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Polycyclic aromatic hydrocarbons (PAHs) are key species encountered in a large variety of en-
vironments such as the Interstellar Medium (ISM) and in combustion media. Their UV spec-
troscopy and photodynamics in neutral and cationic forms are important to investigate in order to
learn about their structure, formation mechanisms, and reactivity. Here, we report an experimen-
tal photoelectron-photoion coincidence study of a prototypical PAH molecule, coronene, and its
small clusters, in a molecular beam using the vacuum ultraviolet (VUV) photons provided by the
SOLEIL synchrotron facility. Mass-selected high resolution threshold photoelectron (TPES) and
total ion yield spectra were obtained and analyzed in detail. Intense series of autoionizing reso-
nances have been characterized as originating from the monomer, dimer, and trimer neutral species,
which may be used as spectral fingerprints for their detection in the ISM by VUV absorption spec-
troscopy. Finally, a full description of the electronic structure of the monomer cation was made
and discussed in detail in relation to previous spectroscopic optical absorption data. Tentative vibra-
tional assignments in the near-threshold TPES spectrum of the monomer have been made with the
support of a theoretical approach based on density functional theory. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4900427]

Il. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) constitute a
large chemical family among all organic compounds. Their
chemical and electronic properties have long been stud-
ied using all available analytical tools"? and rapidly evolv-
ing theoretical means,>* resulting in published spectroscopic
atlases.”® The input from photoelectron data into photoab-
sorption spectroscopy has been early and deeply discussed for
PAHs.% !0 Today, large open access databases have been im-
plemented for both infrared'"-'? and visible-UV spectral prop-
erties of this family of molecules.!?

Over the past three decades, this rich class of molecules
has received a renewed interest and a growing attention, in
particular in both the combustion'? and astrophysics'4 com-
munities. On the one hand, PAHs are major products in in-
complete combustion processes, with considerable implica-
tions for health and environmental issues.'””> On the other
hand, since PAHs were first proposed in 1984'%17 to account
for the observation of infrared bands seen in emission to-
ward astrophysical objects exposed to irradiation by the UV
starlight,'* their existence in interstellar space has also been
invoked to account for the observation of other astrophysical
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signatures including the Diffuse Interstellar Bands (DIBs)'®!°

and the UV extinction bump at 217.5 nm?*2* in the interstel-
lar extinction curve. These astrophysical implications were re-
cently reviewed.'%?>

In both combustion and astrophysics, the interaction of
PAH molecules with UV/vacuum ultraviolet (VUV) photons
plays an important role, and the present basic knowledge on
their photophysical properties is far from being satisfactory.
In the astrophysical context, the photoproducts, such as rad-
icals and ions, resulting from photoinduced reactions take
part in the interstellar chemistry. For these reasons, gas phase
spectroscopic and photodynamical studies of cold PAHs and
their derivatives, cations in particular, in the UV-visible wave-
length range, are strongly needed.

Resulting from the observations of the last few IR space
missions (ISO, Spitzer, AKARI), it has been shown that free
gas-phase PAHs are mainly observed at the surface of in-
terstellar clouds that are exposed to the stellar UV radiation
field and that these PAHs are — at least partly — produced
by photo-evaporation of larger particles, often referred to as
“nanograins.”?® The stellar UV flux is also responsible for the
formation, through photoionization, of the cationic fraction of
the PAH distribution. The exact nature of these nanograins is
so far unclear, but PAH clusters have been proposed as possi-
ble models?” for them. However, experimental data on these
systems are very scarce’® and do not provide quantitative

© 2014 AIP Publishing LLC
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values that can be used in astronomical models. In addition,
the difficulty to describe the delocalization of the charge (or
electronic excitation) in these large systems”’ makes theoret-
ical simulations a real challenge.

In this context, the highly symmetric coronene molecule,
C,,H,,, can be considered as a prototype. Therefore, we have
recently started a systematic study of the vibrational and elec-
tronic spectra of the coronene cation and its clusters, in or-
der to increase our knowledge of their electronic and struc-
tural properties, and potentially provide spectral fingerprints
that could be used to identify these species in space. In this
article, we report a study on the valence shell photoelectron
spectroscopy of coronene, and its dimer and trimer where ap-
plicable, paying particular attention to the autoionization (Al)
resonances found near their respective ionization thresholds.

The first information on the photoelectron spectrum of
gas phase coronene was published in 1972.3%3! It was ob-
tained by classical photoelectron spectrometry using Hel ex-
citation, in a study primarily aimed at the experimental de-
termination of the first w-orbital energies. These results, as
well as those obtained on a large set of PAHs, were soon af-
ter complemented by the same authors,* with a quite thor-
ough discussion based on quantum chemical calculations. In
particular, since coronene is, together with benzene and triph-
enylene, a salient example of the Dy, point-group molecules
with degenerate electronic states, the role of Jahn-Teller (J-T)
distortion in its ground ionic state was considered. It was ex-
plicitly anticipated that, due to the high rigidity of the C,,H,,
skeleton, the corresponding splitting should be smaller than
70 meV.*> More recently, the value of the J-T stabilization
energy has been calculated by Kato et al.>* to be 60 meV.

Before the early 1970s, new experimental techniques
to prepare radical cations or anions in solid cryogenic ma-
trices had been developed and mastered in the Shida’s
laboratory.>*3> It allowed the development of extensive
visible-ultraviolet absorption spectroscopic studies of charged
species, which were applied in particular to the PAH family.?
Since the cation molecular orbitals are involved in both the
photoionization process and in optical spectroscopy, several
attempts to rationalize the results of the two experimen-
tal sources of information®!%36-3% have been subsequently
developed.

A short section is devoted below to the experimental as-
pects of the present study. Then, the obtained results are de-
scribed in detail and discussed, with emphasis on the autoion-
ization resonances which have been found and characterized,
not only in coronene monomer but also in its small clusters.
The attention is first focussed on the coronene monomer au-
toionization signals, before describing the results concern-
ing the autoionization resonances in the coronene dimer
and trimer. The findings on the electronic structure of the
monomer radical cation are then discussed in relation to the
existing optical absorption data.

