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Abstract

Electron impact ionization near threshold has been studied for the polyaromatic hydrocarbons coronene and corannulene using a high resolution
electron monochromator in conjunction with quadrupole mass spectrometry. The mass spectra determined at an electron energy of 100 eV show
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rich fragmentation pattern (particularly for coronene) including the presence of multiply charged molecular cations for both compo
he singly and multiply charged parent ions of coronene and corannulene we present the ionization efficiency curves near threshold
he corresponding appearance energies (AEs) are determined using a nonlinear least squares fitting routine. The AEs obtained here
here available with previous values reported for both compounds using electron impact ionization and photoionization as well as with
redictions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Coronene and corannulene (seeFig. 1 for the molecular
tructures[1] with optimized geometry using the B3LYP/6-
11G** method) belong to the class of large polycyclic aromatic
ydrocarbons (PAHs). PAHs play an important role in environ-
ental applications because of their appearance as abundant
y-products in the combustion of organic materials[2,3]. Cer-

ain members of this family are known for their toxicity[3],
nd others (neutral and ionized) have been tentatively identi-
ed as a source of infrared emission from interstellar matter
4–6]. Coronene is considered to be one of the most representa-
ive PAHs in the interstellar space[6]. Moreover, the two PAH
ompounds coronene (C24H12) and corannulene (C20H10) are of
articular interest as they represent a prototype of bowl-shaped
corannulene) and planar PAHs (coronene). Coronene, a partic-
larly stable compound, consists of seven benzene rings. The
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molecule is absolutely flat and resembles a layer of grap
Thus it is considered as a model system for graphite as it
sesses the local six-fold symmetry of graphite[7]. Corannulen
has a curved-surface structure and is often referred to as a “
ybowl” molecule as it represents the “polar cap” or 1/3 o
C60 fullerene or “buckyball” molecule[8]. Corannulene wa
first synthesized in 1966 by a difficult 17-step synthesis[9]. In
the early 1990s, however, one of our groups developed a
shorter synthesis of corannulene using flash pyrolysis[8].

The ionization of PAHs has received some attention in th
erature[10,11], particularly in the context of extensive stud
of the ionization energies (IEs) of singly and multiply char
fullerene and fullerene fragment ions[12–15]. In general, th
possibility to form multiply charged polyatomic molecular io
is strongly dependent on the properties of the molecule. In
cases the Coulomb repulsion limits the detection of mul
charged ions[16]. Doubly and triply charged (small) molec
lar ions were obtained experimentally[16]. Exceptional stabilit
was observed for the fullerene C60 cluster where charge states
to 12 were detected experimentally[17]. Ionization energies o
the C60parent cations were reported previously up to charge
z = 4[13] and for C up toz = 6[15]. These studies revealed t
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Fig. 1. Molecular structure of corannulene (C20H10) and coronene (C24H12) with optimized geometry using the B3LYP/6–311G** method[1].

the ionization energies for both fullerenes cations and the same
charge state are approximately the same[13]. Another experi-
mental observation was that the ionization energies of fullerenes
depend nearly linearly on the charge state[15,18], which was
in good agreement with theoretical predictions[19] and with
the simple molecular capacitor scaling law of Smith[20]. The
latter classical model should also be applicable for fragments of
graphite and large PAHs[20].

The IEs of coronene and corannulene were determined in
several previous studies[10,11,20–31]. One of the most recent
experimental studies was carried out by Schröder et al.[10]
who studied single and double ionization of both molecules
with three different experimental techniques (including pho-
toionization) combined with ab initio theory. In the NIST
data base[23] several values for the ionization energy of
coronene are listed (in addition to the mass spectrum recorded
at the electron energy of 70 eV) which were determined via
photoelectron spectroscopy[24,25], electron impact ionization
[21,26], gas phase ion-equilibrium studies[27] and measure-
ments of charge transfer spectra[28]. Moreover, a few theoretical
studies were dedicated to the determination of the ionization
energy of coronene[20,29–31]. Another remarkable experi-
ment not included in NIST was carried out by Tobita et al.
[22] who determined single and double ionization potentials
of 21 PAHs utilizing photoionization. The ionization energies
for singly and doubly charged coronene by means of elec-
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tal conditions. The results along with their error margins are
compared with other data available in the literature.

