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ABSTRACT
Only 4 of the diffuse interstellar bands (DIBs) are currently accounted for, ascribed to electronic transitions of C+60. Investigations
into carriers of other DIBs historically focus on charged and neutral hydrocarbons, and little information is available regarding
oxygenated carbon and hydrocarbon species that result from the two most abundant heavy elements in the interstellar medium,
C and O. In this study, we assess whether C𝑛O+, HC𝑛O+, and OC𝑛O+ (𝑛 = 4 − 9) cations are viable candidates to account for
DIBs using both density-functional theory (DFT) and coupled cluster single-double and perturbative triple theory, CCSD(T).
For these species, the linear structures are the most stable isomers with the lowest dissociation threshold corresponding to CO
loss. Optical absorptions of the oxygenated carbon chain cations are characterized by calculated vertical excitation wavelengths
and their corresponding oscillator strengths using the equation-of-motion CCSD (EOM-CCSD) method. Aside from HC4O+ and
HC2𝑛+1O+, all of the species considered in this study have calculated electronic transitions that lie in the visible or near-infrared
spectral regions. Minimal column densities necessary for these cations to account for DIBs have been estimated. Based on present
results and the known column densities for neutral oxygenated carbon chains in TMC-1, the growth rate of charged O-bearing
carbon chains via ion-neutral reaction mechanisms is judged to be too low to form a sufficient population to give rise to DIBs.
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1 INTRODUCTION

Identifying carriers of the diffuse interstellar bands (DIBs) re-
mains a long-standing problem. Long carbon chains (Douglas 1977),
fullerenes (Kroto & Jura 1992), and polycyclic aromatic hydrocar-
bons (PAHs) (Van der Zwet & Allamandola 1985) have been pro-
posed as potential DIBs carriers, based on their likely formation,
ability to withstand harsh conditions, and absorption of visible and
near-infrared (NIR) light. To date, the only known carrier of DIBs is
C+60 (Foing & Ehrenfreund 1994; Campbell et al. 2015), confirming
that ionized carbonaceous molecules can give rise to these elusive
bands. Less explored, however, is the prospect that the carriers con-
tain other heavy elements such as O and N.(Snow & McCall 2006;
Sarre 2019)
Oxygen is the most abundant heavy element in the interstellar

medium (ISM), yet molecular and atomic oxygen cause continuing
problems in modelling the chemistry within molecular clouds, with
a compelling question brought forward: why is the atomic oxygen
depleted? (Bergin et al. 2000; Goldsmith et al. 2000; Larsson et al.
2007; Quan et al. 2008; Wirström et al. 2016; Jenkins 2009; Whittet
2010; Hincelin et al. 2011). It is possible that a large portion (up to
50%) of the depleted oxygen in molecular clouds exists in silicates
andmetal oxides,which are the nextmost abundantO-bearing species
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after CO and O (Whittet 2010). Hincelin et al. (2011) proposed that
oxygenated carbonaceous species could also balance the oxygen bud-
get in molecular clouds. A fraction of such matter may exist in the
form of small icy grains, where the composition and abundances of
major simple ices such as H2O, CO, and CO2 are well characterized
(Dartois 2005; Öberg et al. 2011; Noble et al. 2013; Boogert et al.
2015). The composition and diversity of gaseous oxygenated car-
bon molecules are less understood (Herbst & Van Dishoeck 2009).
Oxygen bearing carbon-rich molecules, such as oxygen-terminated
carbon chains (Hardy et al. 2016), are thus promising candidates for
gaseous molecules participating to the oxygen budget. In the context
of the DIBs, the cationic oxygenated carbon chains are of particular
interest.

Several oxygen-terminated carbon chains have been detected in
space (C2O, HC2O, C3O, HC3O, HC3O+, C5O, HC5O, and HC7O)
using radio-astronomy (Matthews et al. 1984; Ohishi et al. 1991;
Agúndez, Marcelino and Cernicharo, José and Guélin, Michel 2015;
Palumbo et al. 2008; Cernicharo, J. et al. 2020; McGuire et al. 2017;
Cordiner et al. 2017; Cernicharo et al. 2021). Searches for additional
oxygenated carbon chains have been conducted based on astrochem-
ical models, which predict observable column densities (Cordiner
& Charnley 2012) using available experimental and theoretical data
(Eichelberger et al. 2007; Yang et al. 2010). It is currently unclear
why species such as HC4O, HC4O, HC6O, C6O, and C7O have not
been detected where they have been sought, including in the pro-
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totypical dense cloud TMC-1 (McGuire et al. 2017; Cordiner et al.
2017; Cernicharo, J. et al. 2020; Cernicharo et al. 2021).Mechanisms
for the formation and destruction of most O-bearing carbon chains
are not known; the detection of key carbon chain oxide molecules in
the diffuse ISM would provide insights into whether these types of
structures can form and survive in photo-dominated regions (PDRs)
(Pety et al. 2012; Cuadrado et al. 2017). Naturally, diffuse interstellar
regions are not optimal media for molecular growth through ion-
neutral reactions in virtue of their quasi-collisionless conditions and
high flux of UV photons and cosmic rays. Nevertheless, formation
of HC𝑛O+ could be envisaged by insertion of O+ into C𝑛H, or the
reaction between C𝑛−1H and CO+ (Chakraborty et al. 2016). Alter-
natively, the charge could be carried by carbon chains such as C+𝑛,
which react with O to give C𝑛O+ or C𝑛H+ with CO, ultimately form-
ing HC𝑛+1O+ (Bohme et al. 1987; Blanksby & Bowie 1999).Some
of these ion–molecule reactions have been recently tested but failed
to explain the observed abundances of O-bearing molecules in TMC-
1.Cernicharo et al. (2021) It was proposed that radical-radical mech-
anisms may play a role in the formation of such species. Although
O(+) and CO(+) have been detected in diffuse clouds, cationic car-
bon chains and neutral carbon chains longer than C3 have not been
observed. This does not preclude their presence in diffuse molecu-
lar clouds, as the difficulties to detect them could arise from their
transient nature and/or their weak spectral signatures (Nagarajan &
Maier 2010).
Infrared and optical spectroscopic data for C𝑛O+, HC𝑛O+, and

