Article
pubs.acs.org/JPCA

Two-Color Infrared Predissociation Spectroscopy of C6H62+ Isomers
Using Helium Tagging
Juraj Jašík,‡ Dieter Gerlich,‡,† and Jana Roithová*,‡
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ABSTRACT: Two-color IR−IR isomer selective predissociation spectra of heliumtagged C6H62+ are presented. The dications are generated via electron
bombardment of either benzene or 1,3-cyclohexadiene. After mass selection they
are injected into a 2.6 K cold ion trap where the presence of a dense He buﬀer gas
not only cools them but also leads to He attachment. The ion ensemble is exposed
to one or two intense IR pulses from optical parametric oscillators (OPOs) (1200−
3100 cm−1) before it is extracted, mass analyzed, and detected. On the basis of a
comparison with theoretical predictions, the resulting spectral features allow us to
separate and assign diﬀerent isomers of C6H62+ dications. Compression of the ion
cloud very close to the axis of the linear quadrupole trap and coaxial superposition
of well-collimated laser beams results in the fragmentation of almost all helium
complexes at speciﬁc wavelengths. This unique feature enables us to record ﬂuencedependent attenuation curves for individual absorption bands and thus determine
not only absorption cross sections but also the composition of the ion mixture.

■

ion.18,19 Absorption of an IR photon triggers elimination of the
tag from the complex and thus the dependence of the
remaining number of loosely bound complex ions on the
photon energy provides information on the IR spectrum of the
studied ion.
The most common tags used in IRPD spectroscopy are
argon and molecular hydrogen. These tags are not suitable for
highly reactive molecular dications, because the interaction
energy is rather large and we can even expect the formation of
covalently bound species.20−24 We have recently shown that
IRPD spectroscopy of hydrocarbon dications can be performed
with helium tagging.25 Helium, as the smallest rare-gas atom,
usually has the smallest binding energy with molecular ions and
therefore also causes the smallest changes to their structures
when compared to other rare-gas atoms or small molecules.26−30
Here, we report a full record to our recent communication
on diﬀerent isomers of the C6H62+ dications (Scheme 1)
supplemented by experiments with two IR optical parametric
oscillators (OPOs) and by recording the spectra in the
ﬁngerprint region. We have previously shown that double
ionization of benzene by electron bombardment leads to a
mixture of two isomers.31 The ﬁrst isomer corresponds to the

INTRODUCTION
Hydrocarbon cations are known to be prone to a variety of
rearrangements.1 Facile hydrogen atom rearrangements lead to
scrambling of the hydrogen atoms within molecules, but
skeletal rearrangements are also common. All of these
properties are also found for doubly charged hydrocarbon
cations. Hydrocarbon dications can be generated by electron
ionization and the removal of two electrons usually leads to
highly internally excited dications. Such dications either
immediately fragment or undergo various rearrangements.2
Experiments with partially deuterated hydrocarbon dications
derived from anisole revealed that, in principle, we can expect
pronounced scrambling of all hydrogen atoms within a short
period of time after their generation.3 Along with simple
hydrogen-atom migrations, various skeletal rearrangements also
have to be expected.4−6
Structural assessment of reacting dications has always been
based on theoretical calculations.4,7,8 In general, the most stable
isomer of a given dication was considered to be the
reactant.9−11 To get experimental insight into the structures
of dications, spectroscopic experiments are necessary. The
common approach of infrared multiphoton dissociation
spectroscopy for small reactive dications (such as hydrocarbon
dications) has not been successful. The alternative approach of
infrared predissociation spectroscopy (IRPD) relies on the use
of innocent tag-atoms or tag-molecules to form loosely bound
complexes.12−17 On the basis of numerous experimental and
theoretical studies, it can be assumed that in most cases a given
tag does not signiﬁcantly aﬀect the structure of the studied
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Scheme 1. Isomers of C6H62+ and Their Relative Energies at
0 K Obtained at the CCSD(T)/aug-cc-pVTZ//MP2/aug-ccpVTZ Level of Theory

the hyperbolic shape of each electrode is approximated by six
wires (more details concerning the trap and the spatial
conﬁnement of the ions can be found in ref 25 and in the
Supporting Information). It is mounted into a copper box,
which is screwed onto a cold-head that can reach temperatures
as low as 2.6 K. Cooling of the ions is achieved by collisions
with a helium buﬀer gas. The temperature of the box,
surrounding the trap, and of the heat shield is measured by
silicon-diode sensors. The buﬀer gas is injected by a custommade piezo valve, situated in vacuum, directly into the trap with
a straight Teﬂon tube. Due to condensation of He, both the
increase and the decrease of the buﬀer-gas density are slightly
delayed (Figure 1).
Timing. The timing of the experiment is illustrated in Figure
1a. For the generation of dications, we have either used
benzene or 1,3-cyclohexadiene. C6H62+ ions were generated by
electron ionization from the given precursor, mass-selected by
the 4P1, deﬂected by the QPB, and guided by the 8P to the
w4PT. Simultaneously, He buﬀer gas has been injected into the
trap to collisionally relax the translational, rotational, and
vibrational energy of the ions. As can be seen from Figure 1a,
the He number density reaches a maximum of 1015 cm−3 at 10
ms, followed by a decrease with a time constant of 17 ms. The
ﬁxed and the tuned wavenumber IR OPOs (pulse length 10 ns)
are ﬁred at 74 and 75 ms, respectively. At 80 ms, the exit
electrode of the trap is opened, the ions are mass-analyzed by
the 4P2 and detected by a Daly type detector operated in ioncounting mode.
Because He is attached to C6H62+ via ternary collisions, this
reaction already becomes ineﬃcient after 30 ms and a
stationary distribution of helium complexes is reached (see
also Figure 1a of ref 25). The mass spectrum (Figure 1b) shows
that up to six helium atoms are attached to C6H62+ with
decreasing probability. We can also observe a small amount of
adducts with background N211 and their complexes with up to
four helium atoms. Although cryopumping is very eﬃcient,
trace impurities of hydrogen, nitrogen, and oxygen are carried
into the trap with the intense He pulse or pass through the trap

