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1. Abstract

Rotational spectroscopy of gas phase compounds is a powerful technique for structure de-
termination through the unique moments of inertia of a molecular system. It is sensitive
angular momentum coupling; therefore, complicated splitting patterns caused by nuclear
hyperfine coupling commonly arise in rotational spectra. Electronic nuclear quadrupole
coupling is highly sensitive to the electronic environment and acts as a spectroscopic
probe to complement structure determination. Dipolar spin coupling is dependent on
the distance between the coupling spins; thus, both parameters are useful for structural
investigations.

In this thesis, electronic and magnetic nuclear spin couplings were investigated for struc-
tural analysis of hydrogen complexes with storage molecule mimics through rotational
spectroscopy. This involved theoretical benchmarking of electronic nuclear quadrupole
coupling in molecular complexes and experimental determination of nuclear quadrupole
coupling constants hydrogen storage molecular mimics, a series of chlorobenzaldehyde
isomers. The experiments revealed errors in the theoretical description of the quadrupole
coupling constants introduced by the projection into the principal axis system for the
near-oblate 2-chororbenzaldehyde isomer. Moving to hydrogen, five different organic
molecules were investigated as dispersive binding partners for hydrogen. In each com-
plex, the hydrogen interacted exclusively with the aromatic ring system. A separate
treatment of the hydrogen nuclear spin states was performed and a novel conjoint fit
of both spin states, treating ortho hydrogen as an internal rotor, was successfully ap-
plied. The structure of the hydrogen complexes was investigated with three different
approaches, including the structural information contained in the magnetic nuclear spin
coupling of the ortho hydrogen complex.

The hydrogen complexes presented in this thesis are the first detection of hydrogen’s
dispersive interactions with aromatic rings through rotational spectroscopy. It provides
a stepping stone for further research of hydrogen complexes with heavier binding partners
and the treatment of the hydrogen angular momentum in the rotational Hamiltonian.
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2. Motivation

The anthropogenic in�uence on the global climate is undeniable; the global surface
temperature increased by1:1 � C in the last decade compared to early 20th century. The
current climate change is predominantly caused by green house gas emissions from land
use and the fossil fuel energy consumption.[1] A fundamental shift away from fossil fuels to
a diverse range of renewable energy sources is required. Among the potential prospective
fuel sources is molecular hydrogen. The only byproduct of hydrogen oxidation is water,
making it a potential fuel for emission-free energy cells. While the gravimetric energy
density of molecular hydrogen is high, the volumetric energy density is only a quarter of
gasoline's energy density.[2]

For the implementation of hydrogen as a fuel source, high-density storage of hydrogen
and risk mitigation of highly-compressed hydrogen need to be pursued. One avenue is
through hydrogen absorption in porous storage materials, most commonly metal organic
frameworks (MOFs) and covalent organic frameworks (COFs).[3] Yaghi et al. pioneered
the development of hydrogen abortion into porous crystalline organic frameworks in
the early 21st century.[4�7] The bond formed between molecular hydrogen and metal-
lic binding sites of MOFs is strong. In the gas phase, the dissociation energy between
hydrogen and metal cations ranges between5 - 40 kJ mol� 1.[8] In contrast, COFs sac-
ri�ce de�ned metal binding sites found in MOFs for light-weight application, as COFs
generally consist of lighter elements compared to metallic frameworks[3,9]. Dissociation
energy of non-metallic hydrogen complexes in the gas phase is much lower, usually below
< 1 kJ mol� 1. For an in-depth understanding of hydrogen binding in COF, investigation
of the dispersive interactions between hydrogen and the fundamental aromatic units is
required. It can serve as a basis for modeling and design of COFs with a high hydrogen
uptake.

Rotational spectroscopy is a powerful tool for structure investigation. The moments
of inertia provide a direct link between the molecular spectroscopic transitions and the
mass distribution in a compound. Therefore, the technique allows the determination
of binding sites, bond lengths and bond angles. Since it is a gas phase method, the
problem of hydrogen binding in COFs can be approached through the use of small
aromatic compounds that mimic the COF building blocks. The high sensitivity of ro-
tational spectroscopy provides detailed insight into the hydrogen binding, even allowing
the distinction of hydrogen nuclear spin states.

While the importance of hydrogen interactions has long since been recognized, the num-
ber of high resolution gas phase spectroscopic studies is limited. Bieskeet al.[10] collected
rotationally resolved infrared data on charged compounds interacting with molecular hy-
drogen and deuterium, including Li+ ,[11,12] B+ ,[13,14] Na+ ,[15,16] Mg+ ,[17] Al + ,[18] Cr+ ,[19]

Mn+ ,[20] Zn+ ,[21] and Ag+ .[22] The quantity of neutral complexes investigated with high
resolution spectroscopy is also low, and can be sorted into two categories: Weakly-bound
dimers with small binding partners and strongly-bound metal containing complexes.
The former are H2O,[23] NH3,

[24] CO,[25,26] CO2,
[27] N2O,[28] OCS,[29,30] HCN,[31,32], and
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2. Motivation

HCCCN.[33], all of which are small binding partners that do not exceed �ve atoms. Four
strongly-bound transition metal complexes have been investigated, CuF,[34] AgCl, [35]

CuCl,[36] and AuCl. [37] Notably, NH 3
[38], H2O

[23] OCS,[29] CO[39�41] and CuF[34] were
also studied with deuterium as a binding partner. For the binding partners mentioned
above, a few have been reported forming clusters with multiple hydrogen molecules.
Examples of hydrogen clusters were studied with CO[42,43], CO2

[44], and OCS.[45,46]

Overall, the hydrogen systems described in literature are small, with a very limited
number of atoms. Larger organic binding partners, especially containing aromatic ring
systems, are entirely absent in any previous studies. The large focus on small systems
with high symmetry is due to the spectroscopic complexity of hydrogen containing sys-
tems. In the rotationally resolved spectroscopic study of hydrogen clusters, the angular
momentum of the dihydrogen and the magnetic nuclear spin-spin coupling observed in
ortho hydrogen need to be considered.[24,38,47,48] This requires careful treatment of the
Hamiltonian and high resolution instruments to resolve the nuclear hyper�ne coupling.

Even for the small systems, the structure analysis of hydrogen complexes can prove
challenging, as demonstrated by the case of H2 HCN. Ishiguro et al. experimentally
showed that the two hydrogen spin isomers preferred di�erent binding sites, withortho
hydrogen binding in a linear H-on structure, while para hydrogen interacts with hydrogen
cyanide N-on, forming a T-shaped complex.[31,32] The result was justi�ed by theory
through the construction of a PES for H2 HCN.[49,50]

Aside from the challenges introduced by the hydrogen, the COF mimic molecules pose
their own challenges. Two common features for many COF monomers are aromatic
ring systems and quadrupolar heteroatoms which often act as linkers between the COF
monomers.[9] Thus, when targeting COFs, potential hydrogen binding partners should
also exhibit similar properties. However, the existence of a nuclear quadrupole moment
leads to additional electric hyper�ne coupling in the rotational spectrum, caused by the
interaction between the electric �eld and the nuclear quadrupole. The electric hyper�ne
splitting contains information about the electronic environment of the quadrupolar atom.
Therefore, speci�cally targeting systems with nuclear quadrupoles is advantageous, as
the hyper�ne splitting contains information on the electric �eld and indirectly the molec-
ular structure. It serves as spectroscopic probe of the local electric �eld gradient and is
an experimental parameter to determine the in�uence of intermolecular interactions on
the electric �eld. [51,52]

To approach mimics which closely resemble COFs in both atomic compositions and
connectivity, each of these major challenges, solving the electric quadrupole coupling
of the organic monomer and within the complex, investigating the magnetic spin-spin
hyper�ne coupling and �tting the hydrogen nuclear spin states, is addressed individually
beforehand.

The rotational constants and nuclear quadrupole coupling are spectroscopic parameters
that lend themselves particularly well to cross-validation with theory. The rotational
constants directly test the quality of the structural convergence, while the electronic
hyper�ne coupling probe the description of the molecular orbitals. Therefore, both
observables are excellent targets for experiment-theory benchmarking. The hyper�ne
splitting of nuclear quadrupoles in weakly-bound complexes has not yet been the target
of extensive experiment-theory benchmarking e�orts, as opposed to monomers.[53] The
rotational data existing in literature on gas phase complexes with nuclear hyper�ne split-
ting was collected and benchmarked with theoretical methods common in the rotational
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spectroscopy community. This serves as a �rst step to address the quadrupole coupling
occurring COF complexes.

Foundational for the interpretation of the heterodimer rotational spectrum is the anal-
ysis of monomer spectrum of the hydrogen binding partners. This proved to be more
challenging than expected due to poor predicting of the nuclear quadrupole coupling
constants.

Before testing any COF mimics, dispersive hydrogen complexes with aromatic systems
without any quadrupolar nuclei were studied. This included testing two di�erent ap-
proaches for �tting the two nuclear spin states of hydrogen, scans of the potential energy
surface, a �t of the nuclear spin-spin coupling and in-depth structural analysis. Finally,
the rotational spectrum of a dispersive complex between hydrogen and a COF mimic
was analyzed and presented.
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3. Theoretical Background

3.1. Rotational Spectroscopy

Rotational spectroscopy utilizes low-energy electromagnetic radiation in the microwave
region to excite the rotation of a molecule and observe transitions between quantized ro-
tational levels. The direct relationship between mass distribution and energy, expressed
by the moments of inertia in the rotational energy level equations, has made rotational
spectroscopy a powerful tool for structural analysis for many decades. As an estab-
lished branch of spectroscopy, many textbooks and publications have been published
on its fundamental principles at varying depths, which will not be discussed in this
thesis.[51,54,55] Instead, this chapter aims to provide an overview of angular momentum
coupling in rotational spectroscopy, as di�erent forms of hyper�ne coupling occur in all
major systems investigated in this work and were a main focus for spectroscopic analysis
and benchmarking. The theoretical background is adapted from Gordy & Cook, Townes
& Schawlow, and Brown & Carrington. [51,55,56]

3.1.1. Angular Momentum Coupling

Splitting patterns arise from the coupling of an angular momentum with molecular
rotation. As microwave spectroscopy is a high resolution technique, many di�erent types
of angular momentum couplings can be observed as additional splitting of the rotational
transitions in a spectrum. For closed-shell systems, these include large amplitude motion
interactions, magnetic hyper�ne coupling, and hyper�ne coupling due to electric charge
distribution.

Large amplitude motion is an umbrella term for any type of symmetric motion that
causes an angular moment to couple with the molecular rotation. The most common
motions observed are inversion tunneling, as is present in ammonia,[57] and periodic mo-
tions of the internal subgroup rotating with respect to the molecular frame, such as CH3
rotation. The rotating group can also belong to a molecular complex such as phenol-
water[58] or phenylacetylene-water[59]. The monomers and host molecules described in
this thesis do not possess any internal rotors, with the exception ofortho hydrogen. As
this system presents an unusual case compared to the typical three-fold potential of CH3
rotors described most often in the literature, its spectroscopic treatment is explored sep-
arately in Chapter 7. Therefore, large amplitude motions are mentioned for completion,
but this chapter focuses on a general introduction to electronic and magnetic interactions
of the molecular �elds with the nuclear moments.

The overall Hamiltonian for nuclear and magnetic hyper�ne interaction for gas phase
rotational spectroscopy can be expressed by:[60]

H = H rot + H Q + H nsr + H nss (3.1.1)
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3. Theoretical Background

The �rst term H rot is the pure rotational Hamiltonian, either a rigid rotor Hamiltonian
or a distorable rotor, depending on the treatment. The second termH Q is the nuclear
quadrupole coupling, which describes the electric nuclear hyper�ne interaction. The
terms H nsr and H nss are the spin-rotation and spin-spin, respectively, both magnetic
nuclear interaction Hamiltonians.[60]

3.1.2. Electric Nuclear Hyper�ne Interaction

For closed-shell systems, the most important hyper�ne structure arises from the interac-
tion of the electric nuclear quadrupole moment with the surrounding electronic charge
distribution. Nuclei with a nuclear spin of I � 1 have a nonspherical nuclear charge
distribution and hence possess a nuclear quadrupole moment. The nuclear quadrupole
moment interacts with the nonspherical electronic charge distribution at the nucleus
caused by nuclei and electrons, the electronic �eld gradient (EFG). The interaction be-
tween the two causes the nuclear spin moment to precess in alignment with the EFG. As
the EFG is distorted through the gas phase rotation, it is unique for each rotational state
and leads to a hyper�ne structure for each rotational level. This provides information
on the electronic structure surrounding the nucleus.[51,55]

Figure 3.1.: Reference system to describe the interaction of a nuclear charge centered
at the origin with a static potential in blue. Green is an electronic charge at a distance
of re and orange is the elemental volume d� n at a distance rn . The axis system is a
local system centered on the nucleus, with theZ -axis in the direction of the spin axis.
Adapted from Gordy & Cook. [51]

The interaction energy of a nuclear charge with a static potential V in a nuclear axis
system, as shown in Figure 3.1, is described by

E =
Z

� nVd� n (3.1.2)

whereV is the potential, � n is the nuclear charge density, and d� n an elemental volume.
While the charge density is uniform across the volume, the potential is expressed by a
Taylor expansion.
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3.1. Rotational Spectroscopy

V = V0 (3.1.3)
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In this case, the �rst expression (3.1.3) corresponds to the monopole interaction, which is
spherically symmetric and therefore independent of the nuclear orientation. The second
part (3.1.4) describes the dipole term, which vanishes upon integration over d� n , because
the charge density function� n is symmetric. This reasoning is supported by experimental
observations, as no nuclear electric dipole interactions have ever been observed. The
term (3.1.5) is the second-order derivative which, when inserted into Equation (3.1.2),
describes the nuclear electric quadrupole interaction. If the static, local nuclear axis
system is de�ned with the z-axis along the spin axis, the cross terms of the integral
vanish, resulting in the following expression for the quadrupole coupling energy:

EQ =
1
2
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Due to the rotational symmetry along the z-axis, the nuclear quadrupole energy can be
rearranged and simpli�ed with Laplace's Equation r 2V = 0 when integrating over the
nuclear volume. This leads to the expression:

EQ =
1
4

 
@2V
@z2

!

0

Z
� n

�
3z2

n � r 2
n

�
d� n (3.1.7)

=
1
4

 
@2V
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!

0

eQ� (3.1.8)

Q� =
2(I + 1)
(2I � 1)

Q (3.1.9)

Here, e is the electronic charge andQ� the intrinsic nuclear quadrupole moment. As
Q� itself is not a direct observable, the electric �eld is usually de�ned through Q,[61] the
spectroscopic nuclear quadrupole moment when the spin is aligned withz, leading to
following expression:

EQ = eQqii (3.1.10)

where q is the electric �eld gradient projected onto the local axis asqii =
�

@2V
@i2

�

0
with

i = f x; y; zg.[51]

In the gas phase, the EFG depends on the rotational level, since it is distorted by
the rotation of the molecule. The nuclear spin I is coupled to the rotational angular
momentum J expressed by the total angular momentumF . Here, F is a good quantum
number following the coupling schemeF = J + I , and taking values F = J + I; J +
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3. Theoretical Background

I � 1; :::; jJ � I j. The vector coupling diagram is shown in Figure 3.2a. An example of
the energy state splitting for a J = 2 rotational state in a system which couples with an
I = 3

2 nucleus is shown in Figure 3.2b.

(a) Vector coupling diagram (b) Energy level scheme

Figure 3.2.: Coupling of nuclear spin I with molecular rotational momentum J . The
vector diagram is shown in (a). The energy level diagram in (b) shows the non-degenerate
J = 2 rotational states with a I = 3

2 coupling nucleus. The energy splitting is arbitrary,
the F label ordering adapted from Townes & Schawlow.[55]

Based on Equation (3.1.2), Casimir derived the nuclear quadrupolar coupling (NQC)
Hamiltonian for any quadrupolar nucleus coupling to a molecular angular momentum
and its eigenvalues.[51,62]

H Q =
eQqJ

2J (2J � 1)I (2I � 1)

�
3(I � J )2 +

3
2

I � J � I 2J 2
�

(3.1.11)

EQ =
eQqJ

2J (2J � 1)I (2I � 1)

�
3
4

C(C + 1) � J (J + 1) I (I + 1)
�

(3.1.12)

C = F (F + 1) � J (J + 1) � I (I + 1)

Here, qJ is the electronic �eld gradient, which Golden and Bragg derived in the inertial
principal axis system (in the following referred to as PAS if derived from the moments
of inertia) for an asymmetric rotor as:[51]

EQ =
2

(J + 1)(2 J + 3)

�
X

i;j = a;b;c

� ij

D
J; K a; K c

�
�
�J 2

i

�
�
�J; K a; K c

E
"

3
4C(C + 1) � J (J + 1) I (I + 1)

2J (2J � 1)I (2I � 1)

#

(3.1.13)

The quantity � ij is the NQC tensor in the PAS which is de�ned as over the EFG as
� ij = eQqij with i; j = f a; b; cg.[51] The nuclear quadrupole coupling constants (NQCCs)
are the tensor elements of the traceless, symmetric� ij tensor. The NQCCs are experi-
mental parameters determined by �tting the quadrupolar Hamiltonian to experimental
transitions. The � ij tensor is commonly de�ned in the PAS, but through the diago-
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3.1. Rotational Spectroscopy

nalization of � ij it can be transformed into a local nuclear axis system, which requires
knowledge of the full tensor, including the o�-diagonal elements. Diagonalization is nec-
essary to compare the local electric �eld around the nuclei of di�erent species because
a change of the molecular structure results in a rotation of the PAS, except for highly
symmetric cases. In the nuclear axis system, the asymmetry� of the tensor is de�ned
as:

� =
� xx � � yy

� zz
(3.1.14)

The derivation of the NQC above is conducted for a single coupling nucleus. If multiple
nuclei L with a spin of I � 1 are present, each couples separately with the rotational
angular momentum in a coupling scheme ofJ + I 1 = F1 and F1 + I 2 = Ftot . The
Hamiltonian in Equation (3.1.13) is a sum of each nuclear spinI L of nucleusL in the
system.

3.1.3. Magnetic Nuclear Hyper�ne Interaction

Spin-Rotation Coupling

Magnetic hyper�ne coupling is dependent on the nuclear orientation and describes the
interaction between the nucleus and the magnetic �eld caused by the atomic electrons.
The electrons in the system precess about their total angular momentumJ , producing a
magnetic �eld at the nucleus. The resulting rotational magnetic moment � J is parallel
to J .[55,56]

� J = � N J (3.1.15)

Similarly, a non-zero nuclear spin of nucleusL gives rise to a magnetic moment� L

parallel to its spin I L .
� L = gL � N I L (3.1.16)

Here, � N is the nuclear magnetron andgL is the g-factor for the particular nucleus.

The two magnetic moments discussed above interact when a magnetic �eld is applied,
which is called spin-rotation interaction. The spin-rotation interaction is also relevant
for open-shell systems. The spin-rotation Hamiltonian for two magnetic moments is
described by the term[56,63]

H nsr =
X

L =1 ;2

I L cL J (3.1.17)

wherecL is the spin-rotation coupling tensor of rank two. For gas phase experiments, the
spin-rotation coupling is usually quite small but still observable in some cases.[60] The
coupling scheme isF = I + J with F taking values from I + J; I + J � 1; :::; jI � J j.[55] If more
than one non-zero nuclear spin is present in the system, following the Russel-Saunders
coupling scheme, the two nuclear spins are �rst coupled according toI LM = I L + I M and
the resulting spin couples to the angular momentum vectorFtot = J + I LM .[35,37,64]
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3. Theoretical Background

Spin-Spin Coupling

In systems with two non-zero spin nuclei, the magnetic moments caused by each spin
can interact, causing spin-spin coupling. There are two types of interactions between
nuclear spins: Scalar coupling and through-space dipolar interaction.[56]

Scalar nuclear coupling is often referred to as electron-coupled spin-spin interaction
because the nuclear spin orientation is transmitted through the intervening electrons. It
is de�ned as:

H scalar = I L csI M (3.1.18)

The coupling is small compared to dipolar interactions and negligible in the gas phase,
but very important for nuclear magnetic resonance experiments, as, unlike dipolar inter-
actions, it is not averaged out by molecular tumbling motions in the liquid phase.[65]

The most important spin-spin interaction in gas phase rotational experiments is dipolar
nuclear spin-spin coupling, which can be expressed by:

H nss = I L � D ij � I M (3.1.19)

Here, I L and I M are the coupling nuclear spins, andD ij is the direct dipolar spin-spin
coupling tensor. D ij is a rank-2, symmetric and traceless Cartesian tensor.[35,65] The
coupling tensor contains information about the internuclear vector and is de�ned by:

D ij = �
gL gM � 0� 2

N

4�
�

3 � RLM;i RLM;j � � ij R 2
LM

jR LM j5
(3.1.20)

whereR LM is the vector from nucleusL to nucleusM , gL and gM are the corresponding
g-factors of each nucleus,� 0 is the magnetic �eld constant, � N is the nuclear magneton,
� ij is Kronecker's delta with i; j = f a; b; cg and �nally R LM;i and R LM;j are the vector
components i and j of the R LM connection vector.[51,56,60,65] Equation (3.1.20) shows
the strong inverse dependence of the dipolar coupling to the nuclear distance, hence in
closed shell systems it is only only observable when the nuclei are spatially close, in most
cases directly chemically bonded.

In rotational spectroscopy, an e�ective dipolar spin-spin coupling D e�
ij is observed, which

includes the traceless anisotorpic part of the scalar spin-spin coupling� J ij .

D e�
ij = D ij + � J ij =3 (3.1.21)

It is experimentally impossible to distinguish between these two contributions and they
can only be separated by theortical calculations. However, it can generally be assumed
that the scalar spin-spin coupling contribution is signi�cantly smaller than the dipolar
spin-spin coupling in gas phase experiments, and hence it is disregarded.[60,65]

3.2. Benchmarking

A key focus of this thesis and an important part of several projects is benchmarking;
the cross-validation of theory through experimental results. The well-established �elds
of experimental physical chemistry and electronic structure calculation are enjoying a
bene�cial relationship, which has been in place for many decades. Experiment-theory
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validation provides a crucial link between both �elds. [66] Theory can challenge exper-
imental results and provide tools for understanding chemical processes, while the end
goal of quantumchemial methods is a description of reality that has predictive power.
Quantum chemical methods should provide correct values for the right reasons, without
relying on error compensation. For that, the veri�cation of computational predictions
with experimental results is required.

From the perspective of an experimental physical chemist, there are a number of impor-
tant criteria for setting up experimental benchmark data that are suitable for comparison
to theory.

The experiment should emulate the conditions considered in quantum chemical calcula-
tions, namely isolated environments, low temperatures, and often a limited number of
atoms and electrons in the system. In the rotational spectroscopy experiments carried
out throughout the work, this is achieved by isolation of molecular targets in a super-
sonic jet expansion, which cools the compounds to1 - 3 K. However, there are also
obstacles to cross-validation from an experimental perspective, namely the zero-point
motion, which will be a point of discussion in Chapter 5.[66]

To foster a fruitful relationship and use of the experimental data, the experimental ob-
servables need to be suitable for cross validation. This requires a complete determination
of the target parameters and a careful selection of molecular targets. A benchmarking
dataset should be su�cient in size, include a variety of compounds, and, ideally, sub-
groups within the data that show trends when varying a given parameter, interaction,
or moiety.

Of course, a foundational prerequisite for benchmarking is that the parameters are ac-
cessible both to theory and experiment. The experimental method determines which
observables are available. For rotational spectroscopy, the primary observable is struc-
ture through the moments of inertia. The rotational constants are the experimental
indicators for the preferred conformers, binding positions, and even bond lengths and
angles. Comparison of rotational constants is a fundamental step for cross-validating
theory and experiment. It also o�ers guidance for the assignment of rotational spectra.
If multiple conformers are observed, rotational spectroscopy can indirectly estimate the
relative energies between species through the relative abundance.

As is evident from Equation (3.1.10), the NQC is determined by the electric �eld and
can thus be related to the chemical bonds and hybridization of the orbitals. According
to the Townes-Dailey model, the EFG at the nucleus is dominated by p orbitals.[55] Due
to spherical symmetry, the contributions of core orbitals and s orbitals to the EFG are
negligible.[67] The contributions of d orbitals are also small, becauseq is proportional toD

1
R3

E
.[51] The original Townes-Dailey model has been extended by Novicket al. to 4p

orbitals. [68�70] Generally, the Townes-Dailey model provides a direct physical interpre-
tation of the EFG, and by extension the NQC. It allows an estimation of the electron
density de�ciency or excess of each valencepg orbital compared to the isolated atom.
Thus, the model allows insight on molecular bonding properties. A recent example is a
study which uses the Townes-Dailey model to interpret the NQC of nitrogen in planar
systems.[71] This interpretation requires comparison to theoretical values for the unequal
occupation of thep orbitals. [51] Another recent study demonstrates that the non-covalent
halogen bond between bromine and a nearby hydroxyl group causes a distortion in the
local electric �eld that is experimentally accessible through the asymmetry � of the
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3. Theoretical Background

NQC.[52] These examples show that nuclear quadrupoles act as a spectroscopic probe
and NQCCs are excellent secondary parameters for experiment-theory benchmarking
from rotational spectroscopy, as they provide experimental+- access to the electronic
environment, in addition to the molecular geometry.

In the case of magnetic nuclear hyper�ne coupling, their applicability for benchmarking
purposes varies for rotational spectroscopy. Scalar spin-spin coupling is negligible in this
technique; therefore, utilizing nuclear magnetic resonance experiments is more appro-
priate for benchmarking scalar spin coupling interactions. However, dipolar spin-spin
coupling is observable for systems with close range non-zero spin nuclei. As is apparent
from Equation (3.1.20) it provides information on atomic distances, which can be used
to compare to theory.[72] In addition, large amplitude motion in rotating systems causes
a non-degeneracy of states, which allows an experimental �t of rotational barriers and
energetic splitting distances. Since energies computed with the Schrödinger equation are
the fundamental parameter of quantum chemistry, energy barriers and splittings provide
excellent points of comparison with theory.

In general, rotational spectroscopy provides a wide range of parameters adequate for
benchmarking theory. Both the direct structural comparison and the information ex-
tracted from hyper�ne coupling can be used to probe di�erent properties and validate
those predictions from theory.

18



4. Experimental and Theoretical Methods

Figures throughout this thesis were created in Matplotlib,[73] Inkscape,[74] PMIFST, [75,76]

gle,[77] Chimera,[78] Origin, [79] Multiwfn [80] and VMD. [81,82]

4.1. Experimental Techniques

4.1.1. Microwave Experiment

In modern rotational spectroscopy, emission type spectrometers coupled with a super-
sonic jet expansion are popular and were exclusively used in this work. A pulsed super-
sonic jet creates a cold and isolated measurement environment, conditions presupposed
in theoretical calculations. Target molecules are seeded into a pulsed co-expansion with
a carrier gas, which leads to vibrational and rotational cooling.[83] This cooling shifts the
Boltzmann distribution to low quantum numbers, leading to a simpli�cation of the spec-
trum, as lower J levels increase in spectroscopic intensity and can observed experimen-
tally. While the cold conditions of the jet stabilize low energy conformers of the target
molecules, the fast conformational cooling causes higher energy conformers to freeze out
in the jet, allowing observation of room temperature distributions. If a compound pos-
sesses many low energy conformers a large number can be observed simultaneously.[84]

However, conformational interconversion is only prevented if the conversion barrier is
beyond 5 - 10 kJ mol.[85]

In an emission type spectrometer, before any microwave radiation is applied, each molec-
ular dipole rotates randomly, which averages out on a macroscopic level. A pulse of mi-
crowave radiation is applied for a certain period of time, which is called the�= 2 pulse.
This pulse causes the polarization of the gas to form a macroscopic ensemble, meaning
a macroscopically observable dipole, because all rotationally excited microscopic dipoles
are synchronized. The oscillating ensemble emits electromagnetic radiation when it re-
turns to the lower rotational state, which corresponds to the energy between the two rota-
tional states � = J 00� J 0. The free induction decay (FID) is collected by an antenna in the
time domain and transferred to the frequency domain by Fourier transformation.[86]

4.1.2. Broadband Rotational Spectroscopy

Modern chirped pulse FTMW spectrometers are based on the original design by Brooks
Pate.[87] They consist of three fundamental components: a chirped microwave pulse gen-
eration, an interaction chamber for a molecular beam sample, and the FID detection
circuit. This general setup allows e�cient data acquisition through a large spectral
window spanning tens ofGHz. Through the perpendicular arrangement of the molec-
ular beam and the microwave excitation source, this leads to limited retention times
of the target molecules between the antennas in the interaction chamber, limiting the
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FID collection time and hence maximum resolution. Since then, improvements have
been made to the original design to combat this disadvantage,[88] but the COMPACT
broadband instrument in Hamburg, which was personally operated and will be primarily
discussed,[89] follows the original design of Pateet al. closely. The second broadband
instrument from Hartsville that provided data that was analyzed in this project was not
personally operated, so the setup will not be further discussed unless relevant.[90]

Figure 4.1.: Schematic Microwave circuit of the COMPACT chirped-pulse FTMW
spectrometer in Hamburg. The Figure from 2012 and used with permission.[89]

The COMPACT ( COM pact-PassageA cquired CoherenceT echnique) spectrometer in
Hamburg has a resolution of 40 kHz and a spectral range of2 - 8 GHz, the circuit
diagram is shown in Figure 4.1. The pulsed microwave chirp is generated by an arbitrary
waveform generator (Tektronix AWG 7122A) that generates a linear chirp between2 -
8 GHz lasting between100 nsand 5µs. The pulse is ampli�ed by a traveling wave tube
ampli�er (Ampli�er Research 300T2G8) and transmitted into the vacuum chamber using
a microwave horn antenna (Advanced Technical Materials 250-441EM-NF). The sample
is introduced perpendicular to the horn antenna on either side of the chamber from the
top through two pulsed valves (General Valve Series 9). Only a single valve was operated
during the experiments presented in this thesis. Target molecules are seeded into the
carrier gas through a heatable reservoir. The molecules interact in the chamber with the
microwave signal and the gas is polarized. The FID is collected by a second receiver horn
antenna, and the signal is ampli�ed with a low-noise ampli�er (MITEQ Ampli�er AMF-
5F-0200080-15-10P). The oscilloscope (Tektronix DPO 71254A) digitalizes the signal to
perform a fast Fourier transformation to obtain the spectrum in the frequency domain.
To protect the receiver electronics from high-power excitation radiation, a high-power
diode limiter (Aero�ex ACLM-4535) and a solid-state, single-pole, single throw switch
(SPST, Advanced Technical Materials S1517D) precede the sensitive part of the circuit.
All frequency generation components and the oscilloscope card are phase-locked to a
10 MHz Rb frequency standard (Stanford Research FS 725).[89]
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4.1.3. Cavity Rotational Spectrometer - QCUMBER

The QCUMBER ( Quality-Fa Ctor U tilizing M olecular B eam Electronic R esonator) is
a Fabry-Pérot Fourier transform microwave spectrometer based on the original design by
Balle and Flygare in 1979,[91�93] which uses a cavity with a quality factor of Q = 5000.
This narrows the measurable frequency bandwidth to1 MHz, but it decreases the power
requirement for the polarization pulse and enhances the amplitude of the FID signal,
which reduces the overall cost of the required components compared to a broadband
spectrometer. In the QCUMBER instrument, a down-mixing circuit is added to further
lower the price of the components by installing an oscilloscope that operates at radiowave
frequency instead of microwave frequency. The circuit is shown in Figure 4.2.

Figure 4.2.: Circuit of the QCUMBER Fabry Pérot cavity instrument from Götttingen
in its current con�guration.

When conducting a measurement, the microwave signal generator (Helwett-Packard
8673H, 5:4 - 18:0 GHz, 1 in Figure 4.2) generates a tunable microwave signal30 MHz
below the target measurement frequency� . The signal is transferred to the measurement
side of the circuit with a single pole double throw switch (SPDT, SMT SFD0526-001,2)
to a single sideband mixer (MITEQ SMO226LC1A, 3) where it is upconverted to the
measurement frequency� . For that, the 10 MHz frequency generated by the rubidium
oven frequency standard (SRS Stanford Research Systems odel FS725, 4) is tripled by a
frequency trippler (Wenzel Associates LNOM-10-3-13-13-A-A multiplier, 5). The output
of the single sideband mixer is the sum of the local oscillator frequency (� � 30 MHz)
and the radio frequency (30 MHz). This up-conversion is necessary because the signal
of � � 30 MHz is used on the detection side of the circuit and the microwave synthesizer
cannot change its output frequency on the timescale required for the experiment, while
the SPDT switch 2 provides the required speed. The mixer output signal� is attenuated
by an attenuator (Agilent MY46150237, 6) to avoid putting too much power into the
cavity, as the following ampli�er (Hewlett Packard 83017A, 1 W, 7) cannot be set to
a speci�c output power and simply ampli�es the signal. Another SPDT switch (SMT
SFD0526-001, 8) with a 50 
 terminator precisely times the length of the excitation
signal transmitted to the vacuum chamber 9 through a 1 cm wire antenna.
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The heart of the stainless steel vacuum chamber is the resonator, a near confocal Fabry-
Pérot cavity consisting of two spherical mirrors (10) with a diameter of d = 25 cm and
a radius curvature of 30 cm. The far mirror is mobile and a stepper motor (Kollmorgen
CTP12ELF10MMA00) moves it controlled by a stepper motion control device (National
Instruments, PCI 7344). An encoder (Avago Technologies, HEDL-5500) ensures correct
positioning of the mirror. The vacuum chamber is evacuated by an oil di�usion pump
(Blazers Dif 250, 11) backed by a two stage rotary vane pump (Electromotors LTD LC
motors BS 5000-11). The pressure is controlled by a pressure gauge (Pfei�er vacuum
PTR91) on top of the chamber which engages the di�usion pump below a pressure
threshold of 4:5� 10� 3 mbar. The sample is expanded into the resonator through a nozzle
in the stationary mirror with a pulsed valve (Parker Hanni�n Corporation, General Valve
Series 009) that is controlled by a valve controller (General Valve Corporation, IOTA
One Pulse driver, 12).

