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tional Signatures of Dispersive Stacking in the Formation of Aromatic Dimers,
Angew. Chem. Int. Ed. 58, 3108 (2019). [Impact factor- 12.2]

5. D. Bernhard, M. Fatima, A. Poblotzki, A. L. Steber, C. Pérez, M. A. Suhm,
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7. M. Fatima, C. Pérez, B. E. Arenas, M. Schnell, and A. L. Steber, Bench-
marking a new segmented K-band chirped-pulse microwave spectrometer and
its application to the conformationally rich amino alcohol isoleucinol, Phys.
Chem. Chem. Phys. (2020). [Impact factor- 3.6]
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Abstract

The interplay between intra- and intermolecular forces, with hydrogen bonding and
London dispersion interactions being among the most important ones, drives bio-
molecular aggregation and recognition processes. Although London dispersion inter-
actions were described in 1930 by Fritz London, the importance of their contribution
to intra- and intermolecular interactions is still not well understood at the quanti-
tative level. With geometrically well-defined molecular model systems, where the
interplay between dispersion and hydrogen bonding is particularly interesting, it is
possible to systematically examine and quantify the London dispersion contribution
to intermolecular interaction energies.

The spectroscopy of the model systems in a cold environment can give spectroscopic
data of these systems at low temperatures and isolated conditions, and this data
can be directly compared with the results from various theoretical methods. Fur-
ther, the experimental information can be taken to benchmark quantum-chemical
methods and can be utilized in the development and the testing of newer theoretical
methods. Rotational spectroscopy, as employed in this work, is a high resolution
and highly sensitive technique, which provides accurate structural information on
the different binding sites in the model systems and about the intra- and intermolec-
ular interactions within these complexes.

Within the framework of this thesis, three kinds of complexes were studied in a
systematic approach, which can serve as suitable challenging systems for the theo-
retical description and characterization of dispersion interactions. The first explores
the effect of dispersion interactions when complexes are dominated by a strong clas-
sical OH–O hydrogen bond, as studied in camphor complexes with methanol and
ethanol, respectively. In the second category, the effect of dispersion interaction
is explored when complexes can form either via strong, classical OH–O hydrogen
bonds and weaker OH–� bonds in the same molecule, as studied in the complexes
of phenyl vinyl ether with methanol, diphenyl ether with water, tert-butyl alcohol
and adamantanol, and dibenzofuran with water, methanol, and tert-butyl alcohol.
In the third category, the effect of dispersion interaction on molecular aggregation
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is investigated via complexes formed only by weak OH–� and/or CH-O hydrogen
bonds as well as �-� dispersion interactions, as in the study of homodimers of three
similar molecules, diphenyl ether, dibenzofuran, and fluorene, which have different
structural flexibility. Through these different model systems, we aim to investigate
how a preferred complex structure changes either by introducing small changes in
the main molecule or the binding partner or on aggregation.

The development of chirped-pulse Fourier transform microwave spectroscopy has
enabled the recording of wide portions of a rotational spectrum in a time-efficient
way. With the advancement in electronics, it is now possible to build microwave
spectrometers in a cost-effective way. Herein, a new design of a cost-effective 18-
26 GHz microwave spectrometer, based on a segmented chirped-pulse approach, is
built and evaluated. This new design will help to make the powerful technique of
rotational spectroscopy more widespread.
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Zusammenfassung

Das Zusammenspiel zwischen intra- und intermolekularen Kräften, von denen die
Wasserstoffbrückenbindungen und die London-Kräfte die wichtigsten darstellen,
steuert die Aggregation und Erkennungsprozesse von Biomolekülen. Obwohl die
London-Kräfte bereits 1930 von Fritz London beschrieben wurden, sind ihre quan-
titativen Beiträge zu intra- und intermolekularen Wechselwirkungen noch nicht
vollständig verstanden. Das Zusammenwirken der London-Dispersionskräfte und
Wasserstoffbrückenbindungen ist von besonderem Interesse. Mit strukturell gut
definierten, molekularen Modellsystemen ist es möglich, diese systematisch und
quantitativ in Hinblick auf intermolekulare Wechselwirkungsenergien zu unter-
suchen.

Spektroskopische Ergebnisse solcher Modellsysteme bei niedrigen Temperaturen
unter isolierten Bedingungen können direkt mit den Ergebnissen verschiedener theo-
retischer Methoden verglichen werden. Weiterhin können die experimentellen Ergeb-
nisse für die Weiterent-Wichlung und zum Testen neuer quantenchemischer Metho-
den rerwendet werden. Die in dieser Arbeit beschriebene Rotationsspektroskopie ist
eine hochauflösende und empfindliche Methode, mit der man genaue Strukturen und
damit auch Informationen über die intra- und intermolekularen Wechselwirkungen
in diesen Komplexen gewinnen und Aussagen über die jeweiligen Bindungsstellen
treffen kann.

Im Rahmen dieser Arbeit wurden in einem systematischen Ansatz drei unter-
schiedliche Arten von Molekülkomplexen untersucht, die Herausforderungen an die
theoretische Beschreibung und Charakterisierung der Dispersionwechselwirkungen
stellen. Zum Ersten wurden Komplexe untersucht, bei welchen klassische OH-O
Wasserstoffbrückenbindungen dominieren. Als Modellsysteme dienten Komplexe
aus Kampfermolekülen und Methanol oder Ethanol. In einer zweiten Kategorie sind
Komplexe mit Molekülen, die sowahl starke klassische Wasserstoffbrückenbindun-
gen als auch schwache OH-�-Bindungen bilden können. Hierzu wurden Komplexe
aus Phenyl-Vinyl-Ether mit Methanol, Diphenylether mit Wasser, tert-Butylalkohol
und Adamantanol sowie Dibenzofuran mit Wasser, Methanol und tert-Butylalkohol
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untersucht. Schließlich wurde in einer dritten Gruppe der Effekt der Dispersion-
wechselwirkungen auf die Aggregation von Molekülen studiert, welche ausschließlich
durch schwache OH-� und/oder CH-O Wasserstoffbindungen sowie �-� Dispersion-
swechselwirkungen gebildet werden. Untersucht wurden dabei Homodimere aus
den drei Molekülen Diphenylether, Dibenzofuran und Fluoren, welche interessante
strukturelle Ähnlichkeiten bei unterschiedlicher struktureller Flexibilität aufweisen.
Mit diesen verschiedenen Modellsystemen soll aufgedeckt werden, wie sich eine
bevorzugte Komplexstruktur durch das Einbringen kleiner Änderungen im Haupt-
molekül, der Bindungspartner oder bei der Aggregation ändert.

Die Entwicklung der Chirped-pulse Fourier-Transform Mikrowellenspektroskopie
ermöglichte es, weite Bereiche eines Rotationsspektrums in kurzer Zeit aufzunehmen.
Bedingt durch die rasante Entwicklung im Bereich der Elektronik ist es heute
möglich, Mikrowellenspektrometer kostengünstig zu bauen. In dieser Arbeit wurde
ein neues, auf dem Prinzip segmentierter, gechirpter Pulse beruhendes Design für ein
Spektrometer im Bereich zwischen 18 und 26 GHz aufgebaut und charakterisiert.
Dieses neue Design kann dazu beitragen, der Rotationsspektroskopie eine weitere
Verbreitung zu sichern.
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Chapter 1

Introduction

How do proteins fold? How are geckos and arthropods able to walk along walls and
ceilings? Why are branched alkanes more stable than linear alkanes? What are the
forces behind stabilizing graphene stacked sheet structure?

These important questions, based on every-day life observations, have been ratio-
nally explained by the interplay of van der Waals interaction [1{4]. One of the
weakest intra- and intermolecular interactions, the van der Waals interaction, is
omnipresent in all areas of science [5{8]. Intra- and intermolecular interactions
comprises of hydrogen bond, induction, and London dispersion interactions [9]. The
subtle interplay between these di�erent forces, along with repulsion, determines a
full understanding of the structure, stability, and reactivity of a chemical system.

It has been 100 years since hydrogen bonding was �rst described in 1920 by Latimer
and Rodebush [10, 11]. The classical electrostatic donor-acceptor (OH-O) interac-
tion description of hydrogen bonding is the same as de�ned a century ago. From
then onwards, it has been considerably expanded by the International Union of Pure
and Applied Sciences (IUPAC) to include di�erent classes of donor-acceptor inter-
actions to accommodate the appearance of new experimental and computational
results [12]. Because of hydrogen bonding, the structure, function, and dynamics of
a vast number of chemical systems, ranging from inorganic to biological molecules,
are being understood. Its strength lies between 0.25 - 40 kcal mol� 1 (1 - 167 kJ
mol� 1, 87 - 14000 cm� 1) [13], but this major contribution does not completely cover
the attractive part of the intermolecular interactions. There are e�ects from dis-
persion interaction, which have shown to play an important role in the formation
and stability of a structure [6, 14]. For example, by including dispersion interaction
one can fully understand the greater stability of branched over linear alkanes or the
� � � attractive structures of graphene.
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Figure 1.1: a) Hydrogen bonding interaction, as in the water dimer (adapted from
[19]), is represented as an electrostatic interaction between two point charges, b) the
interaction between two moieties is governed by dispersion interaction, as in the� -
stacked structure of graphene (adapted from [20]). The idea for the �gure is adapted
from Reference [6].

The concept of London dispersion interaction was described in 1930 by Fritz London
[15]. It is a purely quantum mechanical e�ect and arises from attractions between
instantaneously induced dipole moments on neighboring atoms [9, 16]. It is the force
that holds together noble gas clusters, e.g., Ar-Ar [17], and many noble gas/neutral
molecule clusters like benzene-Kr and benzene-Xe complexes [18]. The contribution
from London dispersion interaction has been underestimated for a long time. Re-
cently, with increasing molecular size, it has been noted that this contribution grows
rapidly and can amount to tens of kcal mol� 1. It scales with the number of pairwise
interactions between atoms and molecules and can thus be added up [6]. But the
force between two molecules is in
uenced by other surrounding molecules so that
one cannot simply add all pairwise interactions to determine the total interaction
energy of one molecule with the others. Figure 1.1 shows a comparison between
hydrogen bonding, as in the water dimer, and dispersion interaction, represented by
� -stacked structure of graphene, where the strength of hydrogen bonding is de�ned
by the electrostatic interaction between two point charges, whereas dispersion inter-
action is present between two interacting moieties.