direct formation of a six-membered ring structure (112+),
whereas the second isomer is formed by rearrangement of the
ﬁrst to the more stable pyramidal structure with a ﬁvemembered base and the CH group at the apex (122+).32 The
isomers were characterized by attaching helium to massselected ions conﬁned in a cryogenic ion trap.33,34 With
selective photodetachment of the tag, spectra were obtained in
the region of C−H stretches for both 1[1·He]2+ and 1[2·He]2+
complexes. With the support of calculations we have shown
that the weakly bound helium atom causes only negligible
alterations to the infrared spectra of the dications; so it was
possible to directly compare the experimental fragmentation
spectra with the theoretical IR spectra of 112+ and 122+.

■

EXPERIMENTAL DETAILS
The experiments were performed with the ISORI instrument.25
ISORI is based on the combination of a low-temperature ion
trap with a TSQ 7000. In its original design the commercial
TSQ 7000 instrument has a quadrupole−octopole−quadrupole
geometry.35 The original vacuum chamber from the ion source
is connected to the main instrument via a customized ﬂange. It
continues to serve in its original manner, with all of the options
provided by the TSQ still availablehere with EI source
equipment. The new ultrahigh vacuum chamber consists of
three additional diﬀerentially pumped regions: (1) the region
with the ﬁrst quadrupole (4P1), the quadrupole bender (QPB),
and the octopole (8P), (2) the region with the ion trap
(w4PT), and (3) the second quadrupole (4P2) and the
detector. The ion trap has a linear quadrupole geometry where

Figure 1. (a) Time sequence. The experiment is operated at the repetition rate of two synchronized Nd:YAG lasers (10 Hz). Together with a pulse
of He gas, ions are injected into the trap. [C6H6Hex]2+ complexes are mainly formed in the ﬁrst 30 ms. At 74 and 75 ms the two IR light pulses (10
ns) interact with the ions, which are extracted at 80 ms. (b) Mass spectrum of the ions after 80 ms trapping time (without irradiation).
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photons with the ﬁxed wavenumber ν̃2 for 1 s and then
blocking them for the next 1 s. The resulting number of ions is
designated N(ν̃1,ν̃2) whereas N0(ν̃2) is the number of
complexes with the scanned OPO blocked. Such spectra are
also presented by plotting the reduced signal

as an eﬀusive beam via the entrance and exit electrodes. It is to
be noted that the C6H62+ dications are mass-selected together
with the C3H3+ monocations. For the monocations to interfere
at the m/z = 41 ratio (i.e., with [C6H6He]2+), their complex
with an H2 molecule would have to be formed. This has a very
low probability. The IRPD spectra of C3H3+ and C3H5+
monocations were previously reported by Duncan and coworkers and the spectra contain diﬀerent bands than those
reported in the spectra.36,37 The peaks at m/z 15 and m/z 63
indicate the preferred charge separation process of a few
dications during injection of ions into the trap.
IR OPOs. To record infrared predissociation spectra of
trapped C6H6He2+, two identical OPO/OPA systems are
available (LaserVision, tuning range 1000−4500 cm−1). The
OPOs are pumped by Nd:YAG lasers (Surelite EX from
Continuum). Both OPO beams enter the vacuum chamber
through the same CaF2 window mounted on the detector side.
The detailed preparation of the two light beams and their
overlap with the stored ions are described in the Supporting
Information. The energy of each IR pulse is recorded behind
the exit window.
The procedure of injecting ions, cooling them, forming
complexes, and triggering one or two OPOs was repeated at a
frequency of 10 Hz. The number of extracted ions was usually
accumulated over ten cycles. In the following ten cycles the
light from the OPO was blocked by a mechanical shutter, giving
the number of unirradiated ions. In one-color experiments, the
number of complexes that were detected with and without
irradiation are designated simply with N and N0, respectively. If
only a small number of complexes is fragmented (linear
regime), the IR spectra are presented by plotting the reduced
signal
S(ν̃) = 1 −

N
N0

S(ν1̃ ) = 1 −

(5)

High Fluence and Power Density, Typical Spectra. A
detailed description of the spatial extensions of the ion cloud
and the light beam and their mutual overlap is given in the
Supporting Information. The main result is that the geometry
of the light beam, the well-localized ion cloud, and their overlap
can be accounted for using just 1 mm2 as eﬀective area of the
photon beam. For the 1500 cm−1 range, the situation is slightly
diﬀerent. The photon-beam area is larger (about 3 mm2), and
the pulse energy is less than 2 mJ. With a pulse energy of 20 mJ
(at 3000 cm−1) one obtains a ﬂuence of 3.4 × 1019 photons/
cm2. Due to this very high value, IR fragmentation signals can
be signiﬁcantly saturated. For example, complexes of dications
generated from 1,3-cyclohexadiene were depleted more than
99% by irradiation at the 3089 cm−1 band (see below). Another
important factor to consider is the rather high power density of
the light beam inside the trap. Accounting for the pulse length
of 10 ns, the ions are exposed to a power density of 2 × 108 W/
cm2. This can lead to various nonlinear eﬀects such as the
excitation of combination bands, two-photon processes, and
also near-resonant Raman heating of the complexes without
fragmentation as discussed below. The situation will certainly
become more complicated if the stored ions are exposed to
both lasers at the same time. So far, we have separated them by
1 ms (Figure 1).
The dependence of the resulting spectra on the light pulse
energy is illustrated in Figure 2. We have recorded the spectral
region of C−H stretches using a pulse energy of 1.2 mJ (lower
trace) and 12 mJ (upper trace). Due to the limited number of

