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Electronic spectra are measured for mass-selected C3,, (n=6-14) clusters over the visi-
ble and near infrared spectral range through resonance enhanced photodissociation of
clusters tagged with Ny molecules in a cryogenic ion trap. The carbon cluster cations
are generated through laser ablation of a graphite disk, and can be selected according
to their collision cross section with He buffer gas and their mass prior to being trapped
and spectroscopically probed. The data suggest that the CJ,, (n=6-14) clusters have
monocyclic structures with bicyclic structures becoming more prevalent for CJ, and
larger clusters. The C3,, electronic spectra are dominated by an origin transition that
shifts linearly to longer wavelength with the number of carbon atoms, and associated
progressions involving excitation of ring deformation vibrational modes. Bands for
Cl,, Cfs, Cgo, C3y and CJ; are relatively broad, possibly due to rapid non-radiative
decay from the excited state, whereas bands for C7,, Cf, C3, and Cj; are narrower,

consistent with slower non-radiative deactivation.
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I. INTRODUCTION

Positively charged carbon clusters were first identified in mass spectrometric studies
around 80 years ago,! and since then have been subject to extensive experimental and
theoretical investigations concerned with their structures, reactivity and spectroscopic
properties.?? A significant outcome of these studies is a recognition of the structural diver-
sity of carbon cluster cations.* Gas-phase ion mobility measurements have demonstrated
that C; clusters formed through laser ablation of graphite exist as linear isomers for n=3-10,
monocycles for n>7, bicycles for n>21 and fullerenes for n>30.# The coexistence of linear
and ring structures for smaller C clusters (n<20) was originally deduced on the basis of
gas-phase reactivity studies from which it was concluded that linear clusters react rapidly
with Hy,® Dy,%7 05,5 CO, HCN, H,0,® and hydrocarbons,? whereas the cyclic clusters react
slowly, if at all, with these neutral species. Linear and cyclic isomers also decompose to
different sized photofragments when exposed to 266 and 355 nm light.!%!! The preference of
mid-sized C; (n=10-18) clusters for cyclic rather than linear structures is consistent with

electronic structure calculations.?

Spectroscopic studies of carbon cluster cations have mainly been restricted to species with

+ 13,14 15-17
_Cg ,

fewer than ten carbon atoms, including C¢ and the larger Cd; and C3, fullerenes.
Significantly, the electronic spectrum of Cg, exhibits features that match four diffuse in-
terstellar bands (DIBs).!5® Although mid-sized carbon cluster cations with 10-30 carbon
atoms have been characterized through their abundance, drift mobility, photodissociation
behaviour and reactivity, there have been few measurements of their infrared and electronic
transitions, which are crucial for identifying the presence of these species in remote envi-
ronments, including interstellar space. To address this paucity of spectroscopic data, we
have recorded electronic spectra of C3,, (n=6-14) clusters, embracing a size range where the
positively charged carbon clusters exist mainly as monocycles with the alternative bicyclic
structure becoming progressively more important for clusters larger than C3,.* The presence
of co-existing monocyclic, bicyclic and possibly linear structures for the C3,, (n=6-14) clus-
ters presents challenges for measuring and interpreting electronic and infrared spectra, and
ideally requires mass- and isomer-selective approaches to yield unambiguous spectra. To
address these challenges, we have adopted an approach whereby, following their formation,

the C ions pass through a drift tube ion mobility spectrometer and then a quadrupole mass
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filter, affording the capacity to separate and select the clusters on the basis of their collision
cross sections with He buffer gas and their m/z. The gas-phase spectra are obtained by
resonance enhanced photodissociation (REPD) of the target Cl clusters tagged with Ny
molecules in a cryogenically cooled quadrupole ion trap.

To our knowledge, the only previous spectroscopic study of mid-sized carbon cluster
cations was for C7;, Cf,, Cfs, Cis, Cfy and C3J; clusters that were generated by bombarding
Cgo with electrons, mass-selected and deposited in a Ne matrix where their electronic and
infrared absorption spectra were measured.!®?® The Ne matrix spectra also contained con-
tributions from neutral, anion and fragment carbon clusters, potentially complicating their
interpretation. Bands in the visible spectral region were assigned to linear carbon clusters as
accompanying time dependent density functional theory (TD-DFT) calculations predicted
that linear species absorb strongly in the visible spectral region, whereas cyclic isomers were
calculated to possess strong absorptions below 250 nm.2?

