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a Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo nám. 2, 166 10 Prague, Czech Republic
b Institutfür Chemie der Technischen Universität Berlin, Strasse des 17, Juni 135, D-10623 Berlin, Germany

Received 31 October 2006; received in revised form 31 January 2007; accepted 20 February 2007
Available online 23 February 2007

In the memory of Sharon G. Lias.

bstract

Structures and fragmentation patterns of C7H7
2+, C8H9

2+, and C9H11
2+ dications generated from various precursors are studied by means of mass

pectrometry in combination with density functional theory calculations. It is shown that double protonation of the prototype hydrocarbon triradical
,3,5-trimethylenebenzene (C9H9), similar to single protonation, leads to relative stabilization of the doublet state so that it becomes the ground
tate of the radical dication. The preferred structures of the C9H11

2+ manifold are best described as primary, secondary, or tertiary alkyl cations
ttached to a benzene radical-cation core. The most abundant fragmentation corresponds to dehydrogenation. The also observed charge-separation

ragmentations of the dications can be rationalized on the basis of the preferred molecular structures. In addition, a brief comparison of the dicationic
ystems C7H7

2+, C8H9
2+, and C9H11

2+ reveals that while the larger aromatic dications do indeed bear a structural memory, the lower homologues
7H7

2+ and C8H9
2+ completely lose the structural identity of their neutral precursors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Multiradicals, either derived from organic compounds as
ree species or being complexed to a metal, represent a timely,
ttractive topic of research [1–3]. Current investigations of mul-
iradicals are directed toward the understanding of their chemical
ehavior as well as toward the description of the effects an exter-
al environment exerts on their electronic structures. In the latter
ontext, protonation of multiradicals belongs to the more often
tudied effects [4–7]. As to energetic ordering of spin isomers
f multiradicals derived from simple organic compounds, it has
een shown that single protonation usually leads to a stabiliza-

ion of the low-spin states of such molecules in that these become
he ground states whereas the high-spin states represent electron-
cally excited configurations [6,7]. Thus, a change of pH might

∗ Corresponding author. Tel.: +420 2 20 183 117; fax: +420 2 20 183 583.
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ffer a reversible switch between low- and high-spin states of a
olecule in solution. This aspect constitutes a topic in its own

ight [8].
Here, we present an experimental and theoretical study of the

tructures and fragmentation patterns of C9H11
2+ dications, gen-

rated by dissociative ionization from 1,3,5-trimethylbenzene
C9H12), where the hydrogen atom is preferentially cleaved from
ne of the methyl groups (see below). So formed ions thus for-
ally represent doubly protonated 1,3,5-trimethylenebenzene

TMB). The ground state of this prototype hydrocarbon triradi-
al corresponds to a high-spin quartet state, and the first excited
oublet state lies 0.54 eV above the quartet [6,9]. Recently, the
ffect of ionization and protonation of TMB has been stud-
ed [6]. It has been found that both ionization and protonation
trongly stabilize the low-spin states. We will show that double

rotonation also leads to a stabilization of the low-spin state of
MB. Further, structural aspects and unimolecular reactivities of
icationic C9H11

2+ species and the related analogs C7H7
2+ and

8H9
2+ on their doublet potential-energy surfaces are studied.

mailto:jana.roithova@uochb.cas.cz
dx.doi.org/10.1016/j.ijms.2007.02.027
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. Experimental and computational details

The experiments were performed with a modified VG
AB/HF/AMD four-sector mass spectrometer of BEBE config-
ration (B stands for magnetic and E for electric sector), which
as been described in detail previously [10]. The dications of
nterest were generated by 70 eV electron ionization of the corre-
ponding neutral precursor molecules (see text) and accelerated
y a potential of 8 kV. The unimolecular fragmentations of the
ications of interest having 16 keV kinetic energy were mon-
tored by recording metastable ion (MI) spectra. To this end,
he ions were mass-selected by means of B(1)/E(1) and the uni-

olecular fragmentations of metastable ions occurring in the
eld-free region preceding the second magnet were recorded by
canning B(2). In order to determine the kinetic energy release
KER) associated with charge-separation fragmentations, the
orresponding precursor ions were mass-selected by B(1) and
ragmentations were monitored by scanning E(1). The KER was
hen determined from the horn-to-horn distance of the dished-top
eak using established procedures [11]. The CxHy

