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1 Introduction

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 neutral van der
Waals complex, for example [N2-N2]+ vs. N2-N2 [1–3]. As in the van der Waals complex,
the individual components are still fully distinguishable, but the charged nature of the inter-
action makes the intermolecular bond stronger. Figure 1.1 shows binding energies of ionic
complexes compared to neutral complexes and regular chemical bonds. Ionic complexes
have intermediate 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 pro-
ducing large amounts of ions, excited species and ionic complexes are for example flames,
plasmas, the upper layers of the atmosphere and interstellar environments [4–10]. The chem-
istry 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 [11]. 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 [6, 12–19]. If argon and nitrogen are present in plasma, N4

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

+ and Ar+) [1, 2, 20, 21]. 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 plasmas can
be better understood.

In the upper layers of the atmosphere many ions are formed mainly due to the high abun-
dance of UV-radiation, solar protons and other galactic cosmic rays [9, 22, 23]. A number of
ionic complexes and cluster ions have been mass spectrometrically observed (e.g. H+(H2O)n,
NO+-(H2O)3, O2

+-H2O) [9, 24, 25]. Furthermore, single molecular ions like N2
+, O2

+ and
NO+ are present as well, dominating the chemistry in this part of the atmosphere [22].
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Figure 1.1: Schematic representation of the binding energies of neutral complexes, charged
complexes and chemical bonds.

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 between
positive ions and neutral atoms and molecules [26]. Several ions have already been detected
in interstellar space, like HCO+, H3O+, HOCO+, N2H+, HCS+, HC3NH+ [26, 27]. Astro-
nomical searches for neutral van der Waals complexes in space have already been carried out,
but none of these turned out to be successful [28–31]. 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 calculation
of their potential energy surface (PES), which gives the energy of a molecular system as func-
tion of the structure of the system [32–35]. From the PES physical and chemical properties
of ionic complexes (structure, dynamics, binding energy) can be obtained. In order to check
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1.1 Ionic complexes

whether the calculations of the PES are correct, they need to be verified by experiments.
High resolution infrared spectroscopy serves as a powerful tool to check the validity of these
calculations [36]. It is not possible to directly measure the PES. However, the spectra con-
tain 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 com-
plex such as equilibrium geometries, force constants, binding energies, 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 [37–40].

1.1 Ionic complexes

From the above discussion it is clear that the investigation of ionic complexes is valuable from
both a fundamental as an applied point of view. With high resolution infrared spectroscopy
the structural and energetic properties of a number of ionic complexes has already been mea-
sured. These ionic complexes can be divided into different groups: proton bound complexes
(A··H+··B, where A and B are neutral constituents), p/π-bound complexes (e.g. C6H6

+-Ar or
CH3

+-Ln, where L is a ligand), ionic metal complexes (Me+-L) and miscellaneous complexes
(e.g. N4

+ or [Ar-N2]+). As p/π-bound complexes and ionic metal complexes have not been
studied in this thesis they will not be discussed further.

Proton bound complexes are ionic complexes, in which one proton binds a number of
neutral molecules or atoms to itself. These complexes are seen as intermediate states in proton
transfer reactions, which play an important role in chemical and biological systems [41–44].
Their chemical formula can be written as An··H+··Bm, where A and B are the neutrals bound
to the proton by electrostatic forces. For ionic complexes n and m are equal to one resulting
in a structure that is nearly always linear [36]. The binding energy between a proton and a
neutral depends strongly on the proton affinity of the neutral [45–47]. If two different atoms
or molecules are attracted to the proton, the proton will be more strongly bound to the neutral
with the higher proton affinity. When one of the neutrals has a substantially larger proton
affinity, the complex can be seen as a molecular ion binding a neutral to itself (e.g. Ar-
HN2

+). Examples of proton bound complexes are Ar-HN2
+, Ar-HCO+, H2-HCO+, N2-H+-

N2, [(OC)2H]+ and more. Some of these ions have already been measured and their structure
and binding properties have been determined. E.g. Ar-HN2

+, Ar-HCO+ and N2-H+-N2 have
been observed in the infrared and microwave and careful analysis of their spectra revealed
that they have a linear structure [39, 48–55]. From the spectrum of H2-HCO+ it was found
that this complex has a T-shaped structure with the HCO+-ion connected tot the midpoint of
H2 [56, 57]. Furthermore, properties related to the PES (like binding energies, dynamics,
anharmonicity etc.) have been determined through comparison with calculations.

Miscellaneous complexes are complexes, which cannot be grouped together, because they
do not have a common property. However, as there are no protons present in these complexes,
the mutual attraction occurs through the inductive forces in the system and/or through orbital
interactions. These comprise complexes like [N2-N2]+, [He-N2]+, [Ar-N2]+, [CO-CO]+ and
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1 Introduction

have been studied in the past for different reasons [1, 2, 20, 21, 58–60]. Some of them may be
formed in the upper parts of the atmosphere (e.g. [N2-N2]+) or in interstellar environments.
Others are studied with the aim to obtain more insight into the interactions between charged
and neutral species.

1.2 Spectroscopic techniques

Neutral van der Waals complexes have been topic of many spectroscopic and theoretical
studies. In the case of ionic complexes the literature is less extensive, as difficulties in the
production are substantial due to their high reactivity. This section gives a brief overview of
the techniques, which have successfully been used in the past to measure ionic complexes.

The first ionic complexes, that were measured in the gas phase, are the protonated water-
and ammonia clusters [H3O+-(H2O)n and NH4

+-(NH3)n] [61, 62]. These ions were produced
by pulsed radiolysis of argon mixed with small amounts of water or ammonia. The infrared
spectra were measured at low resolution by averaging ∼10000 pulses at each wavelength and
using modulation techniques. These spectra were recorded at a resolution of ∼ 40 cm−1 (1200
GHz). The first high resolution spectrum of an ionic complex (uncertainty in frequency of 20
kHz) was on Ar-H3

+ in the microwave region [63].
Over the years alternative improved detection techniques have been developed, which

allowed higher sensitivity and better resolution of the spectra. A very important method
is vibrational predissociation spectroscopy (see Refs [64, 65] for an overview). A multi-
tude of ionic complexes have already been measured using vibrational predissociation spec-
troscopy (e.g. Arn-HCO+, Ne-HCO+, He-HCO+, H2-HCO+, Ar-HN2

+, Ne-HN2
+, He-HN2

+,
H3

+(H2)n [37–39, 48–54, 56, 57, 66–68]). These studies employ a technique, in which a
large mixture of ions and ionic complexes is formed in a plasma expansion that is gener-
ated by electron impact ionisation or in a corona discharge. In the expansion a specific ionic
complex is selected by mass using a quadrupole mass filter, after which it is guided to a lin-
ear octopole. Inside the octopole the ionic complex interacts with tunable infrared radiation;
upon IR absorption the complex may dissociate and the resulting parent ion with a specific
mass is finally detected by another quadrupole mass spectrometer positioned behind the oc-
topole. If no absorption takes place, the complex will not dissociate and the parent ion will
not be detected. This is a very sensitive background free technique, with which also larger
clusters and very weak combination bands have been measured. A major drawback of vi-
brational predissociation spectroscopy is that the energy of the absorption must exceed the
dissociation threshold of the ionic complex. This means that low frequency vibrations cannot
be measured in addition to those complexes, which have a larger binding energy.

These problems can be circumvented in two ways. First of all a weakly bound messen-
ger can be attached to the ionic complex, so that the dissociation energy will decrease with
the result that the messenger will dissociate from the complex below the vibrational energies
[69–71]. The interaction between the messenger and the complex ought to be very weak, so
that the complex maintains its structural and energetic properties. However, the interaction
may change the complex that much, that the properties of the original complex can not be re-
trieved. A second solution would be to use more infrared photons in the dissociation process;
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1.3 Outline of the thesis

i.e. after the absorption of one photon the ionic complex will absorb more photons with the
result that the energy of the complex will rise above the dissociation limit [72–75]. The parent
ion will again be detected with a mass spectrometer. If the complex does not absorb the first
photon, it will not absorb the other photons and will stay intact. This method requires that
the density of states above the first vibrational excitation must be relatively high, otherwise
the excited complex does not absorb enough infrared photons and the number of dissociated
complexes will be reduced. For large non-linear molecules this is usually the case, but for
linear molecules the density of states may be too low for a multi-photon process to take place.
In addition to having a large density of states, the laser beam must have a relatively low reso-
lution or high power, so that the photon energy does not fall outside the resonance frequency.
With these two techniques protonated water clusters have been measured (H3O+-(H2O)1,2,3
and H3O+-(H2O)1,2,3-M, where H2 and Ne have been used as a messenger [69–72]).

A method closely related to vibrational predissociation spectroscopy is a technique, which
resembles resonance enhanced multi-photon ionisation (REMPI) [76–78]. With this method
ionic complexes are produced in a gas expansion through the absorption of one or two UV-
photons. After the UV-pulse, an IR-beam crosses the expansion and a process similar to
vibrational predissociation takes place; if the complex absorbs the IR-photon, it will disso-
ciate and the product ion is detected by for example a time-of-flight mass spectrometer. By
changing the time settings of the infrared and the UV-laser beams the neutral complex can be
measured instead of the ionic complex. Larger complexes have been detected in the infrared
with this technique, like the Ar1,2-aniline cation and the (Ar-C6H6)+-complex [77, 78].

Another widely used technique is zero kinetic energy photo-electron spectroscopy (ZEKE-
PES) [79–81]. In ZEKE-PES the spectrum of an ionic complex is taken by measuring tran-
sitions from the neutral analogue of the charged complex to the lower states of the ionic
complex. For each transition the electrons with zero kinetic energy will be detected and
the lower energy levels in ionic complexes are measured. This method is closely related to
mass analysed threshold ionisation spectroscopy (MATI) [82], in which the ions are detected
instead of the electrons. With MATI a distinction in mass can be made in the absorption lines.

Next to measurements in the gas phase ionic complexes can be isolated in the solid state
for spectroscopic detection in the infrared [60, 83–89]. In matrix isolation spectroscopy
ionic complexes are produced in a discharge in the gas phase and subsequently caught in
a very cold solid state material like for example argon or neon (at ∼5 K). The spectra of
these matrices are recorded with a low resolution spectrometer (e.g. a Fourier transform
spectrometer). As these complexes are frozen in argon or neon, they cannot rotate, so that it
becomes impossible to measure rotationally resolved spectra in this manner. Furthermore, the
vibrational frequencies can be shifted as much as 100 cm−1 with respect to gas phase spectra.
However, their spectra still are a reliable tool as to predict the vibrational frequencies of ionic
complexes in the gas phase.

1.3 Outline of the thesis

The ionic complexes presented in this thesis are studied in the infrared by direct absorption of
a plasma expansion, which is created by electron impact ionisation. With this method ionic
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1 Introduction

complexes with a relatively high binding energy can be studied without the problems men-
tioned for the dissociation techniques (e.g. [N2-N2]+, [N2-Ar-N2]+) [1, 2, 39, 90]. Further-
more, the lower laying vibrational levels can be measured as well. 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 summarised. It contains a short descrip-
tion 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 detection tech-
nique 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 increased 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 infrared
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 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]+·, respectively.

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 pertur-
bation between both vibrational modes. These two bands have been assigned using combi-
nation 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 calcu-
lations. 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 approxi-
mately 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
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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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2 Spectroscopic features of ionic
complexes

Abstract

The binding mechanism in ionic complexes and clusters contains features of both neutral van
der Waals bonds as well as chemical covalent bonds; i.e. both electrostatic forces and orbital
interactions contribute to the total binding energy and the structure of the ionic complex. This
is reflected in rotationally resolved spectra of vibrationally excited modes. This chapter dis-
cusses the nature of the molecular interactions as well as basic spectroscopic considerations
that are needed to understand the results presented in the next chapters.

2.1 Introduction

As the binding energies in ionic complexes is substantially larger than in neutral van der
Waals complexes, the spectroscopic features are fundamentally different than those of neu-
tral complexes. Although the structure of the separate parts only changes marginally, the
interaction has a relatively large impact on the spectroscopy of the complex. First of all,
as the interaction between the neutral and ion can be very large, the vibrational energies in
ionic complexes can be shifted by several hundreds of wavenumbers with respect to the same
vibrational frequencies in the bare ion. On the other hand, due to the high binding energy,
charged complexes are less floppy than their neutral counterparts, so that internal tunneling
motions are largely quenched making the spectra less complex. The first part of this chap-
ter gives a short theoretical background on intermolecular forces responsible for binding in
complex ions. The second part provides spectroscopic details.

2.2 Intermolecular forces

The interaction between atoms and molecules is given by the PES, which describes the total
energy of a complex for every arrangement of the atoms in the complex. From the PES the
structural and dynamical properties of a system can be obtained. For example, a molecular
system prefers the structure corresponding to the lowest energy on the PES, because there the
system is in its most stable geometry. Furthermore, it can be seen if a complex is very floppy
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2 Spectroscopic features of ionic complexes

or very rigid. E.g. if the PES has several minima separated by (a) low energy barrier(s), the
system is very floppy. If on the other hand the energy barriers are very high the system will
be very rigid. The PES consists of a repulsive part and an attractive part and is described by
the following formula [1]:

V = EPauli + EElstat + EOI (2.1)

Here EPauli is the Pauli repulsion energy, EElstat is the energy due to electrostatic interactions
and EOI the energy coming from orbital interactions. The repulsive forces are mostly due
the Pauli repulsion energy, which can be explained as follows: when two atoms/molecules
sufficiently approach each other the electrons of both constituents start to overlap. The Pauli
repulsion principle prohibits that electrons with the same spin occupy the same space, so
that the electron density in this region will be reduced. This means that the shielding of the
nuclear charge will become less strong and the two molecules/atoms will exert a repulsive
force on each other.

The attractive forces can be divided into electrostatic forces and forces arising from the
orbital interaction. The electrostatic forces, which are usually attractive, depend on the charge
distribution in the ionic complex (see for example Ref. [2]) and is either permanent or in-
duced. A charge distribution can be induced by the presence of a nearby system containing
a permanent charge distribution. Moreover, a dipole also arises from fluctuations in the po-
sitions of the electrons in the system (that occur in every atom or molecule) resulting in very
small attractive forces. These forces (which are called dispersion forces) are the main attrac-
tive force between neutral non-polar species, but are generally very weak compared to the
electrostatic
forces arising from permanent charge distributions; the binding energies arising from dis-
persion have values of about 100 cm−1, while the binding energy coming from electrostatic
interactions amounts to 1 eV (=8065.5 cm−1). As the dispersion forces are so weak they will
not be considered here.

In charged complexes the electrostatic attraction is mainly coming from the mutual attrac-
tion/repulsion of the net charges or electric moments (dipole moment, quadrupole moment or
higher order electric moments) carried by the constituents. Table 2.1 shows relevant formu-
las for calculating the electrostatic energy between two interacting atoms or linear molecules
[2, 3]. The structural parameters of the two interacting species are depicted in Figure 2.1,
in which r is the distance between the monopole and the midpoint of the multipole and θ
denotes the angle between r and the molecular axis. In the formulas in Table 2.1 ε0 is the
vacuum permittivity constant, Q is the charge of the monopole, µ (=Σiqili) is the size of the
dipole moment, Θ (=Σiqi( 1

2 li)2) is the size of the quadrupole moment (where li is the distance
between the ends of the molecule), α is the polarizability of the atom and α|| and α⊥ are the
polarizabilities in the parallel and perpendicular direction of a linear molecule, respectively.
The formula for the monopole-quadrupole interaction accounts for the orientation of a (neg-
ative) quadrupole as depicted in Figure 2.1. As can be seen from Table 2.1 the electrostatic
energy depends on the order of the multipole; i.e. the more the charge is distributed over
the molecule the smaller the electrostatic energy will be at a specific intermolecular distance.
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2.2 Intermolecular forces

Table 2.1: Relevant formulas for calculating the electrostatic energy between two interacting
atoms/molecules.

monopole-dipole - Qµ
4πε0r2 ·cos(θ)

monopole-quadrupole
QΘ

8πε0r3 ·(3cos2(θ)-1)

dipole-dipole
µ1µ2

4πε0r3 ·(1-3cos2(θ))

monopole-induced dipole (atom) - Q2α
(4πε0)2r4

monopole-induced dipole (linear molecule) - Q2

(4πε0)2r4 ·(α||cos2(θ) + α⊥sin2(θ))

dipole-induced dipole (atom) - 4µ2α
(4πε0)2r6 ·cos2(θ)

Most interactions, in which both constituents have a permanent charge distribution, have a
minimum at θ = 0 corresponding to a linear structure (except when the sign of the quadrupole
moment is positive, then the structure will be T-shaped). For interactions between a monopole
or dipole and an induced atomic dipole a linear structure is also the most stable form. The
geometry of complexes, in which a monopole attracts a linear molecule with no permanent
charge distribution, depends on the magnitudes of α|| and α⊥ and may very well be non-linear.

An example of a PES of an ionic complex is presented in Figure 2.2, which shows a PES
for the interaction between an atom and a linear molecular ion, which has both a point charge
at one of the far ends of the molecule as well as a dipole moment along the molecular axis (like
in Ar-HCO+, where the point charge is on the proton). Figure 2.2 shows the summation of
the Pauli energy with the electrostatic energy (orbital interactions are not taken into account).
The electrostatic forces in this PES correspond to the summation of monopole-induced dipole
interactions and dipole-induced dipole interactions in an atom. As can be seen the PES shows
minima at θ = 0 (with the atom at the side of the point charge) and at θ = π and -π (with the
atom at the other end of the molecular ion). The minimum at θ = 0 is the lowest in energy,
which means that the most stable structure corresponds to linear one with the atom at the
proton side.

In proton bound complexes (like Ar-HCO+ or Ar-HN2
+) the magnitude of the minima

depends for a large part on the polarizability of the atom; if a dipole is very easily induced, the
interaction will be very attractive compared to interactions, in which the neutral constituents
have a very rigid charge distribution. For example the binding energy in Ar-HCO+ is ∼1500
cm−1 [4], while for He-HCO+ the binding energy is ∼170 cm−1 [5]. This is a result of the
higher polarizability of Ar, which is approximately eight times larger than that of He [6].
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Figure 2.1: Representation of the structure of the complex ions. The parameters defined in
this figure are used in the formulas in Table 2.1. The sign of the quadrupole moment in the
lower part is negative.

In some ionic complexes the binding energy can be greatly influenced by orbital interac-
tions (see for example Chapter 6 in this thesis). In such a case the wavefunctions of the highest
occupied orbitals of both constituents interact with each other and a pair of intermolecular
orbitals is formed. The degree of orbital interaction depends on a number of factors [7]. First
of all, the orbitals of the interacting constituents must overlap in order to form a pair of in-
termolecular orbitals. The degree of overlap is given by the overlap integral S =

∫
Ψ1
∗Ψ2

dτ, where Ψ1 and Ψ2 are the wave functions of the two interacting orbitals. If S=0 there
is no overlap and if S=1 the wave functions are identical. The overlap integral becomes of
significant importance, if the two interacting orbitals are close in energy (the closer the two
orbitals are in energy the higher the overlap integral will be). If the energy difference between
the orbitals is very large, there will be no interaction. Furthermore, the symmetry of the two
orbitals must be the same with respect to rotations about the internuclear axis; so p-type or-
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2.2 Intermolecular forces

Figure 2.2: Potential energy surface of the interaction of an atom with a linear molecule,
which has both a point charge and a dipole moment.

bitals that point perpendicular to the internuclear axis, will have a zero overlap (integral) with
s-orbitals.

If there is an overlap, the two interacting orbitals will interfere and form a bonding and
an anti-bonding intermolecular orbital. For a complex ion with a single positive charge two
electrons fill up the bonding orbital and one electron fills up the anti-bonding resulting in an
overall attractive energy. When two similar orbitals belonging to the same type of molecule
start to overlap (e.g. in [N2-N2]+·), the attractive forces will always be substantial in size. In
[N2-N2]+· the σ-orbitals of N2 and N2

+ overlap resulting in the formation of a linear complex
ion. Due to orbital interaction in [N2-N2]+· an intermolecular bond is formed with a binding
energy of ∼1 eV. If the orbital interaction between the constituents is large, its contribution
to the total binding energy is much bigger than the contribution coming from electrostatic
forces (see also Chapter 6).

The structure of the complex is reflected in the rotational progression of the spectrum and
the strength of the intermolecular bond in the location of the vibrational modes. In the next
section spectroscopic details of ionic complexes will be given.
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2 Spectroscopic features of ionic complexes

2.3 Spectroscopy of linear ionic complexes

The ionic complexes measured in this thesis are all linear in structure. Spectroscopy of linear
molecules has been described in detail in several books [8–12] . Here a short overview will be
given. The internal energy of a molecular system is calculated by solving the wavefunction
in the Schrödinger equation (HintΨtot = EintΨtot). The wave function can be separated into an
electronic, vibrational, rotational and a fine structure part (Ψtot = ψelψvibrψrotψ f s), for which
the Hamiltonian is given by:

Hint = Hel + Hvibr + Hrot + H f s (2.2)

The different energies coming from this Hamiltonian arise from the angular momenta of the
different parts in the Hamiltonian. These angular momenta can interact with each other in
different ways. Figure 2.3 shows two different interaction cases of the angular momenta
in a linear molecule. In this figure L and S are the orbital and spin angular momenta of
the electrons, respectively. If the molecule has an orbital angular momentum (L , 0), this
will be strongly coupled to the internuclear axis due to the electrical forces of the chemical
bond. This causes L to precess rapidly around the internuclear axis instead of being fixed in
space. As L precesses around the internuclear axis, it loses physical meaning. However, its
component along the internuclear axis is well defined and has quantised values, which are
denoted by Λ.

The spin angular momentum S is not affected by the electric forces and is fixed in space
as long as Λ is zero and the molecule does not rotate. However, if Λ is not zero, a magnetic
moment arises, which is in the direction of the internuclear axis. This magnetic moment
causes S to precess around this field with a constant component Σ along the molecular axis.
The component of the total angular momentum along the internuclear axis coming from the
electronic motions is given by Ω (= Λ + Σ).

Next to the angular momentum coming from the electronic motions, the rotations of the
nuclei give an angular momentum, which is indicated by N. The nuclear and electronic angu-
lar momenta add up to a total angular momentum vector J. Figure 2.3a shows the situation,
for which the interaction between the nuclear rotation and the electronic motion is weak and
the electronic angular momentum is strongly bound to the molecular axis, which is known as
Hund’s case a. Figure 2.3b represents the case, in which S is decoupled from the internuclear
axis. This situation is known as Hund’s case b. In the following sections the different con-
tributions to the internal energy (shown in Figure 2.3) will be discussed looking at these two
cases.

2.3.1 Electronic contribution to the total energy

Each electronic state is labelled by the quantum number denoted by Λ and corresponds to a
specific electronic energy. Λ can have the values 0, 1, 2, ..., which are represented by the
capital Greek symbols Σ, Π, ∆, ..., respectively. In an electric field reversing the electronic
motions does not change the energy of the system. This means that states with Λ , 0 are
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Figure 2.3: Representation of the angular momenta in a diatomic molecule a) for Hund’s case
a and b) for Hund’s case b (for a linear polyatomic molecule the representation of angular
momenta are the same not taking into account vibrational angular momentum).

doubly degenerate, as the orbital angular momentum with values +Λ and -Λ have the same
energy. A Σ-state is non-degenerate. All the ionic complexes described in this thesis have zero
orbital electronic angular momentum, i.e. they are in an electronic state with Σ-symmetry.

The magnitude of the spin angular momentum (S) is indicated by 2S+1 as a superscript
in front of the Greek symbol representing the electronic orbital angular momentum. So if a
molecule has no spin and no orbital angular momentum its state is denoted as 1Σ; if it has
a spin angular momentum of 1/2, but no orbital angular momentum it is denoted as 2Σ. A
molecule in a 1Σ has no electronic angular momentum and cannot be described by a Hund’s
case, as the angular momentum is only coming from the rotations of the molecule (J = N for
these states) and there can be no interactions between the different angular momenta.

