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a b s t r a c t

The reactions of methane with the dications C7H6
2+, C7H7

2+, and C7H8
2+ generated by electron ionization

of toluene are studied using mass-spectrometry tools. It is shown that the reactivity is dominated by
the formation of doubly charged intermediates, which can either eliminate molecular hydrogen to yield
doubly charged products or undergo charge-separation reactions leading to the formation of a methyl
cation and the corresponding C7Hn+1

+ monocation. Typical processes observed for dications, like electron
transfer or proton transfer, are largely suppressed. The theoretically derived mechanism of the reaction
between C7H6

2+ and CH4 indicates that the formation of the doubly charged intermediate is kinetically
preferred at low internal energies of the reactants. In agreement, the experimental results show a pro-
nounced hydrogen scrambling and dominant formation of the doubly charged products at low collision
energies, whereas direct hydride transfer prevails at larger collision energies.
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. Introduction

Ions generated from toluene have attracted unceasing interest
lready for several years. The reason for this interest stems from
heir relatively simple structure and well-defined reactivity [1–3].
or example, the time-honored rearrangement of the benzyl cation
o the tropylium ion can be used as a thermometer of the internal
nergy of the generated ions [4]. The profound knowledge about
he chemistry of the C7-ions was the reason why a whole series of
ingly and doubly charged ions generated from toluene was cho-
en for systematic studies of the interactions of ions with surfaces
overed by a hydrocarbon layer. These comprehensive studies not
nly provide a rationale of the observed reactivities of the C7-ions
ith surfaces, but also explain the dependencies of the reactivities

n the incident energies and the incident angles [5–7]. The cen-

ral motif of the reactivity of the dications generated from toluene
ith the surface was charge transfer and subsequently either direct

ragmentation or reactions with hydrocarbons deposited on the
urface and further fragmentations. In this work, we would like
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o contribute to the knowledge about possible surface reactions of
7-dications with hydrocarbons by a gas-phase model study of the
eactions of C7H6

2+, C7H7
2+, and C7H8

2+ with methane. The exper-
mental work includes labeling studies and is complemented by
heoretical studies employing density functional theory.

. Experimental and computational details

The experiments were performed with a TSQ Classic mass spec-
rometer [8,9] equipped with an ion source for electron ionization
EI). The analyzer region of the TSQ Classic bears a QOQ configura-
ion (Q stands for quadrupole and O for octopole), which permits
variety of MS/MS experiments. The octopole serving as a colli-

ion cell has a separate housing which limits the penetration of
ases admitted to the octopole to the ultrahigh vacuum of the
anifold. The kinetic energy of the ions entering the octopole can

e varied, which allows the investigation of ion/molecule reac-
ions at quasi-thermal conditions or at elevated kinetic energies.
he C7Hm

2+ dications were mass-selected by means of the first

uadrupole (Q1) at a mass resolution fully sufficient to select
he corresponding dicationic species. Note, however, that the
ontribution of isobaric [13C1]-isotopes of hydrogen-depleted dica-
ions cannot be avoided. The mass-selected dications were then
eacted with neutral methane admitted to the octopole at pres-

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:roithova@natur.cuni.cz
dx.doi.org/10.1016/j.ijms.2008.07.017
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Fig. 1. Q2-mass spectra of products of the reaction of mass-selected C7H6
2+ with
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ures of typically 10−4 mbar. The collision energy was adjusted by
hanging the offset between the first quadrupole and the octopole,
hile the offset of Q2 was locked to the sum of the offsets of Q1

nd O. The zero-point of the kinetic energy scale as well as the
idth of the kinetic energy distribution were determined by means

f retarding-potential analysis; for the dicationic species reported
ere, the beam width at half maximum amounts to 2.2 ± 0.2 eV in
he laboratory frame. The bimolecular reactions reported below
ere recorded at nominally “zero” collision energy (the reactant

ons are slowed down by the octopole potential, which corresponds
o the point of inflection of the curve obtained by retarding-
otential analysis of the reactant) [10]; the corresponding kinetic
nergy of reactant ions ranges from 0 eV to roughly 2 eV as implied
y the kinetic energy distribution. Ionic products emerging from
he octopole were then mass-analyzed by scanning Q2, for which
gain a mass resolution fully sufficient to analyze dicationic species
as adjusted. Ion abundances were determined using a Daley-

