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A detailed ab initio characterization of the structural, energetic and spectroscopic properties of the novel O4H+ species is

presented. The equilibrium structures and relative energies for all multiplet states have been determined systematically analyzing

static and dynamical correlation effects. The two and three body dissociation processes have been studied and indicate the

presence of conical intersections in various states including the ground state. Comparison with available thermochemical data is

very good supporting the applied methodology. The reaction, H+
3 + O4 → O4H+ + H2, was found to be exothermic ∆H =−19.4

Kcalmol-1 and therefore, it is proposed that the product in singlet state could be formed in the interstellar medium (ISM) via

collision processes. To aid in its laboratory or radioastronomy detection in the interstellar medium we determined spectroscopic

fingerprints. It is estimated for the most stable geometry of O4H+ dipole allowed electronic transitions in the visible region at

429 nm, 666 nm, an intense band at 1745cm-1 in the infrared and signals at 40.6, 81.2 and 139.2 GHz in the microwave region at

10, 50 and 150K respectively, relevant for detection in the ISM.

1 Introduction

In a recent contribution,1,2 it was proposed that protonated

molecular oxygen dimer, O4H+, could be used as a tracer

for detecting molecular oxygen and its dimer in the interstel-

lar medium. Even though oxygen is the third most abun-

dant element in the universe finding the different forms in

which it could be present is an unresolved issue referred to

as the oxygen problem3. In particular, molecular oxygen has

been difficult to detect and only recently has it been definitely

confirmed.4–6 Furthermore the usually fruitful procedure of

searching for its protonated adduct HO+
2 does not look promis-

ing on theoretical grounds given that its formation through re-

action H+
3 + O2 → O2H+ + H2 is nearly thermoneutral.7

In addition to its astrophysical relevance, the system ex-

hibits many interesting structural, spectroscopic and dynam-

ical features which deserve to be studied in their own right.

Among them we can mention the presence of different iso-

meric forms depending on the symmetrical or asymmetrical

sharing of the proton between the two oxygen molecules anal-

ogous to the case of Eigen and Zundel species for protonated

water dimer. Dissociation of the most stable structures into

two or three fragments indicate a rich variety of processes

such as non-adiabatic transitions as exemplified in the forma-

tion of molecular oxygen in its low-lying excited states a proof

that conical intersections are common in this system. Charge
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transfer processes are also of relevance and together with the

excited state dynamics should lead to a rich photochemistry

for this species.

A preliminary study on the O4H+ system based on full va-

lence complete active space self-consistent field (CASSCF)

calculations was reported recently1,2 in which generalities

about minimized structures and fragmentation processes for

the different spin states were discussed. Some methodolog-

ical challenges were encountered in it. For example the use

of a restricted active space where only the 2p atomic orbitals

are included leads to artificial lowering of the complex sym-

metry. This behavior had been previously observed8 for the

O+
4 species. For example, in the case of the O4H+ system a

C2h structure for the singlet state obtained at the full valence

active space level has its symmetry lowered to Cs when keep-

ing the 2s orbitals closed, the converged structure having two

OH bond lengths differing by 0.114Å. Although the problem

can be solved by using a full active valence space it leads to

calculations with millions of configurations which are com-

putationally demanding when geometry optimization and har-

monic frequency analysis are considered1,2. The challenge is

to include dynamical correlation with such large active spaces

and is taken up in this work where we present an extension

of the previous studies by including dynamical correlation

effects through multireference configuration interaction with

singles and doubles excitations (MRCI) and also present im-

proved thermochemical and spectroscopic information to be

compared with previous estimates and which should aid in the

experimental characterization of this system.
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2 Methodology

