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The origin bands of the A2Π-X 2Π electronic transition for three new linear polyacetylene cation chains,
HC12H+, HC14H+, and HC16H+, have been recorded in the gas phase at∼30 K, located at 924.7, 1034.6, and
1144.0 nm. The absorption spectra were observed using a two-color two-photon ion-photodissociation
experiment that utilizes the cooling capabilities of a 22-pole ion trap. Such spectra allow a direct comparison
between laboratory and astrophysical data; however, no matches were found between the experimentally
determined origin bands and the known diffuse interstellar bands.

Introduction

A number of polyacetylene cation chains have been studied
in neon matrices1,2 and in the gas phase.3-8 Interest in these
species stems from the observation of hydrocarbons in combus-
tion and interstellar environments.9-12 In terms of astrophysical
relevance, large carbon chains are often speculated as being
possible carriers of the unidentified absorptions in diffuse
interstellar clouds. In this vein, spectroscopic studies in the
laboratory are essential for astronomical assignments and help
in the detection of new species in the interstellar medium.
Approximately 100 of the more than 130 molecules that have
been detected in the interstellar medium or circumstellar shells
contain carbon. Because microwave spectra of the linear
polyacetylene cations are not available due to their centrosym-
metric nature, electronic spectroscopy offers a means of
identification in the diffuse clouds.

It is crucial for a molecule to have a strong electronic
transition moment to assist astrophysical detection. One way
to search for strong optical transitions is to examine longer
hydrocarbon chains for which the oscillator strength scales with
size.13 Carbon atoms have an ability to easily create covalent
bonds with themselves and form larger systems, both ringed
and linear. Although smaller acetylene chains are apt to self-
reaction,14 larger ones are predicted to be important intermedi-
ates toward the formation of soot and, thus, may display higher
stability.15,16

It has been suggested that the degree of ionization in
interstellar clouds could be quite large.17 The ionization
potentials of the polyacetylene hydrocarbon chains have been
measured up to HC8H, and the trend shows that diacetylene’s
value is 10.2 eV but that of all larger carbon chains is less than
9 eV.18,19Thus there may be a large abundance of such ionized
species located in the diffuse clouds.

Electronic absorption spectra obtained in 6 K neon matrices
already exist for the large acetylene cation series;2 however,
gas-phase values are needed for direct comparison with astro-
physical observations. In this paper results utilizing a technique
that has been recently developed in Basel for measuring the
gas-phase spectrum of collisionally cooled ions using a 2-color
2-photon approach are presented.20 Ions are typically cooled

to vibrational and rotational temperatures on the order of
30-80 K, mimicking conditions that are relevant in diffuse
interstellar clouds. Such low temperatures also eliminate the
presence of vibrational hot bands, rendering assignments of the
origin band straightforward.

Although the neutral polyacetylene chains have been well
documented and studied up to HC28H in the gas phase,14,21 the
cations have only been studied up to HC10H+, with origin bands
for HCnH+ (n ) 4, 6, 8) having been rotationally resolved.3-8

Those forn ) 10 and greater will have rotational constants on
the order of 0.01 cm-1 or less,8 thus creating difficulties in trying
to elucidate the spectroscopic structure of these larger chains.

Previous observations of the absorption spectra of the
A 2Π-X 2Π transition for HC12H+, HC14H+, and HC16H+ in
6 K neon matrices locate the origin bands at 934.1, 1047.1,
and 1159.8 nm, respectively.2 Typically, the gas-phase transi-
tions for smaller polyacetylene cations are blue-shifted by 100-
130 cm-1 with respect to the neon matrix values.8 Taking into
account such shifts places these transitions at 923.1-925.7,
1033.3-1036.5, and 1142.9-1146.8 nm in the gas phase. As
the number of carbon atoms increases, the strong A2Π-X 2Π
electronic transition of the polyacetylene cations shifts linearly
(in nm) to the red.

Experimental Method

The apparatus has been described.22 Ions are created using
electron impact (12-30 eV, depending on the size of the carbon
chain). A flow of diacetylene gas vapor is used as a precursor
for the polyacetylene cations.

The newly created ions are mass selected by a quadrupole
mass filter and are injected into a 3.6 cm long 22-pole ion trap,
based on the design of Gerlich.23 The quadrupole resolution was
set to(0.5 amu to prevent transmission of C2nH+ or C2nH3

+

species. The trap is loaded with approximately 30 000 ions in
20 ms (number of ions varied with the size of the carbon chain).
In the trap ions undergo collisions with cryogenically cooled
He buffer gas for 60 ms, thermalizing the trapped ions both
rotationally and vibrationally.