For Σ-states with S , 0 the spin vector S is not coupled to the internuclear axis, as there is
no magnetic field coming from the orbital motions of the electrons, about which S can precess
(Hund’s case b). Although weak coupling of S to the internuclear axis is also possible if Λ ,
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2 Spectroscopic features of ionic complexes

0, it is more common for 2S +1Σ-states. When coupling of S is weak (or for Σ-states) Λ and
N add up together as for Hund’s case a resulting in an angular momentum vector K. The
angular momenta K and S will form a resultant total angular momentum J (see Figure 2.3b).
The quantum number of the total angular momentum J can have the following values:

J = (K + S ), (K + S − 1), (K + S − 2), ..., |K − S | (2.3)

Thus each K-level consists of 2S+1 components (except when K < S). The molecular rota-
tions cause a very small magnetic moment in the direction of K, which results in a magnetic
coupling between S and K. This coupling causes a slight splitting of the energy levels with
same K but different J, which increases with K. The splitting of the energy levels is very
small (of the order of 0.01 cm−1 or lower) and is not always observed. However, when it is
observed the rotational energy levels are split into 2S+1 components.

If an ionic complex is in a 1Σ-state (like Ar· · ·DN2
+ in Chapter 5), it does not have

electronic angular momentum and the Hund’s cases are not relevant here. However, Hund’s
case b applies to the rovibrational spectrum of [Ar-N2]+· (Chapter 6), which has a 2Σ ground
state. The coupling of the angular momenta discussed above has effect on the rotational
profile of an absorption spectrum, which will be discussed after the section on vibrational
spectroscopy.

2.3.2 Vibrational spectroscopy

In linear poly-atomic molecular systems basically two different vibrational transitions are
possible; parallel and perpendicular transitions. For parallel transitions the change in dipole
moment is along the molecular axis and for perpendicular transitions it is perpendicular to
the molecular axis; stretching vibrations are called parallel and bending vibrations are known
as perpendicular (see Figure 2.4).

When a molecular system is in a bending vibration it possesses vibrational angular mo-
mentum. Vibrational angular momentum can be explained as follows: in bending vibrations
the
structure of the molecule deviates slightly from linearity (see Figure 2.4b). Because of this
small change in structure an extra angular momentum arises directed along the intermolecular
axis due to the rotations of the nuclei along this axis. Vibrational angular momentum is
indicated by l, which can have the values 0, 1, 2, .... represented by Greek symbols (Σ, Π,
∆, ...). A Σ-state has no vibrational angular momentum, a Π-state has a vibrational angular
momentum of 1 and corresponds to the normal bending vibration, ∆ corresponds to the first
overtone of the bending vibration, etc. Selection rules for vibrational transitions are ∆l = -1, 0,
1. Transitions with ∆l = 0 correspond to transitions from one stretching vibration to the other
(with no excitation or deexcitation to or from bending vibrations) and transitions with ∆l = -1,
1 correspond to transitions between stretching vibrations and bending vibrations or from one
bending vibration to the other. In this thesis only stretching vibrations have been measured
arising from a ground state with zero vibrational angular momentum (Σ-Σ-transitions). The
vibrational angular momentum acts in a similar way as the electronic angular momentum,
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a b 

Figure 2.4: Representation of the two different vibrations in linear molecules: a) parallel
transition and b) a perpendicular transition. The arrows indicate the direction, in which the
atoms are moving.

meaning that the rotational profile of vibrational spectra resembles that of electronic spectra,
if their angular momenta are the same and interact in the same manner.

The energy necessary to excite a vibration is given by the band origin (ν0). This vibra-
tional energy depends on the mass of the atoms and the force constants of the vibrating bond.
For a stretching vibration the formula for the band origin (in cm−1) is given by:

ν0 =
1

2πc

(
k
µ

) 1
2

(2.4)

where µ is the effective mass of the molecular system ( 1
µ
= 1

m1
+ 1

m2
+...) and k is the force

constant of the bond. This means that, when the band origin is known, the strength of a bond
can be obtained by calculation of the force constant.

In ionic complexes the intramolecular bond strengths in molecular ions change due to the
interaction with the neutral. The stronger the intermolecular bond the weaker the intramolec-
ular bonds will become. This is directly observed in a reduction of the band origins of the
molecular ion. For example in the proton bound complex [A-HB]+ the bond strengths in HB+

will decrease as a result of the interaction with A. If A is an atom, the amount of attraction
depends on the polarizability of the atom. It has been shown that this decrease in vibrational
energy depends linearly on the polarizability of the atom [13, 14]. E.g. if A is a helium atom
the decrease in vibrational energy will be ∼8 times less than if the interacting neutral is argon
(αHe = 0.206·10−24 cm3 and αAr = 1.642·10−24 cm3 [6]).

The chemical bond, which is located closest to the intermolecular bond, is effected most
by the interaction and the shift in its vibrational energy will be larger than that of bonds
further away from the intermolecular bond. It is possible that two vibrations in a complex
ion are shifted to similar energy levels. If this happens, a perturbation may occur between
the two levels leading to a relocation of these energy levels. The perturbation of two states
is described more deeply in Section 2.3.4 and in Chapter 5. First the rotational profile of
vibrational absorption bands will be discussed.
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Figure 2.5: Representation of the rotational energy levels for a linear molecule a) for two
1Σ-states and b) in Hund’s case b (for two 2Σ-states).

2.3.3 Rotational part of the Hamiltonian

Chapter 5 describes the high resolution infrared spectrum of Ar· · ·DN2
+, which is a proton

bound complex that has a 1Σ- ground state. The rotational energies for a linear molecule in a
1Σ-state are given by the following formula:

Erot(1Σ) = B[J(J + 1)] − D[J(J + 1)]2 + h.o.t. (2.5)

B is the rotational constant, D is the centrifugal distortion constant and J is the total electronic
and h.o.t. stands for higher order terms. The rotational constant B is given by:
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2.3 Spectroscopy of linear ionic complexes

B =
~

4πcI
(2.6)

where c is the speed of light and I is the moment of inertia of the molecule. The rotational
constant B (in cm−1) is inversely proportional to the moment of inertia I (=Σimiri

2) and can
be obtained by fitting the rovibrational line positions in a measured spectrum to Equation
2.5. By comparing the rotational constant from the fit with the calculated rotational constant,
structural parameters like bond lengths and bond angles can be obtained with high precision.

The centrifugal distortion constant D corrects for the lengthening of the ionic complex
for higher rotations and is related to the bond strength. The higher order terms are of the
form Kn[J(J+1)]n (where n = 3, 4, 5, ... and Kn= H, K, L,..) and are used to improve the
convergence between the observed and the fit data. The sextic (and higher order) constants
are also centrifugal distortion constants. The physical meaning of quartic and sextic constants
is similar, but in a different approximation.

The rotational energy levels of two 1Σ-states (one in the ground state and one in the
vibrational excited state) are drawn in Figure 2.5a showing transitions between two 1Σ-states.
The plus- and minus signs refer to the symmetry of the total wave function after reflection
through the centre of mass of the complex and is called the parity. In Σ-states even and odd
J-levels always have opposite parity.

General selection rules for rotational transitions in molecular systems are ∆J = -1, 0, 1.
In addition there is a selection rule bound by the symmetry of the total wave function, which
says that quantum states with positive parity can only make transitions to states with negative
parity and vice versa; parity conserving transitions are forbidden. This means that for Σ-Σ-
transitions only ∆J = -1, 1 is allowed, which leads to a spectrum containing two branches of
rotational lines; a P-branch for ∆J = -1 and an R-branch for ∆J = 1 (see Figure 2.6). The
distance between two successive lines in the P- or R branch is approximately 2B. Levels with
Λ > 0 are doubly degenerate, of which one level has positive parity and the other negative.
For transitions from or to a level with Λ > 0 the selection rule ∆J = 0 is also allowed, as
the selection rule coming from the parity of a state is always fulfilled. This results in the
formation of a Q-branch, which is located in between the P- and R-branch (see Figure 2.6).
The Q-branch can only be observed for transitions coming from and/or going to a energy
level with Λ > 0.

In Chapter 6 the rovibrational spectrum of [Ar-N2]+· is presented, which has a 2Σ-ground
state. The energy levels of two 2Σ-states are shown in Figure 2.5b. The angular momen-
tum associated with the electron spin causes the energy levels to split up into two different
branches; the F1- and the F2-branch. The F1-branch consists of transitions, which solely
have an angular momentum of N+1/2 (both in the ground and excited state), while for the
F2-branch only levels with an angular momentum of N-1/2 are involved. Transitions with ∆J
= 0 and ∆N = -1, 1 are also allowed, but they are generally very weak. These lines are called
satellite branches, because they are very close to the more intense P- and R-branch transi-
tions. They are are indicated in Figure 2.5b as Q12-and Q21 transitions (not to be confused
with the Q-branch for ∆J = 0 transitions), which denote an excitation from an F1-ground state
to an F2- state and vice versa, respectively.
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2 Spectroscopic features of ionic complexes
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 Figure 2.6: Example of a rotationally resolved vibrational spectrum containing a P-, Q-, and
R-branch.

The rotational energy levels of a molecule in a 2Σ-state are described by the following
equation:

Erot(2Σ) = BN2 − DN4 + γS N (2.7)

with N the rotational quantum number, S the total electron spin and γ the spin-rotation inter-
action constant. The splitting of the energy levels is small compared to adjacent J-lines and is
given by γ(N + 1

2 ). The spin-rotation interaction constant can be either positive or negative,
but is usually positive. For a negative spin-rotation interaction constant the splitting of the
energy levels is reversed, i.e. F1 and F2 switch positions.

The energy of a rotational level in a vibrationally excited state can simply be calculated
by adding the band origin to the rotational energy in the excited state. The rovibrational line
positions of a vibrational spectrum for a 1Σ-1Σ-transition are calculated with:

ν = ν0 + (B′ + B′′)m + (B′ − B′′ − D′ + D′′)m2

−2(D′ + D′′)m3 − (D′ − D′′)m4 (2.8)
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2.3 Spectroscopy of linear ionic complexes

where ν0 is the band origin and m = J + 1 for the R-branch and m = -J for the P-branch. B” and
B’ are the rotational constants in the ground and vibrationally excited state, respectively. The
centrifugal distortion constants D” and D’ are defined in a similar way. Due to the difference
between B” and B’ the peak-to-peak distances in the P- and R-branch will slightly differ from
2B. This difference is more apparent for larger J-values and is opposite in sign in the P- and
R-branch; if for a P-branch the peak distance becomes smaller than 2B, it will be larger in the
R-branch (or vice versa). If the structure of a complex changes considerably in the excited
state, the aberration in the peak distance can become so large that in one of the two branches
the peak distance comes (close to) zero or even below zero (the peaks are ’coming back’ in
the spectrum). For the last situation a band head is seen in the spectrum; i.e. the rovibrational
peaks accumulate resulting in a usually very intense peak at the end of a branch.

For molecules in the 2Σ-state the formulas are:

ν = ν0 + (B′ + B′′)m + (B′ − B′′ − D′ + D′′)m2 − 2(D′ + D′′)m3

−(D′ − D′′)m4 +
1
2

m(γ′v − γ
′′
v ) +

1
2
γ′′v (2.9)

for the F1-state and

ν = ν0 + (B′ + B′′)m + (B′ − B′′ − D′ + D′′)m2 − 2(D′ + D′′)m3

−(D′ − D′′)m4 +
1
2

m(γ′′v − γ
′
v) −

1
2
γ′v (2.10)

for the F2-state. Here m = N + 1 for the R-branch and m = -N for the P-branch (the formulas
for the satellite branches will not be shown here).

2.3.4 Interaction of energy levels

When two energy levels almost have the same energy, it can happen that they interact with
each other resulting in a perturbation in the spectrum. The interaction between two different
vibrational energy levels is called Fermi resonance. If such a perturbation occurs the positions
of the energy levels will deviate from the non-perturbed line positions; i.e. the energy levels
are shifted to unexpected positions with respect to the non-perturbed levels. The energy level,
which is higher in energy is shifted to higher energy, while the lower energy level goes down
in energy. Perturbations can be rotational and vibrational in character. For a vibrational
perturbation the energy levels of two vibrations are shifted to ’abnormal’ positions, but the
rotational structure of the bands stays intact. If the perturbation is more rotational in character,
the rotational structure is not as regular as shown in the formulas in the previous section.

The energies of two interacting energy levels can be found by solving the following de-
terminant: ∣∣∣∣∣∣ H0

1 − H H21
H12 H0

2 − H

∣∣∣∣∣∣ = 0 (2.11)
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2 Spectroscopic features of ionic complexes

which gives:

H =
1
2

(
H0

1 + H0
2

)
±

1
2

√
δ2 + 4|H12|

2 (2.12)

where H1
0 and H2

0 are the Hamiltonians for the non-perturbed rovibrational energies, δ is
the separation of the two interacting levels and H12 = H21 is the interaction term. The larger
the interaction term H12 the greater the perturbation. For a given H12 the perturbation is the
largest for δ = 0 and decreases with increasing δ.

The interaction term H12 is given by the matrix element:

H12 =

∫
Ψ0∗

1 HΨ0
2dτ (2.13)

of the perturbation function H. For two interacting vibrations H is given by the anharmonic
terms in the potential energy (see Volume II in Ref. [8]). The magnitude of the interaction
term depends on the nature of the wavefunctions, that is, for some wavefunctions the inter-
action term is zero, i.e. there is no perturbation. This means that there are selections rules,
which indicate whether a perturbation can take place or not. As H is fully symmetric over the
molecule, Ψ1

0 and Ψ2
0 must be of the same symmetry in order to give a non-zero value to

H12. This means that for two interacting vibrations the symmetry of their wavefunctions must
be the same, otherwise there will be no perturbation; e.g. Σ-vibrations can only interact with
Σ-vibrations. Another important selection rule for rotational perturbations is that the levels
must have the same total angular momentum J and the same spin multiplicity (∆J = 0 and ∆S
= 0).

As the two energy levels interact, the wavefunctions describing the two energy levels
are mixed, so that one state takes over properties of the other; i.e. if two vibrations mix,
they do not represent two independent vibrations, but a hybrid of the two vibrations. If the
wavefunctions of the two non-interacting levels are Ψ1 and Ψ2, two perturbed wavefunctions
(Ψa and Ψb) are formed, which can be written as [8, 9]:

Ψa = cΨ1 − dΨ2 (2.14)
Ψb = dΨ1 + cΨ2 (2.15)

where

c =

 √
4|H12|

2 + δ2 + δ

2
√

4|H12|
2 + δ2

1/2

d =

 √
4|H12|

2 + δ2 − δ

2
√

4|H12|
2 + δ2

1/2

(2.16)

if δ = 0 than c = d = 1/
√

2 and the wave functions are fully mixed. If δ is very large c will
approach 1 and d will almost be zero; i.e. there is no perturbation.
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2.3 Spectroscopy of linear ionic complexes

As a consequence of the mixing of the zero approximate wavefunctions, the hybrid wave-
functions will show properties of both non-interacting wavefunctions. In the spectrum this
clearly comes to expression in the intensity of both interacting levels; i.e. as the wavefunc-
tions interact the energy level with the highest intensity ’gives’ some of its intensity to the
other level. This means that vibrations, which at zero approximation have a very low intensity
(like combination bands), can have similar intensities as normal vibrations due to the pertur-
bation (see also Chapter 5). The intensity ratio for two vibrations (Ia/Ib) can be calculated
with Equations 2.14-2.16. The intensity of two transitions (Ia and Ib) from the ground state
(with wavefunction Ψg) to a vibrational state (with wavefunctions Ψa and Ψb) is given by:

Ia =< Ψg|M|Ψa > Ib =< Ψg|M|Ψb > (2.17)

where M is the transition dipole moment. By filling Equations 2.14 and 2.15 into Equation
2.17 the following formulas are obtained:

Ia =< Ψg|M|cΨ1 − dΨ2 > Ib =< Ψg|M|dΨ1 + cΨ2 > (2.18)

When Ψ2 is a very weak transition (with almost zero intensity), the intensity ratio of the
vibrations a and b becomes:

Ia

Ib
=
< Ψg|M|cΨ1 >

< Ψg|M|dΨ1 >
=

c
d

(2.19)

c and d are given in Equation 2.16, so that the intensity ratio will be:

Ia

Ib
=

√
4|H12|

2 + δ2 + δ√
4|H12|

2 + δ2 − δ
(2.20)

This formula will be used in Chapter 5, where the interaction between a normal vibration and
a combination band has been measured.

2.3.5 Further spectroscopic information on complex ions

By comparing the fitted spectroscopic constants with the calculated constants structural infor-
mation can be obtained. However, from the fitted rotational constants itself the intermolecular
distance in a linear complex ion can also be found, if it is assumed that the interaction is weak
enough, that the geometric properties of the individual constituents are not distorted in great
deal (which is usually the case for ionic complexes). The intermolecular distance can be
calculated with the following formula [15, 16]:

rcm =

√√√ F(
Bcomplex − Bmonomer

)
µcomplex

 (2.21)
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2 Spectroscopic features of ionic complexes

where rcm is the distance from the atom to the centre of mass of the molecular ion, F =

16.858 is the conversion factor between the moment of inertia (in amuA2) and the rotational
constants (in cm−1) and µcomplex (= matommmon

(matom+mmon) ) is the reduced mass of the complex.
Furthermore, the intermolecular stretching frequency (νs in cm−1) can be calculated with

the help of the centrifugal distortion constant D and the rotational constants B [15, 16]:

νs =

√
4B3

complex

Dcomplex

(
1 −

Bcomplex

Bmonomer

)
(2.22)

It should be noted that for very weakly bound (neutral) complexes these equations are not
very reliable, as for higher rotations the structure of the complex can be very much different,
which is usually shown in an anomalous large centrifugal distortion constant.
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3 Experiment

Abstract

Details of the experimental setup and measuring procedure are given for a high resolution
infrared experiment that is used to record rovibrationally resolved spectra of complex ions.
The ions are produced in supersonic plasma that is generated by electron impact ionization of
a gas mixture that is expanded supersonically through a long and narrow slit. A quadrupole
mass spectrometer is used to sample the adiabatically cooled plasma downstream for different
precursor mixtures. Densities are sufficiently high to monitor rovibrational transitions in
direct absorption by tunable diode laser spectroscopy, using concentration modulation and a
phase sensitive detection scheme.

3.1 General Description of the Experimental Apparatus

An overview of the experimental setup is given in Figure 3.1. It consists of a tunable lead-salt
diode laser spectrometer, a calibration unit, a computer for data acquisition and regulating the
diode current and a plasma source, which produces ions, ionic complexes and cluster ions.
Each part is described in detail in the following sections.

3.2 Lead-salt diode lasers

In all experiments presented in this thesis (apart from Chapter 4) lead-salt tunable diode lasers
are used as a light source. These semiconductor lasers were first developed in the 1960s and
found immediate use in spectroscopy. The principle of operation has been described in e.g.
Refs [1, 2]; here a short overview will be given.

Lead-salt diodes are semiconductor lasers, which emit radiation in the infrared from
roughly 500-3200 cm−1 with a bandwidth of ∼ 0.001 cm−1. Light emission in diode lasers
occurs through the radiative recombination of electron-hole pairs in a p-n junction (see Fig-
ure 3.2). If n-type material makes contact with p-type material, the electrons in the n-type
material recombine with the holes in the p-type material until a space charge builds up and
the electron flow will stop. At this point the Fermi levels of the p- and n-type layers have the
same magnitude. If an electric field is applied to the p-n junction, where the positive side is
connected to the p-type material (this is called forward bias), electrons will move into the
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3.2 Lead-salt diode lasers

Figure 3.2: Band structure of a p-n junction in a homojunction laser. Eg is the band gap and
E f is the Fermi level of the semiconductor. Figure a) shows the p-n junction when no electric
field is applied and b) shows the p-n junction under forward bias.

junction from the n-type side and holes move into the junction from the p-type side. In the
junction region electrons recombine with holes emitting radiation. At a certain threshold
current (depending on the nature of the semiconductor material) the intensity of the radiation
is high enough for stimulated emission to take place and laser action occurs. Semiconductor
lasers with one p-type and one n-type material, which have the same band gap size, are called
homo-junction diodes. The threshold current density (measured in A/cm−2), above which
laser functioning takes place, is extremely high for these diodes. If the laser has a large cross
sectional area, the large volume area in the junction region will lead to a ohmic dissipation
of heat damaging the semiconductor. Furthermore, the width of the junction region (the
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3 Experiment

Figure 3.3: Example of the band structure of a heterojunction diode laser under forward bias.

distance, over which the electrons and holes recombine) is larger than necessary for laser
action to take place and the current flowing through the superfluous laser material will lead
to extra heating and damaging of the material. In addition, the current density decreases
gradually away from the junction region, so that only near the junction region the current
density is high enough to start stimulated emission. Further away the current is too low for
laser action to occur and will again result in heating of the semiconductor material. It is
thus desirable to make these lasers as small as possible and to concentrate a region of high
excitation (the active region) within a small volume.

The size of the active region of semiconductor diodes can be reduced by making hetero-
junction diodes. A heterojunction is a junction between layers with different band gap values.
An example of the band diagram of such a heterojunction is given in Figure 3.3. The p-type
material is placed between an n-type and another p-type layer with a different band gap. Elec-
trons flowing from the n-type layer to the first p-type layer do not have enough energy to go
over to the conduction band of the second p-type layer, as the conduction band is higher in
energy. This makes the active region constrained to a specific region and can be made as
small as 0.1-0.2 µm reducing heat damaging.

The diodes used for the research described in this thesis are double heterojunction diodes
[3, 4]. Here a low band gap homojunction is placed in between two high band gap materials,
which gives even higher control over the size of the active region. A homojunction is placed
in between two heterojunctions, hence the name double heterojunction diode. The laser light
is reflected from the heterojunctions within the active layer. This means that a Fabry-Pero
cavity is generated and the light is confined to the region where stimulated emission takes
place. When the current flow though the diode exceeds the threshold current, the wavelength
of the emitted radiation follows the Fabry-Perot equation:

mλm = 2nl (3.1)

where n is the refractive index of the semiconductor, l is the cavity length, λm is the laser
wavelength and m is the number of half waves inside the cavity. The laser can be tuned by
changing the refractive index of the material and thus changing the optical cavity length. Each
semiconductor crystal has its own refractive index, so by changing the semiconductor mate-
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3.3 Spectrometer and Data Acquisition

Table 3.1: Composition parameters for lead-salt diode lasers

Material ν0 (cm−1) ξ (cm−1) Composition range Wavenumber (cm−1)

Pb1−xSnxTe 1540 -3837 0 ≤ x ≤ 0.32 312 - 1540
Pb1−xGexTe 1540 14600 0 ≤ x ≤ 0.05 1540 - 2270
Pb1−xSnxSe 1190 -8780 0 ≤ x ≤ 0.10 312 - 1190
Pb1−xSnxSe 1190 5952 0.19 ≤ x ≤ 0.40 2321 - 3571
PbS1−xSex 2295 -1105 0 ≤ x ≤ 1 1190 - 2295
Pb1−xCdxS 2295 29396 0 ≤ x ≤ 0.058 2295 - 4000

rial different wavelength regions are covered. The spectral coverage of each diode is ∼100
cm−1. Table 3.1 shows the emission frequencies for several semiconductor materials. The
emission frequency of a diode (ν) depends on the concentration x by the following formula:

ν = ν0 + ξx (3.2)

One diode covers a frequency range from say 2000-2100 cm−1; for another frequency range
another diode is needed. If one would like to scan through a frequency range of ∼200 cm−1,
two or three different diodes must be used. The frequency of the diode self can be tuned by
altering the temperature and current running through the diode. Broad tuning can be obtained
by changing the temperature of the diode (and thus the refractive index of the material), while
fine tuning is achieved by changing the current running through the diode. The diodes have
an output power of 1-4 mW and emit light with a resolution of 0.001 cm−1.

