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Abstract

”Dem Anwenden muss das Erkennen vorausgehen.” (Max Planck)

The motivation to understand intermolecular interactions on a funda-
mental level encourages natural scientists for more than 120 years. In 1894,
Emil Fischer developed the key-lock principle to describe the binding pro-
cess between an enzyme and a corresponding substrate. As simple and
understandable this picture is in general, as complicated and complex is
the understanding of it on a molecular level.

Countless examples exist that demonstrate the importance of this key-
lock principle, from the interaction between neurotransmitter and receptor
or the antigen recognition to the interaction of carbohydrates on the cell
surface. All of these examples have in common that large biomolecular
systems are involved, built up by long chains of amino acids, monosaccha-
rides or nucleotides. The folding of these chains into a three-dimensional
structure, for example in enzymes, often reveals an active site, where the
interaction takes place. At the active site only a few molecules might be
involved in the so called molecular recognition process. In this work, model
systems of biologically relevant molecules and complexes are studied, mod-
eling the active side of a biological system.

For a fundamental understanding of recognition processes in nature it is
important to study the interplay between different intermolecular forces,
like hydrogen bonding or dispersion interaction. Additionally, it is also
essential to gain information about the conformational flexibility of the
molecule itself, which allows for structural changes during the recognition
process. This can be referred to the induced fit picture, an extension of
the key-lock principle, postulated by Daniel E. Koshland in 1958, whereby
the substrate induces a structural change in the enzyme upon binding, to
fit into the active site.

High-resolution microwave spectroscopy is perfectly suited to study
conformational flexibility and intermolecular interactions of biologically
relevant molecules. The exceptional accuracy of the obtained spectroscopic
constants allows for precise structure determination of gas-phase molecules
from only the experimental data. Furthermore, even subtle changes of the
structure can be identified in the rotational spectrum, since the spectrum
is like a fingerprint of the molecule. The recently developed broadband
technique, used in this study, allows for measuring a broad part of the
microwave spectrum in a very time efficient way. Different conformers,



isomers or complexes can all be studied in one spectrum.

In the framework of this thesis a broadband microwave spectrometer
with an implemented laser ablation source was built up and put into op-
eration. A precise structure determination was achieved for the odorant
molecule cinnamaldehyde, which is the main component of cinnamon oil.
Furthermore, the widespread drug ibuprofen was studied, which is a highly
flexible molecule. Interesting insight into the structural properties, like the
preferred orientation of the substitutions of its aromatic ring, could be ob-
tained. Additionally, the interplay of different intermolecular forces was
studied on two different complexes. The aggregation of the small sugar
glycolaldehyde and the interaction in the diphenylether methanol complex
gave information about the competition and cooperativity of hydrogen
bonding and dispersion interactions. The second complex is the start of
a series of studies of similar complex systems with an increasing size of
the alcohol, where it is expected that the dominance of dispersion will be
increase.



Zusammenfassung

”Dem Anwenden muss das Erkennen vorausgehen.” (Max Planck)

Das Ziel intermolekulare Wechselwirkungen auf einem grundlegenden
Niveau zu verstehen motiviert Naturwissenschaftler seit mehr als 120 Jah-
ren. Bereits 1894 entwickelte Emil Fischer das Schliissel-Schloss-Prinzip,
dass den Bindungsprozess zwischen einem Enzym und dem zugehorigen
Substrat beschreibt. So verstandlich dieses Bild im allgemeinen ist, so
kompliziert und komplex ist das fundamentale Verstandnis auf molekularer
Ebene.

Zahlreiche Beispiele verdeutlichen die Wichtigkeit des Schliissel-Schloss-
Prinzips, von der Wechselwirkung zwischen Neurotransmitter und Rezep-
tor oder der Antigenerkennung zu den Wechselwirkungen von Sacchari-
den auf der Zelloberflache. All diese Beispiele haben gemeinsam, dass
grofle biomolekulare Systeme involviert sind, die aus langen Ketten aus
Aminosauren, Sacchariden oder Nukleotiden aufgebaut sind. Die Faltung
der Ketten in eine dreidimensionale Strukturen, wie zum Beispiel in Enzy-
men, bildet oft ein aktives Zentrum aus, an dem der Prozess der moleku-
laren Erkennung stattfindet. In dieser Arbeit wurden Modellsysteme von
biologisch relevanten Molekiilen und Komplexen untersuchet, die das ak-
tive Zentrum eines biologischen Systems nachbilden.

Um molekulare Erkennungsprozesse in der Natur fundamental zu ver-
stehen, ist es wichtig das Zusammenspiel verschiedener intermolekularer
Wechselwirkungen, wie zum Beispiel Wasserstoftbriickenbindungen oder
Dispersion zu untersuchen. Zuséatzlich ist es essentiell, die Rolle der Flexi-
bilitat der Molekiile an sich zu beleuchten, die auch strukturelle Anderun-
gen wahrend des Erkennungsprozesses ermoglichen. Dies nimmt Bezug
auf die 7 Induced-fit” Theorie, die eine Erweiterung des Schliissel-Schloss-
Prinzips darstellt und 1958 von Daniel E. Koshland postuliert wurde,
wonach die Anndherung des Substrats eine strukturelle Anderung des En-
zyms induziert und die Bindung an das aktive Zentrum damit erméoglicht.

Hochaufgeloste Mikrowellenspektroskopie ist perfekt geeignet um die
Flexibilitat von biologisch relevanten Molekiilen und deren intermolekulare
Wechselwirkungen zu untersuchen. Die auflerordentliche Genauigkeit der
gemessenen spektroskopischen Konstanten erlaubt es, eine prazise Struktur
der untersuchten Molekiile in der Gasphase zu bestimmen und dies einzig
aus den experimentellen Daten. Zudem kénnen sogar kleinste Anderungen
in der Molekiilstruktur im Rotationsspektrum identifiziert werden, da das



Spektrum wie ein Fingerabdruck des Molekiils ist. Die kiirzlich entwickelte
Breitband-Technik, die in dieser Arbeit verwendet wurde, erlaubt es einen
breiten Teil des Mikrowellenspektrums in kiirzester Zeit aufzunehmen. Un-
terschiedliche Konformere, Isomere oder Komplexe kénnen so in einem
Spektrum untersucht werden.

Im Rahmen dieser Arbeit wurde ein Breitband-Mikrowellenspektrome-
ter mit integrierter Laserablationsquelle aufgebaut und in Betrieb genom-
men. Damit gelang es die prazise Struktur des Duftstoffes Zimtalde-
hyd, dem Hauptbestandteil des Zimtols, zu bestimmen. Des Weiteren
wurde das weit verbreitete Schmerzmittel Ibuprofen untersucht, welches
ein sehr flexibles Molekiil ist. Interessante Einblicke in die strukturellen
Moglichkeiten, wie die bevorzugte Orientierung der Substituenten des aro-
matischen Ringes, konnten erlangt werden. Zusatzlich wurde das Zusam-
menspiel verschiedener intermolekularer Krafte anhand zweier Molekiilkom-
plexe untersucht. Die Aggregatbildung des kleinsten Zuckers, Glycolalde-
hyd, und die Wechselwirkung im Diphenylether-Methanol-Komplex haben
Informationen tiber Konkurrenz- und Kooperativitiatsverhalten von Wasser-
stoffbriickenbindungen und Dispersions-Wechselwirkungen ergeben. Der
zweite Komplex ist der Start einer Serie von Studien an ahnlichen Kom-
plexen mit wachsender Alkoholgrofie, bei der ein Anstieg der Dominanz
von Dispersions-Wechselwirkungen erwartet wird.
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Chapter 1

Introduction

Intermolecular interactions are of fundamental interest for chemical, phys-
ical and biological scientists. They are especially intriguing when it comes
to processes in nature, such as molecular recognition, as our whole life is
based on these important principles.

A prominent example for molecular recognition can be found in the
terminal step of the synthesis of the blood group antigens A and B. Both
antigens only differ in the terminal monosaccharide unit, which is galac-
tosamine in the case of blood group A antigens and unsubstituted galac-
tose in the case of blood group B antigens [1, 2]. The terminal transfer
of this monosaccharide to an acceptor (the H-antigen) is catalyzed by the
highly specific enzymes galactosyltransferases, in which the recognition of
the small change in the monosaccharide unit leads to a specific binding
(or no binding) to the enzyme [3, 4]. This important biomolecular process
is studied, for example, with protein nuclear magnetic resonance (NMR)
spectroscopy but the mechanism of the transfer of the monosaccharide, de-
picted in Figure 1.1, which keeps its configuration at the anomeric center
upon the transfer, is still not completely understood [5-8]. This points out
the importance of studying molecular recognition also on smaller model
complexes, modeling for example the active site of an enzyme, to expand
the gained information to larger systems.

The catalysis of the blood group antigens is also an example for the
importance of saccharides in nature [9, 10]. Their occurrence, for example
on the cell surface, and their conformational flexibility can lead to highly
specific recognition processes by forming various intermolecular interac-
tions like hydrogen bonding or dispersion interactions [11-13]. A precise
knowledge of the structure, the internal dynamics and the intermolecu-
lar interactions involved is needed to get a fundamental understanding of
biological processes and is essential, for example, in drug development.

10
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Figure 1.1: Terminal step of the synthesis of the blood group antigens A
and B, catalyzed by the enzymes galactosyltransferase A (GTA) and galac-
tosyltransferase B (GTB). The galactosyl unit (red) is transferred from
the activated donor molecule, uridindiphosphate (UDP), to the acceptor
molecule, the H-antigen (antigen of the blood group 0). The transfer is
highly selective towards a change in the galactosyl unait.

Spectroscopic investigations of biologically relevant systems can be per-
formed in the solid, the liquid or in the gas phase. In the liquid phase large
molecules can be studied using NMR spectroscopy [14, 15]. Richard R.
Ernst was awarded with the Nobel Prize for his contribution to the devel-
opment of high-resolution NMR spectroscopy (1991)[16]. This technique
can require a time consuming sample preparation and a large number of
NMR spectra have to be measured before the structure can be evaluated.
Beside solid state NMR, a common technique to study solid state molecules
is X-ray diffraction. Even large molecules like proteins or enzymes can be
studied if they can be crystallized. The corresponding structure can be
calculated from the patterns of the diffracted X-ray radiation, which is
scattered by the electron cloud of the molecules in the crystal. A huge
number of protein structures were identified with this method, and famous
scientists were awarded with the Nobel Prize for their work , for example
Max von Laue (1904, Physics) and Dorothy C. Hodgkin (1964, Chemistry)
[17]. Furthermore, in 1951 Bijvoet et al. demonstrated for the first time
that the absolute configuration of chiral molecules can be determined us-
ing x-ray diffraction [18]. Ongoing attempts to improve this method in
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combination with the new x-ray free-electron laser light sources led to the
possibility to study dynamics of chemical processes since they provide a
time resolution on the order of a femtosecond [19, 20] and in addition no
large crystals are needed any more [21].

The method used in this work is high-resolution rotational spectroscopy
of molecules in the gas phase, revealing insights to the structure of a sam-
ple in a solvent-free environment eliminating any solvent effects. Further-
more, structural changes upon complex formation with one or more water
molecules in the gas phase can be studied as well, bridging the results of
gas-phase spectroscopy and studies of liquid samples [22-26].

The collection of various techniques described above, covering different
phases, points out that an overall knowledge of molecular processes can
only be achieved by gathering information from various fields of natural
science.

Rotational spectroscopy is based on the excitation of molecules using
microwave radiation, covering a frequency range from the centimeter to
the millimeter wave region. The use of microwave radiation dates back
to military use in World War II, where the RADAR technique became
common and the development of electronics for using microwave radiation
expanded. The first that time microwave radiation was used for molecular
spectroscopy was for measuring absorption spectra of molecules in the early
1940’s, and a first review of microwave spectroscopy was already published
by Gordy in 1948. [27]. In 1951, Townes and coworkers studied ammonia
molecules using microwave radiation in a quadrupole focuser [28-30]. By
first selecting ammonia states using an inhomogeneous electric field they
created a population inversion, which they afterwards excited using the
lowest inversion transition of ammonia, at a wavelength of 12.7 mm, leading
to an amplification of the spontaneous emission in the molecule. This
resulted in the development of the MASER (Microwave Amplification by
Stimulated Emission of Radiation), which was the precursor of the LASER
(Light Amplification by Stimulated Emission of Radiation) [31, 32]. For the
invention of the MASER Townes, Bassow and Prochonorow were awarded
with the Nobel Prize for physics in 1964. Since then a large development
of microwave spectroscopy was made and is still ongoing today.

A major step towards the recent high-resolution spectrometers was
made by Balle and Flygare who combined emission spectroscopy in the
time domain with the supersonic expansion technique [33]. By changing
the experimental setup to a coaxial arrangement of the molecular beam
and the microwave field Grabow et al. could increase the resolution signif-
icantly [34]. The cavity technique used for these experiments reveals a high
resolution but has the drawback of a small frequency bandwidth in a sin-
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gle measurement. A huge breakthrough in the bandwidth limitations was
recently made in the Pate group [35]. They developed the chirped pulse
microwave technique, allowing for measuring a broadband microwave spec-
trum covering several GHz within a single experiment. This improvement
led to a fast increase of studies of large and flexible molecules using mi-
crowave spectroscopy. Since the rotational spectrum is like a fingerprint
of a molecule and the observed rotational lines are narrow and well re-
solved, it is possible to identify different molecules, isomers, conformers
and isotopologues within the same measured broadband spectrum. The
only limitations of the technique are that the molecule needs a permanent
dipole moment and that it can be brought into the gas phase. This barrier
was lowered by combining a Fourier transform microwave spectrometer
with a laser ablation source, to bring fragile molecules into the gas phase
[36]. Various biologically relevant molecules, like monosaccharides, amino
acids, nucleobases, neurotransmitters and drugs could be measured due to
this development [37-47].

The information obtained from a microwave spectrum are many-fold.
A main advantage is that the measured rotational constants are directly
related to the structure of the molecule, since they only depend on the mo-
ments of inertia of the molecule. Kraitchman developed specific formulas
for calculating the precise atom position from the rotational constants of
the molecule and its isotopically substituted species [48]. Modern broad-
band microwave spectrometers allow to measure the isotopically substi-
tuted species of larger molecules and complexes in natural abundance in a
very short time due to the high sensitivity. This provides a direct way to
determine the precise structure of a molecule only from the experimental
data and thus it is possible to benchmark quantum chemical calculations.
Furthermore, molecules containing an atom with a nuclear spin larger than
% show an additional splitting of the transitions due to nuclear quadrupole
coupling. The analysis of this coupling provides information of the elec-
tronic surrounding of the corresponding nuclei. Hyperfine structure in the
spectrum can also be caused by large amplitude motions and internal ro-
tation in the molecule. Their analysis provides information on internal
dynamics occurring in the molecule.

Further studies towards reaction dynamics of large molecules were re-
cently undertaken by performing double resonance experiments [49, 50].
The combination of broadband rotational spectroscopy and IR light to
excite vibrational motions in the molecule, called dynamic rotational spec-
troscopy, was successfully used to study the isomerization dynamics in
cyclopropane carboxaldehyde and pentenyne. This opens another field of
applications for broadband microwave spectroscopy as it enables for exam-
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ple a direct determination of reaction rates.

Recently, the ongoing attempt to extend the applications of microwave
spectroscopy led to a promising series of studies of chiral molecules [51].
Chiral molecules have almost the same physical properties but can show
different chemical and biological behavior. Using conventional spectroscopy,
they cannot be differentiated because they have the same rotational con-
stants showing the same spectrum. Due to a small modification of the
broadband microwave setup and by applying a second pulse in a perpen-
dicular arrangement, the chiral species can be differentiated in the time
domain by their phases in the free-induction decay [52, 53]. The develop-
ment of this technique was a major breakthrough and a large step towards
the goal of the determination of the absolute configuration.

Finally, microwave spectroscopy also is very important in the field of as-
trochemistry. The high amount of molecular signals from dense gas clouds,
measured for example with the new Atacama Large Millimeter/Submilli-
meter Array (ALMA) radiotelescope [54], needs to be compared to spec-
troscopic data measured in the laboratory [55-58]. In both cases the
molecules, radicals or ions are in the gas phase supporting a direct com-
parison of the transition frequencies. The astrochemical species can, for
example, be produced by using a discharge nozzle, which gives also insight
towards the question of how molecules are formed in space [59].

The molecules studied within this work cover a broad part of the fea-
tures mentioned above. The study of the well known painkiller ibuprofen,
for example, gave interesting insights to the conformational behavior of
this class of drugs, which can be directly related to their pharmacological
function to inhibit the origination of pain. In the rotational spectrum of
4-aminobenzonitrile a complex splitting caused by two distinct nitrogen
atoms is analyzed. The results allow for determining the electronic sur-
rounding of the nitrogen atoms, which is additionally compared to struc-
turally related molecules. Furthermore, the precise structure of the odor-
ant molecule trans-cinnamaldehyde is studied by recording the rotational
spectrum of its isotopologues in natural abundance.

The results for the glycolaldehyde dimer, where the monomer unit is
the first and so far only sugar detected in interstellar space, improved
our understanding of the interplay of intermolecular interactions for this
kind of molecular systems. Since molecular recognition is still not well
understood on a molecular level [60], studies of complex systems can im-
prove our knowledge how the different non-covalent interactions reinforce
or compete with each other. For the same purpose the complex formed
by the aromatic molecule diphenylether and the small alcohol methanol
was studied. Diphenylether provides several opportunities for building up
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intermolecular interactions with methanol. The two aromatic rings with
their delocalized m-electron system might lead to a dominance of disper-
sion interaction in the complex formation. Furthermore, diphenylether is
a rather flexible molecule, revealing a complex splitting in the monomer
spectrum caused by large amplitude motions. The change of the flexibil-
ity of the molecule upon complex formation is another interesting aspect
of this study. This is the first part of a series of studies of complexes
formed by diphenylether-like molecules and aliphatic alcohols with increas-
ing complexity. This series will provide insight towards the understanding
of molecular recognition driven by intermolecular forces.

In the following chapter the theoretical background for this work is
explained in detail and a description of the experimental setup is given
thereafter. The obtained experimental results are presented in the Chap-
ters 4 - 8.



Chapter 2

Theoretical background

2.1 Fundamentals of rotational spectroscopy

2.1.1 Rotational Hamiltonian

Rotational spectroscopy involves the excitation and probing of rotational
degrees of freedom in a molecule using microwave radiation. The different
energy levels in a molecule are represented in Figure 2.1. The molecular
energy is mainly influenced by the translational, the electronic, the vibra-
tional and the rotational motions. As these motions happen on different
timescales, they can be treated separately. This assumption is known as
the Born Oppenheimer approximation, which is an important theory for
molecular spectroscopy [61].

The Born Oppenheimer approximation also allows us to separate the
electronic and the nuclear energy, since the heavy nuclei barely move on
the timescale of the electron motion (attoseconds). This means, that the
molecular Hamiltonian can be written as the sum of the electronic (]:Iel),
the vibrational (Hm-b), the rotational (lf]mt) and the translational (ﬁtmns)
contribution [62]:

-Htotal - ]:Iel + f{m‘b + f{rot + I:Itrans (2]->

The molecular energy and the total wavefunction follow with:

Etotal = Eel + Evib + Erot + Etrans (22>

wtotal - welwvibwrotl/}h"ans (2?))

16
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Figure 2.1: Potential energy curves of the electronic ground state and an
electronically excited state in a molecule. The electronic states contain sev-
eral vibrational states and each vibrational state contains several rotational
states. Different types of transitions are depicted.

In this work only the rotational energy of a system in the electronic
and vibrational ground states will be evaluated and for this the time-
independent rotational Schrodinger equation has to be solved:

ﬁroﬂprot = Erotwrot (2 4)

To determine the rotational energy of a molecule it is important to
know its mass distribution, which is described by the moments of inertia.
The moment of inertia in a molecule along an axis a is defined by:

I, = Zmﬂ“f (2.5)

If we adjust a Cartesian coordinate system such that its origin is placed at
the center of mass of the molecule, the corresponding diagonalized inertia
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tensor

I.. 0 O
1=(0 1, 0 (2.6)

0 0 I,

with

Iow = Zml(yf + Z?) (2'7>
I, = Z mi(2? + z7) (2.8)
L. = Zml(x? +yz'2> (2-9>

is in the principle axis system of the molecule. The axes are label with
a, b and ¢ and oriented such that I, < I, < I..

Due to the symmetry of a molecule and the corresponding moments of
inertia, molecules can be sorted into different groups:

Linear Molecules: [, = 0 and I, = I.; examples are CO,, OCS or
HCN.

Spherical-Top Molecules: All three moments of inertia are equal,
I, = I, = I., examples for this group are SFy and CH,.

Symmetric-Top Molecules: Two moments of inertia are equal. Two
cases can be differentiated. If I, = I, < I. the molecule is called oblate
symmetric-top, for example like benzene or NH3 and if I, < I, = I.. the
molecule is called prolate symmetric-top, as in CH;Cl or in HCCCHj.

Asymmetric-Top Molecules: All three moments of inertia are
unique, I, # I, # I.. This is the largest class and all molecules stud-
ied within this work belong to this group. Examples for this case are
ethanol or all amino acids. A special subgroup are planar asymmetric-top
molecules in which /. — I, — I, = 0, as for example in H,O or NO.,.

According to Table 2.1 different representations can be used to transfer
the molecular axis system (a, b, ¢) into the axis system of the laboratory
frame (x, y, z).

The rotational energy in a molecule is quantized and the total angular
momentum quantum number J is introduced to describe the rotational
energy levels.

For linear molecules the energy of a rigid rotor is described as:
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E(J) = BJ(J +1) (2.10)

with the rotational constant

h?
B=— 2.11
5T (2.11)
The reduced Planck constant 7 is defined as:
h
h=— 2.12
o (2.12)

Table 2.1: Possible representations of the molecular axis system. The I"
representation is best suited for symmetric and slightly asymmetric prolate
tops, whereas the 111" representation should be used to describe symmetric
and slightly asymmetric oblate tops.

