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ABSTRACT

The 2Πg ← X 2Σ+
u electronic spectrum of C+

5 in the gas-phase with origin band

at 513 nm is reported following experiments in a cryogenic ion trapping instrument.

Buffer gas cooled C+
5 ions, generated by laser vaporisation of graphite, were in-

vestigated using two action spectroscopy approaches. Laser induced dissociation of

weakly bound C+
5 −Hen complexes synthesised in the trap reveal a linear depen-

dence of the absorption energies on n allowing prediction of those of the bare ion

C+
5 . These results are confirmed in two colour experiments on C+

5 , by monitoring

fragmentation into the C+
3 + C2 product channel. The data are supplemented with

high level electronic structure calculations which support the assignment of D∞h

symmetry to the ground electronic state. These laboratory results provide the req-

uisite data needed for spectroscopic detection of this structure in terrestrial and

extraterrestrial environments.
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1. Introduction

Gas phase infrared spectra of the carbon chain C5 were reported in 1989 by several

groups [1–4]. These rotationally resolved data indicate a linear cumulene structure with

four identical bond lengths in the ground electronic state, X 1Σ+
g . The ν3 band around

2164 cm−1 was used by Bernath et al. to identify C5 in the carbon star IRC+10216 [1].

The discovery of C5 in circumstellar regions, as discussed by Heath et al., highlights

the importance of carbon chains in the chemistry of astrophysical environments [2].

The cyanopolyacetylenes, NCnH, have been known constituents of dense clouds in the

interstellar medium since the 1970s (see Ref. 5 and references therein). Their presence

led to the influential proposal by Douglas [6], that the photophysical properties of bare

carbon chain molecules makes them appealing candidates for the diffuse interstellar

bands (DIBs) in the optical region. A recent review discussing the measurement of the

electronic transitions of various carbon chains in the laboratory and comparison with

observational data is Ref. 7.

Electronic absorptions of C5 in the gas phase were detected by Maier and colleagues

using cavity ring down spectroscopy [8], following earlier observation in a neon ma-

trix [9]. The measured spectrum was assigned to 1Πu ← X 1Σ+
g with origin band at

510.94 nm. Additional electronic bands to higher energy were reported in Ref. 10 em-

ploying a resonant two-colour two-photon ionization scheme for detection. Rotational

lines in the system near 511 nm were not resolved and the broadening attributed to

intramolecular processes. The origin band was observed to have a full width at half

maximum (FWHM) of around 1 cm−1, corresponding to an excited state lifetime of

5 ps. The assignment of this electronic transition was made in reference to theoreti-

cal calculations [11]. More recent ab inito calculations [12] find a 0.5 eV discrepancy

between the calculated transition energy and the experimental measurement, and sug-

gest instead that it is a formally forbidden transition, to either 1Σ−u or 1∆u. The

implications are discussed in Ref. 10, in relation to the experimentally measured band

contour. The detection of gas phase electronic transitions of C5 enabled searches for

its signatures in absorption in interstellar environments where C3 had been previously

identified [13]. Observations through diffuse clouds toward ζ Ophiuchi did not lead
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to detection, and an upper limit to its column density of 10−11 cm−2 was determined

along this line of sight [14, 15], and others [16], at least an order of magnitude below

that of C3.

High-resolution photoelectron spectra of C−5 , C−7 and C−9 at low temperature in the

gas phase were recently reported by Neumark and coworkers [17, 18]. In contrast to the

neutral and anion, however, there exists no gas phase experimental data on the elec-

tronic transitions of the singly charged cation C+
5 . Note that electronic spectra of larger

positive, neutral, and negatively charged Cn fragments generated by dissociation of C+
60

were recorded by matrix isolation spectroscopy [19]. Theoretical work on the C+
5 open

shell system relevant to the present work has been reported by several authors [20–23],

leading to the question of whether the ground state is D∞h or C∞v. The most recent

reports appear to clarify this, showing that the ground state has the highly symmetric

structure [22, 23]. The calculations by Belau et al. also indicate the linear isomer is

much preferred over cyclic C2v structures [23]. The electronic configuration of C+
5 ,

...2σ2
u, 1π

4
u, 3σ

2
g , 1π

4
g , 3σ

1
u, leads to a X 2Σ+

u ground electronic state in D∞h symmetry.

