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VUV photoionization dynamics of the Ceo
buckminsterfullerene: 2D-matrix photoelectron
spectroscopy in an astrophysical context

This work presents the threshold photoelectron spectrum

of Ceo, recorded using synchrotron VUV photoionization
spectrometry. The results are presented in a two-dimensional
photoelectron matrix which holds a wealth of spectroscopic
information of astrophysical relevance. This work touches
upon subjects such as the symmetry of Ceo*, the diffuse
interstellar bands, the heating of the ISM, and the absolute
and partial photoionization cross sections of Ceo.
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VUV photoionization dynamics of the Cgg
buckminsterfullerene: 2D-matrix photoelectron
spectroscopy in an astrophysical contextf

b

Helgi Rafn Hrodmarsson, (2 *3® Gustavo A. Garcia, (22 Harold Linnartz and

Laurent Nahon (2@

We present the photoionization dynamics of the Cgo buckminsterfullerene from threshold up to 14.0 eV
recorded with VUV synchrotron radiation at the DESIRS beamline at the SOLEIL synchrotron. The
recorded data is obtained using a double-imaging photoelectron photoion coincidence spectrometer
and is presented as a two-dimensional photoelectron matrix which contains a wealth of spectroscopic
data. We present these data in an astrophysical context which relates to (i) the threshold photoelectron
spectrum which is compared to data relevant to the diffuse interstellar bands (DIBs), (ii) the kinetic
photoelectron distribution at the Lyman-a line which is relevant to the dominant heating source in the
ISM, and (iii) the absolute photoionization cross section of Cgo up to approx. 10.5 eV. The photoelectron
spectrum implies that the symmetry of the ground state is different than previous theoretical models
have predicted, and this result is discussed in context of recent experimental and theoretical findings.
Also presented are partial photoionization cross sections of the first two photoelectron bands and their
anisotropy parameters. These data are compared with previous theoretical values and discussed where

rsc.li/pccp appropriate.

1. Introduction

The discovery of the buckminsterfullerene Cq," was in sorts a
prescient affair. The experimental conditions under which Cgo
was formed, were devised in order to understand the formation
mechanisms of long-chain carbon molecules whose presence
had been confirmed in various interstellar regions in the
preceding years.>” It was predicted that Ce, should be as
abundant in space as well, but it took over three decades before
Ceo could be unambiguously identified; first in various types of
nebulae,®® and later on in H II regions,’ circumstellar shells,
post-asymptotic giant-branch (post-AGB) objects,'" and various
other Photon Dominated Regions (PDRs).'* Furthermore, with
the identification of its cation, Cgo', as the carrier of initially
two and later four diffuse interstellar bands (DIBs) in the near-
infrared of the diffuse interstellar medium (ISM),"* ™ research
into this molecule is forcing us to reevaluate our understanding
of interstellar molecular complexity. For a long time C; was the
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largest pure carbon species identified in diffuse clouds
thus, the detection of Cg," substantially stretches the size-limit
for carbon-containing molecules in the diffuse ISM which
could hold the key to unravelling the rest of the DIB mystery
which has remained unsolved for almost a century at the time
of writing.'¥>*

The question of how Cg, forms in interstellar space has
given rise to some convincing hypotheses,?* especially in light
of the apparent inverse relationship between the abundance of
polycyclic aromatic hydrocarbons (PAHs) and Cg, at decreasing
distances towards stars.>®> Among the formation mechanisms
for interstellar fullerenes that have gained much traction are
(i) dehydrogenation of hydrogenated amorphous carbon
nanoparticles®® and (ii) the formation of graphene through
photo-stripping H-atoms off larger PAHs. In the second sce-
nario the bare carbon skeleton then undergoes further photo-
excitation via VUV photons and self-stabilizes via IR photon
emission or carbon loss leading to pentagonal defects; a pre-
requisite for the sheet to fold into a fullerene.® Indeed, mass-
resolved laboratory data have shown that upon UV irradiation,
PAHs undergo H-stripping to reveal bare carbon skeletons
which form stable cluster ions, indicative of fullerene
formation.?® For this reason, several recent studies have been
focusing on PAH pentagon formation schemes, to further exploit
bowling mechanisms under interstellar conditions.>*>”

This journal is © the Owner Societies 2020


http://orcid.org/0000-0002-9613-5684
http://orcid.org/0000-0003-2915-2553
http://orcid.org/0000-0002-8322-3538
http://orcid.org/0000-0001-9898-5693
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp01210f&domain=pdf&date_stamp=2020-05-11
http://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp01210f
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022025

Open Access Article. Published on 23 April 2020. Downloaded on 5/5/2026 2:25:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

With the tenuous connection between PAHs and fullerenes
in space, it is worth noting that fullerenes may contribute to the
ionization balance of the ISM and the photoelectric heating of
PDRs in a similar way as PAHs have been found to be.?® In and
of itself C¢, has been proposed as a diagnostic tool to estimate
the temperature and/or UV flux inside molecular clouds> but
such data is dependent on measurements of solid Cg, rather
than gas-phase measurements as those relative to DIBs
studies.”> ™"

The ground state electronic structure of neutral Cg, pos-
sesses an icosahedral I, symmetry. The highest occupied
molecular orbital (HOMO) is fully occupied which results in a
closed-shell ground state that is both fully symmetric and
nondegenerate with ten valence electrons in an electronic
quintet level labelled 6h,. The relevant portion of the valence
electronic configuration of the first three photoelectron bands
of Cgp are:*>3!

