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Structural aspects and the unimolecular fragmentations of doubly protonated benzene are studied by means
of tandem-mass spectrometry. The corresponding dications are generated by electron ionization (EI) of 1,3-
and 1,4-cyclohexadienes, respectively. It is suggested that EI of 1,3-cyclohexadiene leads to the singlet state
of doubly protonated benzene, whereas EI of 1,4-cyclohexadiene yields a mixture of singlet and triplet states.
Unimolecular fragmentation of doubly protonated benzene exclusively proceeds via dehydrogenation leading
to the benzene dication. The proton affinities (PAs) of protonated benzene amount to PA(C6H7

+)meta) 1.9(
0.3 eV for protonation taking place at the meta-position, PA(C6H7

+)ortho ) 1.5 ( 0.2 eV, and PA(C6H7
+)para

) 0.9 ( 0.2 eV, respectively. Various facets of the experiments are compared with density functional theory
calculations and generally good agreement is found.

Introduction

Aspects of the structure and reactivity of protonated benzene,
C6H7

+, continue to be of topical interest in physical organic
chemistry and form still a subject of controversies.1,2 Nowadays,
it is widely accepted that the structure of C6H7

+ corresponds to
the so-calledσ-complex in which one carbon atom of the ring
has a sp3 configuration. Detailed labeling experiments1 revealed
fast exchanges among the hydrogen atoms of C6H7

+ via a “ring-
walk” mechanism3 and the absence of “memory effects”
concerning the original position of the additional proton.1a,c,e

The proton affinity (PA) of neutral benzene amounts to PA-
(C6H6) ) 7.78 eV.4

The existence of doubly protonated benzene, C6H8
2+, has been

predicted by Sumathy and Kryachko using ab initio calculations
at the MP2/6-311++G(d,p) level.5 Three constitutional isomers
are conceivable with the additional proton in either ortho-, meta-,
or para-position (12+, 22+, or 32+, respectively, Chart 1).
According to these calculations, meta-diprotonated benzene,22+,
represents the most stable isomer with a geometry clearly
corresponding to aσ-type complex in analogy to singly
protonated benzene. The ortho-isomer12+ lies 0.21 eV higher
in energy, and the bonding of protons is of prevailingσ-type
with a certain amount ofπ-bonding. For the para-isomer32+,
two distinct minima exist: one corresponding to aσ-complex
(0.71 eV above22+) and another, more stable one, corresponding
to a “π-complex” of benzene with the protons bonded from
opposite sides of the ring (0.61 eV above22+). Nevertheless,
the exothermic isomerization of either ortho- or para-isomer to
the global minimum22+ is predicted to proceed via negligibly
small energy barriers.5 Hence, rapid equilibration is to be
expected. According to these calculations, the proton affinity

of singly protonated benzene at the meta-position amounts to
1.61 eV.5 Although there are experimental studies devoted to
linear, conjugated C6H8

2+ dications,6 to the best of our
knowledge no experimental investigation on doubly protonated
benzene seems to have been reported.

Experimental and Computational Details

The experiments were performed with a modified VG ZAB/
HF/AMD four-sector mass spectrometer of BEBE configuration
(B stands for magnetic and E for electric sector), which has
been described previously.7 Both, cations and dications of
interest were generated by electron ionization (70 eV) of
appropriate neutral precursor molecules and accelerated by a
potential of 8 kV.

Ionization energies of the corresponding monocations were
determined in energy-resolved charge stripping (CS) experi-
ments.8 By virtue of the superior energy resolution of E(1),
energy-resolved CS was conducted with B(1)-only mass-selected
precursor ions which were collided with oxygen (80% transmis-
sion, T) in the field-free region (FFR) between B(1) and E(1).
Signals due to the mono- and dications were recorded at energy
resolutionsE/∆E g 4000, andQmin values were determined from
the differences between the high-energy onsets of the mono-
and the dication peaks.9 The kinetic energy scale was calibrated
using CS of the molecular ion of toluene, C7H8

+ f C7H8
2+,

with Qmin(C7H8
+) ) 14.8 ( 0.1 eV10 using a multiplicative

calibration scheme.11 To determine the kinetic energy release
(KER) associated with dehydrogenation, the corresponding
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precursor ions C6H8
2+ were mass-selected by B(1) and frag-

mentations were monitored by E(1), and the KER was deter-
mined from the peak-width of the fragment ions C6H6

2+.
All other experiments were conducted with B(1)/E(1) mass-

selected ions, thereby avoiding most of the interferences which
are encountered when using two sectors only.12 Fragmentations
of metastable ions (MI) occurring in the field-free region
preceding the second magnet (third FFR) were monitored by
scanning B(2). The structures of the ions of interest were probed
by collisional activation (CA) and charge-exchange (CE) spectra.
To this end, the parent ions were collided with He (CA spectra,
80% T), O2 (CE(O2) spectra, 80% T), or Xe (CE(Xe) spectra,
80% T), and the fragmentations were monitored by scanning
B(2). In addition, the C6H6