The FID containing the molecular signal � � � is collected by a the receiver antenna
and ampli�ed by a low noise ampli�er(MITEQ Ampli�er, JS4-02002600-28-5A, 15V,
13). The sign of the molecular signal� � indicates its red or blue shift around the
center frequency� . Through a SPDT switch 14, the receiver circuit is protected from
high-power excitation signals, as the diode detector (Agilent, Hewlett-Packard,0:01 -
26:5 GHz15) is capable of operating at much higher power. The diode detector is used
to tune the cavity by moving the mirror into a position to achieve a standing wave at
the measurement frequency. The FID signal is transferred to a single sideband mixer
(MITEQ IRO226LC1A, 16), that down-converts the signal to 30 MHz+ � by subtracting
the � + 30 MHz frequency generated by the microwave synthesizer from the molecular
signal. The molecular signal� � is phase-shifted by90� depending on its sign. A30 MHz
band pass �lter (Reactel 384-30-1 S11, 17) extracts a narrow spectral window between
29 - 31 MHz. The signal is ampli�ed once more by a variable gain block ampli�er
(Mini-Circuits ZLF-1000G, 18). An in phase/quadrature demodulator (I/Q, MIQC-
60WD, 19) performs a second down-conversion into radio frequency range by taking
a 25 MHz signal from a radio frequency synthesizer (Hewlett Packard 8656B, 20) as
input. The I/Q demodulator has two phase separated outputs 5 MHz + � , containing
the red and blue shifted molecular signals, respectively. After applying another5 MHz
low pass �lter (Mini-Circuits Model SLP-5, 21) to the signals, both are detected by
the oscilloscope (National Instruments, PCI-5114, 22). The switches are triggered by
an attenuator/switch driver (Hewlett-Packard, 11713A Attenuator/Switch driver) and
powered by six single output DC power supplies (Agilent, U8001A,0 - 30 V, 3 A) running
at 5 V, 12 V, and 15 V. The system is controlled with a National Instruments control
box (NI PXI-1045) through a DELL PC that runs the FTMW++ software by Jens-Uwe
Grabow.

As of the completion of this thesis, the electronics of the microwave circuit has been
updated, the microwave signal generator was replaced (Helwett-Packard 8340B Syn-
thesized Sweeper,0:01 - 26:5 GHz, 1), as was the control box (NI PXIe-1085). The
down-conversion circuit now mixes in a radio frequency of20 MHz. Therefore, the �lter
17 was removed entirely, as the signal is su�ciently stable. However, the measurements
discussed in this thesis were conducted with the prior con�guration.

The instrument was moved to Göttingen in autumn 2020 from Jens-Uwe Grabow's lab-
oratory in Hannover. Several adjustments and repairs were required to get the QCUM-
BER operational, which took about a year due to shipping delays caused by the COVID-
19 pandemic. All repairs and modi�cations were made in conjunction with Daniel Oben-
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chain, the machine workshop, and the electronic workshop of the University Göttingen.
To operate the QCUMBER in the new laboratory space, a new power box was built.
The power supply contains a control circuit that automatically turns on the heating of
the di�usion pump below a pressure threshold of4:5� 10� 3 mbar. The shut-o� procedure
was set on a clock, which turns o� the roots pump 45 min after the di�usion pump to
allow the oil to cool. The system is connected to a water guard, which detects if the cool-
ing water is running and whether any leaks occur, to initiate an automatic emergency
shut-down if required.

A new stepper was installed, including an encoder to track the position of the mirror.
This caused an issue and delay, as, unlike stated in the manual, the holding current of the
motor did not decrease as described, leading to overheating of the motor under vacuum
conditions. A new stepper motor had to be ordered and installed. For communication
with motion devices, the machine workshop manufactured a new vacuum feed-through.

The system was also upgraded once operational to enable additional measurements.
Together with the machine workshop, the hysteresis of the stepper motor was reduced
with a spring system that pushes the moving mirror plate against the movement spindle
and reduces the hysteresis of the motor upon changing direction. This upgrade was
installed to help set up automatic tuning and scanning capability of the cavity within
the FTMW++ program, which requires precise positioning of the mirror with high
replicability.

Figure 4.3.: Schematic of mass �ow controlled mixing system. The triangular symbols
are ball valves, an added T-shape designates a needle valve.

Moreover, a mass �ow system was designed and installed in the gas line system of the
laboratory. This was built as an upgrade for the QCUMBER, any other spectrometer in
the lab space, and a possibility to mix custom carrier gas samples for other instruments.
A schematic of the mixing board designed in cooperation with the IPC machine workshop
is shown in Figure 4.3. The setup is designed to mix an inert carrier gas of choice (50 L,
1 in Figure 4.3), in most cases a noble gas such as helium, neon, or argon, with a fuel
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gas from a gas tank (50 L, 3) or a small lecture bottle (1 L, 2). The gas �ow is regulated
to 5 bar before being led into the mixing system. Both large supply tanks 1 and 3 have
a bypass to use directly on the spectrometer. When mixing two gases, the user has to
choose between fuel gas from the lecture bottle 2 or fuel gas tank 3, these two gases
cannot be mixed with each other and require di�erent connections in the gas bottle
cabinet if desired.

Fuel gas �ow and carrier gas feed are controlled by two mass �ow controllers, respectively
(Alicat Scienti�c, MC-500SCCM-D-MXM-SA/5M, 0-500 SCCM, 4; Alicat Scienti�c,
MC-2SLPM-D-MXM-SA/5M, 0-2 SLPM, 5). Each mass �ow controller is calibrated for
the most common carrier gases in addition to a calibration curve speci�cally for molecular
hydrogen gas. Both controllers are powered by a gas mixing system board (Alicat
Scienti�c, MXM-SA-KIT-FUSION), which is connected to a measurement computer for
control and tracking of the gas �ow. Pressure is regulated by a pressure gauge (Alicat
Scienti�c, P-100PSIG-TFT-DB15-MIXMOD-410319-MXM-SA/5P, 10 bar, 6), which is
also connected to the system board and can be read through the software. A mixing
tank (Swagelok, SS-CYLINDER-304L-150CC, 7) is used to properly mix the gases, as
well as provide extra volume to allow faster mass �ow when mixing gases for mixing
bottles.

Pressure can be vented from the system through an exhaust line (8), which leads any
combustible gas directly into the gas bottle cabinet for disposal. A rotary vane pump
(Edwards, E2M28, 9) is used to evacuate the system to prevent contamination of the
gas mixture by previous uses with other gases. A third mass �ow controller (Alicat
Scienti�c, MC-10SCCM-D-I/5M, 0-10 SCCM, 9) controls the gas �ow to the instrument
nozzle. All connections and valves shown in Figure 4.3 were purchased from Swagelok.

4.1.4. Experimental Analysis

Within the rotational spectroscopy community, several open source computer programs
are used for the analysis of microwave spectra. The rotational spectrum of an asym-
metric top can most often be described by a rigid rotor Hamiltonian supplemented by
centrifugal distortion terms. Furthermore, in this work a description of additional spin
coupling from nuclear spin quadrupoles and spin-spin coupling was required. Of most fre-
quent use in the high resolution spectroscopy community is the Hamiltonian implementa-
tion from PICKETT [94] in conjunction with its graphical interface SPFIT/SPCAT, [75,76]

PGOPHER, [95] which includes an automatic �tting routine called AUTOFIT, [96,97] and
XIAM [98,99] and its modi�ed version XIAM_mod, [100,101] which is used for treatment of
large amplitude motion coupling. In this work, Pickett's SPFIT/SPCAT program suite
was primarily used in conjunction with a large resource of auxillary programs provided
by Kisiel to download from his website called PROSPE
(http://info.ifpan.edu.pl/ kisiel/prospe.htm).

The SPFIT/SPCAT program suite, henceforth referred to as PICKETT unless a dis-
tinction is required, is a tool for analyzing broadband spectroscopic data by calculating
energies and intensities of rotational transitions for asymmetric and linear rotors. PICK-
ETT allows for up to 999 vibrational states and up to 9 spins coupling in the system.
The program does not distinguish between electronic and vibrational states or between
electronic and nuclear spins. In SPFIT, experimentally observed transitions are �tted
to the Hamiltonian terms, taking experimental frequencies, assigned quantum numbers,
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and a de�nition of the rotational constant parameters required for the system with an
initial guess value as input. SPCAT uses spectroscopic constants and computational
dipole moment components to predict line positions and intensities. In conjunction,
both programs are used to iterate on an assignment until the �t converges. For an
overview of the spectroscopic variables �tted in this thesis, refer to Appendix A.1.

The Kisiel STRFIT program [75,76,102] is used to determine the experimental bond lengths
and angles, based on isotopic substitution data. STRFIT performs a non-linear Levenberg-
Marquardt least squares �tting procedure to determine the internal coordinates directly
from the moments of inertia. As input, the program requires a geometry guess with a
suitable connectivity scheme to �t all desired structural parameters. STRFIT can �t
�ve di�erent types of geometries: Ground state geometriesr0 directly from experimen-
tal rotational constants, ground state constants supplemented by harmonic vibration-
rotation contributions r z, a semi-experimental equilibrium geometry r se

e from experi-
mental ground state constants which were corrected by anharmonic vibration-rotation
contributions, geometries �tted from ground state and structural vibration-rotation cor-
rections from an external modelr av

0 and several mass-dependent, semi-empirical geome-
tries r (1)

m or r (2)
m from ground state constants in accordance with Watson.[103,104] This

work focuses on ground state geometriesr0, mass-dependent geometriesr (1)
m and semi-

experimental equilibrium geometry r se
e as these provide an interesting comparison to

geometries obtained by quantum chemical calculations.

If a correction for rovibrational contributions is not desired, the e�ective structure r0

can be calculated directly through a least square �t of the di�erences of moments of
inertia. The observables are the principal moments of the parentI g

0 (1) and each of
the k isotopologuesI g

0 (k); g = f a; b; cg; k = f 2; :::; ng, making this a purely empirical
structure �t assuming a rigid-rotor model. Fitting either I g

0 (k) � I g
0 (1) or I g

0 (k) directly
yields the same result. Each isotopologue provides three degrees of freedom to �t, pro-
vided the molecule is not planar, in which case two degrees of freedom are �ttable per
isotopologues. The rovibrational contributions are usually 1% or less compared to the
moments of inertia. With the exception of very small molecules with limited indepen-
dent structural parameters, almost all mono-substituded isotopologues are required for
an accurate e�ective structure �t. If these are not available, the internal parameters
must be kept constant at assumed values through quantum chemical means.[104] As the
contributions of zero-point vibrations are disregarded in the rigid-rotor model, they can
cause anomalies inr0 structures.[103]

Instead of probing the ground-state structure, one can also perform a least square �t
utilizing a back correction of the observed moments of inertia to get a semi-experimental
equilibrium structure. On the basis of the Born-Oppenheimer approximation, an equilib-
rium structure is determined on the potential energy surface. To perform a vibrational
correction of the experimental ground state rotational constants, either extensive ex-
perimental work is required by measuring rotational constants of vibrationally excited
states through techniques such as Raman spectroscopy, which is a purely experimental
approach. Alternatively, the vibrational correction can be computed, which was a pro-
cedure that was performed in this thesis. For this purpose, the experimental rotational
constants A0 were corrected by isotopologue dependant �rst-order vibration-rotation
constants � G according to:
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Ase
e = A0 +

1
2

� A

B se
e = B0 +

1
2

� B

Cse
e = C0 +

1
2

� C

(4.1.1)

Semi-experimental rotational constantsAse
e are used to determine a semi-experimental

equilibrium structure of very high accuracy, provided the number of experimental iso-
topologues is su�cient, as is required for all experimental microwave structures.[104,105]

A semi-experimental approach to determine equilibrium structures avoids large errors
both on the experimental and theoretical side. An entirely experimental approach suf-
fers from Coriolis resonance problems, making the use of a linear, lowest-order expansion
used in Equation (4.1.1) invalid. An entirely theoretical approach su�ers from the fact
that the vibrational corrections to rotational constants are about two orders of magni-
tude smaller than the constants themselves, hence a semi-experimental approach will
usually outperform a purely theoretical approach, as the error of 5% for the correction
will usually converge to a satisfactoryr se

e , while a 1% error in purely computational con-
stants is not competitive in comparison. Most accurate equilibrium structures are very
computationally expensive, especially with a larger system size. For these reasons, semi-
experimental equilibrium structures are a good compromise, balancing computational
cost and experimental e�ort. [104]

Instead of a computational approach to correcting the rovibrational contributions to the
moments of inertia, the correction term � g

0 is �tted according to:

I g
0 = I g

e + � g
0 for g = f a; b; cg with I g

e = I g
rigid (re) (4.1.2)

The �rst term of Equation (4.1.2) is a �rst degree homogeneous function in atomic
masses, while the principal correction term� g

0 is a function of degree1=2. Through the
application of Euler's theorem of homogeneous functions, theI m moments of inertia
are obtained, which approximate the I e moments of inertia and are used for �tting a
mass-dependentrm structure. This method su�ers from �nite isotopic mass di�erences
�m i , leading to an error compilation when approximating I e with I 0 rather than error
compensation, leading to distortions in rm structures relative to equilibrium structures
re. Watson and co-workers expanded on this method by using explicit functions� g

m of
degree1=2 to model � g

0.[103] Watson introduced an isotope independent scaling parameter
cg in the r (1)

m model to �t the structure to:

I g
0 = I g

rigid (rm) + cg �
q

I g
rigid (rm): (4.1.3)

In an attempt to correct � g
0 for small masses, where it is often negative, a second scaling

term dg based on the reduced masses is introduced in ther (2)
m model.

I g
0 = I g

rigid (rm) + cg �
q

I g
rigid (rm) + dg �

�
m1m2:::mn

M

� 1
2n � 2

(4.1.4)

with g = f a; b; cg, mk the atomic mass of the particular isotopologue andM the total
molecular mass.[103,104]

Ultimately, the structures obtained with molecular structure �tting probe di�erent parts

26



4.1. Experimental Techniques

of the potential energy surface (see Figure 4.4) and take di�erent approaches to back-
correct the moments of inertia to approach the equilibrium structures, as outlined above.
For the purpose of benchmarking the equilibrium structure from theory, semi-empirical
structures provide a lot of value, as this �tting method approaches the re structure. As
the r se

e �ts are based on computational input, further benchmarking of r (n)
m structures

and uncorrected ground state structures is also of value as a cross-comparison.

Figure 4.4.: Schematic visualization of di�erent structure �tting methods on a one
dimensional potential energy surface. Orange: Semi-experimental equilibrium structure.
Blue: Mass-corrected structure. Red: Substitution structure. Green: vibrational ground
state structure.

In contrast to the numerous models that perform least square �ts of the experimentally
and computationally obtained moments of inertia, Kraitchman developed a substitu-
tion method r s that yields the absolute Cartesian coordinates of the replaced atom.
Kraitchman's equations are derived from the planar momentsPg

e of the rigid equilib-
rium structure, which remain unchanged upon substitution. These are inaccessible for
experiment; hence the ground state constants are utilized and it is assumed that the zero-
point contribution � = I 0 � I e is invariant upon isotopic substitution. The Kraitchman's
equation derived for a general asymmetric non-planar top is given by:

jaj =

s
� Pa

�

�
1 +

� Pb

I a � I b

� �
1 +

� Pc

I a � I c

�
(4.1.5)

� Pa =
� � I a + � I b + � I c

2
(4.1.6)

� =
M � m

M + � m
(4.1.7)

with the planar moment Pg, the moment of inertia I g, the reduced mass of the substitu-
tion � , the mass of the parentM , and all di�erences � de�ned as a subtraction of the par-
ent value from the substituted isotope, such as the mass di�erence� m = M iso � M parent .
To obtain the three Kraitchman equations for all principal coordinates, the principal axis
subscripts a; b; care cyclically permuted.[51,104]

Kraitchman's equations are simpli�ed for planar asymmetric molecules with the c axis
perpendicular to the molecular mirror plane and the third Cartesian coordinate equal
to zero.[51,104]
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jaj =

s
� Pa

�

�
1 +

� Pb

Pb � Pa

�
(4.1.8)

jbj =

s
� Pb

�

�
1 +

� Pa

Pa � Pb

�
(4.1.9)

jcj = 0 (4.1.10)

In both planar and non-planar cases, the sign of the coordinates has to be guessed based
on prior knowledge of the geometry from quantum chemical calculations and chemical
understanding of the structure. The resulting coordinates also need to obey the �rst-
and second-order moment of inertia conditions from the de�nition of the moment of
inertia tensor.[51,104]

Kraitchman's single isotope substitution method, both for planar and non-planar molecules
is implemented in the KRA program belonging to Kisiel's program library. [75,76] The
KRA program also includes error propagation from the experimental rotational constants
and an addition of a mass-dependent error according to Costain's rule.[51,104,106�108]

4.2. Computational Methods

Quantum chemical predictions are imperative for a fast and reliable interpretation and
assignment of rotational transitions. All calculations performed in this work utilize the
Born-Oppenheimer approximation, treating the nuclear and electronic wave functions
separately.

4.2.1. Structural and Conformational Search - CREST

Many systems in this work include weakly-bound heterodimers, which have a �at po-
tential energy surface and a large conformational space. The conformational search for
these systems needs to be performed by automated searching algorithms that scan the
potential energy surface using low-cost methods as is possible with the CREST program
(Conformer-R otamer EnsembleSampling T ool) CREST was developed to sample the
chemical space and generate a thermodynamic ensemble of all relevant low-energy con-
formers using the iMTD-GC algorithm. [109], which is a meta dynamics simulation. The
potential energy surface is sampled with the GFN2-xTB[110] functional to �nd local min-
ima and a history-dependent biasing potential that depends on the root mean square
deviation between structures. If molecular clusters are of interest, an NCI-MTD routine
prevents a dissociation through the introduction of an ellipsoid potential. The restraint
is removed during the geometry optimization step. The generated ensemble of structures
can then be utilized in further optimization steps in ORCA to obtain a full set of local
minima.

4.2.2. Structure Optimization

Equilibrium structure calculations and single-point calculations were performed in ORCA
4.2.1 and ORCA 5.0.4. Anharmonic rovibrational calculations and dihedral scans were
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performed in Gaussian 09, Revision D.01 and Gaussian 16, Revision C.01.

Density functional theory (DFT) is ubiquitously used by rotational spectroscopist as
a quantum chemical tool; hence, a number of methods have been chosen from a vast
amount of DFT methods. In DFT approaches to the energy of a system is expressed
by approximating the electron probability density. [111] The main shortcoming of DFT is
its tendency to underestimate long-range dispersion interactions, which is particularly
relevant for larger molecules and complexes. DFT calculations can be classi�ed into
broad categories local density approximations (LDA), generalized gradient approxima-
tions (GGA), meta-GGA, and hybrid approaches.[112,113] The lowest level of theory cho-
sen in this work are the B97[114] and BP86[115,116] GGA methods. Meta GGAs improve
upon GGAs by approximating exchange energy through KS kinetic energy densities, an
example used in this work is B97M.[117]

Instead of Kohn-Sham kinetic energy densities, one of the most popular approaches are
hybrid functionals that mix in a �xed fraction of the Hartree-Fock exchange energy,[113]

the most widely used one is the B3LYP functional.[116,118,119] Moreover, this can be
combined with calculations of the correlation energy through wave function methods
to improve hybrid functionals. The correlation energy is determined by using relatively
cheap wave function methods such as Møller-Plesset perturbation theory (MP2).[120] The
resulting so-called perturbation corrected double-hybrid functional B2PLYP[121] was also
tested in this thesis.

As an alternate approach to density functional theory, wave function theory was used,
mainly second-order Møller-Plesset perturbation theory. It is an HF approach that
consecutively introduces terms for singly excited and doubly excited states as pertur-
bations of the ground state con�guration to compute the correlation energy of the
ground state.[111,120] Another higher cost ab initio method that was used in this thesis
is CCSD(T), a coupled cluster method which relates the exact electronic wave function
and the HF wave function through a cluster operator that describes the single excitation,
double excitation etc. until truncation. [111,122,123]

As mentioned, main weakness of DFT methods is their inability to properly describe
long-range London-dispersion interactions which decay with the atomic distancer � 6.[124�126]

One of the most popular methods to correct for this error is Grimme's DFT-D3[127�129]

correction. Correction terms of powerr � 6 and higher depend on the pair-wise distance of
atoms in the structure and take into account the coordination number of each atom. The
dispersion coe�cients are empirically parameterized for each functional. To accurately
model short-range components, a damping function DFT-D3BJ was introduced.[127,128]

A recent extension is DFT-D4, which was introduced to treat ionic species.[130,131] It in-
cludes an atomic charge dependence for the dispersion coe�cients and also has a default
three-body term, which is optional for DFT-D3BJ. [132]

The selection of functionals is matched with a number of di�erent basis set families to
describe the electronic wave function. A common all-purpose basis set for both DFT and
wavefunction theory calculations is the Karlsruhe basis sets, with augmented def2 basis
sets available at the triple zeta and quadruple zeta levels of theory.[133�136] Another fam-
ily are the x2c basis sets, which are a relativistic all-electron basis sets available in ORCA
5.[137,138] To perform a relativistic treatment, the scalar relativistic Douglas-Kroll-Hess
(DKH) approach was used.[139,140] For MP2, Pople basis sets based on Gaussian-type
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orbitals are optimized and argumented with di�use s- and p-functions.[141�143] Further-
more, correlation consistent Dunning basis sets, such as aug-cc-pVTZ and cc-pVQZ were
used in conjunction with WFT methods. [144�150]

In addition to structure optimizations, the second-order derivatives were determined to
compute the anharmonic frequencies and zero-point energies and anharmonic vibrational-
rotational coupling. This served to predict the vibrationally averaged rotational con-
stants and predictions for equilibrium values of centrifugal distortion constants.[151�160]

The computation was performed with B3LYP following optimization in Gaussian 16.

4.2.3. Python Programming

As data processing is a crucial part of benchmarking, a Python class was developed to
interface with ORCA and several other essential microwave spectroscopic programs from
the PROSPE website. Python[161] is an interpreted interactive and object-orientated
programming language. These features are important for clear syntax and allow the code
to be executed directly without conversion to machine language. Python's interactivity
allows for changes in an already running code which is convenient for debugging. User
input can be requested and improves the user experience. As Python is object-oriented,
everything is initiated as an object which can communicate with other objects. Objects
contain both data and code for the de�nition of routine procedures. If an abstract
template of an object is de�ned, this is called a class.

The main goal of the code is to read the Cartesian coordinates in various formats,
allowing for various transformations required for everyday use in rotational spectroscopy.
For that purpose, a Python class, called GeometryClass, was written. This class can read
several di�erent �les which contain molecular geometry, speci�cally ORCA output �les
from both geometry optimizations and single-point calculations, .xyz �les, crest output
�les, and str�t output �les. Atomic masses are automatically set to the parent masses
of the most abundant isotope according to NIST. A number of generic transformations
can be done by the user, such as the rotation of the geometry into the PAS, changing
the order of atoms and the atomic masses, adding and removing atoms, and similar
operations. If desired, a summary of all spectroscopically relevant parameters can be
printed as formatted for Pickett. This includes the nuclear quadrupole coupling constants
in the PAS, as ORCA merely provides the electronic �eld gradient. The transformation
can be performed using the nuclear quadrupole moment in the literature or the e�ective
nuclear quadrupole moment provided by Bailey.[53] Additional wrapping functions also
include code that accepts many input �les to collect computational results for further
data analysis.

Beyond modi�cations to the Cartesian coordinates, the geometry data can also be trans-
formed to di�erent types of outputs. This includes Cartesian .xyz �les for input into
graphical interfaces, calculation of internal coordinates, and transformation into in-
put �les for ORCA based on a template �le, STRFIT and Gaussian. For speci�ca-
tions, check the documentation in the docstrings provided in the GitLab repository at
https://gitlab.gwdg.de/m.dohmen/orca-output.
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5. Nuclear Electronic Quadrupole Coupling
of Chlorine in Complexes

This chapter is largely based on Dohmen, R., Fedosov, D., Obenchain, D. A.Phys. Chem.
Chem. Phys., 2023,25, 2420-2429.[162]

5.1. Introduction to Benchmarking Electronic Nuclear
Quadrupole Coupling of Chlorine

Nuclear electronic quadrupole coupling (NQC) is the most common nuclear hyper�ne
coupling interaction that is observed in rotational spectroscopy. The investigation of
nuclear quadrupole coupling constants (NQCCs) for the purpose of benchmarking the-
oretical calculations o�ers a range of comparisons. Through its direct relationship with
the electric �eld gradient (EFG), as laid out in Chapter 3.1.2, the electronic nuclear
hyper�ne structure allows insight into the electronic environment around the nucleus,
probing the impact of both the description of valence and core electrons. Naturally,
the molecular geometry is the primary observable in any rotational spectrum, since it is
derived from the rotational constants. The structure primarily depends on the valence
electrons. The NQC provides insight into the core electrons due to its dependence on
the EFG and the valence electrons through the projection of the coupling tensor into
the principal axis system (PAS).

Many heteroatoms common in chemical and biochemical compounds possess a nuclear
spin I � 1, such as nitrogen, sulfur, and chlorine.[163] For the purpose of benchmarking
NQCCs, chlorine is an excellent target, as it can easily �t into a series of chemically
similar compounds that are comparable through substitution with other halogens. The
most abundant isotope of chlorine is35Cl, which has a nuclear spin ofI = 3=2 and a
nuclear quadrupole moment ofQ

�
35Cl

�
= � 81:7(8) mb, whereQ is the intrinsic nuclear

quadrupole moment and mb is milli-barn.[164] The only stable minor isotope 37Cl has a
natural abundance of 24.24(10)%, a nuclear spin ofI = 3=2 and a quadrupole moment
of Q

�
37Cl

�
= � 64:4(7) mb.[165]

Naturally, previous e�orts exist to benchmark the EFG with NQCCs determined by
rotational spectroscopy. A prominent �gure in the �eld was William C. Bailey, who
performed extensive benchmarking for a wide range of common heteroatoms with a
nuclear quadrupole moment, such as boron, bromine, deuterium, nitrogen, sulfur, and
chlorine.[53] For chlorine, Bailey established a linear correlation between the NQCCs
predicted by B1LYP/TYV(3df,2f) [115,166] and the experimental coupling constants of
22 molecules. He established an empirical correctionQe� called the intrinsic nuclear
quadrupole moment for the interaction between the quadrupole moment with the EFG.[167]

The experimental reference data set is comprised of a diverse range of chlorine-containing
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5. Nuclear Electronic Quadrupole Coupling of Chlorine in Complexes

compounds to re�ect a multitude of bonding environments. Bailey also made his bench-
marking database easily accessible on his website http://nqcc.wcbailey.net.[53] This al-
lowed him to regularly update his test data until his passing in 2021, as he was known
to add any data on experimental NQCCs published in the literature and at conferences
to his test sets.

However, Bailey's work focused exclusively on monomer structures, excluding chlorine-
containing species with weak intermolecular dispersive interactions. Since weakly-bound
complexes containing chlorine have been studied experimentally, this presents an oppor-
tunity to extend Bailey's benchmarking e�orts to complexes.[35�37,168�184] The experi-
mental data from the literature provides a foundation for reviewing the predictive power
of quantum chemical calculations for non-covalent interactions by probing the EFG and
the accuracy of the geometry through a secondary spectroscopic parameter that is very
sensitive to accurate geometry description.

5.2. Selection of Molecular Targets

To select molecular targets for this dataset, the literature was searched extensively for
molecular targets. Especially with the rise of broadband microwave spectroscopy,[87]

weakly-bound complexes have become more easily accessible experimentally, although
not all systems published in the literature are suitable for the benchmarking data set.
The �nal choice includes 20 complexes that are listed in Table 5.1, each had to ful�ll all
selection criteria set for the data set.

This project speci�cally targeted chlorine as the nuclear quadrupole of interest as an
extension to the experimental investigation of chlorobenzaldehyde discussed in Chapter
6. While Bailey collected data on a broad range of quadrupolar nuclei, for this project,
each system required at least one chlorine nucleus.

All chosen systems contain weak intermolecular interactions with varying strengths,
ranging from van der Waals interactions to hydrogen bonds and interactions with weak
covalent character. Within the dataset, there are several subgroups that share a monomer
in the complex to compare interactions between the binding partners. The subgroups
provide a trend within the data set that is useful for benchmarking purposes, as discussed
in Chapter 3.2. The largest group of systems contains organic molecules with a covalently
bound chlorine atom. The two main organic binding partners are 2-chlorothiophene
and chlorotri�uoromethane, which interact with a range of molecules. In particular,
chlorotri�uoromethane has been extensively studied by Caminati et al.[180�184] with
several organic and inorganic compounds as binding partners. In broadband rotational
spectroscopy, van der Waals complexes with a carrier gas, especially for larger noble
gases such as argon, are observed. Hence, reports can be found in the literature of argon
complexes with small diatomic species such as HCl as well as larger systems. The third
group of interactions are the transition-metal complexes that consist of chlorine salts.

To reduce computational cost, the number of systems containing heavy atoms such as
gold, xenon, and krypton was limited. In addition, heavy molecular targets are not
readily accessible in the gas phase, and hence the experimental investigation in the
literature is sparse.
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5.2. Selection of Molecular Targets

Lastly, for all structures, a full experimental description of the NQCC tensor of chlorine
is required, both diagonal and o�-diagonal elements. The full tensor is needed for the
conversion of the NQCCs into a local axis system, in this case the nuclear axis system,
to compare the electronic description around the nucleus with theory. This criterion
restricted the number of eligible experimental structures. Many systems have symmetry
elements such as a mirror plane that collapse the NQCC tensor to one non-zero o�-
diagonal element, which simpli�es the analysis.
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Table 5.1.: Rotational constants and NQCCs of chlorine containing weakly-bound complexes from literature. All values in MHz.

structure A B C � aa � bb � cc � ab � ac � bc reference

Ar ClFa 0 1327.113 0 � 140:869 - - 0 0 0 [168]
Ar HCla - 1678.511b - � 23:027 - - 0 0 0 [176]
Ar 2 HCla 1733.857 1667.932 844.491 � 28:123 12.471 15.658 0 0 0 [178]
Ar 3 HCla 0 843.8974 0 � 31:008 - - 0 0 0 [179]
CF3Cl Ar a 3373.118 988.2529 879.5788 36.57 � 75:485 38.915 15.4 0 0 [180]
CF3Cl CH3F

a 21826 728.2164 702.9987 � 73:3 34.05 39.25 29 0 0 [181]
CF3Cl CO2

a 2985.3104 890.7548 780.1095 2.617 � 41:1605 38.5435 52.89 0 0 [182]
CF3Cl DME a 11738 595.399 565.836 � 76:587 39.5235 37.0635 � 0:44 0 0 [183]
CF3Cl OCH2

a 27295 787.4896 764.373 � 73:91 34.695 39.215 22.96 0 0 [184]
F2CCFCl NH3

a 2236.0689 1317.19498 1219.63324� 21:817 � 14:4725 36.2895 55.9 10.3 12 [169]
Fluorobenzene HCl 1863.8635 1107.99873 918.09242 � 36:6494 10.9547 25.6947 30.48 0 0 [170]
H2 AgClc 1588778.3 3453.034 3443.7141 � 31:608 15.232 17.384 0 0 0 [35]
H2 AuCl c 1209646 3297.117 3287.332 � 41:6877 18.581 23.107 0 0 0 [37]
H2 CuCl - 4781.8759b - � 24:43 - - 0 0 0 [36]
HCCH CH2ClFa 5262.899 1546.8071 1205.4349 28.497 � 65:618 37.121 � 22:2007 0 0 [171]
HCCH ClHCCF 2

a 2671.139543 988.154084 721.384869 36.22802� 72:54615 36.31813 20.5876 0 0 [172]
HCCH ClHCCH2

a 5679.6182 1523.02024 1200.10948 35.7483 � 67:1371 31.3888 11.2 0 0 [173]
HCCH H2CCFCla 9147.85663 889.015856 811.975763� 70:63491 37.3203 33.31461 12.356 0 0 [174]
Kr HClc 0 1200.62374 0 � 29:2376 - - 0 0 0 [175]
Xe HClc 0 989.26113 0 � 34:67 - - 0 0 0 [177]

a Included in single point calculations.
b B not in the literature, value for (B + C)=2 given instead.
c No parameterization for Ag, Au, Kr, Xe in 6-311++G(d,p) and 6-311++G(2d,2p) basis sets, therefore excluded from MP2 optimization.
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5.3. Challenges of NQCC Computation in Complexes

Inherently, the primary observables in rotational spectroscopy are the moments of in-
ertia and, therefore, the structure. The molecular structure informs the NQC both
directly through changes in the EFG and indirectly through projection into the PAS.
Hence, an accurate treatment of both structure and EFG is required for the prediction of
NQCCs from theory. Molecular complexes overall tend to be more �oppy than monomer
structures with a �at potential energy surface (PES) that has a large number of local
minima. A mismatch between the actual structure and the computed geometry leads
to error propagation to the NQCCs in the PES. One goal of benchmarking is to test
that a method provides the correct answers for the right reasons to ensure reliability.
This is particularly relevant for weakly-bound systems, which display a range of interac-
tions. A method that provides accurate rotational constants is not necessarily optimal
for providing EFGs and vice versa. Hence, a range of methods established for structure
optimization were tested directly in their predictive power with regard to NQCCs, as
well as calculating the NQCCs from pre-optimized geometries with di�erent methods.