ype detector operated in the counting mode. Usually, several
ens of scans were accumulated to achieve a good signal-to-noise
atio in the resulting spectra. The abundances of light products of
harge-separation reactions are lower as compared to the heavier
ragments, which is due to the large kinetic energy deposited in the
ragments upon charge separation. Doubly charged ions dissociate
sotropically with respect to the collision cell, which means that
ragments gain a large momentum in all directions with respect to
he original forward direction of the parent ion. The lighter ions gain
arger velocity, which most probably leads to a large defocusing of
he beam and these ions are therefore discriminated.

The complementary calculations of the C7Hm
2+ + CH4 reaction

ere performed using the density functional theory method B3LYP
11–13] in conjunction with 6–311 + G(2d,p) triple-zeta basis set
s implemented in the Gaussian 03 suite [14]. For all optimized
tructures, frequency analysis at the same level of theory was per-
ormed in order to assign them as genuine minima or transition
tructures on the potential-energy surface as well as to calculate
ero-point vibrational energies (ZPVEs). All transition structures
ere further characterized by an intrinsic reaction coordinate cal-

ulation [15,16]. Relative energies (Erel) are given at 0 K and are
nchored to the energy of reactants Erel(C7H6

2+ + CH4) = 0.00 eV.
otal energies and geometries of all calculated structures can be
ound in the Supplementary material.

. Results and discussion

.1. Experimental results

The reactions of dications with neutral molecules are usually
ominated by electron transfer or dissociative electron transfer
10]. For hydrogen-containing dications, proton transfer becomes
n effectively competing channel, which largely prevails, if elec-
ron transfer is disfavored [17]. All these processes are usually direct
ithout formation of intermediates, which can be nicely illustrated

y the scattering diagrams of product ions obtained from crossed-
eam experiments [18,19]. The formation of two singly charged
roducts is associated – due to the electrostatic repulsion – with
large kinetic energy release as shown by energy-resolved experi-
ents [20].
Similar reactivity patterns are also expected for dications

erived from small hydrocarbons [21]. However, the second ioniza-

ion energies of larger hydrocarbons drop to values of about 14 eV
22,23], which are comparable to the first ionization energies of

any atoms and small molecules. As a consequence, the electron-
ransfer reactions are not thermodynamically favored anymore
nd are hence suppressed. Instead, proton-transfer reactions [17]

m
i
t
c
t

D4 at collision energies ECM = 0.0 eV (a) and ECM = 1.4 eV (b). The insets in (a) and (b)
how the expanded mass region of the C7HmDn

+ monocations amplified by a factor
f 20 and 10, respectively. Note that the signal corresponding to C2D5

+ (m/z 34) in
b) is due to a secondary reaction of CD3

+ with CD4.

nd bond-forming reactions [25,26] are expected to prevail. The
ond-forming reactions proceed via doubly charged intermedi-
tes with lifetimes usually long enough to undergo a series of
earrangements. The reaction sequence is finished either by a
harge-separation process and formation of two singly charged
roducts [24] or by elimination of a neutral molecule and formation
f doubly charged products [25,26].

Recently, we have shown that the reaction of acetylene with
he C7H6

2+ dication generated from toluene does not only lead to
he expected proton- and electron-transfers, but also yields larger
9H6

2+ and C9H7
2+ dications as products [27]. The reaction pro-

eeds via a long-lived intermediate C9H8
2+, which undergoes a

eries of complex rearrangements to form a stable indene skele-
on [28]. The reaction sequence is finished by elimination of either
tomic or molecular hydrogen. This bond-forming channel appears
general route in the reaction of medium-sized hydrocarbon dica-

ions with acetylene and the yield of doubly charged products even
ncreases for larger dications [27].

Inspired by these condensation reactions, we decided to probe
eactions of hydrocarbon dications with the simplest hydrocarbon,
ethane. The reaction of methane with the most reactive dica-

ion derived from toluene, C7H6
2+, brings several surprising results

Fig. 1). Firstly, if the reaction is conducted at nominally zero colli-
ion energy, the dominant products correspond to a doubly charged
ydrocarbon ions with eight carbon atoms (reaction (1)).

