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On a Possible Growth Mechanism for Polycyclic Aromatic Hydrocarbon
Dications: C7H6

2++C2H2

Jana Roithov(* and Detlef Schrçder*[a]

Introduction

It has recently been shown that small- and medium-sized hy-
drocarbon dications (C6–C14) are able to react with acety-
lene to form higher hydrocarbon dications according to
Equations (1) and (2).[1]

CnHm
2þþC2H2 ! ½Cnþ2Hmþ2�2þ ! Cnþ2Hm

2þþH2 ð1Þ

CnHm
2þþC2H2 ! ½Cnþ2Hmþ2�2þ ! Cnþ2Hmþ1

2þþH ð2Þ

The fact that molecular dications undergo bond-forming re-
actions with maintenance of the double charge in the prod-
ucts is already quite remarkable in itself. Although reactions
of molecular dications have been extensively studied for
more than two decades, most of the previously reported pro-
cesses afford singly charged products.[2] The only exceptions
are some hyperthermal reactions involving rare gases: it has
been found that Ar2+ yields small amounts of ArN2+ and
ArO2+ in its reactions with N2 or O2, respectively.

[3,4] Argon
can also act as a neutral reactant, as the reaction between
CO2+ and Ar to produce the ArC2+ dication has been de-
scribed.[5] In the thermal, bimolecular dication/neutral reac-
tions of hydrocarbon dications discussed here, the formation
of doubly charged products is made possible by disposal of

the excess of internal energy contained in the reaction inter-
mediate through losses of atomic or molecular hydrogen,
rather than by the usually occurring Coulomb explosion of
the intermediate into two singly charged products.[6,7] In
fact, release of a neutral H2 molecule appears to be a
common—and energetically by far the most favored—disso-
ciation pathway of hydrocarbon dications.[8–13]

Another interesting aspect of these reactions is to be
found in the large amount of internal energy gained upon
formation of the dication/neutral complexes. This energy is
sufficient to surmount barriers associated with the formation
of new bonds, so the reactions can proceed without the re-
quirement of additional activation, which is consistent with
their occurrence even at very low pressures (10�8 mbar). It
has therefore been proposed that double ionization may
serve as an energizing event to promote bimolecular reac-
tions in media involving extremely low temperatures and
pressures, such as in interstellar space, thereby providing a
growth mechanism for the formation of larger hydrocarbon
molecules under extreme conditions.[1] With regard to the
mechanisms of these reactions, it is interesting to investigate
whether the dications grow as linear chains or whether the
reactions result in the formation of polycyclic hydrocarbons.

This study is devoted to the theoretical exploration of the
possible mechanisms for the model reaction between the cy-
cloheptatrienylidene dication C7H6

2+ and neutral acetylene,
a reaction that has been studied in detail experimentally.[1]

The C7H6
2+ dication was chosen because of its size, as it is

large enough to permit an efficient coupling reaction with
acetylene, while still allowing a detailed computational
study of the possible reaction mechanisms to be performed.
Our initial calculations suggested that the product dications
C9H6

2+ and C9H7
2+ have structures derived from the indene
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skeleton.[1] In support of this conjecture, the fragmentation
of the indene dication as a function of internal energy has
been studied by use of synchrotron radiation.[13] Here, all
these available experimental data are used to sort out all
possible reaction pathways in order to provide concise con-
clusions about the reaction mechanisms of the C�C coupling
between C7H6

2+ and C2H2.