In addition to a less reliable global minimum structure, weakly-bound complexes also
often have large amplitude motions that in�uence the geometry. As the binding ener-
gies are much lower than in covalent bonds, this results in smaller barriers for internal
motion. Internal motion can lead to an incorrect projection of the NQCCs. Although
this issue is not unique to NQCCs, it has to be considered when evaluating NQCC
and the applicability of empirical corrections. This uncertainty accumulates with the
error caused by the comparison of ground state rotational constants with equilibrium
structures already present for monomers.

5.4. Geometry Optimization and Data Analysis

The methods discussed in Chapter 4.2 were used to perform geometry optimization for
the 22 systems selected. An exception are the wave function methods in the cases of
Ag, Au, Kr and Xe, as the Pople basis sets are not parameterized for these atoms. Each
optimized structure was used to calculate the EFG in ORCA 4.2.1.

To analyze the data for each method over the range of structures, the results were directly
compared with the experimental values collected in Table 5.1. As the absolute values
for rotational constants and NQCCs di�er between systems, a unitless Mean Absolute
Relative Deviation (MARD) was de�ned for an observable x for N molecular systemsi .
The MARD provides a relative comparison between the computational prediction and
its experimental value xe;i , which is averaged over the di�erent systems. The deviation
is calculated to evaluate the uncertainty of a given method:

MARD (x) =
1
N

NX

i =1

jx i � xe;i j
xe;i

(5.4.1)

Three key parameters are compared with the experimental observables. To assess struc-
tural accuracy, (B + C)=2 is utilized. For the NQC tensor � ij , a distinction must be
made between the local nuclear axis system� ij ; i; j = f x; y; zg and the rotational PAS
� ij ; i; j = f a; b; cg. As the z-axis in the nuclear axis system is along the steepest gradient
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of the EFG, it is chemically intuitive that it aligns with the chlorine-carbon sigma bond.
The NQCCs are transformed into the PAS through rotation of the tensor. Since the ro-
tational Hamiltonian is de�ned in the PAS, the NQC tensor is de�ned in the same axis
system for the purpose of �tting the experimental parameters and therefore a separate
comparison is required.

5.4.1. Structural Comparison

The geometry optimizations provide an equilibrium structure, hence the computed rota-
tional constants Be di�er from the observed vibrationally averaged rotational constants
B0. For monomers, the back-correction of the experimental ground state rotational
constants to the theory is expected to be� 1(� 1)%. For weakly-bound complexes, the
correction is larger at � 1(� 3)%, as these systems are more �exible.[186] Hence, that is
the level of accuracy to be expected for the rotational constants.

The MARD of the rotational constants is shown as the purple bars in Figure 5.1. As
the lack of dispersion interactions is one of the main shortcoming of DFT methods, it is
unsurprising that B3LYP and Bailey's method B1LYP/VTZ(3df,2d) fail to describe the
geometry accurately when Grimme's D3 or D4 dispersion correction and Becke-Johnson
damping are omitted.[128] In these cases, the MARD shows inaccuracies in rotational
constants beyond10%, with large standard deviations suggesting low precision as well.

The addition of D3 or D4 dispersion corrections drastically improves the calculations;
both B3LYP-D3/def2-TZVPP and B3LYP-D4/def2-TZVPP provide reliable rotational
constants with uncertainties below < 4%. These two methods performed best overall
in predicting rotational constants. There was no signi�cant di�erence between the D3
and D4 dispersion corrections, despite the addition of three-body terms in the D4 cal-
culations. However, generally a similar performance is unsurprising, because the main
advantage of the D4 method is its description of charged species, which are lacking from
the data set.[130] When utilizing MP2 wavefunction theory, a su�cient size of basis set
is required; hence MP2/6-311++G(2d,2p) predicts rotational constants within the er-
ror margin of a Be � B0 comparison, while MP2/6-311++G(d,p) falls short. In this
low computational cost comparison, the success of these methods demonstrates their
high reliability and hence underpins their ubiquity in the spectroscopic community. The
experimental benchmark once again con�rms that these methods provide an adequate
description of weakly-bound systems.[187�190] Nevertheless, each of these �exible systems
with internal motions requires careful investigation on a case-by-case basis to ensure
that the results given are chemically sound and applicable.

5.4.2. NQCC in the Nuclear Axis System

In case of� ij , a distinction between the nuclear and principal axis systems is important.
There exists no previous rigorous study on the accuracy of NQCCs for weakly-bound
dimers. However, Bailey determined an empirical correction ofQe� = 0 :1� 0:9% for 35Cl
containing monomers based on the experimental NQCC of� aa in the PAS. Since � ij is
directly correlated with the nuclear quadrupole moment through � ij; e� = e� Qe� � qij , the
same relative uncertainty is expected for the NQCCs.[53,167]

Through the eigenvalues of the experimental NQC tensor,� xx , � yy , and � zz, examined
in contrast to the computational results, the distribution of electric charge around the
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Figure 5.1.: The MARD for rotational constants and NQCCs calculated directly from
the optimized structures with each method. Error bars are omitted when the values were
too large for a readable depiction. The values can be found in ST1 on Gro.Data.[185]
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chlorine is measurable. A comparison in the nuclear axis system allows for the direct
comparison of the EFG from experiment and theory. The NQCCs are determined after
each optimization directly with the same method and basis set. The NQC component
� zz along the chlorine carbon bond has a MARD ranging between3(7) and 10(7)%,
depending on the method, which is illustrated in Figure 5.1. The best computational re-
sults are provided by B97M-V-D3 and MP2, which are similar in predictive capabilities.
In contrast, the correlation-corrected double hybrid functional B2PLYP is outperformed
by all other methods tested. It is remarkable that B1LYP/VTZ (3df,2d) outperforms
most other methods, despite the large structural errors. Bailey recommended this com-
putational method to calculate NQCCs from trusted monomer structures. The quality
of the calculated EFG suggests that distortion in the electric �eld caused by the defor-
mation of the local geometry through the lack of dispersion correction has little impact
on the EFG. However, since structure and EFG are implicitly linked, the possibility of
error compensation cannot be ignored and will be addressed in Chapter 5.5. Among the
basis sets tested, the x2c basis sets consistently outperform the def2 basis set, regardless
of the computational method.

The second NQC component� xx � � yy describes the electric environment orthogonal to
the chlorine bond axis. The NQC tensor has two independent diagonal values because it
is traceless. This leads to large MARDs for� xx � � yy through the error compounding of
both � xx and � yy . Due to the small values of� xx � � yy , this leads to relative uncertainties
that are much larger than for � zz. Remarkably, non-dispersion corrected B3LYP and
B1LYP outperform other DFT methods to predict � xx � � yy . As previously mentioned,
this may be due to error compensation. Especially in the case of B3LYP, the results for
� xx � � yy must be viewed in conjunction with the MARD of � zz and (B + C)=2. These
two parameters suggest that the overall description of the NQC is poor, as the structure
is unreliable. In comparison, MP2/6-311++G(2d,2p) on average provides predictions of
a similar quality for � xx � � yy , while simultaneously predicting correct geometries, which
makes the electronic description around the nucleus more reliable for the non-dispersion
corrected DFT methods.

5.4.3. NQCC in the Principal Axis System

While the NQC tensor in the nuclear axis frame allows insight into the electronic de-
scription and core orbitals, the formulation of the nuclear quadrupole Hamiltonian is
derived in PAS as discussed in Chapter 3.1. Therefore, the �tting parameters required
for the analysis of a rotational spectrum, � aa and � bb � � cc, are de�ned in the PAS of
the system. Conversion into PAS necessitates the projection of the� ij tensor through
a rotation matrix. This requires knowledge of the accurate geometry, as it informs the
PAS, and the NQC in the local system. As is apparent from the MARD for � aa and
� bb � � cc, methods that do not adequately optimize the structures, such as B1LYP and
B3LYP, show large MARDs for both NQC parameters in most cases. Generally,� aa

is better determined than � bb � � cc. However, for methods that poorly optimize struc-
tures, the uncertainties of NQCCs in the PAS are much larger than for well-optimized
structures such as B3LYP-D3, to the point where they had to be omitted from Figure
5.1 to ensure legibility of the plot. This indicates that the precision of those results is
low and unreliable.

Overall, the MARD for � aa increases compared to� zz. No consistent trend between
methods is apparent when comparing� bb � � cc with � xx � � yy . However, even if the
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projection into the PAS was entirely accurate, the prediction is limited by the accuracy
of � ij in the local axis system. Methods with lower deviations in � xx � � yy therefore
lose accuracy for either� aa or the o�-diagonal elements � ab, � ac, and � bc.

The most robust results for � ij in the PAS are calculated with MP2/6-311++G(2d,2p).
Indeed, addition of di�use functions to the basis set increased the quality of the struc-
tures, which has a signi�cant e�ect on the MARD of the NQCCs, in particular � bb� � cc.
Therefore, wavefunction theory with a di�use basis set appears to be most robust for
predicting NQCCs with a single optimization.

5.5. NQC Analysis with Underlying Common Geometries

As stated previously, NQC is directly linked to the computed geometry, both through
the projection into the PAS and the distortion of the EFG by di�erences in convergence
of bond lengths and angles. It impairs a direct comparison between methods, because
the analysis of whether high uncertainties arise from the geometry convergence or the
electronic distribution at the chlorine atom is di�cult. For certain methods, the average
deviation of the rotational constants is above10%, which is beyond the acceptable errors
for complexes and makes these predictions unsuitable for auto-�tting. To allow a direct
comparison of the NQC calculations, 14 systems were optimized with a small selection
of methods. Optimized geometries were used to predict NQCCs with di�erent methods
and compare the EFG independent of the performance of the methods in predicting
structures. Naturally, the inherent link between NQCCs and structure is still present,
as structure informs the shape of the molecular orbitals, but any systematic errors are
consistent across a relative comparison between methods. The methodology of separat-
ing structure optimization and computation of NQCCs was also applied by Bailey for
monomers, and hence now has been extended to dimers.

The geometries were optimized at levels of B3LYP/def2-TZVPPD, B3LYP-D3(BJ)/
def2-TZVPPD, and B3LYP-D3(BJ)/x2c-TZVPPall-2c. The scope was kept limited
within the B3LYP functional family, as B3LYP/def2-TZVPPD provides poor dimer
structures, while structures converged with B3LYP-D3(BJ)/def2-TZVPPD are good ro-
tational constant guesses at low computational cost. Subsequently, single point cal-
culations were performed with B3LYP/def2-TZVPPD, B1LYP/TZV(3df,2p) [53], and
CCSD(T)/ cc-pVQZ. For example, NQCCs were determined by B1LYP/TZV(3df,2p)
based on an optimized geometry at the B3LYP-D3(BJ)/def2-TZVPPD level. In case of
B1LYP/ TZV(3df,2p), the EFG was calculated and transformed into the NQCCs with
both the nuclear quadrupole momentQ from the literature [191] and the e�ective nuclear
quadrupole moment Qe� determined by Bailey for monomers.[53] Lastly, to compare to
a high-level ab initio method, CCSD(T)/cc-pVQZ was chosen. Since this method is an
expensive method, only a subset of 14 structures was included in the data, as shown in
Table 5.1. Systems with many electrons, namely containing Ag, Au, Cu, Kr, Xe and
�uorobenzene were excluded to limit the computational scope of the project.

The resulting MARDs of the three optimization methods and subsequent NQCC calcu-
lations are shown in Figure 5.2. Naturally, the rotational constants remain unchanged
regardless of the method used for the single point calculation. The direct comparison
demonstrates that the omission of dispersion corrections from B3LYP for calculating
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(a) (b)

Figure 5.2.: Single point calculation of pre-optimized structures. a) optimisation
method in plain text and the single point calculation methods abbreviated in paren-
theses. These are B1LYP/TZV(3df,2p), converted with Q and Qe� according to Bailey,
B3LYP/def2-TZVPPD and CCSD(T)/cc-pVQZ. b) Performance of methods for predict-
ing NQCCs, using structures pre-optimized with B3LYP-D3BJ/def2-TZVPPD.

NQCCs does not improve the results. This is logical from a computational perspec-
tive, as the dispersion correction does not directly in�uence the orbital description but
correct the energy. Other computational decisions such as the choice of basis set and
the method itself are decisive factors in the quality of the NQCCs, but not the disper-
sion correction. Primarily, the EFG is dictated by the environment; hence this suggests
that the lower MARD of � in the nuclear axis system observed in 5.1 is caused by the
distorted geometry. The apparent improvement is not caused by an accurate better
electronic description but simply due to error compensation, resulting right predictions
for the wrong reasons. Therefore, omission of dispersion corrections is an unreliable
method for improving NQCC predictions. When comparing basis sets, B3LYP-D3/x2c-
TZVPP-all-2c improves � zz compared to B3LYP-D3/def2-TZVPP, indicating that the
all-electron description of this basis set provides is advantageous for the predictions of
NQC. Although relativistic e�ects might also a�ect NQCCs, previous literature suggests
that those e�ects are small for chlorine.[192]

Although B1LYP/TZV(3df,2p) lacks precision in geometry optimization due to the lack
of dispersion correction, as mentioned above, it outperforms both B3LYP-D3/def2-
TZVPPD and CCSD(T)/cc-pVQZ when determining � zz. However, the error in � xx �
� yy is the largest compared to the other methods tested, with low precision in the NQC
predictions. If Bailey's empirical corrected Qe� is used to transform the EFG, the accu-
racy of the NQCCs decreases, as shown in Figure 5.2b. This demonstrates that Bailey's
monomer correction is inapplicable to dimers.

The NQCC predictions provided by CCSD(T) are an improvement over all B3LYP cal-
culations, providing the best results for � xx � � yy . However, as seen in Figure 5.2b,
B1LYP/TZV(3df,2p) outperfomrs CCSD(T) when comparing the component � zz. This
result is surprising as CCSD(T) is often described as the gold standard of quantum
chemistry.[193,194] However, this failure can most likely be attributed to the basis set, as

40



5.6. Empirical Correction

cc-pVQZ lacks argumentation with di�use functions. In addition, CCSD(T) calcuations
of non-covalent complexes are improved by the introduction of all-electron, relativis-
tic basis sets.[195] To con�rm this as a relevant in�uence on NQCCs, the data has to be
closely investigated with high levels of theory, which was beyond the scope of the project.
In any case, the �ndings prove that a choice of basis set is of utmost importance for cal-
culating the local EFG, as even low-cost functionals can compete when utilizing a large
basis.

5.6. Empirical Correction

As previously discussed, Bailey conducted an empirical correction of the NQCCs through
the correlation of the experimental � aa with the corresponding EFG element qaa from
theory for monomers. The correction term for the linear correlation according to (3.1.10)
is applied directly to the nuclear quadrupole momentQe� of chlorine. To follow Bailey's
procedure, the complexes were optimized with B3LYP-D3/def2-TZVPPD, as the method
of choice, and the EFG was calculated with B1LYP/TZV(3df,2p). The NQCCs of each
complex was plotted against the corresponding computational EFG component as shown
in Figure 5.3. Due to the lability of weakly-bound systems, the data is much more spread
compared to the rigid monomers of the monomer data set, as previously discussed in
Chapter 5.3.[53] Furthermore, the complex dataset is reduced in size to 14 systems,
compared to monomer training data, which included 22 chlorine-containing monomers
in its correlation. The reduction in quality is apparent through the least squares �t shown
in red, which leads to an empirical correction ofeQe� =h = � 17:3� 1:4 MHz/a.u. for 35Cl
compared to Bailey'seQe� =h = � 19:166� 0:021MHz/a.u. [53] The experimental e�ective
nuclear quadrupole moment Qe� = � 81:568(91) mb is smaller than the experimental
value of Q = � 81:7(8) mb. When applying the argument presented by Bailey for the
discrepancy betweenQ and Qe� , the smaller value of Qe� would suggest that theory
overestimates the EFG because the nuclear spin is shielded by the inner core electrons.
For complexes, the e�ect is ostensibly even more pronounced, as suggested by an e�ective
nuclear quadrupole moment of� 73:4� 5:9 mb. However, this assumes that the in�uences
on Qe� are exclusively electronic in nature, as is assumed for monomers, instead of any
structural in�uences that lead to a fault in the �eld gradient.

The problems introduced through the fundamental approximations made by comparing
equilibrium structures with the experimental vibrational ground state are more severe
for weakly-bound complexes. This approximation poses a particular problem for the
Ar x � HCl group, as three complexes show large deviations from the linear correlation
of the other compounds. The published literature points out a large deviation between
the equilibrium geometry and the ground state caused by large amplitude motions within
the complex.[176] In cases such as this, where the computed equilibrium geometry fails to
approximate the experimental ground state structure, correction of the NQCCs through
a single parameterQe� falls short. If argon complexes are excluded from the linear
regression, the �t improves signi�cantly to Qe� = � 79:6 � 0:9 mb. Nevertheless, the
uncertainty in correlation still far exceeds the Bailey's correction parameter by an order
of magnitude, which demonstrates that the empirical correction is still less reliable for
complexes than for monomers. If an empirical correction is applied, it still requires a
chemical understanding of the underlying approximation and whether they are applicable
to a given system. One possibility is grouping structures by dominating forces and
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Figure 5.3.: Linear correlation of calculated EFG and experimental NQCCs values for
� aa in the PAS. Optimization of the structure performed with B3LYP-D3 and secondary
calculations of the EFG with the optimized structure with B1LYP/TZV(3df,2p). The
orange dots mark the argon complexes with HCl (Ar HCl, Ar 2 HCl, and Ar 3 HCl).
The orange linear regression includes these complexes in the data set, the blue one does
not.

similar interactions to determine an individual Qe� for each subgroup. The MARD
obtained from the geometry optimizations of four di�erent subgroups in the data set is
shown in Figure 5.4. The subgroups contain either a speci�c binding partner, namely
chlorotri�uoromethane, acetylene, and HCl or metals as a chemical moiety. It is apparent
that the HCl, which are a�ected by large amplitude motions, show the largest deviations.
However, the experimental data set is limited, especially the HCl and metal-bound
complexes are not representative because of the low number of complexes. In addition,
systems like these with four atoms or less are most often highly symmetric, leading to
merely one NQCC to be determined.

Alternatively, more computationally expensive methods, in vibrationally averaged calcu-
lations such as VPT2, are unavoidable to compute the NQCCs of dimers for rotational
spectroscopists. In any case, the use of Bailey's empirical correction termQe� from
monomers is a fallacy. For those rigid systems, Bailey's reasons that the core electrons
have a shielding e�ect, which is the largest in�uence on the NQC. For �oppy complexes,
a signi�cant contributing factor to di�erences in NQC is the approximation of r0 struc-
tures with re geometry optimizations. These two in�uences cannot be disentangled, both
contributing to the e�ective quadrupole moment. However, the errors introduced by ef-
fects disregarded through equilibrium geometry approximations are not universal, since
occurrences such as the large amplitude motions observed in the Arx HCl complexes are
system dependent. Furthermore, even for rigid monomers, the projection of the NQC
tensor into the PAS can pose a challenge, as discussed in the following chapter.
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Figure 5.4.: MARD separated by group of complexes. Each group was optimized
with the respective method and the rotational constants and NQCCs compared to
experiment. Since a number of HCl complexes are linear, these do not contribute
to the MARD of � bb � � cc. Each group consists of: HCl = Ar�HCl, Kr�HCl,
Xe�HCl, �uorobenzene�HCl; metals = H 2�AgCl, H 2�AuCl, H 2�CuCl; chlorotri�uo-
romethane = CF 3Cl�Ar,CF 3Cl�CH 3F, CF3Cl�CO 2, CF3Cl�DME, CF 3Cl�OCH 2; acety-
lene = HCCH�CH 2ClF, HCCH�ClHCCF 2, HCCH�ClHCCH 2, HCCH�H 2CCFCl.
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6. Spectroscopic Investigation of
Chlorobenzaldehydes

This chapter is largely based on a manuscript that reports on the rotational study of
the chlorobenzaldehydes monomers.[196]

As discussed in Chapter 5, the NQCC of chlorine in monomer structures has been a focus
for benchmarking e�orts in rotational spectroscopy for decades due to the accessibility
and ease of comparison with theory. Among the compounds that were computationally
predicted without any experimental data to compare against is the series of chloroben-
zaldehyde isomers. For this reason, the 2-, 3- and 4-chlorobenzaldehyde isomers were
chosen for investigation with microwave spectroscopy. The �uorobenzaldehyde isomers
are already known in literature,[197,198] hence moving to the chlorobenzaldehyde is a
natural extension of the data set. Among them, only 4-chlorobenzaldehyde has previ-
ously been studied by microwave spectroscopy and gas electron di�raction[199] for the
determination of the structure. Since that study did not resolve the chlorine NQC,
it was revisited in this work. The vapor pressure is su�cient to easily transfer the
three compounds into the gas phase and all chlorobenzaldehydes have at least one large
dipole moment component above1 D providing strong transitions. These compounds
were among the �rst to be measured on the QCUMBER instruments after its move to
Göttingen, therefore a system that lends itself to optimizing the setup was useful.

In addition, understanding the spectrum of the chlorobenzaldehyde monomers serves as
a stepping stone to discuss these compounds interacting with other molecules in weakly-
bound complexes, in particular with molecular hydrogen. For the hydrogen project
discussed in Chapter 7, a rigid molecule with an aromatic system with a limited con-
formational space and no large amplitude motion is required, which was also taken into
consideration when choosing the chlorobenzaldehydes as molecular targets for experi-
mental investigation.

Broadband data for 2- and 3-chlorobenzaldehyde was collected at the Coker College
in Hartsville by Sean Arnold and Jessica Garret;[90] the experimental conditions can
be found in the Appendix A.4. With the Hartsville setup, data was recorded between
8 - 18:5 GHz, but they were not yet assigned or analyzed. The broadband data of the
4-chlorobenzaldehyde was recorded with the COMPACT instrument in Hamburg during
a BENCh funded research stay. Preliminary high resolution cavity data was collected
with the COBRA spectrometer in Hannover, but the majority of high resolution data was
added in Göttingen upon completion of repairs on the QCUMBER instrument. The high
resolution data increased the precision of the 2- and 3-chlorobenzaldehyde spectroscopic
parameters, as the broadband data has a lower resolution and in addition su�ers from
peak broadening caused by unresolved Doppler splitting.

For the three structural isomers investigated, four monomer structures were observed
and assigned from gas phase spectra. 4-chlorobenzaldehyde (4-ClBzA) has only a single
conformer due to symmetry, while for 3-chlorobenzaldehyde (3-ClBzA) both thecis
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and trans conformers, with respect to the chlorine and oxygen atom, were observed.
Cis and trans conformations are also possible for 2-chlorobenzaldehyde (2-ClBzA), but
only the lower energytrans -2-ClBzA was experimentally observed in the supersonic jet
expansion. The four structural isomers are shown in Figure 6.1, including the labels for
each carbon atom.

(a) (b) (c) (d)

Figure 6.1.: Carbon labels for the four structural isomers of chlorobenzaldehyde (a)
4-ClBzA, (b) trans -2-ClBzA, (c) trans -3-ClBzA and (d) cis-3-ClBzA detected experi-
mentally. The geometries are shown in their respective inertial principal axis system,
with the a and b axis marked by the dashed lines.

6.1. 4-Chlorobenzaldehyde

The 4-ClBzA possesses a single conformer due to symmetry, which was observed ex-
perimentally. In addition to the parent 35Cl, the singly substituted 37Cl and the 13C
isotopologues were assigned from the broadband data. No double substituted compound
was successfully assigned. The spectroscopic constants for all isotopologues are listed in
Table 6.1. As expected, the structure of the experimental ground state is planar, with
the parent having an inertial defect of � = I c � I a � I b = � 0:2471(1) amuÅ

2
. The small

negative inertial defect is typical for benzylic aldehydes, as it is caused by the out-of-
plane torsional motion of the aldehyde group.[51,200,201] The spectroscopic constants are
in agreement with the theoretical prediction provided by an anharmonic frequency cal-
culation optimized at B3LYP-D3/def2-TZVPP level of theory, with relative deviations
below <1%. The centrifugal distortion show relative errors of <30% or lower. For the
isotopologues, the centrifugal distortion constants were kept at the experimental parent
values, which led to an RMS within the resolution of the experiment in all cases. For
the parent, 141a-type and 136b-type transitions were assigned from the spectrum. This
matches the calculated dipole moment components of� a = � 1:61 D, � b = � 1:60 D, and
� c = 0 :0 D.
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6.1. 4-Chlorobenzaldehyde

Table 6.1.: Experimental spectroscopic constants of 4-ClBzA and its singly substituted
eight isotopologues compared to a structure optimized at the B3LYP-D3/def2-TZVPP
level of theory and a vibrational-rotational analysis to predict the centrifugal distortion
constants.ab[196,202]

Parameters are given inMHz unless speci�ed.

B3LYP-D3/
def2-TZVPP 4-35ClBzA 37Cl 13C1 13C2
4-35ClBzA

A 5100:8 5056:9489(5) 5054:6383(7) 5050:183(1) 5054:457(2)
B 690:86 691:992 34(8) 675:5223(1) 683:8799(2) 689:9627(2)
C 608:45 608:835 87(8) 596:0178(9) 602:4523(2) 607:2287(2)
3=2� aa � 111:32 � 106:044(2) � 83:605(3) � 106:09(2) � 106:05(3)
1=4� bb� cc 2:10 1:497(1) 1:186(1) 1:498(6) 1:499(5)
� ab 10:14 � 9:5(1) � 7:3(4) � 10:5(8) � 6:0(2)
DJ / kHz 0:011 0:0086(9) 0:013(1) [ 0:0086 ] [ 0:0086 ]
DJK / kHz � 0:048 � 0:042(6) � 0:06(1) [ � 0:042 ] [ � 0:042 ]
DK / kHz 1:38 1:6(1) 1:4(1) [ 1:6 ] [ 1:6 ]
d1 / kHz � 0:0017 � 0:0013(2) [ � 0:0013 ] [ � 0:0013 ] [ � 0:0013 ]

no. lines - 277 233 67 47
RMS / kHz - 3:9 4:2 9:4 7:6

13C3 13C4 13C5 13C6 13C7

A 5003:234(1) 4989:951(1) 5057:170(1) 4977:537(2) 4963:620(1)
B 691:2701(2) 691:7725(2) 690:4644(1) 691:5225(2) 691:5707(2)
C 607:4933(2) 607:6841(2) 607:6571(2) 607:3058(2) 607:1345(2)
3=2� aa � 105:99(2) � 106:09(2) � 106:05(2) � 105:97(2) � 106:09(2)
1=4� bb� cc 1:492(5) 1:490(5) 1:502(5) 1:483(5) 1:496(5)
� ab � 9:0(1) � 7:0(1) � 10:0(1) � 7:0(1) � 8:0(1)
DJ / kHz [ 0:0086 ] [ 0:0086 ] [ 0:0086 ] [ 0:0086 ] [ 0:0086 ]
DJK / kHz [ � 0:042 ] [ � 0:042 ] [ � 0:042 ] [ � 0:042 ] [ � 0:042 ]
DK / kHz [ 1:6 ] [ 1:6 ] [ 1:6 ] [ 1:6 ] [ 1:6 ]
d1 / kHz [ � 0:0013 ] [ � 0:0013 ] [ � 0:0013 ] [ � 0:0013 ] [ � 0:0013 ]

no. lines 60 70 71 68 68
RMS / kHz 8:3 9:0 8:5 11 10

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation. The theoretical
spectroscopic constants are equilibrium values.
a: Fits utilizing a semi-rigid rotor Hamiltonian which included d2 among the coe�cients lead to
poor convergence for that parameter, with an uncertainty beyond 75 %. It was excluded because
its inclusion did not improve the �t and has no signi�cant in�uence on other �tting parameters.
The parameters in square brackets were �xed to the parent value. The predicted di�erences for
the S-reduced Hamiltonian parameters between isotopologues are insigni�cant with the number of
digits shown. As the di�erences between the prediction and the experimental �t for the parent are
signi�cant, these experimental parent values were set for all isotopologues.
b: Each minor isotopic species is labeled by the singly substituted atom, all other atoms in the
compound are the most abundant isotope.
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6.2. Structure Determination of 4-ClBzA

The complete set of singly substituted13C and 37Cl isotopologues was utilized for struc-
ture determination and benchmarking. This includes calculating the absolute coor-
dinates from Kraitchman's equations, as well as least square �ts of ground stater0

geometries, mass-dependentr (1)
m geometries, and semi-experimentalr se

e geometries as
introduced in Chapter 4.1.4.

The absolute substitution coordinates of the carbon backbone and chlorine atom were
determined using Kraitchman's equations for planar molecules according to Equation
(4.1.9).[51] Through cross-referencing with theory, the sign of the Cartesian coordinates
in the PAS was determined and transformed into internal coordinates for the substitution
structure listed in Table 6.2.

Table 6.2.: Structural �tting parameters for the substitution structure r s, the ground
state e�ective structure r0, the mass-dependent structurer (1)

m , and the semi-empirical
equilibrium structure r se

e (B3LYP-D3/def2-TZVPP) for 4-ClBzA. Additionally, the
structure is compared to the values obtained from combined gas electron di�raction
and microwave spectroscopic data from Møllendalet al.[199]

All bond lengths are in Å all angles are in deg.

parameter r s / Å r0;AB / Å r (1)
m / Å r se

e / Å GED+MW [199]

r (C1 � C2) 1:487(2) 1.482(7) 1:486(2) 1.477(4) 1:482(10)
r (C2 � C3) 1:393(8) 1.402(30) 1:407(7) 1.396(20) 1:404(1)
r (C3 � C4) 1:362(5) 1.382(19) 1:376(6) 1.381(14) 1:392(1)
r (C4 � C5) 1:35(2) 1.396(56) 1:396(4) 1.393(37) 1:400(1)
r (C5 � C6) 1:45(2) 1.396(66) 1:393(3) 1.391(45) 1:394(1)
r (C6 � C7) 1:378(6) 1.392(21) 1:387(6) 1.379(15) 1:398(1)
r (C5 � Cl) 1:736(5) 1.735(9) 1:737(2) 1.730(6) 1:734(3)
� (O � C1 � C2) 124.7(17) 125:3(5) 124.4(11) 125.5(12)
� (C1 � C2 � C3) 120:9(5) 120.5(20) 120:0(6) 120.8(15)
� (C2 � C3 � C4) 120:4(3) 120.1(9) 120:0(2) 120.6(6) 121.8(12)
� (C3 � C4 � C5) 120:8(6) 119.0(17) 119:1(1) 118.7(12) 117.6(9)
� (C4 � C5 � C6) 120:9(15) 122.0(8) 122:0(2) 121.5(5) 121.0(5)
� (C5 � C6 � C7) 117:4(5) 118.4(14) 118:4(2) 119.1(9) 121.2(9)
� (C4 � C5 � Cl) 123:3(11) 119.3(45) 118.6(31) 119.5(5)a

cg � � 0:0188(3) � �
� �t / µÅ

2
� 0.015 0.0056 0.013 �

a: In the literature, the angle � (C6 � C5 � Cl) was �tted, transformed here for consistency.

