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Abstract. An ab initio study on the low-lying potential energy surfaces of H+ + O2 system for different 
orientations (γ) of H+ have been undertaken employing the multi-reference configuration interaction 
(MRCI) method and Dunning’s cc-pVTZ basis set to examine their role in influencing the collision dyna-
mics. Nonadiabatic interactions have been analysed for the 2 × 2 case in two dimensions for γ = 0°, 45° 
and 90°, and the corresponding diabatic potential energy surfaces have been obtained using the diabatic 
wavefunctions and their CI coefficients. The characteristics of the collision dynamics have been analysed 
in terms of vibrational coupling matrix elements for both inelastic and charge transfer processes in the re-
stricted geometries. The strengths of coupling matrix elements reflect the vibrational excitation patterns 
observed in the state-to-state beam experiments. 
 
Keywords. Ground electronic state; excited electronic state; potential energy surfaces; charge transfer. 

1. Introduction 

Proton interactions with molecules are of fundamental 
interest in nature. Proton-molecule systems consti-
tute the prototype of ion–molecule reactions. In the 
interstellar space ion–molecule collisions occur 
dominantly leading to the formation of bound mole-
cular ions. Many bound protonated species like H+

3 
N2H+, HCO+, HCS+, HCN+, HO+

2, etc. have been 
identified in the interstellar media through their radio-
astronomical spectra.1 On the other hand, the solar flare 
which mainly consists of protons can inject them into 
the Earth’s atmosphere with a mean kinetic energy 
(KE) of 1–2 KeV.2 The injected protons lose most of 
their KE by various inelastic processes and finally 
reach the stratosphere where they interact with several 
diatomic and polyatomic molecules in the collisions 
energy (Ecm) range 0–100 eV. 
 The interactions and the dynamics of collision energy 
transfer processes in proton–molecule systems have 
been the subject of both experimental and theoretical 
studies over the last few decades.3 As a result, much 
more refined experimental data on vibrational-rota-
tional excitations (including the charge-transfer (CT) 
processes) have become available for some of the 
systems. Effective vibrational-rotational excitations 
occur along with CT (if possible) processes in the 

Ecm range of 0–30 eV. Molecular beam experiments 
coupled with proton energy-loss spectroscopy have 
been carried out with several diatomic molecules 
(H2, N2, O2, CO, NO) and polyatomic molecules (CO2, 
SF6, CH4).3–7 These experimental results show an in-
teresting selectivity for vibrational excitation, ob-
served with apparently similar molecules. For example, 
the amount of vibrational excitation in N2 is compara-
tively very low and is similar to that observed in CO 
and NO, but it is larger in H2 and even larger in O2, in 
a similar range of Ecm. One also observes certain 
mode selective vibrational excitation patterns in 
polyatomic molecules.3 
 Proton–molecule interactions operate over a wide 
range of distances. In the asymptotic limit the long 
range tail of the interaction potential becomes effec-
tive in terms of charge–polarizability and/or charge–
dipole components, and at shorter distances the va-
lence forces dominate the interactions. Being, elec-
tronically structureless, protons can penetrate the 
molecular electronic charge cloud deeply, and as a 
result, quite often the low-lying excited electronic 
states (ES) potential energy surface(s) (PES) shows 
(show) non-adiabatic interactions with the ground 
electronic state (GS) PES, thus influencing the dy-
namics of overall energy transfer processes. 
 A better theoretical understanding has become 
available for various systems over the years. For ex-
ample, for the H+ + H2 system, an avoided crossing 
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occurs between the GS PES and the ES PES which 
asymptotically correlates to the CT channel, the 
H + H+

