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Abstract: We present a direct observation where fragmentation of the CO2+
2 dication, upon highly

charged ion impact, leads to the formation of molecular oxygen. We assert that molecular bending and
bond stretching modes of the dication represent the underlying mechanisms driving the generation
of O+

2 . We conducted ab initio quantum chemistry calculations for the electronic state of the dication
and found that the 5 A1 state is responsible for the bond-rearrangement reaction. The branching ratios
of this channel for multiple projectile beams of varying charge and velocity have been reported and
are found to be independent of the projectile’s charge and velocity.
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1. Introduction

The essential role of organisms like plants and algae in producing O2 through pho-
tosynthesis is vital for sustaining life on Earth. Due to the dominant presence of CO2 gas
on Mars, research has been going on to produce oxygen from CO2, to consider Mars as a
habitable planet other than Earth [1]. CO2 is a linear triatomic molecule, and its two- and
three-body fragmentation has been studied from a fundamental point-of-view by various
groups in the recent past [2–5].

Initially, Chueh et al. [6] documented the generation of CO and O from CO2 through
photon absorption. However, subsequent theoretical simulations in [7,8] introduced the
possibility of producing O2 from CO2. A later study by Lu et al. [9] revealed the creation of
O2 through a roaming mechanism during the photo-dissociation of CO2 molecules.

Wang et al. [10] reported the formation of molecular oxygen by dissociative electron
attachment to CO2. They used velocity map imaging to detect C− anions and O2 (X3Σ−

g ).
They have reported that the roaming mechanism was responsible for O2 production. Several
investigations have also highlighted the production of O+

2 via bond rearrangement through
laser–molecule interaction [11–13], due to core hole excitation by photons [14–16], with the
excitation pathways involving C 1s → π∗ or O 1s → π∗ transitions, the lifted degeneracy
of the Renner–Teller split initially bent A1 and linear B1 states is responsible for the bond
rearrangement [14,15]. Additionally, O+

2 was observed as the fragmentation product of
the core-level photo-excitation of CO2 [14]. Furthermore, Larimian et al. [11] observed
O+

2 signatures during photo-double-ionization. They explained the production of O+
2 as a

two-step process involving the cation populating an electronic state with a bent geometry,
followed by a second ionization leading to the new bond formation and fragmentation into
C+ and O+

2 . Surface-collision-induced transformation of CO2 into O2 was also reported by
Yao et al. [17]. Recently, Ganguly et al. [18] reported enhanced O+

2 production from CO2
clusters induced by X-ray core-electron ionization. They attributed this enhancement to
intra-cluster collisions. To date, all the reported studies have centered on light-molecule
interactions for molecular oxygen production. Notably, there is one study, to the best of
our knowledge, by Yuan et al. [19], in which the authors reported on molecular oxygen
formation due to ion–molecule interaction. They observed O+

2 coinciding with C+ upon a
1 keV/u Ar2+ beam. However, the dynamics underlying O+

2 formation upon ion impact
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were not presented in their study. Also, the electronic state responsible for the channel was
not reported. In addition, the effect of the projectile’s charge and velocity on the strength of
this bond rearrangement channel has also not been studied anywhere.

A study of the systematic variation of the fragmentation process by various projectile
ions having different velocities and charge states in highly charged ion (HCI) molecule
collisions is desirable. In HCI collisions, perturbation strength (η = q/vp), where q is
the charge state, and vp is the velocity of the projectile ion is the governing parameter
in the collision process. It also is a control parameter for the energy deposition into the
system. Therefore, it is expected to influence the population of the different excited states
of the molecule.

In this study, we conducted a comprehensive investigation combining experimental
and theoretical approaches to understand the dynamics involved in the generation of
O+

2 upon interaction with highly charged ions with the neutral CO2 molecules. Our
study also specified the electronic state that plays a pivotal role in this process. We also
studied the branching ratio between the C+ + O+

2 channel and the summation of the bond
rearrangement channel with the most probable O+ + CO+ channel for projectile ions of
different charges and velocities.

