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Abstract

In this thesis an attempt was made to develop an improved receptor for
potassium ions based on phenyl aza crown ethers. Additionally, we wanted to
gain a better understanding about the factors that influence the host guest
stability of these receptors. The main question to answer was whether the
positional or electronic factors of adding substituents to the receptors played a
bigger role for the complex stability. For this purpose various phenyl aza crown
ethers were synthesized and their stability constants towards potassium ions
determined via UV-Vis spectrometry. The measurements confirmed that the
positional factor of adding additional complexating groups plays a much bigger
role than only adding electron donating groups to the receptor. Furthermore, a
cross sensitivity survey was conducted. This confirmed the cross sensitivity of
these specific crown ethers towards NH,". This can mainly be attributed to the
very similar ion diameters of NH," and K.






Contents

Abstract v
I. Introduction 1
1. Theoretical Background 3
1.1. Luminescence . . . . . . . . . . . . . ... 3
1.1.1.  Absorption of UV-Visible Light . . . . ... ... ... 4
1.1.2. Forbidden Transitions . . . ... .. ... ... .. .. 7
1.1.3. The Franck-Codon Principle . . . . . . . ... ... .. 7

1.1.4. Radiative and Non-Radiative Transitions between Elec-
tronic States . . . . . . .. ... 8
1.1.5. Intermolecular De-Excitation Processes . . . . . . . .. 12
1.2. Host Guest Chemistry . . . . . .. ... .. ... ... .... 15
1.2.1. History of Crown Ethers and Crown-type Ligands . . . 17
1.2.2. Properties of Crown Ethers . . . . .. ... ... ... 20
1.2.3. Crown Ethers as Cation Receptors . . . . ... .. .. 21
1.3. Concepts of Sensors . . . . . . ... ... . ... ... . .... 26
1.3.1. Fluorescent PET Cation Sensors . . . . .. ... ... 26
1.3.2. Fluorescent PCT Cation Sensors . . . . ... ... .. 27
1.3.3. Fluorescent RET Sensors . . . .. ... ... ..... 28
1.4. Determination of Stability Constants . . . . . . .. ... ... 31
1.4.1. NMR Titrations . . . ... ... ... ... ...... 34
1.4.2. UV-Vis Titrations . . . . . . . .. .. .. ... .... 35
1.4.3. Fluorescence Titrations . . . . . . . .. .. ... ... 35
1.4.4. Other Titration Techniques . . . . . . . ... ... .. 36

Vil



Contents

Experimental

2. Materials and Methods

viii

2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.

Chemicals . . . . . . ... .. ... .
Nuclear Magnetic Resonance Spectrometry . . . . . . . . . ..
Mass Spectrometry . . . . . .. ..o
Absorption Spectra . . . . . .. ...
Emission and Excitation Spectra . . . . . . .. ... ... ..
Thin Layer Chromatography (TLC) . . . ... ... ... ...
Flash Column Chromatography . . . . .. ... .. ... ...

Synthesis

3.1.
3.2.

3.3.

3.4.

3.5.

3.6.

3.7.
3.8.

Crown Ether 1 . . . . .. ... ... . ... ..
Crown Ether3 . . . .. . ... ... oo
3.2.1. Synthesis of Precursor 3a . . . . .. .. ... ... ..
3.2.2. Synthesis of Crown Ether 3 . . . . . ... .. ... ..
Crown Ether4 . . . .. .. ... o
3.3.1. Synthesis of Precursor 4a . . . . . ... ... .. ...
3.3.2.  Synthesis of Crown Ether4 . . . ... ... ... ...
Crown Ether 5 . . . .. .. ... oo
3.4.1. Synthesis of Precursor ba . . . . .. ... .. ... ..
3.4.2. Synthesis of Crown Ether 5 . . . . .. ... ... ...
Crown Ether 6 . . . . . . ... ... ...
3.5.1. Synthesis of Precursor 6a . . . . ... ... .. ... ..
3.5.2.  Synthesis of Crown Ether 6 . . . . .. ... ... ...
Crown Ether 7 . . . . . .. ... oo
3.6.1. Synthesis of Precursor 7a . . . .. .. ... ... ...
3.6.2. Synthesis of Crown Ether 7 . . . . . . ... ... ...
Synthesis of Crown Forming Agent . . . . . . ... ... ...
Synthesis of Crown Ether 2 . . . . ... ... ... ......
3.8.1. Synthesis of Precursor 2a . . . . . ... ... ... ..
3.8.2. Synthesis of Precursor 2b . . . . ... ... ... ...
3.8.3. Synthesis of Precursor 2¢ . . . . . ... ... ... ..
3.8.4. Synthesis of Crown Ether 2 . . . . . . ... ... ...