2. Experimental technique and data analysis

The experimental apparatus and the data analysis proce-
dure have been described in detail in previous publications
[32–34]. Briefly, we use a high-resolution hemispherical elec-
tron monochromator in conjunction with a quadrupole mass
spectrometer. The molecular target gas beam of coronene or
corannulene is produced in a Knudsen type oven originally used
for the evaporation of C60. The oven is heated resistively and
can reach temperatures up to 800◦C. The yellow coronene-
powder has a stated purity of 99% and was purchased from
Sigma–Aldrich. Corannulene is not commercially available but
was prepared[8] by Mack and Scott for the present experiment.
For the crystalline corannulene granulate an oven temperature
of about 130◦C is used whereas coronene is heated up to tem-
peratures of about 200◦C for a sufficiently intense molecular
beam. The temperature is measured with a Pt100 temperature
sensor mounted directly at the oven. Through a capillary with
the diameter of 1 mm the gaseous molecules effuse directly into
the collision chamber of the hemispherical electron monochro-
mator, where the interaction with the monochromatized electron
beam takes place. Previously a maximum electron energy reso-
lution of 35 meV was achieved with the presently used electron
m on
y meV
f tribu-
t ctron
a s
o he
f res-
o of
c llision
c sed
i range
2 chan-
n ulse
c cted
m mass
ron impact were only reported by Gallegos[21]. For coran
ulene no data is available at the NIST data base. Howev
ddition to Schr̈oder et al.[10], ionization energies of cora
ulene were determined by Seiders et al.[11] using photo
lectron spectroscopy, UV charge transfer bands and ab
alculations.

The IEs of coronene by means of electron impact repo
n 1968[21] differ strongly with recent photoionization valu
10] (e.g., about 0.4 eV for C24H12

+ and 2.5 eV for C24H12
2+;

ee alsoTable 1, where the previously reported IEs are liste
oreover, for corannulene no IEs determined by means of

ron impact are available. Here, we report the results of a
esolution electron impact ionization study aimed at the dete
ation of the ionization energies of singly and multiply char

ons of coronene and corannulene under controlled exper
n

o

-

-

-

onochromator[35]; however, in order to achieve sufficient i
ield, the energy resolution is kept at a value of about 150
or the present measurements. The electron energy dis
ion is determined by the measurement of the s-wave ele
ttachment reaction to SF6 or CCl4 [36,37]. The anion yield
f SF6

−/SF6 and Cl−/CCl4 exhibit a sharp 0 eV peak and t
ull width at half maximum is a measure of the energy
lution. The cations formed by electron impact ionization
oronene and corannulene are then extracted from the co
hamber by a weak electrostatic field (<20 V/m) and focu
nto a quadrupole mass spectrometer (maximum mass
048 amu). After mass selection the ions are detected by a
eltron type secondary electron multiplier. Using single p
ounting technique the ionization efficiency curve for a sele
ass is recorded as a function of the electron energy. For
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Table 1
Appearance energies for the formation of: (a) C24H12

z+ (z = 1–3), (b) C20H10
+ and C20H10

2+ by electron impact ionization of the respective neutral parent molecule
in comparison with other available data utilizing photoionization (PI), theory (C), electron impact (EI), photoelectron spectroscopy (PE), gas phase ion-equilibrium
measurements (EQ) and charge transfer spectra (CTS)

Mass (amu) Ion AE (eV) Previous values

(a) Parent molecule: coronene (C24H12)
300 C24H12

+ 7.40± 0.15 7.26± 0.05 eV[10] (PI); 6.98± 0.20 eV[10] (C (A)); 7.03± 0.20 eV
[10] (C (V)); 7.65± 0.10 [21] (EI); 7.20± 0.05 eV[22] (PI); 7.29 eV
[24] (PE); 7.34 eV[25] (PE); 7.44 eV[20] (C); 7.50 eV [29] (C);
7.26± 0.05 eV[27] (EQ); 7.64 eV[28] (CTS)

150 C24H12
2+ 18.62± 0.20 18.50± 0.20 eV[10] (PI); 18.7± 0.20 eV[22] (PI); 17.77± 0.20 eV[10]

(C (A)); 17.83± 0.20 eV[10] (C (V)); 21.00± 0.40[21] (EI)
100 C24H12

3+ 35.05± 0.50 –

(b) Parent molecule: corannulene (C20H10)
250 C20H10

+ 8.02± 0.05 7.83± 0.02 eV[10] (PI); 7.58± 0.20 eV[10] (C (A)); 7.71± 0.20 eV
[10] (C (V)); 7.89 eV[11] (PE); 8.37 eV[11] (CTS); 8.77 eV[11] (C)

