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Abstract

A modified Finnigan MAT ion-trap detector has been employed in a systematic examination of the collisional dissociation of
the cations of selected 2- and 3-dimensional polycyclic aromatic hydrocarbons (PAH) with a carbon content ranging from 10 to
24 carbon atoms: naphthalene, acenaphthylene, acenaphthene, phenanthrene, anthracene, pyrene, corannulene and coronene.
The cations were produced by electron impact, excited for 50 ms using monopolar resonant excitation, and then dissociated by

= collisional activation with argon collision gas. A comparison of the results obtained in this way for the naphthalene cation
fragmentation with results obtained by photodissociation show that appreciable amounts of internal energy, = 7.3 eV, could be
deposited in the ion using the ion-trap method. C—H bond cleavage was favoured over C—C bond cleavage for all PAH cations.
Significant C—C cleavage with elimination of (2C,2H), (2C,3H) and (2C,4H) was observed with anthracene, phenanthrene and
corannulene. With the exception of the cations of acenaphthylene and corannulene, larger PAH cations were observed to be
more stable against fragmentation. The acenaphthylene cation was the most stable. The cation of the 3-dimensional, strained
corannulene molecule exhibited an enhanced fragmentation efficiency relative to the cations of the related 2-dimensional pyrene
and coronene molecules. Mechanistic pathways are proposed for the dissociation of this cation. © 1997 Elsevier Science B.V.
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1. Introduction

The first synthesis of corannulene in 1966 [1]
stimulated a number of theoretical and experi-
mental studies of 3-dimensional hydrocarbons
containing only sp-hybridized carbon atoms
and led to the theoretical prediction that a 3-

* Corresponding author.

dimensional hollow carbon cluster should be
stable [2]. This carbon cluster, known today as
buckminsterfullerene, was proposed to contain
60 sp” carbon atoms. It is noteworthy that the
experimental discovery (3] and the first labora-
tory production [4] of Cg resulted from the work
of physical chemists and astrophysicists who had
long been curious about the importance of
carbon-containing molecules, such as carbon
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grains, polyenes or polycyclic aromatic hydro-
carbons (PAHs), in the interstellar medium [5].
The stabilities of PAH* and Cg, cations are of
particular interest in this regard [6]. Evidence
for the existence of PAH" and Cg, cations in
the interstellar medium has been reported only
recently [7,8]. Since the corannulene carbon
skeleton can be viewed as a sub-unit of Cg [9],
it follows that one may reflect also about the
presence of corannulene cations in the interstellar
medium.

The experimental study reported here was
initiated to gain insight into the gas-phase
stability and fragmentation of PAH™ cations,
both a 3-dimensional PAH cation and related 2-
dimensional PAH cations, at the relatively low
collision energies achieved in an ion-trap mass
spectrometer with argon as the collision gas. We
chose to compare the collision-induced dissocia-
tion (CID) of planar PAH cations containing only
six-membered rings, viz. the cations of naphtha-
lene (C,oHyg), anthracene (C,4H ), phenanthrene
(Ci4Hyp), pyrene (CyHjp) and coronene
(Cp4H2), with the CID of 2- and 3-dimensional
five-membered ring-containing PAH cations, viz.
the cations of acenaphthene (Cj;;Hyy), ace-
naphthylene (C,Hg) and corannulene (CyH ).
The stabilities of PAH" cations against CID have
not been extensively investigated at low collision
energies. However, we note that the CID of 19
PAH cations, including cations of anthracene,
phenanthrene, pyrene and coronene, has been
systematically investigated using B/E linked
scans at incident energies of 4 keV with helium
as the collision gas, primarily with a view to
analytical applications [10]. These experiments
indicated a large number and variety of fragmen-
tation channels. Also, we note that at the other
extreme, H-atom, H,- and C,H,-loss were found
to be the dissociation pathways with the lowest
appearance potentials in a recent photoionization
study of the effect of size on dissociation rates of
several 2-dimensional PAH monocations includ-
ing cations of naphthalene, anthracene, phen-
anthrene, pyrene and coronene [6,11]. In the

experiments reported here, we explore the
appearance of these channels in collisions of
PAH" cations with argon atoms.