With the advancement in experimental and theoretical methods/techniques, it has
been realized that dispersion interactions, along with hydrogen bonding and induc-
tion, are an important element to determine the structure, stability, and reactivity
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of a chemical system [6, 16]. They play a role across many areas of science, including
molecular physics, surface physics, colloid science, biology, and astrophysics. From
protein folding to supramolecular synthesis, the contributions from these weak dis-
persion interactions are signi�cant. It has potential in nanotechnology applications,
to stabilize unusual molecular fragments and also to construct new materials [8].

For a better understanding of dispersion interactions at the molecular level and to
use them to benchmark quantum-chemical methods, a priority program on `Con-
trol of London Dispersion Interactions in Molecular Chemistry' is being funded by
the Deutsche Forschungsgemeinschaft (SPP1807) since 2015 [21]. The research pre-
sented in this thesis is embedded in the program. The interplay between hydrogen
bonding and dispersion interaction will help in understanding and describing biologi-
cal phenomena, as well as in designing and developing new materials. Though known
for decades, the determination of the strength of dispersive interactions between
certain groups is a challenging task [6]. With geometrically well-de�ned molecular
model systems, which are particularly interesting for the interplay between disper-
sion and hydrogen bonding, it is possible to systematically examine and quantify
the London dispersion contribution to interaction energies [16].

Dispersion interaction has shown its importance at both theoretical and experimen-
tal levels. In a recent study, on the conformations of allyl isocyanate (CH2=CHC-
H2N=C=O) [22], quantum chemical methods that include dispersion, such as
M�ller-Plesset second-order perturbation theory (MP2) [23], and dispersion cor-
rected terms D3(BJ) [24, 25] added to density functional theory employing the
Becke, three parameter, Lee-Yang-Parr (B3LYP) [26, 27], predicted three di�erent
conformers. These conformers were also observed experimentally with microwave
spectroscopy. Interestingly, computational methods without dispersion corrections
are not able to capture the global minimum conformation. With dispersion interac-
tion already becoming important at the conformational level, this indicates that with
increasing molecular complexity and complex formation, a better understanding of
dispersion is needed at the theoretical level. In another study on 12-crown-4 ether
interacting with water clusters [28], the structures observed using broadband rota-
tional spectroscopy are stabilized by OH-O and CH-O hydrogen bonds along with
dispersion interactions. 12-crown-4 ether is a 
exible molecule, where the observed
conformation of the molecule remarkably changes when interacting with water com-
pared to its bare structure to maximize the interaction. This phenomenon cannot
only be explained by hydrogen bonding, making dispersion interaction an important
factor in providing extra stability to the changed conformation in cluster formation.
In yet another study, the observance of the shortest intermolecular CH-HC distance
of 1.566(5)�A to date [29], solely results from London dispersion interaction. This
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distance is even shorter than the prototypical classical OH-O hydrogen bond system
of water dimer (in water dimer O-O distance is 2.952�A [19], for OH bond length of
0.96 �A, the OH-O hydrogen bond distance becomes 1.99�A).

Examples where the interplay of hydrogen bonding and dispersion have been inves-
tigated in a systematic approach are presented. Clusters of anisole and its deriva-
tives with methanol have been investigated by Fourier transform infrared (FTIR)
spectroscopy. Anisole o�ers a hydrogen bonding site with the ether oxygen and a�
system with the phenyl ring for dispersion interaction. Its interaction with methanol
has shown a preference towards the oxygen bound complex [30]. On methylation
of anisole, the preferred interaction tips towards a dispersive� bound complex [31].
This observation is explained by the +I (inductive) e�ect of the methyl and the
+M (mesomeric) e�ect of the methoxy group that is known to interact di�erently in
ortho/para and meta position of anisole. In another example dimer formation was
studied systematically, as in clusters of benzyl alcohol, cyclohexyl methanol and 2-
methyl-1-propanol [32]. From the conformational 
exibility of these molecules, the
dispersion interactions are sometimes adding up and sometimes competing with the
OH-O hydrogen bonds. Other examples are the homodimers of anisole [33], phenol
[34], and 1-naphthol [35], where the classical OH-O hydrogen bond is taken over by
� -� stacking due to increased� system.

With increasing the size of the interaction partner for similar molecules, the inter-
molecular interaction energy di�erence between hydrogen-bonded and van der Waals
clusters decreases. The synergistic contributions from weak hydrogen bonds like CH-
O or OH-� and/or � -� dispersion interactions to intermolecular interaction energy
in van der Waals clusters, can result in becoming equal to or take over the OH-O
hydrogen-bonded complex. In this thesis, in a systematic approach, three kinds
of complexes are studied. These complexes can be used to serve as a challenging
benchmarking system for the theoretical representation and analysis of dispersion
interactions if their energy di�erences are small. One kind of complexes explores
the e�ect of dispersion interaction when complexes are dominated by strong clas-
sical OH-O hydrogen bond. The second set of complexes are comparing strong,
classical OH-O hydrogen bonds and weak OH-� hydrogen bonds, while the third of
complexes are formed only by weak OH-� and/or CH-O hydrogen bonds as well as
� -� dispersion interaction.

In order to investigate these di�erent kinds of complexes, rotational spectroscopy
has been employed. Rotational spectroscopy is a high resolution and highly sensitive
technique, which provides accurate structural information on the di�erent docking
sites in these clusters. The structure of a complex can be determined by the e�ects of
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the molecular vibrations, centrifugal forces, and internal rotation on the rotational
Hamiltonian, and by dipole moments and quadrupole coupling [22, 36{38]. The
structural knowledge also provides information about the intra- and intermolecular
interactions within these complexes. However, rotational spectroscopy is limited to
gas phase molecules which have a non-zero dipole moment. The gas phase condition
is advantageous as the complex formation can be probed in a controlled and isolated
manner. Further, lowering the temperature of the molecules in the gas phase can
give rise to simple and intense spectra of only low-lying energy levels. The rotational
spectroscopic parameters obtained from these conditions can have a good agreement
with the theory and can further be used to benchmark quantum-chemical methods.
The maximum size of the system could be restricted because of the gas-phase re-
quirements. However, this could be (partially) solved by methods such as laser
ablation [39]. There are various examples where rotational spectroscopy has been
employed for structural determination of molecules or weakly bound complexes and
to determine intra- and intermolecular dynamics in these molecules or complexes
[34, 35, 40{45].

Microwave spectroscopy is also applicable in the �elds of chirality and astrochem-
istry. It can di�erentiate between enantiomers of chiral molecules and can determine
the excess of one enantiomer over the other by extending the technique from its nor-
mal design [46{48]. In the �eld of astrochemistry, the detection of molecules in the
data collected by radio observatories e.g. Atacama Large Millimeter/submillimeter
Array (ALMA) [49] and the Herschel space telescope [50], relies on laboratory data,
in particular analyzed rotational spectra [51, 52]. The data collected by these ob-
servatories provide the molecular signals from dense molecular clouds, which gives
information on the chemical inventory of the interstellar medium on the information
on how molecules are formed in space.

Other than rotational spectroscopy, complex formation can also be investigated
by other spectroscopic techniques, such as Fourier transform infrared (FTIR) spec-
troscopy [53, 54] and infrared/ultraviolet (IR/UV) double resonance spectroscopy
[55, 56]. Both of these techniques can observe complex formation in the gas phase.
The FTIR technique gives information on the cluster formation, but due to its res-
olution, it can often not di�erentiate small changes in complex structure. Another
requirement of this technique is the vibrational stretching mode of the molecule
should be IR active. The IR/UV double resonance technique can often di�erentiate
between di�erent complexes, but it requires a UV chromophore.

Spectroscopic techniques, which are not limited by the size of the molecules or can
study solution or solid-phase samples, are nuclear magnetic resonance (NMR) spec-
troscopy, X-ray di�raction, and electron di�raction. NMR spectroscopy, performed
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in the solution phase, provides excellent structures of molecules or complexes and
can even be applied to investigate the structure of larger (bio) molecules like protein
[57{60]. Another method for structure determination is X-ray di�raction [61, 62].
In this technique, the molecules usually exist in the form of molecular crystals, or
isolated molecules/particles. They are placed in ultrahigh vacuum conditions, and
the structure is determined by X-ray di�raction pattern produced from the electron
clouds of the molecules. In electron di�raction, instead of creating a di�raction pat-
tern as in X-ray, electrons interact with the electron cloud of the molecule [63{66].
The samples for electron di�raction should be very thin (typically less than 100 nm)
and therefore, its preparation is time-consuming.

Rotational spectroscopy

The �eld of rotational spectroscopy gained momentum after World War II. From
then onwards, there have been many modi�cations in the �eld, leading to the present
spectrometer designs. During the war, with the advancement in radar technology,
instruments like Stark-modulator [67] and Zeeman-modulator [68] were developed.
These instruments were based on broadcasting a continuous wave of microwave ra-
diation through a gas cell and monitoring the reduction of the wave amplitude.
These instruments were based on the absorption signal, which is typically less sen-
sitive, leading to the investigation of emission signals [69]. A drawback of both
the instruments was that they were operated at room temperature [70, 71]. This
resulted in the molecular population being distributed over many rotational and
vibrational states, which further results in less intense and more complex spectra.
This limitation was overcome with the combination of the supersonic jet technique
with microwave spectroscopy [72{74].

The next large advance for microwave spectroscopy came with the development of
Fourier transform microwave (FTMW) spectroscopy, leading to the Balle-Flygare
design of the Fabry-Perot cavity FTMW spectrometer, which was used together
with the supersonic jet [75{78]. In this setup, much like the FT-NMR technique
[79], a pulse of radiation was used to excite the molecular transition, and the molec-
ular emission was collected in the form of its free induction decay (FID). The time-
domain FID signal was Fourier transformed to yield the frequency spectrum. The
ability to take the Fourier transform of the time domain yields high-frequency res-
olution, and because it is a background-free technique, the instrument enjoys high
sensitivity. The resolution of this instrument was further improved by Grabow et.al.
[80], where they modi�ed the design of the FTMW spectrometer by arranging the
molecular beam and the microwave �eld coaxially and perpendicularly. These fea-
tures enhanced the use of FTMW technique.
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But even with the success of this instrument, there was a major constraint. The
Balle-Flygare FTMW instrument can only operate over small bandwidths per acqui-
sition (1 MHz). Therefore, to acquire a spectrum over several GHz can be very time-
consuming and heavily relied on the predicted rotational constants. For a molecular
complex that has never been studied before, depending on the level of theory used,
the calculated transition frequencies are not accurate, making the spectrum analysis
tedious.