Experimental spectra of mid-sized carbon cluster cations with a controlled isomeric con-
stitution, as obtained in the current study, should eventually help in elucidating the isomeric
form of carbon clusters formed in different environments. For example, C, and Cj; clusters
produced through dissociative ionization of overcrowded perchlorohydrocarbons exhibit the
same reactivity and dissociation behaviour as clusters generated from the laser ablation of
graphite, evidence that they share a common cyclic structure.?! Also, it has been found that
larger PAH cations such as hexa-peri-hexabenzocoronene (C;2H{y) exposed to intense pulses
of visible light (A=532nm) lose peripheral H atoms to form cage structures and also smaller
C;" clusters with n=16-20.?? Furthermore, exposing the coronene radical cation (CqyHY,) to
UV radiation leads to complete dehydrogenation to form the Cj; cluster.? Comparison of
the electronic spectra of carbon clusters formed through decomposition of PAHs with elec-
tronic spectra reported in the current study may help decide whether they retain the skeletal
structure of the parent molecule, or isomerize to some other structure. These considerations
are relevant in the context of the proposed widespread existence of PAHs in interstellar
space where exposure to UV light may cause loss of H atoms and formation of bare carbon

clusters.??

The current spectroscopic study of the CJ (n=6-14) clusters complements extensive
spectroscopic investigations of related neutral and charged carbon clusters, which have been

motivated by their role in a range of environments, including in comets, carbon stars and



interstellar molecular clouds, and in flames and furnaces.?? For example, electronic spectra
have also been measured for smaller C§-Cy clusters deposited in a Ne matrix, with observed
transitions assigned to both linear and cyclic isomers,'®!* and for C¢-He, clusters in the gas
phase.?* Electronic spectra have been obtained for Cg, and C3, fullerenes in Ne matrices,?5?5
and through REPD of C{,-He, and Ci;-He, complexes in the gas-phase.!> " Gas-phase
electronic spectra of C2f-He,, complexes have been obtained by similar means.?” Electronic
spectra have been obtained for linear Cy, (n=3-7) and Cy,,; (n=2-10) clusters in a Ne

28-30

matrix, and for cyclic Cyy4, Cig and Cyy molecules in the gas phase using resonance

31,32 Infrared spectra have been obtained for linear

enhanced multiphoton photoionization.
C,, clusters up to n=13 in the gas phase®3? and in a Ne matrix.?* Ionization potentials for
neutral C,, (n=2-15) clusters have been measured using tunable VUV radiation.?> Negatively

36,37

charged carbon clusters have been investigated using photoelectron spectroscopy, matrix

2938 and resonance enhanced photodetachment spectroscopy.”

isolation spectroscopy,

Although carbon clusters have mainly been generated and characterized in the gas phase
or in Ne matrixes, drawn by their predicted unique electronic and optical properties, syn-
thetic chemists have sought to generate cyclocarbons in condensed phases.***! One recent
novel synthesis involved production of Cig on a cooled NaCl surface by elimination of CO
molecules from the CyOg cyclocarbon oxide molecule.*? High resolution atomic force mi-
croscopy showed that Cig formed in this way has a cyclic polyynic structure, as predicted
by electronic structure calculations.*® Ultimately, gas-phase electronic spectra of cyclocar-

bon cations reported in this paper should provide useful data for benchmarking theoretical

approaches, which, in turn, should help guide synthetic condensed-phase studies.