The ab initio calculations of O4H+ were carried out at com-

plete active space self-consisten field9,10 (CASSCF) and inter-

nally contracted multireference configuration interaction with

single and double excitations11,12 (ic-MRCI) level of the-

ory using augmented correlation consistent polarized valence

triple zeta13 (aug-cc-pVTZ) basis set. In addition, restricted

coupled cluster singles and doubles with perturbative triple

correction14 (RCCSD(T)) calculations were performed using

the same basis set and with the larger augmented correlation

consistent polarized valence quadruple zeta13 (aug-cc-pVQZ)

basis set only for the quintet state. All the calculations were

done with MOLPRO2012.1 package.15

As has been discussed in previous works16,17 of the three

possible multiplicities relevant for the interaction of two oxy-

gen molecules only the highest which corresponds to quintet

can be treated with single reference methods. In this case it is

possible to obtain highly accurate results using the RCCSD(T)

method. For the lower multiplicities multiconfigurational ap-

proaches are mandatory. In order to obtain the best possible

thermochemical estimates for the lower multiplicities we fol-

low a procedure which has been succesfully applied in the case

of the molecular oxygen dimer16–18. In this approach we cal-

culate reliable thermochemical properties for the singlet and

triplet states using their energy splittings relative to the quintet

state calculated at CASSCF or MRCI level and adding them

to the RCCSD(T) result of quintet as summarized in the equa-

tions:

V s=0 =Vccsd(t)+∆
s−q

cas/ci
(1)

V s=1 =Vccsd(t)+∆
t−q

cas/ci
(2)

where

∆
s,t−q

cas/ci
=V

s=0,1
cas/ci

−V s=2
cas/ci (3)

are the singlet-quintet and triplet-quintet splittings respec-

tively. V s=n
cas/ci

(n = 0,1,2) are the multiplet state energies ob-

tained by different multiconfigurational methods in our case

CASSCF and MRCI. In this work, we will refer to this ap-

proach as the hybrid method.

As explained in the Introduction the use of a full valence

approach in all the CASSCF calculations guarantees avoid-

ing artificial symmetry breaking. However, these are com-

putationally intensive calculations. For example, a C2h, Cs

and C1 single point calculation produces roughly 2,4,9 million

configuration state functions (CSFs) which require approxi-

mately 2, 5, 10 hours of computation time using 8 cores of an

AMD Opteron node with 64 bits processors and clockspeed of

2.3GHz. Additionally when going to the MRCI level the use

of a full active space becomes prohibitive. The tests of active

space were performed and found that the two lowest orbitals

belonging to the 2s space can be safely defined as closed with-

out compromising the accuracy of the results. This reduced

active space was retained in the orbital optimization step of all

MRCI calculations. Two different types of MRCI calculations

were performed. The two orbitals that were closed in the op-

timization step are frozen in both types of MRCI calculations.

In the first case we define a small or reduced active space com-

prised of the partially occupied Πg orbitals of O2 and the 1s

orbital of hydrogen. The remaining orbitals had natural oc-

cupation numbers close to two and were defined as closed so

that they will be correlated in single and double excitations in

the final MRCI expansion. In this case it is possible to per-

form geometry optimizations followed by frequency analysis

and test the effects of dynamical correlation albeit at a limited

level. Still a typical optimization took 10 days running in 8

processors.

Another technical problem encountered was symmetry

breaking in the frequency analysis when doing energy eval-

uations without symmetry. This problem can be over-

come by transforming the symmetrized orbitals of the opti-

mal(symmetrical) geometry to the basis without symmetry,

confirming that the energy calculated without symmetry co-

incides with the case where symmetry is imposed. This trans-

formation ensures that numerically there is no contamination

of spurious orbital in the list of optimized orbitals and there

are no anomalous values for any of the normal modes.

In order to obtain reliable energetics a second active space

was considered for single point energy calculations. In this

case we keep the same active space defined during the orbital

optimization,ie, its almost a full valence active space except

the two lowest orbitals were kept frozen(their natural occupa-

tions are larger than 1.995). For the C2h singlet the total num-

ber of contracted configurations is roughly 290 million and

required 34 hours in 8 processors. For less symmetrical cases

such as the quintet state a single point calculation took close

to three weeks. These calculations are used to estimate multi-

plet splittings via Eq. 3 and combined with RCCSD(T) values

for the quintet in accordance with Eq. 1 provide our most ac-

curate predictions. They were also used to estimate the dipole

allowed electronic transitions. The Davidson correction19 was

applied for these cases. All thermochemical quantities have

been corrected for zero-point energy (ZPE) (within the har-

monic approximation) unless otherwise stated.