2. Experimental section

The experiments were performed using a
modified Finnigan MAT ion trap detector. Two
physical modifications were carried out on the
ion trap detector; one of the end-cap electrodes
was electrically isolated, so as to permit appli-
cation of a supplementary oscillating potential,
and a pulse controller was added to the electrical
system. Electron impact ionization was
employed with an electron energy of about 70
eV [12] and an ionization time of 10 ms.
Molecular ions were isolated during the ioniza-
tion period by ramping the radio-frequency (RF)
drive amplitude to such a value that the working
point of the molecular ions approached the
stability boundary corresponding to a trapping
parameter value of g, = 0.908. In this manner,
all ions with a mass/charge ratio less than the ion
of interest are ejected; those ions with a higher
mass/charge ratio are not. The molecular ions of
interest were then excited resonantly by the
application of a supplementary AC voltage to
one of the end-cap electrodes at the axial fre-
quency, w,; the ions were activated in collisions
with argon atoms and, in the limit, dissociated.
An AC voltage of amplitude 5 V,_, was applied
to each molecular ion for 50 ms at a g, value of
0.22-0.30. The exact frequency varied among
the different molecular ions and was adjusted
so as to optimize the dissociation of each [13].
Collisional cooling and focusing of the ion cloud
by argon atoms occurs in the time interval
between the end of the CID episode and the
emergence of the first daughter ion. It should
be noted that the scanning rate allows for an
interval of 180 to 190 us between the ejection
of adjacent integral masses. Approximately half
of the ions are ejected through each end-cap.
Solid samples were introduced into the ion trap
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via a home-made direct-insertion probe which
was heated between 50-178°C. The argon
buffer gas was introduced using the chemical
ionization reagent gas inlet to the ion trap
chamber to a total pressure of 1-3 x 10~ Torr
(uncorrected) as measured in the vacuum
manifold using an ion gauge. All reagents, except
corannulene, were obtained commercially
(purity > 98%) and were used without
further purification. Corannulene was prepared

Table 1

according to a new three-step synthesis [14].
Chemical ionization experiments with Ar* indi-
cated a purity in excess of 95%.

3. Results and discussion
Table 1 summarizes the relative magnitudes of

the CID fragmentation channels observed for
eight different PAH cations. An examination of

Observed fragmentation channels and efficiencies for selected PAH cations using the ion-trap detector

PAH" Relative abundance of fragment ions E¢ (%)
(M—-H)IM-2H)* (M-3H)" (M-4H)'(M-2C.2H)' (M-2C,3H)" (M-2C4H)" (M-4C,2H)
mt" 100 95 0 0 10 0 0 1 90
—
100 60 0 0 20 0 0 0 40
-
100 30 0 0 5 0 0 0 75
5 100 0 10 35 15 20 0 75
m 100 65 0 10 50 20 30 0 65
40 100 20 60 0 0 0 0 65
35 100 0 0 25 10 15 0 75
40 100 10 100 0 0 0 0 50

* The absolute uncertainty in the relative abundance is about 15%.

® The fragmentation efficiency, £y, is the fraction of the product ion intensity following CID expressed as a percentage. It is the ratio of the sum
of the daughter ion intensities to the total ion intensity of the daughter ions and the undissociated parent ion detected after CID.
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this table reveals that C—H bond cleavage is
favoured over C-C bond for all PAH cations.
An obvious explanation for this result lies in
the higher bond strength of a C—C bond com-
pared to a C—H bond. Furthermore, Table 1 sug-
gests that this preference for C-H bond
dissociation increases with the number of carbon
atoms, although anthracene, phenanthrene and
corannulene do not follow this trend. Presumably
this trend is due to the increased number of vibra-
tional modes which permit greater energy parti-
tioning and make higher-lying fragmentation
channels on the potential energy surfaces less
accessible. A slightly higher stability against dis-
sociation for larger cations is reflected in the
observed decrease in fragmentation efficiency
with increasing size (see Table 1). Only corannu-
lene and acenaphthylene seem not to follow this
particular trend; the observed aberrant behaviour
of these two cations is discussed below in terms
of their structural properties.

3.1. Naphthalene cation, C ;)H

Three major fragment ions were observed for
the CID of the naphthalene cation (see Table 1).
The most abundant channel is that of H-atom loss
(50%), followed by the loss of two H atoms
(45%), although it should be noted that this
type of experiment cannot distinguish between
the consecutive loss of two H-atoms and mole-
cular H, loss. It can be noted here that the pre-
vious high-energy CID studies coupled with
kinetic-energy release measurements suggested
that hydrogen atoms, not molecules, are expelled
from PAH cations. A further fragmentation path
(5%) is the loss of 26 mass units (2C,2H) which,
on the basis of thermodynamic considerations,
can be attributed to acetylene loss. The loss of
50 mass units (4C,2H), most likely diacetylene, is
a very minor process ( < 1%).

A comparison of photofragmentation appear-
ance-potential measurements [6,11] for the frag-
ment ions with our CID study permits a rough
estimation of a lower limit for the internal energy
deposited in our CID experiments of ca. 7.3 eV.

The ionization energy of naphthalene is 8.10 eV
[15] and the appearance potentials for the ions by
photofragmentation of naphthalene  were
reported by Jochims and co-workers to be 15.41
eV for H-atom loss (the lowest onset energy),
15.60 eV for formal 2H loss, 15.50 eV for acet-
ylene loss and 15.65 eV for C4H; loss ([11]a). In
addition, these authors observed fragmentation at
higher energies ( = 15.90 eV) leading to the for-
mation of neutral open shell species such as
C;H;, C4H;, etc. which we did not observe.
They also have discussed possible fragmentation
mechanisms ([11]a).