7Hm
2+ + CH4 → [C8Hm+4]2+ → C8Hm+2

2+ + H2 → C8Hm
2+ + 2H2

(1)

7Hm
2+ + CH4 → [C8Hm+4]2+ → C7Hm+1

+ + CH3
+ (2)

his reaction and also its kinetics has been already described in
etail in the context of the chemistry of Titan [29] and is thus not
ursued here any further. Secondly, proton transfer is almost absent
nd instead the second most-abundant channel corresponds to a
ydride transfer from methane to the dication (reaction (2)). Even

ore surprisingly, a significant amount of H/D scrambling [30,31]

s observed for the products of the hydride-transfer reaction (see
he inset in Fig. 1a), which strongly suggests that this reaction pro-
eeds via a long-lived intermediate. Thus, it can be concluded that
he reactivity of the C7H6

2+ dication with methane at nominally
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Fig. 2. Q2-mass spectra of products of the reaction of mass-selected C7H7
2+ with

CD4 at collision energies ECM = 0.0 eV (a) and ECM = 1.4 eV (b). The insets in (a) and (b)
show the expanded mass region of the C7HmDn

+ monocations amplified by a factor
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accompanied by a pronounced proton-transfer channel leading to
C7H7

+ and CD4H+, of which the former product ion most probably
corresponds to the tropylium/benzylium manifold. Elevated col-
lision energies have analogous consequences as observed for the

Fig. 3. Q2-mass spectra of products of the reaction of mass-selected C7H8
2+ with CD4
f 10 and 5, respectively. Note that the signal corresponding to C2D5
+ (m/z 34) in (b)

s due to a secondary reaction of CD3
+ with CD4.

ero collision energy is determined by the formation of a long-
ived intermediate complex, which can either eliminate molecular
ydrogen or a methyl cation.

At elevated collision energies, collision-induced processes
ecome more important in that the major channel observed cor-
esponds to fragmentation of C7H6

2+ to yield C5H3
+ and C2H3

+

Fig. 1b); note the mass-discrimination of the lighter C2H3
+ frag-

ent compared to C5H3
+ (ca. 1:2) which is typical for Coulomb

xplosions of multiply charged ions to fragments of largely dif-
erent masses (see also Section 2) [32–34]. The products of the
ond-forming reaction (1) can be still observed, but the larger col-

ision energy leads to a larger degree of dehydrogenation of the
roducts [23,26,27,35–38]. Further, the product of formal hydride
ransfer does not show such pronounced H/D scrambling, which
itnesses a shorter lifetime of the collision complex or even sup-
ression of its formation. Note further that the absolute conversion
t elevated collision energy is approximately one order of magni-
ude lower than at ECM = 0 eV, which is perfectly consistent with
he description of reactions (1) and (2) as exothermic ion/molecule
eactions.

The reaction of the radical dication C7H7
2+ with perdeuterated

ethane has a very similar result (Fig. 2). At zero collision energy,
he spectrum of products is dominated by signals of C8HmDn

2+

ications, products of bond-forming reactions according to (1).
he formal hydride transfer is again associated with the par-
ial H/D scrambling to yield either C7H7D+ (m/z 93), C7H6D2

+

m/z 94), C7H5D3
+ (m/z 95), and even traces of C7H4D4

+ (m/z
6). The products can subsequently lose one H- or D-atom, e.g.,
7H7D+ → C7H6D+ + H, to yield the stable tropylium or benzylium

on as witnessed by a signal of C7H6D+ (m/z 92). Further, small peaks
orresponding to electron- and proton-transfers can be observed as
ell. Interestingly, scrambling of hydrogen atoms can be observed

lso for the parent dication itself, which indicates that in addition
o a hydrogen molecule or a methyl cation, the doubly charged
ntermediate can also lose a methane molecule. Such a degenerate
hannel was not observed in the reaction of C7H6

2+ with methane,
hich suggests that the more unsaturated dication yields a more
table doubly charged intermediate, which subsequently fragments
ia relatively lower barriers to yield products according to reactions
1) or (2) and does not dissociate back to the reactants.

a
t
a
3
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Elevated collision energies in the reaction of C7H7
2+ with

ethane lead to a more pronounced dissociation of the par-
nt dication in comparison with the closed-shell dication
7H6

2+; the major channels are C7H7
2+ → C4H4

+ + C3H3
+, and

7H7
2+ → C5H3

+ + C2H4
+. The bond-forming processes are largely

uppressed and the formal hydride transfer is mostly followed by
he loss of atomic hydrogen. The efficiency of the coupling reac-
ion is largely reduced compared to the quasi-thermal conditions.
ll these findings are in accord with the intuitive suggestion that

he lifetime of the doubly charged intermediate is suppressed at
levated collision energies of reactants (Fig. 3).