With the advancement in technology, a signi�cant breakthrough in terms of band-
width per acquisition led to the development of chirped-pulsed Fourier transform
microwave (CP-FTMW) spectroscopy [83]. The digital synthesis of a chirped pulse
spanning several GHz became available. This allowed the collection of a broad spec-
trum at once and in a very short time, for example, 6 GHz bandwidth (between
2-8 GHz) can be spanned in 4� s. With the observation of the rotational spec-

Figure 1.2: Simulation of camphor-ethanol complex 1 (presented in Chapter 5),
camphor [81], and alanine [82] at 1.5 K, highlighting their spectral patterns in a
broad frequency range. The intensity of a studied system in a frequency range varies
with the size of the system.
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trum in a broad frequency range, the identi�cation of spectral patterns belonging
to di�erent species enhanced the spectrum analysis process. Figure 1.2 shows the
simulation of camphor-ethanol complex 1 (C12H22O2, presented in Chapter 5), cam-
phor (C10H16O) [81] and alanine (C3H7NO2) [82] at 1.5 K, highlighting their spectral
pattern in a broad frequency range. This �gure also illustrates the in
uence of the
size of a molecule on the density and intensity of the rotational transitions in a fre-
quency range. The CP-FTMW spectroscopy facilitated the structure determination
of increasingly large and complex systems [37] and the generation of molecules and
complexes through chemistry occurring within transient plasma [84].

Outline of the thesis

The work presented in this thesis have two main objective. The �rst is oriented to-
wards understanding the interplay between hydrogen bonding and dispersion inter-
actions in weakly bound complexes in a systematic approach, by using a home-built
2-8 GHz microwave spectrometer. The second objective is the construction and eval-
uation of a newly-designed segmented 18-26 GHz chirped-pulse spectrometer. The
theoretical background for the work described in this thesis is presented in Chapter
2. The Hamburg COMPACT 2-8 GHz broadband CP-FTMW spectrometer used
for studying the weakly bounded molecular clusters is described in Chapter 3, where
the low-frequency range is chosen as it is suitable for the analysis of relatively large
molecular clusters presented here. During this thesis, the COMPACT spectrometer
has been extended to cover 8-18 GHz. The setup of the instrumentation is also
described in Chapter 3.

One focus of this thesis is the development of a lower-cost instrument in the mi-
crowave regime (18-26 GHz) both for analytical uses as well as for astrochemistry.
This instrument design is based on a segmented chirped-pulse approach. The seg-
mented chirped-pulse method has been applied to built spectrometers in the mil-
limeter and sub-millimeter range [85]. With the advancement in technology, it is
now possible to design and decrease the cost of microwave spectrometers while still
maintaining the characteristics of the instrument. The design, construction and
evaluation of this spectrometer is presented in Chapter 3, Section 3.5 (A lower-cost
newly-designed segmented chirped-pulse 18-26 GHz Fourier transform microwave
spectrometer).

The in
uence of dispersion interactions on strong classical (OH-O) hydrogen bond
is presented through complexes of a ketone (camphor) and two alcohols (methanol
and ethanol) and is combined with the already-studied camphor-water complexes
[86]. This study is presented in Chapter 5 - Monographic Part, Section 5.1 -Side-
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chain length in
uencing dispersion interaction in camphor-alcohol complexes. For
comparing strong, classical OH-O hydrogen bonds and weak OH-� hydrogen bonds,
complexes between an ether/furan and an alcohol have been systematically studied
to understand the role of dispersion interactions (Chapter 4, section 4.1). The cu-
mulative part of this thesis presents the study of phenyl vinyl ether with methanol
in Section 4.1.1 (The phenyl vinyl ether-methanol complex). Section 4.1.2 (Struc-
tures of diphenyl ether aggregates with water and alcohols) comprises of complexes
of DPE with water, tert-butyl alcohol, adamantanol, and combines it with the al-
ready studied diphenyl ether-methanol study [87]. With a small structural change
from diphenyl ether to dibenzofuran, the molecular complexes of dibenzofuran with
water, methanol, andtert-butyl alcohol are investigated in Section 4.1.3 (Complexes
of dibenzofuran with water and alcohols). The non-covalently bonded molecular
complexes of an ether/furan and an alcohol have been investigated by broadband
rotational spectroscopy, complemented by Fourier transform infrared (FTIR) and in-
frared/ultraviolet (IR/UV) double resonance spectroscopy. The homodimer clusters
diphenyl ether, dibenzofuran, and 
uorene are studied to investigate how molecules
start to aggregate in the absence of classical OH-O hydrogen bond formation: two
di�erent arrangements are possible (� stacking and hydrogen bonded T-shaped
structures). This study is presented in Chapter 4 - Section 4.2 (Dispersive stacking
in the aggregates of diphenyl ether, dibenzofuran and 
uorene dimers).

In the microwave spectra of the above complexes, features like internal motion of
water and methyl internal rotation are observed. The barrier to methyl internal
rotation is calculated for all the methanol containing complexes. For where the
signal-to-noise ratio of the complex is su�cient, the experimental structure of those
complexes are presented. Through these fourteen di�erent systems, we aim to in-
vestigate how a preferred complex structure changes by introducing small changes
in either the main molecule or the binding partner or on aggregation.
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Chapter 2

Theoretical background

Spectroscopy is de�ned as the analysis of the interaction between a physical system
(atoms and molecules) with any portion of the electromagnetic radiation. The ab-
sorption or emission of photons from di�erent energy levels of a system gives rise to
transitions in a spectrum. Molecular spectra can be complex, as they re
ect changes
in the electronic, vibrational or rotational motions of a system. Quantum mechan-
ics are employed to understand the spectrum obtained from di�erent spectroscopic
techniques. The theoretical background allows us to determine di�erent aspects of
a molecule like structure, bond strengths, and electric dipole and nuclear electric
quadrupole moments.

For a molecule, the quantized energy of its states can be calculated with the time
independent Schr•odinger equation,

Ĥ = E ; (2.1)

where is the eigenfunction of the Hamiltonian operatorĤ and E is its correspond-
ing eigenvalue.

Within the Born-Oppenheimer approximation, the electronic and nuclear motion
can be separated as they occur at di�erent timescales [88]. The total eigenfunction
 tot of a molecule can be written as the product of vibrational vib, rotational  rot ,
translational  trans and electronic elec eigenfunctions:

 tot =  vib rot  trans  elec: (2.2)

Its corresponding total Hamiltonian operator and the total energy of a molecule
can be presented as the sum of electronic, vibrational, rotational and translational
parts [89]:
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Ĥ tot = Ĥvib + Ĥ rot + Ĥ trans + Ĥelec (2.3)

E = Evib + Erot + E trans + Eelec (2.4)

In this work only the rotational energy of a system in their electronic and vibrational
ground states is evaluated via microwave spectroscopy, and its corresponding time-
independent Schr•odinger equation

Ĥ rot  rot = Erot  rot (2.5)

are discussed in the following section.

2.1 Rotational Hamiltonian

Rigid rotor Hamiltonian

To calculate the Erot in quantum mechanics, an analogy with the rigid rotor model
from classical mechanics is made, where the rotational energy of a rigid body is
given as:

Erot =
1
2

! yI! (2.6)

with the inertia tensor I , and the angular velocity! .

For a rotating system formed byN atoms, each one with massmi and spatial
coordinatesx i , yi , zi in a Cartesian axis system, the inertia tensor can be written
as:

I =
NX

n=0

mi

0

B
B
@

y2
i + z2

i � x i yi � x i zi

� yi x i x2
i + z2

i � yi zi

� zi x i � zi yi x2
i + y2

i

1

C
C
A =

0

B
B
@

I xx I xy I xz

I yx I yy I yz

I zx I zy I zz

1

C
C
A (2.7)

The inertia tensor I can be simpli�ed by placing the origin of the axis system at the
center of mass of the rotating body in such a way that the tensor becomes diagonal.
This molecular axis system is called the principal axis system, where the axes are
denoted asa, b, c, and it is unique for each rotating system. There are six ways to
correlate the Cartesian axis system to the principal axis system, as summarized in
Table 2.1. Other than the center of mass condition, the axis system is chosen such
that the diagonal elements ofI , called the principal moments of inertia, are de�ned
with increasing sizeI a � I b � I c.
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Table 2.1: Possible identi�cation of the principal axis system axesa, b, c with the
reference axesx, y, z leading to six di�erent representations.

I r I l II r II l III r III l

x b c c a a b

y c b a c b a

z a a b b c c

Based on symmetry, molecules are classi�ed into four di�erent categories:

1. Linear top molecules (I a = 0 and I b = I c) have a zero moment of inertia
about one of their molecular axes, and the other two principal moments of
inertia are equal in value, e.g., carbon dioxide (CO2), carbonyl sul�de (OCS).

2. Spherical top molecules (I a = I b = I c) have all three principal moments of
inertia equal to each other, e.g. methane (CH4), carbon tetrachloride (CCl4).

3. Symmetric top molecules have one unique and two equal moments of in-
ertia. They are characterized by a threefold or higher symmetry axis and can
be divided into two cases:

ˆ Prolate tops (I a < I b = I c) have the unique moment of inertia smaller
than the other two. These molecules have a cigar shape, as the symmetry
axis lies on thea axis, e.g. propyne (CH3C� CH), chloroform (CH3Cl).

ˆ Oblate tops (I a = I b < I c) have a disc shape, with the unique moment
of inertia being greater than the other two. For these molecules, the
symmetry axis lies on thec axis, e.g. ammonia (NH3), benzene (C6H6).

4. Asymmetric top molecules (I a < I b < I c) are rotors where all the three
principal moments of inertia are di�erent, e.g. water (H2O), phenol (C6H5OH).

In the principal axis system, the rotational energy takes the form:

Erot =
1
2

�
I a! 2

a + I b! 2
b + I c! 2

c

�
=

1
2

�
J 2

a

I a
+

J 2
b

I b
+

J 2
c

I c

�
(2.8)

where J is the angular momentum. In quantum mechanics, the equivalent ofJ is
the angular momentum operator̂J. The relation betweenĴ and the components of
angular moment in an axis system is given aŝJ

2
= Ĵ 2

x + Ĵ 2
y + Ĵ 2

z . Therefore, the
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rotational Hamiltonian for a molecule in the principal axis system describing the
rigid rotor system becomes:

Ĥ rig =
~2Ĵ 2

a

2I a
+

~2Ĵ 2
b

2I b
+

~2Ĵ 2
c

2I c
(2.9)

The rotational constants A , B , C for a molecule are inversely proportional to the
moments of inertia about the three principal axes,a, b, and c, as follows:

A =
~2

2I a
; B =

~2

2I b
; C =

~2

2I c
(2.10)

From this inverse relation it follows that A � B � C. For cases when the moments
of inertia are equal,I b is used as a conventional notation.