1t 1 11t i Iin

x b ¢ C a a b
y ¢ b a ¢ b a
Zz a a b b C C

Since a rotating system is not rigid and the atom positions move upon
rotation due to centrifugal forces, centrifugal distortion constants are added
to Equation 2.10 to correct the energy of rotational levels:

E(J)=BJ(J+1)—=DJ*(J+1)*+ HJ*(J +1)*.... (2.13)

where D is the quartic and H the sextic centrifugal distortion constant.

For the description of the energy levels of a symmetric-top molecule two
rotational constants, A and B, are used and a second quantum number
K is established, which is the projection of the total angular momentum
along the symmetry axis. The energy levels including centrifugal distortion
are given by:



20 2.1 Fundamentals of rotational spectroscopy

Ejx = BJWJ+1)+(A-BK?>—Dy[J(J+1)?
—Dy[J(J+ 1)K?* — D K* 4+ Hy;5[J(J + 1)]?
+Hypg[J(J +D)*K?* + Hygg[J(J + 1)]K*
‘HprK®+ ... (2.14)

For an asymmetric-top molecule the rotational energy levels cannot
be calculated analytically anymore, since the asymmetric-top Hamiltonian
does not commute with the projection of the total angular momentum on
any of the molecule-fixed axes. The matrix representation of the molecular
Hamiltonian has to be evaluated to determine the rotational energy levels.
The two-fold K-degeneracy of a symmetric top is lifted in an asymmetric
top and each line is split into 2.+ 1 components. The degree of asymmetry
in an asymmetric top molecule is defined by the asymmetry parameter x,
with

2B—A-C

h=—1— (2.15)

which can vary between the limiting cases of the prolate symmetric
top (B = C) with kK = —1 and the oblate symmetric top (A = B) with
k =1 [63] (Fig. 2.2). The highest degree of asymmetry will be reached
at kK = 0. The quantum number K is not suited anymore to label the
rotational energy levels of an asymmetric molecule, therefore it is replaced
by the two quantum numbers K, and K., which describe the projection of
K on the a and ¢ inertial axes in the limiting cases of the prolate and oblate
symmetric top molecule. The correlation of the energy levels is displayed
in Figure 2.3.

Rotational emission or absorption is observable when a molecule has a
permanent electric dipole moment. The selection rules for transitions in
an asymmetric-top molecule can be listed according to its dipole moment
components, listed in Table 2.2.

Table 2.2: Selection rules for an asymmetric-top molecule.

dipole transition type  AJ AK, AK,
Ua a~type 00+1 0,+2, ... +1,4+3, ..
I b-type 0,+1 +£1,+3,... £1,+3, ..

Ue c-type 0,+1 +£1,+3,... 0,+£2,..
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Figure 2.2: Schematic drawing of the mass distribution in a prolate and
in an oblate symmetric-top molecule.

According to the change in J, transitions with AJ = —1 form a P-
branch, transitions with AJ =1 a R-branch and transitions with AJ =0
belong to a Q-branch.

In order to simplify the complex molecular Hamiltonian for an asym-
metric top molecule, Watson demonstrated that due to symmetry prop-
erties the number of terms can be reduced significantly [65-67]. The two
established reduction schemes are the A-reduction, suited for most of the
asymmetric top molecules and the S-reduction, suited for slightly asym-
metric molecules. Using the I, representation (Tab. 2.1) and including the
five quartic centrifugal distortion constants Ay, Ajg, Ak, 67 and dg, the
A-reduced Hamiltonian has the form:

(Hm+owﬁ2umm—;BW+CW»E
1 A A .
?Em—Cwﬂﬁ—ﬁ%ﬁbf

Ay JPJ2 = Ag Tt — 26,03 ( T2 — J2)
FOR[J2(J2 = T2 + (J2 = )T+ O(6) + ... (2.16)

H@W

+ o=

where jz,jy,jz are the angular momentum vectors along the molecular
axes and J? = J,+J,+J,.
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Figure 2.3: Correlation diagram between the energy levels of a prolate
symmetric-top (left) and an oblate symmetric-top (right). The rotational
enerqy levels of an asymmetric-top molecule are plotted as a function of the
asymmetry parameter k and labeled using the King-Hainer-Cross notation

.k, [04].

The corresponding matrix elements for the A-reduced Hamiltonian are:

. 1
(JEM|HD|JKM) = §(B(A) + CNY(J(J+1) - K?)
+ AWK AT (T +1)?
~AygJ(J+1)K? — AgK*?
+O(6) + ... (2.17)
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. 1
(JEMIHOK £2M) = (B +CW)

1
=6, + 1)+ S0k

(K% 4+ (K £2)?] x [(J(J +1)
—K(K +£1)(J(J+1)
—(K £ 1)(K £2))]2 + 0(6) + ..(2.18)

The complete S-reduced Hamiltonian with the corresponding matrix
elements can be found in Reference [67].

2.1.2 Nuclear quadrupole splitting

Molecules containing one or more atoms with a nuclear spin larger than
I = % show additional hyperfine splitting in the rotational spectrum. This
is caused by the coupling between the nuclear quadrupole moment and the
electric field gradient of the molecule, which is induced by the electronic
charge distribution. The charge distribution in a nucleus with a nuclear
spin of 0 or % is spherical and no quadrupole moment exists but for I = %
spin-rotation coupling can occur, which leads to rather small splittings,
typically on the order of less than 1 kHz [68]. Nuclei with 7 > 1 have a
non-spherical charge distribution and thus a quadrupole moment ). The
spin angular momentum for this nucleus is given by

I=[I(I+1)]2h? (2.19)

Due to the electric field gradient in the molecule this spin angular
moment is coupled to the rotational angular momentum J. The coupling
of these two vectors results in the total angular momentum F and the new
quantum number F' describes the energy levels of the hyperfine structure,
which can take the values

F=J+1,J+1—1,.,[J—1 (2.20)

by following the selection rule:

AF =0=+1 (2.21)

The expression for the energy levels depends again on the type of the
rotor. In the case of an asymmetric rotor it is defined by the electric field
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gradient, the angular momentum operators and the asymmetry parameter
K.

Each rotational transition is split into several components. The split-
ting decreases with increasing J and depending on the resolution it starts
to coincide for higher J transitions. The width of the splitting depends
on the number of quadrupole nuclei, on the spin-angular momentum I and
the nuclear quadrupole moment ().

The hyperfine splitting is fit by determining the nuclear quadrupole
coupling constants x, which is defined as,

X = eqQ) (2.22)

where e is the elementary charge, () is the atomic nuclear quadrupole
moment, which is a known constant depending on the atom, and ¢ is
the electric field gradient. The electric field gradient provides information
about the electronic surrounding of the quadrupole nucleus and thus can
characterize chemical bonding and the degree of hybridization [69].

The nuclear quadrupole coupling constants are a tensor of the form

Xaa Xab Xac
X= | Xab Xob Xbe (2.23)
Xac  Xbe Xce
with the relationship
Xaa + Xtb + Xee = 0. (224)

In order to compare the nuclear quadrupole coupling constants of dif-
ferent molecules, the nuclear quadrupole tensor has to be transferred from
the principle axis system of the molecule (a,b,c) into the principle axis
system of the quadrupolar axes (x,y, z). This is done by a rotation of the
axis system about a certain angle 6 [67, 69].

An example of the analysis of a complex hyperfine splitting caused by
two disparate nitrogen atoms in the molecule 4-aminobenzonitrile and how
it can be used to determine the electron distribution of the nitrogen atoms
is discussed in Chapter 4.

2.1.3 Large amplitude motions and internal rotation

Flexible molecules often show large amplitude motions (LAM). If these
motions are on the order of a bond length the structure can change signif-
icantly or can even tunnel from one equilibrium position to another one.
Different kinds of LAM can be differentiated. A well known one is the
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inversion motion of ammonia molecules, which is also known as umbrella
motion. The structure changes by tunneling through the planar configura-
tion to its energetically equivalent but inverted, pyramidal configuration.
A similar kind of motion is seen in molecules containing an amino group
(NH,-). In these cases the large amplitude motion can be described by a
double-well potential for the two minima positions separated by a poten-
tial barrier. Tunneling will lift the vibrational degeneracy of these states,
which leads to a splitting of the rotational transitions. The size of the split-
ting of the rotational transitions is directly related to the barrier height of
the internal motion.

Beside proton tunneling, ring puckering and structural isomerization,
one of the most common large amplitude motions is caused by internal
rotation around single bonds. For example, a methyl group (CH;) can
rotate with respect to the rest of the molecule, which can lead to three
energetically equivalent minimum positions in the case of an asymmetric
top molecule. The coupling between the internal rotation and the overall
rotation of the molecule leads two a splitting of the rotational transitions
into a nondegenerate A state and a doubly degenerate E state (Fig. 2.4).
Due to the hindered internal rotation the rotational Hamiltonian has to be
extended including the kinetic and potential energy of the internal rotor.
The extended Hamiltonian for an asymmetric molecule including internal
rotation is

Hp=H%Y + H, (2.25)

where H® is the A-reduced rotational Hamiltonian and H 7 1s the
Hamiltonian of the internal rotation defined as

Hi=F(jo—J)?=V(a) (2.26)

where F is the rotational constant for the internal rotor, ; is the an-
gular momentum operator of the internal rotation, J is the total angular
momentum operator and V(«) is the potential energy with the internal
rotation angle a.

In the case of the C5,-symmetric methyl group, the methyl top has a
27/3, periodicity and the potential energy V(a) can be expressed in the
following manner

1 1
V(o) = 51/:;(1 — cos 3a) + §V6(1 — cosb6ar) + ... (2.27)

In most cases, V3 > Vj so that only the first term of the expansion is
important. The equation represents then a three-fold potential, which is
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depicted in Figure 2.4.

\.\

energy

=II 211

torsional angle (rad)

Figure 2.4: Three fold barrier for the internal rotation of a Cs,-
symmetric rotor, like a methyl group. The energy levels are split into a
doubly degenerate E state and a nondegenerate A state.

Straightforward solutions for the rotational Hamiltonian can be ob-
tained for the two extreme cases of the potential barrier height. In the
case of the very low barrier (V3 — 0) it can be regarded as a free rotor
where each level is twofold degenerate, which corresponds to the two dif-
ferent possible directions of the rotation in the classical picture. In the
limiting case of an infinite barrier (V5 — 00) the solutions for the Hamilto-
nian are the harmonic oscillator wavefunctions. Each level is then threefold
degenerate corresponding to the three-well potential [67].

For internal rotors with finite barrier heights, tunneling through the
barrier becomes possible, which leads to a splitting of the triply degenerate
levels into an E and an A state, as mentioned above.

The Hamiltonians required for the analysis of rotational spectra fea-
turing internal rotation or other kinds of large amplitude motions and also
of molecules containing several internal rotation tops are implemented in
a number of fitting programs, such as SPFIT, XIAM or ERHAM. All of
them are developed for the analysis of rotational spectra, and a detailed
description of their properties can be found in the corresponding literature
[70-72]. Additional programs for analyzing rotational spectra are available
on the PROSPE homepage [73].
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2.1.4 Structure determination methods

High-resolution microwave spectroscopy provides the unique possibility to
determine the precise atom position of a molecule solely from the exper-
imental data. The obtained rotational constants contain structural in-
formation as shown in Section 2.1.1. They depend on the mass of the
molecule, and thus by changing the mass, for example by isotopic substi-
tution, the spectrum of the molecule changes and another set of rotational
constants can be determined. The high sensitivity of modern microwave
spectrometers allows for the measurement of even rare isotopologues in
natural abundance. To a first approximation, the respective atom position
is unchanged due to this small mass change, and the rotational constants
of the isotopologues increase the structural information obtained from the
spectrum.

To describe a molecule containing N atoms in a Cartesian system, 3N
coordinates are needed. This correspond to 3N — 6 independent internal
parameters, containing N — 1 bond lengths, N — 2 bond angles and N — 3
dihedral angles. In planar molecules this number is reduced to 2N — 3
independent internal parameters. The number of independent parameters
required for the description of the molecular structure can be obtained by
determining the rotational constants of the parent and the singly substi-
tuted species of a molecule.

The ground state structure of the molecule, which is measured using
microwave spectroscopy, is called the effective structure (rq) and includes
zero point motions of the molecule. The structure with the best compa-
rability between experimental and calculated structures and also between
different molecules, is the equilibrium structure (r.) of the molecule. It de-
scribes the distances between vibrationless nuclei in a static system, which
are isotopically invariant. This hypothetical structure is obtained at the
global minimum of the potential energy surface (Fig. 2.5).

The differences of the equilibrium rotational constants (B.) and the
rotational constants of the molecule in the ground state (Bp) can be de-
scribed as the sum of the normal modes in the molecule, expressed as

d;
B, = By + Z iy (2.28)

with the vibrational degeneracy d; and the rovibration constant a. In
a molecule with N atoms, 3N — 6 vibrational normal modes are present,
resulting in the same number of singly excited vibrational states that need
to be studied to correct the ground state constants for their zero point
contribution and to obtain the equilibrium constants. This was done so
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Figure 2.5: Potential energy curve of the electronic ground state in a
molecule. The r. value describes the equilibrium internuclear distance of
the hypothetically vibrationless nuclei and rq is the internuclear distance of
nuclet in the absolute ground state.

far only for small, linear molecules for benchmarking purposes, as it implies
an immense effort for larger molecules.

Different methods to calculate the precise atom position from the ob-
tained ground state rotational constants have been developed. An overview
of the most common methods is given in the following, regarding also their
aim to compensate for zero point motions in order to get closer to the
equilibrium geometry.

Least square fit of the effective structure (r()

A first approximation of the structure of a molecule is obtained by de-
termining the effective structure (7o) (Fig. 2.5). In this case the structural
parameters are fit in a least square manner to get a good reproduction
of the experimentally obtained B, ground-state rotational constants of all
isotopologues. In this method structural changes caused by isotopic sub-
stitution are neglected, which leads to a deviation of the effective structure
from the equilibrium structure. Especially in the case of lighter atoms the
mass change can significantly affect the zero-point motions and the deter-
mined atom position of a hydrogen atom is less reliable than the one of a
heavier atom.

The differences between the equilibrium structure and the effective
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structure increase even more if the molecule contains large amplitude mo-
tions or low-lying out-of-plane motions, as shown in Section 6.3.

In this work the effective ro-structure of trans-cinnamaldehyde was fit
using the STRFIT-program, which is available from the PROSPE home-
page [73].

Substitution structure (r;) using Kraitchman’s equations

Another method to determine the geometry of a molecule from the
experimental rotational constants was developed by Kraitchman [48]. Ex-
plicit formulas for linear, symmetric and asymmetric top molecules were
established to calculate the atom position of an isotopically substituted
atom from the moment of inertia of the substituted species. The obtained
structure is called substitution structure (r5). The calculations also con-
sider the change of the moment of inertia upon isotopic substitution, which
leads to a partial cancellation of the rovibrational contribution, since they
are mass-dependent. This partial cancellation reveals a structure which
is supposed to be closer to the equilibrium structure than the effective
ro-structure discussed before.

Larger errors in the calculated structure can occur for atoms with posi-
tions close to a principle axis of the molecule. Furthermore, for a complete
structure determination, isotopic substitution of every single atom in the
molecule is required, which can be challenging or even experimentally un-
feasible.

Mass-dependent structure determination (r,,)

In this method a mass-scaling is used to get equilibrium-quality ge-
ometries. To determine the structure of the molecule, a least square fit of
the structural parameters to the ground-state rotational constants is per-
formed, in principle similar to the ro-structure. However, in this method
two adjustable parameters are fit simultaneously, which account for the
rovibrational contribution. The first parameter accounts for the mass de-
pendence of the rovibrational contribution by scaling its moments of inertia
according to the mass change upon substitution. The second parameter
corrects the structure for deviations caused by atoms close to the principle
axis system of the molecules. These two parameters do not have a physical
meaning but they correct the fitted structure and provide a geometry close
to the equilibrium geometry.

An example of a structure determination using the mass-dependent
method and a comparison of other methods in the case of the odorant
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molecule trans-cinnamaldehyde is shown in Chapter 6.

Semi-experimental equilibrium structure determination (r>F)

The determination of a semi-experimental structure became more sen-
sible with the increasing availability of high level computational meth-
ods. Using quantum chemical calculations the rovibrational constant «
(see equation 2.28) can be calculated and used to correct the experi-
mentally obtained ground-state rotational constants. From the obtained
semi-experimental equilibrium rotational constants (BS%) the structure
is calculated again in a least-square manner. These semi-experimental
r9E_structures are very close to the equilibrium structures, as for example
shown in Reference [74].

So far, this method was only used for relatively small molecules, since
high level quantum chemical calculations of larger molecules still consume
a large amount of computational time.
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2.2 Quantum chemical calculations

In the following section a brief description of the quantum chemical cal-
culations performed to support the spectroscopic analysis is given. For all
calculations the GAUSSIAN 09 program suite was used.

In high-resolution rotational spectroscopy, quantum chemical calcula-
tions are performed for different reasons. As a first step it facilitates the
assignment to get an approximate idea of the rotational constants of a
molecule and of the size and direction of its dipole moment components.
Furthermore, it is relevant to search for different minimum positions of
the molecular structure. For this a scan of the potential energy surface of
the molecule can be done. If a complete experimental structure determi-
nation is not possible, for example due to a low intensity of the measured
spectrum, quantum chemical calculations can be used to compare the ex-
perimentally determined constants with calculated ones and to draw a con-
clusion to the molecular structure. Additionally, the vibrational modes of
the molecule can be calculated and spectroscopic constants like distortion
constants can be predicted.

In this work the ab initio method MP2 and the DFT methods B3LYP
and M06 are mainly used. The second order Mgller-Plesset perturbation
theory (MP2) [75] is based on the Hartree-Fock (HF) method [76-78] but
also includes electronic correlation and thus inherently consider disper-
sion. In density functional theory (DFT) the distribution of the elec-
trons in the molecule is parameterized as a molecular density [79]. The
hybrid-functional B3LYP (Becke, three parameter, Lee-Yang-Parr) uses a
linear combination of the exact Hartree-Fock functional and the electron-
electron exchange-correlation to describe the system [80]. Another mem-
ber of these functionals is the M06 series of the Minnesota functionals,
which takes dispersion interactions into account in an empirical manner
[81]. An advantage of the DFT methods compared to ab initio methods is
the shorter computational time required. For the DFT methods, further
developments correct for dispersion interactions, which are especially im-
portant for weakly bound complexes. In this work, the M06-2X functional
and Grimme’s dispersion corrected B3LYP-D3 functional are used [82].

A linear combination of basis functions make up the basis set, which
models the orbitals of the molecule. The size and type of the basis set
have to be chosen regarding the type of the molecule and the computa-
tional time and data storage space available. Two different classes of basis
sets were used in this work. For the DFT methods commonly the Pople-
type triple split (6-311) basis sets are used, which can be adjusted for the
use of polarization functions or diffuse orbitals, for example [83, 84]. The
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Dunning-type basis sets (cc-pVnZ) are designed for ab initio methods in-
cluding correlation correction. The basis set can be augmented by adding
diffuse functions, which model the outer electron orbitals [85].

A comparison of calculations, using different methods and basis sets,
to experimental rotational constants and molecular parameters on various
molecules and complexes is demonstrated in Chapters 4-8.

2.3 Spectrum analysis and fitting

The analysis of a rotational spectrum is an iterative process. The choice of
an appropriate Hamiltonian to fit the measured rotational spectrum is im-
portant. This depends on symmetry properties or the degree of asymmetry
of the molecule and the occurrence of splittings caused by large-amplitude
motions or quadrupole coupling. Several programs were developed to as-
sist the analysis of the spectrum. In this work the PGOPHER program
suite [86] was mainly used. Both the S- and A-reduction of the molecular
Hamiltonian are implemented in this program. The rotational constants
and up to the hextic distortion constants can be fit to define the rotational
Hamiltonian. Furthermore, the nuclear quadrupole coupling constants of
several quadrupole containing nuclei can be fit simultaneously.

The program offers a graphical user interface (GUI) to display a com-
parison between the measured and a simulated spectrum using calculated
rotational constants. The user can then assign rotational quantum num-
bers to the experimental transitions, and the spectroscopic constants are
fit to the assigned transitions in a least-square manner. The rotational
spectrum should be fit with a minimum number of constants, leading to
an error of the fit of a few kHz, which is then in the order of the experimen-
tal accuracy [87]. If a large number of transitions could be assigned, also
higher-order centrifugal distortion constants can be fit. This is particularly
true for transitions including higher J quantum numbers.

For the assignment process it is helpful to recognize characteristic pat-
terns in the rotational spectrum [88]. A regular pattern can, for example,
be found for a-type transitions, which arises from molecules with a large
dipole moment in the direction of the a-axis (Tab. 2.2). The spectrum
shows groups of transitions with a harmonic pattern. An example of an
a-type spectrum is depicted in Figure 6.3 for the case of s-trans-trans-
cinnamaldehyde. Transitions with AJ = 0 form a Q-branch, an example
for the obvious pattern is depicted in Figure 2.6. It can be seen that it
consists of many congested rotational transitions. A challenging analysis
of a congested Q-branch is discussed in further detail in Section 7.3 for the
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case of the glycolaldehyde dimer.

Q-branch (AJ =0)

intensity

frequency

Figure 2.6: An example for a Q-branch appearing in a b-type spectrum.
Transitions of the type Jo j_o < Jij-1 occur for J = 2 at a frequency
of 3(A — B), while higher J transitions of this type spread out to lower
frequencies. Related transitions of the type Jo j—1 < J1,; appear for J = 2
at a frequency of 3(A — C). More transitions of this type are shifted to
higher frequencies with increasing J [88].

A recently developed tool to support the spectral assignment is the
AUTOFIT program [89]. Within this program triplets of rotational tran-
sitions are assigned automatically, and an overlap of the simulated and the
measured spectrum is calculated. Millions of different possible triplets can
be calculated using fast computational power. A list of the top 100 sets
of rotational transitions, with preferentially small differences between the
calculated and measured frequencies, is provided by the program and can
be used as a starting point for spectral fitting. This method was used for
the analysis of the glycolaldehyde dimer reported in Chapter 7.



Chapter 3

Experimental details

In the following chapter the experimental setup developed within this work
is explained in detail. The main part of the experiments was performed
using the "BEAMSPEC” instrument, depicted in Figure 3.1. This newly
designed vacuum chamber assembles a useful combination of spectroscopic
tools.

