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IT

Fine neue wissenschaftliche Wahrheit pflegt sich nicht in der Weise durchzu-
setzen, dass ithre Gegner tiberzeugt werden und sich als belehrt erkldren, son-
dern wvielmehr dadurch, dass ihre Gegner allmdhlich aussterben und dass

die heranwachsende Generation von vornherein mit der Wahrheit vertraut
gemacht ist.

-Max Planck, Wissenschaftliche Selbstbiographie, 1948
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Summary

The aim of this work is the systematic investigation of different dependencies of the
formation of cationic clusters in OH-functionalised ionic liquids. Cationic clusters are
aggregations of several cations via hydrogen bonds. The dependencies investigated in
the context of this thesis are in particular the anion dependence, cation dependence and
chain length dependence. The anion dependence addresses the influence of the interac-
tion strength of the anions on the formation of the cationic clusters. The investigations
of the cation dependence show the effect of the polarizability and charge localization of
the positive charge in the cations on the attractive interactions between the like-charged
ions. The effects of larger distances between the center of positive charge and the OH-
functional group on the formation of cationic clusters are investigated as part of the
chain length dependence by successive extension of the alkyl chain of the hydroxyalkyl
group.

In the comprehensive study of the counter-intuitive phenomenon of the attractive inter-
action between ions, which should repel each other, due to the COULOMB forces acting
between them, a variety of analytical methods are used. IR spectroscopy is used to
investigate all the dependencies involved in the formation of cationic clusters in the bulk
phase of several large sets of specially for this purpose designed and synthesised ionic
liquids. On the basis of these findings, one ionic liquid was selected to investigate the
cluster distribution and the different characteristics of the hydrogen bonds between the
anions and the cations and the hydrogen bonds between the cations with each other by
means of neutron diffraction and molecular dynamic simulations. Detailed structure elu-
cidation of the structures underlying the cationic clusters is provided by a combination
of photoinduced predissociation spectroscopy of mass selected gas phase clusters and
quantum chemical calculations. In addition, quantum-chemical calculations are used in
this work to investigate structures that would not be accessible experimentally or only
with disproportionate effort. These theoretical investigations investigate the thermody-
namic properties and explore the limits of the attractive interactions between the cations
via hydrogen bonding. In an extensive interfacial analysis by atomic force microscopy,
the influence of the attractive interactions between the cations on the formed bilayer
structure is shown.

Even though each of these methods has its proven specialization and strengths and
weaknesses, in addition to answering central questions, they also always provide con-
firmations for the findings obtained with other methods, which makes the methods used
very complementary. In this way a complete and comprehensive picture of the cationic
clusters in OH-functionalised ionic liquids is presented in scope of this work.
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Zusammenfassung

Das Ziel dieser Arbeit ist die systematische Untersuchung verschiedener Abhéngigkeiten
der Bildung kationischer Cluster in OH- funktionalisierten ionischen Fliissigkeiten.
Bei kationischen Clustern handelt es sich um Aggregationen von mehreren Kationen
iiber Wasserstoftbriickenbindungen. Die im Rahmen dieser Arbeit untersuchten Ab-
héngigkeiten sind im einzelnen die Anionen-, Kationen- und Kettenléngenabhéngigkeit.
Die Anionenabhéngigkeit adressiert den Einfluss der Wechselwirkungsstérke der Anionen
auf die Bildung der Cluster. Die Untersuchungen der Kationenabhéngigkeit zeigen den
Effekt der Polarisierbarkeit und Lokalisation der positiven Ladung in den Kationen.
Die Auswirkungen grofierer Abstédnde zwischen dem Zentrum der positiven Ladung und
der OH-funktionellen Gruppe auf die Bildung kationischer Cluster werden im Rahmen
der Kettenldngenabhingigkeit durch sukzessive Verlangerung des Alkylstrangs der Hy-
droxyalkylgruppe untersucht.

Bei der umfassenden Untersuchung des nicht ganz intuitiven Phdnomens der attraktiven
Wechselwirkung zwischen Ionen, die sich wegen den zwischen ihnen wirkenden CoU-
LOMB-Krifte abstolen sollten, wird auf eine Vielzahl analytischer Methoden zuriick-
gegriffen. Mittels IR-Spektroskopie werden alle vorgestellten Abhédngigkeiten der Clus-
terbildung in der bulk-Phase mehrerer Sets aus speziell zu diesem Zweck designten und
synthetisierten ionischen Fliissigkeiten untersucht. Auf Basis dieser Erkenntnisse wurde
eine ionische Fliissigkeit ausgewahlt. Von dieser wird die Clusterverteilung und die
unterschiedlichen Charakteristika der Wasserstoftbriickenbindungen zwischen den An-
ionen und den Kationen und der Wasserstoftbriickenbindungen zwischen den Kationen
untereinander mittels Neutronenbeugung und Molekulardynamischen Simulationen un-
tersucht. Die Strukturaufklarung der den kationischen Clustern zugrundeliegenden
Strukturen erfolgt durch eine Kombination aus photoinduzierter Predissoziationsspek-
troskopie massenselektierter Gasphasencluster und quantenchemischen Rechnungen.
Durch quantenchemische Rechnungen werden in dieser Arbeit zudem auch Strukturen
untersucht, die mit experimentellen Methoden nicht zuganglich waren. Durch diese
theoretischen Untersuchungen werden die thermodynamischen Eigenschaften untersucht
und die Grenzen der attraktiven Wechselwirkungen zwischen den Kationen ausgelotet.
Im Rahmen einer umfangreichen Grenzflachenanalyse mittels Rasterkraftmikroskopie
wird der Einfluss der attraktiven Wechselwirkungen zwischen den Kationen auf die aus-
gebildete Doppelschichtstruktur dargestellt.

Auch wenn jede der verwendeten Methoden Stéarken und Schwéchen hat, so liefern sie
neben der Beantwortung zentraler Fragen auch zusétzlich immer Bestédtigungen fir die
Befunde, die mit anderen Methoden erzielt wurden, was die verwendeten Methoden sehr
komplementar macht. Auf diese Weise wird in dieser Arbeit ein umfangreiches Bild der
kationischen Cluster in OH-funktionalisierten ionischen Fliissigkeiten prasentiert.
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1. Introduction

1.1. Motivation

In recent years, ionic liquids (ILs) have attracted increasing interest in science and tech-
nology owing to their unique properties, which often includes a wide electrochemical
window, [1, 2] very low vapour pressure, [3] and high thermal stability. [4] Per defini-
tion, a salt can be called an IL if it has a melting point below 100 °C. If the melting
point is below 25 °C it is named a room temperature ionic liquid (RTIL). Although
ionic liquids consist entirely of ions, and thus the COULOMB forces are dominant, their
properties are often governed by a subtle balance of COULOMB interactions, hydrogen
bonding and dispersion forces. [5, 6] In particular, local and directional hydrogen bond-
ing has significant influence on IL behaviour. [7-9]