II. EXPERIMENTAL METHODS

Spectra of the C; clusters were obtained by REPD of cryogenically cooled C;-(Nj),,
complexes in a three-dimensional quadrupole ion trap (3D QIT). The C;} clusters were
generated by laser ablation of a rotating carbon disk using the focused, frequency-doubled
output of a pulsed Nd:YAG laser (A=532 nm, 12mJ/pulse, 20 Hz). The ablation source is
situated at the beginning of a drift tube ion mobility spectrometer with which, if required,
the clusters can be separated according to their drift time through He buffer gas (P~2 Torr)
using a pulsed Bradbury-Nielsen ion gate located at the end of the drift region. Following
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passage through the drift region, the charged clusters were collected by an RF ion funnel
and passed through a 1 mm orifice into an RF hexapole ion guide (pressure typically 5x107°
Torr), which was used to accumulate ions from 10 ablation laser pulses over 0.5s. After
their exit from the hexapole, the ions travelled through a quadrupole mass filter where
they were mass-selected. The ions then passed through an octupole ion guide and into
the QIT cooled to T~20K into which pulses of a He/Ny 100:1 gas mixture were injected
at 2 Hz. The CJ clusters were tagged with Ny molecules in the QIT before being ejected
(after 480 ms) into a linear time-of-flight (ToF) mass spectrometer (length 0.9 m). Alternate
packets of ions in the QIT were exposed to pulses of unfocused, wavelength-tunable light
from an optical parametric oscillator (OPO, EKSPLA NT 342B, <1mJ/cm?/pulse, 6ns
pulse width, bandwidtha~4 cm™!). The ions were typically exposed to a single pulse of light
from the tunable OPO around 400 ms after their introduction into the trap at the end of the
trapping cycle. The effect of the light was manifested in the difference between the light-on
and light-off ToF mass spectra; when the OPO was tuned to a resonance, the C}-(Ny),,
signal diminished and the C; photofragment signal grew. As an example, FIG. 1 displays
the difference ToF mass spectrum for Cj,-(Ny),, with the OPO tuned to 897 nm (the origin
band for C,-Ny). Normally, the light intensity was adjusted so that <10% of the N, tagged
ions were dissociated. Where possible we attempted to obtain spectra with a range of laser
powers to test whether power broadening was an issue.

Electronic spectra were obtained by plotting either the integrated C;-(N3),, photode-
pletion signal or the C photofragment signal as a function of wavelength with intensities
normalised by OPO power. Wavelength calibration was accomplished with a wavemeter
(High Finesse, LSA). It is relevant to note that exposure to light over the visible and near-

infrared range caused no appreciable photofragmentation of the core C;} clusters.

III. RESULTS AND DISCUSSION
A. Ton mobility data

The isomeric composition of carbon clusters produced by the laser ablation source was
assessed using the drift tube ion mobility spectrometer in which the ions were separated

according to their collision cross section with the He buffer gas; compact ions travel more
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FIG. 1. Light-off and light-on/off difference ToF mass spectra for C35-(Na),, (m=0-2) clusters with

the OPO tuned to 897 nm, the strongest absorption of C%-NQ in the visible/NIR.

quickly through the buffer gas and arrive at the detector earlier than extended ions. FIG. 2
shows a plot of ion current versus arrival time and m/z for C; clusters with n=10-60.
The data demonstrate that the n=10-28 clusters are predominantly monocycles, with larger
n=22-40 clusters existing as both monocycles and more compact bicycles, and with fullerenes
becoming increasingly apparent for n>32. Families of multiply charged fullerenes (C2*, C3*,
C3*) are also evident at shorter arrival times. Relative abundances of the different clusters
depend on ion source conditions, particularly the power of the ablation laser. Our ion
mobility measurements are consistent with C}” mobility data from von Helden et al.* For
example, drift times for the monocyclic, bicyclic and fullerene isomers of Cj; have ratios of
1.93:1.76:1, close to drift time ratios calculated using the measured mobilities reported in

ref. 4 (1.97:1.80:1).

For the spectroscopic investigations of the Cf, to Cj; clusters described below, the ap-
paratus was normally run without mobility selection of the target complex because the
monocyclic isomer is present in far greater abundance than the bicyclic isomer and the mul-
tiply charged fullerenes that share the same m/z. In support of this approach we conducted
tests for Cj;, and found that gating the slower Cjg ions, corresponding to the monocyclic
isomer, gave rise to sharp peaks over the 1000-1400 nm wavelength range, whereas the faster

(35 ions associated with the bicyclic isomer did not absorb appreciably in this region.
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FIG. 2. Ton intensity versus drift time and m/z for C; clusters with conditions optimised for
generation and detection of smaller clusters. Asterisked peaks with maxima at m/z 138 and 154

are tentatively assigned to impurity Ba™, BaO' and BaOH™ ions.

