
Sterically flexible molecules in the gas phase
A spectroscopic study

Dissertation

zur Erlangung des akademischen Grades

doctor rerum naturalium

(Dr. rer. nat.)

im Fach Chemie

eingereicht an der

Mathematisch-Naturwissenschaftlichen Fakultät I

der Humboldt-Universität zu Berlin

von

Dipl.-Chem. Undine Erlekam

geboren am 23.02.1981 in Staßfurt

Präsident der Humboldt-Universität zu Berlin
Prof. Dr. Dr. h.c. Christoph Markschies

Dekan der Mathematisch-Naturwissenschaftlichen Fakultät I
Prof. Dr. Christian Limberg

Gutachter : Prof. Dr. G. J. M. Meijer

Prof. Dr. K. Rademann

Tag der mündlichen Prüfung : 28.01.2008
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Chapter 1

General Introduction

1.1 Motivation

The macroscopically observable properties and functionalities of biological mat-
ter are determined by intra- and intermolecular interactions of its building
blocks on the microscopic level. Often, the sum of many weak interactions are
of fundamental importance for the structure and dynamics of the macroscopic
system. Such weak interactions are, for example, hydrogen bonding or van
der Waals interactions. The secondary structure of proteins and the base pair
stacking in DNA are prominent examples where hydrogen bonding and van der
Waals interactions determine the properties of the system on a macroscopic
level [1].

In general, hydrogen bonding interactions are important in polar systems,
while van der Waals interactions that are present in non-polar species are for
example assumed to enable a gecko to hang from a ceiling [2]. To understand
macroscopic observations, it is of interest to investigate such interactions on a
fundamental level.

This can be done on isolated systems in gas phase experiments where pertur-
bations by interactions with the environment can be excluded. The benzene
dimer is a prototype system to investigate dispersive interactions as the two
benzene units are bound by van der Waals and electrostatic interactions. Ex-
perimentally, this complex can be formed in a supersonically expanding molec-
ular beam. Such beams are frequently used in experiments that require vi-
brationally, rotationally and/or translationally cold molecules: either to inves-
tigate them directly via spectroscopic techniques (as presented in this thesis)
or after manipulation by external electric or magnetic fields [3]. In addition,
reactive collisions can be investigated using molecular beams [4]. As molec-
ular beams have become widely used tools in molecular physics and physical
chemistry, it is important to understand the dynamics of cooling the various
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1 General Introduction

degrees of freedom of molecules in these beams. It is frequently observed that
in such a molecular beam, the internal degrees of freedom of the respective
species are not in thermal equilibrium. This can lead, for example in the case
of flexible molecules such as amino acids, to the observation that, additionally
to the minimum energy conformer, many other conformers are simultaneously
present. This conformational distribution is investigated and discussed for the
amino acid phenylalanine in this thesis.

One focus in this thesis is the benzene dimer. It is investigated in a supersoni-
cally expanding molecular beam by means of spectroscopy in the energy range
of electronic transitions, vibrations and rotations. The results are discussed
in terms of dispersive interactions, hydrogen bonding as well as symmetry. In
addition, the benzene dimer is used for conformational dynamics studies in a
molecular beam at ultra-low temperatures.

1.2 Experimental setups

All experiments presented in this thesis are performed in the gas phase us-
ing molecular beams. Molecular beams have become an essential technique to
investigate gas phase molecules at low temperatures [3]. In molecular beam
experiments, the molecules cool adiabatically by inelastic collisions with the
carrier gas. Depending on the mass of the molecule, the carrier gas is chosen
such that optimum energy transfer and cooling of the internal degrees of free-
dom of the molecule is assured. Frequently used carrier gases are light and
heavy rare gases but also molecular N2 or polyatomics like CO2 and SF6. De-
pending on the expansion conditions the molecules can be cooled rotationally
and vibrationally down to some degrees K and the velocity of the supersonically
expanding molecular beam varies between 500 and 1000 ms−1. The transla-
tional temperature is reflected in the velocity distribution of the molecular
beam and can be as low as a few degrees K. Cooling in the expansion can
lead to complexation of the molecules with carrier gas atoms as well as to the
formation of molecular clusters.

The particle density ρ in a molecular beam is very low as it behaves at
larger distances from the valve according to

ρ ∝ cos

mΘ

r

2
(1.1)

with Θ being the angular deviation from the molecular beam axis and r the
distance from the nozzle. The coefficient m takes the value 1 for ideally ef-
fusive beams and 3 for ideally supersonic beams [5, 6]. The main advantage
of spectroscopy in the gas phase using molecular beam techniques is that the
molecules can be investigated individually without interference by neighboring
molecules.
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TOF mass
spectrometer

UV
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Figure 1.1: Scheme of the molecular beam machine used for the UV and IR
experiments described in the following chapters.

1.2.1 IR and UV spectroscopy

The infrared (IR) and UV experiments are performed with the molecular beam
set up that is schematically shown in Figure 1.1. A carrier gas, usually a rare
gas, is expanded through a pulsed valve (Jordan TOF products, Inc. [7]) with
a backing pressure of a few bar into vacuum. Typically, the gas pulse has a
width of a few 10 μs and the repetition rate is 10 Hz. The molecule of interest
can, depending on its vapor pressure, either be premixed directly with the
carrier gas, or it is vaporized by laser desorption or by sublimation right after
the nozzle of the valve. In all cases a co-expansion of the carrier gas and the
molecular species is obtained. The vaporization sources will be described in
more detail later in this section.

After collisional cooling the molecules (and clusters) pass through a con-
ically shaped skimmer with a diameter of 2 mm placed 50 mm downstream,
separating the source chamber and the detection chamber. The two chambers
are differentially pumped (Pfeiffer turbo molecular pumps, 520 l/s and 210 l/s)
and the pressures are 10−5 and 10−7 mbar, respectively. The detection chamber
houses a Wiley-McLaren type linear Time-Of-Flight (TOF) mass spectrome-
ter [8] at a distance of 255 mm from the nozzle of the valve. At this distance
collisions do not occur anymore in the molecular beam and the molecules in-
teract with (UV and IR) laser beams that are aligned perpendicularly to the
molecular beam axis. The interaction of the molecules with the UV photons
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1 General Introduction

can lead to electronic excitation and ionization of the molecules. The inter-
action zone is located in the electric field between two extraction plates and
the ions are accelerated perpendicularly to the molecular beam and the laser
beam axes towards a one meter remote Multi Channel Plate (MCP) detector
where they arrive separated in time according to their m/q ratio (t2 ∼ m). The
ion signal is recorded as a function of time, amplified and stored on a LeCroy
oscilloscope, which is read out by a PC. The mass spectra thus obtained have
a mass resolution m/Δm of ∼ 200.

Vaporization sources

For molecules with a sufficiently high vapor pressure the preparation is fairly
simple since the sample can be mixed directly with the carrier gas. Since
benzene is volatile, the gaseous molecules resulting from the vapor pressure
(110mbar, 20◦C) can be premixed and co-expanded with the carrier gas. In
our experiments the benzene concentration is about 0.03%, and rotational tem-
peratures ≤ 3 K can be reached in the supersonic expansion, when using helium
as a carrier gas.

However, the number of molecules with a high vapor pressure is limited.
In order to investigate solids or liquids with low vapor pressures, heating is
necessary to vaporize the molecules. If the sample is heated before passing
through the valve or inside the valve body, the maximum temperature is limited
by recondensation in the valve and the technical properties of the valve. The
valve used in the experiments for this thesis can be heated to only 70◦C [7].
When higher temperatures are needed a sublimation oven [78,195] can be placed
directly after the nozzle of the valve. This allows one to heat the sample
to higher temperatures but care has to be taken not to reach the point of
decomposition. An additional complication is that the expansion is disturbed
by the presence of the oven.

Laser desorption Decomposition during vaporization of the sample
molecules can be avoided using the method of laser desorption [9] which
is schematically shown in Figure 1.2 (a). The setup we have constructed for
the experiments presented in this thesis is similar to the one described in
Reference [9] and will be presented in the following.

The solid sample is mixed with graphite powder and the mixture is de-
posited on the flat surface of a graphite target (1 × 50 mm2). The target is
brought through a lock chamber into the source chamber, where it is mounted
on a holder very close to the front plate of the valve. The holder can be regu-
lated in height and is horizontally moved by a motor driven translation stage.
The slightly focused beam (f = 300 mm) of the desorption laser, a pulsed
Nd:YAG laser (Thales laser DIVA II, 1064 nm, 100 μJ/pulse, 10 Hz), hits the
sample from above, 0.5 mm in front of the nozzle. The desorbed molecules are
entrained in the pulse of carrier gas that is released through a 1 mm diameter
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valve
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desorption laser

1064 nm
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molecular sample

in graphite matrix

tube

(a) (b)

Figure 1.2: (a) Scheme of the laser desorption source used to bring molecules
with low vapor pressure into the gas phase. (b) Modifications of the laser
desorption setup for the experiments presented in section 4.3.

nozzle of a pulsed valve (Jordan) from a backing pressure of 3 bar into vac-
uum. In order to avoid a perturbation of the expansion, the side of the graphite
target showing away from the valve is beveled off. The desorbed molecules ini-
tially have a vertical velocity vector component and have to be forced into the
direction of the carrier gas pulse. Therefore, the collisions with the carrier
gas have to provide adequate momentum transfer. This can be controlled by
choosing the atomic/molecular mass of the expansion gas with respect to the
mass and the cross section of the desorbed molecule. The time delay between
the opening of the valve and the trigger for the desorption laser is optimized to
yield the best cooling conditions and the largest overall signal. Other critical
parameters are the height of the sample with respect to the nozzle of the valve
and the alignment of the desorption laser beam relative to the molecular beam
axis. When the sample has reached its end position it is removed through the
load lock and replaced by a fresh one.

For the experiments on the amino acid phenylalanine (see section 4.3 and
chapter 5) laser desorption has been used successfully with argon and neon
as a carrier gas. Cooling and overall detection efficiency are inferior using
helium as a carrier gas. The optimum height of the sample is found to be
when the lower third of the orifice of the valve is covered by the target. For
the experiments presented in section 4.3 the setup has been slightly changed
as shown in Figure 1.2 (b), aiming to improve the cooling conditions for laser
desorbed phenylalanine molecules. The additional tube is installed directly on
the front plate of the valve and the shape of the graphite target is adapted in
order to form a sealed unit with the tube. Several shapes of the tube (cylindrical
and conical geometries with varying diameter, length and angle) are used.
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Figure 1.3: Scheme of the infrared (IR) laser system. The IR light is generated
and amplified in a series of LiNbO3 crystals by difference frequency mixing of
the output of a pulsed dye laser with the 1064 nm beam of an injection seeded
Nd:YAG laser.

A major problem of the laser desorption technique is the shot to shot fluc-
tuation in the amount of vaporized sample molecules. These fluctuations result
from fluctuations in the desorption laser power and from the (in)homogeneity
of the sample density. The signal stability also depends on the exact horizontal
adjustment of the graphite target.

Laser systems

The UV spectra (see Figures 1.10 and 4.4) are obtained by one- or two-color
Resonance Enhanced Multi Photon Ionization, REMPI (see section 1.3.1). The
laser systems used are frequency doubled Nd:YAG pumped pulsed dye lasers
(Spectra Physics PDL and Radiant Dyes Narrow Scan). For the UV experi-
ments on the benzene dimer two laser systems are used: one for the excitation
of the molecules from the electronic ground state to the first electronically
excited state and a second laser for subsequent ionization from the excited
state. The excitation laser is operated with Coumarin 307 dye (Radiant Dyes)
and the ionization laser with Rhodamin 6G dye (Exciton). While Coumarin
307 is pumped by the third harmonic output of the Nd:YAG laser (355 nm),
Rhodamin 6G is pumped by the second harmonic output (532 nm). For the
experiments on phenylalanine excitation and ionization are performed with one
laser (Coumarin 153 dye (Radiant Dyes)). UV light is obtained by second har-
monic generation (SHG) of the dye laser output in a non-linear crystal, such
as BBO (β-BaB2O4), suitable for the spectral range 34500 - 47600 cm−1, or
KDP (KH2PO4), suitable for the spectral range 25000 - 38500 cm−1.

The infrared laser system (see Figure 1.3) used for the experiments, de-
scribed in chapters 2 and 5 and section 4.3, is similar to one used by Gerhards
and coworkers [10]. It consists of three building blocks, an injection seeded
Nd:YAG pump laser (Spectra Physics Quanta Ray, linewidth 0.005 cm−1), a
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1.2 Experimental setups

dye laser system (Precision Scan SL Sirah) and a unit for IR generation by
difference frequency mixing (DFM). The Nd:YAG laser (10 Hz repetition rate)
generates radiation of 1064 nm that is frequency doubled in a non-linear KD∗P
(KD2PO4) crystal with an efficiency of about 35 %. The second harmonic ra-
diation (532 nm, ∼ 400 mJ/pulse) is separated from the residual fundamental
frequency beam and pumps a dye (Styryl 9) laser generating light around 800
nm (35 mJ/pulse). Special care is taken to guarantee a sharp spectral distri-
bution of the dye laser output (0.05 cm−1 spectral linewidth), using a grazing
incidence grating and a Littrow grating for the wavelength selection. A portion
of the residual Nd:YAG light of 1064 nm is mixed with the dye laser beam in
a LiNbO3 crystal generating a signal and an idler wave. The idler wave cor-
responds to the difference frequency of the two incoming laser beams (around
3100 cm−1, ∼ 1 mJ/pulse). For the experiments, amplification of the IR light
is necessary. Therefore, the IR light (idler wave) is mixed with the remaining
residual 1064 nm beam of the Nd:YAG laser in a second LiNbO3 crystal, the
OPA (optical parametric amplifier), generating the difference frequency and an
amplified (up to 10 mJ/pulse) IR laser beam around 3100 cm−1. The different
generated frequencies are separated by a series of dichroic mirrors. The spectral
width of the IR laser beam is determined by the bandwidths of the Nd:YAG
(0.005 cm−1) and dye (0.05 cm−1) laser beams and by the difference frequency
mixing process. The resulting IR laser beam has a spectral linewidth that is
increased by a factor of only 1.1 compared to that of the dye laser beam. By
phase matching of the LiNbO3 crystals, laser light in the spectral range from
2650 to 5500 cm−1 can be generated. Choosing the appropriate dye (DCM,
Pyridine 1, Pyridine 2, Styryl 8, Styryl 11, Styryl 9) this spectral range can be
continuously covered by this table top laser system. Several problems encoun-
tered when working with the IR laser system and the appropriate solutions are
presented in Appendix B.

1.2.2 Microwave spectroscopy

High resolution rotational spectroscopy is performed in a Fourier-Transform-
microwave (FT-MW) spectrometer. The molecules are premixed with a carrier
gas (helium, neon or argon) and co-expanded through the nozzle of a pulsed
valve (20 Hz, General Valve series 9) from a backing pressure of a few bar
into a confocal Fabry-Pérot resonator (10−6 mbar) with two spherical, 63 cm
diameter aluminum mirrors. In the molecular beam the rotational and vibra-
tional temperatures are ∼ 1.5 K and ∼ 50 K, respectively [11]. The pulse
duration is on the order of several 100 μs and can be regulated, as well as
the time delays of the microwave irradiation (duration ∼ 0.5 μs) and of the
detection (duration ∼ 20 μs) relative to the opening of the valve. The valve
is placed in the center of the left spherical mirror (see Figure 1.4), which also
houses a pair of antennas emitting microwaves in the frequency range from
2 to 26.5GHz (0.07-0.88 cm−1). By linearly changing the distance between
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MW
E
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E
v

- +
15 kV max 

E
MW

E
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→

→

Figure 1.4: Scheme of the experimental setup used to perform microwave ex-
periments. The molecules enter the chamber through a pulsed valve placed
in the center of the left spherical mirror. The spherical mirrors serve as res-
onator for the microwaves, but can also be used as electrodes for Stark effect
measurements.

both reflectors, the frequency of the standing wave is selected. This setup, the
so-called Coaxially Oriented Beam Resonator Arrangement (COBRA) [12,13],
achieves a resolution up to 5 kHz [11] and has an enlarged sensitivity com-
pared to earlier setups [14–16] with the molecular beam and the resonator axis
perpendicularly arranged. Therefore, even though microwave spectroscopy can
only observe polar species, molecules and clusters with small dipole moments,
such as the benzene dimer, are accessible as well.

The setup shown in Figure 1.4 can (after small modifications) be used to per-
form Stark effect measurements. For that, a well defined and homogeneous
electric field is required. In earlier setups, in which high voltage (HV) has been
applied between two parallel plates which were perpendicularly arranged with
respect to the resonator axis, this requirement has not been met, which limits
the accuracy [17]. In the current experimental setup the spherical mirrors are
thermally and electrically insulated and therefore suitable to serve as Stark
electrodes. A high voltage potential of up to 15 kV is applied to the rear reflec-
tor, while the reflector equipped with the supersonic valve and the microwave
antennas is kept at ground potential (see Figure 1.4). In order to warrant a
homogeneous electric field, additional ring electrodes of the same radius as the
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1.3 Spectroscopic techniques

spherical mirrors are coaxially mounted between both reflectors (this modifica-
tion is not shown in Figure 1.4). The spherical mirrors and the ring electrodes
are connected via equal resistors and spaced such that a constant potential gra-
dient along the resonator axis is generated. This so-called Coaxially Aligned
Electrodes for Stark effect Applied in Resonators (CAESAR) setup provides
a homogeneous electric field over a large volume [18]. Inhomogeneities occur
only far away from the molecular beam/resonator axis and do not contribute
significantly to the molecular signal, as the particle density decreases with in-
creasing distance from the molecular beam axis according to expression 1.1.
Inhomogeneities in the vicinity of the spherical reflectors are not important as
the particle density is low near the rear electrode and as the molecular signal is
detected only after the supersonic expansion, i.e. at a certain distance from the
valve and thus from the front electrode. The CAESAR setup does not affect the
high sensitivity of the COBRA design allowing for Stark effect measurements
on molecules with substantial as well as with small dipole moments.

1.3 Spectroscopic techniques

In spectroscopy the interaction between molecules/atoms and electromagnetic
radiation is investigated. These interactions can be elastic and inelastic scatter-
ing of light, as well as the absorption and emission of light. The spectroscopic
techniques used in this thesis are based on the emission and/or absorption of
photons: UV spectroscopy, infrared spectroscopy and microwave spectroscopy
allow for the investigation of electronic transitions, molecular vibrations and
molecular as well as internal rotations, respectively, as well as of the symmetry
properties of the corresponding energy levels. This thesis describes spectro-
scopic experiments performed on dilute samples in the gas phase.

1.3.1 UV spectroscopy

Transitions between electronic states can be induced by visible or UV radiation,
preferably laser light that has a well defined frequency.1 The selection rules for
allowed transitions can be deduced from symmetry considerations. Transitions
between two electronic states described by the wavefunctions Ψ′

e and Ψ′′
e are

observable if the transition dipole moment Re is non-zero

Re =

∫
Ψ′∗

e μeΨ
′′
edτe (1.2)

with μe being the operator of the electric dipole moment and τe the electron
coordinates. This condition is met if the (ir)reducible presentation Γ of Re

Γ(Re) = Γ(Ψ′∗
e ) ⊗ Γ(μe) ⊗ Γ(Ψ′′

e ) ⊃ A (1.3)

1The theory of molecular electronic transitions is in detail presented for example in
Reference [19].
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1 General Introduction

contains the totally symmetric irreducible representation A of the point group
of the molecule.

The electronic ground state of benzene (point group D6h), for example,
is A1g and the dipole moment operator spans A2u(z) + E1u(x, y). Therefore,
allowed transitions can be expected to be A2u ← A1g and E1u ← A1g. Other,
formally forbidden, transitions can gain intensity if simultaneously to the elec-
tronic excitation a vibration is excited. In this case equation 1.2 is enlarged by
the vibrational wavefunctions and the transition dipole moment is

Rev =

∫∫
Ψ′∗

e Ψ′∗
v μeΨ

′′
eΨ′′

vdτedτN (1.4)

with τN being the coordinates of the nuclei. The selection rule formulated in
equation 1.3 applies similarly, including additionally the irreducible representa-
tions of the vibrational wavefunctions. Such a vibronic transition is for example
observed in benzene for the S1 ← S0 electronic transition (B2u ← A1g) when
being coupled to the vibrational mode ν6 that excites a vibrational state of
E2g symmetry [20, 21]. In this case the representation of the transition dipole
moment is A1g + A2g + E2g and the integral 1.4 is non-zero.

Electronic spectra of gas phase molecules can be obtained by several techniques.
Their applicability depends on the electronic properties of the molecule. One
commonly used technique is Laser Induced Fluorescence (LIF) [22]. In LIF
a photon excites a rovibronic level of an electronically excited state. In the
absence of collisions, the molecule spontaneously de-excites to a specific (de-
pending on the Franck-Condon factors) rovibrational level of the electronic
ground state while emitting a photon. This emission is detected as a function
of the excitation energy providing information about the electronic and rovi-
bronic molecular properties. LIF can be used when the electronically excited
state involved has a substantial fluorescence quantum yield. The molecular
systems, investigated in the experiments that are presented in this thesis, have
a very low fluorescence quantum yield [23,24]. Therefore, the LIF technique is
not used in this work.

In another technique a second photon is used to ionize the resonantly ex-
cited molecule. The ion yield is mass-selectively detected as a function of the
energy of the first photon, the excitation photon. (Alternatively, the simultane-
ously produced electrons can be detected; the mass-selectivity, however, is then
lost.) This so-called Resonance Enhanced Multi Photon Ionization (REMPI)
technique [25–28] is schematically shown in Figure 1.5 (a). The applicability
of REMPI depends on the lifetime of the excited state. If the molecule tends
to a fast intersystem crossing to a different electronically excited state from
which the molecule cannot be ionized efficiently, the REMPI technique cannot
be applied.

If the excitation and ionization photon have the same energy (1-color
REMPI) the molecule is often excited far above the ionization threshold. Larger
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Figure 1.5: Schematic representation of different types of Resonance Enhanced
Multi Photon Ionization (REMPI). The first UV photon excites resonantly an
electronically excited state, for example S1, the second UV photon subsequently
ionizes the molecule. (a) 1-color REMPI excites the molecule to energies far
above the ionization potential IP. (b) 2-color REMPI ionizes the molecule with
two photons of independently tunable frequencies. (c) Double resonance ex-
periment in which an IR laser excites vibrational energy levels of the electronic
ground state prior to electronic excitation depleting the ground state and thus
reducing the UV ionization yield (shown as light lines). Electronic excitation
from the vibrationally excited state is very unlikely due to the different vibra-
tional frequencies in S0 and S1.

clusters of the molecular species can be non-resonantly excited at the same time
and the excess energy can be transferred to vibrational modes inducing dissoci-
ation of the clusters. The fragments can be detected in the mass channel of the
species of interest and can thus contaminate its spectrum. This interference
can be reduced using two photons of different energy: 2-color REMPI or R2PI
(resonance enhanced two-photon ionization). The energy of the second photon
can be adjusted such that the molecule (and possibly present larger clusters)
is excited just above the ionization threshold (see Figure 1.5 (b)) avoiding that
larger clusters dissociate. Additionally, experiments are possible in which the
energy of the ionization photon is tuned while that of the excitation photon is
fixed allowing one to study the onset of ionization and the vibrational properties
of the ion.
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1.3.2 Infrared spectroscopy

Molecular vibrations occur in the energy range of the IR radiation.1 The energy
of a vibrational state of the harmonic oscillator is

Eυ = hν

(
υ +

1

2

)
(1.5)

with ν being the frequency of the fundamental mode and υ the vibrational
quantum number. The dipole moment μ has the form

μ = μ0 +
∑

i

(
∂μ

∂Qi

)
0

Qi +
1

2

∑
i,j

(
∂

2
μ

∂Qi∂Qj

)
0

QiQj + ... (1.6)

where μ0 is the dipole moment of the rigid molecule and Q the normal coor-
dinates of the respective normal mode. In the harmonic approximation the
quadratic and higher terms are ignored and the transition dipole moment Rυ

for a transition υ

′ ← υ with Δυ = ±1 is

Rυ = 〈υ′
i|μ|υi〉 = 〈1i|μ|0i〉 = μ0 〈1i|0i〉 +

(
∂μ

∂Qi

)
0

〈1i|Qi|0i〉 . (1.7)

A vibrational transition is IR active if Rυ is non-zero. As the first term in
equation 1.7 is zero, a vibrational transition can only be observed if the dipole
moment varies with the displacement of the nuclei. The latter can be regarded
as a selection rule for vibrational transitions.

Frequently, vibrations are anharmonic. In the case of electronic anhar-
monicities, the quadratic and higher terms, including cross terms between dif-
ferent normal modes QiQj , in equation 1.6 are not necessarily zero and the
transition dipole moment is

〈
υ

′
iυ

′
j |μ|υiυj

〉
= 〈1i1j |μ|0i0j〉 = μ0 〈1i1j |0i0j〉 +

(
∂μ

∂Qi

)
0

〈1i|Qi|0i〉 〈1j |0j〉

+

(
∂μ

∂Qj

)
0

〈1j |Qj |0j〉 〈1i|0i〉 +
1

2

(
∂

2
μ

∂Qi∂Qj

)
0

〈1i1j |QiQj |0i0j〉 + ...

(1.8)
Electronic anharmonicities can thus result in combination bands (Qi 
= Qj) in
which more than one mode is excited simultaneously, as well as in overtones
(Qi = Qj) with Δυ = ±2,±3.... However, electronic anharmonicities are
usually weak and the intensities of the allowed overtones and combination bands
are thus comparatively low.

Anharmonicities can also be of mechanical nature that change the poten-
tial well such that it is compared to the harmonic potential well steeper for

1As the theory of molecular vibrations is presented in detail in several textbooks [29,30],
only a short introduction shall be given in this section.
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displacements r < re and shallower for displacements r > re, with re being the
interatomic distance in the equilibrium geometry. The potential energy of the
vibrational level is then

Eυ = E0 +
∑

i

(
∂E

∂qi

)
0

qi +
1

2

∑
i,j

(
∂

2
E

∂qi∂qj

)
0

qiqj

+
1

3!

∑
i,j,k

(
∂

3
E

∂qi∂qj∂qk

)
0

qiqjqk + ...

(1.9)
with q being the mass weighted coordinates

√
mx and m the mass being dis-

placed by x. The effect of mechanical anharmonicity is that modes couple with
each other, and overtones and combination bands become IR active. Due to
electronic and mechanical anharmonicities also combination bands of overtones
and fundamental modes can be excited:

〈2i1j |E|0i0j〉 =
1

3!

(
∂

3
E

∂Q

2
i ∂Qj

)
0

〈
2i|Q2

i |0i

〉 〈1j |Qj |0j〉 + ... (1.10)

As the lower terms that are not shown in equation 1.10 are zero (see equation

1.8) the modes will mix only if the derivative
(

∂3E
∂Q2

i
∂Qj

)
0

is non-zero. The

interaction between a fundamental mode and a combination band is called a
Fermi resonance. Fermi resonances play a role, for example, in the benzene
dimer (see chapter 2).

Similar to equation 1.3 the IR activity of a vibrational transition can be
determined by considering the symmetry properties of the dipole moment and
of all vibrational (and electronic) wavefunctions involved in the transition:

Γ(Rev) = Γ(Ψ′∗
e ) ⊗ Γ(Ψ′∗

v ) ⊗ Γ(μ) ⊗ Γ(Ψ′′
e ) ⊗ Γ(Ψ′′

v) ⊃ A (1.11)

with Γ(Ψ′∗
e ) ⊗ Γ(Ψ′′

e ) = A if the vibrational transition is within one electronic
state.

The IR spectra in this thesis are measured with a double resonance technique
which is schematically shown in Figure 1.5 (c). A one- or two-color ionization
scheme is used to resonantly excite and then to ionize molecules which are
in the vibrational and electronic ground state. This process is optimized to
yield an intense and stable ion signal. A few ns before the electronic excitation
the molecules interact with tunable IR laser light that, in case of a resonance,
excites a vibrational transition in the electronic ground state. This leads to a
depletion of the vibrational ground state population leaving a reduced number
of molecules for the subsequent resonant electronic excitation and ionization.
Resonant electronic excitation from the vibrationally excited state is unlikely as
the vibrational force constants are different in the two electronic states, giving
rise to different transition frequencies. Therefore, the ion signal is reduced in
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1 General Introduction

the case of vibrational excitation prior to ionization. The ion yield is measured
as a function of the IR wavelength giving the IR spectrum. This technique is
called resonant ion-dip IR spectroscopy (RIDIRS) [31]. Simultaneously, the ion
signal (IS) without preceding IR excitation is measured in order to determine
the absorption cross section

σ(ν) = − 1

Eν
ln

IDSν

ISν
(1.12)

with Eν being the IR laser fluence at frequency ν, IDSν the ion-dip signal and
ISν the pure ion signal.

A similar technique, fluorescence-dip IR spectroscopy (FDIRS) can be used
if the electronic states of the molecule have a sufficiently large fluorescence
quantum yield. In that case a fluorescence transition is resonantly excited
monitoring the population of a specific state in the electronic ground state. If
the population of this state is depleted as a consequence of vibrational excita-
tion prior to electronic excitation, the fluorescence quantum yield is reduced.
The fluorescence quantum yield measured as a function of the IR wavelength
gives the IR spectrum of the electronic ground state [32].

1.3.3 Microwave spectroscopy

The rotational properties of a molecule can be investigated via microwave spec-
troscopy revealing the precise structure and internal dynamics of the respective
system.1

A molecule interacts only with a microwave electromagnetic field if it has a
permanent electric/magnetic dipole moment. A non-linear and non-spherical
(spherical in the sense that all three moments of inertia are equal) molecule can
have two equal principal moments of inertia IA = IB < IC or IA < IB = IC

(oblate or prolate symmetric top molecule) or three different principal moments
of inertia IA < IB < IC (asymmetric top molecule). In a symmetric top, the
dipole moment is oriented along the symmetry axis. In an asymmetric top
molecule the dipole moment can lie in any arbitrary direction.

In the field free molecular beam the dipole moments of the molecules are
statistically oriented, producing no macroscopic dipole moment (see Figure
1.6 (a)). Upon irradiation by a resonant microwave pulse of the duration τp

(0.5μs) the individual dipole moments of all molecules are oriented due to the
interaction with the external electromagnetic field (see Figure 1.6 (b)). The
superposition of the molecular dipole moments results in an oscillating macro-
scopic dipole moment. The oscillation frequency corresponds to the difference
of rotational frequency of the two coherent states. Since the microwave radia-
tion is temporally limited (τp) and due to the decreasing particle density during

1For a more detailed introduction into the theory of molecular rotations, than the one
given here, the reader is referred to the standard textbooks [29,33,34].
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t ν
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Figure 1.6: (a) Without an electromagnetic field the molecular dipoles are
oriented statistically. (b) The interaction with a microwave pulse of duration τp

orients the dipoles. (c) The decay of the so formed macroscopic molecular field
is recorded in the time domain and (d) Fourier transformed into the frequency
domain.

the expansion, the amplitude of the molecular field, induced by the orientation
of the individual dipole moments, decays. This transient emission (free induc-
tion decay (FID)) is measured in the time domain and Fourier transformed into
the frequency domain (see Figure 1.6 (c) and (d)).

The spectroscopic signal is thus a transition between two rotational states
which are each uniquely defined by the angular momentum quantum number
J and by the quantum number of the angular momentum component along
the molecular axis K with the values from −J to +J . The term energy of a
rotational level in a symmetric top molecule as a first approximation is defined
by

E = BJ(J + 1) + (X − B)K2 (1.13)

with the rotational constants B and X = A or X = C, for a prolate and an
oblate symmetric top molecule, respectively. From equation 1.13 it can be seen
that the rotational states with K 
= 0 are doubly degenerate in a symmetric
top. In an asymmetric top the degeneracy of the ±K levels is lifted (KaKc).
If the molecule is subject to an external electric field, the quantum number of
the projection of the total angular momentum onto a space fixed axis (MJ )
is additionally required to define the rotational state. As J is 2J + 1 fold
degenerate MJ can adopt 2J + 1 different values.

The selection rules for observable (purely rotational) transitions are ΔJ =
±1, ΔK = 0 for a symmetric top species and ΔJ = 0,±1 for an asymmetric
top molecule. In a near-prolate asymmetric top molecule Kc has to change
parity and Ka has to maintain parity, so that transitions K

′
cK

′
a ↔ KcKa =

++ ↔ −+ and −− ↔ +− are allowed (Dennison notation [35]). + and −
characterize the behavior of the rotational energy levels with respect to rota-
tion through π about the principal axes c and a, respectively. In the notation
of King, Hainer and Cross [36] the designations ee, oe, eo and oo have been
introduced for KaKc, where e and o indicate the even- and oddness of Ka

15
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and Kc. In a near-prolate asymmetric top molecule the observable transitions
K

′
aK

′
c ↔ KaKc are then ee ↔ eo and oo ↔ oe. For the symmetric top, as well

as for the asymmetric top MJ changes with ΔMJ = 0 or ±1, depending on
whether the external field is parallel or perpendicular to the electromagnetic
field, respectively. The experimental setup described in section 1.2.2 corre-
sponds to the latter geometry.

Stark effect measurements

When a system with a permanent electric or magnetic dipole moment is subject
to a static homogeneous electric or magnetic field the 2J +1 fold degeneracy of
the directional quantum number MJ with the values ±J,±(J − 1), ...,±1, 0 is
lifted and the resulting splittings (and shifts) can be observed in the rotational
spectrum. The spectral changes that are a consequence of the interaction of
the molecule with an external electric or magnetic field are called the Stark or
Zeeman effect, respectively.