. (9hg) " (6t2)° (5hy) " (62,)" (10h,) " (6g,)" (6h,)"

Band 3 Band 2 Band |

Upon ionization the icosahedral symmetry is broken and a
hole in the HOMO results in the cation possessing a h,
symmetric fivefold degenerate ground state which is Jahn-
Teller (JT) active.®® The electron density relevant to the JT-
active modes is akin to a band along an imaginary waistline
of the Cg, structure®® and when spontaneous symmetry break-
ing takes place upon ionization, the electron density around the
molecule is best described by an oblate spheroid. Thus, a singly
charged Ce," ion possesses a “H, ground state and “H, and *G,
low-lying excited states which are all capable of JT-distortions
along h, and g, normal coordinates.’*

For Cgo', one can discern JT-active modes from the I
character table.?” These are Hg, G4 and A, Though the A,
mode does not reduce the symmetry, it does shift the total
energy of the molecule. The H, and G, modes, however, break
the I, symmetry and produce a multisheet adiabatic potential
energy surface with a conical intersection in the symmetric
geometry and extrema in configurations of Ds4 and D34 lowered
symmetry.® While matrix isolation studies of Ce," have favored
D54 symmetry from interpretation of the results,**® evidence
has been found that free gas-phase Cqo" molecules display D34
symmetry in their ground state.>® The theoretical community
seems to currently favor the results of the matrix isolation
studies*®** and the application of a Dsq symmetric ground
state has been used to speculate on the origins of the DIBs
relative to Cgo".

Despite all this recent progress, several elemental physical
chemical questions concerning Cy, and Cgo' remain. One is
linked to the intensity ratios of the astronomically recorded
Ceo' transitions that are not yet fully understood and that is
possibly related to our present understanding of the symmetry
of ground state Cq," ions in the gas phase.***> Another ques-
tion is that in the diffuse interstellar medium, only Ce," signals
have been found and no neutral precursor signals. The present
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work, which focuses on the photoionization dynamics of Cg,
(in)directly addresses these questions.

The use of photoelectron spectroscopy in tandem with
synchrotron radiation has been somewhat of a hallmark in
the history of spectroscopic investigations of Cg0,>**®™* but so
far, the threshold photoelectron spectrum (TPES) has still
eluded closer inspection. By utilizing the double-imaging
photoelectron photoion coincidence (i*PEPICO) technique, a
wealth of information besides the TPES can be retrieved
regarding the electronic structure and properties of Cgo and
here we will present a 2D photoelectron dynamics matrix, from
which are extracted the first measured TPES of Cg, the electron
kinetic energy distributions, an estimation of the absolute
photoionization cross section, and partial photoionization
yields from threshold and above the Lyman-o limit (up to
14 eV), and discuss them within the context of the presence
of Ceo and Cg," in space.

2. Experimental

Experiments were performed at the DESIRS VUV beamline® at
the Synchrotron SOLEIL facility. Horizontally polarized radia-
tion in the photon energy range 7-14 eV was generated by an
undulator (OPHELIE2)** whose higher harmonics are subse-
quently suppressed by four to five orders of magnitude with a
gas filter filled with Krypton which is transparent in the
aforementioned photon energy range.>® The purified photon
beam was then dispersed by a 6.65 normal incidence mono-
chromator equipped with a 200 grooves per mm grating. The
photon flux delivered was between 10> and 10*® photons per s
and was calibrated with an AXUV100, IRD Si photodiode. For
the slit width used for the experiments, the photon energy
resolution scales from 6 meV at 7.3 eV to 23 meV at 14.0 eV.
Downstream the monochromator, the photon beam intersected
a supersonic molecular beam at a right angle inside the double
imaging DELICIOUS III spectrometer>® of the permanent end-
station SAPHIRS.”” Inside DELICIOUS III, photoions and
photoelectrons were accelerated in opposite directions with a
DC electric field and then detected in coincidence with delay
line anode-based position sensitive detectors (PSDs). The elec-
trons passed through a velocity map imaging spectrometer and
the ions went through a modified Wiley McLaren time-of-flight
(WM-TOF) 3D momentum imaging spectrometer. The PEPICO
scheme allows mass-tagging the electron images allowing to
discard any spurious/background compounds. Further filtering
was also achieved by using the ion imaging capability of the set-
up (see below).

Ceo Was obtained commercially (Sigma-Aldrich >99% pur-
ity) and was sublimated in an in-vacuum temperature-
controlled oven heated up to 600 °C. The oven was placed
inside the differentially pumped SAPHIRS chamber which is
connected to the DELICIOUS III ionization chamber via a two-
stage differential pumping.>” Argon was used as a catrier gas
with a backing pressure of 1.0 bar. Exiting the oven, the sample
expanded supersonically through a 200 pm nozzle. Between the
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oven and the first skimmer (¢ = 1.0 mm) leading to the
differential chamber, a cold trap utilizing the flow of chilled
ethylene glycol (set to —20 °C) was placed to attract any
thermalized Cg, that was not engulfed in the molecular beam.
Passing through the first skimmer onward through the differ-
ential pumping chamber, the molecular beam encountered a
second skimmer (¢ = 2.0 mm) that led to the ionization
chamber. Under these relatively mild expansion conditions
we expect no aggregation processes and indeed no masses
heavier than 720 amu were observed.

Once the components of the molecular beam were ionized
inside the DELICIOUS III chamber, the charged particles were
accelerated with an electric field of 88 V cm ™. To ensure the
detection of all the Cg4, ions passing through the modified WM-
TOF setup, an additional electrostatic deflection was applied
along the molecular beam axis so that no high-mass particles
would miss the PSD because of their initial velocity. Visually,
this shifting effect is akin to pulling the thermal background
ions towards one side of the ionization chamber, being
stretched to the visible “D-shaped” pattern, while “pulling”
the supersonic part of the molecular beam, i.e. the region of
interest which contains the heaviest species, further towards
the center of the PSD (Fig. 1).