2+ daughter ions formed upon
dehydrogenation of metastable C6H8

2+ were characterized by
their CA and CE spectra (MI/CA and MI/CE, respectively). In
these experiments, the parent dications C6H8

2+ were accelerated
by a potential of 4 kV, mass-selected by means of B(1)/E(1),
the C6H6

2+ ions formed from metastable C6H8
2+ in the 3rd FFR

were mass-selected using B(2), and collided with either He (MI/
CA spectra, 80% T) or O2 (MI/CE spectra, 80% T) in the fourth
field-free region between B(2) and E(2), while monitoring the
ionic fragments by scanning the latter sector. For comparison,
the CA and CE spectra of the dication generated from benzene
were recorded as well. Here, C6H6

2+ was accelerated by a
potential of 4 kV, mass-selected by means of B(1)/E(1)/B(2),
and collided with He or O2 in the fourth FFR. All spectra were
accumulated with the AMD-Intectra data systems; 5-30 scans
were averaged to improve the signal-to-noise ratios, and the
final data were derived from two to seven independent measure-
ments. For the determination of the relative abundances of H2-
elimination from C6H8

2+, the naturally occurring dications
containing one13C atom were investigated in order to avoid
overlap with isobaric C3H4

+ monocations. In addition to the
experiments described below, several alternative precursors of
C6H8

2+ were investigated (e.g., di-exo-methylene cyclobutane,
methylcyclopentadiene, and 1,3,5-hexatriene), to probe the
possible formation of different ring sizes or acyclic compounds.
As far as C6H8

2+ dications are concerned, the results were very
similar to those described here, and moreover, none of these
precursors could account for the observed differences between
the dications generated from 1,3- and 1,4-cyclohexadiene,
respectively. While we cannot strictly exclude the involvement
of isomeric dication structures, none of these experimental
findings has a clear implicaton to do so, and unless noted
otherwise, we therefore restrict ourselves to the cyclohexadiene
precursors.

All calculations were performed using the density functional
hybrid method B3LYP13 in conjunction with the 6-311G(d,p)
triple-ú basis set as implemented in the Gaussian 98 suite.14

For all optimized structures, a frequency analysis at the same
level of theory allows to assign them as genuine minima or
transition structures as well as to calculate the zero-point
vibrational energies (ZPVEs). Franck-Condon energies in-
volved in vertical electron-transfer processes were estimated as
the difference between the energy of the dication and the
corresponding monocation with the geometry optimized for the
dication. For comparison with the energetics determined ex-
perimentally, CCSD(T)/cc-pVTZ15,16 single-point calculations
were performed for B3LYP/6-311G(d,p) optimized minima.
Relative energies (Erel) are given for 0 K, where the ZPVE was
always calculated at the B3LYP level.

Using the B3LYP results, the lifetimes of the excited triplet
states of C6H8

2+ dications312+ and 332+, respectively, were

estimated. To this end, the density of states of112+ and 132+

were computed at the energy of312+ and 332+, respectively,
using the harmonic B3LYP frequencies and then weighted by
the respective Franck-Condon factors computed in the har-
monic oscillator approximation as has been described previously
in detail.17 The determination of the multidimensional Franck-
Condon integrals takes the mode-mixing effects and geometrical
changes into account.18,19 The thermal contributions were
estimated from comparison of the Franck-Condon envelopes
corresponding to vibrational Boltzmann distributions at 0, 298,
and 400 K, respectively. The change of temperature leads only
to small gradual increase of the Franck-Condon weighted
density of states relevant for the transition from332+ to 132+;
therefore, only minor effects on the lifetime are anticipated.

Results and Discussion

Structure of Doubly Protonated Benzene.According to
Sumathy and Kryachko,5 the meta-isomer22+ corresponds to
the global minimum of the potential-energy surface (PES) of
C6H8

2+. As a result of the negligible barriers (ca. 0.01 eV)5

associated with rearrangements of either the ortho- or para-
isomer to the meta-form, it is expected that facile hydrogen
rearrangements take place and thus an equilibrium among ortho-,
meta-, and para-isomers of C6H8

2+ is established before any
conceivable skeletal rearrangements or fragmentations can occur.
Accordingly, the metastable ion (MI), collisional activation
(CA), and charge-exchange (CE) spectra of mass-selected
C6H8

2+ are expected to be identical when the dication is
generated from either 1,3-cyclohexadiene (1) or 1,4-cyclohexa-
diene (3). The MI spectra of C6H8

2+ formed from1 and3 are
indeed quite similar with loss of H2 as the dominant process
and all other fragmentations having negligible abundances.
However, a more detailed analysis shows that the abundance
of H2 elimination relative to the parent ion is significantly larger
for C6H8