+ dications are
sobaric with ions of the type 13CCx−1Hy−1

2+; and appropriate
orrections have to be made. The dominant MI fragmentation
f all dications studied corresponds to dehydrogenation. Even
fter correction for the contributions of isobaric impurities to
his channel, dehydrogenation remains by far the most domi-
ant process and exceeds charge-separation reactions by roughly
hree orders of magnitude. As to the latter, the interferences
ue to contributions of 13CC6H6

2+ and 13CC7H8
2+ dications in

he MI spectra of C7H7
2+ and C8H9

2+, respectively, are neg-
igible; therefore, these spectra are not corrected any further.
or the isobaric pair of 13CC8H10

2+ and C9H11
2+, however,

oth dications contribute to the signals at m/z 91 and 92 in
he MI spectra. The contributions of the interference signals
re estimated based on measurements of the absolute ion cur-
ents of the MI spectra of C9H10

2+ with consideration of the
3C natural abundance as well as the expected isotope pattern
or the various fragmentations [12]. The reported ratios of H2,
D, and D2 losses from [2,4,6-D3]-1,3,5-trimethylbenzene are
orrected analogously. The corrected MI spectra are given in
able 1. All spectra were accumulated with the AMD-Intectra
ata system; 5–15 scans were averaged to improve the signal-to-
oise ratio. Final data were derived from at least 3 independent

c
o
e
i

able 1
elative abundancesa,b of charge-separation fragments of C9H11

2+ generated from di

Precursor of C9H11
2+

1,3,5-Trimethylbenzene 1,2,4-Trimethylbenzene

8H8
+ + CH3

+ 12 4

7Hx
+ + C2H(11−x)

+b 75 87

7H8
+ + C2H3

+b 27 33

7H7
+ + + C2H4

+b 48 54

6H6
+ + C3H5

+ 13 9

a The abundances are determined by integration of the area of the dished-top peak
b The composite signals corresponding to the C7H7

+ and C7H8
+ ions were integ

riginating from fragmentation of 13CC8H10
2+. The relative ratios of C7H7

+ and C7

eak. The heights of the signals were again corrected for the contributions due to frag
ss Spectrometry 267 (2007) 139–147

easurements with an experimental error smaller than ±5%.
2,4,6-D3]-1,3,5-Trimethylbenzene (86 at.% D) was prepared
y refluxing mesitylene with an excess of D2O (98 at.% D) in
he presence of 5 mol.% CF3COOH.

The calculations were performed using the density functional
heory method B3LYP [13–15] in conjunction with 6-311G*
riple-zeta basis set as implemented in the Gaussian 03 suite
16]. For all optimized structures, frequency analysis at the same
evel of theory was performed in order to assign them as genuine

inima or transition structures on the potential-energy surface
s well as to calculate zero-point vibrational energies (ZPVEs).
elative energies (Erel) of the structures given below are cal-
ulated from energies at 0 K and are anchored to the doublet
round states of isomers 92+ for C7H7

2+, 152+ for C8H9
2+, and

2+ for C9H11
2+, respectively. The charge and spin density is

elocalized in all structures calculated. In this context it is also
tressed that all structures shown in Scheme 1 and in the Charts
–3 should be understood as sketches with formally located
harges and radical sites, rather than indication of a particu-
ar preference for one of the various mesomeric structures. For
ll calculated structures, the �-orbitals located on the exocyclic
p2 carbon atoms are parallel with the �-orbitals of the five- or
ix-membered rings. Dications 42+, 52+, and 62+ form an excep-
ion, because their six-membered is not planar and consequently
he �-orbitals of the exocyclic methylene groups are not aligned
ith the �-orbitals of the rings. Further details, e.g., geometries,

harge and radical distributions, etc., are available upon request
rom the corresponding author.