Il. EXPERIMENTAL METHOD

Experiments have been performed on the VUV undu-
lator DESIRS beamline,**? at the French synchrotron ra-
diation facility SOLEIL. A commercial sample of coronene

J. Chem. Phys. 141, 164325 (2014)

(99% purity, Sigma-Aldrich) was directly placed into an in-
vacuum stainless-steel oven specially designed to withstand
high temperatures. The oven was heated at 340 °C and the va-
porized coronene was subsequently mixed with 1.1 bars of Ar
and expanded through a 50 um nozzle inside the SAPHIRS
molecular beam permanent endstation.*! The carrier gas and
the backing pressure were chosen to maximize the produc-
tion of coronene dimer. The resulting cooled free jet was
sampled through a profiled skimmer (2 mm-i.d. orifice) to
form a molecular beam of coronene-seeded argon. Coronene
molecules (or clusters) were subsequently ionized by the syn-
chrotron radiation beam crossing the molecular beam at the
center of the DELICIOUS?2 imaging electron/ion coincidence
spectrometer.*? Briefly, DELICIOUS?2 consists of a velocity
map imaging (VMI) analyzer coupled in coincidence with a
Wiley-McLaren time-of-flight (WM-TOF) spectrometer pro-
viding mass-filtered photoelectron or photoion images. The
extraction field can be set so that electrons emitted by the
coronene (and its clusters) within a chosen range of their ki-
netic energy (KE) can be collected. Two main types of scans
of the photon energy have been made: in the first type the ex-
traction field was adjusted so that all the photoelectrons were
collected without any discrimination in their kinetic energy,
thus providing a mass-selected total ion yield (TTY) spectrum;
in the second one the field was set to a lower value to im-
prove the kinetic energy resolution in the electron channel. In
this mode, the velocity map photoelectron image is obtained
for each mass. These images are then analyzed to yield the
full photoelectron image at each wavelength, or the threshold
photoelectron spectrum (TPES), depending on which range of
electron energies is sampled.

A 200 gr/mm low dispersion/high flux grating was set on
the monochromator so that a typical photon flux of 10'3 pho-
tons/s within a 17 meV bandwidth (typical value at 8.5 eV)
was available on the sample. Higher order synchrotron radia-
tion from the undulator’s high harmonics was filtered out us-
ing a gas filter® filled with 0.14 mbar of Kr to achieve high
spectral purity in the 7-12 eV range. The Kr absorption line**
4p°5s(3/2) — 4p° 'S, was used to calibrate the monochroma-
tor grating to an absolute energy precision of 3 meV.

During each scan, photoelectron images and cation TOF
spectra were recorded in coincidence during a chosen ac-
cumulation time for each value of the photon energy. After
a mathematical treatment® (to recover the original Newton
sphere of expanding charged particles from its 2-D projec-
tion), the photoelectron spectra (PES) for coronene and its
clusters can be extracted for each scan point, with electron
kinetic energy resolutions ranging from 40% to 4% for the
slowest and fastest electrons within the 5 eV KE bandwidth.*¢
All the data presented in this work have been corrected for
false coincidences (background noise) and photon flux varia-
tions, which were recorded thanks to a dedicated photodiode
(AXUV/IRD).

Ill. RESULTS AND DISCUSSION
A. The molecular beam content

Figure 1 shows the chemical composition of the coronene
molecular beam, as measured by the WM-TOF of the



164325-3 Bréchignac et al. J. Chem. Phys. 141, 164325 (2014)

600 —
500
400+

300

lon Counts

200+

100

2
H

B e LS AT R TLT

200 400 600 800 1000 1200 1400
m/z (amu)

FIG. 1. TOF mass spectrum of the seeded coronene molecular beam recorded at hv = 7.4 eV. The M label corresponds to coronene monomer, while B
represents the 1,12-benzoperylene, present as an impurity in the coronene sample. Dimers and trimers are present at a significant level. The molecular structures

drawings correspond to the results of theoretical optimization.*’

spectrometer at a fixed photon energy, hv = 7.4 eV. Coronene
clusters up to the tetramer can be seen, plus satellite peaks
corresponding to the presence of 1,12-benzoperylene as an
impurity in the coronene sample. Note that, although the rela-
tive concentration of this species is enhanced in the gas phase
as a consequence of its higher vapor pressure, its presence has
no impact on the data since the coincidence treatment merely
filters them out. In addition, the *C isotopomers distribution
of the coronene monomer can be observed when zooming on
the m/z = 300 peak, which places our mass resolution at about
300. Mass-selected photoion images have been recorded at
various photon energies and have been used to extract the ki-
netic energy of coronene monomer and cluster cations. The
analysis of the profiles of ion images confirmed that the data
showed no evidence of fragmentation processes via dissocia-
tive ionization in the studied energy range, leading to the con-
clusion that all the masses in Figure 1 correspond to parent
ions, i.e., ions which were formed by photoionization of the
corresponding primary neutral species. Therefore, the spec-
tra presented here correspond to pure size-selected targets.
The ion images were also used to estimate a molecular beam
temperature of 120 K from the kinetic energy distribution of
cations. This temperature corresponds to the translational en-
ergy in the beam, and can be equated to the rotational temper-
ature of the neutral species, the vibrational excitation being
difficult to estimate since the degree of vibrational cooling
may depend on the nature of each vibrational mode.

In Subsections III B-III E, the presented results always
concern the coronene monomer, unless explicitly mentioned,
like in Subsection III D 2 for the dimer and trimer.

B. Overview of the full monomer PES matrix

An overview of the electronic structure of the coronene
monomer in the 7.1-10.1 eV region is shown in Figure 2,
which allows the visualization of the PES plotted against the
photon energy in matrix form, where a color code scale is
used for the coincidence count rate.