OC𝑛O+ are scarce, inhibiting their detection in the diffuse ISM.
Electronic absorption spectra of C7O+ and HC7O+, recorded in
neon matrices by the Maier laboratory (Chakraborty et al. 2016;
Joseph et al. 2013), exhibit strong UV transitions with origin bands
located at 276.0 nm and 278.0 nm, respectively. These absorptions
are outside the spectral region of currently known DIBs. The first
gas phase electronic spectra of oxygenated carbocation chains were
recorded in a subsequent study by Hardy et al. (2016). Spectra of
linear OC4O+ and a planar HCCC(CO)CCH+ isomer were obtained
by monitoring CO loss upon resonant laser excitation in a cryogenic
22-pole RF ion trap. The origin bands of the transitions of OC4O+
and of HCCC(CO)CCH+ were determined to be 417.31(1) nm and
523.49(1) nm, respectively. However, these transitions could not be
matched with any known DIBs, bringing into question their possi-
ble formation routes and their photostabilities in the diffuse ISM.
Indeed, the CO group imposes a considerable constraint on the pho-
tostability of oxygenated carbocations in the ISM compared to hy-
drocarbons,Chen et al. (2018) with cumulenic-type structures such
as H2C2𝑛+1O+ and OC2𝑛+1O+ (with 𝑛 = 2, 3, ...) being more stable
than polyynic-type structures (Hardy et al. 2016). Combined exper-
imental studies of infrared (IR) photodissociation spectroscopy and
theoretical modelling (Jin et al. 2017; Li et al. 2019) have shown
that HC2𝑛+1O+ and HC2𝑛O+ (𝑛 = 3 − 6) possess a polyyne-like
carbon chain structure with closed-shell singlet ground states and
cumulene-like carbon chain structures with triplet ground states, re-
spectively. Additionally, these studies have provided a preparative
method of gaseous oxygenated carbon chains using laser vaporiza-
tion of a graphite target in expansion of helium seeded with a mixture
of CO, H2, and C2H2.
In this article, we present a computational investigation into the

thermodynamic stabilities and UV/VIS absorptions of the cationic
oxygenated carbon chains C𝑛O+, HC𝑛O+, and OC𝑛O+ with 𝑛 =

4− 9. Possible formation mechanisms are briefly discussed. Column
densities and fractions of the interstellar carbon reservoir necessary
for these species to account for weak DIBs (equivalent width of 10
mÅ/mag) are estimated. This work provides a background to guide

future laboratory studies and helps to identify or eliminate cationic
oxygenated carbon chains as DIB carriers.

2 COMPUTATIONAL METHODS

Calculations were performed using the Gaussian 16 software suite
(Frisch et al. 2016). Optimized geometries, harmonic vibrational
frequencies, and scans of potential energy surfaces were calculated
using density-functional theory at the 𝜔B97X-D/cc-pVDZ level of
theory (Chai & Head-Gordon 2008; Dunning 1989). Reported bond
dissociation and ionization energies (BDEs; IEs) include zero-point
vibrational energies at the𝜔B97X-D/cc-pVDZ level and single-point
energies using coupled-cluster (CC) theory, with single and dou-
ble excitations augmented by a perturbative treatment for estimat-
ing the effects of triple excitations (Riplinger et al. 2013) (together
denoted as CCSD(T)/cc-pVTZ//𝜔B97X-D/cc-pVDZ) unless other-
wise specified. Vertical excitation wavelengths were calculated at the
EOM-CCSD/cc-pVTZ level of theory (Kowalski & Piecuch 2001;
Kucharski et al. 2001).

3 STRUCTURE, ADIABATIC IONIZATION, AND
DISSOCIATION ENERGIES

The possible formation and destruction of cationic oxygenated carbon
chains in the diffuse ISM can be informed by the electronic structure,
lowest bond dissociation energies (BDEs), and ionization energies
(IEs). These have been predicted for C𝑛O+, HC𝑛O+, and OC𝑛O+
(𝑛 = 4 − 9), as well as the IEs of their neutral counterparts, and are
discussed in detail in the sections below.
Results indicate that the most stable isomers of C𝑛O+, HC𝑛O+,

and OC𝑛O+ (𝑛 = 4 − 9) are linear and possess either polyynic or
cumulenic character. The most probable dissociation channel under
the strong UV photon flux of the diffuse ISM is the loss of a CO unit,
with BDEs being larger for cumulenic structures. Thus, the species
with the greatest chance to survive in the diffuse ISM are cumulenic.
Photoionization of the cations to form the dications can be neglected
(except in H II regions) since most of the second ionization energies
are larger than 13.6 eV. The IEs of all neutral species are in a photon
energy range that should facilitate production of C𝑛O+, HC𝑛O+, and
OC𝑛O+ in the ISM.