125 C20H10
2+ 19.83± 0.30 20.10± 0.20 eV[10] (PI); 19.24± 0.20 eV[10] (C (A)); 19.71± 0.20 eV

[10] (C (V))

Ref. [10] reported calculated adiabatic (A) and vertical (V) values. We note that the present AE values (and the stated margins of uncertainty) are the result of
averaging data over several individual measurements.

scans the electron energy is kept constant, and the ion intensity is
recorded as a function of the mass. The background pressure in
the main chamber is 10−6 Pa and is measured with an ionization
gauge.

The data analysis is based on a Wannier-type power law
for the near-threshold behavior of the cross section for sin-
gle and multiple ionization[33,38]. Appearance energies are
determined from a fit of the measured data sets using the
Marquart–Levenberg algorithm (MLA). This is an iterative, non-
linear least-squares fitting routine, which we use in conjunction
with appropriately selected initial fitting parameters for each
data set. In the present cases, where the background signal is
essentially constant, we use a 2-function fit to the experimental
data of the form:

f (E) = b for E < AE (1a)

f (E) = b + c(E − AE)p for E > AE (1b)

where b represents the constant background. The constantc
denotes the slope of the ion signal above the appearance energy
AE and is thus a measure for the intensity of a given ion signal.
The exponentp expresses the curvature of the function in the
near-threshold region. As demonstrated for rare gases[33,38]
and recently also for complex molecules[39], this fitting method
allows a reliable and reproducible determination of appearance
energies.

3

3
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the mass spectrum. The doubly charged ion is the most intense
peak in the mass spectrum at 100 eV. The mass spectrum shown
in Fig. 2 is very different from the coronene mass spectrum
shown in the NIST data base[23], which only shows peaks at
mass-to-charge ratios corresponding to the singly and doubly
charged ion with a dominant parent ion peak (by a factor of 3),
but shows no prominent peaks that can be associated with frag-
ments of the molecule. The difference to the NIST data base
[23], which were measured at the impact energy of 70 eV, can
be explained most likely by the difference in electron energy,

F
(bottom) recorded at the electron energy of 100 eV. The peaks of the singly and
multiply charged molecular ions are labeled.
. Results and discussion

.1. Mass spectra

Fig. 2 shows the mass spectra obtained by 100 eV ele
mpact on coronene and corannulene. The mass spectr
oronene (top diagram inFig. 2) shows many peaks of app
iable intensity indicating a high probability for decomposit
pon electron collisions with this molecule. The three peak

nterest for the present study, C24H12
z+ (z = 1–3) are labeled i
of

ig. 2. Mass spectrum of coronene (C24H12) (top) and corannulene (C20H10)
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the different mass dependent detection efficiencies of the setups
used and are also due to discrimination effects caused by sig-
nificant excess kinetic energies of the fragment cations formed
via dissociative ionization. We also observed a rather prominent
peak at the mass of 75 amu which would indicate the presence
of the quadruply charged parent cation C24H12

4+. However, the
measured AE for the cation at this mass contradicts this assign-
ment (see below). The bottom diagram inFig. 2 shows the
mass spectrum of corannulene at an electron energy of 100 eV.
This spectrum shows fewer prominent ion peaks compared to
coronene and is dominated by the C20H10

+ and C20H10
2+ ion

peaks. The presence of fragment cations and the generally rather
low intensity of corannulene cations prevent a clear identifica-
tion of higher charge states of the parent cation. We did not find
any mass spectrum of this molecule in the literature.

Please note that the mass spectra shown inFig. 2were mea-
sured at a mass resolution which also allowed the detection of
masses close to the parent cations. However, this adjustment of
the quadrupole led to a poor mass resolution for lighter masses.
For the measurement of the ionization efficiency curve for a
cation below 200 amu, the quadrupole was operated at a higher
mass resolution in order to avoid any contamination by other
ions.