Opposite charges attract and like charges repel each other. This rule is known from
CouLoMB's law for the electrostatic interaction between charged particles. The pairing
between oppositely charged ions is also a well-accepted concept in chemistry and plays
an important role for reactions in solution, macromolecular catalysis, biochemical hy-
drolysis, and protein stability. [10-13] In contrast, the association of like-charged ions in
solution seems to be a counter-intuitive phenomenon and for which little experimental
evidence is given. The attraction between like charges has been reported for aqueous
salt solutions, [14] for guanidinium ions in water, [15] for the micellation of tetraal-
kylammonium surfactants, [16] as well as for metastable colloidal crystallites.[17] This
phenomenon is also known for biomolecular systems including oligopeptides and DNA.
[18, 19] So far, large-scale structures or assemblies are prerequisites for attractive inter-
action between like-charged ions. For smaller systems, mediating solvent molecules, such
as water, are required. For pure ionic liquids, hydrogen bonding was reported between
oppositely charged ions only. [5-9, 20-23] In 2015, Knorr et al. could provide first spec-
troscopic evidence for attractive interaction between ions of like charge in ionic liquids
via combination of IR measurements and density functional theory (DFT) calculations
(Fig. 1.1). [24] This unique behaviour was somewhat surprising for ILs where all ions are
solvated by counterions and the cation-anion (c-a) interaction strength mainly governs
the properties of this unique liquid material. After this finding, Knorr et al. changed
the IL to 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate [HOC;MIm|[BF,]
which is characterised by a weakly coordinating anion and a cation with a delocalized
charge. [25, 26] They found that, if the common (c-a) interaction is softened by weakly
coordinating anions, the attractive cation-cation (c-c) interaction via cooperative hydro-
gen bonding might become more prominent in the liquid phase, resulting in more and
larger (c-c) clusters. Furthermore, they studied the effect of dilution of the function-



alized IL with the unfunctionalized IL 1-propyl-3-methylimidazolium tetrafluoroborate
[C3MIm][BF,], which is almost equal in shape and size but incapable of forming hydrogen
bonds due to the lack of an OH group.

0.8 — 303K »
L - 313K (a)
- 323K
0.6 - 333K
- 343K
r 353K
0.4 -
Irel L
0.2
[ ) &
3400 3600 3400 3600 KR M
v/cm’ v/cm” é é

¢

(a) Mid-infrared spectrum in the OH stretching region
of the ionic liquid (2-hydroxyethyl)-trimethyl-ammonium
bis(trifluoromethylsulfonyl)imide as a function of temper-
ature. The red arrow indicates the decreasing intensities
of the vibrational bands slightly above 3400 cm™! with
increasing temperature. (b) The spectra can be decon-
voluted into vibrational bands at 3431 cm™!, 3474 cm™!,
3541 cm~! and 3624 cm~!. The most intense high fre-
quency band (red) can be assigned to the OH stretching
mode along the H-bond from the cation to the anion (c-

(¢) DFT-D3 calculated structures of IL
(2-hydroxyethyl)-trimethyl-ammonium
bis(trifluoromethylsulfonyl)imide. I
Cation—anion pairs characterised by
the OH- - - O=S hydrogen bond (c-a)
and the related vibrational band 3541
em~ !, (d) additional cation—cation (c-
¢) interaction resulting in cooperative
hydrogen bonding OH--- OH---O=S as
observed in the mid-infrared spectrum

a). The low frequency bands (blue and purple) indicate  at 3431 cm™! and 3474 cm™!.

cation—cation hydrogen bonding (c-c).

Figure 1.1.: First evidence of a cation-cation H-bond in a pure ionic liquid published by
Knorr et al. in 2015. [24]

After the first pieces of evidence of cationic clusters in OH-functionalized ILs and the
insight that the exchange of anions and/or cations has a huge impact on the formation
of cationic clusters, it quickly became obvious that it will be necessary to study the
dependencies of the formation of H-bonded cationic clusters in a more systematic way.

1.2. The concept of this study

The dissertation project will investigate the formation of clusters of like-charged ions
in ionic liquids. A special focus is put on the different possibilities to influence the
formation of the clusters by modification of the anions and cations as well as on the
structural analysis of this counterintuitive structural feature.

For the systematic investigation of this phenomenon, three sets of anion and cation
combinations have been developed to address the various dependencies. By combining



cations and anions with different interaction potentials, different charge delocalizations
and different chain lengths between the positive charge and functional group, the at-
tractive interactions between ions of like charge are to be detected and quantified.

‘HO Figure 1.2: Schematic illustration of the
H\/\ o different dependencies to be investigated by
OH -0 modification of the anions and cations: (a)

Localization and delocalization of the pos-
- - itive charge; (b) Interaction strength of the

anion; (c) Chain length of the alkyl chain
between the positive charge and the OH
group. [27]

In the set listed in table A.1 (see appendix), all cations have a 2-hydroxyethyl group,
which on the one hand has the aim to increase the distance between the positive
charge and the functional group and on the other hand enables them to form hydrogen
bonds. Thus, the short-range, dipolar donor-acceptor interactions have the potential
to overcome the strong, long-range electrostatic repulsions between the cations. The
cations differ essentially by their different ability to delocalise the positive charge.
As counterion, the bis(trifluoromethylsulfonyl)imide anion was chosen. This anion in
particular is characterised by its hydrophobic nature and, due to its weak interaction
with the cations, allows for an increased interaction of the cations with each other via
hydrogen bonds (see Fig: 1.2 (a)).

For the second set of ILs (Tab. A.2) we chose the same [HOCy;MIm|* cation,
which is known to support cation cluster formation from earlier studies. [25, 26] The
set contains four different counterions to this cation: bis(trifluoromethylsulfonyl)imide
([NTfy]7); tetrafluoroborate ([BF,]™); trifluoromethylsulfonate ([OTf]™); methylsulfon-
ate ([OMs]™). The interaction potential of these anions to the OH-functional group
of the cations increases in this order from the [NTfy]~ to the [OMs|™ anion. This
procedure allows control of the attractive interaction between the cations over the
counteranion (see Fig. 1.2 (b)).

The third set of ionic liquids (Tab. A.3) focuses on changing the distance between
the functional group and the positive charge by enlarging the hydroxyalkyl strand.
By lengthening the alkyl chain length from hydroxyethyl to hydroxypentyl, the effect
on the number of cationic clusters in the ionic liquid, which is supposed to increase
in the same order due to distance-induced reduction of COULOMB-repulsion between
the cations, should be studied (siehe Abb. 1.2 (c)). As part of this investigation, it
should also be clarified how a change in the chain length affects the anions and cation
dependency of cationic cluster formation.



2. Synthesis of ionic liquids

2.1. General

Since the structural elucidation of the first ionic liquid, the onium salt ethylammonium
nitrate which has a melting point of 12 °C, [28] whole generations of chemists have
studied the synthesis, characterisation, and structural elucidation of this class of com-
pounds. Most ionic liquids are formed from large, mostly unsymmetrical cations and
anions with a high charge delocalization. Quaternary organic nitrogen compound (onium
cations) are used predominantly. The most common ionic liquids are based on the am-
monium, imidazolium, pyrrolidinium and pyridinium cations. [29-31] The most com-
monly used anions are the methanesulfonate, trifluoromethanesulfonate, tetrafluorobor-
ate, hexafluorophosphate, and bis(trifluoromethanesulfonyl)imide.

N N N
HaC™ L >CH L7 ch, 7 Sen,
3

Trimethylamine = TMA N-Methylpiperidine = MPip N-Methylpyrrolidine = MPyrro

@N Hye”™ N©\N

Pyridine = Py N-Methylimidazole = MIm

Figure 2.1.: Neutral compounds of the used N-heterocycles and amines
(: NHet.)-

In most approaches, the synthesis of ionic liquids can be divided into two reaction steps.
In most cases, the desired cation is first generated by alkylation of a tertiary amine or
an N-heterocycle. [32] If necessary, an anion metathesis then joins in a second reaction.
Various functionalized and unfunctionalized haloalkanes can be used for the formation
of onium halides.
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Figure 2.2.: General reaction for the generation of functionalized and unfunctionalized,
nitrogen-based onium salts. (n = (1); 2; 3; (4) etc., X = —Cl; —Br; —I, R = —H; —OH;
—SH; —NHoy)

The reactions can be carried out without additional solvent under exclusion of water
under rather mild conditions.