2+ generated from1 (4.2 ( 0.1%) than for C6H8
2+

produced from3 (3.6 ( 0.1%). Similarly, the collisional
activation spectra of C6H8

2+ are very close to each other (Figure
1a), except that the abundance of H2 elimination are again
different for dications C6H8

2+ generated from1 and3, respec-
tively (Table 1). The kinetic energy release (KER) associated
with the unimolecular dehydrogenation amounts to about 10
meV for all C6H8

2+ ions investigated here. The negligible KER
implies that dehydrogenation of the molecular dication occurs
without barrier in excess of the reaction exothermicity. We note
in passing that exploratory experiments using a multipole mass
spectrometer20 revealed that the benzene dication C6H6

2+

undergoes H/D exchange with D2 to afford C6H6-nDn
2+ (n )

1-2) products in ion/molecule reactions at quasi-thermal
energies.21 This result further confirms that the dehydrogenation
of C6H8

2+ occurs without reverse activation barrier.
Charge-exchange spectra with oxygen as collision gas (Table

1, Figure 1b shows the CE(O2) spectrum of32+) confirm these
results and provide some additional information. Similar to the
MI and CA spectra, the amount of H2 elimination relative to
the parent ion is slightly larger for C6H8

2+ generated from1
than for C6H8

2+ produced from3. Another significant difference
between the two spectra is found in the fragmentation patterns
themselves. Thus, the CE(O2) spectrum of C6H8

2+ generated
from 3 shows more H• loss (m/z ) 79) and less C6H8

+• (m/z )
80) in comparison to the CE(O2) spectrum of C6H8

2+ generated
from 1. The ratio of C6H8

+•: C6H7
+ is 1:2.4 for dications

generated from3, whereas for dications generated from1 this
ratio amounts to 1:1.3.

Charge-exchange spectra with xenon as collision gas were
recorded for comparison; Figure 1c shows the CE(Xe) spectrum
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of 32+. Once more, the abundance of H2 elimination is slightly
more favored for C6H8

2+ generated from1 compared to C6H8
2+

from 3. Furthermore, the abundance of the C6H8
+• signals and

also the integrated intensities of all ions in the rangem/z )
48-80 imply that charge exchange with xenon is more efficient
for dications generated from3, whereas charge exchange with
oxygen is slightly favored for C6H8

2+ generated from1. The
overall fragmentation patterns in the CE(Xe) spectra are quite
similar to those in CE(O2) spectra; only the C6Hn

+ ions are more
abundant when xenon is used as collision gas. Similar to charge
exchange with oxygen, the ratios of C6H8

+•:C6H7
+ slightly differ

for dications generated from3 (1:1.8) and for those from1 (1:
1.3).

In summary, the experimental findings suggest that electron
ionization of 1 and 3 does not lead to the same mixtures of
isomers of doubly protonated benzene as is expected from the
potential-energy surface of C6H8

2+ reported by Sumathy and
Kryachko.5 Specifically, the larger abundance of H2 elimination
for the dications generated from1 could be ascribed to an ortho-
effect,22 in that direct loss of H2 would efficiently compete with
a hydrogen ring-walk. However, such a scenario cannot explain
the different abundances of H• elimination from the cations
formed upon charge exchange of the dications, and it also does
not account for the change in relative efficiencies of charge
exchange in dependence on the nature of the collision gas (O2

vs Xe). Thus, the existence of a more fundamental difference
between the dication beams formed upon ionization of the
different neutral precursors is indicated.

Complementary B3LYP calculations were performed aimed
at understanding the origin of the different behavior of the
C6H8

2+ dications generated from1 and 3, respectively. In
agreement with the previous MP2 study,5 the ortho-, meta-, and
para-isomers of C6H8

2+ were located as minima (Chart 1).
However, a “π-complex” which has been described for the para-

isomer32+ represents only a shallow minimum at the B3LYP
level, lying 0.02 eV higher in energy than theσ-complex32+

of the para-isomer at the singlet ground state. As the B3LYP
method cannot properly describe dispersion interactions,23 which
presumably play an important role inπ-complexes, the geometry
of the π-complex optimized at the MP2/6-311++G(d,p) level
(as used in ref 5) has been adopted. Single-point calculations
of all minima at the CCSD(T) level were then performed in
order to achieve uniform energetics (values given in parentheses
in Scheme 1). Accordingly, theπ-complex represents a genuine
minimum lying 0.15 eV lower in energy than theσ-complex.
With respect to the negligible barrier (0.01 eV)5 found for the
rearrangement of theπ-complex of132+ (singlet state of32+)
to the more stable isomer122+, the para-isomer132+ is anyway
considered as a fleeting species. In the following, the notation
132+ refers toσ-complex found in the B3LYP calculations, and
a discussion of theπ-complex is not pursued any further.