ROI

y (mm)

-20 -10 0 10 20
X (mm)

Fig. 1 An example of the ion image with the deflection voltage applied.
The red arrow shows the direction of the synchrotron radiation (SR) beam,
the blue arrow shows the direction of the molecular beam (MB) and the
green dashed line shows the background signals that were ionized by the
SR. The deflection voltage causes the generated ions to travel further
towards the right side of the PSD instead of travelling directly through the
mass spectrometer. Hence, the background appears like a stretched
rubber band instead of being aligned with the SR. The blue arrow points
to the heaviest contents of the MB, namely the signals pertaining to ionized
Cgo. The white dashed rectangle indicates the region of interest (ROI). The
background is filtered away by removing all coincidence signals outside
of the chosen ROI, leaving only coincidence signals pertaining to the
contents of the molecular beam.
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Energy calibration was achieved using various ionization
energies of background contaminants such as O, (12.07 eV),
H,O0 (12.62 eV) and the residual second harmonic ionization of
argon (7.88 eV). This results in a 5 meV accuracy of the energy
scale, or approximately half the scan step. Such energy calibra-
tions using higher harmonic ionizations of the contents of the
molecular beam have been performed previously and discussed
in detail elsewhere.>®° In order to correct for possible drifts in
the Ceo neutral density, i.e. the relative intensities of the bands
between the scans, a “fast” scan was performed over the entire
energy range with 0.1 eV step sizes with the same acquisition
time per point as in the aforementioned scans which had
significantly smaller step sizes. Thus, when plotted together,
the intensities of the individual scans could be scaled to the
intensities from the fast scan. Subsequently, the absolute
intensity was normalized for the photon flux with measure-
ments obtained from the photodiode to give a flat photon flux
response.

Electron images were Abel inverted using the pBasex
algorithm.®® Following inversion of the mass-filtered electron
images pertaining to the ROI in Fig. 1, the ionization intensities
can be plotted in matrix form as a function of the electron
kinetic energy and photon energy. By integrating the pixel
intensities along the electron signals in the matrix, from
KEmax = 0 up to a fairly small value (50 meV in this work), the
threshold photoelectron spectrum is obtained. A more detailed
description of the TPES abstraction from the 2D-matrix has
been given elsewhere.*

The 50 meV integration window is chosen as the best
compromise between signal and resolution. The total energy
resolution is in fact a convolution of the electron bandwidth
that is used to obtain the TPES and the photon resolution. This
issue has been discussed previously’®° and we have found that
the 50 meV electron bandwidth translates into a resolution of
13 meV. Due to spectral congestion, the width of the peaks in
the TPES well exceed the total energy resolution which is the
convoluted value of the electron resolution and photon resolution.

3. Results and discussion
3.1 TOF-MS

Fig. 2 shows the accumulated time-of-flight mass spectrum
(TOFMS) for the 7.3-10.0 eV photon energy scan, zoomed-in
around the mass of Cg,. The inset shows the full mass spectrum
with and without the subtraction of the background signals
outside the ROL In the background there is a signal at 40 amu
that corresponds to the second harmonic ionization of Argon
which was used to calibrate the energy scale (see above).
The broad peaks visible in the m/z 150-650 range are due to
spurious compounds present as thermal gas in the chamber.
From a molecule containing sixty carbon atoms, a signifi-
cant amount of the sample contains one or more *C isotopes.
The expected natural abundances of '*C'?Cso, '*C,"*Csg,
3C;'%Cs; are, respectively, 64.9%, 20.7%, and 4.3% out of the
natural abundance of **Cg,. These are well reproduced as the
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Fig. 2 Zoomed in figure of the portion of the signal pertaining to Cgo and
its isotopologues in the time-of-flight mass spectrum (TOFMS) obtained
by integrating all signals in the ion image of the energy scan from 7.3 eV up
to 10.0 eV. Presented in blue is the combined fit from Gaussian curves for
each mass peak from 720 amu to 723 amu, which are individually
presented in the mirrored mass spectrum. On the inset in the right corner,
the entirety of the TOFMS is presented up to 1050 amu, with (red curve)
and without correction (black curve) by the ion ROI.

abundances observed for the 721 amu, 722 amu, and 723 amu
signals are 65.2%, 20.5% and 2.7%, respectively.

It has been shown that isotopic distribution within the mole-
cule is truly random® but more importantly, the mass perturba-
tion does not affect the electronic structure of Cg, so force
constants are unchanged.®® To capitalize on this observation, we
integrate over the entire visible isotopic pattern (720-723 amu) to
obtain the best possible signal to noise ratio in our PES signals.

3.2 2D-Photoelectron matrix

The two-dimensional coincident signal as a function of electron
and photon energy for Cg, i.e. the ROI and mass-filtered signal
pertaining to the Ce, isotopologues is shown in Fig. 3. There are
three strong bands visible with onsets at 7.58 eV, 8.82 eV and
10.58 eV. Above the third band (around 12.20 eV) there seem to
be other bands, but these are not as well resolved as the first
three bands and appear very diffuse. As has been discussed
previously, the second photoelectron band is expected to arise
from the ionization of two states, namely 6g, (°Gy) and 10h, (*Hy).

Ele KE (eV)

75 8.0 85 9.0 95 10.0 10.5 1.0 15 120 125 13.0 135 14.0

Photon Energy (eV)

Fig. 3 Photoelectron intensity matrix of Ceo. The colors represent the
electron signal as a function of the electron kinetic energy (Ele KE) and
photon energy in eV. Energy steps below 10 eV are 8 meV and above 10 eV
they are 10 meV.
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The third band is expected to include four different electronic
states and the fourth band eight (see Table 1).

