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Abstract

This thesis deals with the development and application of computational methods for the calcu-
lation of infrared (IR) and vibrational circular dichroism (VCD) spectra in the gas and liquid
phase. A key aspect involves the simulation of solvent and environmental effects, with particular
emphasis on solvents that strongly interact with the molecules of interest. In this context, there
are two main objectives to be addressed. First, the development of a new method for the calcula-
tion of liquid phase IR and VCD spectra that is capable of modeling the effects of intermolecular
interactions and the concentration dependence of vibrational spectra at low computational costs,
and second, the study of chirality transfer in ionic liquids (ILs) and its influence on enantiomeric
recognition processes.

Chapter 1 introduces the topics of vibrational optical activity, ILs, and chirality transfer, and
chapter 2 provides a comprehensive overview of the essential theoretical foundations required for
the modeling of vibrational spectra with different approaches.

The first objective of the thesis is addressed in chapters 3 to 6 by introducing the cluster-
weighting approach, which determines the vibrational spectra of a system as weighted average of
a cluster ensemble. The cluster weights are determined by quantum cluster equilibrium (QCE)
calculations, which require experimental input data. In chapter 3, a preliminary investigation
is conducted to study how uncertainties in these experimental input data affect vaporization
enthalpies, vaporization entropies, and cluster populations computed with QCE. Through a
systematic variation of the input data and the application of two uncertainty propagation
methods, namely the Monte Carlo method and the Gauss—Hermite quadrature, it is shown that
typical measurement errors do not significantly affect the results of the QCE calculations.

In chapters 4 and 5, the cluster-weighting approach for vibrational spectra is introduced and
applied to calculate gas and liquid phase IR and VCD spectra for (R)-butan-2-ol. For the gas
phase spectra, excellent agreement with experimental reference data is observed when using a
representative conformer ensemble of monomers. For the liquid phase, it is shown that the best
agreement between experimental and calculated spectra is obtained for cluster sets composed
only of global minimum structures and that clusters up to hexamers are generally sufficient
to model the characteristics of the liquid phase IR and VCD spectra. As a result, it is not
necessary to include a large number of clusters for the liquid phase, which reduces the overall
computational effort of the cluster-weighting approach. A comparison of cluster-weighting with
a well-established method based on ab initio molecular dynamics (AIMD) simulations and the
correlation of dipole moments shows that this AIMD approach yields spectra of superior quality
but at a significantly higher computational cost. During the application of the AIMD approach, the

problem of insufficient conformer sampling is encountered and the conformer replica simulations

XIIT



approach is proposed to solve this issue. Furthermore, since the AIMD approach suffers from the
time-consuming calculation of magnetic dipole moments to obtain VCD spectra, a promising
alternative approach based on atomic partial charges and classical definitions of dipole moments
is proposed and applied to calculate gas phase IR and VCD spectra of (R)-butan-2-ol.

In chapter 6, the cluster-weighting approach is extended to binary systems and applied to
calculate mole fraction dependent IR and VCD spectra for acetonitrile/(R)-butan-2-ol mixtures.
The obtained IR spectra are in good agreement with experimental references and a mole fraction
related vibrational frequency shift can be modeled with deviations of less than 1cm™! between
experiment and calculation. Although the calculated VCD spectra cannot be fully validated
due to missing experimental data, their mole fraction dependence is reasonable considering that
acetonitrile is achiral and thus does not contribute to the VCD spectra of the mixtures.

The second objective of the thesis is addressed in chapters 7 to 10 by studying the dissolution
of chiral molecules in ILs using AIMD simulations. In chapter 7, the dissolution of different D-
glucose isomers in 1-ethyl-3-methylimidazolium acetate and its mixtures with water is investigated.
In addition to investigating possible reactions for the anomeric conversion and decomposition
of D-glucose, it is observed that the addition of water weakens the cation—anion interactions,
causing peak shifts in the calculated IR spectra. Furthermore, the transiently chiral 1-ethyl-3-
methylimidazolium shows a pronounced VCD activity, revealing that the chiral D-glucose units
transfer chiral information to the cation.

Chapter 8 investigates the recognition of butan-2-ol enantiomers by the chiral IL 1-ethyl-3-
methylimidazolium L-alaninate. The dissolution of (R)-butan-2-ol in the IL is energetically more
favorable by 18.8kJmol~! than the dissolution of (S)-butan-2-ol, in part due to discriminative
interactions between the butan-2-ol enantiomers and the L-alaninate anion, but also due to
chirality transfer from all involved chiral molecules to the 1-ethyl-3-methylimidazolium cation.
In particular, (R)-butan-2-ol and L-alaninate induce the same conformation in the cation, while
(S)-butan-2-ol induces a mirrored structure, causing an energetic destabilization as (.5)-butan-2-ol
competes with the anion to induce opposite conformations in the cation.

The occurrence of this chirality transfer is evidenced by calculated VCD spectra in chapter 9
and the importance of an accurate description of the intermolecular interactions for the study of
chirality transfer phenomena is emphasized. In addition, chapter 9 provides an overview of the
achievements and future challenges associated with modeling reactions, chirality, and radicals
in ILs. For these three examples, extensive literature reviews are provided, and some of the
challenges are illustrated using case studies.

In Chapter 10 the dissolution of (R)-1,2-propylene oxide in 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide is investigated. In contrast to the systems studied before, the
employed IL consists of two transiently chiral ions and it is observed that the chiral solute
selectively transfers chiral information to the anion while the cation remains unaffected. This
selective chirality transfer is manifested by an excess population of one of two mirrored trans
conformers, and vibrational optical activity of the anion is observed in calculated VCD spectra.

In the end, chapter 11 summarizes the observations and achievements of the thesis and puts

them into perspective for future research.
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1. Introduction

Growing populations, changing climatic conditions, and shrinking arable land are undoubtedly
some of the most important challenges facing societies and humanity as a whole. While these
problems are obviously related to many social and political questions, they also pose serious
challenges to the chemical industry, as the global market for chiral compounds is experiencing
significant growth. This increasing demand for chiral chemicals is primarily driven by the growing
global need for pharmaceuticals, agrochemicals, and food ingredients. For example, to address
concerns about global food security, chiral agrochemicals such as herbicides, pesticides, plant
growth regulators, or fungicides are widely used to achieve optimal agricultural productivity, and
the growing population coupled with the expansion of healthcare infrastructure is leading to an
increased need for chiral drug molecules.

These examples illustrate applications for chiral components, but much of the chiral chemicals
market is also based on the technologies required to produce the chemical compounds. In many
cases, chiral substances are used in their enantiomerically pure form, either to increase their
efficacy or to avoid unwanted effects. An illustrative case of the consequences that can arise when
drugs are not administered in their enantiomerically pure form is the tragic incident involving
Contergan, the sleeping pill marketed as a racemic mixture of the barbiturate thalidomide.'®
While the (R)-enantiomer of thalidomide has a soothing effect, the (S)-enantiomer can cause limb
deformities, ' resulting in thousands of children worldwide being born with malformations in the
1950s and 1960s. This raised awareness of the importance of enantiopurity in the field of drug
discovery, and in 1992, the Food and Drug Administration issued a policy statement concerning

20,21 which for the first time emphasized the importance

the development of stereoisomeric drugs,
of enantiopurity in the drug discovery and development process. In agricultural applications,
chiral compounds are still mostly used as racemates, but it is known that enantiomerically pure
compounds can result in higher yields and better crop protection.?%23

This need for enantiomerically pure products requires a critical and continuous evaluation of
the manufacturing processes and underlying technologies, including the improvement of existing
and the development of new methods for the synthesis, separation, and analysis of chiral chemicals.
To give a brief overview, the synthesis of enantiopure compounds can for instance be achieved by

24,25 or chiral pool synthesis. 2% Common methods for separating enantiomers

28,29

asymmetric catalysis

include crystallization, ?” liquid-liquid extraction, and chromatographic?’ or membrane-based

separation.3’ Examples of methods for analyzing the absolute configuration and enantiomeric

purity (or enantiomeric excess) of a chiral compound include X-ray crystallography,! nuclear

magnetic resonance (NMR) spectroscopy, 233 or optical activity methods. 3436

34,36,37

Among these analytical techniques, vibrational optical activity (VOA) methods such as
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vibrational circular dichroism (VCD),38 4!

which is the chiral version of infrared (IR) spectroscopy,
are particularly powerful for determining the three-dimensional structure and thus the absolute
configuration of molecules. Although the measurement of such spectra is nowadays a routine
task, the interpretation of the results requires reference data of known chirality or enantiomeric
purity, usually derived from computational chemistry calculations. Accordingly, there is a great
need for reliable theoretical methods to calculate VCD spectra. The fact that the first methods
were presented in the early 1980s,%%%% but the development of new methods continues to this

day, 4445

shows that there are still many unsolved problems to be addressed.

Therefore, the main purpose of this thesis is the development, evaluation, and application of
computational methods for the calculation of IR and VCD spectra in the gas and liquid phase.
Since these spectra are often measured in solution, special emphasis is placed on modeling solvent
and environmental effects, with particular attention to non-idle solvents that strongly interact
with the solute molecules of interest. These solute—solvent interactions can have significant effects
on vibrational spectra, causing peak shifts, intensity perturbations, or even changes in peak

2:3,5,8,46-50 and have to be taken into account in calculations. Examples of such solvents

signs,
are alcohols and ionic liquids (ILs), which are in the focus of this thesis. In addition, some of the
presented methods are used to study chirality transfer in ILs and the ability of ILs to recognize
chiral molecules. The study and understanding of these phenomena can provide valuable insights

for the development of novel extraction and separation processes using ILs.

1.1. Vibrational Optical Activity

In its most general definition, VOA is a spectroscopic measure of the different interaction of a chiral
molecule with left and right circularly polarized radiation during a vibrational transition.3436:37
VOA consists of two phenomena, VCD, which is the difference in absorption of left minus right
circularly polarized IR radiation for a vibrational transition in a fixed electronic state,3®*! and
vibrational Raman optical activity (ROA), which is the difference in Raman scattering intensity
for right minus left circularly polarized incident and/or scattered radiation.®*?> Considering a
pair of enantiomers, for example (R)- and (5)-1,2-propylene oxide, the IR or Raman spectra
of these molecules are indistinguishable, but their VCD or ROA spectra are mirror images of
each other, which means they are equal in intensity but opposite in sign. To illustrate this,
fig. 1.1 shows calculated IR and VCD spectra of (R)- and (5)-1,2-propylene oxide together
with an experimental VCD spectrum of (S5)-1,2-propylene oxide. This figure also illustrates
the importance of calculated reference data, since the experimental VCD spectrum alone does
not provide any information about the absolute configuration of the chiral molecule. Only a
comparison with the calculated reference data of known chirality allows the conclusion that the
measured VCD spectrum belongs to the (5)-enantiomer of 1,2-propylene oxide.

The first discovery of VOA dates back to the mid-1970s,%1537°% and since that time, VOA
techniques have evolved into well-established and widely used methods. While most routine
applications involve the elucidation of absolute configurations for small organic molecules,3*57

VOA has also been successfully applied for the structural characterization of natural products,®®
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VCD — (R)-1,2-propylene oxlide
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Figure 1.1. Theoretical VCD (top) and IR (bottom) spectra of (R)- and (.5)-1,2-propylene
oxide calculated at the BP865%6% /def2-TZVP ™ level of theory using the Turbomole 7.6 software
package. "™ In addition, an experimental VCD spectrum of (5)-1,2-propylene oxide is shown.”
Note that the IR spectra of the two enantiomers are the same.