Next to a limited spectral range laser diodes are generally multimode devices (they emit
radiation in different small frequency regions). Figure 3.4 shows the mode distribution of
a regular lead-salt diode laser around 2530 cm−1 at a temperature of 76 K. The horizontal
axis represents the frequency (in cm−1) and the vertical axis the current (in mA). From the
figure it can clearly be seen that the diode is multi-mode; i.e. at some current values different
frequency regions are obtained. One of these modes has to be selected for in the spectrometer
(see next section). The figure also shows that the diode does not fully cover the whole spectral
width; i.e. at certain current values jumps occur to another frequency. In between two modes
there are regions, in which the diode cannot emit radiation. By varying the temperature and/or
current the position of the modes can be changed, however, the spectral width of a diode is
never fully covered. For a very good diode the spectral coverage is ∼70%. This is a big
disadvantage of lead-salt diode lasers, because searched transitions can fall just in between
two modes. Also the limited scanning range (∼100 cm−1) is a problem, as the frequencies of
the transitions, that are not exactly known, can fall outside the diode range.

3.3 Spectrometer and Data Acquisition

The diodes are incorporated in a cold-head (Laser Photonics), which can hold four diodes
and cryogenically cools them to temperatures of ∼15 K. The cold-head is pumped down by
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Figure 3.4: Modal distribution of a lead-salt diode laser around 2530 cm−1 at a temperature
of 76 K. The diode cannot be fully tuned over this frequency range; i.e. mode hops occur at
certain positions.

a vacuum pump to a pressure below 10−5 mbar. An additional small ion pump is attached to
the cold-head in order to maintain these pressures during closed cycle operation. In front of
the diodes a ZnSe window is mounted, which is transparent in the infrared. The diodes in
the cold-head are connected to a laser control unit, which adjust the temperature and current
for setting the output frequency. The temperature of the diodes can be raised to ∼100 K by
changing the current running through a resistive heater mounted in the cold-head system.
Furthermore the laser control unit delivers current to the diodes, which can go as high as 2 A.

The laser beam coming from the diodes travels through the ZnSe windows, after which it
is reflected by a parabolic mirror to a monochromator, where it is focused on a grating. By
changing the angle of the grating with respect to the incoming laser beam one of the multiple
modes can be selected. After the monochromator the beam is split, where ∼10 % is used
for calibration of the spectra (see Section 3.4) and ∼90 % of the light is directed through the
plasma expansion (see Section 3.5). The part of the beam used for calibration is further split
into two parts, of which one part is directed to an etalon and the other part to a reference
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3.4 Calibration of the Data

gas cell. In order to enhance the signal-to-noise ratio the diode laser beam is chopped with
a frequency of 200 Hz and the intensity modulated signal (see Section 3.6 for modulation
techniques) is detected by infrared detectors (InSb for light above 1900 cm−1 and MCT for
below 1900 cm−1). The signals coming from the detectors are demodulated by to lock-in-
amplifiers. In this way only the noise with a frequency of 200 Hz coming from the diodes is
detected. The major part (∼90%) of the laser beam (which is not chopped) is directed to the
plasma expansion. Inside the vacuum chamber a Perry multi-pass cell [5] is placed increasing
the number of passes from one to 13 resulting in an absorption path length of ∼40 cm.

The concentration of the complex ions is of the order of 109 ions/cm3 [6], which is too low
for doing normal direct absorption measurements. This means that additional actions need
to be taken in order to get reasonable signal-to-noise ratios, which is achieved by applying
production/concentration modulation (see Section 3.6).

All measurements are controlled by a computer program, which is based on the Labview
software package. The computer is connected to the laser control unit by a data acquisition
card from National Instruments, which in turn is fixed to a wiring terminal board (CB-68LP
for National Instruments PCI-6034E). Before each measurement the grating, temperature and
current are set to a specific value. In order to scan the laser frequency the laser current is var-
ied by the output of the data acquisition card within a certain time domain set by the computer
program (typical scan speeds are ∼0.2 cm−1/min.). Simultaneously data are acquired from
reference, etalon and plasma expansion channels and will be plotted online in three different
graphs (see Figure 3.5).

3.4 Calibration of the Data

The monochromator allows an approximate frequency calibration of about 1 cm−1. To obtain
a higher precision the spectra are calibrated with the help of reference and etalon measure-
ments. The reference, etalon and experimental data are measured simultaneously. The peaks
of the reference gas (typically N2O, OCS, CO2, H2O, ...) are tabulated in several handbooks
e.g. the ’Handbook of Infrared Standards’ [7], ’Wavenumber Calibration Tables from Het-
erodyne Frequency Measurements’ [8] and on internet pages, like Hitran, Geisa or Hitemp to
an accuracy of ∼0.001 cm−1. Since the variation of laser frequency is not completely linear
with current an etalon is used for relative frequency calibration. The free spectral range of
the etalon is about 0.0097 cm−1, but may very slightly with temperature and alignment. The
etalon fringes are numbered as n and fitted to a polynomial of optional order as function of
time (depending which one gave the best fit results). The peaks in the reference spectrum are
overlaid with the tabulated peaks as well as possible. Then the free spectral range is adjusted
in order to obtain an error (calibrated - tabulated), which is as small as possible. The overall
accuracy for this calibration procedure is approximately 0.002 cm−1.
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Figure 3.5: Measured spectra of an reference (a), etalon (b) and the plasma expansion (c).
The etalon and the reference data are used to calibrate the experimental data.
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3.5 The Plasma source

There are different methods for producing ionic complexesin the gas phase [9–17]. In all
experiments the ions are generated at very cold temperatures and in many of these methods
supersonic expansions are used as a way to cool the gas to low internal temperatures. Such
an expansion is created by bringing a gas or gas mixture under pressure and expanding this
through a small slit or pinhole into a vacuum chamber. In a supersonic expansion thermal en-
ergy is converted into kinetic energy with the result that the average rotational and vibrational
energies will be reduced [18]. This has a large effect on the spectra, because the number of
observable transitions is much lower (as only lower lying energy levels are populated) mak-
ing the spectra less complex. Furthermore, the population level of the lower energy states
will be higher increasing the detection sensitivity.

Next to vibrational and rotational cooling there is also translational cooling; i.e. the
range in the velocity distribution in a gas expansion (measured from the full-width-at-half-
maximum, FWHM) is smaller compared to that in gas cells. Although the atoms and molecules
are moving at high velocity, this velocity is more or less restricted to one direction, while the
velocities with respect to each other are comparable. As the relative velocities determine the
magnitude of the collision energy, a small FWHM means a soft collision. This means that in
expansions the impact energy between the colliding atoms/molecules is low, so that weakly
bound clusters are able to survive.

The density of the molecules n of the gas expansion is calculated for atomic expansions
as a function of reduced distance (δ) [19]:

n
n0

= 0.150δ−i (3.3)

here δ=x/D (where x is the distance to the exit of the source and D is the diameter of the
aperture), i = 1 for a slit expansion and i = 2 for a pin hole expansion and n0 is the density
right behind the opening; in the case of slit expansions the density decreases as 1/x, while for
pinhole expansions the density decreases with 1/x2. This results in a number of collisions,
which is higher for slit expansion compared to pinhole expansions favouring formation of
clusters. Other advantages of slit sources over pinhole expansions are larger absorption path
lengths and a reduced Doppler component in the laser direction both increasing the signal-to
noise-ratio.

For reasons explained above, supersonic slit expansions are very useful for studying
molecular clusters. When they are used in combination with a plasma source, which is able
to ionise the gas molecules in the expansion, large concentrations of ionic complexes will
be formed. The plasma must be generated in such a way that complex ions with a relatively
low binding energy (∼0.25 eV) can survive exotic plasma conditions. Thus if a high voltage
pulse is used to ignite plasma a lot of the clusters will probably be destroyed by the overflow
of electronic energy and in cryogenically cooled cell discharges the large collision energies
will dissociate many complexes. By using electron impact ionisation on an expanding gas
mixture plasma is generated in a mild way, in which some particles will be ionised, but at the
same time less strongly bound complexes are maintained.
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Figure 3.6: Schematic overview of the supersonic plasma jet source.

Figure 3.6 shows a schematic overview of the plasma source, which is used in this re-
search for studying ionic complexes [20]. A gas mixture is expanded under pressure (200-
1000 mbar) through a narrow slit (32 mm × 50 µm) into a vacuum chamber. The vacuum
chamber is pumped by a roots blower system (4800 m3/h), which keeps the pressure in the
vacuum chamber at ∼0.1 mbar during jet operation. The gas expansion is bombarded by elec-
trons emitted from a tungsten wire (0.2 mm diameter) positioned ∼1 cm below the expansion.
A current of 4 A is set over the filament, which is sufficient to heat the wire to a temperature
of ∼1500 K, high enough for thermionic emission to occur. Most of the heat produced by
the filament is carried away by a water cooled copper block. The cooling of the expansion is
barely affected by the heat coming from the filament (rotational temperatures of 10-20 K are
obtained for HCO+ formed in plasma diluted with argon [6]). The wire is placed in a slotted
molybdenum tube (∅inner = 4.5 mm, ∅outer = 6.0 mm) parallel to and 1.5 cm below the gas
expansion slit. The filament and the tube are put on a negative voltage of -120 V, so that the
electrons emitted from the filament are repelled by the inner wall of the molybdenum tube
and are directed through the slit. Hence, the molybdenum tube acts as a convergent cylindri-
cal lens and focuses the cloud of electrons towards the gas expansion. The filament and tube
are isolated from earth potential by ceramic insulators. The electron beam is accelerated by
the negative voltage towards the nearest grounded metallic plate (anode), which is placed a
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few millimetres in front of the tube and has a slit of equal size as the slit in the molybdenum
tube and is placed exactly in front of the slit in the tube. A significant fraction of the electrons
crosses the slit aperture of the grounded anode and subsequent impact with the expanding gas
ignites plasma, in which radical, excited and ionic species are formed. The jet assembly can
be moved back and forth with respect to the electron gun system in order to optimise plasma
conditions.

The plasma current is measured using a small resistor (8 Ω) and is of the order of 30-40
mA. A constant current is maintained during the course of the experiment as any gradual
changes in the plasma that occur due to filament degeneracy can be continuously corrected
for. This is essential to guarantee constant production conditions, particularly as minute
amounts of reactive gases like hydrogen, oxygen and CO are sufficient to initiate chemical
reactions at the filament surface decreasing its life time.

3.6 The detection sensitivity

Although the concentration of ionic complexes in the plasma expansion is relatively high, it is
still too low to be measured in direct absorption without the help of additional techniques that
increase the detection sensitivity. There are several ways to enhance the detection sensitivity
of an experiment. For example the path length of the laser beam can be increased, which is
done in the present experiment by using multi-reflection optics. Another way is to decrease
the noise in the measured data, which is the subject of the following section.

The noise measured by the detectors is electronic in nature. Different types of electronic
noise exist, of which white noise, shot noise and flicker noise (also called 1/f noise) are the
most important ones. White noise arises from thermal fluctuations in the electron density and
is uniformly present over all frequencies. The root means square (r.m.s.) of the measured
voltage due to white noise (vwhite in units V/

√
Hz) is given by the following equation:

vwhite =
√

4kbTR∆ f (3.4)

where kb is the Boltzmann constant, T is the temperature, R is the resistance and ∆f is the
applied bandwidth of a measurement. Shot noise is originating from the non-uniformity of
the electric current in resistors and its r.m.s. (ishot in A/

√
Hz) is described by:

ishot =
√

2qI∆ f (3.5)

where q is the elementary charge and I is the current. Both white and shot noise are evenly
present over all frequencies and depend on the bandwidth ∆f of a measurement. Flicker or
1/f noise (v1/ f ) can result from a variety of effects (like impurities in the conductive channel,
generation and recombination noise in a transistor due to base current) and its formula is
given by:

v1/ f ∝
1
f n (3.6)
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where f is the frequency of the noise and 0 < n < 2 (with n is usually close to 1). The 1/f noise
is high at low frequencies and close to zero for higher frequencies. In order to reduce the noise
it would be wise to measure at high frequencies, where the noise is predominantly white and
1/f noise is close to zero. One way to make this happen is by using modulation techniques.
In this technique the signal reaching the detector is modulated with a specific frequency, after
which this signal is demodulated with the help of lock-in-amplifiers. The signal reaching the
detector is modulated one way or the other (see final part of this section) with the help of a
frequency generator. This means that two different frequency signals are present: one coming
from the frequency generator (reference signal) and the other is the modulated signal coming
from the detector (’real’ signal). These two ac-signals can be converted into one dc-signal
through multiplication of the two frequencies:

V = Vsigsin(ωsigt + θsig) · Vre f sin(ωre f t + θre f )

=
1
2

VsigVre f · cos
[
(ωsig − ωre f )t + θsig − θre f

]
(3.7)

−
1
2

VsigVre f · cos
[
(ωsig + ωre f )t + θsig + θre f

]
In this way a fast oscillating part (consisting of the sum of the two frequencies) and a slow
oscillating part (consisting of the difference of the two frequencies) is formed. When the fast
oscillating part is filtered out, the following dc-signal occurs (assuming ωsig = ωre f = ω):

V =
1
2

VsigVre f · cos(θ) (3.8)

where θ = θsig - θre f and V has a constant value. The filtering of the dc-signal from the fast
oscillating part is done by a low-pass filter with band width ∆f, which can be set with the RC
time (T) on the lock-in-amplifier. The relation between the band width and the time constant
is 1

4T . The time constant on the lock-in-amplifiers can be varied from 1 ms to 100 s (∆f =

2.5 mHz - 250 Hz), however the range used for the experiments in this thesis is 300 ms - 3 s
(0.083 Hz - 0.83 Hz).

So in principle the lock-in-amplifier works as a band pass filter with a centre frequency
at the modulation frequency and a band width inversely proportional to the time constant.
If for a specific experiment the noise should be reduced even further, a higher modulation
frequency and/or a smaller bandwidth (larger time constant) should be used. It should be
noted that larger time constants will lead to longer integration times. If the time constant is
increased, the scanning speed should be lowered, otherwise the detected peaks will become
very broad and may become very unclear. For a time constant of 1 s the scanning speed is
about 0.2 cm−1/min; for larger time constants lower speeds can be used.

Over the years several modulation techniques have been employed in order to raise the
signal-to-noise-ratio [15, 21–25]. E.g. when a pulsed expansion is used, the frequency, at
which the expansion is pulsing, can be used as a reference frequency. A drawback of this
method is that the maximum pulse frequency of gas valves is ∼100 Hz, at which the low
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frequency noise coming from excess laser noise (1/f noise) is still significant. Furthermore
the duty cycle of a pulsed valve is not very high, as a valve has a maximal opening time of ∼1
ms, after which it is closed for at least 10 ms or longer. So for further noise reduction other
modulation methods, like intensity-, wavelength- and double modulation, should be applied.

Intensity modulation has already been discussed in Section 3.3 and is sufficient to mea-
sure an etalon or a reference gas cell. However, this is not a very sensitive method, as the
intensity of the laser is not constant during a scan. In addition the modulation frequency is
approximately 200 Hz, at which still a lot of 1/f noise is present.

Wavelength modulation has been used for the detection of several instable molecules and
can be applied at higher frequencies (10-100 kHz) [21, 22, 25]. Wavelength modulation is
achieved by modulating the laser current with a small amplitude resulting in the modulation of
the laser frequency with an amplitude, which depends on the relation between the current and
frequency. Initially the diode laser frequency rises with a certain amount and then drops back
with a slightly smaller amount. When the laser goes over an absorption peak, the detector
will receive a signal, which decreases in magnitude, then increases a little bit, than decreases
again etc. (i.e. the detector sees a oscillating signal). This signal will be demodulated by
lock-in-amplifiers. A major drawback in this method is that interference fringes easily arise
between the mirrors of a multi-pass cell in the setup. The period of these fringes is close
to the absorption lines and their amplitude can be so high that the rovibrational transitions
cannot be distinguished in the spectra.

These interference fringes can be removed by applying double modulation schemes [23,
24]. Wavelength modulation in combination with the modulation of a pulsed valve allows to
remove the interference fringes are removed, while at the same time the 1/f noise at lower
frequencies is diminished. The disadvantage of this method is again the lower duty cycle
when using pulsed sources.

The modulation technique, which is used in the experiments in this thesis, is called pro-
duction or concentration modulation [15]. Here the concentration of the measured species is
modulated. In the plasma source described in Section 3.5 it is possible to modulate the elec-
tron emission coming from the filament thereby modulating the plasma and the production
of the ionic complexes. The electron emission can be modulated by setting a sine wave over
the voltage of the filament and molybdenum tube with a frequency in the range of 5-15 kHz.
Figure 3.7 shows a schematic overview of the electric circuit, which initiates the modulation.
As was mentioned before the filament is heated by a power supply, which gives a power of
∼50 W to the filament at a current of 4-5 A and is brought to a negative voltage of -120 V.
A light bulb is mounted in between to limit the electron flow to the discharge. The electrons
are pulled from the earth and directed through a 8 Ω resistance to the filament. The output
of a function generator is connected to a power amplifier, which in turn is connected to a 1:2
transformer. By switching on the function generator the negative voltage is modulated and
hereby the concentration of the ions formed in the plasma is modulated. The detectors absorb
a modulated signal, which is sent to a lock-in-amplifier, which demodulates the signal. The
advantage of this technique is that a relatively high modulation frequency can be used, while
interfering effects of the laser beam, typical for wavelength modulation, are absent. Addition-
ally, the plasma itself is very stable making it suitable to be used in phase-sensitive detection
measurements.
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Figure 3.7: Schematic overview of the used modulation technique. For clarity the amplifier
system used to amplify the sine function is omitted.

The frequency range, in which concentration modulation can be applied, is constraint
to several boundary conditions. While there is no lower limit, the upper limit modulation
frequency is bound to the limits of the used electronic equipment. Additionally, the upper
limit is restricted by the time a complex ion needs to travel through the range the multi-passing
laser beam, which should be half the period of the inverse of the modulation frequency. If
the modulation frequency is higher, there will be no clear modulated signal appearing on the
detector. Also, for the same reason, the lifetime of the ion of interest should exceed half the
period of the inverse of the modulation frequency.
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3.7 Cavity ring down spectroscopy

Figure 3.8: Principle of cavity ring down spectroscopy. The intensity of the light pulse is
measured as function of time. The decay rate is plotted as function of frequency.

3.7 Cavity ring down spectroscopy

The major disadvantage of diode lasers is that they have a limited tunability; their spectral
coverage is ∼100 cm−1, which, additionally, is not complete, as it contains regions with no
light emission. Chapter 4 describes a measuring technique, in which an optical parametric
oscillator (OPO) is used as a light source. An OPO emits infrared radiation with an output
power of 1 W from 2100-3600 cm−1 without having any gaps in this frequency range. The
measuring technique applied in Chapter 4 is called cavity ring down spectroscopy (CRDS).
This technique has been described in detail before [26–32]. A short description of CRDS will
be given here.

In CRDS a sample is placed in between two highly reflective mirrors as shown in Figure
3.8 (reflectivity of the mirrors is more then 99.9%). When monochromatic light is directed to
the mirrors a small part is transmitted through the first mirror and reaches the second mirror.
A small part is again transmitted through the second mirror and reaches a detector. The
major part of the light beam is reflected by the second mirror and first mirror, respectively,
and comes back to the second mirror, where again a small part leaks out to the detector. The
intensity of the second ’beam’ will be a little bit reduced with respect to the light that has
leaked out in the first cycle. This process repeats itself until the intensity drops to zero. The
intensity of the detected light is plotted as function of time as shown in Figure 3.8. The
intensity decreases in time with e−t/τ, in which τ (the ring down time) is the time, at which
the intensity has dropped to e−1 of the initial intensity (I0) and is given by [32]:

τ =
L

c[(1 − R) + δc + αl]
(3.9)

where L is the optical length of the cavity (the distance between the mirrors), c the speed
of light, R the reflectivity of the mirrors, δs includes cavity losses other than those arising
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from the mirrors or the absorption of the molecules (i.e. scattering of light by the cavity
medium or optics inside the cavity, which are negligible in gas phase measurements) and
αl the absorption loss for a sample present in the cavity with absorption coëfficient α and
length l. The index of refraction is taken as one in this formula. The advantage of CRDS
over conventional absorption techniques are the increased path lengths (which can amount
to several kilometers) and the fact that the method is insensitive to fluctuations in the laser
power. The ring down time reflects the rate of the absorption rather than the magnitude of the
absorption. The ring down time is obtained by fitting the ring down curve and is plotted as
function of frequency. At an absorption τ decreases, which is seen as an peak in the spectrum.
The absorption coëfficient α can be calculated from the ring down time using the following
equation:

α =
L
cl

(
1
τ
−

1
τ0

)
(3.10)

where τ is the ring down time with presence of the sample and τ0 is the ring down time
without sample. Using Lambert-Beer’s law the absorbance A can be calculated [32]:

A = εlC =
αl

2.303
=

L
2.303c

(
1
τ
−

1
τ0

)
(3.11)

where ε is the molar absorptivity, C is the concentration of the absorbed species and 2.303 is
the conversion factor from natural log to base 10 log.

Since its introduction CRDS has been used in different fields ranging from flames, dis-
charges and molecular expansions to CRDS in the liquid phase and it has become an estab-
lished method together with resonance enhanced multi-photon ionization (REMPI) and laser
induced fluorescence (LIF). Its basic limitations arise from the availability of highly reflective
mirrors in certain wavelength regions.

3.8 Mass spectrometric results

In the expansion many processes take place simultaneously - hydrogen/proton attachment,
proton transfer and charge exchange reactions, and clustering - resulting in a quite unpre-
dictable chemical mixture. In order to be able to observe what kinds of ions are formed in
the plasma expansion and to optimize plasma conditions for a specific reaction product, a
mass spectrometer has been incorporated in the setup [20]. Operation of a mass spectrometer
requires a vacuum better than 10−5 mbar, which can be achieved by employing differential
pumpig. For this purpose a skimmer is used to separate the higher pressure expansion cham-
ber from the mass spectrometer. Directly behind the skimmer three electrostatic lenses are
positioned. On the first lens a small tube is made with an inner diameter of 3 mm, which
nears the orifice of the skimmer. The ions are directed by the electrostatic lenses towards a
quadrupole mass spectrometer (QMS, model Balzers QMG 512). Pressures are well below
10−6 mbar using an oil diffusion pump. The QMS is used to directly monitor the charged

48



3.8 Mass spectrometric results

plasma constituents. Generally cluster ion signals are visible by direct online monitoring, but
on the oscilloscope averaging can be applied in order to visualize species that are harder to
form.

In order to see which kinds of cluster ions are formed in the plasma expansion several
gas mixtures were expanded and detected with the QMS. The gases that were expanded are
Ar, He, N2, CO, CO2, H2 and H2O. Furthermore a number of different organic compounds
like acetylene (C2H2), ethene (C2H4), cyanogen (C2N2) and iso (C3H3) diluted in Ar or He
were studied as well. In order to put H2O into the expansion a little bit of liquid water was
placed into a metal flask and an Ar-flow was conducted over the water surface carrying some
H2O-molecules into the expansion. The mass spectra were recorded with an oscilloscope
connected to a computer, which plotted the mass spectra in a graph with a program made
with Labview. In order to visualise species that are harder to form a low cut-off frequency
filter was used, so that only high frequency noise was visible. Furthermore, the whole plasma
source can be moved closer to the skimmer, so that the ion density in the QMS increases.