Figure 3.1: Photograph of the experimental setup in the laboratory. The
three vacuum cross-chambers contain a molecular source, a microwave
spectrometer and a time-of-flight mass spectrometer (from the right to the

left).

The spectrometer is composed of three vacuum cross-chambers, divid-
ing the experiment into three parts (Fig. 3.2). The first part is the source
chamber, where the supersonic expansion takes place (Sec. 3.1). To bring
the molecules into the gas phase they can be heated or laser ablated from

34
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a solid sample bar (Sec. 3.4) and afterwards they are coexpanded with a
carrier gas. In the second part, excitation and detection of microwave ra-
diation takes place. The chirped-pulse Fourier transform microwave spec-
troscopy technique (CP-FTMW) is used here to record rotational spectra.
The technical details of the method are explained in Section 3.2. The third
part of the vacuum chamber hosts a time-of-flight (TOF) mass spectrom-
eter, which can be used for beam diagnostics (Sec. 3.3).

[ ] MCP

| flight tube horn antennas

C—1

pulsed nozzle

’/ ]T : I . carrier gas
AN A AN

ionizing laser pulse laser ablation source

TOF spectrometer microwave chamber source chamber

Figure 3.2: Schematic drawing of the three vacuum cross-chambers.

The source chamber and the terminal TOF part of the vacuum chamber
are pumped with two turbo molecular pumps (Pfeiffer HiPace 1200 and
HiPace 700) connected to prepumps (Pfeiffer Xtra Dry 150-2 and MVP
070-3). This leads to a pressure in the chamber during the measurement
of approximately 10~% mbar in the source chamber and 10~ mbar in the
TOF part of the chamber.

For the study of the diphenylether-methanol complex the ”COMPACT”
instrument, located in the same laboratory, was used, as discussed in Sec-
tion 3.2.

3.1 Molecular beam experiments
Molecular beam techniques are a useful tool in various fields of physi-

cal chemistry and high-resolution spectroscopy in particular benefits from
their advantages. A molecular beam is produced when a gas is expanded
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from a high pressure area into a vacuum through a very small opening.
Within this process the atoms or molecules can be cooled very efficiently.
Due to the low vibrational and rotational temperature only a small number
of energy levels in the system are populated, which leads to an increase
of the intensity of the populated energy levels. The molecular beam also
features a narrow velocity distribution, which leads to narrow line shapes.
Furthermore, the molecules are not interacting with each other, since the
molecular beam is very diluted [90], so that there is basically no collisional
broadening.

The most common way to produce a molecular beam is to seed the
molecules into an inert atomic carrier gas, for example helium, neon or ar-
gon. The molecules collide with the atoms in the carrier gas and thermalize
with their surrounding. Within this work, a molecular beam is always a
mixture of carrier gas atoms and the molecular sample of interest but since
the fraction of molecules in the beam is very low it can be characterized
like a pure atomic beam.

In our experimental setup the high-pressure area and the vacuum cham-
ber are separated by a pulsed nozzle, and defined molecular packages are
expanded into the chamber. The width of the packages is related to the
opening time of the nozzle. The sample of interest can be heated in a reser-
voir in the high pressure area. The velocity distribution can be calculated
according to the Maxwell-Boltzmann distribution:

m 3 _my?
P(y) = 4 312" 2kpT 3.1
(V) = 4 bte (3.1)
In Figure 3.3 the velocity distribution of neon at different temperatures
is depicted.

Two kinds of molecular beams are differentiated. If the mean free path
lengths of the atoms is much larger than the diameter of the container
opening, an effusive beam results. In this case no collisions between the
atoms happen during the expansion and no energy is transferred [91]. As
a result the atoms will not be cooled during the expansion but the atoms
are non interacting.

In the second case the opening of the container is larger than the mean
free path lengths of the atom and a supersonic beam results, where the
atoms can be cooled. Due to many collisions with other atoms during the
expansion, the internal and external degrees of freedom of the atoms and
molecules are cooled very efficiently.

The maximum velocity of the beam can be calculated using
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Figure 3.3: The Mazxwell-Boltzmann velocity distribution of neon calcu-
lated for different temperatures.
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A okplo (3.2)
m

This equation is only true for an ideal gas with an isentropic and adia-
batic behavior during the expansion. It thus only provides an approxima-
tion for the velocity of a real system, which depends on the temperature of
the reservoir before the expansion and on the mass of the expanded atoms
or molecules [92]. Figure 3.4 shows the velocity distribution of neon in-
side the reservoir compared to the terminal velocity of the expanded beam
under ideal conditions.

The characteristics of the expansion itself are depicted in Figure 3.5.
Different areas of the expanded beam can be described with the Mach
number M, giving the ratio of the velocity v of the molecular beam at a
certain point compared to the sound velocity ¢ [93].

M= % (3.3)

The Mach number in the container is smaller than one (M < 1) because
the atoms collide frequently, which gives a much slower velocity than the
sound velocity. During the expansion the density of atoms decreases and
the mean velocity increases quickly. In this part of the expansion the
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Figure 3.4: Comparison of the velocity distribution of neon in the high
pressure area at room temperature to the terminal velocity of neon reached
during the supersonic expansion at 1 K.

Mach number is much larger than one and the expansion can be described
as supersonic. This area is also called the zone of silence, since the beam
in this area is so dilute that no collisions take place any more. The length
x of this zone depends on the pressure difference between the carrier gas
(po) and the vacuum chamber (pp) and on the diameter D of the container
opening [92]. It can be calculated by

z=0.67D, ] (3.4)
PB

and it shows that the required pumping speed, which ultimately de-
termines ppg, is an important parameter for the experimental performance.
The microwave excitation should take place in the zone of silence, since the
beam temperature is lowest in this area. At the boundaries of the expan-
sion, shock waves are occurring due to collisions with warmer background
gas. The terminal shock wave is called Mach disc, which is also known
from supersonic aircraft or bullets. At this point the velocity suddenly
drops and the Mach number decreases below one.
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Figure 3.5: Schematic overview of the different areas in a supersonic
eTpansion.

The intensity of transitions in the experimental spectrum benefits strong-
ly from lower achieved temperatures in the molecular beam, because at a
low rotational temperature less states are populated and thus the pop-
ulated states gain intensity. A comparison of a simulated spectrum at
different temperatures is depicted in Figure 3.6.

Additionally, different carrier gases show different cooling behaviors.
Since the exchange of energy during the collision of two particles is more
efficient using heavier carrier gases, argon would be a good choice for reach-
ing low beam temperatures. On the other hand argon shows the tendency
to form clusters with the molecules of interest, by forming van-der-Waals
complexes, and thus the monomer would lose intensity. The choice of the
best carrier gas is therefore a compromise between optimal cooling, the
tendency to form complexes and also the costs, since some noble gases
are fairly expensive. For our measurements the best results are obtained
by using neon as a carrier gas, because it reveals a good cooling behavior
without the tendency to form complexes with the molecules.

The expansion is a dynamic process, revealing the opportunity to in-
fluence and also to optimize the process for the experimental conditions
needed for a certain task. A main goal in this work was to study complexes
and dimers formed by biologically relevant molecules, and an expansion has
to be created to support this formation. For a formation of dimers a three-
body collision has to take place. This event scales with p2D, and thus a
higher pressure of the carrier gas supports the formation of complexes [92].
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Figure 3.6: Simulated rotational spectra of cinnamaldehyde at different
temperatures. At higher temperatures more energy levels are populated,
which leads to a decrease of the intensities in the spectrum.

Consequently, the ideal parameters for the expansion have to be ad-
justed for each measurement. This was done, for example, by varying the
pressure or the choice of the carrier gas.

3.2 Chirped-pulse Fourier transform micro-
wave spectrometer

The "BEAMSPEC” vacuum chamber is equipped with a chirped-pulse
Fourier transform microwave spectrometer (CP-FTMW) for recording the
rotational spectra in a broadband manner. This newly developed technique
was pioneered by the Pate group in 2008 [35] and provides a fast alternative
to the cavity based Balle-Flygare- or Fabry-Perot microwave spectrometers
(33, 94-96].

CP-FTMW spectroscopy is based on a fast passage excitation using
a linear microwave chirp. The excitation pulse needs to be faster than
the relaxation time of the excited states and is typically 1-4 us long [35].
Our spectrometer covers the frequency range from 2 - 8.5 GHz and was
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built to investigate large biomolecules and biologically relevant complexes,
revealing small rotational constants and thus low transition frequencies.
A comparison of simulated spectra of molecules with different masses is
depicted in Figure 3.7. It shows the mass dependence of the frequencies of
maximum intensity for molecules at a rotational temperature of 1 K.

— Aniline (93 g/mol) *20
— Cinnamaldehyde (132 g/mol) *1 |
— Estradiol (272 g/mol) *50

intensity (arb. units)

Lol o bl 1L, [“‘H |‘||“|||.| A
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0 5000 10000 15000 20000 25000 30000
frequency (MHz)

Figure 3.7: Simulated rotational spectra of molecules with different
masses at a rotational temperature of 1 K, showing that the rotational tran-
sitions of heavier molecules are shifted towards lower frequencies and show
a more congested spectrum. The intensity of the aniline and the estradiol
spectrum are scaled to provide a better comparability with the cinnamalde-
hyde spectrum.

Furthermore, the intensity S of the obtained signal depends on sev-
eral parameters. It is proportional to the number of molecules N, the
transition frequency w, the square of the transition dipole moment p, the
amplitude of the excitation radiation £y, the population difference of the
two states involved in the transition ANy (which depends on the rotational
temperature), and the inverse square root of the chirp rate a [35]:

SocN-w-uz-so-ANo-\/g (3.5)

The chirp rate « is defined by the difference of the end frequency w,
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and the start frequency wy divided by the pulse duration Taw¢ [35]:

We — Ws

(3.6)

o =
TAWG

A schematic overview of the electronic parts of the microwave spec-
trometer is shown in Figure 3.8.
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Figure 3.8: FExperimental setup of the "BEAMSPEC” microwave spec-
trometer. The arbitrary waveform generator (AWG) produces the mi-
crowave chirp, which is amplified with a traveling wavetube (TWT) ampli-
fier and transmitted into the chamber with a horn antenna. A second horn
antenna receives the molecular response of the excited molecules, which is
amplified with a low noise amplifier and recorded with an oscilloscope. A
protection switch is used to protect the detection part from the high energy
radiation. The control system of triggers, the AWG and the oscilloscope
are connected to a Rb-frequency standard to synchronize their phases.

The microwave chirp is created by a fast arbitrary waveform generator
(Tektronix AWG 7122A, 24 GS/s) and amplified using a 300 W traveling
wave tube amplifier (TWTA, Amplifier Research 300T2G8). The radia-
tion is transmitted into the vacuum chamber through a microwave horn
antenna (Advanced Technical Materials 250-441EM-NF'), which is directly
mounted to the vacuum flange (Fig. 3.9). The molecules are supersoni-
cally expanded into the chamber, as explained in Section 3.1. A pulsed
nozzle (Parker General Valve, Series 9) in a perpendicular arrangement to
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the horn antenna is used for the expansion of the molecular packages. The
microwave chirp excites all resonant transitions of the internally cooled
molecules in the covered frequency range, and a macroscopic dipole mo-
ment is formed due to the polarization of the molecular ensemble. The free-
induction decay (FID) of this macroscopic polarization is received using a
second microwave horn antenna and amplified with a low-noise microwave
amplifier (Miteq Amplifier AMF-5F-0200080-15-10P). A switch protects
the sensitive low-noise amplifier and the oscilloscope from the high-power
excitation pulse. The molecular response is recorded by an oscilloscope
(Tektronix DPO 71254A, 100 GS/s), and the length of the recorded FID
determines the resolution of the spectrum. To obtain the spectrum in
the frequency domain, a Fourier transformation (FT) is performed. The
frequency span of the spectrometer is limited by the TWTA, the horn
antennas and the low-noise amplifier (LNA).

Figure 3.9: Microwave horn antenna of the "BEAMSPEC” setup,
mounted to a vacuum flange.

In this experiment up to 50 us of the FID are recorded resulting in a
resolution of about 20 kHz. To increase the signal-to-noise ratio of the ro-
tational spectrum the microwave experiment is performed with a repetition
rate of 2 - 10 Hz and the data is digitally averaged with the oscilloscope.
The repetition rate is limited by the speed of the oscilloscope and the
pumping speed. Averaging of the molecular signal requires phase stability
which is ensured by phase-locking the AWG and the oscilloscope to a 10
MHz Rb frequency standard. Furthermore the oscilloscope is directly trig-
gered by a marker channel of the AWG. Additional triggers, mandatory
for running the experiment, are generated by a National Instruments PXI
system (PXIe-1065). The complete trigger scheme is depicted in Figure
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3.10. To control the experimental sequence the FTMW++ program writ-
ten by Jens-Uwe Grabow (Leibniz-Universitdt Hannover) is used. At time
zero the valve is triggered and its opening time 7,4, defines the lengths
of the gas pulse (Fig. 3.10). The molecular ensemble expands into the
chamber and reaches the horn antennas after an expansion time t.,,. In
the next step, the protection switch is triggered to protect the low-noise
amplifier during the excitation process. For generating and amplifying the
microwave chirp, the AWG and the TWTA are triggered subsequently,
with a short delay for the AWG to account for the ramp up time of the
TWTA. Finally the AWG triggers the oscilloscope to record the resulting
FID for the duration 7,;.

Talve
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Figure 3.10: Trigger scheme for recording a microwave spectrum using
the "BEAMSPEC” and the "COMPACT” spectrometer.

The experimental performance of the ?COMPACT” chamber [97] used
for measuring the diphenylether-methanol complex (Chap. 8) is similar
to the one described above. Nevertheless, due to recent improvements the
sensitivity of this spectrometer was increased, which is advantageous es-
pecially for measuring weakly bound complexes. First, the use of larger
horn antennas increased the sensitivity of this experimental setup com-
pared to the "BEAMSPEC” spectrometer. Second, an improved way to
perform the experiment, called the fast-frame setup, was implemented,
which makes the experiment much faster and with this it gives a good
signal-to-noise ratio in a shorter time.
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In the fast-frame setup, within one gas-pulse of about 600 us, up to
eight microwave chirps of 4 us duration are fired with a certain distance
as depicted in Figure 3.11. The resulting FIDs are summed up. The
fast-frame setup can be performed with a repetition rate of 4 Hz for the
gas pulse, giving a total repetition rate of 32 Hz. This is mainly limited
by the pumping speed of the roughing pump. This setup can record 1
million averages in approximately 9 hours, while the former setup would
have needed about 140 hours, using a repetition rate of 2 Hz.
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Figure 3.11: Overview of the fast-frame setup. Several microwave chirps
can be used during one gas pulse, and the corresponding FIDs are digitally
averaged, which provide a fast repetition rate.

In general the performance of the spectrometer is very stable. The
whole microwave spectrometer only depends on a few electronic compo-
nents. Beside the nozzle there are no mechanically moving parts used,
which allows us to run the experiment over night and for several days,
with the only requirement to refill the sample.

To be able to record the whole broadband spectrum at once is one of the
major advantages of the chirped-pulse technique. Mixtures of molecules,
different conformers, clusters and isotopically substituted species can be
studied within one spectrum.

3.3 Time-of-flight mass spectrometer

For analyzing the molecular beam a commercial time-of-flight mass spec-
trometer (Jordan TOF Product, Inc.) is installed into the " BEAMSPEC”
vacuum chamber. Since the main purpose of the instrument is to study
complexes of biomolecules and fragile carbohydrates, it is supportive to
record a mass spectrum of the molecular beam and it allows us to op-
timize the experimental condition such that the favored mass peak, for



46 3.3 Time-of-flight mass spectrometer

example of the complex of interest, is increased. The major advantage of
the time-of-flight supported beam analysis is its high sensitivity. Compared
to microwave spectroscopy, where an ensemble of molecules is needed, even
single ions can be detected. Changes in the mass spectrum when optimiz-
ing the experimental conditions can be seen directly at the oscilloscope,
which is a helpful tool to find the optimum conditions for measuring the
rotational spectrum. Fragmentation products, caused by heating of the
sample, by the laser ablation process (Sec. 3.4) or also by the ionization
can be identified as well and changed if possible. A recorded mass spectrum
of an ablated sample is depicted in Figure 3.12.

The time-of-flight mass spectrometer is arranged in the third and ter-
minal cross of the vacuum chamber. When the beam package reaches
this part, it is ionized by a UV-laser pulse, using the (2+1) resonance-
enhanced multiphoton ionization (REMPI) method. For this a tunable
dye-laser (Sirah Lasertechnik, Pulsed Dye Laser, CSTR-LG-2400) is used,
which is pumped with a Nd-YAG laser (Innolas Laser, SpitLight 500). The
accessible wavelength range of the laser is determined by the dye. For this
work mainly the Pyrromethene 580 dye was used, covering the wavelength
range between 544 nm and 585 nm. In this case the energy of the UV-laser
pulse, after a frequency doubling crystal, is between 8 mJ and 18 mJ and
features a line width of 0.06 cm™!. The resulting ions are guided into a
1 m long flight tube by several voltage plates with different electric volt-
ages applied. The ions are detected with a multi-channel plate (MCP) and
the signal is recorded with an oscilloscope (Rohde & Schwarz, HMO1002).
According to their mass m and their charge ¢, the ions arrive at different
times at the MCP, since the acceleration of the ions, due to the electric
field gradient, is proportional to the mass. Lighter molecules are acceler-
ated more and arrive earlier at the MCP, so that a mass-selective spectrum

can be recorded (Eq. 3.7) [98].
T o /% (3.7)

If the vibronic resonance frequencies of the molecules are not known, an
electronic spectrum can be recorded by scanning the frequency of the laser
and simultaneously recording only the one mass channel of the molecule of
interest. An example of an electronic spectrum is given in Section 4.3. The
obtained electronic spectrum can be used to identify resonance frequencies
in the molecule and vibrational overtones caused by excited vibrational
states can be identified as well.
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3.4 Laser ablation source

One of the restrictions of microwave spectroscopy is that the molecules
need to be in the gas phase. This can be challenging especially for large
and fragile molecules like carbohydrates, which typically cannot be heated
sufficiently to evaporate them. A method to bring fragile molecules into
the gas phase is laser ablation, which was already successfully applied to
study carbohydrates and large biomolecules in the recent past [36, 37, 39].

In general, a laser pulse is used to ablate the molecules from a solid
sample. This ablation process happens directly downstream of the noz-
zle so that the ablated molecules can be seeded into the expansion of a
carrier gas. Within the expansion the ablated molecules are cooled before
they would be destroyed by the laser power, since the internal energy is
transferred very fast and efficiently into translational energy during the
expansion. The solid sample is moved permanently during the ablation to
deliver a new part of the sample for the next laser pulse.

Within this work a laser ablation source was implemented into the
"BEAMSPEC” chamber. The motorization for the sample movement is
outside of the vacuum chamber, providing simple maintenance of the sys-
tem. A ten centimeter long sample bar was constructed, which can be
moved up and down in front of the nozzle. In a perpendicular arrange-
ment to the molecular beam a laser pulse, using the second harmonic of
a Nd:YAG laser (Continuum, Minilite I, at 532 nm with up to 12 mJ), is
focused onto the sample bar to ablate the sample. The ablated molecules
are seeded into the expansion and interact with the microwave chirp or the
UV laser for mass spectrometry further downstream.

The mass spectrum of an ablated sample was measured successfully
within this work. By consequently improving the setup and timing of the
experiment, the intensity and stability of the signal was increased several
orders of magnitude. The mass spectrum of laser ablated tryptophan is de-
picted in Figure 3.12. The ionizing laser was kept to a resonance frequency
of tryptophan at 286.63 nm (8 mJ per pulse) and the ablation laser was
set an output power of 10 mJ per pulse at 532 nm. For this measurement
1500 acquisitions were averaged and a clear mass peak for tryptophan (204
g/mol) was recorded. However, the amount of ablated molecules within
one laser pulse was still too low to record a microwave spectrum of an
ablated sample. Major changes of the experimental setup, like moving the
ablation setup and the nozzle much closer to the microwave horn anten-
nas to prevent the molecules from transversally spreading out too much,
would be required in the future to increase the density of molecules. Fur-
thermore, a change from a nanosecond to a picosecond laser could improve
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the ablation process.

Consequently, the focus of this work was changed to molecules, which
can be brought into the gas phase by heating. This includes already a huge
variety of interesting biomolecules and carbohydrates.

b Trp (204 g/mol)

Indole + 2 H,0 (153 g/mol)
Trp - CO, - NH; (143 g/mol)

Indole + H,0 (135 g/mol)
Trp - H,0 - CO - HCN (131 g/mol/
1 Indole (117 g/mol

| .

T T T 1
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mass [g/mol]
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Figure 3.12: Mass spectrum of laser ablated tryptophan (Trp) in a test
measurement. To adjust the parameters of the ablation source, indole was
mixed into the carrier gas. Fragments and clusters of tryptophan and in-
dole occur in the mass spectrum. Peaks are labeled with the added or sub-
stituted groups and the corresponding parent molecule. For each point 1500
acquisitions are averaged.



Chapter 4

Nuclear quadrupole coupling
constants of two chemically
distinct nitrogen atoms in
4-aminobenzonitrile™

4.1 Introduction

One of the first molecules studied with the new "BEAMSPEC” setup is
4-aminobenzonitrile (ABN), depicted in Figure 4.1. The study of this
molecule provides an overview of the manifold spectroscopic options the
new instrument provides.

ABN belongs to a group of para-substituted benzonitrile molecules.
This class of molecules has received much attention because some of its
members show dual fluorescence, revealing a solvent-dependent appear-
ance of a second emission at a different frequency from a charge-transfer
state upon local excitation [99]. A well studied example for this effect
is dimethylaminobenzonitrile (DMABN) [100-104]. In contrast to this
molecule, ABN shows no dual fluorescence [105, 106]. This difference was
explained by the additional electron-donating character of the alkylated
amino group in DMABN [102], compared to the amino group in ABN.
Thus, the electronic environment at the amino-group nitrogen can be de-
cisive for the existence of charge-transfer states and hence dual fluorescence
(see for example References [107] and [108]).