The interaction of a static electric field
→

E
with a polar molecule having the

dipole moment
→
μ is given classically by − →

μ · →

E
. The static electric field

→

E

is defined along the Z axis in a fixed coordinate system and the permanent

molecular dipole moment
→
μ in the coordinates of the molecular frame. The

Hamiltonian for the interaction is given by

ĤE = −EZ

∑
g=x,y,z

μgΦZg (1.14)

with ΦZg being the projection cosine between the axes x, y and z of the molec-
ular frame and the Z axis of the electric field frame. For a symmetric top,
where the dipole moment is oriented along the principal symmetry z axis of
the molecule and where

→
μx=

→
μy= 0, the expression reduces to

ĤE = −EZμΦZz. (1.15)

The effect on the energy levels can be calculated quantum mechanically by
perturbation theory. The energy shift that a rotational level of a symmetric
top molecule experiences in an external electric field can be described by

E

1
E = −〈Ψ∗|μEΦZz|Ψ〉 = −μE

h

MJK

J(J + 1)
. (1.16)

The change in energy of a rotational state is thus proportional to the first power
of μ · E (linear Stark effect). The second order or quadratic Stark effect for a
symmetric top given by

E

2
E =

μ

2
E

2

2Bh

2

{
(J2 − K

2)(J2 − M

2
J )

J

3(2J − 1)(2J + 1)
− [(J + 1)2 − K

2][(J + 1)2 − M

2
J ]

(J + 1)3(2J + 1)(2J + 3)

}
(1.17)
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is usually much smaller than the linear Stark effect and can be neglected.
However, if K = 0 equation 1.16 becomes zero and the frequency shift results
solely from the quadratic Stark effect. The quadratic Stark effect for states
with K = 0 is obtained from equation 1.17 then as

E

2
E,J �=0,K=0 =

μ

2
E

2

2Bh

2

J(J + 1) − 3M

2
J

J(J + 1)(2J − 1)(2J + 3)
. (1.18)

In the special case that J = 0 the rotational level cannot be split and MJ is
0. The quadratic Stark effect is obtained when setting J = K = MJ = 0 in
equation 1.17:

E

2
E,J=0 = −μ

2
E

2

6Bh

2
. (1.19)

From equations 1.16 and 1.17 it can be seen that whereas a linear Stark
effect lifts completely the 2J + 1 fold degeneracy of MJ , a quadratic Stark
effect leaves all states MJ 
= 0 doubly degenerate due to the quadratic term
M

2
J . The change in the transition frequencies depends on the difference between

the Stark effects of the upper and lower level of a transition. With the selection
rules for symmetric top species ΔJ = ±1, ΔK = 0 and the knowledge about
the relative orientation of the microwave and static electric field vectors the
shifts of the transition frequencies can be determined with equations 1.16 and
1.17. For transitions with ΔJ = +1, ΔK = 0 and ΔMJ = ±1 the transition
frequency shifts by

Δν =
μEK

h

(2MJ ∓ J)

J(J + 1)(J + 2)
(1.20)

for a linear Stark effect and by

Δν =
μ

2
E

2

2Bh

2

{
(J + 1)(J + 2) − 3(MJ ± 1)2

(J + 1)(J + 2)(2J + 1)(2J + 5)
− J(J + 1) − 3M

2
J

J(J + 1)(2J − 1)(2J + 3)

}
(1.21)

for a pure quadratic Stark effect (K=0), where MJ and J are the quantum
numbers of the initial state.

Degenerate states, as for example the doubly degenerate states in symmet-
ric tops with K 
= 0, have a linear Stark effect, whereas all states of linear
molecules and the symmetric top states with K = 0 have a quadratic Stark
effect (see Figure 1.7). Asymmetric top states have a quadratic Stark effect as
the degeneracy of the ±K levels is lifted.

Provided that the electric field is fairly homogeneous and well defined the
Stark effect can, in combination with high resolution spectroscopic techniques,
such as rotational spectroscopy, be exploited to determine precisely the molec-
ular dipole moment μ. Furthermore, Stark effect experiments can be used to
classify the quantum numbers J and K of rotational transitions for example in
the very beginning of an experiment when assignments are still unknown.
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Figure 1.7: Schematic representation of the (a) quadratic and (b) linear Stark
effect on the rotational levels of a symmetric top species. The selection rules
for a transition are ΔJ = ±1, ΔK = 0 and ΔMJ = ±1 or 0, depending
on the relative orientation of the microwave and electric field. (adapted from
Reference [33])
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Figure 1.8: Symmetry operations expressed in terms of point group theory
(D6h) and permutation-inversion group theory (D6h(M)) where the pairs of
C-H bonded nuclei are numbered 1-6 around the benzene ring.

1.4 Permutation-inversion group theory

Permutation-inversion (PI) group theory is a concept employing molecular sym-
metry that allows one to describe rigid and non-rigid molecular systems [37–39].
This concept differs from the point group symmetry concept by Schönflies which
is limited to rigid species. Non-rigid systems easily change their conformation
by large amplitude motions (LAM) and thus their symmetry properties. The
benzene dimer, for example, is such a non-rigid system. The effects of LAM
can be observed as tunneling splittings in high resolution spectra (see chapter
3). Permutation-inversion group theory can be used to adequately describe
large amplitude motions changing the molecular symmetry. PI group theory
allows one to determine spectroscopic selection rules and to calculate nuclear
spin statistical weights as well as the number and degeneracies of sublevels
split apart as a consequence of tunneling. It can thus be used to predict and
to analyze rotational spectra.

The complete permutation-inversion group of a molecule consists of the
identity operation E, all permutations P of identical nuclei, the inversion E

∗

and the product of E

∗ with all permutations P of identical nuclei, P

∗. However,
for many molecules not all elements have to be taken into account. Restricting
the group to feasible operations gives the Molecular Symmetry (MS) group.
The feasibility of an operation/tunneling is limited by the experimental time
scale, i.e. by the resolution of the experiment. The MS group is thus a sub-
group of the complete permutation-inversion group and can be adapted to the
respective problem. For rigid non-linear molecules the MS group is isomorphic
to its point group.

Point group operations affect the vibrational and electronic coordinates of
a molecule; they are called rotation Cn, reflection σ, inversion i and improper
rotation Sn. These operations are described by permutation, inversion and
permutation-inversion in the PI theory, which affect additionally the rotation
and spin coordinates. The correlation between the operations is shown in
Figure 1.8 for benzene, as an example.
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1.4.1 Nuclear spin statistics

The nuclear spin statistical weights specify the population of a rotational energy
level with a specific symmetry and depend on the MS group. Consequently,
these weights determine the intensity pattern of rotational transitions. The ex-
perimentally determined relative transition intensities can be compared to spin
statistical weights obtained when assuming different MS groups. This allows
one to determine the MS group of the non-rigid molecule (i.e. its equilibrium
structure) and thus its tunneling motions that produce observable splittings in
the spectrum. In the following the determination of the nuclear spin statistical
weights shall be introduced.

The internal wavefunction Φint, including a coordinate and a spin part,
changes in sign by a nuclear permutation involving an odd permutation of
identical nuclei with half integer spin (fermions)

PoddΦint = −Φint (1.22)

and is invariant to a nuclear permutation involving an even permutation of
fermions

PevenΦint = +Φint. (1.23)

This is the Pauli exclusion principle. A permutation, involving even or odd
permutations, of identical nuclei with integer spin (bosons) does not change
the sign of Φint. Φint can be written in zeroth order as the product of the
nuclear spin and the rovibronic wavefunction

Φint = ΦnspinΦrotΦvibΦel = ΦnspinΦrve. (1.24)

Φnspin is invariant to the operation E

∗ and therefore the effect of the
permutation-inversion operation P

∗ is the same as of the permutation P .
In the following, the spin statistical weights of the rotational levels of C6H6,

as an example, shall be determined according to the method shown in Reference
[42]. The MS group of C6H6 is D6h(M) and the character table is given in
Appendix A.

For a nucleus n with the nuclear spin In, 2In+1 spin functions exist. They
are written in the form |In,mIn

〉 with mIn
= −In,−In + 1, ...,+In. In C6H6

only the six protons with In=1/2 contribute to the nuclear spin statistical
weights. The spin up and spin down functions

∣∣ 1
2 ,

1
2

〉
and

∣∣ 1
2 ,− 1

2

〉
, respectively,

shall be called α and β. The total nuclear spin function of C6H6 is the sum
over all combinations of α and β for the six protons. The characters χnspin [P ]
of the 64 nuclear spin functions under each permutation are shown in Table
1.1. From this the representation Γnspin of each nuclear spin function Φnspin

can be determined according to

Γnspin =
∑

l

alΓ
(l) (1.25)
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Φnspin E (1
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∗
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∗
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(2
3)
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6)

∗

1 2 2 1 3 3 1 2 2 1 3 3

αααααα 1 1 1 1 1 1 1 1 1 1 1 1
ββββββ 1 1 1 1 1 1 1 1 1 1 1 1
αβββββ 6 0 0 0 2 0 6 0 0 0 2 0
βααααα 6 0 0 0 2 0 6 0 0 0 2 0
ααββββ 15 0 0 3 3 3 15 0 0 3 3 3
ββαααα 15 0 0 3 3 3 15 0 0 3 3 3
αααβββ 20 0 2 0 4 0 20 0 2 0 4 0

Φint 1 -1 1 -1 1 -1 ±1 ∓1 ±1 ∓1 ±1 ∓1

Table 1.1: Character table of the representations Γ of the 64 nuclear spin
functions Φnspin and of the internal wavefunction Φint of C6H6.

multiplicity Φnspin Γnspin

1 αααααα A1g

1 ββββββ A1g

6 αβββββ A1g + B1u + E1u + E2g

6 βααααα A1g + B1u + E1u + E2g

15 ααββββ 3A1g + B1u + B2u + 2E1u + 3E2g

15 ββαααα 3A1g + B1u + B2u + 2E1u + 3E2g

20 αααβββ 3A1g + A2g + 3B1u + B2u + 3E1u + 3E2g

Table 1.2: The representations Γnspin of the spin functions Φnspin are given as
sums of the irreducible representations Γ(l).
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with al being the number of times the irreducible representation Γ(l) appears.
The coefficients al can be determined from

al =
1

h

∑
P

g [P ] χl [P ]χnspin [P ] (1.26)

with h being the order of the PI group, g [P ] the coefficient of the permutation
P , χl [P ] the characters of the irreproducible representation Γ(l) under permuta-
tion P and χnspin [P ] the characters of the nuclear spin function representation
Γnspin under permutation P . The sum over all nuclear spin function repre-
sentations Γnspin gives the total nuclear spin function representation. From
Table 1.1 and equations 1.25 and 1.26 the total nuclear spin function represen-
tation of C6H6 can be determined as the sum of the irreducible representations
13A1g+A2g+7B1u+3B2u+9E1u+11E2g (see Table 1.2).

According to equations 1.22 and 1.23 the internal wavefunction Φint of C6H6

changes sign by a specific permutation as shown in Table 1.1. For C6H6 the
representation Γint corresponds thus to the irreducible representations Γ(l) =
B1g and B1u. A rovibronic state is only combined with a nuclear spin state
to form a basis function of Φint, if the product of the two symmetries is an
allowed symmetry for Φint (see equation 1.24). It follows that

Γint = Γnspin ⊗ Γrve (1.27)

with Γint=B1g or B1u, so that

B1g = Γnspin ⊗ Γrve or B1u = Γnspin ⊗ Γrve
. (1.28)

As Γnspin = 13A1g +A2g +7B1u +3B2u +9E1u +11E2g, the nuclear spin statis-
tical weights 13, 1, 7, 3, 9 and 11 are correlated to the rovibronic energy levels
of the symmetries B1g/u, B2g/u, A1u/g, A2u/g, E2u/g and E1g/u, respectively.

The effort necessary to determine the states of allowed rovibronic transi-
tions and their nuclear spin statistical weights in molecules can be reduced by
determining directly the characters χ of the representation Γrve for any nuclear
permutation operation P [40, 41] by

χ

sw
rve [P ] = 2

∏ [
(2Ia + 1)(−1)(2Ia)(na−1)

]
. (1.29)

The product contains one factor for each set of na nuclei having spin Ia and
being permuted by P (including sets of one nucleus for which na=1). χ

sw
rve

is zero for all permutation-inversion operations in the MS group [42]. The
representation Γrve can be expressed as a sum of irreducible representations
Γ(l) of the MS group with the respective coefficients al

al =
1

h

∑
P

g [P ] χl [P ] χsw
rve [P ] (1.30)

giving the symmetries of the allowed states and their nuclear spin statistical
weights.
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(a) (b) (c) (d)

Figure 1.9: Structures of theoretically often considered benzene dimer geome-
tries. While the (a) ”Sandwich” (D6h) and the (b) T-shaped structure (C2v)
on the left represent saddle points, the (c) parallel displaced (C2h) and (d) dis-
torted T-shaped (Cs) structures on the right represent minima on the potential
energy surface [71].

1.5 The benzene dimer

Dispersive intra- and intermolecular forces between aromatic species are of
tremendous importance, for example, for the stabilization of the secondary and
higher order structures of biological systems, such as proteins and DNA strands.
Furthermore, such forces play a major role for intercalation of different drugs
into DNA and for the stabilization of clusters and aggregates. Benzene is one
of the smallest aromatic systems and has high symmetry, i.e. it has properties
that should facilitate experimental spectra, and adequate simulations should
be possible. Therefore, the benzene dimer can serve as a prototypical system
to investigate dispersive interactions between aromatic systems. For more than
30 years it has attracted the attention of both, experimentalists [44–56] and
theoreticians [57,61–73]. However, although being investigated intensively and
although the properties of the monomer are well known, it is still today far from
being fully understood. The most controversial subject concerning the benzene
dimer is the geometry of the complex and the zero-point-vibrational-energy of
the global ground state structure. Structures, that are very often considered,
are schematically shown in Figure 1.9.

1.5.1 Experimental approaches to the benzene dimer

Experiments in the liquid phase show that benzene pairs are arranged almost
at right angle (roughly T-shaped) [74], which is very similar to the structure
of crystalline benzene [75, 76]. The first experiment on the benzene dimer in
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the gas phase, performed in 1975 by Klemperer and coworkers, used electric
deflection methods and concluded that the benzene dimer is polar, i.e. that it
has a permanent dipole moment [44,77]. This hinted to an asymmetric nuclear
arrangement not being in agreement with a ”Sandwich” or parallel displaced
structure (see Figure 1.9 (a) and (c)). Since then, many experimental tech-
niques have been used to investigate the structure and dynamics of the ground
state benzene dimer, also exploiting the effects of complete and partial isotopic
labeling (mainly H-D exchange). In 1993, Gutowsky et al. have investigated
the rotational properties of the benzene dimer in a microwave experiment [56].
This technique is only applicable for structures with a permanent dipole mo-
ment and non-polar structures cannot be studied (see section 1.3.3). A contro-
versial result has been found: although all polar benzene dimer structures are
in their rigid form asymmetric top molecules, the rotational transitions mea-
sured can be nicely fitted to a symmetric top Hamiltonian. The explanation of
how an asymmetric top molecule can have a symmetric top rotational spectrum
was, however, rather speculative at that time. The latest results, addressing
this problem with microwave (MW) spectroscopy in combination with Molec-
ular Symmetry (MS) group theory, give new and interesting results and are
presented in chapter 3.

The vibrational properties of the benzene dimer have been investigated by
infrared [52, 78, 166] and Raman spectroscopy [54, 79, 80]. It seems difficult to
assign a structure to the benzene dimer exclusively on the basis of IR spectra
in the C-H stretching range, since the C-H stretching frequencies compared
to those of the benzene monomer are only slightly shifted [52]. However, a
structural assignment has been made based on theoretical spectra of different
benzene dimer geometries and on an experimental IR spectrum in the range
between 400 and 1700 cm−1. Experiment and theory seem to fit best as-
suming a distorted T-shaped structure [78]. Raman experiments by Felker et
al. [54, 79, 80] on the benzene dimer and several isotopologues are discussed in
terms of symmetry leading to the conclusion that the two benzene subunits are
symmetrically inequivalent.

Double resonance techniques involving electronic excitation via REMPI,
as described before, are often used to obtain information about vibrational
properties (see chapter 2). Also UV spectra without double resonance can
give valuable information about electronic states and dynamics in the molecule
or complex (see section 4.2). A more detailed introduction of the electronic
spectra of the benzene dimer is given in section 1.5.3.

1.5.2 Theoretical attempts

With ongoing progress in computational chemistry the issue of geometry and
binding energy of the global ground state structure of the benzene dimer
has been addressed on different levels of theory, mostly based on (second or-
der) Møller-Plesset perturbation theory (MP), Coupled Cluster theory (CC)
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1.5 The benzene dimer

or density functional theory based symmetry adapted perturbation theory
(SAPT(DFT)). However, a definite determination seems difficult, as the bind-
ing between the two benzene subunits is caused by dispersive (van der Waals)
as well as electrostatic (hydrogen bonding) interactions [43, 66, 67, 70, 73]. De-
pending on the contribution of each type of interaction, the orientation of the
two benzene molecules with respect to each other can vary (see structures in
Figure 1.9). While electrostatic interactions favor a perpendicular arrange-
ment, dispersive interactions rather lead to a parallel orientation of the two
benzene subunits [63].

Some of the numerous theoretical investigations identify the parallel dis-
placed structure as the global minimum structure [43, 62, 63, 81–86], others
rather find a C2v T-shaped [61,65,70,87–89] structure to be more stable. How-
ever, in some studies the C2v T-shaped and the parallel displaced structures are
found to be isoenergetic [64,66,68]. In a few studies a bent T-shaped structure
with an angle α < 90◦ between the two benzene planes [61,81,87], a V-shaped
structure [63, 83] or a C2v distorted chain structure [82, 90] are considered ad-
ditionally to the ”Sandwich”, parallel displaced and C2v T-shaped structures,
but are not found to represent the global minimum on the potential energy
surface. Recently, a Cs distorted T-shaped structure as shown in Figure 1.9
has also been considered [71,73,78,84,91] and is found to be the lowest energy
structure [71,73,78].

Due to the challenging complexity, the benzene dimer has become a ref-
erence system to check the accuracy of new theoretical approaches aiming to
reproduce dispersive interactions and to allow for a precise structure determi-
nation. The goal is to include adequately these interactions when investigating
molecules, even bigger than the benzene dimer, at lower costs than with the
CCSD(T) method, which is considered as the benchmark method for such
problems at this time [43,86,89].

The possibility of a benzene dimer structure in which the two benzene rings
are oriented (almost) perpendicularly to each other and the existence of O-H···π
hydrogen bonds in benzene·water complexes [92–94] have initiated speculations
about the existence of a C-H· · ·π hydrogen bond between the C-H group of one
benzene ring pointing into the π-electron cloud of the other benzene ring (see
structures b and d in Figure 1.9). Theoretical studies on C-H bond lengths and
C-H stretching frequencies in the benzene dimer have been performed, giving
unexpected results. In contrast to normal hydrogen bonds (proton donor -
proton acceptor), in which an elongation of the bond and a decrease of the
stretching frequency of the proton donor are observed, the bondlength of the
C-H oscillator pointing into the π- electron cloud of the other benzene ring
is calculated to be 0.3 % shorter than that of the other C-H groups and its
stretching wavenumber is shifted to the blue by ∼ 50 cm−1 [95].

The measurable effects of a normal hydrogen X-H· · ·Y bond are the conse-
quence of electrostatic interactions [96] (and a small fraction of covalent inter-
actions [97]) which lead to electron density transfer from lone π-electron pairs
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of the proton acceptor Y to an antibonding σ

∗-orbital of the proton donor X-
H. The so-called improper blue shifting hydrogen bond is assumed to originate
in dispersion and electrostatic quadrupole-quadrupole interactions. Different
(sometimes contradicting) interpretations are proposed: The ”repulsion wall”
hypothesis, for example, assumes that the attraction (∼ r−6, ∼ r−5) which
comes along with a reduction of the intermolecular distance exceeds the Pauli
repulsion [95]. Another attempt assumes an electron density transfer from the
proton acceptor Y not to the antibonding σ

∗-orbital of the X-H bond but to re-
mote orbitals of the proton donor which results in its structural reorganization,
including the contraction of the X-H bond [98–101]. Still another explanation
focuses on the response of the dipole moment of the X-H proton donor to the
electric field of the polar proton acceptor (dipole-dipole interaction) [102–105].

The theoretically established phenomenon of improper blue shifting hy-
drogen bonds can explain several experimental observations made in the past
[99,106–109]. This shows how the complexity of the benzene dimer allows one
to develop new models that can be of general importance and applicable to a
variety of molecular systems and clusters.

1.5.3 UV spectra of the benzene dimer

REMPI techniques (see section 1.3.1) are preferentially used with two different
photon energies in order to investigate mass selectively the electronic states and
transitions of molecules and molecular clusters in a beam without the influence
from fragments of larger clusters. Although benzene tends to form clusters
of different sizes in a molecular beam, the contributions from fragments of
larger clusters to the electronic spectrum of the benzene dimer can be largely
suppressed this way. Electronic excitation spectra of the benzene dimer have
been recorded not only in our [58] but in many other laboratories before [45,47–
50, 55]. The electronic spectra of different isotopologues of the benzene dimer
are measured as described in section 1.2.1 and 1.3.1 and are shown in Figure
1.10. The carrier gas is helium. The intermediate state is reached by exciting
the 00

0 and the 61
0 transitions, respectively. The characteristics of these spectra

are described and discussed in the following; the exact values of the transition
energies and splittings are listed in Table 1.3.

The 00
0 transition is the transition from the vibrational ground state of the

A1g electronic ground state to the vibrational ground state of the B2u elec-
tronically excited state. The 200 cm−1 displacement between the transitions of
(C6H6)2 and (C6D6)2, (the so-called homodimers), is due to the isotope shifts
of the involved energy levels. Both transitions are split in two components
and the splitting is slightly bigger for (C6D6)2. For both transitions the red
component is more intense than the blue one. For the mixed or heterodimer
(C6H6)(C6D6) two single lines, each about 2.5 cm−1 to the blue of the two
homodimer transitions, are observed.

Exciting the 61
0 transition leads to the ν6 vibrational level in the first elec-
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Figure 1.10: UV spectra of (C6H6)2 (black line), (C6H6)(C6D6) (gray line)
and (C6D6)2 (light gray line) obtained by exciting the 00

0 transition (bottom)
and the 61

0 transition (top). The spectra of C6H6 and C6D6 excited via the 61
0

transition are shown as dashed lines.

tronically excited state, which is of E2g symmetry. In the monomers C6H6 and
C6D6 this transition is doubly degenerate and a single line is observed in the
electronic spectra in both cases. The 61

0 transitions in the dimers are, similarly
to the 00

0 transitions, shifted about 40 cm−1 to the red relative to the appro-
priate monomer transitions. Contrary to the 00

0 transition, the 61
0 transition

is split in at least two components for all dimer isotopologues. Additionally, a
van der Waals progression at the blue end of each sharp spectral feature occurs.
The transitions of the two homodimers are separated by about 180 cm−1.

Symmetry considerations

In the benzene monomer, whose transition dipole moment operator spans A2u+
E1u, the 00

0 transition (B2u ← A1g) is forbidden by symmetry [20] as

A1g ⊗ A2u ⊗ B2u and A1g ⊗ E1u ⊗ B2u (1.31)
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species bandpositiona [cm−1] splitting [cm−1] Δν

00
0 (C6H6)2 38042.27 1.62 -43.83b

(C6H6)
∗(C6D6) 38044.56 - -41.54b

(C6D6)
∗(C6H6) 38246.26 - -42.84c

(C6D6)2 38243.73 2.42 -45.37c

61
0 (C6H6)2 38564.01 3.92 -43.47d

(C6H6)
∗(C6D6) 38564.58 3.93 -42.91d

(C6D6)
∗(C6H6) 38744.74 n.d.e -42.83f

(C6D6)2 38742.69 2.83; 2.79 -44.88f

aband position is the center of the observed peak
brelative to the transition of C6H6 at 38086.1 cm−1 [59]
crelative to the transition of C6D6 at 38289.1 cm−1 [59]
drelative to the transition of C6H6 at 38607.48 cm−1

enot determined
f relative to the transition of C6D6 at 38787.57 cm−1

Table 1.3: Overview of the S1←S0 electronic excitation energies for the benzene
dimer isotopologues (C6H6)2, (C6H6)(C6D6) and (C6D6)2 excited via the 00

0

and 61
0 transition. For the heterodimer the site of electronic excitation is labeled

with ∗. (Later, in chapter 2, it is shown that this site corresponds to the
”stem” and the unlabeled site to the ”top” in a (distorted) T-shaped structure.)
Additionally, the splitting values and the positions relative to the appropriate
benzene monomer transitions are given.

do not contain the totally symmetric representation A1g (see section 1.3.1).
In the dimer this transition can be allowed, under the conditions that will be
discussed in the following.

In the electronic spectrum of (C6H6)(C6D6) two distinct features, separated
by about 200 cm−1, are observed when exciting the 00

0 transition (see Figure
1.10 (bottom)). Their transition energies are very close to those of the two
homodimers, (C6H6)2 and (C6D6)2, giving rise to the assumption that the iso-
topic composition of the second benzene ring in the dimer has no significant
influence on the electronic excitation energy, i.e. that the electronic excitation
is localized in one moiety. Due to the weak interaction and due to the simi-
larities to the homodimer spectra the two spectral signatures in the spectrum
of (C6H6)(C6D6) can be ascribed to the excitation of the protonated and the
deuterated subunits, respectively.

In Figure 1.11 possible relative orientations of two benzene molecules in
a dimer are schematically shown, together with the symmetry properties of
the respective subunits as well as of the whole complex. The 00

0 transition is
allowed by symmetry only for those subunits shown there that have C2v or Cs
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Figure 1.11: Overview of possible orientations of two benzene molecules. Ad-
ditionally, the symmetries of the individual subunits are given next to the
respective moieties, and the symmetry of the whole system is given together
with its label (I-IX). The symmetries for structures I and II given in brackets
refer to the non-rigid structure (see text).

D6h C6v C2v Cs

Γ(Ψ′′
e ) A1g A1 A1 A

′

Γ(μe) A2u + E1u A1 + E1 A1 + B1 + B2 2A

′ + A

′′

Γ(Ψ′
e) B2u B2 B1/A1 A

′
/A

′′

Table 1.4: Symmetry properties of the benzene dimer subunits in various pos-
sible configurations. The 00

0 transitions is symmetry allowed if Γ(Ψ′′
e )⊗Γ(μe)⊗

Γ(Ψ′
e) contains the totally symmetric representation.
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symmetry (see Table 1.4). Therefore, structures I, II and V-IX from Figure
1.11, having each two subunits of the adequate symmetry, are candidates that
could give rise (from the symmetry point of view) to two separate transitions
in the 00

0 transition spectrum of (C6H6)(C6D6).
However, in a T-shaped structure (I and II in Figure 1.11), consisting of a

”top” (upper benzene molecule) and of a ”stem” (lower benzene molecule), the
internal rotation of the ”top” about its C6 axis has a very low barrier [71], so
that the dynamically averaged symmetry of the ”top” becomes C6v for struc-
tures I and II, while the symmetry of the ”stem” remains unchanged. That
is, structures I and II have two symmetrically inequivalent subunits when the
”top” moiety is freely rotating. The 00

0 transition is forbidden in a C6v sym-
metry (see Table 1.4), so that in the case of a freely rotating ”top” moiety only
the ”stem” of structures I and II can contribute to the 00

0 electronic excitation
spectrum. This would imply that the two spectral features in the spectrum
of (C6H6)(C6D6) result from two substitution isomers: (C6H6)

S(C6D6)
T and

(C6D6)
S(C6H6)

T , with ”S” and ”T” designating the ”stem” and the ”top” po-
sition, respectively. In this case, and only in this case, the C-H stretch spectra
of both subunits are expected to be different (see chapter 2).

The 61
0 transition is allowed by symmetry in the benzene monomer and in both

subunits of all structures shown in Figure 1.11. The relative arrangement in
structures I and II is such that the lower benzene ring directly points into the
π-electron cloud of the upper benzene ring. When exciting electronically the
upper benzene moiety, the intermolecular potential energy surface is expected
to change considerably, which might lead to the van der Waals progression
observed to the blue side of the sharp spectral features in both homodimer
spectra. This is not expected when electronically exciting the lower benzene
moiety. The van der Waals progression is not plausible when assuming any
other structure than structures I and II from Figure 1.11.

Discussion

The electronic spectra of the benzene dimer have been subject of numerous
previous studies [45,47–50,55]. From the observed 00

0 and 61
0 excitation spectra

many interesting questions arise, which cannot all be unambiguously answered
yet. The following discussion will focus mainly on the open questions. For
further information, the reader is referred to the given References.

(1) Why are the homodimer transitions relative to the appropriate monomer
transitions consistently larger redshifted than the heterodimer transitions?
The observed transition energy shifts, relative to the appropriate monomer
transition energies, result from shifts of the involved energy levels. The energy
of a vibronic level of the benzene dimer can be described by

E = Eel + EvdW + Evib (1.32)
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with Eel being the pure electronic energy in the benzene monomer, EvdW the
stabilization by van der Waals interactions and Evib the vibrational energy.
Eel is for a given geometry for all isotopologues of the benzene dimer identical.
The vibrational energy (in the harmonic approximation) is given by

Evib =
h

2π

√
k

μ

(
υ +

1

2

)
(1.33)

with k being the force constant, μ the reduced mass and υ the vibrational
quantum number. The force constant of the electronically excited state k

′

can be different from that of the initial state k. As the electron density in
the binding molecular orbitals is reduced in the electronically excited state, k

′

is expected to be lower than k. According to equation 1.33, the heavier the
isotopologue is, the lower are the vibrational energy levels. The contribution
from the vibrational energy to the total transition energy is

ΔEvib =
h

4π

√
k

′ −√
k√

μ

(1.34)

if Δυ = 0 for the electronic transition. The difference
√

k

′−√
k is negative and

therefore ΔEvib is smaller the smaller the reduced mass is. The 00
0 transition

frequencies of the individual isotopologues are thus expected to be in the order
(C6H6)2 < (C6H6)

∗(C6D6) < (C6D6)
∗(C6H6) < (C6D6)2, when assuming that

the electronic excitation is localized in one site. However, (C6D6)2 is observed
with a lower transition energy than (C6D6)

∗(C6H6).
Additionally to the vibrational energy, the stabilizing van der Waals inter-

action has to be taken into account. The van der Waals interaction in the
benzene dimer is mainly London dispersion EL ∝ −r

−6. In the electronically
excited state the changed electron density distribution can cause bond length-
ening and therefore the stabilization by London forces in the electronically
excited state is expected to be smaller than in the electronic ground state. The
contributions of the vibrational energy difference and the van der Waals energy
difference to the total transition energy thus have opposed effects. The van der
Waals stabilization energy in the electronic ground state can be assumed to
be very similar for all isotopologues of the benzene dimer. However, in the
homodimers the changes in electron density in the first electronically excited
state may be less disturbing than in the heterodimers, due to a better delocal-
ization. This can lead to a smaller bond lengthening than in the heterodimers
and thus to a larger van der Waals stabilization of the electronically excited
states of the homodimers. The additional stabilization effect can be reflected
in the observed 00

0 transition energy order of the different isotopologues that
differs from the expected one, when considering exclusively the isotope effects
on the vibrational energy levels.
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If Δυ = 1, as for example in the case of the 61
0 transition, equation 1.34

becomes

ΔEvib =
h

2π

3
√

k

′ −√
k

2
√

μ

. (1.35)

As k

′ is not an order of magnitude smaller than k,
√

9k

′ −√
k is positive, and

thus ΔEvib is expected to increase for the individual isotopologues according to
(C6H6)

∗(C6D6) < (C6H6)2 < (C6D6)2< (C6D6)
∗(C6H6). The same discussion

of the van der Waals interaction as for the 00
0 transition can be conducted here

as well, leading to an expected transition energy order that coincides with the
experimentally observed one.

(2) What is the origin of the splitting of the 00
0 transition of the homodimers?

Generally, splittings of transitions can occur when originally degenerate modes
loose their degeneracy, for example as a consequence of symmetry reduction,
when site splitting, i.e. simultaneous excitation of different sites occurs or when
exciton exchange between an excited state and an energetically close lying state
occurs.

The 00
0 transition is an electronic transition between two non-degenerate

energy levels. The loss of the degenerate symmetry can therefore not be re-
sponsible for the splitting.

The electronic transitions of the homodimers are redshifted from the ap-
propriate monomer transitions by more than 40 cm−1 and split by 1-2 cm−1.
In a possible (distorted) T-shaped dimer geometry the individual benzene
molecules are in a very different arrangement. Therefore, the perturbation
that one benzene molecule experiences by the presence of the second benzene
molecule should strongly depend on the site in the dimer and thus the two
subunits should not experience almost the same shift (40 ± 1-2 cm−1) upon
dimerization. This is an argument against site splitting. Furthermore, if site
splitting plays a role it should be observed also in the case of the heterodimers.
Therefore, it seems unlikely that the 1-2 cm−1 splitting can be referred to site
splitting.

Exciton exchange is feasible between two energetically close lying levels.
As the perturbation of the two benzene moieties in a T-shaped geometry is
expected to be very different, exciton coupling becomes in principle impossible
and the exciton splitting, which is described in the literature as possible origin
of the splitting [48–50], can be ruled out as an adequate explanation of the
small splitting.