Computational Details

The calculations were performed by the B3LYP density functional
method[14] in conjunction with the 6-311+G ACHTUNGTRENNUNG(2d,p) basis set as implement-
ed in the Gaussian 03 suite.[15] Frequency analyses at the same level of
theory were used for all optimized structures in order to assign them as
genuine minima or transition structures on the potential energy surface
(PES) as well as to calculate zero-point vibrational energies (ZPVEs).
Transition structures were further characterized by intrinsic reaction co-
ordinate (IRC) calculations.[16] The relative energies (Erels) of the struc-
tures given below refer to energies at 0 K and are anchored to Erel-
ACHTUNGTRENNUNG(12++C2H2) = 0.00 eV (E0 K ACHTUNGTRENNUNG(1

2+) = �269.454068 hartree and E0KACHTUNGTRENNUNG(C2H2)
= �77.331214 Hartree). The minima are denoted by bold numbers to-
gether with the corresponding charge, while transition structures are de-
noted by the two numbers of the corresponding minima separated by a
slash.

Comparative studies of theoretically derived and experimentally mea-
sured heats of formations of various molecules show that the absolute ac-
curacy of the B3LYP calculations is usually better than �0.2 eV.[17] How-
ever, for a single potential energy surface as described here, the errors
would be expected to be systematic in nature, which should result in
their partial cancellation when relative energetics are considered. Like-
wise, canceling of errors would be expected for ZPVEs. Furthermore, it
is to be noted that the B3LYP method does not properly describe disper-
sion interactions,[18] which most probably gives rise to a slight underesti-
mation of the stabilization energies of the van der Waals complexes dis-
cussed in the text.

Results and Discussion

Theoretical results : As mentioned in the Introduction, the
particular interest in the bond-forming reactions between
hydrocarbon dications CnHm

2+ (n>5) and acetylene stems
from their reasonable efficiency at extremely low energies
and pressures. Under these conditions, neutral hydrocarbons
do not react with acetylene at all, while the corresponding
singly charged CnHm

+ ions react only up to a size of five
carbon atoms; further steps are kinetically hindered. In this
respect, the advantage of dications stems from their high ini-
tial potential energy. The formation of a complex between a
dication and the other reaction partner affords a relatively
large amount of stabilization energy, which can be interpret-
ed as energy gained from the delocalization of the charge
over a larger number of atoms. If the complex formed in
this way is isolated in vacuum, the energy is stored as inter-
nal energy of the system and can thus be used in subsequent
steps to surmount the energy barriers for bond formations.
To comply with the boundaries of the experimental stud-
ies—that is, a strictly bimolecular coupling reaction occur-
ring without additional energizing events—the reaction must
proceed with the initial energy of the reactant partners only.

We note in passing that similar mechanisms may also apply
for small singly charged ions, but that the energy gained
from the complex formation with monocations is considera-
bly smaller.

The coupling between C7H6
2+ and C2H2 may serve as a

prototype for the reactions between hydrocarbon dications
and acetylene.[1] The structure of C7H6

2+ has already been
described by earlier density functional theory (DFT) calcu-
lations, which suggested that the most stable structure of
C7H6

2+ corresponds to the cycloheptatrienylidene skeleton
(12+).[12] Furthermore, the singlet states lie lower in energy
than the corresponding triplet states for all studied struc-
tures of C7H6

2+ ,[12] so it is assumed here that the C7H6
2+ re-

actant is in the ground singlet state, and accordingly only
the singlet potential energy surface of the reaction has been
investigated.

Formation of the initial ion/molecule complex between
C7H6

2+ and acetylene involves a hydrogen bond between
the electron-deficient C7H6

2+ and the p electrons of acety-
lene (Scheme 1). All hydrogen atoms in the C7H6

2+ dication
can support this type of complexation. The most stable com-
plex (22+) is formed through the interaction of the hydrogen
bonded to the carbon atom next to the carbene moiety. As
far as the formation of a complex is concerned, it is usually
assumed to be essentially a barrierless process, because the
interaction between a dication and a neutral molecule can
be described by the attractive potential of an ion/induced-
dipole interaction. Thus, the formation of complex 22+ , with
a weak bond between acetylene and the hydrogen atom
bonded to C2 of 12+ , brings an energy of 0.90 eV with re-
spect to the free reactants (ErelACHTUNGTRENNUNG(1

2++C2H2) = 0.00 eV). The
second complex (32+ , Scheme 1) has a weak bond between
acetylene and the hydrogen atom bonded to C3 of 12+ and
its formation provides an energy release of 0.68 eV (Erel-
ACHTUNGTRENNUNG(32+) = �0.68 eV). The complex with a newly formed bond
between C4 and acetylene (42+) was not localized by the
B3LYP method, but could be found at the MP2 level of
theory.