The vibrationally averaged ground state structure r0 was �tted through the fourteen
internal coordinates consisting of the bond lengths and angles of the carbon backbone.
In principle, there are 18 degrees of freedom through the nine unique sets of rotational
constants for each isotopologue, including the parent. In a planar molecule, each set of
rotational constants merely provides two degrees of freedom instead of three, as is the
case for a non-planar asymmetric rotor. The fourteen chosen degrees of freedom de�ne
the carbon backbone and the chlorine-carbon bond. All other bond lengths and angles
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remain constant at the values provided by theory. The convergence of the ground state
geometry is poor due to its planarity,[104] resulting in large errors for the distances and
angles of the bonds. To mitigate the e�ect of rovibrational contributions, the number
of rotational constants was reduced toA and B , because the vibrational averaging con-
tributions scale with the moment of inertia, with C the most a�ected. The omission of
the rotational constant C from the �t leads to an improvement of the structure of the
ground state, which is shown in Table 6.2. The ground state internal coordinates com-
pare well to structural analysis published in literature and are within the experimental
uncertainty of both experiments. The previous study by Møllendal et al. derived the
structure of 4-ClBzA through a combination of microwave spectroscopy and gas electron
detraction data.[199]

The mixing of rotational ground state rotational constants and equilibrium structures
to obtain experimental r0 structures is inherently �awed, due to the underlying as-
sumption of I g

0 � I g
e of that approach, neglecting the vibrational contributions. The

mass-dependent �t of the internal coordinates takes that into account, as described in
Chapter 4.1.4. In case of 4-ClBzA, a single �tting parameter cg was introduced for

the vibrational correction of all three moments of inertia. The structure r (1)
m based on

a B3LYP-D3/def2-TZVPP calculation as an initial guess for the geometry is listed in
Table 6.2.

Instead of an experimental �tting parameter to describe the rovibrational contributions,
it can be obtained from theory to �t a semi-experimental equilibrium geometry r se

e . This
method is considered the best for determining accurate equilibrium structures.[203] For 4-
ClBzA, nine anharmonic geometry optimizations were performed for each isotopologue,
including the parent, at B3LYP-D3/def2-TZVPP level of theory. This approach provides
accurate equilibrium structures, as theory suggests that the corrections for the rovibra-
tional contributions provided by B3LYP compare well to those provided CCSD(T) for
semi-rigid organic systems.[204] For this reason, the semi-experimental equilibrium struc-
ture determined with B3LYP was used to benchmark a range ofre and r (1)

m geometries
provided by a range of quantum chemical methods and least-square �tting routines.

To benchmark calculated equilibrium structures with semi-experimental equilibrium
structures, equilibrium structure optimizations were performed with the 25 di�erent
methods introduced in Chapter 4.2. The comparison of the bond lengths in the carbon
backbone is shown in Figure 6.2. Generally, the bond lengths predicted by all methods
are in agreement with the values obtained from semi-experimental �ts, with deviations
in the bond distances of 0:01Å or lower, which is within the experimental accuracy
of the �t. The exception is the bond distance C1C2 of the aldehyde group, which is
well determined by experiment and most methods, but gets overestimated by B97M
with all basis sets by 0:017Å. In general, all re bond lengths predicted by B97M are
longer than the �tted r se

e values, while for B97, BP86, and MP2 they are consistently
smaller. The geometries of the hybrid functionals containing B3LYP most closely match
the semi-experimental structure, suggesting that the anharmonic corrections calculated
with B3LYP are not uniform across methods.

For aromatic systems such as benzaldehydes, the CO double bond is in resonance
with the electrons of the aromatic ring. A trans positions for the double bond of
the ring and the CO group is preferred, as thecis position is unfavorable due to
the close proximity of the double bonds.[205,206] This e�ect is called angular group in-
duced bond alteration (AGIBA) and causes a mean elongationre(C4C5) compared to
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6. Spectroscopic Investigation of Chlorobenzaldehydes

Figure 6.2.: Comparison between calculated equilibrium structures re of 4-ClBzA
against a semi-experimental equilibrium structure r se

e obtained from an anharmonic ro-
tational vibrational analysis at B3LYP-D3/def2-TZVPP level of theory.

re(C5C6) of 0:0043(3)Å among all methods. Similarly, the two conjugated pairs of
� re(C7C6� C3C4) and � re(C2C3� C7C2) are elongated by0:0039(3)Å and 0:0033(5)Å,
respectively. Although the AGIBA is consistent for all methods tested and was also de-
scribed for 2- and 3-�uorobenzaldehyde,[197] the e�ect itself is small. Even more so in
the case of semi-experimentally determined bond lengths, as the experimental error ex-
ceeds any di�erences in bond lengths by an order of magnitude, in particular in case
of � r se

e (C7C6� C3C4) = � 0:001(29)Å. Therefore, the experimental evidence for an
AGIBA e�ect in the system is minimal.

The re structures were used as an initial guess forr (1)
m least square �ts, which are

compared to the semi-empirical geometry in Figure 6.3. All starting geometries provide
suitable parameters for convergence, with the exception of B3LYP and B97M-D3 with
the x2c basis set in both cases. The �ts based on these methods did not converge,
with the bond length r (1)

m (C7C2) overestimated by 0:02Å compared to the converged
r (1)

m structures. This appears to be an artifact of the internal coordinate de�nition.
As a result of the cyclic nature of the system, not all six bonds of the benzyl ring
are �table simultaneously. If the de�nition of the internal coordinates of the ring is
altered, the error shifts to the un�tted bond, suggesting that accumulating errors in
the initial geometry prevent the convergence of ther (1)

m �t. Although both B3LYP and
B97M-D3BJ overestimate the experimentalA rotational constants by 1.8 % and 2.4 %
respectively, the quality of rotational constants does not appear to be indicative of a
successful convergence of anyr (1)

m structure �t. Similar deviations occur for rotational
constant predictions among the methods which lead to convergence.

All the methods that lead to successful convergence yield very similarr (1)
m structures.

The impact on the lengths of the �tted bonds is small, all within a con�dence interval 1�
of the structure �t. Hence, the choice of method is of lesser importance forr (1)

m methods,
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6.3. 3-Chlorobenzaldehydes

Figure 6.3.: Bond lengths of mass-dependent �ttedr (1)
m structures of 4-ClBzA utilizing

di�erent calculated equilibrium geometries as starting structures. The bond lengths are
compared to a semi-experimental equilibrium structurer se

e obtained from an anharmonic
rotational vibrational analysis at B3LYP-D3/def2-TZVPP level of theory.

as long as the initial guess and the parameters kept constant are of su�cient quality for
convergence.

6.3. 3-Chlorobenzaldehydes

Under supersonic jet conditions, both thecis (c) and trans (t ) conformer of 3-ClBzA
were experimentally observed. Broadband mircowave data for 3-ClBzA and 2-ClBzA
was collected with a microwave spectrometer in Hartsville, which is less sensitive than
the instrument in Hamburg. This prevented the assignment of singly substituted 13C
data, but the high natural abundance of 37Cl of 25% let to a successful �t of this singly
substituted isotopologue for both conformers. Additional rotational data was collected
on the four species observed for 3-ClBzA at the QCUMBER. The experimental spectro-
scopic constants are listed in Table 6.3. The predicted vibrational ground state constants
match experimental values from B3LYP-D3/def2-TZVPP, with di�erence below < 0:5%
for both parent molecules. The high resolution of the cavity data allowed for the full
�t of all �ve distortion constants, which also match the theoretical prediction. The pla-
naraty of the systems is con�rmed by the small inertial defect of � 0:088 62(6) MHz for
t-3-ClBzA and � 0:035 91(2) MHz for c-3-ClBzA.

The parent c-3-35ClBzA compound dominates the spectrum with a total number of 202
lines. The transitions are exclusivelyb-type, which matches the predicted dipole moment
components, with the strongest non-zero component along theb-axis � b = � 3:65 D ac-
cording to B3LYP-D3/def2-TZVPP. The lack of a-type transitions is caused by a lower
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6. Spectroscopic Investigation of Chlorobenzaldehydes

Table 6.3.: Experimental spectroscopic �tting parameters of t-3-ClBzA, c-3-ClBzA,
and the corresponding 37Cl isotopologues compared to a structure optimized at the
B3LYP-D3/def2-TZVPP level of theory and a vibrational-rotational analysis to predict
the centrifugal distortion constants.[196,202]

t-3-35ClBzA
B3LYP/ t-3-35ClBzA t-3-37ClBzA

def2-TZVPP

A / MHz 3185:3 3172:4269(5) 3154:077(2)
B / MHz 811:61 813:004 13(5) 794:131 86(4)
C / MHz 646:81 647:229 59(3) 634:471 67(3)
3=2� aa / MHz � 82:94 � 78:548(2) � 62:71(1)
1=4� bb� cc / MHz � 3:464 � 3:5901(5) � 2:694(2)
� ab / MHz 44:66 42:34(1) 32:90(1)
DJ / kHz 0:014 0:0145(1) 0:0139(1)
DJK / kHz � 0:016 � 0:0160(8) � 0:021(7)
DK / kHz 1:21 1:4(1) 1:2(2)
d1 / kHz � 0:0039 � 0:0042(1) � 0:0038(1)
d2 / kHz � 0:000 48 � 0:000 59(8) � 0:000 53(9)

no. lines - 110 84
RMS / kHz - 0:5 0:5

c-3-35ClBzA
B3LYP/ c-3-35ClBzA c-3-37ClBzA

def2-TZVPP

A / MHz 2349:2 2345:794 72(4) 2327:418 57(4)
B / MHz 958:27 959:444 74(3) 937:520 53(3)
C / MHz 680:63 680:970 12(1) 668:342 89(1)
3=2� aa / MHz � 59:22 � 56:075(1) � 45:949(3)
1=4� bb� cc / MHz � 7:289 � 7:2225(4) � 5:4002(5)
� ab / MHz 54:42 51:50(2) 40:10(3)
DJ / kHz 0:039 0:0413(1) 0:0396(1)
DJK / kHz � 0:15 � 0:1687(8) � 0:1604(6)
DK / kHz 0:60 0:638(1) 0:625(2)
d1 / kHz � 0:015 � 0:016 23(7) � 0:0153(1)
d2 / kHz � 0:0013 � 0:001 42(3) � 0:001 29(5)

no. lines - 202 188
RMS / kHz - 0:7 0:6

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r repre-
sentation.

dipole moment of � a = � 0:48 D. The spectral intensity of the parent conformer t-3-
35ClBzA is lower compared to that of the cis conformer. In total 110 transitions were
measured at the QCUMBER. The dipole component along theb-axis is � b = 0 :90 D, lead-
ing to the assignment of 18b-type transitions. Since the dipole component� a = � 1:86 D
is larger, 92 a-type transitions were assigned. The experimental abundance ratio be-
tween cis and trans conformers based on the signal strength of theb-type transitions
is approximately 1:1. This is in accordance with theory, which predicts the two con-
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6.4. 2-Chlorobenzaldehydes

formers to be isoenergetic. The equilibrium energy predictions of both B3LYP and
MP2 show a relative energy di�erence of< 0:04 kJ mol� 1, which is below the accuracy
of the calculation. Similarly, the zero-point energy anharmonic energy values di�er by
� E0 = 0 :006 kJ mol� 1 when calculated at B3LYP-D3/def2-TZVPP level of theory.

To calculate the energy barrier for conformational conversion, the dihedral angle between
the aldehyde double bond and the benzyl ring was �xed in a Gaussian scan, while all other
parameters were relaxed. The interconversion barrier is predicted to be36:0 kJ mol� 1 by
B3LYP-D3/def2-TZVPP as shown in Figure 6.4. To compare with wave function theory,
a selection of basis sets of varying sizes were used, all of which yielded barrier heights
beyond 30 kJ mol� 1. As the interconversion barrier is high and the thermodynamic
driving force is low, no interconversion in the jet is expected, which is in accordance
with the observed experimental relative abundance.

6.4. 2-Chlorobenzaldehydes

Table 6.4.: Experimental spectroscopic �tting parameters of t-2-ClBzA and the corre-
sponding 37Cl isotopologue compared to a structure optimized at the B3LYP-D3/def2-
TZVPP level of theory and a vibrational-rotational analysis to predict the centrifugal
distortion constants.[196,202] Parameters are given inMHz unless speci�ed.

t-2-35ClBzA
B3LYP-D3/ t-2-35ClBzA t-2-37ClBzA t-2-35ClBzA (C1)
def2-TZVPP

A 1571:6 1575:617 75(8) 1569:381 35(4) 1559:74(2)
B 1541:5 1544:292 06(7) 1504:649 24(3) 1541:61(3)
C 778:21 780:063 75(5) 768:323 45(2) 775:4769(6)
3=2� aa � 113:4 � 89:970(2) � 84:882(1) � 99:0(3)
1=4� bb� cc 2:037 � 1:3814(6) 1:2399(6) � 0:2(5)
� ab 2:49 � 34:30(2) � 1:8(6) � 31:0(10)
DJ / kHz 0:0042 0:016(1) [ 0 ] 0:012(4)
DJK / kHz 0:38 0:249(5) 0:423(2) � 1:0(1)
DK / kHz � 0:29 � 0:111(4) � 0:320(3) 0:17(5)
d1 / kHz � 0:019 � 0:0194(5) � 0:0182(2) [ 0 ]
d2 / kHz � 0:022 � 0:0161(2) � 0:0232(2) [ 0 ]

no. lines - 200 170 35
RMS / kHz - 0:9 1:1 6:2

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation.

In the case 2-ClBzA,trans is energetically favored compared to thecis conformer by ap-
proximately 11 kJ mol� 1, depending on the level of theory, as shown in Figure 6.4. The
interconversion barrier between the conformers is20:9 kJ mol� 1 according to B3LYP-
D3/def2-TZVPP and 18:2 kJ mol� 1 at MP2/cc-pVTZ level of theory. In the super-
sonic jet expansion, the system is not in thermodynamic equilibrium, leading to di�er-
ent translational, rotational, vibrational and conformational temperatures. [207]. Under
those conditions, a conformational barrier beyond5 - 10 kJ mol� 1 prevents conforma-
tional relaxation. [85] The high barrier of 2-CBzA suggests that it is possible to freeze
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6. Spectroscopic Investigation of Chlorobenzaldehydes

Figure 6.4.: Relaxed surface scan of the rotation around the aldehyde torsional angle
describing the interconversion barrier fromcis to trans chlorobenzaldehyde for the three
molecules reported in this chapter.
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6.5. Benchmarking the NQCC of ClBzA

out the high-energy cis conformer through kinetic trapping. This leads to a conforma-
tional abundance of 2.7% based on the relative energy of� Erel = 10:5 kJ mol� 1 at the
experimental reservoir temperature of85� C.

Experimentally, the t-2-ClBzA parent and the corresponding singly substituted37Cl iso-
topologue were detected in expansion at the Hartsville broadband instrument. However,
no additional transitions belonging to the c-2-ClBzA conformer were found. Therefore,
the conformer was deemed too high in energy for detection at this instrument. In the
dihedral angle scan, the relative energy between the conformers provided by MP2 con-
verges at10:5 kJ mol� 1, depending on basis set size. As is known in the literature, MP2
is prone to errors when small basis sets are utilized for aromatic systems such as this.
An increase in the size of the basis set by adding di�use functions prevents this insta-
bility in the method, at reasonable computational cost.[208,209] The stabilization of the
trans conformer can be explained by steric repulsion between the aldehyde group and
the chlorine in the cis conformation. It is comparable to 2-�uorobenzaldehyde, in the
literature a similar energy di�erence of 9:39 kJ mol� 1 is reported for the cis and trans
conformers at MP2/6-311++G(2d,2p) level of theory. [197]

To re�ne the initial broadband assignment, 200 transitions of the parent t-2-ClBzA and
170 transitions for 37-2-ClBzA were recorded at the high resolution cavity instrument in
Göttingen. Among the spectra recorded for the parent were 69a-type and 131 b-type
transitions. This qualitatively matches the dipole moment components of � a = 0 :49 D
and � a = � 1:24 D. The near-zero inertial defect of � = � 0:137 01(5) MHz once more
con�rms the planarity of this isomer. In addition, the 13C data were collected on the
cavity instrument. A complete assignment of all 13C proved di�cult due to the low
spectral intensity, long measurement times, and signal overlap, particularly for the ring-
forming carbons, and hence only C(1) was �tted with cavity data.

The rotational constants of the parent agree well with the predictions of the ground
state constants from theory, with a computational error in the calculated values below
< 1%. In contrast, the prediction for the NQCC in the PAS is mismatched compared
to the experimental results, in particular � aa and � ab deviate from the theory by more
than 20 MHz, which is the subject of discussion for the next section.

6.5. Benchmarking the NQCC of ClBzA

In case of ClBzA, the nuclear quadrupole hyper�ne structure provides an excellent pa-
rameter for benchmarking, by cross-referencing the performance of multiple methods
across four comparable structures in a series.

6.5.1. NQCC Comparison between Isomers

In total, 25 computational methods were utilized to predict the NQCC to compare to
experimental values to benchmark the quality of secondary spectroscopic parameters
as shown in Figure 6.5. The nuclear quadrupole coupling tensor is described by three
independent coupling constants, two diagonal elements and� aa and � bb � � cc, since the
tensor is traceless, and one o�-diagonal element� ab. The benzaldehydes are planar and
sit within the ab principal axis plane, as has been experimentally proven. This results
in the � ac and � bc tensor elements being zero for symmetry reasons. For comparison,
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6. Spectroscopic Investigation of Chlorobenzaldehydes

Figure 6.5.: Calculated nuclear quadrupole coupling components in the PAS subtracted
from experimental values. All values are given in MHz. The static red line at � � =
5 MHz chosen for ease of comparison demonstrates the increase in error along the series
with t-2-ClBzA being signi�cantly higher than the rest.

56



6.5. Benchmarking the NQCC of ClBzA

the di�erence between the absolute NQCC predicted from theory and the experimental
values �tted � aa, � bb� � cc, and � ab was calculated for each isomer. Absolute values were
chosen because only the absolute value of the o�-diagonal NQCC element is experimen-
tally determined.

In case of 4-ClBzA, the di�erence between theory and experiment ranges between� 1:25 -
4:98 MHz for � aa. Overall, DFT methods containing B3LYP components performed
similarly, with an average deviation in � aa of 4:2 MHz, while the best performing DFT
method is B97M. Among all the methods tested, MP2/6-311++G(2d,2p) performed
best for all three NQCC, with relative errors below < 1 MHz compared to the experi-
mental value. The increase in basis set size also improves the description of the EFG, as
indicated an improvement of 0:96 MHz compared to MP2/6-311++G(d,p). The quality
in NQCC predictions for 3-ClBzA is similar, with predictions for � aa ranging between
� 1:3 - 3:8 MHz. While the errors in � aa are generally smaller compared to 4-ClBzA, the
description of the o�-diagonal element j� abj gains importance. In 4-ClBzA, the princi-
pal a-axis almost aligns with the chlorine carbon bond, leading to a small o�-diagonal
element in the NQCC, which is not the case for 3-ClBzA. It leads to an increase in the
mean deviation of j� abj of 0:4 MHz for 4-ClBzA to 2:1 MHz for 3-ClBzA for all meth-
ods. When comparing relative deviations as opposed to absolute values, the error in
the prediction of j� ab, rel j is approximately 4% for all three compounds. Trends in the
best performing methods remain, with MP2/6-311++G(2d,2p) and B79M yielding over-
all the smallest errors when predicting NQCCs, although B97M improves for 3-ClBzA
compared to 4-ClBzA, while the error for MP2 is similar.

Figure 6.6.: Rotational hyper�ne splitting of chlorine as observed in 2-35ClBzA at the
QCUMBER spectrometer. Above in blue is the experimental spectrum, each peak ap-
pears as a Doppler doublet with a FWHM = 26:88 kHz. Orange shows the hyper�ne
splitting as predicted (B3LYP-D4/def2-TZVPP) where the experimental rotational con-
stants and centrifugal distortion parameters were used in the Hamiltonian. The green
plot shows a line spectrum using all the �tted experimental parameters, including an
experimental �t of � aa, � bb � � cc, and � ac.
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In contrast, all methods fail to accurately predict the NQCC for 2-ClBzA. Particularly
poor are NQCC which contain projections onto thea-axis, since the mean deviation of
� aa is 11:8 MHz and for j� abj the absolute mean deviation is17:7 MHz among all meth-
ods tested. This constitutes a decrease in relative accuracy by an order of magnitude,
to a relative deviation of 52% for j� ab, rel j as opposed to 4% for the other isomers men-
tioned above. In Figure 6.5, the red horizontal line set at5 MHz serves as a visual aid
to demonstrate the failure in the description of NQC for 2-ClBzA. The computational
problem is systematic; none of the tested methods provide estimates for the NQCC that
are of comparable quality to those of the other isomers. Moreover, the error appears also
in theoretical predictions by other researchers made prior to this experimental investiga-
tion. William Bailey et. al. performed extensive benchmarking on NQCC of monomers,
but his predictions for � aa, rel and � ab, rel for 2-t-ClBzA published on his website show
similar relative errors of 18% and 65%, respectively.[53]

The large error in NQCC predictions leads to poor initial guesses for �tting the quadrupo-
lar Hamiltonian because it leads to a shift of the hyper�ne splitting pattern. For some
transitions, it even leads to di�erent ordering of transitions, as demonstrated in Figure
6.6. While assignment is still possible, this issue can cause complications in the future if
it occurs in systems with large quadrupole moments, speci�cally bromine and iodine.

6.5.2. Projection of NQCC for 2-ClBzA

As performed in Chapter 5, the NQCC can be transformed into the nuclear axis system
to separate the description of the electronic environment from the molecular structure.
However, the NQCC in the local axis system demonstrates that the description of the
EFG is of comparable quality for all four isomers, as shown in Figure 6.7. The� zz

tensor component di�ers from the experimental values between� 1:3 - 5:1 MHz among
all methods and isomers. In the nuclear axis system, MP2/6-311++G(2d,2p) provides
the best predictions for the NQCCs of 2-ClBzA compared to the other isomers, with
absolute errors below< 0:5 MHz for the three eigenvalues. This is a clear indication
that the computational failure stems from the transformation of the nuclear quadruple
coupling tensor into the principal axis system, not from the description of the chemical
environment.

According to the computational results, the principal a-axis almost coincides with the
chlorine-carbon bond and therefore thez-axis, as illustrated in Figure 6.1b. The angle
� az between those two axes can be calculated directly from the NQCC in the PAS for
planar molecules. If they-axis is parallel to the c-axis, hence orthogonal to the symmetry
plane within the molecule, the following expressions holds true for� az:[51]

� aa = � xx sin2 (� az) + � zz cos2 (� az) (6.5.1)

� bb = � xx cos2 (� az) + � zz sin2 (� az) (6.5.2)

The values for � e
az from theory range between1:2� provided by B97M-D4/def2-TZVPP

to 13:1� from B97-D4/def2-TZVPP. In comparison, the experimental angle � 0
az = 19:1�

is underestimated, leading to errors in � aa and � ab. As shown through the red trace
in Figure 6.8a, there is a direct correlation between� e

az and the error in � aa. This
con�rms once again that the projection of the NQC tensor onto the PAS is incorrect,
not the EFG. A possible explanation is a small distortion of the geometry that causes
a shift in the a-axis. However, there appears to be no direct correlation between� e

az
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Figure 6.7.: Calculated nuclear quadrupole coupling components in the nuclear axis
system subtracted from experimental values. All values are in MHz.
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and any singular structural parameter, such as the distance between the benzyl carbon
and the chlorine atom shown as the blue trace in Figure 6.8a. The large projection
error is a surprise, because the rotational constants obtained by equilibrium structure
optimization match the experimental ground state results; there is good agreement for all
25 methods betweenA and B � C, with relative errors ranging between� 1:0(5)%. Small
errors of � 1(1)% are expected for monomers due to vibrational averaging. In case of
B3LYP-D3/def-TZVPP shown in Table 6.4, the error for the rotational constants is less
than < 0:3%, while showing the same issue in the NQCC projection. It is possible that,
through the near-oblate nature of the molecule, even the small structural di�erences
between equilibrium and experimental ground state structure have a strong in�uence on
� az.

(a) (b)

Figure 6.8.: a) Correlation of � e
az with the error in j� abj and the distance between

the Cl and C1 atoms in each equilibrium geometry. b) The correlation of j� abj with
the di�erence of the chlorine atom coordinate in the re structure and the coordinate
obtained from Kraitchman's substitution r s.

Because the angle of the chlorine carbon bond compared to thea-axis appears inaccu-
rate, the steric interaction between chlorine and the benzaldehyde group is the chemically
intuitive in�uence on the angle of the chlorine-carbon bond. For further structural in-
vestigation, Kraitchman's equations were used to determine ther s Cartesian coordinates
of the chlorine atom in the PAS for 2- and 3-ClBzA. This approach presupposes that
the chlorine bond and that vibrational contributions to the rotational constants remains
largely unchanged upon substitution with 37Cl. For t-2-ClBzA, the substitution coordi-
nates di�er substantially from the equilibrium values. The distance between re(Cl) and
r s(Cl) varies depending on the method, ranging between0:510(2) - 0:526(2)Å. Indeed,
substitution geometry di�ering from the equilibrium structure is expected, however this
di�erence considerably exceeds the methodical error� 0:02Å caused by the underlying
approximations.[51] In comparison, an analogous evaluation of 3-ClBzA satis�es this con-
dition, as the average distance betweenr s and re chlorine coordinates is0:014(6)Å and
0:009(7)Å for the trans and cis conformers, respectively. Kraitchman analysis fails if
the substituted atoms are close to the principal axes or the center of mass, but the substi-
tution coordinates r s(a) = � 1:8419(8)Å and r s(b) = � 1:234(2)Å exceed the error-prone
range below< jr sj = 0 :5Å. [104]

The mismatch in Kraitchman's substitution coordinates with equilibrium geometries
in the PAS is illustrated by the overlay of coordinates in Figures 6.9b of a MP2/6-
311++G(2d,2p) geometry as an example. The distance between the chlorine atom from
the re structure in green and the r s coordinate in magenta is0:525(2)Å for MP2. How-
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(a) (b) (c)

Figure 6.9.: An overlay of MP2/6-311++G(2d,2p) optimized geometry of (a) t-2-
ClBzA, (b) t-3-ClBzA, and (c) c-3-ClBzA on Kraitchman substitution coordinates of
chlorine in pink. The teal ball marks the substitution of C1.

ever, the substitution coordinates for the C(1) carbon illustrated in teal match with
the theory. The addition of dispersion terms does not appear to have any direct e�ect
on the interaction between the substituents. This suggests either an inadequacy in the
equilibrium structure, a breakdown of the Kraitchman method due to its underlying
approximations, or both.

In the literature, the t-2-�uorobenzaldehyde homologue was �tted utilizing a full set of
rotational constants of the parent and singly substituted carbon compounds. Although
there is no stable isotope of �uorine available for substitution, the �t of the least squares
structure performed did not suggest any interaction between �uorine and the aldehyde
group unexplained by static interaction.[197]

From the experimental �t, the NQC tensor components and the substitution coordinates
from the rotational constants both suggest a large systematic error in the theoretical
structures. However, an error of0:5Å is large, far beyond any expectations for such a
rigid system. Furthermore, the correlation between the di�erence jre � r sj and the error
in NQC is minimal, as shown in 6.8b. On the contrary, minimization of jre � r sj leads
to an increase in error for� j� abj. The experimental rotational �ts are well determined,
in total eight structural parameters and three quadrupole coupling parameters are �t
to 200 transitions replicated on two instruments and within the instrumental precision.
From an experimental perspective, there is no explanation for the large divide between
experiment and theory for t-2-ClBzA. The isomers were treated analogously from an
rotational spectroscopic perspective. Admittedly, t-2-ClBzA is an near-oblate system
compared to the near-prolate asymmetric tops, this is however not of consequence for
the analysis of NQC and the structural constants. If the rotational Hamiltonian is
formulated for near-oblate systems, the �tting parameters remain largely unchained,
with the exception of di�erent reduction used for the centrifugal distortion constants,
which cannot account for the discrepancies in NQC or ther s structure derived from the
rotational constants.

The large errors in � aa and � ab suggest that if the problem is caused by vibrational av-
eraging, then it is likely a vibration in the ab plane. The vibrational-rotational analysis
predicts the lowest energy in-plane vibration of the chlorine atom at 213:44 cm� 1 ac-
cording to B3LYP-D3/def2-TZVPP. This vibration is comparable to the other isomers,
where the NQCCs are unperturbed. Additional equilibrium calculations performed by
Beppo Hartwig, utilizing DCSD-F12B/cc-pVDZ-F12, [210�213] signi�cantly decrease the
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6. Spectroscopic Investigation of Chlorobenzaldehydes

di�erence between r s � re(Cl) = 0 :127(2)Å. While higher level electronic treatment de-
creases the discrepancy for the structure and the NQC projection, vibrational treatment
of the system is required.

In addition, the vibrational e�ects are potentially the cause for failure of Kraitchman's
method, as it it prone to failure for near-oblate tops. There is precedent for failure if
the isotopic substitution causes a large rotation of the PAS in oblate molecules. As
mentioned previously, Kraitchman's equations are strictly valid for the equilibrium mo-
ments of inertia I g

e . However, to determine substitution structures, the ground state
moments of inertia I g

0 are utilized. If the rovibrational contribution � g strongly dif-
fers between the parent and the isotopologue, it causes a failure of the Kraitchman's
method. The asymmetry parameter � (35Cl) = 0 :9212481(3)changes upon substitution
� (37Cl) = 0 :8383835(1), demonstrating the rotation � of the principal axis system upon
isotopic substitution. To obtain the ground state moment of inertia for an isotopologue
according to I 0 = R � 1

0 (I e + � )R 0, the rotation matrix R 0 is applied to rotate the PAS
by � 0. Both moment of inertia and vibrational contributions are expressed as a matrix
in the PAS of the parent.[214]

I e + � =

2

6
4

I aa
e I ab

e 0
I ab

e I bb
e 0

0 0 I cc
e

3

7
5 +

2

6
4

� aa
e � ab

e 0
� ab
e � bb

e 0
0 0 � cc

e

3

7
5 (6.5.3)

R 0 =

2

6
4

cos� 0 � sin � 0 0
sin � 0 cos� 0 0

0 0 1

3

7
5 (6.5.4)

In the near-prolate case, with I aa � I bb, the angles � e and � 0 are small, just like the
di�erence between those two angles. Therefore the vibrational correction terms of the
parent � g and the isotopologue� gg do not di�er and the error in the vibrational correction
term �� g due to the inaccuracy �� in the rotation is also small.[214]

�� g = � (� aa � � bb)
tan 2�
cos 2�

�� (6.5.5)

However, for the near-oblate case, the rovibrational contribution is calculated in an axis
system that di�ers from the PAS of the parent, because � is large. In addition, the
o�-diagonal element I ab

e = 1
2(I a

e � I b
e) sin 2� e is small in the near-oblate case, because

I a
e � I b

e. This means � ab becomes important, even though its exact value is unknown.
However, due to the rotation angle� , this can lead to a large error for� gg. This inherent
error introduced through the di�erence between � 0 and � e is amplifying the errors of
vibrational e�ects. Through the axis rotation they do not cancel out any longer and cause
a breakdown of Kraitchman's r s method for near-oblate systems with non-negligible
vibrational e�ects. [214]

The error of the non-canceling vibrational e�ects can be estimated through the di�erence
of �P gg

e � �P gg
0 , where�P gg = Pgg

iso � Pgg
parent .

[215] The equilibrium planar moments Pgg
e and

ground-state planar momentsPgg
0 obtained from B3LYP-D3BJ/aug-cc-pVTZ rotational

constants are listed in Table 6.5. In case of 4-ClBzA,t-3-ClBzA and c-3-ClBzA, �P gg
e �

�P gg
0 for g = a; b are equal to 0:07 amuÅ

2
or smaller. In contrast, �P gg

e � �P gg
0 is

consistently larger by almost an order of magnitude for 2-ClBA, indicating that the
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6.5. Benchmarking the NQCC of ClBzA

vibrational contributions are non-negligible during the structure determination because
they do not cancel out. Hence, Kraitchman's substitution method is unreliable for 2-
ClBzA due to the near-oblate nature, large PAS rotation upon substitution and resulting
non-cancellation of vibrational contributions.

Table 6.5.: The di�erence in planar moment components �P gg = Pgg
iso � Pgg

parent for
the respective chlorine isotope calculated by B3LYP-D3/aug-cc-pVTZ for 2-ClBzA and
4-ClBzA. The calculations for 3-ClBzA were also conducted, but the rotational e�ects
cancel out upon substitution, similar to 4-ClBzA. All values are in amuÅ

2
.

2-ClBzA ( �P gg
e ) ( �P gg

0 ) 4-ClBzA ( �P gg
e ) ( �P gg

0 )

�P aa 9:4836 9:2824 17:8949 17:9693
�P bb 0:5166 0:7566 0:0442 0:0446
�P cc 0:000 11 � 0:0012 0:000 05 0:000 14

�P aa
e � �P aa

0 0:2012 � 0:0744

�P bb
e � �P bb

0 � 0:2405 � 0:0004

�P cc
e � �P cc

0 0:0013 � 0:000 09

There is precedent for the failure of Kraitchman's method for near-oblate systems:
Kuczkowski et al. found large variation in the r s structure in ethylene ozonide. When de-
termining the oxygen-oxygen bond distance six di�erent ways with a set 20 isotopologues,
the bond length di�ered by 0:05Å. Kuczkowski concluded that the errors arose from
vibrational e�ects that do not cancel completely upon substitution. [215] Similarly, the
structural analysis of BF2OH, another near-oblate top, su�ered from inaccuracy of the
substitution structure caused by the large rotation in the axis system upon substitution
and therefore an incomplete cancellation of vibrational contributions.[216] Furthermore,
even the r se

e structure was lacking, caused by numeric instabilities in determining the
quartic distortion terms despite high level electronic treatment by CCSD(T). [217,218]

From an experimental perspective, the study of 2-ClBzA necessitates extra isotopologues,
including the singly substituted 13C as well as species with multiple substitutions. The
inclusion of a large number of well-determined isotopologues and high molecular symme-
try have shown stable �t results of near-oblate structural �ts.[219] However, the isotopic
substitution, especially double substitution, is hard to experimentally achieve without
targeted carbon labeling and therefore beyond the current scope of the project. In any
case, r s coordinate determined for chlorine in 2-ClBzA is unreliable, the cause of the
vast overestimation of the chlorine-aldehyde distance is rooted in the disregard of vi-
brational e�ects. Indeed, the failure to project the chlorine NQCC into the parent PAS
due to the high uncertainty in � az

e might have a similar root cause in the vibrational
averaging of the NQCC. This is also supported by the fact that the NQCC discrepancies
are observed for 2-35ClBzA, not for the 2-37ClBzA isotopologue. The latter has lower
asymmetry parameter, reducing the di�erence between� az

e and the experimental � az
0 .