The photon energy was scanned from 7.1 to 10.1 eV with
a 7 meV step to encompass the region where autoionization
resonances are observed. The extraction field for the electrons
was set to collect all electrons whose kinetic energy is less
than 4.7 eV, a value which is clearly larger than their maxi-
mum possible value when hv = 10.1 eV, since earlier work*’
locates the first ionization threshold near 7.3 eV. This PES
matrix contains a wealth of information that can be reduced
in several ways.

First of all, it provides the adiabatic ionization thresh-
old — as the position of maximum count rate of the
evident origin band — with an unprecedented accuracy
(thanks to dedicated scans with a smaller step of 2 meV):

Kinetic Energy (eV)

s 8.0 8.5 9.0 9.5 10.0
Photon Energy (eV)

FIG. 2. Photoelectron spectral image, representing the count rate of elec-
tron/ion coincidences as a function of the photon energy v (horizontal scale)
and the electron kinetic energy KE (vertical scale). The mass channel corre-
sponds to the coronene monomer cation. The top red trace corresponds to
the TIY spectrum, as a function of sv, while the white trace corresponds to
the TPES with an electron energy resolution £ = 10 meV. The main autoion-
ization features listed in Table I have been marked with vertical dashed red
lines.
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IP = 7.310 £ 0.005 eV. It is in agreement with most pre-
vious photoelectron studies,®*3>3¢ but the accuracy is im-
proved by more than one order of magnitude. This value is
slightly larger than the results obtained from photoionization
efficiency measurements*®#’ in the threshold region, which
are affected by temperature effects (hot tail), while measure-
ments by electron impact ionization®*>! suffer from a limited
accuracy. Also plotted in Figure 2 is the TIY curve (red curve
in the upper part of the figure). It is obtained by plotting the
integral of the PES, over the full range of electron KE, as a
function of the photon energy sv. Quite prominent along this
total photoionization efficiency curve are bands peaking at in-
tensity values which are clearly larger than that of the direct
photoionization plateau. These features are due to Al reso-
nances of the neutral molecule.

Since the kinetic energy of the electrons is analyzed for
each value of hv (vertical lines of the PES matrix), we are
able, not only to ascertain the positions of the Al resonances,
but also to determine for each resonance the distribution of
final vibronic states of the cation toward which the resonant
neutral state is decaying (see Subsections III C and III D).
Finally, by plotting the integral of the slow electrons,
f; PES(KE)dK E versus hv (¢ being chosen to a value close
to the photon energy resolution), we extract the TPES (curve
in white in the upper part of the figure) which provides the
electronic structure of the cation bound states with an energy
resolution of ¢.

C. From TPES to photoionization yield (PIY)

Before commenting on the rich vibronic structure re-
vealed by this TPES, punctuated by an intense adiabatic tran-
sition from the neutral to the cation ground state, we should
look at Figure 2 in more detail. Indeed, it can be seen that
some small features in the TPES appear as superimposed on
the Al resonances seen in the TIY spectrum. This calls for a
more careful look to the data, with the aim at sorting out the
spectral features from the neutral or from ionic species.

One way to distinguish the cation transitions from the
neutral Al resonances is to examine how the “TPES” curve
evolves when increasing the upper limit of the integral over
KE, which can be done from Figure 3. In the case of a
cationic state, produced by direct ionization, whose energy
is Ec;, when hv becomes larger than (IP + Ec;) the ion signal
is expected to remain approximatively constant until another
cationic state is encountered giving a steplike profile. Also the
kinetic energy of the electron is uniquely given by the energy
balance between the photon energy and the cation state en-
ergy (Ec;): KE = hv — (IP + Ec;). On the contrary, in the
case of a neutral Al state of energy E,; the ion signal is ex-
pected to rise then fall with a slope which depends on its spec-
tral width and to peak exactly at the energy E ;.. In addition,
when a broader range of KE is admitted in the integral, the
range of detected final cation states becomes larger, enhanc-
ing the total signal. This is illustrated in the panels (a) and (b)
of Figure 3. In brief, the Al features increase in intensity with
the KE bandwidth without changing their bandshapes, while
direct ionization features evolve in shape from a TPES peak
to a PIY step without change of their peak intensities.

J. Chem. Phys. 141, 164325 (2014)

Figure 3(a) covers the photon energy range from 7.2 to
8.7 eV. The direct ionization features are located between
7.3 and 7.8 eV, with autoionization features present above
7.44 eV. Two autoionization resonances are possibly su-
perimposed on top of direct ionization peaks: a broad one
centered near 7.52 eV and a narrow one located at 7.72 eV.
Figure 3(b) covers the photon energy range from 8.5 to
10.0 eV. It reveals, for the low values of the KE bandwidth,
the presence of at least 3 narrow peaks of direct ionization
between 8.6 and 8.8 eV, while all the remaining features are
due to Al resonances. These direct ionization peaks indicate
the presence of an excited electronic state of the coronene
cation in this spectral range. We will further discuss this point
in Subsection III E 1 below.

D. Autoionizing resonances in the coronene
monomer and clusters

1. Assignments in monomer: Analysis of the final
states of the cation

Table I compiles the positions of some of the most promi-
nent Al lines observed in this work, along with the values
of their bandwidths, as extracted from the data presented in

From TPES to PIY

i R T
71 (a) A2 AI3 I\ j

|

] Al APRNAp YT T ]

Count rate

Count rate

hv (eV)