From equation (2.10), (2.9) becomes:

Ĥ rig = AĴ 2
a + BĴ 2

b + CĴ 2
c (2.11)

The solution for the energy levels in a quantum mechanical system is obtained from
the Schr•odinger equation of the rigid rotor as given in equation (2.5). The compo-
nents of the angular momentum operators are de�ned in the molecular axis system
(x, y, z) as Ĵg whereg = x, y, z. Ĵg operators do not commute with each other, but

only one component ofĴg commutes with the Ĵ
2

operator. Similarly, the compo-
nents of the angular momentum operator in the laboratory axis (X , Y, Z ) system

do not commute with each other and only one component commutes with thêJ
2

operator. For both the axes systems,z and Z axes are conventionally chosen to
commute with the Ĵ

2
operator.

From quantum mechanics, the operators that commute have a common set of eigen-
functions. For the Ĵ

2
, Ĵz and ĴZ operators a complete set of eigenfunctions JKM

can be calculated. The derivation of wave functions JKM is long, but they can be
written in a closed form as given in equation 11.15, page 241 of Reference [90].

The eigenvalues of̂J
2
, Ĵz and ĴZ operators are:

Ĵ
2
 JKM = ~2J (J + 1)  JKM (2.12)

Ĵz JKM = K ~ JKM (2.13)

ĴZ  JKM = M ~ JKM (2.14)
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The quantized eigenvalues are the quantum numbersJ, K, and M. The quantum
number J is a measure of the total angular momentum, and theK and M quantum
numbers describe the projections of the total angular momentum onto thez-axis
and Z-axis, respectively.J can take any positive integer value starting from 0, and
both K and M can take any integer value ranging from {J to + J, and are thus
2J +1 degenerate.

Using the properties of the angular momentum operator and its corresponding eigen-
values, it is possible to calculate the rotational transitions of linear and symmetric
top molecules.

For a linear and symmetric top, the selection rules are:

� J = � 1; � K = 0; � M = 0; � 1

where the K quantum number for a symmetric top molecule becomes doubly de-
generate.

The rotational transitions for both cases are given as:

� = 2B(J + 1).

Spherical top cannot be studied by microwave spectroscopy as they do not have a
permanent dipole moment resulting from a high degree of symmetry.

With three unique moments of inertia, the method for energy level determination
of an asymmetric top molecule is more complicated. The Hamiltonian for an asym-
metric top can no longer be only related tôJ

2
and Ĵz operators, as in linear and

symmetric top cases. There are contributions from̂Jx and Ĵy operators andĤ rig is
no longer diagonal, making it impossible to analyse analytically, but can be solved
numerically. Most polyatomic molecules belong to this category, and the large molec-
ular clusters investigated in this work belong to this class.

The Hamiltonian of an asymmetric-top molecule is set considering the asymmetry
of the molecule, which is described in terms of Ray's asymmetry parameter� , as
below,

� =
2B � A � C

A � C
(2.15)

where� can vary between the limiting cases of the prolate symmetric top (B = C)
with � = -1 and the oblate symmetric top (A = B) with � = +1. The highest
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Figure 2.1: Correlation diagram for the energy levels of prolate and oblate limiting
cases for an asymmetric top. Only the three lowest J levels are depicted.

degree of asymmetry is reached when� = 0. To set the asymmetric Hamiltonian
and thus calculate the energy of the molecule, within the prolate limiting case, Ir

representation and for an oblate limiting case, IIIr , are commonly used .

The asymmetric Hamiltonian employing the Ir (A � B > C ) representation gives
the following non-vanishing terms of the energy matrix:

EJ;K =
1
2

(B + C)J (J + 1) +
�
A �

1
2

(B + C)
�

K 2 (2.16)

EJ;K � 2 =
1
4

(B � C)[(J (J + 1) � K (K � 1))(J (J + 1) � (K � 1)(K � 2))]
1
2 (2.17)

For an asymmetric top, a given rotational level is no longer labelled only by theJ
and K quantum numbers as in symmetric tops. In comparison to the symmetric
top, the two fold degeneracy inK is lifted. The rotational energy levels are labeled
using the King-Hainer-Cross notationJK a K c , whereK a and K c are the pseudo quan-
tum numbers. They represents theK -values for the limiting cases of a prolate and
oblate symmetric-top molecule, respectively [91]. The energy level scheme of an
asymmetric-top molecule related with the two limiting cases of� is illustrated in
Figure 2.1.

The selection rules for rotational transitions in asymmetric-top molecules with re-
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Table 2.2: Selection rules for an asymmetric-top molecule with respect to changes
in K a and K c.

dipole transition type � K a � K c

� a a-type 0, � 2,... � 1, � 3,...

� b b-type � 1, � 3,... � 1, � 3,...

� c c-type � 1, � 3,... 0, � 2,...

spect to J and M are:

� J = 0; � 1; � M = 0 (2.18)

where the condition � J = 0 gives rise to Q-branch, � J = -1 to P-branch and � J
= +1 to R-branch transitions. In addition, these molecules can have three nonzero
components of the dipole moment (� a, � b and � c), giving rise to three types of
selection rules based on the change inK a and K c, as summarized in Table 2.2.

Non-rigid rotor Hamiltonian

The rigid rotor model is an approximation to calculate the energy levels of a
molecule. However, real molecules are not rigid and undergo distortions in their
average nuclear positions as rotation occurs. These contributions, referred to as
centrifugal distortions, are more enormous for an asymmetric rotor than for sym-
metric molecules. Fortunately, the energy due to centrifugal distortion accounts for
only a small part of the total rotational energy, and therefore can be treated with
su�cient accuracy by adding various correction terms from perturbation theory to
the rigid rotor Hamiltonian [92].

For an asymmetric molecule, the rotational Hamiltonian,Ĥ rot becomes:

Ĥ rot = Ĥ rig +
~4

4

X

��
�

� ��
� Ĵ� Ĵ� Ĵ
 Ĵ� (2.19)

where � , � , 
 and � can take any value ofx, y or z in the molecule �xed axis
system. Watson demonstrated that due to commutation relations and symmetry
properties, the number of components in the correction term can be reduced to �ve
determinable linear combinations of the fourth-order [91, 93, 94]. To analyse the
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centrifugal distortion, he proposed two possible combinations of the terms giving
rise to A (asymmetric) and S (symmetric) reduced Hamiltonians. TheA reduced
Hamiltonian is best suited for most asymmetric top molecules, and theS reduced
Hamiltonian for symmetric and slightly asymmetric top molecules.

Watson'sA reduction Hamiltonian in the I r representation including the �ve quartic
centrifugal distortion contants � J , � JK , � K , � J and � K gives the following energy
matrix elements:

EJ;K = A (A )K 2 +
1
2

(B (A ) + C(A ))[J (J + 1) � K 2] � � J J 2(J + 1) 2

� � JK J (J + 1) K 2 � � K K 4 (2.20)

EJ;K � 2 = f
1
4

(B (A ) � C(A )) + � J J (J + 1) +
1
2

� K [K 2 + ( K � 2)2]g

� [(J (J + 1) � K (K � 1))(J (J + 1) � (K � 1)(K � 2))]
1
2 (2.21)

The complete S-reduced Hamiltonian with the corresponding matrix elements can
be found in Reference [91]. The e�ect of centrifugal distortion on the observed
spectra is to shift the transitions to lower frequency from the value predicted for a
rigid rotor. Therefore, � J must always be positive since it already has a negative
sign (equation (2.20)). These e�ects are generally within a few kHz for smallJ �
10, but can become signi�cant, that is on the order of several MHz and more, for
high J transitions [95].

2.2 Internal rotation

Some 
exible molecules show additional features in a rotational spectrum as a result
of large amplitude motions such as internal rotation, ring puckering, inversion or
proton tunneling. From quantum mechanics, these motions are a result of coupling
between conventionally well-isolated vibration and rotation degrees of freedom in
molecules, which have a shallow double or even multi-well potentials. In particular
internal rotation of the methyl (CH 3) group for asymmetric tops has been explored
extensively during this work.

In the case of CH3 internal rotation, the rotation of the methyl top in a molecule
or a molecular cluster leads to three equivalent minima in the potential energy
surface along the rotation coordinate of the methyl top (as shown in Figure 2.2). To
calculate the e�ect of internal motion on the molecule, the rotational Hamiltonian
is extended:
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Figure 2.2: Schematic potential energy for the internal rotation of the methyl group of
methanol by an angle� around the internal axis (orange) for the camphor-methanol
complex (see Chapter 5, section 5.1). The potential function is depicted showing the
corresponding minima and maxima and the A-E splitting of each tortional state.

Ĥ = Ĥ rot + Ĥ I (2.22)

whereĤ rot is the rotational Hamiltonian as given in equation (2.19), andĤ I is the
internal rotation Hamiltonian for a methyl group, which is de�ned as:

Ĥ I = F (ĵ � + Ĵ )2 + V(� ) (2.23)

whereF is the rotational constant for the internal rotor, ĵ � is the angular momentum
operator of the internal rotation, Ĵ is the total angular momentum operator and
V (� ) is the potential barrier with the internal rotation angle � . The rotation of the
methyl group is 2� /3 periodic based on the C3 symmetry axis of the methyl top.
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The height of V (� ) is given by:

V(� ) =
1
2

V3(1 � cos3� ) +
1
2

V6(1 � cos6� ) + :::: (2.24)

whereV 3 and V 6 are the three-fold and six-fold barriers. Usually in a �rst approxi-
mation to solve the problem, it is considered thatV 3 � V 6, and therefore the other
terms in the series are neglected.

F can be calculated from the moment of inertia of the internal top (I� ). The direc-
tion cosines,� x (x = a, b, c), give the orientation of the internal rotation axes with
respect to the principal axis system:

F =
~2

2rI �
; where r = 1 �

X

x

� 2
x I �

I x
(2.25)

In the case of very highV 3 barrier (> 11-12 kJ mol� 1, 1000 cm� 1), the internal
motion due to the CH3 group is quenched, and the molecule corresponds to the
non-rigid Hamiltonian solution as given in equation (2.19). For a low barrier, the
internal top would essentially be free to rotate across the equivalent minima in the
potential energy surface via tunneling. In the case of an intermediate barrier, it is
possible to obtain the height of the internal rotation barrierV 3 and the orientation
of the methyl group with respect to the principal axes in the molecule with accu-
racy. In this way, the V 3 barrier height can also be helpful to analyze the chemical
environment around the methyl top.

The energy levels split into a non-degeneratedA component and a doubly-degene-
rated E component. As a result, each transition appears to split into two components
in the spectrum. The spacing between theA and E components in the spectrum
depends on the V3 barrier height. For the methyl group internal rotation, an addi-
tional selection rule arises, where transitions are only allowed between states of the
same symmetry,A  A or E  E.