As mentioned above, the relatively large stabilization in
potential energy of these complexes is stored as their inter-
nal energy, which can be used in subsequent steps to sur-
mount energy barriers for covalent coupling between the
two reaction partners. The lowest-energy barrier for cova-
lent C�C coupling corresponds to bond formation between
C3 of 12+ and acetylene (ErelACHTUNGTRENNUNG(3

2+/52+) = �0.31 eV). Forma-
tion of the C�C bonds starting from complexes 22+ and 42+

is energetically somewhat more demanding (ErelACHTUNGTRENNUNG(2
2+/62+) =

�0.14 eV and ErelACHTUNGTRENNUNG(4
2+/72+) = �0.16 eV), but still achievable

with the internal energy of the complexes. Nonetheless, to
the first approximation the reaction rate is determined by
the barrier height of the coupling step,[19] so we assume that,
even though the complexes 22+ and 42+ might lie in deeper
minima than the complex 32+ , the coupling will proceed
most efficiently via the complex 32+ towards the formation
of the dication 52+ (Scheme 1). Moreover, the dication 52+

lies lower in energy (ErelACHTUNGTRENNUNG(5
2+) = �0.40 eV) than the compet-

ing dications 62+ (ErelACHTUNGTRENNUNG(6
2+) = �0.17 eV) and 72+ (ErelACHTUNGTRENNUNG(7

2+) =
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�0.27 eV). We note in passing that an isomer, in which the
acetylene part would be bonded to the carbene carbon of
12+ , could not be localized. Instead, a rearrangement involv-
ing a hydrogen atom of acetylene occurs during the optimi-
zation of the geometry, affording the dication 102+ (see
below).

The experimental findings reveal that all newly formed
hydrocarbon dications lose atomic and molecular hydrogen
at the end of the coupling sequence.[1] If a 1,2-elimination of
H2 is allowed (after some conformational changes), then
elimination of H2 could afford the dications 352+–372+ , with
relative energies well below the level of the entrance chan-
nel (Scheme 2). In comparison, the most stable structure of
a dication derived from 52+ by elimination of a hydrogen
atom corresponds to 582+ , which lies well above the energy
of the initial reactants (ErelACHTUNGTRENNUNG(58

2++H) = 2.81 eV, Scheme 3).
The internal energy of the dication 52+ is thus not large
enough to complete the coupling sequence shown in Equa-
tion (2) and so it is expected that rearrangements to more
stable isomers of C9H8

2+ take place prior to elimination of
H or H2.

Subsequent rearrangements may involve either only hy-
drogen atoms or the whole skeleton of C9H8

2+ . The most
stable C9H8

2+ dication derived from the initially formed
coupling product 52+ solely by simple rearrangements of hy-
drogen atoms corresponds to the isomer 102+ (ErelACHTUNGTRENNUNG(10

2+) =

�3.91 eV, Scheme 4). Several pathways leading to 102+ can
be suggested. The first step may involve migration of a hy-
drogen atom either from the acetylenic unit (i) or from the
seven-membered ring (ii and iii). Hydrogen rearrangement
within the side chain of 52+ towards its terminus produces a

more stable isomer 82+ (ErelACHTUNGTRENNUNG(8
2+) = �0.87 eV). The internal

energy of the system is sufficient to surmount the energy
barrier associated with this rearrangement (ErelACHTUNGTRENNUNG(5