2.3,8 The GS PES in the H+ + N2 system has 
been found to be well separated energetically from 
the low-lying ES PESs, but the ES PESs exhibit rich 
non-adiabatic interactions.9 Exact quantum dynamical 
calculations for vibrational excitation processes in 
the vibrational close-coupling rotational infinite-order 
sudden approximation (VCC-RIOSA) framework10,11 
have been preformed using ab initio PESs for the 
H+ + H2 system8 and the H+ + N2 system.9 Recently, 
three-dimensional quantum mechanical calculations 
for the reactive and CT channels have also been carried 
out within the coupled states approximation for the 
H+ + H2 system,12 and using the close-coupling for-
malism with hyper-spherical coordinates for the 
D+ + H2 system.13 Using the later approach the de-
tails of quantum dynamics of the reactive CT has been 
analysed recently for the H+ + H2 system.14 There 
exist an avoided crossing between the GS and the 
first ES PESs in the asymptotic regions for the H+ + CO 
system. Recently, a new full three-dimensional GS 
PES in Jacobi coordinates was obtained by our 
group15 to study the time-independent quantum dy-
namics of vibrational excitations in the system in the 
framework of VCC-RIOSA scheme on the GS PES. 
Overall, the computed collision attributes were 
found to be in good agreement with the experiments. 
However, as many as three low-lying ES PESs are 
involved in the energy transfer processes in this sys-
tem at Ecm = 9⋅5 eV.16 

1.1 Previous studies on H+ + O2 system 

Structured time-of-flight spectra of proton scattering 
from O2 at scattering angles 5° ≤ θcm ≤ 21° at Ecm = 
9⋅5 eV show an anomalous vibrational excitation of 
O2 molecule when compared with other diatomic 
targets like CO, N2 and NO.7 The transition prob-
ability for (0 → 1) for N2, CO and NO increases 
with the scattering angle and reaches a maximum for 
O2 in the region of 10°, while the transition prob-
ability for (0 → 2) has a maximum at 15° and it re-
mains constant in the angular region between 15° 
and 20°. 
 The most detailed scattering data for CT in colli-
sions of H+ + O2 was performed by Noll and Toen-
nies in 1986.17 They reported the H+ and H atom 
time-of-flight distributions at Ecm = 23⋅0 eV for 
θ = 0° to 11°. The vibrational state resolved relative 
cross sections showed a weak rainbow maxima at 

about 11° for inelastically scattered protons and two 
rainbow maxima at about θ = 1° and 10° for the H 
atom CT channel. Unfortunately, they could not find 
a complete satisfactory explanation for the compara-
tively large amount of vibrational energy transfer in-
ferred from the proton time-of-flight spectra due to 
the lack of relevant potential energy surfaces during 
those times. 
 The adiabatic SCF potential energy curves for the 
title system in a restricted geometry was first examined 
by Staemmler and Gianturco18 to understand the anoma-
lous vibrational excitation in O2 with proton colli-
sion energies of ~ 10⋅0 eV. An MRD-CI study on the 
electronic structure of the HO+

2 molecule were done 
by Peyerimhoff and coworkers19 which gave an insight 
in to the vertical ionization spectra and dissociation 
energies of the molecule. Sidis and coworkers pro-
posed an effective model-potential approach in order 
to determine the potential energy surfaces and inter-
actions relevant to the study of non-adiabatic proton–
molecule collisions.20 This method is based on the 
determination of matrix element of the electronic 
Hamiltonian in a basis of projected-valence-bond wave 
functions describing the incident state and excited 
state as well as charge transfer states generated by 
single orbital replacements from that state. They de-
veloped the essential diabatic states using two methods: 
(i) (M1) Configuration interaction calculations in ortho-
gonal subspace and (ii) (M2) Rotation of adiabatic 
states achieving maximum overlap of the resulting 
states with strictly diabatic albeit crude prototypes. 
The two methods provide almost the same descrip-
tion of the surface crossing Rc(r, γ) and associated 
interaction between the two diabatic charge ex-
change states except at those regions where the 
atom–molecule distance is smaller than Rc. Quantum 
mechanical calculations within the infinite order 
sudden approximation using these diabatic PESs and 
the coupling terms were able to reproduce the salient 
features of the experimental observations by Noll 
and Toennies.21 The complex formation via transla-
tion-to-vibration energy exchange and the types of 
resonances exhibited by the complex were also stud-
ied using the same diabatic PES.22 
 Several low-lying potential energy surfaces for 
the (HO2)+ system obtained using the diatomics-in-
molecules (DIM) approach and calibrated with ab initio 
data of Peyerimhoff and coworkers19 have been gen-
erated by Schneider et al in 1988.23 They were able 
to qualitatively reproduce the main features of the 
ground and lower excited states. The rotational exci-