B. Electronic spectra

Electronic spectra of C3,, (n=6-14) carbon clusters tagged with Ny molecules measured
over the visible to NIR range are shown in FIG.3. Presumably, the observed transitions
are from the doublet ground state to the lowest lying doublet excited state of the clusters.
Wavenumbers for the peaks are listed in Tablel. Each of the Cj, (n=6-14) spectra is
dominated by an origin transition flanked by weaker peaks 300-600 cm™! to higher energy
that presumably correspond to vibronic progressions in ring deformation modes. The most
striking feature of the C spectra series is that the origin transition shifts linearly to longer
wavelength with n (see FIG.4). This, along with the ion mobility data shown in FIG.2
constitutes strong evidence that the C clusters responsible for the absorptions have a
common structural motif. A similar linear dependence of absorption wavelength on cluster
size has been observed for several different homologous linear carbon and species, including
Caon, C5,, Con,H™ 20 Cypy1,%® and HCy, HT.* Perhaps significantly, the wavelength for the
E «+ X origin transition of cyclic Cq, previously measured at 336.5nm in a Ne matrix, fits
with the trend for the n=12-28 series.!* We have unsuccessfully sought the transition for

C7y, which, by extrapolation, is predicted to occur in a wavelength region where the output
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FIG. 3. Electronic spectra for C;/-(N3), clusters obtained by monitoring C; photofragments
following laser excitation. The spectra, which are normalized with respect to OPO power, may
be slightly saturated such that the intensities of weaker peaks are exaggerated with respect to the

origin transition.

of the OPO is weak (~410nm).
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FIG. 4. Plot of the origin band wavelengths versus n for even C; clusters. The n=8 point at

336.5nm corresponds to the E — X origin transition of cyclic C§ in a Ne matrix (from ref. 14).



TABLE I: Wavenumbers (cm™!, vacuum) for transitions of C; clusters tagged with No molecules.
Positions are given for spectra obtained by monitoring formation of C; photofragments [result-
ing from photofragmentation of both C;'-Ny and C;-(Ng)s], and from photodepletion spectra of
Cg#NQ and C;l(Né)g. Uncertainties in positions depend on cluster size and are estimated as

+40em~(n=12), £5cm~! (n=14, 18, 22, 26), +20cm~! (n=16, 20, 24, 28).

mass channel monitored

Cy Cr-No Ci-(N2)2
photofrag. depletion depletion
n assignment U  Av v Ap v AD
12 09 18426 0 18444 0 18481 0
18934 508 18934 490 18988 507
19621 1195 19659 1215 19699 1218
- - 20848 2367
14 09 16338 0 16338 0 16362 0
16362 24 - - -
16585 247 16565 227 16590 228
16830 492 - - 16836 474
16873 535 16849 511 16873 511
16912 574 16921 559
16 09 14099 0 14090 0 14082 0
14615 516 14615 525 14615 533
15101 1002 15112 1022 15112 1030
18 09 12536 0 - - 12536 0
12910 374 - - 12918 382
12973 437 - - 12973 437
13053 517 - - 13053 517
13189 653 - - 13189 653
13225 689
20 09 11151 0 11125 0 - -
11536 385 11510 385 - -
11694 543 11694 569 - -
22 09 9981 0 9981 0 - -
10333 352 10333 352 - -
10390 409 10390 409 - -

Continued on next page
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TABLE I — Continued from previous page

mass channel monitored

Cy Ci-N2  CF-(N2)2
photofrag. depletion  depletion
n assignment v A v Av v Av

10482 501 10482 501 - -
11775 1794 11775 1794 - -

24 09 9094 0 9094 0 - -
9416 322 9416 322 - -
9618 524 9618 524 - -
9804 710 9813 719 - -

