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The formation and fragmentation of the molecular dication C;Hg>" from cycloheptatriene (CHT)
and the bimolecular reactivities of C;Hg>" and C;H¢> " are studied using multipole-based tandem
mass spectrometers with either electron ionization or photoionization using synchrotron
radiation. From the photoionization studies, an apparent double-ionization energy of CHT of
(22.67 £ 0.05) eV is derived, and the appearance energy of the most abundant fragment ion
C;H¢* ", formed via H, elimination, is determined as (23.62 + 0.07) eV. Analysis of both the
experimental data as well as results of theoretical calculations strongly indicate, however, that an
adiabatic transition to the dication state is not possible upon photoionization of neutral CHT and
the experimental value is just considered as an upper bound. Instead, an analysis via two different
Born-Haber cycles suggests 2/E(CHT) = (21.6 + 0.2) eV. Further, the bimolecular reactivities of
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the C;H,>" dications (n = 6, 8), generated via double ionization of CHT as a precursor, with

xenon as well as nitrogen lead, inter alia, to the formation of the organo-xenon dication

C,H¢Xe? " and the corresponding nitrogen adduct C;HgN,> ",

1. Introduction

Until a few years ago, small or medium-sized molecular
dications were by and large considered to only afford either
electron- or proton transfer reactions with neutral reagents,'
while bond forming reactions were limited to a very few
exceptions to this rule.> Starting from our first observation
in 2006,° we found, however, that hydrocarbon dications
C,H,2", and related species, have their “own” chemistry in
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which they act as superelectrophiles and yet can undergo bond-
forming with maintenance of the two-fold charge.” '® The high
reactivity of these gaseous dications allows their reaction with
inert species (e.g. CO», N»)'®!7 or even rare gases.'®>* Only
recently, we have investigated the reactions of xenon with
C-H,2" dications (n = 6-8) generated by double ionization
of toluene.”® Here, we compare these results with those
obtained when the isomeric cycloheptatriene (CHT) molecule
is used as the neutral precursor. The objectives of this com-
parative study are to probe if different neutral precursors allow
specific access to different parts of the rather complex potential-
energy surface (PES) which arises from double ionization of
toluene.?** Specifically, the toluene structure is only a shallow
minimum on the C;Hg>" PES and it can easily undergo
hydrogen migration to ring-protonated tautomers of the
benzylium cation or experience a ring-expansion to the CHT
dication. In conjunction with energy-resolved photoionization
studies using synchrotron radiation, these measurements could
experimentally map out the C;Hg? " potential-energy surface,
thereby possibly providing a benchmark for the energetics of
medium-sized hydrocarbon dications. As shown below, how-
ever, it turns out that understanding the double ionization of
neutral CHT poses a formidable challenge in its own right.

2. Experimental and theoretical details

The photoionization experiments were performed with the
CERISES apparatus®®2® which was installed on the DESIRS
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beamline of the synchrotron radiation source SOLEIL
(France). This beamline provides monochromatic photons in
the range of 5-40 eV by using three different gratings. In the
present experiments, the resolution was set to E/AE = 500 in
the photon-energy range from 20 to 28 eV, i.e. ca. 50 meV at
E(photon) = 25 eV. The photon energy was calibrated with
accuracy better than +5 meV by measuring the ionization
energy of argon around 15.76 eV and the 3s3p°np (n = 5-9)
window resonances in the Ar” yield between 28 and 29 eV.
Samples were introduced via a gas inlet, ionized by photons,
and the resulting dications were extracted by a field of
1 Vem ™! towards a QOOQ system (Q stands for quadrupole
and O for octopole). The photon energy was scanned in steps
of 25 meV. For the determination of photoionization thresh-
olds, Q2 was used to mass-select the ions of interest, while Q1,
Ol1, and O2 just served as ion guides; use of the last mass
analyzer (Q2) helps to minimize the kinetic shift in dissociative
ionization. We can estimate that, under our operative condi-
tions, the flight time of a dication from the source to the
entrance of Q2 is about 500 ps. In the reactive monitoring
experiments> ! described below in more detail, the precursor
ion was mass-selected using Q1, while Q2 was set to the mass
of the product ion and the photon energy was scanned. Ions
were detected by a multi-channel plate operating in the
counting mode. During the measurements of the ion yields,
electron yields were also simultaneously recorded as well as
photon fluxes, which were monitored by photoemission
currents from a gold grid. The electron yield helps in monitoring,
and correcting for, fluctuations of the pressure in the source. The
raw data for the measured ion yields were corrected for the
photon flux of the beam line as a function of photon energy.

