of the attacking H atom towards the H-side of HeH+ fixed at its equilibrium distance. Similarly, the
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right panel shows the three-body plus HeH+ two-body potential as a function of He...H distance

for a collinear approach of He towards H+
2 fixed at its equilibrium distance.

A few observations can be made from Fig. 3. First, it can be seen from both the panels that when

the two-body potentials with the improved long-range term are added to the three-body potential,

the artificial barrier disappears completely, except for the three-body term from RMRCI6 fit (black

solid curve). In case of the latter, an artificial sub-merged barrier and a local minimum remain even

with the addition of the two-body potential with accurate long-range terms. Second, even from the

same ab initio points when the three-body term from RMRCI8 fit is used, the barrier disappears

and the resultant one-dimensional potential behaves smoothly near the long-range region (red solid

curve), and agrees quite well with the one-dimensional cut where the three-body term is taken from

the RFCI8 fit (green solid curve). This suggests that the three-body term, and consequently the

full PES, of the RMRCI6 fit of Ramachandran et al.78 is not quite accurate and hence not suitable

for dynamical calculations. The inaccuracy mainly lies in the fitting of the three-body as well as

the two-body potentials, which results in an artificial barrier. Third, even with the improved M =

8 fit of the three-body term and M = 10 fit of the two-body term but without the long-range (from

Ref. 96), the resultant one-dimensional cut exhibits the artificial barrier (blue solid line). This

demonstrates the importance of the two-body long-range terms in determining smooth topography

of the underlying PES.

Hence, with the use of accurate and improved two-body long-range terms, the artificial barrier

present in the PESs of Ramachandran et al.78 can be completely removed, provided an accurate

three-body fit must be employed. In the present work, a new "refined" and barrierless PES is con-

structed by adding the FCI/aug-cc-pV5Z (M = 10) two-body terms with long-range interactions

from Ref. 96 to the RFCI8 three-body term of Ref. 78. Although, the ab initio points of RFCI8

PES in Ref. 78 were obtained by a lower level of basis sets as compared to that in Ref. 96, we note

here that the RFCI8 three-body term of Ref. 78 is the only accurate three-body fit available till date

that can be used to construct a global reactive PES for the HeH+
2 system. The readers are referred

to section 2 of supplementary material for details about the construction of the new "refined" PES.

In order to check the correct topography of the new refined PES, one-dimensional cut corre-

sponding to the restricted geometry same as in left panel of Fig. 3 is presented in Fig. 4 along

with those obtained from the RMRCI6, RMRCI8 and RFCI8 PESs for a comparison. To clar-

ify further, ab initio electronic energies corresponding to the same geometries are calculated in

the present work by MRCI+Q method90 with aug-cc-pV6Z97 basis set. The reference wave func-
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Figure 4: Comparison of the one-dimensional cuts of the new "refined" PES with the ab initio energies
calculated in the present work and those obtained from RMRCI6 and RMRCI8 PESs of Ramachandran et
al.78 highlighting the removal of the "artificial" barrier. The zero of energy is the bottom of HeH+ diatom

well.

tions for MRCI calculation were obtained using the complete active space self-consistent field

(CASSCF)101,102 method with an active space of a total of fifteen orbitals; three 1s, three 2s and

nine 2p orbitals for H and He. The electronic structure calculations were carried out with the

Molpro quantum chemistry package.103 The MRCI+Q/aug-ccpV6Z energies are shown in Fig. 4

for a rigorous comparison. It is clear from Fig. 4 that there are no artificial barriers present in

the new "refined" PES nor in the ab initio energies, unlike in the case of RMRCI6, RMRCI8 and

RFCI8 PESs of Ramachandran et al.78 Moreover, the topography of our "refined" PES closely

agrees with the ab initio initio energies in the long-range region indicating the high accuracy of

our "refined" PES. A comparative account of a few more one-dimensional cuts of the PESs at

different geometries and the MEPs are shown in Figs. S6 and S7.