3 Results and Discussion

3.1 CASSCF properties

The generalities concerning the equilibrium geometries of

ground multiplet states have been discussed in a previous

communication1,2 so here we only briefly summarize those
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Table 1 Molecular properties of equilibrium structures of singlet, triplet and quintet states obtained with various methodologies

theory/basis Electronic states r(O-O) r(O-H) 6 (O-H-O) 6 (O-O-H) µ(D) A,B,C (GHz) ZPE (cm-1)

CASSCF/AVTZ

X 1Ag (trans) 1.22 1.22 180.0 115.0 0.00 2.8, 46.7, 2.9 3606

X 1A1 (cis) 1.22 1.22 176.2 114.7 0.01 3.0, 26.1, 3.4 3650

X 1A′ 1.23 1.15
140.0

104.7
1.13 5.0, 6.6, 20.5 3944

1.21 1.32 101.8

a 3Bu (trans) 1.22 1.22 180.0 115.0 0.00 2.8, 46.5, 2.9 3512

a 3B2 (cis) 1.22 1.22 175.0 115.2 0.04 3.0, 26.6, 3.4 3517

b 5A
1.22 1.41

176.7
120.4

1.90 2.5, 2.6, 44.0 3652
1.24 1.10 112.5

RCCSD(T)/AVTZ b 5A 1.22 1.22 175.7 117.7 2.9, 41.2, 2.8 3489

RCCSD(T)/AVQZ b 5A 1.21 1.22 175.8 118.1 2.9, 41.8, 2.8 3401

findings. Three stable structures exist for the ground singlet

state with C2h (trans),C2v (cis) and Cs point groups and they

are shown in Figure 1. The triplet states also appear in cis

Fig. 1 Equilibrium structures for various isomers of singlet O4H+

and trans structures and the quintet has no symmetry at this

level of theory. The structural data is shown in Table 1. The

molecular states are labelled according to Herzberg’s molec-

ular notation. As discussed in the previous section except for

the quintet multiplicity all states are strongly multiconfigura-

tional. The symmetric structures are reminiscent of the zundel

species for protonated water dimer whereas the Cs structure

is more akin to the eigen species. However notice that both

O2 moieties have short bond lengths to hydrogen indicating a

much stronger interaction than would be expected for a van der

Waals complex of O2H+ and O2 units. The symmetric species

present in both singlet and triplet states show no variation in

O—O, O—H distances and only a small change in O—H—

O angle when considering the cis to trans interconversion. As

discussed in the previous study1,2 the interconversion between

equivalent Cs minima proceeds through a small electronic bar-

rier which disappears when ZPE is included thus making the

vibrationally averaged structure of C2v symmetry, an impor-

tant point for future experimental studies. For the quintet state

notice that the highly accurate RCCSD(T) method predicts a

more symmetrical C2 structure indicating the need of includ-

ing higher levels of correlation to properly describe this state.

This is in line with previous theoretical work8 on the O+
4 sys-

tem as reviewed in the previous section. Given the multicon-

figurational character of the system it is natural to look at the

T1
20 and D1

21 diagnostic values, which in our case are 0.03

and 0.11,respectively. These values are larger than the recom-

mended limits for high accuracy however further analysis is

required to reach a conclusion. First we note that there are

many examples of systems whose diagnostic values exceed

the stablished limits and for which an accurate description

is still achieved, for example the radical CN whose diagnos-

tic values21 are similar to those of O4H+. Furthermore from

the multiconfigurational calculations we can estimate that the

main configuration contributes 88% of the total wavefunction

giving us confidence on the RCCSD(T) approach.

In Table 2 we summarize the relative energies of all calcu-

lated species. It is worth noting the large ZPE effects which

change the relative order of the ground singlet state. The mul-

tiplet levels maintain the same stability ordering as in the un-

protonated species but the splittings are much larger due to

the stronger chemical interactions in the lower multiplicities.

