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The infrared spectrum of the benzene—Ar cation

Rob G. Satink,® Hans Piest, Gert von Helden, and Gerard Meijer

Department of Molecular and Laser Physics, University of Nijmegen, Toernooiveld,
NL-6525 ED Nijmegen, The Netherlands and FOM-Institute for Plasma Physics Rijnhuizen,
Edisonbaan 14, NL-3430 BE Nieuwegein, The Netherlands
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The infrared(IR) absorption spectra of the jet-coolegHz and GDg cations, complexed with Ar,

are measured throughout the 450—1500 &megion via IR-laser-induced vibrational dissociation
spectroscopy. The IR spectrum of thgHg—Ar cation is dominated by a Fermi resonance between
the IR activer,;; mode and two components of the combination mode of the lowest frequency
modesvg and v4. A stringent upper limit of 316 cm' is found for the value of the dissociation
limit Dy of the neutral @Dg—Ar complex. © 1999 American Institute of Physics.
[S0021-960609)01548-7

The benzene cation with its doubly degenerit%Elg MATI spectra for bare benzene and those of its argon
electronic ground state is arguably the most prototypical excomplexes?’
ample of a Jahn—Teller distorted system. According to Jahn ~ The experimental setup and the detection method that is
and Tellet the coupling of nuclear motion with the elec- used are similar to those describe_q previously in our work
tronic degeneracy leads to a distortion of the molecule alon pﬂrt|ng on the IR s;s)ectra of an|I|ne'—A3r,na}phthalene—
certain normal coordinates so that the potential minimum i\, and pyrazine—Af? and are only briefly given here.

no longer at the symmetrical position. Consequently, therj The experiments are performed using the free electron

has been considerable interest to unravel the vibration ﬁser for infrared experiment&ELIX)™ as a source of in

properties and to deduce information on this Jahn—Teller dist_ense pulsed infrared radiation. FELIX produces IR radiation

; that is continuously tunable over the 40—2000 ¢mange.
torted structure for the benzene catfoffor many of the The light output consists of macropulses of aboutsidu-

halogenated benzenoid cations gas-phase Iaser-induce%—,[ion containing up to 100 mJ of energy. Each macropulse
fluorescence(LIF) studies have been applied and have

) - . - - consists of a train of micropulses that are 0.3-5 ps long and
yielded a wealth of information and improved understanding; ns apart. In the present experiments, the macropulse rep-

on the Jahn-Teller effect as such, as in these studies thgjtion rate is 10 Hz, and the bandwidth of the laser is typi-
Jahn-Teller active modes are directly accessiblés low cally set to 0.5%—1.0% of the central frequency. In the mo-
fluorescence quantum yield has prohibited such gas-phasgcular beam apparatus, a pulsed valve backed with 2 bar Ar
LIF studies on the benzene cation. Photoelectrorpremixed with a fraction of a percent ofs8g (CsDg), re-
spectroscopyand threshold-electrofzero electron kinetic |eases gas pulses of typically %3 duration. About 4 cm
energy, ZEKE®™® and threshold-ion detectiofmass ana- downstream, the molecular beam is skimmed upon entering a
lyzed threshold ionization, MATIscheme% ! have been differentially pumped linear time-of-flighffTOF) mass spec-
successfully used, however, to measure and assign sevetedmeter. The molecules in the beam interact with incoming
vibrational modes in the benzene cations. UV laser beams as well as with the collimated FELIX beam
In this communication we report the first gas-phase IR(@pproximately 2—3 mm diamedeat the crossing point of
absorption spectra of thesHg and GDg cations, complexed —the mutually perpendicular molecular beam axis, laser beam
with Ar, throughout the 450—1500 ¢ region. The spectra axis, and TOF-tube axis. A scheme of the experimental de-
are measured via IR-laser-induced vibrational dissociation oféction method that is used is given in Fig. 1. The van der
the laser prepared cationic van der Waals complexes. Th&/aals complexes under study are ionized via two-color

experimental detection scheme also allows one to determirig 1 )-résonance enhanced multiphoton ionizaliB&EMPI)

an upper limit for the dissociation energy of these weakly"'? the Gt(Slﬂ)VsTate under {'e'd;"wseﬁ _(I:_(r)]nd|t|ons, us;n?hthe
bonded complexes. As the rare gas atom in the ionic com@Ppropriate _aser wavelengtiis.” 1he energy of the