This hypothesis remains so far unproven and requires an in-depth vibrational analysis
and potential measurements. Previous examples from literature of near-oblate systems
did not show any discrepancies for NQCC between equilibrium calculations and ex-
periment at the same scale as found for 2-ClBzA. In case of the BF2OH, the boron
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6. Spectroscopic Investigation of Chlorobenzaldehydes

sits almost precisely in the center of mass, hence the di�erence between the NQC ten-
sor in principal and nuclear axis system are expected to be small.[53,220] While the vi-
brational contributions posed a problem for the structure determination of dimethyl
sulfoxide (DMSO), the sulfur atom is also close to the center of mass and no irreg-
ularity in the projection of the NQC was reported. [53,221,222] There are also examples
of near-oblate tops with a strong axis rotation upon substitution which possess an
o� axis quadrupolar nucleus. One instance are small ring structures, which do not
show any ill behaviour for the NQC projection, either. Three examples are pyrrole
(� = +0 :94), pyrazole (� = +0 :915) and imidazole (� = +0 :86). The substitution and
semi-empirical structure �ts of pyrrole [223�225] and pyrazole[226,227] are in agreement with
equilibrium structures calculated at CCSD(T) level of theory, [219] while the structure de-
termination imidazole[228,229] requires consideration of the rovibrational corrections.[219]

The NQCC projections into the PAS was una�ected. Other near-oblate chlorine con-
taining rings such as 1,2-dichloroper�uorocyclobutene(� = 0 :897) show unreliable r s

structures,[108,230] however, the di�erence to ab initio re structures is on the order of
0:04Å, far below the 2-ClBzA case. The nuclear quadrupole coupling constants of 1,2-
dichloroper�uorocyclobutene are in agreement with theoretical predictions.[53] The vi-
brational contributions of such a small system still mostly cancel, which is apparently
not the case for 2-ClBzA.

While the cause for the mismatch between theory and experiment for 2-ClBzA warrants
further investigation, the analysis demonstrates that this near-oblate system is highly
sensitive to structural predictions and vibrational e�ects cannot be neglected. Any
changes in the geometry have a large in�uence on the secondary parameters projected
into the PAS. A correct projection is especially important with increasing nucleus size.
If a wrong ordering of hyper�ne transitions is predicted for quadrupolar nuclei with large
splittings, this is particularly challenging for assignments. Experimental data on heavy
halogens such as bromine and iodine are of particular interest for chiral molecules, as
they are a target for parity violation studies and provide a useful benchmark for bench-
marking theoretical relativistic approaches. Critically, the issue of accurate projections
into the PAS is not limited to NQCC, as it also concerns other parameters that are
less spectroscopically accessible, such as the electric dipole moment, where a reliance on
theory is almost unavoidable.

The analysis of 2-ClBzA shows that even a comparatively rigid, covalently bound system
displays problems in the projection for the NQCC into the PAS. Although the di�erences
in the NQCC of the dimers align with expectations due to a larger error in geometry
and internal motions, as demonstrated in Chapter 5, this system demonstrates that even
small errors in the PAS can cause a projection failure which must be considered. This
is especially important moving forward when investigating the halogenbenzaldehydes in
dihydrogen complexes in the following chapter 7.
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7. Angular Momentum Coupling in
Molecular Hydrogen Complexes

7.1. Introduction to Hydrogen Nuclear Spin Isomers in
Rotational Spectroscopy

Apart from electric nuclear quadrupole moments, other angular moments can also couple
to the total rotational angular momentum, which can be observed as hyper�ne splitting
in microwave spectra. Two important magnetic hyper�ne couplings are spin-rotation
and spin-spin coupling, as described in Chapter 3.1.3. For the observation of direct
dipolar spin-spin coupling in microwave spectroscopy, close proximity of the coupling
nuclei is required. Spin-spin interactions provide insight into the molecular structure, as
they are directly related to molecular geometry.[60]

In molecular hydrogen heterodimers, rotational hyper�ne coupling plays a signi�cant role
in the understanding of the spectrum. Dihydrogen complexes possess three distinct fea-
tures that cause spectroscopic splitting: spin-rotation coupling, spin-spin coupling, and
rotational angular momentum of the dihydrogen as a result of nuclear spin statistics.

As described in Chapter 3.1.3, if there are two nuclear spins ofI > 0 in close proximity,
a dipolar spin-spin coupling occurs between the two. In the case of hydrogen, the two
proton nuclei of I = 1=2 couple with each other. The hyper�ne Hamiltonian of H2, HD
and D2 was described in detail by Ramsey's works.[63,231�233]

In free hydrogen, there are three angular momenta in the electronic ground state that
can couple with each other: The two proton spinsI p and the rotational angular mo-
mentum J . As is well known for hydrogen, four spin con�gurations are possible, three
symmetric total nuclear spin functions, j�� i , j�� i , and 1p

2
(j�� i + j�� i ) for I = 1 with

magnetic spin quantum numbers M I = 1 ; � 1; 0 and one antisymmetric nuclear spin
function 1p

2
(j�� i � j �� i ) for I = 0 with M I = 0 . At thermal equilibrium, the spin

isomers exist in a statistical ratio of 3:1 ofortho (I = 1) to para (I = 0) hydrogen. The
nuclear spin functions of molecular hydrogen are shown in Figure 7.2. Because protons
are fermions with an odd nuclear spin, they obey Fermi-Dirac spin statistic, the total
wavefunction must be antisymmetric with respect to the exchange of the particles. The
nuclear spin function of the triplet I = 1 ortho state is symmetric with respect to the
exchange of the hydrogen nuclei and the rotational function is antisymmetric upon ex-
change, meaningJ has to be odd. The spin function of the singletpara state I = 0 is
antisymmetric and the rotational wave function is symmetric, which meansJ is even.

The nuclear spin Hamiltonian of ortho hydrogen consists of two terms, a spin-rotation
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

Figure 7.1.: Spin-spin coupling of two identical spin I 1 = I 2 = 1=2 nuclei in molecular
hydrogen which have a splitting pattern that is equivalent to a pseudo nuclear quadrupole
I tot = 1

term (7.1.1) and a spin-spin coupling term (7.1.2) described by

H H2;ns = � cH ~I � ~J (7.1.1)

�
D ij

2 � (2J � 1)(2J + 3)
�

�
3(~I � ~J )2 +

3
2

(~I � ~J ) � ~I 2 ~J 2
�

(7.1.2)

for odd J states with a total spin of I J;1 + I H; 1 = I = 1 , with cH the spin-rotation
coe�cient of the proton, D ij the spin-spin coupling between the protons andJ the
rotational quantum number. [63]

For two identical nuclei of hydrogen, the linear combinations of the nuclear spin functions
shown in Figure 7.2 have to be considered for the hyper�ne pattern of the spin-spin
coupling. As the two hydrogen nuclei are identical, the three symmetric nuclear spin
functions of ortho hydrogen result in a splitting pattern that is equivalent to an e�ective
nuclear spin of I tot = 1 , which is demonstrated in Figure 7.1. Hence the spin-spin
coupling of the two I 1 = I 2 = 1=2 hydrogens can be treated as a pseudo-quadrupole
splitting of I 1 + I 2 = 1 . As there is only a single antisymmetric nuclear spin function,
thus the para hydrogen transitions do not have a hyper�ne pattern.

If a dihydrogen binding partner is introduced, the symmetry of the system is broken,
and the protons are strictly speaking no longer indistinguishable. However, due to the
conservation of angular momentum, theortho hydrogen retains its rotational angular
momentum j = 1 , and para hydrogen retains j = 0 . Here, j is the standard notation
for the hydrogen angular in a complex as opposed to the totalJ state of the system.[234]

Under supersonic jet conditions, hydrogen is expected to be in the rotational ground
state, j = 0 and j = 1 , respectively. Nuclear spin conversion of hydrogen complexes
is slow because both rotational angular momentum and nuclear spin must be �ipped
simultaneously. Due to the spin statistics mentioned above, forortho hydrogen only
even j states are allowed and forpara hydrogen only odd j states, which means that
� j = 1 transitions are forbidden. Microwave transitions betweenortho and para states
have only been observed for isolated S2Cl2 at intensities three orders of magnitude below
allowed transitions.[235] Ortho -para transitions can be considered non-observable for a
hydrogen dimer because mixing ofortho-para states does not occur, at least at low
excitation. [236] In addition, the mixing with the allowed � j = 2 transitions is small, as
those are high in energy, thereforej is considered a good quantum number.[29,237]
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Figure 7.2.: All total spin functions of hydrogen and deuterium with the with their
respective allowed rotational state j according to spin statistics. Pauli's spin functions
� � 1=2(= � ) and � 1=2(= � ) describe the nuclear spin functions of hydrogen;� +1 , � 0, and
� � 1 are the nuclear spin functions of the deuterium nucleus. Here,j is the rotational
angular momentum quantum number of hydrogen and deuterium,I is the total nuclear
spin, and M I is the magentic spin quantum number. The ordering of the levels is
arbitrary. [238,239]
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

For deuterium, the complexity increases because there is additional angular momentum
coupling in the system. Deuterium is a boson with a nuclear spin ofI d = 1 , leading
to nine possible spin con�gurations for deuterium, shown in Figure 7.2. There are six
di�erent symmetric total spin functions for ortho deuterium, one with a total spin of
I = 0 and �ve with a total spin of I = 2 . As a boson, deuterium obeys Bose-Einstein spin
statistics, which means that the total wave function of deuterium must be symmetric
with respect to exchange. To follow that, the rotational function of deuterium has to
be even, with j = 0 in the jet-cooled ground state. In case ofpara deuterium, there are
three antisymmetric total spin functions, hence only odd rotational states with j = 1
as the ground state are allowed. As with hydrogen, spin statistics dictate a retention of
symmetry for the rotational wave function of deuterium, allowing each spin state to be
treated separately.[239]

The fundamental hyper�ne couplings present in deuterium are similar to hydrogen, con-
sisting of a spin-rotation and a spin-spin coupling term. In addition, a term for the
electric quadrupole moment of the deuterium nuclei coupling with the electronic �eld
gradient is added to the Hamiltonian. The Hamiltonian for deuterium is described by

H D2
= � cd~I � ~J +

5d
(2J � 1)(2J + 3)

�
�
3(~I � ~J )2 +

3
2

(~I � ~J ) � ~I 2 ~J 2
�

(7.1.3)

d =
1
5

D ij +
eqQ
10

(7.1.4)

where cd is the spin-rotation coe�cient of deuterium, D ij is the spin-spin coupling be-
tween deuterium nuclei,e is the electronic charge,Q is the nuclear quadrupole moment of
deuterium and q is the electronic �eld gradient. Only this linear combination of electric
quadrupole and spin-spin interaction constants can be determined from thej = 1 hyper-
�ne transitions of deuterium. For even j states of deuterium, the spin-spin interaction
is separable from the electric quadrupole interaction.[63,231,233]

The rotational spectroscopic data on hydrogen and deuterium complexes is limited.
Molecular hydrogen has been studied exclusively in complexes with small compounds of
�ve atoms or less. Broadly speaking, the investigated complexes can be separated into
weakly and near covalently bound hydrogen complexes. Among the weakly-bound hydro-
gen bonding partners investigated with micro- and millimeter spectroscopy are H2O,[23]

NH3,
[24] CO,[26] OCS,[29,30] HCN,[31,32], and HCCCN.[33] Hydrogen binds strongly in

transition metal-containing complexes, such as CuF,[34] AgCl, [35], CuCl,[36] and AuCl. [37]

Literature results from weakly-bound systems suggest, as mentioned above, thatj can
be treated as a good quantum number, which allows the �t ofortho and para hydrogen
complexes by separate rigid rotor Hamiltonians, without the need for any semi-rigid
rotor terms. The rotational constants usually di�er signi�cantly between the ortho and
para species, on the order of103 MHz, depending on the geometry and binding energy.
Typically in rotational spectroscopy, a change in rotational constants is associated with
a change in geometry, suggesting that the bond length ofortho hydrogen is elongated
compared to para hydrogen. In case of H2 NCH, the di�erence is so signi�cant that
Ishiguro et al. suggestp-H2 binds H-sided, while o-H2 is N-bound.[31,32,49]

Theory generally supports di�erent binding qualities between ortho and para hydrogen,
however, the predicted dissociation energy from literature are larger forortho hydrogen
than for para hydrogen.[8,15,18,48] Ortho hydrogen binding more strongly is also exper-
imentally supported through relative line intensities of H2-OCS expanded with helium
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and neon as binding competitors.[29] Direct investigation of binding energies yield similar
results, in particular Bieske's extensive library of theoretical and experimental dissocia-
tion energies for M+ H2 complexes measured with IR photodissociation.[8]

The higher dissociation energy ofortho hydrogen in Van-der-Waals complexes is at odds
with the apparent longer bond distance between molecules. Haradaet al. suggest that
the di�erence in rotational constants between ortho and para hydrogen is an artifact of
the j coupling.[23] Furthermore, Nesbitt et al. successfully explained theK a splitting
observed in their rovibrationally resolved infrared data of H2 HF [240] and H2 H2O

[48,241]

as a hindered internal rotation.

Moving to �uorobenzaldehyde-hydrogen dimers, the complexity of the system increases
as the number of atoms is larger and the symmetry decreases. For analysis, two ap-
proaches are applied to treat the nuclear spin isomers. First, theortho and para com-
plexes are treated separately to identify the hydrogen binding site on the �uorobenzalde-
hyde. It provides the foundational work that demonstrates that this standard approach
from the literature is applicable to larger systems. The second approach treats the split-
ting of j = 0 and j = 1 states as an angular momentum coupling of a two-fold internal
rotor, which deviates from the conventional methodology for the analysis of rotational
spectra of hydrogen complexes. Moving forward, both approaches are compared and
applied to deuterium complexes for cross-examination.

7.2. H2-Fluorobenzaldehydes

7.2.1. H 2-2-Fluorobenzaldehyde

As a host molecule, 2-�uorobenzaldehyde has two conformers,cis-2-�uorobenzaldehyde
(c-2-FBzA) and trans -2-�uorobenzaldehyde (t-2-FBzA). The t-2-FBzA conformer is the
most stable by 9:39 kJ mol� 1, with an interconversion barrier through torsional rotation
of 19:52 kJ mol� 1 at MP2/6-311++G(2d,2p) level according to the literature. [197] Both
have been experimentally observed in the jet, as the high interconversion barrier prevents
relaxation of c-2-FBzA in the jet. The cis conformer was observed in the jet at an
intensity of 0:5 � 1% with regard to the trans , while theory predicts a ratio of 2:3%
at room temperature. Due to the comparatively high abundance in the jet, t-2-FBzA
is the primary binding partner of hydrogen. No evidence of ac-2-FBzA complex with
hydrogen was found. Hence, moving forward, if the H2-2-FBzA complex is discussed, it
exclusively refers tot-2-FBzA as the hydrogen binding partner.

The conformational landscape of the FBzA-H2 heterodimer is very �at, resulting in a
large number of conformers from initial CREST scans. After optimizing the result at
B3LYP-D3/def2-TZVPPD level, three distinct possible binding sites emerged from the
theoretical predictions, all within a range of 2 kJ mol� 1. In the 2-FBzA molecule, the
hydrogen can interact with the benzyl ring, the oxygen of the aldehyde group, or the
�uorine substituent. The hydrogen can be within the benzylic plane (ip) or break the
planarity by binding above the benzyl ring (oop), with the exception of the oxygen, where
only an in-plane binding site was found computationally. For the in plane conformers
binding to the ring, the energetic di�erences between di�ering carbon-carbon double
bond coordinating the dihydrogen were below0:1 kJ mol� 1, and hence are summarized
in a single geometry in Figure 7.3.

69



7. Angular Momentum Coupling in Molecular Hydrogen Complexes

(a) Ring bound out of plane (rb-oop) (b) Ring bound in plane (rb-ip)

(c) Fluorine bound out of plane (fb-oop) (d) Fluorine bound in plane (fb-ip)

(e) Oxygen bound in plane (ob-ip)

Figure 7.3.: Computational geometries of t-2-FBzA forming a weakly-bound complex
with molecular hydrogen at B3LYP-D3/TZVPPD level of theory.
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The oxygen bound in plane (ob-ip) conformer is lowest in energy according to B3LYP-
D3/def2-TZVPPD level of theory, followed closely by hydrogen bound out of plane
on top of the benzyl ring (rb-oop). In contrast, the energetic ordering provided by
MP2/aug-cc-pVTZ is reversed, predicting rb-oop as the most stable conformer, followed
by the oxygen-bound conformer ob-ip. Experimentally, a single dihydrogen complex
was observed in the broadband rotational spectrum. The relative single point energies,
rotational constants and planar moments are listed in Table 7.1

Table 7.1.: Comparison of predicted equilibrium rotational constants with experimen-
tally determined ground state rotational constants of the 2-FBzA monomer and the
2-FBzA complex with p-H2. Geometries for utilized for the determination of equilibrium
rotational constants were optimized with B3LYP-D3/def2-TZVPPD. Relative equilib-
rium energies were calculated at B3LYP-D3/def2-TZVPPD and MP2/aug-cc-pVTZ level
and scaled to the lowest conformer, ob-ip and rb-oop, respectively.
Rotational constants A, B , C in MHz, planar moments PG in amuÅ

2
and energiesErel

in kJ mol� 1.

2-FBzA[197] 2-FBzA-p-H2 ob-ip rb-oop rb-ip fb-oop fb-ip

A 2567:599 48(4) 2305:639(9) 2549:0 2333:5 2547:0 2313:9 2215:0
B 1560:865 22(1) 1456:1953(6) 1352:8 1469:2 1336:7 1483:0 1489:1
C 970:950 26(1) 969:1729(5) 883:8 971:0 877:5 950:7 890:5

PA 323:725 662(5) 324:6579(6) 373:5 323:9 374:2 327:0 339:4
PB 196:773 716(5) 196:7961(6) 198:3 196:5 201:8 204:6 228:1
PC 0:055 661(5) 22:3965(6) 0:01 20:0 3:9 13:8 0:01

E B3LYP
rel - - 0:0 0:2 1:7 1:1 2:0

E MP2
rel - - 2:0 0:0 3:9 2:1 3:8

The rotational constants of the experimental rotational ground state clearly indicate
that planarity is broken by adding hydrogen, because the absolute experimental inertial
defect � 
 = I C � I A � I B = � 44:7963(9) amuÅ

2
increases compared to the monomer,

which has an inertial defect of � = � 0:111 260(7) amuÅ
2
. This experimentally excludes

any hydrogen interaction within the AB plane of �uorobenzaldehyde. A comparison
between the rotational constants of the 2-FBzA monomer and the hydrogen complex
suggests that the hydrogen is close to thec rotational axis, as they only di�er by less
than 2 MHz, which indicates that the hydrogen sits above the ring. This can be con�rmed
by the planar moments of inertia, as the change inPB is less than� PB = � 0:03 amuÅ

2
,

indicating that the hydrogen is close to the AC plane of the molecule, which excludes
any binding to the �uorine and con�rms the assignment of rb-oop. None of the other
binding isomers were found in the experimental broadband spectrum in neon expansion
(experimental conditions listed in Table A.4). As these are the two lowest-energy iso-
mers, it is likely that relaxation to the rb-oop isomer occurred. The PES was not fully
determined because of the high dimensionality of the problem, but the relaxation indi-
cates that the isomerization barriers are low. The reduction of cooling provided by the
carrier gas when moving to helium might enable isolation of an oxygen-bound hydrogen
complex in the jet, but this has not yet been pursued.

The interaction between the � system and hydrogen in the out-of-plane bonding isomer
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Figure 7.4.: Visualisation of non-covalent interactions (NCI) [242] between the hydrogen
and the � system of the 2-FBzA molecule. Green marks regions with attractive NCI
forces and red denotes repulsive interactions. Based on equilibrium geometry optimiza-
tion at MP2/aug-cc-pVTZ level of theory.

is dominated by London dispersion interactions, which is visualized in the NCI plot in
Figure 7.4.

The o-H2 and p-H2 complex of the rb-oop conformer were �tted with separate rota-
tional Hamiltonians. The initial assignment was carried out through broadband data,
where the spin-spin coupling ofortho hydrogen is not resolved, because the splitting
is below the resolution of the COMPACT instrument. The spin-spin coupling tensor
D was experimentally determined by recording cavity data of the complex, leading to
an assignment of the complexes based on both the spin-statistical weight and relative
abundance in the jet, as well as the spin-spin splitting observed in high resolution data.
To increase the number of lines utilized for this �t, the observations from both spectral
regions provided by each instrument were combined in a single �t, where the rotational
constants and centrifugal distortion were �t globally, while the spin-spin coupling was
only considered for the high resolution data. The experimental error of each transi-
tion is dependent on the spectrometer and was considered in an error-weighted �t. The
observed transitions were exclusivelya-type transitions, which is consistent with the
predicted dipole moment components of� a = 3 :50 D, � b = � 0:02 D and � c = � 0:12 D
at B3LYP-D3/TZVPP level of theory. The centrifugal distortion parameters d1 and d2

did not converge and where therefore excluded from the �t.

Comparing ground state rotational constants from anharmonic geometry optimization at
B3LYP/def2-TZVPP calculations with the experimental values for p-hydrogen in Table
7.2, the relative error is below 2%, which demonstrates the liability of the system.[186]

The distortion terms distortion terms d1 and d2 were kept at theoretical values. The
inclusion of these terms in the �t did not lead to any improvement in the RMS, but to
large uncertainties for all centrifugal distortion terms. It should be noted that DK and
DJK in particular di�er greatly from the predicted values. This might be caused by the
separate treatment of each spin state.[35]

Only the diagonal components of the spin-spin coupling tensor could be �tted. As
the hydrogen bond axis is not necessarily parallel to the principalc-axis, o�-diagonal
elements for the D ij tensor are expected but not resolved. A spin-rotation coupling
could not be resolved either, as it is usually smaller than spin-spin coupling by an order
of magnitude or more for hydrogen complexes.[56]
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Comparing the intensity of the ortho and para hydrogen spectra clearly shows a higher
abundance ofortho than para hydrogen complexes, as is expected from the 3:1 ratio of
ortho to para hydrogen at room temperature. A quantitative comparison of intensities
can be done through �tting a Gaussian pro�le to each transition and taking the ratio
for each set of quantum numbers. For the recorded broadband spectrum with a nozzle
temperature of 50� C measured in Neon, the ratio of theortho to the para complex is
No=Np = 5 � 4. This analysis presumes that the power of the chip pulse is homogeneous
throughout the entire spectrum. Moreover, the signals of theortho hydrogen complex
su�er from line broadening caused by the unresolved spin-spin coupling, which makes this
analysis not entirely reliable. At the cavity QCUMBER instrument in Göttingen, the
recording of the para hydrogen complex proved to be di�cult due to the low intensity.
A ratio of ortho to para is No=Np = 2 :4 for the transitions that were measured and
comparable. The ratio is consistent with the expected ratio of 3:1 as predicted from spin
statistics.

Table 7.2.: Experimental spectroscopic constants of H2-t-2-FBzA separated by spin
isomer compared to a structure optimized at the B3LYP-D3/def2-TZVPP level of theory
and a vibrational-rotational analysis to predict the centrifugal distortion constants. [243]

The rotational constants A, B , and C are in MHz, all other spectroscopic parameters
and the microwave RMS are inkHz.

B3LYP/
t-2-FBzA[197]a def2-TZVPP p-H2-2-FBzA o-H2-2-FBzAb

p-H2-2-FBzAb

A 2567:5996(1) 2346:41 2305:639(9) 2271:48(1)
B 1560:864 79(4) 1473:58 1456:1953(6) 1442:783(1)
C 970:950 52(3) 970:03 969:1729(5) 968:251(1)
DJ 0:0409(2) 0:085 0:07(1) 0:07(3)
DJK 0:2409(7) 0:34 1:8(2) 1:5(1)
DK 0:042(4) � 0:053 10:0(1) 15:0(1)
d1 � 0:0217(1) � 0:024 [ 0 ] [ 0 ]
d2 � 0:008 96(5) 0:010 [ 0 ] [ 0 ]
3=2Daa - - - 210(30)
1=4Dbb� cc - - - 90(10)

no. lines 134 - 13 25
RMS / kHz 1:5 - 2:6 8:2

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation.
a: Fit of Watson's S reduced Hamiltonian with I r representation based on transitions
from literature between 8 - 25 GHz and expanded to lower frequencies of2 GHz with new
broadband data.
b: The parameters that did not converge in the �t were set to zero, as indicated in square
brackets.

These two ratios are not directly comparable, as the cavity data also depend on the
mode quality at each transition and only a single transition measured at the cavity was
strong enough for analysis, and hence the value was not reproducible. A comparison
between broadband and cavity data is also not directly possible, as di�erent carrier
gases were used and the nozzle was heated. As the neon expansion cools the complex,
this increases the abundance of theortho hydrogen complexes, which has been experi-

73



7. Angular Momentum Coupling in Molecular Hydrogen Complexes

mentally demonstrated with H2 OCS.[29] For these reasons, a systematic quanti�cation
of complex ratios was not possible for the �urobenzaldehyde complexes, as the lack of
a working �ow system to vary carrier gas and hydrogen concentration prevented this
investigation. It remains an anvenue for future investigations.

7.2.2. H 2-3-Fluorobenzaldehydes

In the case of 3-�uorobenzaldehyde, acis (c-3-FBzA) and a trans (t-3-FBzA) isomer with
respect to the oxygen of the aldehyde group and the �uorine substituent are observed
under supersonic jet conditions. Both conformers are almost isoenergetic, withc-3-FBzA
being more stable by0:87 kJ mol� 1 according to the literature.[197] The conformational
barrier for the torsion of the aldehyde group is beyond30 kJ mol� 1, preventing any
population transfer in the jet. Hence, there is an equal probability of collision with
either conformer in the jet for complex formation.

(a) 3-t-FBz H2 rb-oop (b) 3-c-FBz H2 rb-oop

Figure 7.5.: Hydrogen bonded to the benzyl ring of both cis and trans conformer of
3-FBzA out of the benzaldehyde plane.

For the cis and the trans conformer, both the ortho and the para hydrogen complexes
were identi�ed. In all 3-FBzA complexes, the hydrogen molecule sits outside the molec-
ular plane above the aromatic ring system, similar to the 2-FBzA isomers, as shown in
Figure 7.5. This binding site is the global minimum according to calculation. A com-
parison with the experimental rotational constants of the �uorobenzalehyde monomer
con�rms that the H 2 is located very close to thec rotational principal axis. The in-
ertial defects of o-H2-t-3-FBzA and o-H2-c-3-FBzA are � = � 52:1721(5) amuÅ

2
and

� = � 53:3151(2) amuÅ
2

respectively, which experimentally con�rms the binding of
hydrogen out of the benzaldehyde plane.

For the t-3-FBzA complexes, the dipole moment components were predicted to be� a =
� 2:02 D, � b = � 0:5 D; and � c = � 0:09 D resulting in an exclusive observation ofa-type
transitions for this conformer with either spin isomer. The intensity of the p-H2 complex
is very low, which led to a much later assignment than theo-H2 complex through the
application of an iterative automatic �tting routine. [244] In contrast to that, the dipole
moment components of thecis conformer are large enough at� a = 1 :5 D, � b = � 3:3 D;
and � c = � 0:14 D, that both a- and b-type lines were detected for both spin isomers,
increasing the quality of the parameters determined spectroscopically. For theo-H2
complex, 12a-type and 50 b-type transitions were measured, while 5a-type and 17 b-
transitions were observed forp-H2. The rotational constants are shown in Figure 7.3.

Similarly to the 2-FBzA-H 2 complex, the centrifugal distortion parameters DK and
DJK are higher than theoretically predicted. For each ortho hydrogen complex, the
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7.2. H2-Fluorobenzaldehydes

Table 7.3.: Experimental spectroscopic constants of each 3-FBzA confomer and the
two associated H2-3-FBzA complexes separated by spin isomer. The complexes are
compared to a structure optimized at the B3LYP-D3/def2-TZVPP level of theory and
a vibrational-rotational analysis to predict the centrifugal distortion constants. [243] The
rotational constants A, B , and C are in MHz, all other spectroscopic parameters and
the microwave RMS are inkHz.

B3LYP/
t-3-FBzA[197]a def2-TZVPP p-H2-t-3-FBzAb o-H2-t-3-FBzA

p-H2-t-3-FBzA

A 3657:1994(9) 3226:82 3145:28(7) 3083:38(1)
B 1114:7849(2) 1070:89 1061:9971(8) 1052:7196(1)
C 854:5242(2) 855:41 854:2267(9) 853:9663(1)
DJ 0:025(2) 0:036 0:04(2) 0:080(5)
DJK 0:15(1) 0:53 1:8(2) 1:96(3)
DK 0:3(1) 0:50 [ 0 ] � 38:0(8)
d1 0:0004(1) � 0:0061 [ 0 ] 0:030(1)
d2 � 0:0010(5) 0:0057 [ 0 ] 0:068(2)
3=2Daa - - 212(9)
1=4Dbb� cc - - 89(3)

no. lines 97 - 11 44
RMS 6:4 - 2:1 2:1

B3LYP/
c-3-FBzA[197]a def2-TZVPP p-H2-c-3-FBzAb o-H2-c-3-FBzA

p-H2-c-3-FBzA

A 2919:2510(5) 2632:91 2580:8363(4) 2519:4421(6)
B 1269:7006(2) 1213:41 1201:6516(5) 1191:1446(4)
C 884:9618(2) 885:33 884:1947(1) 884:2150(2)
DJ 0:059(2) 0:072 0:096(8) 0:192(4)
DJK � 0:15(1) 0:17 1:46(3) 0:48(2)
DK 0:63(3) 0:37 [ 0 ] � 7:96(6)
d1 � 0:023(1) � 0:020 [ 0 ] 0:025(3)
d2 � 0:0026(3) 0:0076 [ 0 ] 0:117(2)
3=2Daa - - 140(10)
1=4Dbb� cc - - 92(1)

no. lines 146 - 22 62
RMS 4:6 - 6:5 4:5

a: Fit of Watson's S reduced Hamiltonian with I r representation based on transitions from
literature between 8 - 18 GHz and expanded to lower frequencies of2 GHz with new broad-
band data.
b: The parameters that did not converge in the �t were set to zero, as indicated in square
brackets.

diagonal components of the spin-spin coupling tensor were determined. TheDbb �
Dcc components are quite similar and within the experimental error, while the Daa

component is signi�cantly di�erent between the two species. As the binding between
hydrogen with either �uorobenzaldehyde is similar on top of the benzaldehyde ring, this
di�erence stems from the projection of the local axis system into the PAS, which di�ers
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between the conformers (Figure 7.5).

An analysis of the abundance ratio in the jet was conducted for both conformers. Gen-
erally, the ortho spin isomer is more abundant, with abundance ratios ofNo=N= 4 � 2
from broadband measurements and5� 3 from cavity measurements forc-3-FBzA as the
binding partner. An example transition 515  404 of both ortho and para hydrogen is
shown in Figure 7.6. It also shows the spin-spin splitting of theortho hydrogen complex.
Since the dipole moment for this molecule is stronger than for thetrans conformer, four
para transitions were observed at the QCUMBER instrument that could be compared
with the ortho hydrogen data. In contrast, the p-H2 complex with t-3-FBzA has much
lower intensity and no observation of any p-H2-t-3-FBzA transitions was successful at
high resolution. From the broadband data, an abundance ratio ofNo=Np = 5 � 2 was de-
termined. As an overall trend, ortho hydrogen appears to be more abundant thanpara,
which is expected purely from spin statistics. However, because of the high uncertainty
of these comparisons due to low intensities, this cannot be taken as an experimental
comparison of binding energies.

(a) Transition 515  404 of o-H2-c-3-FBzA (b) Transition 515  404 of p-H2-c-3-FBzA

Figure 7.6.: Comparison of a high resolution measurement at the QCUMBER of the
c-3-FBzA hydrogen complex. The spectrum (a), shows the distinct hyper�ne splitting
of ortho hydrogen (Ne/H2 80%/20%, 2 bar, 30� C, 409:6µs span, 5000 avs), while the
transition of para hydrogen is does not display any hyper�ne structure (He/H2 90%/10%,
3 bar, 60� C, 51:2µs span, 7920 avs).