*This chapter is based on the following publication: T. Betz, S. Zinn, J. B. Graneek
and M. Schnell. Nuclear quadrupole coupling constants of two chemically distinct nitro-
gen atoms in 4-aminobenzonitrile. Journal of Physical Chemistry A, 118(28):5164-5169,
2014.

49
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Figure 4.1: Geometry of 4-aminobenzonitrile. The nitrogen atoms of
the nitrile and the amino group lead to a complicated hyperfine structure
of rotational transitions. The principal inertial axes are labeled with a, b
and c.

Within this study the complex splitting due to nuclear quadrupole cou-
pling of two chemically distinct nitrogen atoms could be resolved and the
quadrupole coupling constants could be determined. The local electronic
environment can be characterized using these information, as explained in
Section 2.1.2. Furthermore, a mass spectrum and an electronic spectrum
were recorded and analyzed using the time-of-flight mass spectrometer
(Sec. 3.3).

The rotational spectrum of ABN in the frequency range between 2
to 8.5 GHz was measured with broadband microwave spectroscopy in this
thesis. The rotational constants of the asymmetric rotor ABN were deter-
mined earlier from rotationally resolved electronic spectra [109, 110]. Due
to the lower resolution and higher rotational transitions, and therefore
smaller hyperfine splittings involved, the quadrupole coupling constants
were not accessible. The frequency range of our spectrometer (2-8.5 GHz)
together with the high resolution provided by microwave spectroscopy fa-
cilitate their identification. The two non-vanishing dipole moment com-
ponents of ABN are 5.46 D along the direction of the weakest moment of
inertia (u,) and 1.45D in the direction orthogonal to the benzene ring
(te) [110], hence the spectrum is dominated by a-type asymmetric rotor



CHAPTER 4. 4-AMINOBENZONITRILE ol

transitions.

The two chemically distinct nitrogen atoms of the respective amino
and nitrile groups of this molecule lead to a hyperfine structure of each
rotational transition due to nuclear quadrupole coupling. Determining
their individual quadrupole interactions is challenging, due to the compli-
cated, combined splitting effect of the two nuclei. The respective nuclear
quadrupole coupling constants are presented here. They allow for the in-
vestigation of the electronic environment of the molecule in the vicinity of
the nitrogen atoms, which is of particular interest when comparing ABN
to other para-substituted benzonitriles showing dual fluorescence. Previ-
ous microwave spectroscopy studies investigated the differences between
dimethylaniline (DMA) and DMABN [111], depicted in Figure 4.2. Here
we extend this comparison to include ABN as well.

H,C

CH, H,C CH,
N: H, NH, \N/ \N/
[ [
N N
4-aminobenzonitrile aniline 4N,N-dimethyl-  4-dimethylamino-
(ABN) aniline benzonitrile
(DMA) (DMABN)

Figure 4.2: Schematic structures of the molecules used for comparison
with 4-aminobenzonitrile.

4.2 Experimental details

ABN was purchased from Sigma-Aldrich (98 % purity) and used without
further purification. The sample was heated to 113°C in a reservoir and
the carrier gas neon, with a backing pressure of 2.5 bar, was flown over it to
create a gas mixture. Subsequently, this mixture was expanded into vac-
uum through a pulse nozzle with an opening time of approximately 400 us
and a repetition rate of 2Hz (compare Sec. 3.2). After an expansion time
of 775 us the ABN molecules were excited by a 1 us long microwave pulse,
which was linearly frequency chirped from 2 to 8.5 GHz. The resulting free
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induction decay (FID) was recorded for 50 us starting 5 us after the exci-
tation pulse and then amplified and converted into a digital signal. The
complete trigger scheme is depicted in Figure 3.10. In total 337000 FIDs
were recorded and digitally averaged. The rotational spectrum was ob-
tained by Fourier transforming the experimental data using a fast Fourier
transform algorithm, without any filters or other treatments. The length
of the recorded FID set our frequency resolution to 20 kHz, whereas the
full width at half maximum of our transitions was on the order of 30 kHz.
The experimental rotational spectrum of ABN is depicted in the top trace
of Figure 4.3, together with the results of a fit displayed in the bottom
trace. The remaining unassigned lines can neither be attributed to the
ABN monomer nor to its isotopologues. The signal-to-noise ratio of the
spectrum is less than 50:1 and thus no transitions of isotopic substituted
species can be identified. The unassigned lines might arise from clusters
of ABN or complexes with water.

As mentioned in Section 3.3, the experimental setup allows us to ana-
lyze the molecular beam with the TOF mass spectrometer. The recorded
mass spectrum, using the resonance frequency of the ABN monomer at
a wavelength of 291.5nm, is depicted in Figure 4.4 and confirms the ex-
istence of ABN complexes. Besides the dominant monomer peak, at the
mass of 118.4g/mol, the dimer, trimer and tetramer of ABN are clearly
visible. Also the complex of the ABN dimer with water could be identified.
Interestingly, no complex of the ABN monomer and water was observed.
To obtain the mass spectrum of ABN, the molecules were first ionized with
a 8 ns long light pulse with a pulse energy of 6 mJ from a tunable Nd:YAG-
pumped dye laser (featuring a line width of 0.06 cm™! at a wavelength of
570nm). During the experiment, the ionization laser frequency was kept
resonant for the ABN monomer. Ionization of the complexes was possible,
since the resonances do not shift much upon complex formation and the
laser is also rather broad in frequency. For the final spectrum, displayed
in Figure 4.4, 36 000 mass spectra were averaged.

With the same setup it is possible to study the vibrational structures
of electronic levels by a combination of TOF mass spectrometry and ion-
ization techniques, such as resonance enhanced multi-photon ionization
(REMPI). The one-color two-photon REMPI spectrum of ABN in the
range from 290 to 300 nm is shown in Figure 4.5.

The frequency was varied in steps of 0.01 nm, and for each point 180
acquisitions were averaged. The line positions were determined by fitting
a Lorentzian line shape to each peak. Their assignment was carried out in
agreement with References [107] and [112] and also agrees well with more
recent results, as compared in Table 4.1 [115, 116] .
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Figure 4.3: Rotational spectrum of 4-aminobenzonitrile: The upper trace
shows the experimental data and the lower trace represents the result of
fitting an asymmetric rotor Hamiltonian to it. Known background lines
have been removed. Remaining unidentified lines might belong to clusters
of ABN or complexes with water.

4.3 Results and Discussion

In the following, the analysis of the microwave spectrum of ABN and espe-
cially the results on the nuclear quadrupole coupling in this molecule are
discussed in more detail and compared to related systems. The differences
to DMABN are highlighted and presented with the help of analyzing the
occupation numbers of the atomic orbitals of the nitrogen in the amino
group.

The microwave spectrum was fit using an asymmetric rotor Hamilto-
nian (Watson S-Reduction in I” representation) as implemented in the
program PGOPHER [86]. The fitting results are shown in the lower trace
of Figure 4.3. Rotational quantum numbers involved in the assigned tran-
sitions range from J = 1 to J = 4. For the corresponding energy levels the
influence of distortion constants was found to be small and thus has been



54 4.3 Results and Discussion

ABN

ion signal [arb. units]
1

ABN, ABNj;

L ABNQ-HQO ABN4

T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500
mass [kg/mol/1000]

Figure 4.4: lon fragments obtained from the molecular beam of ABN an-
alyzed with the TOF mass spectrometer. For each point 36 000 acquisitions
were averaged.

neglected in the fitting procedure. As expected from the dipole moment
components, the spectrum of ABN is dominated by a-type transitions.
Despite the still significant dipole moment along the ¢ direction, no corre-
sponding transitions were observed. Also no signatures from 3C- or other
isotopologues of the molecule could be found in the data.

The obtained rotational and nuclear quadrupole constants are listed
in Table 4.2. They show good agreement with the previously reported
rotational constants and predictions from quantum-chemical calculations.
The overall best agreement is obtained by density functional theory using
the M06-2X functional and a 6-31+G(d,p) basis set. The differences in
the results obtained at the MP2 level of theory, compared to the M0G6-
2X calculations, mainly arise from different equilibrium positions of the
hydrogen atoms in the amino group.

Note that no line splittings arising from the inversion motion of the
amino group is observed under the cold conditions of a molecular jet. Sim-
ilar to the related molecule aniline, the splittings of the respective en-
ergy levels are so large that the thermal population of the excited modes
becomes negligible at low temperatures (compare e.g. References [117]
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Figure 4.5: The one-color two-photon REMPI spectrum of 4-
aminobenzonitrile. The different lines represent resonances of different
wvibrational levels of the same excited electronic level. The origin was set to
the known value of 33493 cm™" and the line assignment followed previous
work using Varsdnyi notation [112-11/).

and [118]).

The nuclear quadrupole splitting of the rotational transitions arising
from the different nitrogen nuclei is nicely resolved for the two lower J
transitions (J + 1 < J = 3 - 2 and 2 < 1), whereas for the transitions
corresponding to J + 1 <— J = 4 < 3 the groups of lines become quite
congested. This underlines the need for observations in this low-frequency
range. Typical nuclear quadrupole splitting patterns are presented in Fig-
ure 4.6.

The nuclear quadrupole coupling in molecules is sensitive to the local
electric field gradient, and thus a comparison of the results with a series of
related molecules highlights their differences. In order to relate the nuclear
quadrupole coupling constants measured in the inertial principal axis sys-
tem of ABN (a, b, ¢) to other molecules, the nuclear quadrupole coupling
tensors have to be transferred to their principal axis system (x, y, z). In
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Table 4.1: Line positions of the one-color two-photon REMPI spectrum of
4-aminobenzonitrile. Errors in parentheses represent the 95 % confidence
interval of the fit parameters.

Transition®  this work Ref. [107],[113]
00 Jem ] 33493 33493

6a [em™!]  382.9(4) 382
10b2 [em~']  494.3(3) 194
12! fem™!] 678.0(5) 678
Plem™]  806.9(3) 807
1L em™l]  815.2(2) 815

* Varsanyi notation [114];
b set to reported value of Reference [107];

Table 4.2: Spectroscopic constants of 4-aminobenzonitrile.

parameter  this work  Ref. [109] MO06-2X* B3LYP* MP2¢
A [MHz| 5581.0(4)  5579.3(5) 5589.84  5565.3  5572.2
B[MHz]  990.3627(7) 990.26(9)  990.5 9847  981.1
C[MHz] 841.4827(6) 841.39(8)  841.8  837.0 8349

XL IMHzZ)  2.48(1) 2315 2416  2.225

Xiy [MHz]  1.87(2) 2038 2115  1.800

XL [MHz]  -4.352(2) 4389 4531 -4.024

X2, [MHz]  -4.138(9) 3712 3476 -2.868

X5 [MHzZ]  2.40(2) 2259 2172 1464
2 IMHzZ  1.74(2) 1475 1304 1.405

no. lines 114

error [kHz| 11.64

1 amino nitrogen ? nitrile nitrogen ¢ 6-31+G(d,p) basis set
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Figure 4.6: Nuclear quadrupole coupling splitting due to the two nitrogen
atoms in ABN for three different rotational transitions. For higher rota-
tional quantum numbers the splitting decreases and gets more congested
and thus more difficult to resolve. The transitions are labeled according to
the scheme Ji o < JK, K. -

the case of the molecules described herein, the transformation between the
two coordinate systems is given by a rotation around the b axes by an
angle 0 [111]. Since the off-diagonal elements of the nuclear quadrupole
coupling tensors are not determined in the experiment, this angle was es-
timated from quantum chemical calculations at the M06-2X/6-314+G(d,p)
level of theory. For this purpose, the eigenvectors of the calculated nuclear
quadrupole tensor were expressed in the coordinates of the inertial prin-
cipal axis system. 6 is then given by the angle between the axes x and
a or equivalently between the axes z and c. The axes y and b coincide.
The transformed values of the nuclear quadrupole coupling components
are then derived from the experimental results by a coordinate rotation,
as discussed in Reference [111].
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Table 4.3: Nitrile quadrupole coupling in ABN, DMABN and benzoni-
trile.

parameter ~ ABN ~ DMABN [111] benzonitrile [119]

Xea IMHz] -4.138(9)  -4.11(30) “4.2574(4)
xo [MHz]  2.40(2) 2.40(13) 2.289(1)
Xee[MHz]  1.74(2) 1.71(13) 1.949(1)

Table 4.4: Nuclear quadrupole coupling constants of the nitrogen in the
amino group. The values are given in the principle axis system of x.

parameter aniline [118, 120 ABN DMABN [111] DMA [111]

Xaz [MHZ] 2.72 2.69 2.56 2.61
Xy [MHZ] 1.86 1.87 2.80 2.80
Xs- [MHz] -4.59 -4.559 -5.35 541
6 [MHz]® 13.3 9.7 2.8 3.6

¢ rotation angle

For the nuclear quadrupole coupling constants of the nitrile-nitrogen
atom, the corresponding corrections are very small and thus have been ne-
glected. In Table 4.3, the obtained nuclear quadrupole coupling constants
for ABN, DMABN and benzonitrile are compared. Both the amino and
the dimethylamino group are known to have a strong electron-donating
effect on the aromatic ring. The very similar nuclear quadrupole coupling
constants for ABN and DMABN compared to the reference molecule ben-
zonitrile confirm this result.

The comparable nuclear quadrupole coupling constants of the amino-
nitrogen resulting from these rotations are presented in Table 4.4. In
molecules with methylated amino groups (DMABN, DMA), the nuclear
quadrupole coupling of the amino-nitrogen atom is enhanced because of
the electron-donating character of the methyl groups. However, the ni-
trile group is known to be electron withdrawing. This property leads to
a reduction of the amine nuclear quadrupole coupling, as can be seen
for DMABN when compared to DMA. ABN features significantly lower
nuclear quadrupole coupling constants than DMA or DMABN. Together
these results indicate a lower electron density close to the nitrogen atom
in the amino group and thus a lower tendency for the existence of charge-
transfer states. In addition the similarity between ABN and aniline is
strengthened by the comparison in Table 4.4.
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To further support this argument, a population analysis of the amino-
nitrogen p-orbitals was carried out according to the Townes-Dailey model
[67, 69] and in close analogy to References [111] and [121]. It allows for the
estimation of the following indicators from the nuclear quadrupole coupling
constants: The ionic character of the amino group N-H bonds, i, (NX), the
ionic character of the N-C bond between the amino group and the aromatic
ring, i,(NC), and the covalent character of the latter, m.(NC). From these
quantities, the orbital occupancies of the nitrogen p-orbitals (N, Ny, N,)
can be calculated.

The ionic character of the amino group N-H bonds can be calculated
using

_OSY 2 (4.1)
cosp — 1

iy (NX) =

where ¢ is the angle between the two N-H bonds. It is linked to the
amount of s-type hybridization and thus to i,(NX) (see References [69]
and [63], page 234ff). i,(NC) can be estimated using the following equa-
tion:

Xoz 7 X — 302 [ (NX) — i, (NO)| (4.2)
X210
X210 has a known value of -10 MHz and describes the coupling of one un-
paired p-orbital electron of a nitrogen atom to the electric field gradi-
ent [67]. The quadrupole coupling constants were determined from the
experimental data. The covalent character of the N-C bond 7.(NC) is
linked to the values described above via:

Xee 1 —(1—a)ig(NX)—a*,(NC) — n.(NC)] (4.3)
X210 [+ .3Q2ie(NX) +iy(NC) — m.(NC))] ‘
Finally, the orbital occupancies of the nitrogen p-orbitals (N,, N, N,)
can be calculated:

N, =1+ % lio(NX) + io(NC)] (4.4)
N, =1+i,(NX) (4.5)
N,=2—-m, (4.6)

N, corresponds to the lone-pair occupation of the nitrogen atom. The
value for ¢ is needed for the calculations above and was taken from quan-
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Table 4.5: Bond characters and nitrogen p-orbital occupancies.

parameter aniline ABN DMA DMABN
%) 113.1 1139 114.7 118
i,(NC) 0.38 0.36 0.27 0.30
i.(NX)X=H, X=CH; 0.28 0.29  0.29 0.32
7e(NX) 0.12  0.15 0.04 0.09
N, 1.33 1.32 1.28 1.31
Ny 1.28 1.29 1.29 1.32
N, 1.88 1.85 1.96 1.91

tum chemical calculations for ABN and from the corresponding references
for the compared molecules.

The interpretation of the resulting numbers, listed in Table 4.5, follows
closely the arguments given in Reference [111]. It stands out that ABN has
the lowest occupation of the lone-pair orbital /N, of the amino nitrogen and
a high covalent character 7. of the amino group bonds. The combination
of the high ionic character of the nitrogen aromatic carbon bond i,(NC)
in ABN and the low ionic character of this bond in DMABN suggests
that less charge is concentrated at this location. This could represent
a barrier for charge-transfer states and thus could explain the absence
of dual fluorescence in ABN. In general, this finding adds microscopic
details of the electron distribution to the discussion of dual emission in
aminobenzonitrile-like molecules, which can be related to the dynamics of
the molecule upon electronic excitation [108].

4.4 Conclusions

We investigated the broadband rotational and the REMPI spectrum of
ABN with our broadband microwave spectrometer and the connected mass
spectrometer device.

The assigned rotational constants were determined to higher precision
and agree very well with previous findings from rotationally resolved elec-
tronic spectra. These high-resolution results were used to benchmark quan-
tum chemical calculations. We find that for ABN density functional theory
using the M06-2X functional showed the best agreement.

The hyperfine structure due to the nuclear quadrupole coupling of the
two chemically distinct nitrogen atoms in ABN was resolved. The exper-
imentally determined nuclear quadrupole coupling constants allowed for
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the analysis of the electronic environment of the nitrogen locations. It
was found that DMABN and ABN have a similar electronic environment
at the nitrile-nitrogen atom and hence that the influence of the methyl
groups through the aromatic ring is negligible compared to the effect of
the amino group itself.

By calculating the occupancies of the hybrid orbitals of the amino-
group nitrogen, we showed that there is a significantly lower charge density
in ABN compared to other para-substituted benzonitriles like DMABN.
This result is particularly interesting with respect to the occurrence of
dual fluorescence because it can be interpreted as a possible barrier to
charge-transfer states.



Chapter 5

The shape of ibuprofen in the
gas phase®

5.1 Introduction

Ibuprofen (from iso-butyl-propanoic-phenolic acid), depicted in
Figure 5.1, is of high relevance in medical applications because of its anti-
flammatory, pain-relieving effect and is today a widespread non-prescriptive
drug. The World Health Organization lists it as one of the essential drugs
needed in a basis health care system [122]. It belongs to the class of non-
steroidal anti-inflammatory drugs (NSAIDs), which inhibit the enzyme
cyclooxygenase (COX) by interacting with and thus competitively block-
ing its active site (e.g. see References 123-126). Cyclooxygenase has a key
role in the production chain of pain, inflammation and fever mediators,
such as the class of prostaglandins.

From a structural point of view, ibuprofen (IUPAC name (RS)-2-(4-
(2-methylpropyl)phenyl)propanoic acid) consists of an aromatic ring con-
necting an isobutyl and a propanoic acid group (see Fig. 5.1). It features
a stereogenic center at the a-methyl carbon site connecting the carboxyl
group and the aromatic ring. Interestingly, only the S-enantiomer has
a pharmaceutical effect [127, 128]. The main conformational degrees of
freedom are the orientation of the carboxyl group and the positioning
of the isobutyl group with respect to the aromatic ring. Previous studies of
ibuprofen include vibrational spectroscopy and theoretical calculations of
the conformations, which predict a large number of low-energy conformers
[129-132].

*This chapter is based on the following publication: T. Betz, S. Zinn and M. Schnell.

The shape of ibuprofen in the gas phase. Physical Chemistry Chemical Physics, 17:4538-
4541, 2015.
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Figure 5.1: Scheme of the molecular structure of tbuprofen, consisting
of a phenyl ring (middle), and an isobutyl group (right), and a propanoic
acid group (left).

Studies of the enzyme-inhibitor complex structures in crystals revealed
that the inhibiting effect of ibuprofen is achieved by inserting the car-
boxyl group into the hydrogen bond network of the active site of the COX
enzyme and thus blocking the molecular recognition mechanisms needed
for its catalyzing effect [133]. The binding of ibuprofen to the active site
of the enzyme is depicted in Figure 5.2. The nature of the active site
of the COX enzyme has been studied with NMR spectroscopy [134, 135]
and an overview on the structural basis of the inhibition effect is given in
Reference [136]. These studies suggest that conformational flexibility of
the inhibitor and at the same time a stable configuration of the carboxyl
group are a prerequisite for successfully establishing the enzyme-inhibitor
complex. The elucidation of the structures of the ibuprofen conformers pre-
sented in this work can help to identify the interactions and conformational
changes accompanied with the molecular recognition of the inhibitors.

Rotational spectroscopy provides detailed and unambiguous informa-
tion on the molecular structure and it supports the characterization of
larger, conformationally flexible molecules, such as strawberry aldehyde
(C12H1403) for which five low-energy conformers have been observed [137].
The structurally related pain-relieving molecules aspirin [43] and parac-
etamol [46] have been studied recently by rotational spectroscopy as well.
Both molecules also show conformational flexibility.

5.2 Experimental details

For the experiments described here, ibuprofen was purchased from Sigma-
Aldrich (98 % purity) and used without further purification. The sample
was heated to 110°C in a reservoir and the carrier gas neon, with a back-
ing pressure of 1.5bar, was flowed over it to create a gas mixture. Sub-
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Figure 5.2: Binding position of ibuprofen or related drugs (red circles) to
the active site of the COX enzyme. The figures are taken from References
[133] and [135].

sequently, this mixture was expanded into vacuum through a pulse nozzle
(Sec. 3.1). The ibuprofen molecules were excited by a 1 us long microwave
pulse, which was linearly frequency chirped from 2 to 8.5 GHz. 10 us of
the resulting free induction decay (FID) were recorded, starting 5 us after
the excitation pulse and then amplified and converted into a digital signal.
The length of the recorded FID sets the frequency resolution to 100 kHz,
whereas the full width at half maximum of observed lines was on the order
of 30kHz. 650000 FIDs have been recorded and averaged for the final
rotational spectrum depicted in Figure 5.3. More experimental details can
be found in Chapter 3.