The results of large-scale ab initio coupled cluster and multi-reference configuration

interaction (MRD-CI) calculations reported in Ref. 22 predict dipole allowed transi-

tions from X 2Σ+
u to low lying excited states at 0.05 eV (2Σ+

g ← X 2Σ+
u , f = 1.3970),

0.3 eV (2Πg ← X 2Σ+
u , f = 0.1686), 2.62 eV (2Πg ← X 2Σ+

u , f = 0.0095), and

3.36 eV (2Σ+
g ← X 2Σ+

u , f = 0.0011).

In this contribution, spectroscopic observations of electronic absorptions of C+
5 in

the range 410− 513 nm are reported. These measurements were carried out in the gas

phase at low temperature through action spectroscopy in a cryogenic ion trap. Two

approaches were adopted, the first involved tagging C+
5 ions with helium atoms and

monitoring dissociation of the weak bond between C+
5 and He that occurred following

electronic excitation of C+
5 − Hen. The second spectroscopic method probed C+

5 ions

more directly in a two colour experiment by monitoring fragmentation into C+
3 + C2.

This paper is organised as follows. Experimental and computational details are de-

scribed in Section 2. Experimental results are presented and discussed in Section 3.

Computational results are presented and discussed in relation to the proposed assign-

ment in Section 4, and conclusions are given in Section 5.
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2. Methods

2.1. Experimental

Experiments were carried out with the apparatus described in detail in Ref. 24. Ions

were produced in a laser vaporization source containing a translating and rotating

graphite rod. Radiation from a pulsed Nd:YAG laser at 355 nm (20 mJ/pulse) was

focused with a f = 50 cm lens onto the rod. The produced species were expanded

in a helium pulse through a channel in the source block that runs perpendicular to

the laser propagation direction. The gas was admitted by pulsing a piezo valve from

−150 V to +100 V for 200µs, and the process repeated at a rate of 10 Hz. A variety

of pure carbon cations with m/z separated by 12 u/e were synthesised, and a typical

mass spectrum recorded under these conditions is shown in Figure 1(a).

Mass selected ions with m/z = 60 were turned through 90◦ and loaded into the

s-4PT trap [25] operating at a nominal temperature Tnom = 3.5 K and with helium

number densities of 1015 cm−3. C+
5 ions were accumulated for 5 source laser pulses

and cooled via inelastic collisions. Under these conditions, a significant fraction of C+
5

ions could be converted into C+
5 −Hen complexes (Figure 1(b)). The helium buffer gas

was pumped out for several hundred milliseconds before the contents were extracted

and analysed using the second quadrupole mass spectrometer. The trapping cycle was

repeated at a rate of 1 Hz

Photofragmentation spectra of C+
5 −Hen were obtained by exposing the trapped ion

cloud to tuneable radiation from either a pulsed OPO or a dye laser before extraction.

The latter was operated with Coumarin 503 dye, supplying radiation in the visible

(480−540 nm). The number of complexes were monitored on alternating storage cycles

with (Ni) and without (N0) exposure to radiation in order to account for fluctuations

in the number of ions trapped. Two colour experiments on C+
5 were carried out at

elevated trap temperatures (Tnom = 8 K) to avoid C+
5 − Hen formation. Following

electronic excitation using the dye laser, the C+
5 ions were fragmented into C+

3 + C2
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by absorption of radiation from a pulsed OPO. Further details on the spectroscopic

detection are provided and discussed in Section 3.3.

2.2. Computational

Quantum chemical calculations were carried out with the aim of aiding the inter-

pretation of the experimental data. The geometry of C+
5 was first obtained using

the DFT based ωB97XD method and the 6-311+G(3df,3pd) basis set using Gaus-

sian09 [26]. ωB97XD is a range-separated hybrid DFT functional successfully applied

in the calculation of excitation energies of various organic molecules [27]. Due to the

highly multi-configurational character of the ground state wave function of C+
5 the

complete active space self-consistent field with second order perturbation theory cor-

rection (XMS-CASPT2/CASSCF) method and the cc-pVDZ basis set [28] were used

to refine the geometry [29, 30]. This method accounts for both dynamic and static

electronic correlation and offers systematically more accurate results.