3.2. Acenaphthylene, C ;Hz, and acenaphthene,
CiHp

The same three major fragmentation channels
are observed for the molecular ions of ace-
naphthylene and acenaphthene as for naphtha-
lene, but with different relative abundances.
The acenaphthylene cation loses a H-atom
(55%), 2 H-atoms or H, (35%) and (2C,2H) or
acetylene (10%). The percent acetylene loss is
twice as high as in the fragmentation of naphtha-
lene (see Table 1). Acetylene loss in this case is
probably due to cleavage of both single bonds in
the five-membered ring, thereby producing a
(naphthalene—2H) ion; we have, however, no
evidence that these are the two atoms lost in
this fragmentation path.

The low fragmentation efficiency of 40%
observed for the acenaphthylene cation makes
this cation the most stable of all the PAH cations
investigated in this study (see Table 1). Removal
of an electron from the double bond in
acenaphthylene relieves some of the strain of
the five-membered ring. The resonance struc-
tures of the cation have elements of both a
benzyl cation and a benzyl radical, both quite
stable. Loss of H,, introduces more unsaturation
and more strain and so should be relatively
unfavourable.

The acenaphthene cation fragments into the
ions [M - 1]" (75%), [M - 2] (20%), and
[M - 26]" (5%). The interesting feature of this
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fragmentation is that no ethylene loss occurs,
indicating that there is no destruction of the
five-membered ring in a manner similar to the
proposed mechanism for the C,H; loss in
acenaphthylene. The higher percentage of H-
atom loss is probably due to the more facile
cleavage of a C—H bond at a saturated carbon
compared to that at an unsaturated or aromatic
carbon. The aliphatic C—~H bond is the weaker of
the two and its dissociation results in a relatively
stable benzyl-like cation.

3.3. Anthracene, C,H7, and phenanthrene,
P57

We found that the anthracene cation is more
stable than the phenanthrene cation; the fragmen-
tation efficiencies are 65% and 75%, respec-
tively. The CID mass spectrum of the
anthracene cation (see Fig. 1) shows the same
fragmentations noted previously for naphthalene,
such as H-atom loss (35%), 2H or H, loss (25%)
and (2C,2H) or C,H, loss (20%), and some con-
secutive fragmentation channels such as the loss
of 4H or 2H, (5%), (2C,3H) or C,H; loss (5%)
and a [M-2C,4H] fragment ion (10%) were also
detected. The CID mass spectrum of the
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Fig. 1. The upper mass spectrum shows the molecular ion of anthra-
cene, m/z 178, isolated by setting a low-mass cut-off corresponding
to an RF voltage amplitude of 3484 V,_,. The lower mass spectrum
is the CID spectrum of isolated m/z 178, excited resonantly by
application of an AC voltage (101 kHz, 5 V) for 50 ms at g, =
0.255 in the presence of Ar buffer gas at 10™ Torr.

phenanthrene cation (Fig. 2) shows a similar dis-
sociation pattern with losses of H (5%), 2H or H,
(55%), 4H or 2H, (5%), (2C,2H) or C;H, (20%),
(2C,3H) or C,H; (5%) and (2C,4H) or C,H,
(10%).

A striking difference between the fragmentation
spectra of anthracene and phenanthrene is in the
relative magnitude of the [M — 1]" and the [M -
2]" channels: for anthracene H-atom loss is pre-
ferred by 100/65 while for phenanthrene 2H or
H, loss is preferred by 100/5 (see Table 1). A pos-
sible cause of this difference might be the benzo
H-H interaction. This interaction may destabilize
the phenanthrene cation relative to the anthracene
cation and so also account for the difference in the
observed fragmentation efficiencies. It is of inter-
est to note that an earlier study on high-energy
collision-induced fragmentation of PAH cations
found a correlation, albeit limited, between the
number of benzo H-H interactions and the
relative abundance of [M - 1]* versus [M - 2]"
fragment ions, but with the ratios inverted from
those found in this study [10]. We attribute this
difference in behaviour to the different collision
energies used in the two studies [16].