Intersystem crossing effects could be of major importance in

the photochemistry of O4H+ given the relatively small split-

tings and difference in preferred geometrical structures. In the

bottom portion we present the relative energies of the singlet

excited states for the trans and cis structures which appear at

roughly 1.5 and 2.6 eV respectively. These should be close

to the vertical excitation energies given the small differences

in equilibrium geometries between ground and excited states.

According to dipole selection rules, for the trans isomer tran-

sitions to Au and Bu are allowed while the analogous transtions

for the cis isomer are to B1 and B2 states.

The binding energy for dissociation into O2H+ and O2 frag-

ments have been determined in gas phase ion-equilibria mea-

surements22,23. Analysis is based on van’t Hoff plots where

the range of temperatures covered is roughly 400-500 K and

the value reported for T=300K is 20.6 Kcalmol-1. It was found

that thermal corrections are non-negligible and our estimate at

300K is reported. Using the combined RCCSD(T)/CASSCF

approach we obtain a value of 18.7 Kcalmol-1 at 0K. Apply-

ing thermal corrections yields 19.2 Kcalmol-1. Therefore, it

1–11 | 3

Page 3 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Table 2 Relative energies (meV) of various electronic states

without/with ZPE correction

Electronic states w/o ZPE with ZPE

X 1A′ 0 36.35

X 1Ag 5.57 0

X 1A1 13.11 13.25

a 3Bu 63.76 46.57

a 3B2 76.91 60.35

b 5A 181.69 181.84

A 1A2 1444 1453

A 1Bg 1449 1462

B 1Au 1510 1534

B 1B1 1521 1544

C 1B2 2643 2654

C 1Bu 2644 2657

is concluded that the small remaining difference must be due

mainly to lack of dynamical correlation on the CASSCF esti-

mate of the singlet-quintet splitting and this will be confirmed

in the MRCI section of results. However the difference is

small enough that it could be explained within the experimen-

tal uncertainty.

Fig. 2 The definition of molecular parameters used to generate

potential energy curves(PECs)

In order to understand the collision dynamics and spec-

troscopy of O4H+ in greater detail, one needs the knowl-

edge of its full dimensional adiabatic potential energy surfaces

(PES). As a first step towards achieving this goal, we have

generated one dimensional adiabatic potential energy curves

(PECs) for two different modes of dissociation as explained

below. The processes that give rise to two or three fragments

using the coordinates defined in Figure 2 were considered. In

the first mode, the active variable is the distance between the

center of mass (cm) of two O2 monomers, denoted as R in this

work. In the second mode of dissociation, the active variable

used is the vertical displacement of H+ defined in cartesian

coordinates moving up and down along the Z axis, as indi-

cated in Figure 2. The other geometrical parameters are kept

fixed at their equilibrium values so the excited state informa-

tion coincides with a Franck-Condon(FC) picture. The PECs

corresponding to ground spin electronic states in both modes

were discussed in earlier work.1,2

In Figure 3 we present PECs for the lowest singlet states

of cis and trans conformations as a function of R. In the in-

teraction region, there occur three sets of states which can

be grouped together on the basis of their absolute energies.

For example, the lowest among them consists of X 1Ag and

X 1A1 states which represent two different minima in the same

ground state PES and differ by few meV in energy. Simi-

larly, the excited states are grouped by energy. One can no-

2 3 4 5 6 7 8 9
0

1
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5

6

7

8

RHÅL
E

ne
rg

yHe
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L

A 1A2

A 1Bg

C 1B2

C 1Bu

B 1B1

B 1Au

X 1A1

X 1Ag

Fig. 3 Franck-Condon PECs for various singlet states of cis and

trans isomers.

tice that the minimum in each curve related by a FC tran-

sition has a very similar value of R, suggestive of 0-0 vi-

bronic transition as the most probable one. In this mode,

the curves lead to three body dissociation, O2, H and O+
2

and all of them converge to the same asymptote characteristic

of a charge-transfer (CT) channel considering as initial state

O2(X
3
Σ
−
g )+H++O2(X

3
Σ
−
g ). The electronic states of the three

fragments were identified as O2(a
1
∆g)+H(2S)+O+

2 (X
2
Πg).