The cluster ions, which have been measured, are ordered into three groups: 1) proton
bound complexes, 2) charge induced complexes (complexes without any protons) and 3)
organic ions. These ions are presented in order to show the capabilities of the source. Fur-
thermore, some ions are reported, which are formed in large amounts, but which have not
been observed in the infrared before.

3.8.1 Proton bound complexes

When hydrogen is present in the plasma proton transfer reactions dominate and mainly pro-
ton bound complexes are observed in the mass spectra. Such species consist of two or more
atoms/molecules bound together by a proton; the charge is generally localized at the proton.
A prototype example is the spectroscopically well studied Ar-HN2

+ [33–39]. In Figure. 3.9
and 3.10 typical mass spectra are shown for hydrogen plasma containing CO, N2 and CO2.
Table 3.2 provides an overview of all ionic species formed in such plasma. Clear progressions
[(CO)nH]+, [(N2)nH]+, and [(CO2)nH]+ are visible with maximum n-values (not shown in the
figure) as high as 5, 7 and 7, respectively. The complexation efficiency depends on a combi-
nation of binding energy and backing pressure. Looking at the proton affinities - 494.5 kJ/mol
for N2, 540.6 kJ/mol for CO2 and 594 kJ/mol for CO [40] - it is not clear why CO complexes
seem to form less efficiently. A possible explanation may be related to a structural change;
in the case of [(N2)2H]+ a linear centro-symmetric (i.e., proton-sandwich) structure has been
derived [41], whereas in the case of [(CO)2H]+ a linear but asymmetric OC-HCO+ structure
has been proposed [42]. This makes the OC-H+-bond in [OC-HCO]+ weaker than the N2-H+-
bond in [N2-H-N2]+, a process that may be extendable for larger clusters. Mixed complexes
are also formed, in which the proton most likely acts as an intermolecular bridge. In Fig-
ure 3.10 the formation of [CO2-H-N2]+ is observed next to [(N2)2−H]+ and [(CO2)2−H]+.
When extending the mass spectrum to higher masses (not shown in the figure) even more
exotic complexes are found, e.g., [(CO2)2-H-N2]+, [(CO2)2-H-(N2)2]+ and [CO2-H-(N2)3]+.
Larger proton bound complexes are produced in smaller amounts, as more and more 3-body
collisions are necessary to form these complexes. Abundances, therefore, are most likely
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Figure 3.11: A mass spectrum as recorded of expanding Ar/H2O plasma. The cluster distri-
bution depends on the backing pressure. The mass spectrum shows a sequence of (H2O)nH+-
clusters from n=1 to n=14.

higher further downstream and will increase for larger backing pressures.
Within the class of proton bound complexes, the protonated water clusters ([(H2O)nH]+)

form a very important group. There still exists much debate on the actual structure of these
clusters and this is particularly true for the protonated water dimer; gas phase infrared spectra
have been recorded recently, but vibrational interpretations are still ambiguous [43–45]. The
mass spectrum in Figure 3.11 shows a clear [(H2O)nH]+ series starting at H3O+ and ending
around [(H2O)14H]+. For higher backing pressures larger clusters are formed. The inten-
sity of the mass peaks rises until n=4, at which all three OH-bonds in H3O+ bind one H2O
molecule through electrostatic interactions. For higher clusters the intensity quickly drops,
because the charge of the H3O+-ion is shielded by the surrounding water-molecules making
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3.8 Mass spectrometric results

Figure 3.12: A mass spectrum of Ar/CO plasma with partial backing pressures of 300 mbar
Ar and 100 mbar CO.

the intermolecular forces between the ’extra’ water-molecules and the ion much weaker.

3.8.2 Charge induced complexes

Without hydrogen, on the contrary, mainly charge induced complexes are observed (formed
due to polarization, induction and charge transfer), such as the important [Ar-N2]+ complex
[46–48] (see Table 3.3). In general, such bonds are weaker than the proton bound equivalents
as the charge is shielded by the surrounding electrons. However, when the ionization energies
(IE) of the bonding partners are (approximately) the same atomic/ molecular orbitals will have
a significant overlap yielding a bond with a relatively high binding energy; binding energies
of 1-1.2 eV are found for homo-nuclear ionic complexes such as [(CO)2]+ and [N2-N2]+ but
also a mixed ionic complex such as [Ar-N2]+ (IE(Ar) = 15.76 eV and IE(N2) = 15.58 eV)
has a binding energy of 1 eV. In this particular case there is a strong overlap between the 3pz

atomic orbital of Ar and the 3σg molecular orbital of N2. A direct consequence is that in
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3.8 Mass spectrometric results

Ar/N2 containing plasma not only species like [(N2)n]+ are efficiently formed - typically up
to [(N2)5]+ - but also [Ar-(N2)n]+ ions are readily observed. Figure 3.12 shows a typical mass
spectrum containing CO diluted with Ar. Clearly a progression [(CO)n]+ is observed. The
pentamer is the largest cluster that has been observed. Of particular interest is the [(CO)2]+,
that is easily formed and has a binding energy of ∼1.7 eV. It is the charged equivalent of
the well studied van der Waals complex (CO)2 [49, 50], which has a binding energy near
100 cm−1 (∼0.01 eV). The neutral CO-dimer has been searched for in more than 10 different
interstellar clouds, however has not been found. Upper limits have been determined to be
less than 4·1015 molecules cm−2/km s−1 [51]. However, as the binding energy of (CO)2

+ is
over 100 times bigger, it might be considered that this complex is present on a detectable
scale. So far spectroscopic data are lacking for the charged dimer, even though matrix data
are available that may indicate where to search for the vibrational modes [52]. Mixing CO
with N2 yields definitely also mixed clusters [N2-CO]+ that, however, cannot be directly
discriminated, because both precursor gases have a molecular weight of 28 amu.

In O2/N2 plasma - that is generally hard to run as the O2 affects the filament - ionic
complexes like N2O2

+, [N3O]+ and [N5O]+ have been found. [Ar-N2]+ is definitely much
easier to produce than [N2-O2]+ which reflects the larger difference in IE (IE(O2) = 12.07
eV). Also measurements in pure CO2 plasma have been performed that mainly show dimer
and trimer cluster formation. Again, the actual size distribution will strongly depend on the
backing pressure.

3.8.3 Organic Ions

A number of mixtures with carbon bearing precursors - acetylene, allene, and cyanogens -
has been used with the aim to generate long and unsaturated carbon chain radicals of astro-
physical interest [53]. Typically species of the form CnHm

+ are formed with a maximum of
about 6 carbon atoms (Table 3.4). Also a few cluster ions ([(C2N2)2H]+, [CO-C2H2]+ and
Ar-C2H4

+) are observed. Additionally a small heated reservoir has been incorporated in the
nozzle system, in order to bring solid volatile species into the gas phase for evaporation tem-
peratures in the range between 70 and 300 oC. Mass spectra have been recorded for argon
expansions containing naphthalene, uracil, 1,4 amino-phenol, and catechol. As one may ex-
pect, fragmentation occurs, but nevertheless a large abundance of ionized precursor material
is routinely obtained, which opens the possibility of systematic infrared spectroscopic studies
of larger transients in planar plasma using electron impact ionization. Naphthalene plasma
shows a strong mass peak at 128 amu and a ten times smaller mass peak at 102 amu indicat-
ing the loss of a C2H2

+unit. Cathechol plasma shows a peak at mass 110 with a dominant
loss channel at 93 amu (OH loss) and a large number of fragments below 50 amu, which is
also found for 1,4 amino-pheno. Uracil plasma shows a clear signal at mass 112 amu with
loss channels around 69 and 42 amu.
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3.9 Conclusions

3.9 Conclusions

The experimental setup for studying ionic complexes with high resolution infrared spec-
troscopy has been described in detail. The results of a systematic mass spectrometric survey
are presented that demonstrate the performance of an electron impact plasma source and that
show the potential of studying cluster ions in direct absorption through supersonic planar
plasma. Ions and cluster ions with masses up to 250 amu have been measured. Many of the
species that are formed in larger amounts have not been studied by spectroscopic techniques
so far and an extension towards these systems will definitely further improve the understand-
ing of charged induced interactions at the level of molecular motion.
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and L. Wste, Science 299 (2003), 1375.
[45] T.D. Fridgen, T.B. McMahon, L. MacAleese, J. Lemaire, P. Maitre, J. Phys. Chem. A

108 (2004), 9008.
[46] H.-S. Kim, M.T. Bowers, J. Chem. Phys. 93 (1990), 1158.
[47] H. Linnartz, D. Verdes, J.P. Maier, Science 297 (2002), 1166.
[48] H. Verbraak, J.N.P. van Stralen, J. Bouwman, J.S. de Klerk, D. Verdes, H. Linnartz,

F.M. Bickelhaupt, J. Chem. Phys. 123 (2005), 144305.
[49] M.D. Brookes, A.R.W. McKellar, Chem. Phys. Lett. 287 (1998), 365.

60



References

[50] J. Tank, A.R.W. McKellar, L.A. Surin, D.N. Foruzikov, B.S. Dumesh, G. Winnewisser,
J. Mol. Spectrosc. 214 (2002), 87.

[51] P.A. Vanden Bout, J.M. Steed, L.S. Bernstein, W. Klemperer, Astrophys. J. 234 (1979)
503.

[52] W.E. Thompson, M.E. Jacox, J. Chem. Phys. 95 (1991), 735.
[53] T. Motylewski, H. Linnartz, O. Vaizert, J.P. Maier, G.A. Galazutdinov, F.A. Musaev, J.

Krelowski, G.A.H. Walker and D.A. Bohlender, Astrophys. J. 531 (2000), 312.

61





4 Mid-infrared continuous wave cav-
ity ring down spectroscopy of
molecular ions using an optical
parametric oscillatora

aBased on: H. Verbraak, A.K.Y. Ngai, S.T. Persijn, F.J.M. Harren, H. Linnartz, Chem. Phys. Lett.
442 (2007) 145.

Abstract

A sensitive infrared detection scheme is presented, in which continuous wave cavity ring
down spectroscopy is used to record rovibrational spectra of molecular ions in direct absorp-
tion through supersonically expanding planar plasma. A cw optical parametric oscillator is
used as a light source and combines a broad spectral coverage (2100-3600 cm−1) and narrow
bandwidth (7 kHz) with a high output power (∼ 1 W) and excellent TEM00 mode charac-
teristics. The performance of the technique is demonstrated by recording a rotationally cold
spectrum of formyl cation, HCO+, in the CH stretching region. For optimal conditions abso-
lute ion densities in the plasma expansion amount to 2·1010 HCO+-ions/cm3 in the detection
zone.

4.1 Introduction

Molecular ions are reactive species that govern the chemical properties of plasma, as found
in interstellar clouds, combustion processes and the upper layers of our atmosphere. Spectral
fingerprints are necessary to determine the structural and dynamical parameters of these ions
as well as to identify molecular transients in highly reactive environments. Their instabil-
ity, however, also complicates systematic laboratory studies, mainly because of difficulties
that are related to the production of ions in high abundances. Consequently sensitive de-
tection techniques are needed in combination with effective production techniques, typically
long and cryogenically cooled cell discharges [1–3] and supersonic plasma expansions [4–
8]. Moreover a narrow linewidth and broad tunability of the light source are needed in order
to resolve the rotational structure and to cover large frequency domains. Particularly in the
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4 cw-CRD spectroscopy of molecular ions using an OPO-system

mid-infrared - the molecular fingerprint region - this combination has hampered systematic
spectroscopic studies of molecular ions. Nevertheless, in the last two decades a number of
very successful techniques have been developed. Cluster ions have been studied intensely
using dissociation techniques [9, 10]. Other detection schemes use the short lifetime, the net
charge or open shell character of a molecular ion in sophisticated phase sensitive detection
schemes, following for example production [7], velocity [11] or Zeeman modulation [12].
Also straightforward frequency or special double modulation schemes have been reported
[13, 14]. More recently cavity enhanced absorption techniques have been proposed as a pow-
erful alternative based upon direct absorption principles [15]. However, whereas searches
for high resolution cavity ring down spectra of transient species are becoming routine in the
UV/VIS [16], cavity ring down applications in the mid-infrared are limited and essentially
lacking for molecular ions. (We are only aware of cw-CRD measurements of H3

+ and D2H+

in the near infrared using discharge cells [17, 18].)
Until recently this has been due to a general lack of affordable mirrors with sufficiently

high reflectivity as well as missing fast infrared detectors. In addition, an extension to cw-
CRD techniques has remained problematic because the standard infrared lasers either have
a good mode profile but suffer from poor tunability (e.g. CO2 / CO lasers [19] and quan-
tum cascade lasers [20]) or have good spectral coverage but poor mode characteristics (e.g.
diode lasers) [21, 22]. The cw-OPO system used in this work overcomes this problem and,
in addition, has a superb TEM00 mode profile which is a prerequisite for routine cw-CRD
work. The combination with a planar expansion facility provides a unique tool for sensitive
and selective high resolution spectroscopy at rotationally cold temperatures [23]. This letter
describes this generally applicable method to record infrared spectra of molecular ions and
the performance is discussed on the example of the rotationally resolved infrared CH-stretch
(ν1) spectrum of formyl cation, HCO+.

4.2 Experiment

A schematic of the experimental setup is given in Figure 4.1. The HCO+ ions are produced
in a supersonic planar plasma expansion that has been described in detail in Chapter 3 and
Ref. [24]. A gas mixture of Ar, H2 and CO (90:5:5 mixture) is continuously expanded with
600 mbar backing pressure through a slit (3.2 cm × 50 µm) into a vacuum chamber, that is
evacuated by a strong roots blower system with a total pumping capacity of 4800 m3/h. The
gas is subsequently bombarded by electrons that are emitted from a heated tungsten wire (-
120 V, 4A) that is positioned in a slotted molybdynum tube. In front of the tube a slotted metal
plate is placed on ground potential. Emitted electrons are accelerated toward the gas mixture,
which is ionized through collisions with the electrons. The resulting plasma is sampled by a
quadrupole mass spectrometer via a skimmer with an orifice of 200 µm that is mounted about
3 cm downstream. In this way the plasma is optimized for best HCO+ production. Besides
HCO+ also cluster ions like Ar-HCO+ and protonated CO clusters [(CO)nH]+ are readily
formed (see Figure 3.9 for a mass spectrum optimized for [(OC)2H]+).

The plasma expansion is monitored by the output of a cw-OPO system (borrowed from
and constructed at the Life Science Trace Gas Facility Group in Nijmegen) consisting of a
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4.2 Experiment

to cw-CRD techniques has remained problematic because
the standard infrared lasers either have a good mode profile
but su!er from poor tunability (e.g. CO2/CO lasers [19]
and quantum cascade lasers [20]) or have good spectral
coverage but poor mode characteristics (e.g. diode lasers)
[21,22]. The cw-OPO system used in this work overcomes
this problem and, in addition, has a superb TEM00 mode
profile which is a prerequisite for routine cw-CRD work.
The combination with a planar expansion facility provides
a unique tool for sensitive and selective high resolution
spectroscopy at rotationally cold temperatures [23]. This
letter describes this generally applicable method to record
infrared spectra of molecular ions and the performance is
discussed on the example of a rotationally resolved infrared
CH-stretch (m1) spectrum of formyl cation, HCO+.

2. Experiment

A schematic of the experimental setup is given in Fig. 1.
The HCO+ ions are produced in a supersonic planar

plasma expansion that has been described in much detail
recently [24]. A gas mixture of Ar, H2 and CO (90:5:5 mix-
ture) is expanded continuously with 600 mbar backing
pressure through a slit (3.2 cm · 50 lm) into a vacuum
chamber, that is evacuated by a strong roots blower system
with a total pumping capacity of 4800 m3/h. The gas is sub-
sequently bombarded by electrons that are emitted from a
heated tungsten wire (!120 V, 4 A) that is positioned in a
slotted molybdynum tube. In front of the tube a slotted
metal plate is placed on ground potential. Emitted elec-
trons are accelerated toward the gas mixture, which is ion-
ized through collisions with the electrons. The resulting
plasma is sampled by a quadrupole mass spectrometer
via a skimmer with an orifice of 200 lm that is mounted
about 3 cm downstream. In this way the plasma is opti-
mized for best HCO+ production. Besides HCO+ also clus-
ter ions like Ar–HCO+ and protonated CO clusters
[(CO)nH]+ are readily formed (see Fig. 2 for a mass spec-
trum optimized for [(OC)2H]+). The plasma expansion is
monitored by the output of a home-made cw-OPO system

Fig. 1. Schematic overview of the experimental cw-CRD setup (A) in which a planar plasma (Leiden) and cw-OPO laser system (Nijmegen) are combined.
Inset (B) shows the transmission characteristics of the cavity when scanning the piezo voltage. The excellent mode characteristics provide an unambiguous
setting for the trigger threshold.
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Figure 4.1: Schematic overview of the experimental setup (A) in which a planar plasma and
cw-OPO laser system are combined.
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4 cw-CRD spectroscopy of molecular ions using an OPO-system

standard four-mirror bowtie ring design that has been described in detail in [25] and was
incorporated into plasma setup for a couple of months. An MgO-doped periodically poled
lithium niobate (PP-MgO-LN) crystal (HC Photonics) is used for the parametric oscillation.
The OPO is pumped by a cw-Nd:YAG laser (Lightwave M6000 MOPA), which has an output
power of 10 W. Although mode hops occur every 12 GHz, the Nd:YAG laser has a continuous
tunability of 1.3 cm−1. The frequency can be further tuned by tilting an intracavity etalon in
the OPO increasing the tunability to 7 cm−1. Additionally the idler and signal frequency can
be changed by altering the temperature or period of the PP-MgO-LN crystal, which allows
for scanning the idler and signal frequency between 2100-3600 cm−1 and 5800-7300 cm−1,
respectively. The idler frequency is used for the cavity ring down measurements and has an
output power of 1 W. The resulting bandwidth relevant for the cavity ring down measure-
ments is 7 kHz over 20 µs and 4.5 MHz over 1 s. The mode structure of the system is mainly
TEM00, which strongly facilitates the use of cw-CRD as a detection technique, as shown in
the inset of Figure 4.1.

A standard detection scheme is used to record the ring down events. The method es-
sentially follows the scheme as described in [26, 27]. The OPO output is guided through a
Germanium acousto-optic modulator (AOM), which deflects 20 % of the idler wave under an
angle of 15 degrees towards the ring down cavity when it is switched on. The cavity consists
of two mirrors with a reflectivity of 99.98 % (Los Gatos Research, see Ref. [25]) between
2960-3060 cm−1 that are mounted 60 cm apart. Special helium curtains are used to protect
the mirrors from pollution. The cavity is aligned in such a way that the laser beam is parallel
to the slit a few mm downstream of the orifice. The cavity length is modulated over one free
spectral range at a frequency of 30 Hz by means of a piezo- electric transducer mounted on
one of the mirror holders. In this way the cavity becomes infrared transparent at least once
during a piezo scan. When the intensity in the cavity reaches a threshold value the AOM
is switched off and a ring down signal occurs that is fitted using a fast exponential fitting
algorithm [28]. A spectrum is recorded by measuring the ring down time as function of the
frequency. The typical ring down time in the present experiment amounts to about 12 µs and
corresponds to approximately 6000 passes or an absorption length of at least 200 m through
the expansion. The spectra are calibrated by focusing part of the idler wave on a wavemeter.
The combination of a nearly Doppler free environment in a planar expansion, a very narrow
bandwidth and an accurate frequency calibration using a wavelength meter (Bristol Instru-
ments 621A), allows an accurate determination of line positions with an absolute accuracy of
the order of 5 · 10−4 cm−1.

4.3 Results and Discussion

Figure 4.2 shows part of the R-branch of the CH-stretching vibration of HCO+ from J = 0 to 5.
The transitions observed here were first recorded in 1983 in discharge cells using phase sen-
sitive detection techniques [11, 29] and have been used ever since for testing new discharge
techniques. Our line positions R(0) = 3091.6900 cm−1, R(1) = 3094.6176 cm−1, R(2) =

3097.5217 cm−1, R(3) = 3100.4023 cm−1, R(4) = 3103.2582 cm−1 and R(5) = 3106.0904
cm−1 are accurate up to 0.0005 cm−1 and overlap within the experimental uncertainties
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4.3 Results and Discussion
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Figure 4.2: The R(0)-R(5) transitions of HCO+ observed in direct absorption directly visu-
alized in absorbance units - through supersonically expanding plasma. A mid-infrared cw-
OPO laser system is used as radiation source and cw-CRD is applied as a sensitive detection
technique.

with the previously reported values. The typical full-width-at-half-maximum (FWHM) value
amounts to 105 MHz and is determined by residual Doppler broadening in the expansion.
This corresponds to a translational temperature of 72 K, which is substantially lower than
in cell environments. The rotational cooling is determined from a Boltzmann plot to be Trot

∼19 K. As a direct consequence J-levels with a value higher than J=6 are not sufficiently
populated to be detectable.

A specific advantage of cw-CRD is that it is possible to determine absolute densities,
once the absorbance (A) is available. In the present experiment this is calculated from the
ring down time (τ) [30]:

A =
n
c
×

L
2.303

×

(
1
τ
−

1
τ0

)
(4.1)

with n the index of refraction (taken as one), c the speed of light, L the distance between the
mirrors (0.6 m), 2.303 the conversion factor between natural log and log base 10 and τ0 the
ring down time of the base line (i.e. with plasma on, but without molecular absorption).

It should be noted that the accurate derivation of absolute ion densities from the ab-
sorbance in plasma sources is important and not straightforward and therefore, the procedure
is described in some more detail below. It follows essentially the method described in [31]
and applies for a distance of 0.5 mm from the nozzle orifice. For the ν1 fundamental of HCO+
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4 cw-CRD spectroscopy of molecular ions using an OPO-system

an integrated infrared band intensity (Sv
0) of 580 +/- 90 cm−2 atm−1 has been reported in [31]

using fast ion beams. Equation 4.2 shows the formula for determining the HCO+ ion density:

[HCO+] =

(
π

4·ln2

)1/2
×A×ΓD×

1
S i f ·d

(4.2)

where A is the absorbance as derived from Equation 4.1, ΓD the FWHM (105 MHz = 0.0035
cm−1), Si f the integrated line strength for a single rovibrational transition (in cm−2 atm−1)
and d the actual length of the slit (3.2 cm). The integrated line strength Si f and the integrated
infrared band intensity Sv

0 are related by:

S i f = S 0
v×Ri f×F (4.3)

where Ri f is the fraction of the total band strength accounted for in a particular rovibrational
transition and F the Herman-Wallis vibration-rotation interaction correction which is taken
as unity [31]. For linear molecules the expression for Ri f is:

Ri f = |m|e−Erot/kTrot ·q−1
rot·

νi f

ν0
·
(
1 − e−νi f /kTvib

)
(4.4)

with |m| = J+1 for R-branch transitions, Erot the initial rotational energy in the ground state,
Trot and Tvib the rotational and vibrational temperatures, νi f the energy of the excited state
and ν0 the band origin and qrot (=Σ(2J+1)e

−BJ(J+1)
kT ) the rotational partition function. In order

to calculate [HCO+] the integrated line strength Si f must be known which is calculated from
Equations 4.3 and 4.4. As no hot bands are obseved, it is not possible to derive Tvib. Typically,
in a molecular beam expansion Tvib is a few times larger than Trot but in plasma with ongoing
electronic excitations and relaxations the value of Tvib may become substantially larger [32,
33]. Following Equation 4.4 a higher Tvib will decrease Ri f (and consequently Si f ), but only
in a very non-critical way; νi f is over 3000 cm−1, so that the temperature needs to be a couple
of thousands degrees high in order to have an observable effect on Ri f . As this is uncommon
in expansions Tvib = Trot has been taken here and the derived values represent lower density
limits. The rotational energies are calculated using B = 1.475699 cm−1 yielding qrot = 9.29.
Table 4.1 lists the resulting [HCO]+ values for the observed J-levels that vary between 1.66
and 2.11·10−10 atm, with exception of the J=1 value (1.10·10−10 atm) where we expect that
plasma conditions were not fully optimum. The concentration of HCO+ is converted from
units of atm to HCO+/cm3 assuming steady gas and stable plasma conditions and taking
a translational temperature of 72 K as derived from the Doppler width. This results in an
average density of roughly 2·1010 HCO+/cm3. The absolute value also allows a determination
of the other ionic complexes formed in the plasma through linear scaling of the mass signals
(see Figure 3.9). For [(OC)2H]+ a complexation rate of the order of 20-25 % is found, which
corresponds to a density of ∼ 5·109 ions/cm3. This is substantially higher than the typical
complexation rate found for neutral van der Waals complexes (∼ 5%) and reflects the larger
binding energies due to charge induced interactions. For the proton bound Ar-HCO+ - that has
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Table 4.1: Values for Ri f , Si f and resulting ion densities in atm and HCO+/cm3 for the planar
plasma source 0.5 mm downstream of the nozzle orifice.