Most ion/molecule reactions were investigated in a home-
built guided-ion beam apparatus of the Trento team, which
consists of a tandem mass spectrometer with an OQOQ
configuration.3*3* Tons are generated by electron ionization
(EI) of cycloheptatriene at energies in the range of 70—-100 eV.
The first octopole Ol is operated as an ion guide. The
quadrupole QI acts as a mass filter to select the C;H,>"
parent dications at m/z 45.0 for n = 6, m/z 45.5 for n = 7,
and m/z 46.0 for n = 8§, respectively. The parent ions are
injected into O2 which is surrounded by a scattering cell filled
with the desired neutral reactant, the pressure of which is
monitored by a spinning rotor gauge. The kinetic energy of the
projectile ion-beam, which determines the collision energy
between the parent ions and rare gas molecules, can be varied
from about 0 to 100 eV by changing the bias potential of O2.
Product ions are mass analyzed by Q2 and detected by an
electron multiplier.

Electronic structure calculations to interpret the experi-
mental results were performed using the density functional
method B3LYP*7 in conjunction with the 6-311+G(2d,p)
basis sets*®* as implemented in the Gaussian 03 suite.** For
all optimized structures, frequency analyses at the same level
of theory were used in order to assign them as genuine minima
or transition structures on the PES as well as to calculate zero-
point vibrational energies (ZPVEs). Transition structures were
further characterized by intrinsic reaction coordinate (IRC)
calculations.*!**> The relative energies (Eo) of the structures
given below refer to energies at 0 K and are anchored to

E.4(C¢Hs—CH3 + Xe) = 0.00 eV, where C¢Hs—CHj5 stands
for toluene; for related isomers of C;Hg?™ as well as
C,HgXe?™", see ref. 23 and 25, in which the PESs relevant to
the rearrangements of the various associated isomers C;Hg> "
and their adducts with xenon are described.

3. Results and discussion

Accompanying much more intense monocation signals, elec-
tron ionization of CHT at a nominal electron energy of 100 eV
gives rise to a series of C;H,>" dications, of which the most
abundant corresponds to the dehydrogenated molecular dication
M — H,J** (C;Hg*"t, mjz 45), followed by the molecular
dication C;Hg> " with m/z 46, and a dication formed by loss of
atomic hydrogen (i.e. C;H;2" at m/z 45.5). In the representa-
tive mass spectrum shown in Fig. 1, the relative ratios of
C,Hg2", C;HAY, and C;Hg?™ are ca. 100 : 35 : 50, while the
hydrogen-depleted species such as C;Hs*" and C,H,*"
appear in much smaller abundances. We note that the dication
region in the EI spectrum of isomeric toluene reveals forma-
tion of analogous dications, but the respective abundances
differ. Especially, the abundance of H, loss relative to the
intensity of the parent dication is smaller for toluene compared
to CHT.

3.1 Double photoionization of cycloheptatriene

To achieve some specific insight into the dication energetics,
we determined the phenomenological appearance threshold
for double photoionization of CHT using synchrotron radia-
tion. Fig. 2 shows the yields of the molecular dication C;Hg>*
and of the primary fragment C;Hg> ", formed via dehydro-
genation of C;Hg>", in the photon-energy range from 21.5 to
27 eV. Unlike several previous cases,''"'*2* above the apparent
photoionization threshold at about 23 eV, the ion yield of the
parent dication C;Hg?" shows an approximately linear
dependence with increasing photon-energy.