Furthermore, a comparison betweenc-3-FBzA and t-3-FBzA is not conclusive, as the
ratio between the complexes changes drastically depending on the transition. This leads
to a ratio of Ncis=Ntrans = 2 � 2, which does not allow any reliable conclusions. In
addition to the experimental error and the simpli�cation of the line shape through a
Gaussian �t, the computationally predicted dipole moment components also contribute
to the error of this ratio.

7.2.3. H 2-4-Fluorobenzaldehyde

The analysis of the hydrogen complex with 4-�uorobenzaldehyde (4-FBzA) was primarily
conducted by Beate Kempken during her Master's thesis under the supervision of Daniel
Obenchain and me, but will be discussed here in detail, as further analysis is based on
it.
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Table 7.4.: Experimental spectroscopic constants of 4-FBzA and the two associated H2-
4-FBzA spin isomer complexes. The complexes are compared to a structure optimized
at the B3LYP-D3/def2-TZVPP level of theory and a vibrational-rotational analysis to
predict the centrifugal distortion constants. [243] All constants in kHz unless speci�ed.

B3LYP/
4-FBzA[198]a def2-TZVPP p-H2-4-FBzAb o-H2-4-FBzAb

p-H2-4-FBzA

A / MHz 5098:237(6) 4309:71 4161:323(1) 4027:970(1)
B / MHz 976:7561(7) 943:05 935:8325(4) 927:8044(1)
C / MHz 819:9262(7) 821:33 820:1441(3) 820:2824(1)
DJ 0:0242(9) 0:031 0:05(1) 0:0545(9)
DJK � 0:058(4) 0:75 2:87(8) 4:39(2)
DK 1:0(2) 1:52 [ 0 ] � 34:4(3)
d1 0:0044(1) � 0:0044 [ 0 ] 0:0302(9)
d2 0:104(8) 0:0042 [ 0 ] 0:050(1)
3=2Daa - - - 140(9)
1=4Dbb� cc - - - 93(1)

no. lines 68 - 25 50
RMS ns - 3:9 8:1

C1 o-H2-4-FBzA C2 o-H2-4-FBzA C3 o-H2-4-FBzA C4 o-H2-4-FBzA

A / MHz 4017:67(1) 4027:5(8) 3992:5(8) 3980:9(8)
B / MHz 917:409(1) 926:0620(8) 927:4555(9) 926:4252(9)
C / MHz 811:925(1) 818:8561(9) 818:5382(9) 817:2390(9)
DJ [ 0:0545 ] [ 0:0545 ] [ 0:0545 ] [ 0:0545 ]
DJK 6:3(3) 3:5(6) 4:5(7) 5:2(7)
DK [� 34:4 ] [� 34:4 ] [� 34:4 ] [� 34:4 ]
d1 [ 0:0302 ] [ 0:0302 ] [ 0:0302 ] [ 0:0302 ]
d2 [ 0:0504 ] [ 0:0504 ] [ 0:0504 ] [ 0:0504 ]

no. lines 10 8 9 9
RMS 6:2 2:3 2:6 2:6

C5 o-H2-4-FBzA C6 o-H2-4-FBzA C7 o-H2-4-FBzA (H 2)2-4-FBzAb

A 4028:1(9) 3981:1(8) 3970:6(7) 3311:239(9)
B 922:8872(9) 925:3933(9) 927:7617(7) 882:294(1)
C 816:433(1) 816:4828(9) 817:8156(8) 820:414(1)
DJ [ 0:0545 ] [ 0:0545 ] [ 0:0545 ] [ 0 ]
DJK 4:3(7) 5:5(7) 3:7(6) 6:9(3)
DK [� 34:4 ] [� 34:4 ] [� 34:4 ] [ 0 ]
d1 [ 0:0302 ] [ 0:0302 ] [ 0:0302 ] [ 0 ]
d2 [ 0:0504 ] [ 0:0504 ] [ 0:0504 ] [ 0 ]

no. lines 8 9 8 12
RMS 2:6 2:6 2:0 8:3

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation.
a: Fit of Watson's A reduced Hamiltonian with I r representation from the literature.
b: Parameters that did not converge in the �t were set to zero, as indicated in square brackets. For
minor isotpes they were set to parent value instead.
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Figure 7.7.: Main conformer of H2-4-FBzA complex, including labeling for each of the
carbon atom, at B3LYP-D3/def2-TZVPP level.

Similarly to the other �uorobenzaldehyde isomers, hydrogen is bound by the� system
of the benzylic ring. The c rotational constants of the monomer and the heterodimer
con�rm this assumption, as does the inertial defect � = � 54:0680(1) amuÅ

2
of the o-

H2-4-FBzA dimer. The theoretical predictions of the rotational constants are generally
in agreement but predict a shorter bonding distance forpara hydrogen, with an inertial
defect of � = � 37:85 amuÅ

2
, compared to the experimentally determined defect of

� = � 45:2706(3) amuÅ
2
. The number of a- and b-type transitions is equal for the

ortho hydrogen complex, with a total of 50 transitions observed. This is consistent with
the theoretical predictions of the dipole moment components for the H2-4-FBzA dimer
of � a = 0 :69 D; � b = � 0:60 D and � c = 0 :03 D.

The spectroscopic parameters of theo-H2 complex were determined from a combined �t
of the broadband and cavity data, which allowed a �t of the diagonal components of the
spin-spin coupling tensor. The para hydrogen complex was �tted separately, keeping
DK , d1, and d2 at zero, as inclusion of these parameters in the Hamiltonian did not lead
to better convergence of the �t and were therefore excluded.

For the co-expansion of 4-FBzA with hydrogen, the number of averages collected dur-
ing the broadband measurements was almost doubled from2000 k to 3900 k averages,
compared to other structural isomers such as 2-FBzA, the detailed experimental condi-
tions are listed in Table A.4. This resulted in the observation of transitions belonging
to mono-substituted 13C isotopologues of theortho hydrogen complex with 4-FBzA in
natural abundance. For each isotopologue, between 8 to 10 transitions were observed in
the broadband spectrum. Through experimental back correction to ground state rota-
tional constants from predicted equilibrium structure calculation, each isotopologue was
uniquely identi�ed. The atom labels for each carbon atom are shown in Figure 7.7. As
the number of observed transitions is very limited and the intensity was insu�cient for
the observation of the 13C isotopologues at cavity instrument, only the rotational con-
stants and DJK were �tted for the isotopologues, keeping the other parameters constant
at the value of the parent o-H2 complex.

In addition to the rb-oop hydrogen complex, a second hydrogen complex was identi�ed,
which is also listed in Table 7.4. The complex cannot be hydrogen bound at another
binding site, as the di�erence betweenC0 of the rb-oop complex and the second complex
is 0:132(1) MHz and an inertial defect is � = � 109:422(1) amuÅ

2
. This indicates an

additional mass out-of-plane along thec-axis. The complex is a trimer, where a second
hydrogen molecule interacts with the benzylic ring on the opposite side, forming a bis-
hydrogen complex. Although coordination of neon above the benzyl ring is possible,
neon is much heavier and causes a change in the PAS, with theb-axis going through the
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Figure 7.8.: Geometry of bis-(H2)2-4-FBzA complex at B3LYP-D3/def2-TZVPP level
of theory.

neon atom, out of the host molecule plane. For this reason, the bis-hydrogen complex
shown in Figure 7.8 can be assigned to this complex. Similarly to the mono-hydrogen
complex, the predicted ground state rotational constants at B3LYP-D3/def2-TZVPP
A0 = 3690:95 MHz and B0 = 909:61 MHz are larger than the experimentally observed
parameters, indicating that the hydrogen bond distance is likely underestimated in the
calculation. This is compounded by the fact that the hydrogen that is statistically
most likely to coordinate is ortho hydrogen. This adds to the discrepancy between the
rotational constants provided by the theory for para bis-hydrogen. The structure will
be discussed in detail in Chapter 7.6.

7.3. Analysis of Hydrogen Binding Energy

The bond energiesDe were determined for the hydrogen �uorobenzaldehyde complexes.
The weak molecular interactions are susceptible to basis set superposition error (BSSE).
The additional basis function of the binding partner lowers the energy of the other
binding molecule compared to each monomer in isolation. This causes a bias toward
dimerization and an increase of the binding energy. To correct for that, the energy of
the monomers is determined with additional basis functions of the dimer, which stabilizes
the monomer relative to the dimer.

De =� E � � EBSSE (7.3.1)

= E dimer
dimer (dimer) � E FBzA

FBzA (FBzA) � E H2
H2

(H2)

�
h
E dimer

FBzA (dimer) � E dimer
FBzA (FBzA) + E dimer

H2
(dimer) � E dimer

H2
(H2)

i
(7.3.2)

In this case,E Y
X (Z ) is the energy of fragmentX using the coordinates of an optimization

of fragment Y and using a basis set ofZ . In total, six calculations are required for the
conterpoise correction. Three optimizations are performed for the dimer, the �uoroben-
zaldehyde monomer, and the hydrogen molecule. The energy of the �uorobenzaldehyde
fragment and the hydrogen fragment are determined at dimer geometry, once without
any additional atoms and basis function and once utilizing the dimer basis by deleting
the electrons and nuclear charges, but keeping the basis set. In the current version of
ORCA, 5.0.4, this step does not function for any D4 dispersion corrections, as it does
not properly exclude ghost atoms.[191]
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Figure 7.9.: Calculated bond energiesDe of p-H2 bound out-of-plane to the benzyl ring
of four �uorobenzaldehyde isomers.

The binding energy of para hydrogen to �uorobenzaldehyde is in a range of� 2 -
� 4:5 kJ mol� 1, depending on the method as shown in Figure 7.9. Naturally, dispersion
corrections have to be taken into account to model the binding interaction, as otherwise
the binding energy is positive, indicating that there is no local minimum on the PES.

De is independent of the �uorobenzaldehyde isomer. It is much more strongly dependent
on the method and basis set chosen for the calculation than the binding �uorobenzalde-
hyde. An increase in basis set size for the MP2 calculation leads to an increase in the
binding energy to De = 4 :2 kJ mol� 1, indicating that the basis set limit has not been
reached, which will be the subject of future calculations. The independence of the di-
hydrogen binding partner is surprising from an experimental point of view, as 4-FBzA
was the only isomer that allowed the observation of carbon-13 and a bis-dihydrogen �u-
orobenzaldehyde complex, suggesting a stronger binding. This is particularly supported
because 4-FBzA has the lowest dipole moment components among the �uorobenzalehyde
isomers.

The binding energy of the �uorobenzaldehyde at MP2/aug-cc-pVTZ level is larger than
for any other complex published investigated with rotational spectroscopy that is not
metal bound. The hydrogen metal bond energies are larger by an order of magnitude,
for H2 AgCl the bond energy isDe = 86 kJ mol � 1[35] at MP2/aug-cc-pVQZ level. Most
other H2 complexes investigated by microwave spectroscopy are weakly bound to small
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compounds that do not exceed four atoms.

Figure 7.10.: Axis system de�nition for a two body �xes axis system with 5 degrees
of freedom. The axis system of the �uorobenzaldehyde and the hydrogen sit in the
respective COM, connected by the translation vectorR. The x-axis is parallel to the
carbon carbon bond of the aldehyde group in each �uorobenzaldehyde.

A future step in the investigation of the PES is the calculation of zero point energies to
obtain dissociation energiesD0 for �uorobenzaldehyde complexes. In dispersive hydro-
gen complexes, the zero-point energy due to intermolecular vibration is a fraction of the
binding energy, due to the small mass of hydrogen and therefore the large associated
rotational constants.[24,47,48]

Calculating binding energies forortho hydrogen is not possible in ORCA, as the total
nuclear spin I tot cannot be set. An in-depth analysis is further complicated by the large
number of atoms in the system, which is a much larger system size than in previous
studies. Ultimately, I was unable to perform the calculations on my own or �nd a co-
operation partner from that �eld of theory within the span of that project. Generally,
it is known from previous work that the dissociation energy D0 of ortho hydrogen has
been found to be consistently higher than forpara hydrogen.[24,47,48] It is consistent with
a qualitative observation among all �uorobenzaldehyde dihydrogen complexes that the
ortho hydrogen complex is more abundant in the jet than expected from spin statistics.
Due to the large experimental error, this conclusion is not reliable and necessitates fur-
ther theoretical and experimental investigation, but appears to be generally in agreement
with previous studies.

In Figure 7.11, a large number of hydrogen complexes that were previously investigated
through high resolution spectroscopy are collected for comparison. As this �gure shows,
a lot of literature data available on dihydrogen complexes focuses on interactions with
metal cations through the e�orts of the Bieske group. The published data includes both
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dissociation energies and PES well depths, as well as experimental bond dissociation
energies measured with rovibrational spectroscopy. Generally, the bond strength of
those complexes exceeds the FBzA binding energy up to a factor of 10. However, the
non-metallic complexes of hydrogen with HCO+ , NH3, H2O, and OCS are much lower
in energy than the dispersive interactions hydrogen has with the� system of the FBzA
ring.

Figure 7.11.: Comparison of calculated bond energiesDe in blue, dissociation energies
D0 in orange, and if available, the experimental value in green. The well depths from the
FBzA complexes are added. The full table of values, including the various computational
methods, is in Appendix Table A.5

7.4. Potential Energy Surface of the Hydrogen Rotation

A complete analysis of the system would require a six dimensional PES for this system.
An intermolecular potential needs to be de�ned by the centers of mass (COM) of �u-
orobenzaldehyde and hydrogen, as well as four polar coordinates, two for each of the
local body-centered coordinate system.[245] In addition, the bond distance between the
hydrogen atoms in the hydrogen molecule should be considered.

A total scan of the PES for any of the �uorobenzaldehyde hydrogen complexes was be-
yond the computational scope of this project, but a local scan of the hydrogen motion,
treating it as a local internal rotor, was performed. The local axis systemxyz of �uo-
robenzaldehyde was de�ned as the molecular plane within thexy plane, with the x-axis
along the carbon carbon bond of the benzaldehyde group. The vectorR describes the
distance between the COM of each fragment, while� and � describe the angle between
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R and the x-axis and the z-axis, respectively. To denominate the position of hydro-
gen, two angles are de�ned: � 0 is the angle between the hydrogen bond axis and the
x-axis and � 0 is the angle between the hydrogen bond and thez-axis. The length of
the hydrogen-hydrogen bond is described byrH2

. All variables of the PES are shown in
Figure 7.10.

To scan the PES of hydrogen as an internal rotor, the COM for each molecule in the
complex was kept constant, withR, � , � and rH2

kept at the global geometry optimiza-
tion values. The geometry of the �uorobenzaldehyde molecule and the hydrogen bond
length were also frozen at equilibrium values. As the entire PES was not scanned, it
was assumed that the global minimum is close to� 0 = 0 � and the maximum close to
� 0 = 90 � . A scan was performed at� 0 = 90 � and varying � 0 between0 � 180� , rotating
the hydrogen parallel to the �uorobenzaldehyde plane towards the carbon-�uorine bond.
At the angle � 0

min determined by this scan, where the PES cut reaches a minimum, an
orthogonal scan was performed, keeping� 0 at � 0

min and scanning� 0 between0� 180� .

(a) t-2-FBzA H2 planar scan at � 0
min =

125�
(b) 4-FBzA H2 planar scan at � 0

min = 50 �

(c) t-3-FBzA H2 planar scan at � 0
min =

121�
(d) c-3-FBzA H2 planar scan at� 0

min = 60 �

Figure 7.12.: Geometry at the minimum energy based on B3LYP-D3/def2-TZVPP
calculations of �uorobenzaldehyde hydrogen scanning� 0 and setting � 0 = 0 � .

As shown in Figure 7.12, the minimum energy geometry for the planar rotation is inde-
pendent of the �uorine position. Instead, the hydrogen bond is parallel to the carbon-
oxygen bond of the benzaldehyde group. The angle� 0

min is similar in all calculations
for any particular complex; for 4-FBzA a mean angle of49(4)� was found. Similarly, the
energetic barrier for the planar rotation is 0:22(2) kJ mol� 1, excluding all the B97M cal-
culations, as this method yielded a discontinuous PES along the scan coordinate. This
was a problem for all isomers in both planar and orthogonal scans.
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Figure 7.13.: Scan of the PES for the rotation of hydrogen (a) parallel and (b) orthogonal to the plane of 4-FBzA. The scan is scaled to the
respective minimum energy and plotted against� 0. The black vertical line in (b) denotes the experimental barrier for the internal rotation
from Table 7.5. The scans of all conformers are collected in the Appendix Figure A.1 and following.
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7.4. Potential Energy Surface of the Hydrogen Rotation

To determine the rotation barrier when treating hydrogen as an internal rotor, a scan
orthogonal to the molecular plane was performed, keeping the angle constant at� 0min.
This resulted in a scan of the rotational barrier as shown in Figure 7.13 for H2-4-FBzA.
The rotational barrier ranges between0:2 - 1:1 kJ mol� 1 depending on the level of theory.
Generally, the MP2 calculations and MP2 hybrid calculations such as B2PLYP displayed
higher barriers than purely DFT based methods.

Beate Kempken performed an initial �t for all four H 2-FBzA complexes in XIAM, which
were re�ned by me. In XIAM, the hydrogen is treated as an internal rotor in a two-fold
potential. For this purpose, the transitions of ortho and para hydrogen are combined in
a single �t. The main parameters for the internal rotation Hamiltonian in XIAM are:
The barrier height V1n for an n-fold PES, the angle � between the rotation axis vector
of the internal top � and the a-axis in the PAS, and the angle� between theb-axis and
the projection vector of the internal rotation vector � into the BC plane. Furthermore,
the distortion of the internal rotor barrier Dc3J , an empirical internal rotation-overall
rotation distortion operator D� 2J , D� 2K and D� 2� , and additional high-order internal
rotation parameters Dc3K and Dc3� can be �tted if required.

Table 7.5.: Fitting results in XIAM of weakly-bound �uorobenzaldehyde-dihydrogen
complexes treating theortho and para hydrogen splitting as a two fold potential.

H2-t-2-FBzA H2-c-3-FBzA H2-t-3-FBzAa H2-4-FBzAa

A / MHz 2304:16(3) 2578:752(6) 3141:1(2) 4156:9(2)
B / MHz 1455:667(3) 1201:280(4) 1061:671(3) 935:578(3)
C / MHz 969:1271(6) 884:186(2) 854:226(2) 820:143(3)
DJ / Hz [ 0 ] � 0:39(4) 0:1208(9) [ 0 ]
DJK / Hz 7:19(7) 3:3(3) 8:47(4) 5:3(6)
V2 / kJ mol� 1 0:234 67(6) 0:198 24(4) 0:2205(3) 0:193 54(7)
V2 / cm� 1 19:617(5) 16:571(3) 18:44(3) 16:179(6)
Dc3J / MHz [ 0 ] 0:0146(7) [ 0 ] 0:0089(5)
D� 2J / MHz [ 0 ] � 0:0070(3) [ 0 ] � 0:0042(2)
� / rad � 0:3882(1) � 0:1252(21) � 0:2238(9) [ 0:0001 ]
� / rad 2:3355(3) 2:4318(2) � 0:8652(9) 2:3245(2)

no. lines 26 67 55 66
RMS / kHz 5:3 22 2:4 65

a: Parameters that did not converge in the �t were set to zero, as indicated in square
brackets.

The experimental rotational barrier was determined or each �uorobenzaldehyde hydro-
gen complex through a �t of the rotational constants, DJK ,V2 and � . Depending on the
�uorine conformer, additional centrifugal distortion parameters and the barrier distor-
tion were �tted. As listed in Table 7.5, the rotational barrier for all complexes is close
to 0:2 kJ mol� 1, which indicates that the MP2 calculations overestimated the rotation
barrier compared to the experimental results. The overestimation of the barrier is also
observed in hybrid B2PLYP calculations. It should be noted that, while XIAM it allows
for di�erent manifolds for tunneling motions, the Hamiltonians were developed for the
three-fold potential energy surface (PES) of CH3 internal rotors. Moreover, the barrier
height for the hydrogen rotation is very low, which can also cause instability in the XIAM
�ts rooted in the implementation of the Hamiltonian in the software. These issues may
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

be at fault for the large RMS above the expected experimental accuracy10 kHz of the
broadband experiment.

Treating the j coupling as an internal motion instead of utilizing j as a good quantum
number for two separate rigid rotor �ts suggests that the p-H2 energy state is in�uenced
by o-H2, even though any direct transitions are spin forbidden. The di�erence in rota-
tional constants of the XIAM �ts compared to the p-H2 rotational constants presented
in Chapter 7.2 is below< 5 MHz, demonstrating that the perturbation of the j = 0 state
is very small, but signi�cant.

7.5. D2-Fluorobenzaldehydes

7.5.1. D 2-2-Fluorobenzaldehyde

Deuterium was co-expanded with 2-FBzA to investigate the deuterated hydrogen com-
plex and measured at the COMPACT broadband instrument. Both ortho and para
deuterium were assigned, analogously to the hydrogen complex. Like hydrogen, deu-
terium forms a complex by binding to the � system of t-2-FBzA. This is con�rmed by
the similarity of the rotational constant C0 of the monomer, the hydrogen dimer, and
the deuterium dimer. Furthermore, inertial defects of � p-D2

= � 89:367(1)MHz for the
para deuterium complex and� o-D2

= � 83:218(1)MHz for the ortho deuterium complex
suggest an out-of-plane binding.

Table 7.6.: Experimental spectroscopic constants of D2-t-2-FBzA separated by spin
isomer compared to a structure optimized at the B3LYP-D3/def2-TZVPP level of theory
and a vibrational-rotational analysis to predict the centrifugal distortion constants. [243]

The rotational constants A, B , and C are in MHz, all other spectroscopic parameters
and the microwave RMS are inkHz.

B3LYP/
def2-TZVPP p-D2-t-2-FBzA o-D2-t-2-FBzA

o-D2-t-2-FBzA

A 2163:35 2089:08(1) 2118:333(8)
B 1395:02 1362:663(1) 1374:807(1)
C 966:58 965:5259(9) 966:390(1)
DJ 0:18 [ 0 ] 0:3(1)
DJK 0:66 1:8(3) 2:1(2)
DK � 0:23 18:0(3) [ 0 ]

no. lines - 12 12
RMS - 6:9 5:5

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r

representation.

The deuterium nuclei of the D2 molecule are bosons with a nuclear spin ofI = 1 , meaning
that both the ortho and para deuterium lines are split due to the nuclear quadrupole
coupling of the deuterium. Additionally, for both ortho deuterium, with a total nuclear
spin state of I tot = 0 ; 2 and para deuterium, with a total nuclear spin state of I tot = 1 ,
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7.5. D2-Fluorobenzaldehydes

hyper�ne coupling from spin-spin interactions is expected. The spin-spin coupling and
the nuclear quadrupole coupling can only be observed as a linear combination of the two
in accordance with Equation (7.1.4). The hyper�ne structure was not resolved at the
broadband instrument and measurements at a high resolution cavity instrument were
not performed as the mixing station required was not �nished, but are planned for the
future.

Therefore, the assignment of the nuclear spin states of each �t can only be done through
the di�erence between the rotational constants of the j levels. The rotational constants
for the ortho hydrogen complex with j = 1 are smaller than for the para hydrogen.
Thus the rotational constants of the para deuterium complex with j = 1 are expected
to be smaller than for ortho deuterium. This leads to the assignment of the broadband
rotational �ts as shown in Table 7.6. The rotational constant ratio of the j = 0 to j = 1
complex for the H2 to D2 complex is similar, with A j =0 =j =1 = 1 :015 for hydrogen to
A j =0 =j =1 = 1 :014 for deuterium.

As the number of transitions observed for the deuterium complex is limited, only two
distortion parameters were �tted when treating ortho and para deuterium separately;
setting all other parameters to zero. Compared with theory, the ground state rotational
constants of the o-D2 complex were overestimated by2%, which is comparable to the
error for the p-H2 2-FBzA complex. At 298 K, 66.664(16)% of deuterium are in an o-D2
nuclear spin state.[246] Due to Bose-Einstein statistics, a nuclear spin transition between
ortho and para deuterium through collisions is not probable. In case of deuterium,
the binding energy of o-D2 is lower,[29] but there exist 6 nuclear spin states foro-D2,
while p-D2 has a nuclear spin weight of 3. The spin weight appears to be crucial for
the observation of the deuterium complex, as the experimental ratio betweenortho and
para deuterium complex from the broadband data is

I o-D 2
I p-D 2

= 2 � 2.

7.5.2. D 2-3-Fluorobenzaldehyde

The complex of deuterium with 3-�uorobenzaldehyde was investigated analogously to
the respective hydrogen complex. For thet-3-FBzA conformer, the ortho and para
deuterium complex was found and listed in Table 7.7. Attempts to �t the complex
between the D2 and c-3-FBzA conformer have so far remained unsuccessful, which is
surprising, because the amount of transitions observed for the H2-c-3-FBzA exceed those
of the trans conformer. The dipole moment component� b of the c-3-FBzA complex is
much larger for the trans conformer, thus both a-and b-type transitions are expected
for the cis conformer complex. As the binding energies for each �uorobenzaldehyde are
almost independent of the conformer, the lack of a converged �t for the D2-c-3-FBzA
complex is unclear.

Deuterium binds to the � system, as was the case for the respective hydrogen complex,
leading to inertial defects of � p-D2

= � 91:18(5)MHz and � o-D2
= � 83:664(6)MHz. The

inertial defects are comparable to those obtained from the deuterium complex witht-
2-FBzA, indicating a similar bonding. As is the case for the 2-FBzA complex, the
intensity of the p-D2-3-t-FBzA transitions is lower in the broadband spectrum, leading
to a limited number of observed transitions. The centrifugal distortion parameters did
not converge forp-D2, even though a RMS of35 kHz is above the instrumental resolution
of 10 kHz. This indicates that the centrifugal distortion constants are relevant for an
accurate description of the system.
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Table 7.7.: Experimental spectroscopic constants of D2-t-3-FBzA separated by spin
isomer compared to a structure optimized at the B3LYP-D3/def2-TZVPP level of theory
and a vibrational-rotational analysis to predict the centrifugal distortion constants. [243]

The rotational constants A, B , and C are in MHz, all other spectroscopic parameters
and the microwave RMS are inkHz.

B3LYP/
def2-TZVPP p-D2-t-3-FBzA o-D2-t-3-FBzA

o-D2-t-2-FBzA

A 2884:64 2752:3(8) 2802:1(1)
B 1030:81 1011:50(1) 1020:102(1)
C 854:39 853:25(1) 853:517(1)
DJ 0:066 [ 0 ] 0:08(5)
DJK 1:34 [ 0 ] 3:3(4)

no. lines - 6 13
RMS - 35:5 4:3

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r

representation.

7.6. Structural Fitting of the Hydrogen Binding

The rotational constants clearly indicate that all benzaldehydes prefer to bind the hy-
drogen out-of-plane at the� system of the benzylic ring over any other possible binding
side. To further deepen the understanding of the structure, Kraitchman's substitu-
tion method r s can be used for the analysis. Kraitchman's general equations provide
absolute coordinates of an atom substituted with an isotope through the experimen-
tal planar moments measured in natural isotopic abundance. Typically, these are13C
and hetero atoms with stable isotopes. In addition to regular isotopic substitution de-
scribed in Chapter 4.1.4, Kraitchman's equations are also applicable in the so-called
"extreme" Kraitchman method. It is most commonly applied to weakly-bound noble gas
complexes.[247�250] Instead of an actual isotopic substitution, the monomer is treated as
a dimer with a virtual binding partner atom with a mass of zero, which is substituted
for a noble gas. It is based on the same approximation as the traditional Kraitchman
method, that the geometry is unchanged upon the isotopic substitution, and in this case
the addition of a weak dispersive bond. The extreme Kraitchman method lends itself to
investigating noble gas complexes, as they are single-atom binding partners. When an
extreme Kraitchman method is applied to dihydrogen, the hydrogen cannot be treated
separately; instead, the coordinates of the reduced mass of the dihydrogen subunit are
determined.

In principle, the replacement of hydrogen as a binding partner with deuterium allows for
the determination of the Kraitchman coordinates in a doubly substituted system. How-
ever, Kraitchman's approach presupposes that the rovibrational contribution � = I 0 � I e

is invariant upon substitution. Replacement of hydrogen with deuterium doubles the
mass and leads to a large change in� .[104,108] Intermolecular vibrations in the complex
not present in the monomer already pose an issue for the "extreme" Kraitchman ap-
proach, but since the binding energies between hydrogen and deuterium di�er, each
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7.6. Structural Fitting of the Hydrogen Binding

Table 7.8.: Cartesian coordinates of extreme Kraitchman calculations for the COM for
p-H2 and o-D2 in a complex with t-2-FBzA, 3-FBzA and 4-FBzA in Å. In addition, for
the o-H2, the 13C substitution coordinates and the COM based of dihydrogen on the
o-H2 complex is listed.

species a / Å b / Å c / Å

p-H2 t-2-FBzA(calc) 0:836 0:412 2:989
p-H2 t-2-FBzA 0:661(2) 0:10(1) 3:3612(5)
o-H2 t-2-FBzA 0:729(2) 0:368(4) 3:5844(4)
o-D2 t-2-FBzA(calc) 0:875 0:444 2:921
o-D2 t-2-FBzA 0:711(2) 0:198(8) 3:2765(5)
p-D2 t-2-FBzA 0:737(2) 0:304(5) 3:3989(5)

p-H2 c-3-FBzA(calc) 0:383 � 0:602 3:000
p-H2 c-3-FBzA 0:282(5) � 0:380(4) 3:3624(5)
o-H2 c-3-FBzA 0:416(4) � 0:602(3) 3:6708(4)

p-H2 t-3-FBzA(calc) � 0:337 � 0:447 3:007
p-H2 t-3-FBzA � 0:661(2) � 0:10(1) 3:3612(5)
o-H2 t-3-FBzA � 0:577(3) � 0:358(4) 3:6213(4)
o-D2 t-3-FBzA(calc) � 0:347 � 0:517 2:946
o-D2 t-3-FBzA � 0:265(6) � 0:266(6) 3:2780(5)
p-D2 t-3-FBzA � 0:447(3) � 0:06(3) 3:4156(5)

p-H2 4-FBzA(calc) 0:268 � 0:113 � 3:017
p-H2 4-FBzA 0:183(8) � 0:301(5) � 3:3685(5)
o-H2 4-FBzA 0:407(4) � 0:475(3) � 3:6761(4)

o-H2 4-FBzA C1 � 2:4738(6) � 0:500(3) 0:279(5)
o-H2 4-FBzA C2 � 1:023(6) � 0:18(4) 0:13(5)
o-H2 4-FBzA C3 � 0:45(2) 1:057(6) 0:06(10)
o-H2 4-FBzA C4 0:901(7) 1:222(5) 0:006(1126)
o-H2 4-FBzA C5 1:709(2) 0:03(10) 0:058(6)
o-H2 4-FBzA C6 1:186(6) � 1:214(5) 0:12(5)
o-H2 4-FBzA C7 � 0:19(3) � 1:353(4) 0:10(6)

o-(H2)2 4-FBzA 0:447(3) � 0:401(4) 3:7231(4)

isotopologue must be treated separately.[29,104]

The COM of the hydrogen binding partner in blue, derived from the Kraitchman ap-
proach, was superimposed with a structure obtained from the anharmonic optimization
t-2-FBzA in Figure 7.14a in blue. Theo-D2 complex is marked in green and shows strong
similarities to the dihydrogen complex, with the deuterium closer to the benzaldehyde
plane by about 0:085(1)Å, which is explained by the larger dissociation energy of deu-
terium compared to hydrogen.[29]

For the 4-FBzA complex, several additional isotopologues were found for theo-H2 com-
plex. The distance from hydrogen to the benzaldehyde plane is comparable to the values
obtained for t-2-FBzA. Figure 7.14b shows thepara hydrogen distance in blue and all
Cartesian coordinates of theortho species in pink. There is a general agreement between
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

the r s and re coordinates of the complex, but as is apparent in Table 7.8, ther s coordi-
nates display a large deviation from planarity, with r s(c) coordinates up to 0:279(9)Å.
This is in part due to the change in out-of-plane vibrations through the addition of hy-
drogen and a shift in the ab plane away from the molecular plane through the addition
of out-of-plane mass. Another error stems from the Kraitchman method, as the pla-
nar symmetry is broken and the Kraitchman's equations for non-planar asymmetric top
need to be applied. The small expectedr s(c) coordinates cause large errors according to
Costain's rule �z = K=jzj, where �z is the coordinate's error andK = 0 :0015Å

2
a sug-

gested proportional factor.[108] Therefore, the error is large for absolute coordinates below
z < 0:15, which contributes to the break in planarity of the �uorobenzaldehyde observed
in the Kraitchman coordinates. This failure of the Kraitchman method is probably the
biggest cause of error, as the vibrational and geometric arguments mentioned above are
expected to have a similar e�ect on all c coordinates of the carbon atoms, whereas the
r s(c) coordinates which are listed in Table 7.8 vary between0:006 - 0:279Å.