The theoretical results that are presented in Table 1 for
comparisons used different methodologies to arrive at their
respective ionization energies. Colavita et al used a local
density correlation approximation (VWN TS) to calculate the
ionization energies and their orbital energies are presented
relative to that of the calculated ground state. Ponzi et al. did
the same with their DFT & TD-DFT results. Zakrzewski et al.
employed electron propagator methods which gave a perfect
comparison of the absolute energies of the ground state, but
this methodology is ill-suited to finding ionization energies
beyond the third photoelectron band.

Several literature values for the adiabatic ionization
potential (IE,q) of Cg — all determined from total ion yield
measurements — can be found, e.g. 7.58"%%5,°® 7.54 + 0.04 eV,*®
and 7.57 £ 0.01 €V.*® Our measurement allows us to determine
both a vertical and adiabatic value of the IP, namely IE, = 7.648 +
0.010 eV and IE,q = 7.511 + 0.010 eV. The adiabatic value was
obtained from the total ion yield as the first point where the ion
signal surpasses the noise level. However, obtaining the adia-
batic IE using this method is imprecise and must be viewed as
an approximation since hot bands and other temperature effects
such as conformer population, will affect the signal onset.
Adiabatic IEs are more precisely obtained from the TPES
by comparison with simulations that account for the Franck-
Condon factors, but as mentioned further down the text, this is
not possible with the current experimental resolution and the
vibronic congestion on the first band. For the higher electronic
bands, our results compare well with previous computations.>*¢4°

3.3 Threshold photoelectron spectrum (TPES)

Diagonal integration along the 2D-matrix in Fig. 3 up to KE;ax =
50 meV yields the TPES of Cg, (see Fig. 4) according to a
procedure documented previously.®® The TPES allows compar-
isons with the theoretical valence vertical ionization potentials of
all the electronic states in the first four bands as well as
theoretically simulated PES. Our results compare relatively well
for the first two bands but less so for the third and fourth bands.
Between 12.0 and 14.0 eV, eight electronic states are expected
from theory but in this region, we are unable to obtain a good
S/N ratio to decipher anything regarding these states. It is also
noteworthy that there are discrepancies between the theoretical
works of Colavita et al.’® and Gao et al.*” in this region. Note that
comparing the branching ratios between different electronic
states intensities between this work and the simulated PES at
14 eV of Gao et al. is not straightforward because of the kinetic
energy effect on the partial cross sections and the possible
presence of autoionization resonances in the TPES. Lastly, a
comparison with the measured PES from Korica et al®® is
presented which was collected at 50 eV and compares reasonably
well with our TPES in terms of shape and energies although the
lower resolution of this spectrum precludes a more precise
comparison. For instance, the first band of Korica et al is
noticeably shifted to the red by about 400 meV which could
either be a resolution effect or due to other experimental issues.

Phys. Chem. Chem. Phys., 2020, 22,13880-13892 | 13883
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Table 1 Valence ionization potentials of the electronic bands observed up to 14.0 eV and comparisons with the theoretical framework
Band positions Calculated IE, Calculated IE, Calculated IE,

Band (this work)/ev (Colavita et al.*®)/ev (zakrzewski et al.®*)/ev (Ponzi et al.®®)/eV Label Symmetry

1 0 (7.65) 0 0 0 6h, T

2 1.31 (8.96) 1.13 1.56 1.11 62 b
1.24 1.53 1.21 10hg b

3 3.07 (10.72) 2.80 3.48 2.72 68, T
3.10 4.08 2.32 5h, (¢
3.30 4.21 3.24 6ty T
3.39 4.24 2.62 9hg (¢

4 4.69 (12.34) 4.42 5.65 3.58 52, c
4.58 5.88 4.49 8hg T
4.89 6.38 4.15 2ty (¢
5.16 7.19 4.36 58¢ (¢
5.53 4.74 7hy c
5.65 5.57 6tiy n
6.01 5.29 4g, c
6.20 6.10 4a, T

— TPES (this work)
— PES (Korica et al. 2010)

— PES - theory (Gao e al. 2015)

— Valence IPs - theory (Colavita et al. 2001)

Intensity /a.u.

8 9 10 "
Photon Energy /eV

Fig. 4 Threshold photoelectron spectrum (TPES) of Cgo from threshold
up to 14.0 eV (black). Superimposed is the PES of Cgo at 50 eV from ref. 68
(green) and the theoretically simulated PES of Cgq at 14 eV from ref. 67
(blue). The ionization potential is indicated with a black vertical stick and
the red vertical sticks are the valence ionization potentials calculated by
Colavita et al.*°

From past experiments on the infrared spectra of Cgo"
cations, there are up to twelve active vibrational bands expected
in the ground state alone which vary in their fundamental
frequencies between 350 cm™' (43 meV) and 1550 em ™"
(192 meV).*”” 1t has furthermore been shown that sublimated Ceg
molecules embedded in a supersonic expansion do not efficiently
cool vibrationally.®® With step sizes ranging from 8 meV up to
10 meV covering an energy range that includes a dozen different
vibrational modes it is thus impossible to resolve any of the
vibrational structure from the electronic bands we observe in the
TPES. However, the bands themselves display some interesting
structures on which we will elaborate.