The calculated barriers for the hydrogen-ring walk in doubly
protonated singlet benzene are very low indeed; i.e., 0.14 eV
for 112+ f 122+ and 0.01 eV for132+ f 122+ (Scheme 1). In
comparison, elimination of molecular hydrogen is a rather
energy-demanding process. In the following, only dissociation
limits for the elimination of a hydrogen molecule are considered.
The corresponding transition structures are not determined,
because the dominant interactions are generally described by
the attractive potentials between the separating C6H6

2+ dication
and the neutral molecule H2 which finally leads to rather loose
transition structures typical for a continuously endothermic
dissociation process.24 This conclusion is also fully consistent
with the lack of a reverse activation barrier of dehydrogenation
as deduced from experiment (see above). The energetically
lowest dissociation pathway corresponds to a 1,2-elimination
of H2 from ortho-diprotonated benzene112+ and leads to the
benzene dication142+ in a “chairlike” conformation25 (dissocia-
tion limit at Erel ) 2.43 eV, Scheme 1). We note in passing
that the “pyramidal” skeleton of a C5H5 ring with a CH group
at the apex was found to be the most stable isomer of singlet
C6H6

2+;25 it lies 0.06 eV lower in energy than142+. The 1,1-
and 1,2-eliminations of H2 from the other isomers of singlet
C6H8

2+ lead to the energetically less favorable isomers52+-
72+ of C6H6

2+ (Chart 2) with the corresponding dissociation
limits in an energy range of 2.7-2.8 eV (Table 2). Thus, the
minimal energy required for H2 elimination from C6H8

2+ in the
singlet state is more than 1 order of magnitude larger than the
energy barriers associated with a hydrogen ring-walk. Conse-
quently, complete equilibration among the isomers112+, 122+,
and132+ should be established prior to dehydrogenation.

These findings imply that double-ionization of1 leads to a
rather flat PES, in which the isomers112+ and 122+ are
preferentially populated (Scheme 1) and in which112+ serves
as an immediate precursor for the elimination of H2. Likewise,
ionization of 3 initially leads to 132+, which is labile and
undergoes prompt rearrangement, producing again a mixture
of 112+ and122+, but with a larger internal energy content. Thus,
dehydrogenation of C6H8

2+, produced from3, could be expected
to be more pronounced than in the previous case. In marked
contrast, however, the experimental results provide evidence
that H2 elimination is slightly favored for C6H8

2+ generated from
1 rather than3. This contradiction holds true even if possible
skeletal rearrangements of C6H8

2+ are considered. Thus, pri-
marily the equilibrium among112+, 122+, and132+ is established,
and in the second step, more energy-demanding C-C bond
cleavages can occur. For example, the most stable open-chain
dication C6H8

2+ derived from 1,3,5-hexatriene (Erel ) 0.34 eV)

Figure 1. CA (a), CE(O2) (b), and CE(Xe) (c) spectra of C6H8
2+

dications generated upon EI of3 (the spectra of C6H8
2+ generated from

1 are given in the Supporting Information).
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can be achieved from the ortho-isomer112+. The energy barrier
associated with this process amounts toErel ) 1.05 eV. Hence,
the number of accessible C6H8

2+ isomers can be accordingly
larger. Nevertheless, the expected trend for dehydrogenation
does not change in quality: The fragmentation of metastable
dications C6H8

2+ generated either from1 or 3 should be the

same, or the dications generated from3 should reflect the higher
internal energy content. In this context, we further note in
passing that the metastable ion spectra of the C6H8

2+ dications
generated from 1,3,5-hexatriene show again dehydrogenation
as exclusive fragmentation, but its abundance (3% relative to
the parent dications) is lower than that found for the dications
C6H8

2+ generated either from1 or 3 (Table 1).
As a possible explanation for the differences in the fragmen-

tation patterns of the C6H8
2+ ions formed upon EI of1 and3,

respectively, the direct generation of the excited triplet states
312+ and332+ is considered. Many factors influence the relative
efficiencies of the formation and the stabilities of the triplet
states vs the singlet-ground states. For their formation by
electron ionization, the associated Franck-Condon factors play
an important role. An idea about the corresponding efficiencies
can be achieved from the differences between vertical and
adiabatic ionization energies (∆Ev/a).

The triplet312+ lies 1.92 eV higher in energy than the singlet
ground state of this isomer (Scheme 1). Its formation is
associated with∆Ev/a (1/312+) ) 0.46 eV. The energy required
for 1,2-dehydrogenation of312+ to yield the triplet state of the
benzene dication342+ (Erel ) 2.34 eV) amounts only to 0.20
eV. This situation suggests that the triplet dication312+, if
formed at all, undergoes immediate loss of a hydrogen molecule.