However, for a benzene dimer structure in which the two sites are symmet-
rically equivalent (see Figure 1.11), a very similar shift and thus a small site
splitting and also exciton coupling are conceivable. An argument against exci-
ton coupling and site splitting not only in a (distorted) T-shaped, but also in all
other structures from Figure 1.11, is the structure of the absorption signals for
the two homodimer 61

0 transitions (see Figure 1.10). The 61
0 transition excites a
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doubly degenerate state which is most probably split due to the reduced sym-
metry in the dimer. Additional exciton coupling/site splitting would lead to a
quadruple peak for the two homodimers, which is, however, not observed. The
question about the origin of the small splittings of the 00

0 homodimer transitions
remains thus open.

(3) Why do the 00
0 transitions of the heterodimers, in contrast, appear each as

a single line?
In some studies [49,50] it is concluded that the exciton coupling is responsible
for the splitting in the homodimers, however, negligible in the heterodimers due
to the isotope shift of the energy levels. Actually, this interpretation cannot
explain the observations as in the case of the 61

0 transition the spectral features
for the homodimers resemble very much those of the appropriate heterodimers
(see Figure 1.10). However, the isotope shift should have the same effect for
the 61

0 transition. Also this is still an open question.

(4) Which benzene dimer structure can be identified based on these spectra?
This question has been addressed by several electronic excitation experiments
and two different opinions prevail. Some experimental results lead to the con-
clusion that the benzene dimer consists of two symmetrically inequivalent sub-
units, as in a non-rigid (distorted) T-shaped structure: (1) the 61

0 transitions
are found to be split [47] and (2) in the region of the 61

0 transition a split peak
and a van der Waals progression are found which, according to hole burning
experiments on the heterodimer, seem to originate from two different benzene
subunits [55]. This structural assignment is supported by a Raman experiment,
that unambiguously demonstrates that the two subunits are arranged in the
benzene dimer such that they have inequivalent symmetry properties [54]. In
that work a structure similar to structure II from Figure 1.11 is proposed.

Other experimental results lead to the conclusion that the benzene dimer
consists of two symmetrically equivalent moieties as the 00

0 transitions of the
heterodimer appear as single lines [48, 50]. Also a parallel displaced struc-
ture [48] and a V-shaped structure with an angle α = 80◦ between the two
planes [50] have been proposed. A ”Sandwich” structure can be excluded as
origin of the observed transitions since the 00

0 transition would be forbidden by
symmetry in both subunits, as already in the monomer. Interestingly, in one
experiment (exciting the 61

0 transition), which definitely attributes the main
spectral features to a T-shaped structure, evidence of two additional structures
is found which become more prominent the better the cooling in the molecular
beam is [55]. They are not observed when exciting the 00

0 transition of the
benzene dimer, which indicates that this transition is symmetry forbidden for
both structures. This is for example the case for the staggered and eclipsed
”Sandwich” structures whose subunits are all of C6v symmetry.
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Chapter 2

Infrared Spectroscopy on

the benzene dimer

2.1 The B1u C-H stretching mode of the ben-

zene monomer

2.1.1 Introduction

After the discovery of benzene in 1825 by Michael Faraday the first, often
purely chemical, experiments on benzene have been performed. Later, this
molecule has also attracted attention of physicists and physical chemists. Since
benzene, one of the smallest aromatic systems, has high symmetry (D6h) it has
become a model system to understand the symmetry properties of molecular
vibrations in polyatomic molecules [110]. Until today, the benzene molecule and
its clusters have been continuously in the focus of experimental and theoretical
investigations.

The fundamental frequencies of most of the 30 normal modes (see Figure
2.1), 10 of them being doubly degenerate, are well known [111]. However, for
two of the modes, for which the frequency can only be determined indirectly, the
currently accepted values are 50 years old [112]. These are the ν3 fundamental
mode of A2g symmetry and the ν13 fundamental mode of B1u symmetry, and
their last-published values are 1350 cm−1 and 3057 cm−1, respectively (Wilson
numbering is used throughout in this chapter). Both modes are neither Raman
nor IR active. The ν3 fundamental mode can be observed as a weak transition
in liquid benzene, as well as via combination bands [112]. The frequency of
the ν13 fundamental mode, in contrast, has been deduced indirectly by apply-
ing product rules on modes of C6H6 and of D3h symmetrical C6H3D3 [112].

Section 2.1 adapted from:
U. Erlekam, M. Frankowski, G. Meijer, G. von Helden, J. Chem. Phys. 124, 171101 (2006)
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Figure 2.1: Overview of the normal modes of C6H6 (D6h point group). The
modes of A2u and E1u symmetry are IR active. The vibrations shown in a box
are the relevant C-H stretch vibrations in this chapter.
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2.1 The B1u C-H stretching mode of the benzene monomer

The application of such product rules is only valid for harmonic vibrations and
will fail when modes are coupled, for example via Fermi resonances (see section
1.3.2). It is now known that such Fermi resonances play a role for the ν13 mode
(B1u), as it strongly interacts with the B1u component of the ν8 + ν19 com-
bination band (B1u + B2u + E1u) [113]. Therefore, the indirectly determined
value of 3057 cm−1 for the ν13 fundamental mode is highly questionable. The
vibrational properties of benzene are theoretically investigated very intensively
using empirical force fields [30, 110, 114] as well as ab initio harmonic analysis
at various levels [115]. Since recently, also the influence of anharmonicities is
considered, predicting vibrational wavenumber values of the ν13 (B1u) funda-
mental mode that range from 2988 cm−1 [116,117] to 3083 cm−1 [118]. A value
of 3028 cm−1 is predicted by ab initio theory as well as by recent investigations
using empirical force fields [119, 120], while another study predicts a value of
3045 cm−1 [121]. Although much theoretical effort has already been put into
predictions of the frequency of the ν13 fundamental mode, this issue has not
been satisfactorily solved yet.

Therefore another attempt, based not only on theoretical data, but also on
experimental results seems to be necessary. In order to access experimentally
the ν13 fundamental mode the symmetry properties of the system have to be
changed such that the ν13 transition becomes IR allowed. This can be realized,
for example, by complexation or dimerization. Here it is shown that IR spec-
troscopy on the benzene dimer can be used to probe the ν13 fundamental mode
of the benzene monomer. Complementary, the subject has been addressed by
ab initio calculations on the benzene monomer that include anharmonic and
Fermi corrections1.

2.1.2 Experimental method

The IR spectra are obtained by performing ion dip spectroscopy (see section
1.3.2) on the benzene dimer complexes in a pulsed molecular beam in the spec-
tral range between 3010 and 3110 cm−1, probing C-H stretch vibrations. The
complexes are generated by expanding a mixture of benzene (0.03%) in helium
at a stagnation pressure of 2 bar into vacuum. The experiments are performed
on a 1:1 mixture of C6H6 and C6D6. Details of the experimental setup are de-
scribed in section 1.2.1. The benzene dimers are detected in a two color REMPI
process (section 1.3.1), using the 00

0 transition to the first electronically excited
state S1. The 00

0 excitation energy is, depending on the isotopic composition,
between 38000 and 38300 cm−1. For subsequent ionization, laser light around
35460 cm−1 is used. Due to the mass selective detection in a Time Of Flight
Mass Spectrometer the three different isotopologues of the benzene dimer can
be distinguished: (C6H6)2, (C6H6)(C6D6) and (C6D6)2. Their electronic exci-
tation spectra (via the 00

0 transition) are shown in Figure 1.10 (bottom).

1The calculations are run by G. von Helden.
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2 Infrared Spectroscopy on the benzene dimer

2.1.3 Results and Discussion

In Figure 2.2 the IR ion dip spectra, when exciting the 00
0 transition of

(C6H6)(C6D6) at 38044.0 cm−1 (bottom spectrum) and at 38246.4 cm−1 (top
spectrum), are shown. These two IR spectra are found to be different, especially
concerning the number of spectral signatures. Three important consequences
arise from this observation: (1) In the two isomers of (C6H6)(C6D6) C6H6 is
located in two different sites and the C-H stretch spectra result from two sym-
metrically inequivalent subunits. (2) The two benzene rings do not interchange
on the timescale between IR excitation and UV excitation/ionization which is,
in the present experiment, about 70 ns. (3) From the discussion on the sym-
metry properties conducted in section 1.5.3 and from the IR spectra shown
in Figure 2.2 it can be concluded that the two spectral features at 38044.0
cm−1 and at 38246.4 cm−1 in the 00

0 transition spectrum of (C6H6)(C6D6) (see
Figure 1.10 (bottom)) are not the signatures of two different sites, but of the
same site in two different substitution isomers . That is, the benzene dimer
has a (distorted) T-shaped structure with a ”stem” and a freely rotating ”top”
moiety (structures I or II in Figure 1.11).

If the two benzene molecules were equivalent and/or able to interchange
on a 70 ns timescale, identical IR spectra would result when exciting the 00

0

transition of (C6H6)(C6D6) at 38044.0 cm−1 and at 38246.4 cm−1. If the ”top”
moiety was not freely rotating, the symmetries of both subunits and the two
IR spectra would be equivalent. Therefore, the lower spectrum in Figure 2.2
results from a (distorted) T-shaped structure with C6H6 in the ”stem” position
and C6D6 in the ”top” position ((C6H6)

S(C6D6)
T ) and the upper spectrum

in Figure 2.2 results from the substitution isomer (C6D6)
S(C6H6)

T , where the
”stem” is deuterated and the ”top” is protonated. Thus the C-H stretch spectra
result from the ”stem” and the ”top” moiety, respectively.

The three well known IR transitions of the benzene monomer that occur
in this range [52, 113, 122] are indicated as solid lines in Figure 2.2. These
are the ν20 fundamental mode (E1u symmetry) at 3047.9 cm−1, the ν1 + ν6 +
ν19 combination band at 3078.6 cm−1 and the ν8 + ν19 combination band at
3101 cm−1. Shown as dashed lines are the positions of two other, not IR active
fundamental C-H stretch modes of the benzene monomer: the ν7 mode (E2g

symmetry) at 3056.7 cm−1 [123, 124] and the ν2 mode (A1g symmetry) at
3073.9 cm−1 [123,124]. An overview over all experimentally determined values
is given in Table 2.1.

In both (C6H6)(C6D6) benzene dimer spectra, the three resonances that
are IR active in the bare benzene are observed. In all cases, they are, com-
pared to the positions for the benzene monomer, redshifted by a few cm−1. In
the spectrum of (C6H6)

S(C6D6)
T additional resonances are observed, one at

3012.4 cm−1, one at 3070.9 cm−1 and a weak split peak (shown enlarged in the
inset) at 3056.2 and 3057.3 cm−1.

In the following, the nature of these transitions shall be discussed. Previous
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Figure 2.2: IR overview spectra in the region between 3010 and 3110 cm−1 of
(C6D6)

S(C6H6)
T (top) and (C6H6)

S(C6D6)
T (bottom), corresponding to the

two subunits of the benzene dimer, the ”top” and the ”stem”, respectively. The
positions of the IR active C-H stretch modes of the benzene monomer (D6h)
are indicated as solid vertical lines and those of the two known IR inactive
fundamental modes ν7 (E2g) and ν2 (A1g) as dashed vertical lines. In the
inset the region between 3054 and 3059 cm−1 is shown for (C6H6)

S(C6D6)
T ,

measured with a 10 times higher laser fluence. The red most absorption signal
in the spectrum of (C6H6)

S(C6D6)
T is attributed to result from the so far

unknown ν13 (B1u) fundamental mode of C6H6.
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2 Infrared Spectroscopy on the benzene dimer

experiment theory

ν (C6H6)
S(C6D6)

T (C6D6)
S(C6H6)

T C6H6 C6H6
a C6H6

b

13 (B1u) 3012.4 - 3015c 3159.2 2993.2d

20 (E1u) 3044.8 3046.4 3047.9e 3184.4 3030.1d

7 (E2g) 3056.8 - 3056.7c,f 3169.3 3034.8

2 (A1g) 3070.9 - 3073.9c,f 3194.9 3053.2

aharmonic
banharmonic
cnot IR active
din Fermi resonance with ν8 + ν19

esee Reference [113]
f see Reference [123,124]

Table 2.1: Experimental and calculated (harmonic and anharmonic) wavenum-
bers [cm−1] for the benzene monomer and dimer.

spectra of (C6H6)2 show similar features. There, in one experiment two [52] and
in another experiment all three [125] additional transitions have been observed
as well. As tentative assignment for the two stronger additional transitions,
combinations with intermolecular vibrations were suggested [52]. Here a dif-
ferent interpretation is proposed.

Our observation of two different IR spectra for the two benzene moieties
is in agreement with a T-shaped geometry [54,56] in which the ”top” benzene
molecule is freely rotating. Such a T-shaped geometry can be in its rigid form of
C2v geometry as shown in Figure 1.9 (b) or it can have Cs symmetry as shown
in Figure 1.9 (d). In the dynamic case both benzene dimer structures (of C2v

and Cs symmetry) become symmetrically equivalent (C6v); the symmetry of
the ”top” molecule is then C6v and that of the ”stem” remains unchanged C2v

and Cs, respectively. Recent ab initio calculations predict the benzene dimer
of Cs symmetry to be the global minimum structure and the dimer of C2v

symmetry to represent a saddle point on the potential energy surface [71,73].
The four fundamental modes of benzene in the range between 3010 and

3110 cm−1 have B1u, E1u, E2g and A1g symmetry in a D6h environment. In
D6h, however, only the E1u mode is IR allowed. It can be shown that in
the reduced symmetry of the freely rotating ”top” (C6v) the ν2 mode has A1

symmetry and is IR allowed as well. When the symmetry is reduced to Cs

or C2v (monomer → ”stem”), all four fundamental modes are IR allowed, and
additionally, the degeneracy of the E1u and E2g modes is lifted (see Table 2.2).
Therefore it is possible, that the additional lines experimentally observed in the
spectrum of the ”stem” result from those modes that become IR active upon
symmetry reduction. These symmetry considerations support the assignment
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2.1 The B1u C-H stretching mode of the benzene monomer

monomer ”top” ”stem”

D6h C6v C2v Cs

ν13 B1u B1 A1 A

′

ν20 E1u E1 A1 + B1 2A

′

ν7 E2g E2 A1 + B1 2A

′

ν2 A1g A1 A1 A

′

ν1 + ν6 + ν19 B1u + B2u+E1u B1 + B2+E1 2A1 + 2B1 4A

′

ν8 + ν19 B1u + B2u+E1u B1 + B2+E1 2A1 + 2B1 4A

′

Table 2.2: Symmetry properties of the four fundamental modes and two com-
bination bands of benzene C6H6 in the region between 3010 and 3110 cm−1

in dependence of the symmetry environment. The correlation table is adapted
from Reference [30]. The symmetry representations of IR active vibrational
modes are underlined.

of the upper spectrum in Figure 2.2 to the ”top” position in the benzene dimer
and the lower spectrum to the ”stem” position.

However, pure symmetry considerations do not reveal whether those newly
activated IR transitions are strong enough to be observable and, if they are
observable, whether they are significantly shifted from the positions of their un-
perturbed counterparts. Qualitatively, the strength of the symmetry reducing
perturbation (i.e. the intermolecular interaction) will affect both, the strength
and the frequency shift of the newly allowed transitions. For the benzene dimer
the intermolecular interaction is very weak, compared to the intramolecular in-
teractions. This is expected from theory [71, 73], and can also be seen from
the shifts and splittings of the transitions in Figure 2.2. For the modes in the
dimer that are IR active already in the monomer, the observed splittings are
not larger than 2.5 cm−1 and the absolute value of the redshifts (compared to
the monomer) does not exceed 4 cm−1. The mode at 3070.9 cm−1 in the spec-
trum of (C6H6)

S(C6D6)
T is shifted by only -3 cm−1 from the position of the

ν2 A1g mode in C6H6. The modes at 3056.2 and 3057.3 cm−1 can be compared
to the ν7 E2g mode of C6H6 at 3056.7 cm−1. In the ”stem” of the dimer the
degeneracy is lifted (see Table 2.2) which might result in a splitting as the one
observed. Consistent with the (negligible) shift and splitting, the band appears
to be very weak in the ”stem” of the dimer. The third additional transition,
observed at 3012.4 cm−1, is thus assigned to the only other fundamental C-H
stretch mode in benzene that is left in this energy range, the ν13 mode of B1u

symmetry.
To further test these assignments calculations of the vibrations of benzene

that include the effects of anharmonicities have been performed with GAUS-
SIAN03 [126] using the B3LYP DFT functional and the cc-pVTZ (correlation
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2 Infrared Spectroscopy on the benzene dimer

consistent polarized valence triple zeta) basis set. The resulting frequencies for
the C-H stretch modes are shown in Table 2.1. Relevant for the direct com-
parison to the experiment are the anharmonic modes, which also include the
effect of Fermi resonances. Comparing those with the (experimentally) known
bands (ν20, ν7, ν2) of benzene shows that the calculated wavenumber values
are between 0.6% and 0.7% too low for the individual modes. Correcting the
calculated value for the ν2 B1u mode at 2993.2 cm−1 for the same amount, re-
sults in a predicted value of 3013.0 cm−1 for the B1u mode. This is in excellent
agreement with the transition in the ”stem” position of the dimer observed
at 3012.4 cm−1. Comparing now the experimentally observed transitions for
the ”stem” in the benzene dimer to those for the monomer shows that in the
dimer, transitions are up to 3 cm−1 shifted to the red. This shift, which is due
to van der Waals interactions between the two benzene molecules, is of course
not known for the B1u mode, but it would be surprising if this shift was vastly
different in this case. Therefore, an empirical shift of 2-3 cm−1 is included
for this band and it can be concluded that the ν13 fundamental mode of the
benzene monomer is located at 3015+2

−5 cm−1.

2.1.4 Conclusion

Based on the experimentally observed C-H stretch vibrations of (C6H6)(C6D6)
it has been shown that the two subunits in the benzene dimer are symmet-
rically inequivalent, and therefore they have distinct IR signatures. One of
the two benzene molecules is in a site of low symmetry, which leads to the
IR activation of all C-H stretch modes that are forbidden by symmetry in the
benzene monomer in the region between 3010 and 3110 cm−1. Thus all four
fundamental monomer modes in this region are observed. When comparing
to modes that are known for the monomer, the same modes in the dimer are
shifted up to 3 cm−1 to the red. For the B1u C-H stretch mode (ν13) of the
benzene monomer a first experimental value could be determined indirectly by
measuring the corresponding mode in the symmetry reduced environment of
(C6H6)(C6D6). The experimental value of the ν13 mode at 3015+2

−5 cm−1 is also
supported by anharmonic DFT calculations.

2.2 Revealing the vibrational properties of the

two benzene subunits in the dimer

2.2.1 Introduction

In the previous section it has been shown that the benzene dimer consists of
two symmetrically inequivalent subunits as, for example, in a (distorted) T-
shaped geometry [54,56,166] consisting of a ”stem” and a freely rotating ”top”
moiety. In theoretical studies the distorted T-shaped structure has been found
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2.2 Revealing the vibrational properties of the two benzene subunits in the dimer

to be lower in energy than the C2v T-shaped structure [71,73,78]. The mixed
benzene dimer (C6H6)(C6D6) has two isomers that result from the exchange
of the C6H6 and C6D6 moiety: (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T , with

S and T indicating the ”stem” and the ”top” position, respectively. The IR
spectra in the C-H stretch range are different for the two isomers and represent
the spectra of the two benzene dimer subunits (see Figure 2.2). The spectral
signatures of (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T in the range from 3010 to

3110 cm−1 have been shown in section 2.1 to originate from the fundamental
modes ν13, ν20, ν7 and ν2 and from the combination bands ν1 + ν6 + ν19 and
ν8 +ν19 of benzene. The transitions that are observed in the ”top” as well as in
the ”stem” spectrum differ in shape and slightly in their transition frequencies.

A detailed analysis of the shape of the absorption lines and especially of
the differences between the signatures observed for the ”stem” and for the
”top” can allow one to deduce structural properties of the dimer complex. For
example, rotational band contour analysis of the vibrational signatures in both
spectra can reveal the relative orientations of the two benzene moieties to the
three principal axes of inertia (a, b, c) and thus provide information about the
benzene dimer structure.

In a (distorted) T-shaped structure the two isomers of (C6H6)(C6D6) have
two different sets of rotational constants A, B and C, and in these isomers the
orientation of C6H6 to the three principal axes of inertia is substantially differ-
ent, leading to different rotational band contours of the C-H stretch signatures.
In a parallel displaced or ”Sandwich” geometry (see Figure 1.9 (a) and (c))
both benzene subunits would have the same orientation with respect to the
three principal axes of inertia, leading to the same rotational envelopes for the
same vibrational signature. Additionally, the analysis of the molecular sym-
metry properties can contribute to elucidate the origin of the observed shapes
of the spectral signatures.

In this section the C-H stretch vibrations of the benzene dimer ”stem”
and of the benzene dimer ”top” will be analyzed with focus on the spectral
differences between the two benzene moieties. The relevant point groups are
D6h, C6v, C2v and Cs (see Table 2.2). For the sake of clarity, the symmetry
labels of the D6h point group and also the numbering of the vibrations of the
benzene monomer introduced by Wilson are used throughout this section.

Experimental method

The experimental setup and experimental details are described in section 1.2.1
and 2.1.2. In the experiment presented here the IR spectra (3010-3110 cm−1)
of the fundamental modes and combination bands of (C6H6)

S(C6D6)
T and

(C6D6)
S(C6H6)

T are measured in the gas phase at the spectral resolution of the
IR laser (scanning step size 0.05 cm−1) allowing for a detailed interpretation.
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Figure 2.3: IR spectra of the Fermi triad in the range between 3010 and
3110 cm−1 for the benzene monomer (bottom) and the two monomeric sub-
units, the ”stem” (middle) and the ”top” (top), of the benzene dimer. The ν20

(E1u) fundamental mode (left) is in Fermi resonance with the E1u components
of the ν1 +ν6 +ν19 (middle) and ν8 +ν19 (right) combination bands which have
both B1u + B2u + E1u symmetry.

2.2.2 Infrared spectra

The fundamental mode ν20 and the combination bands ν1+ν6+ν19 and ν8+ν19

interact in a Fermi triad. This Fermi triad is shown in detail in Figure 2.3 for
the benzene monomer and the ”top” and the ”stem” of the dimer. The ν20

fundamental mode (see Figure 2.3 left) appears at 3047.9 cm−1 in the benzene
monomer. In both subunits of the dimer this transition is split and a redshift
relative to the monomer is observed. The centers of the spectral signatures of
the ”top” and the ”stem” are redshifted relative to the monomer by 1.5 cm−1

and 3.6 cm−1, respectively. While the two components of the ν20 signature are
of comparable width in the ”top” spectrum, in the ”stem” spectrum the red
component is by far broader than the blue one, accompanied by a 50% larger
splitting compared to the one of the ”top”.

The combination band ν1 +ν6 +ν19 (see Figure 2.3 middle) of the monomer
is observed at the central position of 3078.6 cm−1 and seems to be split in two
components. However, the signal to noise ratio is not sufficient to definitely
identify the two components. The spectral position of this vibrational transi-
tion is for both, the ”top” and the ”stem”, about 2 cm−1 redshifted from the
respective monomer transition. For the ”stem”, a structure with three clearly
distinguishable peaks, of which the central one appears to have a shoulder on
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Figure 2.4: IR spectra of the indirectly measured fundamental modes ν13, ν7

and ν2 (of B1u, E2g and A1g symmetry, respectively) of the benzene monomer.
These modes are IR inactive in the D6h environment of the benzene monomer,
however, activated in the lowered symmetry of the ”stem” (Cs or C2v) and
thus observable in the spectrum of (C6H6)

S(C6D6)
T .

the red side, is observed. The three main peaks are regularly separated by
about 1 cm−1. For the ”top” benzene ring a single line close to the central
position of the ”stem” spectral feature (3076.7 cm−1) is found.

Shown in the right panel of Figure 2.3 is the ν8 + ν19 combination band,
which appears at 3101.4 cm−1 for the monomer (bottom). While for the struc-
ture of the monomer a splitting can again not unambiguously be determined, a
pronounced splitting of 1.7 cm−1 is observed for both the ”top” and the ”stem”
benzene rings. The signatures of the ”stem” and the ”top” are redshifted from
that of the monomer, whereas for the ”stem” the redshift is twice as big as for
the ”top”.

Besides the Fermi triad, three additional transitions are observed for the
”stem” benzene ring in the region between 3010 and 3110 cm−1, as shown
in Figure 2.4. By comparison with the known (IR inactive) benzene monomer
transitions in this energy range, they can be identified as to result from the fun-
damental modes ν13(B1u) (left) [166], ν7(E2g) (middle) [123, 124] and ν2(A1g)
(right) [123] in the benzene monomer. The complicated structure with the
main component at 3012.6 cm−1 (ν13) appears at first glance to consist of
three components. The transition at 3056.9 cm−1 (ν7) is split in two compo-
nents of different intensity while the feature at 3070.9 cm−1 (ν2) consists of a
single line.
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2 Infrared Spectroscopy on the benzene dimer

2.2.3 Discussion

The gas phase C-H stretch spectra of the benzene monomer and of the ”top”
and the ”stem” benzene of the dimer differ substantially in the number of
observed vibrational modes. The spectral signatures of a respective mode differ
in frequency and especially in shape for the three species.

The number of vibrational modes observed in a certain energy range de-
pends on the symmetry of the molecule and of the vibrational states involved.
Group theoretical considerations can be used to simplify the determination of
IR active transitions. The symmetry selection rules are discussed in section
1.3.2. Symmetry considerations provide information about the IR (in)activity
of a vibration, however, do not say anything about the strength of the transition
dipole moment of the IR active mode.

The frequency of a vibrational mode depends on the energy levels involved
in the transition. Frequency shifts can be observed if vibrational modes are
involved in anharmonic interactions, in the case of intermolecular perturbations
and also if the isotopic composition is changed.

The natural linewidth (Lorentz shape) can be influenced by the Doppler
effect and the temperature. Multiply split structures can originate from the
(partially) resolved rotational structure as well as from multiply degenerate
modes that loose their degeneracy as a consequence of anharmonicities or due
to molecular symmetry reduction.

Vibrational modes

The origin of the observed transitions in the C-H stretch spectra of
(C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T has been discussed in section 2.1.

The presence/absence of individual fundamental modes and combination
bands can be explained by the individual symmetry properties, namely by the
C6v symmetry of the ”top” and the C2v or Cs symmetry in the ”stem” (see
structures (b) and (d) in Figure 1.9).

Frequencies

It is observed that all C-H stretch modes of the benzene dimer are slightly
shifted to the red, compared to the monomer (note, however, that the value
of the ν13 mode for the monomer is only known with an error bar of a few
cm−1, which is on the order of magnitude of the observed wavenumber shifts
(see section 2.1.3)). Furthermore, it is observed that the redshifts of the ”stem”
modes are more pronounced than those of the ”top” modes.

Frequency shifts of vibrational modes can be induced by hydrogen bonding.
Usually this kind of interaction induces, depending on the interaction strength,
a more or less pronounced bond lengthening and redshift of the stretching
mode of the proton donor. In a (distorted) T-shaped structure, the benzene
in the ”stem” position points into the π-electron cloud of the ”top” benzene.
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2.2 Revealing the vibrational properties of the two benzene subunits in the dimer

The ”stem” benzene can thus be regarded as the proton donor and the ”top”
benzene as the proton acceptor in a hydrogen bond. Such a (comparatively
weak) hydrogen bonding interaction might be responsible for the additional
redshift of the vibrational modes of the ”stem” moiety. However, theory also
predicts blue shifting hydrogen bonds [95, 98] which are assumed to originate
from dispersion and electrostatic quadrupole-quadrupole interactions. Exper-
imentally, this phenomenon has been observed for example for fluorobenzene
complexes [99, 109]. So far there is no experimental evidence for blue-shifting
hydrogen bonds in the benzene dimer, and also in the here presented experi-
ment such an effect cannot be identified. Theoretically, a red-shifting hydrogen
bond has been predicted for a Cs T-shaped benzene dimer geometry, and a
blue-shifting hydrogen bond for a C2v T-shaped benzene dimer structure [127].

Another possible reason for frequency shifts can be anharmonic interactions
between modes. Such interactions can occur between modes within one benzene
ring as well as between modes of one benzene ring and either intermolecular
modes or modes of the other benzene ring. Intramolecular anharmonic interac-
tions are numerous and frequently strong. However, anharmonic interactions
with intermolecular modes and modes of the other benzene ring can be ex-
pected to be comparatively weak, since a large frequency mismatch between
the intra- and intermolecular modes exists and also, since the interaction (bind-
ing) between the two rings is weak. Therefore, shifts resulting from anharmonic
couplings should be mainly observable for intramolecular modes, and as inter-
actions with intermolecular modes and modes of the second benzene ring are
of minor relevance, the effects of anharmonic couplings should not be much
different for the monomer and for the dimer subunits.

Structure of the vibrational transitions

There are several factors that can induce splittings of vibrational energy lev-
els, resulting in structured spectral lines. Splittings can be due to rotational
structure or due to lifting of degeneracies. Degenerate modes can split up as
a consequence of anharmonic couplings to other (dark) states or due to sym-
metry reduction. The relevance of these possible contributions is discussed in
this paragraph.

Rotational structure The spectral signatures of the C-H stretch vibrations
of the ”top” and the ”stem” benzene moieties are investigated in terms of rota-
tional band contours. As the C-H stretch spectra of the ”top” and the ”stem”
correspond to those of (C6D6)

S(C6H6)
T and (C6H6)

S(C6D6)
T , respectively,

the rotational band contour analysis is based on the rotational and vibrational
parameters of the two (C6H6)(C6D6) isomers.

The shape of the rotational contours of a molecular system depends on the
orientation of the transition dipole moment relative to the three principal axes
of inertia a, b and c. The observed band contours can thus be a characteristic
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2 Infrared Spectroscopy on the benzene dimer

structural probe. The inertial axis system of the benzene dimer in a Cs T-
shaped geometry is shown in Figure 2.5. The ”stem” is located in the plane
spanned by the principal axes a and b, and the ”top” is located in the b-
c plane. For the benzene monomer the components of the transition dipole
moments for the individual C-H stretch vibrations are located in the molecular

a

c

b

stem

top

Figure 2.5: Inertial axis system of
the benzene dimer in a Cs T-shaped
geometry.

plane. Therefore, the vibrational sig-
natures of the ”stem” can have con-
tributions of the rotational band con-
tours resulting from a- and b-type tran-
sitions, whereas the contribution of a c-
type transition is zero. For the ”top” the
rotational contours are expected to be
mainly due to b- and c-type transitions.
For a C2v T-shaped geometry as shown
in Figure 1.9 (b) the situation is similar,
with the difference that the ”top” ro-
tational contours can result exclusively
from b- and c-type transitions.

Experimental and theoretical rota-
tional constants of (C6H6)

S(C6D6)
T (see

Table 2.3) are used to simulate the rota-
tional envelope of the ”stem” transitions
along the three principal axes of inertia
a, b and c at different temperatures, as-
suming the same set of rotational con-
stants in the vibrational ground state
and the vibrationally excited state. Un-

der the experimental conditions the rotational temperature can be assumed
to be 1-3 K. The band contours for a-, b- and c-type transitions at 5 K as
a (safe) upper limit are shown in Figure 2.6. The differences between the
experimental and theoretical ”Cs over bond” rotational constants are on the
order of 1.5 · 10−3 cm−1 giving rise to negligible differences in the width of
the resulting rotational contours at 5 K or at lower temperatures. The differ-
ences between the rotational constants of the ”Cs over bond” and the ”C2v

T-shaped” structures are even smaller. These negligible discrepancies allow one
to base the forthcoming analysis of the ”top” and the ”stem” rotational en-
velopes exclusively on the calculated rotational constants of (C6D6)

S(C6H6)
T

and (C6H6)
S(C6D6)

T , respectively, assuming the theoretical minimum energy
geometry ”Cs over bond” [73]. Due to centrifugal distortion the rotational con-
stants of a vibrationally excited state are usually slightly smaller than those
of the vibrational ground state (Δ ≈ 10−3 cm−1). From Figure 2.6 it can
be seen that differences of rotational constants on that order do not influence
the shape of the rotational envelopes. Hence, the approximation, using the
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2.2 Revealing the vibrational properties of the two benzene subunits in the dimer

A B C

Cs over bond
(C6H6)

S(C6D6)
T 1686.3824 455.0835 422.5678

(C6D6)
S(C6H6)

T 1794.0801 455.2696 416.0929

C2v T-shaped
(C6H6)

S(C6D6)
T 1669.5224 451.2724 418.2362

(C6D6)
S(C6H6)

T 1778.5094 451.2322 411.8948

(C6H6)
S(C6D6)

T
exp

a 1640.32 409.02 376.51

C6H6 5713.3828 5713.3828 2856.6914

aOnly the value of B is experimentally determined (see section 3.2.2).

The values of A and C are indirectly determined from the rotational

constant of the theoretical structure Cs over bond and the

difference ΔB = BCs over bond − Bexp.

Table 2.3: Rotational constants [MHz] of both isomers of (C6H6)(C6D6), as-
suming the theoretical near-prolate structures ”Cs over bond” and ”C2v T-
shaped” from Reference [73]. The rotational constants are calculated at the
Austin Model 1 (AM 1) level of theory. For comparison, the experimentally
determined values for (C6H6)

S(C6D6)
T and the theoretical values of C6H6 are

given.

same sets of rotational constants for the vibrationally excited state and the
vibrational ground state, is valid for the purpose of this study.