The first electronic band we observe resembles the convolu-
tion of three distinct peaks which is very similar to that
observed in the PES from Canton et al.>® As mentioned in the
introduction, they showed evidence in the shape of the photo-
electron spectrum of the first electronic band that suggests that
the Cqo' ion portrays D;q symmetry in the gas phase but not
Dsgq, as has been derived from matrix experiments backed up by
theoretical calculations.**® The problem with media such as

13884 | Phys. Chem. Chem. Phys., 2020, 22,13880-13892

noble gas matrices is that they can be quite perturbative and
previous electronic and IR spectra of Cg' from such media
displayed features that had to be attributed to another
unidentified geometry.”® The D;q symmetry claim was called
into question”* where it was argued that the three-way splitting
of the tunneling states observed in the photoelectron spectrum
was too large to be due to tunneling states. This was counter-
argued as large spacings between vibronic states is not an
uncommon occurrence in free ions.””> Indeed it has been
stipulated more recently that symmetries of Cgo anions and
cations are lower than I, and Ds4”? and it has also been shown
with scanning tunneling spectroscopy that the fundamental
frequencies of Cg,' are insufficient to explain the complete
appearance of the PES of Cg,”* bringing further validity to the
idea of a split Cgo" ground state.

In relation to Cg,', the theory developed by Moate et al.** in
which the ground electronic state *H,, is JT-active, the symme-
tries of the vibrations capable of coupling with it are determined
from the symmetrized direct product, [Hy ® H,] = A;® Gz @ 2H,.
As a, modes do not inflict symmetry changes, the linearly JT
active modes form a basis of the G, and Hj irreducible repre-
sentations in the I, point group which leads to a H® (g + 2h) JT
problem comprising eight h, and six g, modes which could in
principle give rise to multimode coupling. For an in-depth
discussion of the theoretical treatment, see ref. 34, 75 and 76.
The theory predicts that the tunneling splitting between A and
H states in the D;q geometry ranges from 0 to 2aw for the
multimode H® (g + 2h) system (Zw is the frequency of the JT
active mode) and this is what was reported,*>”> with the relative
intensities of the H,, Gy, and A, states being 5:4:1 in their
experiment which compares well with the 4:3:1 ratio of con-
tributing JT active modes of hg, g;, and a,, respectively.”®

A close-up of our measured TPES of the first two bands is
presented in Fig. 5. The bands are fitted internally with
Gaussians for the H, and G, states whereas the best fit was
obtained by employing a modified Gaussian to the A, states,
similar to the methodology of Canton et al.*° The observed

This journal is © the Owner Societies 2020
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Table 2 Energies (in eV) and relative intensities of the JT split bands from the curve fitting of the threshold photoelectron spectrum in Fig. 5 of the first

electronic band along with comparison with the results from Canton et al.

E}, - this work® Ey, — Canton et al. AE}, - this work

AE;, — Canton et al. I — this work? I.1 — Canton et al.

H, 7.648 7.75 0
Gy 7.843 7.98 0.195
Ay 7.970 8.14 0.322

“ Estimated error is £0.012 eV. ? Estimated error is £0.020.

200 +

150 -

100 —

Intensity /a.u.

50 -

74 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8

Photon Energy /eV

Fig. 5 Close-up of the first two electronic bands observed in the TPES of
Ceo. Each band is fitted with two Gaussians (for the H, and G, states in the
first band and structures | and Il in the second band) and one modified
asymmetric Gaussian (for the A, state in the first band and the structure IlI
in the second band) and are presented in red. The convoluted fit is
presented in blue.

spectral structures appear very noisy with typical widths of the
noise being around 8-12 meV. An energy scan with a step size
of 4 meV revealed the same structures but the noise between
scans was not reproducible which made rovibrational assign-
ments impossible.

When our results for the first band are analyzed in terms of
the Hy, Gy, Ay splitting, our TPES shows the same basic
structure as Canton et al. from their PES recorded at 50 eV,
with reasonably similar energy positioning considering our S/N,
and with slightly dissimilar ratios between the peak intensities.
The numerical results and the comparisons with the work of
Canton et al. are presented in Table 2. As previously mentioned,
the results favor a Dzq interpretation of the ground state
whereas in Dsq symmetry the ground state would be split into
two bands with a 5:1 intensity ratio.>* As the participating
modes include eight h,, six g, modes and two a, modes, the
expected ratios are 4:3:1 in a D;gq symmetric ground state.
Direct comparison shows that in our TPES, the H, state appears
weaker than in the PES®*’ while a greater contribution is
observed in the A, state. The differences in intensities are
interesting nonetheless as they can be indicators of differences
in the possible contributions of autoionizing states converging
to the different states. Besides this, we do not expect any
photon energy dependence in the branching ratio since the
JT-induced splitting occurs in the final cation state.

Regarding the second band, previous experiments from the
early 1990’s actually alluded to this sort of three way split
structure as two distinct peaks at electron binding energies of

This journal is © the Owner Societies 2020

0 0.423 0.55
0.23 0.386 0.36
0.40 0.191 0.05

Table 3 Energies (in eV) and relative intensities of the split bands from the
curve fitting of the threshold photoelectron spectrum in Fig. 5 of the
second electronic band. The estimated errors are the same as the values
presented in Table 2

Ey AEy, L)
I 8.891 0 0.583
II 9.121 0.23 0.321
111 9.270 0.379 0.096

8.89 and 9.12 eV and an obscure peak at roughly 9.3 eV were
seen.”” Furthermore, it has been suggested that these three
peaks are closely related to peaks at 7.87, 8.12, and 8.29 eV in
the absorption spectrum of Cg, because the spacing between
the peaks are quite similar.”® It is therefore entirely reasonable
that the absorption measurements evidence a Feshbach reso-
nance involving superexcited states originating from inner
valence-excited Rydberg states of Cq, converging to the two
split excited states of the cation.