The lowest CT channel with O2(X
3
Σ
−
g ) in the ground elec-

tronic state and the lowest inelastic (IE) channel with both O2

molecules in the ground state, O2(X
3
Σ
−
g )+H++O2(X

3
Σ
−
g ),

must lead to repulsive interactions in the FC region and we

have not studied them in this work. There is a hump like

structure in the excited state curves which is a consequence of

avoided or curve crossing with the higher lying excited states

of same symmetry. To analyze this point in more detail we per-

formed state-average calculations for the cis isomer low-lying

electronic states in all possible symmetries. The associated

PECs and their avoided crossings are shown in Figure 4.

Except for the ground state, all other states are involved

in Landau-Zener type coupling with their respective excited

states in the region between 3.5Å and 5Å. The three-body col-

lision process at sufficiently high collision energies will ex-

plore the avoided-crossing regions which can lead to various

electronic energy and charge transfer processes. For exam-

ple for the B2 state, the calculated energy gap at the avoided

crossing point, R=4.4Å, is 50 meV and the same gap for B1

and A2 is 271 meV at R=4.6Å. In a diabatic picture the inter-
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Fig. 4 State average PECs of ground and first excited states in

singlet cis isomer for all spatial symmetries

Table 3 Assignment of electronic states to fragments from the 1st

mode of dissociation of O4H+

O4H+ states fragments

X 1A1,A
1A2 O2(a

1
∆g)+H(2S)+O+

2 (X
2
Πg)

C 1B2,B
1B1

1 1A1,1
1A2 O2(b

1
Σ
+
g )+H(2S)+O+

2 (X
2
Πg)

1 1B2,1
1B1

action between the B1 states is much stronger than for the B2

and A2 states. An interesting feature to note is the accidental

near degeneracy that exists between ground and excited states

of B1 and A2 symmetries over all regions of R. Lastly, this two

state study shows two different asymptotic limits for all elec-

tronic states studied. The assignment to electronic states of

the products is given in Table 3. In addition to being CT chan-

nels, notice the presence of the low-lying a and b states of

molecular oxygen defining the asymptotes. The 2nd mode of

dissociation (see Figure 2) is a two body fragmentation pro-

cess. The fragments can be O4/O+
4 and H+/H. This can be

modelled as elementary two body collision process. Here too,

we have performed state averaged calculations for the disso-

ciative PECs in the case of the singlet cis isomer for X 1A1.

The result of this calculation is shown in Figure 5. The x-

axis denotes the vertical displacement of H+/H up and down

along the z-axis in the plane of the molecule. The minimum

in the curve is at the equilibrium position of H+/H which is

slightly displaced towards the positive direction from zero of

z-axis. This mode distinguishes itself from the Ist mode from

the fact that it presents two asymptotic regions in the same

surface a clear signature that a conical intersection charac-

terizes these states. The positive region relates to O4 + H+

defined as entrance channel and the negative region relate to

the CT channel. The CT channel is exothermic relative to the

-10 -8 -6 -4 -2 0 2 4 6 8 10
0

1

2

3

4

5

6

7

Z

E
ne

rg
yHe

V
L

1 1A1

X 1A1

Fig. 5 State average PECs of ground and first excited states in

singlet cis isomer for A1 spatial symmetry

entrance channel by 2 eV in the ground state while for the ex-

cited state the calculated exothermicity is 2.5 eV. The excited

state IE channel is endothermic by 2 eV relative to the same in

the ground state while that of CT channel is endothermic by

1.5 eV. The small dip in both curves suggest the presence of

a secondary minimum. They are not van der waals complexes

because the intermolecular distance does not correspond to the

long range region (well below 2Å). In fact, a test calculation

reveals that optimization starting at this geometry finally ends

in a minimum but we have not characterized them further. The

assignment of electronic states to fragmented products is given

in Table 4 (first two entries). Interestingly, another conical in-

tersection characterizes the first excited state correlation on

either side of vertical displacement connecting the neutral as

well as the ionic O2 dimer in their first excited states. Another

obvious feature is that there exists no Landau-Zener type cou-

pling in the PECs of two body dissociation unlike the three

body case (Ist mode).