In the case of the listed functionalized onium salts, however, it is not possible to represent
the corresponding methyl compounds due to the general reaction of (Fig. 2.2). Since
the hypothetically necessary functionalized methyl halides tend to undergo elimination
reactions in the sense of ERLENMEYER’s rule. Also, chain lengths of more than three
carbon atoms are difficult because of occurring cyclization reactions and it becomes
necessary to protect the functional group by protecting groups.

The often strongly hygroscopic and high-melting onium halide salts can, as already
mentioned, be converted by an anion metathesis with the free acid or a corresponding
alkali metal salt in a suitable solvent to give various ionic liquids. [33, 34] The anions
used in this work are listed in figure 2.3.

F
QNP .
FsC” S\\/ \//S\CF F/T\F
3 (o) 0 3 E
Bis(trifluoromethane)sulfonimide = [NTf,]  Tetrafluoroborate = [BF ,]
0 I
F3c—|sl—o' H3C_ﬁ_o
(0]
Trifluoromethanesulfonate = [OTf] Methanesulfonate = [OMs]

Figure 2.3.: Overview of the anions used to synthesize the ionic liquids

2.2. Synthesis of OH-functionalized onium halides

Although a large number of different heterocycles are available for the synthesis of ionic
liquids, the number of halogenated alcohols suitable for the synthesis is quite small.



[30, 35] As mentioned before, the hypothetically necessary halogenated methanol for
a C1 tether tends to eliminate hydrogen halide in the sense of ERLENMEYER’s rule.
Therefore, the smallest accessible strand is a C2 tether. The reactivity of the halo-
genated alcohols increases in the order of Cl <Br <I. [32] Fluorinated alcohols are not
suitable for quaternization reactions due to their very strong C-F bond and the associ-
ated high activation energy. However, especially in the case of halogenated alcohols, the
stability of the educts decreases in this sequence as well. The instability becomes even
larger with increasing chain length. Therefore, it is absolutely necessary to distill the
educts freshly before use. The quaternization reactions themselves are pretty simple:
the amine is mixed with the desired halogenated alcohol and the mixture is then stirred
and heated slowly up to about 100 °C. [36, 37] When the reaction starts, the mixture
turns slightly brownish. After a few hours at the corresponding reaction temperature,
the crude product is allowed to cool down to room temperature. The crude product
usually starts to crystallize during the cooling. The thus obtained crude product can be
recrystallized from acetonitrile/acetone mixtures to obtain the pure OH-functionalized
onium halides as colourless crystalline products.

Figure 2.5.: Single crystal structure of [HOC3Py|CL

Figure 2.4 and figure 2.5 show the single crystal X-ray structures of some of the



OH-functionalized onium halides synthesized in this work. All X-ray structures are
characterised by a strong anion cation H-bond from the OH-group of the cation to the
halide anion, indicated by the short O-X~ distances and the O-H- - - X~ hydrogen-bond
angles close to 180 ° (see Tab. 2.1).

Table 2.1.: Compilation of selected structural data from single-crystal X-ray structures

Bx-0 | Zecov.ion lx—2m0) | @x-1-0 | BX-N | Zeov./ion Lx—iNuf)
[A] [A] [°] [A] [A]
[HOC,Py|Br | 3.20 3.22 1737 | 3.52 3.38
[HOC,MPip|Br(l) | 3.25 3.22 156.1 | 4.64 3.38
[HOC,MPip|Br(r) | 3.22 3.22 1787 | 4.93 3.38
[HOCgPy]Cl 3.11 3.07 166.5 4.04 3.24
[TMSOC,Py]Br | - 3.22 § 3.52 3.38
[HOC,Py]Br | 3.28 3.22 160.9 | 4.15 3.33

Chain lengths of more than three carbon atoms are difficult to synthesise because of
occurring cyclization reactions. The larger (>3 C atoms) w-halide alcohols tend to
eliminate hydrogen halide to form cyclic ethers in this way. This process is accelerated
in presence of bases like the amines used in the quaternization reactions. Therefore, it
becomes necessary to protect the functional group by protecting groups. A novel way
to make the C4 and C5 tethers accessible is to start from the cyclic ethers and use a
ring-opening-reagent which reacts at the same moment as the protecting group. [38§]

CHj
30 h reflux
i o CH
n + X——Si—CH, —> % 3
0] CHs X n /Si\
Hee” O

Figure 2.6.: General reaction scheme for the ring-opening reaction using trimethylsilyl
halides. (n =1;2, X = —Cl; —Br; -1, )

The reactivity of the trimethylsilyl halides as ring-opening reagent increases in the order
of Cl <Br <I. For n = 1 all trimethylsilyl halides listed in figure 2.6 can be used
to obtain the corresponding 4-halido-1-trimethylsiloxybutane. [39, 40] For n = 2 only
iodotrimethylsilane leads to the desired product 5-iodo-1-trimethylsiloxybutane, whereas
the reactivity of the other two trimethylsilyl halides is too low to cause ring opening. [41,
42| The obtained w-halido-1-trimethylsiloxyalkanes can now be used in a quaternization
reaction following the reaction in figure 2.2. Since the OH group is now protected by
the TMS group, no cyclization reactions can occur any more. The thus obtained onium
salts are solid at room temperature and can be crystallized to obtain crystals for single
crystal X-ray structural analysis (Fig. 2.7).



Figure 2.7.: Single crystal structure of [TMSOC4Py|Br

As can be seen from the X-ray structure, the bromine anion is interacting exclusively
with the positive charge of the pyridinum ring, because no other interaction centers,
such as OH groups, are available. Because of the high chemical stability of the O-
TMS bond in a neutral and alkaline environment, the trimethylsilyl (TMS) group is
the ideal protecting group in quaternization reactions. The protecting group can easily
be removed by water treatment. The resulting OH-functionalized onium halide can be
recrystallized from acetone/acetonitrile mixtures to obtain the halides of the cations
with a C4 or a C5 tether as colorless crystals of high purity.

%

Figure 2.8.: Single crystal structure of [HOC4Py|Br

The X-ray structure in figure 2.8 shows a hydrogen bond between the anion and the
OH group of the cation, as is typical for OH-functionalized onium salts with strong



interacting anions. However, the H-bond is less strong compared to the H-bond in
[HOC,Py|Br, indicated by the longer O-Br~ distance and the O-H- - -Br~ hydrogen-
bond angle being less close to 180 ° (see Tab. 2.1).

2.3. Synthesis of unfunctionalized onium halides

The synthesis of unfunctionalized onium halides is very similar to the synthesis of the
OH-functionalized onium halides (see Fig. 2.2). The variety of the halogenated alkanes
suitable for the synthesis of unfunctionalized onium halides is much greater than for
the OH-functionalzed onium halides since in the former no elimination reactions in
the sense of a cyclization reation or a violation of the ERLENMEYER rule can occur.
As with the OH-functionalized halogenated hydrocarbons, the reactivity increases in
the order of Cl <Br <I as expected for nucleophilic substitution reactions. Fluoride
salts cannot be formed in this manner either. The general synthesis is rather simple:
the desired amine is mixed with an halogenated hydrocarbon of desired chain length at
room temperature. The reaction mixture is then stirred and heated up slowly. A sudden
clouding or discoloration of the mixture indicates the onset of reaction. After completion
of the reaction, the crude product is cooled to room temperature during which it usually
crystallizes. The crystalline products can be recrystallized from organic solvents, like
acetonitrile or acetone. If the onium halides can not be crystallized, it is advisable to
wash the crude product as thoroughly as possible with an immiscible solvent like acetone
or ethyl ethanolate. Possible discolouration can be removed by treatment with activated
charcoal.