59-61 62,63

peptides, proteins,® carbohydrates, or nucleic acids.%* In addition, enantiomeric ex-
cess can be determined %6 and reaction progress can be followed when chiral molecules are
involved. 7

A special feature of VCD is its high structural sensitivity, not only to the absolute configuration
but also to the conformation of a molecule. This leads to the fact that different conformers of
the same molecule can show significant differences in their VCD spectra, as illustrated in fig. 1.2,
where calculated VCD spectra for two conformers of (R)-butan-2-ol are shown. Although the
structures of these conformers differ only in the orientation of the hydroxyl group, they show
pronounced differences in their VCD spectra, especially around 1060 cm™!, 1225cm™!, and in
the range of 1310-1420 cm ™!, where the spectra are mirrored with respect to the wavenumber

76 and

axis. This characteristic feature of VCD allows the study of conformer distributions
conformational heterogeneity,”” or the occurrence of predominant conformations.*6 However, it
also poses severe challenges to VCD calculations, since reliable spectra can only be modeled by
representative conformer ensembles. This requires a sufficient exploration of the conformational
space and a weighting of all relevant conformers, which is not always trivial, for example, due to
inaccuracies in calculated Boltzmann factors %77 or sampling problems in molecular simulations.
In addition, environmental or solvent effects can significantly alter the conformational preferences

of molecules,®5 787 which has to be carefully considered when calculating VCD spectra.
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Figure 1.2. VCD spectra of two (R)-butan-2-ol conformers calculated at the BP86%:%9 /def2-
TZVP ™ level of theory using the Turbomole 7.6 software package. ™

Compared to other analytical techniques such as X-ray crystallography or NMR, VCD has
several advantages. While X-ray crystallography remains one of the most reliable techniques
for structure elucidation, it requires the growth of single crystals, which can be challenging.?!
Mosher’s NMR method is used primarily for alcohols and amines, but requires derivatization prior
to measurements, > and chiral liquid crystal NMR typically requires complex experimental setups
and large sample sizes.?> VCD, on the other hand, can be measured on samples in the liquid,
solid, or gas phase and does not require single crystals or derivatization. However, depending on
the molecule under investigation, VCD spectra can show quite complex peak patterns,® which
complicates the comparison with calculated reference data. All of these techniques should therefore

not necessarily be considered as independent tools, but rather as complementary methods.

1.2. lonic Liquids

ILs are a class of substances that consist entirely of mobile ions and are liquid at moderate
temperatures, typically with a melting point below 100 °C.81"8% Thus, they can also be consid-
ered as molten salts, and in general, any salt that melts below 100 °C without decomposing or
evaporating yields an IL. This unique property of ILs is due to their molecular composition, as
they are typically composed of large, polyatomic, and charge-diffuse organic cations with low
symmetry, and organic or inorganic anions with weak basicity. %8¢ Compared to conventional
salts of monoatomic ions, such as sodium chloride, which has a melting point of 800.7 °C,8" the
hybrid organic-ionic nature of ILs and the resulting intermolecular interactions do not allow
crystal formation at moderate temperatures. In addition, ILs generally have a negligibly low
vapor pressure, high chemical, thermal, and electrochemical stability, and are liquid over a wide
temperature range,®® making them interesting solvents for industrial applications.®

An outstanding feature of ILs is the almost infinite tunability of their physicochemical properties.

Some common IL anions and cations are shown in fig. 1.3, but in total there are millions of
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[C.C,Im]* [N2oool” [PipHH]* [C,C,Pyrr]*
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Figure 1.3. Ball-and-stick images of common IL anions and cations. Color code for the atoms
is: white: H; orange: C; blue: N; red: O; green: F; yellow: S. Abbreviations for the ions are:
[C2C1Im] ™ 1-ethyl-3-methylimidazolium; [Noggo]™: ethylammonium; [PipHH]": piperidinium;
[C4CPyrr]™: 1-butyl-1-methyl-pyrrolidinium; [L—ala] : L-alaninate; [NO3] : nitrate; [OAc] :
acetate; [NTf,] " : bis(trifluoromethylsulfonyl)imide.

possible ILs that can be formed by combining different ions. The properties of ILs can therefore be
tailored to specific applications by selecting the right combination of ions or by functionalizing the
constituent ionic species.?>?! To this end, and to enable efficient screening processes for suitable
ILs, the study of structure—function relationships and IL—solute interactions is of paramount

importance. Here, computational methods can serve as a powerful tool to study the properties

of ILs prior to their synthesis.?? 97

Common applications of ILs include the use as solvents, co-solvents, ligands, or catalysts in

98-104 105-107

(asymmetric) synthesis, as media in gas absorption processes, or as electrolytes in

108 supercapacitors, 19?1 batteries, %112 and solar cells. ''>11® Furthermore, they are

11

fuel cells,

6 such as liquid-liquid extraction, where ILs can
117,118

successfully applied in separation processes

o or phenols!!'? from liquid

act as additives?? or selectors?® to extract for example metals
media. Among the various liquid—liquid extraction techniques, chiral separation methods based
on ILs are of particular interest in the context of this thesis, as they can provide cheap, practical,
and energy-efficient alternatives either for resolving racemic mixtures or for extracting chiral
molecules from, for example, reaction media. The essential idea underlying chiral separation
is the diastereomeric interaction between a chiral selector and the enantiomers in a racemic

120,121 yesulting in the formation of distinct diastereomeric pairs that can be resolved.

mixture,

Consequently, if an IL is to act as a chiral selector, it has to be chiral itself, which can be achieved
by incorporating chiral ions such as amino acid anions. '*>123 This leads to the subgroup of chiral
ILs (CILs), 211247126 which have already been successfully used for the separation or extraction of
chiral molecules, especially for molecules with long chain or cross-linked residues.'?>"1?° The chiral
species in CILs can be either the cation, the anion, or both.'?> While the chiral ions are required
to achieve diastereomeric interactions between the IL and the enantiomers to be separated, the

achiral counterions can also play an important role in chiral separation processes by interacting
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with the chiral molecules through hydrogen bonding, dipole—dipole, or dispersion interactions.

120 in the achiral IL ions. Investigating the

These interactions can cause chirality induction
significance of this effect for the recognition and separation of chiral molecules will be the main
subject of chapters 8 and 10, which is why a brief introduction to chirality induction in ILs will

be given in the following section 1.3.

1.3. Chirality Induction

Many flexible molecules can adopt chiral structures in the form of enantiomeric pairs of local
minima, that is, enantiomeric conformers that are mirror images of each other. An example
of such a molecule is the 1-ethyl-3-methylimidazolium cation, whose conformational flexibility
arises solely from the rotation of the ethyl group, resulting in the two enantiomeric conformers
¢’l and ¢’2 shown in fig. 1.4. Since these conformers are mirror images of each other, they have
opposite optical activities and consequently mirrored VCD spectra. If the energy barrier for the
conversion between c¢’1 and ¢’2 is sufficiently low to allow for racemization, the abundance of both
conformers is equal and their opposite optical activities cancel each other out. In this scenario, the
1-ethyl-3-methylimidazolium cation is not chiral and no optical activity can be detected. However,

6,8,130 131)

a neighboring chiral object or entity (e.g., a molecule or metal nanoparticle interacting

with the cation can break the symmetry between the enantiomeric conformers, resulting in

’2.6,130,132 Thig phenomenon

an energetic preference and increased abundance of either ¢’1 or ¢
is called chirality induction or chirality transfer and the cation is referred to as a transiently
chiral molecule.'?® The resulting symmetry breaking of the conformational distribution causes
the optical activities of the two conformers to no longer cancel out, which can be detected by
optical activity methods such as VCD.%"13%132 Other transiently chiral molecules for which
such a symmetry breaking in the conformational distribution has been observed are for example
ethanol, 133 2-phenylethylthiol, ! or the bis(trifluoromethylsulfonyl)imide anion.®

Possible mechanisms of chirality induction are manifold and always based on interactions
between the chiral object and the molecule to which chirality is transferred. These interactions
can be hydrogen bonding, m—m, dispersive, dipolar, or electrostatic interactions. The effectiveness of
the chirality transfer is thereby often determined by the strength of the intermolecular interactions,

that is, the stronger the intermolecular interactions, the more effective the chiral induction. 34135

For example, it has been observed that enantioselective reactions in chiral amino ethers3® or
lactate-based ILs'37 produce only small enantiomeric excesses, probably due to the presence of
charge-neutral transition states. For reactions in ILs with proposed ionic transition states, higher
enantioselectivities are often observed, for example in the synthesis of functionalized chiral allylic
amines by an aza-Baylis-Hillman reaction in CILs.'3® Furthermore, it has been shown that the
dissolution of ILs in solvents with a high dielectric constant reduces the ability of chiral IL anions
to recognize the enantiomers of chiral counter cations.!'?® These examples clearly support the
assumption that the transfer of chiral information between two species is strongly dependent on
the strength of their interactions. For recognition and separation processes in ILs where chirality

transfer plays a role, it is therefore advantageous if the interactions between the IL ions and the
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Figure 1.4. VCD spectra of the two enantiomeric 1-ethyl-3-methylimidazolium conformers

calculated at the BP86%%%9 /def2-TZVP™ level of theory using the Turbomole 7.6 software
71-74

package.
enantiomers to be separated are strong enough to compete with the intermolecular interactions

of the IL moieties.

1.4. Scope of the Thesis

The scope of this thesis follows two main objectives, first, the development of a new method that
allows a computationally efficient calculation of liquid phase IR and VCD spectra, and second,
the study of chirality transfer in ILs and its effect on chiral recognition processes. Chapters 3
to 6 address the first goal by introducing and evaluating the cluster-weighting approach for
calculating vibrational spectra of bulk phases. This approach is based on a weighted average of
quantum chemically calculated clusters, whose populations (also termed as cluster weights) are

139141 gee section 2.2 for a methodologi-

determined by quantum cluster equilibrium calculations,
cal introduction. Since quantum cluster equilibrium calculations rely on experimental input data
that are prone to measurement errors, the influence of these uncertainties on the results of the
calculations is investigated in chapter 3. Therefore, two uncertainty propagation methods 42143
are used and special emphasis is given to the calculated cluster populations.’ In chapter 4, the
cluster-weighting approach for vibrational spectra is introduced and applied for the calculation
of bulk phase IR and VCD spectra of (R)-butan-2-ol.? Furthermore, the sensitivity of the cluster
weights on the quantum chemical level of theory and the dependence of the calculated spectra
on the employed cluster set are extensively tested. Chapter 5 compares the cluster-weighting
approach with an established method for calculating bulk phase vibrational spectra which is
based on ab initio molecular dynamics simulations.? Here, the influence of the quantum chemi-
cal level of theory on the quality of the vibrational spectra obtained from cluster-weighting is
further tested. For the approach based on ab initio molecular dynamics simulations, "' the
importance of conformational sampling is emphasized and the conformer replica simulations

approach is proposed to improve the sampling quality and the resulting vibrational spectra. In
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chapter 6, the cluster-weighting approach is extended to binary systems and applied to mixtures
of acetonitrile and (R)-butan-2-ol. This enables the computationally efficient calculation of mole
fraction dependent IR and VCD spectra and the prediction of mole fraction related vibrational
frequency shifts.