III. DYNAMICAL METHODS

The dynamics of reaction R1 is investigated by three different methodologies each based on

different theoretical foundations; namely, time-independent quantum mechanical (TIQM) method,

statistical quantum method (SQM) and quasi-classical trajectory (QCT) methods. The details of

these methods are given below. A brief description of the Langevin model that used in the present

10

ACCEPTED MANUSCRIPT / CLEAN COPY



work is given at the end of this section.

A. Quantum reactive scattering

The quantum scattering dynamics of reaction R1 is carried out here by means of TIQM method

as implemented in the ABC program of Manolopoulos and co-workers.104 The ABC code uses a

coupled-channel hyperspherical coordinate method to solve the time-independent Schrödinger

equation for the nuclear motion of a triatomic reactive system. In the ABC program the set of

coupled-channel hyperradial equations are solved by log-derivative method105 and the scattering

matrix (S -matrix) is obtained by applying asymptotic boundary conditions at large value of hy-

perradius. On a single run of the code, the S -matrix elements are obtained in a specified energy

range for a specific value of total angular quantum number J and the triatomic parity eigenvalue P

for all the three reactive channels. In the present case the value of diatomic parity is set as 0 since

the reactant diatom HeH+ is hetero-nuclear. Various reaction observables like reaction probability,

ICS and rate constant are calculated from the S -matrix elements. The reaction probabilities are

obtained by taking the modulus square of the S -matrix elements in helicity representation. The

helicity-representation S -matrix elements S J
v jΩ→v′ j′Ω′(E) are obtained by appropriately combining

the parity adapted S -matrix elements as given in Eq. (1) and (2) of ref. 104. The symbols v, j and

Ω denote the vibrational, rotational and helicity quantum numbers of the reactant channel, and the

corresponding prime quantities denote the same for the product channel. The initial rovibrational

state-selected ICS is calculated as

σv j(E) =
π

k̃2
v j

1
2 j + 1

∑
v′ j′

Jmax∑
J=0

∑
ΩΩ′

g j′(2J + 1)
∣∣∣S J

v jΩ→v′ j′Ω′(E)
∣∣∣2. (3)

Here, k̃v j=
√

2µEcol/~, with µ being the atom-diatom reduced mass of the reactant channel, Ecol is

the collision energy which is the total energy (E) minus the rovibrational energy of the reactant

diatom. The quantity g j′ is the post-antisymmetrization factor106,107 which takes into account the

effect of nuclear spin upon exchange of two identical nuclei in the diatomic product molecule. It

takes the value of 3/2 (1/2) corresponding to odd (even) j′ quantum number of H+
2 diatom.106,107

The initial state-specific temperature dependent rate coefficients are calculated from the corre-
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sponding ICSs (σv j) by thermal averaging over a Maxwell-Boltzmann velocity distribution as

kv j(T ) =

√
8kBT
πµ

1
(kBT )2

∫ ∞

0
Ecolσv j(Ecol)e−Ecol/kBT dEcol (4)

where kB is the Boltzmann constant. Although the limit of the integration in Eq. 4 is from 0 to∞,

in practice the integration is performed here by a numerical trapezoidal rule from certain values of

Ecol,min to Ecol,max.

The thermal rate coefficient at a given temperature is calculated by averaging the initial state-

specific rate coefficients over a Boltzmann distribution of initial rovibrational states as

k(T ) =
1

Qrovib(T )

∑
v j

kv j(T )(2 j + 1)e−εv j/kBT (5)

where

Qrovib(T ) =
∑

v j

(2 j + 1)e−εv j/kBT (6)

is the rovibrational partition function and εv j is the energy of (v, j) rovibrational level of HeH+ ion.

The numerical parameters used in the TIQM calculation and details of the convergence analysis

are given in Section III of the supplementary material.