5.3 Results and Discussion

In total, four conformers of ibuprofen were observed with similar intensities
(see Fig. 5.5). Each spectrum was fit using an asymmetric rotor Hamil-
tonian (Watson S-Reduction in I” representation) as implemented in the
program PGOPHER [86] (Sec. 2.1). The obtained spectroscopic parame-
ters are listed and compared to density-functional values in Table 5.2. In
total 52 - 77 lines per conformer were assigned and the average error of
the fits is on the order of 50 kHz. Transitions from J+ 1+ J =4+ 3 up
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to 15 < 14 are present in the spectrum. In our frequency (2 to 8.5 GHz)
and temperature range (approximately 1-3 K) ¢- and b-type transitions are
predicted to be much weaker and are thus not observed in the data. In-
cluding distortion constants does not further improve the accuracy of the
fit and thus they are not accessible in this frequency range for ibuprofen.
As apparent from Figure 5.3 there are unassigned lines left in the recorded
rotational spectrum. They are not connected to additional conformers of
ibuprofen and most likely arise from unidentified complexes or fragments.

2 experiment
'g
=}
)
=
z
g
a fit
— C1 C3
C2 — (4
2 3 4 5 6 7 8

frequency [GHz]

Figure 5.3: Rotational spectrum of ibuprofen: The upper trace shows
the experimental broadband spectrum, and the lower trace represents the
results of fitting asymmetric rotor Hamiltonians to the four lowest energy
conformers C1-C4 at a temperature of 1.5 K. Known background lines have
been removed. The spectrum is dominated by a-type transitions.

For the ibuprofen conformers, no line splitting due to internal rotation
was observed. Quantum chemical calculations of the respective barriers
show that they are all higher than 13 kJ/mol, which does not result in
resolvable effects for methyl tops in our experiments. The calculated bar-
riers for internal rotational are listed in Table 5.1 and the corresponding
bond labels are depicted in Figure 5.4.

For the following discussion of the obtained conformers, the results are
compared to quantum chemical calculations at the M06-2X/6-314+G(d,p)
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Table 5.1: Calculated barriers to internal rotation using the M06-2X/6-
31+G(d,p) level of theory around five different single bonds in ibuprofen
(see Fig. 5.4). Different barriers for each group belong to several minimum
positions during a full rotation of the group. All barriers were calculated
for the lowest energy conformer C1.

bond label rotating group barrier [kJ/mol]

1 COOH 32.07 13.73

2 CHj; 14.11 14.11 14.11
3 isopropyl 36.72 33.62 18.09
4 CHj; 15.95 15.95 15.95
5 CHj 3.56 3.56  3.56

Figure 5.4: Labels for the calculated barriers to internal rotation around
five different single bonds.

level of theory as implemented in Gaussian09 (see Tab. 5.2). Due to the
good agreement between experiment and theory the experimentally identi-
fied conformers can directly be assigned to the predicted four lowest energy
conformers, which are presented in Figure 5.6 and labeled C1-4 (sorted by
increasing energies). The main conclusion is that all conformers show the
same orientation of the propanoic acid group but differ in the arrangement
of the isobutyl group. Their energies are similar and only differ by less
than 0.3kJ/mol (see Tab. 5.2), explaining the similar intensities in the
spectrum (see Fig. 5.5). Other calculated low energy conformers with a
different orientation of the COOH group are at least 1.5kJ/mol higher in
energy and are not populated under the cold conditions of our molecular
jet. These conformers are depicted in Figure 5.7 and the corresponding
calculated parameters are given in Table 5.3.

The stabilization of the carboxyl group is based on the interaction of
the hydrogen atom of the a-methyl group with the C=0 group via hy-
drogen bonding. The nature of this interaction can be further illuminated
with the help of calculations. They show that the Mulliken charge of the
carbonyl oxygen is approximately 0.4 e while that of the hydroxy group as
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Figure 5.5: Part of the broadband rotational spectrum of ibuprofen, il-
lustrating the spectral features of the four conformers C1-Cj4.

a whole is 0.04 e, so that their electrostatic interaction with the a-methyl
hydrogen leads to significantly different energies (AE ~3.9-5.9kJ/mol).
Interestingly, in contrast to these findings for ibuprofen, the two low-lying
conformers of the related NSAID molecule aspirin do differ in the relative
orientation of the carboxyl group [43].

Consequently, the conformational richness of ibuprofen arises from the
isobutyl group. The first degree of freedom is to adopt a cis- (C1 and
C2) or trans-configuration (C3 and C4) with respect to the carboxyl group
i.e., being located on the same side or the opposite site of the phenyl ring
compared to the carboxylic group. This corresponds to the rotation of
the bond connecting the isobutyl group to the phenyl rest (Fig. 5.6). The
calculations indicate that a location of both substituents on the same side
of the aromatic ring plane is preferred.

Furthermore, a rotation of the isopropyl group around the bond con-
necting it to the rest of the molecule leads to three additional, nonequiv-
alent minimum configurations (Fig. 5.6). Two of these minima of the po-
tential energy surface are characterized by an elongated carbon chain with
one methyl top maximizing the distance to and the other one pointing out
of the aromatic ring plane. They differ only by the positioning of the latter
methyl top with respect to the rest of the molecule. All observed molecules
belong to this class of conformers. In the third possible conformer related
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E =0kJ/mol AFE = 0.13kJ/mol

AE = 0.12k.J /mol AE = 0.9 kJ/mol

Figure 5.6: The calculated structures and relative energies (not zero-
point corrected) of the four experimentally observed ibuprofen conformers
(M06-2X/6-31+G(d,p) theory level). They all show the same orientation
of the carboxylic group but differ in the arrangement of the isobutyl group.

to this rotation, both methyl groups of the isopropyl moiety point out of
the aromatic ring plane in a symmetric arrangement. It is significantly
higher in energy (AE=1.81kJ/mol) and is not observed in the spectrum.
Interestingly, this third conformer was observed in microwave studies of
the closely related molecule isobutylbenzene though the associated energy
difference is similar [138]. This might be explained by the use of a mixture
of helium and neon as backing gas, leading to different occupations of the
individual conformers.

Our work agrees with the calculated lowest energy conformers in Ref-
erence [131], beside the fact that conformer C2 is not present in their con-
siderations. Note that calculations using B3LYP/6-314+G(d,p) resulted in
larger deviations to the experimental rotational constants.

Since the individual conformers only differ in the properties of the
isobutyl group and share the same orientation of the carboxyl group they
have very similar rotational constants. For example, this becomes apparent
in the small spacing between the a-type transition groups of the conform-
ers Cl and C2 or C3 and C4 shown in Figure 5.5. Nevertheless, due to
the narrow line widths and the high resolving power of rotational spec-
troscopy these structurally and energetically very similar molecules can be
unambiguously differentiated.
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Figure 5.7: Calculated structures of higher energy conformers of ibupro-
fen, which are not present in the spectrum. For the calculations the MO06-
2X/6-31+G(d,p) level of theory was used and the corresponding parameters
are given in Table 5.35.

In supplementary measurements, where the sample was kept at the
thermal decomposition temperature of ibuprofen (80 - 100°C) for a longer
time, the spectra of two different, newly observed molecules dominate over
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the almost vanishing ibuprofen signal. Their spectra show very clear and
strong a-type transitions. We suggest that they correspond to decarboxy-
lation products. This would agree with the fragmentation behavior found
before in mass spectrometry studies [139, 140]. Interestingly, both frag-
ments show a pronounced line splitting, which might be due to the internal
rotation of the former a-methyl group that is less sterically hindered than
in ibuprofen.

5.4 Conclusions

To summarize, in this work four conformers of ibuprofen were identified in
the rotational spectrum and assigned to the four lowest energy conformers
with the help of quantum chemical calculations. This molecule shows rich
conformational flexibility of the isobutyl group that might be needed for
the transport of the molecule to the COX enzyme and its subsequent recog-
nition. The structural assignment of the conformers revealed a stabilizing
interaction of the a-methyl top with the C=0 group of the carboxyl group,
which is the same for all observed conformers. This combination of stiff-
ness of the group inserted in the H-bonding network of the COX enzyme
and the flexibility of the rest of the molecule indicates that all conformers
could adopt to the suitable configuration in order to act as inhibitors. Our
results can be used as reference structures to identify structural changes
of ibuprofen upon formation of the enzyme-inhibitor complex.
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Table 5.3: Calculated parameters for the twelve lowest energy conformers of ibuprofen using the (M06-2X/6-
31+G(d,p) level of theory. The corresponding structures are given in Figure 5.7.

conformer A [MHz| B[MHz] C[MHz] pa[D] pp[D] pe[D]  p[D] EkJ/moll

C1 1330.50  261.29  251.80 -1.0689 -0.0409 1.1795 1.5923 0

C2 1354.98  262.89  249.51 -1.1333 -0.4097 1.3425 1.8041 0.13
C3 1576.42  246.96  240.81  1.1494 -0.7773 1.1749 1.8181 0.12
C4 1536.05  246.25 243.49 1.0361 0.2195 1.1643 1.574 0.19
C5 1394.90  269.17  265.67 1.2051 -1.2353 0.3605 1.763 1.81
C6 1191.56  289.62 278.32  -1.2389 -0.4671 1.1602 1.7604 1.85
C7 1331.17 258777  251.14 -0.8285 ~-1.1525 -1.3544 1.9619 3.90
C8 134750  260.58  249.94  -0.843 -0.7056 -1.4432 1.8908 3.97

C9 1606.47  243.88  238.82 -1.3042 1.5546 0.1805 2.0372 4.23
C10 1577.83  242.51 240.79  -1.303 -0.1272 -1.7303 2.1698 4.27
C11 1180.11  287.56  279.49 -0.8869 -0.6566 -1.6149 1.9559 5.69
C12 142870  267.23  261.51 -1.4321 1.5191 0.4832 2.1429 5.88
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Chapter 6

Structure determination of
trans-cinnamaldehyde”

6.1 Introdution

The odorant molecule trans-cinnamaldehyde is the major component of
cinnamon oil [141] and is responsible for its characteristic smell. The
molecule consists of a phenyl ring with an unsaturated aldehyde attached.
The structure of the molecule is planar due to the conjugation of the x-
electron system, as seen in Figure 6.1. This conjugation causes a change
of the typical carbon-carbon bond lengths, which is an interesting effect to
study. Since both the structure and the structural flexibility of an odorant
molecule are important for molecular recognition by olfactory receptors, a
precise experimental molecular structure can be useful for further studies
on the structure-odor relationship [142].

The importance of investigating the structure of odorant molecules was
already shown before [143, 144], and it is also demonstrated that olfaction
is complicated to describe because there are many structures and a vast
number of odors. A direct relationship between structure and odor has so
far been difficult to establish. One major aim in that research field is to
identify common structural features that cause the same odor perception.
However, as in many molecular recognition processes, conformational flex-
ibility is known to play a role. A better understanding of this as well as
the identification of such common structural features will be an important
step also towards predicting the odor of a respective molecule.

*This chapter is based on the following publication: S. Zinn, T. Betz, C. Medcraft
and M. Schnell. Structure determination of trans-cinnamaldehyde. Physical Chemistry
Chemical Physics, 17:16080-16085, 2015.
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Figure 6.1: Scheme of the molecular structure of s-trans-trans-
cinnamaldehyde ((E)-3-phenylpropenal).

Cinnamaldehyde was recently found to activate the transient recep-
tor potential ion channel TRPA1, which mediates thermosensation, and
thus cinnamaldehyde can be a potential molecular model for studying why
noxious cold can be perceived as a burning pain [145]. For this the confor-
mational flexibility of the molecule can be of special interest.

In a photochemical reaction with UV-light trans-cinnamaldehyde iso-
merises to cis-cinnamaldehyde [146]. Biochemical reactions with this motif
can, for example, also be found in the retina of (human) eyes. Recently,
these light-triggered dynamics were studied with femtosecond crystallog-
raphy on minicrystals of photoactive yellow protein (PYP) [20]. The chro-
mophore of this protein reveals structural similarities with trans-cinnam-
aldehyde, which can be seen as a model system for this photoactive protein
in gas-phase studies, another example for the physiological relevance of a
detailed structure determination of trans-cinnamaldehyde.

Four possible stereoisomers of cinnamaldehyde can exist: two diastere-
omers, differing in a cis- or trans-orientation of the carbon-carbon double
bond of the side chain. Each of these diastereomers can consist of two con-
formers, differing by a rotation around the single bond in between the two
double bonds. Here we use broadband rotational spectroscopy to study the
two conformers of the trans-diastereomer, s-trans-trans-cinnamaldehyde
and the higher energy conformer s-cis-trans-cinnamaldehyde that are de-
picted in Figure 6.2.

This study extends earlier work on trans-cinnamaldehyde using low-
resolution microwave spectroscopy by Steinmetz et al. [147], in which only
one rotational constant could be determined due to low spectral resolution.
Here, we report complete sets of rotational constants for both low-energy
conformers of trans-cinnamaldehyde. We were also able to obtain the rota-
tional constants for all the mono-substituted 3C-isotopologues of the ener-
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33 kdJ/mol

s-cis-trans

s-trans-trans

Figure 6.2: Scheme of the molecular structures of s-trans-trans-
cinnamaldehyde ((E)-3-phenylpropenal) and s-cis-trans-cinnamaldehyde in
the coordinate system of the molecular moments of inertia and the calcu-
lated energy difference and isomerisation barrier of the two conformers,
using the MP2 level of theory and the 6-311++G(2d,2p) basis set.

getically lower conformer in natural abundance and hence to determine its
carbon backbone structure using the Kraitchman’s equations (rs-structure)
and a mass dependent method (r,,-structure). Different methods to de-
termine the structure from the rotational constants are discussed in Sub-
section 2.1.4. The obtained structure is compared to a recent gas electron
diffraction (GED) study [148]. Such a comparison is also interesting from a
conceptional point of view. Typically, gas electron diffraction is performed
at the elevated temperatures necessary to generate sufficient vapor pressure
of the respective molecules not followed by a supersonic expansion leading
to cooling. As a consequence, the molecules can be vibrationally excited
and several conformers can be populated, which complicates the analysis.
The suitability of the analysis of the experimental data often strongly relies
on the quality of the quantum-chemical calculations. A direct comparison
between microwave data and GED data will thus be helpful to evaluate the
quality of the GED data in the particular case of trans-cinnamaldehyde,
for which two conformers are present.
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6.2 Experimental details

A sample of trans-cinnamaldehyde was purchased from Sigma-Aldrich
(> 95 % purity) and used without further purification. The sample is
a liquid at room temperature and has a reported boiling point of 251 °C.
It has a strong total dipole moment of 5.1 D with the two dipole moment
components of 4.9 D for p, and -1.5 D for p;,. For the measurements, the
sample was heated to 100 °C in a reservoir. Neon was used as a carrier gas
with an absolute backing pressure of 1.8 bar. The gas mixture was super-
sonically expanded into the vacuum chamber via a pulsed nozzle. After
this, the molecules were excited by a 1 us long microwave pulse, which
was linearly chirped in frequency. Fifty microseconds of the resulting free
induction decay (FID) was recorded, this results in a spectral resolution of
20 kHz. Further experimental details are given in Section 3.2. In total 1.2
million FIDs were recorded and averaged. The rotational spectrum was
obtained by Fourier transforming the experimental data. A Kaiser-Bessel
window function was applied to the spectrum to identify weak transitions
that otherwise, in some cases, could overlap with stronger transitions.

Predictions of the rotational constants for different possible conformers
of cinnamaldehyde were obtained from quantum chemical calculations. Ge-
ometry optimizations were performed using the density-functional theory
(DFT) methods M06-2X and B3LYP as well as the MP2 level of theory, all
with a 6-311++G(2d,2p) basis set as implemented in the program package
Gaussian. The results are listed in Tables 6.1 and 6.2.

The spectra were fit using an asymmetric rotor Hamiltonian (Watson
S-Reduction in I, representation, Table 2.1 [149]) as implemented in the
PGOPHER program suite, [86].

6.3 Results and Discussion

The experimental spectrum and the corresponding fits for both conform-
ers are shown in Figure 6.3. The experimental spectrum is dominated by
strong a-type transitions, as predicted from the dipole moments. Together
with weaker b-type transitions they could be assigned to s-trans-trans-
cinnamaldehyde by comparison to the rotational parameters obtained from
ab initio calculations and to the results of the previous low-resolution mi-
crowave study [147].

In addition, the spectrum of the second conformer, s-cis-trans-cinnam-
aldehyde, could be assigned, which is about 40 times weaker. A zoom into
the measured spectrum, illustrating the spectral features of s-cis-trans-
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Figure 6.3: The rotational spectrum of s-trans-trans- (blue trace) and
s-cis-trans-cinnamaldehyde (red trace). The upper trace shows the exper-
imental data and the lower trace represents the result of fitting asymmet-
ric rotor Hamiltonians for both conformers to the spectrum. Additional
transitions seen in the spectrum may arise from complexes of water and
cinnamaldehyde but are not assigned yet.

cinnamaldehyde, is depicted in Figure 6.4. The two conformers differ in
the orientation of the terminal aldehyde group with respect to the C-C
double bond of the alkenyl side chain, as depicted in Figure 6.2. The
most abundant conformer s-trans-trans-cinnamaldehyde is calculated to be
about 9 kJ/mol lower in energy than s-cis-trans-cinnamaldehyde (MP2/6-
311++G(2d,2p)). They are separated by an isomerisation barrier of 33
kJ/mol (see Fig. 6.2), in accordance with the significant intensity differ-
ence. The higher energy of the cis-conformer seems to be caused by steric
repulsion of the oxygen and the C3 carbon atom and the two double bonds
(C2-C3 and C1-0). The atom labels are given in Figure 6.5.

The obtained energies are very similar to those found for acrolein
(HoCCHCOH), which is the simplest member in the group of «,S-unsatu-
rated aldehydes. Using microwave spectroscopy [150], the structures of
both the s-cis- and the s-trans-conformer of acrolein were obtained, with a
calculated energy difference of 8.5 kJ/mol and a calculated barrier height
of 29.3 kJ/mol (CCSD(T)/CBS+CV) [151]. This similarity might be a
hint to the dominance of the local electronic environment in the side chain
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of trans-cinnamaldehyde.

The structural isomer cis-cinnamaldehyde, which is the product of a
photochemical reaction of trans-cinnamaldehyde, was not observed. Fur-
thermore, no spectroscopic indications for internal dynamics, such as ro-
tation around single bonds, were found.

In the following the results of the individual conformers are discussed
in more detail.

s-trans-trans-cinnamaldehyde

The experimentally determined spectroscopic constants for s-trans-
trans-cinnamaldehyde and a comparison to calculated parameters are given
in Table 6.1. In total, 93 rotational transitions (52 a- and 41 b-type tran-
sitions) could be assigned with an average error of the fit of 6.5 kHz.
Anharmonic calculations were carried out using the BSLYP functional of
theory using a 6-311++G(2d,2p) basis set. The fitted distortion constants
are comparing well with the ones from these calculations. Comparing the
rotational constants, the MP2 level of theory agrees best with the exper-
imental values, with deviations of 0.5% and less. For this rather rigid
molecule an excellent agreement of the predicted rotational constants us-
ing quantum chemical calculations to the experimental determined values
can be found. However, in the case of the weakly bound complexes gly-
colaldehyde dimer and diphenylether methanol (Ch. 7 and 8) a precise
prediction of the strength of intermolecular interaction is still challenging
with theoretical approaches.

In earlier studies of trans-cinnamaldehyde, where the molecule was re-
garded as a near symmetric top molecule, only the sum of B4C could be
determined [147]. This value is in good agreement with the one determined
in our high-resolution study, with a deviation of less than 1 % (Tab. 6.1).

The inertial defect A of the molecule, calculated from the obtained
rotational constants, is rather small. Its value is a scale for the deviation
of the molecular structure from planarity (A = 0 for planar molecules) and
will be discussed in more detail below.
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Table 6.1: FExperimentally determined and calculated spectroscopic
constants of s-trans-trans-cinnamaldehyde. For all calculations the 6-
311++G(2d,2p) basis set was used.

Steinmetz

parameter experiment B3LYP MO06-2X  MP2 ot al. [147]

[MHz]  4866.3795(13) 4915.85 4926.28 4884.51
B[MHz]  579.05960(17) 578.73  582.94  579.03

[MHz]  517.81608(16) 517.78  521.26  517.67
B+C|[MHz] 1096.87568(33) 1096.51 1104.20 1096.70 1106.3(1)

Dy [kHz] 1.72(12) 1.2

Dyx [kH7 — 0.076(10) 0.08

D, [kHz 0.01005(82)  0.008

dy [kHz] 0.130(32) 0.105

do [kHz  0.00123(20)  0.00113

|tta| [D] 473 431 4.90
\y| (D] 1.17 1.21 1.53
jul D] 0 0 0

N -0.628
Jmaz 17

no. lines 93

error [kHz] 6.5

A=1.—1,— I ; uis the atomic mass unit

s-cis-trans-cinnamaldehyde

A closer look into the broadband spectrum reveals rotational transitions
of the higher-energy conformer s-cis-trans-cinnamaldehyde (Fig. 6.4). In
total, 33 transitions (19 a-type and 14 b-type) were assigned to this con-
former and fit to an asymmetric rotor Hamiltonian with an error of the
fit of 5.2 kHz. The experimentally determined constants and calculated
values can be found in Table 6.2. Again, the MP2 level of theory gives
the best agreement to the experimentally determined rotational constants.
The results from the earlier low-resolution study [147] are also in fairly
good agreement.

Due to the lower intensity only transitions up to J = 10 could be
assigned in the spectrum, this leads to less well defined distortion constants
for this conformer. The calculated inertial defect is small and of a similar
order as for the s-trans-trans-conformer.
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Figure 6.4: Part of the broadband rotational spectrum (intensity scaled
by a factor of 20 compared to Figure 6.3), showing the J+1 <+ J =6+ 5
transition of the higher-energy conformer s-cis-trans-cinnamaldehyde (red
trace). The upper trace shows the experimental data and the lower trace
represents the result of fitting an asymmetric rotor Hamiltonian to it. Ad-
ditional transitions seen in the spectrum may arise from complexes of water
and cinnamaldehyde but are not assigned yet.

I3C-isotopologues of s-trans-trans-cinnamaldehyde

For the s-trans-trans-conformer, we could also assign rotational tran-
sitions arising from all singly substituted *C-isotopologues. The assign-
ments of these satellite lines for the Jy., K JK, k., = T1,6 < 615 transi-
tion, as an example, are depicted in Fig:urLe 6.5.