(1)

In the saturation regime, the plot of the remaining number of
complexes, N, or the normalized ratio, N/N0, provides more
information. In most experiments with doubly charged
benzene, the total number of complexes is the sum over
various isomers j,

N=

N (ν1̃ ) − N (ν1̃ ,ν2̃ )
N0 − N 0(ν2̃ )

∑ Nj
(2)

j

leading to superimposed spectra.
Increasing the energy of the light pulses at a ﬁxed
wavenumber ν̃ decreases the number of complexes. This
measured dependence usually has been approximated with the
function
N (E)/N0 = A 0 +

∑ Aj exp(−E/E j)
j

(3)

As explained below, the ﬁtting parameters Aj are, under ideal
conditions, identical to Nj. Knowing the relationship between
the energy of the light pulse E and the light ﬂuence Φ, the
parameters Ej can be directly converted into the absorption
cross section σj by making use of the identity
exp( −E /Ej) = exp( −σϕ
j )

(4)
Figure 2. Relative number of fragmented complexes at the two
indicated pulse energies of the IR light. With the 10 times more
intense pulse, the lines are signiﬁcantly saturated and power
broadened. The two lines at the left do not show up with 1.2 mJ
and are assigned as combination bands.

A detailed discussion as well as the used nomenclature can be
found in the Supporting Information.
Two-color experiments have been performed by recording
the number of ions as a function of ν̃1 while admitting the
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correspond to genuine minima as well as to calculate the
thermochemical data and IR spectra. The ﬁnal energies were
determined by single-point calculations at the CCSD(T)/augcc-pVTZ level.46−48 It was shown in our previous communication that CCSD, MP2, M06-2X, and PBEhPBE levels of
theory lead to very similar geometries for all optimized
dications and that the theoretical IR spectra are also very
similar at all of these levels of theory. Here, we use results
obtained at the PBEhPBE level of theory as they provide the
best match in the ﬁngerprint region. Results obtained at other
levels of theory can be found in the Supporting Information.

complex ions stored in the trap, with the present arrangement it
is possible to fragment all of those complexes that absorb
photons with a suﬃciently large cross section. Comparison
reveals that the lines recorded with the high energy are
signiﬁcantly broadened and that the peaks are saturated because
80% of the total number of trapped complexes are fragmented.
Another characteristic of the saturated spectrum is the
occurrence of combination and overtone bands that are
enhanced when the higher photon ﬂux is used to probe the
C−H stretching region. Especially evident are the two lines at
2980 and 3000 cm−1, which are not observed using 1.2 mJ
pulses. The very small cross sections of those bands (see
below) are a clear hint that, in this spectral range, photons are
absorbed via combination or overtone bands.
More quantitative information on photoinduced fragmentation can be obtained by recording the number of [C6H6He]2+
complexes as a function of the pulse energy at a ﬁxed
wavelength. Figure 3a shows results recorded at 3067 cm−1. At

■

RESULTS AND DISCUSSION
As mentioned in the Introduction, electron ionization of
benzene with 70 eV electrons leads to (among others) a
mixture of isomeric C6H62+ dications. Using helium tagging and
infrared predissociation (IRPD) spectroscopy in the C−H
stretching region, we could show that this production scheme
together with the transfer to the trap and the cooling process
leads to a mixture of two isomers, 112+ and 122+.31 All
experimental observations and interpretations have been
corroborated by the above-mentioned calculations. It has
been very helpful in these experiments that we could dissociate
the 1[1·He]2+ complexes using a high-power CO2 laser.
Originally, we hoped that we could anneal all of the stored
ions to the lowest isomer via several sequences of heating above
the barriers and cooling. However, accidentally, the 1[1·He]2+
isomer has infrared transitions in the range of photons emitted
by this type of laser whereas the other isomer does not.
Therefore, a pure IRPD spectrum of the remaining 122+
complexes could be recorded. This fortuitous two-color
experiment will be complemented by using two independent
tunable OPO/OPA systems for the generation of IR photons.
In addition, the frequency range of one of the OPO/OPA
systems has been extended into the C−C ﬁngerprint region.
The OPO systems now provide higher photon ﬂuence in the
trap and, as described above and in the Supporting Information,
the overlap with the narrow ion cloud has been improved.
There are many two-color or double-resonance experiments
that also make use of the coherence of the two light ﬁelds.
Typical examples include hole-burning in molecular jets,49
extracting ions from a trap into a TOF mass spectrometer
where they can be exposed to lasers at diﬀerent locations,50,51
or IR depletion spectroscopy using VUV fragmentation.52 In
the last of the mentioned experiments, the lasers interact with
ions inside a trap like in ours. In the present work it is new that
the ions are squeezed into a well-collimated laser beam, leading
to much higher light ﬂuence and extreme power densities.
Figure 4a shows the IRPD spectrum of the C6H62+ dications
generated by EI from benzene, now also including the
ﬁngerprint region. Comparison of the whole spectrum with
theoretically determined IR spectra of various C6H62+ isomers
shows a match at higher wavenumbers, if a mixture of 112+ and
1 2+
2 is considered (Figure 4b−g). The broad peak at about
2940 cm−1 represents a contribution from helium complexes of
the 112+ isomer. We have shown that there is another band at
about 3070 cm−1 originating from these ions, but it is
overlapping with bands belonging to the 122+ dications. The
pyramidal dications are represented by several overlapping
peaks at 3040 cm−1 and at about 3070 cm−1. The higher ﬂuence
(or the higher power density in the case of nonlinear
transitions) of the photon beam leads to additional peaks
that were not observed in the previous experiments (peaks at