J Ri f Si f A [HCO]+ [HCO]+

10−6 10−10 atm 1010 HCO+/cm3

0 0.10764 62.43272 11.4 2.11 2.15
1 0.17233 99.95156 9.5 1.10 1.12
2 0.16563 96.06702 16.9 2.03 2.08
3 0.11327 65.69772 12.1 2.13 2.17
4 0.05813 33.71613 4.8 1.66 1.69
5 0.02292 13.29634 2.3 2.02 2.06

not been optimized in the shown test run - still complexation rates of more than 10% have
been found. The latter system has been studied in much detail, but [(OC)2H]+ spectra are
fully lacking and clearly this cannot be due to a production problem. This is unfortunate, as
at this stage it is fully unclear whether this molecule has a centro-symmetric proton-sandwich
CO-H+-CO geometry (comparable to N2-H+-N2 [34]) or a more complex structure like CO-
HCO+. The latter one may be interesting as the intermediate product of two abundant species
in ion-molecule reactions in interstellar space.

So far cluster ions have been measured through the plasma source described here by
applying a phase sensitive detection scheme following production modulation in combination
with tunable diode laser spectroscopy [7, 24, 34]. The present result shows that a direct
absorption technique based upon cw CRD offers a powerful alternative. The setup described
here also would be suited to quantify reaction dynamical aspects in the expansion. In the
last years calculations have been reported that simulate the flow characteristics of expanding
planar plasma (see e.g. Ref. [35]). For obvious reasons chemical reactivity has not been
taken into account in these models. The present setup allows the online probing of densities
of different reaction products, by intersecting the plasma at different distances from the nozzle
orifice. For a two-dimensional expansion the particle concentration is expected to behave as
1/r where r is the distance between laser beam and nozzle orifice and only in a non-reactive
environment the product of the concentration and r should give a constant value. It should be
noted that the rotational and vibrational temperature also change with distance to the nozzle
orifice and that this has to be taken explicitly into account. It has not been possible to study
this in detail during the short period, in which the Nijmegen OPO system was available for
experiments on the Leiden plasma setup.
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5 Fermi interaction between the ν1

and the ν2+4νs bands of Ar· · ·DN2
+a

aBased on: H. Verbraak, M. Snels, P. Botschwina, H. Linnartz J. Chem. Phys. 124 (2006) 224315.

Abstract

Two rotationally fully resolved vibrational bands have been unambiguously assigned to the
linear deuteron bound Ar· · ·DN2

+ complex by using ground state combination differences.
The ionic complex is formed in a supersonic planar plasma expansion optimised and con-
trolled by a mass spectrometer and is detected in direct absorption using tunable diode lasers
and applying production modulation spectroscopy. The band origins are located at 2436.272
cm−1 and at 2435.932 cm−1 and correspond to the ν1 band (NN-stretch) and to the ν2+4νs

combination band (ND and intermolecular stretch), respectively. The two bands strongly
overlap and the relatively strong intensity of the combination band is explained due to a
Fermi interaction. This interaction perturbs the observed transitions, particularly for low J.
A fit yields values for the Fermi interaction parameters F0 = 0.332 cm−1 and FJ = -0.00146
cm−1 and gives accurate rotational constants. These are discussed both from an experimental
and theoretical point of view.

5.1 Introduction

During the past two decades, the investigation of proton-bound ionic complexes by means of
rotationally resolved spectroscopy has made significant progress (see Ref. [1] for a review).
Many of the complexes studied so far involve rare-gas atoms as binding partners of a molec-
ular cation, with Ar· · ·HN2

+ and its isotopomers being the system that has been studied in
greatest detail. Most of the current spectroscopic knowledge on Ar· · ·HN2

+ and Ar· · ·DN2
+

results from infrared (IR) vibrational predissociation (PD) [2–4] and direct absorption [5–7]
spectroscopy. In addition, pure rotational spectra of six different isotopomers of the ionic
complex have been observed by Fourier-transform microwave spectroscopy [8].

IRPD spectroscopy of Ar· · ·HN2
+ [2, 3] yielded a remarkably precise value for the disso-

ciation energy (D0 = 2781.5 ± 1.5 cm−1) and placed the term value of the lowest accessible
excited vibrational state at 2505.40±0.10 cm−1. The analysis of 28 rovibrational transitions
in the 2501 - 2510 cm−1 region, observed by direct IR absorption spectroscopy in a super-
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sonic slit expansion, yielded a more precise value of ν0 = 2505.4998(4) cm−1 [5]. In both
cases, the excited vibrational state was assigned as ν1 + νs, i.e., the combination of one quan-
tum of the stretching vibration of HN2

+ with highest wavenumber (ν1) and one quantum of
intermolecular stretching vibration (νs). On the basis of coupled cluster calculations at the
CCSD(T) level carried out in late 1998 [9], this assignment had to be revised. Making use
of variational calculations with a three-dimensional stretch-only vibrational Hamiltonian, the
ν1 band origin of Ar· · ·HN2

+ was predicted at 2519 cm−1 [6]. The corresponding vibration is
of mixed character, i.e. may be described as a combination of HN stretching and NN stretch-
ing motion, with the latter getting a somewhat larger contribution. This situation is clearly
illustrated by a mass plot (see Figure 5.1 taken from Ref. [6]), which draws the harmonic
and anharmonic wavenumbers of the intramolecular stretching vibrations as a function of
the mass of the hydrogen atom, mH’, which is regarded as a variable. Within the harmonic
approximation, ω1 shows a strong variation with mH’ in the vicinity of mass 1 u and the har-
monic vibration with highest wavenumber is still predominantly HN stretching in character.
Upon taking anharmonicity effects into account, the situation changes and now ν2 exhibits
the strongest variation with mH’. The ν2 band was predicted to have a larger transition dipole
moment than the ν1 band and its origin was experimentally determined 2041.1802(3) cm−1

[6]. The mass plot also demonstrates that the ν1 and ν2 bands of Ar· · ·DN2
+ have almost

local NN and DN stretching character, respectively. A direct absorption IR spectrum of the
latter band was published in 2000 along with the results of CCSD(T) calculations [7], which
predicted a large transition dipole moment of |µ(ν2)| = 0.541 D, only slightly smaller than
|µ(ν2)| = 0.611 D as obtained for Ar· · ·HN2

+ [6].

The remaining intramolecular stretching vibration of Ar· · ·DN2
+ (ν1) was calculated to

have its origin at 2441 cm−1 [7]. While several earlier searches for this band have been
unsuccessful, the band was recently recorded and the results are presented in this chapter.
Surprisingly, not only the ν1 vibration is found, but also a second band that strongly overlaps
the ν1-mode and originates from ground state Ar· · ·DN2

+. Below the spectroscopic details
are discussed along with the interaction between the two vibrations.

5.2 Experiment

The experimental procedure is described in Chapter 3. Ar· · ·DN2
+ is generated by expanding

500 mbar of Ar, 50 mbar of D2 and ∼5 mbar of N2 into the main chamber. If more N2 is
used in the expansion the equilibrium of the chemical reactions in the plasma goes more to
the (N2· · ·D· · ·N2)+-complex, because N2 binds stronger to a proton (deuteron) than argon
due to its quadrupole moment. The Ar· · ·DN2

+-production was optimised with the help of
the quadrupole mass spectrometer.

Lead-salt laser diode are used as the light source and the spectra are calibrated by using
an etalon and a N2O-gas reference cell, which gave an overall accuracy of 0.002 cm−1.
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5.2 Experiment

monic approximation, !1 depends more strongly on mH!
around mH!"1 u than is the case for !2 and consequently

the harmonic stretching vibration with highest wave number

is predominantly NH stretching in character. The situation

becomes reversed when vibrational anharmonicity is taken

into account. The anharmonic vibration #2 shows a rather
strong dependence on mH! and the difference !2!#2 is cal-
culated to be as large as 208 cm!1.

The equilibrium electric dipole moment of Ar¯HN2
" ,

evaluated in the center-of-mass coordinate system, is

4.112 D $CCSD$T%/219 cGTO%. Such a large value facilitates
the investigation of pure rotational transitions of the cluster

ion.1 The variation of the electric dipole moment with the

three internal stretching vibrational coordinates is shown in

Fig. 3. All three curves have rather large slopes at equilib-

rium and exhibit relatively little curvature. In order to calcu-

late vibrational transition moments, a three-dimensional ana-

lytical electric dipole moment function was obtained by

least-squares fit to 106 CCSD$T% dipole moment values.
Results of the 3D variational calculations, including cal-

culated vibrational transition moments, are listed in Table II.

Restriction to linear nuclear configurations implies that the

interaction between Ar and HN2
" is likely to be overesti-

mated on average by the present calculations and, conse-

quently, the anharmonic interaction between vibrational

states #1 and #2 is expected to be overestimated as well. The
calculated difference #1!#2 is therefore expected to be too
large. The origin of the #1 band with predicted transition
moment of 0.434 D is calculated at 2519 cm!1, only 14

cm!1 above the origin of the strongest band observed so far.

The band observed at 2505 cm!1 is therefore assigned to the

fundamental with highest wave number (#1). For the #2
band with calculated origin at 1987 cm!1 an exceptionally

large transition moment of 0.611 D is predicted. The corre-

sponding harmonic vibrational wave number $cf. Table I% is
!2#2195 cm

!1 and the &(!2) value obtained within the

familiar double-harmonic approximation is 0.339 D. The

double-harmonic value for the NN stretching vibration of

free HN2
" is only 0.016 D. The combination tone #1"#s in

the complex is calculated at 2756 cm!1 with a transition

moment of 0.074 D. The observed band with origin at

2755.62$5% cm!1 $Ref. 2% is therefore assigned to #1"#s .

B. IR diode laser absorption spectroscopy

Guided by the present ab initio calculations the #2 band
of Ar¯HN2

" was located around 2041 cm!1. In total 81

FIG. 2. Dependence of the two highest harmonic and anharmonic stretching

vibrational wave numbers on the mass of the hydrogen atom mH! , taken to
be a variable.

FIG. 3. Variation of the electric dipole moment of Ar¯HN2
" , evaluated in

the center-of-mass coordinate system, with the internal stretching vibrational

coordinates.

TABLE II. Wave numbers and transition moments of most intense stretch-

ing vibrational transitions of Ar¯HN2
" from 3D variational calculations.a

Ar¯HN2
"

Band #̃/cm!1 !&!/D

#s 205 0.389

2#s 402 0.045

#2 1987 0.611

#2"#s 2226 0.016

#2"2#s 2448 0.046

#1 2519 0.434

#2"3#s 2658 0.033

#1"#s 2756 0.074

#1"2#s 2983 0.021

aCCSD$T%/219 cGTO.

2738 J. Chem. Phys., Vol. 113, No. 7, 15 August 2000 Botschwina et al.

Figure 5.1: Dependence of the two highest harmonic and anharmonic stretching vibrations
on the mass of the hydrogen atom mH′ taken to be variable (the figure is coming from Ref.
[6]).
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Figure 5.2: A typical scan showing part of the P-branches of the two absorption bands. The
lines assigned by italic characters belong to the ν2+4νs-band, the normal characters are used
for the ν1-band.

5.3 Observations

Guided by previous CCSD(T) calculations [7] a total of 71 fully resolved transitions has been
recorded in the frequency region between 2432 and 2440 cm−1. The spectrum of the NN
stretching vibration being a parallel band of a linear molecule should appear as two distinct
series of P and R transitions, separated by a band gap. The observed spectrum, however, is
not that straight forward to interpret as clearly two series of rovibrational transitions overlap.
This is illustrated in Figure 5.2 where a typical scan is shown. The two bands overlap and
band gaps are not easily identified, as the lowest rotational levels are moderately populated at
optimal jet conditions. Even though all signals disappear for plasma without D2 and N2 and
scale linearly with the Ar· · ·DN2

+ mass spectrometric signal, one does not at first hand expect
that both bands are due to Ar· · ·DN2

+. Both bands have comparable intensities and in this re-
gion only the ν1 fundamental is expected to show strong absorption signals. Nevertheless, by
calculating combination differences (∆2F(J) = R(J-1) P(J+1)) for different J-assignments and
comparing these with the ground state progression as available from the observed ν2 mode
(ND-stretch) of Ar· · ·DN2

+ around 1593 cm−1 [7], the two separate bands are unambiguously
assigned as originating from the ground state of Ar· · ·DN2

+. The best average difference of
∆2F(J) calculated for the two bands presented here and including all observed lines is of the
order of 0.0015 cm−1. Alternative numberings result in a much larger average difference.

76



5.4 Analysis and Discussion

will raise the wave number. A better prediction for the
!2+4!s band origin is obtained by adding the calculated dif-
ference !!2+4!s"!!2 to the experimental value for !2 of
1593.6 cm!1.7 The result is 2442.6 cm!1, very close to the !1
value. In the calculations the latter band is predominantly
NN stretching in character and should therefore be only
slightly affected by neglecting the stretch-bend interaction.
In a reasonably realistic simulation of the anharmonic inter-
action between vibrational states !1 and !2+4!s we may re-
late the difference !2!experiment"!!2!CCSD!T"" of
34.2 cm!1 to a stretch-bend interaction term "s!b as intro-
duced earlier in calculations for free HN2

+ and DN2
+.14 In this

way, band origins of 2446.5 cm!1 and 2447.5 cm!1 and tran-
sition dipole moments of 0.160 D and 0.174 D are found,
respectively.

In the light of the above discussion the observed line
positions of the two bands were fitted to a standard #-#
rovibrational Hamiltonian. The ground state rotational con-
stant B! has been determined from ground state combination
differences !inclusion of the distortion constant D! did not
improve the fit significantly" and the band origins, !0, and
excited state rotational constants B" were initially determined
using PGOPHER.15 This, however, did not result in fits that
reproduce the observed line positions with an accuracy that

TABLE I. Observed line positions !cm!1" of rotational transitions in the !1 and the !2+4!s bands of Ar¯DN2
+.

!1 !2+4!s

J P o-ca R o-ca P o-ca R o-ca

0 2435.8862 !14
1 2435.5675 !8 2436.0423 !13
2 2436.9338 36 2435.4040 !11 2436.1962 !7
3 2435.9807 22 2437.0725 !17 2435.2383 !12 2436.3484 15
4 2435.8052 7 2437.2159 8 2435.0698 !14 2436.4957 26
5 2435.6272 4 2437.3544 7 2434.8995 !1 2436.6362 14
6 2435.4464 3 2437.4912 3 2434.7246 4 2436.7730 22
7 2435.2626 !5 2437.6185 b 2434.5442 0 2436.8990 !13
8 2435.0763 !25 2437.7636 !22 2434.3590 4 2437.0203 !17
9 2434.8934 !7 2437.9041 !14 2434.1674 10 2437.1307 !42

10 2434.7089 !14 2438.0475 !5 2433.9674 9 2437.2385 4
11 2434.5275 !9 2438.1924 !13 2433.7584 6 2437.3318 6
12 2434.3474 !18 2438.3423 !8 2433.5397 3 2437.4141 4
13 2434.1721 !13 2438.4958 !4 2433.3116 8
14 2434.0006 !6 2438.6536 8 2433.0722 5
15 2433.8321 !5 2438.8138 12
16 2433.6675 0 2438.9781 27
17 2433.5064 7 2439.1418 9
18 2433.3480 11 2439.3117 29
19 2433.1909 1 2439.4810 21
20 2433.0398 27 2439.6536 27
21 2432.8875 20 2439.8279 31
22 2439.9983 !20
23 2432.5907 26 2440.1707 !66
24 2432.4408 !12
25 2432.2926 !48

aObserved-calculated !in 10!4 cm!1" using the constants shown in Table III.
bNot included in the fit due to poor calibration.

FIG. 2. Stick diagram of the ob-
served line positions with an inten-
sity distribution as typical for Trot
#10 K. The dashed lines have not
been observed, as signals overlap or
are too weak to be detectable.

224315-3 Fermi interaction in Ar¯DN2
+ J. Chem. Phys. 124, 224315 !2006"

Downloaded 12 Jul 2006 to 132.229.221.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jspFigure 5.3: Stick diagram of the observed line positions with an intensity distribution as
typical for Trot ∼10 K. Dashed lines have not been observed, as signals overlap or are too
weak to be detectable.

One band - the broad band - consists of 44 transitions with J-values up to 25 in the 2432-
2440 cm−1 region and the other narrower band consists of 27 transitions with J- values up to
14 in the 2433-2437 cm−1 region. The latter band converges faster resulting in a band head at
rather low J-values. An overview of all observed transitions is given in Table 5.1. Figure 5.3
shows a stick spectrum with the observed line positions and calculated intensities for Trot=

10 K.

5.4 Analysis and Discussion

Theoretical results for band origins and transition dipole moments of Ar· · ·DN2
+ are available

from previous work [7] and the values of interest to the present work are summarized in
Table 5.2. The ν1 band with origin predicted at 2441 cm−1 and a relatively large transition
dipole moment of 0.234 D is clearly a candidate for the stronger (and broader) of the two
observed Σ-Σ type transitions, while the combination tone ν2+4νs may be the carrier of the
narrower band. From the variational stretch-only calculations its origin was calculated to be
2408.4 cm−1. This is an underestimate, however, since inclusion of anharmonic stretch-bend
interaction, in particular that between DN stretching and intermolecular bending vibrations,
will raise the wavenumber. A better prediction for the ν2+4νs band origin is obtained by
adding the calculated difference (ν2+4νs) - ν2 to the experimental value for ν2 of 1593.6 cm−1

[7]. The result is 2442.6 cm−1, very close to the ν1 value.
In the calculations the ν1-band is predominantly NN stretching in character and should

therefore be only slightly affected by neglecting the stretch-bend interaction. In a simulation
of the anharmonic interaction between vibrational states ν1 and (ν2 = 1, νs = 4) the difference
ν2 (experiment) - ν2 (CCSD(T)) was equated with a stretch-bend interaction term ∆s−b as
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Table 5.1: Observed line positions (cm−1) of rotational transitions in the ν1 and the ν2+ 4νs

bands of Ar· · ·DN2
+.

ν1 ν2+4νs

J P o-c R o-c P o-c R o-c

0 2435.8862 -14
1 2435.5675 -8 2436.0423 -13
2 2436.9338 36 2435.4040 -11 2436.1962 -7
3 2435.9807 22 2437.0725 -17 2435.2383 -12 2436.3484 15
4 2435.8052 7 2437.2159 8 2435.0698 -14 2436.4957 26
5 2435.6272 4 2437.3544 7 2434.8995 -1 2436.6362 14
6 2435.4464 3 2437.4912 3 2434.7246 4 2436.7730 22
7 2435.2626 -5 2437.6185 b 2434.5442 0 2436.8990 -13
8 2435.0763 -25 2437.7636 -22 2434.3590 4 2437.0203 -17
9 2434.8934 -7 2437.9041 -14 2434.1674 10 2437.1307 -42

10 2434.7089 -14 2438.0475 -5 2433.9674 9 2437.2385 4
11 2434.5275 -9 2438.1924 -13 2433.7584 6 2437.3318 6
12 2434.3474 -18 2438.3423 -8 2433.5397 3 2437.4141 4
13 2434.1721 -13 2438.4958 -4 2433.3116 8
14 2434.0006 -6 2438.6536 8 2433.0722 5
15 2433.8321 -5 2438.8138 12
16 2433.6675 0 2438.9781 27
17 2433.5064 7 2439.1418 9
18 2433.3480 11 2439.3117 29
19 2433.1909 1 2439.4810 21
20 2433.0398 27 2439.6536 27
21 2432.8875 20 2439.8279 31
22 2439.9983 -20
23 2432.5907 26 2440.1707 -66
24 2432.4408 -12
25 2432.2926 -48
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5.4 Analysis and Discussion

Table 5.2: Calculated wave numbers and transition dipole moments for the stretching vibra-
tions of Ar· · ·DN2

+

Band ν (cm−1) |µ| (D)

νs 195.3 0.384
ν2 1559.4 (1593.6) 0.541

ν2+νs 1786.8 0.094
ν2+2νs 2003.7 0.011
ν2+3νs 2210.8 0.001
ν2+4νs 2408.4 (2442.6) 0.003
ν1 2441.0 0.234

introduced earlier in calculations for free HN2
+ and DN2

+ [14]. In this way, band origins of
2446.5 and 2447.5 cm−1 and absolute IR intensities of comparable magnitude (156 and 187
km mol−1, respectively) are found.

The observed line positions of the two bands were fitted to a standard Σ-Σ rovibrational
Hamiltonian. The band origins and rotational constants were initially determined using PGo-
pher [15]. This, however, did not result in fits that reproduce the observed line positions with
an accuracy that is comparable or better than the experimental uncertainty meaning that the
rovibrational levels probably are perturbed. In the case of a Fermi type perturbation two in-
teracting energy states repel each other resulting in shifts of the rovibrational energy levels.
In Section 2.3.4 it has been said that the perturbation becomes very strong if the energy dif-
ference between the zero approximation levels is very small. Furthermore, Fermi resonance
can only occur between vibrations with the same symmetry type. As these two criteria hold
for these two vibrations (both have Σ-symmetry and are very close in energy), it is very likely
that a Fermi interaction occurs between these vibrations. The energy levels of two vibrations,
which are perturbed through Fermi resonance, can be found by solving the determinant in
Equation 2.7 [16], which gives Equation 2.8:

H =
H0

1 + H0
2±

√
δ2 + 4|H12|

2

2

where H1
0 and H2

0 are the Hamiltonians for the unperturbed rovibrational energies [H0=ν0
+B’J(J+1)-D’J2(J+1)2] of the ν1 and ν2+4νs mode, respectively, δ = H1

0-H2
0 and H12 = H21

= F0 + FJ J(J+1) is the Fermi interaction term. F0 and FJ are the Fermi interaction parameters
for the vibrational and the rotational part of the Hamiltonian, respectively. Several fits were
performed to determine, which of the molecular constants and the Fermi interaction terms
were essential to reproduce the experimental data. The distortion constants D were set to zero,
since their inclusion improved the fit only marginally, but caused a large correlation between
the fitted parameters. On the contrary, the rotational dependent part of the Fermi interaction
was essential in the fit, but resulted in strong correlation with the other parameters, producing
large statistical errors. Therefore we performed a series of least squares fits, fixing FJ at
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values between -1.3 and -1.6·10−3 cm−1 and varying all other parameters. The corresponding
maximum standard deviations are 6.8 and 5.4·10−3 cm−1, respectively, with a minimum value
of 1.9·10−3 cm−1 at FJ = -1.46·10−3 cm−1 (see Figure 5.4 for details). This error is close to
the estimated experimental error in the line positions. The resulting molecular parameters are
summarized in Table 5.3 and these values are used to derive the observed-calculated values as
listed in Table 5.1. The uncertainties in the fitted parameters, as summarized in Table 5.3, are
derived by explicitly taking into account all fits with a standard deviation of less than 4·10−3

cm−1.
As can be observed from the band head in the spectrum, the excited state B’ constant

for the ν2+4νs is smaller than the ground state value B”, and corresponds to a B”/B’ ratio of
1.043. This value is larger than that previously observed for ν1 and ν2 in both Ar···HN2

+ and
Ar···DN2

+, where values are found between 0.986-0.991. This is due to the large anharmonic-
ity in the intermolecular stretch vibration, which is quite common for hydrogen bound com-
plexes. The experimental rotational constants B’ (given in Table 5.3) are in good agreement
with the expectations from the previous joint experimental/theoretical work [7]. In Table 5.4
the differences between the excited state rotational constants and the corresponding ground
state value (B”-B’=α) are calculated for the four excited states of interest. The calculations
have been performed with the CCSD(T) method with two different basis sets comprising 219
and 368 cGTOs, respectively. For the unperturbed ν1 state gives a value for α of -0.00034
cm−1. The corresponding experimental value from the present work is 0.00013 cm−1. This
small mismatch is due to the fact that the theoretical values are obtained from conventional
second order perturbation theory in normal coordinate space and it is well known that this
method has its limitations in systems with a high degree of vibrational anharmonicity. The
CCSD(T) results listed in Table 5.4 for the ν2+4νs band are obtained from the values reported
for α2 and αs in Ref. [7]. This yields 0.00272 cm−1 and 0.00228 cm−1 for the two basis sets
with 219 and 368 cGTOs, respectively, and becomes 0.00356 cm−1 and 0.00320 cm−1 when
the experimental value for α2 is used (-0.00076 cm−1) [7]. The latter values compare very
well with the experimental value of 0.00332 cm−1.