B. Statistical quantum method

The SQM reported in Refs. 25–27 has been employed in this work. This approach was specially

conceived for atom-diatom reactions which proceed via the formation of an intermediate complex

between reactants and products. Within the framework of this method, the state-to-state reaction

probability PJ
v j,v′ j′(Ecol) between the HeH+(v, j) and H+

2 (v′, j′) rovibrational states for a value of the

total angular momentum J and collision energy Ecol, can be approximated as:

PJ
v, j;v′ j′(Ecol) =

∣∣∣S J
v, j;v′ j′(Ecol)

∣∣∣2 ' pJ
v, j(Ecol)pJ

v′ j′(Ecol)∑
v′′ j′′ pJ

v′′ j′′(Ecol)
, (7)

where pJ
v, j(Ecol) is the individual capture probability for the formation of the above mentioned

collision complex from reactants and pJ
v′ j′(Ecol) the probability of the complex to fragment onto the

corresponding final product state. In Eq. (7) the sum in the denominator runs for all rovibrational
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states energetically open in both the reactant and product arrangements. The individual capture

probabilities are obtained by means of a time independent method described in Refs. 25,26, which

involves a log derivative propagation between the asymptotic region Rmax and a capture radius Rmin

defined separately for reactants and products. The solution of the corresponding equations is done

within a coupled-channel scheme. Values for such Rmin and Rmax are the same as in our previous

investigation on the title reaction89: 1.57 and 36.67 Å, for the H + HeH+ arrangement, and, 1.28

and 29.0 Å, for the products He + H+
2 .

ICSs are calculated using the state-to-state probability of Eq. (7) in Eq. (3). The resulting

values are then employed in Eq. (4) to calculate the rate coefficient.

C. Quasi-classical trajectory calculations

The details of the QCT methodology can be found in previous papers.108–110 It consists in

classical dynamics of the nuclear degrees of freedom on the PES. The internal energy of the initial

diatomic (here the HeH+) in a given rovibrational state (v, j) corresponds exactly to the energy of

that state. The attribution of the final rovibrational state is done based on quasi-quantum rotational

and vibrational quantum number obtain within the WKB approximation.111 The calculations done

here using the QCT method are similar to what was done in the previous work on the same system

by some of the authors,89 but with the difference that the traditional histogram binning is used here

for the attribution of both the final vibrational and rotational quantum numbers from the pseudo-

quantum numbers instead of the Gaussian binning. The same parameters and energy values are

used for the RMRCI6 and RMRCI8 PESs of Ramachandran et al.78 and for the new "refined" PES.

Cross sections are computed with collision energies starting from 5 × 10−5 eV up to 0.7 eV with

values every 2.5×10−6 Hartree (≈ 6.8×10−5 eV) for the low energy domain to obtain a fine energy

grid. The initial impact parameter convergence is ensured by taking its values up to 180 a0 (results

where converged over 65 a0 ) for the lowest energies. Up to 105 trajectories were propagated to

minimize the standard deviation of the cross section.

D. Classical Langevin model

Ion-neutral reactions dominated by ion-induced-dipole long-range interaction, where the in-

teraction potential vary with intermolecular distance as −C4/R4, are often described by Langevin
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capture model.112–114 Such capture model relies on the assumption that the rate of ion-neutral reac-

tion only depend on the long-range electrostatic interactions between charge of the ion and induced

polarizability of the neutral species. According to the classical Langevin model112–114 the reaction

cross section (σL) and rate coefficient (kL) can be obtained as,

σL = 2π

√
C4

Ecol
(8)

and

kL = 2π

√
2C4

µ
, (9)

respectively, with C4 = 1
2

q2α

(4πε0)2 , where α, q, ε0 and µ are the polarizability of the neutral reactant

(H atom in the present case), the charge on the ionic reactant, the permittivity of vacuum and the

reduced mass of the collision system. A value of α = 4.5 au for the H atom has been used.100 The

characteristic feature of classical Langevin cross section is that it gives a slope of negative one-

half when plotted as a function of Ecol in the double logarithmic scale. Consequently, it predicts a

temperature-independent rate coefficient for ion-neutral reaction dominated by ion-induced-dipole

interactions.

