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Summary

This thesis studies ionic complexes with the help of high resolution infrared spectroscopy.
Ionic complexes are molecular systems, in which a neutral constituent is bound to an
atomic or molecular ion. An ionic complex is essentially the charged equivalent of a neu-
tral van der Waals complex, for example [N2-N2]+ vs. N2-N2. As in the van der Waals
complex, the individual components are still fully distinguishable, but the charged nature
of the interaction makes the intermolecular bond stronger. Ionic complexes have interme-
diate binding energies of typically a few thousands to 10000 cm−1 (1 cm−1 = 1.196·10−2

kJ/mol = 1.240·10−4 eV) that lay in between those of chemical bonds and neutral van der
Waals bonds. This makes ionic complexes relatively stable, as more energy is needed to
pull them apart.

Ionic complexes are present in media containing an overflow of energy – plasma –
with large concentrations of ions that are precursors of ionic complexes. Media capable
of producing large amounts of ions, excited species and ionic complexes are for example
flames, plasmas, the upper layers of the atmosphere and interstellar environments. The
chemistry in these media is dominated by ion-neutral reactions, in which ionic complexes
are intermediate states connecting the reactants with the products. By measuring the
spectra of these complexes the physical and chemical properties of these species can be
determined (like structure, charge distribution and the stability of a complex) and thus
more information is obtained about these reactions.

The excess of energy responsible for the production of ions can be present in different
forms. In hydrocarbon flames, for example, ions are generated by the excess of heat
resulting in the formation of large amounts of HCO+ and CnHm

+. HCO+ can react with for
example C2H2 to form C2H3

+, in which C2H2··H+··CO is the intermediate state. Another
relevant intermediate would be the [(OC)2H]+-complex, in which CO is in the process of
reacting with HCO+.

Ions are formed in large amounts in plasma, which can be generated in several ways,
e.g. by electron impact ionisation, in cell or jet discharges, through a high voltage pulse
or by laser ablation. If argon and nitrogen are present in plasma, N4

+ and [Ar-N2]+· are
formed in relatively large amounts (next to N2

+ and Ar+). The reaction of N2
+ with Ar

(and a third body) is a charge transfer reaction, in which the electron charge is partly
transferred from Ar to N2

+ through the charge transfer complex [Ar-N2]+·. By studying
the binding mechanism and charge distribution of [Ar-N2]+· the chemistry in Ar/N2 plas-
mas can be better understood. In the upper layers of the atmosphere many ions are formed
mainly due to the high abundance of UV-radiation, solar protons and other galactic cos-
mic rays. A number of ionic complexes and cluster ions have been mass spectrometrically
observed (e.g. H+(H2O)n, NO+-(H2O)3, O2

+-H2O). Furthermore, single molecular ions
like N2

+, O2
+ and NO+ are present as well, dominating the chemistry in this part of the

atmosphere.
Although ionic complexes have not yet been observed in interstellar space, it is known

that many of the molecular species found in space are formed by gas-phase reactions be-
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tween positive ions and neutral atoms and molecules. Several ions have already been
detected in interstellar space, like HCO+, H3O+, HOCO+, N2H+, HCS+, HC3NH+. As-
tronomical searches for neutral van der Waals complexes in space have already been car-
ried out, but none of these turned out to be successful. As charged species have attraction
forces reaching to longer distances and as the intermolecular bonds are much stronger
than in these neutral complexes, it might be possible that ionic complexes are present in
interstellar space at a detectable concentration. A prerequisite for the observation of these
species in interstellar space is laboratory information of high resolution data. As these
data are lacking for many ionic complexes, experiments in the laboratory are essential.