Chapters 7 to 10 deal with the second objective of the thesis by studying chirality transfer
phenomena in ILs. All four chapters are based primarily on the performance and analysis of ab
initio molecular dynamics simulations. In chapter 7, the dissolution of different D-glucose isomers
in dry and moist 1-ethyl-3-methylimidazolium acetate is investigated with a focus on the influence
of intermolecular interactions on possible reaction mechanisms and the vibrational spectra of the
systems.® Chapter 8 deals with the molecular recognition of butan-2-ol enantiomers by the 1-ethyl-
3-methylimidazolium L-alaninate CIL and examines the role of chirality transfer to the cation
in this process. Due to the flexibility of butan-2-ol, the conformer replica simulations approach
proposed in chapter 5 is applied for the molecular dynamics simulations. Chapter 9 is a perspective
article that highlights some of the recent advances in the theoretical modeling of reactions, chirality
transfer, and radicals in ILs.” The work provides an overview of methodological advances and
discusses challenges that still need to be overcome for IL research to become predictive and follow
the latest research trends. In chapter 10, the chirality transfer from the chiral (R)-1,2-propylene
oxide to the ions of the l-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide IL is
investigated.® In particular, this work explores the possibility of a selective chirality transfer
from (R)-1,2-propylene oxide to the IL anion while leaving the cation unaffected. Finally, the

impact of the thesis is summarized in chapter 11 and an outlook on future research is given.



2. Theoretical Background

2.1. Electronic Structure Methods

2.1.1. The Schrodinger Equation

Any theoretical description of a molecular system is ultimately based on the Schrédinger equa-
tion, 145 which requires the wave function ¥ of a quantum mechanical system to obtain the energy
E. Its non-relativistic, time-independent form is the foundation of electronic structure theory

and reads as
HV = EU, (2.1)

where H is the Hamiltonian operator. The Hamiltonian operator is commonly expressed as the
sum of the kinetic energy operator T and the potential energy operator V which are composed

of contributions from the electrons and nuclei:

A A

H=T,+ T+ Vee + Vie + Vin . (2.2)

In eq. (2.2), T, and T, are the kinetic energy of the electrons and nuclei, respectively, Veo and
Vin are the Coulomb repulsion between electrons and nuclei, respectively, and Vie is the Coulomb
attraction between electrons and nuclei. Following that, the Hamiltonian for a system with N
electrons and M nuclei can explicitly be expressed as

N h2 M M M VA

ZA

, —+> ) 7
i=1j=it1 4 =1 a=1"A  s=1B=—a41 "AB
(2.3)

h2 e2

M
H=— V2 - \

=1 2me

with me being the mass of an electron, M4 and Z4 are the mass and charge of nucleus A, e is
the elementary charge, and ¢¢ is the vacuum permittivity. The distances between two electrons
7 and j, between two nuclei A and B, and between an electron ¢ and a nucleus A are given
by 7ij, rap and 74, respectively. For the sake of simplicity, atomic units are used from here

onwards. 146

47 is commonly applied to

To simplify the Hamiltonian, the Born-Oppenheimer approximation *
decouple the electronic and nuclear motions. This approximation is justified by the much larger
mass of the nuclei compared to the electrons.” Assuming fixed nuclear positions, the kinetic

energy operator of the nuclei T}, is omitted and the Coulomb interaction Vin between the nuclei

*The mass of a proton is 1.007 u whereas the mass of an electron is 5.485 - 10~ u. 148
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reduces to a constant. The resulting electronic Hamiltonian H, reads as

A

f{el = Te + Vne + IA/vee ) (24)

where the operators can be grouped into one-electron and two-electron operators

A~

Hy=he+Vee with he =T+ Vie. (2.5)

The resulting Schrédinger equation involving the electronic Hamiltonian can then be expressed

as

A

HyVyg = FEq¥g with Wg=WVy ({I‘i}; {RA}) and FEg = Ey ({RA}) . (26)

The electronic wave function ¥ thus depends explicitly on the full set of electronic coordinates
{r,} and parametrically on the set of nuclear coordinates {R ,} while the electronic energy E
depends parametrically on the nuclear coordinates. To obtain the total energy E, the constant

nuclear repulsion is added
E=FEq+ Vin- (27)

The electronic Schrodinger equation derived in eq. (2.6) is only exactly solvable for Hy™ or
similar one-electron systems, as the electron—electron coupling prevents an analytical solution.
For many-electron systems, the solution of the electronic Schréodinger equation has to rely on
approximate methods that are often based on the variational principle, which states that the
energy of any approximate wave function will be above or equal to the exact energy.'*? One such
approximate method is wave function theory which is usually based on the Hartree-Fock (HF)
self-consistent field (SCF) procedure. %151 Therein, the explicit treatment of electron—electron
interactions is avoided and the motion of each individual electron is considered in a mean-field
created by the other electrons. The exact N-body wave function of such a system with N electrons

occupying N spin-orbitals ¢ (N) can be approximated by a single Slater determinant

$1(N) @a(N) - on(N)

(pilpj) = dij (2.8)

an antisymmetric object which causes the system’s wave function to change its sign if any
two electrons are interchanged.'® The representation of the system’s wave function as Slater

152 and the determinant vanishes if one

determinant ensures compliance with the Pauli principle,
spin-orbital is occupied by more than one electron. By applying the variational principle, a set of
N pseudo-eigenvalue equations can be derived for the IV spin-orbitals. The solution of this set of
HF equations is solved iteratively by an SCF procedure and yields the energy of the system.

One major inconvenience of the HF theory is the missing instantaneous Coulomb correlation

10
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between the electrons, also termed dynamic correlation. This missing energy contribution is
termed correlation energy E. and corresponds to the energy difference between the HF energy

and the exact solution of the non-relativistic Schrodinger equation: 153154

EC — Eexact - EHF . (29)

Post-HF methods like coupled cluster 1?15 or perturbation theory'®” are approaches to
calculate or at least approximate this correlation energy by improving the HF wave function.
However, such methods are not part of this thesis and will therefore not be the subject of further

discussion here.

2.1.2. Kohn-Sham Density Functional Theory

Another approach to include electron correlation is density functional theory (DFT). DFT is
based on the two Hohenberg-Kohn theorems %159 of which the first one states that the electron
density uniquely determines the ground state properties of a many-electron system. It is therefore
sufficient to calculate the electron density instead of the wave function. This reduces the high
dimensional problem of an N-electron system with spin and spatial coordinates for all electrons
to a three-dimensional problem of the electron density. In this framework, the electronic energy
Eq[p(r)] is a functional of the electron density p(r) and can be formulated in analogy to the

electronic Hamiltonian defined in eq. (2.4):160:161

Ealp(r)] = Tolp(r)] + Vielo(r)] + Veelo(r)]
— Tulp(x)] + Vaelp(v)] + Jlp(r)] + K[p(r)] .

(2.10)

Therein, Te[p(r)] is the kinetic energy of the electrons, Vie[p(r)] is the nuclear—electron attrac-
tion, and the electron—electron interaction Vee[p(r)] is divided into Coulomb J[p(r)] and exchange
K[p(r)] parts. The functionals Vpe[p(r)] and J[p(r)] can be formulated by classical expressions,
but an exact formulation of the functional T¢[p(r)] remains unknown.

Therefore, Kohn-Sham-DFT (KS-DFT) introduces a fictitious reference system of non-interac-
ting electrons that reproduces the ground-state electron density of the real system of interest. %"
In analogy to the HF theory, the wave function of these non-interacting electrons is given by
a single Slater determinant. By introducing KS orbitals ¢;, the kinetic energy Ti[p(r)] of the
non-interacting electrons is given as

1
f§V2

L) = -

=1

¢i>, (2.11)

and the electron density as

N
p(r) = |l (2.12)
i=1

11
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Since Tx[p(r)] is calculated for a fictitious system of non-interacting particles, there is an energy
difference to the exact kinetic energy of the electrons. This energy difference as well as the

electron correlation and exchange energy are included in the exchange-correlation functional

Exelp(r)] = (Telp(r)] = Tslp(r)]) + (Veelp(r)] = Jlp(r)])

= Ex[p(r)] + Ec[p(r)].

(2.13)

Therein, Fx[p(r)] and E.[p(r)] represent the exchange and correlation parts, respectively. By
reformulating eq. (2.10), the energy expression in the framework of KS-DFT is thus given by

EG®[p(r)] = Tip(r)] + Vaelp(r)] + Jp(r)] + Exc[p(r)] - (2.14)

In this equation, Fy.[p(r)] is the only functional for which an exact expression remains un-
known. The various density functionals used in quantum chemistry approximate this unknown
exchange-correlation functional by estimating the exchange-correlation contribution. These den-

162

sity functionals can be categorized according to the Jacob’s ladder. %* In local density approx-

imation (LDA) functionals, the electron density p(r) is treated as uniform electron gas.'63:164
This approximation of a completely homogeneous electron density distribution typically leads
to an overestimation of the electron correlation and an underestimation of the exchange energy.
To account for inhomogeneous electron density distributions, generalized gradient approxima-
tion (GGA) functionals like BP865%6? or BLYP %% additionally include the gradient of the
electron density Vp(r). Meta-GGA functionals go one step beyond that and include higher order
derivatives of the electron density V2p(r) or the kinetic energy density. Popular examples for
meta-GGA functionals are TPSS'% or B95'66. Hybrid functionals like B3LYP 5% additionally
include contributions from the non-local HF exchange energy. The proportion of included HF
exchange varies between different functionals and often depends on the property of interest. An
improved description of the electron correlation can be achieved by double-hybrid functionals
(e.g., B2PLYP !67) which include virtual orbital information.

A shortcoming of the exchange-correlation functionals mentioned above is that they do not
adequately describe dispersive interactions. To account for these interactions, the DFT-D method

168-171

and its extensions are commonly used. Therein, the energy contribution of dispersion

interactions is calculated by the empirical correction term

M M CAB
Edisp = - Z Z Z Snzifdamp (TAB) ’ (215)
A=1B=A+1n=68,10,.. 'AB

which is added to the energy of the system. Here, M is the number of atoms in the system, s,, is
a global scaling factor adjusted to the exchange-correlation functional, and C;?B is the averaged
nth-order dispersion coefficient for the atom pair AB separated by a distance r 5. The damping
function fgamp is used to avoid near-singularities at small 745 and double-counting effects at
intermediate distances.!” In case of DFT-D3, the sum in eq. (2.15) is truncated after n = 8.17

More specialized approaches to include dispersion interactions are, for example, dispersion-

12
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172,173 174,175

corrected atom-centered potentials or non-local van der Waals functionals.
To finally solve the KS equations derived above, the unknown molecular orbitals ¢; used in
the Slater determinant can be represented by a linear combination of n basis functions (atomic

orbitals) x, and coefficients cq;

¢i = Z CaiXo - (2.16)

Note that in eq. (2.16) the basis functions are known and the coefficients need to be determined.
Inserting eq. (2.16) into the KS energy expression and variational energy minimization transforms

the KS equations into an according matrix notation
KC = SCe. (2.17)

In eq. (2.17), K is the KS matrix, C contains the molecular orbital coefficients, S is the atomic
orbital overlap matrix, and € is a diagonal matrix of the orbital energies ¢;. Since K depends on
C, the unknown coefficients have to be determined in an iterative procedure. Therefore, K is
evaluated with an initial guess of C and new coefficients are calculated by solving the generalized
eigenvalue problem given by eq. (2.17). Based on the new coefficients, K is calculated again and
the procedure is repeated until the coefficients are self-consistent.

There are different types of basis functions that have been proposed. Slater-type orbitals (STOs)
can correctly describe the atomic orbitals as they possess a cusp at »r = 0 and an exponential
decay at long range. However, since the two-electron integrals over STOs are difficult to calculate,
it is very common in quantum chemistry to use contracted Gaussian-type orbitals (GTOs) instead.
Although GTOs do not possess a cusp at 7 = 0 and show a too rapid decay at long range, the fact
that the product of two Gaussians can be represented by another Gaussian (Gaussian product
theorem) simplifies the integral calculations and decreases the computational effort.