37

39
39
39
39
40
40
40
40



I1l. Results and Discussion
4. Synthetic Considerations

5. Stability Constants

5.1. Calibration Method . . . . . . . . ... ...
5.2. Crown Ether1 . . . . ... ... ... ...
5.3. Crown Ether3 . ... ... .. ... ....
5.4. Crown Ether4 . .. ... ... ... ....
5.5. Crown Ether5 . .. ... ... ... ....
5.6. Crown Ether6 . . . . ... ... ... ...
5.7. Crown Ether 7 . . . . . .. ... ... ...

5.8. Methoxyethoxy Crown Ether

5.9. Triazacryptand . . . . . . . ... ... ...
5.10. Cross Sensitivity . . . . . . ... ... ...
5.11. Fluorescence Spectrometry . . . . . . . . . .

6. Conclusion

Bibliography

Appendix
A. NMR Spectra
B. UV-Vis Spectra

C. Fluorescence Spectra

Contents

61

97

99
115
123






List of Figures

1.1. Processes of light-matter interactions . . . . . . ... .. ...
1.2. All possible electronic transitions . . . . . ... ... ... ..
1.3. Singlet state vs. triplet state . . . . . . ... ..o

1.4. Franck-Codon principle .
1.5. Perrin-Jablonski diagram

1.6. Static vs. dynamic quenching . . . . .. .. ...

1.7. Stern-Volmer plots . . .

1.8. Photoinduced electron transfer . . . . . . . . . . .. .. ...
1.9. Examples for host molecules . . . . . . .. .. ... ... ...

1.10. Pedersen nomenclature .

1.11. Various types of crown ethers . . . . . . . ... ... .. ...
1.12. The structure of a [2.2.2]-cryptand . . . . . . ... ... ...
1.13. Kryptofix-5 - A common podand . . . . . ... .. ... ...
1.14. Structures of podandocoronands . . . . . . . .. .. ... ...

1.15. Oxocrown and spherand

1.16. Impact of heteroatoms on complexation . . .. .. ... ...
1.17. 18-crown-6 complexation of a potassium ion . . . . . .. ...
1.18. Lariat ether vs. cryptand complexation . . . . . . . .. .. ..
1.19. NH," complexation: crown ether vs. lariat ether . . . . . . . .

1.20. PET sensor mechanism .

1.21. Various PET based sensors . . . . . . . . . . . .. .. .. ...
1.22. PCT sensors: spectral shifts . . . . . ... ... ... ... ..

1.23. PCT sensor examples . .

1.24. Resonance Energy Transfer . . . ... .. ... ... .. ...
1.25. Calixarene based RET sensor . . . . . .. ... ... ... ..

3.1. Compound Overview . .

3.2. Synthesis of Crown Ether 1 . . . . . ... .. ... ... ...

3.3. Synthesis of Precursor 3a

N © 00 O O =~

14
15
17
17
18
19
19
20
23
23
24
25
26
27
28
29
30
30

43
44
45

Xi



List of Figures

Xii

3.4.
3.5.
3.6.
3.7.
3.8.
3.9.
3.10.
3.11.
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.

4.1.
4.2.
4.3.