2.4. Synthesis of hydrophilic ionic liquids by anions
metathesis

Like the onium halides, ionic liquids with strongly coordinating anions are often charac-
terised by the fact that they are miscible with water in any mixing ratio. [43] This hy-
drophilic character is further enhanced by functionalization with hydrophilic functional
groups and attenuated with increasing chain length. The tetrafluoroborate ([BF4]™)
anion represents a kind of borderline case here. In combination with unfunctionalized
cations with hydrophobic side chains, the resulting ionic liquids behave rather hydro-
phobic, whereas they behave hydrophilic in combination with functionalized cations with
hydrophilic side chains. In case of the OH-functionalized ionic liquids investigated in
this work, the tetrafluoroborate ILs can be assigned to the hydrophilic ones. However,
in contrast to the onium halides and alkali metal halides, the hydrophilic ILs are very
soluble in non-polar aprotic solvents, such as acetonitrile or acetone. [32, 44] In view
of these facts, it is now possible to synthesize the desired ionic liquid by reacting stoi-
chiometric amounts of the onium halide and the alkali metal salt of the desired anion in
such a solvent. The insoluble starting materials and the insoluble by-product can easily
be filtered off after complete anion metathesis (Fig. 2.9). The IL can then be obtained



by removing the solvent with a vacuum evaporator.
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Figure 2.9.: General reaction scheme for the anion metathesis of hydrophilic ILs in non-
polar aprotic solvents. (M = alkali metal , X = —Cl; —Br; —I, Y = desired anion)

As simple and cheep as it is, this procedure has a disadvantage. The ILs synthesized
following this procedure often still contain residuals of educts and by-products, because
they are not completely insoluble in chosen solvents. [32]

A procedure to obtain ILs without residuals of educts and by-products is to use the
silver salts of the desired anions instead of the alkali metal salts. The reaction can
be carried out in water, methanol or mixtures of both. [45] The very low solubility of
silver halides in these solvents allow them to be separated simply by filtration, and the
removal of the reaction solvent allows isolation of the IL in high yields and purities. [32]
This procedure was the first reported preparation of the ILs sometimes referred to as
wsecond generation I1“ to which all ILs considered in this work belong. It is still the
most efficient synthesis of hydrophilic ILs. The disadvantage of the method is obviously
the high costs of the silver salts. But this can be slightly compensated by recycling of
the silver halides. [46—48]

2.5. Synthesis of hydrophobic ionic liquids by anions
metathesis

In contrast to the hydrophilic ionic liquids, the hydrophobic ionic liquids are charac-
terised by the fact that they are not miscible with water in every mixing ratio. The
hydrophobic character of the ionic liquid is significantly influenced by the anion. Typ-
ical anions which lead to an increased hydrophobic character are, for example, the hexa-
fluorophosphate [PFg]~ and the bis(trifluoromethylsulfonyl)imid [NTfy]~ frequently used
in this work. [49, 50]

The procedure itself is pretty straight forward: equimolar aqueous solutions of the onium
halides and the desired anion in form of alkaline metal or ammonia salt or in form of
the free acids are mixed at room temperature (see Fig. 2.10) (in case of the free acids it
is sometimes necessary to cool the reaction mixture as the metathesis reaction is often
exothermic). During the metathesis reaction, two phases are formed, one of which is the
hydrophobic IL and the other the aqueous phase containing the unreacted educts and
the byproduct. The phases can now be separated in a separation funnel and the IL can
be washed several times with water until no residual halide can be detected with silver
nitrate solution. After drying the IL in high vacuum for several hours the hydrophobic
IL can be obtained in moderate yield and high purity.

10
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Figure 2.10.: General reaction scheme for the anion metathesis of hydrophobic ILs in
water. (M = alkali metal , X = —Cl; —Br; —1I)

2.6. Synthesis of unfunctionalized ionic liquids without
anion metathesis

An elegant method, though limited to unfunctionalized compounds, for the synthesis of
ionic liquids uses a slightly different approach. Instead of the synthesis of an onium halide
as a precursor followed by an anion metathesis, this approach uses an ester. The used
ester contains the desired anion and the desired hydrocarbon for the quarternization
reaction with the desired amine. The benefit of this method is that both educts are
molecular liquids which can be distilled to increase the purity of the product. The ester
can be obtained from the reaction of the acid anhydride or acid chloride of the anion
and an alcohol of the corresponding hydrocarbon (see Fig. 2.11). [51]

N, H/Eﬂho/Y N

H nOH

Figure 2.11.: General synthesis of esters from acid anhydrides of the anions and an
alcohols of the corresponding hydrocarbons. (Y = Ms; Tf; Ac)

The unfunctionalized IL can then be obtained from a quarternization reaction with the
desired amine similar to the general reaction in figure 2.2. After this, no anion metathesis
is required since the desired anion has already been introduced by the ester. The only
necessary purification is to remove the volatiles by drying in vacuum.
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Figure 2.12.: Overview of different pathways for synthesis of ionic liquids used in this
work
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3. Investigations of clusters of
like-charged lons in
OH-functionalized ionic liquids

In ionic liquids (ILs) the subtle energy balance between COULOMB interaction, hydrogen
bonding and dispersion forces results in unique properties. To measure weak interac-
tions and small changes in the equilibria of different structural features caused by the
balance of interactions is still a challenge. In the past few years we were able to examine
different dependencies for the formation of clusters of like-charged ions via H-bonding
of OH-functionalized cations in ionic liquids. By combining experimental and theoret-
ical methods we have realized a comprehensive structural analysis of differently sized
cationic clusters. Furthermore, we reveal the cluster distribution of these counterintuit-
ive structural features and their influences on the interfacial and phase behaviour.

To generate all these results, we used a variety of different experimental and theoretical
methods from IR-spectroscopy and neutron diffraction over cryogenic ion vibrational
predissociation spectroscopy and atomic force microscopy to molecular dynamics sim-
ulations and DFT calculations. The investigations included the liquid and solid bulk
phase, the gas phase and the solid liquid interface.

3.1. IR-studies of the bulk IL

3.1.1. IR spectroscopy

Infrared (IR) spectroscopy is a subgroup of vibrational spectroscopy. If radiation from
the infrared region of the electromagnetic spectrum hits a molecule, this molecule inter-
acts with the electric field vector of the radiation and absorbs it at frequencies which
correspond to the respective resonance frequencies of characteristic molecular vibrations.
[52]

In the simplest case we can imagine a diatomic molecule, which can be modeled as a
linear harmonic oscillator. The atoms making up the molecule are considered as point
masses in the manner of classical mechanics, connected by a spring of negligible mass.
53] According to HOOK’s law the restoring force F of such a spring is given by:

. dV(x)

F= =k 3.1
o @ (3.1)

In the equation, V(x) describes the potential energy, k is the force constant, the mag-
nitude of which gives a measure of the strength of the bond between the atoms, and x
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is the deflection from the equilibrium position along the molecular axes. By integrat-
ing from 0 to z, the relationship between the potential energy and the displacement is
obtained by the following parabolic function:

Viz) — ;ka (3.2)

The classical determination of the oscillation frequency of the harmonic oscillator is
based on NEWTON’s second law:

B d*x
- dt?
By equating with equation 3.1 followed by solving the resulting differential equation, we

get the time ¢y, the oscillator needs to go back to the starting position xy . Thus, the
vibration frequency v results as:

(3.3)

1L _1/F (3.4)

tvib B % m

UV =

Equation 3.4 considers only the vibration of a single mass in z direction, but in a diatomic
molecule both masses always oscillate simultaneously. Therefore, the oscillation of both
masses m is reduced to that of a single reduced mass p around the center of mass:

my - Mg
= — 3.5
h = o T, (3.5)
By inserting into equation 3.5 and dividing by the speed of light ¢, we obtain the wave
number v typically used in IR-spectroscopy:

L (3.6)

V=—
2mc\ u

From equation 3.6 it is clear that larger reduced masses p (i.e., heavier atoms, e.g.,
by deuteration) result in lower vibrational frequencies and that larger force constants
k (i.e., stronger bonds) lead to higher vibration frequencies. This are two of the main
advantages of the IR spectroscopy, because even a small change in the bond strength of
the oscillator leads to a reasonable shift of the vibrational frequency. This enables IR
spectroscopy to use the OH vibrations as ideal probe for describing H-bond networks
qualitatively.