. Results and discussion

.1. Ground-state multiplicity of doubly protonated
rimethylenebenzene

The effect of double protonation on the electronic structure
f trimethylenebenzene is explored by density functional the-
ry (DFT) calculations. For a quantitative examination of the
oublet-quartet energy-splitting in the system, multireference

omputational techniques are indicated, and DFT methods can
bviously only provide qualitative insight to the problem. To
stimate the limitations of the B3LYP method, the neutral system
s considered first, and the results are compared with previous

fferent precursors

para-Ethylmethylbenzene n-Propylbenzene iso-Propylbenzene

2 0 1
86 83 88
33 3 18
53 80 70
12 17 11

corresponding to the heavier fragment.
rated together and corrected for the intensity of C7H7

+ and 13CC6H7
+ ions

H8
+ signals were determined from heights of the outer horns of the composite

mentations of 13CC8H10
2+.
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Scheme 1. Reaction pathways leading to a ring expansion or contraction of the dication C7H7
2+ with a structure derived from a benzylium ion (92+). Energies are

given relative to Erel(92+) = 0.00 eV. The total energy at 0 K of the doublet ground state of 92+ amounts to −270.060982 Hartree.
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Chart 1. Selected isomers of C9H11
2+ dications obtained upon double protonation of 1,3,5-trimethylenebenzene. The total energy of the doublet ground state 12+ at

0 K (Erel = 0.00 eV) amounts to −348.708177 Hartree.
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hart 2. Selected isomers of C8H9
2+ dications; only doublet states of the dica

Erel = 0.00 eV) amounts to −309.396034 Hartree.

ndings obtained in high-level multireference calculations [6].
hus, the B3LYP/6-311G* method correctly predicts a quar-

et ground state of neutral TMB. The closest doublet state lies
.44 eV higher in energy than the quartet. In comparison, the
nergy splitting calculated using CASPT2 amounts to 0.54 eV
6]. Accordingly, while the B3LYP method may slightly under-
stimate the energy difference between the two states, it serves
s a computationally much less demanding method to get useful
nsight into the electronic situations of this type of multiradicals
17,18].

Protonation of trimethylenebenzene can take place either at
carbon atom of the ring or at one of the methylene groups.
rotonation at the methylene group is much more favored [6].
urther, it has been shown that in both cases the low-spin state
f protonated TMB is substantially more stable than the high-

pin state [6]. Our B3LYP calculations predict the doublet state
f methylene-protonated TMB as 1.51 eV more stable than the
uartet state; this agrees reasonably well with the splitting of
.60 eV predicted by the CASPT2 method [6]. Double proto-

a
F
p
h

were considered. The total energy of the doublet ground state of 152+ at 0 K

ation of TMB taking place at two methylene groups (dication
2+, Chart 1) also leads to a stabilization of the low-spin state:
he ground state corresponds to a doublet, whereas the quartet
s 1.78 eV higher in energy. Besides protonation at the methy-
ene groups of TMB, also protonation at the ring carbon atoms
s feasible. Similar to single protonation, these protonated iso-

ers are higher in energy, although the energy differences are
uite small for the doublet ground states (Chart 1). Thus, while
he first protonation takes almost exclusively place at a methy-
ene group, the second proton can be attached to either another
ethylene group or in the ortho- or para-positions of the ring
ith respect to the methyl group formed by the first protonation.
ther isomers are also conceivable, but an exploratory survey

ndicates that they lie much higher in energy. Note that proto-
ation at the ipso-position relative to the methylene group is

ssociated with cyclization to the structures 42+, 52+, and 62+.
urther, the doublet states of all isomers are by far energetically
referred over quartet states. Accordingly, double protonation
as a similar effect on electronic structure as single protonation.
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hart 3. Selected isomers of C9H11
2+ dications; only doublet states of the dic

Erel = 0.00 eV) amounts to −348.708177 Hartree.