Assigning the second electronic band specifically is not
straight-forward, however. To simplify our analysis, we fit the
second band in the same manner as that of the first band - with
three different peaks - to extract information about the states
from the relative intensities of the fitted peaks. The results are
presented in Table 3.

Within the second band there are two electronic states
anticipated which are labeled 6g, and 10h,.°*”**** Depending
on the theory, it is not clear whether the 6g, state or the 10h,
state is higher in energy. While Zakrzewski et al. predict the
10h, state to be 30 meV lower in energy than 6g,, Colavita et al.
predict the 10h, state to be 110 meV higher than the 6g, state.
Meanwhile, gas-phase research into the Cg," DIBs (Campbell
et al. 2015; Kuhn et al. 2016) shows a splitting of 60 cm™*
(7.4 meV) between the two strongest DIBs assigned to transitions
from the ground state of Cg," to its excited states. Assignment of
this second band is of capital interest to the astronomical
community as several of the elusive diffuse interstellar bands
have recently been assigned to transitions from the electronic
ground state of Cg,". Thus, ascribing an accurate assignment to
the electronic states of the Cg," ion might become helpful in
assigning even more of the recorded DIBs.

If we, for a moment, assume that both of the electronic
states in the second band are split into three tunneling states
like the ground state (i.e. they are both D;y symmetric), we
would expect the same basic convoluted structure of three
peaks of decreasing intensity. While we observe what could
be construed as a three-way splitting, the first peak is signifi-
cantly stronger than that of the ground state. Between the first
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band and the second band, the relative intensity of the first
peak increases from 0.423 to 0.583. Meanwhile, the relative
intensities of the second and third peaks decrease from 0.386 to
0.321 and 0.191 to 0.096, respectively. These differences call for
a different approach to explain the structure of this band.

Some significant progress has been made recently in
assigning the electronic transitions that give rise to the
DIBs. In their theoretical approach, Lykhin et al.** employed
electronic structure methods to describe a pseudo-JT effect in
Ceo’ through the interaction with low-lying excited states.”
Lykhin et al found the Dsq to be energetically the most
favorable ground state symmetry in accordance with prior
calculations. Applying a pseudo-JT distortion to this configu-
ration lifts the degeneracy of the first (bright) excited state
giving rise to two symmetry-allowed transitions: *A, — *A, and
A, — ’B,. This is made possible via a distortion along the
lowest e, vibrational mode pertaining to Dsq symmetry.
According to the epikernel principle,® this distortion lifts the
degeneracy of the excited state and distorts the Dsq4 fullerene
cage toward the C,;, minima.

Since our TPES results show evidence of a D3;q symmetric
ground state of Cg,", the question arises what impact it has on
these findings. The answer is none at all. The epikernel
principle dictates that a distortion of both D34 and Dsq symme-
tries lead to C,, minima with the only difference being that
from D;4 symmetry, the ground state is ‘“softened” by mixing
the e, vibrational mode pertaining to D;q symmetry, rather than
the lowest-lying e,, vibrational mode for D5q symmetry.

Analogous situations involving pseudo-JT distortions have
been described previously.” e.g. A similar pseudo-JT effect was
employed to resolve the issue of the ground state symmetry of
CO; where the ground state exhibits Dj;, symmetry which
undergoes distortion along the e’ coordinate towards a C,,
geometry which is observed in the first excited state/s.®'

In terms of an exact assignment of the features of the second
photoelectron band, however, the more relaxed rules of direct
ionization add a level of complication since more transitions
from the ground neutral state to both JT split electronic states
are possible, as compared to the limited number of two bright
states.*® With the added congestion from possible vibrational
progressions and our current energy resolution, we can only
note that the predicted JT splitting is too small to account for
the peak separation in Table 3, so that most likely, and based
on the calculated ionization energies, the first two bands can be
attributed to direct ionization to the 6g, and 10h, states. Thus,
the third band might represent vibrational progression on the
cation, as already postulated.”” Confirmation of this would
need FC simulations on excited states, which is a challenging
theoretical task and out of the scope of the present paper.

In terms of astrophysical implications, these speculations
may imply that DIBs higher in energy corresponding to excita-
tions from the ground state to either higher vibrational pro-
gressions of the A, and B, states, or from the ground state to
either the h, or g, excited states, are possible in principle, but
in astronomical settings — particularly as cold as the diffuse
ISM - these may be too weak for detection.
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Fig. 6 (left axis) The first two bands observed in the TPES are plotted

vertically with the energy scale calibrated to zero around the IP, value of
the H, state. The blue arrow is representative of the excitations to the
strongest feature in the second PES band which reflects the transitions
behind the DIBs. Although the energy level correspondence between the
ground state and the maximum of the second photoelectron band is good,
it is not perfect as the intensities from the experiment may not be reflective
of interstellar conditions.

Exact vibrational assignments within the second band are
troublesome for the same reasons as in the ground state. The
vibrational structure is difficult to reproduce because a super-
sonic expansion does not vibrationally cool the molecule.®® As a
result the intensities of the bands are not indicative of inter-
stellar conditions (with very low temperature) and we can see in
Fig. 6 that the strongest DIB transitions (9633 A = 1.287 eV) do
not exactly converge to the difference between our measured
values of the vertical IP (7.648 eV) and the maximum of band I
(8.891 eV) which equals 9975 A (1.243 eV).

