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Chapter 1

Introduction

1.1 General

Spectroscopy of molecules in the gas phase is a very powerful tool for the investigation of molecular
properties. With the use of a large variety of techniques, covering the whole frequency range from
microwave to extreme ultraviolet, it is possible to record and investigate the spectrum of a molecule.
This spectrum is unique, it is the spectroscopic fingerprint of a molecule and reflects the world of
matter at the very fundamental level of molecular motions. From this fingerprint many properties
can be extracted and it is possible to gain insight both in molecular structure and in intramolecular
motions or intermolecular interactions. It also functions as a guide for further research. Once the
spectrum is known, it can be used for the search of molecules in areas as air pollution, combustion
processes and interstellar or atmospheric chemistry. And once the spectrum is fully understood
it may serve to characterize processes quantitatively or to manipulate molecules, for example in
steering chemical reactions.

In this thesis the frequency range is limited to the infrared and far infrared part of the electro-
magnetic spectrum and consequently low energetic motions such as rotations and vibrations will
be topic of the discussion. The investigated molecules are weakly bound molecular complexes and
molecular ions. These molecules are transient; under normal conditions their existance is very
short due to reactive or dissociative molecular collisions and consequently they have to be pro-
duced during the experiments. To do so, point and slit nozzle expansions (complexes) and hollow
cathode or magnetically extended negative glow discharges (ions) are used. These techniques are
described in the chapters 2 to 4. In chapter 5 a new technique for the production of ions - a high
voltage high pressure corona excited slit nozzle discharge - is presented. The applied technique for
detection is direct absorption of tunable (narrowband) radiation.

The major part of this thesis describes measurements on molecular complexes. Such a complex
consists of two or more molecules (atoms) that are weakly bound together. High resolution spec-
troscopy is an excellent way to study this weak bond and it offers the opportunity to learn more
about the forces that act between molecules. The scientific interest in this field is very strong
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Chapter 1

and it surely is still growing, both from an experimental [1, 2] and theoretical [3] point of view.
In all frequency regions complex studies are progressing, however, the far infrared is of special
interest. The energy differences associated with rotations of complexes and vibrations between
the constituents of the complex typically correspond to this part of the electromagnetic spectrum.
Far infrared spectroscopy therefore directly reflects the inter- and intramolecular dynamics, taking
place in the complex and in that way it is complementary to the information that can be obtained
from scattering experiments which also provide information on the repulsive part of the inter-
molecular potential [4]. High resolution spectroscopy is normally restricted to small complexes,
consisting of two, at the most three components. Due to the high degree of freedom in larger
clusters high resolution spectra become congested or too difficult to analyze. This is a pity. Clus-
ters have unique properties falling between those of isolated molecules and bulk condensed matter.
A good comprehension of clusters therefore should improve the understanding of the transition
from molecular physics to solid state physics with all its implications, such as the development of
the continuous band structure of a solid out of the discrete spectrum of molecules. But this is a
twilight zone where the real work still has to be performed.

Another way to look at clusters is to detect the infrared dissociation pattern. In these experiments
a vibrational mode of one of the molecular components is excited by infrared photons and in case
that the transferred energy is larger than the binding energy dissociation will be induced |5, 6, 7, 8].
These medium resolution experiments provide structural information, also on clusters larger than
dimers and trimers, as will be illustrated in chapter 3. The same is true for the combination
of infrared and far infrared radiation in a double resonance experiment. This will be shown in
chapter 2.

The second part of this thesis deals with ion spectroscopy. Molecular ions, i.e. charged molecules,
play an important role in the chemistry of interstellar space. Actually, ion spectroscopy was initi-
ated by astrophysicists. The first ion signals were found in the Orion nebula in 1973 and two years
later assigned as arising from HCO™*. The subsequent development of several types of discharge
plasma, gencrating sufficiently high densities of ions to permit high resolution absorption measure-
ments, had an enormous impact and as a consequence the field of molecular ion spectroscopy has
literally exploded {9].

Most of the experiments described in this thesis are performed with the tunable far infrared
sideband spectrometer at the Department of Molecular and Laser Physics at the University of
Nijmegen. This spectrometer will be discussed in more detail in the next paragraph. The other
experiments are based on measurements performed during a ten month stay at the Max Planck In-
stitut fiir Stromungsforschung in G6ttingen, and on measurements performed during several stays
at the Institut fiir Angewandte Physik in Bonn. The employed techniques - infrared photodisso-
ciation of size-selected neutral clusters (Gottingen) and tunable infrared diode laser spectroscopy
of ions in a jet expansion (Bonn) - will be discussed in the appropriate chapters.