TABLE 1: MI, CA, and CE Spectra a,b of Dications C6H8
2+ Generated from 1,3-Cyclohexadiene (1) and 1,4-Cyclohexadiene (3)

MI CA CE(O2) CE(Xe)

m/z fragment ion 1 3 1 3 1 3 1 3

39 C6H6
2+ 4.2 3.6 4.6 4.2 4.5 4.0 4.3 4.1

48-54 C4Hn 10× 102 10× 102 18× 102 18× 102 20× 102 24× 102

60-66 C5Hn 7 × 102 7 × 102 8 × 102 9 × 102 6 × 102 8 × 102

77 C6H5
+ 0.6× 102 0.4× 102 3 × 102 2 × 102 5 × 102 6 × 102

78 C6H6
+• 0.1× 102 <0.1× 102 3 × 102 2 × 102 8 × 102 8 × 102

79 C6H7
+ 0.2× 102 0.2× 102 11× 102 12× 102 30× 102 42× 102

80 C6H8
+• <0.1× 102 <0.1× 102 8 × 102 5 × 102 23× 102 24× 102

48-80 C4Hn-C6Hn 18× 102 18× 102 51× 102 48× 102 92× 102 112× 102

a The intensities are derived from integrated peak areas relative to the area of the peak corresponding to the parent dication C6H8
2+, which was

set to 100.b The naturally occurring dications C6H8
2+ with one13C atom were investigated in order to avoid overlap with isobaric C3H4

+ monocations.

SCHEME 1. Schematic PES of Singlet (Solid Line) and Triplet (Dashed Line) C6H8
2+ Isomers Calculated at the B3LYP

Levela

a Energies are given in eV at 0 K, relative to the most stable isomer122+ (Etot. ) -232.688775 hartree, ZPVE) 0.117076 hartree). Energies in
brackets are derived from single-point calculations performed at the CCSD(T) level. For the energetics and structural representations of42+-72+,
see Table 2 and Chart 2.

CHART 2

TABLE 2: B3LYP/6-311G(d,p) Energies at 0 K of C6H6
2+ +

H2 Dissociation Limits of C6H8
2+ Leading to Doubly Ionized

Benzene (42+) and Some of Its Proton-Shift Isomers
(52+-72+)a

Erel (C6H6
2+ + H2) [eV]

state 42+ + H2 52+ + H2 62+ + H2 72+ + H2

singlet 2.43 2.80 2.67 2.75
triplet 2.34 3.93 3.97 4.03

a Energies are given relative to122+.
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As to the probability to form both singlet and triplet ortho-
diprotonated benzene, the formation of112+ is associated with
a lower ∆Ev/a (1/112+) ) 0.29 eV than the formation of312+

(∆Ev/a (1/312+) ) 0.46 eV); therefore, also Franck-Condon
factors most probably favor the formation of the singlet ground
state. On the other hand, the energy difference between132+

and332+ amounts to only 0.36 eV. The formation of the triplet
state is associated with a lower∆Ev/a (3/332+) ) 0.16 eV than
the formation of the singlet state; the latter if formed with∆Ev/a

(3/132+) ) 0.28 eV. Thus, it is quite likely that also the triplet
state is formed upon electron ionization of3. Similarly to 312+,
the lifetime of the excited triplet state332+ can be affected by
dehydrogenation. The lowest dissociation limit leading to the
triplet state of benzene dication (Erel ) 2.34 eV) can be achieved
only upon a series of rearrangements (Scheme 1). Nonetheless,
the rearrangement of332+ (Erel ) 1.39 eV) to the other isomers
of doubly protonated benzene is prevented by an appreciable
barrier (TS322+/332+, Erel ) 2.80 eV) and also isomers312+ and
322+ themselves are rather high in energy (Erel ) 2.14 and 2.44
eV, respectively). The direct dehydrogenation of332+ leads to
one of the less stable isomers of C6H6

2+ (Chart 2): A
1,1-dehydrogenation leads to372+ (Erel ) 4.03 eV), and a 1,2-
dehydrogenation yields the isomer362+ (Erel ) 3.97 eV).
Accordingly, a lowered yield of dehydrogenation is expected
for 332+.

The lifetimes of the excited states further depend on the
propensity for radiation-less transitions to the respective spin
ground states.26 The efficiency of the spin-isomerization process
for the transition332+ f 132+ is estimated on the basis of an
analysis of the spin-orbit coupling elementsHSO. The sym-
metries of the wave function for132+ (1A1) and332+ (3B2u) are
different which results in vanishing of the zeroth order spin-
orbit coupling elementHSO

(0). Thus, only oscillations from the
equilibrium structure can contribute toHSO. Accordingly, the
first-order spin-orbit coupling elementHSO

(1) was roughly
estimated using an approximation of the analytical derivative
by small changes of the equilibrium geometry of332+. This
approach leads to a value ofHSO

(1) ≈ 0.0002 cm-1, which
corresponds to an estimate of the lifetime of332+ in the ground
vibrational state in the order of microseconds. Without further
arguing about the accuracy of this estimate, we suggest that a
significant population of332+ might be present in the mass-
selected C6H8

2+ beam obtained upon electron ionization of3.
We note in passing that for the ortho-isomer312+, the direct
coupling is not symmetry forbidden, which results in value of
HSO ≈ 0.3 cm-1, and thus its lifetime is much shorter than that
of 332+.