26 09 8522 0 8522 0 8522 0
8933 411 8942 420 8951 429

28 0] 7576 0 7570 0 - -
7855 279 7837 267 - -
8117 541 8110 540 - -

There are several reasons to believe that the absorptions shown in FIG.3 are due to
monocyclic C clusters. First, as noted above, the ion mobility data for the C clusters
with n>10 are similar to previously reported measurements,* and are consistent with mono-
cyclic structures for n=10-20 and the coexistence of monocyclic and bicyclic structures for
n=22-28. Second, for clusters with n>10 the monocyclic clusters are calculated to lie con-
siderably lower in energy than the linear clusters.!? For example, cyclic Cfy is calculated to
be 3.24 eV more stable than linear Cf at the wB97X-D/cc-pVTZ level of density functional
theory (DFT). Third, linear clusters, if they do form through isomerization of cyclic clusters
following their passage through the ion mobility spectrometer drift region - either when they
were stored in the hexapole, passing through the octopole ion guide, or contained in the cryo-
genic QIT - would be expected to react rapidly with trace HoO or Hy to form linear C,,H™
or HC,,H molecules.”® We tested this by recording spectra of the C; clusters with both
Hy /Ny (100:1) and He/Ny (100:1) buffer gas mixtures in the QIT and found no substantial
differences in ToF mass spectra or in the electronic spectra. Last, preliminary experiments
with mobility selection of the Cl clusters clearly show that the spectral features apparent

in FIG. 3 are associated with the slower, less compact monocyclic clusters rather than with
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the faster, more compact bicyclic clusters. Furthermore, when the bicyclic clusters were
selected there was no trace of the sharp spectral features indicating that collision-induced
bicylic—monocyclic isomerization does not occur following mobility selection of the clusters

in the drift region.

Some of the transitions measured for C; clusters in the gas phase correspond to bands
previously reported for mass-selected C; clusters in a Ne matrix, where the ions were gener-
ated by subjecting Cgy vapour to electron impact.!??° For example, the strongest bands in
the gas-phase C{y spectrum at 710.87 and 684.05 nm (FIG. 3) correspond in positions and
relative intensities to prominent, unassigned peaks near 710 and 685nm in the Ne matrix
spectrum obtained when Cfy was mass-selected and deposited (FIG. S12 in the Supporting
Information for ref. 20). Furthermore, the strongest bands in the gas-phase spectrum for
C3, shown in FIG. 3 at 896.5 nm and 854.9 nm correspond in position and relative intensities
to peaks at 899 and 857 nm reported in ref. 19 for carbon cluster cations with m/z 240
deposited in a Ne matrix, which were attributed to ng. For the following reasons, the
species responsible for the absorptions is almost certainly Cj, rather than C3J. First, the
ion mobility data show that for typical operating conditions the laser ablation ion source
produces relatively small quantities of C3 compared to Cj, (see FIG.2). Second, the ToF
mass peak for the m/z 240 species tagged with Ny, which was irradiated to obtain the gas-
phase spectrum, appears at m/z 268 (as expected for Cj,-Ny) rather than at m/z 249.3
(where it would be for C3i-Ny). Finally, the wavelength of the origin band at 896.5nm
fits the pattern established for the other C} clusters (see FIG. 4), which are certainly not

multiply charged fullerenes.

There are few theoretical predictions for the transition energies of monocyclic C; clusters
that can be compared with the experimental data reported here. Although large-scale
multi-reference configuration interaction (MRD-CI) calculations have been carried out for
the smaller C4* and Cg™ clusters and predict electronic transitions with weak to medium
intensity occur across the visible and NIR spectral range,*® calculations of similar quality
are unavailable for larger cyclic clusters. TD-DFT calculations reported in ref. 20 predict
that cyclic C;} (n=10-20) clusters have very strong transitions below 250 nm with oscillator
strengths ranging from 1.4 to 7.7. Wavelengths for transitions occurring in the visible region,

which were calculated to be relatively weak, were not reported.?
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C. Vibronic structure
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FIG. 5. Expanded view of the spectra for C; clusters. The dashed vertical line represents the

positions of the aligned origin bands for the C; clusters.

In each of the C}! spectra, the strongest band is flanked by weaker peaks lying 300-
600 cm ! to higher energy that are presumably associated with progressions involving the low
frequency ring vibrational modes. These spectral features can be appreciated in FIG. 5 where
the origin bands for the different C clusters are aligned. Calculated vibrational frequencies
for Cf,, C{, and C{; in their ground electronic states are given in the Supplemental Material.
Assigning these peaks to particular vibrational modes is difficult, given that the geometry
and vibrational frequencies for the clusters in their excited electronic states are unknown,
and because of the large number of low frequency vibrational modes. For example, C{, has
15 in-plane vibrational modes lying below 1000cm™! (see Table S7 in the Supplementary
Material). One can only say that if the rings have a cumulenic structure with equal C=C

bond lengths and C=C=C bond angles in the ground and excited states (D,,, symmetry) then
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the band systems should only exhibit progressions in the totally symmetric ring expansion
mode. Presence of additional peaks indicates that the molecules have a lower symmetry in

one or both of these electronic states.