Both ionic and neutral complexes have been studied theoretically through the calcula-
tion of their potential energy surface (PES), which gives the energy of a molecular system
as function of the structure of the system. From the PES physical and chemical proper-
ties of ionic complexes (structure, dynamics, binding energy) can be obtained. In order
to check whether the calculations of the PES are correct, they need to be verified by ex-
periments. High resolution infrared spectroscopy serves as a powerful tool to check the
validity of these calculations. It is not possible to directly measure the PES. However,
the spectra contain properties, which relate to the PES; e.g. rotational constants, inter-
and intra-molecular vibrational frequencies, splittings due to tunnelling motions, spectral
parameters relating to the electron spin, etc. These spectral parameters can be connected
to properties of the complex such as equilibrium geometries, force constants, binding en-
ergies, potential barriers and anharmonicities. The interchange between the calculations
and the experimental parameters results in an improvement of the description of the PES
and in turn better predictions for undetected vibrational frequencies.

The ionic complexes presented in this thesis are studied in the infrared by direct ab-
sorption of a plasma expansion, which is created by electron impact ionisation. The
spectral resolution is high enough to observe rotational states of vibrational transitions,
so that rotational constants in the ground and excited state can be determined. In Chapter
2 the theoretical background of ionic complexes and the involved spectroscopy is sum-
marised. It contains a short description on binding in ionic complexes and is followed
by an explanation of the spectroscopy necessary to understand the rovibrational spectra
presented.

The experimental procedure is presented in Chapter 3. The difficulty in measuring
ionic complexes lays mainly in their production and consequently a very sensitive detec-
tion technique is needed. In order to generate ionic complexes plasma is used, which is
crossed by light coming from lead-salt diode lasers, with which the plasma is scanned.
With the help of appropriate modulation techniques the detection sensitivity can be in-
creased to a level high enough be able to see transitions in direct absorption. Next to the
description of the experimental technique a mass spectrometric survey of the multitude of
ions formed in the expansion is shown.

Lead-salt diode lasers are semiconductor lasers, which produce radiation in the in-
frared with a resolution of ∼0.001 cm−1. A major drawback of these lasers is that they
cover a limited spectral range (∼100 cm−1) and that they carry mode gaps; i.e. within their
spectral coverage there are frequency regions, which cannot be reached. These limitations
can be overcome by using a different light source. Chapter 4 describes the implementation
of an optical parametric oscillator (OPO) in the plasma source. The OPO emits radiation
from 2100-3600 cm−1 at approximately the same resolution as the diode lasers, however
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without the drawback of these frequency gaps. The method applied is continuous wave
cavity ring down spectroscopy (cw-CRDS) that is tested on the molecular ion HCO+. It
is the first time that cw-CRDS has been used in a plasma expansion. From the absorption
lines the absolute value of the concentration of HCO+ in the plasma is determined.

Chapters 5 and 6 show the rovibrational spectra of Ar· · ·DN2
+ and [Ar-N2]+·, respec-

tively. Ar· · ·DN2
+ is a proton (deuteron) bound complex with Ar loosely bound to the

molecular ion DN2
+. The experimental setup, described in Chapter 3, makes it possible

to measure the ν1-band of Ar· · ·DN2
+, which mode is dominated by the NN-stretching

vibration. Additionally, the ν2+4νs combination band is detected, which overlaps the ν1-
band resulting in a perturbation between both vibrational modes. These two bands have
been assigned using combination differences and the spectrum is fitted with a Hamiltonian
containing the perturbation interaction terms. The experimental parameters are compared
with calculations resulting in predictions on the shape of the PES.

[Ar-N2]+· is a charge transfer complex, which is formed by the reaction of N2
+ with

Ar. The rovibrational spectrum is presented along with ab initio and density functional
calculations. The Ar–N-bond is analysed as a 2-center-3-electron bond, in which due to
orbital interactions strongly bonding and anti-bonding orbitals are formed. Two electrons
fill up the bonding orbital and one the anti-bonding orbital resulting in a binding energy
of approximately 1.2 eV. By comparing the calculations with the experimental results,
conclusions are made about the structure, charge distribution and bonding analysis.

As the vibrational frequencies are not known in advance, they had to be searched for
by scanning the plasma with several different diode lasers. Unfortunately, these searches
have not always been successful, as there have been several attempts to measure ionic
complexes without finding an absorption belonging to a complex. In Chapter 7 results
are shown for these attempts and possible reasons for the non-detection of these ionic
complexes are given. The regions of non-detections may be useful for future calculations
and searches.
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