2+/82+) =

�0.33 eV). In the remaining reaction sequence, the hydro-
gen atom bonded to the sp3 carbon of the ring must migrate
to the carbene carbon atom. The migration of the hydrogen
atom bonded to the sp3 carbon to the next carbon in the
ring is associated with an energy barrier larger than the in-
ternal energy available in the system (ErelACHTUNGTRENNUNG(8

2+/92+) =

0.27 eV), so this pathway is disfavored on energetic grounds.
The alternative path from 82+ to 102+ proceeds through the
migration of the hydrogen atom from the carbon atom next
to the sp3 carbon to the carbene carbon atom to form
isomer 112+ . Although several transition structures leading
to 112+ can be localized and characterized by vibrational
analysis and the associated intrinsic reaction coordinate
(IRC), the minimum corresponding to 112+ could not be op-
timized as the optimization of the geometry of 112+ always
resulted in a rearrangement to a more stable isomer 142+ ,
with an eight-membered ring (see below); it is therefore be-
lieved that the isomer 112+ lies in a very shallow minimum
on the potential energy surface (PES). The energy given in
Scheme 4 (ErelACHTUNGTRENNUNG(11

2+) = �0.45 eV) corresponds to the prod-
uct structure obtained from IRC calculations. A transition
structure for a mutual rearrangement of isomers 82+ and
112+ was also not localized, due to the same difficulties as
encountered during optimization of 112+ . The last step, in
which the hydrogen from the sp3 carbon atom of 112+ mi-
grates to the carbene carbon, requires an amount of energy
right at the border of available internal energy (Erel(11

2+/
102+) = 0.01 eV).

Scheme 1.
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Alternative pathways towards the isomer 102+ first in-
volve migration of a hydrogen atom from the ring of the di-
cation 52+ . In principle, the rearrangement might take place
either through migration of the hydrogen atom bonded to
the sp3 carbon atom (ii) or through that bonded to a carbon
atom next to the sp3 carbon atom (iii). The first possibility is
associated with an energy barrier—ErelACHTUNGTRENNUNG(5

2+/122+) =

0.71 eV—well above the entrance channel and therefore can
be excluded as a possible mechanism leading to 102+ . We
note in passing that no transition structure for the hydrogen
migration around the ring in the opposite direction was lo-
calized, because a concomitant rearrangement of a hydrogen
atom of the CH�CH chain always occurred during the opti-
mization, finally resulting in the isomer 92+ . The second pos-
sibility gives the isomer 62+ (ErelACHTUNGTRENNUNG(6

2+) = �0.17 eV) and, sim-

ilarly to the first scenario, the associated energy barrier is
well above the available internal energy (ErelACHTUNGTRENNUNG(5

2+/62+) =

1.19 eV).
In summary, it can be concluded that an energetically pos-

sible series of hydrogen rearrangements leading from the in-
itially formed dication 52+ to the more stable isomer 102+

starts with a migration of a hydrogen atom within the at-
tached C2-side chain. The experimental results further
reveal that the final species resulting from the C7H6

2+/C2H2

coupling lose a hydrogen atom as well as molecular hydro-
gen. Therefore, several feasible products of these fragmenta-
tions are shown in Schemes 2 and 3. Although several iso-
mers of C9H6

2+ closely linked to 102+ have relative energy
below zero (352+–382+ , Scheme 2), their formation would re-
quire further hydrogen atom migrations prior to the dehy-

Scheme 2. Possible structures of C9H6
2+ dications formed upon loss of molecular hydrogen from the reaction intermediates C9H8

2+ .
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drogenation step. Such rearrangements would certainly
again produce C9H8

2+ isomers lying relatively high in
energy. As to the loss of hydrogen atom from 102+ , the most
stable isomer of C9H7

2+ with a structure derived from 102+

corresponds to the dication 602+ . Its relative energy is above
the entrance channel (ErelACHTUNGTRENNUNG(60

2++ H) = ++0.07 eV), so al-
though isomer 102+ cannot be excluded as a possible inter-
mediate in Equations (1) and (2), it appears rather improba-
ble as a final precursor for the loss of atomic or molecular
hydrogen.

