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Introduction

Astronomical spectra have been recorded along many lines-
of-sight and towards different binary star systems in the
400-900 nm region.!"?! The stationary absorption features are
due to neutral and ionic molecules in interstellar clouds that have
electronic transitions in the visible. These are referred to as the
diffuse interstellar bands (DIBs) and they resemble unresolved
rotational profiles of gaseous polyatomics. Observations of
DIBs in the spectra of different stars reveal similar wavelengths;
however, the intensities vary because of concentration and
stellar luminosity.”!

Carbon-containing species such as polycyclic aromatic
hydrocarbons (PAHs) have been proposed as possible candidate
molecules responsible for the DIBs.>*! PAHs or related struc-
tures may even comprise up to 20 % of the interstellar carbon
budget[5 Tand it is supposed that the unidentified infrared bands
are due to vibrational emission of aromatic species.[! Despite
this, no individual PAH has been identified in the interstellar
medium (ISM). PAHs composed of more than around 50 carbon
atoms are photostable and are less likely to fragment upon
UV irradiation.!”? This could be one of the reasons why smaller
PAHs have not been detected as only their photodissociation
products may be present in the diffuse ISM. However, cold
gas phase data have now been recorded in the laboratory for
PAHs as large as hexabenzocoronene,'®! C4,H; s, and its cation
(HBC™).”) No DIBs have been observed at the wavelengths
of the strongest absorptions in the electronic spectra of these
and led to upper limits of 10'* cm 2 on their column densities.
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On the other hand, the infrared signatures of the fullerenes
Cso and C5( were identified in the emission spectrum of a young
planetary nebula.l'” Those of Cqy were also observed in a
reflection nebula,!''! and since then from a variety of stellar
environments; see, for example, Roberts et al.l'?Mand references
therein. A recent success has been the attribution of several
DIBs to Cgo " between 930-970 nm.['*~'%! Due to the number of
carbon atoms in Cgo " there is a high probability for '>C to be
present in the structure. In general, both rotational temperature
and isotopologues will influence the full-width at half-
maximum (fwhm) and central wavelength of DIBs.['”'8] In
the case of Cqo ', it was determined that most of the spectro-
scopic broadening at the low temperature of the laboratory
measurement is due to the excited-state lifetime.!'*! However,
clear shifts in the wavelengths of absorption bands involving
transitions to vibrational levels with one quanta in the excited
electronic state were observed experimentally for '*C!'?Cso™
and 13C,12Csg " 119

The possibility that the appearance of observed DIB profiles
is due to isotopes has been considered previously. For example,
the substructure in the 6614 DIB led to the hypothesis that it
could be due to a '*C effect.!"® This particular interstellar
absorption band was found to consist of peaks separated in
energy by around 0.7cm™'. Under the assumption that it is
caused by a molecule containing between 30 and 100 carbon
atoms, such a profile could be explained by a vibrational isotope
effect in the excited electronic state, as shown in the modelling
by Webster.!'® In addition, subsequent work on the narrow!>"!
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6196 DIB led to the discussion that its broadening could
arise because of a zero-point isotope effect.?'! Although
high-resolution observational work has pointed to an alternative
explanation for the structure in the 6614 interstellar absorp-
tion,'*?! the influence of isotopes on the electronic spectra of
DIB candidates is now important, particularly in view of the
assignment of near infrared bands to Cg .

If medium-sized or larger PAHs are present in the ISM,
isotopically substituted derivatives must play a role in their
astronomical spectroscopy. In this contribution the electronic
spectrum of protonated coronene (H*Cor) in the gas phase was
recorded in a cryogenic radio-frequency (rf) quadrupole trap by
means of a photofragmentation technique. Using the terrestrial
abundance of carbon-13 in protonated coronene, the electronic
spectrum of mass-selected isotopologues was obtained.

Experimental

The setup has been described by Hardy et al.”>*! Cations are cre-
ated in a chemical ionisation source containing coronene heated
to ~150°C. Ions are accumulated in a hexapole, where collisions
with residual gas from the source narrow the kinetic energy
distribution. The exit potential is lowered, and cations are released
into a quadrupole mass selector, discriminating the desired mass-
to-charge ratio. The ion beam is deflected 90°, injected into an
rf-only octupole, and transported to a cryogenic ion trap, confining
positive species in the radial and axial direction.