Figure 3. Dependence of the number of [C6H6He]2+ complexes on
the pulse energy of the photon beam. (a) At 3067 cm−1, the data
points decrease steeply with increasing energy. An unbiased ﬁt reveals
two exponentials and a shifted zero line. The parameters are given in
the ﬁgure. (b) At 2815 cm−1, a very slow decay has been observed.
The resulting very small absorption cross section (Table 1) is a strong
hint that, at this wavelength, absorption occurs via a combination or
overtone band.

this wavelength almost all complexes are destroyed above 10
mJ. Fitting the data with eq 3 results in two characteristic
energies E1 = 1.1 mJ and E2 = 4.7 mJ and the unaﬀected ions
make up only 3.6%. The two pre-exponential factors, 52% and
45%, can be interpreted as two classes of ions; however, it is not
obvious (see below) that this coincides with diﬀerent isomers
because the photon wavenumbers average over 3 cm−1. Figure
3b shows the same type of measurement recorded at 2815
cm−1, which is a very weak absorption feature. The attenuation
is so small that it can be ﬁtted with a linear function.38,39

■

COMPUTATIONAL DETAILS
The calculations were performed using the perturbation theory
method MP240−42 and the density functional theory method
PBEhPBE43,44 together with the aug-cc-pVTZ basis set as
implemented in the Gaussian 09 suite.45 Computation of the
Hessian matrix was performed for all optimized structures at
the same level of theory to ensure that the structures
2535
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Figure 4. Helium tagging IRPD spectra of the C6H62+ dications generated by (a) double ionization of benzene and (h) dissociative double ionization
of 1,3-cyclohexadiene. Note that the spectra in the ﬁngerprint region are twice enhanced. (b)−(g) Theoretical IR spectra of diﬀerent C6H62+ isomers
obtained with the density functional theory model BPE, the scaling factor above 2700 cm−1 was 0.985 and below 2700 cm−1 was 1.015.

Figure 5. Two-color fragmentation of helium tagged C6H62+ dications generated from benzene. The uppermost curve shows the number of ions after
being exposed only to OPOA, which is scanned (black line). Addition of IR radiation from OPOB at a ﬁxed wavenumber (2940 cm−1 blue line, 3040
cm−1 red line) reduces the number of ions, as can be seen from the shifted N0 lines. A detailed inspection reveals that some lines disappear, e.g., the
combination band and the 2940 cm−1 feature in the blue spectrum or the 3040 cm−1 line in the red spectrum. It is also important to realize that the
combination of both OPOs leads to additional absorption at certain wavenumbers (e.g., at 3070 cm−1).
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Figure 6. (a) IRPD spectrum of the helium tagged C6H62+ dications generated from benzene. Two-color IRPD spectra obtained with one OPO ﬁxed
at (b) 3040 cm−1 or (c) 2940 cm−1. Two-color IRPD obtained according to eq 5 with the ﬁxed OPO at (d) 2940 cm−1, (e) 3040 cm−1, and (f) 1400
cm−1. The bar spectra indicate theoretical IR transitions of the C6H62+ isomers (the spectra above and below 2000 cm−1 are normalized to 1, the
correct intensities can be found in Figure 4).

3090 and 3107 cm−1, and a composite band at 2800−2850
cm−1). The bands in the ﬁngerprint region might also be
explained by the combined contributions of 112+ and 122+, but
without further analysis a contribution from other isomers of
the C6H62+ dications cannot be excluded. To link the bands in
the C−H stretching region (above 2700 cm−1) with the C−C
stretching bands and C−C−H deformation bands in the
ﬁngerprint region, we performed two-color experiments.
Two-Color IRPD Experiments. A two-color IR−IR
photodissociation experiment is based on the measurement of
a conventional IRPD spectrum with a scanning OPO while
irradiating the ions with a second OPO set at a ﬁxed photon
energy corresponding to a certain absorption band. Photoirradiation by the ﬁxed OPO, which is ﬁred 1 ms before the
other in the present experiment, reduces the population of one
isomer. This is demonstrated in the resulting spectrum by a
relative decrease in the intensities of all bands belonging to this
particular isomer. In the extreme example, when all these
isomers are depleted by the ﬁxed OPO, the measured spectrum
contains only peaks belonging to the remaining isomers.
The situation where we were able to destroy almost all
helium complexes of a given kind, is shown in Figure 5 (for the
notations see the Experimental Details). The black line shows
the remaining number of ions after irradiation by the scanned
OPO N(ν̃1) (ν̃1 refers to the scanning OPO). The [1 − N(ν̃1)/
N0] quantity, where N0 is the total number of the heliumtagged ions in the ion trap before irradiation gives the IRPD
spectrum shown in Figure 6a. The blue line in Figure 5 shows
the eﬀect of additional irradiation on the ions at the ﬁxed
wavenumber ν̃2 = 2940 cm−1 (ν̃2 refers to the ﬁxed OPO).