.2. Fragmentations of doubly protonated
rimethylenebenzene

Being a dication, doubly protonated trimethylenebenzene (or
ts isomers) can be generated by dissociative ionization of 1,3,5-
rimethylbenzene (C9H12). In the following, only the more stable
oublet states of the dications are considered, and it is further
ssumed that the hydrogen atom in the neutral C9H12 precursor
pon dissociative double ionization is eliminated from one of
he methyl groups, because the C9H11

2+ isomer generated via
limination of a hydrogen atom from a ring position (i.e., 282+)
s 1.98 eV higher in energy than 212+ (see Chart 1).

Fig. 1a shows the metastable ion spectrum of C9H11
2+

enerated from 1,3,5-trimethylbenzene. The most abundant uni-
olecular fragmentation of the dication corresponds to the

oss of molecular hydrogen. This fragmentation route appears
s a rather general process for organic dications [19–24].
ehydrogenation is the only unimolecular decomposition path-
ay of doubly protonated TMB in which the two charges

emain also in the hydrocarbon fragment. For organic dica-
ions with lower ratios of hydrogen to carbon atoms, often also

osses of atomic hydrogen are observed [23,24]. The remain-
ng fragmentations are much less abundant (by a factor of
03) and correspond to charge separation of the parent dica-
ion in which two singly charged ions are formed. The large

o
(
t
t

s were considered. The total energy of the doublet ground state of 12+ at 0 K

mount of energy being released as kinetic energy (KER) is
eflected in the dished-top shapes of the peaks [25] and can be
stimated from the horn-to-horn distances [11]. The most abun-
ant charge separation of C9H11

2+ corresponds to the loss of
2H4

+ (KER = 3.06 eV), followed by expulsion of another C2-
ragment C2H3

+(KER = 2.57 eV). Two minor charge-separation
hannels are associated with the formation a methyl cation
KER = 2.51 eV) and of C3H5

+ (KER = 3.48 eV). The kinetic
nergy released is associated with the height of the reverse
nergy barrier for the given fragmentation and is often char-
cteristic of ion structures [11].

In order to further elucidate the fragmentation mecha-
ism, the C9H8D3

2+ dication generated by dissociative double
onization of [2,4,6-D3]-1,3,5-trimethylbenzene is considered.

olecular hydrogen is eliminated from the C9H8D3
2+ dica-

ion as H2, HD, and D2 in a 80:19:1 ratio, where the sum
s normalized to 100; the data are corrected for the contri-
ution from 13C12C8H7D3

2+, and the experimental error is
1. If complete equilibration of all hydrogen/deuterium atoms

f C9H8D3
2+ prior to dissociation is assumed, a ratio of

2:HD:D2 = 50.9:43.6:5.5 is expected. However, as elimination

f deuterium is usually associated with a kinetic isotope effect
KIE), consideration of a corresponding KIE of 3.3 per deu-
erium atom leads to a calculated ratio of H2:HD:D2 = 79:20:1;
his is perfectly consistent with the experimental findings. This
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Fig. 1. Metastable ion spectra of (a) C9H11
2+ generated from 1,3,5-

trimethylbenzene and (b) C9H8D3
2+ generated from [2,4,6-D3]-1,3,5-

trimethylbenzene; the parent-ion signals are off-scale. The inset shows an
approximate deconvolution of the composite peak corresponding to the losses
of methyl cations CH3−xDx

+ (x = 0–2) from C9H8D3
2+. Note that the spectra
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hown are not corrected for the contributions of 13CCH3
+ and C2H3

+ elimi-
ations from isobaric 13CC8H10

2+ (see Section 2); the corrected intensities are
iven in Table 1.

esult suggests that all hydrogen and deuterium atoms of the
9H8D3

2+ dication are completely equilibrated prior to the
ehydrogenation step [26,27]. In principle, a certain combina-
ion of specific mechanisms for dehydrogenation of C9H8D3

2+

ould also lead to the same ratio of H2, HD, and D2 eliminations;
owever, this scenario is considered less probable and therefore
ot pursued any further. We note that the equilibration of the
/D atoms can also take place already in the stage of the par-

nt dication C9H9D3
2+, that is before the elimination of an H

tom from one of the methyl groups. This question could be
esolved by an analysis of the ratio of H and D losses from the
9H9D3

2+ dication, which, however, is prevented in the exper-
ment due to the fact that elimination of molecular hydrogen is

ore pronounced than that of atomic hydrogen and D and H2
liminations lead to dications of the same nominal mass.