5.1.
5.2.
9.3.
5.4.
5.5.
5.6.
5.7.
5.8.
5.9.
5.10.
5.11.

5.12.
5.13.
5.14.

6.1.
Al

Synthesis of Crown Ether 3 . . . . . ... .. ... .. .... 46
Synthesis of Precursor 4a . . . . . . . ... ... ... 47
Synthesis of Crown Ether4 . . . . . . ... ... ... .... 48
Synthesis of Precursor ba . . . . . . . ... .. ... ... ... 49
Synthesis of Crown Ether 5 . . . . ... ... ... ... ... 50
Synthesis of Precursor 6a . . . . . . . ... ... ... ... 51
Synthesis of Crown Ether 6 . . . . . . ... ... ... ... 52
Synthesis of Precursor 7a.. . . . . . . . .. .. ... ... ... 53
Synthesis of Crown ether 7. . . . . . . .. ... ... ... 54
Synthesis of Crown Forming Agent . . . . . . ... ... ... 55
Synthesis of Precursor 2a.. . . . . . .. ... ... .. ... .. 56
Synthesis of Precursor 2b . . . . . ... ..o Y
Synthesis of Precursor 2¢ . . . . . . . ... ..o 58
Synthesis of Crown Ether 2 . . . . .. ... ... ... .... 59
Crown Ether Synthesis: Step 1. . . . . . . .. ... ... ... 64
Crown Ether Synthesis: Step 2. . . . . . ... ... ... ... 64
Crown Ether 2: Additional steps . . . . . . . . ... ... ... 65
Additional receptors for measurement . . . . . . ... ... .. 68
Nitrogen lone pair upon complexation - comparison . . . . . . 69
Absorption KCI titration spectra for Crown Ether 4 . . . . . . 70
Double logarithmic Benesi-Hildebrand plot for Crown Ether 4 71
Absorption KCI Titration - Crown Ether 1 . . . . . . .. . .. 72
Absorption KCI Titration - Crown Ether 3 . . . . . . ... .. 73
Absorption KCI Titration - Crown Ether 4 . . . . . . . .. .. 74
Absorption KCI Titration - Crown Ether 5 . . . . . . ... .. 75
Absorption KCI Titration - Crown Ether 6 . . . . . . .. . .. 76
Absorption KCI Titration - Crown Ether 7 . . . . . . . . . .. 7
Absorption Absorption KCl titration spectra for Methoxyethoxy

Crown Ether . . . . .. .. ... 78
Absorption Absorption KCI titration spectra for Triazacryptand 79
Cross Sensitivity - Crown Ether 4 . . . . . ... ... ... .. 81
Fluorescence spectrometry - Crown Ether 7 . . . . . . . . .. 82
Outlook - Possible structures . . . . . . ... ... ... ... 86
'H-NMR spectrum of compound 1 . . . . . . ... ... ... 100