Non-adiabatic collisions in H+ + O2 system: An ab initio study 

 

425

tation using the rigid rotor and also within the IOS 
coupling scheme were studied on this system.24 The 
computed results were in general agreement with 
some of the observed scattering features like rainbow 
positions and average rotational energy transfers. 
 In the H+ + O2 system there exists a direct curve 
crossing between the GS and the first ES PES in the 
collinear and perpendicular geometries. This be-
comes an avoided crossing for off-collinear appro-
aches of H+ and thus constitutes a conical intersection 
between the respective potential energy sufaces25 in 
the full-dimensional nuclear configuration space. 
The curve crossing is located slightly farther out from 
the GS interaction well and towards the asymptotic 
region.7,26 The non-adiabatic coupling terms be-
tween the two involved PES were computed ana-
lysed26 and a three-dimensional quantum mechanical 
study of vibrational, state-resolved differential cross 
sections (DCS) for the direct inelastic and for the 
charge transfer scattering channel has been carried 
out using the semi empirical DIM PES.27 The state-
to-state DCS are found to follow closely the behav-
iour of the experimental quantities, both in the  
inelastic and the charge transfer channels. The vibra-
tional energy was overestimated in the inelastic 
channel while in the charge transfer channel the 
same energy was underestimated by the calculations. 
The total flux distributions and the angular distribu-
tions were also reasonably well reproduced. However, 
the relative probability of the vibrational excitation 
channels and the vibronic charge transfer channels 
were at variance with experiments. On the other hand, 
the multiple ionization cross sections have been 
measured with H+, D+ and He+ impact on N2, O2, CO 
and NO molecules in a collision energy range 50–
300 KeV.28 

1.2 Present focus 

The purpose of the present study is to examine the 
role of the low-lying excited electronic states ob-
tained using ab initio calculations, in influencing the 
overall dynamics of H+ + O2 collisions relevant to 
proton energy-loss experiments in the collision en-
ergy range Ecm = 9⋅5–30 eV. At these collision ener-
gies the experiment reveal large amount of inelastic 
vibrational excitations of O2. We first analyse the 
behaviour of potential energy curves (PEC) of the 
ground electronic and low-lying electronic states as 
a function of R with the NO nuclear distance r fixed 
at its equilibrium value (theoretically determined at 

MRCI/cc-pVTZ level), req = 2⋅293 a0, (req (expt) = 
2⋅286 a0) for different angular approaches of H+. 
 Although some information on the non-adiabatic 
interactions between the first two electronic states 
has become available in the literature, a detailed in-
sight into the title system through the ab initio ap-
proach is still lacking. Hence, the present focus is to 
construct the relevant quasi diabatic potential energy 
surfaces and to gain insight into the non-adiabatic 
collisions. Also, we assume that only the GS and the 
first excited state PESs are involved in the dynamics. 
Nevertheless, at this collision energy the involve-
ment of the second excited state cannot be ruled out 
as one observes non-adiabatic interactions between 
the first and second excited states at closer approach 
of H+, where the latter state becomes accessible en-
ergetically. We have generated the vibrational cou-
pling matrix elements for the elastic/inelastic and 
charge transfer processes for γ = 0°, 45° and 90°. 
 The paper is organized as follows. In §2 the de-
tails of the ab initio computations, quasi diabatic 
PECs and PESs are given. In §3, the characteristics 
of the vibrational coupling matrix elements for both 
inelastic and charge transfer channels are discussed. 
A summary with conclusion is given in §4. 