3.2. Ionization efficiency curves
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Fig. 3. Threshold ionization efficiency curves (open circles) of the singly (top),
doubly (middle) and triply (bottom) charged coronene cation, respectively. The
fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds
for these individual data sets and differ from the AEs given in the text and in
the table which are derived by averaging several AE values from individual data
runs.

(7.65± 0.10 eV[21] and 7.68± 0.05 eV[26], respectively) is
in fair agreement with the present value (7.40± 0.15 eV). How-
ever, the AE for the doubly charged coronene reported by Galle-
gos[21] (21.00± 0.40 eV) exceeds our measured AE by 2.38 eV.
In contrast, previous photoionization studies[10,22] yielded a
double ionization potential of coronene which is close to the
present AE of 18.62± 0.20 eV. Tobita et al.[22] reported a value
of 18.70± 0.20 eV and Schröder et al.[10] reported a value
of 18.50± 0.20 eV. In previous photoelectron studies, a slightly
lower ionization energy of coronene was observed (7.29 eV[24]
and 7.34 eV[25]). Moreover, the single ionization potential of
coronene was determined via gas phase ion-equilibrium mea-
surements[27], charge transfer spectra[28] and also obtained
from theoretical calculations[20,29–31]and values in the range
from 7.26 to 7.64 eV were observed (for a complete overview,
see[23,21]). We were also able to determine the AE of triply
charged coronene which has a threshold of 35.05± 0.50 eV. No
previous values are reported in literature for this case.
Subsequently, the mass spectrometer was used to se
articular ion and near-threshold electron energy scans
btained by repeatedly ramping the electron energy over a
etermined energy interval and recording the ion signal

unction of the electron energy.Fig. 3shows the ion signals
function of the electron energy for the formation of sin

oubly, and triply charged coronene ions in the near-thres
egion. The fit shown in the diagrams and the extracted ap
nce energy, derived via the fitting procedure described in

ion 2, are shown in each diagram. The appearance ene
xtracted from our measured data sets for the formatio
24H12

z+ (z = 1–3), C20H10
+ and C20H10

2+ are summarized i
able 1and are compared to other available data for coro
nd corannulene[10,11,20–22,24,25,27–29]. We note that th
E values (and the stated margins of uncertainty) inTable 1are

he result of averaging data of up to five individual meas
ents carried out on different days. The error margins liste

able 1are significantly larger than the uncertainty based o
tatistical level of confidence of a fit to a single data set. W
rror margins are given by other authors, these errors refer
rror margins quoted in the original publications.

The single photoionization[10,22] of coronene require
bout 200 meV less than the electron impact ionization in
xperiment, a phenomenon frequently encountered if high
lution electron and photon experiments are compared[32,40].

n accordance with previous studies[32,40]we interpret this a
signature of different ionization mechanisms for these two

erent ionizing agents. The only previous values for the si
harged coronene cation using electron impact were rep
y Gallegos[21] and Gallegos et al.[26] measured with a sta
ard mass spectrometer. The reported AE for the parent c
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Similar scans were carried out for C20H10
+ and C20H10

2+,
which are not shown here. The corresponding average AE values
derived from these data sets are included inTable 1. The present
AE value for C20H10

+ (8.02± 0.05 eV) is again about 200 meV
higher than the photoionization value reported by Schröder
et al. [10]. Similar value like in photoionizaton was obtained
via photoelectron spectroscopy (IE(C20H10

+) = 7.89 eV) [11]
in contrast to the value derived via charge transfer spec-
tra (IE(C20H10

+) = 8.37 eV)[11]. Theoretical calculations per-
formed in these two previous studies[10,11]differ strongly by
more than 1 eV. Seiders et al. observed an ionization energy
of 8.77 eV for corannulene using the�(SCF) method at the
MP2/cc-pVDZ// MP2/cc-pVDZ level of theory[11]. Schr̈oder
et al. [10] calculated adiabatic and vertical ionization energies
at the B3LYP/6–311G(d, p) level of theory with an estimated
accuracy of 0.2 eV. They observed values of 7.58± 0.20 and
7.71± 0.20 eV for C20H10