The largest dication studied, C7H8
2+, is least reactive. About 2%

f the parent dications lose molecular hydrogen to yield C7H6
2+,

hich of course can contribute as a reactant to the spectrum of
roducts. However, the abundance of the products coming from
he reaction of C7H6

2+ with methane is small as evidenced by the
bsence of a signal at m/z 89, which corresponds to the proton trans-
er from C7H6

2+ to methane (Fig. 1). Accordingly, the data for C7H8
2+

re not further corrected for contributions of C7H6
2+. Similar to

he dications discussed above, also the dication C7H8
2+ appears to

orm a long-lived intermediate with methane, which can subse-
uently dissociate to products in three principal pathways. First, the
egenerate addition and loss of methane is evidenced by a signal of
7H7D2+ and the relative yield of this reaction is larger than for the
7H7

2+ reactant. Thus, the yield of the dissociation of the intermedi-
tes backward to the reactants is increasing for the reactants in the
ow C7H6

2+ < C7H7
2+ < C7H8

2+. Second, the formal hydride transfer
m/z 94–96) is associated with less pronounced hydrogen scram-
ling than it was found for the reactant C7H7

2+ and for C7H6
2+,

hich again indicates a shorter lifetime of the reaction interme-
iate. Finally, a series of products coming from the bond-forming
eaction (1) is detected (m/z 52–55) in that the reaction sequence is
ostly ended by sequential loss of two hydrogen molecules instead

f one, which is a consequence of the larger number of the hydro-
en atoms in C7H8

2+ compared to the reactants discussed above
39]. These channels proceeding via long-lived intermediates are
t collision energies ECM = 0.0 eV (a) and ECM = 1.4 eV (b). The insets in Fig. 2a show
he expanded mass region of the CHmDn

+ and C7HmDn
+ monocations amplified by

factor of 12 and 6, respectively. Note that the signal corresponding to C2D5
+ (m/z

4) is due to a secondary reaction of CD3
+ with CD4.
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cheme 1. Cycloheptatrienylidene dication (12+) and cyclohepta-4,6-dien-2-yn-1-
l cation (2+).

ther reactants. Thus, the reaction processes leading via doubly
harged intermediates are largely suppressed and instead a rather
ronounced fragmentation is observed.

In summary, the ion/molecule reactions of the C7Hm
2+ dications

ith methane at zero collision energy proceed through a formation
f a doubly charged intermediate. The experimental findings sug-
est that the lifetimes of these intermediates are sufficient for a
eries of rearrangements, which lead to the scrambling of hydro-
en atoms and the formation of stable doubly charged products
ith eight carbon atoms. The alternative pathways proceed via
oulomb explosion of the intermediates to form products of formal
ydride transfer. This channel is also associated with H/D scram-
ling proving the formation of a long-lived intermediate; however,
he scrambling is less pronounced than in the channel leading to the
oubly charged product. Hence, it is concluded that the intermedi-
tes with larger internal energy and thus shorter lifetime will more
asily decompose through Coulomb explosion. Further, a degener-
te reaction with perdeuterated methane evidenced by scrambling
f hydrogen atoms in the parent ion is observed for C7H7

2+ and even
ore so for C7H8

2+. This finding indicates that the energy barriers
eading to the C8-products become closer in energy to the entrance
hannel for the more saturated dications and therefore forward and
ackward reactions compete more effectively. As a consequence,

ower yields of C8-products are obtained in comparison with the
eaction of the more unsaturated dication C7H6

2+.