Within this framework, a straightforward rationale can be put
forward for the experimental results. Electron ionization of1
leads preferentially, if not exclusively, to the singlet surface of
doubly protonated benzene, whereas EI of3 provides access to
singlet as well as triplet states. Given that dehydrogenation of
C6H8

2+ is easier to achieve on the singlet surface, any significant
population of triplet C6H8

2+ to the beam of mass-selected
dications decreases the relative abundance of H2 elimination.
Accordingly, this scenario can account for the lower amount
of dehydrogenation for the dications generated from3.

The charge-exchange experiments lend further support to the
proposed differences in the population of singlet and triplet states
in the C6H8

2+ ion beams generated from neutral1 and 3,
respectively. Charge exchange in keV-collisions can be con-
sidered to occur as a vertical process and as such is governed
by Franck-Condon factors. The efficiency of such a transition
and also the amount of associated internal excitation can be

roughly estimated from the difference between vertical and
adiabatic energies of the charge-exchange process (∆Ev/a). As
detailed above, the singlet dications are expected to be mostly
populated as the ortho- and meta-isomers,112+ and122+. Charge
exchange of122+ is associated with a substantial internal
excitation of∆Ev/a (122+/2+•) ) 1.11 eV, which suggests that
the transition is associated with unfavorable Franck-Condon
factors. Hence, low efficiency and extensive fragmentation of
the resulting C6H8

+• monocation is expected in the charge
exchange of122+. In contrast, charge exchange of112+ is
associated with a∆Ev/a (112+/1+•) of only 0.28 eV and leads to
the more stable isomer of C6H8

+• (Scheme 2). Hence, in a
mixture of 112+ and 122+, mainly the ortho-isomer 112+ is
expected to undergo charge exchange. On the triplet surface,
only 332+ is likely to be formed in considerable amounts (see
above). Charge exchange of332+ is associated with a small
additional internal excitation of∆Ev/a (332+/3+•) ) 0.16 eV and
leads to the para-isomer3+• which is 0.5 eV higher in energy
than1+•. Thus, the energy required for H• elimination from3+•

to produce singly protonated benzene is lower than for1+• which
can explain the difference in relative abundance of H• elimina-
tion in CE spectra of dications generated from1 and3.

The relative increase of the CE cross section for the C6H8
2+

dications generated from3 upon changing the collision gas from
O2 to Xe, compared to dications generated from1, can also be
explained by the presence of332+. The ground state of oxygen
is a triplet. On the basis of spin-conservation rules, all couplings
of the singlet dication with3O2 should lead to the ground states
of products, whereas the triplet dication may also lead to the
formation of C6H8

+• in excited quartet states, which can cause
a lower overall cross section of charge exchange. In comparison,
charge exchange with xenon in its ground state should lead to
the ground-state products for all couplings with both, singlet
and triplet states of the dication. Accordingly, the cross section
for charge exchange of332+ increases upon change of O2 by
Xe as collision gas. Note, however, that other factors like
exothermicity of the charge exchange for different isomers and
states may also play a role.

Fragmentation of Doubly Protonated Benzene.The by far
most important process in the fragmentation of C6H8

2+ corre-
sponds to the loss of molecular hydrogen. For the interpretation
of the fragmentation pattern, it is important to identify which
signals originate from subsequent decomposition of C6H6

2+

formed by unimolecular fragmentation of metastable C6H8
2+.

To resolve this problem, MI/CA and MI/CE spectra of [C6H8
2+

- H2] have been recorded. As expected,27 the MI/CA and also
the MI/CE spectra of [C6H8

2+ - H2] generated from1 and3
are identical; Figure 2 shows the MI/CA and the MI/CE spectra
of [C6H8

2+ - H2] generated from3. We further note that the
MI/CA and MI/CE spectra are identical with the CA and CE
spectra of the dication C6H6

2+ generated directly by EI of
benzene (see Supporting Information). The major process in

SCHEME 2. B3LYP Relative Energies of Three Isomers
of C6H8

+• and Barriers for Their Interconversion a

a Energies are given at 0 K relative to the most stable isomer1+•

(Etot. ) -233.193506 hartree, ZPVE) 0.120844 hartree).
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fragmentation of C6H6
2+ corresponds to the elimination of the

CH3
+ cation concomitant with a C5H3

+ fragment (m/z ) 63).
The composite shape of the corresponding peak is a result of
the Coulomb explosion of the dications into two singly charged
ions.28 Other fragmentations originate from losses of C2-
fragments upon charge exchange, among which the dominant
processes lead to C4H3

+ (m/z ) 51) and C4H2
+• (m/z ) 50).