1.2 The tunable far infrared sideband spectrometer

The far infrared spectrometer of our laboratory is the result of nearly three decades of submillimeter
research in Nijmegen. In initial experiments in 1965 klystron driven harmonic generators provided
submillimeter radiation up to 300 GHz [10]. In the years thereafter this range was extended
up to 700 GHz [11]. The introduction of the HCN laser [12] and the simultaneous progress on
sideband generation of HCN laser and klystron radiation in Schottky barrier diodes [13] and
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the effective coupling of the laser radiation onto the diodes [14] extended the possibilities of the
spectrometer considerably. However, the HCN laser is only lasing on a few lines around 900
GHz and a further expansion of the frequency range of the spectrometer became necessary. This
was realized by the construction of a CO, laser pumped far infrared laser that can be operated
at numerous frequencies in the submillimeter region. Consequently sideband generation yields
tunable far infrared radiation in a very large frequency range [15]. In the last five years the
spectrometer has been improved in making its operation more feasible and extending its use to
jet absorption spectroscopy [1]. An important improvement was the introduction of a completely
battery driven bias voltage supply which extended the average lifetime of a Schottky contact from
several weeks to several months. Furthermore the scanning procedures became more comfortable
by a computer controlled synthesizer output.

The sideband spectrometer in Nijmegen can be operated nearly continuously in the frequency range
from 180 to 3000 GHz (6-100 cm~!). These frequencies are generated either by higher harmonic
generation of microwave radiation in a Schottky barrier diode (180-600 GHz) or by non-linear
mixing of an optically pumped fixed far infrared laser and tunable microwave radiation, again in
a Schottky barrier diode (550-3000 GHz). Figure 1.1 shows the present setup.

The far infrared laser is a 3.85 m long home-built low pressure waveguide laser with an inner
diameter of 32 mm. It can be operated both sealed-off and in flow for different kinds of gases. The
laser is pumped by a line tunable CO; laser (Apollo Lasers Inc., model 150) with a typical single line
power output of 100 W. The induced vibrational excitation and subsequent rotational relaxation
of the molecules in the waveguide laser form the population inversion mechanism. Depending on
the gas and the infrared pumping frequency several thousands of far infrared frequencies can be
generated. However, for the purpose of this setup it is sufficient to use five different gases (HCOOH,
CH;l, CH3F, CHyF, and CH3OH), from which about 30 strong far infrared laser oscillations can
be obtained with a typical output power of 50 mW.

The far infrared radiation (f;) propagates through free space, passing a polarizing interferometer
and in the mixer (see fig. 1.1) it is focussed on a small antenna (1.5-3 mm) that is positioned on top
of a non-linear element, a Schottky barrier diode. The coupling efficiency is increased by the use
of a corner reflector which consists of two highly polished gold coated plates at right angles to each
other. In the experiments described here, we have used diodes (type 1i7) from the Semiconductor
Device Laboratory of the University of Virginia. The diode is soldered on a gold pin which passes
through a rectangular waveguide. The pin acts as an antenna for the incoming microwaves (fr.).
This radiation is supplied by a set of Oki and Varian klystrons in the 18 to 24 and 45 to 114 GHz
range. Some of these klystrons are older than the author of this thesis and therefore recently four
new powerful klystrons (200 to 500 mW) have been purchased in the 65 to 83 and 89 o 95 GHz
range. The microwave frequencies are stabilized and controlled by a phase-lock system. For this a
high frequency klystron (above 45 GHz) is locked to a low frequency klystron (18 to 24 GHz) which
is locked to a HP 8660B frequency synthesizer (< 1 GHz). The synthesizer in turn is locked to a Rb
frequency standard. In this way a frequency accuracy well within the experimental requirements
is assured. Furthermore, the synthesizer is externally controlled by a computer which indirectly
provides a tuning of the klystrons via the phase-lock system.

The frequency mixing occurs via the non-linear response of the diode to both incoming electric
fields. The outgoing sideband radiation, f, = f; & n.fy, (with n indicating the n** sideband), is
emitted along the same antenna pattern as the fundamental laser beam is coming in. However,
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Figure 1.1: Schematic setup of the Nijmegen tunable far infrared sideband spectrometer.
The enlarged part shows the open mixer.
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the radiation emitted by the mixer antenna only partly consists of sideband radiation. By far
most of the radiation is due to reflections of the fundamental laser frequency. For this reason
the sidebands have to be separated from the laser radiation. This can be achieved by a Martin-
Puplett polarizing diplexer, in which the sidebands are linearly polarized 90° with respect to the
fundamental beam (1, 2] and a grating monochromator. The latter causes a loss of power of about
50 %, but it is very convenient in finding and selecting sidebands. Finally, the radiation is guided
by a set of lenses and mirrors through an absorption chamber and is focussed onto a 4 K InSb
hot-electron bolometer (Infrared Laboratories) which is sensitive enough to detect absorptions of
the order of 1075,

In the lower frequency range (180 to 650 GHz) radiation is generated using higher harmonics of
klystron radiation, f; = n.f, (with n indicating the ntk harmonic). This is an old technique,
developed in the fifties and sixties [16]. For our setup it is in principle the same as generating
sideband radiation, but without actually using a fundamental far infrared laser frequency. The
use of higher harmonics has the advantage of a higher accuracy; the frequency of the harmonics
is precisely known since the klystrons are directly phase-locked to the frequency standard. The
accuracy in frequency therefore is determined by the linewidth and is typically about 50 kHz. In
case of sideband generation, the uncertainty is determined by the uncertainty of the far infrared
laser frequency which amounts to about 1 MHz.