Similar to dehydrogenation, scrambling of the hydro-
en/deuterium atoms prior to methyl cation expulsion is also
ndicated by the experimental data. The inset in Fig. 1b shows

he decomposition of the signal corresponding to the loss of

methyl cation to its separate components corresponding to
H3

+, CH2D+, and CHD2
+. The ratio of the labeled fragments

s determined as 37:47:16, respectively (the sum is normal-

a
l
a
t

ss Spectrometry 267 (2007) 139–147

zed to 100, the estimated error is ±4). If complete scrambling
f all hydrogen/deuterium atoms is assumed, then a ratio of
H3

+:CH2D+:CHD2
+ = 34:51:15 is expected in good agree-

ent with experiment. As less than 1% is predicted for the
xpulsion of CD3

+, this process cannot clearly be discerned
n Fig. 1b. Likewise, the eliminations of other charged frag-
ents are associated with complex labeling patterns which in

art also overlap with each other such that no further quanti-
ative analysis is pursued. For the same reason, also no further
ttempts for additional, specific isotope labeling experiments
ere undertaken, because the regiospecific information often
erived from selective labeling is lost in the present system.
y analogy with the dehydrogenation and the elimination of
methyl cation, it is expected that also other fragmentations

ccur only after or concurrently with complete scrambling of the
/D atoms.
Instead, the mechanisms for the eliminations of charged

ragments are analyzed on the basis of a comparison with frag-
entations of other, structurally related radical dications and

omplemented by density functional theory calculations. Note
hat the attempt to derive fragmentation mechanisms for small
nd medium-sized dications on the basis of comparison with the
orresponding monocationic species is of limited significance.
t first, the high positive charge experienced by dications often

eads to “non-clasical” structures [28]. The case of the benzene
ication may serve as a suitable example: Instead of the expected
tructure with a six-membered ring, the global minimum corre-
ponds to a pyramidal structure with a five-membered C5H5
ase and CH group at the apex [29]. For a review on “pyrami-
al cations” see: ref. [30]. Further, fragmentations of organic
ications are by far dominated by eliminations of atomic and
ainly molecular hydrogen. Eliminations of larger fragments

re usually associated with charge separation and therefore fun-
amentally differ from those observed for singly charged ions.
hus, an independent exploration of the dication surfaces is

equired.
First, the fragmentations of C7H7

2+ generated from toluene
s well as cycloheptatriene are probed. Metastable ions gener-
ted from these two molecules yield identical spectra (Fig. 2a),
hich suggests that prior to the fragmentation of C7H7

2+ also
tructural reorganization has taken place. The most abundant
harge-separation process corresponds to the expulsion of a
3H3

+ monocation, and two other pathways lead to the losses
f C2H4

+ and C2H2
+, respectively.

Some structures accessible by expansion or contraction
f the six-membered ring of C7H7

2+ are displayed in
cheme 1. The most stable structure computationally found
orresponds to the doublet dication radical 92+ derived from
he benzylium ion (energies of all calculated C7H7

2+ struc-
ures are relative to Erel(92+) = 0.00 eV). The expansion to

seven-membered ring requires an activation energy of
rel(TS92+/102+) = 2.02 eV. The dication 102+ lies considerably
igher in energy (Erel(102+) = 1.69 eV). However, migration of

hydrogen atom via the barrier TS102+/112+ (Erel = 2.27 eV)

eads to the tropylium-like dication 112+ lying only 0.41 eV
bove 92+. The contraction of the six-membered ring via
he barrier TS92+/122+ (Erel = 2.05 eV) is first associated with
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ig. 2. Metastable ion spectra of (a) C7H7 generated from toluene and (b)

8H9
2+ generated from meta-xylene. Note that the parent-ion signals are off-

cale.

he formation of a dication with a bicyclic structure 122+

Erel(122+) = 1.99 eV). The three-membered ring is then opened
Erel(TS122+/132+) = 2.04 eV) and a more stable dication 132+