With regard to the fragmentation of doubly protonated
benzene (Figure 1), two dominant composite peaks can be seen
among the peaks corresponding to C1-losses. One originates
from the elimination of a methyl cation (m/z ) 65) and the
other one (m/z ) 63) comes most probably from a two-step
fragmentation. In the first step, a neutral hydrogen molecule is
eliminated which is then followed by the expulsion of a methyl
cation (see above). Signals associated with C2-eliminations
originate preferentially from the fragmentation of the parent ion
upon charge exchange. The two dominant processes are due to
the losses of [C2,H6] (m/z) 50) and [C2,H5]• (m/z) 51) which,
again, most probably represent sequential fragmentations: First,
a molecule of hydrogen is eliminated and in the second step
the C-C bond cleavage occurs; this is well reflected in the MI/
CA and MI/CE spectra of [C6H8

2+ - H2] (Figure 2). The same
fragmentations can also occur prior to H2 elimination which is
indicated by the signals atm/z ) 52 and 53. In summary, the
major channel in the fragmentation of doubly protonated
benzene leads to the benzene dication. Other fragmentation
channels probably follow pathways similar to those found for
the benzene dication.29,30

Proton Affinity of Protonated Benzene.The proton affinity
of C6H7

+ corresponds to the enthalpy of reaction 1.

with PA ) - ∆rH
The obvious difficulties associated with a direct determination

of the exothermicity of a reaction involving two cations are
usually circumvented by means of thermochemical cycles. This
approach consists of independent determinations of∆fH of the
corresponding cation and dication in conjunction with∆fH(H+)
) 15.86 eV at 298 K.31,32 Thus, ∆fH of C6H7

+ can be
determined from∆fH(C6H6) ) 0.86( 0.01 eV,33 and the proton

affinity PA(C6H6) ) 7.78 eV4b which leads to∆fH(C6H7
+) )

8.94 ( 0.01 eV.
A direct experimental determination of∆fH(C6H8

2+) requires
the knowledge of∆fH of the neutral precursor C6H8 and its
first and second ionization energies. In the present case,
however, this seemingly straightforward approach is complicated
by two factors. The first problem arises from the structure of
the neutral precursor C6H8, because only 1,3- and 1,4-cyclo-
hexadiene are available which serve as precursors for the ortho-
and para-isomers of C6H8

2+, whereas the most stable isomer of
doubly protonated benzene corresponds tom-C6H8

2+. We note
in passing that attempts to generatem-C6H8

2+ by dissociative
EI of 3,5-dichlorocyclohexene failed due to insufficient yields
of the desired fragment ions. Therefore, the proton affinity for
protonation at the meta-position of C6H8

2+ is determined
indirectly from the experimental values derived for the proton
affinities at the ortho- and para-positions and the calculated
relative stabilities of12+, 22+, and32+. The method of choice
for the determination of the second ionization energies of1 and
3, respectively, is charge-stripping (CS).8 Such experiments are
based on the formation and mass-selection of the corresponding
singly charged cation (1+• and3+•, respectively), followed by
further ionization in a collision with a suitable target gas (usually
oxygen).8,10 The energy required for ionization is taken from
the kinetic energy of the projectile monocation and can be
determined in energy-resolved measurements. While the preci-
sion of CS experiments is limited to a few tenths of an eV,9 the
key advantage of CS is its applicability to mass-selected ion
beams. It needs to be pointed out, however, that ascribing the
ionization energy of a cation determined by the CS method to
the second ionization energy of the corresponding neutral
molecule requires that the connectivity of the cation corresponds
to the connectivity of the neutral. This leads to yet a further
uncertainty in the case of C6H8, because cations of hydrocarbons
are well-known to undergo facile isomerizations.3,34 Accord-
ingly, it cannot be taken for granted that C6H8

+• monocations
keep the structures of their corresponding neutral precursors.

Qualitative information about the structures of the C6H8
+•

cations generated from1 and 3 can be derived from their
metastable ion (MI) and collisional activation (CA) spectra
(Table 3). All spectra are dominated by losses of atomic
hydrogen which leads to the formation of protonated benzene.
In addition, the MI spectra contain two minor peaks, which
correspond to eliminations of H2 and [H3]•, respectively; the
latter most likely corresponds to consecutive elimination of H•

and H2. Both processes are relatively more abundant for3+•

than for1+•. The CA spectra show a similar trend. Cation3+•

again provides more abundant losses of H2 and [H3]•, and the
latter is even more abundant than the elimination of H2. These
results suggest a significant difference between the cations
generated upon EI of1 and 3. Thus, an equilibrium between
1+• and3+• (and optionally other C6H8

+• isomers) is apparently
not reached.

Figure 2. High-mass regions of the MI/CA (a) and MI/CE (b) spectra
of the daughter ion C6H6

2+ arising from metastable C6H8
2+ generated

from 3 (MI/CA and MI/CE spectra of [C6H8
2+ - H2] generated from

1 and also CA and CE spectra of C6H6
2+ generated from benzene can

be found in the Supporting Information).