While there is definitely some observable structure in the
third electronic band, no effort was made to disentangle it as
the number of electronic states is double that of the states
within the second band. It is noteworthy that the third band
seems to be similarly structured as the ground state (i.e. split
into tunneling states) and with similar intensities so an invoca-
tion of D;q symmetric states might be appropriate but a con-
firmation would require more work, and is beyond the scope of
this paper. There are also some severe discrepancies between its
appearance and that of simulated PES,”” indicating that there is
still ground to be made up in the convergence of experiment and
theory to the photoelectron spectrum of Cy.

In effort to extract more information about the nature of
these states several fixed photon energy i’PEPICO acquisitions
at different energies (from 8.5 eV to 13.5 eV) were performed to
measure the anisotropy parameter f of these bands. The results
are presented in the ESIT and compared (where applicable) to
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62,82 The recent results from Ponzi

theoretically obtained values.
et al.®® predict a much more negative value of f for the HOMO
6h, band for slow photoelectrons (KE < 4 eV), while the
agreement for faster photoelectrons is more reasonable.
As for the second band, the calculations predict negative
anisotropy values ranging from —0.7 to —0.1 for both 6g, and
10h, states in our photon energy range, while our experimental
values start at —0.5 at 10.5 eV and progress towards slightly
positive values at 13.5 eV. All in all the agreement is good
considering the theoretical approximations and our experi-
mental error bars (£0.2), but the fact that the calculated
anisotropies of both 6g, and 10h, states are very similar does
not allow further progress in the assignment of the second
photoelectron band.

4. Further astrophysical implications
4.1 Photoionization around the Lyman-o limit

The 2D-matrix presented in Fig. 3 holds a lot of information.
Relevant to the presence of Cgo in photodissociation regions

Binding Energy /eV
10.0 95 90 85 8.0
1 1 1 1 1 1 1

Intensity /a.u.

v R e e
0.0 05 1.0 15 20 25 3.0 35
electron KE /ev

Fig. 7 Photoelectron spectrum recorded at the Lyman-a line (10.2 eV),
showing the electron energy distribution produced at this energy.
The curve is obtained by vertical cut of the 2D intensity matrix in Fig. 3
at 10.2 eV which has been smoothed with a three-point smoothing. The
shaded region is representative of the error bars.
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Fig. 8 The absolute photoionization cross section from the results from
Yasumatsu et al. are presented in red and is plotted on the left y-axis, as
indicated with the red arrow. In blue, the absolute photoionization cross
section from Douix et al. is plotted on the right y-axis, as indicated with the
blue arrow. Meanwhile the total ion yield from this work is plotted in black
and is scaled to match the general shapes of the two curves.
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where Lyman-o radiation dominates, we can extract the photo-
electron energy distribution, ie. the PES corresponding to
photoionization by the Lyman-o line (10.2 eV). This is achieved
by taking a vertical cut of the matrix intensities at 10.2 eV (see
Fig. 7). The PES shown in Fig. 7, is to our knowledge the first
ever measured at this astrophysically-relevant photon energy.

When the Cg, photoelectron distribution for a Lyman-o like
radiation is inspected more closely, two structures arise, corres-
ponding to ionization to the ground and first two electronically
excited states of Cg,". The two bands have now similar inten-
sities, unlike the case of the TPES in Fig. 5. These discrepancies
are due to kinetic energy effects in the photoionization cross
sections, but the overall vibrational envelope of each
electronic state is quite similar, although the PES offers a lower
resolution.

The UV/VUV interstellar radiation field processes the entire ISM
and either electronically excites PAHs and fullerenes or ionizes
them. This photoelectric effect is thought to be the dominant
heating source of the ISM where the photoelectrons may carry
additional kinetic energy leftover from the photoionization
process, and this kinetic energy heats up the ISM.*® This is
especially important for big systems, such as Cgo, where absolute
cross-sections are expected to be relatively large (see below). The
kinetic energy of the photoelectrons has been roughly evaluated
by models®"®* which include some experimental information,®®
but this information is still in need of an update and it requires
checking whether more PAHs and fullerenes exhibit the same
behavior as has been used in these models. Thus, we present
here the photoelectron kinetic energy distribution of the ioniza-
tion of Cg, for the Lyman-o limit, which can be directly utilized
by astrochemical models dealing with photoelectric emission
processes from isolated carbon grains.

4.2 Absolute photoionization cross section around the
Lyman-o limit

The total absolute absorption cross section of Cg in this energy
range has been recorded previously,”® from which a photoio-
nization quantum yield was deduced. The measurements were
subsequently used to obtain the absolute photoionization cross
section of Cgo from 25 eV up to 120 eV.%’ Recently, the total
photoionization cross section of Cg," was measured and calcu-
lated and it was found that the absorption cross sections of
neutral Ce and its cation are nearly identical, and differ from a
simple 60 carbon atoms sum rule.®® This raises the question of
whether the photoionization cross sections of neutral Cg, and
its cation display the same level of similarity as their absorption
cross sections.

Here, we present the cross section from threshold up to
approximately 10.5 eV (Fig. 8). The reason is that above 10.5 eV,
the collection of the produced photoelectrons is not 100% as
the extraction field was not set high enough to collect electrons
with kinetic energy release above approximately 3.5 eV (see
Fig. 3). Firstly, we directly compare our results with those of
Yasumatsu et al.”® by taking their absolute photoabsorption
cross section multiplied with its photoionization quantum
yield to obtain the absolute photoionization cross section.
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Fig. 9 Partial photoionization yields of the first two electronic bands
plotted in arbitrary units (left y-axis). Drawn in comparison are the
calculated partial absolute photoionization cross sections by Colavita
et al. and Ponzi et al. (right y-axis).

This is presented on the left y-axis. Secondly, we plot the
absolute photoionization cross section of Cg" from Douix
et al.,*® shifted down in energy (by approximately 3 eV) to
coincide with the ionization onset of neutral Cg. This is plotted
on the right y-axis.