2. Experimental Methods

We employ coincidence detection measurement between fragmented ions and scat-
tered projectile ions. The present experiments were performed in a cold target recoil ion
momentum spectrometer (COLTRIMS) [20,21]. We used the 14.5 GHz Electron Cyclotron
Resonance based Ion Accelerator (ECRIA) facility at TIFR Mumbai [22] to produce projec-
tile beams of different velocities and charges. The target beam of CO2 was prepared by a
supersonic molecular jet setup, which consists of a nozzle of 30 µm, and two subsequent
skimmers of the inner diameter of 400 µm and 1500 µm, respectively. A zone of silence was
created just behind the first skimmer, and the high diverging part of the beam was cut down
by the second skimmer placed at a distance of 100 mm from the first one. All the chambers
were differentially pumped. Projectile and target beams were crossed with each other at the
interaction region of our COLTRIMS setup [23,24] at TIFR Mumbai. After the interaction,
the scattered projectile beam, which captured one or two electrons, passes through an
electrostatic charge state deflector and is detected on a time- and position-sensitive MCP-
DLD (micro-channel plate-delay line anode) detector in Chevron configuration, with MCP
having a diameter of 80 mm. For the detection of recoil ions, we used a Wiley–McLaren type
double field spectrometer with MCP-DLD. The length of the extraction region, acceleration
region, and field-free drift region are 15 mm, 90 mm, and 520 mm, respectively. The electric
field in the extraction and acceleration regions were set to 173.33 V/cm and 250.67 V/cm,
respectively. With this configuration, singly charged ions up to 13 eV kinetic energy were
recorded with 4π collection, and a KER resolution of around 250 meV was achieved for
this channel of interest. Background pressure of 6.2 ×10−9 mbar was maintained in the
interaction chamber. While performing the experiment with a Xe10+ ion beam, the interac-
tion chamber pressure increased to 6.48 × 10−9 mbar. The projectile beam current during
experiments was kept in the range of 50–250 pA. For data acquisition, the signal from the
projectile MCP was used to start the data acquisition, and the last recoil ion hitting the target
MCP gave the stop signal. Data were recorded in list mode files (.lmf) in an event-by-event
mode for further offline analysis. From the recorded time- and position information, we
calculated the momenta of each recoil ion along the three axes and calculated physical
quantities of interest, such as KER and angular distribution of fragments.

In order to find the branching ratio between the two channels, an accurate estimation
of the yields of a particular channel is crucial. The coincident events were selected from the
coincident time-of-flight spectrum. The coincidence spectrum may also include random
coincidence events. To subtract the random coincidence events, we used the conservation
of momentum between ions created from the fragmentation of a single molecule.
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3. Results and Discussion

The coincidence map, which is a two-dimensional plot between times-of-flight of the
first and second fragment ions is shown in Figure 1. The channel of interest is shown
inside a red square in Figure 1a for Xe10+ impact. O+

2 can be generated from two different
channels, first, after the breakup of CO2+

2 , which would contribute to true coincidences,
and second, from the single electron capture of background oxygen which might blend with
C+. To remove the background contamination and random coincidences, we selected the
events using the conservation of momentum. After removing the background, Figure 1b
displays the noise-free coincidence trace of the channel.

Figure 1. (a) Coincidence map of first and second recoil ions generated during the fragmentation of
CO2+

2 → C+ + O+
2 upon 200 keV Xe10+, inside the red box is the trace corresponding to C+ + O+

2
channel, (b) C+ + O+

2 channel after background suppression by using the momentum conservation
of recoiling C+ and O+

2 ions.

In a further analysis, we plotted the KER distribution in Figure 2a. KER is the sum of
the kinetic energies of the individual fragments in a dissociation process. The spectrum
starts from around 3 eV and extends up to 10 eV. There is a prominent peak around 6 eV
and a broad structure from 7 eV to 10 eV, which indicates that many electronic states might
contribute to this channel. We have fitted these two peaks in the KER distribution with
Gaussian profiles, one at around 6 eV and the other at around 8 eV. Peak 1 is centered at
5.74 ± 0.20 eV and Peak 2 at 7.64 ± 0.62 eV. However, because of low statistics for Peak 2,
we would focus on the prominent peak at 5.74 ± 0.20 eV only.
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Figure 2. KER distribution upon 200 keV Xe10+ impact. (a) KER distribution for C+ + O+
2 channel.

Two peaks around 6 eV and 8 eV are fitted with Gaussian function (see text). (b) Kinetic energy
distributions of individual C+ and O+

2 ions. The solid lines joining the experimental data points are
to guide the eye.