The transition dipole moments and the structure of the isotopically
pure benzene dimer (C6H6)2 (see Figure 2.5) are calculated at the MP2/6-
311++G(2d,p) level of theory and are used to simulate the rotational band
contours of the ”stem” and the ”top” benzene rings. Since the C-H stretch
vibrations are localized in one benzene molecule and anharmonic couplings
to intermolecular modes are negligible the isotopic composition of the second
benzene ring should not influence the orientation and intensity of the transi-
tion dipole moments in the first benzene ring, and therefore this approxima-
tion, using the transition dipole moments of (C6H6)2 instead of those of the
(C6H6)(C6D6) isomers, is reasonable.

The rotational temperature in the molecular beam is estimated to be below
5 K, and therefore the rotational envelopes for the different vibrational modes
are simulated for discrete temperatures ≤5 K. The results assuming a rotational
temperature of 5 K are shown for a selection of modes in Figure 2.7. The
rotational envelope of the ν20 fundamental mode in the ”top” (see Figure 2.7
(a)) has 5 % a-type, 45 % b-type and 50 % c-type character, and in the ”stem”
(see Figure 2.7 (b)) 35 % a-type character and 65 % b-type character. The
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2 Infrared Spectroscopy on the benzene dimer

rotational band contour of the ν7 fundamental mode which is only IR active
in the ”stem” has 60 % a-type and 40 % b-type character (see Figure 2.7 (c)).

P

Q

R

a-type

c-type

b-type

rel. wavenumber [cm-1]

in
te

n
si

ty
 [

a.
u
.]

-2 -1 0 +1 +2

Figure 2.6: Rotational band contours
of a-, b- and c-type transitions in the
”stem” of the benzene dimer assuming
a rotational temperature of 5 K. The
contours calculated from experimental
(back lines) and theoretical ”Cs over
bond” (gray lines) rotational constants
are very similar. For the a-type transi-
tion the P-, Q- and R-branches are in-
dicated.

It can be seen that the simulated ro-
tational band contours can reproduce
to some extent the width of the ”top”
ν20 spectral signature and the struc-
ture of the ”stem” ν20 spectral sig-
nature, however, that none of both
is reproduced for the ”stem” ν7 ab-
sorption signal. If rotational struc-
ture was responsible for the shapes
of the vibrational absorption signals
it would be expected to contribute to
the width and to the structure of the
spectral signature for all transitions
to the same extent. A consistency
concerning width and shape is, how-
ever, not observed and it can be con-
cluded that the rotational band con-
tour at a rotational temperature of
5 K cannot be used to describe the
structural features of the observed vi-
brational signatures.

At first glance it might appear
likely that the ν2 fundamental mode
corresponds to the Q-branch of an a-
type transition with the P- and R-
branches being too weak to be ob-
served. The fit of an a-type rota-
tional envelope assuming several ro-
tational temperatures (1-50 K) shows
that the width of the Q-branch does
not change significantly with the
temperature, only the intensity of
the P- and R-branches is changed.
At any temperature the Q-branch is

much narrower than the spectral signature of the ν2 fundamental mode and
can thus not be its origin.

In the following simulations, the rotational temperature is gradually reduced
and the rotational envelopes are approximated by Gauss functions (see Figure
2.8). The width of the Gauss function must be large enough to adequately
reproduce the most narrow spectral feature, which is the ν2 fundamental mode
in the benzene dimer ”stem”. As the ”stem” is located in the a-b plane of the
benzene dimer
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Figure 2.7: The simulated rotational band contours (gray) assuming a rota-
tional temperature of 5 K are shown in comparison with the experimental
absorption bands (black) of (a) the ν20 fundamental mode in the ”top”, (b) the
ν20 fundamental mode in the ”stem” and (c) the ν7 fundamental mode in the
”stem”.
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Figure 2.8: Rotational band contours
(gray lines) for a-, b- and c-type tran-
sitions at 1 K rotational temperature
in (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T ,

representing those of the two subunits, the
”stem” and the ”top”. The envelopes are
fitted by Gauss functions (black lines).

inertial axes system (see Fig-
ure 2.5), the shape of the vi-
brational modes of the ”stem”
can be reproduced by Gauss func-
tions having a full width at half
maximum which corresponds to
the average FWHM value of the
Gaussian rotational contours for
a pure a-type and a pure b-
type transition. Similarly, the
structure of the vibrational signa-
tures of the ”top” can be decom-
posed in Gaussians with an aver-
age FWHM value of a pure b-type
and a pure c-type transition, and
the a-type component can be ne-
glected.

Reducing the rotational tem-
perature to 3 K does not change
the general shape of the rotational
band contour and only compresses
its width to about 83 % of the 5
K value (see Figure 2.9). When
reducing the rotational tempera-
ture even more, to 1 K (as the lower limit for the rotational temperature), the
full width at half maximum (FWHM) of the rotational band contour is sub-
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Figure 2.9: Full width at half maximum (FWHM) of the Gauss functions fitting
the rotational band contours of the a-, b- and c-type transitions of the ”stem”
and the ”top” in the benzene dimer as a function of the rotational temperature.
Additionally shown are fits of the FWHM assuming exclusively contributions
from a- and b-type transitions and from b- and c-type transitions for the ”stem”
and the ”top”, respectively.

stantially reduced to 50 % of the 5 K value. At 1 K the P-, Q- and R-branches
(see Figure 2.8) are strongly compressed, so that they are expected to remain
unresolved in the IR spectrum. The average 1 K FWHM values are 0.67 cm−1

and 0.77 cm−1 for the ”stem” and the ”top”, respectively (see Figure 2.9). The
Gauss contours with a FWHM corresponding to a rotational temperature of 1
K can be used to fit the components of the contours of the observed vibrational
modes. Assuming this temperature, also the most narrow vibrational signature
(ν2 of the ”stem”) can be adequately reproduced.

The envelopes resulting from the ensemble of Gaussians at 1 K are shown in
Figure 2.10 as solid black lines. It can be seen that the simulated contour fits
the experimental shape (solid light gray line) very well. The central positions
of the individual Gaussians are summarized in Table 2.4. For comparison,
the envelopes resulting from Gaussians, that represent the rotational envelope
at 1.5 K, are shown as dashed black lines in Figure 2.10. For this fit the
same number of Gaussians is used as for the 1 K fit. It can be seen that for
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Figure 2.10: The contours of the observed fundamental modes and combination
bands are reproduced by a superposition of Gaussians. Assuming a rotational
temperature of 1 K, the full width at half maximum (FWHM) is 0.67 cm−1

for all spectral features resulting from the ”stem” and 0.77 cm−1 for those of
the ”top”. These values correspond to the average FWHM of the a-b-type (of
(C6H6)

S(C6D6)
T ) and b-c-type (of (C6D6)

S(C6H6)
T ) transitions, respectively.

The simulated envelope at 1 K is shown as a black line together with the Gaus-
sians it is composed of as dark gray lines. The rotational envelope assuming
a rotational temperature of 1.5K is reproduced as well and indicated as black
dashed line. The appropriate components are not shown. The experimental
spectrum is shown as a light gray solid line.
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vibrationa
νstem Δνstem

b
νtop Δνtop

b
νmonomer

ν13 3011.9 n.a.c n.a.c

3012.6
3013.6

ν20 3043.4 -3.6 3045.9 -1.5 3047.9
3043.9 3046.9
3044.5
3045.5

ν7 3056.3 n.a.c n.a.c

3057.4

ν2 3070.9 n.o.d n.a.c

ν1 + ν6 + ν19
e 3075.4 -2.2 3076.7 -1.9 3078.6

3076.1
3076.6
3077.5

ν8 + ν19
f 3097.1 -3.2 3098.6 -1.7 3101.4

3097.6 3099.2
3098.8 3100.1
3099.4 3100.9

aWilson numbering
bshift of the central peak position relative to the appropriate monomer value
cnot infrared active
dnot observed
eA1g × E2g × E1u = B1u + B2u + E1u

f E2g × E1u = B1u + B2u + E1u

Table 2.4: Overview of the transition energies of the components of the exper-
imentally observed fundamental modes and combination bands in the region
between 3010 and 3110 cm−1 for the ”stem” and the ”top” of the benzene
dimer. Additionally, the values of the central positions of the IR active modes
for the benzene monomer are given. Due to the inferior signal to noise ratio
in the monomer spectra possible splittings are not mentioned. All values are
given in cm−1.
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2.2 Revealing the vibrational properties of the two benzene subunits in the dimer

several vibrational modes the fit is slightly inferior to that assuming a rotational
temperature of 1 K. In general, the results for 1 K and 1.5 K are similar.

In conclusion, the splittings of the vibrational signatures seem too large
to be explainable by rotational contours. Instead, the rotational envelopes,
obtained when assuming a rotational temperature between 1 and 2 K, can
reproduce the individual components of the absorption lines fairly well. Thus,
the observed structure is very likely due to vibrational properties that are
discussed in terms of symmetry in the following.

Anharmonic interactions and symmetry Many anharmonic interac-
tions between fundamental modes and other states/combination bands are al-
lowed by symmetry in the benzene molecule in the region between 3010 and
3110 cm−1. Besides the four fundamental modes and the two combination
bands already presented, there are four combination bands with a B1u com-
ponent and six combination bands with a E1u component [113]. Some of the
six E1u containing combination bands have a B2u component too, and four of
them contain also a B1u component. Perturbing states of E2g or A1g symmetry
are not known for this frequency range [113].

The ν13 (B1u) mode (see Figure 2.4 left) interacts with two of the four
B1u containing perturbing states moderately strong, with the other two quite
strong [113]. Additionally, the B1u mode can interact with the B1u component
of the combination bands ν1 + ν6 + ν19 and ν8 + ν19. These interactions might
contribute to a frequency shift of the fundamental mode ν13. However, even
when interacting with those perturbing states, the resulting spectral signature
should not be split. In the experiment, this mode does not appear as a pure
single line but as a broad feature consisting of at least three transitions. Thus,
the mode itself cannot be the sole origin for the different components found.
However, in this spectral region the density of states is several states/cm−1.
Coupling of some of those in principle dark states to the ν13 fundamental mode
could induce infrared activity and could cause a complex structure instead of
a single line in the IR absorption spectrum.

In both subunits of the benzene dimer the doubly degenerate ν20 funda-
mental mode (E1u) is split in two components, separated by 1-2 cm−1, (see
Figure 2.3 left). It can also be seen that the E1u mode in the free benzene ring,
however, appears to be a single line, or to have a relatively small splitting of a
few tenths of a cm−1. The E1u symmetry reduces to E1 in the ”top” and to
2A

′ or A1 +B1 in the ”stem”, depending on whether the T-shaped structure is
distorted or not (see Table 2.2). Following those arguments, the ”stem” split-
ting can be due to symmetry reduction in the benzene dimer environment while
the splitting observed for the ”top” must be of different nature. The splitting
in the ”top” seems rather due to anharmonic coupling of the ν20 mode to E1u

components of other modes, such as the six perturbing states already men-
tioned and/or the combination bands ν1 + ν6 + ν19 and ν8 + ν19. This coupling
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can lead to a loss of degeneracy. In the experimental spectrum, the splittings
of the components of the ν20 mode are very different for the ”top” and ”stem”
molecule, supporting that the origins of the splittings are presumably of dif-
ferent nature. For the ”stem” the width of the red component is much larger
than that of the blue component and also larger than both components of the
”top” signature. This might be ascribed to coupling of the ”stem” mode to in
principle dark states, inducing IR activity.

The ν7 (E2g) mode (see Figure 2.4 middle), observable only for the ”stem”,
is doubly degenerate in the monomer. However, in the reduced symmetry of
the ”stem” this degeneracy is lifted resulting in two components of A

′ or A1

and B1 symmetry, which can all have IR activity (see Table 2.2). In agreement
with these symmetry considerations two weak lines are observed for this mode
in the experimental spectrum. The ν2 (A1g) mode (see Figure 2.4 right), again
only observable for the ”stem”, is non-degenerate and does not interact anhar-
monically via Fermi resonances with dark states. In agreement with that, no
splitting of this mode is observed in the experimental spectrum.

The combination band ν1 + ν6 + ν19 (see Figure 2.3 middle) shows signifi-
cant spectral differences for the ”top” and the ”stem” position in the benzene
dimer. While in the ”top” spectrum one single peak occurs, a splitting in four
components is observed for the C-H-oscillators in the ”stem”. The different
symmetry properties of the two benzene dimer subunits might be responsi-
ble for the drastic differences in the ”stem” and the ”top” spectra of this
mode. In a D6h environment (benzene monomer) this combination band has
B1u +B2u +E1u symmetry, which reduces to B1 +B2 +E1 in the C6v environ-
ment of the ”top” and to four non-degenerate levels of A

′ symmetry in the Cs

environment (or of 2A1+2B1 symmetry in the C2v environment) of the ”stem”
(see Table 2.2). While in the ”top” only the E1 component is IR active, four
non-degenerate levels are IR active for the ”stem” vibration. Provided that
there is no intramolecular anharmonic interaction of this combination band in
the ”top” with other modes, the E1 component will remain degenerate and
appear as a single line in the spectrum.

In principle, the same holds for the ν8 + ν19 combination band (see Figure
2.3 right) too, since it has the same symmetry properties. But the observed
vibrational signature is completely different from that of ν1 + ν6 + ν19. The
combination band ν8 + ν19 is split in two components for the ”stem” and
the ”top”. Such a large splitting (about 1.7 cm−1) cannot be observed for
the benzene monomer. For this mode, anharmonic interactions of different
strengths within the ”top” moiety to one or several states of E1u symmetry
mentioned above could (partially) lift the degeneracy. The four components of
the ”stem” moiety might be only partially resolved (see Figure 2.10).
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2.2.4 Conclusion

The vibrational properties of the two subunits of the benzene dimer are mea-
sured separately in the C-H stretching region, and the differences concerning
number, frequency and structure of the observed modes are discussed. Absence
and presence of vibrational modes are due to the symmetry properties, and the
frequency shifts can be explained by hydrogen bonding. It is shown that the
observed vibrational structure cannot be ascribed to rotational band contours,
but rather to anharmonic coupling within and to the symmetry properties of
the individual subunits. The spectra are consistent with a model in which the
two benzene rings are arranged in a T-shaped geometry, having one ring in a
”stem” position and one in a freely (about its C6 axis) rotating ”top” position.
That is, two structures are supported by these experimental results: structures,
that are in their rigid forms of Cs or C2v symmetry and in their dynamic forms
both of C6v symmetry.
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Chapter 3

Microwave spectroscopy of

the benzene dimer

3.1 Introduction

The rotational transitions for most molecules and clusters occur in the fre-
quency range of microwaves, and high resolution microwave (MW) spectroscopy
is ideally suited to investigate their equilibrium/minimum energy structures.
However, also other aspects such as internal dynamics, charge distribution
(dipole moment) and polarizability can be addressed.

The benzene dimer is a very floppy system with a relatively flat potential
energy surface, and so far the quantitative structural information available from
experiments has been insufficient to solve the conflict of the two qualitatively
different equilibrium structures predicted by theory.

Microwave spectroscopy applied to the benzene dimer provides valuable
information about its dynamics and structure. These information can be de-
duced from splitting patterns of rotational energy levels and from the relative
intensities of their components. Additional information can be obtained via ex-
periments on isotopically labeled systems. Substitution of one benzene ring by
a completely deuterated isotopologue, for example, changes the nuclear spin
statistics and the rotational constants. Thus the transition frequencies, the
splittings of the rotational transitions as well as the (relative) intensities can
be different. The tunneling pattern, i.e. the number of torsional energy levels,
of a selected transition is expected to be maintained upon full deuteration.
However, the width of the splitting can be considerably changed, so that the
splitting structure appears at first glance to be completely different. Experi-
ments on several isotopologues therefore allow one to refine an interpretation
step by step and also to prove its consistency. However, due to the need of a
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permanent electric dipole moment possible non-polar benzene dimer structures
cannot be investigated (see Figure 1.11).

Tunneling pathways that are associated with a specific molecular symmetry
can be investigated by Molecular Symmetry (MS) group theory. Such studies
provide the relative energies and nuclear spin statistical weights of the compo-
nents of a tunneling rotational energy level. The energies in rotational spectra
correspond to transitions between rotational states and not to the absolute en-
ergy levels treated by theory. However, splittings within one rotational state
and the spin statistical weights of the components can be compared to the
experimental observations, allowing for the exploration of feasible tunneling
processes and their barriers.

In 1993, the first rotational spectrum of the completely protonated benzene
dimer (C6H6)2 has been measured in the range from 2.5 to 6 MHz. It has
been found to be strongly congested which was tentatively interpreted as to
result from several dynamic states as well as from low frequency tunneling [56].
Among many transitions, 22 with a quartet structure have been observed and
assigned to J + 1,K ← J,K transitions. The observed quartets show a sys-
tematic 1 : 2 : 1 splitting which has tentatively been ascribed to two different
tunneling pathways, such as two opposed interconversion pathways. The au-
thors have assumed a C2v T-shaped benzene dimer structure with different
moments along the three principal axes of inertia. However the transitions in
the spectrum have been fitted to a symmetric top Hamiltonian. This disagree-
ment has been explained by the almost unhindered internal rotation of both
benzene rings about the molecular A axis (see Figure 2.5). As a second expla-
nation the authors have proposed that the benzene dimer is in a vibrationally
excited state, as addition of a fraction of argon to the carrier gas appears to
reduce the signal of the symmetric top species, probably indicating a more
efficient relaxation from the vibrationally excited state.

Nonetheless, several important questions are still not fully answered. (1)
What is the origin of the observed quartet structure? (2) Is the symmetric top
behavior due to an excited state, and if so, which state is it? If not, how can
a ground state symmetric top spectrum be explained? (3) What is the origin
of the additional lines that have not been assigned?

In the following chapter microwave experiments on (C6H6)2 and its partially
deuterated analogues, addressing these questions, are presented and discussed
together with MS group theoretical considerations.

3.1.1 Experimental method

The rotational spectra are measured in the COBRA setup, described in section
1.2.2.

The benzene dimer has a comparatively small electric dipole moment and
the spectral features are expected to be weak. Therefore an elevated concen-
tration of benzene dimer complexes in the microwave cavity is required and the
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gas mixture used for the IR and UV experiments (0.03 % benzene in a carrier
gas) is not suitable. Instead, the carrier gas (helium, neon or argon) is passed
through a reservoir containing liquid benzene, which is cooled down to −15◦C.
Pure C6H6 or a 1:1 mixture of C6H6 and C6D6 are used to investigate iso-
topically pure or mixed benzene dimer complexes. Depending on the isotopic
composition, the backing pressure of the rare gas is adjusted to obtain optimal
experimental conditions.

From several experiments [54,56,166] (see also chapter 2) a benzene dimer
structure with two symmetrically inequivalent subunits is deduced that do not
interchange on the experimental time scale. Therefore, for an isotopically
mixed benzene dimer two isomers exist. This is described in detail in sec-
tion 1.5.3 and 2.1. Briefly, in (C6H6)(C6D6) the two subunits, the ”stem” and
the ”top”, differ in isotopic composition and the two substitution isomers are:
(C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T , where S symbolizes the ”stem” and T

denotes the ”top”. Since the experimental setup has no mass selective detec-
tion, the rotational transitions of four different dimer isotopologues ((C6H6)2,
(C6D6)2, (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T ) can in principle be observed

at the same time, complicating significantly the analysis of the rotational spec-
trum. To simplify the the interpretation of the spectra the experiment is con-
ducted as follows. In (C6D6)2, the quadrupole coupling of the 12 deuterons with
a nuclear spin I = 1 contributes significantly to the spectral shape of the rota-
tional transitions. Therefore, the (C6D6)2 transitions are expected, compared
to those of (C6H6)2, to be broadened and hard to observe in the rotational
spectrum. In section 4.2 it is shown that the relative abundance of the two
isomers of (C6H6)(C6D6) in a molecular beam can be controlled by the choice
of the carrier gas [58]. When using neon as a carrier gas (C6H6)(C6D6) is exclu-
sively present as the (C6H6)

S(C6D6)
T isomer in the molecular beam, whereas

in helium (C6H6)
S(C6D6)

T and (C6D6)
S(C6H6)

T co-exist. Thus, using neon as
a carrier gas only (C6H6)

S(C6D6)
T and (C6H6)2 will contribute to the spectral

features. (C6H6)2 can be investigated independently prior to the experiment
on the isotopic mixture. Consequently, additional transitions, compared to the
(C6H6)2 spectrum, originate solely from (C6H6)

S(C6D6)
T . Once the spectral

signatures of (C6H6)2 and (C6H6)
S(C6D6)

T are known helium can be used as
an expansion gas allowing one to investigate (C6D6)

S(C6H6)
T as well. Note

however, that the experiment is not mass selective and is performed with a
molecular beam, that has, compared to the UV and IR-UV double resonance
experiments presented in the previous chapters, a much higher concentration
of benzene. The presence of benzene trimers and higher clusters can therefore
not be excluded.
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Figure 3.1: Typical symmetric top transition of (C6H6)2 measured with neon
as carrier gas. As an example the J

′
,K

′ ← J,K: 6, 0 ← 5, 0 transition is
shown.

3.2 Experimental results

3.2.1 (C6H6)2

The rotational spectrum of gas phase (C6H6)2 is entirely measured in the range
between 3000 and 6000 MHz and partially measured up to 9000 MHz. For the
molecular beam neon is used as a carrier gas. Due to the coaxial propagation
of the molecular beam and the microwave field a Doppler splitting is observed
for all transitions. This splitting depends on the velocity v of the molecular
beam (its terminal velocity after the supersonic expansion is almost exclusively
determined by the nature of the carrier gas) and on the frequency ν of the
emitted microwave radiation. The Doppler splitting can be approximated by

ν

± ∼= ν

(
1 ± v

c

)
. (3.1)

The transition frequencies mentioned in this chapter correspond always to the
arithmetic mean of the respective components of a Doppler doublet.

In the probed energy range many transitions of comparatively low inten-
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Figure 3.2: Rotational transitions that do not contribute to the symmetric
top spectrum of (C6H6)2. Possibly these transitions result from larger C6H6

clusters.

sity are found. The low intensity results from the small dipole moment of the
benzene dimer and from a possibly low concentration of (C6H6)2 in the molecu-
lar beam. Additionally, the low rotational constants allow for the simultaneous
population of many rotational levels even at low rotational temperatures. Some
of the observed transitions are striking due to their similar spectral signature:
a quartet splitting with a regular 1 : 2 : 1 spacing between the four components
(see Figure 3.1). Additionally, singlet and doublet structures are observed in
the rotational spectrum (see Figure 3.2).

Symmetric top spectrum

The moments of inertia along the three principal axes of the (distorted) T-
shaped structure are expected to behave acoording to Ia < Ib ≤ Ic (see Figure
2.5). Most of the observed quartets can be attributed to rotational transitions
of the type J + 1,K ← J,K and fitted as symmetric top transitions. The
rotational energy levels of a prolate symmetric top are given by

E(J,K) = BJ(J +1)+(A−B)K2−DJJ

2(J +1)2−DJKJ(J +1)K2−DKK

4

(3.2)
with the rotational quantum number J , the projection quantum number K, the
rotational constants B and A and the quartic centrifugal distortion constants
DJ , DJK and DK . This expression can be refined by adding sextic centrifugal
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3 Microwave spectroscopy of the benzene dimer

distortion terms

+HJJ

3(J + 1)3 + HJKJ

2(J + 1)2K2 + HKJJ(J + 1)K4 + HKK

6
. (3.3)

For a J + 1,K ← J,K transition the transition frequency is then

ν(J,K) = 2B(J + 1) − 4DJ (J + 1)3 − 2DJK(J + 1)K2 + 2HJ (J + 1)3

(3J2 + 6J + 4) + 4HJK(J + 1)3K2 + 2HKJ(J + 1)K4
.

(3.4)
The quartet components are treated independently according to equation 3.4
to determine the effective rotational parameters as equation 3.4 is strictly valid
only for components of A symmetry. The fit of the rotational parameters,
including the sextic centrifugal distortion terms, is based on the transitions with
K = 0 and 1 (see Table 3.1), as in a prolate symmetric top the energy levels
increase with increasing K (see equation 3.2), and energy levels with higher K

values might come close to the tunneling barrier. In this case perturbations
play an increasingly important role and eventually become too difficult to be
modeled with a semi-rigid rotor Hamiltonian approach (see equation 3.4 plus
higher terms). The rotational parameters are shown in Table 3.2. It can
be seen that the fitted transition frequencies of line 1, i.e. of the quartet
component with the lowest transition energy, deviate from the experimental
value by 1-2 kHz which corresponds to the experimental error bar. For all
other components the deviation is much larger, strongly indicating that the
low transition energy component is most likely the one of A symmetry. The
residuals for the experimental frequencies (also for transitions with K > 1) are
shown in Table 3.1. It can be seen that for transitions with K > 1 the deviation
between experimental and fitted values amounts to several 100 kHz, justifying
that the fit has been limited to transitions with K = 0 and 1.

Intensity pattern

The relative intensities of the components of a rotational transition can give
valuable information about the nuclear spin statistical weights. These in turn
depend on the tunneling processes and the respective symmetries of a given
molecular system. However, since the molecules are polarized by a microwave
pulse of a certain linewidth the measured intensities represent the convolution
of the Gauss shaped microwave intensity distribution and the real intensity
pattern, and they are as such difficult to interpret (see Figure 3.3). Therefore,
to measure their relative intensities, all components of a particular transition
are measured separately by polarizing the molecular beam with a microwave
pulse of the respective frequencies.

The measurements are performed twice with two different microwave in-
tensities to ensure that none of the four components is overpolarized giving
wrong relative intensities. Due to technical properties there are small gaps in
the frequency range of the spectrometer and some transitions (e.g. 6, 0 ← 5, 0
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3 Microwave spectroscopy of the benzene dimer

parameter line 1 line 2 line 3 line 4

B [MHz] 427.7277 427.7328 427.7430 427.7479
±0.0002 ±0.0003 ±0.0003 ±0.0003

DJ [kHz] 6.970 6.970 6.970 6.970
±0.003 ±0.004 ±0.005 ±0.004

Σa [MHz] 0.8361 0.8356 0.8350 0.8344
±0.0003 ±0.0003 ±0.0004 ±0.0003

HJ [Hz] -0.81 -0.80 -0.79 -0.79
±0.02 ±0.02 ±0.02 ±0.02

HJK [kHz] 1.020 1.020 1.020 1.010
±0.003 ±0.003 ±0.004 ±0.004

rms [kHz] 1.79 4.92 6.41 10.95

aΣ corresponds to DJK − HKJ

Table 3.2: Rotational constant B and centrifugal distortion parameters for
each component of the (C6H6)2 quartet structure, fitted using all observed
transitions with K = 0 and 1 (see Table 3.1) according to equation 3.4. The
four lines are numbered with increasing frequency as observed in the microwave
spectrum. In the last line, the root mean square deviation of the fitted values
from the experimental value for all considered transitions with K = 0 and 1 is
given. The terms −2DJK(J + 1)K2 and +2HKJ(J + 1)K4 in equation 3.4 are
equivalent if only transitions with K = 0 and 1 are considered. Therefore, the
sum of both terms is fitted and parameterized with Σ.

and 6, 1 ← 5, 1) cannot be polarized at their central frequency. Therefore the
quartet intensity pattern of those transitions are not accessible. Based on the
measurements of the transitions J

′
,K

′ ← J,K = 5, 0 ← 4, 0, 5, 1 ← 4, 1,
7, 0 ← 6, 0 and 7, 1 ← 6, 1 the relative intensities are obtained:

3.02+0.17
−0.17 : 1.96+0.20

−0.20 : 1.95+0.07
−0.13 : 1.00.

It should be particularly noted that transitions with even and odd K values
have the same relative intensity pattern.

3.2.2 (C6H6)(C6D6)

Additionally to (C6H6)2 the two isotopically mixed isomers (C6H6)
S(C6D6)

T

and (C6D6)
S(C6H6)

T are interesting to investigate, as the separation between
the individual tunneling components of a rotational transition changes upon
isotopic labeling and can thus also provide valuable information about the
tunneling mechanism. Provided that in the benzene dimer the observed quartet
splitting can be referred to a single tunneling process localized in one benzene
ring, the spacing between the four components should depend on whether that
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3.2 Experimental results
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Figure 3.3: The Gaussian microwave intensity distribution creates a distorted
relative intensity pattern. The real relative intensities can be obtained by
separate measurements, indicated by the dashed lined Gaussian functions, for
each component.

benzene ring is deuterated or not. As the splitting is exponentially inversely
proportional to the mass of the tunneling moiety the width of the splitting
is expected to decrease with (C6H6)2 > (C6H6)

S(C6D6)
T

> (C6D6)
S(C6H6)

T

if the corresponding tunneling is located in the ”stem”, and with (C6H6)2 >

(C6D6)
S(C6H6)

T
> (C6H6)

S(C6D6)
T if the ”top” is involved.

(C6H6)
S
(C6D6)

T

In Figure 3.4 the 7, 2 ← 6, 2 rotational transition of (C6H6)
S(C6D6)

T , mea-
sured with neon as a carrier gas, is shown. Compared to the same transition in
(C6H6)2 (see Figure 3.4 left) the intensity is reduced and the peaks are signifi-
cantly broadened. This drastic difference results from the quadrupole coupling
of the six deuterons in the ”top” benzene ring of (C6H6)

S(C6D6)
T .

Similarly to (C6H6)2, mainly quartet patterns are observed in the spectrum
of (C6H6)

S(C6D6)
T , besides some unresolved spectral structures. The four

components are split in a ratio 1 : 2 : 1 as well. However, compared to (C6H6)2,
the deviation is in some cases relatively high (±10 %) which can be ascribed to
the increased density of spectral lines and to the only partly resolved hyperfine
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Figure 3.4: The rotational transition J

′
,K

′ ← J,K = 7, 2 ← 6, 2 of
(C6H6)

S(C6D6)
T measured with neon as a carrier gas is shown in the right

panel. For comparison, the same transition is shown on the left for (C6H6)2.

structure. This leads to a lower precision in determining the peak frequencies
of the individual components. The transitions with a resolved quartet structure
are listed in Table 3.3.

Most of the transitions found can be assigned to J +1,K ← J,K transitions
and can be fitted to a symmetric top Hamiltonian. Due to the broadened
quartet components and increased uncertainty, the central quartet frequencies
are taken to fit the rotational parameters, using equation 3.4. However, as a
higher precision is, considering the experimentally given precision, not justified,
the fit parameters are limited to the rotational constant B and the quartic
centrifugal distortion terms. The sextic centrifugal distortion constants are
those fitted for the central frequencies of the (C6H6)2 transitions: HJ = −0.80±
0.02 Hz and HJK = 1.020 ± 0.004 kHz. The fit is again based on transitions
with K = 0 and 1 (see section 3.2.1). The best fit values of the parameters
are B = 409.0090 ± 0.0001 MHz, DJ = 5.850 ± 0.001 kHz and DJK − HKJ =
0.8264 ± 0.0001 MHz, giving a rms deviation for the central frequencies of the
transitions with K = 0 and 1 of 2.78 kHz. In Table 3.3 the residuals of the
resulting central transition frequencies and the experimental values are shown,
also for transitions with K > 1. Again it can be seen, that the fitted frequencies
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3 Microwave spectroscopy of the benzene dimer

of the transitions with K = 2 deviate considerably from the experimental
values. The fitted parameters allow one to identify additional transitions that
originate from the same symmetric rotor. However, they are not listed in Table
3.3 as they are only partially resolved.

Comparing the rotational transitions assigned to J + 1,K ← J,K of
(C6H6)

S(C6D6)
T to the respective ones of (C6H6)2 shows that the absolute

widths of the (C6H6)
S(C6D6)

T quartet splittings are about 60-70 % of the
widths of the (C6H6)2 splittings.

The intensity pattern of the quartet splitting of the (C6H6)
S(C6D6)

T tran-
sitions is not determined due to the weak and broad signals and the associated
low signal to noise ratio.

(C6D6)
S
(C6H6)

T

Using helium as a carrier gas should in principle allow one to investigate the
second mixed benzene dimer (C6D6)

S(C6H6)
T . However, it is difficult to pos-

itively identify (C6D6)
S(C6H6)

T in the microwave spectrum. Impurities in
the carrier gas, such as water, can collisionally isomerize (C6D6)

S(C6H6)
T to

(C6H6)
S(C6D6)

T . To lower the isomerization rate, the formation of transient
benzene complexes with high binding energies has to be avoided (see section
4.2). Therefore the carrier gas can for example be additionally dehydrated to
optimize the experimental conditions for (C6D6)

S(C6H6)
T .

A few transitions are found which might originate from this conformer,
but an unambiguous assignment appears presently not possible. An ad-
ditional complication is that the rotational constants of (C6H6)

S(C6D6)
T

and (C6D6)
S(C6H6)

T in a (distorted) T-shaped geometry are expected to
be very similar leading most probably to even overlapping rotational transi-
tions. At present a comparative study of the 1 : 2 : 1 splittings of (C6H6)2,
(C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T is therefore not possible.

3.2.3 Stark effect measurements

When molecules with a permanent electric dipole moment μ are subject to
an external electric field their rotational energy levels experience Stark shifts
and/or splittings. The extent of the shift and the splitting is experimentally
measurable and correlates with the molecular electric dipole moment. Stark
effect measurements can thus be used to determine electric dipole moments.
In this work, microwave spectra are therefore also recorded in the presence of
an electric field whose strength is precisely determined using the calibration
function from Reference [128].