There are some discrepancies between the two comparisons.
The cross section obtained from Yasumatsu et al. is approxi-
mately two times larger than the one from Douix et al. It is likely
that the results from Yasumatsu et al are overestimated
but they indicate an approximate 100% uncertainty value in
their absolute absorption cross section. Since the calculated
absorption cross-sections of neutral and cationic Ceo are very
similar,®® the difference seen in Fig. 8 should arise from the
different ionization quantum yields. However, measuring
experimental absolute ionization cross-sections is extremely
challenging so that the typical error bars do not leave room
for further discussion.

The total ion yield (TIY) from this work is set on an absolute
scale in the VUV, calibrated at around 9 eV to the curve of
Yasumatsu et al. As compared to previous work, such as the TIY
of Hertel et al.*® or the absorption spectrum of Yasumatsu et al.,
we also observe a peak at 7.87 eV attributed to the autoioniza-
tion of Rydberg series converging to the ionization limits of the
first excited states of the cation. This feature is slightly visible
on the 2D matrix presented in Fig. 3 on which a brighter spot is
discernible at the beginning of the diagonal line corresponding
to the ground state. They also assigned a vibrational progres-
sion that is associated with the peak around 8.12 eV and they
attributed the slight dip at 8.45 eV to a Feshbach-Fano anti-
resonance due to the interaction of a superexcited state with an
ionization continuum. Overall the shape of our TIY is in very
good agreement with the one previously derived data.”®

There is also an interesting difference in the cross sections
of Ceo and Cgo" around a photon energy of 8.3 eV, where there
seems to be a resonance present in the cross section of Cg,'.
Undeniably the shape of our TIY compares very well with the
results of Douix et al®® apart from this region. We can only
speculate on the origins of this broad resonance. It is possible
that shape or confinement resonances, which have been calcu-
lated to be present in the continuum,® are stronger in the

13888 | Phys. Chem. Chem. Phys., 2020, 22,13880-13892

View Article Online

Paper

cation due to the increased attractiveness of the potential as felt
by the departing electron.

Further manipulation of the 2D photoelectron matrix can
also reveal the partial photoionization cross sections of the first
two bands up to 3.3 eV KE (i.e. ~10.8 eV). Integrating along the
diagonal lines (constant ionic state lines) provides the partial
photoionization yield of the two bands (see Fig. 9) as a function
of the electron KE. Both bands suggest the presence of shape
resonances above the ionization threshold, around 1-3 eV KE.**%?
The partial cross sections of the first two bands have been
previously calculated by Colavita et al®** and more recently by
Ponzi et al.®® The shapes differ quite significantly (see Fig. 9) and
they, furthermore, do not account for all the shape resonances
that are evident in our measurement. There are also significant
differences in the DFT and TDDEFT results from Ponzi et al. in this
region which are due to autoionizing resonances being included
in the TDDFT treatment and according to our findings it seems
that these autoionizing resonances are greatly exaggerated in the
TDDFT treatment where the calculations predict a value of
900 Mb at 8.7 eV (or 1.3 eV on the KE scale in Fig. 9). These
exaggerations stem from the frozen core approximation where
nuclear motion is not considered, and the strong geometry
dependence of the resonances.

5. Conclusions

By utilizing the i’PEPICO spectroscopic method in tandem with
synchrotron radiation in the VUV range, we have uncovered a
wealth of information regarding the photoionization dynamics
of Cgo. This method provided us with a 2D-photoelectron matrix
from which by horizontal, vertical, and diagonal projections/cuts
of different regions of the matrix, we could obtain information
relevant to the TPES, the total ion yield (normalized on an
absolute scale in the VUV range), the electron kinetic energy
distribution at various photon energies, and the partial photo-
ionization cross sections of individual electronic bands.

The information we have presented here on the Cgo buck-
minsterfullerene has direct and indirect applications to
ongoing astrochemical work related to DIBs and astrochemical
models that include Cq, photoionization and photoelectric
heating with photoelectrons from PAHs and fullerenes alike,
as well as addressing some fundamental questions about the
symmetry of the ground state of Cg,".

The results of our TPES of Cg, imply a different symmetry of
the ground state ion than calculations seem to favor, which is
in line with some other previous experimental findings.*>”*
Although this work implies that the ground state of the Cg," ion
belongs to the D;4q symmetry group rather than the D54 sym-
metry group, the recent theoretical progress*® in assigning the
transitions at the heart of the DIBs that have been assigned to
Ceo', are not diminished - on the contrary — as both D54 and D54
symmetry groups undergo the same pseudo-]JT distortion to
give rise to C,;, symmetry and, moreover, there does seem to be
a connection between the DIBs assigned to Ce," and the most
intense structure we observe in the second photoelectron band
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in our recorded TPES. This does not tell the whole story,
however, as the energetics of the 6g, and 10h, excited states
have not been definitively accounted for and it is likely that
their structure in the second photoelectron band is due to
photoionization converging to unresolvable vibrational modes
of these states. This brings to light the temperature issue in our
experiment which we expect to be higher than in a typical
diffuse interstellar cloud. Next generation photoionization
experiments should aim at circumventing the hot vibrational
temperature issue using cryogenic methods to cool Cg, mole-
cules, as has been successfully achieved for IR spectroscopy.®®

Finally, although scarce, the results on the electron conti-
nuum suggest differences between calculated and experimental
cross sections and anisotropy values, which in turn highlight
the difficulties of calculating continuum properties in large
systems and could be used as benchmarks for further theore-
tical advancements.
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