. Ionizing photon is chosen such as to bring the van der Waals
plex is located above the plane of the benzene molecule, on

the symmetry axi€? the van der Waals complex retains a complex just barely above the ionization threshold. With an

e ; . excess energy of less than 10 ¢t even the lowest van der
sufficiently high symmetry to also be Jahn—Teller dlstortedwaals mode of the complex cannot be excité@herefore,

and the IR spectrum of the ionic complex is e_xpected_ t%ns will only be prepared in the ground vibrational level,
resemble closely that of the bare benzene cation. This i§, 4 will be about as cold as the neutral benzene—Ar com-
substantiated by the good agreement between the observgghyes that they originate from. Shortly after production, the
complex ions are irradiated with the macropulse of FELIX.
dElectronic mail: robs@sci.kun.nl The maximum energy density of FELIX used in these ex-
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FIG. 1. Energy-level scheme forgBg and for GHg—Ar, indicating the Frequency (cm )

experimental method used to record the IR spectrum of the complex catior]:IG. 2. Observed IR absorption spectrufinear scale of the GyHg—Ar
cation (upper tracg and of the GDg—Ar cation (lower trace with peak

periments is about 0.2 J/@nwhich is reduced by fixed- positions given in cm?. In the inset the normalized yield ofsD¢ pro-
value attenuators if required. Several microseconds after théiced after excitation on the 485 chmmode is shown as a function of IR
end of the EELIX macropulse, the ions in the imeractionlaser intensity, together with a fit of the data points to a-€gkp(—ol))

. . dependence.
region are pulse extracted and accelerated to a multichannel
plate (MCP) detector, yielding TOF mass spectra. If a vibra-
tional transition is induced in the complex cation, vibrationalare of the speciesl’y=2a;y® 1a,;®2b,4® 1e;3®4ey
dissociation can occur, leading to the appearance of benzergla,,® 2b,,®2b,,®3e;,®2e,,.1° In the electronic
cations against zero background. The IR absorption spectruground state of neutral benzene, tg, mode and the three
of the internally cold benzene—Ar complex ion is measurece;, modes are IR active. When the vibrational symmetry is
via recording of the ratio of the benzene cation signal intencombined with theE,  electronic symmetry of the ground
sity to the sum of the benzene—Ar cation and benzene catiostate of the catioAthe number of possible vibrational modes
intensity (corrected for IR-laser intensity fluctuationas a is doubled. In particular, six ungerade modes of electronic-
function of IR-laser frequency. vibrational A symmetry and ten ungerade modes of

In the upper part of Fig. 2 the observed IR absorptionelectronic-vibrationalE symmetry result, which are all IR
spectrum of the gHg—Ar cation as recorded via the scheme active from the vibrationless level in the ion. Of these, #vo
depicted in Fig. 1 is shown. At least 12 IR transitions can benodes and twde modes are in the high-frequency CHH
identified in the 450—1500 cnt region. The spectrum is stretching region, whereas tHe,, component of thevq
dominated by intense IR transitions in the 600—700 ¢ém mode, known from ZEKE and MATI experiments to be lo-
region. The linewidth of the individual transitions observedcated at 306 cm' (264 cm 1) for the GHg (CgDg)
in the spectrum is mainly determined by the linewidth of thecation®!! is outside of our scan region at the low frequency
IR laser. In the lower part of Fig. 2 the observed IR absorp-sside.
tion spectrum of the deuterated ion is shown, in which 14  In the electronic ground state of the neutral molecule the
peaks are identified and which appears strikingly differeniR active a,, v;; mode[out-of-plane C—KD) bending is
from the observed spectrum of its hydrogen-containing counfound at 671 cm?® (503 cm'?) for CgHg (CgDg).2° The
terpart. As we are measuring the IR spectrum of the van destrong IR active mode observed at 485 ¢hin the spectrum
Waals complex, it can never be excluded that van der Waalsf the GDg—Ar complex is consequently safely assigned to
sidebands appear in the IR spectrum of the complex, buhis v;; mode, which is of electronic-vibration&l,, symme-
such sidebands are expected to be weak relative to the futry in the GDg cation. This mode has been observed before
damental transitions. Moreover, in the case gHga very  at 488 cm* as a weak peak in ZEKE and MATI specfr&
similar IR spectrum, only with a slightly inferior signal-to- but has never been assigned. The corresponding mode in the
noise ratio, has been recorded via dissociation spectroscofiysHe—Ar complex is expected as a single strong peak around
on the GHg—Kr complex. We can therefore be confident that650 cm 1. In the spectrum, however, two almost equally
the spectra shown in Fig. 2 are rather close both in linestrong peaks are observed at 631 and 698 cimstead, thus
position (within a few cm %) and in relative line intensity to  forming a textbook example of a Fermi resonafit€o get a
the “true” IR absorption spectra of the bare benzene cationsFermi resonance with the,; E;,, mode, a nearby combina-