FIG. 3. Evolution of the “TPES” curve from hv = 7.2 to 8.7 eV (a) and from
8.5 to 10 eV (b) with the upper limit of the integral over KE. The different
values of this limit are as follows. Panel (a): 0.004 eV, 0.015 eV, 0.052 eV,
0.12 eV, 0.28 eV, 0.5 eV, 0.78 eV, 3.11 eV; Panel (b): 0.004 eV, 0.008 eV,
0.015eV,0.025 eV, 0.052 ¢V, 0.07 eV, 0.12 eV. Asterisks mark the real TPES
features, while arrows indicate the centers of Al resonances which are named
according to their numbering in Table I.
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Figure 3. It also lists the energies of the most probable final
cation states resulting from their relaxation, obtained from
the analysis of the photoelectron kinetic energy distributions
when the photon energy is set, respectively, ON and OFF
each resonance. Below 8.6 eV, all the Al resonant states decay
toward either the ground adiabatic state of the cation, D, (v
= 0) located at 7.310 eV, or to vibrationally excited states
located above the adiabatic ionization limit, D, (v# 0). As
an example, Figure 4 shows the internal energy distribution
of final cation states resulting from the excitation of two dif-
ferent Al resonances. Figure 4(a) corresponds to the narrow
Al 2 peak at 7.724 eV, which shows three bumps that can be
assigned, in order of decreasing probability to the v = O state,
a vibrational state at 1370 £ 200 cm™! and another at 2900
+ 200 cm~!. With the accuracy of the positions being poor,
these states could involve excitation of one and two quanta
of a number of C—C stretching modes of the coronene cation
skeleton. For the Al 4 resonance at 8.31 eV, the final cation
state distribution peaks near 5800 cm~!. Beyond 8.6 eV,
the Al states primarily decay to other electronically excited
states of the cation with a propensity to populate the highest
energetically allowed vibronic states. This is apparent in
Figure 4(b), in the case of the broad Al 6 resonance peaking at
9.312 eV.

As compiled in Table I, 7 Al resonances can be
identified as members of a Rydberg series converging to
10.21 eV (see Figure 7(a)) and characterized by a quantum
defect § = 0.30 & 0.03. The values of the principal quantum
number n, extending from 3 to 9, are given in the fourth col-
umn of Table I. Considering the integrated absorbance (i.e.,
width x peak value) of these bands, their oscillator strengths
are relatively large. This observation is consistent with the
strength of the continuum associated with the excited cation
state at 10.21 eV (see Subsection III E 2).

Concerning the bandshapes of these Al resonances, five
of them exhibit quite broad bandwidths (=~ 60 meV, see the
third column of Table I) as well as Lorentzian-like band-
shapes, while only two (Al 2 and Al 3) are narrow enough
to be significantly affected by the resolution of the beamline’s
monochromator. One can note that, from energy conservation
and the electronic structure appearing in Table III below, these
two resonances, as well as Al 4, can only relax to excited vi-
brational states of the cation ground electronic state, while
other resonances, from Al 5 to Al 11, can relax to vibrational
levels of excited electronic states.

Furthermore, it should be noted that some of the Al res-
onances seem to have an unresolved faint shoulder on the
blue side of their profile, at an approximate distance of about
70 meV (see the complete TIY in Figure 5, with vertical
lines marking the Al states). It may suggest excitation of a
skeleton bending mode. But another possibility would be that
these features would be members of a second Rydberg series
converging toward the second J-T component of the above
mentioned state at 10.21 eV, the approximate energy separa-
tion being consistent with the theoretical estimates of the J-T
splitting.3>33

We note that the strongest AI resonances (4-5 bands
presently reported within 8.31-9.81 eV) were present at low
level in the VUV absorption spectrum of coronene vapor,

J. Chem. Phys. 141, 164325 (2014)

Distribution of final cation states

(@)
Al state at 7.724 eV
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Al state at 9.32 eV

LI B B S B B B S B B S B S S BN B B S B B B R S B B B B R

6,5 7.0 7.5 8,0 85 9,0 9,5
Energy (eV) from the neutral ground state

FIG. 4. Distribution of the final cation states resulting from the relaxation
of the Al resonances in neutral coronene, derived from the photoelectron KE
distribution. The statistics were improved by summing up the distribution of
adjacent channels (columns of the PES matrix) corresponding to close values
of the photon energy /v. 4 channels (28 meV) were used for panel (a) (narrow
Al 2 feature) and 8 channels (56 meV) were used for panel (b) (broad Al 6
feature).

taken with a synchrotron radiation beam passing through an
oven maintained at 530 K, by Joblin.>

It is worth emphasizing that low-n autoionization fea-
tures are generally unexpected in large molecules such as
coronene. Indeed, although the presence of autoionization
states is undeniable, the high spectral density of vibronic
states in these large molecules means that intra-molecular
relaxation can efficiently compete with autoionization.
However, coronene being a very stable, compact, and rigid
molecule, its dynamical behavior under injection of internal
energy probably differs from the usual case. It is interesting
to observe that the loss of a (not so fast) electron becomes a
preferred relaxation channel.

2. Autoionizing resonances in the coronene dimer
and trimer: Spectral shifts from the monomer

As an introduction to this subsection, we recall that mod-
els of the interaction potential between a small number of
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TABLE I. Peak positions in energy of the most prominent Al resonances of coronene monomer (found in this
work). The n assignments (4th column) correspond to the values of the principal quantum number resulting from
the identification of a Rydberg series (quantum defect § = 0.30 £ 0.03) converging to the electronic excited state
at 10.21 eV (see Figure 7(a)). The energies of the main final cation states (last column to the right) are derived
from the comparison of the electron kinetic energy spectra recovered ON and OFF each resonance. The values in
bold characters correspond to the dominant channels.

Position Bandwidth Rydberg Electron KE Final cation energy
Band no €eV) (meV) n value V) €eV)
Al'l 7.520 50 0.22 0.00
Al 2 7.724 20 0.42/0.25/0.06 0.00/0.17/0.36
Al3 7.812 20 0.52/0.34 0.00/0.18
Al 4 8.310 60 3 0.70/0.30 0.32/0.72
AlS 9.057 60 ... 0.65/0.35/0.15 1.1/1.4/1.6
Al 6 9.312 60 4 0.6/0.3/0.1 1.4/1.7/1.9
Al7 9.578 40 5 0.72 1.55
AI8 9.802 6
AI9 9.907 7
AI 10 9.970 8
Alll 10.026 9

coronene molecules predict that the lowest energy cluster
structures are sandwich-like, with a distance between molecu-
lar planes rather close to that of graphite. The coronene dimer
was found to be a perfect twisted stack in which the two moi-
eties share a common sixfold axis.*”> In addition, recent
calculations by Rapacioli et al.,’* using an extension of den-
sity functional based tight-binding (DFTB) methods which is
adapted for molecular clusters, predict significant structural
changes between the neutral and cation ground states: for in-
stance, the intermolecular distance was found to be reduced
from 3.35 A in the neutral coronene dimer to 3.18 A in the
dimer cation, an effect that can primarily be interpreted as
a result of charge resonance interaction.>* Particular attention

Autoionizing states
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FIG. 5. Total ion yield spectrum of coronene monomer, in which the Al reso-
nances have been marked by vertical lines. Positions in photon energy /v are
listed in Table I. The principal quantum number assignments are described
by n values.

will be paid in this subsection to the respective Al states of the
two cluster systems (dimer and trimer) and how they compare
to the case of coronene monomer.