The XMS-CASPT2/CASSCF optimisation was carried out using the Bagel pro-

gram [31, 32], starting from the structure obtained from the prior optimization with

the ωB97XD/6-311+G(3df,3pd) method. An active space consisting of 9 electrons cor-

related in 8 orbitals was selected for the optimisation. The molecular orbitals included

in the active space are presented in the Supplemental Material (Figure S1). This ac-

tive space proved to be very stable for all types of calculations that we performed,

and enabled successful geometry optimizations and comparison of the energies of the

symmetric and non-symmetric forms of C+
5 . The active space was also selected with

consideration of the rules proposed by Veryazov et al. [33], which suggest inclusion of

molecular orbitals having occupations between 0.02 and 1.98.

The geometry optimizations performed with the ωB97XD method and without any

symmetry restrictions returned a less symmetric C∞ geometry as opposed to the D∞h

structure returned by XMS-CASPT2 calculations. However, owing to the lack of an

analytical Hessian for the XMS-CASPT2 method, the ground state geometry of C+
5 at

the ωB97XD level of theory was reoptimized with imposed D∞h symmetry restrictions.

This allowed calculation of the harmonic vibrational frequencies of C+
5 in the ground

electronic state, which are presented in the Supplemental Material (Figure S2 and
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Table S1).

Vertical excitation energies and single point energies of the DFT and the XMS-

CASPT2/CASSCF structure were calculated at the NEVPT2/SA-CASSCF level. It

is also worth noting that analytical energy gradients have not been implemented for

the NEVPT2 method, so far, and that is why the ground-state geometry optimizations

were performed at the equivalent XMS-CASPT2 level. The NEVPT2 approach is simi-

lar in nature to the XMS-CASPT2 method and allowed use of the larger cc-pVTZ basis

set in the excited-state calculations, which was necessary to more accurately repro-

duce the excitation energy of the key optically bright excited state. The active space

used for vertical excitation energies included 9 electrons correlated in 8 orbitals and

the CASSCF calculation involved averaging over 9 electronic states (abbreviated as

SA-CASSCF). The orbitals were selected as described for the optimisation procedure

based on molecular orbital occupations. Due to the non-negligible effect of spin-orbit

coupling in the 2Π ground state of the C−5 anion [17], the Breit-Pauli spin-orbit cou-

pling operator was included in the calculations, together with the scalar relativistic

2nd order Douglas-Kroll-Hess Hamiltonian. For these calculations, the relativistically

contracted cc-pVTZ-DK basis set was used.

Geometry optimisations were attempted for the C+
5 −He complex, however, be-

cause of its very flat potential energy surface and limited numerical accuracy of the

optimization procedure, substantial convergence problems were encountered. No clear

minima were located at the XMS-CASPT2/CASSCF/cc-pVDZ level despite attempts

using numerous initial geometries. This is a direct consequence of the very low interac-

tion energies between the He atom and the C+
5 ion. Therefore, to evaluate the effect of

helium tagging in qualitative manner, rigid potential energy surface scans were carried

out at the NEVPT2/SA-CASSCF/aug-cc-pVTZ level of theory by changing the dis-

tance between the He atom the minimum-energy geometry of the C+
5 molecule. Three

different configurations of the tagged species were selected, for which the C+
5 ...He dis-

tance either along the molecular axis of C+
5 (one scan) or perpendicular to it (two

different scans) was changed. The different scans and their associated coordinates are

indicated in Figure 2 and S3 of the Supplemental Material. All the NEVPT2/SA-

CASSCF calculations were carried out using the ORCA 4.2.1 program package [34].
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3. Results and Discussion

3.1. Photodissociation of C+
5 − He

Weakly bound C+
5 − He complexes synthesised in the ion trap were spectroscopically

probed by one photon dissociation. The attenuation of C+
5 − He ions in the range

∼ 410− 520 nm (19230 − 24390 cm−1), reveals rich structure, as shown in Figure 3,

where an overview spectrum recorded using a 5 cm−1 bandwidth OPO is presented.