List of Figures

A.2. 'H-NMR spectrum of precursor 3a . . . . . . . ... ..... 101
A.3. '"H-NMR spectrum of crown ether 3 . . . . . . . . . ... ... 102
A.4. '"H-NMR spectrum of precursor 4a . . . . . . . . . . . . ... 103
A.5. 'H-NMR spectrum of crown ether 4 . . . . . . . ... .. ... 104
A.6. TH-NMR spectrum of precursor 5a . . . . . . . .. ... ... 105
A.7. 'TH-NMR spectrum of crown ether 5 . . . . . . . . . ... ... 106
A.8. 'H-NMR spectrum of precursor 6a . . . . . . ... ...... 107
A.9. 'H-NMR spectrum of crown ether 6 . . . . . . . .. ... ... 108
A.10.'H-NMR spectrum of precursor 7a . . . . . . . ... . .... 109
A.11.'H-NMR spectrum of crown ether 7 . . . . . . . .. ... ... 110
A.12.'H-NMR spectrum of Crown Forming Agent . . . . . . .. .. 111
A.13.'H-NMR spectrum of precursor 2a . . . . . . . .. ... ... 112
A. 14 'H-NMR spectrum of precursor 2b . . . . . . . ... .. ... 113
A.15.'H-NMR spectrum of precursor 2¢ . . . . . . . . . . .. ... 114
B.1. Crown Ether 1 - Zoomed response peak . . . . . . . . ... .. 115
B.2. Crown Ether 3 - Zoomed response peak . . . . . . . .. .. .. 116
B.3. Crown Ether 4 - Zoomed response peak . . . . . . . . ... .. 116
B.4. Crown Ether 5 - Zoomed response peak . . . . . . . . ... .. 117
B.5. Crown Ether 6 - Zoomed response peak . . . . . . . . ... .. 117
B.6. Crown Ether 7 - Zoomed response peak . . . . . . . . ... .. 118
B.7. Methoxyethoxy Crown Ether - Zoomed response peak . . . . . 118
B.8. Triazacryptand - Zoomed response peak . . . . . . . ... .. 119
B.9. Crown Ether 1 - Cross Sensitivity . . . . . . . ... ... ... 119
B.10.Crown Ether 5 - Cross Sensitivity . . . . . . . ... ... ... 120
B.11.Crown Ether 6 - Cross Sensitivity . . . . . . . . .. ... ... 120
B.12. Methoxyethoxy Crown Ether - Cross Sensitivity . . . . . . .. 121
B.13. Triazacryptand - Cross Sensitivity . . . . . . . . ... .. ... 121
C.1. Crown Ether 1 - Fluorescence . . . . . .. ... ... ... ... 123
C.2. Crown Ether 3 - Fluorescence . . . . . .. ... ... ... .. 124
C.3. Crown Ether 5 - Fluorescence . . . . . . . ... ... ... .. 124
C.4. Crown Ether 6 - Fluorescence . . . . . .. ... ... .. ... 125
C.5. Methoxyethoxy Crown Ether - Fluorescence . . . . . .. ... 125
C.6. Triazacryptand - Fluorescence . . . . . . . . .. ... .. ... 126

xiii






Part |I.

Introduction






1. Theoretical Background

The following section about luminescence is based on references [1, 2] and only
additional sources will be referenced separately.

1.1. Luminescence

Luminescence is a word used for the emission of infrared, visible or ultraviolet
light from an electronically excited species. The word “luminescenz” was first
used by Eilhardt Wiedemann in 1888 to be used for “all those phenomena of
light which are not solely conditioned by the rise in temperature”. In this case
the distinction between “cold light” caused by luminescence and “hot light”
caused by incandescence is essential. Compounds that exhibit luminescence
can be very different and are generally divided into three groups: organic
compounds (hydrocarbons, fluoresceins, coumarins, amino acids etc.), inorganic
compounds (lanthanide ions, doped glasses, crystals etc.) and organometallic
compounds (ruthenium complexes, lanthanide ion complexes, complexes with
chelating flourogenic agents etc.). Fluorescence and phosphorescence are two
particular cases of photoluminescence. Photoluminescence describes the process
of emitting photons as part of the de-excitation process. However there is a
variety of other processes that can occur when light interacts with matter (see
fig. 1.1). Once a molecule is excited by absorption of light it may return to its
ground state through fluorescence emission. However many other de-excitation
processes are also possible: internal conversion (direct return to the ground
state without fluorescence emission), intersystem crossing (may be followed
by phosphorescence emission), intermolecular charge transfer or conformation
change. These de-excitation processes can compete with fluorescence emission
granted they occur within a time-scale that is comparable to the time the
molecule stays in an excited state.
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Light-Matter
Interaction

Scattering Absorption
Luminescence
\ Fluorescence
elastic inelastic Photoluminescence <
(Rayleigh) (Raman, Electroluminescence Phosphorescence
Brillouin) Thermoluminescence
Chemiluminescence
etc.