Figure 6 displays a comparison of three spectra, respec-
tively, obtained from the coincidence electron count rates rel-
ative to the mass channels 300 amu (monomer), 600 amu
(dimer), and 900 amu (trimer) during the same scan of the
synchrotron photon energy hv from 7.0 to 10.5 eV. The
kinetic energy bandwidth of the electrons was limited to
e = 0.8 eV, so that these curves represent partial ion yield
spectra and not TIY. We focus here on autoionization fea-
tures, while a more complete discussion of the photoioniza-
tion spectra of coronene clusters will be the subject of future
publications.

Count rate (au)

Trimer

75 8,0 8,5 9,0 9,5 10,0 10,5
hv (eV)

7,0

FIG. 6. Comparison of partial ion yield spectra of coronene monomer, dimer,
and trimer with electron KE resolution ¢ = 0.8 eV. Scaling factors (5 for
dimer, 50 for trimer) and vertical translations were used for better clarity.
The cluster spectral shifts are emphasized: red segments from monomer to
dimer and blue segments from dimer to trimer.
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As mentioned for monomer at the end of Sub-
section III D 1, it is remarkable that dimer and trimer also
exhibit strong autoionization resonances despite the expected
lifetime shortening due to the more efficient relaxation asso-
ciated with their larger size. Vertical arrows pointing up have
been added to help visualize these Al resonances. These ar-
rows also allow to emphasize the cluster spectral shifts from
monomer to dimer (red segments) and from dimer to trimer
(blue segments) for the main peaks. Three of the dimer Al
resonances have positions which are consistent with a Ryd-
berg series assignment (see 4th column of Table II) character-
ized by a quantum defect § = 0.32 + 0.03 which converges
toward an electronic state lying at 9.98 eV. This state was
confirmed by the presence of a peak in the TPES spectrum,
which will be discussed in a forthcoming paper. Only two
Rydberg assignments are proposed in the case of the trimer
cluster.

The main characteristics (positions, bandwidths, Ryd-
berg assignments where applicable) of these new resonances
are listed in Table II. Comparison of the second column of
this table with that of Table I indicates that there is an ap-
proximately constant redshift in energy for the positions of
the most prominent Al resonances, i.e.: the redshift is found
within —0.27 &+ 0.05 meV when going from the monomer to
the dimer. Comparatively, the redshift from dimer to trimer
is much smaller: —0.07 £+ 0.01 eV. Note that, in case of
Rydberg assignments, the n value of the Rydberg quan-
tum number is conserved in the evaluation of these spectral
shifts.

The final cationic states distribution resulting from the
relaxation of the AI resonances is not as easy to extract as
for the monomer, due to the broader nature of the clusters
photoelectron spectra and to the lower signal-to-noise ratio.
Nevertheless, we have attempted for two of the dimer bands
(AI 1 and AI 3) to approximately locate the maximum in
the electron kinetic energy distribution (see 5th column in
Table II), and we can note that it remains small (clearly less
than 1 eV).

The third column of Table II lists the bandwidths ob-
served for the dimer, showing that they are about a fac-
tor of two larger than for the monomer (with the excep-
tion of AI 2). As mentioned in Subsection III D 1 for
monomer, a vibrational and/or J-T contribution to this broad-
ening should be considered in an appropriate theoretical
description.

J. Chem. Phys. 141, 164325 (2014)

Finally, in comparing the data in Tables I and II, apart
from the number of Al states, the main difference resides
in the observed bandwidths, which take clearly larger values
in the case of dimer. Among the reasons which may partici-
pate to explain this observation, one could invoke: (i) the vi-
brational congestion, with a much larger number of modes
including some very low-frequency ones; (ii) the plausible ex-
istence of several conformers; (iii) the intracluster relaxation
into vibrational excitation, whose rate is expected to increase
with size; (iv) the dynamical migration of the electronic ex-
citation from one monomer moiety to its neighbor resulting
from dipole—induced dipole interaction. But we wish to also
propose the role of the steric hindering, resulting from the just
recalled “sandwich-like” dimer structure,*’ as a quencher of
the Rydberg orbitals.

Indeed, the relatively small and consistent values of the
quantum defect is probably in favor of p-like Rydberg or-
bitals, with their main axis perpendicular to the aromatic
planes, which is similar to what was pointed out for the Ry-
dberg states of benzene.’> Assuming that Rydberg excitation
within a dimer is, at a given time and without consideration of
exciton-like hopping, centered relative to the geometric center
of one monomer moiety, the presence of the second moiety at
a distance (of the order of 3.4 A) smaller than the classical
Rydberg radius (4.8 A forn =3, 8.5 A forn =4, 13.2 A for
n = 5) is obviously a dramatic hindering for the electron mo-
tion. The lifetime associated with such states would thus be
drastically reduced down to a few femtoseconds, as indicated
by the bandwidths values.

E. TPES and vibronic structure of the monomer cation

The high resolution TPES spectrum represented in Fig-
ure 7(a) covers nearly the same internal energy range as the
reference photoelectron spectrum of Boschi and Schmidt*
recorded with a classical photoelectron analyzer and a He(I)
lamp. Its dominant feature is the intense and narrow transition
appearing at 10.21 eV, which marks the v = 0 vibrational level
of an excited electronic state of the cation. Besides this transi-
tion, the already discussed Al features and the weak transition
whose origin lies at 8.615 eV (with associated vibronic bands
at 8.67 and 8.72 eV), a broad bump sits to the blue of the
strong 10.21 eV band while the TPES signal rises again from
11.2to 11.6 eV.