Another advantage of higher harmonic generation is the increase of the scanning range for a
specific klystron. The higher the harmonic number, the larger the region that can be scanned.
An disadvantage, of course, is the drop in power which determines the frequency below which
harmonic generation and above which laser sideband generation yields better results. We estimate
this to be somewhere between 550 and 600 GHz. The polarizing interferometer is not necessary
in this setup, but it is useful to check the order of the harmonic. With the monochromator the
desired harmonic can be selected which makes it possible to optimize the whole alignment for
the given harmonic. In particular, the bias voltage that is applied to the diode via a BNC plug
connected to the gold pin (that is insulated from the rest of the mixer) and the position of the
corner reflector influence the harmonic power considerably. The harmonic is guided through the
absorption chamber and detected by the InSb bolometer.

With exception of the ion measurements described in chapter 4, the absorption takes place in a
vacuum tank, into which a molecular jet is expanded. In order to increase the absorption length a
slit nozzle is used, similar to that described in [17]. To maintain the expansion from a 4 cm x 75 um
nozzle, an Edwards roots blower pumping system is used, consisting of two mechanical booster
pumps in series (3500 and 500 m3/hr) and a rotary pump (80 m?/hr). Typical operation conditions
are 500 to 700 Torr backing pressure and 100 mTorr in the chamber during jet operation. In this
thesis several techniques will be discussed, based upon the use of slit nozzles; double resonances,
Stark measurements and corona excitation.

1.3 The present investigation

Six years ago the application of the far infrared spectrometer in our laboratory was extended from
cell and discharge cell to jet absorption spectroscopy. From that moment on several weakly bound
complexes, including (H20)2, (D20)2, Ar-D20O and Ar-NH; [1] were studied. These complexes
have well-defined equilibrium structures, but the potential barriers between two equivalent con-
figurations is in general so low that tunneling splittings can occur. At the same time another
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complex was studied, (NH3)2. The analysis of this complex turned out to be very complicated.
Both the equilibrium structure and the vibration-rotation-tunneling analysis were questionable
and "the ammonia dimer riddle” became a problem that attracted attention worldwide.

In chapter 2 a detailed analysis of this problem is presented. It starts with an infrared-far infrared
double resonance experiment, from which a complete picture of the tunneling motions can be de-
rived, as it occurs within the complex. As a consequence the appropriate molecular symmetry
group can be determined. Using this group Stark measurements are discussed, giving structural
information on two of the tunneling states. The chapter concludes with additional infrared-far
infrared double resonance results, from which the overall infrared spectrum of (NHj3)s can be
assigned.

One of the experimental problems in studying complexes larger than dimers or trimers is the
size selection. To study free clusters, beam or jet expansions have to be used and normally a
distribution among several cluster sizes will be obtained. Small clusters can be studied more or
less size-selective by using diluted mixtures of the cluster gas in a seeding gas (typically 1-5 %).
Higher concentrations will yield larger clusters but also a distribution over a larger range of cluster
sizes. Size-selective investigations of neutral clusters therefore cannot be achieved directly in a
beam. In chapter 3 a study on clusters is presented in which the size selection is achieved by
excluding larger clusters kinematically as the result of the scattering of a cluster beam from a
rare gas beam and by excluding smaller clusters by mass spectroscopy. The combination of this
method with an infrared dissociation setup yields size-selected structural information. This will
be illustrated for (CH3NH3),, and (OCS), clusters with n=2 to 6.

As was mentioned before, spectroscopy of ions is partly motivated by its importance for interstellar
chemistry. Furthermore, ions are interesting from a theoretical point of view [9]. Although the
electric dipole moment of molecules is an elementary property that is calculated relative easily, until
now only two electric dipole moments of ions were determined experimentally (ArH* and NyH*).
This was achieved by studying the Zeeman effect of several isotopomers since Stark measurements,
although more accurate, cannot be used; the electric field would accelerate the ions out of the
absorption zone. This method, based on the Zeeman effect, was first applied to ArH* [18] using
the H — D substitution, but due to experimental difficulties the value found had to revised twice.
The second ion, NoH*, was studied in Nijmegen [19]. The incorporation of a superconducting
magnet and the isotope substitution of the heavier part (N1NH*, YNINH+ and "N!4NH)
resulted in an accurate experimental value that agreed very well with the theoretical value. To
study the effect of the H — D substitution on this method, we decided to study the electric dipole
moment of KtH1 by measuring the Zeeman effect for 84KrH* and 84KrD+. This will be discussed
in chapter 4.

Chapter 5 is an attempt to link the chapters 2 to 4; complexes and ions. In this chapter a new
technique for the investigations of molecular ions by direct absorption spectroscopy is presented;
the high voltage high pressure corona excited slit nozzle discharge. In chapter 5 the setup is
described and the first results on NO* and N,H?* are presented. The ultimate goal is to study
molecular ion complexes, using the discharge for the generation of ions and the expansion for the
generation of complexes. Since the complexes are expansion cooled and since the spectra are not
Doppler limited, an analysis of this new class of molecules will become feasible.
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