The Fermi interaction term F0 is comparable to the difference of the two unperturbed
vibrational energy levels (δ = 2436.272 - 2435.932 = 0.340 cm−1), which means that the
intensity borrowing is rather efficient. This can easily be deduced from the formula for the
relative intensity of two bands (Equation 2.16) [16]. In this case the perturbation has a strong
rotational character which implies that the total interaction term (F0+J(J+1)FJ) vanishes for

Table 5.3: Experimentally determined constants (cm−1) for the ν1 and ν2+4νs excited bands.

ν1 ν2+4νs

ν0 2436.272(2) 2435.932(5)
B” 0.080407 0.080407
B’ 0.08028(5) 0.07709(6)
F0 0.332(6)
FJ -1.46(11)·10−3
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Figure 5.4: Standard overall deviation of the fit for a number of fixed FJ values (all other
parameters are fitted). The minimum standard deviation corresponds to the parameters re-
ported in Table 5.3, while the errors in Table 5.3 correspond to a maximum allowed standard
deviation of 4·10−3 cm−1.

J=15. This is in good agreement with the observations, since no lines of the combination
band have been observed for J greater than 14, even though these are expected for a rotational
temperature of 10 K. In Figure 5.5a the energy differences (∆E=Eν1 (J)-Eν2+4νs (J) = Pν1 (J+1)-
Pν2+4νs (J+1) = Rν1 (J-1)-Rν2+4νs (J-1)) between the two perturbed vibrations for each J-level
have been displayed as dots and are calculated from the observed transitions (Table 5.1). The
squares show the unperturbed ∆E values calculated from the rotational constants as listed in
Table 5.3 excluding the Fermi interaction parameters. For each J-level the relative shifts in
energy due to the perturbation can be found by substracting the unperturbed values from the
perturbed values in Figure 5.5a, which is plotted in Figure 5.5b. Figure 5.5 shows that the
Fermi resonance (which occurs between energy levels of the same angular momentum J) is
stronger for lower J-levels. It is obvious from the figure that the strength of the perturbation
depends on the value of the J-level and gets weaker with increasing values of J. This is because
the energy difference increases at higher J-levels resulting in a decrease of the perturbation
strength.
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Figure 5.5: a) Difference in energy between the ν1 band and the ν2+4νs band for each J-level
(∆E=E(ν1)-E(ν2+4νs); (•) show the differences, in which both states are perturbed, (�) show
the differences, in which both bands are unperturbed. b) Relative shift in energy due to the
perturbation for each J-level.
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Table 5.4: Predicted and experimental rotational constant differences for stretching vibra-
tional states of Ar· · ·DN2

+.

B”-B’

excited state CCSD(T)/219cGTO CCSD(T)/368cGTO experiment

νs 0.00108 0.00099
ν2 -0.00160 -0.00168 -0.00076

ν2+ 4νs 0.00272 0.00228 0.003317
(0.00356) (0.00320)

ν1 -0.00034 -0.00034 0.000127

5.5 Conclusions

Following earlier theoretical predictions [6, 7] the ν1 band of Ar···DN2
+ could finally be de-

tected in direct absorption using tunable diode laser spectroscopy. Calculated and experimen-
tal band origin positions differ by only 5 cm−1. The ν1 band is found to undergo accidental
interaction with the combination tone ν2+4νs. The deperturbed rotational constants of the
two excited vibrational states agree well with the predictions that can be made on the basis of
an earlier joint experimental/theoretical study [7]. According to the mass plot published ear-
lier (Figure 5.1 taken from Ref. [6]), the unperturbed ν1 band predominantly corresponds to
a NN stretching vibration. Compared with free DN2

+, where the ν3-band with NN-stretching
character is observed at 2024.04 cm−1 [17, 18], an increase in wavenumber of 412 cm−1 is
obtained. Using the harmonic wavenumber ω1 from the CCSD(T) calculations with the large
basis set of 368 cGTOs (2526 cm−1) [7], the anharmonicity contribution to ν1 is 91 cm−1,
much smaller than the value of 278 cm−1 calculated for Ar···HN2

+ [6].
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6 High-resolution infrared spec-
troscopy of the charge-transfer
complex [Ar-N2]+·: A combined
experimental/theoretical studya

aBased on: H. Verbraak, J.N.P. van Stralen, J. Bouwman, J.S. de Klerk, D. Verdes, H. Linnartz, F.M.
Bickelhaupt, J. Chem. Phys. 123 (2005) 144305

Abstract

A combined experimental and theoretical study of the charge-transfer complex [Ar-N2]+· is
presented. Nearly 50 transitions split by spin-rotation interaction have been observed by
means of infrared diode laser absorption spectroscopy in a supersonic planar plasma expan-
sion. The band origin is at 2272.2563(18) cm−1 and rotational constants in the ground and
vibrationally (NN-stretch) excited state amount to 0.128701(8) cm−1 and 0.128203(8) cm−1,
respectively. The interpretation of the data in terms of a charge switch upon complexation
is supported by new ab initio calculations. The best estimate for a linear equilibrium struc-
ture yields Re(NN)=1.102 Åand Re(Ar-N)=2.190 Å. Predictions for molecular parameters
not directly available from the experimental results are presented as well. Furthermore, the
electronic structure and Ar-N bonding mechanism of [Ar-N2]+· have been analysed in detail.
The Ar-N bond is a textbook example of a classical 2-center-3-electron bond.

6.1 Introduction

Charged complexes and cluster ions have binding energies typically an order of magnitude
larger than that found for their neutral van der Waals equivalents. This has been ascribed
to the charged nature of the interaction [1]. For high-resolution rovibrational spectroscopic
studies this has two consequences: (1) spectra of ionic complexes are generally less dense as
intramolecular tunnel motions are largely quenched, but (2) fundamental vibrations can shift
as much as several hundreds of wavenumbers compared to those known for the uncomplexed
species. An illustrative example is the Ar· · ·HN2

+ ionic complex [2–4]: this linear proton
bound ionic complex has a binding energy of roughly 2780 cm−1 and the NH and NN stretch
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are found to shift as much as 730 and 217 cm−1 with respect to the frequencies observed in
free N2H+.

An additional problem in studying ionic complexes at high resolution is a controlled
formation in large abundances, particularly in direct absorption experiments. This problem
is overcome in mass selective vibrational predissociation experiments [5], but also direct
absorption experiments have been used successfully in the last years by combining phase-
sensitive detection schemes and mass spectrometrically controlled supersonic planar plasma
expansions [6]. Just recently, it has been possible with this technique to record rovibrational
spectra of the linear ”sandwich molecules” N2-H+-N2 (Ref. [7]) and [N2-Ar-N2]+· (Ref. [8])
and to compare the experimental results with the outcome of high-level ab initio calculations.

The charge-transfer complex [Ar-N2]+· is a benchmark molecule for studying interactions
involving charged fragments. This complex is formed very efficiently in Ar/N2 plasma and
has a strong binding energy of roughly 1.2 eV [9]. This may be expected; the Ar and N2
species have similar ionization potentials (15.760 and 15.581 eV, respectively) and so tend to
form a bond with covalent character upon ionic complexation. Upon photodissociation the
complex prefers a channel Ar+·/N2, even though Ar/N2

+· should be energetically preferred
by 0.18 eV [10]. The latter was explained by showing that a charge switch of the cationic
center is induced upon complexation [11]. The present work is a spectroscopic and theoretical
extension of the study described in the latter reference. High-level ab initio [12] and density-
functional theory (DFT) [13, 14] calculations are presented that confirm the interpretation
of the experimental data and predict properties not directly available from the experiment:
accurate bond lengths, charge distribution, vibrational frequencies and infrared intensities,
the equilibrium rotational constant (Be), electric-field gradients at the nuclei, and binding
energies. Furthermore, the Ar-N bonding mechanism in [Ar-N2]+· is analyzed using a bond
energy decomposition scheme and interpreted in the context of the quantitative molecular
orbital (MO) model contained in Kohn-Sham DFT.

6.2 Experimental and Theoretical Methods

6.2.1 Experimental techniques

The [Ar-N2]+· cluster ions are generated in a supersonic plasma by electron impact ioniza-
tion of a gas mixture of 10% N2 in Ar that is expanded supersonically through a long and
narrow slit (3 cm×80 µm) with a backing pressure of typically 500 mbars. The radiation of
a tunable diode laser multipasses [15, 16] the expansion about 35 mm downstream and is
recorded phase sensitively using lock-in techniques. An effective and fast (10 kHz) produc-
tion modulation is obtained by periodically changing the electric-field gradients that are used
to direct electrons towards the expanding gas. A mass spectrometer is mounted downstream
and allows an online characterization of the plasma constituents. This is of importance as
optimal production conditions are critical and in addition a large number of quite often rather
exotic species is formed in the plasma as well. A mass spectrum of typical Ar/N2 plasma
is shown in Figure 6.1. From this figure it becomes clear that besides mixed cluster ions
ArnNm

+ also pure argon and nitrogen cluster ions are formed. As the experiment is not mass
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Figure 6.1: A mass spectrometric QMS detection of Ar/N2 plasma generated by electron
impact ionization in a supersonic planar plasma expansion.

selective, special care has to be taken in identifying spectral features. From the figure one can
see that under optimum conditions the [Ar-N2]+·-density is comparable to the N2

+-density.
This reflects the rather large binding energy of the [Ar-N2]+· ionic complex, which is in favor
of a straightforward production. The absolute frequency accuracy is of the order of 0.002
cm−1 and is achieved by simultaneously recording a reference gas and an etalon spectrum for
absolute and relative calibrations, respectively. Details are available from Chapter 3 and Ref.
[6].
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6.2.2 Theoretical methods

Ab initio geometries and energies

Ab initio linear equilibrium structures of [Ar-N2]+·, N2, and N2
+· have been optimized us-

ing NWCHEM version 4.6 [17], within the spin-unrestricted formalism. Hartree-Fock (HF),
Møller-Plesset second-order perturbation theory (MP2), coupled-cluster singles doubles (CCSD),
and coupled-cluster singles doubles with noniterative triples [CCSD(T)] have been applied.
Hierarchical series of correlation consistent basis sets [18–21] have been applied to inves-
tigate the convergence of the geometries with basis-set size. Our most accurate results are
obtained using the CCSD(T) method with the cc-pVQZ basis set.

Binding energies are calculated at geometries that are optimized using the cc-pVQZ basis
set. HF, CCSD, and CCSD(T) energy calculations using the cc-pVXZ (X=T, Q, and 5) basis
sets have been performed. Our most accurate CCSD(T) binding energies are obtained using
a basis-set extrapolation of the cc-pVQZ and cc-pV5Z energies. For this purpose we used
Equations 15.6.1-15.6.3 from the book of Helgaker et al [12]. For the energy of the Ar+·

ion a spin-orbit coupling (SOC) correction has been calculated using DIRAC [22]. This
correction has been calculated by comparing calculated ionization energies of Ar using the
full Dirac-Coulomb Hamiltonian and the spin-free Dirac-Coulomb [23] Hamiltonian. The
ionization energies have been calculated using the Fock-space CCSD method [24] with an
uncontracted cc-pVQZ basis set. Zero-point energy (ZPE) corrections, based on harmonic
frequency calculations, have been added to the molecular energies subsequently. In the next
subsection more details about harmonic frequencies are presented.

Ab initio vibrational spectra

Harmonic frequencies have been calculated at the CCSD(T)/cc-pVQZ geometry using MP2,
CCSD, and CCSD(T) with cc-pVDZ and cc-pVTZ basis sets and for MP2 also with the cc-
pVQZ basis set. For MP2/cc-pVXZ (X=D,T) and CCSD(T)/cc-pVDZ frequency calculations
are also performed at geometries optimized using the corresponding method. Both harmonic
and anharmonic CCSD(T)/ cc-pVQZ values were estimated for the νN−N mode of [Ar-N2]+·

by fitting a fifth-order polynomial to the CCSD(T)/cc-pVQZ energies of 21 points along the
NN stretching mode (in the range of -0.01-+0.01 a.u.) obtained at CCSD(T)/cc-pVTZ for
the CCSD(T)/cc-pVQZ equilibrium geometry. The quadratic term has been used to approxi-
mate the harmonic value at CCSD(T)/cc-pVQZ. The cubic and quartic terms have been used
to calculate the corresponding anharmonic correction. The formulas for calculating the an-
harmonic correction are based on vibrational perturbation theory and can be found in the
literature [25–27]. In our case we only calculated the so-called diagonal correction, i.e., cou-
pling with other modes is neglected. At the MP2 level of theory also infrared intensities have
been evaluated.
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6.2 Experimental and Theoretical Methods

Electric-field gradient calculations

Electric-field gradients (EFGs) on the different nuclei have been calculated using DIRAC.
The finite field method with field strengths of ±0.00001 a.u. has been employed here. The
calculations have been performed using the CCSD(T) method with a restricted open-shell
Hartree-Fock reference. The spin-free Dirac-Coulomb Hamiltonian has been used here.
Since the accurate calculation of EFGs requires the use of extra tight functions to give a
proper description of the core regions [28, 29] we added an extra tight s, p, and d functions to
the uncontracted aug-cc-pVTZ basis set on Ar and N. The values for the exponents of these
extra functions have been determined by multiplying the value of the highest exponent with
the ratio this value has with the one but highest exponent. So the extra functions have been de-
termined in an even-tempered manner. Nuclear quadrupole coupling constants (NQCC) have
subsequently been calculated employing the nuclear quadrupole moment values as tabulated
in Ref. [30].

DFT geometries, energies, and vibrational spectra

For the DFT calculations we employed the Amsterdam density-functional (ADF) program
[31]. All DFT calculations have been performed at both the CCSD(T)/cc-pVQZ geometry
and the DFT-optimized geometry. Geometries, energies, and vibrational spectra have been
computed using uncontracted Slater-type orbitals (STOs) without electrons kept frozen. The
basis set is a QZ4P set on all atoms. This basis set is of quadruple-zeta quality, augmented
with extra polarization functions: two 3d and two 4f functions on nitrogen and three 3d and
two 4f functions on argon. Ten different density functional have been employed: VWN [32],
VWN including the self-interaction correction from Stoll VWN-Stoll [33], BP86 [34, 35],
BLYP [34, 36], PW91 [37, 38], PBE [39, 40], revPBE [41], OPBE [39, 40, 42], OLYP
[36, 42] and mPW [38, 43].

DFT bonding analysis

The bonding mechanism in [Ar-N2]+· was analyzed using a quantitative bond energy decom-
position scheme [44–46] applying ADF. The basis set used for the bonding analysis, TZ2P,
is of triple-zeta quality, augmented with two sets of polarization functions on each atom: 3d
and 4f on nitrogen and also 3d and 4f on argon. The core shells of nitrogen (1s) and ar-
gon (1s2s2p) were treated using the frozen-core approximation [47]. The overall Ar-N bond
energy ∆E is divided into two major components:

∆E = ∆Eprep + ∆Eint (6.1)

The preparation energy ∆Eprep is the amount of energy required to deform the separated frag-
ments from their equilibrium structure to the geometry, which they acquire in the composite
molecule. The actual interaction energy ∆Eint between the prepared fragments can be further
split up into the three physically meaningful terms, which were also given in Equation 2.1:

89
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∆Eint = ∆Eelstat + ∆EPauli + ∆Eoi

The different energy terms have been explained briefly in Chapter 2. Here ∆Eelstat corre-
sponds to the classical electrostatic interaction between the unperturbed charge distributions
of the prepared fragments A and B and is usually attractive. The Pauli repulsion ∆EPauli

arises when the energy change associated with the transition from the isolated electron den-
sities ρA+ρB of the fragments to the wave function Ψ0=NÂ[ΨAΨB] properly obeys the Pauli
principle through explicit antisymmetrization (Â operator) and renormalization (N constant)
of the product of fragment wave functions. It comprises the four-electron destabilizing in-
teractions between occupied orbitals and is responsible for any steric repulsion. The orbital
interaction ∆Eoi accounts for electron-pair bonding, charge transfer (e.g., highest occupied
molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) interactions), and
polarization (empty/occupied mixing on one fragment due to the presence of another frag-
ment). Furthermore, atomic charges in [Ar-N2]+· have been calculated using the Voronoi
deformation density (VDD) method [48, 49] and the Hirshfeld method [49, 50].

6.3 Results and Disscussion

6.3.1 Experimental results

About 100 adjacent vibration-rotation lines have been observed around 2272 cm−1 that be-
long to a progression of P- and R-branch doublets [F1(N),F2(N)] that are due to spin-rotation
interaction. Lines due to Q-branch transitions lose intensity very rapidly with increasing ro-
tational quantum numbers and are only visible close to the band origin. A weighted stick
spectrum of all observed transitions (Ref. 11 and this work) is shown in Figure 6.2 and corre-
sponds to a vibrational (NN) excitation within an electronic 2Σ state that is due to the mixing
of the 3σg molecular orbital of N2

+· with the 3pσ (Ar) atomic orbital. The Boltzmann pro-
file corresponds to a rotational temperature of about 20 K. The inset shows a typical scan
with two subsequent rotational R-branch transitions. The spin-rotation splitting amounts to
about 0.01 cm−1, which is easily resolved and substantially larger than the observed linewidth
of 120 MHz full width at half maximum (FWHM). The rotational Hamiltonian is given by
H(2Σ+)=BvN2-DvN4+γvSN with N the rotational quantum number, S the total electron spin,
and Bv, Dv, and γv the rotational, centrifugal distortion, and spin-rotation constant for vibra-
tional level v, respectively. Within a Hund’s case (b) couplings scheme rotational progressions
are described by:

F1(N, J) = BvN(N + 1) − DvN2(N + 1)2 +
1
2
γvN ( f or J = N + 1

2 ) (6.2)

F2(N, J) = BvN(N + 1) − DvN2(N + 1)2 −
1
2
γv(N + 1) ( f or J = N − 1

2 ) (6.3)
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where J is the total angular momentum.
In Figure 6.2 transitions with N=3 and N=4 are shown that split into components F1(3.5)/

F2(2.5) and F1(4.5)/F2(3.5). A complete overview of all available transitions (which also
show two Q-branch transitions) is listed in Tables 6.1, 6.2 and 6.3. In the absence of additional
Q-branch transitions that connect levels with different symmetry, it is difficult to distinguish
between F1 and F2 progressions. However, a comparison of the intensities of two lines in a
doublet allows an unambiguous identification as P1 (and R1) transitions are stronger than the
corresponding P2 (and R2) transitions by a factor (N+1)/N. This is because the total angular
momentum J for F1-states is N+1/2, while for F2-states J is N-1/2. As each state consists
of 2J+1 levels F1-states have an intensity, which is stronger by a factor (N+1)/N. This is
particularly clear for low N values that are strongly populated at the low final temperature
in the adiabatic expansion. This systematic intensity difference within a doublet is visible
from the inset in Figure 6.2. All listed transitions are described within a fit routine [51] in
which Bv, Dv, and γv are determined in the ground v=0 and vibrationally excited v=1 state.
The corresponding observed-calculated (o-c) values are listed in Tables 6.1, 6.2 and 6.3. The
overall accuracy of the fit is better than 0.001 cm−1 which is well below the experimental
linewidth.

The band origin is found at 2272.2563(2) cm−1, which is in between values found for
N4

+ (2234.5 cm−1) (Ref. [52]) -in which the charge distribution is delocalized- and N2-
H+-N2 (2352.2 cm−1) (Ref. [7]) -in which the charge is located at the proton- and close to
ν01=2288.7 cm−1 found for the related centrosymmetric [N2-Ar-N2]+ ionic complex [8]. As
for the latter case, the charge distribution in [Ar-N2]+· is expected to be approximately equally
distributed over the Ar atom and N2. This is indeed confirmed by the DFT analyses of the
bonding mechanism in Section 6.3.2. The resulting relatively large binding energy is also
reflected in the minor change (0.4%) of the rotational constant upon vibrational excitation
(Table 6.4).

6.3.2 Theoretical results

Structure, stability and IR spectrum

The results of our quantum chemical computations are collected in Tables 6.5 (spectroscopic
constants) and 6.6 (bonding analysis). For a complete overview of all theoretical results, the
reader is referred to Tables S1-S9 in the supplementary material of Ref. [53]. Our benchmark
geometry parameters, obtained at CCSD(T)/cc-pVQZ, are 1.102 Å for the N-N distance and
2.190 Å for the Ar-N distance (Table 6.5). Inspection of Table S2 in Ref. [53] shows that these
values are converged with the basis-set size to within less than 0.01 Å. All DFT methods used
in this study reproduce the CCSD(T)/cc-pVQZ benchmark value of the NN bond distance
within a few thousands of angstroms but larger deviations of up to 0.2 Å are found for the Ar-
N distance (see Table S2). This is ascribed to the shallow potential-energy surface associated
with the Ar-N bond, which causes the equilibrium bond distance to depend more delicately
on the level of theory. The CCSD(T)/cc-pVQZ benchmark equilibrium rotational constant Be

agrees well with the experimental B0: 0.12750 cm−1 versus 0.128701(8) cm−1. From this it
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6 The charge-transfer complex [Ar-N2]+·: An experimental/theoretical study

Figure 6.2: A weighted overview of all experimentally identified rovibrational transitions of
the [Ar-N2]+· charge-transfer complex. The plot corresponds to a rotational temperature
of about 20 K. The inset shows a typical spectrum with transitions split by spin-rotation
interaction.