For each '¥C isotopologue, between 12 and 22 rotational transitions
could be assigned with an error for the fits between 3 kHz and 9 kHz.
From this overall set of 30 rotational constants, the carbon atom positions,
and thus the bond lengths and angles, were calculated using Kraitchman’s
equations for planar molecules (rg-structure), as implemented in the KRA
program [73]. The rotational constants of these fits and the calculated

carbon atom positions of the r,-structure are given in the Tables 6.3 and
6.4.
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Table 6.2:
constants of s-cis-trans-cinnamaldehyde.
311++G(2d,2p) basis set was used.

For

Experimentally determined and calculated spectroscopic
all calculations the 6-

parameter experiment B3LYP MO06-2X  MP2 estt?ll‘uﬁj;]
A [MHz| 4494.1094(21)  4526.23 4534.55 4495.56
B [MHz] 626.04519(27)  625.32 63143  626.84
C [MHz] 549.97612(24)  549.42  554.25  550.13
B+C|[MHz] 1176.02131(26) 1174.74 1185.68 1176.96 1179.1(1)
|pal [D] 3.58 3.08 3.50
|ep| [D] 1.85 1.89 2.17
el D] 0 0 0
Dy [kHz] 0.40(17)
D [kHz] 0.0058(29)
NGNS -0.801
Jmaz 10
no. lines 33
error [kHz| 5.2
A=1.—1,— 1 ; uis the atomic mass unit

Table 6.3: Ezperimentally determined rotational constants for all nine
single 3 C substituted species of s-trans-trans-cinnamaldehyde, number of
assigned lines and the error of the fit are given in this table. The distortion
constants Dy, Di and Dyk of the parent molecule (Tab. 6.1) were used

for the fits of the isotopologues.

Isotopologue A [MHz] B [MHz| C [MHz]

no. error

lines [kHz]
C1 1863.49(83) 571.01382(56) 512.04405(57) 17 7.6
€2 4866.23(81) 576.58248(68) 515.80562(79) 12 7.9
C3 4848.36(59) 578.55109(52) 517.21422(54) 15 6.9
C4 4863.91(32) 578.89400(19) 517.65356(19 13 2.5
C5 4791.14(67) 577.61341(69) 515.80867(68 14 8.3
C6 4823.39(69) 573.75216(60) 513.07512(60) 22 8.7
c7 4860.67(70) 572.07195(61) 512.16369(63 18 8.0
C8 4780.37(85) 575.50095(36) 513.98454(32 13 4.5
9 4813.79(61) 578.44614(43) 516.70858(48) 15 6.3
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Figure 6.5: Satellite lines arising from all singly substituted '3 C isotopo-
logues of s-trans-trans-cinnamaldehyde and the parent line of the Jy, r <
JK, k. = T16 < 0615 transition. Note that the line shift from the apa;"ent
transition increases with the distance of the substituted carbon atom to the
center of mass of the molecule.

Table 6.4: FExperimentally determined atom positions, calculated with the
substitution method (rs-structure), are given in this table. The z-coordinate
of the molecule is assumed to be zero in the Kraitchman equations for
planar molecules.

Atom number X y

C1 3.30890(14) -0.31446(235)
C2 1.94040(28)  0.23460(401)
C3 0.87748(47) -0.60873(111)
C4 -0.50070(39) -0.23877(127)
Ch -1.47934(36) -1.27512(67)
C6 -2.84562(17)  -0.97925(79)
Cc7 -3.27169(15)  0.33589(240)
C8 -2.32516(13)  1.37839(33)

C9 -0.96338(36)  1.08289(55)

The calculated inertial defect, A = I, — I, — I, of the experimentally
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determined structure has a non-zero value of -0.63 ujﬁ, due to low-lying
out-of-plane vibrations [152], for example at around 60 cm™' (about the
dihedral angle C5-C4-C3-C2, atom labels are given in Fig. 6.5), contribut-
ing to the zero point motion of the molecule in the ground vibrational
state. This inertial defect is neglected in the Kraitchman equations for
planar molecules. Therefore, we carried out a mass-dependent structure-
fit (r,(%)—structure), which is typically closer to the equilibrium geometry
of the molecule as it takes the inertial defect into account [153] (Sub-
sec. 2.1.4). For this a least-square fit of the structure to the rotational
constants was performed, as for example implemented in the STRFIT-
program [73]. Additionally, an adjustable constant was fit, which accounts
for the isotope-dependent rovibrational contribution to the moments of in-
ertia of the molecule [153]. The calculated carbon atom positions of the
rit)_structure are given in Table 6.5. The value of the adjustable constant
was determined to be: ¢, = —0.0218(13).

A least-square fit of the structure without additional fitting parameters
(ro-structure) led to a poorly defined structure and will not be discussed
further.

Table 6.5: FEzxperimentally determined atom positions, calculated with
the mass-dependent method (rp,-structure), are given in this table. The
z-coordinate of the molecule is assumed to be zero.

Atom number X y
C1 3.3172(88) -0.310(12)
C2 1.94040(28)  0.23460(401)
C3 0.87748(47) -0.60873(111)
C4 -0.50070(39) -0.23877(127)
Ch -1.47934(36)  -1.27512(67)
C6 -2.84562(17)  -0.97925(79)
C7 -3.27169(15)  0.33589(240)
C8 -2.32516(13)  1.37839(33)
C9 -0.96338(36)  1.08289(55)

The comparison of the structural parameters of the carbon backbone of
s-trans-trans-cinnamaldehyde, obtained from these different approaches, is
given in Tables 6.6 and 6.7.
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Table 6.6: FExperimentally determined bond lengths of s-trans-trans-
cinnamaldehyde (rs-structure following Kraitchman’s approach and the
mass dependent ry,-structure) compared to values from ab initio calcula-
tions (re-structure, MP2/6-311++G(2d,2p)) and a gas electron diffraction
(GED, ry-structure) study [148]. For comparison, the structural parame-
ters of acrolein [150] are given in this table as well.

bond lengths 1 GED r, acrolein
A MWr, MW MP2r, (148] g 150

C1-C2 1.4745(18) 1.456(34)  1.465  1.473(8) 1.468(4)
C2-C3 1.3568(26) 1.341(65)  1.349  1.348(1) 1.340(4)
C3-C4 1.4270(7)  1.464(62)  1.460  1.470(8)
C4-C5 1.4254(11) 1.403(74)  1.404  1.406(1)
C5-C6 1.3980(5) 1.410(24)  1.394  1.392(1)
C6-C7 1.3824(24) 1.390(54)  1.395  1.395(1)
C7-C8 1.4081(18) 1.399(41)  1.398  1.398(1)
C8-C9 1.3935(4) 1.362(32)  1.391  1.390(1)
C9-C4 1.4003(13) 1.414(89)  1.405  1.408(1)

Table 6.7: FEzperimentally determined (rs-structure and rp,-structure)
bond angles of s-trans-trans-cinnamaldehyde compared to values from ab
initio calculations (re-structure, MP2/6-311++G(2d,2p)) and a gas elec-
tron diffraction (GED, r,-structure) study. For comparison, the structural
parameters of acrolein [150] are given in this table as well.

GED r, acrolein

o (1)
bond angles [°] MW rg MW 1,7  MP2r, [148] [150]

C1-C2-C3 119.71(29) 121.3(59) 119.7 115.3(27) 1204
C2-C3-C4  126.55(16) 127.1(53)  127.3  128.3(26)
C3-C4-C9 124.32(8)  124.5(54)  122.6  122.0(26)
C4-C5-C6 121.14(7)  120.5(34) 1209  121.4(3)
C5-C6-CT 120.17(9)  120.1(5)  119.9 118.3
C6-C7-C8 119.81(4) 119.8(13)  119.7 122.1
C7-C8-C9 120.00(7)  119.5(23)  120.4 118.7
C8-C9-C4 121.54(4)  123.1(30) 1205  121.0(3)
C9-C4-C5 117.35(4) 116.9(35)  118.6  118.6(3)

The effect of the conjugated m-electron system becomes obvious by
evaluating the individual C-C bond lengths (Tab. 6.6). In a conjugated
system, the C-C single bonds are shorter compared to non-conjugated C-
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C single bonds (typically 1.53 A), while the C-C double bonds are longer
compared to non-conjugated C-C double bonds (typically 1.34 A), which
can be seen in both reported structures.

For this planar molecule the results obtained from the different methods
are close, because the rather small inertial defect of the molecules does
not lead to large deviations. Nearly all determined structural parameters
are in a good agreement with each other and with the ab initio values.
This is also displayed in Figure 6.6, which is a comparison between the
calculated and the experimentally determined carbon backbone structure.
It is therefore appropriate to compare the calculated structural parameters
(MP2/6-311++G(2d,2p)) for s-trans-trans-cinnamaldehyde with the ones
for the higher energy conformer s-cis-trans-cinnamaldehyde. The steric
repulsion between the carbon atom C3 and the oxygen atom as well as
between the two m-electron clouds of the double bonds might cause the
energy difference between the two conformers. Its occurrence is confirmed
by an increase of the C1-C2-C3 angle and an elongation of the C1-C2
single bond in the s-cis-trans-conformer compared to the s-trans-trans-
conformer.

The same behavior can also be found in the experimentally deter-
mined values of s-cis- and s-trans-acrolein [150], which underlines again
the similarity of the electronic environment in the side chain of trans-
cinnamaldehyde and in acrolein. A comparison of these values can be
found in Tables 6.8 and 6.9.

Table 6.8: Comparison of the calculated bond lengths of s-cis-trans-
and s-trans-trans-cinnamaldehyde from ab initio calculations using the
MP2/6-311++(2d,2p) level of theory to bond lengths of s-cis- and s-trans-
acrolein[150).

bond lengths cinnamaldehyde acrolein [150]
[A] s-trans-trans-  s-cis-trans-  s-trans-  s-cis-
C1-C2 1.465 1477 1.468(4) 1.478(6)
02-C3 1.350 1348 1.340(4) 1.340(7)
C3-C4 1.460 1.460
C4-Cb 1.403 1.404
C5-C6 1.394 1.394
C6-C7 1.395 1.395
C7-C8 1.398 1.398
C8-C9 1.391 1.391

C9-C4 1.405 1.404




86 6.3 Results and Discussion

Table 6.9: Comparison of the calculated bond angles of s-cis-trans-
and s-trans-trans-cinnamaldehyde from ab initio calculations using the
MP2/6-311++(2d,2p) level of theory to bond angles of s-cis- and s-trans-
acrolein[150)].

bond lengths cinnamaldehyde acrolein [150]
[°] s-trans-trans-  s-cis-trans-  s-trans-  s-cis-

C1-C2-C3 119.67 120.76  119.7(3) 121.5(6)

C2-C3-C4 127.32 127.13

C3-C4-Ch 118.73 118.50

C4-C5-C6 120.89 120.92

ChH-C6-C7 119.94 119.98

C6-C7-C8 119.69 119.66

C7-C8-C9 120.38 120.38

C8-C9-C4 120.46 120.53

C9-C4-Ch 118.63 118.54

Figure 6.6: Comparison of the calculated and the experimentally deter-
mined (green dots) carbon backbone of s-trans-trans-cinnamaldehyde. The
calculated atom positions are obtained from MP2/6-311++G(2d,2p) cal-
culations, while the experimentally determined values originate from the
substitution method (rs-structure).

The structural parameters obtained in the GED study [148] performed
at 165°C differ from the ab wnitio calculations and from the ones deter-
mined in this work (Tab. 6.6 and 6.7) for the values of the side chain.
In that study the authors could only identify the s-trans-trans-conformer
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to be the most dominant species in their 165°C sample and could not
unambiguously identify the presence of the second conformer, s-cis-trans-
cinnamaldehyde. Since GED structures are an average over all populated
rovibrational states, the elevated temperature of this study is especially
problematic as only a very small fraction of the molecules will be in the
ground vibrational state. Therefore the structure obtained is often not
representative of the ground vibrational state or the equilibrium structure.
This might explain the deviation of the bond angles of the side chain in the
GED structure. Furthermore, the analysis of the experimental data also
depends on fixing molecular parameters to calculated values and can be
complicated by the presence of more than one conformer. For example, in
the GED-study on trans-cinnamaldehyde reported in Ref. [148] structural
constraints based on the theoretical molecular structure were introduced,
which might influence the resulting structure.

6.4 Conclusions

Two conformers of the odorant molecule trans-cinnamaldehyde were inves-
tigated using broadband microwave spectroscopy in the frequency range
of 2 - 8.5 GHz. The rotational transitions of the s-trans-trans-conformer
are about 40 times stronger than the transitions of the higher energy s-
cis-trans-conformer. The high sensitivity of the spectrometer allowed us
to measure the rotational spectra of all 13C-singly substituted species of s-
trans-trans-cinnamaldehyde and with this to determine the structure and
positions of all carbon atoms of this conformer. Different methods to obtain
the structure from the experimentally determined values were used giving
comparable results, within the given errors. A comparison to a recent
gas electron diffraction study could be performed and the structural sim-
ilarities between trans-cinnamaldehyde and acrolein were discussed. The
similarities with acrolein showed that the phenyl ring has little influence
on the structure of the side chain in trans-cinnamaldehyde.



Chapter 7

The smallest sugar dimer:
Interplay of hydrogen bonds in
the glycolaldehyde dimer*

7.1 Introduction

Many processes relevant in biological systems, such as molecular recogni-
tion and protein folding, are controlled by a subtle equilibrium of inter-
molecular interactions. Among them, hydrogen bonding is exceptional.
Hydrogen bonds are rather strong (on the order of 20 kJ/mol) and direc-
tional and they profit from cooperativity [154-157]. They are not only
responsible for the dramatically higher boiling points of NH3, HyO, and
HF compared to their heavier analogues PH3, HoS, and HCI, respectively,
but they are also known to play an essential role in molecular interactions
relevant for biological systems. Molecular recognition of carbohydrates,
for example, is widespread and highly relevant in nature [13]. It is also in-
fluenced by the conformational flexibility of carbohydrates [37, 158], along
with the possibility of forming intramolecular, intermolecular and solvent
hydrogen bonds [159, 160].

A molecular-level understanding of the interplay between intra- and in-
termolecular hydrogen bonding in molecular recognition processes is there-
fore of great interest. Particularly, it is intriguing to investigate dimer
formation of molecules exhibiting relatively strong intramolecular hydro-
gen bonds [161, 162], for which different scenarios are possible upon dimer

*This chapter is based on the following publication: S. Zinn, C. Medcraft, T. Betz,
and M. Schnell. The smallest sugar dimer: Interplay of hydrogen bonds in the glyco-
laldehyde dimer. Angewandte Chemie International Edition, accepted 2016.
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formation: The molecules can form a complex while maintaining the in-
tramolecular hydrogen bonds, for example via stacking, or the intramolec-
ular bonds are broken for the sake of intermolecular hydrogen bonding, or
some intermediate form. Furthermore, other interaction types such as the
less directed dispersion can tip the subtle balance towards one or the other
form [163].

Glycolaldehyde is a perfect model system to study molecular recog-
nition in detail when different interaction types are possible, such as to
investigate the role of intra- vs. intermolecular hydrogen bonding as well
as dispersion. It is the smallest sugar (Fig. 7.1a) and so far the only
one detected in interstellar space [164, 165]. Its gas-phase structure was
determined more than 40 years ago [166]. Glycolaldehyde provides two
characteristic functional groups, a hydroxy group directly neighboring a
carbonyl group, so that it can form a relatively strong intramolecular
hydrogen bond [167]. Because of its moderate size, high-level quantum-
chemical calculations can be performed and used to validate these methods
for larger systems of biological relevance. In the solid state, two glycolalde-
hyde monomers form a chemically bonded six-membered ring (Fig. 7.1b)
[168, 169], which decomposes into the monomer units upon heating. In
the conditions of a supersonic expansion, non-covalently bound dimers are
formed from isolated monomers (Fig. 7.1c and d) [170].

(b)

Figure 7.1: The glycolaldehyde monomer (a) and different structures of
the dimer: covalently bound dimer existing in the solid state (b), and the
non-covalently bound conformers 1 (¢) and 2 (d).

Recently, Altnoder et al. studied the glycolaldehyde dimer using FTIR-
and Raman-spectroscopy under isolated conditions in a supersonic jet
[170]. They identified two conformers of the glycolaldehyde dimer, which
they assigned to a Cy symmetric one consisting of two intermolecular hy-
drogen bonds and a dimer consisting of one inter- and one intramolecular
hydrogen bond, which is energetically less favored by about 5 kJ/mol [170].
They compared their vibrational spectra to different theoretical approaches
and discussed potential pathways for forming the lowest energy dimer sta-
bilized by two intermolecular hydrogen bonds from the internally stabilized
monomer. However, the calculated potential energy surface [170] exhibits
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several minima with predicted OH stretching frequencies in comparable
frequency ranges. To allow for an unambiguous assignment of the lowest
energy conformers of the glycolaldehyde dimer, the authors encouraged
a rotational spectroscopy investigation to unambiguously determine their
structures and also in view of astrochemical searches.

Here, we use high-resolution broadband chirped-pulse Fourier trans-
form microwave (CP-FTMW) spectroscopy [35] (Sec. 3.2). Structural in-
formation, also for molecular clusters, can be obtained because the rota-
tional constants obtained from rotational spectra are directly related to the
moments of inertia of the molecules, as shown in Section 2.1. Molecules
as heavy as 325 g/mol in the case of CpRe(CH3)(CO)(NO) has been ad-
dressed with CP-FTMW spectroscopy [171]. Quantitative molecular struc-
tures can be experimentally determined from an analysis of the rotational
spectra of molecular isotopologues, as explained in Subsection 2.1.4. The
changes in the moments of inertia of the isotopically substituted species
allow for the building up of the substitution structure atom-by-atom us-
ing Kraitchman’s equations [48] and/or least-squares fits [153] of internal
coordinates, for example, as it has been recently exemplified for molecular
complexes, such as for the sevoflurane-benzene [172] and the camphor-
(H20);_3 complexes [26].

In the present study, the high sensitivity of the technique allowed us
to record the 3C and 80 isotopologues of the glycolaldehyde dimer in
natural abundance. The additional rotational constants were then used to
determine its heavy-atom backbone structure. Quantum-chemical calcu-
lations were used to support the spectroscopic assignment. In turn, the
experimental results help to validate the quality of the theoretical results.

7.2 Experimental details

The rotational spectrum of the glycolaldehyde dimer was recorded in the 2
- 8 GHz frequency range. A detailed description of the setup can be found
in Section 3.2. A sample of glycolaldehyde was purchased from Sigma-
Aldrich and used without further purification. The sample is a solid at
room temperature and has a melting point between 80 and 90 °C. The
sample was heated to 80 °C. Neon was used as a carrier gas with an ab-
solute backing pressure of 3.0 bar, and the gas mixture was supersonically
expanded into the vacuum chamber via a pulse nozzle. After this, the
molecules were excited by a 1 us long microwave chirp. Forty-five mi-
croseconds of the molecular response in form of a free induction decay
(FID) were recorded, giving a spectral resolution of 25 kHz. In total 2
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million FIDs were recorded and averaged. The rotational spectrum was
obtained by a Fourier transformation of the experimental data. The spec-
tra were fit to an asymmetric rotor Hamiltonian (Watson S-Reduction in I,
representation [149]) as implemented in the PGOPHER program suite [86].
The additional rotational constants due to isotopic substitution in natural
abundance were used to determine the substitution structure of the lowest
energy conformer 1 using Kraitchman’s equations [48] as implemented in
the KRA program package [73].

7.3 Results and Discussion

As displayed in Figure 7.1c and 1d and discussed in Ref. [170], the pre-
dicted lowest energy conformer (conformer 1) consists of two intermolecular
hydrogen bonds connecting the hydroxy- and carbonyl-groups forming a
ten-membered ring. Thus, dimer formation is accompanied by a rearrange-
ment of the hydrogen bonds. The dimer exhibits Co-symmetry, resulting
in only one non-zero dipole moment component in c-direction, y. = 3.5 D
(the axis system is depicted in Fig. 7.4).

The experimental broadband spectrum (top trace) and the correspond-
ing fits to asymmetric rotor Hamiltonians for the two dimer conformers
(bottom traces) are shown in Figure 7.2. For conformer 1 (blue) we only
observe c-type transitions, revealing a congested Q-branch (following the
selection rule AJ = 0) around 7.8 GHz. We used the computer-assisted
autoassignment program AUTOFIT [89] to get an initial fit of the spec-
trum of conformer 1 followed by further refinement. Finally, 52 c-type
transitions were assigned to this conformer, and the molecular parameters
from experiment and from quantum-chemical calculations (B3LYP-D3 and
MP2) are compared in Table 7.1. Centrifugal distortion constants obtained
from harmonic frequency calculations are also included.

By comparing the experimentally determined rotational constants of
conformer 1 with the ones obtained from quantum-chemical calculations
using the B3LYP-D3 method, we find that for the two different basis sets
(def2-TZVP and aug-cc-pVTZ) the calculated rotational constants A and
B are in good agreement with the experimentally determined values, with
the largest deviation amounting to 3 % (about 20 MHz) for the C rotational
constant. For the MP2 calculations, the agreement is slightly worse. An
interesting comparison is based on the asymmetry parameter K = (2B —
A—-C)/(A-C), for which we find a good agreement between experiment
and theory. This relative value often provides additional guidance for the
assignment of conformers based on comparison between experimental and
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Figure 7.2: Broadband rotational spectrum of the glycolaldehyde dimer,
exhibiting two conformers. The upper trace shows the experimental data.
The lower trace shows the simulated spectrum based on fits employing an
asymmetric rotor Hamiltonian for the most stable conformer 1 (in blue)
and for conformer 2 (in red), which is calculated to be 4.9 kJ/mol higher in
energy. Known background lines were removed. Additional spectral lines
might be due to impurities or higher order complexes. The noise level of
this measurement is 0.2 u'V.

theoretical rotational constants, i.e., when further structural information
cannot be extracted such as via isotopic substitution (see below and in
Subsec. 2.1.4).