In solid state physics and periodic molecular simulations, plane wave basis sets with basis

functions of the general form

= \/15 exp (iG - r) (2.18)
are commonly used. Here, {2 is the volume of the periodic cell and G is the wave vector which
has to comply with the periodic boundary conditions. The wave vectors to be included in the
basis set expansion (eq. (2.16)) are determined by a cutoff. Although plane wave basis sets are
usually employed for calculations of periodic condensed phase systems, gas phase calculations
like the ones presented in chapter 5 are also possible. For this purpose, the size of the periodic
cell has to be chosen large enough to avoid interactions between the periodic images. However,
the drawback of this approach is that most parts of the cell are actually empty and that a large
number of basis functions are used solely for the description of this empty space.
One major disadvantage of plane wave basis sets is their inefficiency in describing the rapid

oscillations of the wave functions of the valence electrons near the nucleus. Here, a large number of

13
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basis functions would be necessary to achieve an accurate description in an all-electron calculation.
This issue can be overcome by introducing pseudopotentials that replace the core electrons and
the Coulomb potential of the nucleus with a weaker pseudopotential that acts on pseudo wave
functions rather than the true valence wave functions. By this, lower cutoffs and therefore fewer
wave vectors are sufficient to achieve an accurate description of the electronic structure which
reduces the computational effort.

A special implementation of DFT, the Gaussian and plane waves method, will be discussed in

section 2.3.3 in the context of ab initio molecular dynamics simulations.

2.2. Quantum Cluster Equilibrium

The majority of chemically relevant processes take place in the condensed phase with a special
focus on liquid media in this thesis. In such media, environmental and solvation effects play a
significant role,” and taking these effects into account is of utmost importance when modeling,
for example, liquid phase vibrational spectra, as shown in chapters 4 to 6. Consequently, there
is great interest among scientists in developing theoretical methods that can accurately model
these properties of the liquid phase at reasonable computational cost. One such method is the
quantum cluster equilibrium (QCE) or cluster-weighting, which describes the liquid phase as

139-141

a dynamic equilibrium of quantum chemically accessible clusters. It can thus be seen as

an extension of the classical Boltzmann weighting of clusters, but with the possibility to weight

differently sized clusters at the same time. '3

The underlying concepts of the QCE theory were first published by Frank Weinhold in 1998

where he defined clusters as distinctive configurations of molecules that are intermediate between

monomeric species in low-density gases and the fully aggregated state of the condensed phase. 3

He argued that the continuity of gases and liquids in the critical phase implies that the cluster
picture of a dense gas can be continuously extended to the liquid phase by adjusting the cluster
distribution according to the pressure and temperature of the system. A more detailed description

of the QCE theory was provided by Barbara Kirchner in 2005, ' who implemented the underlying

176,177

equations in Peacemaker, a software package for performing QCE calculations. This major

step enabled the use of QCE to calculate thermodynamic functions for a myriad of liquids,

140,178-189 41coholg2:181,190-196 ( 197-200 201

10,11,203,204

including water, see also chapter 3), amides, ammonia,

and hydrogen halides. 2207 Furthermore, it has also
2,3,198

liquid sulfur,?? organic acids,

been shown that QCE can be used to predict vibrational spectra of neat liquids and binary

mixtures (see also chapters 4 to 6). Later on, the theory was extended to binary (bQCE)!*! and

208

multi-component (mQCE)“"® systems by the Kirchner group. These extensions opened doors

for a variety of new applications such as the investigation of ILs,%?? the calculation of activity
coefficients, 7196 10,11
Parts of the work presented in this thesis are based on the QCE and bQCE theory. Therefore,

an introduction to the underlying concepts and equations of QCE and its extension to bQCE

or the description of mole fraction dependent acid dissociation.

will be given in the following. 49! An extensive derivation of the theory including all recently

implemented modifications is provided in appendix A.

14
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2.2.1. Statistical Thermodynamics

The QCE theory is derived in the canonical ensemble, that is, for a system characterized by
the particle number NV, the volume V', and the temperature 7. For the sake of simplicity, the
function variables are omitted in the following explanations and all thermodynamic functions are
assumed to be functions of N, V', and T or a selection of these. In the canonical ensemble, the

probability p; for a system to be in the energy state E; is determined by the Boltzmann factor

E.
S (_kBJT) , (2.19)

with kg being the Boltzmann constant. To ensure that the sum of all probabilities p; equals

one, the normalization constant

E;
_ _ 2.20
@ z]: P ( kBT> (2.20)
is introduced to obtain the Boltzmann factor as
1 E;
L = N 2.21
vi=goo(~0) (2.21)

Here, @ is called the system partition function which enables the calculation of all thermo-
dynamic state functions. If a system of N independent and indistinguishable particles obeys

Boltzmann statistics, its partition function may be formulated as

Q= %qN. (2.22)

Therein, ¢ is a single particle partition function that can be written as the product of the
individual particle partition functions for the translational, rotational, vibrational, and electronic

degrees of freedom

q= qtransqrotqvibqelec ) (223)

Accordingly, the energy ¢ for a particle with such a partition function corresponds to the sum

of the energy contributions of all degrees of freedom
c = Etrans + Erot + Evib + gelec. (2‘24)

The translational, rotational, and vibrational partition functions can be derived from standard

models for the particle in a box, the rigid rotator and the harmonic oscillator?!%:2!! respectively:
Vv 2
trans .
= — th A=4/——— 2.25
A3 s 2rmkgpT (2.25)

¢ VT 13 ) ¢ h?
qro _ 7 @fgt@ré)t@?/gt with @;0 — 871-2[].]{;]37’ (226)
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3N —oyib/oT
¢ = Hx exp( 0 /, ) with @) =
i=1 1— exp(—@g’lb/T>

hvi
kg

(2.27)

In egs. (2.25) to (2.27), A is the thermal de Broglie wavelength, h the Planck constant, m the
particle mass, o the rotational-symmetry number, @;-Ot and @}ib are the rotational and vibrational
temperatures, I; is the moment of inertia, and v; the frequency of the respective vibrational
mode ¢. The number of vibrational degrees of freedom corresponds to 3N — x, with = 5 for
linear molecules and x = 6 for nonlinear molecules. Assuming that the electronic ground state is
the only populated electronic energy level under the applied ambient conditions, the electronic

elec

partition function is governed by the electronic ground state energy £¢°“ and the degeneracy g;

of the ground state

¢ = grexp | — s (2.28)
T ) .

2.2.2. Quantum Cluster Equilibrium Theory

The central idea of the QCE theory is the description of the liquid phase as a dense gas of molecular
clusters which are built up from monomers of one (neat system), two (binary system), or even
more (multicomponent system) components. These clusters are assumed to be in thermodynamic
equilibrium which allows for the formation and disaggregation of clusters. The corresponding

chemical equation for this cluster equilibrium may be expressed in a general form as
i(p)C1 +j(p)C2 = p, (2:29)

where a cluster p is composed of i(p) and j(p) monomers of the components 1 and 2, respectively.
This general formulation allows for the simultaneous presence of multiple clusters with the same
composition and enables the consideration of different conformers and structural motifs, which
can be of particular importance for the calculation of VCD spectra as presented in chapters 4
to 6. Following eq. (2.29), the primary aim of the QCE theory is to obtain the set of cluster

populations { NN} that minimizes the free energy of the system
A= —kgTInQ"" (2.30)

at a given temperature T', volume V', and total number of monomers Nt = Nfot 4 Niot. For

tot

such a system of molecular clusters, the partition function ¢;°* of a cluster p can be formulated

P
analogously to eq. (2.23) as
quot _ qgansquotqgibqgec 7 (231)
and the total system partition function Q' is given as
1 N
tot __ tot \ ¥
Qtet = I;I—Np! (a) ™ (2.32)
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2.2. Quantum Cluster Equilibrium

Therein, N, is the population of cluster p and the product includes all clusters in the cluster set.
The rotational and vibrational cluster partition functions are calculated according to egs. (2.26)
and (2.27) while the translational and electronic partition functions are obtained by extensions
of egs. (2.25) and (2.28) as follows.

The translational partition function given in eq. (2.25) is valid for a system of point-shaped
particles that have no volume. However, on the basis of non-point-shaped molecular clusters, not
all of the total volume is accessible to the particles and therefore needs to be corrected in the
translational partition function. This is done by introducing an exclusion volume of the clusters

as

Vex = bev 3 N = by (01N} + 05 N5 (2.33)
©

which is subtracted from the total volume V. In eq. (2.33), v, is the volume of cluster p, v; and
v are the volumes of the monomers, and by, is a dimensionless empirical parameter that scales
the inaccessible volume. This scaling is necessary as the cluster volumes are often sensitive to the

choice of the atomic radii.'”™® The translational partition function as used in QCE is therefore

given by
wans _ V — Vex V= byy (01 N1°" 4+ 02 N5%)
R U A3 . (2.34)
The electronic partition function is calculated from the adiabatic binding energy
Apinaell® = €0 — i(p)ef — j(p)eg, (2:35)
where sgec is the electronic ground state energy of cluster g and the corresponding electronic

ground state energies of the monomers are given by £§'°¢ and £5°°. To account for inter-cluster

interactions, a density and cluster size-dependent mean-field type energy term is introduced as
ame (i(p) +(p)

et = T , (2.36)

where apt is the empirical mean-field parameter with the dimension Jm?3 mol™2. Inserting
egs. (2.35) and (2.36) into eq. (2.28) yields the electronic partition function as used in the QCE
theory:

(2.37)

clec _ oy _Abind€?)lec — (i(p) +j(p)) =t
g5, = exp e .

The two empirical parameters ap,s and by, are usually optimized to minimize the deviation of
the QCE results from experimental reference data. Further details of the optimization process
are provided in section 2.2.3.

To determine thermodynamic data from the canonical partition function, the three independent

quantities ({ N}, V,T) characterizing the ensemble, have to be determined. The conservation of
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2. Theoretical Background

the particle number is ensured by introducing the following condition

N+ N3t =) (i) +(9) N,
LS

§

tot tot

(2.38)

where I, is the monomer-normalized cluster population. Under the condition of thermodynamic
equilibrium, it is possible to express every cluster population NN, with respect to the particle

number of the monomers:

0A

0= i(p )<aN )d)\+Z] <§]€2)d>\—z<§]§>d>\, (2.39)
15 5

where d\ denotes the reaction progress. Equation (2.39) states that the slope of the free energy
with respect to the cluster populations is zero, or in other words, that an infinitesimal change in
a cluster population must not affect the free energy. This means that any change in free energy
due to cluster disaggregation must be compensated by an equal change in free energy due to
increasing monomer populations. Since eq. (2.39) has to be fulfilled for any reaction progress

and cluster independently, it can be simplified to

0A 0A 0A
— | =1 — ] — . 2.40
(aN‘p) @(@)(aM)ﬂ(p)(aM) (2.40)
Considering the connection between the free energy and the total system partition function
(cf. egs. (2.30) and (2.32))

A= kTl Q" = —kTln (H Nl ' (qg)t)N )

(2.41)
_ _kBTZ(N In gl — 1an!),
eq. (2.40) can be written as
iZ(N lnqtot In N, ') =i(p) iZ(N lnqtOt In N, ')
ONy %5 v ONy o
(2.42)

N
( ?\7 > (NoIngl* - 1an!)>.
£

Applying the Stirling approximation’ to solve the differentials in eq. (2.42) and rearranging

fIn(n) ~n-In(n) —n
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2.2. Quantum Cluster Equilibrium

yields

Ny \®) 7 Ny ()
Ny = quOt <qtot> (tot) , (2.43)
1 a3

which is an expression that relates the cluster populations N, to the monomer populations
N7 and Ns. It is therefore sufficient to determine the monomer populations and from these the
whole set of cluster populations { N} according to eq. (2.43). However, since eq. (2.43) represents
a system of polynomial equations that can only be solved exactly for fixed N; and N, two
additional independent equations are needed. One of these equations is the so-called population

polynomial which is obtained by inserting eq. (2.43) into eq. (2.38) and reads as

0= Y L) o (M) (Mo (2.44)

tot tot <] tot tot

For neat systems with N3°* = 0 and j(p) = 0, the population polynomial is exactly solvable
to obtain the monomer population N; and from that the set of cluster populations. For binary
systems, however, a second polynomial is needed to determine the two unknown variables Ny
and Nj. Following the expression for the conservation of the particle number given in eq. (2.38),

the conservation of mass can be introduced accordingly as

M N1 + MyNs™ =Y (i(p) My + j(p)Mz2) Ny,
©

0=%" i(p) My + j(p) Mo
M N{°" + My Niot

(2.45)

N, —1,
©

where M7 and Ms are the molecular masses of the components. From that, the so-called mass

polynomial can be obtained by inserting eq. (2.43) into eq. (2.45):

0= i(p) My +j(p) Mz 4o <N1 >i(p) <N2 )j(g’) 1. (2.46)

q _Z
5 M1 N{;ot + M2 N%;ot £ q{Ot ngt

The population and mass polynomials represent a system of two non-linear equations with two
unknown variables that can be solved numerically to obtain the monomer and cluster populations
of a binary system.