TABLE II. Peak positions in energy of the most prominent Al resonances of coronene dimer (left side) and
trimer (right side). The n assignments (4th and 8th columns) correspond to the values of the principal quantum
number resulting from the identification of two Rydberg series (quantum defect § = 0.32 £ 0.03 for dimer,
fixed at 0.33 for trimer) converging, respectively, to cationic excited states located at 9.98 eV for dimer and 9.86

+ 0.05 eV for trimer.

Band no Position Bandwidth Rydberg Electron KE Band no Position Rydberg
Dimer eV) (meV) n value (eV) Trimer (eV) n value
ATl 8.09 120 3 0.82 Al'l 8.03 3
Al2 8.43 20 Al2 8.7 ..
Al3 8.76 120 0.40 Al3 9.21 5

Al 4 9.00 80

AlLS 9.29 100 5
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FIG. 7. (a) Overview of the TPES spectrum of coronene monomer up to
11.7 eV; the positions of the main Al states are marked with dotted lines for
clarity. (b) Close up of the cation ground state region (photon energy step
2 meV ~ 16 cm™!, KE bandwidth 5 meV), compared with the theoretical
prediction at 200 K (see text for details); contributions from Al 1 and AI 2
features have been subtracted; the red line shows a “stick spectrum” and the
surface area in light red color its convolution with a 40 cm™! Lorentzian line-
shape (the relative position of the two spectra has been adjusted for matching
on the 0-0 band).

1. The cation ground state: Comparison with
theoretical predictions

Following the above assignments of Al resonances, it is
now possible to distinguish in the low-KE spectrum of Fig-
ure 2 the cation states resulting from direct photoionization
from the Al features. In order to make a detailed comparison
of the present results with our theoretical predictions for the
structure of the coronene cation ground state, we have built
a corrected TPES spectrum by subtracting the contribution of
Al resonances at 7.52 eV (Al 1) and 7.724 eV (Al 2) from the
experimental TPES. This corrected TPES spectrum is shown
in Figure 7(b) in the spectral window from 7.16 to 7.62 eV
(i.e., —1230 cm™'below to 2500 cm™'above the 0-0 band).

The simulated TPES spectrum, also shown in
Figure 7(b), was obtained from calculated “Franck-Condon”
(FC) factors for the transition from the neutral ground state
to the cation ground state (without consideration of the
electron wavefunction nor of the vibronic interaction). These
factors were computed using the linear coupling approxi-
mation, as described by Mukamel.’*>” Similar to what was
recently done for simulating the visible spectra of the 1- and
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2-methylnaphthalene cations,”® the two potential energy
surfaces, as described by equilibrium geometries, harmonic
frequencies, and normal modes, were obtained from DFT
calculations with the B971-1 functional and TZ2P basis set.>’

The symmetry of the equilibrium geometry of the neutral
ground state was found to belong to the Dy, point-group, as
expected. By contrast, the cation ground state equilibrium ge-
ometry was found to be of D,, symmetry, as earlier found by
Hirata et al.,%° in agreement with the expected distortion due
to J-T interaction.* To simplify the calculations, both neu-
tral and cation were computed in D,, symmetry. Only the
18 vibrational modes of A, symmetry were found to carry
FC activity, the largest coefficients being those of the modes
at 368 cm~!'(45 meV) and at 1661 cm~!(206 meV), and —
at a lower level — the modes at 1262 cm™!(156 meV) and
1377 cm~!(171 meV). A list of vibrational frequencies for the
18 A, modes and a graph of their FC coupling coefficients,
as well as a sketch illustrating the atomic displacements in-
volved by the v,; vibration, can be found in the supplemen-
tary material® (Table SI and Figure S1).

The most prominent feature appearing in Figure 7(b) is
the origin band marking the position of the adiabatic IP, also
hinting at a very small geometry change between the neu-
tral and the cationic species. Also interesting is the presence
of a weak shoulder on the red side of the 0-0 band. Due to
its variability with the jet expansion conditions (see Figure
S2 in the supplementary material®'), we assigned it to a hot
band (0-1).

The simulated spectrum reproduces rather well this vi-
brationally excited state in the neutral as the Ag mode of en-
ergy 368 cm~', involving an in-plane deformation along the
long symmetry axis (D,,) (see the sketch of the atomic dis-
placements in the supplementary material®'). From the hot
band relative intensity (ratio 0-1 to 0-0), the value of T,
=~ 200 K is derived for this particular mode. Although dif-
ferent vibrational modes will experience different degrees of
cooling in the supersonic jet, we can nevertheless provide this
temperature parameter as a rough estimate of the internal en-
ergy of the low frequency modes.

The overall agreement between the experimental and the
theoretical spectra, without introduction of any adjustment
factor, is — to some extent — satisfactory, although it is not
the case when looking more carefully at the weak features.
The four above mentioned modes, 368 cm~'and 1661 cm™!as
well as 1262 cm~'and 1377 cm™!, find counterparts in the
experimental spectrum, although the detailed vibronic struc-
ture of the photoionization transition appearing in the experi-
mental spectrum does not precisely match the structure in the
simulated spectrum. For instance, the 1-0 band, predicted at
368 cm™!, is not completely clear in the experimental spec-
trum which peaks in that region at ~ 60 cm~'above this value.
The most probable reason for that can be attributed to the lack
of an adequate description of the vibronic coupling resulting
from the J-T interaction. In addition, the plausible presence
of resonant autoionization processes occurring in this near-
threshold region can also affect the relative intensities of par-
ticular TPES peaks. This relatively poor agreement will also
impact the quality of the estimated temperature for the low
frequency modes.
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The vibrational J-T coupling constants reported by Kato
et al.>3 favor three modes of E,, symmetry (Dy,) at 496, 1013,
1668 cm™'. Since E,, species in Dg, point-group resolve into
A, + B,, species in the lower symmetry D,, point-group, and
the FC active modes are the A g ones, a contribution from J-T
active modes is expected in the FC distribution. While these
last values bring a complement to the theoretical list (Table
SI in the supplementary material®!) of (FC allowed) frequen-
cies, a detailed J-T analysis would be necessary to improve
the comparison between experiment and theory. However, this
would require a huge computational effort for such a large
molecule, which is fully out of the scope of the present work.