Table 3.1.: Advantages and disadvantages of infrared spectroscopy

\ Advantage \ Disadvantage
Almost universal Can’t detect some molecules
Spectra are information rich Intensity depends on change of dipole moment

(no quant. comparison of different vib. bands)

Relative inexpensive, fast and easy

Sensitive to changes of bond strengths
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Furthermore, the vibrational frequencies of many other functional groups are located in
the mid-IR region of the spectra which makes this method almost universal for many
substances and enables us to use different probes of one molecule to increase the amount
of information. One main disadvantage of IR spectroscopy is that we observe all differ-
ent compounds and species in the sample at the same time, which means for example
that can’t observe exclusively the OH oscillation of an OH-functional group involved
in a cyclic c-c tetramer if there are linear c-c dimers, trimers and tetramers and c-a
clusters present in the sample as well. This is aggravated by the disperse nature of the
broad vibrational bands in bulk IR spectroscopy. Another disadvantage is reflected in
the intensity of the spectral contributions, which is highly dependent on the change of
transition dipole moment. This is a disadvantage because if we want to use IR spec-
troscopy for example to describe the binding situation of OH oscillators in different
H-bonded clusters, we can’t get any quantitative information from the intensity of the
contribution due to the fact the dipole moments in the different shaped and sized clusters
are significantly different and their magnitude is unknown.

3.1.2. Dependencies of the formation of cationic clusters

The subtle energy balance between COULOMB interaction, hydrogen bonding and
dispersion forces present in ionic liquids gives us the opportunity to study not only
the interaction itself, it rather gives us the chance to investigate the competition
between these interactions. Such a competition is displayed by the cationic clusters
investigated in this work. Cationic clusters in this context are aggregates of at least two
OH-functionalized cations connected by an H-bond. The COULOMB repulsion should
lead to the separation of the cations, but the attractive interaction of the H-bond
between the OH functional groups overcomes the repulsive force insofar that we can
detect spectral contributions in the IR, which can be assigned to (c-c) structures in
equilibrium with (c-a) structures. The next section deals with the investigation of the
different dependencies of the formation of cationic clusters in the bulk IL with the help
of IR spectroscopy.

3.1.3. Temperature dependency

Taking into account that hydrogen bonding is a weak, directional, short range interaction
and that the Coulomb interaction is an undirected, strong, long range interaction there
should be a strong temperature dependency of the equilibrium between the (a-c) species
and the differently sized and shaped (c-c) species. By decreasing the temperature of
the IL [HOC,;MIm|[NTf,] stepwise from 80 °C (353 K) to -80 °C (193 K) in 20 K steps
we can observe increasing red-shifted intensity relative to the OH vibrational band at
~ 3550 cm ™! in the IR spectra, which can be assigned to an anion-cation H-bond (a-c)
(Fig. 3.1 (a)). The red-shifted vibrational band can be assigned to O-H- - -O hydrogen
bonds between cations (c-c). This clearly shows that the variation of temperature has
a significant influence on the aggregation of like-charged ions in ionic liquids. With
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the help of DFT calculations we were able to identify the responsible structures for
these red-shifted bands. They arise from H-bonded dimers, trimers and tetramers of
the OH-functionalized ionic liquids similar to the clusters formed in molecular solvents
like water or alcohols. The highest stability was found for the cyclic tetramer. The
decreasing intensity of the (a-c) band to the benefit of the (c-c) bands with decreasing
temperature can be explaned by an increased kinetic stabilisation of the cooperative (c-
c) H-bonds. This kinetic stabilization can be determined if we remove the anions from
the dimer structure and calculate the relaxed-scan potential curve for [HOC,MIm]5*™
at the B3LYP-6-31+G* and MP2-6-31+G* levels of theory. We find local minimum
structures at typical H-bond distances of Rp..y = 2.0. The uncorrelated HF' level does
not show this minimum and only gives an inflection feature in this region. As shown in
Figure 3.1 (b), a robust kinetic stability with a clear dissociation barrier of 3-4 kJmol !
is achieved for the B3LYP and the MP2 treatment. In this sense, the pure cationic
clusters are stable up to cyclic tetramers, wherein cooperative H-bonding is maximized.
Larger clusters, such as cyclic pentamers or hexamers, do not show this kinetic stability
and dissociate during the geometry optimization procedure.

170~ *‘
0.75 - -
—- 193K +
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(a) Infrared spectra in the O-H stretching region re- (b) Potential energy curves for
corded for the ionic liquid [HOC:MIm|[NTf;] as a [HOC,MIm|3"  H-bonding (all at 6-
function of temperature. The vibrational bands above 314+G* basis level) as calculated with
3500 cm~! indicate hydrogen bonding between cation- hybrid density functional B3LYP (red
anion, whereas the red-shifted vibrational bands rep- open circles), ab initio MP2 (filled
resent cationic clusters. The dashed lines indicate squares), and uncorrelated HF (filled
glass transition at low temperatures. diamonds) methods. The structures were

relaxed for each bond length Ro....

Figure 3.1.: Temperature dependence of the formation of cationic clusters.

3.1.4. Anion dependency

For our studies in Paper I we focused on the question how the interaction strength of
the counter anion influences the formation of (c-c) clusters in OH-functionalized ILs.
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For this purpose we have chosen ionic liquids which all include the 1-(2-hydroxyethyl)-
3-methylimidazolium cation [HOCoMIm]™ but the four different anions tetrafluorobor-
ate, bis-(trifluoromethanesulfonyl)imide, trifluoromethanesulfonate, and methanelsulf-
onate, which have an increasing interaction potential in this sequence. Initially, we
measured the IR spectra in the OH-stretching region of the ILs [HOC,MIm][BF,],
[HOC;MIm][NT1,], [HOC,MIm][OTf], and [HOC,MIm|[OMs]| covering a large temper-
ature range between 213 and 353 K.

In the sequence from weaker to stronger interacting anions, the frequencies shift from
higher to lower wavenumbers (A7 = 220 cm™!). This finding is not surprising but sup-
ports essentially the interpretation of the spectra of the pure ILs as shown in Figure
3.2.
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Figure 3.2.: IR spectra in the OH-stretching region recorded for the ionic li-
quids (a) [HOCoMIm|[BF4], (b) [HOC;MIm|[NTf], (c) [HOCeMIm][OT{], and (d)
[HOC2MIm|[OMs]| as a function of temperature between 213 K and 353 K.

Only for ILs [HOCoMIm][BF,] and [HOCy;MIm|[NTf,], two major vibrational signatures
can be observed. Firstly, the (a-c) contributions resulting from the regular OH- - -F
and OH- - -O hydrogen bonds between cations and anions and secondly, the (c-c) con-

tributions stemming from the OH- - -O hydrogen bonds between the cations originating
from like-charge attraction. The OH vibrational bands of ILs [HOC,MIm]|[OTf], and
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[HOC,MIm|[OMs| are strongly redshifted owing to the increasing anion interaction
strength and fall into the range of the vibrational bands assigned to the (c-c) signatures
of the cationic clusters of [HOC,MIm|[BF,] and [HOC;MIm|[NTf;]. However, there
is strong evidence that the vibrational band of [HOC,;MIm|[OMs] can be exclusively
referred to (c-a) interactions, which could be shown in a dilution experiment. Clearly,
the methanesulfonate anion strongly interacts with the OH group of the cation, result-
ing solely in cation-anion pairs of opposite-charged ions. There is no intensity which
could be referred to vibrational bands of OH bonds involved in other types of interaction.