Clearly, by irradiation of the ions at 2940 cm−1 we had depleted
almost all of the helium complexes absorbing at this
wavenumber (i.e., 1[1·He]2+). We can thus expect that
additional depletion of the helium complexes by the scanned
OPO irradiation is caused mostly by the absorption of photons
by isomers other than those absorbing at ν̃2. This spectrum
(blue line) is dominated by the contribution of the 1[2·He]2+
isomer and the normalized spectrum ([1- N(ν̃1,ν̃2)/N0(ν̃2)]) is
shown in Figure 6c (see analysis below).
The same experiment was conducted with the ﬁxed OPO set
to ν̃2 = 3040 cm−1 (red line). Again, the dominant part of the
helium complexes absorbing at this wavenumber (i.e., 1[2·
He]2+) was fragmented by the ﬁxed photon-wavenumber beam
(note that there is still a small population of these complexes
that survive irradiation by the ﬁxed OPO but fragment upon
irradiation by the scanned OPO at the same wavenumber). The
resulting red spectrum is dominated by fragmentation of helium
complexes that are diﬀerent from those absorbing at 3040
cm−1; hence, it corresponds to the spectrum of the 1[1·He]2+
isomer and the normalized spectrum is shown in Figure 6b. In
addition to the bands at 2940 and 3070 cm−1, which were
previously observed, we can identify several peaks in the 2800−
2850 cm−1 range. These transitions are associated with the high
power density of the photon beam and must correspond to
overtones or combination bands. The small peaks at 3090 and
3110 cm−1 probably originate from an impurity (see the
Supporting Information).
The two-color experiments with ν̃2 = 3040 cm−1 and ν̃2 =
2940 cm−1 were also used to separate the IRPD spectra of the
individual isomeric complexes in the ﬁngerprint region. The
2537
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speculate about the possibility of preheating the complexes via
inelastic photon scattering or excitation of some combination
bands or overtones accidently present in the wavenumber range
considered as being oﬀ-resonance.
Quantitative Measurements. We have again demonstrated that upon electron ionization of benzene a mixture of
1 2+
1 and 122+ isomers is formed. The second step in the analysis
of this mixture is to determine how many dications of each
isomer are really present in the trap. Certainly, the relative
abundance of the isomers can be slightly modiﬁed by the
conditions in the ion source. Presumably, the initially hot ions
decay at diﬀerent rates either by fragmentation reactions or by
reactions with impurities in the ion source. The dications may
also undergo isomerization reactions in collisions with helium
when they are injected into the trap, and the ternary rate
coeﬃcients for forming the [C6H6He]2+ complexes may
depend on the structure of the dication. Nevertheless, after
relaxation to the low temperature of the trap, it is rather
unlikely that the isomers lying higher in energy would relax to
the more stable ones, because the energy barriers for the
rearrangement are too high (about 1 eV).31 We can thus
assume that under given experimental conditions, we are
working with a given mixture of isomers and we should be able
to determine their representation.
In the quantitative analysis of the isomers in the mixture, we
have taken advantage of the high photon ﬂuence that the
complexes are exposed to. Figure 7 shows the total numbers of
the [C6H6He]2+ complexes as a function of the photon energy
E at selected wavenumbers. The measured attenuation curves
have been simply ﬁtted with a single exponential curve (eq 3).
The number A0 summarizes all the [C6H6He]2+ complexes that
are not aﬀected by the irradiation at the given wavenumber.
This may be due to no absorption at the given wavenumber, or
the fact that a few complexes might be outside of the photon
beam (distortions of the dc part of the trapping potential). The
possibility of isobaric impurities such as [C3H5]+ (C3H3+ and
C6H62+ ions have the same m/z ratio and are thus both injected
into the ion trap, H2 is present in the background of the ion
trap) should be also taken into account.
Figure 7 show relative attenuation curves and their ﬁts for the
band at 3040 cm−1 (Figure 7a) and all the detected bands in the
ﬁngerprint regions (Figures 7b-f). For these experiments, the
beam splitter for the merging of the photon beams was
removed, so we achieved much larger power densities including
in the ﬁngerprint region compared to those achieved during
measurements of the spectra reported in Figure 6. The ﬁts were
obtained under the constraint that we are dealing with 40% of
isomer 112+, 40% of isomer 122+, and 20% of a background
(which may be singly charged ions or other impurities). The ﬁts
provide characteristic constants Ej that were converted to
absorption coeﬃcients (Table 1).53
The spectra for the C−H stretching region were measured at
clearly nonlinear absorption conditions, but the spectra
determined in the ﬁngerprint region were measured with a
much lower light ﬂuence and therefore the relative peak
intensities should be proportional to the absorption cross
sections of the individual group of ions. Figure 8 shows a
comparison of the spectrum measured for the 112+ dications in
a two-color IR−IR experiment (see above Figure 6) and the
absorption cross sections determined for the individual bands
in the attenuation experiments. Undoubtedly, both results give
a consistent picture.