Stark effect measurements are performed on selected transitions (J ′
,K

′ ←
J,K= 5, 0 ← 4, 0; 5, 1 ← 4, 1; 7, 0 ← 6, 0; 7, 1 ← 6, 1; 9, 1 ← 8, 1) of (C6H6)2.
For energy levels with K = 1 the linear Stark effect is predominant, and levels
with K = 0 have a pure quadratic Stark effect (see equations 1.16 and 1.17).
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Figure 3.5: Expected Stark patterns of the torsional components of the tran-
sitions 5, 0 ← 4, 0 and 7, 0 ← 6, 0 at a given electric field strength. ν is the
transition frequency shift, B the rotational constant, μ the dipole moment and

E the electric field strength. Δν2h2B
μ2E2 corresponds to αi and the intensity to fi

(see text). The unperturbed transition is located at 0.

Transitions affected by a linear Stark effect shift significantly in frequency,
even in the presence of a weak electric field (< 1 V/cm), and in the case of
(C6H6)2, the resulting spectrum becomes very complicated. An additional com-
plication is that weak electric fields cannot be adjusted with sufficient precision
due to the absolute resolution of the HV power supply serving as voltage source
in the experimental setup. This makes it very difficult to assign the linearly
Stark shifted lines at all field strengths. Measuring the quadratic Stark effect
has an advantage over measuring the linear Stark effect: A state J,K 
= 0 with a
linear Stark effect is split in 2J + 1 levels with MJ = −J, (−J + 1)...(J − 1), J ,
whereas a state J,K = 0 with a quadratic Stark effect splits only in J + 1
levels with MJ = ±J,±(J − 1), ...,±1, 0 (see Figure 1.7 and equations 1.16
and 1.17). Thus, the spectrum is expected to be considerably simpler for
J + 1,K = 0 ← J,K = 0 transitions. Therefore, in this study transitions with
K = 1 are not considered to estimate the electric dipole moment of (C6H6)2,
but exclusively those with K = 0.

In Figure 3.5 the theoretically expected Stark patterns of the transitions
5, 0 ← 4, 0 and 7, 0 ← 6, 0 are shown. The components of the split tran-
sitions are shown relative to the unperturbed transition for a given electric
field strength. The absolute splittings of the MJ components depend on the
strength of the electric field, on the rotational constant B and on the molecular
dipole moment. The relative positions are calculated with equation 1.21 and
the relative intensities for transitions with ΔJ = +1 and ΔMJ = +1 according
to

fi = (J ′ + M

′ − 1)(J ′ + M

′) (3.5)
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Figure 3.6: The 5, 0 ← 4, 0 transition (left) and two of the four components of
the 7, 0 ← 6, 0 transition (right) measured in the presence of an external electric
field with various field strengths. Each component is split by the Doppler
effect. For comparison the spectra without electric field are shown. The given
voltages (applied to the rear parabolic mirror (see Figure 1.4)) correlate with
the electric field strength according to U/d with d5,0←4,0 = 0.59644 m and
d7,0←6,0 = 0.58746 m, respectively.

and with ΔJ = +1 and ΔMJ = −1 according to

fi = (J ′ − M

′)(J ′ − M

′ + 1) (3.6)

with J

′ and M

′ being always the larger (more positive) values for a chosen
transition J

′
,K,M

′
J ← J,K,MJ .

In Figure 3.6 measurements of the rotational transitions 5, 0 ← 4, 0 and
7, 0 ← 6, 0 are shown for different electric field strengths. It can be seen that
at low electric fields the torsional components are almost not shifted, and the
splitting is too small to be observable. At higher electric fields a slight shift
is observed, and possible splitting components cannot be determined precisely
as the signal to noise ratio is reduced. Therefore, an assignment of the MJ

components is not possible for the transitions 5, 0 ← 4, 0 and 7, 0 ← 6, 0.
Instead a value α is determined that corresponds to the average frequency

shift (from the position of the unperturbed transition) of all possible transitions
between two defined rotational levels J

′
, 0,M

′
J ← J, 0,MJ , where all possible
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3.2 Experimental results

U[kV] line 1 line 2 line 3 line 4

5, 0 ← 4, 0

0 4273.77535 4273.82670 4273.93047 4273.98205
2.5 4273.77504 4273.82676 4273.93046 4273.98294
5 4273.77504 4273.82518 4273.92954 4273.98058
7.5 4273.77013 n.d. 4273.92692 n.d.
10 4273.81751 4273.82624 4273.92402 4273.93753

7, 0 ← 6, 0

0 5978.53911 5978.61301 n.d. n.d.
2.5 5978.53911 5978.61175 n.d. n.d.
5 5978.53884 5978.61213 n.d. n.d.
7.5 5978.53806 5978.61080 n.d. n.d.
10 5978.53607 5978.60916 n.d. n.d.
12 5978.53518 5978.60743 n.d. n.d.

n.d. not determined

Table 3.4: Experimentally determined Stark shifts of the individual torsional
transitions in dependence of the voltage applied to the rear parabolic mirror
(see Figure 1.4). The electric field strength U/d can be determined with d
= 0.59644 m for the 5, 0 ← 4, 0 transition and with d = 0.58746 m for the
7, 0 ← 6, 0 transition.

transitions are weighted by their relative intensities fi

α =
1

i

∑
i

fiαi (3.7)

with αi being the transition energy shift of the individual components MJi

αi =

{
(J + 1)(J + 2) − 3(MJi ± 1)2

(J + 1)(J + 2)(2J + 1)(2J + 5)
− J(J + 1) − 3M

2
Ji

J(J + 1)(2J − 1)(2J + 3)

}
. (3.8)

For more information about equation 3.8 the reader is referred to section 1.3.3.
The values fi correspond to the intensities shown in Figure 3.5 and can be
calculated according to equations 3.5 and 3.6. For the MJ components of the
transition 5, 0 ← 4, 0, α is -0.0148 and for those of the 7, 0 ← 6, 0 transition
-0.0103. With these values the dipole moment μ can be determined according
to

Δν =
μ

2
E

2

2Bh

2
α. (3.9)

In Table 3.2 the rotational constants B for the individual torsional levels are
shown. As the frequency shifts at small electric field strengths are smaller
than the differences between the B values of the individual torsional levels,
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3 Microwave spectroscopy of the benzene dimer

and as at higher field strengths the resolution is considerably lower, a universal
value of B = 427.7 MHz is used. Based on the components listed in Table
3.4 the dipole moment of the benzene dimer (C6H6)2 is determined as 0.580
± 0.051 D. When assuming a dipole moment of 0.580 ± 0.051 D, the electric
field strength has to be at least 100 V/cm and 140 V/cm in order to observe
Stark splittings (∼ 4 kHz) with our experimental resolution for the transitions
5, 0 ← 4, 0 and 7, 0 ← 6, 0, respectively. This expected threshold corresponds
to the experimental observations. However, in the presence of an electric field
of these strengths the resolution is already substantially reduced and the Stark
splittings are hard to distinguish.

3.3 MS group theory of the benzene dimer

3.3.1 Permutation-inversion groups

The Molecular Symmetry (MS) group approach becomes necessary when tun-
neling splittings are observed in the rotational spectrum, as it is the case for the
rotational spectra of (C6H6)2 and (C6H6)

S(C6D6)
T . The MS group approach

contributes to the full analysis of the spectrum as it provides splitting patterns
and nuclear spin statistical weights of the rotational energy levels.

In the here presented MS group theoretical analysis the benzene dimer
structure shown in Figure 3.7 and the following tunneling pathways are con-
sidered: ”top” C6 torsion, ”stem” bending, ”stem” C6 torsion, ”top” turnover
and ”top”-”stem” interchange (see Figure 3.7). In Reference [71] the ab initio
barriers for several of these tunneling motions in (C6H6)2 are given. The bar-
rier for the internal rotation of the ”top” about its C6 axis is predicted to be
smaller than 10 cm−1. The barrier for ”stem” bending tunneling through the
C2v T-shaped structure is estimated to be 40 cm−1 above the Cs distorted T-
shaped geometry, and the barrier for the C6 torsion of the ”stem” is about 150
cm−1. ”Top” turnover and ”top”-”stem” interchange are expected to have still
higher tunneling barriers. According to the barrier heights of the individual
tunneling motions their feasibility is rated: ”top” C6 torsion > ”stem” bending
> ”stem” C6 torsion > ”top” turnover ≥ ”top”-”stem” interchange.

The splitting pattern and nuclear spin statistical weights determined by
permutation-inversion group theory result from the rigid molecule energy levels
being split by these tunneling motions. The complete nuclear permutation-
inversion (CNPI) group of the benzene dimer assuming complete intermolecular
non-rigidity consists of 576 operations. G576 is given in Reference [129]. G576

is constructed from subgroups which are considered in the following. The
character tables of the smaller subgroups are given in Appendix A.

The ab initio equilibrium structure of the benzene dimer has Cs symmetry
[71, 73]. In the case that no tunneling occurs and the MS group is Cs(M),
only the identity operation E and the permutation-inversion (14)(23)(56)* are
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3 Microwave spectroscopy of the benzene dimer

feasible for the benzene dimer, with the bonded carbon-hydrogen nuclei being
numbered as in Figure 3.7. Allowing for the ”top” C6 torsion tunneling the
MS group changes to C6v(M):

C6v(M) = Cs(M) ⊗
{

E, (123456), (135)(246), (14)(25)(36)
(165432), (153)(264)

}
. (3.10)

In terms of symmetry, the C6v(M) benzene dimer is equivalent to the
benzene·argon [130] or benzene·krypton dimer [131]. Allowing for ”stem” bend-
ing tunneling the corresponding MS group is C2v(M):

C2v(M) = Cs(M) ⊗ {E, (14)(25)(36)(2′6′)(3′5′)} . (3.11)

If both tunneling motions, the ”top” C6 torsion and the ”stem” bending, are
allowed, the enlarged MS group has 24 elements and is called G24. G24 can
be generated either by starting from the C6v(M) MS group and allowing for
additional ”stem” bending:

G24 = C6v(M) ⊗ {E, (2′6′)(3′5′)} . (3.12)

or from the C2v(M) MS group allowing for additional ”top” C6 torsion:

G24 = C2v(M) ⊗
{

E, (123456), (135)(246), (14)(25)(36)
(165432), (153)(264)

}
. (3.13)

G24 is also the MS group for the benzene·water dimer [132].
The barrier of the ”stem” C6 torsion is calculated to be significantly higher

than the barriers of the two tunneling motions already mentioned, but if it is
considered to be feasible together with the ”top” C6 torsion the C6v(M) MS
group becomes G72:

G72 = C6v(M)⊗
{

E, (1′2′3′4′5′6′), (1′3′5′)(2′4′6′), (1′4′)(2′5′)(3′6′)
(1′6′5′4′3′2′), (1′5′3′)(2′6′4′)

}
. (3.14)

As the ensemble of the operations E, (1’2’3’4’5’6’), (1’6’5’4’3’2’),
(1’3’5’)(2’4’6’), (1’5’3’)(2’6’4’) and (1’4’)(2’5’)(3’6’) constitutes the C6(M)
MS group, equation 3.14 can also be written as the direct product group

G72 = C6v(M) ⊗ C6(M), (3.15)

where C6v(M) represents the ”top” and C6(M) the ”stem”. This description
allows one to label the irreducible representations of G72 as direct products
ΓC6v(M) × ΓC6(M). If all three tunneling motions already mentioned are con-
sidered to be feasible the MS group contains 144 operations:

G144 = G72 ⊗ {E, (2′6′)(3′5′)} = C6v(M) ⊗ D6(M) (3.16)
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3.3 MS group theory of the benzene dimer

as D6(M) contains the set of operations {E, (2′6′)(3′5′)} ⊗ {E, (1′2′3′4′5′6′),
(1′6′5′4′3′2′), (1′3′5′)(2′4′6′), (1′5′3′)(2′6′4′), (1′4′)(2′5′)(3′6′)}. In this case
C6v(M) represents the ”top” and D6(M) the ”stem”.

If additionally the ”top” turnover tunneling (14)(23)(56) is feasible the MS
group becomes G288 which is the direct product

G288 = G144 ⊗ {E, (14)(23)(56)} = D6h(M) ⊗ D6(M) (3.17)

with D6h(M) = C6v(M)⊗{E, (14)(23)(56)} representing the ”top” and D6(M)
representing the ”stem”. G288 can also be expressed by

G288 = D6(M) ⊗ D6(M) ⊗ {E,E

∗} , (3.18)

where E

∗ is the inversion.
The CNPI group of the benzene dimer G576 [129] is obtained when the

”top”-”stem” interchange is considered as feasible as well:

G576 = {{D6(M) ⊗ D6(M)} � {E, (1′1)(2′2)(3′3)(4′4)(5′5)(6′6)}}
⊗{E,E

∗} ,

(3.19)

where � symbolizes the semi-direct product.

3.3.2 Tunneling splitting of rotational levels

The rotational spectrum of a rigid Cs T-shaped benzene dimer would be that
of a near-prolate asymmetric top (see Table 3.8). In that case, K is no longer
a ”good” quantum number, instead the energy levels are specified using Ka

and Kc for the limiting prolate and oblate case, respectively. In Cs(M), the
rotational energy levels with even and odd Kc have the symmetry labels A

′ and
A

′′, respectively. Allowed transitions would be A

′ ↔ A

′′, i.e. KaKc = ee ↔ eo
and oo ↔ oe (see section 1.3.3). The nuclear spin statistical weights for states
of A

′ and A

′′ symmetry are 212 for (C6H6)2.
A rigid C2v T-shaped benzene dimer would also be an asymmetric top with

rotational levels of A1, A2, B1 and B2 symmetry, and KaKc= ee, eo, oo and
oe, respectively. The allowed transitions are A1 ↔ A2 and B1 ↔ B2 with an
alternating statistical weight 1984 and 2112 (31 : 33), respectively.

To determine how the rotational levels A

′ and A

′′ are split by tunneling the
reverse correlation method is used [42,133] including the spin statistical weights
which are determined as introduced in section 1.4.1. The spin statistical weights
are calculated for the benzene homodimer (C6H6)2.

The correlation between the different MS groups, representing different
(groups of) allowed tunneling motions is shown in Figures 3.8, 3.9 and 3.10
and in Table 3.5. The values of all statistical weights given there are relative
values, except for the Cs(M) symmetry levels A

′ and A

′′. The relative spin sta-
tistical weights of the sublevels χ

rel
rvei and the absolute spin statistical weights
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3 Microwave spectroscopy of the benzene dimer

in the rigid Cs(M) symmetry χ

sw
rigid allow for the backwards determination of

the absolute spin statistical weights χ

sw
rvei of the split energy levels:

χ

sw
rvei = xχ

sw
rigid

n∏
P=1

χ

rel
rvei

m∑
i=1

χ

rel
rvei

(3.20)

with x being a constant factor so that
∑

i

χ

sw
rvei = χ

sw
rigid, n the number of

tunneling motions P that are involved and m the number of energy levels
resulting from the tunneling P .

When assuming that only the ”top” C6 torsion is feasible, C6v(M) has to be
correlated to Cs(M) to obtain the energy level splitting patterns which is shown
in Figure 3.8 on the left. It can be seen that both, the A

′ and the A

′′, rotational
levels of the rigid Cs(M) benzene dimer are split in four levels with the absolute
spin statistical weights 896 : 1152 : 1408 : 640, irrespective of whether Ka is
even or odd. In Figure 3.8 the nuclear spin statistical weights are given as
relative values 7 : 9 : 11 : 5. If additionally the ”stem” bending tunneling is
feasible (C6v(M)←G24 correlation) each component of the quartet is split in
two levels with alternating relative spin statistics of 3 : 5 or 5 : 3, depending
on whether Ka is odd or even, respectively. In this case the barrier for the
”stem” bending is assumed to be higher than that for the ”top” C6 torsion,
and experimentally transitions between quartets with a doublet substructure
would be observed (see Figure 3.8 left).

If the ”stem” bending is the only feasible tunneling motion C2v(M) has to
be correlated to Cs(M), and it results that the levels of A

′ and A

′′ symmetry
split up in two doublets with the relative spin statistical weights of 31 : 33 for
both doublets (see Figure 3.8 right). States with an even value for Ka have
a relative spin statistical weight of 31 and those with an odd value a relative
spin statistical weight of 33. An additional ”top” C6 torsion (C2v(M)←G24

correlation) gives rise to a quartet splitting of each doublet level. The spin
statistical weights of this quartet is basically 7 : 9 : 11 : 5 superposed by an
5 : 3 : 5 : 3 or 3 : 5 : 3 : 5 alternation for odd and even Ka, respectively.
In this case the barrier for the ”top” C6 torsion is assumed to be higher than
that of the ”stem” bending and the experimentally observable splitting patterns
would result from transitions between doublets with a quartet substructure (see
Figure 3.8 right). The experimentally observable splitting pattern is therefore
different from the one assuming that the barrier for ”stem” bending is higher
than for ”top” C6 torsion. This means that from the splittings observed in the
experimental spectrum it can in principle be deduced whether the ”top” C6

torsion barrier or the ”stem” bending barrier is higher in energy.
The splitting pattern of the rotational energy levels resulting from C6 tor-

sion tunneling in the ”stem” and the ”top” is obtained by C6v(M)←G72 corre-
lation and is shown in Figure 3.9. Each component of the 7 : 9 : 11 : 5 quartet
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Figure 3.8: Pictorial representation of the tunneling splitting of the Cs(M) ro-
tational states of A

′ and A

′′ symmetry, allowing for ”top” C6 torsion (C6v(M))
and ”stem” bending in (C6H6)2(G24) (left) and of the tunneling splitting of
the C2v(M) rotational states of A1, A2, B1 and B2 symmetry, allowing for
”top” C6 torsion in (C6H6)2(G24) (right). The relative nuclear spin statistical
weights are given in parentheses.
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Figure 3.9: Pictorial representation of the tunneling splitting of the Cs(M)
rotational states of A

′ and A

′′ symmetry, allowing for ”top” and ”stem” C6

torsion in (C6H6)2 (C6v(M)top ⊗C6(M)stem = G72). The relative nuclear spin
statistical weights are given in parentheses.

resulting from the ”top” C6 torsion (C6v(M)) is again split in a quartet with
the same relative spin statistical weights. The spin statistical weights do not
depend on the even- or oddness of Ka.

Allowing for all three tunneling motions already considered, i.e. for the C6

torsion of the ”stem” and of the ”top” and for the ”stem” bending, G144 has to
be correlated to G24, giving the rotational energy splitting as shown in Figure
3.10. Each level of the G24 MS group is split in four components with relative
spin statistical weights of either 13 : 9 : 11 : 7 or 1 : 9 : 11 : 3 depending on
whether they arise from an s or a level, respectively. s and a denote levels that
are symmetric or antisymmetric with respect to the permutation (2’6’)(3’5’) in
G24 (see Figure 3.10 and Table A.5).

If the ”top” turnover is an additional feasible tunneling pathway, the split-
ting patterns are determined by correlating the symmetries of G288 with those
of G144. Each energy level of the G144 MS group is split in two levels (see
Table 3.5). Irrespective of Ka the doublets have the relative spin statistical
weights 7 : 3, 13 : 1 or 1 : 1.

If the C6 torsion of the ”top” and of the ”stem”, the ”stem” bending and the
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Figure 3.10: Pictorial representation of the tunneling splitting of the Cs(M)
rotational states of A

′ and A

′′ symmetry allowing for the ”top” C6 torsion and
the ”stem” bending (G24) and additional ”stem” C6 torsion in (C6H6)2 (G144).
The relative nuclear spin statistical weights are given in parentheses.
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Figure 3.11: Schematic representation of allowed transitions between torsional
energy levels in the benzene dimer for the MS groups Cs(M), C2v(M), C6v(M)
and G24. Torsional levels originating from one rotational level are shown to-
gether in one frame.

”top”-”stem” interchange are considered the rotational energy level splitting
pattern is obtained by correlating the symmetries of G576 with those of G144.
The energy levels split irregularly in doublets, triplets and quartets (not shown).
The spin statistical weights of the G576 MS group are given in Reference [134].
The relative spin statistical weights are found to be 7 : 3, 13 : 1 or 1 : 1 for
the doublets, 4 : 3 : 3, 7 : 2 : 1 or 6 : 7 : 1 for the triplets and 6 : 5 : 6 : 5 or
5 : 4 : 5 : 4 for the quartets.

The splittings presented here are splittings of the rotational energy levels,
and the experimentally observable splittings result from rotational transitions.
Symmetry selection rules determine how the number of transitions between two
rotational states, that are both split, correlates with the number of torsional
levels. For example, the number of transitions between two rotational levels,
each split in two torsional levels, is not necessarily four. In general, torsional
transitions are allowed only between levels with the same nuclear spin statistical
weight. Mostly, both torsional levels belong to the same symmetry species
(A ↔ A,B ↔ B,E ↔ E). In Figure 3.11 the allowed torsional transitions
are schematically shown for different MS groups of the benzene dimer. For
example, in C2v(M) each level is split in two components, and two transitions
are allowed. It can be seen that for the MS groups shown there the number
of torsional levels of one rotational energy level corresponds to the number
of the torsional transitions. However, this applies not necessarily in all cases.
For example, when the molecule contains identical bosons, the spin statistical
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3.3 MS group theory of the benzene dimer

G144 sw(G144)
a

G288 Ka sw(G288)
a

A1 × A1 7 A1g × A1 + A2u × A1 even 7 : 3
A1 × A2 3 A1g × A2 + A2u × A2 odd 7 : 3
A1 × B1 13 A1g × B1 + A2u × B1 even 7 : 3
A1 × B2 1 A1g × B2 + A2u × B2 odd 7 : 3
A1 × E1 11 A1g × E1 + A2u × E1 7 : 3
A1 × E2 9 A1g × E2 + A2u × E2 7 : 3
A2 × A1 7 A1u × A1 + A2g × A1 even 7 : 3
A2 × A2 3 A1u × A2 + A2g × A2 odd 7 : 3
A2 × B1 13 A1u × B1 + A2g × B1 even 7 : 3
A2 × B2 1 A1u × B2 + A2g × B2 odd 7 : 3
A2 × E1 11 A1u × E1 + A2g × E1 7 : 3
A2 × E2 9 A1u × E2 + A2g × E2 7 : 3
B1 × A1 7 B1u × A1 + B2g × A1 even 13 : 1
B1 × A2 3 B1u × A2 + B2g × A2 odd 13 : 1
B1 × B1 13 B1u × B1 + B2g × B1 even 13 : 1
B1 × B2 1 B1u × B2 + B2g × B2 odd 13 : 1
B1 × E1 11 B1u × E1 + B2g × E1 13 : 1
B1 × E2 9 B1u × E2 + B2g × E2 13 : 1
B2 × A1 7 B1g × A1 + B2u × A1 even 13 : 1
B2 × A2 3 B1g × A2 + B2u × A2 odd 13 : 1
B2 × B1 13 B1g × B1 + B2u × B1 even 13 : 1
B2 × B2 1 B1g × B2 + B2u × B2 odd 13 : 1
B2 × E1 11 B1g × E1 + B2u × E1 13 : 1
B2 × E2 9 B1g × E2 + B2u × E2 13 : 1
E1 × A1 7 E1g × A1 + E1u × A1 even 1 : 1
E1 × A2 3 E1g × A2 + E1u × A2 odd 1 : 1
E1 × B1 13 E1g × B1 + E1u × B1 even 1 : 1
E1 × B2 1 E1g × B2 + E1u × B2 odd 1 : 1
E1 × E1 11 E1g × E1 + E1u × E1 1 : 1
E1 × E2 9 E1g × E2 + E1u × E2 1 : 1
E2 × A1 7 E2g × A1 + E2u × A1 even 1 : 1
E2 × A2 3 E2g × A2 + E2u × A2 odd 1 : 1
E2 × B1 13 E2g × B1 + E2u × B1 even 1 : 1
E2 × B2 1 E2g × B2 + E2u × B2 odd 1 : 1
E2 × E1 11 E2g × E1 + E2u × E1 1 : 1
E2 × E2 9 E2g × E2 + E2u × E2 1 : 1

arelative nuclear spin statistical weights

Table 3.5: Correlation table for the energy levels of the MS group G288 to those
of the MS group G144. The spin statistical weights of the energy levels given
result when considering the ”top” and ”stem” C6 torsion, the ”stem” bending
and the ”top” turnover tunneling in (C6H6)2.
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3 Microwave spectroscopy of the benzene dimer

MS group (C6H6)2 (13C6H6)
S(C6H6)

T

Cs(M) 212 218

C2v(M) 31 : 31(e) 127 : 127(e)

33 : 33(o) 129 : 129(o)

C6v(M) 7 : 9 : 11 : 5 7 : 9 : 11 : 5
G24 7 × 5 : 9 × 3 : 11 × 5 : 5 × 3(e)

7 × 3 : 9 × 5 : 11 × 3 : 5 × 5(o)

G144 13 : 9 : 11 : 7(s) 193 : 345 : 335 : 215(s)

1 : 9 : 11 : 3(a) 29 : 69 : 67 : 27(a)

G288 7 : 3, 13 : 1, 1 : 1 7 : 3, 13 : 1, 1 : 1

MS group (13C6H6)2 (C6H6)
S(13C6H6)

T

Cs(M) 224 218

C2v(M) 1025 : 1025(e) 257 : 257(e)

1023 : 1023(o) 255 : 255(o)

C6v(M) 169 : 345 : 335 : 175 169 : 345 : 335 : 175
G24 359 : 733 : 712 : 372(e) 169 × 3 : 345 × 5 : 335 × 3 : 175 × 5(e)

317 : 647 : 628 : 328(o) 169 × 5 : 345 × 3 : 335 × 5 : 175 × 3(o)

G144 193 : 345 : 335 : 215(s) 13 : 9 : 11 : 7(s)

29 : 69 : 67 : 27(a) 1 : 9 : 11 : 3(a)

G288 8 : 5, 4 : 3, 1 : 1 8 : 5, 4 : 3, 1 : 1

Table 3.6: Spin statistical weights for the torsional energy levels of the
benzene dimer isotopologues (C6H6)2, (13C6H6)2, (13C6H6)

S(C6H6)
T and

(C6H6)
S(13C6H6)

T in several MS groups. The spin statistical weights are given
as absolute values for Cs(M) and as relative values for all other MS groups.
The labels (e) and (o) designate spin statistical weights of levels with even and
odd Ka values, respectively. The labels (s) and (a) designate spin statistical
weights of levels originating from s or a levels in G24, respectively.
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3.3 MS group theory of the benzene dimer

barrier [cm−1] splitting [cm−1]

0-1 1-2 2-3

0 0.285 0.855 1.425
2 0.279 0.823 1.000
5 0.251 0.692 0.598
10 0.182 0.442 0.285
15 0.121 0.269 0.153
20 0.078 0.166 0.089
30 0.033 0.067 0.034
40 0.015 0.030 0.015
50 0.007 0.014 0.007

Table 3.7: Splittings between the torsional energy levels (Ki = 0, 1, 2 and 3)
as a function of the C6 torsional barrier height.

weight of a torsional level can be zero, and the number of observable transitions
is smaller than the number of torsional levels.

In order to test whether the experimentally observed quartet intensity pat-
tern may arise from the natural abundance (1.1%) of 13C nuclei (I=1/2),
the splittings of the rotational states and the respective nuclear spin statis-
tical weights are also determined for the following isotopologues: (13C6H6)2,
(13C6H6)

S(C6H6)
T and (C6H6)

S(13C6H6)
T . The results are summarized in

Table 3.6. It can be seen that the nuclear spin statistical weights of the split
energy levels are unaffected by the isotopic composition of the non-tunneling
counterpart. Especially for the small MS groups similarities to the spin statis-
tical weights of (C6H6)2 are found.

Additionally, the energies of the torsional levels of (C6H6)2 with a C6 torsion
tunneling, located either in the ”top” or in the ”stem”, are determined for
J = 0 assuming different barrier heights for the C6 torsion. The energies
are calculated1 with the program outlined in Reference [135] which uses an
approximate effective torsion-rotation Hamiltonian

HRTRF = AF J

2
z + BJ

2
x + CJ

2
y + FJ

2
ρ − 2ACJzJρ +

V6

2
cos(6ρ). (3.21)

HRTRF describes a rigid-top-rigid-frame system, neglecting contributions from
centrifugal distortion and higher order kinetic coupling terms. Jx, Jy and
Jz are the angular momentum operators for the rotations about the molecule
fixed axes x, y and z, respectively. Jρ is the angular momentum operator of
the internal rotation with the angle ρ. AF is the rotational constant A of the

1The calculations are run by P. R. Bunker.
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(C6H6)2 A B C

C2v T-shaped 1902.3357 473.0754 436.8950
Cs over atom 1919.4642 476.3936 440.6282
Cs over bond 1920.1814 477.3120 441.4485

(C6H6)
S(C6D6)

T A B C

C2v T-shaped 1669.5224 451.2724 418.2362
Cs over atom 1685.6899 454.2163 421.7779
Cs over bond 1686.3824 455.0835 422.5678

Table 3.8: Rotational constants [MHz] of the near-prolate theoretical structures
from Reference [73] calculated at the Austin Model 1 (AM 1) level of theory.

frame (the non-rotating benzene ring) and B and C are the molecular rotational
constants. F includes the moments of inertia I of the rotor and the frame
(F ∝ (1/Iρ + 1/IF )/2) and AC is the coefficient of the operator representing
the Coriolis interaction between the K rotation and the internal rotation. V6

represents the potential barrier height. The results are summarized in Table
3.7. It can be seen that V6 barriers ≥ 20 cm−1 are associated with a relative
energy splitting of 1 : 2 : 1, which corresponds to the experimentally observed
splitting, whereas lower barriers are responsible for an irregular spacing between
the torsional levels.

3.4 Discussion

3.4.1 Benzene dimer - a symmetric top

From the rotational spectra of (C6H6)2 and (C6H6)
S(C6D6)

T the benzene
dimer appears to be a symmetric top species. This is, considering the pos-
sible geometries with a permanent electric dipole moment (see structures I and
II in Figure 1.11) and therefore being observable in a microwave spectrum, not
evident at the first glance, as a symmetric top has at least a C3 symmetry axis.
In the following that and other aspects are discussed.

A rigid (distorted) T-shaped structure would give rise to a near-prolate
asymmetric top spectrum. Only when assuming that the ”top” moiety is freely
rotating about its C6 axis, the benzene dimer becomes a symmetric top with
IA < IB = IC and the molecular symmetry changes to C6v.

The rotational constants B estimated from the (C6H6)2 and
(C6H6)

S(C6D6)
T rotational spectra are 427.7277 ± 0.0002 MHz (for the

low transition frequency component of A symmetry) and 409.0090 ± 0.0001
MHz (for the central frequency), respectively. DiStasio et al. propose three
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3.4 Discussion

theoretical minimum structures which are all near-prolate symmetric tops:
”C2v T-shaped”, ”Cs over atom” and ”Cs over bond” with the rotational
constants A > B ≈ C [73] (see Table 3.8). In a symmetric top benzene dimer B

and C are equivalent. Therefore, the averaged rotational constants (B + C)/2
of each of these theoretical structures is compared to the experimental value
of B. The comparison shows for (C6H6)2 a difference of about 27 MHz for
the C2v geometry and of about 31 MHz for both Cs geometries. Nearly the
same differences are found between the experimental B and the theoretical
(B + C)/2 rotational constants of (C6H6)

S(C6D6)
T , strongly supporting that

the observed symmetric top transitions originate from the benzene dimer.

The singlets and doublets, observed together with the regular quartets, that
originate from (C6H6)2, can have several possible origins. As proposed already
by Gutowsky et al. [56] they can be due to another dynamic state of (C6H6)2
than the one described by the rotational parameters given in Table 3.2, even
due to an asymmetric top species. In another attempt the singlets and dou-
blets can be considered as components of a large quartet splitting of (C6H6)2
transitions. Furthermore, these transitions can simply be due to larger, polar
C6H6 clusters [136–138] or to clusters of C6H6 with carrier gas atoms [139],
with water molecules [140] or with both [139, 141], as water can be found in a
very low concentration as an impurity in the carrier gas. Water clusters [142],
even in very low concentrations, might be observed as well. The last possi-
bility, that the transitions result from benzene clusters with other species or
from the water dimer can be excluded as the rotational transition frequencies
differ significantly from the experimentally determined values. However, theo-
retically a cyclic benzene trimer structure of C3h symmetry has been predicted
to be the lowest energy configuration among three [136] and six [137] polar and
non-polar low energy trimer structures. Also the reported minimum structures
of the benzene tetramer [136,137] and pentamer [137] have a permanent dipole
moment and could thus be the origin of the singlet and doublet transitions.

3.4.2 Tunneling splitting pattern

All transitions summarized in Table 3.1 have a very regular 1 : 2 : 1 quartet
splitting pattern with a small deviation of ±3 %. The splitting can be due to
one or several tunneling motions.