The double ionization energy of an atom or a molecule (*/E)
can be extracted from the photoion appearance curve in
several ways. The classical approach is based on an extra-
polation of the linear part of the rise of the total dication yield
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Fig. 1 Relative yields of the C;H,>" dications produced by electron
ionization of neutral cycloheptatriene at a nominal electron energy of
100 eV.
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Fig. 2 Photoionization threshold for the double ionization of CHT
with synchrotron photons in the region from 21.5 to 27 eV to afford
the molecular dication C;Hg®>" and the dehydrogenated dication
C;Hg>" as well as their sum (labeled as Z;ops). The noisy line (labeled
as 0X;ons/0hv) shows the first derivative of X, as a function of the
photon energy. The data are the average of three independent photon-
energy scans. The inset shows the corresponding data obtained using
toluene as a neutral precursor which was acquired in the same
synchrotron session (single scan). See main text for an explanation
of the notations */E and *AE.

(Zions) to the baseline, but this method often overestimates 2/E
significantly due to the neglect of Franck—Condon effects. In
the case of toluene, explicit consideration of the Franck—
Condon envelope in fact led to a revision of its */E by almost
1 eV, which has independently been confirmed by photo-
electron—photoion coincidence measurements.*> However, this
procedure involves the explicit consideration of all possible
rovibrational states involved and 1is therefore rather
demanding. In subsequent work, we used the analogy to single
photoionization and suggested the determination of */E by
extrapolation of the rise of the first derivative of X, to the
baseline (“derivative method”).****> According to the Wannier
laws for photoionization,**° the first derivative of iy
should show a sigmoid shape, rapidly reaching a plateau. In
a related variant, a model curve having the shape of the
Franck—Condon envelope is directly fitted to the raw ioniza-
tion data, a fit which requires some assumptions, but is
preferred over the derivative method for poorer data sets.'>>!
To illustrate the derivative method, the inset in Fig. 2 shows
data for the double ionization of toluene obtained in the same
beam time session as those for CHT. The derivative (indicated
by a vertical arrow in the inset) shows the expected sigmoid
shape and extrapolation of the initial rise to the baseline
matches the literature value of 2/E(toluene) = (23.62 + 0.1) eV
reasonably well.

In marked contrast, the derivative of X;,, in the case of
CHT continuously increases from an apparent onset at about
22.5 eV over a range of several eV and a plateau-type behavior
could only be assigned somewhere above 26 ¢V; note in this
context that the Wannier law is generally assumed to hold only
up to 2 eV above threshold.’** Linear extrapolation of the
derivative over various energy regimes between 22.5 and 26 eV
leads to an average of 2AE(CHT) = (22.67 + 0.05) eV,
however, we refrain from a conversion of this number into
2JE(CHT) at this point and next turn to the discussion of
thermochemistry and theory. As far as dehydrogenation is

concerned, to a first approximation an estimate for the energy
required to afford the C;Hq>" fragment can be obtained by
horizontal shifting of the curve of the sum of ions (Z;,,s) until
it matches that of C;He>".* Within the energy range
shown, a good overlap of both curves is obtained for a shift
of AEgie = (0.95 £ 0.05) eV, which hence converts into
AE(CHg?t ) = (23.62 £ 0.07) eV for dissociative double
ionization of CHT into C;Hg>". In comparison, the corres-
ponding value of AE(C/He¢* 1o) = (25.2 + 0.1) eV>* is
obtained by applying the same method for the determination
of the appearance energy of C;Hq>" upon dissociative double
ionization of toluene.”® Note that the difference of 1.42 eV
in the heats of formation of CHT and toluene has to be
acknowledged,” which leads to a relative energy of
(25.04 + 0.1) eV of the C;H¢>" ion generated from neutral
CHT relative to the energy of neutral toluene. The values
obtained for the C;Hg>" fragment therefore agree quite well
and support the previous conclusion that dehydrogenation of
the toluene dication is associated with ring expansion to afford
the corresponding cycloheptatrienylidene dication.”**

In the corresponding Born—-Haber cycle summarizing the
energetics (Scheme 1), two energies (in grey) are given for the
energy of the CHT?" dication. The lower value (22.92 eV) is
derived from the experimental 2/E of toluene using the
computed energy difference of 0.70 eV between the toluene

[25.2£0.1] [25.04 £ 0.1]
C,HZ*
7"18 C7H82+
23.62 —
23.12/22.92
IE (toluene™”) | - -e E (CHT*")
2IE (toluene) 2IE (CHT)
. CsHg"
C/Hg"
__rs 9.62
8.83
€ IE (CHT)
IE (toluene)
C7Hsg
CoHs 142
0.00
Toluene Cycloheptatriene