3.1. Dynamics

We propose that the symmetrical stretching and bending of the two C–O bonds lead
to new bond formation between the two O atoms. To support this proposal, we utilize the
following approach to provide insights into the bond-rearrangement dynamics: following
the collision with Xe10+, the CO2+

2 dication emerges, either in its ground state or in one
of the excited electronic states in the Franck–Condon region. Subsequently, this dication
undergoes stretching and bending motion, eventually leading to the formation of a new
bond between two O atoms, following which the C+ and O+

2 fragments separate. A visual
representation of this mechanism can be found in Figure 3. Since neutral carbon dioxide
is a linear molecule, if this molecule breaks into O, C, and O atoms, the central C atom
would carry almost negligible energy, and the two O atomic fragments would share all
the deposited energy. From Figure 2b, the C+ ion carries kinetic energy of around 4.2 eV,
which experimentally proves our assertion that there lies an intermediate CO2+

2 ion that is
bent, because of which after fragmentation the C+ carries non-negligible kinetic energy.

C+

O

O+

Franck Condon region Bending and stretching New bond formation 

and fragmentation

αC

O

O

2+

C

O

O
2+

Figure 3. Scheme for bond reformation, R is the bond length of C–O bond and α is the bond angle
∠OCO. The intermediate triangular geometry of CO2+

2 favors the new bond formation.
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3.2. Theoretical Calculations

Following the approach mentioned in Figure 3, we first identified the electronic state
responsible for KER at around 5.74 ± 0.20 eV, using CFOUR software program [25]. We em-
ployed equation-of-motion coupled cluster singles and doubles (EOM-CCSD) method [26–29],
with correlation-consistent polarized valence double zeta (cc-pVTZ) [30] basis set. We calcu-
lated single-point energies at the Franck–Condon region and at the dissociation limit, in or-
der to match the experimental KER with the computed one. We calculated the single point
energies in singlet, triplet, and quintet manifolds, of which we found out that the 5A1 state
which is the first excited state with the quintet multiplicity, corresponds to the KER value of
5.57 eV; this calculated KER lies close to the experimental one of 5.74 ± 0.20 eV. During the
collision process the transition from singlet neutral ground state to the quintet excited state
of CO2+

2 appears to violate spin conservation. We note that in the electron-capture process in
the present experiments, the spin of captured electrons is not known, therefore, we can not
deduce whether the bond-rearrangement process in present experiments is the spin-allowed
or spin-forbidden process. The electronic configuration of the 1Σ+

g ground state of CO2 neu-
tral is (1σg)2(1σu)2(2σg)2(3σg)2(2σu)2(4σg)2(3σu)2(1πu)4(1πg)4 and that of the 5A1 state
of CO2+

2 is (1σg)2(1σu)2(2σg)2(3σg)2(2σu)2(4σg)2(3σu)2(1πu)2(1πu)1(1πg)1(1πg)1(2πu)1.
We tried to find out any existing transition state for the bond-formation reaction. We

used second-order Moller–Plesset (MP2) theory [31] accompanied with cc-pVDZ [30] basis
set to find out the minimum of the potential for 5A1 state and searched for any existing
transition state for this channel. All calculations including single point energy, optimization,
and transition state search were performed under the unrestricted Hartree–Fock (UHF)
method [32], and the two C–O bonds and the ∠OCO were considered the free parameters.
The potential energy diagram for the reaction proceeding via CO2+

2 (5 A1) to the final
products C+(2P) + O+

2 (2Πg) is shown in Figure 4.
After the collision with the projectile, (A) the neutral CO2 molecule becomes a dication

within the Franck–Condon region, further, the molecular ion dynamically approaches (B)
the minimum of the potential energy surface at R = 1.29 Å, ∠OCO = 115◦, and passing
through the (C) transition state at R = 2.48 Å, ∠OCO = 65◦ to finally dissociate to (D) the
products C+(2P) and O+

2 (2Πg).

0 eV

Q1

(A)

1.16 Å, 180°

-2.55 eV

-0.81 eV

-5.59 eV

(B)

Minimum

1.29 Å, 115°

(D)

1.11 Å

(C)

Transition State

2.48 Å, 65°

48.15 eV

X 

2+2+

2+

2+ +

+

Figure 4. Relevant points in the potential energy surface of CO2+
2 in the 5A1 state showing possible

pathway for O+
2 formation. Shown are (A) Excitation to the dicationic state in the Franck-Condon

region, (B) equilibrium configuration of the 5A1 state, (C) existence of a transition state between
reactants and products, and (D) final products. Shown are the bond lengths and bond angles
corresponding to each geometry. Q1 represents the first excited state in the quintet manifold. The
“0 eV” in blue color acts as a reference for other points along the surface.
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To check for any angular dependence of the fragments, we show in Figure 5 the
angular distribution of the C+ and O+

2 daughter ions. The result is consistent with that
reported by Zhao et al. [13] that the fragments are distributed isotropically with respect
to the projectile beam axis. The reason for this, as mentioned by Zhao et al. is that the
lifetime of the CO2+

2 ion is larger than its rotational period; during bending and bond
rearrangement, the molecular ion is rotating, thus losing any angular information.