We also recorded and assigned transitions arising from all singly substi-
tuted *C- and '®O-isotopologues of conformer 1. Due to its Cy symmetry,
only four different singly substituted *C- and 8O- isotopologues exist,
with an intensity of about 2.2 % for 3C and 0.4 % for 80 with respect
to the parent transitions (i.e., corresponding to twice their natural abun-
dance because of their symmetry). The signal-to-noise (S/N) ratio for the
transitions of the 80 isotopologues is about 20:1. An example for the ro-
tational transitions arising from *C- and **O-isotopologues is depicted in
Figure 7.3. For each rare isotopologue, between 19 and 29 rotational tran-
sitions could be assigned and fit. For these fits the distortion constants
were fixed to the values of the parent species. The rotational constants
of the substituted species can be found in Table 7.2. The data set was
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Table 7.1: Ezxperimentally determined and calculated spectroscopic con-
stants for conformer 1 of the glycolaldehyde dimer. Numbers in parenthe-
ses represent error of one standard deviation in units of the last significant
figure. The number of assigned lines and the error of the fit are also given.

B3LYP-D3/ MP2/
experiment def2- aug-cc- def2- aug-cc-
TZVP pVTZ TZVP pVTZ
A [MHz] 2792.67325(87) 2780.962 2783.225 2789.533 2801.957
B [MHz] 1282.99783(41) 1286.011 1283.496 1304.335 1322.20
C [MHz] 1198.16509(39) 1176.691 1166.748 1221.345 1242.145
K -0.89 -0.86 -0.86 -0.90 -0.90
Dy [kHz] 1.102(24) 1.140 1.336 1.679 1.336
D,x [kHz] -0.368(10) 1.951 2.061 0.975 2.061
D [kHz] 0.9202(63) 0.747 0.809 0.780 0.804
dy [kHz] 0.09567(89) 0.163 0.181 0.128 0.181
dy [kHz] -0.0364(53) -0.052 -0.055 -0.042 -0.055
tal D] 0 0 0 0
|kl [D] 0 0 0 0
|pee| [D] 3.4 3.4 3.6 3.6
Jmaa: 9
# lines (albc) 52 (0]0|52)
error [kHz] 4.9

then used to determine the precise positions of the carbon and oxygen
atoms of conformer 1 using Kraitchman’s equations (rs-structure) [48], as
implemented in the KRA program [73]. Experimentally determined atom
positions are given in Table 7.3. Due to the symmetry of the molecule the
atom positions of C1’, C2’, O1’ and O2’ can be determined by mirroring
the sign of the a and b coordinate of the atoms C1, C2, O1 and O2.

A comparison of the experimental structural parameters, e.g. bond
lengths and bond angles, to the parameters obtained from quantum-chemi-
cal calculations is given in Figure 7.4 and in Table 7.4. Note that the
quantum-chemical structure represents the equilibrium structure of the
complex, while the rg structure contains zero-point motions in the ground
state, which can cause deviations between the experimental and theoretical
structures [48, 173]. Although four low-frequency vibrational modes below
100 ecm ~! were predicted, we do not find a spectroscopic indication of
them. The quality of the fits is satisfying for both conformers. Because
of the high density of low-intensity transitions, we cannot exclude that
spectral features from these low-frequency vibrations might be present.
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Figure 7.3: J}%Ké — Jk, k. = 211 < 1o rotational transitions for all
singly substituted > C and '8 O rare isotopologues of conformer 1 in natural
abundance and the main isotopologue (see Fig. 7.4 for atom labeling).
The signal-to-noise ratio for the 18O isotopologues is about 20:1. The large
number of unassigned lines may arise from higher order glycolaldehyde
clusters or from complexes with water.

Within the experimental and theoretical uncertainties, the intramolec-
ular geometry parameters are predicted well. Larger deviations are found
for the intermolecular parameters and thus for the description of the molec-
ular interactions. This is apparent for the intermolecular carbon-carbon
distances C1-C1’ and C1-C2’ (Fig. 7.4). For both parameters, the experi-
mental bond lengths are clearly shorter than the ones predicted by theory
(significantly more than three standard deviations). For ay, which is the
angle between the atoms C1-O1-O2’ (see Fig. 7.4 for labeling), a deviation
of about 3° (more than three standard deviations) from the experimental
values is obtained (Tab. 7.4). This might come along with an overestima-
tion of the dihedral angle 71, which is defined between the O1-C1-C2-O2
atoms of one monomer unit.

Calculations using the B3LYP functional, i.e., without the dispersion
correction, give a two to three times larger deviation of the rotational con-
stants from the experimentally determined values than the calculations
using the B3LYP-D3 functional (compare Tab. 7.5). Without the disper-
sion correction, the strength of the hydrogen bond seems to be slightly
overestimated, which is expressed by a shorter hydrogen bond (1.903 A
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compared to 1.933 A) and an O1-H-O2 angle closer to linearity (168° vs.
156°) compared to the structure when including dispersion (B3LYP-D3)
and compared to experimental values. Therefore, the precise prediction of
the intermolecular interaction and with this of the respective changes for
the two interacting moieties highly relies on the correct consideration of
dispersion.

It is also intriguing to discuss the structural changes of the glycolalde-
hyde itself upon dimer formation. For this, we included the respective
structural parameters of the glycolaldehyde monomer in Table 7.6 and 7.7,
as determined in a recent CP-FTMW spectroscopy study [174]. The C1-
C2 and the C1-O1 bonds are affected the most by the dimer formation.
In the complex, the C1-C2 bond is clearly elongated by 0.01 A, while the
C1-0O1 bond neighbouring the hydroxy group is shortened by almost 0.03
A. The carbonyl C2-0O2 bond, on the other hand, is only slightly longer in
the complex than in the monomer.

C1-01: 01-02: bond
1.391 2.859 B3LYP-D3/(def2-TZVP)
1.371(16) 2.869(3) experiment

1.393 MP2/(def2-TZVP)

-
-
-
——

C2-0 C1-C2'/C2-C1”: C1-C1°/C2-C2"

1.208 4.088 4.481
1.217(2) 3.841(1) 4.052(4)
1.216 4.013 4.429

Figure 7.4: Overlay of the experimentally determined structure (green
dots) and the calculated structure using the MP2/def2-TZVP method. Fur-
thermore, a comparison of calculated bond lengths, using the BSLYP-D3
and MP2 functionals, to the experimental values is integrated. Numbers in
parentheses represent the error propagated from the errors in the rotational
constants in Tables 7.1 and 7.2.



96 7.3 Results and Discussion

The dimer conformer 2 (Fig. 7.1d) is less energetically favored by about
5 kJ/mol (MP2/aug-cc-pVTZ including zero-point correction) and less
populated under the cold conditions of our molecular jet. The broadband
rotational spectrum and the corresponding fit (in red) are included in Fig-
ure 7.2. In total, 42 transitions (29 b-type and 13 c-type) were assigned to
this conformer and fitted to an asymmetric rotor Hamiltonian. The exper-
imentally determined constants and calculated values are given in Table
7.8. For this conformer, the rotational constants obtained at different levels
of theory deviate significantly from each other and from the experimental
values. Interestingly, density functional theory employing the B3LYP-D3
level of theory seems to provide slightly worse predictions than the MP2
level of theory, while both approaches worked equally well for conformer
1. Furthermore, the different theoretical approaches give varying results
for the dipole moment components. In all calculations, p;, is predicted to
be the strongest dipole moment component (in agreement with our ex-
perimental findings of recording strong b-type transitions), but they differ
significantly in the prediction of u, and p.. We assigned b- and c-type
transitions with an experimentally determined ratio of the dipole moment
components of about 5 : 1. No a-type transitions could be identified in the
spectrum. This ratio of the dipole moment components is only properly
predicted by the MP2/aug-cc-pVTZ level of theory. Thus, even though
the rotational constants are rather similar, small changes in the arrange-
ment of the two monomers and especially of the polar groups (hydroxy and
carbonyl) with respect to each other can lead to a nearly complete cancel-
lation of the dipole moments along certain directions. By comparing the
structures resulting from the different calculations, only minor changes
of the angles between the two monomer units are visible. However, the
calculated potential energy surface (Fig. 1 in Ref. [170]) of the glycolalde-
hyde dimer shows a broad minimum for conformer 2, which might explain
the slightly different structures obtained using different quantum-chemical
methods and basis sets.

Calculations employing the B3LYP functional without dispersion cor-
rections (compare Tab. 7.9) show large deviations, up to 370 MHz, from
the experimentally determined rotational constants. Without the disper-
sion correction the structure of the complex opens up. For example, the
dihedral angle between all four carbon atoms (C2-C1-C2’-C1’) is increased
by 20° when omitting dispersion. This might be caused by an underesti-
mation of attraction.

To obtain further insight into the differences between conformer 1
and conformer 2, a zeroth-order symmetry adapted perturbation theory
(SAPT) calculation [175] was performed to decompose the energy contri-
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butions to the intermolecular binding forces. Starting from the optimized
structures (B3LYP-D3/def2-TZVP), we performed SAPT(0)/jun-cc-pVDZ
[176] calculations, which correspond to a reduced aug-cc-pVDZ basis set
(without diffuse functions on hydrogen and without diffuse d functions on
heavy atoms). This is part of the Psi4 electronic structure package,[177]
and the results are presented in Table 7.10.

The total interaction energy is vastly different for both conformers,
A(AE)=-16.1 kJ mol~!. The largest differences are calculated for the
electrostatic interaction, AF,, as well as the repulsion due to quantum-
mechanical exchange, AFE,,.,. The difference in dispersion energy arises
to about 4 kJ mol~!. This relatively small number is somewhat surprising
when considering the large changes to the molecular structure of conformer
2 when omitting dispersion.

Due to the lower intensity of the spectrum compared to conformer 1
and a high number of unassigned lines of similar intensity, which might
be arising from higher order clusters and clusters with water, for example,
it was not possible to make any confident assignment of *C or even #0O
isotopologues for conformer 2. Therefore, structural information is limited
to a comparison of the determined molecular parameters with calculated
values as given in Table 7.8.

A comparison with the glycolaldehyde-water complex [178] is also of
interest here. Under similar experimental conditions as in this study, i.e.,
employing a supersonic expansion using neon as carrier gas resulting in
similar conformational cooling, only one conformer could be identified.
The water complex is formed by giving up the intramolecular hydrogen
bond of the glycolaldehyde monomer and by forming two intermolecular
hydrogen bonds, as in the glycolaldehyde conformer 1. Both the glyco-
laldehyde dimer 1 and the water complex seem to gain stability by giving
up the intramolecular hydrogen bond of the monomer and by generating
two newly formed intermolecular hydrogen bonds. However, the water
complex is supported by cooperativity. Such a cooperativity effect is also
present for the glycolaldehyde conformer 2.

7.4 Conclusions

In summary, two conformers of the glycolaldehyde dimer were investigated
using broadband microwave spectroscopy in the frequency range between
2 - 8 GHz. While the glycolaldehyde monomer is characterized by a mod-
erately strong intramolecular hydrogen bond, this is given up upon for-
mation of the lowest energy dimer, conformer 1. It consists of two inter-
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molecular hydrogen bonds, forming a ring of eight heavy atoms, i.e., non-
hydrogen atoms, in agreement with a previous molecular jet FTIR spec-
troscopy study [170]. The initial assignment of the broadband spectrum
was achieved using the computer-assisted assignment program AUTOFIT.
The high sensitivity of our spectrometer allowed us to also record the ro-
tational signatures of all singly substituted ¥C- and '8O-isotopologues in
natural abundance for the lowest energy conformer 1 and with this to
determine its heavy-atom backbone structure, confirming the structural
assignment.

The second dimer conformer maintains one intramolecular hydrogen
bond between the hydroxy and the neighboring carbonyl group and forms
two new, but less directed intermolecular hydrogen bonds. It is ener-
getically less favored compared to conformer 1 by about 5 kJ/mol. The
quantum-chemical calculations employed, which include corrections for dis-
persion (B3LYP-D3) or explicitly treat dispersion (MP2), show clear devi-
ations of the predicted molecular parameters from the experimental ones.
The largest differences were found for the predicted dipole moment com-
ponents, which demonstrate one of the challenges in quantum-chemical
calculations of molecular complexes. Small changes in intermolecular in-
teractions and thus the intermolecular arrangement can result in clearly
different molecular parameters that are easily identified by microwave spec-
troscopy.
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Table 7.3: Ezperimentally determined atom positions for conformer 1,
calculated with the substitution method.

Atom number a b c
C2 1.80264(83) 0.6623(23)  0.7704(20)
C1 2.15830(70) -0.5423(28) -0.076(20)
02 0.8378(18)  1.3755(11)  0.5658(27)
01 1.3592(11)  -0.7493(20) -1.1701(13)
c2’ -1.80264(83) -0.6623(23) 0.7704(20)
cr -2.15830(70)  0.5423(28) -0.076(20)
02 -0.8378(18)  -1.3755(11) 0.5658(27)
or -1.3592(11)  0.7493(20) -1.1701(13)

Table 7.4: Experimentally determined bond angles and dihedral angles of
conformer 1 (rs-structure following Kraitchman’s approach) compared to
values from quantum-chemical calculations.

B3LYP-D3/ MP2/
bond angles [° | experiment ry  def2- aug-cc- def2- aug-cc-
TZVP pVTZ TZVP pVTZ
a1=C1-01-02’ 89.79(50) 86.94 91.40 87.85  87.00
ay=C2-C1-01 115.42(31) 114.60 115.44 114.80 114.58
a3=C1-C2-02 123.94(46) 124.72  125.35 124.93 124.71
a,=C2-02-01’ 125.51(15) 125.09 125.71 124.87 125.08

71=01-C1-C2-02 3.96(1.04) 2.52 5.29 2.58 5.43
To=C2-02-01"-C1’ 107.30(24) 107.14 106.16 107.14 107.10
T5=01-02’-C2-C1’ 13.72(61) 1421 11.03  13.78  14.30

Table 7.5: Fxperimentally determined rotational constants for con-
former 1 of the glycolaldehyde dimer compared to quantum-chemical calcu-
lations using the BSLYP level of theory with and without dispersion cor-
rection.

B3LYP-D3 B3LYP
(aug-cc-pVT7Z)

A [MHz] 2792.679 2783.225  2814.590

B [MHz] 1282.999 1283.496 1197.345

C [MHz] 1198.154 1166.748  1038.073

exp T
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Table 7.6: Experimentally determined bond lengths of the glycolaldehyde
dimer (conformer 1) (rs-structure following Kraitchman’s approach) com-
pared to values from quantum-chemical calculations for the dimer (also
depicted in Fig. 7.4) and to experimental values for the glycolaldehyde
monomer [174].

B3LYP-D3/ MP2/ monomer
bond exp Is def2- aug-cc- def2- aug-cc- exp
TZVP pVTZ TZVP pVTZ [174]

C1-C2  1515(12) 1.504 1.507 1.504 1.503  1.5012(29)
C1-01 1.371(16) 1.395 1.392 1.393  1.395 1.3996(32)
C2-02 1.217(2) 1218 1.208 1.216  1.218 1.2102(36)
01-02° 2.869(3) 2.848 2.860 2.872  2.848

Table 7.7: Ezxperimentally determined bond angles and dihedral angles
of the glycolaldehyde dimer (conformer 1) (rs-structure following Kraitch-
man’s approach) compared to experimental values for the glycolaldehyde
monomer [174]. Values from quantum chemical calculations are given in
Table 7.4.

bond exp TI's monomer exp [174]
C1-01-02°  89.79(50)
02-C1-01  115.42(31) 112.28(31)
C1-C2-02  123.94(46) 121.90(43)

C2-02-01'  125.51(15)
01-C1-C2-02  3.96(104)
C2-02-01-C1’  107.30(24)
01-02-C2-C1’  13.72(61)
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Table 7.8: FExperimentally determined and calculated spectroscopic constants of the higher energy glycolaldehyde
dimer conformer 2. Numbers in parentheses represent error of one standard deviation in units of the last significant
figure. The number of assigned lines and the error of the fit are also given.

B3LYP-D3/ MP2/
experiment def2- aug- def2- aug-
TZVP  cc-pVTZ TZVP  ccpVTZ
A [MHz| 2038.82326(40) 2780.678 2780.709 2868.851 2909.259
B [MHZz] 1170.31969(17) 1243.932 1233.166 1251.113 1248.777
C [MHz] 964.30907(18)  1015.574 1012.799 1010.304 1009.973
K -0.79 -0.74 -0.75 -0.74 -0.75
Dx [kHz] 19.777(41) 12.975 12.618 11.192 11.271
Dk [kHz] -9.4496(81) -6.403 -6.608 -5.046 -4.784
D, [kHz] 2.1772(32) 1.933 2.047 1.529 1.418
dy [kHz] -0.021866(22) -0.027 -0.026 -0.022 -0.021
dy [kHz| -0.391601(56) -0.273 -0.331 -0.310 -0.295
|| [D] 0.1 0.4 0.2 0.03
|uy| [D] 1.6 1.0 0.9 1.0
|ee| [D] 0.2 0.04 0.01 0.2
Kgma 3
no. lines (a/blc) 42 (0[29]13)
error [kHz] 1.9
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Table 7.9: FEzperimentally determined rotational constants for con-
former 2 of the glycolaldehyde dimer compared to quantum-chemical calcu-
lations using the BSLYP level of theory with and without dispersion cor-
rection.

B3LYP-D3 B3LYP
(aug-cc-pVTZ)

A [MHz] 2938.824  2780.709  3312.079

B [MHz] 1170.32 1233.166  878.4456

C [MHz] 964.309 1012.799  781.5959

exp T

Table 7.10: Energy decompositions (kJ mol™") from a SAPT(0)/jun-cc-
pVDZ analysis of the two observed conformers of glycolaldehyde dimer.
The calculations are based on the BSLYP-D3/def2-TZVP optimized struc-
ture.

AE'elst [a] A-Emd [b] AEdz'sp [C] A-Eeazch [d] A-Etot

conformer 1 -89.6 -26.5 -22.9 75.2 -40.9
conformer 2 -64.8 -18.7 -19.0 58.8 -24.8
AAB)e]  -24.8 7.8 3.9 164  -16.1

[ AE.;4 is the electrostatic or Coulombic exchange.

LIAE;,4 corresponds to the induction and charge-transfer interactions.
[C]AEdiSp accounts for the dispersive interactions.
[
[

Y

IAE, 4., represents the repulsion due to quantum-mechanical exchange.
E]A(AE) is the energy difference AEcop formert — AEcon former2-



Chapter 8

The diphenylether-methanol
complex: Aromatic embedding
wins over classical hydrogen
bonding*|

8.1 Introduction

Molecular recognition is driven by the interplay between various inter-
molecular forces like hydrogen bonding or dispersion interactions. Al-
though molecular recognition phenomena were already known by 1894
when Emil Fischer developed his lock-and-key principle [179], non-covalent
molecular recognition is still not well understood on a quantitative level
[180].

This study is aimed at elucidating how the various intermolecular in-
teraction energies compete or cooperate with each other. Studying the
methanol-diphenylether (DPE) complex involves the interplay of various
intermolecular interactions and intramolecular dynamics. In comparison
to the glycolaldehyde dimer, presented in Chapter 7, the two phenyl rings
of DPE with their delocalized m-electron systems provide powerful dis-
persion centers. Therefore, they can act as hydrogen bond acceptors for
methanol. Beside this, the ether oxygen of DPE also provides an attrac-

*This chapter is based on the following manuscript: C. Medcraft, S. Zinn, M. Schnell,
A. Poblotzki, J. Altnéder, M. Heger, M. A. Suhm, D. Bernhard, A. Stamm, F. Dietrich,
M. Gerhards. Aromatic embedding wins over classical hydrogen bonding - a multi-
spectroscopic approach for the diphenyl ether-methanol complex. In preparation.

tThe results of quantum chemical calculations, given in Tables 8.3 and 8.2 were
performed in the group of Prof. Suhm at the University of Gottingen.

104



CHAPTER 8. DIPHENYLETHER-METHANOL COMPLEX 105

tive hydrogen docking position for the methanol, but the attached phenyl
rings might tip the balance between different intermolecular interactions
towards 7 binding.

The rotational spectrum of methanol itself has been the subject of
extensive studies as it is an important molecule for many fields of research
such as astrophysics and atmospheric science, and it is also an industrially
important molecule [181, 182]. The spectrum is complicated by the large
amplitude motion of the methyl rotor, as shown in Subsection 2.1.3. The
methanol dimer forms a linear chain with one molecule as a H donor and
one as the acceptor [183]. A similar motif is seen in the water-methanol
complex where water is the H donor [184].

Diphenylether (DPE) belongs to the group of bridged biphenyls that
are known to be structurally very flexible. The two phenyl rings are con-
nected via single bonds to the ether oxygen and thus can perform large-
amplitude motions. Due to the symmetry of the molecule itself and the
phenyl rings, three different tunneling pathways connecting three different
frameworks are possible. DPE was spectroscopically investigated previ-
ously using resonance-enhanced multi-photon ionization [185]. They ob-
served three vibrational progressions that they attributed to three different
conformers of DPE. Furthermore, torsional coupling seems to play a role.
The authors used quantum chemical calculations and group theory to sup-
port their spectroscopic results.

DPE provides a number of plausible binding sites for methanol, like for
example hydrogen bonding to the ether oxygen or to the aromatic rings.
Additional stability of the complex might be gained by CH-w or CH-O
interactions. Via precise structure determination, rotational spectroscopy
can elucidate what type of bonding is most preferred. The flexibility of the
monomers may also provide insights into the degree of structural changes
upon complex formation.

This is the first complex in a planned series of studies on ROH-DPE
complexes (where R=H, CH3, CHyCHj etc) which will examine the prefer-
ence for hydrogen bonding over dispersion interactions. This series should
provide a valuable collection of data to benchmark various theoretical
methods.