2. Computation details 

2.1 Ab initio adiabatic potential energy curves and 
surfaces 

Ab initio calculations have been carried out in the 
Jacobi coordinates as shown in figure 1, where R is 
the distance of H+ from the centre of mass of O2, r is 
the interatomic distance of O2 and γ = cos–1(Rr). The 
calculations have been carried out in various mole-
cular orientations, which are classified as, (i) H+ ap-
proaching the oxygen atom in the collinear 
configuration (γ = 0°), (ii) H+ approaching the centre 
of mass of the O2 at a perpendicular orientation  
 

 
 

Figure 1. Jacobi Coordinates, r: Internuclear distance 
of NO, R: Distance of H+ from centre of mass of NO and 
γ: cos–1(R.r). 
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γ = 90°, and (iii) H+ approaching the centre of mass 
of the O2 molecule in any other configurations, 
0° < γ < 90°. 
 The computations have been performed in the C2v 
(collinear and perpendicular) and Cs point groups 
(off-collinear). PECs as a function of R have been 
obtained for various molecular orientations with the 
set of grid points: R = 1⋅4–7⋅0 (0⋅2) a0 and 7⋅0–15⋅0 
(1⋅0) a0 for collinear approach, and R = 0⋅2–7⋅0 (0⋅2) 
a0 and 7⋅0–15⋅0 (1⋅0) a0 for off-collinear and per-
pendicular approaches. The numbers in parentheses 
indicate the increment in the stated intervals. The 
adiabatic PECs of the ground- and the low-lying excited 
triplet states are obtained by the Multi-Reference 
Configuration interaction (MRCI) method using the 
MOLPRO software.29,30 We have employed Dun-
ning’s cc-pVTZ basis sets for H and O atoms.31 
 The adiabatic PECs for γ = 0°, 45° and 90° as a 
function of R are shown in figure 2. For the collinear 
and perpendicular orientations (γ = 0° and γ = 90° in 
figure 2) there exist a direct curve crossing at R = 4⋅54 
a0 and R = 3⋅61 a0, respectively, between the GS and 
the first ES leading to an exoergic CT channel, where 
the GS (1 3Σ–/1 3B1) corresponds to the entrance 
channel, O2 (1 3Σg

–) + H+ and the excited state (1 3Π/1 
3A2) corresponds to the first CT channel, O+

2 (1 
2Πg) + H (2S). This direct curve crossing occurs be-
cause there exist no coupling between the Σ – Π 
symmetry (and A2 – B1 symmetry). The immediate 
next excited states correspond to the second and 
 
 

 
 

Figure 2. Adiabatic potential energy curves for γ = 0°, 
45° and 90° molecular orientation as a function of R.  
(r fixed at req = 2⋅293 a0). 

third CT channels, O+
2 (1 4Πu) + H(2S) and O+

2 (1 2Πu) + 
H (2S), respectively, as denoted in figure 2. 
 These crossing regions becomes avoided cross-
ings for the off-collinear geometries (γ = 45° in fig-
ure 2) where the degeneracy in the Π symmetry is 
lifted and thus coupling between the ground (1 3A″) 
and the first ES (2 3A″) becomes a prominent factor. 
This is clearly illustrated in figure 2 for γ = 45°, 
where the GS corresponds to the first CT channel 
and the ES corresponds to the entrance channel as 
mentioned above. The degeneracy of the second and 
the third CT channels which also belongs to the Π 
symmetry in the collinear approach, is also lifted 
into A′ and A″ as shown in figure 2. 
 The adiabatic PECs for the same three orientations 
as shown in figure 2, but as a function of r (internu-
clear distance of the diatom) are shown in figure 3. 
In figure 3a the entrance channel (1 3Σg

–) O2 + H+ 
crosses with the second and third CT channels at 
r = 3⋅08 a0 and r = 3⋅41 a0, respectively, for γ = 0° 
due to the symmetry of the molecule. But for γ = 45° 
(figure 3b) and γ = 90° (figure 3c), these crossings 
turn out as avoided crossing regions since all the 
states belong to the same symmetry 3A″ for γ = 45° 
and 3B1 for γ = 90°. From figures 2 and 3, it is evi-
dent that the system shows several avoided crossings 
along R as well as along the r coordinates. Most of 
these avoided crossings are actually cuts through 
conical intersections of the potential energy sur-
faces, and they approximately exhibit a Landau–
Zener type of coupling.32 (e.g. between the ground 
(13A″) and the first excited (2 3A″) states along the 
R coordinate). Hence for the collision energy in the 
range of Ecm = 9⋅5–30 eV, these excited states are 
expected to influence the dynamics of the system. 
For dynamics calculation we focus on the PESs for 
the 1 3A″ and 2 3A″ states and their radial coupling 
in the γ = 45° approach of H+. The adiabatic PESs 
for the ground and the first excited states as a func-
tion of R and r are shown in figure 4 for γ = 0°, 45° 
and 90°. The PESs for γ = 0° and 90° crosses along 
a line, where as the PES for γ = 45° shows avoided 
crossing. The labels of the PESs are given inside the 
figure. 