The equations derived so far allow the determination of the system partition function at
any temperature for a given volume. In principle, any physically reasonable volume could be
chosen, but it is desirable to obtain the volume as an intrinsic property depending on the cluster
populations. To achieve this, the so-called volume polynomial is employed whose derivation starts

with the definition of the pressure p as defined in statistical thermodynamics:

(2.47)

1ln Qtot
= kg1l | ————
p =k ( o7 ) ;
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Oln Qtot
0=— kT | —— | . 2.48
p+ks < 57 (2.48)
Inserting the system partition function as defined in eq. (2.32) into eq. (2.48) yields
Oln qtot
0=—p+ksT ) N e . 2.49
pe it N, (5 249

The rotational and vibrational partition functions (cf. egs. (2.26) and (2.27)) are not explicitly
dependent on the volume and will therefore vanish if they are differentiated by the volume. The

partial derivatives for the translational and electronic partition functions on the other hand read

as
Oln qgans 1
= 2.
and
O1n gelee (i(p) + ()
— = 2.51
oV it s TV 2 (2:51)

respectively. Insertion of egs. (2.50) and (2.51) into eq. (2.49) yields the volume polynomial

as

0=—pV3+ (Z kBT Ny + phy (01N} + v2N§°t)> &
%

- (Z Ny (i(p) +j(p))amf> 14 (2.52)
§
+ 37 Ny (i) + 3(9)) ame - b (v1 N1 + 02 N5*).
g

The two egs. (2.44) and (2.52) are solved in an iterative procedure since the cluster populations
must be known to solve the volume polynomial and vice versa. In practice, the population
polynomial is first solved for an initial guess of the volume to obtain the set of cluster populations
{Ny}, which are then used to obtain a new volume by solving the volume polynomial. If there

are multiple solutions for (V,{N,}), the one with the lowest Gibbs energy

G = —kgThh Q"™ + VkgT <W> (2.53)
ov

is chosen and the difference in the Gibbs energy |G| is chosen as convergence criterion ¢ for

the iterative procedure. While the cluster populations are in the focus of this work to obtain

vibrational spectra as presented in chapters 4 to 6, the calculation of other thermodynamic

functions like the inner energy U, the enthalpy H, and the entropy S is of relevance for the work

presented in chapter 3. The connections between these thermodynamic functions and the system
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2.2. Quantum Cluster Equilibrium

partition function Q'°' are given by

tot
U = kpT? (%) : (2.54)
Oln Qtot Oln Qtot
_ _ 2
H=U+pV = kgT ( T ) + VkgT ( i , and (2.55)
— tot
S = UTA = kgT (%) + kg In Q™" . (2.56)

2.2.3. Peacemaker

All QCE and bQCE calculations presented in this thesis have been performed with the Peace-
maker 2 code, which is an open source program for QCE calculations that is actively developed
by the Kirchner group. Historically, the original code for Peacemaker was developed by Bar-
bara Kirchner in the early 2000s'4’ and developments by the Kirchner group continued until
2011, 141,176,177,208,212,213 \When the extension to bQCE was proposed in 2011, the underlying
equations were first implemented in a new program called “Mixtures in Cluster Equilibrium”
(Mice) 14! as a proof of concept. Later on, the original Peacemaker code and Mice were unified in
the program package Peacemaker 2.177:213 Peacemaker 2 is currently the only publicly available
program for QCE calculations, it is freely available and licensed under the GNU General Public
License. The procedure for performing QCE calculations with this program will be explained in
the following.

Peacemaker 2 is a non-interactive program that reads two files: the input and the cluster
set file. The cluster set file contains all relevant information about the clusters, including the
geometries, adiabatic binding energies, vibrational frequencies, rotational symmetry numbers,
and the volumes of the monomers. User-defined conditions like pressure, temperature range, and
composition (in the case of bQCE calculations), as well as instructions for the calculation of a,¢
and by, are summarized in the input file.

The QCE main iteration to solve the polynomial equations is the core of Peacemaker and

consists of the following steps:
1. calculate an initial estimate V? for the phase volume V by the ideal gas law,
2. calculate all cluster partition functions qg)t at the current volume V and temperature T,
3. solve the population polynomial to obtain the set of cluster populations {/NV},

4. calculate the new phase volume V by solving the volume polynomial with the cluster
distribution {N,,},

5. compare the relative change in the Gibbs energy AG to the last iteration. If AG < ¢, the

iteration is converged, if AG > e return to step 2,

6. if there are multiple solutions for (V,{N,}), chose the one with the lowest Gibbs energy.
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2. Theoretical Background

This procedure is performed for each temperature, but instead of performing step 1 for each
instance, the volume obtained for the previous temperature is employed as an initial guess for
the phase volume.

It has to be noted that the initial estimation of the volume is a critical step in the QCE main
iteration, since the choice of the initial volume may determine whether stable or metastable
solutions are found. If for instance a high-density volume is given, the QCE iteration may
favorably converge to a liquid phase solution whereas a low-density volume may lead to a gas
phase solution. To prevent this, the QCE main iteration is performed twice, once in a so-called
gas phase loop and once in a liquid phase loop.?%? In the gas phase loop, the initial volume is
set to that of an ideal gas V9 and the mean-field parameter ayy is set to zero, thus neglecting
all inter-cluster interactions. The liquid phase loop on the other hand uses a fraction of the ideal
gas volume VO = AV as the initial volume guess and does not modify an¢. By default, X is
set to 0.01. If both loops converge, the solution with the lower Gibbs energy is selected for each
investigated temperature. This procedure not only avoids metastable solutions but also allows
to model first-order phase transitions as shown in chapter 3.

The two empirical parameters a,¢ and by, can be set by the user or optimized to minimize the
deviation of the QCE results from reference data, which are typically given by the experimental
boiling point T; sXp and the density p™P at a distinct temperature, an isobar of the molar volume,
or a combination of the latter with the other two reference points. To determine the best pair
of ans and by, Peacemaker calculates the deviation of the QCE results from the reference data

as

pexp TSXP N VGXP

=1 ?

_ exp\ 2 T_Texp 2 1 N V—VeXp 2
error = w), (pp) + wrp <bb> +wy— Z e (2.57)

where N is the number of volumes V; contained in the isobar. The weighting parameters for
the errors of density, boiling point, and isobar, w,, wr, and wy, can be chosen by the user but
are set to one by default. Note that this parameter sampling takes place in an outer loop that
encloses the QCE main iteration, which means that a,s and by, remain constant within the main

iteration.

2.3. Molecular Simulations

While cluster approaches like QCE take environmental and solvation effects into account, they
do neglect any effects arising from the motion of the molecules. However, the consideration of
dynamic effects is often necessary to fully understand chemical processes at the molecular level,
such as reaction or chirality transfer mechanisms. Molecular simulations aim to capture these
effects by modeling the temporal evolution of the system of interest to predict dynamic and
time-dependent properties. The basis for this is the Newtonian equation of motion, which is used

to describe the movement of each particle ¢ according to

Fi =m;-a;, (258)
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2.3. Molecular Simulations

where m; and a; are the mass and acceleration of the respective particle, and F; is the force
acting upon it. Considering that the force corresponds to the negative gradient of the potential

energy and that the acceleration is the second time derivative of the position, eq. (2.58) can be

ou I’R;
F,=— <8R-) =m; ( I ) ) (2.59)

The forces are thus derived from the potential energy surface (PES) which is a function of all

rewritten as

nuclear coordinates, hence U (RN ) = U (R1,Ra,...). Detailed explanations on the form and

construction of a typical PES follow in sections 2.3.2 and 2.3.3.

2.3.1. Molecular Dynamics

The first molecular simulation of a liquid phase system was based on the Monte Carlo method as
introduced by Metropolis and Ulam in 1949. 2215 However, since classical Monte Carlo methods
rely on a repeated random sampling of molecular configurations, they do not describe the explicit
time evolution of a molecular system. Therefore, the technique of molecular dynamics (MD) was
developed, which determines the time evolution of a molecular system by approximately solving
Newton’s equation of motion. The method was first introduced by Alder and Wainwright to
describe hard-sphere particles moving at a constant velocity, treating each encounter between two
particles as an elastic collision. 26217 For such a simplified system, the dynamic problem is exactly
solvable without any approximation. In reality, however, the potential between two particles is
not constant but a function of their distance, which means that the forces acting on the particles
change continuously as the particles move. Consequently, the Newtonian equation of motion
must be solved in an iterative procedure as a set of differential equations involving a defined time
increment §t.2'% 221 By this time-discretization of eq. (2.59), the positions and velocities at time
t can be predicted from functional values of preceding time steps. The positions and velocities
are then stored in a trajectory from which time-dependent properties of the molecular system
can be calculated.

To solve the time-dependent differential equations numerically, suitable numerical algorithms

have to be applied. In general, the requirements for such algorithms are manifold, as they should

1. be applicable for both short and long time increments dt,

2. keep the number of force evaluations low to reduce the computational cost and memory

requirements,
3. account for energy and momentum conservation,
4. be time-reversible,
5. be easy to implement.

219,220

Given the above requirements, the Stormer—Verlet family of algorithms is best suited

and consequently most commonly used to solve the Newtonian equation of motion. The classical
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Verlet algorithm is based on a forward-backward third-order Taylor series expansion of the

particle positions R; (%):

R; (t+dt) = R; (t) + st LR, (t) + 15752—(12 R; () + 1575333 R;(t)+0O (5t4) (2.60)
(] - (] dt (2 d 2 (] d 3 (1 Y .
d 2 d2 3 d 4
R; (t—dt) = R()—dth()Jr 5td R; () — —51& dtsR()+O(5t)' (2.61)

Adding egs. (2.60) and (2.61), and inserting eq. (2.59) results in the classical Verlet algorithm:

2

R; (t + 6t) = 2R; (t) — R, (t — 6t) + sz

R () +0 (5t1). (2.62)

Unfortunately, the above derivation eliminates the velocities v; (¢) from eq. (2.62) but they are
often necessary to calculate certain physical quantities, such as the kinetic energy at a given time

t. An expression for the velocities can be obtained by subtracting eq. (2.61) from eq. (2.60):

d Ri(t+5t)—Ri(t_5t)+O<5t2)_

SR, () = o (2.63)

Vi (t) =

However, eq. (2.63) can cause technical difficulties in MD simulations, since the velocities
at time ¢, and thus the kinetic energy and temperature, can only be calculated if the particle
positions at time ¢+ dt are known. To avoid this problem, it is more convenient to use the velocity

Verlet algorithm??? instead, which reads as

d 1 _,d?
R, (t+ ) = Ry (1) + 0t R (1) + 50 TR (1) (2.64)
(t+6t) = v ()+16t L R0+ LRt (2.65)
Vi - a2 a2 ' ‘

A complete MD procedure based on the velocity Verlet algorithm therefore consists of the

following steps:
1. start from initial particle positions R; (¢) and velocities v; (),
2. calculate the forces F; (t) from the coordinates R; (t),
3. calculate the particle positions R; (t + dt) by eq. (2.64),
4. calculate the forces F; (t + dt) from the new particle positions R; (¢ + 0t),
5. calculate the velocities v; (t + dt) by eq. (2.65).