8.2 Experimental details
Diphenylether (stated purity 99%) and methanol were purchased from

Sigma-Aldrich and used without further purification. DPE is a solid at
room temperature, with a melting point of 25-26°C. The boiling point is
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258°C at standard conditions. The microwave spectrum was measured
using the COMPACT instrument, as mentioned in Section 3.2. In this
arrangement, the sample of DPE was placed in a sample reservoir inside
the nozzle and heated to 85°C. The methanol sample was placed in a reser-
voir on a separate section of tubing outside of the vacuum chamber. To
compensate for the high vapor pressure of methanol only a fraction of the
neon carrier gas (2 bar backing pressure) was diverted to flow over the
methanol. The molecules were seeded into a supersonic expansion using a
pulse nozzle (Parker General Valve, Series 9) operating at 2 Hz. After su-
personic expansion into vacuum, the ensemble of molecules was polarized
with a 3 pus chirp spanning 2 -8 GHz. For each spectrum 40 us of the FID
were recorded, yielding a frequency resolution of 25 kHz in the rotational
spectra obtained. A total of 3.3 million FIDs were coadded and Fourier
transformed with a Kaiser window function to produce the spectrum.

8.3 Results

In the following the results for the DPE monomer and the methanol-DPE
complex are discussed. The measured broadband spectrum, of the DPE
and methanol mixture is depicted in Figure 8.1.

8.3.1 DPE monomer

The pure rotational spectrum of the DPE monomer shows a clear signa-
ture of torsional large-amplitude motion and every transition is split into
three components (see Subsec. 2.1.3). Within our frequency range approx-
imately 40 triplets from DPE were identified. Each component of these
triplets (labeled as I, II, III) could be fit reasonably well to rigid rotor
Hamiltonians (see Fig. 8.2).

The calculated minimum structure of DPE has a chiral conformation
(Fig. 8.3) with a twisted arrangement of the two phenyl rings. It is as-
sumed that the splitting in the spectrum arises from tunneling from one
twist configuration to the next equivalent one through the potential energy
barrier of the skew structure, which has one imaginary frequency based on
our calculations and thus is a saddle point first order on the potential en-
ergy surface. A scan of the potential energy surface (PES), which also has
been calculated previously by various researchers using different levels of
theory [185], is depicted in Figure 8.3, calculated on the B3LYP /cc-pDVZ
level of theory. A 180° periodicity can be seen for both dihedral angles due
to the symmetry of the molecule.
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Figure 8.1: Broadband spectrum of diphenylether and methanol. The top
trace shows the experimental results. In the bottom trace, the simulated
spectra based on fit parameters for different species are given. The data
also contains rotational transitions from both monomers and the methanol
dimer. The blue lines (bottom trace) correspond to the assigned DPE-
MeOH complex (OH-m conformer).

The planar and the gable structure are saddle points on the PES while
the twist structures is a true minimum. The potential well around the
minimum structure is extremely shallow. It can be seen that the two
dihedral angles can each be rotated by up to ~ 15° with the calculated
energy changing by less than 0.05 kJ/mol. This shallow well also suggests
that DPE can easily change shape upon the binding of another molecule.

The rotational constants obtained from the individual fits of the split
DPE transitions are given in Table 8.1. A satisfying global fit of all three
components for diphenylether is still in progress.

8.3.2 DPE-methanol complex

Quantum chemical calculations using the B3LYP-D3(BJ)/def2-TZVP level
of theory result in five low energy conformers of the DPE methanol com-
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Figure 8.2: Zoom to the experimental rotational spectrum (top trace),
revealing the characteristic splitting for the DPE monomer due to large-
amplitude motion into three components. An individual fit for the three
components is displayed in the bottom trace.

plex within an energy range of 5 kJ/mol (Fig. 8.4). Two of them show
an OH-O hydrogen bond of the methanol to the ether oxygen (Fig. 8.4 a
and b). Additionally, the more stable one of these two conformers, forms
a CH-O interaction from one phenyl ring to the methanol oxygen. The
other three calculated low energy conformers show am OH-7-interaction
from the hydroxy group the the aromatic m-system of one phenyl ring. In
the case of the highest energy conformer (Fig. 8.4 e), the pure OH-7-
interaction presses the DPE into the less favored skew arrangement of the
two phenyl rings (compare Fig. 8.3). Due to the high energy of this con-
former (Fig. 8.4 ), it is not expected to be populated under the cold con-
ditions of a supersonic expansion. The other two stable OH-m-structures
compete for the global energy minimum (Fig. 8.4 ¢ and d). Beside the
OH-7-interaction, both of them show an additional CH-O interaction from
the other phenyl ring to the methanol oxygen, which stabilizes these struc-
tures. They only differ in the orientation of the methyl group, resulting in
an energy difference of 0.5 kJ/mol. The corresponding calculated spectro-
scopic parameters are given in Table 8.2.

The broadband rotational spectrum obtained from the DPE/MeOH
mixture with neon as carrier gas is shown in Figure 8.1. For the DPE-
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Table 8.1: Experimentally determined constants for the three components
of a DPFE transition obtained from individual fits to rigid rotor Hamiltoni-
ans.

I i 111

A MHz] 2362.08310(292) 2362.25659(110) 2361.83521(86)
B [MHz]  437.99503(135)  437.99079(52)  437.98453(45)
C [MHz]  412.40787(112)  412.44816(45)  412.44331(34)
Ay [kHz]  -0.02694(309)  0.03241(170)  0.01907(140)

Ak [kHz] -0.180(51) 1.3887(111) 0.5948(97)
Ak [kHz] 14.446(223) 8.874(99) -18.321(68)
9y [kHz] -3.62(176) -2.71(53) -1.60(44)
dx [kHz] 12.14(51) -0.318(151) 0.116(123)
no. lines 29 61 68
error [kHz] 1.31 3.62 1.23

Table 8.2: Calculated spectroscopic parameters for the lowest energy con-
formers of DPE-MeOH, performed at the B3LYP-D3(BJ)/def2-TZVP level
of theory. The relative energies are zero-point corrected. The corresponding
structures are depicted in Figure 8.4. These calculations were performed
in the group of Prof. Suhm at the University of Gottingen.

(¢c) OH-7r (d) OH-7" (a) OH-O (b) OH-O" (e) OH-7mp

A MHz] 102218 100428  858.91 745.16 1035.27
B [MHz] 381.68  398.26 413.38 416.12 364.46
C[MHz] 32916  330.05 318.78 292.07 314.44
A 0.84 0.56 0.19 0.49 2.09
|| 0.48 0.23 2.69 2.58 1.68
e 0.18 1.93 1.25 1.3 0.23
K -0.85 -0.80 -0.65 -0.45 -0.86

AE 0.0 0.4 1.8 3.2 5.1
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Figure 8.3: (a) The relaxed scan of the torsional enerqy surface of DPE
calculated at the BSLYP-D3(BJ)/def2-TZ VP level. Deep troughs for geared
rotation of the two phenyl groups are separated by ridges in which ortho
hydrogens come into close contact. Due to the symmetry of DPE, a 18(°
periodicity is observed for both angles. On the right, selected, optimized
structures of DPE are given. The twist structure is a true minimum on
the potential energy surface.

MeOH complex, 120 lines (70 a-type, 50 b-type, and no c-type) could be
successfully fit to Watson’s S-reduced asymmetric rotor Hamiltonian using
the PGOPHER software package [86].

Most of the assigned lines of the DPE-MeOH dimer spectrum show
an obvious doublet splitting, the pattern of which suggests a methyl rotor
type large amplitude motion (Fig. 8.5). Contrary to the DPE monomer,
for which we recorded the characteristic triplet splitting pattern due to the
large-amplitude motion of the phenyl rings (Fig. 8.2), we observe no fur-
ther splittings besides the described doublet pattern in the DPE-methanol
spectrum. This indicates that the large amplitude motion of the phenyl
rings has been quenched in the cluster. The assigned lines in the rigid rotor
fit were attributed to the A-state, and the easily identifiable E-state lines
due to methyl group internal rotation were subsequently assigned (Subsec.
2.1.3).

These assignments were exported to the XIAM program [71] in order to
perform a global fit. Table 8.3 summarizes the experimentally determined
molecular parameters compared to the results obtained from a quantum-
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Figure 8.4: Structures of the most stable DPE-methanol dimers at the
B3LYP-D3(BJ)/def2-TZVP level with relative zero-point corrected ener-
gies in kJ/mol in parentheses. These calculations were performed in the
group of Prof. Suhm at the University of Gottingen.

chemical calculation (BSPLYP-D3/def2-TZVP) for which also the centrifu-
gal distortion constants and the barrier heights were determined.

For the XIAM fits, starting values for the angles between the methyl
rotor of the methanol moiety and the inertial axis (6 and €) were predicted
from the calculated structure. The starting value for F', the rotational con-
stant of the internally rotating methyl top, is less clear. Typical literature
values for a methyl top on a rigid frame are around 5.3 cm~!, however,
the value for methanol is 27.6 cm™! due to interactions with the large am-
plitude motion of the OH group. The value of F' in methanol-containing
complexes is dependent on the amplitude of the OH libration and thus
depends on the strength of interaction between methanol with its binding
partner (Tab. 8.4). As a consequence, F' is determined to be somewhere
between that of free methanol (27.6 cm™!) and the value of just the methyl
top (5.26 cm™!) for molecular complexes involving methanol. In previous
studies on methanol complexes F' often has been fixed to 5.3 cm™! (Tab.
8.4). This has been shown to cause a significant underestimation of the
barrier height (V3) [186]. Indeed, when we fix F' to 5.3 cm™! the fitted
barrier height is 250.74(65) cm™ (’Fit 1’ in Tab. 8.3), lower than both
free methanol (373 cm™!) and the predicted value from relaxed potential
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Figure 8.5: Zoom to the broadband rotational spectrum, illustrating the
characteristic triplet splitting pattern for the DPE monomer due to large-
amplitude motion of the phenyl rings as well as the observed A-E splitting
of the DPE-MeOH dimer, arising from the internal motion of the CHs
group of the methanol moiety. For the DPE-MeOH dimer, the transitions
corresponding to A and E symmetry are fit jointly to an effective Hamilto-
nian (Tab. 8.3).

energy scans (435-470 cm™1).

To obtain more realistic values we fit F' simultaneously with all the
parameters. However, since F' is highly correlated with the barrier height
V3 there are significant errors in both parameters (F=10.2(2) cm™! and
V3=480(12)cm™"). This fit is shown in Table 8.3 as 'Fit 2’. It has a lower
standard deviation compared to 'Fit 17 where F'is fixed. The fitted value of
I agrees well with the assumption that the methanol molecule is in an en-
vironment somewhere between the strongly bound case and free methanol.
Likewise the barrier height agrees with calculated barrier heights. The
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Table 8.3: Molecular parameters of DPE-MeOH: Result of the fit to the
experimental rotational spectrum and comparison to results from quantum-
chemical calculations for the OH-m dimer (structure (c) in Fig. 8.4). The
two fits differ in the treatment of the rotational constant of the internally
rotating methyl group F (see text).

. . B3PLYP-D3
Fivl Fiv 2 def2—TZVP/
A [MHz] 997.9813(30)  997.98324(101) 1019.662
B [MHz| 380.73116(85)  380.73236(28) 382.73
C' [MHz] 326.78987(77)  326.79163(26) 333.03
D, [kH7] 0.029(4) 0.0281(12) 0.014
Dy [kH] 0.861(28) 0.8232(95) 0.372
Dy [kl7] 20.234(136)  -0.169(46) -0.051
d; [kHz] 0.008(3) 0.00157(94) 0.00053
dy [kHz] 0.006(2)  -0.00321(54) -0.00023
K -0.839 -0.839 -0.855
A @ -0.252(2) 0.0626(8)
X -0.385(17) 0.1695(73)
A 0.888(18) 0.7679(78)
Fy [em™] 5.3 10.16(27)
Vs [em™!] 250.74(65) 480(12) 445"
A states (a/b/c) 120 (70/50/0) 120 (70/50/0)
E states (a/b/c) 48 (33/15/0) 48 (33/15/0)
tal 1ol 1 0.59/0.60/0.18

error [kHz| 36 12

@ Direction cosines were fit as the polar coordinates of the methyl rotor
axis with respect to the inertial axes and converted internally to the
direction cosines.

® Obtained from a relaxed potential energy scan using the B2PLYP-D3
functional and a def2-SVP basis set.

higher barrier compared to the one observed in the methanol monomer is
a strong indication that the CHjs group is involved in an intermolecular
interaction with the 7 system, as also visible from Figure 8.4.
Comparison of the rotational constants obtained from this fit with val-
ues predicted from quantum-chemical calculations (Tab. 8.3) could not
unambiguously identify the geometry of the observed conformer. The cal-
culated rotational constants for the OH-7 and OH-7" conformers in Figure
8.4 ¢ and d are within about 10 MHz. Often, quantum-chemical calcula-
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Table 8.4: Barrier heights V3 for methyl rotation in some methanol-
containing complexes.

Vi [em™]  F [em™!] s*  Reference
MeOH monomer 373 27.63  6.00 [181]
DPE-MeOH 479.31 10.11  21.08
DPE-MeOH  250.74 53" 21.03
MeOH dimer 201 5.4 16.53 183]
MeOH-formamide 231.01 5.86 17.53 [187]
MeOH-Ar  68.466 5.3 5.74 [188]
MeOH-HCI 74 5.3 621 [189]
MeOH-SO, 128.665 5.3 10.79 [190]
MeOH-trimethylamine 174 5.30 14.59 [191]
MeOH-CO 183 576 14.12 192]
MeOH-phenol 170 5.0 15.11 [193]

* reduced dimensionless barrier height s = 4V5/9F
b fixed

tions show larger deviations in the absolute values of rotational constants
from the experimentally determined data, but relative values, such as the
differences between rotational constants (like B — C' as well as the asym-
metry parameter ) are predicted more quantitatively. The experimental
values are B — C' = 54 MHz and x = -0.839. For the OH-7 conformer
(Fig. 8.4 c), the predicted values are B — C' = 52 MHz, and x = -0.85,
while for the OH-n" conformer (Fig. 8.4 d), values of B — C' = 68 MHz,
and k = -0.80 are predicted (B3LYP-D3(BJ)/def2-TZVP level of theory,
Tab. 8.2). This gives a strong indication that indeed the lowest energy
conformer, namely the OH-7 conformer, is spectroscopically observed.

Unambiguous assignment could be achieved from evaluation of the ob-
served types of rotational transitions, i.e., a-, b-, or c-type, in comparison
with the calculated dipole moment components (g, ft, and p.). No c-type
transitions are observed for the DPE-MeOH complex (Tab. 8.3), indicat-
ing that p. is quite small. This analysis strongly suggests the OH-7 con-
former, for which the predicted dipole-moment components are p,=0.84
D, 1,=0.48 D, and 11,=0.18 D (B3LYP-D3(BJ)/def2-TZVP, see Table 8.2,
resembling very well the observed ratio of rotational transitions, given
in Table 8.3. For the OH-7" conformer, however, the predicted dipole-
moment components are j,=0.56 D, 1,=0.23 D, and p,=1.93 D (B3LYP-
D3(BJ)/def2-TZVP, see Table 8.2, so that we would expect to observe
mainly a- and c-type and no b-type transitions.
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8.4 Conclusions

The investigated complex of diphenylether and methanol turns out to be
an ideal example to study the close competition between hydrogen-bonding
to an ether oxygen atom as well as m-bonding to an aromatic ring. Ac-
cording to DF'T calculations the experimental structure can be assigned
to a m-bonded arrangement, revealing an OH-7 interaction. This struc-
ture is additionally stabilized by an CH-O contact from the other phenyl
ring. Furthermore, evidence for methyl group rotational hindrance and for
the quenching of the torsional dynamics of the DPE moiety is collected.
The findings are in full agreement with dispersion-corrected hybrid den-
sity functional predictions for the mixed dimers, and they fit qualitative
expectations about secondary interactions stabilizing the primary OH-7
hydrogen bond by CH-O interactions.



Chapter 9

Summary and Outlook

This thesis focuses on the investigation of intermolecular interaction and
conformational flexibility of molecules and molecular complexes in the gas
phase. These properties are of particular relevance also to biomolecular
recognition processes. The fundamental understanding of these processes
on a molecular level can be useful, for example, for drug development.

The technique used in this work is chirped-pulse Fourier transform mi-
crowave spectroscopy (CP-FTMW). The high accuracy and sensitivity of
the spectrometer allows for a precise structure determination of molecules
and molecular complexes of biological relevance, but also information on
internal dynamics and the bond characters in the molecules can be ob-
tained. In rotational spectroscopy, the obtained molecular parameters are
directly related to structural parameters, like bond lengths and angles.
Slight changes of the molecular structure, such as a rotation around a
single bond to form another conformer, can be identified with this tech-
nique, since the rotational spectrum is like a fingerprint of the structure.
Additional hyperfine structure in the spectrum might be caused by large
amplitude motions, internal rotation or nuclear quadrupole coupling. In-
formation about barrier heights for internal rotation or the electronic sur-
rounding of the quadrupole containing nuclei can be obtained from the
analysis of these additional spectral features.

The experimental setup developed within this study is presented in
Chapter 3. The CP-FTMW spectrometer is equipped with a laser ablation
source for bringing fragile molecules into the gas phase, and a time-of-flight
mass spectrometer for fast and efficient beam diagnostics (Sec. 3.3).

Experimental results of molecules and complexes of different complexity
are presented in Chapter 4 - 8. The analysis of the electronic structure in
4-aminobenzonitrile, the conformational flexibility of the widespread drug
ibuprofen and a precise structure determination of the odorant molecule

116
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trans-cinnamaldehyde are discussed. This group of aromatic molecules,
with different substituents, provides interesting insights towards structural
properties, like for example conformational flexibility. Following, the stud-
ies of two different kinds of molecular complexes are presented. The ag-
gregation of the smallest sugar, glycolaldehyde, was investigated to learn
about the interplay between inter- and intramolecular hydrogen bonding.
Furthermore, the complex formation of diphenylether and methanol shone
light onto the different contributions of hydrogen bonding and dispersion
interaction upon complex formation.

In 4-amonibenzonitrile two chemically distinct nitrogen atoms of the
respective amino and nitrile groups lead to a hyperfine structure of each
rotational transition due to nuclear quadrupole coupling, as shown in
Chapter 4. Determining their individual quadrupole interactions is com-
plicated by the combined effects of the two nuclei. The determined nu-
clear quadrupole coupling constants allow for the analysis of the electronic
environment of the nitrogen atoms, which is of particular interest when
comparing ABN to other para-substituted benzonitriles. By determining
the occupancies of the hybrid orbitals of the amino-group nitrogen from
the experimental nuclear quadrupole coupling constants, it is shown that
there is a significantly lower charge density in ABN compared to other
para-substituted benzonitriles like DMABN. This result is particularly in-
teresting with respect to the occurrence of dual fluorescence because it can
be interpreted as a possible barrier to charge-transfer states.

In Chapter 5 investigations of the conformational flexibility of the
widespread drug ibuprofen are presented. Ibuprofen reveals two flexible
side chains, an isobutyl and a propanoic acid group in para position. Four
conformers were identified in the rotational spectrum and assigned to the
lowest energy conformers obtained from quantum chemical calculations.
These four conformers only differ by 0.3 kJ/mol and all of them show the
same configuration for the propanoic acid group, while the isobutyl group
can adopt different orientations. In a comparison of this result to a crys-
tal structure of ibuprofen binding the COX enzyme, where it inhibits the
development of pain, it can be seen that this configuration of the carboxy
group is essential for binding to the active side. The isobutyl group has
more space at the active site and its orientation is rather flexible in terms
of the recognition process.

For the odorant molecule trans-cinnamaldehyde two stable conformers
were found in the rotational spectrum (Ch. 6). The molecule is planar due
to the conjugated m-electron system, which includes all heavy atoms. In
this study the precise structure of the carbon backbone of the molecule was
determined solely based on the experimental results. For the most stable
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conformer, all singly substituted *C species could be identified in the
spectrum in natural abundance. From these additional information, the
carbon atom positions can be calculated using for example the Kraitchman
equations. The precise structure can then be used to benchmark quantum-
chemical calculations.

The interplay between intra- and intermolecular hydrogen bonding
upon aggregation of glycolaldehyde is discussed in Chapter 7. Glyco-
laldehyde is the smallest and, so far, only sugar that has been detected
in interstellar space. It is a perfect model system to study molecular
recognition, since cooperative effects of hydrogen bonding and influences of
dispersion interaction can be studied. Furthermore, high-level quantum-
chemical calculations are still feasible for this complex size. Two differ-
ent glycolaldehyde dimer conformers could be identified in the rotational
spectrum in agreement with previous FTIR studies. The lowest energy
conformer reveals Cy symmetry, by giving up the strong intramolecular
hydrogen bond of the monomer unit and by building up two intermolec-
ular hydrogen bonds. The second conformer is about 5 kJ/mol higher in
energy. Upon complex formation it keeps one intramolecular and forms one
intermolecular hydrogen bond. For the lowest energy conformer a precise
structure could be determined from the additional spectroscopic constants
of all singly substituted 3C and 80 species in natural abundance. From a
detailed comparison of the experimental results to quantum chemical cal-
culations it becomes obvious that already small changes in intermolecular
interactions and thus the intermolecular arrangement can result in clearly
different molecular parameters that are easily identified by microwave spec-
troscopy but still be challenging for theoretical approaches.

The aim to elucidate how various intermolecular interactions compete
or cooperate with each other is presented in Chapter 8. Compared to the
glycolaldehyde dimer the complex formation between diphenylether and
methanol provides several possible binding scenarios. In this case disper-
sion interaction might dominant the formation, since the aromatic rings
with their delocalized 7 electron systems provide powerful dispersion cen-
ters. Diphenylether and methanol are flexible molecules, which show large
amplitude motions in their monomer spectra. It is interesting to study
the change of this flexibility upon complex formation. One stable complex
formation is found in the rotational spectrum. It shows a combined inter-
action of a hydrogen and a m-bonded arrangement, with a dominance of the
m-bonding. Internal rotation of the methyl top of the methanol molecule
is still feasible, while the large amplitude motion in the diphenylether is
locked upon complex formation. This study is a start of a series of investi-
gations between diphenylether and alcohols with increasing size. It should
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allow for an investigation of the competition between dispersion forces,
hydrogen bonding and steric effects. Furthermore, the data can be used
to benchmark theoretical methods.

Further studies of biomolecular complexes in the gas phase will provide
a fundamental understanding of the ways how complexes are formed and
which intermolecular forces are dominating. The knowledge obtained from
model complexes can be transferred towards larger systems and quantum
chemical calculations can be improved by a comparison to precise experi-
mentally determined structures.
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