In two body dissociation, the layout of PECs of different

symmetries of singlet cis conformer can be known from the

Figure 6. As expected different symmetries may cross each

other and the fact that the asymptotic potentials do not coin-

cide in the long range even if correlating to the same products

is due to the difference in equilibrium geometrical parameters

for different symmetries. B1 and A2 curves run closely paral-

lel to each other particularly in the interaction region, a sim-

ilar feature encountered in the Ist mode of dissociation. The

correlation pattern for various symmetries are summarized in

Table 4. Except for the ground state all other states of vari-

ous symmetries in C2v cis isomer correlate to their respective

CT channel in both asymptotic regions. From the previous

study,1,2 we recall that for the C2h trans isomer the ground

state correlates to the same products in both directions, ie, no

conical intersection is present in that case. Other conical inter-
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Table 6 Molecular properties of equilibrium structures of singlet, triplet and quintet states at MRCI level of theory

Electronic states r(O-O) r(O-H) 6 (O-H-O) 6 (O-O-H) µ(D) A,B,C (GHz) ZPE(cm-1)

X 1Ag (trans) 1.18 1.21 180.0 116.9 0.00 2.8, 51.6, 3.0 3835

X 1A1 (cis) 1.18 1.21 173.4 117.3 0.04 3.0, 30.0, 3.3 3863

X 1A′ 1.20 1.06
135.8

108.1
1.26 5.0, 6.7, 22.0 4625

1.17 1.48 100.1

a 3Bu (trans) 1.18 1.21 180.0 117.1 0.00 2.8, 51.8, 3.0 3746

a 3B2 (cis) 1.18 1.21 172.3 117.9 0.08 3.0, 30.9, 3.3 3737

b 5A
1.18 1.32

175.8
121.1

1.20 2.8, 2.9, 44.3 3799
1.19 1.13 116.3

Table 7 Relative energies (meV) of various multiplets without/with

ZPE correction

Electronic states w/o ZPE with ZPE

X 1Ag 0 0

X 1A1 16.58 19.99

X 1A′ 85.13 183.06

a 3Bu 52.80 41.67

a 3B2 73.03 60.86

b 5A 152.50 148.00

put to use in further refining above obtained enthalpy. A large

scale MRCI calculation of the s-q splitting using the full va-

lence active space were carried out. For practical purposes we

use the ZPE corrections from the smaller active space MRCI

calculations. The s-q splitting increases by 0.5 kcal/mol com-

pared with CASSCF result. Our final estimate of the binding

energy is 20 Kcalmol-1 which brings it in closer agreement to

the experimental value of 20.6 Kcalmol-1.22,23

In Table 7 we see that all the multiplet states are close to

each other as expected and in particular, the Cs structure is

highly distinguished by its ZPE corrected energy and is there-

fore isolated from the other two equilibrium geometries in the

ground state PES in contrast to CASSCF result where all sin-

glet states were close in energy. MRCI prediction of vertical

excitation energies of X 1Ag state with the large active space to

dipole allowed transition states of B 1Au and C 1Bu were calcu-

lated and the calculated vertical energies are 1790 meV and

2851 meV for 1Au and 1Bu from X 1Ag state to be compared

with the CASSCF values of 1510 meV and 2644 meV reported

in Table 2. The magnitude of vertical energies indicate that
1Au and 1Bu states are amenable for visible spectral detection.