3.1 C𝑛O+

The most stable forms of C𝑛O+ species are linear. C7O+ has the pe-
culiarity of being bent (as previously found by Joseph et al. (2013))
whereby the terminal carbon atom deviates from linearity by ∼ 10◦,
as shown in Figure 1. The valence orbital configurations of C𝑛O+ are
(𝜎)2(𝜋)3 and (𝜋)1 for even and odd numbers of carbon atoms, re-
spectively, leading to 2Π electronic ground states. Bond dissociation
energies of C𝑛O+ are presented in Table 1. As expected, the lowest
dissociation channel corresponds to CO loss. The energy required
to release a CO unit ranges from 4.47 eV to 2.76 eV, decreasing in
a non-monotonic fashion from C4O+ to C9O+. The calculated po-
tential energy surfaces along the CO-loss coordinate predict that
the dissociation is barrierless for all C𝑛O+ species. IEs are listed in
Table 1 and show a decrease as the chain lengthens. An oscillation
pattern is observed, reflecting the alternation of singlet and triplet
spin multiplicity in the electronic ground state of the neutral and
doubly ionized species.

MNRAS 000, 1–10 (2021)
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Table 1. Lowest bond dissociation energies (BDEs) corresponding to the loss of a CO unit from C𝑛O+, HC𝑛O+, and OC𝑛O+. Ionization energies (IEs) of the
corresponding neutral counterparts (C𝑛O, HC𝑛O, and OC𝑛O) and of the singly-charged cations. All energies are given in eV. Calculations were performed at
the CCSD(T)/cc-pVTZ//𝜔B97X-D/cc-pVDZ level of theory.

𝑛
C𝑛O+ C𝑛O C𝑛O+ HC𝑛O+ HC𝑛O HC𝑛O+ OC𝑛O+ OC𝑛O OC𝑛O+

BDE(−CO) IE IE BDE(−CO) IE IE BDE(−CO) IE IE

4 4.47 9.48 15.99 4.05 8.78 16.13 3.45 8.33 14.21
5 3.73 10.33 16.64 5.38 6.89 16.31 3.35 9.24 15.74
6 3.30 8.67 13.95 3.77 8.23 14.21 2.75 7.74 12.59
7 3.28 9.47 14.69 4.61 6.65 14.71 2.97 8.54 13.94
8 3.18 8.14 12.58 3.73 7.84 12.92 3.02 7.38 11.50
9 2.76 9.05 13.19 4.15 6.43 13.65 2.73 8.14 12.70

169.9

1.373 1.249 1.338 1.131

1.324 1.310 1.254 1.328 1.133

1.342 1.260 1.324 1.244 1.327 1.135

1.304 1.264 1.314 1.248 1.322 1.1361.312

1.311 1.298 1.270 1.306 1.257 1.315 1.249 1.318 1.138

1.328 1.266 1.316 1.249 1.322 1.245 1.320 1.138

Figure 1. Optimized geometries of the lowest-lying C𝑛O+ isomers at the
𝜔B97X-D/cc-pVDZ level of theory. All species are linear expect C7O+.
Bond lengths are in Å, angle (for C7O+) in degrees.

3.2 HC𝑛O+

The most stable HC𝑛O+ isomers are linear structures with the car-
bon chain terminated on each end by O and H atoms (see Figure 2).
The valence orbital configuration of HC𝑛O+ are (𝜋)2 (3Σ symmetry
electronic ground states) and (𝜋)4 (1Σ symmetry electronic ground
states) for even and odd number of carbon atoms, respectively. Lowest
dissociation energies of HC𝑛O+ are given in Table 1, corresponding
to CO loss channels. BDEs decrease with increasing chain length.
BDEs are generally larger for species with odd number of carbon
atoms, reflecting the cumulenic-type stability of these species as op-
posed to polyyne-like structure for even number of carbon atoms. IEs
of HC𝑛O and HC𝑛O+ are summarized in Table 1. Larger first ion-
ization energies and smaller second ionization energies are observed
for even number of carbon and vice-versa for the odd number of car-
bon atoms, reflecting the alternation of cumulene- and polyyne-type
structures

3.3 OC𝑛O+

Themost stable OC𝑛O+ isomer is a linear carbon chain terminated by
oneO atom at each end (see Figure 3). Linear OC𝑛O+molecules have

1.252 1.292 1.315 1.143

1.218 1.347 1.232 1.329 1.132

1.234 1.319 1.280 1.271 1.313 1.144

1.353 1.231 1.332 1.238 1.322 1.1361.217

1.216 1.357 1.229 1.338 1.238 1.325 1.242 1.318 1.138

1.225 1.334 1.258 1.293 1.291 1.265 1.311 1.145

1.084

1.081

1.077

1.079

1.079

1.081

Figure 2. Optimized geometries of the lowest-lying HC𝑛O+ isomers at the
𝜔B97X-D/cc-pVDZ level of theory. Bond lengths are in Å.

electronic ground states of 2Π symmetry. BDEs generally decrease
with the length of the carbon chain, as can be seen in Table 1. The
higher BDEs for the OC2𝑛+1O+ reflect their cumulenic nature as
proposed by Hardy et al. (2016). The first and second ionization
energies of OC𝑛O are given in Table 1 and exhibit similar behaviour
to C𝑛O.

4 OPTICAL PROPERTIES

To assess the possibility of detecting C𝑛O+, HC𝑛O+, and OC𝑛O+
(𝑛 = 4 − 9) in the diffuse ISM through electronic spectroscopy, their
vertical excitation energies and corresponding oscillator strengths
have been computed.