normalized spectra are shown in Figures 6b and 6c,
respectively. The spectrum corresponding to the 1[1·He]2+
complexes contains four bands in the ﬁngerprint region (Figure
6b). Theoretically, only three peaks would be expected in the
spectrum of 112+, but we have to take into account that
coordination of helium to diﬀerent positions of the sixmembered ring may lead to shifts in the band positions and
result in more complicated spectra. For the pyramidal 1[2·
He]2+ complexes (Figure 6c) only one band at 1427 cm−1 is
detected, which is in agreement with theory. This band
corresponds to the C−C stretch in the ﬁve-membered ring at
the base of the 122+ pyramid.
The presented straightforward evaluation of the spectra in
the two-color experiments was only possible because of the
fortunate situation of having only two isomeric complexes and
being able to signiﬁcantly reduce the population of each of the
isomers. This is certainly not a normal situation. The alternative
approach for the evaluation of the two-color IRPD data
obtained from our experiments is based on the separation of
the changes introduced by the irradiation by the ﬁxed OPO on
the IRPD spectrum obtained by the scanned OPO. Application
of eq 5 to the results obtained for irradiation of the 112+ isomers
at 2940 cm−1 and the 122+ isomers at 3040 cm−1 leads the
spectra shown in Figure 6d,e, respectively. Clearly, we can see
peaks corresponding to the 112+ isomer and the 122+ isomer,
respectively. We have also detected negative peaks in both
spectra. We will return to their explanation later.
To test the evaluation according to eq 5, we have measured a
two-color IRPD spectrum with the ﬁxed OPO at 1400 cm−1
while scanning the region of the C−H stretches (Figure 6f).
We have selected this peak because it could potentially
represent a contribution of the triplet state dication 312+.
Although the relative changes in the IRPD spectrum imposed
by irradiation at 1400 cm−1 are very small, it is still evident that
this peak belongs to the singlet state dication 112+. This
experiment was done to prove or disprove any possible
involvement of the triplet state of the benzene dication (312+).
The transition at 1400 cm−1 ﬁts very well with the theoretical
prediction of the IR spectrum of 312+, and it could be possible
that the stretching vibration of the C−H bonds predicted at
3015 cm−1 could be shifted and thus overlapped by the bands
of dominant isomers 112+ and 122+. Nevertheless, this scenario
does not appear to be correct. See also below the powerdependence measurements, which show that all four bands
assigned to the 112+ isomer belong to only one group of ions.
Synergic Eﬀects in Two-Color IRPD Spectra. The
negative peaks in the spectra shown in Figures 6d−f are the
result of increased fragmentation of ions that are oﬀ-resonance
being irradiated by the second OPO. This eﬀect can be
observed in Figure 5 (compare black and red lines): Irradiation
of the ion cloud by the ﬁxed OPO at 3040 cm−1 not only leads
to fragmentation of the 1[2·He]2+ complexes absorbing at this
wavenumber but also secondarily leads to an enhancement of
the fragmentation of the 1[1·He]2+ complexes induced by the
scanning OPO at 2940 cm−1. By sole irradiation at 2940 cm−1,
about 100 helium complexes are fragmented (out of 450). If the
ions are ﬁrst irradiated at 3040 cm−1 and afterward probed by
irradiation at 2940 cm−1, the number of the depleted 1[1·He]2+
complexes approximately doubles. The same eﬀect was
observed if the order of the OPO shots was reversed. The
extent of the fragmentation enhancement slightly depended on
the time interval between the two OPO pulses, but it was
always present. The reason for this eﬀect is not clear, but we
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Table 1. Photoinduced Fragmentation Cross Sections
Estimated from the Characteristic Energies at Diﬀerent
Wavenumbers for the C6H62+ Dications Generated from
Benzene and 1,3-Cyclohexadienea
ν̃ [cm−1]

Ej [mJ]
C6H62+

1368
1402
1417
1425
1436
2815
3040
3067
3067
2979
3031
3073
3089
3105

σb [cm2]

σb [km mol−1]

Generated from Benzene

0.67
1.2 × 10−18
1.72
4.9 × 10−19
1.20
7.0 × 10−19
0.67
1.3 × 10−18
0.69
1.2 × 10−18
144.00
3.9 × 10−21
2.30
2.6 × 10−19
1.10
5.5 × 10−19
4.70
1.3 × 10−19
C6H62+ Generated from 1,3-Cyclohexadiene
9.96
5.9 × 10−20
3.36
1.8 × 10−19
3.24
1.9 × 10−19
2.34
2.6 × 10−19
4.32
1.4 × 10−19

4499
1841
2695
4881
4813
30
2157
4591
1075
478
1468
1565
2189
1198

See the ﬁtting curves in Figures 3 and 7 and eq 3. bThe absolute
errors of the cross sections are −30% and +50% as explained in the
Supporting Information. The relative errors will be much smaller.
a

Figure 7. Attenuation measurements at the indicated wavelengths
(a)−(f). Constrained ﬁtting of the data reveals that 40% of the ions
must be 112+ isomers, and 40% 122+ isomers. The remaining 20% are
either other isomers or other ions on m/z = 41, which do not absorb
the photons at the tested wavelengths. The resulting characteristic
energies Ej and therefore the absorption cross sections diﬀer
signiﬁcantly (Table 1).

Figure 8. Comparison of the two-color IRPD spectrum for the C6H62+
dications with one OPO ﬁxed at ν̃2 = 3040 cm−1 with absorption cross
sections determined from the attenuation experiments.

Figure 4a,h). The straightforward answer to the posed question
is thus “no, it should not be expected that we are dominantly
generating the most stable isomers of a given hydrocarbon
dication”. The assignment of the structure of the C6H62+ ions
generated from 1,3-cyclohexadiene is not obvious on the basis
of comparison with theory. We have therefore again applied
two-color IR-IR photodissociation spectroscopy.
We note in passing that we have also checked the IRPD
spectrum of C6H62+ dications generated by dissociative
ionization of 1,4-cyclohexadiene. It was suggested that double
ionization of 1,3-cyclohexadiene leads to the singlet state of
doubly protonated benzene and the double ionization of 1,4cyclohexadiene yields a mixture of the singlet and triplet states
of doubly protonated benzene.54 Nevertheless, the IRPD
spectra of the helium complexes of C6H62+ generated either
from 1,3-cyclohexadiene or from 1,4-cyclohexadiene were
identical within the experimental uncertainty.
We have measured two-color IRPD spectra corresponding to
the IRPD spectrum shown in Figure 9a with the ﬁxed OPO
tuned to every peak detected above 2900 cm−1. Most of the
spectra, however, were almost identical to the one-dimensional