92



6.3 Results and Disscussion

Table 6.1: Observed line positions (in cm−1) of the F1-lines of the νNN vibration in [Ar-N2]+·

N J P1 branch o-c (10−4) R1 branch o-c (10−4)

0 1/2 2272.5082 8
1 3/2 2272.0043 1 2272.7634 5
2 5/2 2271.7460 1 2273.0178 5
3 7/2 2271.4866 1 2273.2711 3
4 9/2 2271.2256 -6 2273.5233 1
5 11/2 2270.9649 0 2273.7752 6
6 13/2 2270.7032 6 2274.0240 -11
7 15/2 2270.4391 -2 2274.2742 -3
8 17/2 2270.1751 1 2274.5229 0
9 19/2 2269.9106 9 2274.7705 2
10 21/2 2269.6429 -6 2275.0165 -2
11 23/2 2269.3757 -6 2275.2612 -9
12 25/2 2269.1073 -8 2275.5062 -2
13 27/2 2268.8384 -5 2275.7493 -5
14 29/2 2268.5682 -6 2275.9922 1
15 31/2 2268.2986 9 2276.2324 -10
16 33/2 2268.0258 2 2276.4725 -11
17 35/2 2267.7516 -10 2276.7118 -11
18 37/2 2267.4811 25 2276.9495 -16
19 39/2 2267.2051 14 2277.1904 21
20 41/2 2266.9284 7 2277.4258 14
21 43/2 2277.6599 3
22 45/2 2266.3720 -11 2277.8943 6
23 47/2 2266.0949 6 2278.1253 -14
24 49/2 2265.8139 -7
25 51/2 2265.5339 0
26 53/2 2265.2526 3
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Table 6.2: Observed line positions (in cm−1) of the F2-lines of the νNN vibration in [Ar-N2]+·

N J P2 branch o-c (10−4) R2 branch o-c (10−4)

1 1/2 2272.7727 -6
2 3/2 2271.7359 9 2273.0279 3
3 5/2 2271.4762 6 2273.2810 0
4 7/2 2271.2150 -2 2273.5334 1
5 9/2 2270.9537 -1 2273.7853 6
6 11/2 2270.6912 -2 2274.0345 -5
7 13/2 2270.4275 -5 2274.2844 0
8 15/2 2270.1637 1 2274.5332 5
9 17/2 2269.8986 4 2274.7806 6

10 19/2 2269.6307 -12 2275.0267 4
11 21/2 2269.3635 -11 2275.2710 -5
12 23/2 2269.0952 -11 2275.5160 2
13 25/2 2268.8261 -10 2275.7592 2
14 27/2 2268.5562 -6 2276.0024 11
15 29/2 2268.2857 1 2276.2425 1
16 31/2 2268.0131 -4 2276.4822 -4
17 33/2 2267.7382 -21 2276.7208 -10
18 35/2 2267.4687 24 2276.9586 -13
19 37/2 2267.1924 12 2277.1984 14
20 39/2 2266.9163 11 2277.4343 13
21 41/2 2277.6689 8
22 43/2 2266.3593 -10 2277.9023 2
23 45/2 2266.0824 9 2278.1341 -9
24 47/2 2265.8007 -10
25 49/2 2265.5214 5
26 51/2 2265.2382 -10
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6.3 Results and Disscussion

Table 6.3: Observed line positions (in cm−1) of the Q-lines of the νNN vibration in [Ar-N2]+·

J Q12 o-c (10−4) Q21 o-c (10−4)

1/2 2272.5212 -21 2271.9909 27

may be concluded that our benchmark geometry is reliable.
The harmonic N-N stretch frequency νN−N is 2408.2 cm−1 at CCSD(T)/ cc-pVQZ (see

Table 6.5). This value still differs by 21 cm−1 from the one obtained at CCSD(T)/cc-pVTZ
(compare Tables 6.5 and S3). The anharmonic correction amounts to -73.7 cm−1, which re-
sults in our best estimate for the anharmonic νN−N of 2334.5 cm−1. Note that the discrepancy
of 62.2 cm−1 between this νN−N value and the experimental one of 2272.2563(2) cm−1 (com-
pare Tables 6.4 and 6.5) is still sizable. A similar attempt to estimate anharmonicity effects
for the other two vibrational modes in [Ar-N2]+· was not attempted because, in view of their
having quite similar wavelengths, they are likely to show strong coupling effects. These are
neglected in our approach. The intermolecular stretching vibration (νs) can also be calcu-
lated from the obtained rotational constants of the dimer and the monomer and centrifugal
distortion constant of the dimer with Equation 2.18 (Chapter 2). Using this formula for the
constants given in Table 6.4 and with Bmonomer is 1.99824 cm−1 [54] a stretching vibration
of 319.8 cm−1 is found, which is in close agreement with the calculated vibration of 337.9
cm−1. The DFT harmonic values for the νN−N mode in [Ar-N2]+· (see Table S3) are roughly
50 cm−1 smaller than the harmonic CCSD(T)/cc-pVQZ value and are thus already closer
to the experimental values than the CCSD(T) harmonic results. This suggests that adding
an anharmonic correction would bring the DFT frequencies into very close agreement with
the experimentally measured frequency. The various methods used to compute infrared in-
tensities all point to a ratio of ca. 3:1:∼0 for N-N stretch:Ar-N stretch:bending (see Table S4).

Our benchmark results, CCSD(T)/cc-pV(Q5)Z, for the binding energies are in excellent
agreement with experiment (see Table 6.5). We find a binding energy for Ar+N2

+· of -1.22 eV
(including zero point energy), while the experimental number is -1.21 eV [55]. Furthermore,
we find that, at CCSD(T)/cc-pV(Q5)Z, the binding energy between the alternative fragments
Ar+·+N2 lies 0.18 eV higher in energy than for Ar+N2

+ (in this value, the spin-orbit coupling
term of -0.06 eV for Ar+·(2P3/2) has been taken into account). This is again in excellent
agreement with the corresponding experimental energy difference of 0.19 eV.

Table 6.4: Experimentally determined molecular constants (in cm−1) of [Ar-N2]+· in its 2Σ

electronic ground state for the v=0 and NN-excited (v=1) state

ν Bv Dv (10−8) γv

v=0 0 0.128701(8) 7.8(9) -0.01067(19)
v=1 2272.2563(2) 0.128203(8) 7.7(9) -0.01057(19)
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Table 6.5: Benchmark CCSD(T) spectroscopic constants and molecular parameters

Geometry-related data (in Å or cm−1)
Re(Ar-N) = 2.190 Re(N-N) = 1.102 Bv = 0.12750

Bond energies (in kcal/mol)
∆E(Ar+N2

+·) = -28.2 ∆E(Ar+·+N2) = -32.2

Vibrational frequencies (in cm−1)
νN−N

harm = 2408.2 νAr−N
harm = 337.9 νbend

harm =83.2
νN−N

anharm = 2334.5

Electric-field gradients (in a.u.)
q(Ar) = 4.9973 q(Nc) = -0.3268 q(Nt) = -0.9535

Nuclear quadrupole coupling constants (in MHz)
NQCC(Ar) = 0 NQCC(Nc) = -1.569 NQCC(Nt) = -4.579

EFGs and NQCCs

Our calculated electric-field gradients can be found in Table 6.5. The EFG on Ar has quite
a large value, 4.9973 a.u. However, Ar does not pose a nuclear quadrupole moment, so the
nuclear quadrupole couplings constant is zero. The EFGs on the nitrogen atoms are quite
small, -0.3268 a.u. for the central N atom (Nc) and -0.9535 a.u. for the terminal N atom
(Nt). The nuclear quadrupole couplings constants on Nc and Nt are -1.569 and -4.579 MHz,
respectively.

Ar-N bonding mechanism

Our analyses reveal that the Ar-N bond in [Ar-N2]+· is a textbook example of a classical
2-center-3-electron (2c-3e) bond. Here, we focus on the results obtained at the BP86/TZ2P
level of the generalized-gradient approximation to DFT, using the CCSD(T)/cc-pVQZ geom-
etry (see Table 6.6 and Figure 6.3) and we have verified that exactly the same picture emerges
at other levels of theory, i.e., LDA, BLYP, and OLYP (see Tables S6-S9). In Figure 6.3 the
frontier orbital interactions between the Ar atom and molecular nitrogen radical cation are
schematically shown. The numbers at the dashed lines are Gross Mulliken contributions of
the fragment orbitals to the overall [Ar-N2]+· molecular orbitals; they serve to provide a semi-
quantitative picture of the Ar-N orbital interactions. The main feature is the three-electron
bonding interaction between the ”closed-shell” Ar 3pσ atomic orbital (AO) and the N2

+· 3σg

singly occupied molecular orbital (SOMO). These two fragment orbitals strongly mix and
interact because of their closeness in energy (as reflected also by the minimal difference in
ionization energy of Ar and N2) and because they achieve a relatively large overlap of 0.153.
Note that the latter is in fact close to the optimal overlap value of 0.17 for a three-electron
bond between two initially degenerate fragment orbitals in simple Hückel theory with overlap
[57, 58].
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Table 6.6: Analysis of the Ar-N bond in [Ar-N2]+· and [Ar-N2] computed at BP86/TZ2P

[Ar-N2]+· [Ar-N2]

Ar+N2
+· Ar+·+N2 Ar+N2

Bond energy decomposition (in eV)

∆Eelstat -0.49 -0.81 -0.99
∆EPauli 1.82 1.66 2.73
∆Eoi (= ∆Eσ+∆Eπ) -3.28 -3.11 -0.33
(∆Eσ -3.07 -2.84 -0.24)
(∆Eπ -0.21 -0.28 -0.09)
∆Eint -1.95 -2.27 1.41
∆Eprep 0.007 0.00 0.00
∆E -1.94 -2.27 1.41

Fragment orbital overlap

<Ar-3pz|N2-3σg> 0.153 0.143 0.167

Fragment orbital populations (in electrons)

Ar: 3pz 1.46 1.48 1.99
Ar: 3px+3py 3.96 3.96 3.98
N2: 2σu 1.98 1.98 2.00
N2: 3σg 1.54 1.53 1.96
N2: 2πu 4.00 4.00 4.00

Atomic charges (in a.u.)

Ar 0.512 (0.523) 0.512 (0.523) -0.002 (0.010)
Nc 0.203 (0.207) 0.203 (0.207) 0.009 (-0.002)
Nt 0.284 (0.270) 0.284 (0.270) -0.007b(-0.008)

As pointed out earlier for the [H2S-H2S]+· complex [59], the three-electron Ar-N bond can
be conceived as a one-electron bond, providing the main contribution to the stabilizing orbital
interaction term ∆Eoi of -3.28 eV, plus a 2-same-spin-electron repulsive interaction, providing
the main contribution to the Pauli-repulsion term ∆EPauli of 1.82 eV. The one-electron bond
occurs between, say, the β electron in the 3pσβ spin-orbital of Ar and the empty 3σgβ spin-
orbital of N2

+· whereas the Pauli-repulsive component arises between corresponding α spin-
orbitals which are both occupied. (See also Ref. [60] for the orbital electronic structure of
N2

+· versus that of N2.) Essentially the same picture (with only slightly different numerical
details) arises if the Ar-N bond is analyzed in terms of the slightly higher-energy fragments
Ar+·+N2 instead of Ar+N2

+· (see Table 6.6).
The symmetric character of the three-electron Ar-N bond and the near degeneracy of the

two alternative fragmentation pathways agree well with the atomic charge analysis. Both,
VDD and Hirshfeld atomic charges show that the net positive charge is nearly perfectly delo-
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the nuclear quadrupole couplings constant is zero. The EFGs
on the nitrogen atoms are quite small, !0.3268 a.u. for the
central N atom !Nc" and !0.9535 a.u. for the terminal N
atom !Nt". The nuclear quadrupole couplings constants on Nc
and Nt are !1.569 and !4.579 MHz, respectively.

3. Ar–N bonding mechanism

Our analyses reveal that the Ar–N bond in #Ar–N2$+· is
a textbook example of a classical 2-center-3-electron

!2c-3e" bond. Here, we focus on the results obtained at the
BP86/TZ2P level of the generalized-gradient approximation
to DFT, using the CCSD!T"/cc-pVQZ geometry !see Table
IV and Fig. 3" and we have verified that exactly the same
picture emerges at other levels of theory, i.e., LDA, BLYP,
and OLYP !see Tables S6–S9". In Fig. 3 the frontier orbital
interactions between the Ar atom and molecular nitrogen
radical cation are schematically shown. The numbers at the
dashed lines are Gross Mulliken contributions of the frag-
ment orbitals to the overall #Ar–N2$+· molecular orbitals;
they serve to provide a semiquantitative picture of the Ar–N
orbital interactions. The main feature is the three-electron
bonding interaction between the “closed-shell” Ar 3p!

atomic orbital !AO" and the N2
+· 3!g singly occupied molecu-

lar orbital !SOMO". These two fragment orbitals strongly
mix and interact because of their closeness in energy !as
reflected also by the minimal difference in ionization energy

TABLE III. Benchmark CCSD!T" spectroscopic constants and molecular
parameters.

Geometry-related data !in Å or cm!1"
Re!Ar–N"=2.190 Re!N–N"=1.102 Be=0.12750
Bond energies !in kcal/mol"a

"E!Ar+N2
+·"=!28.2 "E!Ar+·+N2"=!32.2

Vibrational frequencies !in cm!1"b

#N–N
harm=2408.2b #N–Ar

harm =337.9 #bend
harm=83.2

#N–N
anharm=2334.5c

Electric-field gradients !in a.u."
q!Ar"=4.9973 q!Nc"=!0.3268 q!Nt"=!0.9535
Nuclear quadrupole coupling constants !in MHz"
NQCC!Ar"=0d NQCC!Nc"=!1.569e NQCC!Nt"=!4.579e

aBinding energies "E have been corrected for zero-point vibrational energy
effects.
bThis harmonic value corresponds to the one calculated using the cc-pVQZ
basis set !see Sec. II B 2".
cThe anharmonic value corresponds to the one calculated using the cc-pVQZ
basis set !see Sec. II B 2".
d 40Ar has no nuclear quadrupole moment.
eCalculated using the nuclear quadrupole moment of 20.44!3" mbarn for 14N
from Ref. 31.

TABLE IV. Analysis of the Ar–N bond in #Ar–N2$+· and #Ar–N2$ computed at BP86/TZ2P.

#Ar–N2$+· #Ar–N2$a

Ar+N2
+· Ar+·+N2 Ar+N2

Bond energy decomposition !in kcal/mol"
"Velst !11.30 !18.72 !22.88
"EPauli 41.90 38.27 62.92
"Eoi !75.67 !71.83 !7.63

"E! !70.79 !65.44 !5.48
"E$ !4.88 !6.40 !2.15

"Eint !44.98 !52.28 32.41
"Eprep 0.16 0.00 0.00
"E !44.82 !52.28 32.41
Fragment orbital overlap
%Ar!3pz &N2!3!g' 0.153 0.143 0.167
Fragment orbital populations !in electrons"
Ar: 3pz 1.46 1.48 1.99

3px+3py 3.96 3.96 3.98
N2: 2!u 1.98 1.98 2.00

3!g 1.54 1.53 1.96
1$u 4.00 4.00 4.00

Atomic charges !in a.u."b

Ar 0.512 !0.523" 0.512 !0.523" !0.002 !0.010"
Nc 0.203 !0.207" 0.203 !0.207" 0.009 !!0.002"
Nt 0.284 !0.270" 0.284 !0.270" !0.007 !!0.008"
aAnalyses for neutral #Ar–N2$ were carried out at the equilibrium geometry of #Ar–N2$+·.
bVDD Refs. 48 and 49 and, in parentheses, Hirschfeld !Refs. 49 and 50" atomic charges.

FIG. 3. Schematic diagram for the orbital interactions between Ar and N2
+· in

#Ar–N2$+·.
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Figure 6.3: Schematic diagram for the orbital interactions between Ar and N2
+· in [Ar-N2]+·.

calized over the argon and nitrogen fragments: Q(Ar)=+0.512 and +0.523 a.u., respectively
(see Table 6.6). Our bond analyses also shed new light on the role of charge in the Ar-N bond
in [Ar-N2]+·. It is commonly believed that the substantial increase in Ar-N bond strength go-
ing from the neutral van der Waals complex [Ar-N2] to the radical cation complex [Ar-N2]+·

is associated with the introduction of a charge, suggesting increased electrostatic attraction.
However, the main source of electrostatic attraction between two neutral or between a neutral
and a charged fragment is the stabilization that occurs as electronic charge density of one
fragment overlaps with the nuclei of the other fragment [46]. This electrostatic stabilization
does not change dramatically if one removes, for example, an electron from one of two neu-
tral fragments. To demonstrate this for the present situation, we have also analyzed the Ar-N
bond of the neutral [Ar-N2] complex at the equilibrium geometry of [Ar-N2]+·. The results
are also collected in Table 6.6. From [Ar-N2]+· to [Ar-N2] the ”bond energy” goes from -1.94
eV stabilizing to +1.41 eV repulsive, i.e., it becomes 3.35 eV less stabilizing. This is not
unexpected, because the equilibrium Ar-N bond distance of 2.190 Å of [Ar-N2]+· is located
on the repulsive wall of the weakly bound van der Waals complex [Ar-N2], which has a sig-
nificantly longer equilibrium Ar-N distance. Note, however, that this is not due to a decrease
in electrostatic attraction ∆Eelstat, which in fact becomes even more attractive, although only
by 0.5 eV. The main reason for the destabilization is the loss of the three-electron bond or,
to be more precise, the loss of the one-electron bonding component therein. This component
is substituted in [ArN2] by a second Pauli-repulsive 2-orbital 2-same-spin-electron repulsion.
Thus, overall, adding an electron to [Ar-N2]+· causes the three-electron bond to turn into two
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lone pairs having Pauli repulsion (cf. ”4-electron destabilizing interaction”). This translates
into a nearly complete extinction of the orbital interactions ∆Eoi, from -3.28 to -0.33 eV, and
a substantial increase of the Pauli repulsion, from +1.82 to +2.73 eV. It is, in conclusion,
more correct to attribute the increased stability of [Ar-N2]+· to its radical character than to its
charge.

6.4 Conclusion

New experimental and theoretical results have been obtained that allow a detailed description
of the molecular properties of the charge-transfer complex [Ar-N2]+·. Spectroscopic results
are summarized in Tables 6.1, 6.2, 6.3 and 6.4 and the outcome of high-level calculations is
given in Tables 6.5 and 6.6. Additional detailed information is available from Ref. [61]. The
combined study provides accurate information on molecular geometry and allows a detailed
study of the electronic structure and the bonding mechanism. The complex is produced rel-
atively easily in Ar/N2 plasma and as such it may be interesting as a benchmark molecule
for characterizing plasma features. The detailed spectroscopic constants, in addition, may be
used to guide a detailed microwave study of this complex.
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7 Spectroscopic non-detections of
ionic complexes

Abstract

The spectroscopic search for rovibrational absorption bands of ionic complexes using tunable
diode lasers is far from trivial. Within this research project much effort has been made to look
for absorption signals of [(CO)2H]+, H2-HCO+, the protonated water dimer (H5O2

+/D5O2
+)

and [CO-CO]+, unfortunately, without positive results. In this chapter an overview is given
of the frequency ranges that have been investigated with the aim to guide future searches
and as additional input for theoretical predictions. Possible reasons for the non-detection are
discussed.

7.1 Introduction

It is hard to predict the frequency, at which the fundamental mode of an ionic complex absorbs
because of the strong interactions between the constituents. The vibrational frequencies are
often estimated with the help of ab initio calculations [1–5]. However, these calculations are
not exact; they predict the frequencies of the band origin with an accuracy that is in the best
case not better than 50 cm−1. As has been discussed in Chapter 3 lead salt diode cover a
spectral range of ∼100 cm−1 that is not fully accessible, as mode holes may be as broad as a
typical rotational profile. In addition, a fast scanning is not possible. Even if the vibrational
frequency lays in the spectral range covered by the diode, its intensity can be too low, e.g.
because the state density is not sufficient or the band is narrow and falls in between two modes
of the diode. Also an effective production may be hard to achieve, as some reaction channels
in the plasma expansion are preferred over others.

Next to ab initio calculations available matrix data are used as a guide for finding infrared
transitions in the gas phase (see for example Ref. [6]). Such data only provide an indication
for an absorption frequency due to shifts induced by the solid state. Unfortunately, only a
limited number of matrix data are available for ionic complexes and the shifts introduced by
the matrix are not always predictable.

When both calculations and matrix data are lacking the vibrational frequencies can be
estimated from ionic complexes with a similar structure. This can be done for example by
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predicting the red shift of a frequency. Due to the interaction of a neutral atom or molecule
with the molecular ion the bond strengths in the molecular ions will become lower resulting
in a drop of the vibrational energies. The stronger the intermolecular interaction the larger the
shift towards lower energies. This red shift can be estimated by looking at the shifts obtained
from earlier experiments on comparable complexes [7–10]. This is, however, not a very exact
method. Furthermore, possible interactions between vibrations will not be noted in this way.
These interactions can move vibrations to unexpected frequencies, as for example in the case
of Ar-H(D)N2

+ [1, 2, 5].
In the sections described below searches for the following ionic complexes are discussed:

[(CO)2H]+, H2−HCO+, H5O2
+ and (CO-CO)+. An overview of the scanned regions is given

in Appendix A.

7.2 [(CO)2H]+

The [(CO)2H]+ is a complex, in which a proton is bound to two CO-molecules mainly through
electrostatic interactions. This is a very interesting complex because of its potential relevance
in astronomy [11]; CO and HCO+ are abundant species in the universe and their complex
[(CO)2H]+ has a relatively stable intermolecular bond (binding energy of ∼0.6 eV), so that
this complex may be formed in interstellar space. Furthermore, it is assumed to be an inter-
mediate complex in the formation of H2CO. The molecular structure is not a priori clear: both
a centro-symmetric ’proton-sandwich’ structure OC-H+-CO and a van der Waals like geom-
etry OC-HCO+ have been proposed. There are no calculations available on the vibrational
frequencies, so that these have to be estimated.

In the case of a fully symmetric structure a comparison can be made with the well known
N2-H+-N2-complex [10] and N2H+ [12]; as nitrogen and CO are iso-electronic, it can be
assumed that their behaviour is almost the same and that their vibrational energy levels are
ordered in more or less the same manner. The anti-symmetric NN stretch of N2-H+-N2 is at
2352.2 cm−1, which is ∼95 cm−1 above the NN-stretching vibration of N2H+ (2257.9 cm−1),
that is to say these two vibrations are positioned close to each other. As the CO-stretching vi-
bration in HCO+ lays at 2184.0 cm−1 [13] the region around this frequency has been scanned
to search for an absorption in [H(CO)2]+. Measurements have been performed covering
2100-2300 cm−1, however, no signals were found that unambiguously can be assigned to
[(CO)2H]+.

Since the complex is produced in large amounts in the plasma source (see Chapter 3)
and the intensity of the vibrational transitions should be such that they are observable, this
complex probably does not absorb in the scanned wavelength region. The initial guesses
may be wrong and the transition is positioned (far) away from the ’expected’ frequency (as
in Ar-HN2

+). This is possible, as the structure of [(CO)2H]+ is different from N2-H+-N2;
from experimental and theoretical results the structure of N2-H+-N2 is determined to have a
centre of symmetry [10]. Structural calculations on [(CO)2H]+, however, resulted in a linear
complex just as N2-H+-N2 only without a centre of symmetry [14]. The potential barrier to a
structure with a centre of symmetry is calculated to be 380 cm−1 [14], which is well below the
zero-point-energy. This means that there are two minima in the potential energy surface each
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containing energy levels, which easily interact (as they are separated by a very low potential
energy barrier). Because of this interaction the vibrational energies can be shifted to positions
beyond the wavelength region of 2100-2300 cm−1. In view of the production efficiency and
the good quality of the diodes in this energy range as well as a rather good coverage of the
region, it is likely that [(CO)2H]+ does not absorb in the 2100-2300 cm−1 region. Future
searches should take other frequency regions into account.

7.3 H2−HCO+

Another potentially important ionic complex for astronomy is H2−HCO+, as of the large
abundances of H2 and HCO+ in the universe [11]. The H2 -and CH-stretching vibrations of
H2−HCO+ have been detected at 4060 cm−1 and 2840 cm−1, respectively, with the help of
vibrational predissociation spectroscopy [15–17]. The structure of this complex is determined
to be T-shaped with the centre of mass of H2 connected to the proton in HCO+. The CO-
stretching vibration is calculated at 2139 cm−1 with a relatively high intensity (see Table 7.1
[17]). The calculated and experimental frequencies for the HH- and CH-stretch agree very
well and the calculated CO-stretching frequency may be a good indication of the experimental
value.