4.1 C𝑛O+

Experimental information on electronic excitations of C𝑛O+ (𝑛 > 3)
is limited to a single electronic transition of C7O+, observed in a Ne
matrix at 276 nm and assigned to the 4 2Σ+← X̃ 2Σ+ excitation. Our
calculations predict that the electronic ground state of C7O+ has Π
symmetry and that the observed absorption is a Π ← Π transition
with an associated oscillator strength ( 𝑓 ) of 2.9. Our calculations

MNRAS 000, 1–10 (2021)
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1.145 1.309 1.262 1.296 1.279 1.296 1.2621.279 1.309 1.145

1.143 1.314 1.251 1.318 1.318 1.251 1.3141.251 1.144

1.143 1.311 1.265 1.291 1.265 1.311 1.1431.291

1.142 1.319 1.249 1.321 1.319 1.1421.249

1.140 1.314 1.275 1.275 1.1401.314

1.140 1.328 1.247 1.328 1.140

Figure 3. Optimized geometries of the lowest-lying OC𝑛O+ isomers at the
𝜔B97X-D/cc-pVDZ level of theory. Bond lengths are in Å.
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Figure 4. Vertical electronic excitation wavelengths and oscillator strengths
for the first three Π ← Π transitions of C𝑛O+. The most intense Π ← Π

transitions occur in the UV region. Calculations are obtained at the EOM-
CCSD/cc-pVTZ level of theory. The black cross represents the experimental
adiabatic excitation energy of C7O+ reported by Joseph et al. (2013).

revealed other transitions in the UV at 295, 276, and 248 nm with
oscillator strengths of 6.6 × 10−3 , 4.2 × 10−3, and 8.4 × 10−3,
respectively. These transitions have similar, if not lower, intensities
than those calculated in the visible (reported in Table 2) and because
no transitions were experimentally observed in the visible spectral
region by Joseph et al. (2013), we assume that the transition with
𝑓 = 2.9 dominates the absorption features observed experimentally.
The C𝑛O+ vertical excitation wavelengths and their corresponding

oscillator strengths were obtained at EOM-CCSD level of theory.
The results for the first three Π ← Π transitions and of the most
intense Π ← Π transitions in the UV are displayed in Figure 4 and
summarized in Table 2. The black cross in Figure 4 represents the
experimental adiabatic electronic excitation wavelength from Joseph
et al. (2013) for C7O+. The calculated vertical electronic excitation

C𝑛O+ 𝜆vert. / nm (𝜆adia.,exp) 𝑓 (×10−2)

4 412.4 0.04
335.9 0.01
302.7 3.1
170.3 160

5 429.5 0.38
387.0 0.23
340.2 0.81
192.5 210

6 530.8 0.16
428.3 0.53
406.6 6.1
205.0 270

7 499.2 1.4
442.7 0.56
401.8 1.5

232.9 (276.0) 290

8 614.5 0.38
511.5 7.9
485.5 3.0
243.3 390

9 537.7 2.7
477.1 0.82
445.8 2.0
274.5 360

Table 2. Vertical electronic excitation wavelengths (𝜆vert.) and oscillator
strengths ( 𝑓 ) of the first three Π ← Π transitions and of the most intense
Π ← Π transitions for C𝑛O+ in the UV region. Calculations are obtained at
the EOM-CCSD/cc-pVTZ level of theory. Experimental adiabatic excitation
energy (𝜆adia.,exp) value for C7O+ taken from Joseph et al. (2013).

wavelengths of the C𝑛O+ show a linear dependency for 𝑛 even and 𝑛
odd, respectively. The oscillator strengths of the electronic transitions
in the visible spectral range are small and thus these transitions could
only contribute to weak DIBs. Some transitions are calculated with
very large oscillator strengths (1.6 to 3.9), however, these strong
transitions occur in the deep UV spectral region and are thus unlikely
to be associated with commonly known DIBs.

4.2 HC𝑛O+

The only experimental data for electronic excitations of HC𝑛O+ are
thematrix spectroscopymeasurements of HC7O+ (Chakraborty et al.
2016). The spectrum consists of one band system assigned to the
21Σ+ ← X̃1Σ+ transition with its origin band located at 278.0 nm.
Our calculations are consistent with this assignment, as the transition
is predicted to be strong ( 𝑓 =2.6) with a vertical excitation wavelength
of 224.4 nm.
Calculated vertical excitation wavelengths for HC𝑛O+ and their

corresponding oscillator strengths are presented in Figure 5 and sum-
marized in Table 3 (for HC9O+ a cc-pVDZ basis set was used instead
of cc-pVTZ due to convergence problems). Two linear trends are ob-
served for the transition wavelengths, with one corresponding to
chains with an odd number of carbon atoms and the other to chains
with an even number of carbon atoms. For odd 𝑛 chains, the wave-
lengths are associated with the promotion of an electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO). For even 𝑛 chains, the wavelengths
are associated with the promotion of an electron from the orbital be-
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Figure 5. Vertical electronic excitation wavelengths and oscillator strengths
of the first dipole-allowed Σ ← Σ transitions for HC𝑛O+. Calculations are
obtained at the EOM-CCSD/cc-pVTZ level of theory. Note that for HC9O+,
EOM-CCSD/cc-pVDZwas used. The black cross represents the experimental
value of the adiabatic excitation energy for HC7O+ reported by Chakraborty
et al. (2016).