The separation of peaks suggests assignment can be made to vibrational activity in the

excited electronic state by comparison with the known vibrational frequencies of C5,

as listed in Table 8 of Ref. 35. The lowest energy absorption near 19470 cm−1 is not the

most intense, and the overall pattern in the region 19400− 20000 cm−1 is reminiscent

of an electronic transition involving a geometry change. The 2Πg ← X 2Σ+
u band

system is expected in this region [22], and assignment of the absorption observed at

around 513nm (∼ 2.42 eV) to the origin agrees with the theoretical prediction, as it

lies within the uncertainty of about ∼ 0.2 eV quoted for calculations at the same level

on C5 [12].

Experimental data recorded using a dye laser (∆ν̄ ∼ 0.07 cm−1) across the low

energy part of the spectrum is presented in Figure 4(a). The strongest absorption

lies 112 cm−1 to higher energy, and may thus be due to the excitation of the low

frequency cis bending mode ν7 in the excited electronic state (see Figure S2 for a

visualisation of the calculated C+
5 vibrations). The pattern of absorptions to higher

energy indicates a progression in this mode up to v′ = 4. The absorption 212 cm−1 to

the blue of the origin is consistent with the excitation of one quanta of ν5, while the

width of the broader feature near 19825 cm−1 suggests it may comprise two unresolved

absorptions. Based on the energy separation from the origin, these may be due to

the excitation of 3 quanta of ν7 and the fundamental of the ν5 + ν7 combination

band. The combs in Figure 4(a) indicate these tentative assignments, while Table 1

additionally provides the wavenumbers and widths of the absorptions, as determined

through Lorentzian fits to the experimental data. The other strong absorptions in the
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range 21300− 21500 cm−1, resembling the pattern in the region 19400− 20000 cm−1,

may be combination bands involving the above and the totally symmetric ν1 mode.

The 2Πg ← X 2Σ+
u electronic transition of C+

5 is dipole allowed and the symmetry of

the transition dipole moment must transform as Πu in D∞h. Thus vibronic transitions

should only be observable if Γ′vib ⊗ Γ′′vib contains Σ+
g . ν7 has πu symmetry and therefore

excitations from the vibrationless X 2Σ+
u ground state to the excited 2Πg electronic

state with odd quanta in ν7 are forbidden. The symmetry of these odd quanta vibronic

states is πu ⊗ Πg −→ Σ+
u ⊕ Σ−u ⊕ ∆u. The Σ+

u component of the electric dipole

operator could allow access to excited 2Σ+
u vibronic state(s). In this case, the transition

may “borrow” intensity from the nearby 2Σ+
g ← X 2Σ+

u transition (Herzberg-Teller

effect). This has also been attributed to the appearance of vibronic bands in the

electronic spectrum of l-C5H+ [36].

The observed electronic spectrum shows no rotational structure. A possible rea-

son is due to the short lifetime of the excited electronic state. Simulations of the

1Πu ← X 1Σ+
g electronic transition of C5 at 511 nm are reported in Refs. 8 & 10.

For this neutral system the rotational structure was also unresolved with each line

broadened by 1 cm−1, corresponding to an excited state lifetime of 5 ps. The observed

absorption bands, corresponding to the 2Πg ← X 2Σ+
u electronic transition of C+

5 ,

possess Lorentzian profiles with FWHM in the range 15 − 25 cm−1. This observation

indicates the spectrum is rather insensitive to changes to the rotational constant be-

tween the involved electronic states and suggests excited state lifetimes of 0.2−0.3 ps.