Scheme 1 Born—Haber cycle connecting the neutral, mono- and
dicationic states of toluene and cycloheptatriene, respectively.
Energies are given in eV relative to neutral toluene. The grey values
for the CHT dication are derived from theory (see text). The numbers
on top in the rectangular boxes are the energies of the C;Hq> " dications
as derived from experimental appearance energies of C;Hg>" from
double photoionization of toluene (left) and CHT (right).
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Table 1 Selected single and double ionization energetics (adiabatic
values at 0 K in eV) for the C;Hjg isomers of toluene and cyclohepta-
triene calculated at the B3LYP/6-311+G(2d,p) level of theory

Toluene Cycloheptatriene

Exp. Calc. Exp. Calc.
IE(C;Hy) 8.828 4 0.001°° 858  8.20 + 0.05%° 7.74
IE(C7H8+') 14.8 + 0.1* 14.56 13.21
2JE(C;Hg) 23.62 £ 0.1%%% 2314 20.95
AHfm(C7H8) 0.00 0.00  1.42% 1.49
AE(C;H?T) 252 +0.1 2436 23.62+0.07 2287

“ Value given relative to neutral toluene, the absolute heat of forma-
tion of toluene is (0.52 £ 0.01) eV.>* ® Value refers to dehydrogenation
affording the more stable cycloheptatrienylidene dication.

C;Hg?>" dication and the isomeric CHT?>" dication.”® The
slightly larger value (23.12 eV) is calculated from the appear-
ance energy of C,H¢>" from CHT in conjunction with the
computed endothermicity of 1.92 eV for the loss of molecular
hydrogen from CHT?" (see below). Together with the relative
energy of neutral CHT, these values imply 2ZE(CHT) = 21.50
and 21.70 eV, respectively, whereas the experimental value
derived from the photoionization experiments, 24 E(CHT) =
(22.67 £ 0.05) eV is about 1 eV higher in energy. In order
to understand this seemingly large discrepancy, we have
performed a series of quantum chemical calculations which
are discussed below.

In general, the density functional theory calculations repro-
duce the experimental energetics reasonably well (Table 1),
although theory systematically underestimates the ionization
energies by 0.1-0.4 eV. For a given charge state, however, the
deviations are smaller, e.g. the energy difference between
neutral toluene and neutral CHT is predicted with an error
of only 0.07 eV compared to the literature values. Also as far
as the dications are concerned, the computed energy demand
of 1.22 eV for the dehydrogenation of the toluene dication to
the energetically more stable cycloheptatrienylidene dication
compares reasonably well with the experimental value of
1.6 £ 0.1 eV.?® Accordingly, despite the underestimated
jonization energies, the computed /E(CHT) = 20.95 eV is
in obvious disagreement with the assumption that 2JE(CHT)
would correspond to the experimentally determined value
2AE(CHT) = (22.67 £ 0.05) eV (Fig. 2).

The origin of this discrepancy lies in the vertical nature of
the photoionization process (Fig. 3). While in the case of
toluene, the difference between the vertical and adiabatic
ionization AzlEv/a(toluene) amounts to 1.02 eV, this value
amounts to 1.76 ¢V in the case of CHT. With such a large
difference it is fair to assume that the 0 — 0 transition from
neutral CHT to the corresponding dication has a negligible
intensity. Consequently, the photoionization to the dication
will not show a threshold at the adiabatic 2IE, but at a value
being higher in energy to a significant but unknown extent.
This rationale also explains the unusual shape of the photo-
ionization cross section for forming the dications, shown in
Fig. 2 and the deviation of the first derivative from the
expected sigmoid shape. Accordingly, the value 2AE =
(22.67 £ 0.05) eV in Fig. 2 can only be regarded as an upper
limit of 2JE(CHT), because CHT appears to be a case in which
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Fig. 3 Summary of the computed energetics of the neutral, mono-
and dicationic states of toluene and cycloheptatriene, respectively, and
the energies of the corresponding vertical transitions from the respec-
tive minima (indicated by dots) via either vertical ionization from
neutrals (indicated by consecutive upward arrows starting from the
minima of the neutral), vertical recombination from dications
(indicated by consecutive downward arrows starting from the minima
of the dications) and either vertical ionization or recombination from
monocations (indicated by upward and downward arrows starting
from the minima of the monocation); adiabatic energies are in black.
In order to allow a direct comparison with the Born—-Haber cycle
shown in Scheme 1, all energies are given in eV relative to neutral
toluene. The energies are derived from total electronic energies. The
bold values in brackets are energies corrected with zero-point vibra-
tional energy and correspond to the values listed in Table 1. The
dissociation channels for the different charge states of toluene refer to
1,1-dehydrogenations from the methyl group to afford the corres-
ponding phenylcarbene in the respective charge states, and those for
cycloheptatriene correspond to the 1,1-eliminations to yield the
respective charge states of cycloheptatrienylidene.