C6H7
+ + H+ f C6H8

2+ (1)

TABLE 3: MI and CA Spectra a of C6H8
+• Generated from

1,3-Cyclohexadiene (1) and 1,4-Cyclohexadiene (3)

MI CA

m/z fragment ion 1+• 3+• 1+• 3+•

77 C6H5
+ 0.1 0.8 10 27

78 C6H6
•+ 7 15 12 19

79 C6H7
+ 100 100 100 100

a The intensities are derived from integrated peak areas relative to
the area of the peak corresponding to C6H7

+ fragment which was set
to 100.
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In agreement with these experimental findings, B3LYP
calculations (Scheme 2) predict that both isomers are separated
by a considerable barrier exceeding 1 eV. Already the meta-
isomer2+•, which serves as an intermediate between the two
cations discussed, lies 1.04 eV higher in energy than1+•. Thus,
it appears justified to suppose that at least part of the cations
C6H8

+• generated either from1 or from3 keep the connectivities
of their neutral precursors. Accordingly, charge-stripping appears
as a reasonable approach for the determination of the second
ionization energies of1 and3.

Within this framework,∆fH(12+) results from the heat of
formation of 1,3-cyclohexadiene∆fH(1) ) 1.08 ( 0.01 eV,35

its first ionization energy IE(1) ) 8.25 ( 0.02 eV,36 and the
second ionization energy IE(1+•) ) 14.0( 0.2 eV as determined
by CS. The summation leads to∆fH(12+) ) 23.3 ( 0.2 eV.
Accordingly, the proton affinity of C6H7

+ for protonation at
the ortho-position evolves as PA(C6H7

+)ortho ) 1.5 ( 0.2 eV.
Similarly, the proton affinity for the protonation at the para-
position can be determined from∆fH(3) ) 1.04( 0.03 eV,37

IE(3) ) 8.82 eV36 and IE(3+•) ) 14.0( 0.2 eV, which lead to
a value of PA(C6H7

+)para ) 0.9 ( 0.2 eV.
For comparison, the corresponding ionization energies are

also available from theory (Table 4). CCSD(T)//B3LYP calcula-
tions lead to values of IEcalc(1) ) 8.17 eV and IEcalc(3) ) 8.74
eV, which is in good agreement with the experimental data (8.25
and 8.82 eV, respectively)36 and demonstrates the accuracy of
the method. The second ionization energies amount to IEcalc(1+•)
) 13.79 eV and IEcalc(3+•) ) 14.07 eV.38 Thus, the theoretical
values agree very well with the ionization energies determined
by CS with the deviation being larger for the ortho-isomer. The
difference between vertical and adiabatical ionization energies
(∆IEv/a) are relatively small (∆IEv/a(1+•/12+) ) 0.28 eV and
∆IEv/a(3+•/32+) ) 0.23 eV), which suggests that the values
derived from CS experiments correspond to adiabatic rather than
vertical IEs.10

On the basis of all results, the proton affinity of C6H7
+ for

protonation at the meta-position can finally be determined.
Within the CCSD(T)//B3LYP theoretical approach,12+ and32+

lie 0.25 and 1.10 eV, respectively, higher in energy than the
most stable meta-isomer22+ (Scheme 1). Relative to the ortho-
isomer, the proton affinity of C6H7

+ for protonation at the meta-
position can hence be determined as 1.8( 0.3 eV. Likewise,
the results obtained for para-protonation provide the proton
affinity of C6H7

+ for protonation at the meta-position of 2.0
eV ( 0.2. The average of 1.9( 0.3 eV is thus considered as
the best estimate for PA(C6H7

+)meta.

Conclusions

Electron ionization of 1,3-cyclohexadiene (1) generates
predominantly, if not exclusively, the singlet state of doubly
protonated benzene, whereas the formation of a mixture of
singlet and triplet states can best account for the behavior of
the C6H8

2+ ions formed upon EI of 1,4-cyclohexadiene (3).
Specifically, it is suggested that thep-C6H8

2+ isomer can exist
as a triplet state which has a sufficient lifetime (in the order of
microseconds) to allow for mass spectrometric investigations.39

The major fragmentation reaction of doubly protonated benzene
corresponds to dehydrogenation which leads to the formation
of a benzene dication; the reaction takes place on the singlet
potential-energy surface.

Interestingly, the proton affinity of protonated benzene is still
positive. The experimentally determined proton affinities amount
to PA(C6H7

+)ortho ) 1.5 ( 0.2 eV and PA(C6H7
+)para) 0.9 (

0.2 eV. Combination of these values with calculated energy
differences between the ortho-, meta-, and para-isomers of
doubly protonated benzene provides a value of PA(C6H7

+)meta

) 1.9 ( 0.3 eV.
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