Since the two outer splittings (ΔI-II, ΔIII-IV) are identical, the structure
can result from tunneling with a small doublet splitting that splits one (large)
doublet, induced by another tunneling process, in four components. As the
splitting of a rotational transition is related to those of the rotational energy
levels involved (see Figure 3.11), the consistency of this assumption can be
checked using the tunneling matrix formalism [143]. This formalism can be
applied to rotational energy levels assuming different plausible tunneling pro-
cesses which are shown in Figure 3.7. ”Top” turnover, ”stem” bending and
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3 Microwave spectroscopy of the benzene dimer

”top”-”stem” interchange are tunneling motions between only two minimum
structures and can therefore not alone, but in combination, lead to a quartet
splitting of the energy levels. The only tunneling process that can split a ro-
tational state into four energy levels by itself is the C6 torsion of one benzene
ring in the dimer. This 2π/6 torsion connects six minimum energy structures
and the coupling terms between these six minima can be described in a 6×6
matrix. The problem can be simplified assuming that only couplings between
adjacent minima on the torsional tunneling pathway are allowed (high barrier
formalism [144]). Diagonalization of the matrix produces the eigenvalues which
represent the energy levels of the six states. Two of them are doubly degenerate
so that four separate energy levels remain. These four levels are separated in
energy in a ratio 1 : 2 : 1 which perfectly fits to the experimentally observed
splitting. Energy differences between the four levels resulting from a C6 torsion
are calculated assuming different tunneling barrier heights. From the results
shown in Table 3.7 it can be seen that barriers ≥ 20 cm−1 have to be assumed
to reproduce the 1 : 2 : 1 splitting justifying the simplification of the tunneling
matrix formalism by the high barrier formalism.

According to this model each rotational state is split in four torsional com-
ponents with a 1 : 2 : 1 spacing as a consequence of internal rotation of one of
the two benzene rings around its C6 axis. It is very likely that this pattern is
reflected in the transitions which are observed in the experimental spectrum as
well. The perfect coincidence between the experimental splitting and the one
obtained from the tunneling matrix formalism strongly supports the C6 ben-
zene torsion to be the origin of the observed quartet structure. The assumption
that two separate tunneling processes produce accidentally a 1 : 2 : 1 splitting
pattern from two doublet splittings can rather be rejected.

The high barrier formalism assumes that only adjacent minima are coupled,
whereas a rotation by 2π/3 or π about the C6 axis is considered to be less
frequent, which is valid if high rotational barriers have to be crossed. The
barrier for C6 torsion of the ”stem” is calculated to be by a factor of 30 higher
than that of the ”top”, which is in contrast so low that the ”top” can be
considered as a free rotor [71]. Therefore, the C6 torsion inducing the observed
1 : 2 : 1 splitting might rather be located in the ”stem” of the benzene dimer.

But where is the spectral signature of the C6 torsion in the ”top” which
should, due to its even lower barrier, occur as well? Generally, the width
of the splitting is exponentially inversely proportional to the height of the
tunneling barrier and to the mass of the tunneling atom group. Due to the
very low barrier (about 30 times smaller than the ”stem” barrier) the splitting
that comes along with the C6 torsion of the ”top” is expected to be orders of
magnitude larger than that associated with the ”stem” C6 torsion, and is most
likely not observed. A similar behavior has been reported for the CH3F·CHF3

complex, where the internal rotation of the CF3 group is observed while that
of the CH3 group is not which is due to the 19 times smaller mass and the two
times lower barrier height in the latter case [145].
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3.4 Discussion

In this context it is interesting to consider the observed singlet and doublet
transitions. In a molecule with two internal rotors that are located such that
they do not influence each other the two tunneling motions (with two different
barriers) are independent. The tunneling splitting of the first internal rotor
(e.g. a quartet) can be split by the tunneling of the second internal rotor
(e.g. a doublet). In the local mode picture four identical doublets are therefore
expected. However, if the sterical properties allow for an interaction between
the two internal rotors the four doublets are not necessarily equal. In the
benzene dimer the two internal rotors, i.e. benzene rings, do interact and the
local mode picture is not valid. The C6 tunneling with the lower barrier (”top”)
can cause a quartet splitting whose components are again split in four levels by
the C6 tunneling with the higher barrier (”stem”) (see Figure 3.9). However,
it is possible that the four expected quartets are unequal, depending on the
symmetry of the energy level (A1, E1, E2 or B2) they result from. In the
extreme case only one of the four quartets corresponds to those that we have
assigned. The other three quartets can have much wider/narrower splittings, so
that they might appear at first glance as singlets and/or doublets. This aspect
might explain why only 22 of the more than 100 observed rotational transitions
(2.5-6 GHz) found by Gutowsky et al. [56] have a distinctive quartet structure.

3.4.3 Stark effect and dipole moment

The Stark effect measurements performed on (C6H6)2 show that transitions

with K = 0 shift quadratically with respect to
→
μ · →

E
, and those with K 
= 0

linearly. This observation corresponds to the properties of a symmetric top
species and thus supports the assignment made in Table 3.1, confirming that
the species that is detected with the microwave is a symmetric top species.

The electric dipole moment of this symmetric top is estimated to be 0.580
± 0.051 D based on the frequency shifts observed in the presence of an external
electric field. This value is comparatively low and explains the weak spectral
intensity. Theoretically the dipole moment of a T-shaped benzene dimer struc-
ture is estimated to be between 0.40 or 0.51 D depending on the basis set being
used [61]. In spite of the deficient experimental precision, the experimental and
the theoretical values agree fairly well. The experimentally determined value
is similar to the one of the hexafluorobenzene·benzene dimer [77].

3.4.4 Comparison of experimental and theoretical inten-

sity patterns

Permutation-inversion group theory is used to determine the energy level cor-
relation patterns and the respective spin statistical weights for (C6H6)2. The
rotational transitions of the benzene dimer are split in four components with
the relative intensities 3 : 2 : 2 : 1 when going from low to high transition
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3 Microwave spectroscopy of the benzene dimer

frequencies within a quartet pattern. This intensity pattern is irrespective of
the even- and oddness of the quantum number K. In the following the various
spin statistical weight ratios that result from the different tunneling motions
are summarized.

The ”stem” bending tunneling splits each rotational state of the rigid ben-
zene dimer in two levels and transitions between states with an even or odd
value of the quantum number Ka have an intensity ratio 31 : 33. Due to the
expected intensity alternation for even and odd K states and due to the dou-
blet (instead of quartet) splitting the ”stem” bending tunneling cannot be the
sole origin of the observed splitting pattern.

All combinations of tunneling processes involving the ”stem” bending tun-
neling can be excluded to be the origin of the experimentally observed quartet
tunneling splitting as well, as the alternation, depending on the even- and
oddness of Ka remains.

Only the ”top” C6 torsion alone or in combination with the ”stem” C6

torsion gives rise to a quartet with an intensity pattern independent from Ka

(see Figure 3.9). The relative intensities are 7 : 9 : 11 : 5 ≡ 1.4 : 1.8 : 2.2 : 1
which is, however, not in agreement with the experimental intensity distribution
3 : 2 : 2 : 1. The discrepancy between experiment and theory is due to one
component.

From these MS group theoretical considerations and the experimental re-
sults, discussed before, it can be concluded that the observed spectral signatures
can most probably be ascribed to the ”top” and the ”stem” C6 torsion tunnel-
ings. Permutation-inversion group theory and spin statistical weight calcula-
tions, to the extent as they have been performed here, seem to be insufficient to
adequately describe the relative intensities of the tunneling splittings observed
in the rotational spectrum of the benzene dimer. Possibly, additional effects
are responsible for the mismatch between the calculated nuclear spin statistical
weights of the torsional levels and the experimental transition intensities.

3.5 Conclusion and future prospects

Rotational spectroscopy of (C6H6)2 and (C6H6)
S(C6D6)

T , Stark effect mea-
surements of (C6H6)2 and permutation-inversion group theory are performed
in order to get insight in the internal dynamics of the benzene dimer.

The observed rotational transitions are split in quartets and can be assigned
to J +1,K ← J,K transitions. The quartets have a regular splitting pattern of
1 : 2 : 1 and can be fitted to a symmetric top Hamiltonian, which is supported
by Stark effect measurements on the assigned (C6H6)2 transitions.

The very regular 1 : 2 : 1 quartet splitting can be reproduced when assuming
a C6 torsion tunneling of one benzene subunit with a barrier ≥ 20 cm−1 and the
second benzene subunit being rigid in a (distorted) T-shaped structure. As the
barrier for the ”top” C6 torsion is expected to be below 10 cm−1, the observed
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quartet splitting is probably due to the ”stem” C6 torsion. The C6 torsion in
the ”top” should occur as well, however with a much larger separation of the
four torsional levels, due to its lower barrier. In this picture both tunneling
processes split the rotational states in four components which are each split
again in quartets. From the four expected quartets for each rotational level
J,K only one is found. The three other quartets might be shifted considerably,
as the splitting of the ”top” C6 torsion is expected to be very large.

The intensity pattern of the quartets in the (C6H6)2 spectrum is 3 : 2 :
2 : 1. Spin statistical weight calculations for the torsional levels assuming
several tunneling pathways (”top” and ”stem” C6 torsion, ”stem” bending,
”top” turnover and ”top”-”stem” interchange), however, cannot reproduce the
experimental intensity pattern.

In order to get more insight in the internal dynamics of the benzene dimer,
more experimental studies on isotopically labeled benzene dimers are neces-
sary. The splitting patterns (absolute splitting width and relative intensities)
of different isotopologues can yield valuable additional information as the ab-
solute values of the splittings also depend on the isotopic composition of the
tunneling benzene ring. The analysis of the absolute splittings of the dimers
(C6H6)2, (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T , for example, can allow one

to determine in which benzene moiety, if not in both, the tunneling is local-
ized. The spectral broadening induced by quadrupole coupling of the deuterons,
however, complicates the spectra. This difficulty can be avoided using a mixed
dimer like (12C6H6)(

13C6H6). For this isotopologue, however, no preliminary
work on the abundance of the different isomers exists yet. Furthermore, dimers
of benzene isotopologues, such as CH5D or CH3D3, can also contribute to a
deeper understanding of the benzene dimer, as they have a different molecular
symmetry and the consequences should be spectroscopically observable.

Provided that both subunits internally rotate about their C6 axes, three
more quartets must exist for each rotational level. Proving their existence
experimentally would support the current concept on the internal dynamics of
the benzene dimer.
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Chapter 4

Control and manipulation

of conformational

interconversion

4.1 Introduction

Since the pioneering work of Becker and Bier in 1954 [146] and due to the de-
velopment of new experimental facilities, supersonically expanding molecular
beams have become standard tools for gas phase experiments (see for example
section 1.2). Techniques exist to generate pulsed or continuous molecular beams
that can be used to investigate the entrained molecules, or as a probe to inves-
tigate various targets via molecular beam scattering techniques [3, 147,148].

Often the molecules of interest are seeded in a carrier gas. Via collisions
with the carrier gas in the beginning of the supersonic expansion the internal
energy of the molecules drops. The cooling efficiency depends on the collision
cross sections and also on the efficiency of energy transfer between the molecule
and the rare gas atoms. While larger atoms or molecules are best suited to cool
the rotational and vibrational degrees of freedom, small rare gas atoms better
reduce the spread of the translational energy. At a certain distance from the
nozzle of the valve the molecular beam provides a collision free environment
which allows for experiments on isolated molecules. In this ”zone of silence”
only the lowest vibrational and rotational levels of the molecules are popu-
lated, giving rise to a less congested spectrum. The isolated species can then
experience well defined perturbations (laser radiation, collisions with species
of a second beam etc.) and their effects can be observed in a controlled way.
Furthermore, due to the internal cooling in the expansion, very weakly bound
complexes with small dissociation energies can be formed.
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4 Control and manipulation of conformational interconversion

Molecular beam techniques provide perfect conditions to investigate the
intrinsic properties of isolated molecules and clusters. Many molecules or
molecular complexes can adopt various conformational structures that differ
in potential energy. In molecular beam experiments these different confor-
mations are often found to co-exist [149]. As an example of biological rel-
evance, amino acids and nucleobase(pair)s, which are the building blocks of
proteins and DNA strands, are often very flexible, and many low-energy con-
formers can exist [150–152, 155, 180, 195, 206]. In particular, structures can be
observed that have high potential energies, and the observed structural dis-
tributions are therefore frequently not in thermal equilibrium with the other
degrees of freedom [149,153–160]. This can be rationalized by the height of the
barriers that separate potential energy minima which might be hard to over-
come under the conditions prevailing in the molecular beam experiments. The
study of the potential energy landscape of gas phase molecules in the electronic
ground state and the development of experimental methods to manipulate the
conformational distribution of these species currently is an active field of re-
search [161–163]. Exploration of their vibrational dynamics is of particular
interest because it can help to get insight into the complex potential energy
surface and to rationalize the observed conformational distribution.

There has been a variety of studies on the dependence of the conforma-
tional distribution in a molecular beam on the experimental parameters. The
question how the composition of the carrier gas influences the relative popula-
tion of different conformers in a supersonic expansion has been addressed by
Ruoff et al. in 1990 [154]. In that work, microwave absorption measurements
were performed (Trot ≈ 3 K) to deduce relative populations of the possible
conformational structures of a variety of molecules in molecular beams. In
such measurements, the effect of changing the rotational temperature and the
effect of changing the relative abundance of a specific conformer can appear
the same, and it is non-trivial to distinguish between these effects. Neverthe-
less, one of the important observations of that work is that conversion between
conformers, separated by barriers of less than 350 cm−1, appears to involve
relatively long-range polarization effects and to take place relatively late in the
expansion region. A molecular dynamics simulation addressing the problem of
thermodynamic versus kinetic control of isomers of dihalogen - rare gas com-
plexes in a supersonic expansion has been presented by Bastida et al. [165].
In a more recent theoretical study, the conformational changes of glycine by
collisions with rare-gas atoms, with collision energies ranging from 100 to 1000
K, have been investigated [164]. In that work it is shown that attractive in-
teractions between the colliding atoms and the glycine molecule can lower the
barrier between conformers, i.e. that these interactions can catalyze conformer
conversion. In 2006, Suhm and co-workers have investigated the isomerism
of jet-cooled, isotopically mixed methanol dimers (CH3OH·CH3OD) in a su-
personic jet expansion [160]. They use Fourier Transform Infrared (FT-IR)
absorption spectroscopy in the 3-4 μm (O-H and O-D stretch) region to study
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4.2 Conformational interconversion driven by rare gas atoms

the degree of conformer conversion (or: donor/acceptor isomerism) in their 10-
20 K jet expansion. A complication in the latter studies is that it is difficult
to spectroscopically distinguish the mixed dimers from their homodimer coun-
terparts. For the mixed methanol dimer system spectra are only reported in
a pure He expansion, and it is concluded that relaxation to the lowest energy
conformer is incomplete in this case.

4.2 Conformational interconversion driven by

rare gas atoms

4.2.1 Experimental method

Although several studies on the conformational distribution of molecules in
molecular beams already exist, the microscopic mechanisms leading to the ob-
served distributions are not fully understood yet.

We address this topic with an experiment that aims to investigate the de-
pendence of the relative abundances of two conformers of a molecule on the
nature of the carrier gas used in the supersonic expansion. The molecule of our
choice is the isotopically mixed benzene dimer (C6H6)(C6D6).

Although a variety of experimental [44,45,47,48,50,54–56,166] and theoret-
ical [61,65,66,71,73,85] studies exist, that discuss the benzene dimer not only
as having two symmetrically inequivalent subunits, but also as a V-shaped,
parallel displaced or ”Sandwich” structure with two symmetrically equivalent
sites, Raman [54], microwave [56] (see chapter 3) and recent infrared experi-
ments [166] (see chapter 2) strongly support a (distorted) T-shaped structure
for this loosely bound complex, with one site called the ”top” and the other
site called the ”stem”. In such a benzene dimer the two monomer units are
inequivalent and do not interchange on the experimental timescale.

When one of the two rings is isotopically labeled ((C6H6)(C6D6)), two sub-
stitution isomers exist which can have a slightly different zero-point energy. The
barrier between the two conformers is calculated to be 64 cm−1 [71]. There-
fore, (C6H6)(C6D6) is a very subtle system for the study of conformational
conversion.

For this experiment the benzene dimer complexes are generated in a su-
personic expansion of benzene (0.03%) and helium, neon or argon as a carrier
gas at a stagnation pressure from two bars into vacuum. C6H6 and C6D6 are
premixed in a 1:1 ratio and dimers of three different masses can be generated:
the two homodimers (C6H6)2 and (C6D6)2 and the heterodimer (C6H6)(C6D6).
The relative abundances are probed in a two color- Resonance Enhanced Multi

Section 4.2 adapted from:
U. Erlekam, M. Frankowski, G. von Helden, G. Meijer, Phys. Chem. Chem. Phys. 9, 3786
(2007)
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4 Control and manipulation of conformational interconversion

Photon Ionization (REMPI) experiment and detected mass selectively, under
the experimental conditions described in section 1.2.1.

The method and the molecule chosen have several advantageous features.
First, the REMPI technique is very sensitive and small changes in the pop-
ulation can be reliably detected. Second, by using mass-selective detection
of (C6H6)(C6D6) any interference by the signal of the homodimer is avoided.
Third, via electronic spectroscopy one can unambiguously distinguish between
the two substitution isomers (C6H6)

S(C6D6)
T and (C6D6)

S(C6H6)
T , with ei-

ther the ”stem” or the ”top” being protonated, respectively.
For more details on the substitution isomers of (C6H6)(C6D6) the reader is

referred to section 1.5.3 and chapter 2.

4.2.2 Results and Discussion

In Figure 4.1 the UV spectra for the different benzene dimer species are shown
in the region of the origin of the S1 ← S0 transition using either helium (left)
or neon (right) as a carrier gas. The spectra of the benzene dimer isotopo-
logues with helium as a carrier gas are already discussed in detail in section
1.5.3. Therefore, the spectra themselves shall not be discussed here. The focus
is rather put on the comparison/differences of the spectra depending on the
carrier gas being used.

Using helium or neon as a carrier gas and monitoring (C6H6)2, a peak
around 38042 cm−1 is observed. With neon as a carrier gas an additional
broad structure of low intensity appears to the blue side of the strong and
sharp peak (see Figure 4.1 (c) and (f)). For (C6D6)2 the same observation is
made, except that the spectral features are shifted about 200 cm−1 to the blue
(see Figure 4.1 (a) and (d)). However, for (C6H6)(C6D6) two peaks, slightly
shifted to the blue compared to the two homodimer transitions, are observed
when using helium as a carrier gas, whereas only one peak is observed when
using neon as a carrier gas (see Figure 4.1 (b) and (e)

The 00
0 transition in a (distorted) T-shaped structure is only observed when

the excitation occurs on the ”stem” molecule (see section 1.5.3). The two
substitution isomers of (C6H6)(C6D6) differ in the isotopic composition of
the ”stem” and can therefore be selectively excited by choosing the appro-
priate UV frequency and can thus be detected separately. Ions generated us-
ing 38044 cm−1 light thus originate from dimers with a protonated ”stem”
((C6H6)

S(C6D6)
T ), whereas ions generated using light at 38246 cm−1 corre-

spond to the isomer in which the ”stem” is deuterated ((C6D6)
S(C6H6)

T ).
Consequently, in neon the sharp signature in the (C6H6)(C6D6) spectrum cor-
responds to (C6H6)

S(C6D6)
T , and it appears that the other isomer with the

”stem” deuterated and the ”top” protonated is completely absent. In helium,
however, both isomers occur with similar intensities in the spectrum.

Interestingly, the broad structure observed in the neon spectra to the blue
side of the main peak is more pronounced in the homodimer spectra than in
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Figure 4.1: Two-color (1+1’)-REMPI spectra of the benzene dimer around
the origin of the S1 ← S0 transition. The measurements are performed in a
molecular beam using helium (left) and neon (right) as a carrier gas. The upper
spectra are recorded on the mass of the deuterated homodimer, the middle
spectra on the mass of the mixed dimer and the lower spectra on the mass
of the protonated homodimer. When neon is used as a carrier gas, the mixed
dimer with the protonated monomer unit in the ”stem” position is exclusively
observed.

the one of the heterodimer. For (C6H6)(C6D6) such a broad background is not
only observed to the right of the sharp peak, but also near the position where
the second sharp peak is observed when using helium as carrier gas. Similar
observations have been made before [54,55]. The origin of the broad structure
has so far not been fully understood and it is presently not clear why this
structure is apparently absent when using helium as carrier gas.

In order to understand the differences in the dominant sharp spectral fea-
tures observed for (C6H6)(C6D6) in helium and neon, it is instructive to con-
sider the benzene dimer in somewhat more detail. Theory suggests a bind-
ing energy of about 980 cm−1 [71]. The barrier for the exchange of the two
monomeric units can be estimated as being the barrier separating the T-shaped
structure from the parallel displaced structure which is calculated to be 64
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Figure 4.2: Scheme of the potential energy surface of the isotopically mixed
benzene dimer (C6H6)(C6D6). The two distorted T-shaped dimer isomers are
separated by two transition states and a local minimum, corresponding to a
parallel displaced configuration [71].

cm−1 [71] (see Figure 4.2). When the two monomeric units are identical, their
exchange will not cause a change in energy. The situation is different when
the two units differ in isotopic composition. In that case, the electronic energy
stays the same, however, the zero-point energy will depend on which of the
monomers is in the ”stem” or in the ”top” position. In the ”stem” molecule,
hydrogen bonding causes the C-H (or C-D) vibrations to shift to the red, com-
pared to either the ”top” benzene ring or to the free benzene molecule [166].
Estimates based on experimental and calculated vibrational frequencies predict
the zero-point energy of the (C6H6)

S(C6D6)
T conformer to be about 2 cm−1

lower than that of the (C6D6)
S(C6H6)

T isomer.
When the benzene molecules expand into vacuum, the adiabatic expansion

causes a rapid cooling. Dimerization occurs, however, the incipient benzene
dimer molecule is initially warm and cools via collisions with the buffer gas. As
long as the internal energy of the dimer is above the isomerization barrier, the
two subunits rapidly interchange. Once the energy drops to below this barrier,
isomerization stops and the conformational distribution is frozen in. At the
height of the barrier, the small difference in zero-point energy of about 2 cm−1

should have a negligible effect on the relative populations and one would expect
a near equal abundance of the two conformations. This is indeed observed when
helium is used as an expansion gas (see Figure 4.1 (b)).
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Figure 4.3: Schematic representation of the formation and dissociation of the
neon-benzene dimer complex, converting the high energy isomer into the low
energy isomer.

4.2.3 Catalysis model

Why is now the (C6H6)(C6D6) conformer distribution completely different
when neon is used as an expansion gas? When the benzene dimer molecules
expand into vacuum, the collision rate drops very fast. A few nozzle diame-
ters downstream, this rate gets so low that three-body collisions and clustering
become unimportant. However, two-body collisions between the dimers and
carrier gas atoms still occur frequently. As the translational temperature is
then already low, those collisions occur with low energy. In such a cold collision
between a benzene dimer molecule and a rare gas atom, a short lived complex is
formed. The internal energy of this complex is the sum of the collision energy,
the internal energy of the colliding partners before the collision and the binding
energy of the complex. Late in the expansion or in the cold environment of
the molecular beam, the last contribution is dominating by far. In the absence
of a third collision partner, this complex will dissociate back to the reactants
very fast (within a few pico- to nanoseconds, depending on the system) after
the formation of the complex. Usually, such collisions and the formation of
transient collision complexes are thus of little consequence. However, when the
internal energy of the transient complex is higher than the barriers separat-
ing the conformers, isomerization can occur. This is exactly what can happen
when a benzene dimer collides with a neon atom, as schematically shown in
Figure 4.3. As an estimate for the internal energy of the benzene dimer-rare
gas complex, the binding energy D0 of a rare gas atom to the benzene monomer
molecule can be taken, which is about 48 cm−1 [167] and 120 cm−1 [168] for
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helium and neon, respectively. A transient complex of the benzene dimer with
neon thus has enough energy for the exchange of the monomer units while a
complex with helium has not (see Figure 4.2). If the complex is initially formed
in the ”high energy” conformer (C6D6)

S(C6H6)
T , complexation with neon can

induce isomerization to the ”low energy” conformer (C6H6)
S(C6D6)

T . The
difference in zero-point energy of ΔEZPE ≈ 2 cm−1 is then available as kinetic
energy for dissociating the complex, strongly enhancing the dissociation rate
in that channel (see Figure 4.3 left → right). Under the cold conditions of the
molecular beam, the initial collision energy between the dimer and the rare gas
atom is on the order of Ecol ≈ 1-3 cm−1. When the transient collision complex
is formed from an initial ”high energy” isomer its energy is Ecol + ΔEZPE

(3-5 cm−1) above the exit channel to form the ”low energy” isomer, however
only Ecol (1-3 cm−1) above the exit channel to dissociate back to the reactant.
When the transient collision complex is formed starting with the ”low energy”
isomer, its energy is with Ecol − ΔEZPE either below or only slightly above
the exit channel for the ”high energy” isomer so that the reverse ”low to high
energy” isomerization is strongly disfavored. The above model is insensitive to
the exact values of the energy difference ΔEZPE of the isomers involved and
should thus be applicable as long as this energy difference is comparable to, or
bigger than, the collision energy Ecol.

The neon atoms thus effectively act as a catalyst for the isomerization in
the benzene dimer, forming selectively the low energy isomer (C6H6)

S(C6D6)
T .

The expression ”catalyst” seems adequate since the neon atoms fulfill all con-
ditions: (1) the neon atoms participate in the reaction they catalyze, but in the
end they are available with the same properties as before the reaction (2) neon
atoms lower the effective barrier/activation energy for the interconversion by
following an alternative reaction channel, (3) neon atoms increase the reaction
rate of the conformational interconversion and (4) neon atoms act selectively
on the ”high energy” isomer. The only difference to ”normal” catalysts is that
the interaction between the neon atom and the benzene dimer is dispersive and
does not lead to the formation of a classical chemical bond.

This mechanism, in combination with calculated energies [71,167], also pre-
dicts that the parallel displaced isomer should not survive in the molecular
beam, as already helium would catalyze its destruction (see Figure ??). When
using argon as a carrier gas, the same behavior as for neon is observed (not
shown). This is again perfectly consistent with the model, since the binding
energy between argon and benzene (D0 ≈ 380 cm−1 [169]) is even higher than
in the case of neon.

4.2.4 Application

This mechanism is most likely of general importance. For example, it has
been experimentally shown that the abundance of a particular conformer of
the amino acid phenylalanine, namely of conformer E (nomenclature according
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Figure 4.4: Electronic excitation spectrum in the region of the origin transition
of the amino acid phenylalanine in the gas phase. While in argon the conformers
A, B, C, D and X are identified, in neon an additional conformer, conformer E, is
observed and the intensity of the signal representing conformer A is significantly
reduced. Weak, additional peaks are observed in the spectrum to the low energy
side of conformer D, when using argon as a carrier gas. These peaks probably
originate from the excitation of complexes with argon atoms, which dissociate
upon ionization, leaving an imprint of the spectrum of the phenylalanine·argon
complex on the spectrum of plain phenylalanine.

to Reference [180]), in a supersonic expansion critically depends on the carrier
gas that is being used. While a strong spectral feature around 37613 cm−1 is
observed in the electronic excitation spectrum using neon as a carrier gas, no
evidence of conformer E is found in the spectrum using argon as a carrier gas
(see Figure 4.4). Additionally, the intensity of conformer A is increased in the
spectrum when using argon. The same observation has been made indepen-
dently by others [170]. The barrier for interconversion from conformer E to A
is with 436 cm−1 very low [184]. It seems possible that the binding energy of
phenylalanine to argon is as large as or even larger than this value. Further-
more, interconversion from conformer E to A comes along with an energetic
stabilization of about 50 cm−1. It seems likely that the above described model
applies here as well.

Also, it is interesting to note that there presently is a large activity in
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the field of cold collisions [171]. This model is a potentially very important
application of cold collisions, namely the use of cold collisions in the preparation
of selected conformations of gas phase molecules.

4.2.5 Conclusion

A mechanism describing the conformational interconversion catalyzed by rare
gas atoms is proposed based on experimental results on the abundances of two
conformers of (C6H6)(C6D6) in a molecular beam with various carrier gases.
Application to other systems than the benzene dimer demonstrate the relevance
of this mechanism.

Briefly, in the cold environment of a molecular beam, the translational
energy available in collisions is often not high enough to overcome barriers.
The formation of a (short lived) complex with a collision partner, however,
increases the internal energy by the complex binding energy which allows it to
surmount barriers separating different isomers. Such a mechanism works best
at low temperatures. In that case, even small energy differences can be large
compared to the collision energy, strongly favoring a conversion from high to
low energy isomers. The final conformational distribution can then resemble a
thermal distribution at the prevailing translational temperature.

4.3 Conformational interconversion controlled

by selective vibrational excitation

4.3.1 Introduction

Molecules in the size regime of amino acids can adopt various conformations
that are often close in energy and separated by low barriers. Therefore, nu-
merous isomerization pathways are feasible. The conformational distribution
and dynamics can be investigated by a variety of optical [172–176] and non-
optical [177] methods, using laser irradiation or external electric fields, respec-
tively. For the first time optically induced isomerization has been observed in
the nitrous acid HONO in a low temperature matrix (cis-trans isomerization
by IR radiation) [178]. Laser induced excitation can raise the internal energy
of a molecule in a controlled way. The additional energy excites a chosen vi-
brational mode of a specific conformer, and thus mode and conformer specific
information can be obtained. Conformer specific IR-UV pump probe spec-
troscopy in combination with collisional cooling in a molecular beam allows
one to study conformational interconversion.

The molecule chosen for the following experiment is the amino acid L-
phenylalanine1. Intensive experimental and theoretical investigations reveal

1Phenylalanine is chiral and L designates the enantiomer.
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4.3 Conformational interconversion controlled by selective vibrational excitation
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Figure 4.5: Schematic representation of the involved energy levels in the IR
pump - UV probe experiment. (1) IR radiation excites the NH2 antisymmetric
stretch vibration of a chosen conformer. (2) Collisional cooling relaxes the
excited molecules to the original or to a different conformational minimum. (3)
The population changes are probed by a UV laser later in the collision free
region of the expansion.

that the six spectroscopically identified structures (see Figure 4.4) correspond
to the lowest energy conformers of phenylalanine [153, 179–184]. More details
about phenylalanine are given in chapter 5.

4.3.2 Experimental method

Phenylalanine is laser desorbed from a graphite target (see section 1.2.1) and
entrained in a gas pulse of neon atoms released from a Jordan valve. Early
in the supersonic expansion the molecular beam is intersected by an IR laser
beam. The IR laser energy is fixed to the NH2 antisymmetric stretch frequency
of a specific conformer. A fraction of the population of this conformer absorbs
the IR radiation, depleting the ground state population. The NH2 antisymmet-
ric stretch vibration in phenylalanine is about at 3400 cm−1 and thus higher
than the barriers separating each of the six conformers [184]. This additional
amount of energy is available to overcome isomerization barriers and to drive
conformational isomerization. After IR excitation still many collisions with rare
gas atoms occur in the molecular beam, allowing the excited molecules to relax
collisionally to the vibrational ground state level of the initial conformational
minimum or to that of a different conformer. The collisional cooling can result
in a modified conformer distribution which is then probed by Resonance En-
hanced Multi Photon Ionization exciting the S1←S0 transition in the collision
free region of the supersonic expansion. The UV laser is scanned in the range
between 37530 and 37670 cm−1 and the difference in the REMPI signal with
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4 Control and manipulation of conformational interconversion

and without previous IR excitation reflects the change in conformational pop-
ulation. The principle of this IR-UV pump probe experiment is schematically
shown in Figure 4.5. In contrast to usual IR-UV pump probe experiments, the
vibrational and electronic excitation are spatially and temporally separated and
collisions need to occur between both events. The conformer distribution after
conformer selective IR excitation and collisional cooling can be systematically
studied, revealing isomerization barrier heights and feasible pathways for the
interconversion between the different conformers [161].

4.3.3 Results and Discussion

In Figure 4.6 the UV spectrum in the region of the S1←S0 origin transitions of
the six phenylalanine conformers A, B, C, D, X and E (nomenclature according
to Reference [180]) with and without previous IR excitation are shown as solid
black and gray lines, respectively. The IR laser is fixed to 3418 cm−1 to excite
the NH2 antisymmetric stretch vibration in conformer A. Conformer A has been
chosen for vibrational excitation because it is among the low energy isomers
the one with the second highest energy [184] and collisional relaxation to the
ground state of another (energetically lower lying) conformer seems very likely
since this process is accompanied by an energetic stabilization. Below each
pump probe spectrum the difference spectrum ((IR+UV)-(UV)), representing
the influence of prior IR excitation on the REMPI signal, is shown as a dashed
line. A signal above the baseline corresponds to a population gain of the
respective conformer, whereas a depleted population results in a signal below
the baseline. The intensity of the signal of a conformer can be related directly
to its population.

The spectra shown in Figure 4.6 are measured using neon and argon as
a carrier gas. Both difference spectra (dashed lines) are qualitatively very
similar. Other carrier gases like xenon or CO2 have also been used, giving
similar results but with an inferior signal to noise ratio and are therefore not
shown. In the IR-UV pump probe spectra (black lines) the population of
conformer A is depleted as a result of the excitation of its NH2 antisymmetric
stretch vibration. The weak spectral feature at the blue side of conformer C
is due to a hot band of conformer A and therefore, also depleted. In argon
the depletion of conformer A is more pronounced (33%) than in neon (13%).
A small gain of population is found for the conformers B and C in argon. In
neon, conformer C and a vibrationally excited state about 10 cm−1 to the blue
of conformer E have a slightly increased population. However, only about one
third of the depleted population contributes to the population gain of other
conformers. In the difference spectra (dashed lines) weak positive and negative
features for the conformers D and X are present. These features are most likely
due to noise since they each seem to have equivalent contributions to the gain
and to the depletion of the population of the respective conformer. However,
the negative difference signal observed for conformer X can also partially be
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Figure 4.6: REMPI spectra of L-phenylalanine in the region of the vibrational
origin of the S1←S0 transition recorded with (black line) and without (gray
line) excitation of the NH2 antisymmetric stretch vibration of conformer A.
Spectrum (a) is measured using argon as a carrier gas and spectrum (b) with
neon. The difference spectra (dashed lines below the respective absolute spec-
tra) show directly the change of the conformational distribution induced by
vibrational excitation.
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Figure 4.7: Absorption bands of the NH2 antisymmetric stretch vibration in
the six low energy conformers A, B, C, D, X, E. The spectra are vertically ar-
ranged according to their increasing S1←S0 excitation energy. The absorption
spectrum A’ (dashed line) results from a hot band of conformer A.

due to excitation of its NH2 antisymmetric stretch vibration, simultaneously to
the excitation of conformer A (see Figure 4.7). The same applies to conformer
E. It is also worthwhile to note that no signatures of new/additional conformers
appear in the UV spectrum.