the adiabatic ionization from the neutral to the dication is
rather improbable. We note in passing that in the case of
CHT, the triplet state of the molecular dication is too high in
energy (adiabatically 1.56 eV above the singlet ground state)?
to significantly contribute to the photoionization cross section
near the adiabatic threshold.

Summarizing the results of the Born—Haber cycle which
includes both the experimental findings and theoretical results,
in this exceptional case of hydrocarbon photoionization we
assign the adiabatic second ionization energy of cyclohepta-
triene as 2IE(CHT) = (21.6 + 0.2) eV, where the increased
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Fig. 4 Reaction of the mass-selected C,Hg>" dication generated
from dissociative electron ionization of CHT with Xe (at a pressure
of about 3 x 107 mbar in the reaction cell) at a nominal collision
energy Ecmy = 1.1 eV. The insets (a) and (b) show the mass regions
of Xe"/XeH" and the C;HgXe>" products on expanded scales.
Note that the xenon pressure applied is well above single collision
conditions.

error bar should cover the remaining uncertainty in the analysis
of both the experimental data and the theoretical predictions.

3.2 Guided ion beam experiments

In analogy to our previous work on C;H,> " dications (n = 6, 8)
formed from toluene,?® we probed the reactions of xenon with
these dications generated via double ionization of neutral
CHT. Fig. 4 shows the mass spectrum obtained upon reaction
of the mass-selected dication C;Hg?™ with xenon, where the
pressure of the neutral reagent was deliberately increased to
allow multicollisional processes. Due to the fact that we have
recently described in detail the reactions of xenon with the
C;H,*>" dications (n = 6, 8) from toluene,”® here we limit
ourselves to a brief summary of the various product channels
observed:
Neutral loss C.Hg?" - CHE + H, (1)
Coulomb explosion C;Hg>" - CsHs™ + C,H;™ (2)
(:71‘18‘ler i (:41_15Jr + (23]_13Jr (3)
Electron transfer ~ C,Hg?' + Xe » C;Hg' + Xet (4)

Dissociative el. transfer

CHg" + Xe » CG;H,” + H + Xe™ 5)
C/Hg?" 4+ Xe » CgHs™ + CH; + Xe™ (6)
Proton transfer CHg?" + Xe » C;H;7 + XeH™
(7)
C—Xe bond formation C,Hg>" + Xe —» C;H¢Xe?" + H,
(®)

Thus, the major reactions observed can be classified as (i)
dissociation of metastable C;Hg> " dications to afford C;Hg? "
concomitant with loss of H, according to reaction (1); (ii)
charge separation reactions (“‘Coulomb explosions’) of the

parent dication into pairs of singly charged products accord-
ing to reactions (2) and (3); (iii) non-dissociative transfer of
one electron from Xe to the dication according to reaction (4);
(iv) transfer of one electron from Xe to the dication resulting
in fragmentation of the resulting singly charged ion, e.g.
affording the fragments C;H,;™ and C¢Hs " via reactions (5)
and (6); (v) proton transfer from C;Hg> " to xenon according
to reaction (7); and (vi) formation of an organoxenon dication
via reaction (8).