As was observed in previous microwave studies,[29,32,33] the COM of the ortho hydrogen
appears to be further away from theab plane by 0:3Å compared to the para hydrogen.
This trend is consistent for all four �uorobenzaldehyde species when the rotational con-
stants from separate rigid-rotor Hamiltonian �ts are utilized. This observation is at odds
with the higher dissociation energy ofortho hydrogen reported for manyo-H2 complexes
both theoretically [23,24,33] and experimentally.[8,29] For the deuterium complex, a similar
pattern is observed, as ther s(c) coordinate of the COM belonging to the ortho deu-
terium is lower than for the para deuterium, which is similarly at odds with the higher
dissociation energy observed for otherortho deuterium complexes.[29]

(a) (b)

Figure 7.14.: Overlay of Kraitchman's r s Cartesian coordinates over equilibrium ge-
ometries at B3LYP-D3/TZVPP level of a) p-H2 t-2-FBzA with the r s COM for the p-H2
in blue and the COM for o-D2 in green, and b) the complex ofp-H2 4-FBzA overlayed
over the r s coordinates for the13C and COM of the o-H2 in the complex in pink and the
COM for the p-H2 in blue.

The success in �tting both ortho and para hydrogen in XIAM through a V2 potential
suggests that this apparent di�erence in bond lengths can be attributed to the sepa-
rate treatment of hydrogen j states. Treating ortho and para hydrogen with a single
Hamiltonian as discussed in Chapter 7.4 suggests that the structural di�erence between
ortho and para complexes is greatly impacted byj splitting and it cannot be cleanly
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separated, unless the binding preference betweenortho and para hydrogen is radically
di�erent. [32]

To understand whether the di�erence in ortho and para states is purely caused byj
coupling, deuterium was also �tted in XIAM and is listed in Table 7.9. Ortho and
para deuterium were successfully treated together in a single �t for both �uoroben-
zaldehydes. The rotation axis� remains relatively constant between the hydrogen and
deuterium complex, as indicated by the similar values obtained for� and � . The poten-
tial barrier moving from hydrogen to deuterium remains largely unchanged, di�ering by
0:17(1) cm� 1 and 0:28(11) cm� 1 for t-2-FBzA and t-3-FBzA, respectively. The similarity
in the potential barrier supports the assumption that the electronic potential is similar
upon deuteration. The dimensionless reduced barrier heights for a two-fold potential
is de�ned as s = 4Vn

F n 2 = V2
F .[251] The reduced barrier height of deuterium is higher than

that of hydrogen. The zero-point energy of deuterium is lower, leading to a higher re-
duced barrier. There does not exist any rotational data on continuousV2 potentials for
comparison, but a similar trend is observed forV3 potentials of deuterated CD3 internal
tops, albeit at much higher potential barriers.[252,253]

When comparing the r s COM coordinates of para hydrogen with anharmonic structure
calculations r0 at B3LYP-D3/def2-TZVPP level, the distance from the ab plane to the
COM is consistently larger by � R�

? = 0 :36(1)Å for the r s geometry than predicted by
theory. This value cannot be directly translated into bonding distance, as no carbon-13
data was recorded for anyp-H2 complexes, but according to theory, di�erence between
the ab plane and the benzaldehyde plane di�ers by� 0:06(3)Å for t-2-FBzA, assuming
they are parallel. Therefore, the di�erence in intermolecular bond distance appears to be
signi�cant. This observation is possibly caused by the use of the "extreme" Kraitchman
method, as "extreme" Kraitchman does not account for any intermolecular vibration
or large zero-point corrections� . Compared to ortho deuterium, a similar di�erence is
found between r0 and r s of 0:35(2)Å, with a di�erence between ab and the molecular
plane of � 0:12(5)Å. Overall, the e�ect is lesser in the case of deuterium, suggesting that
it might be caused by the inherent problems of the "extreme" Kraitchman method.

To test r s coordinates for internal consistency, the bis-hydrogen complex with 4-FBzA
was treated similarly to heterodimer complexes. The second hydrogen is introduced on
the opposite side of the benzylic ring. Therefore the Kraitchman coordinater s(c) is a
good approximation for the intermolecular distance between hydrogen and theab plane
R? . The molecular mirror plane is restored and the benzaldehyde plane is within the
ab PAS plane, just as is the case for the planar monomer. To compare the trimer to the
hydrogen heterodimer, ther s(c) coordinate of the COM has to be corrected by the shift
of the benzylic plane away from theabPAS plane. The absoluter s(c) coordinates of the
carbon substitution are strongly error contaminated; and therefore not used. Instead,
the correction � r corr (BzA ��� ab) = 0 :0506Å was applied with the r0(c) coordinates of the
carbon backbone obtained from theory. Upon correction, the intermolecular bond length
of the mono-hydrogen complex ofR? = 3 :727(8)Å is comparable to the bis-hydrogen
trimer bond length of 3:7231(4)Å.

In the "extreme" Kraitchman analysis, the hydrogen is treated as spherical.[248�250] For
free para hydrogen, a spherical approximation of the potential can be su�cient, as the
break of symmetry is small.[254] However, through the introduction of a binding partner,
the near-spherical symmetry is broken, as shown in the rotational scan in Figure 7.13.
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To avoid the problems inherent with r s structures, Beate Kempken performed initial r0

structural �ts using STRFIT. [75,76]

Table 7.9.: Fitting results in XIAM of weakly-bound hydrogen and deuterium com-
plexes with t-2-FBzA and t-3-FBzA, treating the ortho and para hydrogen splitting as a
two fold potential. The initial �ts for the hydrogen complexes were performed by Beate
Kempken. The rotational constants of the hydrogen/deuterium F0 was �xed in �t.

H2-t-2-FBzA D2-t-2-FBzA H2-t-3-FBzA D2-t-3-FBzA

A / MHz 2304:16(3) 2115:91(2) 3141:1(2) 2797:7(5)
B / MHz 1455:667(3) 1373:881(2) 1061:671(3) 1019:487(5)
C / MHz 969:1271(6) 966:327(3) 854:226(2) 853:499(4)
DJ / Hz [ 0 ] [ 0 ] 0:1208(9) [ 0 ]
DJK / Hz 7:19(7) 5:1(4) 8:47(4) 5:7(9)
V2 / kJ mol� 1 0:234 67(6) 0:232 67(9) 0:2205(3) 0:217(1)
V2 / cm� 1 19:617(5) 19:450(8) 18:44(3) 18:16(8)
F0 / GHz 1813:227 908:781 1813:227 908:781
� / rad � 0:3882(1) � 0:3729(6) � 0:2238(9) � 0:218(2)
� / rad 2:3355(3) 2:3372(3) � 0:8651(9) � 0:859(3)
s 0:324 018 8(8) 0:6404(2) 0:3045(4) 0:598(3)

no. lines 26 24 55 19
RMS / kHz 5:3 12:7 2:4 27:5

(a) Distance R between COM
of FBzA and H2 from STR-
FIT.

(b) Angle � s betweenab-plane
and COM of FBzA and H2
from STRFIT.

(c) Distance R? between
FBzA molecular plane and
COM of H2 from STRFIT.

Figure 7.15.: least square �t in STRFIT for all four �uorobenzaldehydes. Figure a)
shows the �tted distance R between the COMs of �uorobenzaldehyde and hydrogen,
based on the separate rigid rotor �ts of each spin isomer. Figure b) shows the second
�tting parameter, the angle � s between thex axis and the intermolecular bond vector
R. Figure c) shows the shortest intermolecular distanceR? between the H2 COM and
the benzaldehyde plane according to the geometry obtained from the least square �t.
The yellow bars in each plot show the same values calculated from the geometries that
provided the best starting guesses for each least square �t.

The structural �ts utilize the ground state rotational constants B0, each rotational con-
stant providing one degree of freedom for the �t. Fitting more than two degrees of
freedom however, leads to poor convergence of the parameters. For this reason only two
structural parameters, the distanceR between the COMs of �uorobenzaldehyde and hy-
drogen and the angle� s formed by the two COMs and the C2 carbon atom was �tted.
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The angle � s is comparable to� as de�ned in Figure 7.10 for most �uorobenzaldehydes,
as thea-axis is close to the localz-axis, but they are not equivalent. As an internal coor-
dinate system is required for any STRFIT calculation, a direct �t of � , which is de�ned
in a local axis system, would require a large number of dummy atoms and complicate
the �t. In contrast to � , the distance R �tted in STRFIT is directly equivalent to the
translation vector R shown in Figure 7.10.

Comparing the COM distance R, by treating ortho and para hydrogen separately, the
ortho hydrogen bond distance appears to be approximately0:29(3)Å longer than the
para hydrogen. As hydrogen is not directly located above the COM of the respective
�uorobenzaldehyde, R is not directly comparable between complexes. The distanceR?

is de�ned between the hydrogen COM and the benzaldehyde plane. It is calculated from
the r0 geometry �tted in STRFIT. Figure 7.15c shows very comparable bond distances
within the series, especially for thepara hydrogen values. The hydrogen bond distances
from the �tted r0 structures are in agreement with the values obtained from ther s

structures, while the equilibrium geometry predictions generally underestimate the hy-
drogen distance from the benzaldehyde plane, as previously discussed. Unfortunately,
none of the mass-correctedr (1)

m or r (2)
m least square �ts, which include zero-point energy

approximations to approach equilibrium geometries, converged successfully.

The angle � s does not follow any consistent trends betweenortho and para hydrogen.
� s is largest for t-2-FBzA-H2, which stems from the �uorobenzaldehyde COM being
the farthest from the center of the aromatic ring, as is apparent in Figure 7.12. It is
also in agreement with predictions from theory, which show the same overall trend. The
de�nition of � s through the C2 atom is also the likely cause of the large variations and
the lack of consistent trends among the series, as it prevents a direct comparison.

In the case of o-H2-4-FBzA, additional isotopic data from the carbon-13 substituted
complexes was recorded, allowing additional degrees of freedom in the �t. A third degree
of freedom was introduced by �tting the angle � 0

s between the intermolecular bond vector
R and the hydrogen-hydrogen bond vector. It is a description of the hydrogen angle with
respect to the benzaldehyde plane in internal coordinates, although it cannot be directly
equated to � 0 as shown in Figure 7.10 ifR is not parallel to the principal c-axis. A
simultaneous �t of � 0

s and a dihedral angle � 0
s to describe the angle of the hydrogen-

hydrogen bond axis with respect to the carbon-carbon bond of the aldehyde group did
not lead to convergence, instead several starting guess structures with varying starting
dihedral angles of� 0

s were used.

The convergedr0 geometry from STRFIT with three degrees of freedom is based on
a structural guess where the hydrogen-hydrogen bond axis is close to parallel to the
carbon-oxygen bond axis as shown in Figure 7.16. This is consistent with both the
PES scan of� 0 from theory in Figure 7.12 and the XIAM �t for H 2-4-FBzA in Table
7.5. Consistently across binding partners, theory predicts a local minimum when the
dihydrogen bond and the carboxyl double bond align. In case of 4-FBzA, where the
principal a-axis is approximately parallel to the x-axis of the local body-�xed system,
� 0 is comparable to XIAMs �tting parameter � . The XIAM �t yields a value of � =
2:3245(2)rad = 133:18(1)� , which is the angle between the principal a-axis and the
rotational axis of the internal rotation. The internal rotation axis is orthogonal to the
hydrogen bond axis that is used to de�ne� 0. Therfore � 0 � � � �= 2 = 43:18(1)� is true
for o-H2-4-FBzA. This is close to the value of� 0

s = 55 � set in the convergedr0 geometry
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

Figure 7.16.: Geometry from r0 �t utilizing three degrees of freedom, the intermolecular
distance between the COMsR, � s and � 0

s. The COMs are shown as transparent cyan
spheres.

�t and the PES scan which predicts a minimum angle of � 0 = 49(4) � when averaged
over all methods used.

A comparison between the �t parameters � 0
s from STRFIT and � from XIAM is also

possible through conversion. The three dimensionalr0 �t yields a value of � 0
s = 96(15) � ,

with the hydrogen almost parallel to the benzyl plane. The parameter � is the angle
between the principal b-axis and the rotational axis projected onto the bc plane. De-
pending on the directional de�nition of the rotational axis, for hydrogen parallel to the
abplane of the benzaldehyde,� would be close to0 or 180� degree. If� is too close to 0 or
� , the XIAM �t is unstable; hence, � had to be set to zero for 4-FBzA. Instead of� , the
angle between thebcprojection vector and the c-axis can be considered. This respective
angle di�ers from � by �= 2 and is equal by de�nition to � 0, because the principalc-axis
and the z-axis of the local body �xed system as de�ned in Figure 7.10 are identical, and
hence� 0 = � � �= 2. Both XIAM and the r0 STRFIT calculation point to a rotation of
ortho hydrogen with a rotational axis parallel to the ab plane. The structural �t that
locates the dihydrogen parallel to theab-plane relies exclusively onortho hydrogen data.
Consequently, it lacks information whether para hydrogen prefers orthogonal or parallel
alignment with the 4-FBzA plane.

7.7. Analysis of the Spin-Spin Coupling

As mentioned in Equation (3.1.20), the dipolar spin-spin coupling is dependent on the
spacial distance between the coupling spins. In case of hydrogen nuclear spin-spin cou-
pling, D ij contains information on the hydrogen bond length within the complex. Equa-
tion (3.1.20) requires the full spin-spin coupling tensor, which can be simpli�ed through
the fraction of the bond length of free hydrogen with the bond length in the complex,
leading to the following equation.[35]

r0(H2 in complex) = r0(Free H2)
�

Dzz(Free H2)
Dzz(H2 in complex)

�
(7.7.1)
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7.7. Analysis of the Spin-Spin Coupling

The ground state bond length of free hydrogenr0 = 0 :7468(2)Å is known from the
literature, as is the spin-spin coupling component along the hydrogen bond axisDzz =
� 576:8(4).[231] In cases where the hydrogen is parallel to one of the principal axis, such as
the H2 AgCl complex, this method was successfully applied to calculate an experimental
ground state bond length. Approximating Dzz with the projection Daa assumes that
the o�-diagonal elements of D ij in the PAS are near-zero. This proved to be a poor
approximation, because it is not the case for the �uorobenzaldehyde complexes. As
discussed in Section 7.6,� is non-zero for all four cases, meaning the internal rotational
axis � and by symmetry also the hydrogen bond axis does not align with any of the
principal axis. It leads to a vast overestimation of the ground state bond lengthrH2

as
shown in Table 7.10. Hydrogen is bound to AgCl tighter than �uorobenzaldehyde by
more than an order of magnitude as shown in Figure 7.11. Consequently, the elongation
of the hydrogen bond through the non-covalent interaction with a �uorobenzaldehyde
binding partner is expected to be smaller. Through the poor approximation ofDzz �
Dcc, r0 appears to be longer for �uorobenzaldehydes instead.

Table 7.10.: Diagonal elements of the experimental spin-spin coupling tensorD ij of
free hydrogen[231], hydrogen in complex with AgCl,[35] and four �uorobenzaldehydes.
For the former two species, the hydrogen aligns with the principal axis, hence all o�
diagonal elements are zero by symmetry. For the �uorobenzaldehyde complexes, the
o�-diagonal components of the spin-spin coupling tensor projected into the PAS could
not be experimentally determined. Below are the experimental values of the hydrogen
distance derived from the spin-spin coupling, compared to equilibrium values determined
at B3LYP-D3/def2-TZVPP level. The poor experimental values demonstrate that the
approximation Dzz � Dcc is invalid. Therefore, the experimental r0 distance for H2-
FBzA is unreliable. The spin-spin coupling constantsD ij are in kHz and the hydrogen
distance r is given in Å.

free H2 AgCl 2-FBzA t-3-FBzA c-3-FBzA 4-FBzA

Dxx 288:4 252(7) Daa 140(20) 141(6) 93(7) 93(6)
Dyy 288:4 204(6) Dbb 110(62) 113(7) 137(8) 139(8)
Dzz � 576:8(4) � 459(4) Dcc � 250(22) � 254(4) � 230(4) � 232(4)

r0 0:7468(2) 0:806(2) 0:98(3) 0:981(5) 1:014(6) 1:011(5)
re 0:742 85 0:7825 0:7437 0:7429 0:7430 0:7430

The XAIM �t can be used to approximate orientation of the H 2 molecule in the complex
through the internal rotation axis � in relation to the principal axis. In case of 4-FBzA,
the angle is between thea-axis and � is approximately 50� , parallel to the ab plane.
Transforming the free hydrogen through rotation the principal c axis leads to spin-spin
coupling tensor elements ofDaa = 288:4 kHz, Dbb = 119:2 kHz, and Dcc = � 238:3 kHz.
The di�erences in Daa and Dbb indicate that the rotational axis might not be completely
parallel to the ab plane. However it cannot be excluded, because non-covalent interac-
tions with the �uorobenzaldehyde also in�uence the dipolar coupling. Without a full
experimental description of the tensor, these two e�ects cannot be separated experimen-
tally.
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

7.8. D2-4-Chlorobenzaldehyde

Table 7.11.: Experimental spectroscopic constantsa of the two D2-4-ClBzA complexes
separated by spin isomer. Both35Cl and 37Cl are shown. The complexes are compared to
a structure optimized at the B3LYP-D3/def2-TZVPP level of theory and a vibrational-
rotational analysis to predict the centrifugal distortion constants.[243] The rotational
constants A, B , C, and � ij components are inMHz, all other spectroscopic parameters
and the microwave RMS are inkHz.

B3LYP/
def2-TZVPP o-D2-4-35ClBzA o-D2-4-37ClBzA
o-D2-4-ClBzA

A 3710:27 3572:660(1) 3571:105(2)
B 657:61 654:5708(3) 639:7903(3)
C 608:47 609:2181(3) 596:3707(2)
DJ 0:018 0:024(5) [ 0 ]
DJK 1:2 2:97(6) 3:0(1)
3=2� aa 111:42 � 105:91(1) � 83:58(7)
1=4� bb� cc 2:11 1:511(4) 1:20(1)
� ab 10:15 10:0(1) 8:0(8)
� ac 0:77 [ 0 ] [ 0 ]
� ac 0:10 [ 0 ] [ 0 ]

no. lines - 102 44
RMS - 8:3 6:2
� - � 83:9809(5) � 84:0082(4)

p-D2-4-35ClBzA p-D2-4-37ClBzA

A 3456:773(2) 3455:262(3)
B 649:6890(1) 635:1272(3)
C 609:2705(2) 596:4176(2)
DJK 4:18(6) 4:5(1)
3=2� aa � 105:99(2) � 83:46(4)
1=4� bb� cc 1:493(6) 1:188(6)
� ab 7:0(1) � 6:0(2)
� ac [ 0 ] [ 0 ]
� bc [ 0 ] [ 0 ]

no. lines 93 46
RMS 7:5 6:1
� - � 94:5960(3) � 94:6189(5)

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r

representation.

For 4-FBzA, no broadband data of the D2 has been collected. Instead, 4-ClBzA was
selected to investigate the hydrogen bound to a heavier Buxtehude, which also contains
a nuclear quadrupole. Both data for the D2 and the H2 was collected at the COMPACT
in Hamburg. For the 4-ClBzA, both the ortho and para deuterium complex with 35Cl
and 37Cl was recorded and assigned. Over the course of the H2 measurements, the signal
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7.8. D2-4-Chlorobenzaldehyde

to noise ratio decreased, as the nozzle had been in use for a day, leading to deformation.
This prevented the observation of any lines belonging to a H2 complex, as can be deter-
mined by comparison with the D2 spectrum. Fourier transforming only the �rst 2000k
the scans taken from total 5600k scans collected of the 4-ClBzA and H2 co-expansion
also did not show any more signals than those present in the D2 expansion belonging to
the monomer or noble gas complex. As the experiment could not be repeated during the
limited measurement time in Hamburg, only the D2-4-ClBzA complex was assigned.

When comparing the rotational constants of the D2-4-ClBzA complex with the monomer
assignment in Table 6.1, it is evident that, similar to the �uorobenzaldehyde complex,
deuterium binds out-of-plane to the benzylic ring system, close to thec-axis. The rota-
tional constant C0 of the 35Cl parent and the 37Cl isotopologue are consistent between
the monomer and the complex. The inertial defect depends on the spin isomer of deu-
terium, and the substitution of the chlorine isotope results in only minor di�erences
through out-of-plane chlorine vibrations, as shown in Table 7.11. Currently, a direct
comparison to a 4-FBzA-D2 complex is not possible because the species has not yet
been investigated. However, if the in�uence of the substitution position of the halo-
gen on the interaction with deuterium is assumed to be minor, as is the case for the
�uorobenzaldehydes, a comparison between the 4-ClBzA deuterium complex with the
2-FBzA and 3-FBzA deuterium complex is reasonable. Among the observed deuterium
complexes, no13C-substituted species were detected. Furthermore, no transitions were
observed to belong to a bis-deuterium complex. The di�erence in inertial defects of the
para deuterium complexes is minor, with the largest di�erence at 5 MHz between the
t-2-FBzA and 4-ClBzA complexes. This result indicates that the halogens have little or
no e�ect on the binding of deuterium to the ring.

Figure 7.17.: Components of the nuclear quadrupole coupling tensor in the respec-
tive PAS of 4-ClBzA the 35Cl and the o-D2 complex from an anharmonic structure
optimization at B3LYP-D3/def2-TZVPP level and from experiment. The error for the
experimental values are included, but small at the scale of the �gure and hence are listed
in Table 7.11.

The binding of deuterium to 4-ClBzA breaks the Cs symmetry of 4-ClBzA and leads
to a rotation of the PAS. Hence, � ac and � bc are no longer required to be zero by
symmetry. However, the o�-diagonal NQCCs predicted in Table 7.11 are very small and
the broadband data alone was insu�cient to �t the full nuclear quadrupole coupling
tensor. For this reason, the only o�-diagonal element that was �tted was � ab. The other
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7. Angular Momentum Coupling in Molecular Hydrogen Complexes

elements� ac and � bc were set to zero, because setting them at the values provided by
theory did not a�ect the �t.

In Figure 7.17, the NQCCs of the 4-35ClBzA monomer are compared to the respective
o-D2 complex, both theoretical and experimentally obtained values. As expected for
this molecule, � aa and � zz are very similar between the two species because thea-axis is
almost directly along the chlorine carbon bond containing thez-axis of the nuclear axis
system. The monomer in the PAS is shown in Figure 6.1. In the PAS,� aa;exp shows
di�erences on an experimentally signi�cant scale, as is expected due to the change in the
PAS with the addition of deuterium. When comparing � zz through the diagonalization
of the experimental NQC tensor, they do not di�er signi�cantly, as the electronic �eld
gradient is dominated by the chlorine-carbon � bond. The two orthogonal NQC ele-
ments � xx and � yy show a di�erence of0:07 MHz between the monomer and the dimer.
This suggests the in�uence of long-range disperse interactions between deuterium and
4-ClBzA apparent in the EFG of chlorine. However, the di�erence in NQCCs between
the species is small, and due to the error in� ab, in addition to the error introduced by
setting � ac and � bc to zero in the �t, it cannot be considered experimentally proven.
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8. Phenylboronic Acid Pinacol Ester

8.1. Monomer

To model the features of covalent organic frameworks (COF) more closely than with the
benzaldehydes, boron containing structures were investigated. The porous structure of
COFs is constructed in the polymer through the geometric restrictions imposed by the
monomer and results in a large surface structure for adsorption. A variety of building
blocks are used in the polymerisation of COFs, often including aromatic systems and
heteroatoms. Most common heteroatoms in COF lattices are oxygen, nitrogen and
boron. Among the boron containing COFs, boronate esters are commonly the functional
group linking the monomers together.[9]

Boronate esters were the target molecular units, as boron is a potential binding site
for the hydrogen through its empty p-orbital. Boron possesses two stable isotopes;11B
with a natural abundance of 80:1(7)% and a nuclear spin ofI = 3=2, with a quadrupole
moment of Q = 4 :07(3) fm2. The natural abundance of 10B is 19:9(7)% and it has a
larger nuclear spin of I = 3 with a nuclear quadrupole moment ofQ = 8 :47(6) fm2.[165]

The nuclear quadrupole coupling another reason to focus on boron. If direct bonding
between hydrogen and boron takes place, this might su�ciently in�uence the electronic
�eld gradient surrounding the boron to detect the interaction experimentally through
the nuclear hyper�ne coupling.

Figure 8.1.: Geometry of penylboronic acid pinacol ester (PBAPE) in the principal
axis system predicted at B3LYP-D3/def2-TZVPP level. The enumeration of atoms for
isotopic substitution structures is also shown above.
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8. Phenylboronic Acid Pinacol Ester

Table 8.1.: Experimental rotational constants of PBAPE, including all major isotopo-
logues of boron and carbon. The largest o�-diagonal value of the quadrupole coupling
tensor was kept constant at theory level and others set to zero, as were all centrifugal
distortion constants not listed. [243]

Spectroscopic parameters are given inMHz unless speci�ed.

B3LYP
def2-TZVPP 11B 10B 13C1 13C2

P11BAPE

A 1341:14 1341:09(2) 1340:93(4) 1335:8(1) 1336:02(5)
B 342:29 342:4208(1) 342:4021(2) 341:1807(6) 339:2541(2)
C 308:83 309:2432(1) 309:2280(2) 307:9690(7) 306:4017(3)
3=2� aa � 3:86 � 3:40(3) � 7:13(9) � 3:4(2) � 3:4(1)
1=4� bb� cc � 0:94 � 1:01(5) � 1:82(5) � 0:9(2) � 1:14(4)
� bc � 0:5685 [ � 0:5685 ] [ � 1:1833 ] [ � 0:5685 ] [ � 0:5685 ]
DJ / kHz 0:0026 0:0007(3) [ 0 ] [ 0 ] [ 0 ]
DJK / kHz 0:046 0:050(2) 0:084(6) 0:04(1) 0:02(1)
DK / kHz 0:0028 5:0(3) [ 0 ] [ 0 ] [ 0 ]

no. lines - 165 157 54 60
RMS / kHz - 10:9 14:9 21:2 11:9

13C3 13C6 13C10 13C12 13C13

A 1341:4(2) 1341:13(6) 1338:92(8) 1327:67(4) 1330:30(4)
B 337:980(1) 341:8417(3) 341:4183(4) 340:6256(2) 340:1740(2)
C 305:617(1) 308:7719(3) 308:3172(5) 307:9539(2) 307:0942(2)
3=2� aa � 3:5(5) � 3:3(1) � 3:1(3) � 3:4(1) � 3:5(1)
1=4� bb� cc � 0:7(3) � 0:4(1) � 0:8(1) � 0:94(8) � 0:96(9)
� bc [ � 0:5685] [ � 0:5685 ] [ � 0:5685 ] [ � 0:5685 ] [ � 0:5685 ]
DJK / kHz � 0:11(6) [ 0 ] 0:07(1) 0:041(9) 0:050(7)

no. lines 36 42 55 75 73
RMS / kHz 23:6 13:6 17:0 15:8 16:2

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation.

Large COF polymers are impossible to transfer into the gas phase, hence smaller organic
molecules mimicking the structure have to be chosen. These can be utilized to investigate
the hydrogen binding through microwave spectroscopy which experimentally support
computational e�orts of describing hydrogen interacting with COFs. [255]

As a �rst step a suitable monomer had to be found that is commercially available,
contains the structural elements of interest and is transferable into the gas phase. For
that purpose, 2-cyano phenylboronic acid 1,3-propanediol ester and phenylbronic acid
pinacol ester were tested. For most boronic esters, no vapor pressures are available in
literature and merely melting points are published. Transitions of phenylboronic acid
pinacol ester (PBAPE) were successfully detected at the COMPACT in Hamburg and
the QCUMBER in Göttingen. The sample had to be heated to 80� C, as the melting
point is at 27 - 31� C.[256]
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8.1. Monomer

The broadband spectrum of PBAPE shows a distinctive a-type pattern, as merely
� a = 1 :92 D is non-zero. An analysis with CREST and equilibrium structure optimiza-
tion yielded one geometry at B3LYP-D3/def2-TZVPP level, shown in Figure 8.1. The
structure provides a su�cient estimation of the rotational constants for assignment. The
molecule contains a C2 axis in the principal a-axis, which links the atom pairs C1/C5,
C2/C4, O8/O9, C10/C11, C12/C14 and C13/C15. The boron sits directly in the center
of mass of the molecule, hence the11B and 10B isotopologue lines are overlapping in the
spectrum, hindering the assignment. The experimental rotational constants di�er in the
second decimal place, which is even beyond experimental accuracy forA0. However, as
nuclear spin and natural abundance di�er between the boron isotopes, the ground-state
rotational constants and NQCCs of the monomer, including both the parent and all ma-
jor isotopologues of boron and carbon, were determined experimentally and are listed in
Table 8.1

The nuclear quadrupole moment of the major boron isotope is smaller than for chlorine,
leading to less splitting and an increase in line blending in the broadband spectrum as
shown in Figure 8.2. Due to the low vapor pressure of PBAPE, the isotopologues were
lacking in intensity at the cavity instrument, hence only broadband data was available
for the other isotopologues. Although PBAPE has four methyl groups, no splitting
that could be attributed to internal rotation was observed. This suggests that the close
proximity of the methyl groups in the pinacol ring hinders internal motion.
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Figure 8.2.: Experimental spectra of PBAPE compared to �tted line spectrum. In a) the broadband spectrum is shown in blue, displaying
a distinctive a-type pattern, and in sub�gure b) a small window of the broadband spectrum is shown, demonstrating the close proximity of
10B transitions to the parent 11B transitions. It also demonstrates the line blending in the broadband spectrum as the nuclear quadrupole
splitting is not fully resolved. Sub�gure c) shows a spectral region at higher frequencies measured at the QCUMBER cavity instrument. The
11B transitions include their full quantum number assignment, including the F quantum numbers above. The PBAPE broadband spectrum
was recorded in neon (2:4 bar, 100� C, 4300k avs). The cavity spectrum was recorded in neon (1:8 bar, 80� C, 102:4µs span, 40k avs).
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8.2. H2-PBAPE Complex

8.2. H2-PBAPE Complex

To investigate the H2-PBAPE complex, PBAPE was co-expanded with molecular hydro-
gen in a neon/hydrogen mix. Through a combination of CREST and ORCA optimiza-
tion, several possible binding sites were identi�ed. Similarly to the �uorobenzaldehyde
complexes, hydrogen to the aromatic phenyl ring is predicted to be lowest in energy com-
pared to the other possible binding sites on the molecule shown in Figure 8.3. Besides
the phenyl ring, a local minimum is found by B3LYP-D3/def2-TZVPPD for hydrogen
binding to oxygen within the phenyl plane, a side-on binding site of hydrogen onto the
boronic ester, and hydrogen interacting with the methyl groups of the pincacol.

(a) phenyl binding site (b) oxygen binding site

(c) boron binding site (d) methyl binding site

Figure 8.3.: Local minimum geometries of hydrogen to PBAPE sorted by equilibrium
energies at B3LYP-D3/def2-TZVPPD level. Sub�gure a) shows the global minimum of
hydrogen binding to the phenol ring, b) hydrogen binds to the oxygen, c) to the boronic
ester, and d) to the methyl groups of the the pinacol ring.

The experimental transitions of the hydrogen complex are weak in intensity, comparable
to the 13C isotopologues, at about 1 % of the PBAPE monomer intensity. For this
reason, only a single spin isomer was successfully �tted with broadband data. While
the spin-spin coupling is not resolved in the broadband spectrum, due to the higher
abundance ofortho hydrogen in the jet, it can be assumed that the signal belongs to the
o-H2-PBAPE complex. The para hydrogen complex was not found and hence is deemed
to weak for observation without utilizing para hydrogen enrichment.

The rotational constants of the hydrogen complex are very similar for each individual
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8. Phenylboronic Acid Pinacol Ester

hydrogen binding site as listed in Table 8.2. The largest di�erences are between the
rotational constants A, but as exclusively a-type transitions were observed, it also has
the largest experimental error. When comparing rotational constants, the oxygen and
methyl bound hydrogen complexes can be excluded on that basis, as they deviate from all
three experimental rotational constants by 1%-2% or more. The predicted phenyl bound
PBAPE hydrogen complex shows the best agreement with the experimental rotational
constants and can tentatively be assigned on that basis.

The hydrogen binding atop the phenyl ring is also supported by the Kraitchman co-
ordinates obtained from extreme Kraitchman calculations, which places the center of
mass of the hydrogen atr s(o H2) = � [2:730(2); 0:445(9); 3:420(1)] Å, which compares
favorably with the predicted center of mass of hydrogen at the phenyl binding site at
re(phenyl) = [ � 3:05; 0:56; � 2:97] Å, whereas the boron binding sitere(boron) = [0 :10;
2:66; 2:62]] Å can be excluded.

Table 8.2.: Comparison of equilibrium rotational constants predicted at B3LYP-
D3/def2-TZVPPD level with the experimental, vibrationally averaged rotational con-
stants of the o-H2-PBAPE complex. Rotational constants and NQCCs are in MHz.

o-H2-PBAPE phenol oxygen boron methyl

A 1262:48(9) 1276:5 1235:26 1247:76 1332:66
B 333:7904(4) 334:08 342:34 339:18 325:08
C 306:3171(4) 305:84 302:79 306:23 295:07
3=2� aa � 4:3(2) � 3:86 � 3:88 � 3:88 � 3:87
1=4� bb� cc 0:04(20) � 0:93 � 0:93 � 0:97 � 0:93

� Erel / kJ mol� 1 - 0 0:12 0:42 2:76

The �tted Hamiltonian is a Watson-S reduced Hamiltonian in the I r representation.