3.1.5. Cation dependency

In the study published in Paper II, we demonstrate by the means of IR spectroscopy
that the presence of cationic clusters can be strongly supported or suppressed by specific-
ally designed cations. The ILs are based on ammonium, piperidinium, pyrrolidinium,
pyridinium, and imidazolium cations all including a hydroxyethyl group for H-bond form-
ation to the anion or to other cations, resulting in cationic clusters. The corresponding
N-heterocycles for the cations are shown in Figure 2.1. For all ILs, we have chosen the
bis(trifluoromethylsulfonyl)imide [NTfy]~ as the counterion for two reasons. Firstly, this
anion is flexible, resulting in low viscosities and melting points, providing room tem-
perature ionic liquids. Secondly, the relatively hydrophobic [NTf,]~ anion forms only
weak hydrogen bonds to the cation and thus supports the formation of cationic clusters.
The ability for cationic cluster formation can be referred to the shape, the charge dis-
tribution and the specific interaction site of the cations. With respect to structure and
charge distribution within the cation, the ILs can be divided into two groups. The ILs
[HOC,TMA][NTf,], [HOCoMPip|[NTfy] and [HOC,;MPyrro]|[NTfy] represent saturated
compounds, characterised by positive charge localization at the nitrogen atom. In con-
trast, delocalized positive charge within the nitrogen heterocycle is typical for the ILs
[HOC,Py][NTf,], and [HOC;MIm][NTf,]. By tuning the properties of the cations in this
way, we observe substantial cationic cluster formation already at room temperature. For
the first time we can also show that the presence of cationic clusters strongly influences
the properties of ionic liquids. If substantial amounts of cationic clusters are available,
the ILs can be supercooled and form glasses at temperatures between 193 K and 213
K (see Fig: 3.3 (b)). If cationic clusters are only present in trace amounts, the ILs
can be crystallized by forming hydrogen-bonded ion pairs between cations and anions
solely. [54] The glass transition temperatures and the phase transition temperatures
were measured by differential scanning calorimetry (DSC). Concerning structure and
charge distribution within the cation, the ILs can be divided into two groups, they can
also be divided in two groups with respect to their ability to form (c-c) clusters. Only
the ILs with a delocalized positive charge are able to form substantial amounts of (c-c)
clusters, which is a strong evidence that a delocalized positive charge supports and a
localized positive charge suppresses the formation of cationic clusters. If crystallization
occurs, the infrared spectra show the typical sharp features of cation-anion interaction
only and the broad redshifted bands of the cationic clusters completely disappear (see
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Fig: 3.3 (a)). For these ILs the structures could be obtained from X-ray crystallography.
[53] The formation of clusters of like-charged ions is influenced by the shape and inter-
action strength of the ions and may provide a new path for controlling supercooling and

crystallization.
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Figure 3.3.: Infrared spectra in the O-H stretching region and DSC traces recorded
for the ionic liquids (a) [HOCyMPip|[NTfy] and (b) [HOCoMIm]|[NTf] for the lowest (a)
253 K, (b) 193 K) and second lowest (a) 273 K, (b) 213 K temperatures. The vibrational
bands above 3500 cm ™! indicate hydrogen bonding between cation-anion, whereas the red-
shifted vibrational bands represent cationic clusters. For IL [HOCyMPip|[NTf;] the small
amount of cationic clusters disappears upon freezing, resulting in a symmetric vibrational

band indicating pure (c-a) interaction. This behaviour is in accord to the DSC traces,

which show phase transitions in this temperature range. For IL [HOCy;MIm|[NTf;] the
amount of cationic clusters further increases with decreasing temperature. No change in
the vibrational signature is observed in accord with the DSC traces.

3.1.6. Chain length dependency

It was the main purpose of Paper III to clarify whether tethering the OH group away
from the positive charge center of the cationic ring with longer hydroxyalkyl chains

19



compensates for unfavourable cation/anion combinations with respect to (c-c) cluster
formation. Thus, we collected the IR spectra for a large set of ILs including two dif-
ferent [HOC,-], [HOC3-], [HOCy-] and [HOCj;-| functionalised cations in combination
with the [NTf,]~ anion, namely [HOC, MPip|[NTf,] and [HOC, Py][NTfy]. The intensit-
ies indicating (c-c) cluster formation constantly increase with longer hydroxyalkyl chain
length. Obviously any combination of a weakly interacting anion, here [NTfy|~, with
a hydroxy-functionalised cation show at least little (c-¢) cluster formation. The slight
preference for (c-c) interaction of polarisable versus hard cations disapprears with in-
creasing hydroxyalkyl chain length. The presence of a strongly interacting anion such
as methanesulfonate completely suppresses (c-c) cluster formation and results solely in
(c-a) hydrogen bonding regardless of long alkyl chain tethers. This was clearly demon-
strated by the temperature dependent IR spectra of [HOC5Py|[OMs] between 193 K
and 353 K. Although including a polarizable cation with a long hydroxypentyl chain, we
observe no (c-c) cluster formation for this IL. The symmetric shape of the vibrational
band is temperature independent. Moreover, the maximum of the IR band is stronger
red-shifted and its intensity further enhanced with decreasing temperature. This kind
of temperature behavior is found, if only one type of hydrogen-bonded species is present
in the IL, here the (c-a) clusters.

In the next step, we estimated the transition enthalpies needed to break the (c-¢) hy-
drogen bonds shifting the equilibrium from (c-¢) towards (c-a) species. We are aware
that several (c-c) cluster species exist and that they transform into each other. Neverth-
less, we consider the temperature dependence of the ,equilibrium constant K“ as VAN’T
HoFF like:

CARGP _ ARH® | Aps®

In(K) = =—pr= = ~"pr R

In particular, at low temperatures, AgH® and ArS® change with temperature. How-
ever, we applied the following procedure for describing the (c-c) to (c-a) transition as
a function of the polarisability of the cation, the interaction strength of the anion and
the alkyl chain lengths. We assume that the cation-anion (/._,) and the cation-cation
(I.—.) hydrogen bond IR intensities arise from cations of these two general classes of
H-bonding configurations, for which relative populations are a function of absolute tem-
perature only. Consequently, a plot of In(/._,/I._.) versus 1/T should yield a straight
line with a negative slope that is proportional to the average difference in energy between
the two classes of H-bond configurations. All ILs show an almost linear dependence
between In(/,_,/I._.) and 1000/ T. For the linear regression, we only excluded the data
points at the lowest temperature (193 K). A negative slope and thus positive ArH®
show that cationic cluster formation is enthalpically favored. This is the case for ILs
[HOC, MPip][NTf,] and [HOC, Py|[NTf,] with n=2-5 (see Fig. 3.4). In accord with the
findings above, the A H® values increase with increasing hydroxyalkyl chain lengths due
to enhanced (c-c) cluster formation. The ArH® of IL [HOC,Py|[NTf,] is larger than
that of IL [HOC,;MPip|[NTf;] because the more polarisable pyridinium cation stronger
promotes (c-c) clustering as observed in the IR spectra. The Az H® values for both types
of ILs become similar with increasing hydroxyalkyl chain lengths overcoming the cation
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effect for (c-c) cluster formation. For all ILs [HOC,,Py|[OMs]| consisting the strongly in-
teracting anion [OMs]~ we obtain Az H® values of almost zero within the experimental
error indicating that the presence of (c-a) clusters is independent of temperature. The
entropies AzS® for ILs [HOC, MPip][NTf,] and [HOC, Py][NTf,] successively increase
from n = 2 to n = 5. Obviously, larger structures, here (c-c) clusters, are formed
with increasing chain length as observed in the strongly red-shifted and enhanced vibra-
tional bands assigned to (c-c) cluster formation. The similar entropies AgS® for all ILs
[HOC,,Py][OMs| show that the size of the structures are not changing with temperature
which is in accord with the presence of exclusively (c-a) hydrogen bonded species.
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Figure 3.4.: Plots of the natural logarithm of the (c-a) to (c-c) vibrational band intensity
ratios versus inverse temperature taken from the measured IR spectra between 193 K and
353 K. I._, and I._, were obtained from the integral intensities left and right of the
frequency position, where the vibrational bands for the (c-a) and the (c-c) species cross.
The solid lines represent linear fits (R? > 0.98) with slopes indicating different enthalpies
of cationic cluster formation.