Erel = 1.33 eV) is formed. Finally, an even more stable dica-
ion 142+ (Erel = 0.60) is achievable via a hydrogen shift
Erel(TS132+/142+) = 2.04 eV). Thus, the rearrangement from
2+ to 142+ proceeds via three almost identical energy barriers.
lso in comparison, the energy barriers for both mechanisms,

ing contraction and expansion, are comparable, and it is there-
ore expected that a variety of structures can be explored by
he system before the dication C7H7

2+ undergoes fragmenta-
ion provided that the energy barriers for the fragmentations
re higher. This condition seems to hold true at least for the
harge-separation reactions of these and similar hydrocarbon
ications. It has been shown in several studies of hydrocar-
on dications (e.g., C6H8

2+ or C7H8
2+), where experimental

nd theoretical results have been combined, that the energy
arriers for the dominant or even exclusive fragmentation chan-
el, i.e., loss of H2, are in a range of 2–3 eV [22,24,31]. As

harge-separation reactions are hardly observed for these dica-
ions, their energy barriers are much higher in energy and thus
ertainly above the barriers for structural rearrangements. This
onclusion is in agreement with the experimental observation

z
1
p
A

ig. 3. Metastable ion spectra of (a) C9H11 generated from 1,2,4-
rimethylbenzene and (b) n-propylbenzene. For the sake of clarity, only fragment
ons with m/z > 65 are shown.

hat C7H7
2+ dications generated from different precursors yield

dentical spectra.
Next, C8H9

2+ dications generated from ethylbenzene,
yclooctatriene, and the three isomeric xylenes (ortho-, meta-,
nd para-dimethylbenzene) are considered. Similar to C7H7

2+,
ll C8H9

2+ dications generated from these precursors yield iden-
ical metastable-ion spectra (Fig. 2b). Accordingly, it can again
e assumed that the ions explore a variety of isomeric structures
efore they undergo fragmentation. Some of the more likely iso-
ers are displayed in Chart 2. The charge separation of C8H9

2+

eads almost exclusively to the pair of C2H3
+ and C6H6

+ cations.
he structure of the cationic C6H6

+ species most likely corre-
ponds to the benzene cation [32]; this assignment would also
gree with the fact that the most stable structure of C8H9

2+

ound, i.e., 152+, is derived from ethylbenzene; the energies of all
tructure optimized for C8H9

2+ dication are accordingly related
o Erel(152+) = 0.00 eV. Given the experimentally evident loss of
tructural identity on the C8H9

2+ surface, we have restricted the
urther theoretical investigations to the most obvious structures,
owever.

Finally, some isomers of doubly protonated trimethyleneben-
ene, C H 2+, generated by dissociative double ionization of
9 11
,2,4-trimethylbenzene (Fig. 3a), para-ethylmethylbenzene, n-
ropylbenzene (Fig. 3b), and iso-propylbenzene are considered.
lthough, the fragmentations of metastable ions generated from
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ll precursors are again quite similar, they are not identical
Table 1). The most apparent difference is found in the spectra
f the dication generated from n-propylbenzene. In compari-
on with the spectrum obtained for C9H11

2+ generated from
,3,5-trimethylbenzene (Fig. 1a), this spectrum does not con-
ain a signal corresponding to the elimination of CH3

+ and the
bundance of C2H3

+ loss is almost negligible. Instead, charge
eparations to the pairs C7H7

+ + C2H4
+ and C6H6

+ + C3H5
+,

espectively, are preferred. This result suggests that the C9H11
2+

ication derived from n-propylbenzene has a structure, which
s more prone for charge separation leading to the most sta-
le singly charged fragments like the benzene cation or the
enzylium/tropylium ions. The hypothesis that the C2H4

+ frag-
ent is lost from the end of n-propyl-chain is further tested
ith an experiment in which the C9H11

2+ cation is generated
rom iso-propylbenzene. In agreement, the abundance of the
2H4

+ loss is significantly lower and a substantial amount of
competing C2H3

+ elimination is observed (Table 1). The
9H11

2+ dications generated from 1,2,4-trimethylbenzene and
ara-ethylmethylbenzene show fragmentation patterns quite
imilar to that of the C9H11