D. Effect of Ny tag molecules

Because the spectra are obtained through resonance enhanced photodissociation of Cf-
(Ng),, clusters, it is relevant to consider the effect of the attached Ny molecule(s) on the
structures and transition energies of the carbon clusters. DFT calculations conducted as
part of this study at the wB97X-D/aug-cc-pVDZ level of theory suggest that for cyclic
clusters up to Cfg, an attached Ny molecule prefers to sit above or below the ring (see FIG.
6), but that for C{y and larger clusters, a single Ny molecule can be accommodated inside
the ring. Typically, the Ny molecules are bound by several hundred cm™!. For example, the
binding energy of Ny to Cf, is calculated to be 790 cm™!, with the second Ny bound by a
similar amount (775cm™!). The dissociation energy of Cj,-Ny, for which the Ny molecule
resides inside the ring, is calculated to be slightly higher (984cm™!). The attached N,
molecules are predicted to have a minor effect on the vibrational frequencies of the core
C clusters, with shifts of less than 20 cm™! (see Table S7 in the Supplemental Information
for calculated frequencies of C{;, C{,-Ny and C];-(N3),). Frequencies of the intermolecular
modes involving relative motion of the ring and Ny molecule have relatively low calculated
harmonic frequencies (for example, 13, 49, 67, 78, 97cm~! for C{;-Ny). The absence of

1

progressions with peak spacings less than 100 cm™" in the electronic spectra indicates that

the interaction between the C;" and Ny molecule is largely unaffected by electronic excitation.

In some instances we have managed to measure spectra of both C-Ny and C}-(Ny)y
clusters. For example, FIG.7 shows photodepletion action spectra for C{;-N, and Cf}-
(Ng)o, which have origin peaks at 611.9 and 611.0 nm, respectively. Assuming that each of
the two attached Ny molecules causes the same spectral shift, as expected for the structures

shown in FIG. 6, the origin transition of the bare C{; cluster would lie at 612.8 nm.
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FIG. 6. Minimum energy structures for Cﬁ—NQ, Cl+4—(N2)2 and C;O-Ng showing the Ny tag molecule
sitting above and below the plane of the ring for C{; and located in the middle of the ring for Cg‘o.
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FIG. 7. Origin transitions for photodepletion spectra of C;-Ng and C{;-(Ng)a.
E. Transition bandwidths

A distinctive feature of the spectral series shown in FIGS. 3 and 5 is that the transi-
tions for the Cj, and Cj,, clusters have different widths. Electronic spectra of the Cj,_,
clusters (C{,, Cis, C5,, C3g) exhibit relatively sharp peaks (FWHM 10-20 cm™!), whereas
peaks for the C}, clusters (Cf,, Cfs, C3o, C34, Cig) are noticeably broader (FWHM>100
cm™1). The peak profiles will be influenced to some extent by the presence of the attached
Ny molecule(s) due to hot band transitions involving low frequency intermolecular modes.
However, the broadening from this source should be similar for both series of clusters. A
possible explanation for the broader peaks for the CJ, clusters involves lifetime broadening

associated with rapid nonradiative deactivation through intersystem crossing (ISC). The
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lowest quartet state for the Cj, clusters is calculated to lie just above the doublet ground
state (by 0.4eV for both Cf, and Cfs according to DFT calculations'?), such that there
should be a high density of quartet vibronic states iso-energetic with the excited doublet
state, facilitating rapid intersystem crossing. In contrast, the lowest quartet state for the
Ci, o clusters is predicted to lie much higher above the ground state (by 3.5eV for Clo,
2.7¢eV for Cj,, 1.5 eV for Cfy) so that there should be lower densities of quartet vibrational
states iso-energetic with the excited doublet states and consequently lower ISC crossing

rates.