3.4. Pyrene, CsH7y, and coronene, C,JHi,
The fragmentation behaviours of these two
cations are very similar in that only the products
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Fig. 2. The upper mass spectrum shows the molecular ion of phe-
nanthrene, m/z 178, isolated as in Fig. 1. The lower mass spectrum is
the CID spectrum of m/z 178 obtained as in Fig. 1.
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of C—H bond cleavages were detected. Coronene
(see Fig. 3) was observed to be somewhat more
stable than pyrene towards fragmentation; the
fragmentation efficiencies are 50% and 65%,
respectively. Up to four hydrogen atoms are
lost in both fragmentations. It is interesting to
note that the even-numbered losses of two
hydrogen atoms (45%, 40%) and four hydro-
gen atoms (27%, 40%) for pyrene and coro-
nene, respectively, exceed significantly the
odd-numbered losses of one (18%, 16%) and
three (9%, 4%) hydrogen atoms. We cannot
say whether this preferential loss of an even
number of hydrogen atoms is associated with
the stability of the resulting cations or with the
stability of the product neutrals, should they be
H, or 2H,.

3.5. Corannulene, C,H],

A relatively high dissociation efficiency of
75% was observed for the corannulene cation;
only naphthalene in this study exhibits more
facile fragmentation. Losses of H (20%), 2H or
H, (55%), (2C,2H) or C,H, (15%), (2C,3H) or
C-.H; (5%) and (2C,4H) or C,H, (5%) were
observed as shown in Fig. 4. At the limit of our
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Fig. 3. The upper mass spectrum shows the molecular ion of cor-
onene, m/z 300, isolated by setting a low-mass cut-off correspond-
ing to an RF voltage amplitude of 6474 V.. The lower mass
spectrum is the CID spectrum of isolated m/z 300, excited reso-
nantly by application of an AC voltage (103 kHz, 5 V,_;) for 50
ms at g, = 0.26 in the presence of Ar buffer gas at 10~ Torr.
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Fig. 4. The upper mass spectrum shows the molecular ion of cor-
annulene, m/z 250, isolated by setting a low-mass cut-off corre-
sponding to an RF voltage amplitude of 4500 V_,. The lower
mass spectrum is the CID spectrum of isolated of m/z 250, excited
resonantly by application of an AC voltage (125 kHz, 5 V,_;) for
250 ms at ¢, = 0.309 in the presence of Ar buffer gas at 10~ Torr.

detection sensitivity, observed hydrogen losses
did not exceed two atoms.

A comparison with the dissociation spectra of
the pyrene and coronene cations shows that only
corannulene dissociates by C—-C bond cleavage.
Of the product ions observed with the corannu-
lene cation, 27% have lost carbon, probably in
the form of acetylene although this was not estab-
lished experimentally. Thus there is a significant
difference between the CID of the 3-dimensional
corannulene cation containing a five-membered
ring and similar 2-dimensional PAH cations con-
taining only six-membered rings. We should
note, however, that the charge in the corannulene
cation would tend to flatten the corannulene
structure.

We consider two major reasons for the
observed higher instability of the carbon skeleton
of the corannulene cation. First, there is a higher
degree of delocalisation of the w-electron system
in the planar, alternant PAHs compared with that
in the bowl-shaped non-alternant corannulene.
For example, corannulene should exhibit more
single- and double-bond character than coronene
as opposed to uniform bond lengths as a conse-
quence of the lower degree of aromaticity of
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corannulene. The fragmentation mechanism
proposed for the loss of acetylene from the cor-
annulene cation in Scheme 1 is initiated by the
cleavage of C—C single bonds which are thermo-
dynamically weaker than aromatic C—C bonds.
The cleavage of bonds A and B in Scheme 1, both
of which are single-bond like, may occur via a
retro-Diels—Alder reaction (7 — 8) or a homo-
Iytic cleavage (7 — 9). A second reason for the
relatively high instability of the carbon skeleton
of corannulene may be found in the high strain
energy in this molecule due to the structural
restriction imposed by the five-membered ring
which forces the molecule to bend out-of-plane.
It is known that neutral corannulene undergoes
bowl-to-bowl inversion [17]: if the cation struc-
ture is similar to that of the neutral, the ion would
undergo inversions at ca. 10"* Hz with an excess
energy of 5 eV (ca. 6000 K) if we assume that the
excess energy can be described in terms of a
temperature and that the skeleton remains intact
under our experimental conditions. Such inver-
sions would be approximately as rapid as normal

H H
H H
-CoH, 7 CH,
(Retro-Diels (homolytic
-Alder) cleavage)

Scheme 1.

vibrations and may further destabilize this ion in
comparison with planar PAH cations.

4. Conclusions

Experimental results are presented which indi-
cate that PAH cations produced in an ion trap are
readily dissociated by collisional activation. A
comparison with photodissociation results indi-
cate that the activation exceeds 7.3 eV under
the operating conditions of the trap. The observed
fragmentation is dominated by C-H cleavage,
although significant C-C cleavage is observed
with anthracene, phenanthrene and corannulene.
Clear experimental evidence is presented for the
enhanced fragmentation efficiency and enhanced
C-C bond cleavage for the 3-dimensional coran-
nulene cation relative to similar 2-dimensional
PAH cations.
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