Once sufficiently cooled, the ions are probed using a 2-photon
2-color pump-probe approach, with the excitation light being
provided from both a tunable Nd:YAG pumped OPO laser
(0.3 cm-1) and the fixed double output from a broadband OPO
system (6 cm-1). Tunable radiation was used to promote an
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electronic excitation. A subsequent UV photon was then used
to initiate fragmentation of the excited ions. For optimum signals
the two laser beams must be overlapped in both time and space.
Time overlap was monitored using two identical photodiodes;
jitter was less then 10 ns. The experiment is run in pulsed mode
at 10 Hz repetition.

After resonance excitation the newly dissociated products are
released from the ion trap by lowering the exit potential. A
second quadrupole filters the fragment ions, allowing only the
product ions to be detected by a Daly detector. The spectra were
obtained by monitoring the number of fragment ions as a
function of photon energy. To obtain maximum signal, the
resolution of the second quadrupole was decreased to allow all
fragment ions (loss of C3, C3H, and C3H2) to be collected at
once. The excitation laser alone produces no background.
Running the UV fragmentation laser, however, does produce a
background signal of a few counts. Signals are typically over
an order of magnitude larger in intensity when at resonance
using both lasers.

Results and Discussion

The origin bands observed for the A2Π-X 2Π electronic
transitions of HC4H+ through HC16H+ are shown in Figure 1
and are summarized in Table 1. The origin bands dominate the
A 2Π-X 2Π system, and thus only these were searched for
due to their astrophysical relevance. Other higher lying excited
electronic states, as predicted by theory,24 were not investigated
here.

The observed bands are not rotationally resolved because the
rotational constants vary from 0.15 cm-1 for HC4H+ to less
than 0.01 cm-1 for species larger than HC10H+. The best laser
resolution obtained was 0.3 cm-1. In addition, lifetime broaden-
ing might occur as a result of intramolecular processes. A shift
in the origin band to the red is observed as the number of carbon
atoms in the chain increases (Figure 2). Simulating the rotational
profile of HC6H+ using spectroscopic constants taken from the
literature8 and a line width of 0.3 cm-1 demonstrated that
temperatures as low as 30 K were obtained (Figure 3).25 Also
of note is that photostability and oscillator strengths have been
reported to increase with the number of carbon atoms as well.8

Two spin orbit origin bands,2Π3/2-2Π3/2 and 2Π1/2-2Π1/2,
are expected for a A2Π-X 2Π transition. Their intensity ratio
is determined by the temperature and the spin-orbit splitting
in the ground state (A′′ ∼ -33 cm-1).24 The separation between
the two bands is the difference in spin orbit constants in the
excited and ground states (∆A ) A′ - A′′ ∼ -3 cm-1), as
observed for HC4H+ and HC6H+ in previous studies.4 At 30 K
the expected relative intensity of theΩ ) 1/2 band will be 10-
20% of Ω ) 3/2 (20% Boltzmann determined and often the
Ω ) 1/2 components are less intense than theΩ ) 3/2). Thus
the Ω ) 1/2 band is hidden under the unresolved P branch of
the more intense A2Π3/2-X 2Π3/2 band in Figure 3 but is
partially responsible for the substructure observed near 16 652
cm-1, which lies∼3 cm-1 to the red of theΩ ) 3/2 component.

Previous studies have shown that for HC4H+ approximately
80% of the ions in theV′ ) 0 level of the A2Πu state fluoresce,

Figure 1. Gas-phase origin bands observed for the A2Π-X 2Π transition of the HC2nH+ species.

TABLE 1: Observed Band Maxima (nm) for the
A 2Π-X 2Π Polyacetylene Cation Series in the Gas Phase,
the Estimated Oscillator Strengthsf0-0, and Inferred Upper
Limits for the Column Densities Nmax in Diffuse Clouds

species transition λmax f0-0 Nmax/1012 cm-2

HC4H+ A 2∏u-X 2Πg 506.8 0.04a 1
HC6H+ A 2Πg-X 2Πu 600.2 0.06b 0.5
HC8H+ A 2Πu-X 2Πg 706.8 0.08c 0.3
HC10H+ A 2Πg-X 2Πu 815.4 0.10c 0.2
HC12H+ A 2Πu-X 2Πg 924.7 0.12c 0.1
HC14H+ A 2Πg-X 2Πu 1034.6 0.14c

HC16H+ A 2Πu-X 2Πg 1144.0 0.16c

a Reference 32.b Reference 19.c Estimated from trend (see text).