This work also included the analysis of an almost-free internal rotation of a water
molecule hydrogen-bonded to diphenylether and dibenzofuran, respectively. The ro-
tation of the water molecule is� periodic based on the C2v symmetry group. In this
case, the observed doublets are labeled as 0+ and 0� , and the allowed transitions
for this situation are 0+  0+ or 0�  0� [96].
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2.3 Spectral analysis

There are a number of �tting programs available to assist the assignment of compli-
cated rotational spectra, e.g. JB95 [97], PGOPHER [98], AABS program suite [99,
100] and XIAM [101]. The latter two programs can be found on the PROSPE home-
page [102]. All of the programs are developed to �t the rigid rotor and non-rigid
rotor Hamiltonian for the assigned transitions to calculate the experimental rota-
tional constants. In the work presented in this thesis, the spectra were �rst �t using
the JB95 program or PGOPHER program, and then further re�ned using Pickett's
SPFIT/SPCAT programs as implemented in the AABS program suite. The analy-
sis of the observed tunneling splitting arising from methyl group internal rotation
in complexes with methanol was performed using the XIAM program. A detailed
description of the properties of the programs can be found in the corresponding
literature. Other than these, additional programs are available on the PROSPE
homepage for analyzing rotational spectra.

2.4 Structure determination

The knowledge of the experimental rotational constants of a molecule gives informa-
tion about its structure, as the rotational constants are related to the moments of
inertia. For an asymmetric molecule composed of N atoms, the molecular structure
is determined from its 3N-6 independent internal parameters, containing N-1 bond
lengths, N-2 bond angles, and N-3 dihedral angles. The determination of molec-
ular structures (with high accuracy) using only the rotational constants from the
main isotopologue is not possible, and more information is required from rare sta-
ble isotopes. Microwave spectroscopy is known for its high sensitivity, allowing us
to often observe rare isotopologues in natural abundance, such as those containing
13C(1.1%), 34S (4.22%),15N (0.368%), and18O (0.204%). In some cases, where the
signal-to-noise ratio (SNR) is not su�cient, isotopically enriched samples can also
be used. The rare stable isotopes generate new sets of rotational constants for all the
singly substituted atoms in the molecule. From this information, there are di�erent
ways to construct the experimental structure of a molecule, as discussed below [103,
104].

Equilibrium structure ( re)

The equilibrium structure corresponds to a minimum in the potential energy surface
as shown in Figure 2.3. This structure represents the distances between nuclei in
a hypothetical vibrationless con�guration. The relation between the equilibrium
rotational constant and the rotational constants of di�erent vibrational states is
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Figure 2.3: Potential energy function with vibrational states, rotational constants
and the structures derived from them.

given by:

Be = Bv +
3N � 6X

I

� i (� i +
di

2
) (2.26)

where � i is the rotation-vibration interaction constant and di is the vibrational
degeneracy. Equation (2.26) is applicable to all the three rotational constants in an
asymmetric-top molecule. The (re) structure cannot be directly determined from
the experiment, but the value of� i can be typically taken from calculations.

E�ective structure ( r0)

The e�ective structure represents the experimental structure in a certain vibrational
state [105]. Usually, the structure at the ground vibrational state, v = 0, is deter-
mined, and is known as ther0 structure. In this method, the structural parameters
are �t in a least squares manner to get a good agreement with the experimen-
tally obtained rotational constants of the parent and all the available isotopologue
species. This method may not be reliable in cases where the molecule contains large
amplitude motions or out-of-plane bending.
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Substitution structure ( r s)

The Kraitchman's equations method or ther s method determines the magnitude
of the coordinates of each atom from the information of the isotopologue rotational
constants [106]. This method uses the ground state moments of inertiaI x (x =a,b,c)
of the parent and of the substituted species and relates them to the planar moments
of inertia Px as given below:

Pa =
1
2

(I b + I c � I a); Pb =
1
2

(I c + I a � I b); Pc =
1
2

(I a + I b � I c) (2.27)

For an asymmetric top, the coordinates can be calculated by the expressions:

jaj =
�

� Pa

�

�
1 +

� Pb

I a � I b

� �
1 +

� Pc

I a � I c

�� 1=2

(2.28)

jbj =
�

� Pb

�

�
1 +

� Pc

I b � I c

� �
1 +

� Pa

I b � I a

�� 1=2

(2.29)

jcj =
�

� Pc

�

�
1 +

� Pa

I c � I a

� �
1 +

� Pb

I c � I b

�� 1=2

(2.30)

where� is the reduced mass for the isotopic substitution and is given by:

� =
M � m

M + � m
(2.31)

where M is the total mass of the molecule and �m is the change in mass on isotopic
substitution.

The change of the moment of inertia upon isotopic substitution leads to a partial
cancellation of the ro-vibrational contribution. This partial cancellation reveals
a structure which is closer to the equilibrium structurere than the e�ective r0

structure. The r s method does not consider any structural changes due to isotopic
substitution. This method gives absolute values for the coordinates of each atom so
further information is required to set the proper signs. In cases where the coordinate
values are too small, the Kraitchman method yields imaginary values i.e., when the
substituted atom is close to an inertia axis. In the case of large amplitude motions
(LAM), isotopic substitution breaks the symmetry and the LAM are quenched, and
so an average structure can be obtained.
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2.5 Quantum chemical calculations

In general, the analysis of a rotational spectrum is assisted by the spectroscopic
parameters obtained from quantum chemical calculations. The following section
brie
y describes the quantum chemical methods used to optimize structures and to
obtain their energy and rotational parameters, in this work. All the calculations
were performed with the GAUSSIAN 09 program suite [107] or ORCA 4.1 program
suite [108].

In this work, weakly bound molecular clusters were investigated. In a �rst step, an
initial search was conducted to �nd the minimum energy structures of the complexes
by either structures designed from chemical intuition or by using the Arti�cial Bee
Colony (ABCluster) method [109]. The ABCluster program calculates local mini-
mum structures using force �eld parameters of the molecules.

To optimize the obtained structures, the density functional theory (DFT) method
at B3LYP and ab-initio second order M�ller-Plesset perturbation theory (MP2)
method, are mainly used in this work. The B3LYP method is composed of a num-
ber of terms: B3LYP (Becke, three parameter, Lee-Yang-Parr) is a hybrid func-
tional which uses a linear combination of the exact Hartree-Fock functional with
the electron-electron and exchange-correlation to describe the system [26, 27]. A
further empirical correction was made for dispersion correction (D3) including Becke-
Johnson damping (BJ), which is especially important for weakly bound complexes
[24, 25]. The MP2 [23] is based on the Hartree-Fock (HF) method [110] and also
includes electronic correlation, thus this method includes dispersion. The DFT level
of theory requires shorter computational time compared to the ab-intio method for
structural optimization.

Three kinds of basis sets, def2-TZVP, 6-311++G(d, p) and aug-cc-pVTZ, were cho-
sen to model the orbitals of the molecule. They were based on the computational
time, data storage, and their performance from the previous studies related to the
molecular systems presented in this work [86, 87]. The def2-TZVP basis set repre-
sents the polarized triple zeta basis set, where def stands for default in Turbomole
[111]. The 6-311++G(d,p) are a member of the Pople basis sets, where 6-311G
is a split-valence triple-zeta basis, and can be adjusted for the use of di�use func-
tions (++) or polarization functions (d,p) [112, 113]. The aug-cc-pVTZ basis sets
represents the Dunning-type basis sets (cc-pVnZ) basis sets including correlation
correction and can be augmented (aug) by adding di�use functions [114].

Additionally, for a quantitative analysis of the inter-molecular interactions present
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in large clusters, symmetry adapted perturbation theory (SAPT) calculations were
performed [115, 116]. This method calculates the total interaction energy in a clus-
ter without computing the total energy of the monomers or dimer. The interaction
energy is further used to determine the contribution of electrostatic, induction, ex-
change, and dispersion energy, in a perturbative approach. The �rst-order expansion
to the interaction energy gives the electrostatic and exchange terms, and the second-
order gives the dispersion and induction terms. These calculations were performed
using the Psi4 electronic structure package [117]. The simplest SAPT calculations
only include the �rst and second order expansion of the interaction energy, as is
denoted as SAPT0. Higher order terms can also be included, which can add higher
accuracy to the obtained results, but this requires relative more computational time.
For adequate values of the di�erent contributions to the inter-molecular interactions,
SAPT0 calculations are optimal.
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Chapter 3

Experimental details and
instrumentation

The following chapter summarizes the setup and operation principle of a chirped-
pulse microwave spectrometer, the Hamburg "COMPACT" spectrometer, which
operates between 2-8 GHz and which was employed for the study of intermolecular
interactions in large complexes in this thesis. The home-built COMPACT spec-
trometer was extended to work up to 18 GHz, and the setup of this extension is also
described. In the second part of this work, a newly-designed segmented chirped-pulse
spectrometer within the 18-26 GHz range has been built-up. All the instruments
described here use a supersonic expansion, which provide a cold environment for
molecules to be cooled into their vibronic ground state and only low-lying rotational
energy levels are populated. This allows for an intense spectra with only rotational
levels being observed in the spectra. Furthermore, the con�gurations of 
exible
molecules can be frozen, which allows the study of low energy conformers. In the
case of complex formation in the �rst stages of supersonic expansion, where there
is high molecular density, the cold environment preserves the weakly bound cluster
[118].

3.1 Supersonic expansion

A supersonic jet is created by expanding a gas mixture from a region of high pres-
sure to a region of low pressure through a small ori�ce. The gas mixture is usually
composed of a few percentages of the sample molecules under analysis diluted with
a carrier gas (He, Ne, Ar, or mixtures of them). In the supersonic expansion, the
opening of the ori�ce is larger than the mean free path lengths of the atom. There-
fore, multiple collisions of the molecules with the carrier gas atoms can occur during
the expansion, resulting in exchange of kinetic energy (KE) among them. The ex-
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change of KE narrows down the velocity distribution of the molecules and carrier
gas atoms than that of before expansion. This narrow velocity distribution causes
decrease in translational temperature of the molecules, leading to e�cient cooling
of their internal and external degrees of freedom. This brings down all the excited
state population of the molecule to their vibronic ground states, which leads to an
increase of the intensity of the populated energy levels. A typical temperature of
the supersonic jet after expansion, along the translational, rotational, and vibra-
tional degrees of freedom, is of the order of the 1 K, 10 K, and 50 K, respectively.
The narrow velocity distribution further leads to narrow line shapes, and since the
molecules are diluted, there is no collisional broadening.