2.2 Diabatization 

For computational convenience, we treat the cou-
pling between the pair of electronic states involved 
in a diabatic representation where the nuclear kinetic 
energy operator T̂  is diagonal and potential energy
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Figure 3. Adiabatic potential energy curves for γ = 0°, 45° and 90° molecular orien-
tations as a function of r. (R fixed at 15 a0). 

 

 
Figure 4. The lowest two adiabatic PESs for γ = 0°, 45° 
and 90° molecular orientations as function of R and r. 

operator V̂  is non-diagonal. In contrast, in the adiabatic 
representation, the former is non-diagonal and the 
latter is diagonal. The diabatization procedures, their 
exactness and their associated advantages for nu-
merical computations have been discussed and docu-
mented in the literature in detail.33–48 A general 
discussion on it has been recently published.44 The 
diabatization procedure is described below. 
 
2.2a Two-state coupling: In the adiabtic electronic 
states kinetic coupling matrix elements are of the form, 
 

 
l

a a
m nlR

ψ ψ∂
∂

, (1) 

 
where l = 1 or 2. The terms with l = 2 are generally 
smaller in magnitude, and therefore not included in 
the dynamical calculations.33 For the present study 
we also assume that they will have negligible effect on 
the dynamics. The kets, | a

mψ 〉  and | a
nψ 〉 , represent the 

electronic wavefunctions of the two involved adia-
batic states and R stands for the radial nuclear coor-
dinates. Non-adiabatic coupling matrix elements 
(NACME) have been computed between the coupled 
states by numerical differentiation using the finite 
difference method.49 
 

 a a
m nR

ψ ψ∂
∂

 

 

 0 0
1 ( ) | ( )

2
a a
m nR R R R

R
ψ ψ= 〈 + Δ − Δ 〉

Δ
, (2) 

 
where ΔR is a small increment. We have used 
MOLPRO29 to compute the NACME values. In this 
procedure first the orbitals are determined at the ref-
erence geometry, then the calculations are per-
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formed at the displaced geometries. The NACME 
values have been obtained using the MRCI method 
by computing the finite-differences of CI wavefunc-
tions with ΔR = 0⋅0002a0. Additional calculations 
were also performed for a few data points with 
ΔR = 0⋅002a0 and the obtained values were identical 
with the values obtained with ΔR = 0⋅0002a0. In ear-
lier non-adiabatic studies for He–CN collisions50 and 
for H2S photodissociation,51,52 NACME values were 
also computed using the MOLPRO software with 
similar increments in ΔR. 
 For the two-state coupling, the transformation from 
an adiabatic representation, with electronic wave-
functions a

mψ , m = 1, 2, to a diabatic representation 
characterized by the electronic wavefunctions d

mψ , 
m = 1, 2, is achieved by the unitary transformations, 
 

 1 1

2 2

cos sin
sin cos

d a

d a

ψ ψα α
α αψ ψ

⎛ ⎞ ⎛ ⎞⎛ ⎞
=⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟−⎝ ⎠⎝ ⎠ ⎝ ⎠

, (3) 

 
where α is the mixing-angle describing the mixing 
between the two adiabatic electronic states and is a 
function of R. Using (3), the matrix elements of ˆ

elH  
in the diabatic representation are given by, 
 

 2 2
11 1 1 1 2

ˆ| | cos sind d d a a
elV H V Vψ ψ α α= 〈 〉 = +  (4) 

 2 2
22 2 2 1 2

ˆ| | sin cosd d d a a
elV H V Vψ ψ α α= 〈 〉 = +  (5) 