The dependence of product ion abundances on the nominal
collision energy can provide additional mechanistic insight.
Products of exothermic or thermoneutral reactions generally
have an onset at a similar energy to that of the parent ion and
peak at low collision energies, while endothermic channels
require some excess energy to occur and thus peak at higher
collision energies. The abundance curves as a function of
collision energy for C;H,", C;Hg", C;H¢Xe?*", Xe™ and
XeH ", respectively, have very similar shapes with a behavior
characteristic of exothermic or thermoneutral ion/molecule
reactions via an intimate collision complex, whereas products
such as CsH; ", C¢Hs™, C;Hs' and C;Hg" show markedly
higher thresholds, clearly assigning them as the result of
endothermic processes (see Fig. SI in the ESI¥).

Of interest in the context of the generation of C;HeXe? ™ is
the mechanism of its formation. Thus, the organoxenon
dication could either be formed by an initial loss of H,
from the dication, followed by association of the resulting
C,He®" fragment with xenon or via a direct exchange
of H, by Xe in an intimate collision complex. In order to
address this point, we have inter alia studied the pressure
dependence of the various product channels. From the data
in Fig. 5 it becomes obvious that the formation of C,;HeXe?™"
occurs as a termolecular process and is hence favored at
elevated pressures, such that the rare-gas adduct is formed in
a “bath of xenon”.*

Similarly to C,Hg>", the hydrogen-depleted dication
C;H¢*" undergoes a bond forming reaction with xenon to
afford C;H¢Xe?" (see a typical mass spectrum in Fig. S2,
ESI+). The abundances of the major products C;Hg ", C;Hs ™,

5.0 1 .
1 ® C7H8 .
4.0 +2 ’
_ ¢+ CHXe E
D) h ’ -
o s A
2 304 i it R%= .
3 linear fit R 0.98/1 P -
< 204 _ 3 &
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104 < -1 ,—‘” quadratic fit R>=0.987
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: -3
Xe density, molec*cm

Fig. 5 Pressure dependence of two representative products, namely
C;Hg " (circles) and C,H¢Xe? " (diamonds), in the reaction of the
mass-selected C,Hg>" dication generated from dissociative electron
ionization of CHT with xenon. The dashed lines are best fit of the
experimental data.
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Fig. 6 Ratio of product to parent ion yields (Ip/l) as a function of
the nominal collision energy for product ions C;HgXe?" (filled
diamonds), C;Hs " (open circles), C;Hs " (filled squares) and CsH; ™
(filled triangles) deriving from the reaction of C;Hg>" with Xe. Below
about Ecy = 0.5 eV, the ratio Ip/ly is intrinsically affected by large
errors due to the reduced intensity of the primary beam as a conse-
quence of the retarding field.

CsH;" and C;HgXe?* deriving from the reactions of C;Hg> "
with Xe:
Coulomb explosion CH?" - CsHy ™ + GH;T (9)

Electron transfer CHe " + Xe » C/Hg ™ + Xe™

(10)
Dissociative el. transfer C,Hg>™ + Xe » C;Hs™ + H + Xe™

an
Proton transfer CHg?" + Xe » C;Hs™ + XeH™

(12)

C-Xe bond formation C,Hg>" + Xe —» C;HgXe?" (13)

have been studied as a function of the nominal collision energy
and results are shown in Fig. 6 up to Ecy = 3 eV. Because the
data are collected using a rather high pressure of Xe in the
scattering cell (about 1.6 x 10~> mbar), secondary collisions
are operative for the stabilization of collision complexes, while
the secondary reactions can also draw flux from the monitored
channels. Under such conditions the ratio between products
and parent ion yields Ip/Iy is no longer proportional to the
cross section, but it depends on the gas pressure in the
scattering cell. Therefore a pressure-dependent effective value
of the cross section is derived rather than a bimolecular cross
section.”® The resulting Ip/I, curves for channels leading to the
ionic products C;Hg ", C;Hs™ and the bond forming channel
(C;HgXe* ™) have similar collision energy dependences,
decreasing monotonically with the increase of FEcy; at the
higher energies, with a behavior that is characteristic of
exothermic or thermoneutral ion/molecule reactions. However
the rate of decrease of Ip/l, with increasing energy is steeper
for the bond-forming association channel than for the electron
transfer/proton transfer channels, indicative of the fact that
stabilization of the association product by a third party
collision is no longer efficient when the collision energy exceeds
certain values. In contrast, the curve for the monocation
CsH;™ due to Coulomb explosion of the parent dication

shows a minimum at the lowest energies and a positive energy
dependence in the region 0.5-1.4 eV, flattening out at the
highest energies. It therefore appears as a collisionally-driven
product channel, as expected due to the presence of a barrier
for charge separation in the dication.