A 36 mm long 22-pole trap®*! mounted on the second stage of
a closed-cycle helium cryostat at 4K is filled with 10° ions per
cycle. Within the ion trap, the temperature can be controlled from
4 to 300K, influencing the population of rotational and vibra-
tional states. A piezo-valve introduces helium buffer gas at the
beginning of the trapping cycle, and after a few milliseconds, a
density of 5 x 10'° cm ™ is achieved. Positive species exit the trap
and are collimated by electrostatic electrodes, deflected by 90°,
and transported into a quadrupole mass spectrometer. The latter
selects m/z for H/D-loss, and an increase in the number of ions on
the associated m/z is monitored as a function of laser wavelength
(bandwidth of 0.01 nm) to obtain an electronic spectrum.

Results and Discussion
Temperature Effect

Experimental conditions similar to those in the ISM are appro-
priate when comparing laboratory and astronomical data in the
visible region. This requires rotational temperatures of 10-80 K
for non-polar molecules. Normally, it is advantageous to obtain
spectra around 10 K such that congestion is avoided, i.e. only the
vibrational ground state and the lowest rotational levels are
populated. At higher temperatures more states are occupied and
hot bands become apparent. In Fig. 1, the temperature of the trap
(Thom) Was varied from 5 to 120K to show the effect on the
(1)'A’ « XA’ transition of H Cor. At Tom = 5 K, there are no
absorptions to the red of the origin band at 694.93 nm due to hot
bands. Already at T,,,m, =20 K, new features are observed in the
electronic spectrum; the maximum wavelength of the origin
does not change but a weak hot band at 695.78 nm is apparent.
As Tyom increases the origin maximum red-shifts to 695.03 nm
at 120 K. The vibrational progression at higher 7,,,,, smears such
that an assignment of the transitions is difficult.

It appears that the widths of the bands (fwhm) monotonically
increase with 7Ty, reflecting the enhancement of vibrational
motion. The fwhm of the origin band of the (1) A« XA
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Fig. 1. The (1) 'A’ « X 'A’ electronic transition of protonated coronene
recorded at indicated trap temperatures.

transition changes from 0.1 nm for 7,,,,, =5K to >2nm at
120K (Fig. 1).

13C Substitution

The natural abundance of '>C is 1.109 % on Earth but does vary
between galactic environments. This should be taken into con-
sideration for carboneous species of the size of protonated
coronene when comparing laboratory and astronomical spectra.
For example, Bc 2c,, Hps" (x=1, 2, and 3) is present in
26.2,3.3, and 0.3 % abundance relative to x = 0, respectively. In
the context of potential detection in astrophysical environments
it should be emphasised that random '*C inclusion would result
in a statistical ensemble of isotopomers.

In Fig. 2, the (1) 'A’ « X 'A’ transition of H"Cor with
increasing 13C content is presented. The bottom trace is Co4H 3+
and the top one BC312C,Hys ™. At first glance, no significant
changes can be attributed to the addition of '*C. This is probably
because of the retention of C; symmetry upon incorporation of
one or more '>C. On closer inspection of the origin band (Fig. 3),
a slight change in the band contour with one to three '*C atoms
present is apparent. The maximum of the origin shifts to shorter
wavelengths by 0.03 nm per '*C.

