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ABSTRACT: The structure of doubly ionized benzene
has been spectroscopically studied for the first time.
Helium-tagged complexes were prepared at temperatures
below 4 K and analyzed using infrared predissociation
spectroscopy. Double ionization of benzene yields
primarily high-energy dications with a six-membered-ring
structure. Some of the dications undergo rearrangement to
a more stable pyramidal isomer with a C;H; base and CH
at the apex. By means of isomer-selective heating by a CO,
laser, infrared predissociation spectra of both the classical
and pyramidal dications were obtained.

he six-membered ring of benzene is one of the few

chemical structures that are well-known to the broad
public. Verifying the structure of this molecule represented a
big challenge for chemists in the late nineteenth and early
twentieth centuries.' The first accepted and the best-known
proposal is Kekule’s model of six carbon atoms joined in a
hexagonal arrangement with alternating double bonds.”> Since
the introduction and development of quantum theory, the
resonance model for benzene with Dg, symmetry has been
accepted, and this molecule was at the center of the
development of valence bond theory® and molecular orbital
theory.* Removal of one electron from benzene leads to a
fluxional distortion of the six-membered ring toward D,
symmetry. However, the energy barriers between the individual
minima are very small, so the cation can also be viewed as
having the Dy, symmetric structure.”

Determining the structure of doubly ionized benzene
represents a challenge.”® The large concentration of positive
charge leads to distortions, and the theoretically predicted
structure of the singlet state of C4Hg™ is not planar (Scheme
1). Photoionization coincidence experiments revealed that the
ground state is the triplet state (*1*). However, the singlet
state (12*) is formed with a much larger cross section.” The
double photoionization spectrum also suggests that the singlet
state of C4H,** immediately undergoes rearrangements to one
or more of the more stable structures. Several possible

Scheme 1. Possible Structures of C,H**
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structures have been predicted by ab initio calculations
(Scheme 1), and the pyramidal dication '2?* has been
highlighted as the most stable arrangement.'®"!

Benzene dication may be considered as a prototypical
member of the nonclassical carbocation family.'*™'¢ Doubly
charged carbocations are formed under superacidic conditions.
The permethylated analogue of C¢Hg*, C4(CHs)g™, can be
prepared in a “magic” acid solution from various precursors,
and it has been shown to possess a pyramidal structure
analogous to the suggested structure '2?*.'” Tonized hydro-
carbons can be also viewed as analogues of boranes or
carboranes.'®

The structures of the C4Hg** dications have never been
experimentally addressed. This is because of the high
reactivities of the dications and the small cross sections for
their formation in photoionization experiments.'>'® Moreover,
determining the structure of the dications formed by
rearrangement of the initially formed isomer requires their
direct probing. A possible approach stems from the use of
infrared predissociation (IRPD) spectroscopy.”’ > The key
requirement of this method is the formation of complexes
between the ions of interest and an inert atom (e.g,
argon)23_26 or molecule (e.g, H,)*"?® that are assumed not
to have a significant effect on the structure of the ions of
interest.””>° The complexes are irradiated by IR photons, and if
the IR photons are in resonance with a vibrational transition of
the complex, we can observe elimination of the tag. Hence, the
dependence of the depletion of the tagged complexes on the
photon wavenumber provides information similar to an IR
absorption spectrum of the complex of interest.

Small hydrocarbon dications are very reactive, and they can
form covalent bonds even with argon®"** and certainly also
with H, or other molecules.*® The ideal tag is therefore
helium.>* "¢ Generation of helium-tagged ions, however,
requires very low temperatures. To this end, we have
constructed a new instrument with a linear quadrupole ion
trap, called ISORI, where temperatures below 4 K can be
reached [Figure S1 in the Supporting Information (SI)].*”
Operating at high helium densities allows the mass-selected
ions to form the required helium-tagged complexes (ie.,
C¢HgHe?") (Figure S2 in the SI). The C¢Hg** dications were
generated by electron ionization, and therefore, we can expect
that singlet-state dications were mainly formed.'” The trapped
ions were irradiated by photons with energies varying from
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2900 to 3200 cm ™" with a spectral resolution of S cm ™, and the
relative depletion of the number of the helium complexes was
monitored with respect to the number of the nonirradiated
complexes (the numbers of C¢H¢He*" complexes with and
without IR irradiation are denoted as N, and N, respectively).
More details about the instrument, the laser system, and the
experimental procedures can be found in ref 37 and in the SL

The IRPD spectrum of the C¢H¢He" dications contains
three pronounced peaks at about 2940, 3042, and 3060 cm™
(Figure 1a). In order to disentangle the origins of the
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Figure 1. Comparison of (a) the IRPD spectrum of C¢H¢He®*
(C¢Hg** ions were generated from benzene) with the theoretical IR
spectra of the C¢Hg™" isomers (b) '17*, (c) *1%, (d) '2*, (e) '3**, and
(f) '4** calculated at the MP2/aug-cc-pVTZ level of theory (using a
scaling factor of 0.953). The relative energies were obtained at the
CCSD(T)/ aug-cc-pVTZ//MP2/aug-cc-pVTZ level of theory and
include MP2/aug-cc-pVTZ zero-point vibrational energy corrections.
More results at various levels of theory are provided in the SI.