.2. Computational results

In order to support and rationalize the experimental results,
he reaction mechanism for the most reactive dication C7H6

2+ is
nvestigated by means of density functional calculations. The most
table geometry of C7H6

2+ corresponds to the cycloheptatrienyli-
ene dication (12+, Scheme 1), which is considered as the reacting

on [38]. According to the computations, electron transfer is asso-
iated with an exothermicity of 1.17 eV (the calculated ionization
nergy of methane amounts to 12.47 eV, which is very close to the
xperimental value 12.61 ± 0.01 eV [40]). In accordance with the
reaction window” theory [41–44], electron transfer is kinetically
isfavored and the corresponding products are not observed in the
xperiment. Proton transfer from the C7H6

2+ dication to methane
eads to the formation the cyclohepta-4,6-dien-2-yn-1-yl cation
2+) and CH5

+ (the calculated proton affinity of methane amounts
o 5.61 eV, which is in excellent agreement with the experimental
alue of 5.63 eV [40]). Proton transfer is exothermic by 2.44 eV, but
t is most probably hindered by a Coulomb barrier and therefore
t cannot efficiently compete with the other processes observed in
he experiment.
The formation of a complex between methane and the C7H6
2+

ication can proceed either through the formation of a carbon-
arbon bond between methane and the carbenoid carbon atom of
he dication or the complex formation can be mediated by hydro-

s
m
3

ass Spectrometry 280 (2009) 32–37 35

en atoms of the dication (Scheme 2), where the former brings the
argest stabilization of as much as 1.54 eV (structure 32+). The alter-
ative complexes 42+–62+ bring only small energy gains, which
re not sufficient for a subsequent formation of a carbon–carbon
ond between both reactants. The corresponding covalently bound

ntermediates 82+–102+ lie considerably higher in energy than the
eactants and therefore these reaction pathways can be safely
xcluded. Interestingly, this result is the opposite of what was found
or the interaction of C7H6

2+ with neutral acetylene [27,28], for
hich the most stable complexes were formed by the bonding of a

ydrogen atom of the dication with the � electrons of acetylene.
The further reactivity of the complex 32+ is determined by

n extremely small energy barrier (TS3/72+) for the formation of
he dication 72+ with covalent bonds between all carbon atoms.
his reaction step is most probably responsible for the efficient
ompetition between the bond-forming reactions and the simple
ydride transfer. Once the covalently bound intermediate is formed,
any possible rearrangements can be suggested [45,46]. Scheme 3

hows simple hydrogen rearrangements and demonstrates that
he dicationic intermediate formed has enough internal energy
or hydrogen scrambling as is observed in the experiments. These
esults already account for all experimental observations; hence the
earrangements on the C8H10

2+ PES are not explored any further.
owever, rearrangements leading to ring expansions or contrac-

ions could well be conceived and are therefore likely to occur in
he long-lived intermediates [47–50].

The competition between the elimination of molecular hydro-
en from the intermediate and the charge-separation channel
eading to the tropylium ion (14+) and a methyl cation is shown in
cheme 4. The most straightforward reaction pathway for the loss
f molecular hydrogen leads to the intermediate 152+, which corre-
ponds to the methyltropylium ion protonated at the methyl group.
wo possible pathways to the key intermediate 152+ were found.
he first one involves a rearrangement from the intermediate 112+,
here a hydrogen atom is transferred from a carbon atom next to

he carbon atom bearing the methyl group. The barrier for this 1,3-
ydrogen migration is 0.64 eV below the energy of the reactants.
he second possibility represents a 1,2-hydrogen migration within
he structure 72+. The corresponding energy barrier lies −1.38 eV
elow the energy of reactants. However, the associated intrinsic
eaction coordinate does not lead directly to the intermediate 152+,
ut to the degenerate transition structure TS152+/152+, where the

maginary frequency represents a rotation of the pre-dissociated H2
olecule; TS152+/152+ lies 0.15 eV in energy above the minimum