Figure 1.1.: Processes of light-matter interactions

1.1.1. Absorption of UV-Visible Light

An electronic transition occurs when an electron of a molecule in its ground
state is promoted to an energetically higher unoccupied orbital. This process
is induced by the absorption of light. There are different kinds of orbitals
that can be distinguished by the nature of the bond it corresponds to. A o
orbital corresponds to a o-bond (either one s- and one atomic p-orbital or two
atomic p-orbitals overlapping) and a 7 orbital is formed by a m-bond (two
atomic p-orbitals overlapping laterally). Furthermore molecules may also posses
non-bonding electrons that are usually located on heteroatoms such oxygen
or nitrogen. The orbital of these non-bonding electrons is called n orbital. By
absorption of a photon with the appropriate energy an electron in a 7w orbital
can be promoted to an anti-bonding orbital 7* which is denoted with © — 7*.
The promotion of an electron in an n orbital to a 7* orbital is also possible and
is denoted n — 7*. Promoting a o electron to an excited state is energetically
much less favorable and is not considered here. The corresponding energy for
for these electronic transitions are in the following order:

no>rt<tToar <=1 <00 (1.1)
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All possible possible energy state transitions are depicted in fig. 1.2.

. 1 1
o I I
/
* LUMO 4|
/ / /
E [n HOMO
% L % L L
/ / / A
T % V % V V
/ / 1 A
o 2 % 2 1% %
ground state O—0o*f n—g* M—7m* n—*

Figure 1.2.: All possible electronic transitions

The most important orbitals in fluorescence and absorption spectroscopy are
called HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital). Both of these only refer to the ground state of
the molecule. Usually an electronic transition is the promotion of an electron
in the highest occupied molecular orbital to one of the unoccupied molecular
orbitals. When one of the electrons (with opposite spins) in a ground state
orbital is promoted to an unoccupied orbital of higher energy, its spin usually
remains unchanged. This results in a total spin quantum number of zero
(S = %; with s; = +3 or —3). The multiplicity M = 25 + 1 of both the ground
state and the excited state equal one which is called singlet state. Aside from
singlet-singlet transitions it also possible for an excited molecule to undergo a
conversion where the promoted electron changes its spin. Since in this state
there are two electrons with parallel spin the molecules spin quantum number
S is one which in turn means that its multiplicity M is three. This state is a so
called triplet-state as it exhibits three different states of equal energy. Hund’s
Rule says that the a triplet state is energetically lower than a singlet state. A
visual representation of a singlet state and a triplet state on an energetic level
can be seen in fig. 1.3.

The efficiency with which a molecule can absorb photons of a certain wavelength
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AE

- = 4

ground state singlet excited  triplet excited
state state

Figure 1.3.: Singlet state vs. triplet state

A is characterized by the absorbance A(\) or the transmittance T'(\). They are
defined as

AN = log% = —logT'(\) (1.2)

where I} is the intensity of a light beam entering the medium and I, the
intensity of the beam exiting the light absorbing medium. In many cases the
absorbance can be described with the Beer-Lambert-Law

A(N) =log—= = e(N)ed (1.3)

where as €(\) stands for the molar decadic absorption coefficient (usually
Lmol™' em™), ¢ is the absorbing species’ concentration (mol L) and d is the
thickness of the absorbing medium (cm). According to TUPAC? the decadic €())
is the “linear decadic absorbance divided by the optical path length through
the sample divided by the amount concentration”. Generally, a high €¢(\) means
a high absorption / attenuation at a certain wavelength.
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1.1.2. Forbidden Transitions

For absorption transitions there are two important selection rules that are
called spin-forbidden transitions and symmetry forbidden transitions.

Spin-forbidden transitions: While transitions between alike states like singlet-
singlet transitions or triplet-triplet transitions are allowed transitions between
different multiplicities are forbidden. However, there is a weak interaction
between different multiplicities’ wave-functions due to spin-orbit coupling. That
means that a singlet-state wave-function also contains a small part of a triplet
state wave-function and vice-versa. This results in a small however non-negligible
transition between singlet and triplet. Although the molar absorption coefficients
of these transitions are very small they can still be observed. Due to this spin-
orbit coupling intersystem crossing (see fig. 1.5) is possible. The efficiency of
this coupling increases with the atomic number of the partaking atoms which
results in heavy atoms being favorable for spin-forbidden transitions.