3.3 Reactive monitoring using photoionization

The formation of the C;H¢Xe?" product from the reactions of
C,Hg?" and C;Hg2" with xenon has been studied using the
methodology of reactive monitoring with synchrotron
radiation.!"13232931 T sych an experiment, the formation
of a specific product ion from a given pair of reactants is
monitored in a tandem mass spectrometer as a function of the
energy of photons which are used to generate the ionic
precursors. A fundamental aspect of reactive monitoring is
that all parameters possibly affecting the reactivity (e.g. mass
selection, nominal collision energy, neutral gas pressure in the
reaction cell) are kept constant while the energy of the ionizing
photon is scanned. Accordingly, any differences in the appear-
ance energy of ionic products and in the shape of the photoion
curves for the various product ions should be ascribed
exclusively to the effect of changing the internal energy of
the reacting dication due to the change in the energy of the
ionizing photons. We note, in passing, that this particular kind
of experiment can by and large only be performed using
synchrotron radiation due to both the vacuum-UV light being
required and the rapid wavelength tunability that is necessary.

Results from the reactive monitoring experiments, carried
out by selecting C;Hg>* as precursor dications from CHT, are
shown in Fig. 7. Like in Fig. 2 (see above), the C;Hg> " parent
ion shows an appearance energy at 22.67 eV, while dehydro-
genation to C;H¢> " starts to appear at about 1 eV higher
photon energy. The threshold of C;HXe? ", as the product of
particular interest, is clearly in between that of C;Hg>" and
C;Hg>". For estimation of the energy difference between the
threshold of parent and that of the C;H¢Xe>' product
dication, we follow the same method already applied above
and shift a best fit of the data for the parent ion linearly
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Fig. 7 Yields of the parent C;Hg>" (filled squares) and product
C,HeXe? " ions (open squares) formed in the reaction of mass-selected
C;Hg*" with Xe as a function of the energy of the photons used for the
double ionization of CHT. Photo-ion yields are also shown for the
unimolecular dehydrogenation product C;H¢> " (filled circles). In the
case of C;HeXe?t products the solid line represents a connection of
the data points for the parent dication shifted up in energy by 0.3 eV.
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Fig. 8 Yields of the precursor dication C;Hg> " (filled circles) and of
the association product C;HgXe?" (open squares) formed in the
reaction of mass-selected C;Hq>" with Xe as a function of the energy
of the photons used for the dissociative double ionization of CHT. In
the case of C;HgXe? ™" the solid line is that of C;Hg> " multiplied by 0.3
to indicate that the product C;H¢Xe?>" appears at the same photon
energy as the C;Hg> " reagent dication.

upwards in energy until a reasonable agreement with the
experimental data for C;H¢Xe?" is achieved. An upward
shift of 0.3 £ 0.1 eV (solid line in Fig. 7) is in a reasonably
good accord with the experimental data, thus leading to
AE(CHgXe* NDenr = (23.0 £ 0.1) eV. Similarly to the
reactivity of C;Hg>" generated from the toluene precursor,?
the fact that the threshold of C;H¢Xe?" is in-between those of
C;Hg*" and C;Hg> ™ is an unequivocal demonstration that Xe
binding to the parent dication and H, elimination occur in a
single reaction step. The previous computational studies of the
C;Hg®>" + Xe potential-energy surface suggest an endo-
thermicity of 0.68 eV for the formation of C;H¢Xe?™ + H,
from the CHT dication and xenon.® In conjunction
with 2JE(CHT) = (21.6 + 0.2) eV, this would imply an
AE(C,HgXe* Nenr of only about 22.3 eV, thus suggesting
that the formation of C;H¢Xe>" from the CHT dication and
xenon is subject to kinetic control due to the existence of a

normalized abundance
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Fig. 9 Yields of the product ions C;HgXe>" (open squares) and
C;HgN,> (filled circles) formed in the reaction of mass-selected
C,Hg>" dications with Xe and N,, respectively, as a function of the
energy of photons used for the double ionization of CHT in the ion
source. In the case of C;HgXe? " products the dashed line is the same
as Fig. 7, while for C;HgN,?" the solid line is a fit of the data points
for the parent dication upward shifted in energy by (0.6 £ 0.2) eV.