IV. RESULTS AND DISCUSSION

The influence of the long-range interaction on the dynamics of reaction (R1) is examined here

in terms of the reaction observables calculated by TIQM, SQM and QCT methods. The results

obtained from these dynamical methods along with the classical Langevin model results are pre-

sented and discussed below.

First, the probability of reaction (R1) obtained from the TIQM calculations using different

forms of PES are shown in Fig. 5 for zero total angular momentum (J=0). It is clear from the

figure that for collision energies higher than 10 meV, all the probabilities vary closely with each

other, whereas for lower collision energies, clear differences persists among them. To understand

the impact of the "artificial" barrier, one can compare the reaction probabilities obtained using

RMRCI6, RMRCI8 and the newly constructed "refined" PES of the present work at lower collision

energy. The probabilities from RMRCI6 and RMRCI8 PESs drops down exponentially towards

zero at lower collision energies as a consequence of the barrier, whereas the probability from the
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Figure 5: Initial state-selected total reaction probabilities of reaction R1 for HeH+ (v=0, j=0) and J=0
calculated on the new "refined" PES (both with and without the long-range terms) in the present work

compared with those obtained on the RMRCI6 and RMRCI8 PESs of Ramachandran et al.78. The
probabilities are plotted in the semi-log scale (only along the abscissa) to highlight their low energy

behavior.

new "refined" PES remains significant (slightly over 0.5) around the same energies. Since QM

calculations for J=0 do not involve any additional barriers due to centrifugal terms, it is clear

that the new three-dimensional "refined" PES is truly barrierless. The probability is also obtained

using a modified PES without the inclusion of two-body long-range terms to examine their effect

on the reaction dynamics, and is shown in Fig. 5 with a solid blue line. The reaction probability

in this case behaves similarly to the case of RMRCI6 and RMRCI8 suggesting the presence of

an "artificial" barrier (similar to RMRCI6 and RMRCI8 PESs) on the modified PES without the

long-range terms. This emphasizes the importance of inclusion of correct long-range terms while

completely removing the "artificial" barrier.

The ICSs of reaction (R1) calculated by TIQM, SQM and QCT methods using the new "refined"

PES are compared with the previous literature results obtained on the RMRCI6 PES in the left

panel of Fig. 6. The ICS obtained from the classical Langevin model is also shown for comparison.

The most striking feature that can be observed is the difference in the low energy behavior of

15

ACCEPTED MANUSCRIPT / CLEAN COPY



10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Collision energy (eV)

10
0

10
1

10
2

10
3

10
4

C
ro

ss
 s

ec
tio

n 
(Å

2 )

TIQM
SQM
QCT
Classical Langevin

QCT (RMRCI6)

Bovino et al. (QM-CS/NIP)

De Fazio (TIQM)

10
1

10
2

10
3

Temperature (K)

10
-10

10
-9

R
at

e 
co

ef
fic

ie
nt

 (
cm

3  m
ol

ec
ul

e-1
 s

-1
)

TIQM; (v=0, j=0)

TIQM (thermal averaged)

Classical Langevin

SQM; (v=0, j=0)

from Linder fit
De Fazio (TIQM)

Bovino et al. (QM-CS/NIP)

Thermal DR rate of HeH
+

Figure 6: Left: Initial state-selected total ICS of reaction (R1) for HeH+ (v=0, j=0) as a function of
collision energy on the new refined PES calculated by TIQM, SQM and QCT methods. The ICS obtained

by the classical Langevin model, QCT ICS of the present work on RMRCI6 PES, TIQM ICS of De
Fazio86 and QM-CS/NIP ICS of Bovino et al.84 are also shown for comparison. Right: Initial

state-selected and thermal rate coefficients of reaction (R1) calculated by TIQM and SQM methods on the
new refined PES compared with those obtained from classical Langevin model, the Linder fit115 of the

cross section, the TIQM thermal rate coefficient of De Fazio86, QM-CS/NIP rate coefficients of Bovino et
al.83 and the experimental result at T = 300 K by Karpas et al.79 (purple circle with error bars). The

experimental thermally averaged dissociative recombination rate of HeH+ from Novotný et al.68 is also
shown for comparison.