Besides the migrations of hydrogen atoms, skeletal rear-
rangements can also produce more stable isomers of C9H8

2+

. Simple skeletal rearrangements involve ring expansions
and ring-contractions (Scheme 5). Several mechanisms for

ring expansions have been found; one of them is mentioned
above in that the dication 112+ undergoes an immediate re-
arrangement to isomer 142+ with an eight-membered ring
(ErelACHTUNGTRENNUNG(14

2+) = �2.26 eV). More isomers derived from 142+ by
hydrogen rearrangements were localized (e.g., 132+ with
ErelACHTUNGTRENNUNG(13

2+) = �2.34 eV)). Nevertheless, the relative energies
of all these structures are around �2.3 eV, which is an insuf-
ficient amount of internal energy for the subsequent loss of
atomic or molecular hydrogen. Loss of atomic hydrogen
from this class of C9H8

2+ dications gives structurally related
C9H7

2+ dications with eight-membered rings and relative en-
ergies at least 1 eV above the entrance channel (612+–632+ ,
Scheme 3). The formation of the most stable product of de-
hydrogenation with an eight-membered ring, 412+ , requires

Scheme 3. Possible structures of C9H7
2+ dications formed upon loss of atomic hydrogen from the reaction intermediates C9H8

2+ .
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+0.51 eV (Scheme 2). It can thus be concluded that C9H8
2+

isomers with eight-membered rings may be involved as in-
termediates in Equations (1) and (2), but cannot serve as
precursors for the eliminations of either atomic or molecular
hydrogen.

Ring-contraction of the initially formed C9H8
2+ dication

produces structures with six-membered rings. The least
energy-demanding pathway starts with the dication 112+ .
The internal energy of this isomer is large enough to sur-
mount the energy barrier associated with the ring-contrac-
tion (Erel(11

2+/152+) = �0.39 eV) and the resulting dication
152+ lies considerably lower in energy (ErelACHTUNGTRENNUNG(15

2+) =

�3.32 eV). In contrast with the dication isomers with seven-
and eight-membered rings, the structures with six-membered
rings can provide hydrogen-depleted dications within the in-
ternal energy range available to the reactant system
[ErelACHTUNGTRENNUNG(64

2++H) = �0.23 eV and ErelACHTUNGTRENNUNG(42
2++H2) = �1.18 eV].

Rearrangements to the favorable precursors for atomic and
molecular hydrogen loss 162+ and 172+ are also subject to
only very small energy barriers with respect to the internal
energy stored in the dications (Scheme 5), so dications with
the structures derived from C3-substituted benzene might be
among products of Equations (1) and (2).

Scheme 4.

Scheme 5.
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Scheme 6 shows the complex rearrangements of the
C9H8

2+ dications to bicyclic structures. Simple ring-closure
starting from the dication 62+ with a seven-membered ring
gives the dication 182+ with seven- and four-membered
rings. The transition structure associated with this rearrange-
ment lies above the entrance channel (ErelACHTUNGTRENNUNG(6

2+/182+) =

0.20 eV), and its participation in the title reaction is there-
fore considered unlikely. The other mechanism for the rear-
rangement to a bicyclic structure involves the initially
formed isomer 52+ , in which the terminal carbon atom of
the C2H2 chain attacks the carbene carbon atom of the ring.
The complex rearrangement (ErelACHTUNGTRENNUNG(5

2+/192+) = �0.06 eV)
then produces a bicyclic dication with an indene skeleton
(ErelACHTUNGTRENNUNG(19

2+) = �4.10 eV). The C9H8
2+ dications with struc-

tures derived from indene are the most stable ones found
and their mutual rearrangements are associated with only
small energy barriers (Scheme 6). As the rearrangement of
52+ to 192+ appears to be a key step of the C7H6

2++C2H2

coupling, it is depicted in detail in Figure 1 as a function of
the associated intrinsic reaction coordinate. It is worth
noting that the geometry of the C9H8

2+ along the reaction
coordinate resembles an often favored geometrical arrange-
ment of dications, in the form of a CH cation bonded to the
p electron system of the remaining part of the dication.