In our experimental setups, the high-pressure area (reservoir) and the low-pressure
area (the vacuum chamber) are separated by a pulsed nozzle. By controlling the
opening time of the nozzle, de�ned molecular packets are allowed to expand into
the chamber. If the sample of interest is a liquid or a solid, it can be heated in the
reservoir and mix with the carrier gas before expansion.

The velocity distribution of the molecules can be calculated according to the

Figure 3.1: The Maxwell-Boltzmann velocity distribution of neon calculated at dif-
ferent temperatures.
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Maxwell-Boltzmann distribution:

P(� ) = 4 �
�

m
2�k B T

� 3
2

� 2e� m� 2

2k B T (3.1)

wherekB is the Boltzmann constant. Figure 3.1 shows the velocity distribution of
neon at di�erent temperatures using equation 3.1.

For an monoatomic ideal gas undergoing supersonic jet expansion, an adiabatic and
isentropic behavior is considered, and the maximum velocity of the molecules can
be calculated using:

� max =

r
5kB T

m
(3.2)

where T is the temperature of the reservoir, andm is the mass of the atoms and
molecules in the supersonic expansion. Equation 3.2 is only valid for ideal gases,
and for a real system an approximation can be made. As the gas mixture in the
supersonic expansion contains only a few percentage of the molecule, the carrier gas
can be used to calculate the terminal velocity of the gas mixture in the expansion.
For helium, neon, and argon a terminal velocities of 1760, 790, and 560 m s� 1,
respectively, are achieved during the expansion, forT = 300 K.

The most common way to describe the di�erent areas of the supersonic expansion
process is by using the Mach number,M ,

M =
v
c

(3.3)

Figure 3.2: Schematic drawing of the valve with the supersonic jet structure. The
valve and the supersonic jet are not drawn to the same scale.
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where v is the velocity of the atomic jet at a speci�c position, andc is the local
speed of sound. The supersonic expansion can be described in terms of the speed of
sound because the propagation of sound in a gas can also be treated as an adiabatic
and nearly isoentropic process.

As shown in Figure 3.2, the gas is in a "stagnation state" in the reservoir de�ned
by the temperature T0 and the pressure P0. The Mach number in the reservoir is
smaller than one (M< 1) because the atoms frequently collide, which gives a much
slower velocity than the sound velocity. The pressure di�erence (P0-PB ) between
the two areas, inside the reservoir and the vacuum chamber, accelerates the gas at
the throat of the ori�ce exit, as the volume of the reservoir decreases, reaching a
Mach number equal to 1 at the reservoir exit. The greater the di�erence in pressure
between the two areas, the greater the gas acceleration. During the expansion, the
density of the atoms as well as the number of collisions decreases, and the mean
velocity increases. At this point of the expansion, the Mach number is greater than
one (M � 1), and the jet can be treated as a supersonic jet. This area is also called
the zone of silence since the molecules in this area are so dilute that no collisions
take place any more.

The length x of the "zone of silence" depends on the diameter (D) of the ori�ce
and on the di�erence in pressure between the two areas, inside the reservoir and the
vacuum chamber, and is given by:

x = 0:67D

r
P0

PB
(3.4)

The experimental performance will be in
uenced by the pumping speed, which de-
�nes the ultimate pressure, PB , in the vacuum chamber. In our experimental setup,
low rotational temperatures leads to only low energy rotational states being pop-
ulated and therefore, to more intense and simple spectra. Additionally, di�erent
carrier gases show di�erent cooling behaviors. As the result of the exchange of en-
ergy of the molecules with heavier carrier gas atoms is e�cient, argon would be a
good choice for reaching low temperatures in the molecular jet. However, argon
has a tendency to form weakly bound complexes with the molecules of interest and
thus can a�ect the monomer intensity and compete with the other molecules in case
of complex formation. Therefore, the choice of the best carrier gas is, therefore,
a compromise between optimal cooling and the tendency to form complexes. For
our experiments, the supersonic expansion is created by using neon as a carrier gas,
which results in achieving rotational temperatures of 1-3 Kelvin, and does not show
tendency to form complexes with the molecules.

The main goal in this work was to study weakly bound complexes of the molecules
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Figure 3.3: The simulated spectra of camphor-ethanol complex 1 (Chapter 5) at
di�erent temperatures. Only the a-type transitions are shown for simplicity. At
higher temperatures more energy levels are populated, which leads to a decrease of
the intensities in the spectrum.

of interest. At the translational temperatures available in the supersonic jet, the
binding energy produced by the weakly bound complexes are larger than the trans-
lational kinetic energy of the atoms and molecules in the jet and therefore, the
complexes formed during the expansion do not dissociate during collisions and are
stable [118]. However, the formation of complexes requires at least three-body colli-
sions, while the cooling of the molecules in the supersonic jet requires only two-body
collisions. The ratio of three-body collisions to two-body collisions is proportional
to the number density of atoms, n0, and the mass throughput through the nozzle is
proportional to n0D2. Therefore, for a constant D, increasing n0, can increase com-
plex formation [118]. Figure 3.3 shows the simulated spectra of camphor-ethanol
complex 1 (Chapter 5) at di�erent temperatures. Only the a-type transitions are
shown for simplicity. At higher temperatures more energy levels are populated,
which leads to a decrease of the intensities in the spectrum.

Nevertheless, the optimal parameters for the expansion for each experiment have to
be adjusted to obtain a better signal level of the complexes in the spectra. This was
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performed by varying the opening time of the nozzle, or the pressure or the choice
of the carrier gas or by adjusting the temperature of the molecules in the reservoir.

3.2 Chirped-pulse Fourier transform microwave
spectroscopy

In 2006, chirped-pulse Fourier transform microwave spectroscopy (CP-FTMW) spec-
troscopy was developed by the research group of Brooks Pate (at the University of
Virginia, USA), which added a new dimension to the �eld of rotational spectroscopy
[83], compared to a high-quality Fabry-Perot cavity FTMW spectrometer. In the
CP-FTMW technique, a short chirped pulse covering a broad spectral range of
several gigahertz (GHz) is broadcast to simultaneously excite molecular transitions
which are resonant with a frequency in the chirp. The resulting molecular emission
is collected in the form of its free induction decay (FID) and averaged in the time
domain on a fast broadband oscilloscope. The averaged FID is Fourier transformed
to convert the data in-to the frequency domain. Using CP-FTMW spectroscopy,
it is possible to record rotational spectra of complex, 
exible molecules spanning
several GHz bandwidth within a few microseconds. With this method, the data
acquisition time and sample consumption are decreased by a factor of 100[83] and
30[83], respectively, compared to a cavity based spectrometer.

CP-FTMW spectroscopy is based on a fast passage excitation of a linear microwave
chirp [83, 119]. The excitation pulse needs to be faster than the relaxation time of
the excited states and is typically 1-4� s long. With advancement in technology, the
digital synthesis of a chirp became acheivable and was �rst applied by Brown et al.
[83] to built the CP-FTMW spectrometer. According to Reference [83], the electric
�eld waveform of a linear chirp is given by:

E(t) = E0ei (! s t+ �t 2

2 ) (3.5)

where E0 is the amplitude of the electric �eld and is kept constant,� is the chirp
rate, and is de�ned as:

� =
! e � ! s

� pul
(3.6)

where! s and ! e are the start and end frequency of the chirp, respectively, and� pul

is the pulse duration.

In a chirped-pulse based microwave spectrometer, the intensity of emitted molecular
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signal (S) is proportional to the transition frequency! , the square of the transition
dipole moment � 2, the amplitude of the excitation electric �eld E0, the population
di�erence of the two states involved in the transition �N 0, and the inverse square
root of the chirp rate � [83]:

S / ! � � 2 � E0 � � N0 �

r
�
�

(3.7)

All these factors are needed to be considered for designing, building, and operating
a CP-FTMW instrument.

The instrument described below cover together the 2-26 GHz range and is based
on the linear sweep chirps as described in equation (3.5). The 2-8 GHz Ham-
burg compact-passageacquired coherencet echnique (COMPACT) spectrometer is
home-built [36], with constant developments to improve the performance [86]. The
design of the spectrometer follows the CP-FTMW approach introduced by Brown
et al. [83] and is based on a design proposed by Grabow [120]. An extension to in-
crease the frequency range of the COMPACT to 18 GHz is implemented. The 18-26
GHz spectrometer is based on the segmented chirped-pulse approach as discussed
in Section 3.5.

The 2-18 GHz frequency range is optimal for the investigation of large and complex
molecules with substantial moments of inertia and thus small rotational constants,
leading to transitions with low frequencies. The 18-26 GHz range is chosen for
medium sized molecules. This frequency range is optimal for astrochemically rele-
vant molecules, as medium sized molecules have their peak intensities in this region
at the cold conditions of the interstellar medium.

3.3 The Hamburg COMPACT (2-8 GHz) spec-
trometer

A schematic of the 2-8 GHz spectrometer design is given in Figure 3.3. A 24 GS/s
arbitrary waveform generator (AWG, Tektronix 7122A) is used to create a 4� s
chirped excitation pulse from 2-8 GHz. The excitation chirp is ampli�ed by an
adjustable traveling wave tube ampli�er (Ampli�er Research 300T2G8) with more
than 300 W output power, which has a frequency bandwidth of 6 GHz (2-8 GHz).

After ampli�cation, the excitation chirp is transmitted into a vacuum chamber (oper-
ating pressure 10� 5 mbar), using a high gain microwave horn antenna (Q-par Angus
WBH 2-18-NHG), operating between 2-18 GHz. As shown in Figure 3.3, another
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receiver horn antenna is placed approximately 20 cm away from the emitting an-
tenna. The molecules, along with an inert carrier gas, are supersonically expanded
into the vacuum chamber using a pulsed nozzle (Parker General Valve, Series 9).
The valve is mounted on the top of the vacuum chamber and perpendicular to the
microwave propagation. Usually, neon is used as a backing gas at stagnation pres-
sures of 2-5 bar, but helium and argon can also be used for this purpose. Depending
on the molecule being studied, a gas mixture can be prepared (typically 0.1-0.5% of
molecules in an inert gas). For solid or liquids, the sample can be heated if needed
in order to bring enough molecules into the gas phase. For this, the sample is placed
in a modi�ed pulsed nozzle which is equipped with a heatable reservoir close to the
ori�ce. In the present setup, the sample can be heated to a maximum temperature
of approximately 200°C, due to the operating speci�cation of the pulse valve.