The differential scanning calorimetry (DSC) measurements of all ILs in Paper III
strongly support the interpretation of the IR spectra and VAN’T HOFF-like plots as
well. During cooling from 373 K to 193 K at 10 K-mol™! cooling rates, heat capacity
change corresponding to glass transitions could be observed in the DSC profiles of ILs
[HOC,, MPip|[NTf,] with n=3-5 and [HOC,, Py][NTf;] with n=2-5. The supercooled state
of the (c-¢) cluster-forming ILs is obviously fairly stable. In contrast, the phase transition
behaviour is complex for IL [HOC,MPip|[NTf,], including liquid/solid (7=276.2 K) and
solid/solid phase transitions (7= 266.2 K and 251.6 K). For the ILs [HOC, Py|[OMs]
with n=2-4 we observe clear melting transitions at T = 362.1 K, 301.5 K and 325.7
K, respectively. Obviously, strong formation of cationic clusters in ILs results in super-
cooling and glass transition, whereas (c-a) cluster formation leads to liquid/solid phase
transition. From the combined IR and DSC experiments, we have clear evidence that
the formation of cationic clusters prevents the ILs from crystallization and liquid/solid
phase transition. The resulting material is a glass. [55] Our findings suggest that the
phase behavior of this type of ILs can be controlled by cationic cluster formation.
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3.2. ND of the bulk IL supported by MD simulations

3.2.1. Neutron diffraction

Scattered radiation

\

Detector

A
/ Q_ﬁ]mrsin@
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Incident radiation Sample

Figure 3.5.: A beam of monochromatic neutrons with wavelength A impinges on the
sample from the left, is scattered by that sample into scattering angle 26 and then de-
tected by the detector. The data are measured versus the variable Q) = @. It is Q
which determines the length scale that is probed by the diffraction experiment, with small
Q) corresponding to large distances and large @ corresponding to small distances. Any
combination of 6§ and A that gives the required @ values should in principle give equivalent
data. The simplicity of the underlying diffraction experiment belies many of the subtleties
that are associated with it. [56]

Neutrons are scattered by the atomic nucleus. In order to see diffraction effects related
to the arrangement of the atoms it is necessary to use neutron wavelengths comparable
to the typical spacing between atoms, 107! m. [56] This wavelength is roughly 10%
times larger than the nuclear dimensions, so, provided the neutron energy is well away
from any nuclear resonances, the scattering is called ,s-wave®, which means there is no
angular momentum transfer in the scattering process. (If the neutron energy is near
a nuclear resonance of one of the atomic components in a material, for the most part
the information obtained by scattering neutrons is not useful. Fortunately, this mostly
happens only with heavier nuclei and at higher neutron energies.) To a neutron an
atom therefore normally appears as an extremely small blip in space, mathematically
effectively describable by a ¢ -function. For this reason, neutrons give arguably the most
direct insight into the position and motion of atoms, both as individual particles, the self
scattering, and as pairs of atoms, the distinct scattering: the neutron probes directly the
site-site correlation functions between atomic centres. [57] However, because the atomic
nucleus is so small, the neutron-nucleus interaction is weak, so neutrons are mostly very
penetrating, and a lot of effort is required to make neutron sources which are bright
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enough to perform useful diffraction and other types of neutron scattering experiments.
[58]

Table 3.2.: Advantages and disadvantages of neutron diffraction.

’ Advantage ‘ Disadvantage
sensitivity to light atoms high costs
ability to distinguish isotopes only possible at neutron sources
structure elucidation of X-ray amorphous | numerous isotopic substituted partials
samples necessary
probes directly the site-site correlation long measuring times
functions
limited temperature range

3.2.2. Molecular dynamics simulations

Molecular Dynamics (MD) refers to computer simulations in molecular modelling in
which interactions between atoms and molecules and their resulting spatial movements
are iteratively calculated and represented. In the modeling of complex systems with
a large number of atoms involved, mainly force fields or semiempirical methods are
used. The force field is the potential energy that describe the interactions between the
atoms or molecules. It is defined by two parts: its mathematical form (mainly based on
classic mechanics) and the atom-specific parameters (mainly obtained from spectroscopy
experiments, scattering experiments or quantum mechanical calculations. [59, 60] In
some cases, macroscopic properties, like viscosities or vaporization enthalpies, are used,
insofar that they have to be fulfilled by the parametrised force fields. Therefore, it is not
really surprising that force fields are not universally valid for the molecules for which
they were developed, but are more or less parametrised for specific tasks. Hence, there
may be different sets of parameters for a force field approach.

Once a suitable force field is developed, a simulation box can be filled with the chosen
molecules. Then the equilibration follows: For each particle, the forces acting on it due
to its neighbors are calculated, and the particles are moved according to these forces in
very small time steps. [61] In order to realize the conditions of the isothermal-isobaric
ensemble, both a thermostat as well as a barostat are needed. [62-65] After a few
steps, the simulation box reaches a thermal equilibrium and the particles start to move
"realistically". MD simulations usually use periodic boundary conditions: every particle
that leaves the simulation box on one side a particle of the same type with the same
momentum enters the box on the opposite side. Pressure and temperature can now
be calculated from the forces and movements of the particles and changed step by step.
The molecules can undergo conformational changes. From the thus obtained equilibrated
simulation box thermodynamic informations can be calculated. Furthermore, structural
informations, like pair correlations and pair distributions, can be calculated directly from
the atomic positions in the simulated box. The big advantage of MD simulations is that
dynamic information for short time scales are accessible as well.
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Table 3.3.: Advantages and disadvantages of molecular dynamics simulations.

] Advantage \ Disadvantage ‘
wide temperature range results depending on chosen force fields
dynamic information no proton transfer
direct access to structural informations high computational effort