Note that for C+
5 ions stored in 4 K helium buffer gas, translational temperatures

(Ttrans) as high as 150 K would still lead to rotational temperature below 15 K. Simu-

lations using the rotational constants of C5 show only a small increase (∼ 1− 2 cm−1)

in the FWHM upon increasing the rotational temperature from 10 to 100 K in such

a lifetime broadened transition. Moreover, the expected Doppler width of rotational

lines at Ttrans = 150 K would be just 10−2 cm−1, making a negligible contribution to

the experimental width.
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3.2. Photodissociation of C+
5 − Hen

Under conditions of low temperature and high buffer gas number density, C+
5 ions

with multiple helium atoms attached are readily formed in the trap. This enabled

photofragmention spectra of C+
5 −He, C+

5 −He2, and C+
5 −He3 to be obtained by

monitoring the attenuation of ions with m/z = 64, 68, and 72. The data presented

in Figure 5, recorded in the range 19300− 20000 cm−1, show a clear blue-shift in the

wavelengths at band maxima, and a broadening, with increasing n. Concerning the

widths, the effect is most evident from inspection of the peaks near 19700 cm−1, which

are resolved for n = 1 but much less so for n = 3. A possible reason for this is due to

an isomeric effect, similar to the situation observed for the much larger structure C+
60.

The lowest energy absorption band, assigned to the band origin, shifts from

19471 cm−1 for n = 1 to 19481 cm−1 for n = 2, and 19490 cm−1 for n = 3. This

∼ 10 cm−1 displacement of the absorption per helium atom is linear, and considera-

tion of other bands in the spectra shown in Figure 5 leads to similar results. Note that

the magnitude of the shift is significantly larger than for the electronic transitions of

C+
60 in the near infrared region, where the helium perturbs the spectrum by a fraction

of a wavenumber [37–39].

The linear relationship between the absorption wavenumbers and n suggests the

data can be used to estimate the values at which the electronic transition of C+
5

(n = 0) occurs. In the Supplemental Material (Figure S4), a fit to the wavenumbers

of the origin bands in the n = 1 − 3 spectra presented in Figure 5 is shown. The

slope of the fit indicates a shift per helium atom of ∼ 10 cm−1. Assuming the linear

behaviour holds between n = 0 and n = 1, the intercept can be used to predict the

corresponding absorption band of C+
5 at 19463 cm−1. This prediction is quite accurate,

as described in the following Section. The extrapolated n = 0 wavenumbers are listed

in Table 2.

3.3. Fragmentation of C+
5

Further experiments were carried out to obtain the spectrum of bare C+
5 , free from
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perturbation by helium atom(s). A two-colour approach proved successful, with the

absorption bands detected by fragmentation of C+
5 into C+

3 + C2. In these experi-

ments, a dye laser was scanned across the region 19300 − 20000 cm−1, inducing the

2Πg ← X 2Σ+
u transition, while a second, fixed frequency laser operating at 398 nm,

was used to fragment the electronically excited molecules. The scheme is shown in

Figure 6. Electronic absorption by cold C+
5 ions was monitored through (1) the atten-

uation of ions with m/z = 60 and (2) the appearance of C+
3 ions at m/z = 36. Note

that in these 2-colour fragmentation experiments the temperature of the walls of the

ion trap, Tnom, was raised to 8 K to prevent complications due to the formation of he-

lium complexes. A typical mass-spectrum obtained following irradiation on resonance

is presented in the Supplemental Material (Figure S5), showing the appearance of C+
3

with m/z = 36.

The number of C+
3 ions produced as a function of probe pulse energy at 398 nm

is shown in Figure 7(a). A small, probe only, signal (NB) was subtracted to reveal

the dependence of the two-colour signal. As shown, the data is non-linear and is

reproduced with a second order function, suggesting a 2-photon process in the probe

step in these measurements. The absorption of one 510 nm and two 398 nm photons

increases the internal energy of (internally cold) C+
5 ions by ∼ 9 eV, well above the

predicted fragmentation threshold (see Figure 6). The energy of two 398 nm photons

lies near threshold and may account for the weak (few C+
3 ions / pulse) probe only

signal.

Spectroscopic data obtained by monitoring the attenuation of ions with m/z = 60

and the production of ions with m/z = 36 are shown in Figure 4(b). Both detection

schemes give similar results, however, as the latter method is (almost) background

free the signal to noise ratio (S/N) is higher. The origin band maxima determined

from Lorentzian fits are at 19462.2± 1.2 cm−1 and 19460.6± 0.9 cm−1 for m/z = 60

and m/z = 36, respectively. The spectroscopic characteristics are listed in Table 2 in

comparison with the extrapolated n = 0 values inferred from the C+
5 −Hen data. The

band maxima predicted for n = 0 are found to be in remarkable agreement with the

results obtained by fragmentation of C+
5 itself.