Such a “pyramidal” skeleton, involving a C5H5 ring with a
CH group at the apex, represents, for example, the most
stable isomer of benzene dication.[20]

Scheme 6.

Figure 1. Energy profile along the IRC for the rearrangement of 52+ to
192+ (B3LYP/6-311+G ACHTUNGTRENNUNG(2d,p)). The IRC calculations only covered the
range given as a full line; the dotted connections to the related minima
are tentative.
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The energy demands for losses either of hydrogen atom
or of molecular hydrogen from C9H8

2+ dications with
indene skeletons are well below the internal energy avail-
able to the system. The most stable isomer formed upon H
atom loss corresponds to the dication 692+ (ErelACHTUNGTRENNUNG(69

2+) =

�1.44 eV). In fact all other isomers of C9H7
2+ with indene

skeletons (702+–762+ , Scheme 3) lie considerably higher in
energy (Erel = 0.8–1.2 eV), and can therefore be excluded
as products of hydrogen atom loss. On the other hand, the
internal energy contents of all isomers of C9H8

2+ with the
indene skeleton (192+–232+) are sufficient for the elimina-
tion of molecular H2 to afford dehydrogenated dications
462+–492+ (Scheme 2), the most stable product among them
being dication 472+ (ErelACHTUNGTRENNUNG(47

2++H2) = �1.26 eV). The differ-
ence in the number of conceivable pathways has an impor-
tant consequence with regard to the mechanistic analysis of
the theoretical results. If it is assumed that C�C coupling be-
tween C7H6

2+ and acetylene produces a dication with an
indene skeleton, the ease of hydrogen rearrangements im-
plies a rapid equilibration of all structures. While all of them
can lose H2, only a single one can expel atomic hydrogen.
As a consequence, even though C9H8

2+!692++H is the
lowest-lying pathway of all considered fragmentation mech-
anisms, the loss of molecular hydrogen is favored on a statis-
tical basis, which is consistent with the fact that a greater
abundance of C9H6

2+ than of C9H7
2+ was observed in the

experiment. Product dications with structures derived from
the indene skeleton are also accessible by cyclization of the
dication 72+ . However, the energy barrier for the cyclization
step (ErelACHTUNGTRENNUNG(7

2+/242+) = 0.42 eV) is larger than that found for
the more stable isomer 52+ (Scheme 6).

Finally the possibility of ring-opening and formation of di-
cations with linear structures is addressed. Cleavage of a C�
C bond is an energy-demanding reaction step, and no transi-
tion structures for any direct opening of the rings in the ini-
tially formed dications 52+–72+ were found. Most probably,
a sequence of hydrogen atom and skeletal rearrangements is
required before a structure suitable for C�C bond cleavage
to occur is achieved. For illustration, two of the ring-opening
mechanisms are shown, together with several other opti-
mized linear structures of dications C9H8

2+ , in Scheme 7.
The energy barriers associated with C�C bond cleavages in
dications are large and, moreover, the isomers with open
structures lie higher in energy than the isomers with cyclic
or bicyclic structures.