This procedure is repeated until the desired simulation time is obtained.

One important aspect to consider in an MD simulation is the ensemble, which refers to different
conditions. The microcanonical or NV E ensemble conserves the particle number N, the volume
V', and the total energy E. Therefore, it corresponds to an isolated system that does not exchange

matter or heat with the environment. In practice, however, it is often desirable to perform MD
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2.3. Molecular Simulations

simulations that can be compared to experimental reference data which are usually measured
under controlled temperature. For this purpose, the canonical or NVT ensemble can be employed,
which conserves the particle number NV, the volume V', and the temperature T'. To control the
temperature, a thermostat has to be applied, for example the Nosé-Hoover thermostat, 2?3225
which introduces an additional degree of freedom as a heat bath. To deal with difficult cases,
different heat baths can be linearly coupled to obtain a so-called Nosé-Hoover thermostat chain, 2?6

which can be coupled to a different number of degrees of freedom.

2.3.2. Classical Force Fields

As mentioned above, the interactions between the particles and the resulting forces are derived
from the PES, which can have different forms depending on the type of MD simulation. A
very popular approach to model the PES are classical force fields, which consider atoms as the
smallest units and do not explicitly model the electrons. To describe the intra- and intermolecular
interactions between atoms, a set of empirical parameters is defined for each atom type, describing
the energy contributions of bond stretching, angle bending, dihedral rotations, dispersion forces,
and electrostatic interactions. The functions describing the different energy contributions may vary
between different force fields, which is why only the generalized Amber??” and the OPLS-AA 228
force fields will be discussed here. Both force fields are largely based on the same expressions.
The generalized Amber force field (GAFF) is employed for the cluster generation in chapters 3
to 6 and the OPLS-AA force field as well as its refined parameters for ILs??% 23! are used for the
pre-equilibration of the simulation boxes analyzed in chapters 7 to 10.

In a system of N particles, the potential energy (or force field energy) U (RN ) =U(R1,Ro,...)

can be expressed as the sum of the individual energy contributions listed above:
U = Ustr + Upend + Udih + Uvaw + Ul , (2.66)

where U, is the bond stretching energy, Upeng the angle bending energy, Ugi, the dihedral
rotation energy, Uy,qw the van der Waals energy, and Uy the electrostatic interaction energy. The
contributions of Usty, Upend, and Ugjn, can be categorized as bonded interactions, while Uyqw and
Ug correspond to non-bonded interactions.

The description of bonded interactions is mostly based on geometric criteria and the corre-
sponding potentials are calculated by harmonic expressions. The potential for the harmonic bond

stretching is for instance given as
Usr = K7 (rij — 10)°. (2.67)

Therein, Kj; is the force constant for the respective bond between the particles ¢ and j, r;; is
the distance between the particles, and rg is the equilibrium bond length. The harmonic potential

for the angle bending energy is defined accordingly and reads as

Ubena = K&y, (0356 — 00)° (2.68)

2,
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where Kfjk is the force constant for the respective angle between the particles 4, j, and k, 0,
is the angle between the three particles, and 6y is the equilibrium angle. Note that the prefactor
of %, which is typical for harmonic potentials, is already included in K; and ngk

The dihedral rotation energy is given by periodic functions and differs between GAFF and
OPLS-AA. In the GAFF description, the dihedral rotation energy U(%?FF is calculated as

{744
Ugin'" = %kl (1 + cos (néijkt — Vight)) - (2.69)

where Vz?kl is the force constant for the respective dihedral angle between the four particles 1,

J, k, and [, n corresponds to the phase, and ;jx; is a shift parameter for the cosine. The dihedral

rotation energy Ugﬁ) LS in the OPLS-AA force field reads similar, but allows a summation of up

to four dihedral profiles:

4 V¢1n
U™ = - —3% (14 cos (ndyju)) (2.70)
n=1

where szlﬁ corresponds to the force constant for the nth phase.

Van der Waals interactions are typically described by a 12-6 Lennard-Jones (LJ) potential 232

which includes dispersion and repulsion effects. It consists of an attractive —Cgr;jﬁ term and a

repulsive Clgri;u term, which are combined in the LJ potential as

12 6
Uvaw = ULy = 4ey; <%> - <%> ; €ij, 035 > 0. (2.71)

’I’Z] T’Z']

In eq. (2.71), 0;; is the distance at which the LJ potential is zero, and ¢;; is the depth of
the potential energy well. For two particles ¢ and j, these pair parameters are determined by

combining the parameters ¢;, 0; and ¢j, o; of the respective particles. In the case of GAFF,

233,234

the Lorenz—Berthelot mixing rules are applied for this, which determine ¢;; as geometric

average and o;; as arithmetic average:

€ij = \/€i€5, (2.72)

1
Oij = 5 (Ui + Uj) . (2.73)

In the OPLS-AA force field, ¢;; and 0;; are both determined as geometric average.??® The

LJ potential is frequently used in many different force fields and has been shown to be a

good approximation of the real intermolecular interactions. 23

In addition, it does not require
—12
ij

is easily accessible as the square of r;jG. More complicated and computationally demanding

numerically demanding evaluations and is mathematically easy to handle, for example, r

potentials are, for example, the Morse potential?*6 and the Buckingham potential. 237
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The contribution of the electrostatic potential is derived from the Coulomb potential as

U = o, (2.74)

TEQT 5
where ¢; and g; are the charges of two particles separated by a distance 7;;, and ¢ is the
vacuum permittivity. In contrast to the LJ potential, the electrostatic potential is proportional

to rzjl and thus a long-ranged interaction.

2.3.3. Ab Initio Molecular Dynamics Simulations

In ab initio molecular dynamics (AIMD) simulations, the PES and the forces acting on the
nuclei are calculated by electronic structure calculations that are performed “on-the-fly” as the
MD trajectory is generated. By this, the electronic variables are considered as active degrees of
freedom. This allows the study of “chemically complex” systems, for example reactions, provided
that a suitable approximation for the many-electron problem is used. The seminal work on
AIMD simulations dates back to Car and Parinello in 1985.2%% Since then, many more techniques
have been developed to incorporate the electronic structure in MD simulations, like for instance
Ehrenfest or Born-Oppenheimer dynamics.?3° Throughout this thesis, AIMD simulations based
on Born—Oppenheimer MD are used to simulate the systems analyzed in chapters 7 to 10, which
is why a brief introduction on the underlying methodology will be given in the following.

In Born—Oppenheimer MD, the nuclear and electronic degrees of freedom are separated, which
means that the static electronic structure problem is solved in each time step for a set of fixed
nuclei. This reduces the electronic structure and force calculations to solving the time-independent
Schrédinger equation, and the nuclei are propagated by classical MD. The underlying equation

for the electronic ground state reads as

ma <62RA) = —V min {<‘P0 ‘I:Iel

\1/0>} : (2.75)

ot?

where the eigenvalue of the electronic Hamiltonian corresponds to the ground state energy (cf.
eq. (2.1)). Accordingly, {<\I/0 ’ﬁel

In most routine applications and in chapters 7 to 10, DFT is used as electronic structure method.

\Ilo>} has to be minimized for every time step of the simulation.

If the according KS operator H gs is inserted in eq. (2.75), this results in

2
o (T ) = =i { (30 9] ) } =~ i {7}, (2.76)
which means that the minimum of the KS energy corresponds to the electronic ground state
energy of a system with nuclei fixed at the positions R 4.
The AIMD simulations presented in this thesis are performed using the CP2K 240241 program
package, which includes the Gaussian and plane waves (GPW) method 242243 to solve the KS
equations efficiently. Within the GPW method, the KS orbitals are expanded in terms of GTO

basis functions, and an auxiliary basis of plane waves (PWs) is added to obtain a second
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description of the electron density. A conversion between these two representations is achieved
by mapping the electron density in the GTO basis onto a real-space grid, for which the spacing
is determined by a given PW cutoff. The PW coefficients are obtained by a discrete Fourier
transform. To reduce the required PW cutoff (c¢f. section 2.1.2), the Goedecker—Teter—Hutter
(GTH) pseudopotentials?*4 246 are employed, which allow for an analytical calculation of the
corresponding matrix elements in the GTO basis set. The contribution of the kinetic energy to
the KS matrix is evaluated in the GTO basis, but the exchange-correlation and the electrostatic
potential can be calculated more efficiently in the PW basis. The contributions obtained from
the PW representation are then transferred back to the Gaussian basis set representation to
construct the KS matrix. Overall, this procedure results in a KS matrix construction scheme
that scales linearly with system size, allowing an efficient computation of large systems with
several hundreds or thousands of atoms.

Due to the application of GTH pseudopotentials, the electron density approaches zero close
to the nuclei and vanishes at the nuclei positions. This can cause numerical issues and poor
convergence in the calculation of the exchange-correlation near the nuclei, especially for gradient-
corrected functionals which often contain terms with the electron density as denominator. The
total energy is thus dependent on the nuclei positions relative to the real-space grid imposed by
the PW basis. Instead of using very high cutoffs, this effect can be reduced by applying several
smoothing procedures that have been developed and implemented in CP2K.?43

For the equilibration of AIMD simulations, it is convenient to use massive thermostats, which
couple an individual Nosé-Hoover thermostat chain to each degree of freedom. This reduces the
equilibration time and excites stiff modes that are only loosely coupled to other vibrational modes.
This is especially important when calculating vibrational spectra as it is done in chapters 7, 9
and 10. Here, the neglect of massive thermostats can lead to unexcited vibrational modes that

would be missed in the calculated spectra.

2.4. Vibrational Circular Dichroism

Vibrational circular dichroism (VCD) spectroscopy measures the different absorption of left
and right circularly polarized infrared (IR) radiation and can thus be seen as the extension of
electronic circular dichroism (ECD) into the IR and near-IR region where vibrational transitions
occur. 363741247 Compared to ECD, which requires chromophoric groups in the molecules under
investigation, VCD has a richer structural content as any chemical bond serves as a probe. This
makes VCD one of the most powerful techniques to determine the absolute configuration of
chiral molecules. 34247248 Additionally, the high structural sensitivity of VCD allows the study
of conformational distributions or even small structural changes, for example in antibiotics or
natural products. %77

The VCD signal can simply be expressed as

AA=Ap — Ag, (2.77)
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2.4. Vibrational Circular Dichroism

where Ap, and Agr are the absolute absorbance of the left and right circularly polarized
radiation, respectively. Since circularly polarized light is itself chiral, any chiral molecule will
interact differently with either the left or right circularly polarized radiation, causing measurable
differences in Ay, and Ag. However, although VCD is based on IR spectroscopy, VCD itself is an

41 as the difference in the absorbance of left and right circularly

intrinsically weak phenomenon,
polarized light is typically several orders of magnitude smaller than the conventional IR signals.
Nevertheless, the first successful VCD measurements were already reported in 1973 by Hsu and
Holtzwarth,?® and in the following years Nafie and Diem developed the Fourier transform VCD
spectrometer?4? for routine applications of VCD.