Spectra of 12C60+, Bct2e,,*, and 13C2]2C58Jr were recently
obtained by helium tagging for the lowest energy electronic
transition."”! Unlike the case of H Cor, >C substitution was
found to have negligible effect on the origin band at 957.7 nm,
with absorption maxima for ?Cg " and *C'?Cso" found to lie
within the uncertainties of the two measurements. This was taken
to indicate that substitution of one of sixty '*C atoms by a *C
results in only small differences in the zero-point energies.
However, observable changes to the wavelengths of the absorp-
tion bands were found for transitions involving excitation of a
vibrational mode in the upper electronic state. Measurement of
the 936.5 nm band, which involves a 236 cm ™! vibrational mode
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Fig. 2. The (1) 'A’ « X 'A’ electronic transition of protonated coronene
at ~10K measured with a different number of '*C atoms. The natural
abundance of '>C was used and the first quadrupole was set to select the
specific m/z. The spectra are compared for 13C)(12C24,XH] ST withx=0, 1,2,
and 3 from bottom to top.
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Fig. 3. The origin band of the (1) 'A’ « X 'A’ electronic transition of
protonated coronene at ~10K recorded in a 22-pole ion trap. The origin
band absorptions are compared for 13¢.12C,hy Hy3 withx=0, 1,2, and 3
from bottom to top.

in the excited state, with two '*C atoms gives rise to a red-shift of
0.03 nm relative to 2Cgo". These results, due to the vibrational
isotope effect, were interpreted using a perturbation theory treat-
ment that was previously applied to describe the Raman spectrum
of Cgo.*! These observations led to the conclusion that the
isotopic effect will play only a minor role in the Cgy" absorptions
identified as DIBs, but larger wavelength shifts are expected for
transitions involving higher energy vibrational modes.

Deuteration versus Protonation

The cosmic D/H ratio is 2.5 x 107>, which is too low to have a
significant effect on the electronic spectroscopy for possible
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Fig.4. The(1)'A’ « X'A’ electronic transition of protonated coronene at
~10 K measured in a 22-pole ion trap. The bottom trace is C,4H,3" and the
top is C4H oD ™.

species in the ISM.*®! However, interstellar molecules, e.g.
PAHs, can become D-enriched by gas-phase ion—-molecule
reactions at low temperatures,[27’28] gas—grain interactions, "
unimolecular photodissociation,'®*?) and UV photolysis in
D-enriched ice grains.**! Each of these processes is expected to
leave a distinct signature in the distribution of D enrichment in
the PAH population. Fractionation is more likely to occur in the
ISM than in the solar nebula because this effect falls off rapidly
with increasing temperature.

D"Cor was generated in a chemical ionisation source
using the reaction: C7Dg" + Cy4Hi, — CoyH D' + C;Dg. All
peripheral carbons are equivalent and D-attachment to the inner
ring was not considered. The molecular symmetry of D Cor is
C,, whereas that of H"Cor is C,. In Fig. 4, the (1) 'A « X 'A
transition of D¥Cor is presented. Two major effects are
observed: a red-shift of the origin band in the electronic
spectrum by 0.8 nm and an increase in the number of vibrations
in the excited state. The measured red-shift, due to differences in
zero-point energies of Co4H ;D" and Co4H 37, is similar to the
14.6 cm™! energy difference found for CoHgD™ relative to
CioHy".* The appearance of further bands in the spectrum
of C,4H ;D™ is reminiscent of recent work on the C;4H;,D and
C14Hy; systems, where quantum-induced symmetry-breaking is
reported in the deuterated analogue and additional features
ascribed to excitation of out-of-plane modes.™*!

Conclusions

The electronic spectrum of the protonated coronene cation was
measured in an ion trap at a range of temperatures between 5 and
120 K. The effect of increasing temperature on the shape and
widths of the vibronically resolved absorptions is discussed
and at temperatures above 20 K hot bands are observed. Such a
range is relevant to the internal temperature of non-polar
molecules in the ISM which can take values from 30-80 K.*!

By exploiting the terrestrial abundance of carbon-13, the
electronic spectrum of HCor with 1-3 '3C atoms were investi-
gated, leading to small shifts in the wavelength of the origin
band of the (1) 'A’ « X 'A’ transition. If large neutral and/or
ionic PAHs are present in the ISM, these results indicate that
carbon isotope effects should be considered in the comparison
between laboratory and astronomical observations. Monodeu-
teration of planar PAHs leads to spectroscopic complexity
because of the breaking of the C, symmetry, as demonstrated
here in the case of D*Cor. The probability to form peri-
deuterated species in the ISM is less likely given the D/H ratio;
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however, chemical processes in ices or on grains cannot be
3
disregarded.P”!
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