HC𝑛O+ 𝜆vert. / nm (𝜆adia.,exp) 𝑓 (×10−2)

4 (triplet) 314.9 2.4

5 (singlet) 183.9 190

6 (triplet) 379.8 2.9

7 (singlet) 224.4 (278.0) 260

8 (triplet) 431.0 3.4

9 (singlet) 260.0 300

Table 3.Vertical electronic excitation energies (𝜆vert.) and oscillator strengths
( 𝑓 ) of the lowest dipole-allowed transitions for HC𝑛O+ calculated using
EOM-CCSD method. Experimental adiabatic excitation energy (𝜆adia.,exp)
value for HC7O+ taken from Chakraborty et al. (2016).

low the single occupied molecular orbital (SOMO-1) to the SOMO.
The experimental adiabatic excitation wavelength for HC7O+ from
Chakraborty et al. (2016) is denoted in Figure 5 with a black cross.
The oscillator strengths presented in Figure 5 indicate that the

electronic transitions for HC𝑛O+ with odd 𝑛 are expected to be two
orders ofmagnitude stronger than for HC𝑛O+ with even 𝑛. The strong
transitions of HC𝑛O+ with odd 𝑛 are too deep in the UV to account
for the main known DIBs. Electronic transitions for HC𝑛O+ with
even 𝑛 occur in the visible but are weak, indicating that the column
densities for HC𝑛O+ with even 𝑛 must be fairly large to account for
DIBs.

4.3 OC𝑛O+

The electronic spectrum of OC4O+ has been measured in a neon
matrix and in the gas phase by Hardy et al. (2016), with its 12Πu
← X̃2Πu origin transition occurring at 413.2 nm. Our calculations,
which predict a transition at 378.7 nm, are consistent with the experi-
mental observations and assignment of the transition. A significantly
stronger Π ← Π transition ( 𝑓 =2.4) is predicted to occur far deeper
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Figure 6. Vertical electronic excitation wavelengths and oscillator strength
of the first Π ← Π dipole-allowed transitions and of the most intense Π ←
Π transition in the UV for OC𝑛O+. Calculations are obtained at the EOM-
CCSD/cc-pVTZ level of theory. The black cross represents the experimental
value of the adiabatic energy for OC4O+ reported by Hardy et al. (2016).

OC𝑛O+ 𝜆vert. / nm (𝜆adia.,exp) 𝑓 (×10−2)

4 378.7 (417.3) 0.36
163.0 240

5 416.9 1.4
193.7 150

6 486.9 0.87
199.5 390

7 578.3 3.0
226.6 460

8 579.4 4.4
236.0 520

9 758.3 5.8
263.2 580

Table 4. Vertical Electronic excitation wavelengths (𝜆vert.) and Oscillator
Strengths 𝑓 of the first Π ← Π dipole-allowed transitions and of the most
intense Π ← Π transition in the UV for OC𝑛O+. Calculations are obtained
at the EOM-CCSD/cc-pVTZ level of theory. Experimental adiabatic energy
(𝜆adia.,exp) value for OC4O+ taken from Hardy et al. (2016)

into the UV (163.0 nm), beyond the range that was investigated in
the previous study.
The vertical electronic excitation wavelengths and oscillator

strengths calculated at the EOM-CCSD/cc-pVTZ level of theory for
the first Π← Π dipole-allowed transition and the most intense Π←
Π transition in the UV are presented in Figure 6 and Table 4. Similar
to C𝑛O+, the calculated vertical excitation wavelengths of OC𝑛O+
show roughly linear dependencies on the chain length for both even
and odd 𝑛 cations. The electronic transitions in the visible spectral
range are expected to be weak and could probably only contribute to
weak DIBs. The strong, higher energy transitions are outside the ap-
propriate spectral range to be considered for DIBs, although become
promising candidates for larger OC𝑛O+ species not investigated in
the current work.
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Table 5.Reactions of carbon chain cationswithO(3P) atom andCOmolecule.
Energies are given in eV. Calculations performed at the CCSD(T)/cc-
pVTZ//𝜔B97X-D/cc-pVDZ level of theory. Spin multiplicities are given in
brackets.

Reactants Adducts, ΔrH0 / eV

C+4 (2) + O C4O+(2), −8.20
C+5 (2) + O C5O+(2), −7.66
C+6 (2) + O C6O+(2), −7.90
C+7 (2) + O C7O+(2), −7.67
C+8 (2) + O C8O+(2), −7.70
C+9 (2) + O C9O+(2), −7.41

C+3 (2) + CO C4O+(2), −4.47
C+4 (2) + CO C5O+(2), −3.73
C+5 (2) + CO C6O+(2), −3.30
C+6 (2) + CO C7O+(2), −3.28
C+7 (2) + CO C8O+(2), −3.18
C+8 (2) + CO C9O+(2), −2.76

5 ION–NEUTRAL REACTIONS

Ion–neutral reactions are the most likely bottom-up formation mech-
anisms for oxygenated carbon chain cations in the diffuse ISM. Here,
we explore reactions between C+𝑛, HC+𝑛, and C𝑛O+ cations and some
of the most abundant neutral species available (O, H, H2, and CO).
Only the addition of O andCO can generate O-bearing carbon chains;
the addition of H and H2 are investigated as possible routes to form
HC𝑛O+ species fromalready existing cationic oxygenatedmolecules.
Other possible reactions, not considered here, involve addition of
HCO+, H2CO, and CH3OH. These species are several orders of
magnitude less abundant than O and CO; their low collision rates are
unlikely to yield a sufficient population of oxygenated carbon chain
cations to account for DIBs (Snow & McCall 2006).
The results of our calculations, discussed in further detail for

each cation below, suggest that atomic additions of O or H are too
exothermic to form stabilized C𝑛O+, HC𝑛O+, and OC𝑛O+ (𝑛 =

4− 9). Addition of CO to cationic carbon chains is a more promising
mechanism to form C𝑛O+, HC𝑛O+, and OC𝑛O+ (𝑛 = 4 − 9), as is
the addition of H2 to C𝑛O+ to form HC𝑛O+. C𝑛O+, HC𝑛O+, and
OC𝑛O+ can exist as various isomers, although their large internal
energies following formation, and the improbability to radiatively
stabilize, indicate that dissociation processes should dominate.