As in the cases of the dications with cyclic structures, the
feasibility of hydrogen atom loss should be considered the
decisive criterion for comparison with experimental observa-
tions. Whereas loss of molecular hydrogen is often allowed
within the available internal energy of the system
(Scheme 2), the loss of a hydrogen atom is much more ener-
getically demanding (Scheme 3). As the experimental results
clearly show that the C9H8

2+ dications formed in the reac-
tion between C7H6

2+ and acetylene readily lose both H and
H2, feasibility of H elimination from C9H8

2+ is one of the
basic criteria for examination of the probability of the for-
mation of a particular isomer. In fact, none of the C9H7

2+ di-

cations with an open structure (772+–802+ , Scheme 3) has a
relative energy [ErelACHTUNGTRENNUNG(C9H7

2++H)] below zero, and so it can
be concluded that the reaction mechanisms including a ring-
opening step are much more energy-demanding than the
mechanisms resulting in cyclic and especially bicyclic struc-
tures. Moreover, the dications with open chains do not have
enough internal energy to undergo elimination of atomic hy-
drogen. Hence, mechanisms producing dications with linear
chains are considered to be less probable than those afford-
ing dications with (poly)cyclic structures.

In summary, two possible general pathways for Equa-
tions (1) and (2) are proposed on the basis of DFT calcula-
tions. Either the initial coupling of C7H6

2+ and C2H2 is fol-
lowed by contraction of the seven-membered ring, which
produces isomers of C3-substituted benzene, or the initially
formed coupling product undergoes a cyclization step to
form the dications C9H8

2+ with geometries based on the
indene skeleton.

Comparison with experimental results : The computed data
can be compared with the experimental results obtained for
the reaction between C7H6

2+ and C2H2,
[1] as well as with a

recent study of the double ionization of indene and its sub-
sequent fragmentations based on photoionization measure-
ments.[13] Thus, the experimentally determined energy
thresholds for losses of H and H2 from C9H8

2+ generated

Scheme 7.
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from indene were determined as EthresACHTUNGTRENNUNG(C9H7
2+) = 3.96�

0.10 eV and Ethres ACHTUNGTRENNUNG(C9H6
2+) = 3.9�0.2 eV, respectively.[13] In

comparison, the endothermicities of H and H2 losses are cal-
culated as 2.71 eV and 2.89 eV (formation of 692++H and
472++H2, respectively, from 202+). Accordingly, a level of
about 1 eV of internal energy above the thermodynamic
threshold is necessary for the fragmentations to occur in the
time window of the experiment. Even though the threshold
measurements[13] and the reactivity studies[1] were performed
with different instruments, both of them are based on quad-
rupole–octopole–quadrupole configurations and roughly
similar time windows can therefore be assumed. In the pho-
toionization experiments, however, the threshold energies
were determined by scanning of the first quadrupole, where-
as the reactivity studies were performed in the octopole cell
and then monitored by means of the second quadrupole.
With allowance for the different timescales of the instru-
mentation sets used, a roughly twofold lifetime can be esti-
mated for the studied ions in the reactivity experiment, in
comparison with the threshold measurements. Accordingly,
somewhat less excess energy is required for the H and H2

losses to be monitored in the reactivity study than in the
photoionization experiments.

Furthermore, the threshold measurements have shown
that the amount of H elimination decreases relative to H2

elimination with decreasing internal energy of the C9H8
2+

parent ion.[13] The H/H2 ratio amounts to 45%:55% for an
internal energy (Eint) 2.2 eV above the threshold energy
(Eint = Ethres+2.2 eV; Ethres is taken as 3.9 eV). When the in-
ternal energy drops to Eint = Ethres+1.5 eV the ratio of H
elimination decreases to 43%, while for Eint = Ethres+0.8 eV
the H elimination represents only 40%.[13] The experimental
results for the reaction between C7H6

2+ and C2H2 reveal
that the coupling sequence ends with losses of atomic and
molecular hydrogen in a roughly 33:67 ratio.[1] If it is as-
sumed that the final coupling intermediate corresponds to
the indene dication, only a very small excess of the internal
energy above the reported thresholds is expected, and this
scenario is perfectly consistent with the theoretical results
obtained here. The C9H8