Figure 2. Linear relationship between the number of carbon atoms
and the location of the origin band (A2Π-X 2Π) in the gas phase.

Figure 3. Simulation of the rotational profile for the A2Πg-X 2Πu

transition of HC6H+ demonstrating that temperatures of 30 K were
obtained in the ion trap. Spectroscopic constants were taken from the
literature,8 and a line width of 0.3 cm-1 was used.
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with minor channels losing energy through nonradiative pro-
cesses.19 The cited experiment measured fluorescent lifetimes
of 71, 17, and<6 ns for the chain species HC4H+, HC6H+,
and HC8H+, respectively. The quantum yield was also found
to decrease as the chain size lengthened, indicating that the
nonradiative channel of relaxation becomes more important as
the size of the radical increases. These increasingly short
lifetimes result in the broadened line widths observed as the
chain length increases, as shown in Figure 1. This effect thus
appears to outweigh any peak narrowing due to the decreased
rotational profile contours of the longer chains.

The population of the excited species was probed by delaying
the length of time between the excitation and fragmentation
laser pulses. In the case of HC4H+ the A 2Π state has a lifetime
of 71 ns.19 Thus the measured decay curve (upper trace of
Figure 4) with a comparable time-constant shows that it is the
A 2Π excited-state which absorbs the UV photon leading to
fragmentation. On the other hand, the A2Π excited-state lifetime
is 17 ns for HC6H+, and even less for longer chains. However,
the bottom curve in Figure 4 has a time constant∼25 µs, thus
demonstrating that an internal conversion from the A2Π excited
state is the dominant process for chains HC6H+ and larger. The
long decay curves observed in the trap may thus be attributed
to a population of molecules either in the ground state’s highly
excited vibrational levels or in a close lying quartet state. For
the polyacetylene cations the spin forbidden quartet states,4Πu

and 4Πg, lie higher in energy in the linear geometry than the
A 2Π states that are accessed in this experiment, although
calculations show that the quartet states drop closer toward the
vicinity of the doublet states as the molecules bend.24 Therefore
the quartet states could play a role in the dynamics observed.

These results are similar to the findings observed when
examining the B1A1-X 1A1 excited-state populations of the
protonated polyacetylenes, HCnH2

+ of C2V symmetry, in the
same ion trap.20 For the HCnH2

+, n ) 6, 8, species it was
concluded that an internal conversion process occurred on a
subnanosecond time scale; whether the excited ions crossed into
a lower lying triplet state or into the ground state’s highly excited
vibrational manifold could not be determined. TD-DFT
calculations indicated that more than a few triplet states were
accessible through an intersystem crossing from the B1A1

singlet state that was being probed.

In both cases the excited radicals lose their internal energy
through collisions with the cooled helium buffer gas, resulting
in a vibrational to translational energy transfer which gradually
cools the ions. Given the background pressure of the buffer gas
(approximately 4× 10-4 mbar) and the size of the cold ion
trap, an estimated 1 collision per microsecond occurs between
the excited polyacetylene cation species and the helium gas.

Conclusions

The gas-phase A2Π-X 2Π origin bands of seven different
polyacetylene cation chains have been recorded, with HC12H+,
HC14H+, and HC16H+ presented for the first time. A two-color
two-photon pump-probe experiment was used to dissociate the
polyatomic species in a 22-pole ion trap, which led to efficient
cooling of the studied species through collisional relaxation with
cryogenically cooled helium. This allows comparison of labora-
tory collected spectra to astrophysical observations. In this series
the data for HC4H+ through HC8H+ were previously compared
to the diffuse interstellar bands (DIB) literature and revealed
no distinct matches.26 A consultation of similar references27-31

also yields no corresponding features for HC10H+. In the case
of HC12H+, HC14H+, and HC16H+ the comparison is difficult
due to the fact that there are few detectable DIBs reported
longward of 800 nm. A recent study compiled DIB data up to
963 nm;31 however no matches corresponding to the origin band
of HC12H+ were found.

An upper limit to the column density for this series can be
estimated fromNmax (cm - 2) ) 1.13× 1020Wmax/λ2f, wheref is
the oscillator strength of the electronic transition andWmax

represents the equivalent width. Experimental oscillator strengths
have been reported for HC4H+ and HC6H+ (Table 1).19,32

Extrapolating this trend for longer chains yieldsf0-0 ) 0.08,
f0-0 ) 0.10, and f0-0 ) 0.12 for HC8H+, HC10H+, and
HC12H+.26,33Using estimated equivalent widthsWmax ) 10 mÅ
as the sensitivity limit for DIB detection in the visible region
gives the upper limit column densities shown in Table 1.
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