The dependence of the number of C+
3 ions on the delay between the dye laser and
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OPO is shown in Figure 7(b). The data are fit with an exponential decay, yielding a

time constant of around 60µs. Remarkably, given the sub-picosecond lifetime of the

excited electronic state, two-colour fragmentation can still be observed at a delay of

100µs. It therefore appears likely that following electronic excitation, intramolecular

dynamics leads to population becoming trapped in a long lived state such that the

probe, fragmentation, step, is still accessible after 100µs. It is interesting to compare

this result with the electronic transition of C5, [10] where it was suggested that ei-

ther a nearby triplet state acts as a “sink”, or that the system becomes trapped in

vibrationally excited levels in the ground electronic state. Whatever the explanation

in the case of the present work on C+
5 , the photoexcited population remains available

for fragmentation for even longer timescales.

4. Theoretical interpretation of the results

The results of geometry optimisations are presented in the Supplemental Mate-

rial (Figure S6). The DFT calculations agree well with previous calculations at

the B3LYP/cc-pVDZ level of theory [21]. The ωB97XD/6-311+G(3df,3pd) optimi-

sation resulted in a structure belonging to the C∞v point group, with the four C–C

bonds arranged in an alternating long-short manner. Previous optimisation at the

CCSD(T)/cc-pVTZ level of theory [22] show that this structure is not the lowest en-

ergy arrangement, and resulted in a more symmetric D∞h geometry. This has two short

terminal bonds and two longer inner C–C bonds. To further test the validity of the more

symmetric geometry predicted by the CCSD(T) approach, the multi-configurational

XMS-CASPT2/CASSCF method was used to optimise the ground state geometry.

The XMS-CASPT2 geometry optimization, initiated from that obtained at the

ωB97XD/6-311+G(3df,3pd) level, resulted in a nearly fully symmetric D∞h geom-

etry structure, as shown in Figure S6 in comparison with the bond lengths reported in

Ref 22. It is worth noting that no symmetry restrictions were involved in the geometry

optimizations, and thus, some numerical inaccuracy of the optimization procedure is

expected. The XMS-CASPT2 geometry is characterized by shorter terminal and longer

inner C-C bond lengths, which is consistent with the trends observed by Schnell et
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al., and indicates that DFT calculations artificially stabilize the less symmetric C∞v

structure.

Vertical excitation energies calculated using the NEVPT2/SA-CASSCF/cc-pVTZ

approach are presented in Table 3. The molecular orbital characters of specific ex-

cited electronic states are consistent with the previous calculations performed at the

MRDCI/cc-pVTZ level of theory [22]. Additionally, a splitting of the π orbitals was

observed, which can be seen in Figure 8. This leads to two bright states close in energy

with a separation of 0.18 eV. These 2Π ← X 2Σ transitions are expected at 2.35 eV

and 2.53 eV, and while they lie close in energy to the two sets of absorption bands

shown in Figure 3, they are believed to be caused by the slight deviation from the

D∞h geometry. A calculation of the vertical excitations based on the fully symmetric

structure obtained by Schnell et al. showed these states to be degenerate.

To provide a deeper theoretical understanding of the observed absorption spec-

trum, vertical excitation energies including spin-orbit coupling were calculated (see

Section 2.2 for details). Unlike the relatively large effect in the C−5 anion [17], spin-

orbit coupling has a negligible effect on the vertical excitation energies of all the

excited states calculated for C+
5 . Further calculations were carried out to investigate

the Renner-Teller effect on the doubly degenerate 2Π state of linear C+
5 . In particular,

splitting of the 2Π state is observed along the bending coordinate of the two terminal

C-C-C angles, consistent with nuclear motion in the ν7 mode that breaks the linearity

of C+
5 . The 2Π state splits into 2A2 and 2B2 components (C2v symmetry), and a sys-

tematic increase in the energy difference (∆E) between these two along this reaction

coordinate is observed, reaching ∆E of 0.15 eV at 30◦. Therefore, the appearance of

the two groups of peaks near 19500 and 21500 cm−1 (see Figure 3) may be due to this

effect. The results of these calculations can be viewed in the Supplemental Material

(Figure S7).