To better understand the phenomenon of VCD, it is worth taking a look at the Rosenfeld

equation,?®® which is the fundamental equation for all kinds of circular dichroism:
Ron = Tm {(Wo |1l W) (W, ] W)} (2.78)

In eq. (2.78), Ry, is the rotational strength describing a transition from the ground state 0 to
an excited state n, with i and /m being the electric and magnetic dipole operators, respectively.
In the case of VCD, ¥y and W, are vibrational wave functions, in the case of ECD they are wave
functions of the electronic states.

With the Rosenfeld equation, some typical properties of VCD spectra can be explained. The
electric dipole moment transforms as a translation, while the magnetic dipole moment transforms
as a rotation. Hence, under reflection, the electric dipole moment changes its sign while the
magnetic dipole moment does not, resulting in an overall change in the sign of the rotational
strength. The opposite is true under inversion, where the magnetic dipole moment changes
its sign and the electric dipole moment does not. This implies that the rotational strengths
of enantiomers are of equal magnitude but opposite sign, resulting in VCD spectra that are
mirrored with respect to the wavenumber axis. Achiral molecules, on the other hand, have a
rotational strength of zero and are thus not VCD active. Based on this fundamental property,
VCD spectroscopy can be used to distinguish between two enantiomers, as long as it is known
which spectrum belongs to which enantiomer. Therefore, VCD measurements typically need to be
supported by reference spectra, which are most often based on calculations. The possibilities to
calculate VCD spectra are generally manifold, a brief overview of two methods used throughout
this thesis is given in the following.

Although the first VCD spectra were already measured in the early 1970s, the calculation
of such spectra remained a challenge for a long time. The first theory for the calculation of

3,%243 is based on the nuclear velocity

VCD spectra, proposed by Nafie and Freedman in 198
perturbation (NVP) theory.2°172%3 A few years later, Stephens derived an alternative approach
based on the magnetic field perturbation (MFP) theory?*2% which was later implemented in
the Gaussian quantum chemistry (QC) program2°6:257 by Cheeseman et al.?>® These advances
made it possible to calculate VCD spectra at the computationally affordable DFT level of theory,
and the comparison of calculated and experimental spectra became a common procedure in most

VCD studies.
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2. Theoretical Background

Nowadays, the calculation of VCD spectra by static QC methods is a routine task and the
underlying equations are implemented in many software packages like Turbomole, > Gaussian, 28
or ADF.?% These implementations are mostly based on the NVP and MFP theories mentioned
above but can vary between different software packages. Therefore, the following explanation
initially follows the definitions as implemented in Turbomole (based on MFP), since this is
the software package used to compute the VCD spectra presented in chapters 4 to 6.

According to eq. (2.78), the calculation of VCD requires knowledge about the electric dipole
moment p and the magnetic dipole moment m. Within the harmonic approximation, these are

given by

h
(s =1/ o ; PSsScan (2.79)

and
(mn)ﬁ =V 2h3wn Z MgﬁSCa,n s (280)
Ca

where w, is the frequency of the nth normal mode, o and g are Cartesian coordinates, C'
counts the nuclei, and Sc , is the transformation matrix from Cartesian to normal coordinates.
The central quantities of eqgs. (2.79) and (2.80) are the atomic polar tensor (APT) Pgﬂ and the
atomic axial tensor (AAT) Mgﬁ, which are both divided into electronic and nuclear contributions.
For the APT, the nuclear contribution is given by a tensor containing the nuclear charges in all

diagonal positions, and the electronic contribution is given by

Noce 9 (¢; ;
g, = (3 20er) @.1)
RO

i=1

where R is the position of nucleus C', ¢; are occupied molecular orbitals, and the superscript
0 symbolizes the evaluation at equilibrium geometry. The nuclear and electronic contributions
to the AAT are given by

1€ZC Natoms
IS5 = > cap RE, (2.82)
4hc G

O
(55.),..) =

respectively. Therein, e is the elementary charge, Z¢ is the charge of nucleus C, €44, is the

and

N,
occ 8¢)
C )
Ia,B B Z <(8RCQ)RO

=1

Levi-Civita epsilon, and B is a magnetic field. The derivatives of the molecular orbitals with
respect to the perturbation of the magnetic field can be calculated within the coupled perturbed

HF formalism.? The VCD intensities I,,, which are proportional to the rotational strength, are

30



2.4. Vibrational Circular Dichroism

then obtained by the imaginary part of the scalar product between the electric and magnetic

dipole moments
I, x R, =Im(p, -m,). (2.84)

The methodology described above is a computationally efficient approach to calculate VCD
spectra for static structures, most often for isolated monomers. However, although the technical
application as implemented in Turbomole is rather straightforward, some important aspects have
to be considered to obtain reliable VCD spectra. Due to the high structural sensitivity of VCD,
the spectra of different conformers tend to differ significantly. 236260 Consequently, a sufficient
sampling of the conformational space has to be ensured, which is usually done by a weighted
average of the VCD spectra of all relevant molecular conformers.”” The weighting techniques that
can be applied for this are generally manifold, for example, classical Boltzmann weighting, 767"
cluster-weighting,?* or the “wisdom of the crowd” approach”” which simply calculates the
arithmetic mean. Another aspect to consider is a non-idle environment, for example in self-
aggregating liquids that interact through hydrogen bonding. Here, monomer structures are mostly
not sufficient to model the features of liquid phase vibrational spectra, even when implicit solvation
models are used.?3 It is therefore necessary to consider a weighted average of clusters (e.g., dimers,
trimers, or tetramers) that explicitly account for intermolecular interactions.?-3-261,262

A second approach to calculate VCD spectra is based on AIMD simulations and used for the
analysis of the trajectories presented in chapters 7 to 10. The foundation is the Green—Kubo or
correlation function approach, which states that any vibrational spectrum can be expressed as the
Fourier transform of a certain correlation function.?¢326% According to the Wiener-Khintchine

theorem, 265266 the auto-correlation function of any time-dependent function f (¢) is given as

2
(7 f(t+7), = iﬂ / ‘ / F (1) exp (—ieot) dt| exp (iwt) dw | (2.85)

with 7 and w being the delay time and frequency, respectively. In terms of correlation functions,
a VCD spectrum is defined as the Fourier transform of the cross-correlation function of the time

derivatives of the electric and magnetic dipole moments: 6:267,268

AA (w) x / (i (r)m(t+ 7)), — (m(7) (¢t + 7)), ] exp (—iwt) dt. (2.86)

An IR spectrum is defined accordingly and based on the auto-correlation function of the electric
dipole moment time derivatives.?%? Consequently, the electric and magnetic dipole moments need
to be determined along the AIMD trajectory.

The electric dipole moments can be obtained with the help of a Voronoi tessellation, which
divides the Euclidean space (i.e., the simulation box and the electron density) into a set of
Voronoi cells.'** This division is based on a set of n sites s; which are typically the atoms

270 4 Voronoi cell consists

contained in the simulation. In the traditional Voronoi tessellation,
of all points in space that are closer to a particular site than to any other site. To account

for asymmetric electron density distributions, for instance in polar covalent bonds, the radical
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Voronoi tessellation introduces additional radii r;, defining a circle around each site: 44
Cl={xeR3¥|(x —8;)% —r? < (x—s,)° fr?Vj #iyi,5€{l,...,n}. (2.87)

If each atom serves as a site, eq. (2.87) divides the Euclidean space into atomic cells which can
be merged to obtain N molecular Voronoi cells M. Based on these molecular Voronoi cells, the
molecular electric dipole moments can then be obtained by spatial integration of the electron

density as
”‘i/ rp(r)dr; k € {1,...,N}. (2.88)
My

The magnetic dipole moments can be obtained by the Thomas-Kirchner approach.*” This
approach is based on the classical expression of the magnetic dipole moment, which reads as the

cross product between the electric current density j(r) and the spatial coordinates r:

1
m= g /r X j(r)dr. (2.89)
The electric current density can be defined by the continuity equation

Ip(r, 1)
ot

4 Vij(r,t) =0, (2.90)

which states that temporal changes in the electron density act as sources and sinks of an
electric current. The time derivative of the electron density can be obtained by saving it in each
simulation step and using the finite difference method afterward.*” However, eq. (2.90) does not
uniquely determine the electric current density, since arbitrary eddy currents do not appear as
changes in the electron density. To circumvent this issue, a second condition is introduced, which
states that the electric current density is a product of the electron density and a conservative
velocity field v(r,t):

j(r,t) = —p(r,t)Va(r,t) with v(r,t) =—a(r,t). (2.91)

Equation (2.91) ensures that the electric current flows only into regions with a finite electron

density. Inserting eq. (2.91) into eq. (2.90) yields the following partial differential equation

Ip(r, t)
ot

= Vp(r,t)Va(r,t) + p(r,t) Aa(r,t). (2.92)

Solving eq. (2.92) to find the scalar field «(r, t) allows to uniquely determine the electric current
density from eq. (2.91) and the magnetic dipole moments from eq. (2.89). Since the electric
and magnetic dipole moments are obtained as molecular quantities, it is possible to calculate
VCD spectra for individual molecules. This makes it possible to determine the contributions of
different species to the VCD spectrum of a system, which is of particular importance for the

study of chirality transfer phenomena, as discussed in chapters 7 to 10.
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2.5. Sampling Quality in Molecular Simulations

The ability of a molecular simulation to realistically describe the properties of a system of
interest is often highly dependent on the sampling of the phase space. This is especially true for
structurally sensitive properties such as VCD, where an insufficient sampling of the conformational
landscape may result in non-converged spectra, but it is certainly also true for many structural
and dynamic properties. Consequently, questions often arise regarding the best way to adequately
sample the phase space and how to assess the sampling quality of molecular simulations. An

271 on these questions has recently been published of

excellent review and best practices article
which the most important aspects will be highlighted in the following.

One of the simplest reasons for poor sampling is the lack of proper equilibration, which means
that if a system continues to relax from its initial configuration, statistical sampling has not
even begun. Therefore, the first step should be to verify that proper equilibration has been
achieved by checking the time convergence of scalar quantities, such as the potential energy or
temperature. In addition, visual inspection of the trajectory may help to determine whether a
simulation is systematically changing over time or not. Once sufficient equilibration is achieved, the
“equilibration” or “burn-in” time tqqui should be discarded and only the remaining “production”
trajectory should be used for the purpose of data analysis.

Although being important, a proper equilibration alone does not guarantee a sufficient confor-
mational sampling and good statistics, since a well-equilibrated simulation may, for example, still
get stuck near a local minimum without sampling other important regions of the conformational
space.? The data series computed for such a simulation are usually highly correlated, which means
that the numerical values of individual simulation steps tend to be similar to each other and do
not provide fully “new” information about the quantity of interest. To estimate the correlation
in a time series of data x (t), the correlation time 7 can be calculated, which corresponds to the
longest separation time At over which z (t) and x (t + At) remain correlated. The correlation
time can thus be seen as the time over which a system keeps memory of its previous states.
Knowing 7, the number of uncorrelated samples generated by a simulation can be estimated by
the quotient of the total simulation time and the correlation time.

Another possibility to determine the sampling quality of a simulation is based on configurational
distance measures. However, since a system with N particles possesses 3N degrees of freedom,
it is rather difficult to assess whether and to what extent a simulation has adequately explored
the entire conformational space. Therefore, it is common to select only a few degrees of freedom,
usually those that are expected to be most important in describing the quantity of interest. In
the case of VCD, for example, this would be the molecular conformations, which can most often
be monitored by combinations of certain dihedral angles.®58 Other configurational distance
measures are, for example, specific distances or the root mean square deviation (RMSD) between

two configurations:

1 N
RMSD (r,s) = NZyri—siE. (2.93)
=1
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In eq. (2.93), r; and s; are the Cartesian coordinates of atom 7 in the two configurations r and
s. A very powerful RMSD-based convergence measure is the “all-to-all RMSD”, which calculates
the RMSD of each trajectory snapshot with respect to all other snapshots. This allows to identify
very similar structures. Besides that, it may sometimes be beneficial to select only a subset of
atoms for RMSD calculations in order to discard higher frequency fluctuations that may not be
relevant in some cases, for example, when monitoring the backbone structure of a protein.