the ICSs computed using the new "refined" PES and those using the RMRCI6 PES. The ICS

computed by De Fazio86 and Bovino et al.83 show an abrupt decrease below 10 meV, whereas the

present ICSs computed by three different methods, namely TIQM, SQM and QCT, continue to

increase with further decrease in collision energy below 10 meV, and most importantly closely

follow the ICS from classical Langevin model. The large quantitative disparity in the low energy

cross sections (roughly 3 orders of magnitude at 10 µeV of collision energy) has translated into a

substantial difference in the low temperature rate coefficients as shown in the right panel of Fig.

6. Here the initial state-selected and thermal rate coefficients of reaction (R1) calculated by TIQM

method on the "refined" PES are compared with the previous experimental79,115 and theoretical

results83,86 from RMRCI6 PES within a temperature range of 10-1000 K. The classical Langevin

and SQM rate coefficients are also shown for comparison. It can be seen that the present TIQM rate

coefficient for HeH+ (v=0, j = 0) closely follows both the classical Langevin rate and the SQM

prediction within 10-1000 K. The same can also be seen for the TIQM thermal rate, although it

is slightly lower than the Langevin rate. The presence of so-called "artificial" barrier in the H +
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HeH+ threshold of RMRCI6 PES is responsible for the rapid decrease of rate coefficients of De

Fazio86 and Bovino et al.83 below ∼ 300 K. This results in roughly 2 orders of magnitude difference

in the rate at T ∼ 10 K. A steep positive temperature dependence of rate coefficient is very unusual

for exoergic-barrierless reactions and commonly occurs in case of reactions with a barrier on the

reaction path.9 Such rapid decrease is not observed in the present case where the new "refined" PES

is truly barrierless, thus producing an almost temperature-independent rate having a reasonably

good agreement with the Langevin rate. Our study reveals that the reasonable agreement between

the experimental data at 300 K from Karpas et al.79 and the rate coefficient computed by De Fazio86

was fortuitous since this previous calculation used a PES characterised by an incorrect behavior

at low collisional energy due to the "artificial" entrance barrier. Moreover, the comparison of

our new TIQM and SQM rate coefficients of reaction (R1) with the experimental thermal rate of

dissociative recombination (DR) of HeH+ from Ref. 68 indicates that the destruction of HeH+ by

H may become as significant as the DR process below 100 K. This challenges the previously held

notion that the DR process is the predominant mechanism for the destruction of primordial HeH+

at low redshifts.83

V. CONCLUSION

In summary, we demonstrate that the significant decrease in low energy ICS and low-temperature

rate coefficient for the H + HeH+ → H+
2 + He reaction in previous theoretical calculations83–89

was due to an "artificial" barrier near the entrance channel on the PES of Ramachandran et al.78

By focusing on the attractive two-body long-range interaction potential, we removed this barrier

and developed a new, refined barrierless global PES for the electronic ground state of the HeH+
2

reactive system. This new PES closely matches newly calculated ab initio electronic energies.

The resulting ICSs and rate coefficients, derived from various classical, quantum, and statistical

methods, exhibit typical exoergic-barrierless ion-neutral reaction characteristics, influenced by

ion-induced dipole long-range interactions. The new rate coefficient at around 10 K is about

two orders of magnitude larger than previous values, emphasizing the importance of long-range

interactions in PES construction. Future experimental studies and further exploration of rate co-

efficients across broader temperatures, including ultracold conditions, will be vital for validating

our theoretical predictions and understanding long-range interactions in this reaction.
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SUPPLEMENTARY MATERIAL

The supplementary material contains topographical details of electronic ground state PES of

HeH+
2 , details of construction of new refined PES, computational details of the TIQM method and

additional results. It contains also a fortran program of the refined PES.
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