5.1 C𝑛O+

Both O(3P) and CO may react with C+𝑛 (𝑛 = 4− 9) to produce C𝑛O+
cations in the doublet and quartet states. Only the channels leading
to the most stable structure (doublet) are investigated, with the re-
sults summarized in Table 5. These reactions are spin-allowed and
have barrierless entrance channels. The reaction enthalpies, calcu-
lated at the CCSD(T)/cc-pVTZ//𝜔B97X-D/cc-pVDZ level of theory,
are significantly larger in magnitude (from −7.41 to −8.20 eV) than
the BDEs involving CO loss (from 2.76 to 4.47 eV; see Table 1), indi-
cating that dissociation of the highly excited adducts is likely to occur
as they dissipate excess energy. The addition of a COmolecule to C+𝑛
requires stabilisation of the adduct to avoid the reverse (dissociation)
reaction. However, radiative stabilization is only expected to occur
for larger carbon clusters, based on observations by Sun et al. (1993)
of ion–neutral reactions involving C+𝑛 with 𝑛≥10. Therefore, C𝑛O+
is most likely a transient species.

Table 6. Formation of HC𝑛O+ through reactions of linear C𝑛O+ with H(2S)
atom andH2 molecule and reaction of HC+3 with CO. Energies are given in eV.
Calculations performed at CCSD(T)/cc-pVTZ//𝜔B97X-D/cc-pVDZ level of
theory. Spin multiplicities are given in brackets.

Reactants Adducts, ΔrH0 / eV Products, ΔrH0 / eV

C4O+(2) + H HC4O+(3), −5.15
C5O+(2) + H HC5O+(1), −6.59
C6O+(2) + H HC6O+(3), −5.01
C7O+(2) + H HC7O+(1), −6.31
C8O+(2) + H HC8O+(3), −4.93
C9O+(2) + H HC9O+(1), −6.31

C4O+(2) + H2 H2C4O+(2), −4.87 HC4O+(3) + H, −0.74
C5O+(2) + H2 H2C5O+(2), −4.43 HC5O+(1) + H, −2.17
C6O+(2) + H2 H2C6O+(2), −4.36 HC6O+(3) + H, −0.58
C7O+(2) + H2 H2C7O+(2), −4.12 HC7O+(1) + H, −1.89
C8O+(2) + H2 H2C8O+(2), −4.02 HC8O+(3) + H, −0.50
C9O+(2) + H2 H2C9O+(2), −4.02 HC9O+(1) + H, −1.89

HC+3 (2) + CO HC4O+(3), −4.05
HC+4 (2) + CO HC5O+(1), −5.38
HC+5 (2) + CO HC6O+(3), −3.77
HC+6 (2) + CO HC7O+(1), −4.61
HC+7 (2) + CO HC8O+(3), −3.73
HC+8 (2) + CO HC9O+(1), −4.15

5.2 HC𝑛O+

Energies associated with the reactions of C𝑛O+ (𝑛 = 4 − 9) with H
and H2, and between HC+𝑛 and CO, have been calculated to elucidate
possible formation pathways of HC𝑛O+ cations. Our calculations
indicate that the addition of H to C𝑛O+ is barrierless, similar to the
case of O addition to C+𝑛 as described above. The internal energy
of HC𝑛O+ (see Table 6) following the addition of H is much larger
than the energy needed to access the CO-dissociation channel, and
therefore this pathway is not conducive to HC𝑛O+ formation in an
isolated environment.
Reactions of molecular hydrogen with C𝑛O+ occur through a two-

step mechanism as depicted in Figure 7 for C4O+. The exothermic
addition of H2 (see Table 6) yields excited H2C𝑛O+ adducts, which
subsequently undergo unimolecular dissociation along the H loss co-
ordinate. The HC𝑛O+ molecules retain between 0.50 and 2.17 eV of
excess energy, which is insufficient to detach CO (Table 1). Forma-
tion of HC𝑛O+ through the C𝑛O+ + H2 ion–neutral reaction is thus
a possible route in the diffuse ISM.
The addition of a CO molecule to HC+𝑛 is similar to the addition

to C+𝑛 and C𝑛O+, where the high internal energies of the adducts
facilitate their destruction through dissociation or possibly isomer-
ization. Note that the HC+

𝑛−1 + CO → HC𝑛O
+ reaction has been

considered by Cernicharo et al. (2021) to explain the abundances
of oxygenated carbon chains detected in TMC-1. Their model could
reproduce some of the observed features but greatly overestimate the
abundances of molecules such as C5O, HC4O, and HC6O.

5.3 OC𝑛O+

Addition of O and CO to C𝑛O+ and C𝑛−1O+, respectively, have been
considered to form OC𝑛O+. The lowest energy pathways for these
reactions are spin allowed and have no entrance barriers. The CO
addition channel is a significantly more competitive pathway, based
on the large exothermicity of the O addition channel. Enthalpies for
both sets of reactions are given in Table 7.
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C4O+ + H2
HC4O+ + H

H2C4O+ 

0.00

-4.87

-0.74

Reaction coordinate

+
+

Figure 7. Reaction coordinate scheme for C4O+ + H2.

Table 7.Reactions of linear C𝑛O+ with atomic oxygen and carbon monoxide.
Energies are given in eV. Calculations were performed at the CCSD(T)/cc-
pVTZ//𝜔B97X-D/cc-pVDZ level of theory. Spin multiplicities are given in
brackets.