involved “heating” of the trapped dications with a technical
CO, laser. Depending on the power and the timing, this laser
may be used to selectively impede complex formation or
dissociate complexes.*® Also, temporary heating of the trapped
ions to high enough internal energies may also induce their
isomerization. Here, the combination of CO, laser irradiation
with measurement of IRPD spectra showed a gradual
disappearance of the peak at 2940 cm™' with increasing
power of the CO, laser irradiation (Figure 2). When the laser
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Figure 2. Dependence of the IRPD spectrum of the helium-tagged
complexes of CsHg** generated by double ionization of benzene on
the power of the CO, laser (indicated at the right side of the spectra).
The ion cloud was irradiated for 20 ms at a time delay of 55 ms with a
trapping time 80 ms. All of the spectra have been normalized to the
integral of the peak at 3042 cm™".

experimental bands, we calculated IR spectra for all of the
isomers shown in Scheme 1. Clearly, the only C¢Hg*" isomer
that can account for the band at 2940 cm™ is '1%*. This isomer,
however, cannot explain the whole IRPD spectrum, which
therefore must originate from a mixture of isomers. If we
consider just two isomers, the most probable combination
appears to be a mixture of '1>* and '2**. We note in passing
that the separation of the bands slightly depends on the level of
theory (cf. Figures SS and S6 in the SI) and that the calculated
IR spectra of CgH¢He*" differ only marginally from those of
C¢H¢** (cf. Figures S7—S9 in the SI). In order to
experimentally modify the composition of the mixture of
isomers, we can take two approaches: changing the ionization
conditions or influencing the composition of the mixture in the
ion trap. Changing the ionization conditions did not lead to
significant changes or conclusive results, and thus, we
concentrated on influencing the trapped ions. Our approach
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power was above 3 W, the peak at 2940 cm™ disappeared
completely. On the basis of a series of experiments (cf. Figures
$10—S12 and the related discussion in the SI), we can conclude
that the process corresponds to the selective destruction of one
group of helium complexes by the CO, laser irradiation.
Finally, if we assume that one group of helium complexes is
destroyed, whereas the other group is not influenced, we can
separate the original IRPD spectrum into its two components.
The first one corresponds to the spectrum obtained with CO,
laser irradiation at a power of 6.2 W (this spectrum was
accumulated for a longer time to achieve a better signal-to-noise
ratio), and the second one is the difference between the first
one and the original IRPD spectrum without CO, laser
irradiation (Figure 3). Comparison of the separated spectra
with the theoretical IR spectra of '1** and '2** (bars in Figure
3) shows very good agreement. We note in passing that all of
the vibrational bands correspond to C—H stretching modes (cf.
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Figure 3. IRPD spectra of (a) '1?* and (b) '2** separated by the
selective destruction of the ['1He]** complexes by CO, laser
irradiation. The bar spectra correspond the theoretical IR spectra
(MP2/aug-cc-pVTZ) of (a) '1** and (b) '2** (the corresponding C—
H stretching modes are depicted by arrows using simplified
structures). The potential energy surface for the rearrangement was
obtained at the CCSD(T)/ aug-cc-pVTZ//MP2/aug-cc-pVTZ level of
theory and includes MP2/aug-cc-pVTZ zero-point vibrational energy.

Figure 3) and that the IRPD spectrum of C¢D** as well as the
theoretical spectra of Dg-'1** and Dg-'2** can be found in
Figure S13 in the SL

The selective depletion of the ['1He]** complexes by the
CO, laser can be easily understood if we compare the
theoretically predicted IR spectra of the dications with the
emission line of the CO, laser (~943 cm™"). While the '1** (or
['1He]**) dication has three transitions in the emission range
of the CO, laser, there is no band in this range in the spectrum
of '2** (or ['2He]*") (see Figure SI12 in the SI). Hence, only
the ['1He]*" dications can absorb photons produced by the
CO, laser, which leads to the elimination of He from the
complex (one photon delivers ~11 kJ mol™, while the binding
energy of helium is about 2 kJ mol™'; cf. Table S2 in the SI).
The mixture of ['1He]** and ['2He]** thus becomes depleted
in ['1He]*, which is reflected in the IRPD spectra.

In conclusion, we have shown that the high-energy isomer
'1%* with a six-membered ring, which is primarily formed upon
double ionization of benzene, can be stabilized at low
temperatures and characterized. As previously suggested, a
large fraction of the '1** dications undergo directly upon their
generation a rearrangement to more stable isomers.” By
trapping and studying these ions, we have provided clear
evidence that they correspond to '2** dications with a
pyramidal structure. Using selective heating and thus
destruction of helium clusters of '1**, we were able to obtain
the pure IRPD spectrum of the helium-tagged '2** pyramidal
dications.
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