reaction barrier. In addition, cooling of intermediate
C;HgXe? " under termolecular collision conditions could also
lead to an upward shift of 4E(C;H¢Xe? " )cpr. Notable in
comparison with the toluene case is also the much lower yield
of the organoxenon dication product from the reaction of
C,Hg>" from CHT, which can be attributed to the high
internal energy content of the dication formed via vertical
photoionization of the neutral compound (see above).

The results of the corresponding experiment with C;Hg> " as
the reactant are shown in Fig. 8. In this case, the threshold for
the association product C;HgXe? coincides with the threshold
for dissociative photoionization of CHT to the C,H ™"
dication, thus indicating the absence of a barrier, as expected
in the case of a pure association reaction.

In addition to xenon, we have also briefly studied the
reactions of C;Hg?" and C;H¢>" with nitrogen using the
reactive monitoring technique. Similar to the reaction with
xenon, the formation of a C;HgN,>" product is observed in
the case of C;Hg>" (Fig. 9), but the apparent threshold is
about 0.3 eV higher in energy than in the xenon case, i.e.
AFE(CHgN> Nent = (23.3 £ 0.2) eV, but yet smaller than
the appearance energy of the dehydrogenation product
C,Hg>". This result demonstrates that also the binding of
N, and elimination of H; occur in a single reaction step. When
instead the hydrogen-depleted C;H¢>" dication is used as a
precursor, the threshold for the association product
C,HgN,>" appears at the same photon energy as the
C,Hg™ reagent dication, fully consistent with formation of
the ion via termolecular ion-neutral association (Fig. S3,
ESIY). These reactions of nitrogen are of potential interest
with regard to the role of hydrocarbon dications in the
chemistry of the ionosphere of Titan,''"'**7 whose atmo-
sphere has nitrogen as the major component and where
ambient pressures and low temperatures favor association
reactions.”®® Adduct formation of reactive hydrocarbon
dications with nitrogen could in fact act as a sink of these
species restricting their influence on the overall chemistry of
the ionosphere. Alternatively, such complexes could serve as a
reservoir which can stabilize the dications with regard to
single-electron reduction, but release them in encounters with
reactive substrates (e.g. C-C bond formation with
methane).'"!? Consequently, the structure of these nitrogen
adducts and their chemistry are currently under investigation
in our laboratories.

4. Conclusions

The double photoionization of neutral cycloheptatriene
(CHT) shows an unexpected behavior when we monitor the
formation of the molecular dication C;Hs>" and the primary
fragment C;H¢e>", as a function of the photon energy.
Analysis of the photodication appearance curves in conjunc-
tion with theoretical results implies the occurrence of a
situation which is somewhat unusual for dications formed
from aromatic hydrocarbons in that the adiabatic transition
from the neutral ground state to the dication ground state is
associated with negligible Franck—-Condon factors.®! The
analysis of the data in terms of Born—Haber cycles yields a
second ionization energy of 2IE(CHT) = (21.6 + 0.2) eV,

18336 | Phys. Chem. Chem. Phys., 2011, 13,18330-18338

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp21634a

Downloaded by Ustav Organicke AV on 18 October 2011
Published on 03 August 2011 on http://pubs.rsc.org | doi:10.1039/C1CP21634A

View Online

whereas the formal appearance energy of the dication in
photoionization experiment is about 1 eV larger. The reactivity
of the C;H¢? " and C;Hg> " dications with xenon is investigated
and, among other pathways, a bond-forming channel to the
organoxenon dication C,H¢Xe?™ is observed. The mechanism
of the reaction is studied by reactive monitoring with synchro-
tron radiation which is an interesting technique for mapping
out the energy landscape of reactive dications. In collisions with
N, the C;HgN,? ™ adduct is observed, which suggests that such
species may also exist in the higher layers of extraterrestrial,
nitrogen-rich atmospheres.
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