The high power excitation pulses during molecular excitation are blocked by a high-
power diode limiter (Aero
ex ACLM-4535) and a solid-state, single-pole single-throw
switch (SPST, Advanced Technical Materials S1517D) to protect the sensitive re-
ceiver electronics. After excitation, the FID of the polarized ensemble of molecules
is received by the second horn antenna. The FID is then ampli�ed with a low-noise
ampli�er (LNA, AMF-7D-01001800-22-10P) and digitized on a 100 GS/s oscillo-
scope (Tektronix DPO 72004C). The oscilloscope has an adjustable digitization rate
and is set to 25 GS/s for the 2-8 GHz experiment. The FID is collected for 40� s
and Fourier transformed using a Kaiser Bessel windowing function for baseline im-
provement, giving a resolution of� 25 kHz and frequency accuracy of 10 kHz. Other
time-domain �lters such as Hamming and Gaussian are also available to improve
the baseline resolution of the spectrum.

The sensitivity of the spectrometer depends on the ability to average coherent FID
signals in the time domain over many acquisitions. For this, phase reproducibility
is mandatory. To ensure phase stability, the AWG, the TWT ampli�er, the oscillo-
scope and a delay generator (Stanford Research Systems DG645) are phase-locked
to a 10 MHz Rb oscillator (Stanford Research FS 725). As shown in Figure 3.3, the
pulse generator triggers the AWG and the valve. One channel of the AWG triggers
the delay generator, which then triggers the TWT ampli�er and the SPST (protec-
tion) switch. Another channel triggers the oscilloscope to start collecting the FID
after the excitation pulse.

The abundance of weakly bound complexes relative to their parent species is often
low. Therefore, to observe these weakly bound complexes, several million averages
of the FID are necessary to obtain a good signal-to-noise ratio (SNR), depending on
the molecular density and the strength of the dipole moment. With the advance-
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Figure 3.4: Experimental setup of the Hamburg COMPACT (2-8 GHz) microwave
spectrometer. The colored dotted lines are used to indicate triggers. The valve and
the AWG are triggered by the pulse generator (red dashed lines). The chirp is gener-
ated by the AWG, ampli�ed by the TWT ampli�er, and transmitted into the vacuum
chamber via a horn antenna. The FID is received with another horn antenna, ampli-
�ed with a low-noise ampli�er, and recorded on an oscilloscope. The delay generator,
the oscilloscope, the TWT ampli�er and the AWG are phase-locked to a Rb-frequency
standard (green dashed lines). To ensure phase stability, the AWG triggers the delay
generator and the oscilloscope by its two marker channels (grey dashed lines). The
delay generator then triggers the TWT ampli�er and the protection switch (purple
dashed lines).
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ment in digital electronics, especially for the digital oscilloscope used in this setup,
it is possible to implement a fast-frame approach. In this method, for one gas pulse
of about 600� s, eight microwave chirps of 4� s are used for excitation in a series,
with a 45 � s distance between two consecutive chirps for 40� s FID collection and
1 � s bu�er time for the electronics. The resulting FIDs are then summed up. With
the Hamburg COMPACT spectrometer, the fast-frame setup can be performed to-
gether with a gas pulse repetition rate of 9 Hz, giving an e�ective repetition rate of
72 Hz. The main limitation to further increase this rate is the pumping speed of the
roughing pump. The spectrometer is currently equipped with an oil di�usion pump
(Leybold DIP 12000, pump speed 12 000 l/s) backed by a mechanical pump (Ley-
bold D40B Trivac Vacuum pump) and a booster pump (Leybold WAU251 RUVAC
pump). With this setup, it is possible to record 6.2 million averages in approximately
24 hours.

Figure 3.5: Trigger scheme of the experiment carried out on the Hamburg COM-
PACT spectrometer. An experimental sequence starts with a gas pulse. The valve
is opened for a time� valve . After a time texp, the expansion reaches the interaction
region, and the chirped-pulse excitation sequence starts with opening the protection
switch for a time � prot . After a short delay, the TWTA is turned on, followed by the
emission of the excitation pulse. The FID recording is set such that the excitation
pulse does not interfere with the recorded signal.
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3.4 The extended COMPACT (8-18 GHz) spec-
trometer

The schematic for the extension of the COMPACT spectrometer to the 8-18 GHz
frequency range is shown in Figure 3.4. The Nyquist frequency range of the AWG
is up to 12 GHz. Therefore, 2� s duration chirps between 4-9 GHz are generated
with the AWG, ampli�ed (Minicircuits, ZX60-123LN-S+) and doubled to 8-18 GHz
(ECLIPSE MICROWAVE, Model D2010LZ1), where the doubler only multiplies the
bandwidth of the chirp by two without changing the pulse duration. The interme-
diate ampli�cation step is necessary to ensure adequate power requirement for the
doubler. The chirped pulses are then ampli�ed with a 50 W solid state ampli�er
(SSA, Mercury Systems, L0618-46-T680) and broadcasted into the vacuum chamber
with the horn antenna. The SSA operates between 6-18 GHz. Following each exci-
tation, the electronics for collecting and digitizing the FID are the same as the 2-8
GHz setup. The FID is recorded on the 100 GS/s oscilloscope, with the digitization

Figure 3.6: Experimental setup of the extended COMPACT (8-18 GHz) microwave
spectrometer. The colored dotted lines are used to indicate triggers. The valve and
the AWG are triggered by the pulse generator (red dashed lines). The chirp is gen-
erated by the AWG, ampli�ed and doubled to 8-18 GHz, ampli�ed by the SSA, and
transmitted into the vacuum chamber via a microwave horn antenna. The FID is
received with another microwave horn antenna, ampli�ed with a low-noise ampli�er,
and recorded on an oscilloscope. The delay generator, the oscilloscope, the SSA and
the AWG are phase locked to a Rb-frequency standard (green dashed lines). To en-
sure phase stability, the AWG triggers the delay generator and the oscilloscope by
its two marker channels (grey dashed lines). The delay generator then triggers the
SSA and the protection switch (purple dashed lines).
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rate set to 50 GS/s and collected for 20� s yielding a frequency resolution of� 50
kHz, but maintaining the frequency accuracy of the measurement.

Due to the limitations on the memory of the oscilloscope at high digitization rate,
it is not possible to run the experiments at 72 Hz e�ective repetition rate. With
eight frames, the maximum repetition rate of the gas pulse is set to 4 Hz, and an
e�ective repetition rate of 32 Hz is achieved.

To better match the power per GHz distribution of the 8-18 GHz range compared
to a previously known 8-18 GHz spectrometer [83, 84] for which a 300 W power am-
pli�er is available, the 8-18 GHz chirps are synthesized in smaller bandwidths and
ampli�ed with the 50 W SSA. The 10 GHz bandwidth is divided into 3 segments of
5 GHz, 2.5 GHz and 2.5 GHz each (8-13 GHz, 13-15.5 GHz and 15.5-18 GHz). But,
all microwave components (cables, connections, microwave horn antennas, switches
etc.) operating up to 18 GHz do not have a 
at performance across the whole band
and show larger power losses at higher frequencies compared to low frequencies.
This results in a lower intensity of molecular transitions in the spectrum at higher
frequencies.
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3.5 A lower-cost newly-designed segmented 18-
26 GHz chirped-pulse Fourier transform mi-
crowave spectrometer

The 18-26 GHz frequency range of the spectrometer presented in this work, also
known as the K-band region, is well suited for the study of medium-sized molecules
and for studying astrochemically relevant molecules. This frequency range overlaps
with some modern radio observatories around the world, for example, the Jansky
Very Large Array (JVLA) in Mexico, the Radio Telescope E�elsberg in Germany,
the Australian Square Kilometer Array Path�nder (ASKAP) in Australia, among
others where small to medium sized astrochemically relevant molecules are observed.
The detection of molecules in datasets from facilities such as these observatories re-
lies on high-level laboratory data, in particular analyzed rotational spectra. The
broadband CP-FTMW design to build rotational spectrometers is best suited for
collecting rotational spectra of unknown molecules.

However, the application of CP-FTMW spectroscopy is limited to still a few research
groups, and one of the factors governing this is the high cost involved in building
microwave spectrometers. In a CP-FTMW spectrometer, the most expensive elec-
tronics are arbitrary waveform generators (AWG) that synthesize a chirped pulse,
travelling wave tube ampli�ers (TWTAs) that amplify a broad spectral range to
high output powers, and fast broadband oscilloscopes to average and digitize the
free induction decay (FID) in real time. This limitation is further enhanced in the
millimeter wave (MMW) and submillimeter range, where the availability of elec-
tronics is rare and therefore the cost of the instrument can be higher than in the
microwave range.

A cost reduction method has been applied before to design MMW and submillime-
ter instruments [85, 121]. These spectrometers have been based on the segmented
chirped-pulse approach. As the name suggest, in this method the entire bandwidth
of the spectrometer is divided into small chirped-pulse segments called a pulse train.
A general scheme of the principle di�erence between a broadband chirped-pulse and
segmented chirped-pulses is show in Figure 3.7. Usually, an AWG creates a low
frequency excitation pulse train, which is frequency up-converted by an active mul-
tiplier chain to give a chirped-pulse segment which lie within the spectrometer's
bandwidth. The AWG is needed to achieve the sweep rates required for chirp gen-
eration, which are not attainable with conventional microwave sources. The FID
from each segment is then frequency down-converted and digitized on a narrow
band digitizer card, replacing the cost of broadband oscilloscopes. Finally, the en-
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Figure 3.7: A general scheme showing the principle di�erence between a broadband
chirped-pulse and segmented chirped-pulses. A broadband chirp spans the entire
bandwidth of a spectrometer at a time. In segmented chirps, the broadband chirp
is divided into several small segments, and one segmented-chirp spans one region of
the spectrometers bandwidth at a time. In this way, a number of segmented-chirps
cover the entire bandwidth of the spectrometer.

tire bandwidth is frequency corrected and constructed by adding together smaller
segments of the rotational spectrum.

With the advancement in technology it is now possible to decrease the cost of
chirped-pulse instruments in the microwave region. Using the segmented approach
we present a new design for the 18-26 GHz spectrometer. This new design has the
capability to decrease the total cost of expensive broadband microwave instruments
by at least two-third, compared to the previously reported broadband CP-FTMW
instruments, without compromising the quality of the data [122]. Similar to the fast
frame method, in this spectrometer each molecular pulse is scanned by three pulse
trains (multi-train). The instrument's performance is characterized using molecular
signals of carbonyl sulphide and hexanal. A detailed analysis of the phase stability,
frequency accuracy, resolution and dynamic range of the spectrometer, including a
comparison with the �rst 18-26.5 GHz CP-FTMW spectrometer [123], is presented.
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3.5.1 Experimental details

A schematic of the newly designed segmented CP-FTMW spectrometer operating
between 18-26 GHz is shown in Figure 3.8. The design of the excitation pulse gen-
eration, free induction decay (FID) collection, optimization process, timing scheme,
sample chamber, and automation are described below.