It has been reported7 that O2H+ is elusive to detection in

the ISM because its formation reaction H+
3 + O2 → O2H+ +

H2 is nearly thermoneutral. In previous work1,2 it was noted

that due to the much larger proton affinity(PA) of O4 compared

with that of O2 the protonated molecular oxygen dimer O4H+

could serve as a tracer for oxygen. The formation reaction in

Table 8 MRCI harmonic frequencies for singlet O4H+ isomers

C2h C2v Cs

42(Au) 53(A2) 106(A′)
123(Bu) 93(A1) 337(A′′)
264(Ag) 352(B2) 356(A′)
595(Ag) 530(A1) 627(A′)
861(Au) 845(B1) 775(A′′)
870(Bu) 914(B2) 1326(A′)
1467(Bu) 1440(A1) 1574(A′)
1745(Bu) 1743(B2) 1791(A′)
1747(Ag) 1757(A1) 2358(A′)

this case, H+
3 + O4 → O4H+ + H2 is clearly exothermic(-18

kcal/mol at RCCSD(T)/CASSCF level1,2) and hence provides

the hope that it could be detected in ISM. Our combined es-

timate for the exothermicity with reduce active space is -18.5

Kcalmol-1 and the singlet-quintet splitting for O2 dimer used

in this calculation was taken from Carmona-Novillo et al.24.

Estimating with single point large CI calculation performed on

the relevant equilibrium structure, we obtain a value of -19.4

Kcalmol-1 which is our best estimate.

Now is the time to proceed to compare the MRCI IR spectra

with that computed at CASSCF level in the previous section.

Again it is possible to distinguish between different structures

in the singlet state because of the presence of characteristic

peaks for each structure as shown in Figure 9 where the molec-

ular model shows the normal mode of maximum intensity. For

comparative purpose the CI frequencies are listed in Table 8

with most intense frequency in bold. The 9 modes of vibration

is represented by irreducible representation for the three iso-

mers as follows : 3Ag+2Au+4Bu,4A1+3B2+A2+B1,7A′+
2A′′. Regarding the frequency positions there are quantita-

tive differences specially for the highest frequency modes and

this can again be understood on the basis of the smaller active

space involved in the MRCI calculations which lead to shorter

O-O and O-H bond lengths and thus associated higher fre-

quencies. The relative intensities also vary significantly such
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Fig. 11 Ground state PECs in the 2nd mode of dissociation for

singlet, triplet and quintet states

Table 10 Assignments of different electronic states of dissociated

products to a given electronic state of O4H+ in second mode. The

fragments on the left correspond to negative values of Z and those

on the right to positive

fragments state fragments

O+
4 (X

2A′) + H(2S) X 1A′ O+
4 (X

2A′) + H(2S)
O+

4 (X
2A1) + H(2S) X 1A1 O4 (X

1A1)+H+

O+
4 (X

2A′) + H(2S) X 1Ag O+
4 (X

2A′)+H(2S)
O+

4 (X
2A1) + H(2S) a 3B2 O4 (a

3B2) + H+

O+
4 (X

2Bu) + H(2S) a 3Bu O+
4 (X

2Bu) + H(2S)
O+

4 (X
4A) + H(2S) b 5A O+

4 (X
4A) + H(2S)

curve has a dip around 2.5Å which is most likely due to the

formation of distorted O2H+ when H+ is moved vertically up

and down with respect to O-H-O vector but we notice that the

corresponding curve at CASSCF level presented in previous

work1,2 did not show it. The Cs curve shows an asymmetrical

double-minimum structure as can be expected from its struc-

ture. This also appeared at CASSCF level. Finally for the

C2v structure we again see that both singlet and triplet states

correlate to different asymptotic limits which are summarized

in Table 10. An important property for this work is the pro-

ton affinity (PA) of O2 dimer which in the end determines the

exothermicity of the protonation reaction with H+
3 . According

to the hybrid estimate based on RCCSD(T)/CI/aug-cc-pVTZ

with reduced active space the value is 5.12 eV, much higher

than the experimental value25 of 4.38 eV for the PA of O2 and

the theoretical value of 4.36 eV estimated at RCCSD(T)/aug-

cc-pVTZ level. By enlarging the active space size of calcula-

tion, we obtain 5.16 eV.