Other C6H62+ Isomers. After demonstrating the power of
the two-color IRPD approach for determination of the isomeric
mixtures of ions, we extended our study to other isomers of
C6H62+. The question in many conventional reactivity studies of
hydrocarbon dications is whether it is acceptable to assume that
the ions are mostly present in their most stable structures. For
example, we have shown that all C7H62+ dications generated by
dissociative double ionization from toluene rearrange to the
most stable cycloheptatrienylidene isomer, although several
structures with a six-membered ring can be formed.25 In
analogy, here we have investigated, whether C6H62+ dications
generated by dissociative ionization of 1,3-cyclohexadiene also
mostly isomerize to the most stable 122+ isomers. Double
ionization of 1,3-cyclohexadiene in fact leads to doubly
protonated benzene and the dominant fragmentation of these
dications is dehydrogenation leading to the required C6H62+
dications.54
The IRPD spectrum of these dications clearly diﬀers from
the spectrum of the dications generated from benzene (cf.
2539
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Figure 9. (a) IRPD spectrum of helium tagged C6H62+ dications generated by dissociative electron ionization from 1,3-cyclohexadiene. Two-color
IRPD spectra obtained according to eq 5 with one OPO ﬁxed at (b) 2981 cm−1, (c) 3057 cm−1, and (d) 3107 cm−1. The bar spectra indicate
theoretical IR transitions of the C6H62+ isomers (the spectra above and below 2000 cm−1 are normalized to 1; correct intensities can be found in
Figure 4).

IRPD spectrum, because for most of the peaks more than one
isomer of the generated C6H62+ dications absorb. The most
representative separated spectra using the separation procedure
according to eq 5 were obtained when we tuned the ﬁxed OPO
to 2981 cm−1 (Figure 9b), 3057 cm−1 (Figure 9c), and 3107
cm−1 (Figure 9d).
The spectrum shown in Figure 9b represents the dominant
isomer. On the basis of comparison with the theoretical IR
spectra, we have concluded that it corresponds to the isomer
1 2+
5 . The theoretical IR spectrum of 152+ ﬁts very well in the
C−H stretching region. It, however, does not correspond well
in the ﬁngerprint region. We have optimized a whole array of
other C6H62+ isomers, but there was no better match. For the
ﬁngerprint region, it could also be assumed that this isomer
corresponds to 142+, but then the agreement in the C−H
stretching region is poor. At the MP2 level of theory, the
agreement between the experimental spectrum and the IR
spectrum of 152+ is much better (cf. Figure S4 in the Supporting
Information).
Irradiation with the ﬁxed OPO at 3057 cm−1 led to the
separation of the spectrum for a second generated isomer
(Figure 9c). This is analogous to the spectrum of the pyramidal
dication 122+ generated from benzene. The spectrum of the last
isomer was obtained by setting the ﬁxed OPO to 3107 cm−1
(Figure 9d). The separated spectrum probably still contains
peaks from the ﬁrst isomer, because it also had a low intensity
absorption band at about 3107 cm−1. Nevertheless, the
increased intensities at 3075 and 3110 cm−1 together with
the separated spectrum in the ﬁngerprint region suggest that
the last isomer could correspond to the 132+ isomer.

cross sections of diﬀerent helium complexes, or more precisely,
cross sections for breaking the van der Waals bonds via IR
excitations. In addition, the composition of isomeric mixtures
can be determined by separate attenuation via their distinct
absorption bands. The second possibility is based on the use of
two independent IR OPOs. One of them removes a certain
number of complexes whereas the other records an IRPD
spectrum of the remaining He-tagged ions. In the present work
the two laser like beams have been overlapped in space but
separated in time by 1 ms. Nonetheless, the high power density
has led to some nonlinear eﬀects, most probably near resonant
Raman heating of van der Waals modes. More work is needed
to understand such eﬀects. Additional interesting processes can
be expected, if the two light pulses are synchronized.
This approach was demonstrated for highly reactive
hydrocarbon dications C6H62+. We have shown that upon
generation of the C6H62+ dications from diﬀerent neutral
precursors, completely diﬀerent mixtures of isomeric dications
are formed. As reported previously, the C6H62+ dications
generated from benzene represent a mixture of six-membered
ring isomers 112+ and pyramidal isomers 122+. We found that
under the conditions of our experiment, we generated them in a
1:1 ratio. If the same dications are generated from 1,3cyclohexadiene by dissociative electron ionization, the major
component of the C6H62+ dications corresponds to the exomethylenecyclopentadiene dication 152+. In addition, we have
detected small populations of the pyramidal dication 122+ and
the allylidenecyclopropene dication 132+.

CONCLUSIONS
We have presented two experimental methods for disentangling
isomeric mixtures of helium complexes in our cryogenic ion
trap. The ﬁrst one became possible by the quadrupolar ﬁeld of
the trap leading to an almost complete overlap between the ion
cloud and the rather narrow photon beam. Up to 99% of the
He-tagged ions could be fragmented with a single light pulse.
This unique feature allows us to directly measure IR absorption
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(35) Duchácǩ ová, L.; Roithová, J. The Interaction of Zinc(II) and
Hydroxamic Acids and a Metal-Triggered Lossen Rearrangement.
Chem.Eur. J. 2009, 15, 13399−13405.
(36) Ricks, A. M.; Douberly, G. E.; Schleyer, P. v. R.; Duncan, M. A.
Communications: Infrared Spectroscopy of Gas Phase C3H3+ Ions:
The Cyclopropenyl and Propargyl Cations. J. Chem. Phys. 2010, 132,
051101−1−051101−4.
(37) Douberly, G. E.; Ricks, A. M.; Schleyer, P. v. R.; Duncan, M. A.
Infrared Spectroscopy of Gas Phase C3H5+: The Allyl and 2-Propenyl
Cations. J. Chem. Phys. 2008, 128, 021102.