If the tests described above reveal that a single trajectory does not sufficiently sample the
conformational space, one of the most straightforward approaches to improve the sampling quality
is to perform additional independent simulations with different initial structures.®%7 Ideally,
the set of initial structures should be chosen to span the space to be sampled, but this is not
always possible as it requires some prior knowledge of the phase space. Of course, with such
an approach, it must be kept in mind that the individual simulations are not correlated. This
means that properties derived from correlation functions (cf. eq. (2.85)) have to be calculated for
each trajectory individually and the overall expectation value for the property of the system can
then be obtained as (weighted) average.®%7 This applies also to the calculation of vibrational
spectra from molecular simulations (c¢f. eq. (2.86)), where it proved to be very successful to
perform independent simulations starting from all relevant conformers of the molecule of interest
(see chapters 5, 8 and 9). Throughout this thesis, this approach will therefore be referred to as

conformer replica simulations.

34



3. Uncertainty Quantification of Phase
Transition Quantities from Cluster Weighting
Calculations

Jan Blasius,* Paul Zaby,* Jirgen Délz," and Barbara Kirchner*

Received: 25 March 2022, Published online: 05 July 2022.

Reprinted (adapted) in appendix A with permission® from

J. Blasius, P. Zaby, J. Délz, and B. Kirchner, J. Chem. Phys. 2022, 157, 014505.
Copyright © 2022 AIP Publishing.
doi:10.1063/5.0093057.

For this article a Supporting Information is available free of charge at:
https://aip.scitation.org/doi/suppl/10.1063/5.0093057.

Contributions to the manuscript
e Co-development of the concept
e Supervision and analysis of the calculations
e Interpretation of the results

o Writing of the manuscript

*Mulliken Center for Theoretical Chemistry, Clausius Institute for Physical and Theoretical Chemistry, University
of Bonn, Beringstr. 4-6, 53115 Bonn, Germany

Institute for Numerical Simulation, University of Bonn, Friedrich-Hirzebruch-Allee 7, 53115 Bonn, Germany

#Permission requests to reuse material from this chapter should be directed to AIP Publishing.

35


https://aip.scitation.org/doi/10.1063/5.0093057
https://aip.scitation.org/doi/suppl/10.1063/5.0093057

3. Uncertainty Quantification of Phase Transition Quantities from Cluster Weighting

Calculations

In this initial work, the influence of uncertainties in experimental reference data on the results
of QCE calculations is investigated by means of two uncertainty propagation methods, the Monte
Carlo method'*? and the Gauss-Hermite quadrature.*? As explained in section 2.2.2, the empir-
ical QCE parameters aps and by, (cf. egs. (2.33) and (2.36)) are usually optimized with respect
to reference data, which are mostly experimentally determined and therefore susceptible to mea-
surement errors. However, despite the long history of QCE, to date, there has been no systematic
study of how such measurement errors can affect the outcome of QCE calculations. Therefore,
the main objective of this study is to achieve a comprehensive understanding of the overall
dependence of vaporization enthalpies, vaporization entropies, and cluster populations calculated
from QCE on the experimental inputs, namely density and boiling temperature. Especially the
influence of possible inaccuracies or measurement errors on the cluster populations is relevant in
the context of this thesis since these are the basis for the methodological approach developed
and presented in chapters 4 to 6. A full reprint of this work! can be found in appendix A.

The set of herein investigated substances includes seven organic molecules, five nonpolar
and aprotic hydrocarbons (ethane, ethylene, propane, propylene, and butane) and two polar
alcohols (methanol and (R)-butan-2-ol). First, two methods for the calculation of vaporization

h?7 and

enthalpies and entropies are introduced and compared: the standard QCE approac
the Clausius-Clapeyron approach.?!? For the investigated substances, both approaches are
found to perform comparably well and the mean absolute deviations from experimental reference
data are 2.86kJ mol~!/2.79 kJ mol~! (12.57 %/12.84 %, standard QCE/Clausius-Clapeyron) for
the vaporization enthalpies and 15.23 Jmol=* K~ /15.01 Jmol ' K~ (16.58 %/16.56 %) for the
vaporization entropies.

For the purpose of uncertainty quantification, the standard QCE approach is followed, since
the Clausius—Clapeyron approach is computationally more expensive and suffers from other
drawbacks, such as that the vaporization enthalpy can only be calculated at the boiling point
and is considered to be temperature independent. A prerequisite for the later application of the
Gauss—Hermite quadrature is that the calculated quantities of interest show a smooth dependence
with respect to changes in the input data.'#>219 By varying the experimental input quantities
in ranges of +20 % with increments of 1%, it is ensured that the vaporization enthalpies and
entropies show such a behavior and it is observed that an increase/decrease of density or boiling
temperature consistently causes an increase/decrease of the vaporization quantity. In addition, it
is shown that the vaporization enthalpies are much more sensitive to inaccuracies in the boiling
temperature than in the density. In particular, a density variation of £20% leads to changes of
0.4-5.0 % in the vaporization enthalpies, whereas a variation of the boiling temperature by +20 %
results in changes of more than 20 % for all investigated systems. The vaporization entropies
are generally less sensitive to deviations in the boiling temperature. A density variation of
+20 % induces changes of 0.7-4.9 % in the vaporization entropies and a variation of the boiling
temperature by +20 % causes changes of 1.4-4.3 %. It has to be noted that the variation of the
input quantities by £20 % is not connected to the actual measurement errors, which are typically
below 1K (<1%) and 0.0001 gcm =3 (<1%). The reason for examining such a large range is

mainly to ensure that there are no discontinuities in the thermodynamic functions anywhere
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Calculations

near the experimental input region and also to be able to discuss the observed trends with more
comprehensible numbers.

The above observations concerning the thermodynamic functions can be explained by the
changes in the cluster populations and empirical QCE parameters that are induced by variations
in the input data. Increasing the density and boiling temperature both leads to increased
populations of larger clusters. This results in larger values for the vaporization quantities since
an increased amount of energy is required to break these clusters into monomers during a phase
transition from the liquid to the gas phase. The opposite is true for decreased densities and
boiling temperatures. Additionally, it is observed that a,¢ is sensitive to changes in the boiling
temperature while by, is mainly influenced by the density. This explains why the vaporization
entropy is much less sensitive to changes in the boiling temperature since the entropy calculated
in the QCE model (cf. eq. (2.56)) is not directly dependent on the electronic partition function
and aps (cf. eq. (2.37)). The influence of the input data on the cluster populations is found to be
minor, especially considering that the experimental uncertainties are significantly smaller than
the £20 % used here.

Finally, the influence of measurement errors in the input data is quantified using the Monte
Carlo method and the Gauss—Hermite quadrature. Using the vaporization enthalpy of (R)-butan-
2-ol as an example, the slow convergence behavior of the Monte Carlo method compared to the
Gauss—Hermite quadrature is shown, and the Gauss—Hermite quadrature is used to quantify the
uncertainty in the calculated vaporization enthalpy of (R)-butan-2-ol as 30.95 - 1073 kJ mol .
Since chemical accuracy is usually considered to be around 4 kJ mol™!, this uncertainty is negligible
in a chemical sense which means that vaporization enthalpies can be calculated with QCE without
the need to consider measurement errors in detail. Although this statement is not necessarily
transferable to all other quantities, the analyses performed throughout this work strongly suggest
that at least the vaporization entropies and cluster populations are hardly affected by inaccuracies
in the experimental input data. Consequently, the QCE model provides reliable and robust cluster

populations that can be employed for the methodological approach presented in chapters 4 to 6.
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4. Cluster-Weighting in Bulk Phase Vibrational Circular Dichroism

This work introduces cluster-weighting as a new method for the calculation of bulk phase
IR and VCD spectra. In this approach, the system under consideration is represented by an
ensemble of quantum-chemically optimized clusters, to which weights are assigned by the cluster
populations obtained from QCE calculations. Based on these cluster weights, the IR and VCD
spectra of the ensemble can be obtained by weighting the individual spectra of all considered
clusters. By this, environmental effects are explicitly taken into account, which is usually necessary
to model peak shifts and intensity perturbations induced by intermolecular interactions such as
hydrogen bonding. >47:49:262.273 Compared to classical Boltzmann weighting, the main advantage
of cluster-weighting is that clusters of different sizes can be considered simultaneously, allowing
the inclusion of various structural motifs. '3 Furthermore, the consideration of differently sized
clusters improves conformational sampling, which can be of particular importance for the modeling
of VCD spectra. After introducing methodological details, the approach is extensively tested
at the example of (R)-butan-2-ol, which is known to self-aggregate due to hydrogen bonding
interactions in the liquid phase. These intermolecular interactions cause significant peak shifts in

the bulk phase IR and VCD spectra compared to the gas phase, %47

making (R)-butan-2-ol an
ideal test case for the cluster-weighting approach. A full reprint of this work? can be found in
appendix B.

As a first step, the dependence of cluster-weighting and classical Boltzmann weighting with
respect to the underlying quantum chemical level of theory is investigated. Therefore, cluster
weights and Boltzmann factors are calculated for nine monomer conformers of (R)-butan-2-ol
using different combinations of the BP86 functional®®9 the D3 dispersion correction!”%171,
the implicit solvation model COSMO,?™ and the two basis sets def2-SVP ™ and def2-TZVP.™
Further benchmark tests with other functionals are provided in the Supporting Information.
From these tests, it is observed that the cluster weights of the monomers are less sensitive to
the choice of the basis set compared to their Boltzmann weights. Using the obtained weights,
gas phase IR and VCD spectra of (R)-butan-2-ol are calculated as a weighted average of the
monomer spectra. Here, it is observed that Boltzmann and cluster-weighting yield gas phase
spectra of similar quality which compare well with experimental reference data. In addition, it is
shown that the vibrational spectra of the neat liquid phase can not be modeled on the basis of
monomers alone, even when implicit solvation is used.

Since the focus and main motivation of this work is the calculation of bulk phase vibrational
spectra with cluster-weighting, the proposed method is extensively tested in this regard using
16 different cluster sets which are composed of different numbers and types of monomers and
oligomeric clusters. The compositions of all cluster sets are given in appendix B and an overview
is provided in the Supporting Information. The main questions to be answered in this work are
1) how important is the inclusion of a variety of conformers for monomers and oligomers, 2)
which structural motifs need to be considered, and 3) can low populated clusters be excluded to
decrease the size of the cluster set and accelerate the calculations. To answer these questions, IR
and VCD spectra of (R)-butan-2-ol are systematically calculated using all the constructed cluster
sets and the results are compared to experimental liquid phase spectra. Note that a comparison

between cluster-weighting and Boltzmann weighting is not possible here, since classical Boltzmann
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weighting does not allow for the inclusion of differently sized clusters.

It is shown that the bulk phase IR and VCD spectra of (R)-butan-2-ol can be successfully
modeled with some of the cluster sets, while other cluster sets fail to reproduce the liquid phase
vibrational spectra. On the basis of these tests, the following conclusions are drawn in order
to answer the questions listed above. The inclusion of a wide range of conformers does not
appear to be essential for modeling the main features of the liquid phase vibrational spectra, and
low populated clusters can be systematically excluded without significantly altering the results.
Furthermore, the inclusion of isomeric structures (e.g., rings and chains) seems to become less
important with increasing cluster size, and already at the size of trimers, ring-like structures are
found to be the dominant structural motifs. The low populations of chain-like structures can
be attributed to the number of hydrogen bonds that can form in a given cluster since there are
fewer hydrogen bonds in chain-like structures than in ring-lik