Reactants Adducts, ΔrH0 / eV

C4O+(2) + O(3) OC4O+(2), −7.74
C5O+(2) + O(3) OC5O+(2), −7.83
C6O+(2) + O(3) OC6O+(2), −8.70
C7O+(2) + O(3) OC7O+(2), −8.75
C8O+(2) + O(3) OC8O+(2), −8.60
C9O+(2) + O(3) OC9O+(2), −8.60

C3O+(2) + CO(1) OC4O+(2), −3.45
C4O+(2) + CO(1) OC5O+(2), −3.35
C5O+(2) + CO(1) OC6O+(2), −2.75
C6O+(2) + CO(1) OC7O+(2), −2.97
C7O+(2) + CO(1) OC8O+(2), −3.02
C8O+(2) + CO(1) OC9O+(2), −2.73

6 ASTROPHYSICAL IMPLICATIONS

In dense molecular clouds such as TMC-1, cyano-polyynes and oxy-
gentated carbon chains have been detected with typical column den-
sities of 1011 to 1013 molecules per cm2 (McGuire et al. 2017;
Cordiner et al. 2017). Species with low abundances in the diffuse
ISM could still be considered as DIB carriers by compensating the
low abundances by large electronic oscillator strengths. If one as-
sumes a molecule where most of the electronic transition intensity is
carried in the origin band rather than distributed over many vibronic
transitions, then, for typical weak DIBs with an observed equivalent
width of ≈ 10 mÅ/𝐸(B-V) mag where 𝐸(B-V) is the reddening of
the interstellar object defined as the difference between the observed
color index and the true color index of the object and using the carbon
abundance of the interstellar gas as 𝜒C = 𝑁C/𝑁H = 1.4 × 10−4, one
can derive (see Cami (2014); Omont (2016))

𝜒CM × 𝑓 ≈ 10−6, (1)

where 𝜒CM is the fraction of total interstellar carbon locked up in
the DIB carrier candidate (M), and 𝑓 is the oscillator strength of the
electronic transition of M. The column densities (𝑁) per 𝐸(B-V) can
be expressed in cm−2/mag by adapting the formula given by Hardy
et al. (2016)

𝑁 (cm−2)
𝐸 (B − V) = 1.13 × 10

20 EW(Å/mag)
𝜆(Å)2 × 𝑓

, (2)
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Figure 8. Comparison of the DIB spectrum observed towards HD 143183
with the equivalent widths for oxygenated cationic carbon clusters. Equivalent
widths calculated using ab initio vertical excitationwavelengths and oscillator
strengths while assuming a column density of 2 × 1013 molecules per cm2
and an 𝐸(B-V) of 1.27 (Hobbs et al. 2009). The asterisked DIBs are truncated
for clarity.

with EW being the equivalent width of the DIB of interest and 𝜆 its
corresponding wavelength.
Table 8 summarizes the amount of carbon in the ISM (𝜒CM)

needed to be locked up in C𝑛O+, HC𝑛O+, and OC𝑛O+, as well as
the column densities (𝑁𝑀cm−2/mag), necessary for these cations
to give rise to a DIB with an equivalent width of 10 mÅ/mag. For
example, the estimated column density of C+60 is of 2 × 10

13 cm−2
and the ratio of interstellar carbon locked into C+60 is estimated to be
(2-4) ×10−4, assuming an average equivalent width of 300 mÅ/mag
(Walker et al. 2015; Strelnikov et al. 2015; Omont 2016).
Assuming a columndensity of 2×1013molecules per cm2, an 𝐸(B-

V) of 1.27 (Hobbs et al. 2009), and that the intensities of transitions
are concentrated in the origin band, the vertical excitations of C𝑛O+,
HC𝑛O+, and O𝑛O+ cations can be compared with the DIB spectrum
observed towards HD 143183 (Hobbs et al. 2009) as shown in Fig-
ure 8. The figure only serves as a guide to indicate the spectral region
where the three different families of oxygenated chains are expected
to absorb compared to absorption bands of DIBs; the calculations do
not have the precision required to make direct comparisons.

6.1 C𝑛O+

The observed column densities or upper limits for C𝑛O species in
TMC-1 are 1.5×1012, 1.5×1012,< 1.2×1011, and 4.0×1010 cm−2 for
C2O, C3O, C4O, and C5O, respectively (Cernicharo, J. et al. 2020)
for a column density along the TMC-1 line of sight of 𝑛H2 = 1022

H2 per cm2 (Gratier et al. 2016), which corresponds to an 𝐸(B-V) of
≈ 3.2. These values can probably be taken as upper limits of column
densities that could be found in space for such species, with dense
clouds likely to be the most propitious medium to grow complex
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C𝑛O+ 𝜆vert. / nm 𝑓 (×10−2) 𝜒CM (×10−5) 𝑁M [cm−2/mag] (×1012)

4 412.4 0.04 200 < 200

5 429.5 0.38 30 < 20
387.0 0.23 40 < 40

6 530.8 0.16 60 < 30
428.3 0.53 20 < 20
406.6 6.1 2 < 3

7 499.2 1.4 7 < 4
442.7 0.56 20 < 20
401.8 1.5 7 < 5

8 614.5 0.38 30 < 8
511.5 7.9 1 < 0.6
485.5 3.0 3 < 2

9 537.7 2.7 4 < 2
477.1 0.82 1 < 7
445.8 2.0 4 < 3

HC𝑛O+ 𝜆vert. / nm 𝑓 (×10−2) 𝜒CM (×10−5) 𝑁M [cm−2/mag] (×1012)

6 (triplet) 379.8 2.9 3 < 3

8 (triplet) 431.0 3.4 3 < 2

OC𝑛O+ 𝜆vert. / nm 𝑓 (×10−2) 𝜒CM(×10−5) 𝑁M [cm−2/mag] (×1012)