We will compare the observed spectra to the IR spectrdion mode of the same symmetry is required, for which the
that are expected for the bare benzene cations. The vibrg@ombination of the linearly Jahn—Teller actieg, mode vg
tional modes of benzene, with the moleculyg, symmetry, and the quadratically Jahn—Teller actieg, mode w4 is the
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only candidate. From a two-modeyd, v.g) Jahn-Teller asimplemented iGAUSSIAN 98 and assuming a compressed
analysis, two components of thgv;s combination mode D,y distorted structure for the cation, have already yielded
with the correct symmetry are expected in this region, saemarkable agreement with the observed IR spectra. How-
there actually is a three level interaction possible. Assumingever, high quality calculated IR spectra for the benzene cat-
that the modes at 631, 661, and 698 Ccrbelong to the ion in Dg, symmetry are required to make a meaningful
Fermi triplet, and taking the same interaction parameter besomparison. As both frequency positions and line intensity
tween thev;; mode and either component of the combinationinformation are available from the IR absorption spectra
band, the deperturbed frequency of thg mode is found at shown here, it is expected that it will be possible at that point
665 cm' !, whereas the twdE,, components of the,sv;s  t0 assign many of the ungerade fundamental modes in the
combination mode are found at 656 and 669 émThe in-  cation unambiguously, even though the possible occurrence
teraction parameter that is found to describe the observedf Fermi interactions is likely to complicate the spectra
spectral structure correctly is 23 crh throughout.

It is interesting to note that all three components of the  For the strong IR resonance at 485 cmin the
Fermi triplet have also been observed in ZEKE and MATICgDg—Ar cation, the absolute value for the fraction of IR-
spectroscopy on Hg at the samewithin 2 cm™?) fre-  laser-induced dissociation products is measured as a function
quency position&:*! Moreover, the almost completely mixed of IR-laser intensity, and the results are shown in the inset to
outer two components from this triplet indeed appear withFig. 2. If absorption of a single IR photon leads to the ap-
the same intensity in these spectra. The two lowest frequendjearance of benzene ion dissociation products, the benzene
components of this triplet had been assigned to the two douon branching ratio will have a (X exp(-al)) dependence
bly degenerate components of thesr;s combination —©On the IR-laser intensity, with o the absorption cross sec-
band®!! but it was already noted that these modes wouldion for the corresponding single photon transition. In par-
then be significantly shifted away from their expectedticular, for low values of the produet! the yield of benzene
frequencies! The highest frequency component of the ions will depend linearly on the IR-laser intensity. If the
Fermi triplet had not been assigned. The deperturbed valugPsorption of more than one IR photon is required to over-
we find for the frequencies of the two Components of thecome the dissociation ||m|t, a higher-than-linear intenSity de-
vsv1s COmMbination band match the expected frequenties Pendence is expected for low valuesaf. From the mea-
very We"’ and provide Support to the two-mode Jahn_Te||e|SUred fractional dissociation curve it is concluded that the
model as presented by Goode, Hofstein, and Johhson. vibrational level at 485 cm! is located above the dissocia-

Knowing that this Fermi interaction is in effect in the tion limit of the ionic GDe—Ar complex. This information
CsHs cation, it also has to be present in the deuterated sp&ombined with the 169 cm' redshift of the ionization po-
cies. Due to a much larger frequency difference between thiential of deuterated benzene upon complexation with an Ar
interacting levels, the effect of the interaction is less pro-2f0M* puts an upper limit on the value of the dissociation
nounced, though it nevertheless gives some IR intensity t§Mit Do of neutral GDe—Ar in its electronic ground state of
the vgv15 combination bands seen at 602 and 619 &mA Dy<316 cm ! Thisis a more stringent upper limit than the
similar deperturbation analysis on the triplet of modes ob-Presently accepted experimental upper limit of 340 ¢nf
served at 485, 602, and 619 chyields deperturbed fre- and still some 15 cm' below the value ofD, found in
quencies for thev;; mode of 494 cm® and for theEy, recent highly accuratab initio calclulatlons on the ground
components of thevgr,s combination mode of 598 and State of the benzene—Ar compléx’

615 cm 1, again in excellent agreement with calculatidhs. We gratefully acknowledge support by the “Stichting

An interaction parameter of 25 ¢ is found to describe the voor Fundamenteel Onderzoek der Mat&FOM)” in pro-

observations most accurately. viding the required beam time on FELIX and highly appre-
There is another weak peak observed at 678 timthe  ciate the skillful assistance by the FELIX staff. This research

spectrum of the gHe—Ar cation. This peak coincides exactly is part of the research program of FOM and is in part finan-

with the E;4 component of the Jahn—Teller active modg  cially supported by the Council for Chemical Sciences, both

in the GsHg cation,®**which might show up weakly in our of which are financially supported by the “Nederlandse Or-

spectrum due to the breaking of gerade—ungerade symmetganisatie voor Wetenschappelijk Onderzd®RW0),” and

in the complex. Other possible low frequency ungeradeeceives direct support by the NWO via PIONIER Grant No.

modes ofA and E symmetry that this feature could be as- 030-66-89.
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