From the experimental results shown in Figure 4.6 it is difficult to draw firm
conclusions. The most striking observation made is that the depletion signal of
conformer A is larger than the sum over the population gain signals of all other
ground state conformers. This can most probably be ascribed to inadequate
cooling after the vibrational excitation. Consequently a fraction of molecules
remains in a vibrationally excited state and is thus invisible for the UV laser
that probes the conformational distribution.

Cooling conditions are strongly dependent on the properties of the supersonic
expansion, i.e. on the experimental setup. In this experiment phenylalanine is
desorbed from a graphite target with a laser that is directed perpendicularly
to the molecular beam axis (see Figure 1.2). The desorbed molecules thus
have a momentum opposite to the propagation direction of the laser beam and
perpendicular to the molecular beam axis. The first collisions with the rare
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4.3 Conformational interconversion controlled by selective vibrational excitation

gas atoms, released from the nozzle just behind the desorption spot, force the
molecules in the direction of the molecular beam axis and are lost for cool-
ing. Only subsequent collisions can cool the internal degrees of freedom of the
molecules. To ensure that the molecules are cold when they get vibrationally
excited, the IR excitation occurs 3-4 mm downstream from the desorption spot.
The collision rate drops rapidly with the distance from the valve, and in the
region downstream the IR excitation it is much reduced. In this region, how-
ever, collisions are needed to relax the vibrationally excited molecules into the
zero-point levels of the conformational minima accessible to them. This process
can be incomplete, and a fraction of the excited molecules is lost for the UV
probe. Changing the distance of the IR excitation from the nozzle is limited
by two events: (1) If the IR laser intersects the molecular beam very close to
the desorption spot the molecules are excited before they have been sufficiently
cooled. Thus the absorption bands of different conformers are broadened and
overlap, with the consequence that also other (warm) conformers absorb IR
radiation. (2) If IR excitation occurs relatively late in the supersonic expan-
sion, the collision rate afterwards is too low to cool the vibrationally excited
molecules to one of the conformational ground states. The population of the
chosen conformer is depleted, but the spectra do not contain any information
about the dynamics of this fraction of molecules.

An additional complication is that the excitation to the ν=1 level of the
NH2 antisymmetric stretch vibration is very close in energy for the different
conformers (see Figure 4.7). In Figure 4.6 IR-UV pump probe spectra are
shown with the IR laser exciting this vibration in conformer A. Alternatively,
the same vibration has been excited in the conformers X and E. The expected
depletion can be observed but the gain of other conformational population is
not more pronounced than in the spectra shown. In the energy range cov-
ered by our IR laser system (see section 1.2.1) the NH2 antisymmetric stretch
vibration, however, is the only one which has relatively narrow and not over-
lapping spectral features. The other spectroscopically accessible vibrations, the
NH2 symmetric stretch and the OH stretch [180], do not represent a serious
alternative.

To improve the cooling conditions, the initial experimental setup has been
changed (see Figure 1.2 (b)). To facilitate the assimilation of the laser desorbed
molecules into the molecular beam, tubes of different geometries (cylindrical
and conical geometries with varying diameters, lengths and angles) have been
installed directly after the orifice of the valve, elongating the nozzle by a few
mm. A small hole allows the desorption laser to enter the tube from above and
to ablate the molecules from the graphite target in the tube. Provided that
the tube is firmly attached to the valve body, the elongation of the nozzle in-
hibits the desorbed species to propagate perpendicularly to the molecular beam
axis and supports the co-expansion of the molecules and the rare gas atoms.
The collisions are expected to cool more efficiently and the IR excitation can
thus occur earlier in the expansion, providing a better cooling after the opti-
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4 Control and manipulation of conformational interconversion

cal excitation. In principle a new conformational distribution can be created
further downstream in the expansion this way. In a series of REMPI spectra
(not shown) measured with such tubes installed, no significant improvement
has been observed relative to the spectra recorded without the tube.

4.3.4 Conclusion and perspectives

Phenylalanine, with six low energy conformations, has been used to probe laser
induced isomerization in a molecular beam. The experimental results show that
vibrational excitation and subsequent cooling result in an incomplete redistri-
bution of the relative conformational population. IR induced depletion of the
population of one conformer can clearly be observed, however, the vibrationally
excited molecules do not seem to vibrationally relax and to contribute to the
population of any other conformer. This is most probably due to the exper-
imental arrangement. The results might be more convincing if the collisional
cooling before and after IR excitation is more efficient than in our experimental
setup.

More efficient cooling can be achieved for example if the molecules and the
carrier gas are both released from a valve and co-expanded into vacuum, in-
stead of an expansion of rare gas atoms that pick up laser desorbed molecules
just after the nozzle of the valve. Species with a substantial vapor pressure
can be premixed with the carrier gas, solids might be heated in a sublimation
oven or in a chamber of the valve body, as for example in the setup presented
by Zwier et al. [161]. A second possible attempt can be to use laser desorption
in combination with a second supersonically expanding beam providing addi-
tional collision partners that cool the molecules efficiently after IR excitation.
The first expansion can thus exclusively be used to cool the laser desorbed
molecules, preparing them in the lowest rotational and vibrational states be-
fore IR excitation. After IR excitation collisions occur with atoms/molecules
of the second beam. Both attempts would allow for a rapid cooling of the
internal degrees of freedom after the release into vacuum, thus for a selective
vibrational excitation of a single conformer, and they would provide, after the
laser induced excitation, better collision conditions for a more efficient relax-
ation of the vibrationally excited states into one/several conformational ground
state(s).

The potential energy surface can also be explored by quantum control [163].
Instead of collisions with the carrier gas, shaped laser pulses dump the vibra-
tionally excited molecules in a specific ground state conformation. From the
properties of the laser fields used to reach the different conformational minima
barrier heights and interconversion pathways between the single conformers can
be deduced.
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Chapter 5

The amino acid

phenylalanine

5.1 Introduction

With the development of electrospray [185] and matrix assisted laser desorption
and ionization (MALDI) [186] it has become possible to bring large molecules
intactly into the gas phase. This innovation, allowing one to study also larger
molecules separately, free from perturbations, has paved the way to experi-
ments on isolated biologically relevant systems, such as peptides. However, to
understand their dynamics and structural properties on a fundamental level
it is instructive to investigate their building blocks, amino acids and small se-
quences in a bottom up approach. The need for such gas phase experiments
arises for example from the relevance of understanding the mechanism of pro-
tein folding, which crucially controls the functionality of the protein, on the
molecular level.

Since the pioneering work of Levy et al. in 1986 [187], amino acids have
been investigated intensively in molecular beams, especially the aromatic amino
acids, tryptophan [149,187–200], phenylalanine [170,179–184,201–204] and ty-
rosine [179,191,198,205,206], which can, due to their aromatic chromophores,
easily be probed by UV spectroscopy. Also small peptides are intensively stud-
ied [207–215]. Although being comparatively small, amino acids can have differ-
ent relative orientations of the backbone and side-chain. The barriers between
those conformers are often low and at room temperature conformational in-
terconversion occurs frequently so that single conformers cannot be isolated.
Under the cold conditions of a supersonic expansion, however, these barriers

Adapted from:
G. von Helden, I. Compagnon, M. N. Blom, M. Frankowski, U. Erlekam, J. Oomens, B.
Brauer, R. B. Gerber, G. Meijer, Phys. Chem. Chem. Phys. (2008) DOI: 10.1039/b713274c
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5 The amino acid phenylalanine

appear high compared to the internal energy of the amino acid and specific
conformers can be discriminated. The resultant conformational distribution
depends on the relative conformational energies, barrier heights and tempera-
ture. Therefore, amino acids, especially phenylalanine, serve as a benchmark
system to investigate the conformational landscape in small molecular systems.

Studies on isolated amino acids (and small peptides) represent also a good
preparation to investigate the amino acids embedded in a (partial) solvation
shell. While in the gas phase amino acids are neutral [149, 187, 216–220], they
adopt a zwitterionic structure in solution [217, 218, 220]. Several investiga-
tions of clusters with a gradually increasing number of solvent molecules (wa-
ter, methanol) exist [170,181,194,196,221–226], discussing the observations in
terms of isolated amino acids and solvated model systems [31, 32, 227, 228]. In
a recent solvation experiment on tryptophan, it could be shown that at least
five (eight) methanol molecules are necessary to observe spectral evidence of
the CO−

2 stretch (NH+
3 bend) vibration, indicating a zwitterionic structure of

tryptophan [200]. Such experiments are important, since they reveal the struc-
tural properties and energetics at the limit between gas and solvated phase
and allow one to determine the conformer specific energy, necessary to stabi-
lize the zwitterionic structure. The potential energy surfaces of solvated amino
acids are even more complex than those of the isolated ones and therefore a
challenging playground for theoreticians, who aim to unravel the experimen-
tal results. For the investigation of complex, amino acid containing systems
a detailed knowledge about the amino acid itself (structures and energies of
conformers and energetic pathways connecting them) is important.

IR spectroscopy makes an important contribution to the exploration of in-
trinsic molecular properties. As the positions and shapes of spectral lines de-
pend strongly on the geometric properties, the IR absorption spectrum is a
unique identifier for the molecular structure.

The amino acid phenylalanine has been studied extensively in the gas phase,
and five [179], later six [180] individual conformers have been discriminated in
electronic excitation spectra. The first five conformers (see Figure 5.1) could
be assigned by Snoek et al. [180] by comparing their IR spectra to those of
calculated structures. These conformational structures can be divided in two
subgroups according to the orientation of their internal hydrogen bonds. One
subgroup constitutes the conformers B and X which both are stabilized by a
daisy chain of hydrogen bonds from the carboxyl to the amino group, and from
the amino group to the π-electrons of the phenyl ring. Conformers A, C and D
are in a second group in which the backbone and side-chain do not interact via a
NH2 → πphenyl hydrogen bond and in which the direction of the hydrogen bond
between the carboxyl and the amino group is reversed, i.e. the NH2 hydrogen
atoms serve as proton donor and the carboxyl group as proton acceptor (see
Figure 5.1). In the original work [180] IR spectra of conformer E have not
been accessible due to its weak population under the experimental conditions.
Initially, conformer E has been assigned to the theoretical low energy structure
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Figure 5.1: Structures of five low energy conformers of phenylalanine calculated
at the MP2/6-311+(2df,2p) level of theory [184]. The labeling scheme is the
same as the one introduced in Reference [180].

”IV” which belongs to the group with the cooperative sequence of hydrogen
bonds COOH → NH2 → πphenyl [180]. Later, conformer E has been assigned to
structure ”IX” from Reference [180] with a hydrogen bond of the NH2 → COOH
type [183]. This assignment is based on a comparison of UV rotational band
contours of the experimentally observed conformers with those of a variety of
calculated structures. However, such a comparison may not be unambiguous as
the rotational band contours of the calculated structures resemble one another
in some cases and the error bar of the underlying calculations is unknown.

In this chapter the experimental IR spectrum of the missing conformer E
in the spectral range between 3150 and 3450 cm−1 is presented and compared
to those of the conformers A and X, as representatives of the two structural
subgroups. On this basis it is possible to unambiguously assign the structure
of conformer E to one of both groups. Furthermore, the relative abundances
of jet cooled phenylalanine conformers with respect to their relative zero point
energies are investigated.
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5 The amino acid phenylalanine

5.2 Experimental method

The experimental setup is described in more detail in section 1.2.1. Briefly,
the non-volatile and thermally labile phenylalanine is laser desorbed from a
graphite target and entrained in a pulse of neon atoms, expanding into vacuum.
The molecular beam is skimmed and interrogated by pulsed UV and IR laser
beams. The cold molecules are electronically excited and subsequently ionized
by two UV-photons of the same energy (1-color REMPI). The ion signal is
recorded as a function of the photon energy, giving the UV spectrum. IR
spectra are obtained by ion-dip spectroscopy. In this technique the IR laser
interacts ∼ 50 ns prior to UV excitation with the internally cold molecules.
If the IR laser is resonant with a vibration of the electronic ground state,
population is transferred to a vibrationally excited state and a depletion in the
ion signal is observed. By measuring the ion signal while tuning the IR photon
energy, the ion-dip spectrum is recorded. Conformer selection is achieved by
selecting the specific electronic excitation energy (see Figure 4.4). For these
experiments the natural enantiomer L-phenylalanine is used.

5.3 Results and Discussion

5.3.1 Missing conformer E

In Figure 5.2 the IR spectrum of phenylalanine conformer E is shown in the
range between 3150 and 3450 cm−1, together with those of conformers A and X.
Conformer A represents the group of conformers which have a NH2 → COOH
hydrogen bond, while X represents the other group with a COOH → NH2 →
πphenyl oriented chain of hydrogen bonds. In the spectrum of conformer E
two narrow absorption bands at 3359 and 3438 cm−1 occur which result from
the symmetric and antisymmetric NH2-stretch vibrations, respectively. The
symmetric NH2-stretch modes of conformers A and X appear as weak spectral
features redshifted from the appropriate transition in conformer E, both at
3340 cm−1. The antisymmetric NH2- stretch modes (intense and narrow ab-
sorption signal) of conformers A and X appear redshifted by 19 and 11 cm−1,
respectively, from the transition of conformer E. The shape of these two modes
are very similar for the three different isomers, although slightly broadened for
conformer X. Solely based on the symmetric and antisymmetric NH2-stretch
vibrations a classification of conformer E to one of both subgroups is not possi-
ble. In the spectrum of conformer X an additional broad and intense absorption
band is observed at 3224 cm−1, resulting from the OH-stretch vibration which
is, however, involved in a hydrogen bond to the nitrogen atom of the amino
group, and thus occurs at a lower frequency than an unperturbed OH-stretch
vibration [180]. Such a feature is not present in the spectra of conformers A
and E. This observation indicates that the structure of conformer E is rather
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Figure 5.2: IR spectra of the phenylalanine conformers A, E and X in the
range between 3150 and 3450 cm−1. The calculated structures [184] support the
assignment of conformer E to the structural subgroup represented by conformer
A.

similar to that of conformer A and that it possesses a NH2 → COOH hydro-
gen bond. In Figure 5.2, to the right of the appropriate spectra, the proposed
structures [184] of the conformers A, E and X are shown.

The assignment is also supported by other observations: (1) In the REMPI
spectrum of phenylalanine the intensities of the spectral features of the con-
formers A, C, D and E are substantially reduced when being solvated by one
water molecule, whereas the monohydrated conformers B and X appear with
similar intensities as their isolated counterparts [181]. Monohydrated struc-
tures with the water molecule binding to the carboxyl group are calculated to
be lower in energy than those with the intermolecular hydrogen bond to the
nitrogen atom of the amino group. This implies that stable phenylalanine-
water complexes are formed of conformers whose carboxyl group is free and
not involved in an intramolecular hydrogen bond (A, C, D, E). The depleted
signals of the isolated molecules alone are not an unambiguous evidence for the
formation of stable water complexes and thus for the common structural motif
of the respective conformers, however this observation supports the results pre-
sented here very well. (2) Photoionization efficiency measurements [201] show
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5 The amino acid phenylalanine

a higher ionization potential for conformers B and X than for A, C, D and
E. Conformers with a backbone side-chain interaction, i.e. a NH2 → πphenyl

hydrogen bond, are concluded to turn this in the S0 state attractive interac-
tion into a repulsive one upon ionization because of the newly emerged cationic
charge on the phenyl ring, raising the ionization potential [182]. This obser-
vation indicates that conformer E has, like the conformers A, C and D, no
backbone side-chain hydrogen bonding of the type NH2 → πphenyl and is thus
different from the conformers B and X. However, it cannot determine differ-
ences between conformer E and A, C and D, such as the orientation of the
hydrogen bond between the carboxyl and the amino group.

The results presented in this section ”Missing conformer E” have been
obtained in similar form independently in another laboratory at the same
time [170,202], supporting the correctness of our data.

5.3.2 On the observed conformer abundances of pheny-

lalanine

Calculation

The structures (and IR spectra) of 14 conformers are calculated at the
B3LYP/6-311++G(2d,p) as well as at the MP2/6-311+G(2df,2p) level1. In
addition, single point energy calculations are performed at the CCSD(T)/6-
311+G(2df,2p) level, using the MP2 optimized structures. The structures con-
sidered include the nine lowest energy structures from Reference [180] and [183],
three additional low energy structures from Reference [204], as well as two low
energy structures from Reference [203]. Transition states for the interconver-
sion between the nine lowest energy conformers are considered as well, some of
them being adapted from Reference [204].

Comparison of the theoretical IR spectra to experimental ones [184] in the
range between 500 and 1900 cm−1 allows one to assign molecular geometries
to the conformers A, B, C, D, X and E (not shown). As not relevant for the
following discussion, the IR spectra are not discussed here. Briefly, the spectra
resulting from B3LYP and MP2 calculations are very similar and it can be
concluded that the large computational effort for the MP2 calculations is at
least for this system not justified.

The vibrational state densities are calculated for the nine lowest energy
structures as a function of energy with the Beyer-Swinehart algorithm [229],
using the B3LYP vibrational frequencies. These state densities are used to
estimate the relative conformer populations after cooling in the supersonic ex-
pansion.

1The calculations are run by G. von Helden.
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Figure 5.3: Structures and their relative energies are presented from different
regions of the conformation space. The structures I, III and IV, having an
internal CO2H → NH2 hydrogen bond, are separated by the highest transition
state at 3740 cm−1 from structure V, having a NH2 → CO2H hydrogen bond.
A transition state at 1377 cm−1 leads from this structure to structure II, and
therefore to the structures depicted in Figure 5.4. Some of the low energy
structures can be assigned to the experimentally observed conformers A, B, C,
D, E and X. The assignments are given in brackets.
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Figure 5.4: Relative energies and structures for five of the nine lowest energy
conformers, as well as of the transition states separating them. Some of the low
energy structures can be assigned to the experimentally observed conformers
A, B, C, D, E and X. The assignments are given in brackets. The sequence
corresponds from left to right to a clockwise rotation of the amino acid group
about the Cα-CH2C6H5 bond, accompanied by a reorientation of the amino
group.
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Figure 5.5: Vibrational state densities of the nine lowest energy conformers of
phenylalanine. The relative origins are shifted according to their relative zero
point energies.

The performance of the model - comparison between experimental

and calculated conformer distributions

In Figures 5.3 and 5.4 the relative energies and structures of the nine lowest
energy conformers of phenylalanine, as well as of several transition states sep-
arating them are shown. Experimentally it is observed that several conformers
are simultaneously present in the molecular beam (see Figure 4.4). The vibra-
tional and rotational temperature of the molecules can be estimated to be a few
Kelvin. Thus, considering the energy differences between the experimentally
observed conformers, it becomes clear that they cannot be in thermal equilib-
rium. The heights of the interconversion barriers, as well as the experimental
conditions, crucially affect the dynamics of the different conformers. Just af-
ter laser desorption the vaporized molecules have high internal energies, much
higher than the transition states shown in Figures 5.3 and 5.4, and under these
conditions conformations are not defined. In the supersonic expansion the in-
ternal energy is gradually lowered via inelastic collisions with the carrier gas.
Consecutively the molecules reach the energies of the different barriers. At the
level of the highest barrier the population is separated in two groups which are
separated in subgroups when the energy levels of the next lower barriers are
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Figure 5.6: Comparison of the simulated intensity distributions (gray Gauss
functions) with the experimental abundances (black contours) of conformers
A, B, C, D, X and E, probed by 1-color REMPI and using neon as a carrier
gas.

reached. From Figures 5.3 and 5.4 it can be seen that the highest considered
barrier is between structure I and V and is 3740 cm−1 above the lowest energy
structure. At this energy the population separates in two populations, one of
which will be able to form the structures I, III and IV. The structures II, V, VI,
VII, VIII and IX can originate from the population trapped ”on the other side”
of the barrier. The second highest barrier, 2127 cm−1 higher in energy than
the lowest energy structure, corresponds to the transition state between struc-
tures II and VII, which represent two minima on the internal rotational path
of the amino acid group about the Cα-CH2C6H5 bond. The highest barrier
on a circular path has not to be crossed bringing about that the third highest
barrier is the next relevant energy level to be considered, which is the transition
state between structures II and VI at 1765 cm−1, separating structure II from
VI−IX. With further cooling the molecules reach consecutively the different
barriers separating them in more and more conformational groups.

The relative population of the different minimum structures can be esti-
mated assuming quasi equilibria at the height of the barriers separating them.
Each barrier constitutes two new conformational subgroups. The ratio of the
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vibrational state densities of both subgroups is used to determine the relative
population at each conformational barrier. The model is independent on the
rotational temperature as long as it is small compared to the conformational
barriers. The nature of the carrier gas and its interactions with the molecules
are not included in this model. Following all barriers from high to low energy
gives the relative population of the single structures. The resulting populations
are 14, 29, 11, 4, 5, 23, 6, 3 and 4% for the structures I−IX, respectively. The
two lowest barriers at 713 and 386 cm−1 are so low, that it is likely that under
the experimental conditions the structures being separated by the respective
barriers cannot be distinguished. In Figure 5.6 the theoretical conformational
distribution is compared to the experimental REMPI spectrum, using neon as
a carrier gas. Structure V does not have an experimental counterpart and is
shown for comparison to the right of the spectrum. The conformers A-E are
assigned to the simulated structures according to Reference [184]. The calcu-
lated intensity of the structures III and IV as well as VIII and IX are added
up, as the respective barriers are very small and can be overcome via collisions
with the carrier gas.

Interestingly, the lowest energy conformer X (I) is predicted to be less pop-
ulated than the conformers B (III+IV), C (VI) and D (II), and conformer D
(II) to be the most intense one. The discrepancies between the expected rela-
tive population (when considering exclusively the relative zero point energies)
and the simulated one can be rationalized by the relatively slow increase of the
density of states as a function of energy. This in turn can be attributed to the
strong intramolecular hydrogen bonds rendering the molecules more rigid and
shifting the low frequency modes to higher frequencies.

Considering the crudeness of the model and the uncertainties in the com-
puted parameters (relative energies, vibrational frequencies and state densities)
the agreement between experimental and calculated intensities is surprising.
Additionally, the experimental intensities do not necessarily reflect the neutral
populations, as parameters such as Franck-Condon factors, absorption cross
sections and excited (intermediate) state life times affect the observed distri-
bution.

In the model only the nine lowest energy structures I−IX are considered.
However, other structures with higher energies exist [184] and contribute to
the relative population at energies as high as 3740 cm−1, which is the highest
barrier considered. All those ”high energy” structures, although not populated
at low energies, can act as funnels for other structures. Therefore, all structures
that are in the energy range up to the highest relevant barrier (3740 cm−1)
would need to be considered for a more precise estimation of the conformational
distributions.
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5.4 Conclusion

The observation that conformer E is substantially populated in a molecular
beam when using neon as a carrier gas allows one to spectroscopically investi-
gate its properties, to compare it to the other (known) phenylalanine conform-
ers and to make a structural assignment. It is shown that IR spectroscopy in
the region of NH- and OH- stretch vibrations (3150 - 3450 cm−1) is perfectly
suited to probe the structures of (non)hydrogen bonded amino acid backbones.
The conformers of phenylalanine are separated in two subgroups according to
their intramolecular hydrogen bonds. Its IR signature allows one to assign
conformer E to one of these two subgroups.

The complex dynamics in a supersonic expansion and particularly the po-
tential energy surface of a multi-conformational molecule strongly influence the
observed conformer distribution. The pure effect of the potential energy sur-
face has been studied with a simple model. At characteristic points (saddle
points) on the potential energy surface, the relative conformer distribution is
deduced from the relative vibrational state densities, assuming quasi-equilibria
near the interconversion barriers. This model, although being rough, appears
to describe the experimental conformer distribution reasonably well.
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In order to understand the properties and functionality of biological matter
on the macroscopic level, first the properties of the isolated molecular building
blocks have to be investigated, aiming to understand their intrinsic properties.
In further studies the parameters can be adapted to the near-natural environ-
ment.

Weak intra- and intermolecular interactions (of dispersive and electrostatic
nature) can significantly influence the molecular structure and are thus of fun-
damental importance. In order to investigate these interactions at a funda-
mental level, simple model systems, primarily in the gas phase, can be studied.
If they consist of a considerable amount of atoms, they can be flexible, and
a variety of structures can exist whose relative population can yield valuable
information on stabilizing and destabilizing interactions. Therefore, the ex-
perimental parameters influencing the relative abundances of the individual
structures have to be well known and adequately considered in the interpreta-
tion of the experimental results.

In this thesis the structure and dynamics of the benzene dimer (C6H6)2 have
been spectroscopically investigated in the gas phase in the spectral range of
rotations, vibrations and electronic transitions and discussed in terms of sym-
metry. The benzene dimer is a weakly bound van der Waals complex that can
serve as a model system for dispersive intermolecular interactions. Due to the
weak intermolecular interaction (∼ 1000 cm−1) a satisfactory theoretical de-
scription of the minimum energy structure and a precise determination of the
binding energy of the benzene dimer is a challenging task. Therefore, detailed
information from experimental studies needs to be available.

As the benzene dimer consists of relatively few atoms the spectra are
expected to be rather clear. The benzene dimer is formed when benzene
molecules, diluted in a carrier gas, are adiabatically expanded from a pressure
of a few bar into vacuum. In the supersonic expansion the internal degrees of
freedom of the monomeric benzene molecules are cooled via inelastic collisions
with the carrier gas atoms to a rotational and vibrational temperature of a few
K, and clustering can occur. Often the molecules in a supersonic expansion are
not in thermal equilibrium, and in the case that a molecule can adopt various
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conformations (as for example biomolecules) the dynamics of interconversion
needs to be considered in order to rationalize the observed relative conformer
abundances.

Depending on the balance between electrostatic and dispersive interactions,
the two benzene molecules can be theoretically arranged as shown in Figure
1.9. The D6h symmetry of the non-interacting benzene rings is lowered by
dimerization. As the infrared (IR) activity of vibrational modes is linked to
the symmetry of the molecule, symmetry reduction arising from dimerization
can serve to determine fundamental modes of the benzene monomer that are IR
inactive by symmetry. In chapter 2 it is shown how the C-H stretch spectra of
the benzene dimer allow one to determine the so far unknown (IR and Raman
inactive) fundamental mode ν13 of the benzene monomer.

The knowledge about the individual symmetries of the monomeric sub-
units is valuable information to determine the structure of the benzene dimer.
For this purpose vibrational spectroscopy is a suitable tool. In the C-H
stretch range two different vibrational signatures are found for the two benzene
molecules, hinting to a structure with two symmetrically inequivalent benzene
molecules, as for example in a dynamic, in its rigid form C2v or Cs symmet-
ric, (distorted) T-shaped geometry. This observation is in agreement with the
latest theoretical results on the equilibrium structure of the benzene dimer.

Besides the experiments in the IR range, microwave (MW) spectroscopy
can be used to determine the minimum energy structure (see chapter 3). The
rotational spectrum of the benzene dimer has the characteristics of a symmetric
top. The weak intermolecular interaction can allow for internal dynamics in the
benzene dimer, that can be investigated by MW spectroscopy in combination
with Molecular Symmetry (MS) group theory. From these studies it is currently
assumed that both benzene subunits are arranged in a (distorted) T-shaped
geometry and undertake internal rotations about their molecule fixed C6 axes.

The experiments on the benzene dimer in this thesis are accompanied by
studies on isotopically labeled species, as for example (C6H6)(C6D6), in order
to obtain supporting information. When assuming that the two subunits in
the benzene dimer are symmetrically inequivalent, two substitution isomers of
(C6H6)(C6D6) are expected to exist and can be discriminated by electronic ex-
citation. Although the electronic energy is the same and the difference in zero
point vibrational energy in the electronic ground state of the two isomers is
subtle, substantial differences have been observed concerning their abundances
in a molecular beam. The relative abundances can be investigated as a function
of the molecular beam properties, for example (as in this work) in dependence
on the nature of the carrier gas, using Resonance Enhanced Multi Photon Ion-
ization (REMPI) for detection. From the experimental observations a model
has been developed, describing how collisions with rare gas atoms in a cold envi-
ronment, as for example in a molecular beam, can catalyze the interconversion
between structural isomers, leading selectively to the isomer with the lower
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internal energy (see chapter 4). The feasibility of the interconversion depends
on the height of the barrier separating the isomers involved and the binding
energy between the collision partners. The mechanism works best at low tem-
peratures where even small energy differences appear large in comparison to
the collision energies.

This model applies most probably to the molecular beam experiments of
the amino acid phenylalanine as well: it explains the absence of a theoretically
predicted conformer in previous experimental studies and allows one to adapt
the experimental conditions such that this ”missing conformer” becomes ex-
perimentally accessible. The vibrational properties of the ”missing conformer”
have been investigated in the N-H stretch energy range allowing for a structural
assignment (see chapter 5).

Six different low energy conformers of phenylalanine have been observed in
a molecular beam. Considering the observed relative abundances of the various
conformers together with their energy differences it can be seen that the distri-
bution does not correspond to a distribution expected at thermal equilibrium.
For a full description of the observed relative population the barriers separating
the conformers have to be considered as well (see chapter 5) which requires ad-
equate information about the potential energy surface. In order to explore the
complex potential energy surfaces of multi-conformational molecules, as for ex-
ample the phenylalanine, the interconversion energies and pathways have to be
studied conformer selectively. This can be done, for example, in an excitation-
relaxation experiment (see chapter 4). In the ideal case the excitation energy
of a vibration in the electronic ground state is mode and conformer specific. If
this energy is large enough to surmount (at least) one barrier separating the ex-
cited conformer from another one, a structural rearrangement can occur in the
subsequent relaxation. Probing the changes of the relative conformer popula-
tion as a function of the vibrational excitation energy can provide information
about the potential energy surface of the system.

The experiments presented in this thesis contribute to a deeper understanding
of the benzene dimer, an important model system for dispersive interactions
that are often found in biologically relevant systems. Especially the experi-
ments aiming for the internal rotations and the MS group theory are an en-
couraging starting point to finally solve with further studies the problems con-
cerning the equilibrium structure and its internal dynamics. In future studies
the focus should be put on isotopically labeled species.

Vibrations of highly symmetric molecules are often neither IR nor Raman
active, might, however, be accessible using the here presented, elegant method
which exploits IR activation by symmetry reduction upon complexation.

The model describing collision induced conformational interconversion will
be helpful in molecular beam experiments of flexible molecules to understand
the observed conformational distribution and especially to adapt the exper-
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imental conditions and thus to manipulate specifically the conformer abun-
dances.