+, respectively, i.e., adiabatic and ver-
tical ionization energy show a stronger spread than in the case
of coronene (seeTable 1). The same calculations were also per-
formed for the doubly charged corannulene parent cation. In that
case, values of 19.24± 0.20 and 19.71± 0.20 eV were reported
for the adiabatic and vertical ionization energy, respectively
[10]. The double ionization energy of corannulene observed in
the photoionization experiment was 20.10± 0.20 eV[10]. Thus,
taking also into account the results for coronene, Schröder et
a the
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Fig. 4. Ionization energy (eV) vs. final charge statez for parent cations of
coronene (full squares and full line), corannulene (full triangles and dashed
line) and of C60 (open circles and dotted line) taken from[13]. Also included in
the figure are the corresponding error bars.

an AE(C24H12
3+) of 33.66 eV which is in fair agreement with

our measured AE (35.05± 0.50 eV). For a comparison with the
predicted nearly linear dependence of the ionization energy on
the initial charge state, we plotted our values for the singly and
multiply charged coronene and corannulene cations as a func-
tion of the final charge state which is shown inFig. 4. Also
included in this figure are the ionization energies of C60 taken
from [13]. Within the error bars of the experimental values, we
observe a nearly linear dependence of the ionization energy with
increasing charge state. Moreover, coronene, corannulene and
C60 appear to have exactly the same dependence upon multiple
ionization.

We also measured the ionization efficiency at mass 75 amu,
i.e., the mass of the quadruply charged coronene parent cation
(C24H12

4+). Applying the model of Smith[20], one derives a
threshold for C24H12

4+ of 52.52 eV. Our experimentally deter-
mined value for the cation is 40.07± 0.60 eV, i.e., it strongly
deviates from the nearly linear increase of the AE with increas-
ing charge state. Thus, we assign this threshold to the formation
of a fragment cation (e.g., C6H3

+) and not to C24H12
4+.

In conclusion, the detection efficiency of our crossed electron
neutral beams apparatus allows us to determine the appearance
energies of multiply charged coronene (up toz = 3) and coran-
nulene (up toz = 2). From the present results, a few tendencies
concerning the multiple ionization of coronene and corannulene
c vious
( ation
e or
z a-
t tron
i (iii)
t tion
c er
t erved
b cular
c -
l. concluded that their calculations slightly underestimate
diabatic ionization energy compared with their experime
esults.

According to Smith[20], large polyaromatic hydrocarbo
ike coronene and corannulene ionize like fragments of grap
.e., the ionization potentials approach the sum of the gra
ork function and the electrostatic work for charging a c
uctor of the size and shape of the aromatic hydrocarbon.
lassical model can be used to predict molecular-size-depe
ingle ionization energies as well as multiple ionization ener
n this approximation, the molecule is treated as a charged c
ar conducting disk bounded by the peripheral carbon ske
f the aromatic system[20]. The ionization process occurs

wo steps: (i) the electron is raised to the vacuum level an
he electron is removed to infinity from the conducting plate w
adiusR. Thezth ionization potential can then be calculated
he following equation[20]:

Ez = zV + z2U (2)

here IEz is the energy to ionize the PAHz times,V the work
unction andU denotes the specific capacitive potential.
ork functionV is very close to the work function of graphi
ssuming the same work function as for graphite, Smith ca

ated the single ionization potential for coronene to be 7.4
20]. Taking into account the simplicity of the model, this va
s in good agreement with the present experimental AE v
sing Eq.(2), it is also possible to predict the IP of high
harged hydrocarbons from known IPs for two different ch
tates. Using our experimental AEs for the singly and do
harged coronene in(2), we can determineV (=5.49 eV) and
(=1.91 eV) for coronene. Forz = 3 in Eq.(2), we determin
.

an be deduced: (i) the present AEs are lower than the pre
less accurate) values observed in electron impact ioniz
xperiments by Gallegos[21] (the differences are 250 meV f
= 1 and 2.38 eV forz = 2, respectively), (ii) single photoioniz

ion requires slightly less energy (about 200 meV) than elec
mpact ionization which is not the case for double ionization,
he vertical ionization energies for single and double ioniza
alculated by Schröder et al.[10] are about 120–800 meV low
han our experimental values, (iv) good agreement is obs
etween the present results and the simple classical mole
apacitor model by Smith[20], (v) except for a small differ
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ence in the absolute value of the (multiple) ionization energy,
coronene and corannulene show the same behavior upon mul-
tiple ionization like C60, i.e., a nearly linear dependence of the
ionization energy from the charge state.
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