The calculation of rotational transitions obtained at MRCI

level of theory is similar as described above and we summa-

rize the main results. Here, B=2.9GHz (average value) and

A=51.55GHz. Therefore, applying Eq 6, Eq 7 and Eq 5 yields

Jmax = 6,13,23 at 10K, 50K and 150K respectively. The

most probable transitions are for J = 6 → J = 7 40.6GHz,

for J = 13 → J = 14 81.2GHz and for J = 23 → J = 24

139.2GHz. The fundamental weak transition J = 0 → J = 1

at 5.8GHz may also be of interest to astronomers. This shows

that when predicting rotational spectrum CASSCF and MRCI

levels of theory provide very similar results for the approxi-

mated prolate symmetric rotor. Thus, the matching of results

lends more reliability to the calculation performed in this work

which should be of help for the astrophysical search in the

ISM.

4 Summary and Conclusions

A detailed theoretical characterization of the O4H+ novel

species were carried out and it could be used as a tracer for

molecular oxygen in the ISM and which presents bonding,

spectroscopic and dynamical features which make it interest-

ing in its own right. It was shown that by a judicious combi-

nation of single and multireference methods it is possible to

accurately predict various thermochemical properties as com-

pared with the limited available experimental data. The feasi-

bility of forming O4H+ from the exothermic reaction H+
3 + O4

→ O4H+ + H2 has been confirmed by extending the previous

study to include higher levels of electron correlation.

The study of two and three body dissociation processes in-

dicate a rich variety of possibilities for dynamical processes

such as conical intersections, production of molecular oxygen

in low-lying excited states and charge transfer processes , all

of which are of relevance to characterize the photochemistry

and collision dynamics of this species.

In order to facilitate its identification in laboratory and ra-

dioastronomy search we have characterized electronic, vibra-

tional and rotational transitions. The former fall in the range

of visible and near infrared making them amenable for lab-

oratory studies, the vibrational spectra shows intense bands

associated with hydrogen motion which distinguish between

the three isomeric forms. Finally we present rotational tran-

sitions at relevant temperatures for radioastronomy detection

and hope this will motivate further studies.
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her, T. Shiozaki, H. Stoll, A. J. Stone, R. Tarroni, T. Thorsteinsson and

M. Wang, MOLPRO, version 2012.1, a package of ab initio programs,

2012, see http://www.molpro.net.

16 R. Hernández-Lamoneda, M. Bartolomei, M. I. Hernández, J. Campos-

Martı́nez and F. Dayou, J. Phys. Chem. A, 2005, 109, 11587–11595.

17 M. Bartolomei, M. I. Hernández, J. Campos-Martı́nez, E. Carmona-

Novillo and R. Hernández-Lamoneda, Phys. Chem. Chem. Phys., 2008,

10, 5374–5380.

18 M. Bartolomei, E. Carmona-Novillo, M. I. Hernández, J. Campos-

Martı́nez and R. Hernández-Lamoneda, J. Chem. Phys, 2010, 133,

124311(1)–124311(10).

19 S. R. Langhoff and E. R. Davidson, Int. J. Quantum Chem., 1974, 8, 61–

72.

20 T. J. Lee, Chem. Phys. Lett., 2003, 372, 362–367.

21 M. L. Leininger, I. M. Nielsen, T. D. Crawford and C. L. Janssen, Chem.

Phys. Lett., 2000, 328, 431–436.

22 K. Hiraoka, H. Takimoto and S. Yamabe, J. Phys. Chem., 1986, 90, 5910–

5914.

23 K.Hiraoka, P. P. S. Saluja and P. Kebarle, Can. J. Chem., 1979, 57, 2159–

2166.

24 E. Carmona-Novillo, M. Bartolomei, M. I. Hernández, J. Campos-

Martı́nez and R. Hernández-Lamoneda, J. Chem. Phys, 2012, 137,

114304(1)–114304(9).

25 B. Ruscic, R. E. Pinzon, M. L. Morton, N. K. Srinivasan, M.-C. Su, J. W.

Sutherland and J. V. Micheal, J. Phys. Chem. A, 2006, 110, 6592–6601.

1–11 | 11

Page 11 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