Note finally that several high resolution UV wavelength
scans were made in the region of the origin transition, from
7.1 to 7.9 eV. Depending on the exact beam conditions, the
values of T, for the coronene molecules in the beam were
found between 200 and 350 K, which are significantly higher
than the estimated translational temperature of the molecular
beam.

2. Exploration of the excited electronic states
of the coronene cation up to 11.6 eV

Considering the previous results obtained by conven-
tional PES in the literature, it is quite surprising to see no
trace of a state near 9.1 eV apart from the small satellite on
the blue shoulder of the Al 5 resonance. Indeed, as early as
1972, Boschi and Schmidt*® reported the experimental values
of vertical IPs to be: 7.34, 8.64, 9.15, 10.4, 10.55, 11.8 eV.
All these IP values have counterparts in our spectra, except
for the ones at 9.15 eV and 10.4 eV (11.8 eV being out of
the scanned energy range [see Figure 7(a)]). Note that a large
uncertainty should be expected in the 10.4 eV value since this
band was overlapped with the 10.55 eV one under a limited
resolution.

Independent information about the excited electronic
states of the coronene cation is indeed available, from the
results of the near-IR and visible direct absorption spectro-
scopic studies in low temperature matrices.> %> It must be re-
called that such studies are affected by the “matrix shift” re-
sulting from the interaction of the cation with its solid envi-
ronment, and this kind of shift is almost impossible to predict
securely. Two main studies have been reported in the litera-
ture: the earlier one was conducted in a glassy organic matrix
(Butyl chloride [BuCl]) by Shida and Iwata,> the second one
in a Neon matrix by Ehrenfreund et al.®> Caution must be
taken when comparing the TPES data to that from absorption
measurements for two main reasons: (a) strict selection rules
apply in the latter case (absorption), but not in the former
case (TPES); (b) absorption only involves configurations in
the cation, while TPES involves both the neutral and cationic
characteristics.

In addition to the aforementioned matrix-isolation stud-
ies, there has been a single study reporting the absorption
spectrum of the coronene cation in the gas phase.%® It con-
sisted in the measurement of the laser-induced photofragmen-
tation efficiency as a function of the laser wavelength in a cold
Fourier transform ion cyclotron resonance (FT-ICR) trap. A
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relatively broad band, centered at 457 £ 1 nm (~ 2.71 eV,
i.e., ~ 10.02 = 0.01 eV from the neutral ground state), was
reported.

Both matrix studies reveal absorption bands at hv
= 1.75 eV and hv = 1.82 eV, respectively, accompanied by
a weaker feature separated by about 1600 cm~! on the blue
side. The difference in these positions is consistent with a dif-
ference in matrix shifts. From the position of the first IP at
7.31 eV, the electronic excited state involved in these transi-
tions should be lying at 9.13 eV, in fair agreement with the
old PES data. In the present data, this excited state should
then be lying very close to the large autoionization resonance
centered at 9.06 eV, making detection challenging due to the
limited strength of the TPES signal. Nevertheless, the position
of this state was confirmed by undertaking a mathematical
transformation which selectively enhances the direct ioniza-
tion events, as explained below.

Direct ionization events producing a cation of energy /E;,
where IE, is the ionization energy of the ith state, will appear
in the photoionization matrix along straight lines of constant
slope KE = hv — IE; (which implies that hv > IE;). There-
fore, to amplify the signal of the direct ionization events, one
can integrate the electron yield along this diagonal direction
within a given electron kinetic energy range, following the
expression:

KE
PES(IE,) = / " S(KE + IE,), KE)IKE,

EMirL

where S(hv, KE) is the photoionization intensity matrix shown
in Figure 2. In this case, in spite of a reduced resolution,
the signal from photon resonant events, such as autoioniza-
tion ones, will be diluted due to the partial integration over
the photon energy, while direct ionization events will be en-
hanced. Figure 8 shows the result of this analysis for an in-
terval of 0.3 <KE < 0.5 eV (a), along with the TPES (b)
and TIY (c) curves for comparison. The third electronic band
which was barely visible in the TPES curve and shadowed
by a strong autoionization feature, is now visible as a weak

Intensity (a.u.)

8,5 9,0 9,5
hv (eV)

7,5 8,0

FIG. 8. (a) Result of the data treatment enhancing the intensity of cation
electronic states while diluting that of AI neutral resonances (see text for
details); (b) TPES; (c) TIY.
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TABLE III. Adiabatic energies of the excited electronic states of coronene cation, relative to the neutral ground
state and from the Dy, cation state. The second column recalls the values of the successive IPs measured by Boschi
and Schmidt.’® The assignments in terms of involved 7 molecular orbital (MO) are given in both Dy, and D,,
symmetry point-groups. Note the following exception: according to Deleuze,* the le,, orbital for the D, state is
of o type. The values in columns 7-9 are taken from optical absorption studies. The last (right) column lists our
new TD-DFT theoretical values. The numbers in bold characters correspond to the experimental values measured

in the present work.

Energy 1P MO MO AE from D, BuCl® Neon®  Gas® E e
(eV) (eV)  Label (Dg)*? (D)% (eV) (eV) eV) V) (eV)
7.310 7.34 D, 2e,, a,orb,, 0 0
8.615 8.64 D, 2¢), by, or by, 1.305 1.30 131 1.21
8.67 D,(v)) 1.36

8.72 D, (v,) 1.41

9.11 9.15 D, b, or 1by, by, orb,, 1.80 1.75 1.82 1.69
10.04 10.4 D, 2a,, by, 273 2.60 2.70 271 261
10.21 10.55 D, ley, or ley,* 2.90 2.89 291

transition centered at 9.11 £ 0.05 eV, along with the ground
(7.31 eV) and first (8.615 eV) excited states, while the au-
toionization bands are washed out.