To evaluate the effect of helium tagging on the vertical excitation energy of C+
5 ,

rigid potential energy (PE) scans were calculated by varying the distance between the

He atom and the C+
5 molecules, starting from three different initial arrangements of

the C+
5 ...He complex (see Figure 2 and S3 of Supplemental Material). For these scans,

distances in the range of 2.5 to 3.8 Å between the He atom and the nearest C atom

12



to it were considered. These scans demonstrate a very flat potential energy surface

resulting from a weak interaction between the two subunits. As shown in Figure S3,

the location of the minimum also varies between the different positions. The PE scan

with the position of the He atom nearest to the central C atom (direction perpendicular

to the C+
5 molecular axis), exhibits a shallow minimum at approximately 3.1 Å, which

is also the shortest minimum-energy distance of the three different scans considered

here. This also suggests that the strongest helium-ion interaction is close to the center

of the ion.

The vertical excitation energies in the three directions are presented as a function

of distance in Figure 2 in comparison to the isolated C+
5 ion. The strongest effect

of He tagging can be observed for the linear complex, for which a clear batochromic

shift is seen, becoming more pronounced for short C+
5 ...He distances. In contrast,

for the two non-linear complexes, a very mild effect of He tagging on the excitation

energy of the bright state is observed. In particular, when the He atom is located near

the center of one of the terminal C–C bonds, the vertical excitation energy of this

state remains nearly unaffected for all the considered distances. When the He atom

is placed in near proximity to the central C atom, a very mild hypsochromic shift is

seen, which is slightly larger in magnitude at short C+
5 ...He distances. The latter is

consistent with the experimental observation of a mild blue-shift of 10 cm−1 associated

with He tagging. It also indicates that the complexes formed in the experiment are

likely to be non-linear, with the He atoms residing somewhere near the center of the

molecule. It is worth emphasising that although the calculated energy differences are

below the accuracy of the NEVPT2 method, these rigid scans demonstrate qualitative

trends and allow evaluation of the direction of the energy shift and the magnitude of

the effect, which depend on the location of the He atom. Furthermore, the NEVPT2

results clearly demonstrate that each He atom should have a very subtle effect on the

vertical excitation energy of this transition.
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5. Conclusions

By combining laser vaporisation synthesis with spectroscopic characterisation in a

cryogenic trap, the 2Πg ← X 2Σ+
u electronic spectrum of the carbon chain C+

5 has

been observed. The experimental data are consistent with theoretical results which

indicate a linear, symmetric, D∞h structure in the ground electronic state. The pattern

of vibronic bands in the observed spectrum is indicative of a geometry change in the

excited electronic state. The computational results on the C+
5 − He complex provide

an indication of the structure produced in the laboratory. Although the experimental

data do not allow C+
5 −Hen structural information to be obtained directly, calculations

show that a mild hyspochromic shift of the 2Πg ← X 2Σ+
u transition is predicted only

for complexes in which the He atom is located near the central C atom of C+
5 .

The spectra of C+
n possessing strong electronic transitions in the visible are sought

after in relation to the long standing enigma of the diffuse interstellar bands. These

results add to the very limited experimental data set available on the gas phase elec-

tronic transitions of bare carbon cations at temperatures relevant to the interstellar

medium [25, 40–42]. Moreover, the experimental approaches adopted here pave the

way toward obtaining the spectra of larger C+
n structures, including chains, rings, and

fullerenes, that may be photostable in interstellar regions exposed to a harsh stellar

radiation field where the presence of abundant C+
60 has recently been confirmed.
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Table 1. Observed absorption bands in the 2Πg ← X 2Σ+
u electronic spectrum of C+

5 −He.