 12 1 2 1 2
ˆ| | ( )cos sind d d a a

elV H V Vψ ψ α α= 〈 〉 = −  (6) 
 
where 1,2

dψ  are the electronic wavefunction of the 
two coupled states in the diabatic representation and 
their corresponding potential values are given by 

11
dV  and 22

dV . 1,2
aV  are the potential energy values in 

the adiabatic representation whose corresponding 
electronic wavefunctions are give by 1,2

aψ . The coupling 
between the two state is given by 12

dV  and 12
dV  = 21

dV . 
 Other approximate methods48,49,52–55 have also 
been suggested which avoid the direct computation 
of NACME and where α is obtained from the CI co-
efficients of the electronic wavefunctions. For ex-
ample, Heumann et al51 used the CI coefficients to 
achieve diabatization for the photodissociation study 
of H2S. Later Simah et al52 suggested and improved 
this scheme by determining the diabatic wavefunc-
tion (and the corresponding CI vectors) so that they 
vary as little as possible as a function of geometry. 
This condition is met by using the invariance of the 
MRCI energies with respect to unitary transforma-
tion among the active orbitals so that the geometry 

dependence of the orbitals is minimized. This is ac-
complished by maximizing the overlap for all the pairs 
of active orbitals at Rref with those at neighbourhood 
geometry R′ using the Jacobi rotation technique. The 
description of the procedure for a general (n × n) 
case is given in the Ref. 52 along with the applica-
tion for the photodissociation of H2S. This procedure 
has been incorporated in the MOLPRO software. It 
is worth pointing out that Balint–Kurti et al (see 
Ref. 45) have used this scheme in producing the five 
lowest diabatic PECs for O3 system. In the present 
study we have obtained the quasidiabatic states directly 
by determining the diabatic wavefunctions using the 
MOLPRO software. 
 We have computed the NACME values between 
the 1 3A″ and 2 3A″ states as a function of R and pa-
rametrically dependent on r. The mixing angle is 
also obtained for the two-state case directly from the 
MOLPRO software using the CI coefficients. The 
mixing angle has a sigmoidal nature as one goes from 
small R to large R values. A two-dimensional view 
of the mixing angle for γ = 45° is shown in figure 5. 
The value of the mixing angle varies from π/2 to 0° 
with increase in R coordinate which clearly indicates 
the change in the electronic wavefunction character 
at the avoided crossing region. Once the mixing angle 
is known as a function of R, the diabatic potential 
matrix defined in (4)–(6) can be obtained. The qua-
sidiabatic potential matrix elements have also been 
obtained directly from the MOLPRO software with 
Rref = 15⋅0 a0. The quasidiabatic potential surface for 
γ = 45° are given in figure 6a and they clearly show 
a crossing seam around R ≈ 4⋅0 a0. The coupling bet-
ween these two states is also given in figure 6b. The 
coupling potential gradually dies to zero at a larger 
value of R. 

3. Vibrational coupling matrix elements 

At such collision energies the rotational motion and 
the translational motion can be decoupled, which 
leads to drastic simplification of the decoupling of 
the angular momenta. In the vibrational close-coupling 
rotational infinite-order sudden approximations 
(VCC–RIOSA) the radial Schrödinger equation for 
the restricted approach is given by 
 

 
2

2
2 2

( 1) ( )ij ij
d l l k R

dR R
⎡ ⎤+

− + Ξ =⎢ ⎥
⎣ ⎦

 

      , , ,2 ( , ) ( )ABC i j ij i j
i j

V R Rμ γ′ ′ ′ ′
′ ′

Ξ∑∑ , (7) 



Non-adiabatic collisions in H+ + O2 system: An ab initio study 

 

429

 
 

Figure 5. Mixing angle as a function of R and paramet-
rically dependent on r, for γ = 45°. 