The difficulty is that the production of H2−HCO+ is not straightforward and the resulting
abundances in the plasma are low. The plasma, in which H2−HCO+ is formed, contains Ar,
H2 and CO. The most important reactions with HCO+ in this plasma are:

HCO+ + CO + M → [(CO)2H]+ + M (7.1)
HCO+ + H2 + M → H2 − HCO+ + M (7.2)
HCO+ + Ar + M → Ar − HCO+ + M (7.3)

M is a collision partner, which takes away the extra energy produced in these reactions.
Argon is always present to cool and dilute the gas mixture, otherwise the electron emitting
filament degenerates fast due to chemical reactions with the species formed in the plasma.
The concentrations of H2 and CO can be altered in order to optimise formation of a complex
ion. With an excess of CO in the plasma Reaction 7.1 dominates, as CO has the highest
proton affinity of the three molecules (P.A.CO = 594 kJ/mol, P.A.H2 = 424 kJ/mol, P.A.Ar =

371 kJ/mol). By decreasing the CO-concentration there is not enough CO present to produce
[(CO)2H]+ in larger amounts and the other two reactions become more important. The proton
affinity of H2 is slightly larger than that of argon, but there is much more argon present than H2
so that Reaction 7.3 dominates over 7.2. Furthermore, it is difficult to optimise for H2−HCO+

production with the mass spectrometer, because it falls under the very large and broad peak of
HCO+ at 29 amu. H2-HCO+ has been searched for under non-optimal production conditions.
The scanned region is given in the Appendix. Even though it should not be excluded that the
absorption band has been missed - the spectral coverage is not complete - it is likely that too
low abundances are the primary cause for not observing this ionic complex.
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Table 7.1: Calculated and measured infrared frequencies of the stretching vibrations of
H2−HCO+ within the HCO+ subunit taken from Ref. [17].

Vibration νcalc (cm−1) νexp (cm−1) Intensity (km/mol)

HH-stretch 4073 4060 80
CH-stretch 2850 2840 700
CO-stretch 2139 - 700

7.4 [H5O2]+/ [D5O2]+

The protonated water dimer is a model system for studying proton transfer reactions, which
play an significant role in chemical and biological systems [18, 19]. In addition it is an
important ionic complex for understanding the high proton mobility in water [20–22]. It has
been observed mass spectrometrically in the upper layers of the Earth’s atmosphere and plays
a key role in the atmospheric reaction schemes [23]. Its structure remains undetermined, as
it has several minima on the PES separated by low energy barriers. It is not known whether
the proton is shared equally between the two water molecules (i.e. [H2O]2H+) or if it has a
structure, in which one water molecule is bound to H3O+ (i.e. H2O-H3O+).

In the infrared spectrum of [H5O2]+ and [D5O2]+ has been published, which was mea-
sured at 200 K with multi-photon dissociation spectroscopy at low resolution (∼5 cm−1) us-
ing a free electron laser. In this spectrum a band was observed at ∼1300 cm−1, which was
assigned to the intermolecular stretching vibration. Since stretching vibrations usually are
strong, the region around 1300 cm−1 was scanned in this work.

Later on more studies became available on this subject with spectra that deviate from the
results in Ref. [24] (see Ref. [25–28]). In one these publications the band at 1300 cm−1 is not
observed and in other publications this band has lost most of its intensity or has disappeared
and other new bands pop up close by. Also in a theoretical publication it was proposed that
the assignment of the intermolecular vibrations may be incorrect [29]. These new results
reveal that the existence of the 1300 cm−1-band is very obscure.

Ref. [24] also provided a low resolution the infrared spectrum of [D5O2]+, for which a
absorption was also found around 1300 cm−1 assigned to the terminal D2O-bend [24, 29]. In
a similar way as before this region has been scanned using tunable diode lasers. A total of 99
transitions was found shown in Appendix B and in Figure 7.1. As the detected peaks exhibit
a phase behaviour typical for production modulated species, i.e. as opposed to depletion
modulation, it was concluded that the signal arises from species, which are formed in the
plasma rather than from species that are destroyed by the plasma.

After comparing the line positions with previously obtained results from Refs [32] and
[33] it was obvious that they belong to rotationally and rovibrationally excited D2O-molecules.
As can be seen from the tables transitions from both higher lying rotational as well as from
rovibrationally excited levels appear; transitions from levels as high as 2250 cm−1 have been
found. Although unfortunate from a [D5O2]+ point of view, it is interesting to see that the
setup is suited to apply an effective state modulation scheme, in which vibrationally excited
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Figure 7.1: Infrared spectrum of rotationally and rovibrationally excited D2O. The third peak
from the left originates from the excited bending vibration (010) of D2O.

bands are studied without the need of an extra laser for state excitation.
Out of a total of 99 transitions 43 are assigned to highly excited rotational and rovibra-

tional transitions; the other 56 are left unassigned. These lines may originate from electronic
excited states of D2O or from some higher order bending vibrations of D2O.

7.5 [CO-CO]+

The CO-dimer cation is also of potential astronomical importance, because of the abundance
of CO and CO+ and the large binding energy of [CO-CO]+ of ∼1.8 eV [34]. The neutral CO-
dimer has been unsuccessfully searched for in interstellar sources [35], however, laboratory
gas phases data are missing for the ionised [CO-CO]+. The infrared spectrum of [CO-CO]+

has been measured in 1991 by Thompson et al. in matrix isolated conditions, which showed
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a strong absorption at 2056.4 cm−1 [6]. From isotopic studies [CO-CO]+ was determined to
have a trans-structure in contrast to a linear structure of the iso-electronic [N2-N2]+ [36]. The
region around 2060 cm−1 has been scanned, but without hits. One of the differences between
a molecule with linear structure and a molecule with a non-linear structure lays in the density
of states; i.e. for a linear molecule the density of states is much lower than for a non-linear
molecule. This means that the population level of the energy levels in non-linear molecules
is on average much lower than in linear molecules resulting in a lower detection sensitivity
for non-linear molecules. It could be that the density of states for the trans-form makes the
population density too low to be detectable with the present setup.

Another reason for the non-detection could be that a tunneling effect arises in this com-
plex. The difference in potential energy between the trans-structure and the linear structure
can be so low that this complex is able to tunnel through this barrier from one trans-form
to the other producing a shift in the vibrational energies. The measurements on [CO-CO]+

were done in the solid state, in which the tunneling motions are strongly quenched meaning
that large deviations can occur between the matrix spectra and the gas phase spectra. In view
of the large abundance of [CO]2

+ in the plasma expansion and the good spectral coverage,
it is unlikely that an absorption band has been missed, when this complex would behave as
[N2-N2]+.
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2100 1 2 3 4 5 6 7 8 9 10 

2110 1 2 3 4 5 6 7 8 9 20 

2120 1 2 3 4 5 6 7 8 9 30 

2130 1 2 3 4 5 6 7 8 9 40 

2140 1 2 3 4 5 6 7 8 9 50 

2150 1 2 3 4 5 6 7 8 9 60 

2160 1 2 3 4 5 6 7 8 9 70 

2170 1 2 3 4 5 6 7 8 9 80 

2180 1 2 3 4 5 6 7 8 9 90 

2190 1 2 3 4 5 6 7 8 9 2200 

[(CO)2H]
+
 

Figure A.1: Overview of the scanned wavelength regions for the measurements on [(CO)2H]+

from 2100-2200 cm−1.
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 2200 1 2 3 4 5 6 7 8 9 10 

2210 1 2 3 4 5 6 7 8 9 20 

2220 1 2 3 4 5 6 7 8 9 30 

2230 1 2 3 4 5 6 7 8 9 40 

2240 1 2 3 4 5 6 7 8 9 50 

2250 1 2 3 4 5 6 7 8 9 60 

2260 1 2 3 4 5 6 7 8 9 70 

2270 1 2 3 4 5 6 7 8 9 80 

2280 1 2 3 4 5 6 7 8 9 90 

2290 1 2 3 4 5 6 7 8 9 

[(CO)2H]
+
 

2300 

Figure A.2: Overview of the scanned wavelength regions for the measurements on [(CO)2H]+

from 2200-2300 cm−1.
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2100 1 2 3 4 5 6 7 8 9 10 

2110 1 2 3 4 5 6 7 8 9 20 

2120 1 2 3 4 5 6 7 8 9 30 

2130 1 2 3 4 5 6 7 8 9 40 

2140 1 2 3 4 5 6 7 8 9 50 

2150 1 2 3 4 5 6 7 8 9 60 

2160 1 2 3 4 5 6 7 8 9 70 

2170 1 2 3 4 5 6 7 8 9 80 

2180 1 2 3 4 5 6 7 8 9 90 

2190 1 2 3 4 5 6 7 8 9 2200 

H2-HCO
+
 

2200 1 2 3 4 5 6 7 8 9 10 

Figure A.3: Overview of the scanned wavelength regions for the measurements on H2-HCO+

from 2100-2200 cm−1.
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   1260 1 2 3 4 5 6 7 8 9 70 

1270 1 2 3 4 5 6 7 8 9 80 

1280 1 2 3 4 5 6 7 8 9 90 

1290 1 2 3 4 5 6 7 8 9 1300 

1300 1 2 3 4 5 6 7 8 9 10 

1310 1 2 3 4 5 6 7 8 9 20 

1320 1 2 3 4 5 6 7 8 9 30 

1330 1 2 3 4 5 6 7 8 9 40 

[H5O2]
+
/ [D5O2]

+
 

 

Figure A.4: Overview of the scanned wavelength regions for the measurements on [H5O2]+/

[D5O2]+ from 1260-1330 cm−1.
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 2030 1 2 3 4 5 6 7 8 9 40 

2040 1 2 3 4 5 6 7 8 9 50 

2050 1 2 3 4 5 6 7 8 9 60 

2060 1 2 3 4 5 6 7 8 9 70 

2070 1 2 3 4 5 6 7 8 9 80 

2080 1 2 3 4 5 6 7 8 9 90 

2090 1 2 3 4 5 6 7 8 9 2100 

2100 1 2 3 4 5 6 7 8 9 10 

2110 1 2 3 4 5 6 7 8 9 20 

 

 (CO-CO)
+
 

Figure A.5: Overview of the scanned wavelength regions for the measurements on (CO-CO)+

from 2030-2120 cm−1.
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B Measured transitions in rovibrationally excited D2O.

Table B.1: Observed rovibrational transitions in D2O for the bending mode (000)-(010). The
third column shows the energies of the lower state.

lower upper Energy lower state (cm−1) Frequency (cm−1)
J Ka Kc J Ka Kc

3 0 3 4 3 2 70.4475 1324.4670
3 2 2 4 3 1 110.0341 1285.2358
3 2 1 4 3 2 112.2516 1282.6630
4 1 4 5 2 3 117.3121 1296.0445
4 2 2 5 3 3 164.1777 1292.4535
5 0 5 5 3 2 169.0386 1288.9473
5 1 5 6 2 4 170.2430 1322.7079
4 3 2 5 4 1 205.8864 1322.0745
5 2 4 6 3 3 217.5856 1316.7699
5 2 3 6 3 4 229.9920 1300.6096
5 3 2 6 4 3 269.0103 1333.1923
7 0 7 7 3 4 305.4953 1319.4069
6 2 4 7 3 5 309.2653 1307.3161
7 2 5 8 3 6 401.2626 1312.9715
8 1 7 9 2 8 457.8232 1288.3567
8 3 6 9 2 7 524.6091 1281.0005
9 1 8 10 2 9 560.7547 1296.9317
9 2 8 10 1 9 562.3173 1294.1832
7 5 3 7 6 2 572.1307 1314.1161
9 2 7 10 3 8 619.5622 1323.4002

10 2 9 11 1 10 673.7179 1304.5236
11 0 11 12 1 12 693.1106 1295.7994
11 1 11 12 0 12 693.1215 1295.7802
11 2 10 12 1 11 794.8298 1314.4439
12 0 12 13 1 13 813.9741 1304.4128
12 1 12 13 0 13 813.9789 1304.4041
10 4 7 10 5 6 826.1968 1287.5786
11 3 9 12 2 10 882.4119 1326.7591
12 2 11 13 1 12 925.5638 1324.0889
13 1 13 14 0 14 944.4006 1312.9091
11 4 8 11 5 7 961.3388 1289.1406
13 3 11 13 4 10 1172.0235 1291.8819
14 3 12 14 4 11 1311.4079 1300.8056
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Table B.2: Observed rovibrational transitions in D2O for the (010)-(020)-band. The third
column shows the energies of the lower state.

lower upper Energy lower state (cm−1) Frequency (cm−1)
J Ka Kc J Ka Kc

4 1 4 5 2 3 1296.4171 1281.2283
4 2 2 5 3 3 1347.3933 1280.6629
5 1 5 6 2 4 1349.1091 1308.3467
7 4 4 7 5 3 1689.0299 1281.6144
8 4 5 8 5 4 1788.3467 1281.5118

10 1 9 11 2 10 1856.5004 1287.9521
11 2 10 12 1 11 1978.8569 1295.9460
10 5 6 10 6 5 2113.7756 1311.7455
11 4 8 12 3 9 2159.2593 1294.2344
11 5 6 11 6 5 2252.9373 1309.1254

119





Nederlandse samenvatting

In dit proefschrift zijn complexe ionen bestudeerd met behulp van hoge resolutie infrarood
spectroscopie. Complexe ionen zijn moleculaire systemen, waarin een ion een neutraal mole-
cuul of atoom aan zich bindt. De bindingsenergie tussen deze twee componenten wordt
bepaald door de elektrostatische aantrekking en eventueel door de interacties tussen de or-
bitalen van de componenten. De aanwezige lading in het complex zorgt ervoor, dat de inter-
moleculaire bindingssterkte relatief sterk is (0.3 - 1 eV) vergeleken met neutrale complexen
(niet hoger dan ∼0.1 eV). Voorbeelden van complexe ionen zijn [Ar-N2]+, [N2-H-N2]+, Ar-
HN2

+ etc. (zie figuur 1). Deze ionen worden gevormd in media, die een overschot aan energie
hebben, zoals vlammen, plasma’s, de bovenste lagen van de atmosfeer en (misschien) inter-
stellaire gaswolken.

Figure 1: Voorbeelden van twee complexe ionen [Ar-N2]+ en [N2-H-N2]+

In een spectroscopisch experiment wordt een molecuul beschenen met licht van verschil-
lende golflengtes, waarbij het molecuul licht absorbeert bij golflengtes, die specifiek zijn
voor het molecuul. Ieder molecuul heeft zijn eigen absorptie patroon (spectrum), d.w.z een
spectrum is uniek voor ieder molecuul.

Een belangrijke reden voor het opnemen van spectra van complexe ionen is, dat m.b.v.
deze spectra het potentieel energie oppervlak (PES) van een ion kan worden bestudeerd. Een
PES geeft de energie van een bepaald complex bij verschillende structuren van het com-
plex. Een PES kan niet direct gemeten worden, maar uit een berekende PES kunnen pa-
rameters worden afgeleid, die kunnen worden vergeleken met parameters uit de verkregen
spectra. Spectroscopische gegevens van complexe ionen zorgen dus voor een verbetering
van de beschrijving van een PES met het resultaat dat het inzicht in de wisselwerking tussen
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geladen en neutrale deeltjes wordt vergroot.
Een spectrum kan opgesplitst worden in verschillende overgangen: een elektronische,

een vibrationele en een rotationele overgang. Bij deze overgangen ’springt’ het molecuul
van de ene toestand naar de andere, wat gepaard gaat met de absorptie/emissie van licht met
een bepaalde hoeveelheid energie. Deze hoeveelheid energie is het grootst voor elektron-
ische overgangen, gevolgd door vibrationele overgangen en is het kleinst voor rotationele
overgangen. Ieder elektronisch toestand bestaat uit verschillende vibrationele toestanden, die
weer uit verschillende rotationele niveaus bestaan. Aangezien een spectrum karakteristiek is
voor ieder molecuul/complex ion, kan men met behulp van deze spectroscopische gegevens
kijken of het voorkomt op plekken, waar het niet mogelijk is om in situ samples te maken
(zoals bijvoorbeeld in plasma’s, vlammen en in interstellaire gaswolken). Er zijn al pogingen
ondernomen om met behulp van laboratorium data aan te tonen, dat neutrale complexen in
het heelal worden gevormd, maar deze waren zonder succes. Aangezien (moleculaire) io-
nen in grote mate worden geproduceerd in het heelal en omdat complexe ionen een grotere
bindingsenergie hebben dan neutrale complexen, is het mogelijk dat complexe ionen worden
gevormd met een concentratie, die boven de detectielimiet ligt. Hiervoor is het echter wel
nodig, dat de absorptiefrequenties bekend zijn. Tot op heden zijn er niet veel absorptiefre-
quenties van complexe ionen bekend. M.b.v. laboratoriumonderzoek kunnen deze overgan-
gen worden gevonden.

Ionen kunnen in hoge concentraties voorkomen in media met een overschot aan energie
(zoals gezegd, plasma’s, vlammen, interstellaire gaswolken en de bovenste lagen van de at-
mosfeer). De chemie in dit soort media wordt gedomineerd door ion-molecuul reacties, zoals
proton-overdracht reacties en lading-overdracht reacties. Complexe ionen worden gezien als
tussentoestanden in dit soort chemische reacties:

HCO+ + C2H2 + M → [C2H2 · ·H+ · ·CO] − M → C2H+
3 + CO + M

Ar + N+
2 + M → [Ar · ·N2]+ − M → Ar+ + N2 + M

Hier is M een molecuul of atoom, dat het overschot aan energie wegvoert. Door de reactieve
tussentoestanden te bestuderen wordt het inzicht in dit soort reacties vergroot.

Het golflengte gebied, dat in dit proefschrift is onderzocht, is het infrarood (400-4000
cm−1). In dit gebied liggen de vibrationele overgangen in moleculen (en complexe ionen).
Aangezien bij de bestudering van deze overgangen wordt gekeken naar de interne vibraties
van de atomen in moleculen, wordt direct informatie verkregen over bindingssterktes, sta-
biliteit en de dynamica van het molecuul. Als de resolutie van de lichtbron hoog genoeg
is, kunnen afzonderlijke rotationele overgangen bekeken worden. Omdat deze overgangen
omgekeerd evenredig zijn met het traagheidsmoment van een molecuul, kan door analyse
van deze overgangen de structuur van een molecuul of complex bepaald worden. In hoofd-
stuk 2 wordt de spectroscopie, die nodig is om de spectra in dit proefschrift te begrijpen,
verder uitgelegd. Verder wordt er in dit hoofdstuk ingegaan op de interacties tussen geladen
en neutrale moleculen.

Experimenteel onderzoek aan complexe ionen wordt beperkt door moeilijkheden in de
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productie; het zijn exotische moleculen, die alleen onder aparte omstandigheden gevormd
kunnen worden en bovendien zijn ze erg reactief, waardoor hun levensduur zeer kort is. In
plasma’s zijn de condities van dien aard dat een relatief grote concentratie van ionen gevormd
kan worden. Het plasma, dat gebruikt wordt voor de experimenten in dit proefschrift, wordt
ontstoken door middel van ’electron impact ionisation’ van een expanderend gas mengsel.
Sommige atomen/moleculen worden geı̈oniseerd door de botsingen met de elektronen en
zullen neutrale atomen/moleculen aan zich binden, waarmee een complex ion is gevormd.
Omdat het een plasma expansie is, worden er constant nieuwe atomen/moleculen geı̈oniseerd,
waardoor er een stroom van complexe ionen op gang komt. Dit plasma wordt doorkruist
met licht afkomstig van diode lasers, waarna de intensiteit van het licht wordt gedetecteerd
als functie van lichtfrequentie. In hoofdstuk 3 wordt in detail de experimentele methode
toegelicht met daarin o.a. de laser en de plasma apparatuur.

Voor bijna alle metingen in dit proefschrift is licht gebruikt, dat afkomstig is van lood-
zout diode lasers. Dit zijn halfgeleider lasers, die infrarood licht uitzenden met hoge resolutie
(0.001 cm−1), waarmee de rotationele overgangen van verschillende vibrationele energien-
iveaus bekeken kunnen worden. Een nadeel van lood-zout diode lasers is dat ze een beperkte
bandbreedte hebben (ze zenden licht uit in een klein gedeelte van het infrarode spectrum);
het scan bereik van lood-zout diode lasers is ongeveer 100 cm−1. Dit betekent, dat er ver-
schillende diodes nodig zijn om een bepaald frequentie gebied af te scannen. Daar komt bij,
dat er in het scan bereik van de diode kleine frequentie gebieden voorkomen, waar de diode
geen licht uitzendt. Hoofdstuk 4 is een uitbreiding op het experimentele gedeelte in hoofd-
stuk 3, waarbij de experimentele procedure wordt beschreven, waarin een optical parametric
oscillator (OPO) wordt gebruikt als lichtbron. Een OPO zendt (net als lood-zout diode lasers)
infrarood licht uit met een resolutie van 0.001 cm−1. Het grote voordeel van een OPO is, dat
zijn scan bereik veel groter is (2100-3600 cm−1), waarbij het geen ’gaten’ vertoont in zijn
frequentie bereik. De OPO (opgebouwd en tijdelijk geleend van Life Science Trace Gas Fa-
cility Group in Nijmegen) is gebruikt om de CH-strekvibratie in HCO+ te meten als test ter
vervanging van de diode lasers. Met behulp van de absorptielijnen kon de concentratie HCO+

worden bepaald.
In hoofdstuk 5 en 6 worden de rovibrationele spectra van, respectievelijk, Ar· · ·DN2

+

en [Ar-N2]+ getoond. Ar· · ·DN2
+ is een proton (deuteron) gebonden complex, waarin Ar

via elektrostatische krachten gebonden is aan het moleculair ion DN2
+. In dit complex zijn

twee overgangen gemeten, die in energie erg dicht bij elkaar liggen. Hierdoor gaan de en-
ergieniveaus elkaar storen, wat betekent dat de energieniveaus van de twee vibraties gaan
verschuiven en de overgangen op onverwachte posities terecht komen. De twee overgan-
gen zijn gefit, waarmee spectroscopische parameters zijn vastgesteld. Vervolgens zijn deze
parameters vergeleken met berekende constanten, zodat fysische en chemische eigenschap-
pen van Ar· · ·DN2

+ bepaald zijn. Hoofdstuk 6 beschrijft het rovibrationele spectrum van
[Ar-N2]+. Dit complex is een ladingsoverdracht complex, dat wordt gevormd bij de reactie
van N2

+ met Ar en dat uit elkaar valt in Ar+ en N2. [Ar-N2]+ heeft een relatief hoge bind-
ingsenergie van ∼1 eV, die voortkomt uit de gunstige overlap van de moleculaire orbitaal van
N2 met de atomaire orbitaal van Ar. Hierdoor ontstaan er twee intermoleculaire orbitalen
(een bindende en een anti-bindende). Aangezien het complex positief geladen is, mist het
een elektron, zodat 3 elektronen deze twee orbitalen opvullen; twee elektronen gaan in de
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bindende orbitaal zitten en één elektron in de anti-bindende resulterend in een sterk bindende
aantrekking. Het gemeten spectrum wordt vergeleken met berekeningen, waarmee conclusies
worden getrokken over de structuur, de ladingsverdeling en het bindingsmechanisme.

Omdat de vibrationele frequenties van te voren niet precies bekend zijn, zijn grotere
frequentie gebieden doorzocht. Deze frequenties kunnen worden geschat met behulp van
berekeningen, matrix data of met experimentele gegevens van soortgelijke complexen. Naast
gevonden overgangen is er ook veel gezocht naar vibraties, die helaas (nog) niet gevonden
zijn. In hoofdstuk 7 worden deze gemiste overgangen besproken inclusief de mogelijke rede-
nen waarom ze niet zijn geobserveerd.
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