In summary, Table III presents the electronic/vibronic as-
signments of the coronene cation that have been achieved
in this study. All the involved electronic states should corre-
spond to ionization from 7 orbitals. We have indicated in this
table the symmetry species of the involved molecular orbitals:

— in the 4th column, in the Dy, point-group: according to
Boschi et al.3? (for all the five states) and to Deleuze*
(which differ only for the D, state), whose studies fo-
cussed on PES properties;

— in the 5th column, in the D,, point-group (i.e., in the
cation distorted geometry): following the study by Hi-
rata et al.®* which focussed on the absorption spectrum
of the cation.

It is noticeable that the symmetry species listed in these
two columns are consistent with the classical correlation rules
for the resolution of the symmetry species when going from
the Dy, point-group to the lower symmetry D,, point-group,
except for the D; state line where a,, species (Dg;,) should
correlate with b;, (D). Note that Deleuze,* in a compara-
tive study with OVGF/cc-pVDZ and TD-DFT calculations,
suggested that the state at 9.11 eV (D,) would be due to the
1b,, m-orbital only, while the 1b,, orbital would be lying at
approximately 0.36 eV above the 2¢,, orbital. Nonetheless,
nothing in the present experimental results allows us to con-
firm this suggestion.

Table III also recalls the results of the optical absorp-
tion studies which have been mentioned above, in which the
photon energies of absorption bands are expected to corre-
spond to differences between those of cation excited D,, states
and the first adiabatic IP at 7.31 eV. This is actually the
case for the four transitions D, < D, to D, < D,. Note
that this assignment is supported by the presence of two dis-
tinct bands between 2.5 and 3.0 eV in the optical absorption
spectrum of the coronene cation in cold BuCl matrix,” while
the three independent measurements of the D; < D, tran-
sition are in fair overall agreement, even with considering

the role of matrix shifts. It follows that the IP value reported
by Boschi and Schmidt*® (second column) for Dj is inaccu-
rate, which can be understood considering the low resolution
of their reported PES data. Note also that only two states
(Dy and D,), among the five listed ones, were found to ex-
hibit large photoionization cross sections in our experimental
conditions.

It is expected from dipole selection rules that all the
cation states optically connected to D, must be of “g”
character. This is indeed the case with the previous orbital
assignments for the D; and D, states. For the D, state, we
suggest then that the involved MO should be b, (D,,), rather
than 2a,, (D). Conversely, the MO of the electron ejected
to form the D, state should be issued from the le,, (Dg,)
o-orbital, as proposed by Deleuze* (which resolves into a
+ by, in D, point-group), rather than from the le,, (D) 7-
orbital. It should be stressed that the complete interpretation
of the electronic structure of the coronene cation appearing
in Table III is in almost perfect agreement, within
+0.13 eV, with the results of additional TD-DFT calcu-
lations of the first few vertical transitions in D,, geometry.
These calculations were done with TD-DFT, using the B-LYP
exchange-correlation functional and the def2-TZVP basis set,
with the resolution of identity approximation as implemented
in the Turbomole code. The output listing indeed provided
J-T pairs of states, whose splittings remain between 22 and
37 meV. Only average positions are listed in the last column
of Table III.

As a final remark, it is interesting to note that the band at
10.04 eV, assigned to the Dj state, is not directly observable in
our TPES data, due to its low cross-section at threshold, and
to the rich background coming from autoionization processes
in this spectral region, with many members of the Rydberg
series of neutral Al states converging toward the D, state at
10.21 eV. However, a weak shoulder appearing at that energy
(10.04 eV) can be identified in the photoelectron spectra
recorded at higher photon energies, which are given in the
supplementary material.’! This shoulder could be attributed
to the D state, but its low signal precludes an unambiguous
assignment.
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IV. CONCLUSION

The present study has reported new gas phase data on
the photoionization spectroscopy of a model PAH of large
size. These data represent the first detailed investigation on
the electronic structure of coronene cation in the energy
range between 7.0 and 11.7 eV above its neutral ground
state. A number of autoionization resonances have been
unexpectedly observed near the first adiabatic ionization
threshold of coronene, its dimer, and its trimer, relaxing
to both vibrationally and electronically excited cationic
states. We have reported their positions and identified a long
Rydberg series converging to the D, electronically excited
state. In the monomer case, we have been able to pinpoint
the final cationic states after the electronic relaxation by
measuring the kinetic energy of the emitted electron, whereas
the inherent lack of resolution in the dimer spectra leads to a
more challenging or even impossible assignment of the final
cationic state.

Due to the relatively long lifetimes of these autoioniza-
tion features, the fact that the experimental technique does
not introduce any other source of broadening apart from the
spectral bandwidth admitted through the beamline monochro-
mator, and their quite large cross sections, these bands could
provide a solid laboratory reference for a possible future in-
terstellar detection of these species. Consequently, the feasi-
bility of a detection of coronene in the interstellar medium,
based on this spectral fingerprint in the VUV spectral win-
dow, might be worth consideration. Similarly, it may be of
interest to consider using these bands for monitoring the ag-
gregation processes which are probably involved in the first
steps of soot formation.

In addition, we have presented the TPES curve of the
coronene monomer, and shown that it presents a rich vibronic
structure in the explored energy range with an intense adi-
abatic transition at the first ionization threshold and an even
stronger one lying at 10.21 eV. Two of the features clearly vis-
ible in the absorption spectra of the ion do not appear or do so
weakly in the TPES. The theoretically simulated photoelec-
tron spectrum of coronene in the threshold region is in partial
agreement with the experimental TPES, allowing to point out
the important role of the J-T effect in its ionic ground state.
This TPES provides the first experimental data for its analysis.
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