AUTHOR INFORMATION

Corresponding Author
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Schröder, D.; Price, S.; Alcaraz, C.; Roithová, J. Energetics and
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Ion density, light beam, fluence of photons, cross section
In order to determine absolute cross sections for absorbing one or several IR photons, it
needs to be accounted for the spatial overlapping integral of the ion cloud and the laserlike OPO beam penetrating the trap. In the following we show that the ion cloud is
much smaller than the focused near Gaussian light beam, allowing us to use a rather
simple estimate.
The central element of the instrument ISORI is an rf (radio frequency) ion trap mounted
onto a cold head. As described in detail in Ref. 25, a linear wire quadrupole (w4PT) has
been chosen in the present instrument. The hyperbolic boundary conditions are approximated by four groups of 6 wires (diameter 1 mm, see left part of Figure S1). In comparison to higher order multipoles, more often used for cryogenic ion traps, this geometry
has several advantages due to the harmonic effective potential, while rf heating leads to
a higher kinetic temperature. However, if heavy ions are stored in He, the internal temperature of the ions is much less effected (see Eq. 113 in Ref. (S1)).

Figure S1. Overlap between the photon beam (yellow) and the ion cloud (green). The inhomogeneous rf field of the w4PT confines the ion cloud very close to the center line of
the linear quadrupole. The broader laser beam surrounds the ions. The influence of space
charge and a non-ideal beam profile of the OPO output are discussed in the text.

In order to estimate the spatial distribution of the ion cloud, we make use of Eq. 54 from
Ref. (S1). In the present experiment the quadrupole (inscribed radius r0 = 0.6 cm) is operated with a frequency f = 3.0 MHz and an amplitude V0 = 130 V. For ions with m/q =
41 u/e and a kinetic energy of Em = 1 meV (~ 10 K), one obtains a turning radius rm =
0.108 mm. With typically 104 ions in the 4 cm long trapping volume, this would lead to
a number density of 6.8 106 ions/cm3, a value where Coulomb repulsion starts to play a
role (see for example Ref. S(2)). Accounting for this and assuming a kinetic temperature
of 20 K we estimate that the diameter of the ion cloud is at maximum 0.5 mm.
The beams from the two OPOs (LaserVision) are first expanded (4 : 1) and then, using a
50 % beam splitter, superimposed parallel before they enter the vacuum system. The
overall distance from the entrance to the exit window is 126 cm allowing very precise
alignment. The energy of each OPO pulse is monitored after the exit window. Typical
results are shown in Figure S2.
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Figure S2. Energy per light pulse determined after the exit window of the instrument and
corrected for the calibrated transmission trap - exit window.

Using a telescope, the trap and the cold head, which is mounted with bellows, have been
adjusted onto the axis of the apparatus. A lens with an effective focal length of 65 cm
focuses the light beam into the instrument such that the beam waist is located several
cm before the trap. In this way a light beam with a slowly increasing diameter is superimposed to the ion cloud (see Figure S1). The beam profile at the location of the trap
has been analyzed deviating the beam with a mirror before the entrance window.
Averaging over the beam profile at the location of the ions (d ~ 0.5 mm) and accounting
for the slight divergence of the light beam (~ 3.5  10–3) we estimate that the photon
fluence Φ, seen by the ions, can be determined simply from the measured energy per
pulse and an effective area a  100..53 mm2 . The errors account for deviations from a
Gaussian profile, for slight deviations of the trap axis and also for possible field perturbations inside the trap, occurring especially at the two ends of the linear quadrupole. It
is important to note that the reduction of the rf amplitude by a factor 2 (V0 = 65 V) did
not lead to a significant change of the fragmentation signal although the radius of the
ion cloud is doubled. This test, which has been performed in the linear regime, indicates
that the ion cloud is located in the plateau region of the light beam. It also corroborates
our simplifying assumption to use simply a mean value for Φ.
With the information presented above, one can convert directly the measured pulse energy into the photon fluence Φ and the measured characteristic energies Ej (see Eq. 3)
into the absorption cross section j using the formulas:

  E / a h .

(S1)

 j  a h / E j .

(S2)

The error of the so-derived cross sections is predominantly determined by the error of
the area a, e.g. -30% and + 50%.
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Third isomer among the C6H62+ dications generated from benzene

2+

Figure S3. (a) IRPD spectrum of the helium tagged C6H6 dications generated from
benzene. double resonance IRPD spectra obtained according to Equation 1 with the fixed
-1
-1
-1
laser at (b) 2940 cm , (c) 3040 cm , and (d) 1555 cm .
-1

-1

The bands at 1555 cm and 1233 cm did not appear during all measurements. It could
be due to a third type of isomers among the C6H62+ dications generated from benzene
that are formed with a low population and their formation depends on the conditions in
the ion source. Double resonance IRPD spectrum that was measured for this particular
isomer by fixing one laser at 1555 cm-1 and scanning the C-H stretching mode region
reveals that it could be one of the isomers generated from 1,3-cyclohexadiene (cf. Figure 9d in the main document). This isomer is probably allylidenecyclopropene dication
1 2+
3 .
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Theoretical spectra calculated at different levels of theory

2+

Figure S4. Helium tagging IRPD spectra of the C6H6 dications generated by (a) double
ionization of benzene and (h) dissociative double ionization of 1,3-cyclohexadiene. Note
that the spectra in the finger-print region are twice enhanced. (b-g) Theoretical IR spectra
2+
of different C6H6 isomers obtained with perturbation theory MP2; scaling factor was
0.955 for the whole spectra.
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Figure S5. Helium tagging IRPD spectra of the C6H62+ dications generated by (a) double ionization of benzene and (h) dissociative double ionization of 1,3-cyclohexadiene.
Note that the spectra in the finger-print region are twice enhanced. (b-g) Theoretical IR
spectra of different C6H62+ isomers obtained with density functional theory M06-2X;
scaling factor was 0.955 for the whole spectra.
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