Conformer specific information is relevant to understand flexible molecules.
In order to obtain unambiguous information it is desirable to investigate not a
mixture of conformers, but the conformers one by one. Therefore, it would be
helpful to investigate them separated in space and/or time. A new experimen-
tal approach [230] exploiting the different m/μ ratios of the different conformers
can separate polar neutrals spatially in a molecular beam by passing through
an AC electric quadrupole. The switching frequency of the AC electric field is
tuned and it is optimum for a certain m/μ ratio, in the ideal case for (selected
quantum states of) one specific conformer , so that this conformer reaches the
end of the quadrupole guide while the other conformers are defocused from
the molecular beam axis by the interaction with the electric field. Once a con-
former is isolated from the rest, precise spectroscopic studies can be performed
conformer by conformer, contributing to a detailed overall picture.
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Appendix A

The character tables

1
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Figure A.1: The benzene monomer with the bonded carbon-hydrogen nuclei
being numbered 1-6.
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Figure A.2: The benzene dimer with the bonded carbon-hydrogen nuclei being
numbered 1-6 for the ”top” and 1’-6’ for the ”stem”. The ”stem” plane bisects
the ”top” between 612 and 543 with 4’ pointing at the bond connecting 5 and
6.
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Table A.1: The group D6h(M)

D6h(M) E (1
23

45
6)

(1
35

)(
24

6)

(1
4)

(2
5)

(3
6)

(2
6)

(3
5)

(1
4)

(2
3)

(5
6)

E

∗ (1
23

45
6)

∗

(1
35

)(
24

6)
∗

(1
4)

(2
5)

(3
6)

∗

(2
6)

(3
5)

∗

(1
4)

(2
3)

(5
6)

∗

1 2 2 1 3 3 1 2 2 1 3 3

A1g 1 1 1 1 1 1 1 1 1 1 1 1
A1u 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
A2g 1 1 1 1 -1 -1 1 1 1 1 -1 -1
A2u 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1
B1g 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1
B1u 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
B2g 1 -1 1 -1 -1 1 -1 1 -1 1 1 -1
B2u 1 -1 1 -1 -1 1 1 -1 1 -1 -1 1
E1g 2 1 -1 -2 0 0 -2 -1 1 2 0 0
E1u 2 1 -1 -2 0 0 2 1 -1 -2 0 0
E2g 2 -1 -1 2 0 0 2 -1 -1 2 0 0
E2u 2 -1 -1 2 0 0 -2 1 1 -2 0 0

Table A.2: The group Cs(M)

Cs(M) E (14)(23)(56)∗

1 1

A

′

1 1

A

′′

1 -1
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Table A.3: The group C2v(M)

C2v(M) E (1
4)

(2
5)

(3
6)

(2
’6

’)
(3

’5
’)

(1
4)

(2
3)

(5
6)

∗

(2
6)

(3
5)

(2
’6

’)
(3

’5
’)
∗

1 1 1 1

A1 1 1 1 1
A2 1 1 -1 -1
B1 1 -1 -1 1
B2 1 -1 1 -1

Table A.4: The group C6v(M)

C6v(M) E (1
23

45
6)

(1
35

)(
24

6)

(1
4)

(2
5)

(3
6)

(2
6)

(3
5)

∗

(1
4)

(2
3)

(5
6)

∗

1 2 2 1 3 3

A1 1 1 1 1 1 1
A2 1 1 1 1 -1 -1
B1 1 -1 1 -1 1 -1
B2 1 -1 1 -1 -1 1
E1 2 1 -1 -2 0 0
E2 2 -1 -1 2 0 0
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Table A.5: The group G24

G24 E (1
23

45
6)

(1
35

)(
24

6)

(1
4)

(2
5)

(3
6)

(2
6)

(3
5)

∗

(1
4)

(2
3)

(5
6)

∗

(2
’6

’)
(3

’5
’)

(1
23

45
6)

(2
’6

’)
(3

’5
’)

(1
35

)(
24

6)
(2

’6
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(3
’5
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(1
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(2
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(3
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(2
’6
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’5
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(3
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(2
’6
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’5
’)
∗

(1
4)

(2
3)

(5
6)

(2
’6

’)
(3

’5
’)
∗

1 2 2 1 3 3 1 2 2 1 3 3

A1s 1 1 1 1 1 1 1 1 1 1 1 1
A2s 1 1 1 1 -1 -1 1 1 1 1 -1 -1
B1s 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1
B2s 1 -1 1 -1 -1 1 1 -1 1 -1 -1 1
E1s 2 1 -1 -2 0 0 2 1 -1 -2 0 0
E2s 2 -1 -1 2 0 0 2 -1 -1 2 0 0
A1a 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1
A2a 1 1 1 1 -1 -1 -1 -1 -1 -1 1 1
B1a 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1
B2a 1 -1 1 -1 -1 1 -1 1 -1 1 1 -1
E1a 2 1 -1 -2 0 0 -2 -1 1 2 0 0
E2a 2 -1 -1 2 0 0 -2 1 1 -2 0 0
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The IR laser system1 -

troubleshooting

Nd:YAG laser

Seeder

SHGOscillator/

Amplifier

Oscillator Pre-Amp Amplifier

dichroic

mirror

waveplates

LiNbO
3

DFMdichroic

mirror
OPA

LiNbO 3

OPA-Near-IR generation

IR

beam

Precision Scan dye laser

1064 nm

532 nm

1

2
3

4

Figure B.1: Scheme of the laser system that has been used for the IR experi-
ments described in this thesis. The circles indicate the technically weak points
of the system.

The IR laser system used in this thesis is described in detail in section 1.2.1.
The presentation given there implies a smoothly operating laser system. This
and the supposed IR laser energy of about 10 mJ/pulse at 3000 cm−1 have,
however, not been realized after the installation and adjustment by the service
engineer of the respective laser company.

The first major problem was a by about 50 % periodically changing IR laser
pulse energy on a time scale of a few minutes, not allowing one to work correctly.

After several tests the origin of these fluctuations could be located. In or-
der to protect the IR generation unit from dust particles, it has originally been

1Used for the experiments described in chapter 2 and section 4.3.
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covered entirely, creating a fairly closed system. However, the two LiNbO3

crystals used for difference frequency mixing (DFM) and optical parametric
amplification (OPA) need to be heated to about 100◦C in order to avoid that
water molecules adsorb on the crystal surfaces. In the closed system the heat
dissipates only irregularly and provokes steadily changing phase matching pa-
rameters, especially for the OPA. In such a situation the phase matching can
of course not be controlled and the power of the generated IR radiation is fluc-
tuating, depending on the temperature. When not covering the IR generation
stage the fluctuations of the laser power can be significantly reduced to the
common deviations of less than 1 %.

The next problem came up when the laser dye had to be changed from Styryl
9 to Styryl 11. This was not expected to cause trouble as the fluorescence
spectra of the two dyes overlap and the required readjustments of the dye
laser are supposed to be small. The changes were indeed small, however, large
enough to avoid that the dye laser beam passed correctly through the first
LiNbO3 crystal. (correctly in the sense that it perfectly overlaps with the 1064
nm beam along the full path of the crystal).

The dye laser system is designed such that resonator and preamplifier share
the same dye cuvette. The resonator is pumped by the Nd:YAG laser beam
(532 nm) in the lower half of the cuvette, its output is then guided by a 180◦

turning prism back into the upper half of the cuvette where it is preamplified
in a second pumping stage. The preamplified beam passes then a telescope
and a second (capillary cell) cuvette where the laser beam is efficiently ampli-
fied. In this arrangement, the only technical possibility to improve the overlap
between the dye laser beam and the 1064 nm beam in the non-linear crystal
would have been to adjust the 180◦ turning prism that guides the laser beam
into the preamplification stage. This is, however, almost impossible as each
displacement of the turning prism would require a readjustment of the pream-
plifier and the amplifier. The adjustment of these two stages can again change
the position of the final dye laser beam with respect to the 1064 nm beam,
resulting in a long-lasting, iterative alignment procedure. In order to avoid
that, four high reflective mirrors have been installed just behind the dye laser
unit (see Figure B.1, circle 1). Due to a lack of space, mirrors have been chosen
that can be adjusted from above. In this modified setup it is now possible to
align the dye laser beam and the 1064 nm beam separately and to perfectly
overlap them along the whole path in the first and the second crystal. In order
to assure a perfect overlap in the crystals, the overlap at a distance of 2 m from
the crystals is checked as well.

The adjustment of the 1064 nm beam is, however, not very convenient, as the
beam splitter (indicated as 2 in Figure B.1) cannot be adjusted from above,
but only from the rear side of the mount, implying that one would have to put
one’s hand in the 1064 nm beam that is supposed to pump the first LiNbO3

crystal. An adjustment is therefore only possible when blocking completely the
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1064 nm beam and checking the relative intensity distribution of the separated
beams after adjusting the beam splitter. Simply replacing the mount of the
beam splitter by one that can be adjusted from above would allow for a faster
and more convenient alignment procedure.

In spite of several changes, the advertised IR laser pulse energy of about 10 mJ
could still not be reached. Therefore, the laser system has been investigated
further. Interestingly, the two separated 1064 nm beams pass each through a
λ/2 plate before entering the respective crystals. Additionally, in the manual
the following phrase can be found ”The polarization and the beam path of the
Nd:YAG laser depends on the Nd:YAG laser energy.”

The Nd:YAG laser generates linearly polarized light with a wavelength of
1064 nm. For the dye laser system the second harmonic radiation is required
which is generated in a KD*P (KD2PO4) crystal. In order to optimize the
second harmonic generation, the polarization of the 1064 nm beam can be
rotated with a λ/2 plate that is placed in front of the KD*P crystal. Depending
on the 532 nm laser beam power required, the λ/2 plate can be rotated. As the
efficiency of the IR generation and amplifcation depends on the polarization
of the incoming 1064 nm beam the λ/2 plates in front of the crystals can be
used to balance the rotation of the linear polarization effectuated with the λ/2
plate in the Nd:YAG laser. However, it turned out that the polarization of the
residual 1064 nm beam was undefined and not linear at all. This means that
in both LiNbO3 crystals only that portion of light with the right polarization
contributed to the IR generation and amplification. The rest of the beam was
just passing through the crystals, loosing a lot of conversion efficiency, and the
λ/2 plate in front of the LiNbO3 crystals were simply useless. We found that
the KD*P crystal installed in the Nd:YAG laser was not suited for this IR laser
system. The so-called type II KD*P crystal is used if a highly efficient second
harmonic generation is required and if the residual 1064 nm beam is not further
used. This is, however, not the case for this IR laser system. The residual 1064
nm beam is used for difference frequency mixing, and a well defined polarization
is essential for an efficient conversion. For this application the so-called type
I KD*P crystal is required. Therefore, the crystals have been exchanged (see
Figure B.1, circle 3). Additionally, a λ/2 plate has been placed in front of the IR
generation unit into the path of the 1064 nm beam. This additional λ/2 plate
is necessary as the beam splitter (indicated as 2 in Figure B.1) is polarization
dependent. The relative distribution of the two 1064 nm beams can therefore
conveniently be changed by adjusting the λ/2 plate, and touching the beam
splitter is no longer necessary for this purpose. This also avoids (in contrast
to the original setup) a complete realignment of all optical components located
after the beam splitter. With the type I crystal the whole 1064 nm beam can
be used to generate and to amplify the IR radiation. Although the dye laser is
pumped by a 532 nm beam with less power than when using the type II crystal,
the overall efficiency could be increased significantly. By measuring the laser
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power at different stages in the laser system we found that the IR generation
is less sensitive on the polarization than the IR amplification process.

Additionally to the new λ/2 plate we installed a polarizing beam splitter
just behind. The combination of both allows one to attenuate the laser beam
power. This is important for the alignment of the IR generation unit which
is preferentially done with low laser power. However, ”the laser beam path
depends on the Nd:YAG laser energy”. The advantage of the additional λ/2
plate - polarizing beam splitter combination is that although the effective 1064
nm beam power is attenuated, the Nd:YAG laser is operated at full power (like
during an experiment) and the beam path is the same for the alignment and
the normal operation mode (this was not the case in the original setup).

Finally, in order to improve further the performance of the system the
divergence of the Nd:YAG laser beam has been minimized and the second
dye cuvette (see Figure B.1, circle 4), which was initially a capillary cell, has
been replaced by a rectangular cell. The difficulty of the capillary cell was,
that the beam profile was only homogeneous at low dye concentrations, too
low to generate an intense (about 30 mJ/pulse) dye laser beam. An elevated
concentration caused an intense absorption of the pump beam directly behind
the dye cell wall, and therefore a ”half moon” shaped laser profile was obtained.
The efficiency of the subsequent IR generation was thus strongly affected by the
dye laser beam profile. With the rectangular amplifier cell a fairly homogeneous
dye laser beam profile can be obtained with a satisfactory power of the dye (and
IR) laser output.

The combination of all technical changes of the laser system described here
helps to improve significantly the stability and to increase the pulse energy of
the IR laser.
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Zusammenfassung

Seit jeher ist es das Bestreben der Menschheit zu erkennen, was die Welt im
Innersten zusammenhält. Ein interessantes und wichtiges Thema beispielsweise
beschäftigt sich mit dem Ablauf biologisch relevanter Prozesse und den Eigen-
schaften der darin involvierten Materie. Um diese jedoch auf makroskopischer
Ebene zu verstehen, müssen zunächst die molekularen Bausteine untersucht
werden. Dies geschieht im ersten und grundlegenden Schritt möglichst an iso-
lierten Systemen in der Gasphase, um die intrinsischen Eigenschaften genau
bestimmen zu können. In folgenden Untersuchungen können die Parameter de-
nen der natürlichen Umgebung angepasst werden.

Schwache intra- und intermolekulare Wechselwirkungen dispersiver und
elektrostatischer Natur können die molekulare Struktur erheblich beeinflus-
sen und sind daher von großer Bedeutung. Um diese Wechselwirkungen un-
abhängig von molekülspezifischen Eigenschaften zu untersuchen, werden ver-
einfachte Modelsysteme, vorzugsweise in der Gasphase, herangezogen. Oft be-
stehen diese bereits aus einer beträchtlichen Anzahl von Atomen, können daher
sterisch flexibel sein, und die möglichen verschiedenen Konformationen müssen
dementsprechend bei der Auswertung berücksichtigt werden.

In der vorliegenden Arbeit werden die strukturellen Eigenschaften und die (in-
terne) Dynamik von Benzoldimer (C6H6)2 in der Gasphase mit Hilfe spek-
troskopischer Methoden, die die Energiebereiche der Rotationen, Vibrationen
und elektronischen Übergänge abdecken, untersucht und hinsichtlich der Sym-
metrieeigenschaften diskutiert. Benzoldimer ist ein schwach gebundener Van
der Waals Komplex und kann als Modelsystem für dispersive intermolekulare
Wechselwirkungen dienen. Aufgrund der schwachen Bindungsenergie (∼ 1000
cm−1) ist die theoretische Beschreibung derjenigen Struktur, die dem globalen
Minimum auf der Potentialhyperfläche entspricht, bis heute eine Herausforde-
rung. Deshalb sind detaillierte Informationen aus experimentellen Studien sehr
wertvoll.

Da Benzoldimer aus relativ wenigen Atomen besteht, ist zu erwarten,
dass die Spektren verhältnismäßig übersichtlich sind. Benzoldimerkomplexe
enstehen, wenn Benzol, verdünnt in einem Trägergas, adiabatisch von ei-
nem Hintergrunddruck von mehreren bar in Vakuum expandiert wird. In der
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Überschallexpansion werden die internen Freiheitsgrade der Monomere durch
unelastische Stöße mit den Trägergasatomen auf Rotations- und Schwingungs-
temperaturen von wenigen Kelvin gekühlt, und Clusterbildung kann eintre-
ten. Die Moleküle in einer Überschallexpansion sind oft nicht im thermischen
Gleichgewicht und im Fall von Molekülen mit mehreren Konformeren (z.B. Bio-
molekülen) ist die Dynamik der gegenseitigen Umwandlung zu berücksichtigen,
um die relative Population der einzelnen Konformere zu verstehen.

Je nach Ausmaß der elektrostatischen und dispersiven Wechselwirkungsbei-
träge können zwei Benzolmoleküle theoretisch eine der Dimergeometrien, die
in Abbildung 1.9 gezeigt sind, annehmen. Durch Dimerisierung wird die
D6h Symmetrie der nicht wechselwirkenden Benzoleinheiten erniedrigt. Da
die Infrarot (IR) Aktivität von Schwingungsmoden unmittelbar mit der Mo-
lekülsymmetrie verknüpft ist, kann die Erniedrigung der Symmetrie, wie et-
wa durch Dimerisierung, genutzt werden, um prinzipiell symmetrieverbotene
Schwingungsübergänge zu untersuchen. In Kapitel 2 wird gezeigt, wie mit Hil-
fe der C-H-Streckschwingungsspektren des Benzoldimers die bisher unbekann-
te, Raman und IR inaktive Fundamentalschwingung ν13 des Benzolmonomers
beobachtet und deren Schwingungsenergie bestimmt werden konnte.

Von großem Interesse für die Strukturaufklärung sind die individuellen
Symmetrieeigenschaften der beiden Benzolmoleküle im Benzoldimer, die bei-
spielsweise mittels Schwingungsspektroskopie untersucht werden können. Die
C-H-Streckschwingungsspektren unterscheiden sich deutlich für die beiden Di-
merhälften, was ein Indiz für eine Dimerstruktur ist, in der die Anordnung
der beiden Benzolmoleküle zu jeweils unterschiedlichen Symmetrieumgebun-
gen führt. Diese Beobachtung kann möglicherweise durch eine dynamische, in
ihrer starren Form C2v oder Cs symmetrische, T-förmige Anordnung erklärt
werden und unterstützt neueste theoretische Ergebnisse.

Neben den schwingungsspektroskopischen Untersuchungen kann die Mikro-
wellen (MW) Spektroskopie hilfreich für die Aufklärung der Gleichgewichts-
geometrie sein (siehe Kapitel 3). Das Rotationsspektrum des Benzoldimers hat
charakteristische Eigenschaften, die typisch für einen symmetrischen Kreisel
sind. Die sehr schwache intermolekulare Wechselwirkung wirft die Frage nach
der internen Dynamik des Benzoldimers auf, die mittels MW Spektroskopie
in Kombination mit der Permutations-Inversions-Gruppentheorie untersucht
wurde. Diese Untersuchungen führen momentan zu der Vermutung, dass bei-
de Benzolmoleküle in einer (nahe) T-förmigen Geometrie angeordnet sind und
Torsionen um ihre molekülfesten C6 Symmetrieachsen durchführen.

Die Experimente an Benzoldimer werden in der vorliegenden Arbeit
ergänzend an isotopensubstituierten Spezies, wie beispielsweise (C6H6)(C6D6),
durchgeführt, um wertvolle Zusatzinformationen zu erhalten. Unter der Annah-
me, dass die beiden Benzolpositionen im Dimer unterschiedliche Symmetrien
haben, sind zwei Substitutionsisomere des (C6H6)(C6D6) zu erwarten, die auch
im elektronischen Spektrum unterschieden werden können. Obwohl die beiden
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Isomere die gleiche elektronische Energie und nur eine geringfügig unterschied-
liche Nullpunktsschwingungsenergie haben, können wesentliche Unterschiede
bezüglich ihrer Abundanz im Molekularstrahl beobachtet werden. Mit Hilfe der
Resonanzverstärkten Mehrphotonenionisation (REMPI), einer sehr sensitiven
Nachweismethode, können die relativen Populationen als Funktion der Moleku-
larstrahleigenschaften, wie beispielsweise in dieser Arbeit in Abhängigkeit von
der Art des verwendeten Trägergases, untersucht werden. Auf Grundlage der
experimentellen Beobachtungen wurde ein Model formuliert, das beschreibt,
wie Kollisionen mit Edelgasatomen bei tiefen Temperaturen, wie sie beispiels-
weise in einem Molekularstrahl erreicht werden, die Umwandlung des Isomers
mit höherer Energie in das Isomer mit niedriger Energie katalysieren (siehe
Kapitel 4). Ob eine solche Isomerisierung stattfindet, hängt hauptsächlich von
der Höhe der Barriere, die die betreffenden Isomere trennt, und von der Bin-
dungsenergie der Kollisionspartner ab. Dieser Mechanismus funktioniert am
besten bei niedrigen Temperaturen, bei denen (objektiv) sehr kleine Energie-
unterschiede groß im Vergleich zu den Kollisionsenergien erscheinen.

Dieses Model kann höchstwahrscheinlich auch zur Interpretation der Mo-
lekularstrahlexperimente an der Aminosäure Phenylalanin herangezogen wer-
den: es erklärt, warum ein mittels theoretischer Studien hervorgesagtes Konfor-
mer in den bisherigen experimentellen Untersuchungen nicht beobachtet wer-
den konnte, und ermöglicht, die experimentellen Bedingungen dahingehend zu
verändern, dass das

”
fehlende“ Konformer experimentell zugänglich ist. Die N-

H-Streckschwingungen des
”
fehlenden“ Konformers konnten untersucht werden

und ermöglichten dessen strukturelle Zuordnung (siehe Kapitel 5).
Insgesamt werden sechs Phenylalanin Konformere im Molekularstrahl iden-

tifiziert. Betrachtet man jedoch deren relative Population im Zusammenhang
mit ihren Energieunterschieden, stellt man fest, dass die beobachtete Popula-
tionsverteilung nicht derjenigen entspricht, die man im Fall eines thermischen
Gleichgewichtes erwarten würde. Für eine angemessene Beschreibung der beob-
achteten Populationsverteilung müssen zusätzlich die Barrieren, d.h. die Ener-
gien der Übergangszustände, zwischen den Konformeren berücksichtigt werden
(siehe Kapitel 5). Dazu muss die Potentialhyperfläche des Systems hinreichend
bekannt sein. Um die Potentialhyperfläche eines Moleküls, das in verschiede-
nen Konformeren auftreten kann, zu untersuchen, können die Energien und
Pfade möglicher gegenseitiger Umwandlungen konformerspezifisch untersucht
werden. Das kann beispielsweise in Anregungs-Relaxations-Experimenten er-
folgen (siehe Kapitel 4). Im Idealfall ist die Anregungsenergie einer Schwin-
gung im elektronischen Grundzustand konformerselektiv. Wenn diese Energie
ausreicht, um (mindestens) eine Barrierre, die das schwingungsangeregte Kon-
former von einem anderen trennt, zu überwinden, kann in der anschließen-
den Schwingungsrelaxation eine Strukturänderung erfolgen. Die Änderungen
der relativen Konformerpopulationen, gemessen in Abhängigkeit von der Anre-
gungsenergie, können einen Beitrag zum Verständnis der Potentialhyperfläche
leisten.
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Die in dieser Arbeit vorgestellten Experimente tragen zu einem tieferen
Verständnis des Benzoldimers bei, das ein wichtiges Modelsystem für dispersive
Wechselwirkungen ist, die häufig in biologisch relevanten Systemen auftreten.
Vor allem die experimentellen Untersuchungen hinsichtlich der internen Rota-
tionen und die Permutations-Inversions-Gruppentheorie sind ein viel verspre-
chender Ausgangspunkt, um durch weitere Untersuchungen die noch offenen
Probleme bezüglich der Gleichgewichtsgeometrie zu lösen. In zukünftigen Expe-
rimenten sollte der Fokus auf isotopensubstituierten Benzoldimerspezies liegen.
Schwingungen hochsymmetrischer Moleküle sind oft IR und Raman inaktiv,
können jedoch mit der hier vorgestellten, eleganten Methode der Symmetriere-
duktion durch Komplexierung experimentell zugänglich gemacht werden. Das
Model, das stoßinduzierte Konformationsänderungen beschreibt, ist nützlich,
um in Experimenten, die an sterisch flexiblen Molekülen in einem Molekular-
strahl durchgeführt werden, die beobachtete Konformationsverteilung zu ver-
stehen, und vor allem, um die experimentellen Parameter gezielt zu verändern,
um definiert Konformerpopulationen zu manipulieren.

Konformerspezifische Informationen sind für das Verständnis eines sterisch
flexiblen Moleküls von großer Bedeutung. Um auf direktem Weg möglichst
eindeutige Ergebnisse zu erhalten, ist es von Vorteil, Experimente nicht an
Mischungen von Konformeren durchzuführen, sondern individuell an jedem
Konformer. Deshalb wäre es von großem Nutzen, diese räumlich und/oder
zeitlich getrennt untersuchen zu können. Ein neuer experimenteller An-
satz [230], der die unterschiedlichen m/μ Verhältnisse der einzelnen Kon-
formere ausnutzt, kann neutrale, polare Spezies räumlich in einem Moleku-
larstrahl trennen, indem diese das Wechselfeld eines elektrischen Quadru-
pols passieren. Die Frequenz, mit der die Orientierung des Quadrupolfeldes
geändert wird, kann durchgestimmt werden und ist für ein spezifisches m/μ

Verhältnis, d.h. im Idealfall für ein bestimmtes Konformer, optimal, so dass
dieses Konformer (genauer gesagt, dieses Konformer in einer beschränkten
Anzahl von Quantenzuständen) das Ende des Quadrupolfilters erreicht,
während die übrigen Konformere durch die
Wechselwirkung mit dem elektrischen Feld
von der Molekularstrahlachse abgelenkt wer-
den. Wenn dann ein Konformer isoliert von
den anderen vorliegt, können sehr präzise,
spektroskopische Untersuchungen erfolgen,
da nur wenige Quantenzustände hinreichend
besetzt sind.

Das war’s!
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Résumé

De tous temps le désir de l’humanité a été de pouvoir connâıtre ce que le
monde cache en lui-même [Goethe]. Un sujet passionnant et important, par
exemple, est le déroulement des processus biologiques pertinents et les pro-
priétés de la matière impliquée. Pourtant pour comprendre celles-ci au niveau
macroscopique, les modules moléculaires doivent d’abord être investigués. Dans
une étape initiale, des systèmes isolés sont investigués en phase gazeuse, ce qui
permet de déterminer précisément leurs propriétés intrisèques. Dans des études
suivantes on les étudie dans un environnement qui se rapproche de l’environ-
nement naturel des processus biologiques.

Des interactions faibles, de nature dispersive ou électrostatique, peuvent
modifier considérablement la structure moléculaire et elles ont donc une
importance majeure. Pour investiguer ces interactions indépendamment des
propriétés spécifiques d’une molécule, des systmes modèles sont utilisés, de
préférence en phase gazeuse. Souvent ces modèles consistent déjà en un nombre
d’atomes considérable, ils ont donc une structure flexible et les différents
conformères possibles doivent être connus et considérés correctement pour in-
terpréter les résultats expérimentaux.

Dans cette thèse les propriétés structurelles et la dynamique (interne) du dimère
de benzène (C6H6)2 ont été investiguées en phase gazeuse par spectroscopie
dans les gammes énergetiques des rotations, des vibrations et des transitions
électroniques, et elles sont discutées sous l’angle de la symétrie. Le dimère de
benzène est un complexe van der Waals faiblement lié et peut servir de modèle
pour des interactions intermoléculaires dispersives. Due à sa petite énergie de
liaison (∼ 1000 cm−1), la déscription théorique de la structure qui correspond
au minimum de la surface de potentiel moléculaire est toujours un défi. C’est
pourquoi des informations détaillées résultant des études expérimentales sont
très précieuses.

Comme le dimère de benzène est composé de relativement peu d’atomes
on attend des spectres plutôt simples. Le dimère de benzène se forme si du
benzène, dilué dans un gaz porteur, est en expansion adiabatique d’une pres-
sion de quelques bars dans le vide. Dans l’expansion supersonique les degrés
de liberté internes sont refroidis par des collisions inélastiques avec les atomes
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du gaz porteur. La température rotationelle et vibrationelle descend à quelques
degrés Kelvin et la formation des aggrégats devient possible. Les molécules dans
une expansion supersonique sont souvent hors équilibre thermique et dans le
cas où plusieurs conformères coexistent la dynamique de la conversion mu-
tuelle doit être considérée pour interpréter la population relative des différents
conformères.

Les deux sous-unités du dimère peuvent théoriquement adopter une des struc-
tures présentées dans la figure 1.9, en fonction de la contribution des inter-
actions électrostatiques et dispersives. La symétrie D6h du benzène libre est
baissée par dimérisation. Comme l’activité infrarouge des modes vibrationels
est liée directement à la symétrie moléculaire, l’abaissement de la symétrie,
comme par exemple par dimérisation, peut être exploité pour investiguer des
transitions vibrationelles qui sont interdites dans le monomère. Dans chapitre
2 il est montré que, basé sur des spectres de vibration C-H stretch du dimère de
benzène, le mode fondamental ν13 du monomère de benzène, qui est infrarouge
et Raman inactif, peut être observé et attribué à une énergie vibrationelle.

Pour explorer la structure du dimère de benzène les symétries individuelles
des deux composantes peuvent être investiguées, par exemple par la spectrosco-
pie vibrationelle. Les structures des spectres de vibration C-H stretch diffèrent
considérablement pour les deux moitiés du dimère, ce qui indique que l’arrange-
ment des deux molécules de benzène dans le dimère provoque deux symétries
différentes pour les deux sous-unités. Cette observation peut être expliquée
par une structure dynamique en forme de T et conforte les derniers résultats
théoriques. Une telle structure a dans sa forme rigide la symétrie C2v ou Cs.

A côté de la spectroscopie vibrationelle la spectroscopie microondes peut
servir à élucider la structure d’énergie minimale (chapitre 3). Le spectre ro-
tationel du dimère de benzène a les propriétés characteristiques d’une toupie
symétrique. La faible interaction intermoléculaire permet une dynamique in-
terne qui a été investiguée par la spectroscopie microondes en combinaison avec
la théorie des groupes de permutation-inversion. En ce moment ces recherches
laissent supposer que les deux molécules de benzène sont arrangées en forme
de T (strictement 90◦ ou légèrement vrillé) et qu’elles tournent sur leurs axes
moléculaires C6.

Dans cette thèse les expériences sur le dimère de benzène sont accom-
pagnées par des études sur des espèces isotopiquement substituées, comme
par exemple (C6H6)(C6D6), pour obtenir des informations supplémentaires.
A supposer que les deux molécules de benzène du dimère ont des symétries
différentes, (C6H6)(C6D6) devrait exister en deux isomères. Effectivement, ces
deux isomères peuvent être discriminés par leurs spectres électroniques. Bien
que les deux isomères aient la même énergie électronique et diffèrent seule-
ment très peu dans leurs énergies vibrationelles de point zero, des différences
énormes concernant leurs abondances dans le jet moléculaire pouvaient être
observées. Resonance Enhanced Multi Photon Ionization (REMPI) est une
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méthode de détection très sensible et peut servir pour mésurer la popula-
tion rélative en fonction des propriétés du jet moléculaire, comme par exemple
l’influence de la nature du gaz porteur. Basé sur les résultats expérimentaux
un modèle est proposé qui décrit comme des collisions avec des atoms du
gaz porteur à température basse, comme atteinte par exemple dans un jet
moléculaire, catalysent l’isomérisation de l’isomère plus énergétique à l’isomère
moins énergétique (chapitre 4). La faisabilité d’une telle isomérisation dépend
principalement de la hauteur de la barrière séparant les deux isomères et de
l’énergie de liaison des partenaires de collision. Ce mechanisme marche le mieux
à température basse, où des différences d’énergie très petites apparaissent
grandes par rapport aux énergies de collision.

Ce modèle sert aussi à interptréter des résultats des expériences sur l’amino
acide phenylalanine dans un jet moléculaire : il explique pourquoi un des
conformères théoriquement prédit ne pouvait pas être observé dans les études
antérieures et permet d’adapter les conditions expérimentales de manière à ob-
server ce conformère. Son spectre vibrationel N-H stretch pouvait être mésuré
et il permettait une attribution structurelle (chapitre 5).

En total, six conformères de phenylalanine sont identifiés dans le jet
moléculaire. En regardant leurs populations relatives en rapport avec leurs
différences énergétiques on trouve que la distribution de la population ne cor-
respond pas à celle attendue à l’équilibre thermique. Pour une déscription
convenable de la distribution observée, les barrières entre conformères, c’est-
à-dire les énergies des états de transition, doivent être considérées (chapitre
5). Pour cela la surface de potentiel moléculaire du système doit être suffisam-
ment connue. Pour explorer la surface de potentiel moléculaire d’une molécule
qui peut apparâıtre sous plusieurs conformères différents, les énergies et les
trajets des inversions mutuelles peuvent être investigués sélectivement pour
chaque conformère. Cela peut être réalisé avec une expérience d’excitation ac-
compagnée de relaxation (chapitre 4). Dans le cas idéal l’énergie d’excitation
d’une vibration dans l’état fondamental électronique sélectionne un conformère.
Si cette énergie est suffisamment haute pour surmonter (au moins) une barrière
qui sépare le conformère vibrationellement excité d’un autre, la structure peut
changer pendant la relaxation suivante. La redistribution des populations des
conformères, mésurée en fonction de l’énergie d’excitation, peut contribuer à
explorer la surface de potentiel moléculaire.

Les expériences présentées dans ce manuscrit contribuent à une compréhension
plus profonde du dimère de benzène, qui est un modèle important pour des
interactions dispersives, qui se trouvent souvent dans des systèmes d’impor-
tance biologique. Surtout, les expériences concernant les rotations internes et
la théorie des groupes de permutation-inversion sont encourageantes et sti-
mulent d’autres études qui probablement permetteront de répondre aux ques-
tions restées ouvertes. Des études ultérieures devraient se focaliser sur des
dimères de benzène isotopiquement substitués. Les vibrations des molécules
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avec une haute symétrie sont souvent inactives pour les transitions infrarouge et
Raman, mais peuvent, en fonction du système, être accessibles par la méthode
élegante de réduction de symétrie par complexation présentée dans cette thèse.
Le modèle, qui décrit la conversion des conformères induite par des colli-
sions, est utile pour comprendre la distribution des conformères d’une molécule
flexible dans un jet moléculaire et aussi pour changer sciemment les paramètres
expérimentaux pour manipuler la distribution des populations des conformères.
Des informations spécifiques au conformère ont une importance majeure pour
la compréhension des molécules flexibles. Pour obtenir des résultats explicites
il est désirable de ne pas investiguer une mixture de conformères mais chaque
conformère individuellement. Pour cela la séparation des conformères en temps
et/ou en espace serait très utile. Une nouvelle approche expérimentale [230] ex-
ploitant les différents proportions m/μ des conformères différents peut séparer
des molécules polaires et neutres dans un jet moléculaire en espace en les lais-
sant traverser le champ alternant d’un quadrupole électrique. La fréquence avec
laquelle l’orientation du champ quadripolaire est changée peut être variée et
est optimale pour un valeur spécifique de la proportion m/μ, soit au cas idéal
pour quelques états quantiques d’un seul conformère. Ce conformère arrivera
au bout du filtre quadripolaire pendant que les autres conformères sont déviés
de l’axe du jet moléculaire par l’interaction avec le champ électrique. Lorsque
un conformère est isolé des autres il est à la disposition des études spectro-
scopiques extrêmement précises puisque seulement peu d’états quantiques sont
peuplés.
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Bei Joost Bakker möchte ich mich ebenfalls bedanken. Joost, Du hattest
immer ein offenes Ohr, wenn mir im Labor mal wieder die Decke auf den Kopf
gefallen war. Auch wenn Du das eine oder andere Mal über das Ziel hinaus
geschossen bist, war es gut, dass Du da warst.

I want to thank Marcin Frankowski for showing me how to regard (sub-
jectively bad) situations from another point of view. When we (especially me)
were freezing in our air conditioned lab and sweating in our office he explained
me that dogs can lower their body temperature only by panting - no perspira-
tory glands, nothing. Thank you for this and other cheering stories. Dziȩkujȩ
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