2+ dication generated from 1,3,5-
rimethylbenzene. Metastable dications generated from isomeric
rimethylbenzenes lose a methyl cation in substantially higher
bundance than the dications generated from the other precur-
ors, suggesting that loss of a methyl cation is favored for the
tructures with a methyl group attached to the benzene ring.
e note in passing that the KER measured for a particular

ragmentation of C9H11
2+ ions (e.g., loss of CH3

+) generated
rom different precursors are identical within the experimental
rror. It means that fragmentations most probably proceed with
nalogous mechanisms from preferred structures of C9H11

2+

ications as mentioned above. In summary, these findings sug-
est that the C9H11

2+ dications retain to a certain degree the
tructures of their neutral C9H12 precursors in their formation as
ell as prior to their fragmentation. This finding is quite remark-

ble in that complete loss of structural identity has been assumed
efore for aromatic CxHy

2+ dications [19] and also many mono-
ationic arenes show extensive H as well as C-scrambling [27].

Exploratory calculations (Chart 3) show that many structures
f C9H11

2+ dications, which have only small differences in their
elative energies, can actually be found. The optimized struc-
ures were selected with regard to the precursors for C9H11

2+

ications used in the experiments. While many other isomers
an be considered as well, they are expected to lie higher in
nergy than the optimized dications and further calculations
ould thus not bring qualitatively new insights to the topic
nder study. The dication 272+ with a structure derived from
eta-ethylmethylbenzene is found as the most stable one (the

nergies of all structures optimized for C9H11
2+ dication are

elative to Erel(12+) = 0.00 eV).
In a more general perspective of structural organic chem-

stry, a notable conclusion is that for all radical dications studied
n this work, the energetically preferred structures found com-

utationally contain six-membered rings. This finding can be
ationalized on the basis of a more efficient charge separation
etween a six-membered ring, which formally corresponds to
he benzene radical cation, and an alkyl chain, which formally
ss Spectrometry 267 (2007) 139–147

ears a primary, secondary, or tertiary alkyl cation, respectively.
hese structures then, quite likely, also determine to some extent

he course of the charge separation of the dications, namely: (i)
ications comprising a methyl-substituted benzene core (e.g.,
2+, 262+, 292+) yield a somewhat more pronounced methyl-
ation loss, (ii) metastable ions with a structure derived from
thylbenzene ionized at the ethyl group (e.g., 152+, 272+, 292+)
referably lead to C2H3

+ loss, and (iii) dications bearing an ion-
zed n-propyl group attached to the core (e.g., 312+ or 322+)
referably undergo expulsion of C2H4

+ and C3H5
2+ cations.

. Conclusions

Promising perspectives for future research evolve from the
act that the often vast and rather complex fragmentation pat-
erns of aromatic dications seem to exhibit a direct relationship
o the underlying ion structures when the size of the molecules is
ppropriately large. Thus, whereas the dications C7H7

2+ as well
s C8H9

2+ obviously have lost all structural relationship to the
eutral compounds used in the ion generation, the C9H11

2+ sys-
em shows notable differences depending on the different neutral
recursors used. Moreover, combination with the theoretical
tudies provides some chemical insight into the most favored
tructures of the various species in that the preferred structures
f the studied organic radical dications correspond to sidechains
ith primary or secondary (for higher hydrocarbons also ter-

iary) alkyl cations with a benzene radical cation acting as a
ore. These structures are then reflected in the charge separation
f the corresponding hydrocarbon dications. However, the most
bundant fragmentation of doubly protonated trimethyleneben-
ene corresponds to dehydrogenation, thus yielding a dicationic
ragment again, rather than a pair of singly charged products,
hereby underlining the notion that dication reactivity is not at
ll necessarily associated with charge separation.

With regard to the effect of protonation on the state splitting
f multiradicals, the computational data imply that double proto-
ation strongly stabilizes low-spin state of trimethylenebenzene,
ust like single protonation does. Protonation at the methylene
roups is slightly preferred.
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