4 378.7 0.36 30 < 30

5 416.9 1.4 7 < 5

6 486.9 0.87 10 < 6

7 578.3 3.0 3 < 2

8 579.4 3.4 3 < 1

9 758.3 5.8 2 < 0.4

Table 8. Fraction of total interstellar carbon locked up in cationic oxygenated carbon chains (𝜒CM ) and estimated minimal column density (𝑁M) to explain
DIBs with equivalent width of 10 mÅ/mag with the 𝜆vert. and 𝑓 calculated previously. Only electronic transitions calculated above 350 nm are considered.

organic molecules (COMs). Additionally, it is hard to anticipate the
proportion of the C𝑛O species that would be ionized in the diffuse
ISM. Considering bottom-up mechanisms for the formation of these
species, it is unlikely that linear C𝑛O+ species are DIBs carriers.

6.2 HC𝑛O+

In the HC𝑛O+ family, only HC6O+ and HC8O+ possess electronic
transitions in the spectral region relevant to DIBs. Their respective
𝜒CM and 𝑁M are presented in Table 8. Based on these numbers, only
HC6O+ and HC8O+ present as possible DIBs carriers. Closed-shell
carbon-based chains with up to 11 carbon atoms have been detected
in space Loomis et al. (2021) but open-shell carbon-based chains
remain undetected. Chains with odd numbers of electrons such as
HC6O+ and HC8O+, typically possess a triplet spin multiplicity in
their most stable form. Studies have implied that these molecules
remain undetected due to searches being carried out for the singlet
states rather than the triplet states (Bâldea 2019b; Bâldea 2019a).
It is hopeful that the calculations presented for triplet HC6O+ and
HC8O+ aid in their possible detection despite their high reactivity
owing to the unpaired electron.

6.3 OC𝑛O+

The 𝜒CM and 𝑁M of OC𝑛O+ species to account for DIBs with an
equivalent width of 10 mÅ/mag are given in Table 8. The ratio of
interstellar carbon to be locked up in OC𝑛O+ as well as the col-
umn densities needed to explain DIBs with equivalent widths of 10
mÅ/mag are reasonable. Among all species considered in the present
study, OC4O+ is the only onewith a known gas phase electronic spec-
trum (Hardy et al. 2016), the bands of which do not coincide with
any known DIBs. As pointed out by Hardy et al. (2016) oxygenated
carbon chains are typically more sensitive to photodestruction than
hydrocarbons because of the low CO dissociation threshold. How-
ever, cumulenic structures such as OC2𝑛+1O+ have larger photode-
struction thresholds and can more easily redistribute energy into
vibrational degrees of freedom after electronic excitation. Consid-
ering this, OC9O+ is the most promising candidate among OC𝑛O+
species investigated in this work. However, if we assume absorption
of a 10 eV photon and estimate the vibrational temperature (𝑇v) using
𝐸ℎ𝜈 = (3𝑁 − 5)𝑘b𝑇v with 𝑁 being the number of atoms, we find
the temperature (𝑇v ∼ 4150 K) is too high for OC9O+ to survive
in the diffuse ISM. Furthermore, OC9O+ has its expected electronic
transition occurring at a minimum wavelength of 758.3 nm, which is
beyond the densest spectral region of the DIBs (550 to 750 nm) as
can be seen in Figure 8. Therefore, even OC9O+ does not appear as
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such a promising DIB candidate. Nevertheless, similar to their bare
carbon cumulene counterparts,Fischer & Maier (1997); Maier et al.
(2004) the O-bearing carbon chains possess large 𝑓 values. Although
these high 𝑓 -values reported presently for chains from 5 to 11 atoms
are in the UV, these high 𝑓 -values can be extrapolated to the visible
spectral domain as the number of carbon increases, as it can be seen
in Figures 4, 5, and 6. Therefore, longer oxygenated chains should be
the first candidates for laboratory studies and subsequent astronomi-
cal searches, as they will additionally have greater chance to survive
in the diffuse ISM.
The column density in the diffuse ISM is challenging to estimate

due to the lack of information on formation mechanisms of COMs.
In dense molecular clouds, the ratios OC𝑛O to C𝑛O and HC𝑛O
remain unknown since OC𝑛O are centro-symmetric molecules and
thus escape radioastronomy detection. Yet, the detection of several
C𝑛O and HC𝑛O(+) species allude to the presence of OC𝑛O and
possibly OC𝑛O+ species in space.

7 CONCLUSIONS

In this paper we assess the potential role of cationic oxygenated
carbon chains (C𝑛O+, HC𝑛O+, andOC𝑛O+ with 𝑛 = 4−9) as carriers
to the DIBs. As excitation wavelengths increase with lengthening of
the chains, chains with more than 9 carbon atoms not only have a
better chance of surviving in the ISM but will also have wavelengths
excitations in the densest region of the DIB spectrum. Although
C𝑛O+, HC𝑛O+, and OC𝑛O+ for 𝑛 = 4−9 possess spectral signatures
that could contribute to the DIB spectra, it is unclear if these species
could be formed in sufficient abundance due to the lack of information
regarding their formation pathways in astrophysical media.
Based on the present calculations on the ion-neutral reactions

leading to cationic oxygenated carbon chains, and on known column
densities of neutral oxygenated carbon chains in TMC-1, additional
formation mechanisms are necessary to build up a sufficient quantity
of these species to account for DIBs. These mechanisms may include
top-down reactions involving destruction of grains by UV, shocks,
and cosmic rays. In addition, these reactions may generate higher
energy, non-linear isomers that may exhibit greater photostabilities
and stronger electronic transitions than linear chains.
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