 

 
 

Figure 6. (a) Quasidiabatic PESs and coupling poten-
tial as a function of R and parametrically dependent on r, 
for γ = 45°. (b) The diabatic coupling potential V12

d as a 
function of R and r. 
 
with 2 2 ( )i

ij ABC jk Eμ ε= −  
 
 , ,( , ) ( ) | ( , , ) | ( )i j ij j i i jV R r V R r rγ φ γ φ′ ′ ′ ′= 〈 〈 〉  

 , ( , , )i jV R r γ′ =  

     ˆ( , , ) | ( , , , ) | ( , , )ei eiR r q V R r q R r qψ γ ψ′〈 〈 〉  
 
In this framework, the quantum transition probabilities 
crucially depend on the nature of the vibrational cou-
pling matrix elements '( ) | ( , , ) | ( )vv v in vV r V R r rφ γ φ′ = 〈 〉 , 
where, φv denotes the asymptotic vibrational wave-
function of the target for the vibrational state v 
which is considered as the initial state or the en-
trance channel. 'vφ  denotes the asymptotic vibra-
tional wavefunction of the final state or the exit 
channel for the vibrational wavefunction v′ and Vin 
is the H+ + O2 interaction potential. To illustrate 
their behaviour, the diagonal matrix elements, V00 
(elastic channel) and non-diagonal matrix elements, 
V0v′ (inelastic channel), are shown in figure 7 as a 
function of R for γ = 0°, 45° and 90°. From figure 7 it 
is clear that both diagonal (elastic channel) V00 and the 
off-diagonal (inelastic channel) V0v′ show a rather 
smooth behaviour as a function of R. The elastic 
channel V00 exhibits a deep attractive well for all the 
three approaches of H+ and therefore they are likely 
to couple strongly with the translational mode over a 
wide range of R values. Also, it is stronger for 
γ = 45° as compared to other approaches. 
 In contrast, the inelastic element V01 shows a very 
weak coupling when compared to the V00 element 
and they are effective only at very short values of R. 
The strength of V01 decreases in going from γ = 0° to 
90°. The other inelastic elements like V02, V03, V04, 
V05, V06 also show the same trend. The magnitude of 
 
 

 
 

Figure 7. Vibrational coupling matrix elements for the 
elastic V00 and inelastic V0v′ as a function of R. 
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Figure 8. Vibrational coupling matrix elements for the 
charge transfer channel V0v′ as a function of R. 
 
 
these inelastic elements other than V00 and V01 for 
any particular γ value are in comparable limits. The 
vibrational coupling elements for higher v (like 
v′ ≥ 7 and above) are very small in magnitude and 
hence were not included in the plot. Hence, the 
minimum number of vibrational states in the inelastic 
channel that has a significant contribution in the dyna-
mical quantities are v′ = 6. This suggests that the vi-
brational inelasticity would be rather high for this 
system which is in accordance with the experimental 
observation of Krutein and Linder.5 The experimen-
tally observed differential cross section (DCS)17 also 
shows a similar kind of behaviour for the inelastic 
process. 
 The matrix element V00′, V01′ (CT channel) are shown 
in figure 8. The matrix elements V01′ and V02′ show a 
stronger coupling than that of V00′ element. This is 
also reflected in the experimentally observed DCS 
by Noll and Toennies.17 Moreover, at least for 
v′ ≤ 6, there exist a strong coupling after which these 
charge transfer coupling matrix elements are negli-
gibly small and hence are not included in the figure 
8. Thus the vibrational inelasticity in the charge 
transfer system, that is, O+

2 is also expected to be 
high. 

4. Summary 

Ab initio calculations on the H+ + O2 system have 
been carried out in restricted approaches of H+ 
(γ = 0°, 45° and 90°) at the MRCI/cc-pVTZ level of 
theory using the Dunning’s basis set. The adiabatic 
as well as diabatic PESs for the GS and the first ES 

were obtained using the MOLPRO software. Vibra-
tional coupling matrix elements, which are the cru-
cial quantities in a time-independent quantum 
mechanical calculations, were also computed. Their 
strength and characteristics reflected as a function of 
radial coordinate R qualitatively reflect the correct 
behaviour of experimentally observed state-to-state 
transition probability and DCS for vibrational exci-
tation for both the inelastic and the charge transfer 
channels. It will be worthwhile to obtain the full 
three-dimensional surfaces for both the GS and ES 
to carry out the quantum mechanical calculations 
and compare the results with the experiments. Such 
a study is currently under process. 
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