ν̃ / cm−1 FWHM / cm−1 ∆ν̃ / cm−1 Assignment

19471.3 ± 0.9 20.6 ± 2.7 0 00
0

19587.1 ± 0.4 33.5 ± 1.4 115.8 ν7 / 71
0

19683.1 ± 0.7 34.3 ± 2.5 211.8 ν5 / 51
0

19718.5 ± 1.0 23.2 ± 3.4 247.2 2ν7 / 72
0

19812.9 ± 5.2 36.2 ± 9.7 341.6 ν5 + ν7 / 51
0 71

0

19833.9 ± 5.3 36.9 ± 9.5 362.6 3ν7 / 73
0

19952.1 ± 0.9 33.5 ± 2.6 480.8 4ν7 / 74
0
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Table 3. Vertical excitation energies of isolated C+
5 calculated using NEVPT2/SA-CASSCF/cc-pVTZ, based

on the minimum-energy geometries optimized with the XMS-CASPT2/CASSCF/cc-pVDZ method.

State1 Configuration Eexc /eV fosc ν̃/cm−1

X 2Σ+
u 3σ∗ 1 - - -

2Σ+
g 3σ1 3σ∗ 2 0.03 8.01× 10−4 254.7

2Πg 3σ2 3σ∗ 2 1π∗x
1 0.67 3.84× 10−4 5369.2

2Πg 3σ2 3σ∗ 2 1π∗y
1 0.78 7.27× 10−4 6312.0

2Πu 3σ2 3σ∗ 0 2π1
x 1.38 2.94× 10−4 11162.8

2Πu 3σ2 3σ∗ 0 2π1
y 1.66 5.33× 10−4 13362.0

2Πg 3σ1 3σ∗ 1 2π1
x 2.35 5.90× 10−3 18932.7

2Πg 3σ1 3σ∗ 1 2π1
y 2.53 9.94× 10−3 20375.5

2Πu 1π2
x 1π1

y 3σ2 3σ∗ 2 3.10 5.14× 10−5 25011.3

1 Nomenclature is for D∞h symmetry (see the text for a discussion)
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a)

b)

Figure 1. (a) Mass spectrum demonstrating formation of C+
n (n = 4− 10) in the laser vaporisation source.

(b) Mass spectrum of trap contents following storage of C+
5 ions in cold (Tnom = 3.7 K) and dense (1015 cm−3)

helium buffer gas. The data indicate the formation of C+
5 −Hen with n = 1− 3.
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Figure 3. Overview spectrum showing 2Πg ← X 2Σ+
u electronic transition of C+

5 −He observed by one-colour

fragmentation with an OPO.
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a)

b)

Figure 4. (a) Lowest energy portion of 2Πg ← X 2Σ+
u transition of C+

5 −He recorded using a dye laser. The

combs were created with ν7 = 118 cm−1 and ν5 = 216 cm−1. The broader width of the peak near 19800 cm−1

may indicate more than one unresolved absorption. (b) 2Πg ← X 2Σ+
u electronic transition of C+

5 observed
by monitoring the production of C+

3 ions (black) or depletion of C+
5 ions (blue). Experimental data (circles)

have been fit with Lorentzian profiles, the cumulative results are the solid lines.
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Figure 5. 2Πg ← X 2Σ+
u electronic transition of C+

5 −Hen (n = 1−3) observed by one-colour fragmentation.

The experimental data (circles) have been fit with Lorentzian profiles, the cumulative results are the solid lines.
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Figure 6. C+
5 fragmentation scheme. The red arrow (2.4 eV) indicates one photon electronic excitation (pump,

dye laser) and the blue arrow (3.1 eV) represents the probe (OPO).
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a)

b)

Figure 7. (a) Number of C+
3 ions produced via two colour fragmentation of C+

5 as a function of the OPO

(probe) pulse energy. Experimental data (squares) have been fit with a second order polynomial (solid line). (b)

Number of C+
3 ions as a function of the delay between the pump (dye laser) and probe (OPO). An exponential

fit (solid line) to typical experimental data (squares) indicates a time constant of around 60µs.
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Figure 8. Molecular orbitals obtained at the CASSCF level of theory. See the text for a discussion of the

lack of degeneracy of equivalent π and π∗ molecular orbitals.
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