The resolution of the COMPACT is insu�cient for a proper �t of the NQCC of the
complex. Even the diagonal element� bb � � cc has a large experimental error, while any
o�-diagonal elements had to be held at zero in the Hamiltonian to �t the experimental
data. This is the reason why the comparison of the electronic �eld gradient in the
monomer and the dimer, analogous to 7.8, cannot be performed. As the hydrogen does
not bind to the boron and its empty p-orbital directly, any e�ect on the electronic �eld
gradient is small and certainly below the current experimental accuracy.
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9. BENCh and Beyond

Nuclear hyper�ne couplings are a central feature of the compounds that are the main
focus of this dissertation. They provide insights into both structure and electronic
environment. The nuclear spin coupling can also prove challenging for both theory
and experiment, depending on the interaction. However, beyond that, the strength of
rotational spectroscopy is structure determination for projects overlapping with other
research, particularly within the research training group BENCh. The scope of these
side projects is limited and of varied success, but are an integral part of development as
a researcher.

The determination of binding sites for weakly-bound complexes is a point of discussion
throughout my thesis, in particular for the hydrogen complexes. Tlektes Zhanabekova
reached out for experimental support to investigate the preferred binding site of CO to
1-naphthol in the gas phase. In previous studies, the Leutweyler group did extensive
studies on the experimental dissociation energies of a large number of 1-naphthol com-
plexes, including the 1-naphthol-CO complex.[257] Based on their data and theoretical
predictions, Leutwyler et al. claim that the CO binds to the naphthol face-on via a
dispersive interaction between the CO and the naphthol� system. This assignment is
challenged by Tlektes results, which suggests that the most stable binding side for the
CO is side-on to the 1-naphthol, within the aromatic plane.

The broadband rotational data recorded by Daniel Obenchain in Hamburg was re�tted
and is in agreement with Tlektes computational results. To contribute to the experi-
mental data in this project, the goal was to collect high resolution data to con�rm the
planarity of the system and exclude any tunneling motion. However, the vapor pressure
of 1-naphthol was insu�cient to observe the complex at the QCUMBER instrument.
While the collection of cavity microwave data was unsuccessful, it lead to exchange be-
tween the groups, and prompted an upgrade of the QCUMBER system, by refurbishing
a heatable saturator to introduce solid samples into the carrier gas stream.

Most of the molecular targets discussed in Chapter 7 are hydrogen complexes with
�uorobenzaldehyde. As the common broadband rotational spectroscopy setup is not
size selective, a number of complexes with other binding partners are observable, for
instance with the carrier gas or trace amounts of water. As part of a double blind
challenge for theory and vibrational spectroscopy, Taija Fischer performed preliminary
measurements on a number of water complexes in search of good candidates for the test
data set. Some of these clusters were not included in the �nal data set due to ambiguous
assignment at the time; among them the �uorobenzaldehyde water complexes.[258,259]

The water molecule binds to the oxygen of the benzaldehyde either side-on, towards the
phenyl, or end-on, towards the hydrogen atom of the aldehyde group. In case of the
benzaldehyde (BzA), 2-FBzA and 4-FBzA and 3,5-�uorobenzaldehyde (35-FBzA), this
results in two conformers. Each conformer has a distinct red shifted signal stemming from
the symmetric stretching vibration of the bound OH, compared to the free symmetric

105



9. BENCh and Beyond

stretching vibration of water. In case of 3-FBzA, both cis and trans conformer serve
as potential binding partners with high abundance in the jet, as discussed in Chapter
7.2.2, leading to four possible conformers.

(a) (b)

Figure 9.1.: Example of water complexes with 2-FBzA. Figure a) shows the side-on
binding 2-FBzA-H 2O(Ph) above and the end-on binding 2-FBzA-H2O(H) below. Figure
b) is a broadband spectrum of 2-FBzA showing the experimental �ts for the monomer
and both water conformers below.

The infrared spectra of 2-FBzA and 3-FBzA shown in Figure 9.2 were recorded as a
joint project at the GRATIN [260] jet during a lab rotation, with additional spectra of
BzA, 4-FBzA and 35-FBzA recorded by Taija Fischer in advance. In addition, rota-
tional data was collected for the respective water complexes, assigned from broadband
data and re�ned with high resolution cavity data. A number of broadband �ts of the
�uorobenzaldehydes were performed by Weixing Li,[261] to whom we reached out as part
of this project. We were able to re�ne the quality of the rotational constants of the
monohydrates by an order of magnitude through high resolution measurements at the
QCUMBER. However, we were unable to observe the high order clusters with 5 water
molecules, which previously showed unresolved tunneling splitting, as due to a lack of
intensity.

Nevertheless, the rotational data helped con�rm that merely two monohydrate conform-
ers are present for each �uorobenzaldehyde conformer. This was helpful, as the initial
infrared spectra of 3-FBzA showed an additional signal in the bound OH stretching,
redshifted from the end-on and side-on bound monohydrate signals, which was not di-
rectly assignable.[262] Through the conjunction of microwave data and serial dilution
experiments, this signal could be attributed to higher order hydrate clusters.

For a detailed discussion of the infrared data, please refer to the dissertation from Taija
Fischer.[262]
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Figure 9.2.: Infrared spectra of benzaldehyde, 2-�uorobenzaldehyde, 4-
�uorobenzaldehyde, 3-�uorobenzaldehyde and 3,5-�uorobenzaldehyde. The shift
in the labeling for each peak illustrates the computed vibrational bound OH stretching
frequencies at B3LYP-D3BJ(abc)/def2-TZVP. Figure adapted from Taija Fischer. [262]
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10. Summery and Outlook

The �rst goal of this project was setting up the QCUMBER spectrometer in Göttin-
gen. During the extended period of repairs, the existing literature of rotational data
on chlorine NQC in weak complexes was benchmarked with methods common in the
rotational spectroscopic community. The study demonstrated that for �oppy complexes
the established empirical corrections fail due to poor projections of the NQCCs. Since
vibrational contributions are important to consider particularly in less rigid complexes,
a singular empirical correction parameter for chlorine NQCCs is less applicable than for
monomers.

After the completion of the repairs, the �rst rotational spectrometer was set up to
conduct gas phase experiments. Among the early targets, a series of chlorobenzalde-
hydes was successfully measured at the QCUMBER as a proof of functionality. Four
chlorobenzaldehydes isomers were fully assigned, including the NQCCs, and extensively
compared to theoretical calculations. The 2-chlorobenzaldehyde showed a large di�er-
ence between experiment and theory during the analysis of the NQC, caused by the
projection into the principal axis system. The mismatch between equilibrium structure
and Kraitchman's substitution coordinates for chlorine was attributed to the vibrational
contributions which do not cancel upon substitution with 37Cl, caused by the large axis
rotation upon substitution in an near-oblate system. Similarly, the error in the NQCCs
was ascribed to vibrational contributions causing a large uncertainty for the rotation
angle of the tensor into the principal axis system. This was supported by the prelimi-
nary results of the 2-chloro-4-�uorobenzaldehyde, which did not show any mismatch in
NQCCs predictions, as it is a prolate system with a well de�ned tensor rotation. The �uo-
rinated systems are under ongoing investigation, with the 2-chloro-6-�uorobenzaldehyde
measurements already scheduled. This compound might prove a useful point of compar-
ison, because thecis and trans conformer are expected to be observed. Another future
direction is a focus on near-oblate systems which also contain an o�-axis chlorine. A
possible avenue are molecules structurally related to 2-chlorobenzaldehyde, for instance
moving to a pyridine system instead of a phenyl ring. In addition, Raman measurements
of 2-chlorobenzaldehyde are also planned.

The main focus of this project were the complexes between molecular hydrogen with
volatile organic aromatic molecules. The assignment ofortho and para hydrogen forming
dispersive complexes with four �uorobenzaldehyde isomers was successful. This was the
�rst rotational spectroscopic study on hydrogen complexes with this class of binding
partners. The ortho and para nuclear spin isomers of hydrogen were �tted with two
approaches: Firstly, a rigid rotor Hamiltonian, treating each spin state separately, and
secondly �tted together by treating hydrogen as an internal rotor. The investigation
of the hydrogen �uorobenzaldehyde heterodimers included a theoretical treatment of
a constrained PES scan and the binding energy. A structural analysis was conducted
through �tting of internal degrees of freedom to experimental rotational constants and
with Kraitchman's method, which was compared to equilibrium structures from theory.
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10. Summery and Outlook

It was demonstrated that the hydrogen dispersively interacts with the aromatic ring
system, out of the molecular plane of the benzaldehyde. Furthermore, the binding of a
secondortho hydrogen on the opposite side of the ring was observed in the case of the
4-�uorobenzaldehyde, forming a bis-hydrogen complex.

In addition, the ortho and para deuterium complexes with 2-�uorobenzaldehyde and
t-3-�uorobenzaldehyde were also assigned with both �tting approaches, proving that
it is applicable to the deuterium systems as well. The analysis of the magnetic and
electric hyper�ne coupling of the deuterium is pending with the recent completion of a
�ow systems that allows for high resolution measurements of those systems. Moreover,
both deuterium spin isomer complexes with 4-chlorobenzaldehyde were also detected.
However, since the deuterium interacts with the aromatic ring systems, any distortion
of the chlorine NQC compared to the monomer caused by the dispersive interaction is
below the resolution of the broadband experiment. An improvement of the rotational
constants and NQCCs at the QCUMBER for the complex is the next step to facilitate
a better comparison.

As understanding the interactions between hydrogen and covalent organic frameworks
was the motivation behind the project, after successful demonstration of molecular hy-
drogen binding to an aromatic system, phenylboronic acid pinacol ester was chosen as a
mimic for covalent organic frameworks. The monomer and theortho hydrogen complex
were assigned successfully. The binding site of molecular hydrogen was determined to
be at the aromatic ring system instead of the competing boron atom.

A next step for the hydrogen-�uorobenzaldehyde systems are high resolution measure-
ments of the deuterium complexes. In pursuit of a global �t for ortho and para hydrogen,
another program that treats internal motion is required to the �t of the �uorobenzalde-
hydes. Peter Groner's ERHAM provides alternative Hamiltonians, which are better
suited for a twofold rotor. In addition, the HD complex can also provide further insights
into the structure. Another direction is the introduction of di�erent binding partners.
In particular, a move to more symmetric systems is required to investigate the hydrogen
dipolar spin-spin coupling. This requires a large dipole moment, therefore measurements
of the hydrogen complex with benzonitrile are currently ongoing.

Two side projects were facilitated through the BENCh research training group, which
allowed me an insight into other projects and gain experience with experimental and
theoretical methods. Additional systems were measured incidentally due to the lack
of mass selection in the broadband experiments. Therefore, two analyte carrier gas
complexes were observed. The 2-�uorobenzaldehyde-neon and the 4-chlorobenzaldehyde-
neon complex are listed in the appendix.
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Table 10.1.: List compounds investigated with rotational spectroscopy presented in this thesis.

substance CAS No A / MHz B / MHz C / MHz

4-chlorobenzaldehyde 104-88-1 parent 5056:9489(5) 691:992 34(8) 608:835 87(8)
4-chlorobenzaldehyde 104-88-1 37Cl 5054:6383(7) 675:5223(1) 596:0178(9)
4-chlorobenzaldehyde 104-88-1 13C1 5050:183(1) 683:8799(2) 602:4523(2)
4-chlorobenzaldehyde 104-88-1 13C2 5054:457(2) 689:9627(2) 607:2287(2)
4-chlorobenzaldehyde 104-88-1 13C3 5003:234(1) 691:2701(2) 607:4933(2)
4-chlorobenzaldehyde 104-88-1 13C4 4989:951(1) 691:7725(2) 607:6841(2)
4-chlorobenzaldehyde 104-88-1 13C5 5057:170(1) 690:4644(1) 607:6571(2)
4-chlorobenzaldehyde 104-88-1 13C6 4977:537(2) 691:5225(2) 607:3058(2)
4-chlorobenzaldehyde 104-88-1 13C7 4963:620(1) 691:5707(2) 607:1345(2)

t-3-chlorobenzaldehyde 587-04-2 parent 3172:4269(5) 813:004 13(5) 647:229 59(3)
t-3-chlorobenzaldehyde 587-04-2 37Cl 3154:077(2) 794:131 86(4) 634:471 67(3)
c-3-chlorobenzaldehyde 587-04-2 parent 2345:794 72(4) 959:444 74(3) 680:970 12(1)
c-3-chlorobenzaldehyde 587-04-2 37Cl 2327:418 57(4) 937:520 53(3) 668:342 89(1)

2-chlorobenzaldehyde 89-98-5 parent 1575:617 75(8) 1544:292 06(7) 780:063 75(5)
2-chlorobenzaldehyde 89-98-5 37Cl 1559:74(2) 1541:61(3) 775:4769(6)

Ne� � �4-chlorobenzaldehyde 104-88-1 parent 1690:374(2) 611:6127(4) 542:3295(4)
Ne� � �4-chlorobenzaldehyde 104-88-1 37Cl 1688:177(3) 598:6968(5) 531:9609(5)
Ne� � �2-�uorobenzaldehyde 446-52-6 parent 1308:94(5) 971:770(2) 925:766(2)

pH2� � �2-�uorobenzaldehyde 446-52-6 parent 2305:639(9) 1456:1953(6) 969:1729(5)
oH2� � �2-�uorobenzaldehyde 446-52-6 parent 2271:48(1) 1442:783(1) 968:251(1)
pD2� � �2-�uorobenzaldehyde 446-52-6 parent 2089:08(1) 1362:663(1) 965:5259(9)
oD2� � �2-�uorobenzaldehyde 446-52-6 parent 2118:333(8) 1374:807(1) 966:390(1)

pH2� � �c-3-�uorobenzaldehyde 456-48-4 parent 2580:8363(4) 1201:6516(5) 884:1947(1)
oH2� � �c-3-�uorobenzaldehyde 456-48-4 parent 2519:4421(6) 1191:1446(4) 884:2150(2)111
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pH2� � � t-3-�uorobenzaldehyde 456-48-4 parent 3145:28(7) 1061:9971(8) 854:2267(9)
oH2� � � t-3-�uorobenzaldehyde 456-48-4 parent 3083:38(1) 1052:7196(1) 853:9663(1)
pD2� � � t-3-�uorobenzaldehyde 456-48-4 parent 2752:3(8) 1011:50(1) 853:25(1)
oD2� � � t-3-�uorobenzaldehyde 456-48-4 parent 2802:1(1) 1020:102(1) 853:517(1)

pH2� � �4-�uorobenzaldehyde 459-57-4 parent 4161:323(1) 935:8325(4) 820:1441(3)
oH2� � �4-�uorobenzaldehyde 459-57-4 parent 4027:970(1) 927:8044(1) 820:2824(1)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C1 4017:67(1) 917:409(1) 811:925(1)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C2 4027:5(8) 926:0620(8) 818:8561(9)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C3 3992:5(8) 927:4555(9) 818:5382(9)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C4 3980:9(8) 926:4252(9) 817:2390(9)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C5 4028:1(9) 922:8872(9) 816:433(1)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C6 3981:1(8) 925:3933(9) 816:4828(9)
oH2� � �4-�uorobenzaldehyde 459-57-4 13C7 3970:6(7) 927:7617(7) 817:8156(8)
o(H2)2� � �4-�uorobenzaldehyde 459-57-4 13C7 3311:239(9) 882:294(1) 820:414(1)

phenylboronic acid pinacol ester 24388-23-6 parent 1341:09(2) 342:4208(1) 309:2432(1)
phenylboronic acid pinacol ester 24388-23-6 10B 1340:93(4) 342:4021(2) 309:2280(2)
phenylboronic acid pinacol ester 24388-23-6 13C1 1335:8(1) 341:1807(6) 307:9690(7)
phenylboronic acid pinacol ester 24388-23-6 13C2 1336:02(5) 339:2541(2) 306:4017(3)
phenylboronic acid pinacol ester 24388-23-6 13C3 1341:4(2) 337:980(1) 305:617(1)
phenylboronic acid pinacol ester 24388-23-6 13C6 1341:13(6) 341:8417(3) 308:7719(3)
phenylboronic acid pinacol ester 24388-23-6 13C10 1338:92(8) 341:4183(4) 308:3172(5)
phenylboronic acid pinacol ester 24388-23-6 13C12 1327:67(4) 340:6256(2) 307:9539(2)
phenylboronic acid pinacol ester 24388-23-6 13C13 1330:30(4) 340:1740(2) 307:0942(2)
phenylboronic acid pinacol ester 24388-23-6 13C13 1330:30(4) 340:1740(2) 307:0942(2)
oH2� � �phenylboronic acid pinacol ester 24388-23-6 parent 1262:48(9) 333:7904(4) 306:3171(4)
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A. Appendix

A.1. Table of Physical Symbols

Table A.1: List of physical symbols referenced in the thesis, its description and most
commonly used unit throughout the work.

symbol physical description standard unit

A; B; C rotational constants MHz

I a; I b; I c moments of inertia amuÅ
2

Pa; Pb; Pc planar moments of inertia amuÅ
2

� Intertial defect describing the deviation
from planarity

amuÅ
2

� asymmetry parameter of the molecule

� i total dipole moment D

i 2 a; b; c; j 2 a; b; c in principal axis system

� ij with nuclear quadrupole coupling constant MHz

i 2 a; b; c; j 2 a; b; c in principal axis system

i 2 x; y; z; j 2 x; y; z in nuclear axis system

Q intrinsic nuclear quadrupole moment fm2

� asymmetry of the NQC tensor

DJ ; DJ;K ; DK ; d1; d2 distortion coe�cients using I r representa-
tion for the Watson S-reduction of the
Hamiltonian

kHz

D ij with dipolar spin-spin coupling constants kHz

i 2 a; b; c; j 2 a; b; c in principal axis system

i 2 x; y; z; j 2 x; y; z in the local axis system

� g Vibrational contributions to the moments
of inertia

amuÅ
2

g 2 a; b; c in principal axis system

F0 rotational constant of internal rotor GHz

� angle between principalb-axis and the pro-
jection of an internal rotation axis onto the
bc plane

rad

Continued on next page
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Table A.1: List of physical symbols referenced in the thesis, its description and most
commonly used unit throughout the work. (Continued)

� angle between the principala-axis and an
internal rotation axis

rad

V1n potential barrier of an n-fold internal rotor cm� 1, kJ mol� 1

s mass independent reduced barrier height

� rotational axis of internal top

Dc3J Distortion parameter of the internal rota-
tion barrier

MHz

D� 2J , D� 2K , D� 2� empirical internal rotation-overall rotation
distortion operators

MHz

Dc3K , Dc3� high-order internal rotation parameters MHz

� frequency MHz, cm� 1

J , K a, K c rotational quantum numbers

J total angular momentum excluding nuclear
spin

I nuclear spin

F total angular momentum quantum number
including nuclear spin

j angular momentum of subsystem eg.
hydrogen

� J rotational magnetic moment J T � 1

� I nuclear spin magentic moment J T � 1

gi g-factor of nucleus

R inter- or intramolecular distance Å

cL spin rotational coupling tensor

cs scalar spin-spin coupling tensor

De bond energy kJ mol� 1

D0 dissociation energy kJ mol� 1

re equilibrium structure coordinates Å

r0 ground state structure coordinates Å

r se
e semi-experimental equilibrium structure

coordinates
Å

r s substitution structure coordinates Å

r (1)
m , r (2)

m mass-dependent structure coordinates Å

cg, dg Watson's r (n)
m scaling parameters

R, rH2
, � , � , � ', � ' parameters for six-dimensional hypersur-

face of a hydrogen complex in a body cen-
tered Cartesian coordinate system

Å, degree

Continued on next page
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Table A.1: List of physical symbols referenced in the thesis, its description and most
commonly used unit throughout the work. (Continued)

R? distance between hydrogen in complex and
molecular plane

Å
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A.2. List programs

Table A.2: List of programs used in this thesis for data collection, calculations, data
evaluation and visualization.

program source version

data collection

FTMW++ Private Communication with Jens-Uwe Grabow 2016.07.21

Flow MXM https://www.alicat.com/ 1.1.6

QM calculation

crest https://github.com/grimme-lab/crest[109, 110,
263, 264]

2.10.2

xtb https://github.com/grimme-lab/xtb_docs/ 6.3.3

ORCA https://orcaforum.kofo.mpg.de/app.php/portal
[191]

4.2.1

ORCA https://orcaforum.kofo.mpg.de/app.php/portal
[191]

5.0.4

Gaussian 09 https://gaussian.com/ [265] Rev D.01

Gaussian 16 https://gaussian.com/ [151] Rev C.01

Multiwfn http://sobereva.com/multiwfn/ [80, 242] 3.8(dev)

data evaluation

SPCAT/SPFIT https://spec.jpl.nasa.gov/[76, 94, 266, 267]

SVIEW_L http://info.ifpan.edu.pl/ kisiel/prospe.htm[76,
268, 269]

28.IX.2020

ASCP_L http://info.ifpan.edu.pl/ kisiel/prospe.htm[76,
268�271]

3 0.IX.2020

STRFIT http://info.ifpan.edu.pl/ kisiel/prospe.htm[76,
102, 272]

14.VI.2021

KRA http://info.ifpan.edu.pl/ kisiel/prospe.htm[51, 76,
106, 107, 273]

4a.IV.2017

XIAM http://info.ifpan.edu.pl/ kisiel/prospe.htm[76, 98,
99]

V2.5e

XIAM mod http://info.ifpan.edu.pl/ kisiel/prospe.htm[76,
100, 101]

V2.5e

ERHAM http://info.ifpan.edu.pl/ kisiel/prospe.htm[76,
274, 275]

V16g-R3

Pgopher https://pgopher.chm.bris.ac.uk/[276] 10.0.505

Auto�t https://pgopher.chm.bris.ac.uk/[95, 277] 10.0.505

data processing

excel Microsoft O�ce 2010 14.0.7268.5000

Continued on next page
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Table A.2: List of programs used in this thesis for data collection, calculations, data
evaluation and visualization. (Continued)

pythona https://www.python.org/[161, 278] 3.8.8

numpy https://numpy.org/[279] 1.20.1

matplotlib https://matplotlib.org/[73] 3.3.4

scipy https://scipy.org/[280] 1.6.2

pandas https://pandas.pydata.org/[281, 282] 1.2.4

plotly https://plotly.com/python/[283] 5.18.0

visualization

PMIFST http://info.ifpan.edu.pl/ kisiel/prospe.htm[268,
269, 284]

25a.VII.2017

QGLE www.gle-graphics.org 4.3.0

Chimera http://www.cgl.ucsf.edu/chimera/[78] 1.17.3

VMD http://www.ks.uiuc.edu/Research/vmd/[81, 82] 1.9.3

Origin2020 https://www.originlab.com/[79] 9.7.0.188

inkscape https://inkscape.org[74] 1.2.2

IPython https://ipython.org/[285] 7.22.0

a: Packages from the python standard library are not listed.
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A.3. List of Chemicals

Table A.3: List of carrier gases, premixed gases and chemicals utilized. Chemicals uti-
lized for the Hartsville broadband measurements are excluded.

chemical chemical formula purity manufacturer

Helium He 99.999% Nippon Gases

Neon Ne 99.999% Linde

Argon Ar 99.999% Nippon Gases

Hydrogen H2 99.9% Praxair

Deuterium D2 99.8% Sigma Aldrich

Mixed gas hydrogen / neon H2/Ne (5%/95%) >99% Linde

Mixed gas deuterium / neon D2/Ne (5%/95%) >99% Linde

Mixed gas hydrogen / helium H2/He (10%/90%) 99.9996% Linde

Mixed gas carbon monoxide /
helium

CO/He (5%/95%) >99% Linde

4-chlorobenzaldehyde C7H5ClO 97% Sigma-Aldrich

3-chlorobenzaldehyde C7H5ClO 97% Sigma-Aldrich

3-chlorobenzaldehyde C7H5ClO 98% TCI

2-chlorobenzaldehyde C7H5ClO 99% Sigma-Aldrich

4-�uorobenzaldehyde C7H5FO 98% Sigma-Aldrich

3-�uorobenzaldehyde C7H5FO 97% Sigma-Aldrich

2-�uorobenzaldehyde C7H5FO 97% Sigma-Aldrich

benzaldehyde C7H6O >99% Sigma-Aldrich

1-naphthol C10H8O >99% Sigma-Aldrich

2-cyano phenylboronic acid 1,3-
propanediol ester

C10H10BNO2 96% Sigma-Aldrich

phenylboronic acid pinacol ester C12H17BO2 97% Sigma-Aldrich
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A.4. Details on Measured Spectra

Table A.4.: Details on measurement conditions of the recorded microwave spectra
discussed in this thesis. The raw spectral data including the experimental timing and
averaging is published on GroData.[202,243]

chemical carrier gas instrument � / GHz pS / bar T / � C avs

4-ClBzA
D2/Ne COMPACT 2.0-

2.5 50 3700k
(5%/95%) Hamburg 8.0

4-ClBzA
H2/Ne COMPACT 2.0-

3.0 50 5600k
(5%/95%) Hamburg 8.0

3-ClBzA
H2/Ne Broadband 8.0-

3.5 85 1000k
(20%/80%) Hartsville 18.5

3-ClBzA Ne
QCUMBER 8.0- 1.1-

60
0.1-

Göttingen 18.0 1.6 10k

2-ClBzA
He/Ne Broadband 8.0-

3.5 60 1000k
(20%/80%) Hartsville 18.5

2-ClBzA Ne
COBRA 3.0-

3.0
70- 0.1-

Hannover 26.3 100 20k

2-ClBzA Ne
QCUMBER 8.0- 1.6- 70- 0.1-
Göttingen 18.0 2.0 100 20k

4-FBzA
H2/Ne COMPACT 2.0-

3.0 25 3900k
(5%/95%) Hamburg 8.0

4-FBzA
H2/He QCUMBER 8.0-

1.5
20- 2-

(10%/90%) Göttingen 18.0 70 11k

3-FBzA Ar
COMPACT 2.0-

2.5 60 4000k
Hamburg 8.0

3-FBzA
H2/Ne COMPACT 2.0-

3.0 60 3000k
(5%/95%) Hamburg 8.0

3-FBzA
D2/Ne COMPACT 2.0-

2.5 60 1000k
(5%/95%) Hamburg 8.0

3-FBzA
H2/He QCUMBER 8.0- 1.6- 20- 1-
(10%/90%) Göttingen 18.0 3.0 60 30k

3-FBzA
H2/Ne QCUMBER 8.0-

2.0 25
5-

(20%/80%) Göttingen 18.0 10k

2-FBzA Ne
COMPACT 2.0-

3.0 50 100k
Hamburg 8.0

2-FBzA
H2/Ne COMPACT 2.0-

3.0 50 2000k
(5%/95%) Hamburg 8.0

2-FBzA
D2/Ne COMPACT 2.0-

3.0 50 1100k
(5%/95%) Hamburg 8.0
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2-FBzA
H2/He QCUMBER 8.0- 1.1- 20- 1-
(10%/90%) Göttingen 18.0 3.0 50 20k

2-FBzA+H 2O Ne
QCUMBER 8.0-

1.8 30
1

Göttingen 18.0 44k

BzA+H 2O Ne
QCUMBER 8.0-

1.8 30
1

Göttingen 18.0 10k

1-naphthol Ne
QCUMBER 8.0- 1.6 80

10k
Göttingen 18.0 2.0 110

PBAPE Ne
COMPACT 2.0-

1.4 100 4300k
Hamburg 8.0

PBAPE
H2/Ne COMPACT 2.0-

3.0 100 4900k
(5%/95%) Hamburg 8.0

PBAPE Ne
QCUMBER 8.0-

1.4
70 5

Göttingen 18.0 80 50k
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A.5. Supplemental Material

A.5.1. Suplemental Tables

Table A.5.: Comparison of bond energiesDe and dissociation energiesD0 between H2
heterodimers. All energies inkJ mol� 1

molecule De D0 theory experimental reference

H2 Ag+ 40.61 MPW1B95/cc-pVTZ-PP [8, 286]
H2 Li + 25.38 20.04 MP2/aug-cc-pVQZ [8, 11, 287]
H2 B+ 12.97 QCISD(T)/ 15:9(9) [8, 14, 288]

6-311++G(2df,p)
H2 Na+ 11.92 7.78 MP2/ 6-31 lG+(3df,2p) 10.3(8) [8, 15, 289]
H2 Mg+ 10.07 7.35 RCCSD(T)/aug-cc-pVQZ [8, 17, 290]
H2 Al + 7.32 4.44 MP2/aug-cc-pVZT 5.6(6) [8, 18, 291]
H2 Mn+ 6.82 PBE1PBE/TZVP 7.9(1.7) [8, 20, 292]
H2 AuCl 164 ECP60MD_AVQZ/ [37]

aug-cc-VQZ-pp
MP2/aug-cc-pVQZ

H2 CuF 120.13 CCSD(T)/ [34, 293]
ECP10MDF //
aug-cc-pVTZ

H2 AgCl 50.90 CCSD(T)/ [35, 294, 295]
ECP10MDF //
aug-cc-pVTZ

H2 4-FBzA 4.19 MP2/aug-cc-pVTZ this work
H2 c-3-FBzA 4.2 MP2/aug-cc-pVTZ this work
H2 t-3-FBzA 4.17 MP2/aug-cc-pVTZ this work
H2 2-FBzA 4.32 MP2/aug-cc-pVTZ this work
H2 HCO+ 3.36 QCISD(T)/ [296]

6�311G(2df, 2pd)
H2 p-NH3 3.19 0.409 CCSD(T)/aug-cc-pVTZ [24, 297]
o-H2 p-NH3 3.19 0.79 CCSD(T)/aug-cc-pVTZ [24]
H2 p-H2O 2.81 0.402 CCSD(T)-R12 [48, 245]
o-H2 p-H2O 2.81 0.641 CCSD(T)-R12 [48, 245]
H2 OCS 2.41 0.868 MP4/aug-cc-pVTZ [47]
o-H2 OCS 2.41 1.024 MP4/aug-cc-pVTZ [47]
o-H2 NCH 2.335 0.721 CCSD(T)-F12a/aug-cc-pVTZ [32, 50]
p-H2 HCN 2.192 0.452 CCSD(T)-F12a/aug-cc-pVTZ [32, 50]
o-H2 CO 0.233 CCSD(T)/aug-cc-pVTZ 0.26(2) [25, 39, 237]
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A.5.2. Ne-4-Chlorobenzaldehyde

During the analysis of the transitions in the 4-chlorobenzaldehyde spectrum, the disper-
sive neon complex was assigned.

Table A.6.: Experimental rotational constants of the 4-ClBzA-Ne complex, including
the parent and the 37Cl minor isotopologue. The structure was optimized at the B3LYP-
D3/def2-TZVPP level of theory. [243]

B3LYP/
def2-TZVPP Ne-4-35ClBzA Ne-4-37ClBzA
Ne-4-35ClBzA

A / MHz 1839:31 1690:374(2) 1688:177(3)
B / MHz 609:163 611:6127(4) 598:6968(5)
C / MHz 557:14 542:3295(4) 531:9609(5)
DJK / kHz - 31:37(6) 31:2(1)
DK / kHz - � 19:0(2) � 18:5(4)
3=2� aa / MHz � 111:41 � 105:93(3) � 83:50(6)
4� bb� cc / MHz � 2:088 � 1:487(8) � 1:19(1)
3� ac / MHz � 10:11 9:0(1) 5:0(4)

no. lines - 114 56
RMS / kHz - 16:8 13:3

The �tted Hamiltonian is a Watson-S reduced Hamiltionain in the I r

representation.
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A.5.3. Ne-2-Fluorobenzaldehyde

During the analysis of the transitions in the 2-�uorobenzaldehyde spectrum, the disper-
sive neon complex was assigned.

Table A.7.: Experimental rotational constants of the 2-FBzA-Ne complex. The equi-
librium rotational constants were calculated at B3LYP-D3/def2-TZVPP level. [243]

B3LYP/
def2-TZVPP Ne-t-2-FBzA
Ne-t-2-FBzA

A / MHz 1326:88 1308:94(5)
B / MHz 984:05 971:770(2)
C / MHz 954:05 925:766(2)
DJ / kHz - 4:21(3)
DJK / kHz - 8:1(1)
d1 / kHz - 0:79(3)
d2 / kHz - � 0:80(1)
no. lines - 15
RMS / kHz - 4:0

The �tted Hamiltonian is a Watson-S reduced
Hamiltionain in the I r representation.

A.5.4. Supplemental Figures
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Figure A.1.: Scan of the PES for the rotation of dihydrogen parallel to the plane of 4-FBzA and 2-t-FBzA. The scan is scaled to the
respective minimum energy and plotted against� 0 . See Chapter 7 for details.
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Figure A.2.: Scan of the PES for the rotation of dihydrogen parallel to the plane of 3-c-FBzA and 3-t-FBzA. The scan is scaled to the
respective minimum energy and plotted against� 0 . See Chapter 7 for details.
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