2+ isomers with structures derived
from the indene skeleton thus have relative energies in the
range Erel = �4.1 to �4.7 eV with respect to the entrance
channel (Scheme 6), which represents the amount of inter-
nal energy available for the subsequent loss of H or H2,
meaning that only a small amount of excess internal energy
above the reported threshold energy Ethres = 3.9 eV is avail-
able. Accordingly, it can be predicted that less than 40% of
the C9H8

2+ intermediate containing the indene structure in
Equations (1) and (2) will lose atomic H and more than
60% will lose molecular hydrogen. This conclusion is in
very good agreement with the values found in the reactivity
study.

So far, no similar studies of the double-ionization thresh-
olds for phenylallene or phenylpropyne (precursors of the
dications 152+ and 172+ , respectively) exist. For the time
being, the fragmentation behavior can therefore only be es-
timated on the basis of comparison with the results obtained

for indene. Analogously, it can be expected that a certain
excess of internal energy will be necessary for the elimina-
tions to occur in the timescale of the experiment. Calcula-
tions suggest that the loss of H2 either from 152+ or from
172+ produces the dication 422+ with ErelACHTUNGTRENNUNG(42

2++H2) =

�1.18 eV, which means that there is more than 1 eV of
excess internal energy for this fragmentation to occur. The
products of the loss of hydrogen atom are formed with a
larger relative energy [ErelACHTUNGTRENNUNG(64

2++H) = �0.23 eV], so this
fragmentation channel would be expected to be kinetically
disfavored in the reactivity study. Reviewing these argu-
ments, we can accordingly conclude that if the reaction be-
tween C7H6

2+ and C2H2 were to produce derivatives of ben-
zene such as 152+ , 162+ , and 172+ , reaction (1) should be
strongly preferred over reaction (2).

In summary, comparison of theoretical results with experi-
mental findings suggests that a substantial amount of the
C9H8

2+ product formed in the ion/molecule reaction be-
tween C7H6

2+ and C2H2 has a structure based on the indene
skeleton. Additional channels are most likely to afford
C9H8

2+ dications with structures derived from benzene with
a C3 side chain. These products preferably eliminate molecu-
lar hydrogen, which might be another factor contributing to
a large ratio of H2/H elimination found experimentally.

Conclusion

The mechanisms involved in the reaction between C7H6
2+

and C2H2 were studied by DFT calculations with close com-
parison to experimental results. The initial step involves the
formation of a hydrogen-bonded complex between C7H6

2+

dication and acetylene, mediated by a hydrogen atom of the
dication and the p electrons of acetylene. This initial com-
plexation affords enough internal energy to surmount the
subsequent barriers associated with the formation of a new,
covalent C�C bond. In addition, a large number of mecha-
nisms for subsequent rearrangements to more stable isomers
of the product C9H8

2+ dications were pursued in detail :
i) hydrogen-atom migrations, ii) ring-contractions, iii) ring-
expansion, iv) formation of isomers with bicyclic structures,
and v) formation of dications with open chains. Among this
plethora of possible routes, the formation of C9H8

2+ with a
structure derived from the indene skeleton appears the most
probable one. Firstly, these dications are the most stable
ones found and, secondly, they would be formed with
enough internal energy to complete the coupling sequence
by elimination of both atomic and molecular hydrogen ac-
cording to Equations (1) and (2). Another conceivable chan-
nel could result in the formation of C9H8

2+ species with
structures based on C3-substituted benzenes. However, frag-
mentations of these dications would be expected to result in
preferential loss of H2. This theoretical study hence reveals
that the reactions between doubly ionized arenes and acety-
lene do indeed provide a route for the generation of poly-
cyclic hydrocarbons. However, the growth mechanism is
rather complex and many different types of reaction inter-
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mediates are conceivable. In addition to mere mass spectro-
metric evidence, further spectroscopic characterization of
gaseous CmHn

2+ dications would therefore be desirable.
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