F. Comparison with DIBs

Given that the bands of the Cf,-CJ; clusters span the visible to near infrared region of
the spectrum, it is appropriate to consider whether any of the cyclic C; clusters are carriers
of diffuse interstellar bands. Carbon cluster cations can conceivably form in the interstellar
medium through a process whereby positively charged polyaromatic hydrocarbons progres-
sively lose H atoms and rearrange following absorption of UV photons,?® leading to bare
dehydrogenated C; clusters, which, over the n=10-28 range, may have monocyclic struc-
tures. Electronic spectra of the neutral carbon rings Ci4, Cig and Cqs have previously been
recorded, but no convincing match was found between the measured peaks and any DIBs.3%:32
Although the bands of the Cj, series are probably too broad to be associated with DIBs,
several of the C}, 4o clusters exhibit sharper transitions that are close to DIBs. For example,
six DIBs have been measured over the 610-613 nm range in the spectrum for HD 183143 (at
611.079, 611.329, 611.684, 611.874, 612.443, 612.820nm),® nearby the strongest peak for
C1,-Ny at 611.9nm. However, even if the origin transition of the C, band corresponds to
one of these DIBs there are no reported DIBs with appropriate spacings, relative intensities
and widths to explain the two shorter wavelength transitions (at 603.5 and 593.3 nm for
Cf;-Ny). A similar situation pertains for Cfy. The most intense transition of Cfz-(Ny)o
occurs at 797.5nm, nearby DIBs for HD 183143 at 796.809 nm and 797.192 nm.*6 However,
there are no appropriate matches for the Cfg-(Ny), transitions near 773.9 and 770.6 nm.
Ultimately, spectral shifts associated with the Ny tag molecules make absolute comparisons
with astronomical data impossible, and higher resolution spectra of the bare clusters are

required to decide whether any of the C; clusters are carriers for DIBs.
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IV. CONCLUSIONS AND OUTLOOK

In summary, we have obtained electronic spectra of the C;, (n=6-14) clusters, which the
available evidence suggests have monocyclic structures, and which, aside from the fullerenes,
include the largest carbon clusters for which electronic spectra have been measured. The
most remarkable feature of the series is the linear dependence of the origin transition wave-
length on the number of carbon atoms in the cluster. Although the wavelengths for the
absorptions of the C;}-(Ny),, clusters will be shifted slightly from those of the bare C} clus-
ters, the spectra reported in this paper should provide a foundation for future measurements
for C clusters tagged by He or tag-free spectra to determine whether the absorptions cor-

respond to DIBs.

The C; spectra reported in this paper also provide a new route for identifying the isomeric
constitution of charged carbon clusters generated through decomposition of larger carbon-
bearing molecules and clusters. Carbon clusters in the C{, to Cg range have been produced
through dehydrogenation of PAHs,?**7 from overcrowded perchloro hydrocarbons,?' and
electron impact of Cg,.2° In principle, electronic spectra of C clusters generated in these

different ways can be compared with spectra presented in this study to see whether the

product clusters are monocycles or have some other structure.

There are several avenues to extend the spectroscopic investigations. First, it would
be interesting to examine larger clusters for which there is a coexistence of monocyclic,
bicyclic and fullerene structures (for example CJ;). It remains to be seen whether bicyclic
C; structures give rise to an orderly series of electronic absorptions as found for linear and
ring structures. One complication for clusters with 30 or more carbon atoms is the existence
of different isomers with similar collision cross sections but which have distinct structures
and electronic spectra. For example, bicyclic C3, may have an isomer with 16 atoms in each
ring, and another isomer with 14 atoms in one ring and 18 atoms in the other. Such isomers
should have distinct electronic spectra, but may be difficult to separate using ion mobility

techniques.

Development of robust theoretical treatments that properly describe the ground and
excited state properties of the C} clusters is desirable but represents an ongoing chal-
lenge. While density functional theory methods to obtain cluster geometries followed by

time-dependent frameworks for electronic transition wavelengths and intensities might seem

17



computationally tractable, recent studies on a range of carbon clusters have highlighted
erroneous results when using many density functionals in standard computational software
packages, including not correctly describing the change in bond length alternation for either
linear or cyclic isomers with cluster size.**4%49 Furthermore, accurate calculations are poten-
tially complicated by Jahn-Teller effects® and for cations require open-shell methods which
are notorious for wavefunction convergence difficulties. Hopefully these difficulties will be
resolved so that theory can better guide the interpretation of experimental spectroscopic

data.

SUPPLEMENTARY MATERIAL
The supplementary material contains details of the density functional theory calculations

and includes calculated equilibrium structures and vibrational frequencies for Cj, C7,, Cfs

and C3,.
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