1.0 0.5 0.0 0.5 1.0
cos

0

10

20

30

40

50

60
Co

un
t

Figure 5. Plot showing isotropic fragmentation pattern of the C+ ions upon 200 keV Xe10+ impact. α

is the detection angle of C+ ions with respect to the projectile beam direction.

4. Branching Ratio

As is vital from an environmental perspective, the transformation of pollutant CO2
into O2 makes it possible to study this channel in a deeper sense. One of the funda-
mental questions to address is about the strength of this channel. In their study on the
bond rearrangement of CO2 molecules, Zhao et al. [13] reported a branching ratio of
0.0796 ± 0.0058%, among all the fragmentation channels of the dication following strong
field ionization of the neutral CO2 molecules. In another study, Yuan et al. [19] reported a
1.7% branching ratio of the C+ + O+

2 channel fragmenting into C+ + O+ + O. Other than
these two studies, to the best of our knowledge, the branching ratio for this channel is
not mentioned anywhere else. In this subsection, we report the branching ratio of this
channel with respect to the sum of bond rearrangement and the most probable channel
O+ + CO+, which is shown in Table 1. From this table, we observe that for all ion impacts,
the branching ratio of this channel with respect to O+ + CO+ remains almost the same.
In the current velocity regime of the projectile ions (≤1 a.u.), electron capture is the most
dominant mechanism of preparing the dication. It is well known that during electron
capture, the projectile ion mostly interacts with the valence electrons of the target, thus
leading to populations in ground or lower excited states. Such collisions are also termed
soft collisions. The independence of the strength of the bond rearrangement channel on
projectile charge and velocity reflects that in the present velocity regime, soft collisions
during electron capture populate the molecular dication in the 5A1 electronic state with
almost equal strength, responsible for the bond rearrangement channel. It requires more
such experiments to study the cross-section of the bond-rearrangement channel in velocity
higher than 1 a.u.
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Table 1. Branching ratio between C+ + O+
2 and O+ + CO+ channels across different projectile ion

impacts, to the second decimal point, estimated with the present experimental data. Counts in both
the channels are added and the branching ratio with respect to the sum is tabulated. The uncertainties
are statistical uncertainties. Perturbation strength (q/vp) is also listed, rounded to the nearest integer.

Branching Ratio

S. No. Beam q/vp C+ + O+
2 : O+ + CO+

1 240 keV Ar3+ 6 0.15 ± 0.01 : 99.85 ± 0.01
2 62 keV Ar3+ 12 0.17 ± 0.01 : 99.83 ± 0.01
3 240 keV Ar6+ 12 0.17 ± 0.01 : 99.83 ± 0.01
4 240 keV Ar8+ 16 0.18 ± 0.01 : 99.83 ± 0.01
5 160 keV Ar8+ 20 0.17 ± 0.02 : 99.83 ± 0.02
6 200 keV Xe10+ 40 0.15 ± 0.01 : 99.85 ± 0.01

5. Conclusions

We observed the signatures of molecular oxygen formation as a consequence of bond
rearrangement, due to electron-capture-induced fragmentation of CO2 molecules. We
proposed that symmetric stretching of the two C–O bonds and bending are the responsible
mechanisms of the bond rearrangement. With ab initio quantum chemistry calculations,
we found out that 5A1 is the electronic state responsible for KER around 5.74 ± 0.2 eV. We
found a transition state in the potential energy surface of this state with no energy barrier
to the reaction. We hope that the electronic state found here will be of use to enhance the
cross-section of this channel using state-selective ionization methods.

The branching ratios of the bond-rearrangement channel are found to be independent
of the perturbation strength, reflecting that in the present velocity regime, the 5A1 electronic
state is populated with similar strength during the collision. More experiments are required
to explore this channel in the high-velocity regime.
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