Excitation pulse

This section describes the creation of the excitation pulse. In contrast to the COM-
PACT spectrometer (Section 3.3), the entire bandwidth from 18-26 GHz is covered
in a few steps.

The chirped excitation pulses are created via channel 1 (CH1) of a 25 GS/s dual-
channel arbitrary waveform generator (AWG, Tektronix AWG70000A series). As

Figure 3.8: Experimental setup of the segmented 18-26 GHz chirped-pulse microwave
spectrometer. The colored dotted lines are used to indicate triggers. The valve and
the AWG are triggered by the delay generator (purple dashed lines). The pulse train
is generated by the AWG, up-converted by LO-1 pulse (see text), doubled, ampli�ed by
the SSA, and transmitted into the vacuum chamber via a microwave horn antenna.
The FID is received by another microwave horn antenna, ampli�ed with two low-
noise ampli�ers, and down-converted by LO-2 pulses (see text) to be digitized on the
digitizer. The AWG is phase locked to a TCXO oscillator of the Valon synthesizer
via a clock distribution board (grey dashed lines). To ensure phase stability, the
AWG triggers the SSA, the pulse switch, the protection switch, and the digitizer.
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given in Section 3.2, the waveform of the linear chirp and chirp rate are de�ned
by equations (3.5) and (3.6), respectively. These chirps cover the frequency range
from 7 - 3 GHz in 10 segments (known as the pulse train). Each segment is of 15
� s duration and has a 1.5� s chirp covering 400 MHz bandwidth. This pulse train
is up-converted by mixing (M1, Marki T320LS-1521) it with a 16 GHz single fre-
quency local oscillator (LO-1, green box, Figure 3.8) pulse. The generation of LO-1
is described later in this section. The mixer M1 combines the two input frequencies
and results in both sum and di�erence frequencies, which in this case is 9-13 GHz
and 23-19 GHz. Only the lower side-bands of this mixing stage are selected by a
bandpass �lter (Lorch 9IZ7-11000/4000S) to obtain segmented chirps in the 9-13
GHz range. After the mixing stage, the chirped pulses are then ampli�ed (Marki
A-0126EZP5-1523) and doubled (Marki MLD0632LS-1452), where the doubler only
doubles the frequency range without changing the pulse duration. The ampli�cation
step before the doubler is required to meet the power requirement for the doubler.
A bandpass �lter (Reactel 9CX11-22G-X8G S11) is used to only allow frequencies
between 18-26 GHz to pass through, and then each segmented chirp of 800 MHz
bandwidth is ampli�ed using a solid state ampli�er (SSA) from Quinstar (QPP-
18273840MPI) resulting in an output power of around 38 dBm (6 W). The internal
switch of the SSA does not allow a pulse duration of less than 2� s; therefore an
SPST switch (Kratos Microwave Electronics Division F9012) is used to allow a high

Figure 3.9: The 18-26 GHz range of the instrument is divided into 10 segments,
called a pulse train. Each segment of 15� s duration has a 1.5� s chirp of 800 MHz
bandwidth.
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power chirp of 1.5� s duration. The microwave pulse train (as shown in Figure 3.9)
is then broadcast across the vacuum chamber using a microwave 20 dBm gain horn
antenna (ATM, Model number 42-442-6) which is separated by 20 cm from the same
model FID receiver antenna.

The single frequency 16 GHz LO-1 pulse (green box in Figure 3.8) is created by
quadrupling (Quadrupler - Marki AQA-1933), amplifying (Minicircuits, ZRON-
8G+) and doubling (Doubler - Eclipse D2010LZ1) a transform limited 2 GHz pulse
generated by a Valon synthesizer (Valon Technology 5008 Dual Frequency Syn-
thesizer). Cavity �lters are used at each stage to remove any sideband signals
from the LO-1 pulse (2 GHz - DBWAVE DBBF0402000200A, 8 GHz - DBWAVE
DBBF0408000800B, 16 GHz { Lorch 2CF7-16000/80-S). The 16 GHz LO-1 pulse is
then ampli�ed (Minicircuits, ZVA-183+) and passed through a power divider (Mini-
circuits ZX10-2-183-S+) to have the same LO-1 pulse for the excitation and the free
induction decay (FID) collection stages. This is further discussed in the next section.

FID collection

In summary, the free induction decays (FIDs) collected after the excitation of the
molecular ensemble are down-converted by mixing (M3, Marki M20240LP) with a

Table 3.1: The �nal up-converted chirped-pulse frequencies from CH1 of the AWG
for each segment, and their corresponding up-converted local oscillator (LO-2) fre-
quencies from CH2 of the AWG.

Segment Excitation chirped-pulse (MHz) LO-2 pulse (MHz)

1 18000-18800 19200

2 18800-19600 18400

3 19600-20400 20800

4 20400-21200 20000

5 21200-22000 20800

6 22000-22800 23200

7 22800-23600 24000

8 23600-24400 23200

9 24400-25200 24000

10 25200-26000 24800
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local oscillator pulse (LO-2) to result in frequencies between 400-1200 MHz and
digitized on a 3.2 GS/s digitizer card (Keysight U5303A). The details of the process
follow.

Upon FID collection via the second horn antenna, the high-power SSA pulses are
blocked by an SPST switch (American Microwave Corporation SWCH1K-Dc40-SK),
which has a typical isolation of 65 dB. Only the FIDs of the molecular ensemble
are allowed to pass through, and they are ampli�ed by two low noise ampli�ers
(LNA) operating from 14-27 GHz (Hittite HMC504LC4B) and 17-27 GHz (Hittite
HMC751LC4). The ampli�ed FIDs are then down-converted by mixing (M3, Marki
M20240LP) with a local oscillator pulse (LO-2), where the generation of LO-2 is
explained below. The intermediate frequency (IF) output of M3 is made to span
400-1200 MHz for each segment, and it is then digitized on a 3.2 GS/s digitizer card
(Keysight U5303A). This digitizer card is a 12-bit PCIe signal acquisition card with

Figure 3.10: Conceptual segmented 18-26 GHz CP-FTMW spectrogram of the chirp
pulses and LO-2 frequencies. The orange trace is the sequence of 800 MHz bandwidth
chirped pulses, 1.5� s in duration, which are used to excite the molecular ensemble.
Simultaneously, the LO-2 frequencies (green trace) down-converted the FID signals
before being digitized on a 3.2 GS/s digitizer card.
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on-board data processing unit and can perform real time averaging.

The second channel (CH2) of the AWG is used to create a train of single-frequency
waves (subset LO-2, Figure 3.8), simultaneously to CH1, between 7-3 GHz. The
output of CH2 is then up-converted by mixing (M2, same as M1) with the second
divided output of the 16 GHz LO-1. In a similar way as the excitation pulse creation,
the lower side-bands of this mixing stage are selected, ampli�ed, doubled, and again
�ltered to only allow frequencies between 18-26 GHz to pass through. The �nal
single frequencies are then ampli�ed (Marki A-0126EZP5-1534) and passed through
the triple balanced mixer (M3) to down-convert the FID signals. The resulting
LO-2 pulse is a train of 10 di�erent single-frequency sine waves, synchronized in
time to each segment in CH1 and with an o�set of 400 MHz above the end (for
segments 1, 3, 6 and 7) or below the start (for segments 2, 4, 5, 8, 9 and 10) of
the corresponding chirp. The mixing from above or below was chosen to decrease
spurious signals generated by electronics for each segment. The output of the two
up-converted AWG waveforms is given in Table 3.1 and a conceptual spectrogram
is presented in Figure 3.10.

Timing scheme

The AWG is phase-locked by using the internal 10 MHz temperature compen-
sated crystal oscillator (TCXO) of the Valon. A clock distribution board (Digikey
AD9513/PCBZ-ND) takes the TCXO clock reference as input, and it is used to
phase lock the AWG. The SSA, digitizer card, and SPST switches are then trig-
gered with the marker channels of the AWG. A delay generator is employed for
generating the triggered pulses, where it triggers the valve driver and the AWG.

The experiment sequence is depicted in Figure 3.11. At �rst, the valve is triggered
at time zero, and the valve driver holds it open for a time� valve . The valve opening
time is usually set to> 450� s to account for the three pulse trains. Then the AWG
is triggered after a time (texp) when the expansion reaches the interaction region.
The AWG triggers the protection switch, which protects the sensitive detection elec-
tronics from the strong excitation pulse. The protection switch stays open for the
time (� prot: ) the SSA is on, and the microwave chirps are emitted. The protection
switch and the SSA starts 200 ns before the excitation pulse is emitted, to account
for the response time of the ampli�er. Finally, the AWG emits the microwave pulses
and triggers the digitizer card to record the entire time domain for� signal = 150.5
� s. The total time of the experiment is 150� s, and the extra time of 0.5� s accounts
for the rearm time of the digitizer card. After each pulse train, the digitizer card
requires 500 ns to transfer the data to the computer before it starts collecting the
next pulse train.
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Figure 3.11: Trigger scheme of the experiment carried out on the segmented 18-26
GHz chirped-pulse spectrometer. An experimental sequence starts with a gas pulse.
The valve is opened for a time� valve . After a time texp, the expansion reaches the
interaction region, and the excitation sequence starts with opening the protection
switch for a time � prot . After a short delay, the SSA is turned on for time� amp ,
followed by the emission of a segment of the excitation pulse for time� segn . The dig-
itizer card collects the entire time domain for� signal , and the FID signal is processed
from it.

The signal is then processed by extracting 10� s of the FID from each segment, be-
ginning 200 ns after the end of the excitation pulse, applying a Kaiser-Bessel window
function for side-lobe suppression and FFTing the result. The LO-2 frequency is
then added or subtracted from each segment to reconstruct the molecular frequency
axis, and the segments are concatenated. After applying background subtraction, a
�nal spectrum is generated.

Sample chamber

The sample chamber, as shown in Figure 3.12 is a CF300 6-way cross chamber, with
ISO-KF250 extensions to account for the lengths of the horn antennae. It achieves
vacuum through HiPace 2300U and 1200 Pfei�er turbomolecular pumps, backed by
a Leybold booster pump and an ACP 40 mechanical pump. Typical pressures inside
the chamber during the experiment are approximately 10� 5 mbar. The pulsed nozzle
is operated at 10 Hz with an opening time> 450� s. The long opening time allows
for the incorporation of three pulse trains for each molecular pulse, thereby making
the e�ective repetition rate 30 Hz. The experimental repetition rate is ultimately
limited by the pumping speed of the vacuum system. The sample is introduced
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