3.2.3. Cluster distribution

In Paper IV we have examined the bulk structure of 1-(4-hydroxybutyl)pyridinium
bis(trifluoromethylsulfonyl)imide [HOC,Py][NTf,] using neutron diffraction with iso-
topic substitution (NDIS). Neutron diffraction spectra were refined using the empirical
potential structure refinement (EPSR) to extract atomic- and molecular-level structure
information. [66-70] The IL [HOC,Py][NTf;] was chosen to maximize the opportun-
ity for like-charge hydrogen bonding: [NTfy]” is a weakly interacting anion, whereas
[HOC4Py]*" is a highly polarizable cation. In addition, the hydroxybutyl group of the
cation allows for ample separation between the positively charged pyridinium ring and
the hydroxy group. It is the aim of this study to characterise the (c-a) (fO-H---O7)
and the (c-¢) (TO-H---O") hydrogen bonds in this hydroxy-functionalized IL by means
of neutron diffraction, molecular dynamics (MD) simulations, and quantum chemical
calculations. A similar approach combining X-ray scattering and MD simulations has
been successfully applied to analyse the structure of ILs and organic phases. [71-73] The
measured hydrogen-bond lengths for the two types of ionic interactions, which describe
the attraction between ions of opposite and repulsion between ions of like charge, are
compared to those of molecular liquids, such as water and alcohols. [74-80] In addition,
we carefully address the different types of (c-a) and (c-¢) clusters and their distributions
in the bulk liquid. The accompanying MD simulations support the concept of the double-
faced nature of hydrogen bonding in this particular class of liquids. Here, we solely focus
on the intermolecular hydrogen-oxygen (H---O) and associated oxygen-oxygen (O- - -O)
pair distribution functions ggo(r) and goo(r), which describe the nature of the hydrogen
bonding in the IL. As a result of the large number of isotopically labeled compounds
used, both pair distribution functions could be derived confidently for the (c-a)- and
the (c-c)-bound species. The first peak in the g(r) functions corresponds to the first
coordination shell of the nearest neighbours. Figure 3.6 a) shows the guo(7) and goo(r)
functions for the (c-a)- and (c-c)-bound species. The maxima of the first nearest neigh-
bour peaks in the two functions give the average hydrogen-bond lengths r(*H---O~) and
r(TO---O7) for the (c-a) as well as r(*H---O%) and r(TO---O") for the (c-¢) binding mo-
tifs, respectively. The (c-¢) hydrogen bonds are noticeably shorter (1.87 A and 2.78 A)
than the (c-a) hydrogen bonds (1.95 A and 2.88 A), which indicates stronger attraction
between ions of like charge (c-c) than between ions of opposite charge (c-a). This obser-
vation is quite remarkable because the total interaction in the (c-a)-bound species results
from hydrogen bonding plus attractive COULOMB forces between the oppositely charged
ions. It is evident that the (c-a) interaction is only weakly strengthened by COULOMB
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attraction, whereas the (c-c) interaction is strongly enhanced by potentially cooperative
hydrogen bonding. Despite the COULOMB repulsion, the hydrogen bond is shorter for
the (c-c) than for the (c-a) species. [40] We complemented the NDIS measurements by
MD simulations using independently derived molecular force fields. [43-45] In figure 3.6
b) we show that the r(*H---O7), r(*O---O7), r(TH---O"), and r(*O---O7) distances
again show shorter hydrogen bonds for (c-c) than (c-a) and agree almost quantitatively
with the geometries derived from the ND measurements. The NDIS experiments and
MD simulation agree in the pair distribution functions and allow (c-a)- and (c-¢)-bound
species to be clearly distinguished.
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Figure 3.6.: Pair distribution functions ggo(r) and goo(r) for the (c-a) and (c-¢) hydro-
gen bonds in the IL [HOC4Py][NTf;] from (a) neutron diffraction with H/D substitution
and (b) molecular dynamics simulations. The nearest neighbor distances are indicated by
the arrows.

The NDIS experiments and MD simulations allow quantification of the populations of
these local arrangements. In figure 3.7, we show that at 300 K between 87 % (NDIS)
and 75 %(MD) of the cations form (c-a) hydrogen bonds with the counterions, whereas
between 13 % (NDIS) and 20 % (MD) of the cations are involved in (c-c) structural
motifs. This agreement is excellent, given the possible uncertainties of the experiments
and simulations (£ 0.02 A). MD simulations were performed for temperatures between
300 and 400 K to reveal the temperature dependence of the cluster populations. We
observe that the (c-a) and (c-c) species decrease to the benefit of quasi-free OH groups as
the temperature is increased. The decrease with temperature is more pronounced for the
(c-¢)- than for the (c-a)-bound species, probably for entropic reasons (formation of larger
aggregates). From a VAN T HOFF plot of the ratio for the (c-c) and the (c-a) hydrogen-
bonded species versus the inverse temperature obtained from MD simulations data we
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determine the transition enthalpy from (c-c) to (c-a) to be about 3.75 kJmol™'. Such
a small transition enthalpy suggests that the (c-c)-bound species exist in equilibrium
and that kinetic trapping is not a requirement for finding cationic clusters at room
temperature.
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Figure 3.7: Analysis of (c-a) and (c-
c) cluster populations in [HOC4Py][NTf;] 201~
from MD simulations as a function of tem- "
perature. The symbols show the cluster dis- T T
tribution obtained from NDIS experiments 0 300 320 340 360 380 400
at 303 K.

3.3. Investigations of cationic (c-c) cluster structures by
means of CIVP spectroscopy

3.3.1. Cryogenic ion vibrational predissociation CIVP spectroscopy

For our structural investigations of the cold (~ 35 K) positively charged clusters we
had the privilege to use the CIVP spectrometers in a cooperation with the Johnson
Lab from Yale University, which they built and developed in their labs during the past
decades. The technique and experimental set-up is well described by Wolk et al.. [81] The
essential requirements for CIVP spectroscopy are a source of cold ions and two stages of
mass selection so that specific m/z target ions can be photoexcited and then the lighter
fragment ions can be subsequently separated from their intact parents. The scheme
developed at Yale over many years, which uses a time-of-flight mass spectrometer as its
first analyzer and a modest resolution reflectron as the second, is illustrated in figure
3.8 . The ion source is on the left, while the laser interaction and mass spectrometry
components are on the right.

In the ion source, target species are extracted from solution using electrospray ionisation
and transferred using radio-frequency ion guides through three stages of differential
pumping to a low pressure region. The warm continuous stream of ions is then injected
into a commercial three-dimensional radio-frequency ion trap modified for cryogenic
operation and held at ~ 35 K with a closed cycle He cryostat. A seeded buffer gas

26



is pulsed into the trap just prior to ion injection, which contains a trace amount of
the cryogenic solvent (N in our case) to be condensed onto the ions after they are
collisionally cooled. This growth period takes tens of milliseconds, and relatively large
aggregates can be formed depending on the buffer gas pressure and dwell time in the
trap. These weakly bound solvent molecules typically have little effect on the vibrational
spectrum, as evidenced by very small incremental shifts upon addition of the first few
molecules. [82] Note that the buffer gas is pulsed into the trap, so that it is slowly
evacuated before the ions are extracted. This limits the collisional reheating of the cold
ion upon acceleration by the extraction voltages. [83]

Tandem time-of-flight methods provide an inexpensive platform for carrying out mass-
selective photofragmentation, with a typical arrangement illustrated on the right side of
figure 3.8. In the basic experiment, a widely tunable IR pulse from the primary laser
intercepts a single m/z ion packet from the ion distribution arriving from the source.
This causes photoevaporation of weakly bound adducts, and the lighter fragment ions
are then separated from their parents in a second reflectron mass spectrometer and
monitored as a function of laser frequency to generate the spectrum. [81]
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Figure 3.8.: In the Yale tandem time-of-flight photofragmentation spectrometer, ions
are extracted from solution with electrospray ionisation (ESI) and guided into a 10K3D
quadrupole ion trap. After collisional cooling, ions are extracted from the trap and mass
selectively (to unit m/z) interrogated by one or two pulsed infrared lasers. Primary and
secondary lasers are based on optical parametric oscillators and amplifiers (OPO/OPA).
[81]
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The Yale apparatus also includes a second laser interaction stage (labeled ,secondary“in
figure 3.8), which is used to extract individual spectra when many conformers or iso-
mers appear at the same m/z Using IR-IR double resonance technique by fixing the
ysecondary® pump laser on the excitation frequency of one spectral contribution and
continuously monitoring the fragment signal while the ,primary* pump laser is scanned
through the energy range of the desired spectra. The probe signal monitors the popula-
tion of the conformer responsible for the band with the chosen excitation frequency, and
the key to the hole-burning method is to intersect the same ion packet with a powerful
pump laser before it interacts with the probe. When the pump laser drives any of the
transitions associated with the conformer being isolated with the probe transition, its
population will be removed by photoevaporation of its adducts. Thus, the entire spec-
trum associated with the conformer selected by the probe is revealed by ,dips® in the
probe fragment signal as the pump laser is scanned through the spectrum.

Table 3.4.: Advantages and disadvantages of molecular CIVP spectroscopy

’ Advantage \ Disadvantage
comparable 