52+.
The elimination of H2 from 152+ leads to a product with a

tructure corresponding to doubly charged exo-methylene-2,4,6-
ycloheptatriene (162+). The reaction has an overall exothermicity
f 1.34 eV. All attempts to localize a transition structure for dehy-
rogenation at the B3LYP/6–311 + G(2d,p) level led to the direct
limination of H2 molecule. The transition structure could have
een, however, found using a small basis set 6–31G. The corre-
ponding single-point energy of this structure using the triple-�
asis set amounts to −1.39 eV, which is lower than the dissociation

imit for dehydrogenation (Erel(162+ + H2) = −1.34 eV). It means that
he spurious transition structure found at a lower level of theory
epresents only a point on the dissociation curve at a higher level
f theory. Accordingly, we assume that the elimination of H2 is a
ontinuously endothermic process without any apparent energy
arrier in excess of the reaction endothermicity with respect to
The competing Coulomb explosion of the intermediate to the
table tropylium ion and a methyl cation is much more ther-
odynamically favored; the computed exothermicity amounts to

.97 eV. However, the process is hindered kinetically by a Coulomb
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cheme 2. Complexes between the C7H6
2+ dication and methane and the

rel(C7H6
2+ + CH4) = 0.00 eV.

arrier, thereby allowing occurrence of the bond-forming reac-
ions. The suggested mechanism is further supported by the fact
hat increase of the collision energy of the reactants leads to a
uppression of the bond-forming processes, whereas the hydride
ransfer prevails. Further more, the calculations show that reaction

2) corresponds to a hydride transfer only in a formal, stoichiomet-
ic sense. Instead, reaction (2) proceeds via the intimate addition
omplex 32+ from which the loss of CH3

+ occurs in a charge-
eparation process—a genuine step of H− transfer is not involved,
owever.

u
t
t
t
i

Scheme 3. Potential-energy surface for the hyd

Scheme 4. Potential-energy surface for product formation from
sponding covalently bound C8H10
2+ isomers. Energies are given relative to

Finally, let us address the parallels between the ion/molecule
tudy presented here and the ion/surface reactions investigated by
erman and coworkers [5]. The reactivities of hydrocarbon dica-

ions observed at the surface are interpreted by a sequence, in
hich electron transfer takes place first and the observed prod-

cts correspond to either fragmentations or surface reactions of
he so-formed singly charged ions. This scenario was deduced from
he rather similar pattern of products for the surface reactions of
he analogous singly and doubly charged reactants. Interestingly,
t was proved by labeling experiments that some products came

rogen migration in the C8H10
2+ dication.

the C8H10
2+ intermediate (CB stands for Coulomb barrier).
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rom fragmentation of intermediates originating from hydro-
en transfer from the surface hydrocarbons to the incident ion.
or example, abundant formation of C6HD4

+ was observed in
he reactions of C7D8

+/C7D8
2+ with the surface hydrocarbons,

hich evidences formation of a C7HD8
+ intermediate, which

ubsequently loses methane [51,52]. This channel was consid-
rably more pronounced for the dicationic reactant than for
he monocation. Based on the results presented here, it is sug-
ested that the larger abundance of hydride transfer in the
urface reaction of the dication generated from toluene could
e due to the unique direct bimolecular reaction of C7H8

2+

C7D8
2+) with surface hydrocarbons without preceding electron

ransfer.

. Conclusions

The reactions of dications C7H6
2+, C7H7

2+, and C7H8
2+ with

ethane at thermal collision energies are dominated by bond-
orming reactions leading to doubly charged products and
ydride-transfer processes. The classical impulsive reactions of
ications, such as electron- and proton-transfer, are largely sup-
ressed. Both observed channels are associated with hydrogen
crambling, which witnesses the formation of a long-lived interme-
iates. The theoretical calculations for the reaction of C7H6

2+ with
ethane show that the reactants form a covalently bound inter-
ediate C8H10

2+, which can undergo a series of rearrangements
ithin the range of available internal energy. The energy barrier for

he formation of the intermediate is extremely low; therefore this
rocess is kinetically favored at thermal energy. In the end of the
eaction sequence, the intermediate dissociates either to the dou-
ly charged product C8H8

2+ and neutral H2 or to the singly charged
roducts C7H7

+ and CH3
+. The elevated collision energy of the

eactants leads to a preference for the thermodynamically favored
rocess leading the methyl cation and the tropylium ion, which is
lso observed in the experiment. Similar reaction mechanisms are
xpected also for the remaining reactions, because the experimen-
al observations are analogous: Products of bond-forming reactions
nd hydride transfer are observed; both processes are associated
ith hydrogen scrambling. In general, the yields of the prod-
cts are decreasing with the increasing saturation of the reactant
ication.
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