Symmetry-forbidden transitions: Symmetry can also be a factor for an electronic
transition being forbidden. However it is still possible to observe symmetry-
forbidden transitions due to molecular vibrations that depart the molecule from
perfect symmetry. This effect is called vibronic coupling.

1.1.3. The Franck-Codon Principle

The motions of electrons are much faster and rapid than those of atoms in a
molecule. This is according to the Born-Oppenheimer approximation.* It takes
around 1071%s to promote an electron to an anti-bonding orbital. This process
is very quick in comparison to the characteristic time for molecular vibrations
which is in the range of 10725 to 107'%s. The Franck-Codon principle is based
upon this circumstance. It is assumed that the transition of an electron occurs
without any positional changes of the atoms in a molecule. This is a so called
vertical transition and results in a Franck-Codon state. In fig. 1.4 the potential
energy curve is plotted as a function of nuclear configuration which can be
described as a Morse function. The width of an absorption band depends
on two factors: homogeneous and inhomogeneous broadening. Homogeneous
broadening is caused addition vibrational sublevels withing each electron state.
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E4 EA
1 @f—
0 0
0-0 transition 0-2 transition
nuclear configuration nuclear configuration
I4 1A

A A
Figure 1.4.: Top: Potential energy diagrams with vertical transitions. Bottom: Shape
of absorption diagrams

Inhomogeneous broadening is caused by changes an fluctuations in the solvent
shell of the molecule. These broadening effects also exist for emission spectra.

1.1.4. Radiative and Non-Radiative Transitions between
Electronic States

The Perrin-Jablonski diagram (fig. 1.5) is a great tool for visualizing the pro-
cesses between an electron’s initial excitation and return to ground state: photon
absorption, internal conversion, fluorescence, intersystem crossing, phosphores-
cence, delayed fluorescence and triplet-triplet transitions. The singlet electron
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states are denoted as Sy, S7 etc. and the triplet electronic states as T7 and Ts.

All electronic states posses additional vibrational energy levels. The vertical
arrows start at the lowest vibrational level of Sy as the grand majority electrons
are in this state at room temperature.

4
Sz ¥ IC
) { T2
IC 3 ISC
(
S, { ISC

T,
) N ] ¢
7 ( ( 3
{ } { {

S, Absorption Fluorescence Phosphorescence

Figure 1.5.: Perrin-Jablonski diagram

Internal Conversion and Vibrational Relaxation

Internal conversion (IC) is a non-radiative process occurring between two
electron states with the same spin multiplicity M. If the molecule is in solution
then the internal conversion is followed by vibrational relaxation to the lowest
vibrational level of the final electronic state. During vibrational relaxation
the excess energy can be transferred to surrounding solvent molecules. This
vibrational relaxation takes place in a time-scale of 1071%s to 107! s. Internal
conversion between S; and Sy is in theory possible however this process competes
with photon emission (fluorescence) and instersystem crossing from which
emission of photons (phosphorescence) may also occur. The smaller the energy
gap between two electronic states the more efficient is the internal conversion
process.
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1. Theoretical Background

Fluorescence

A S; — ) relaxation that is accompanied by the emission of photons is called
fluorescence. Apart from a few exceptions fluorescence always occurs between
St and Sy and is therefore independent of the excitation wavelength. Generally
the fluorescence emission is always at higher wavelengths and lower energy than
its excitation wavelength (Stokes rule). This is due to the loss of energy caused
by vibrational relaxation (see fig. 1.5). Contrary to the Stokes rule it is often
possible to observe a small overlap in absorption and emission bands. This is
due to the fact that at room temperature a small number of electrons occupy
vibrational levels higher than zero in the ground state and even in the excited
state. With lower temperatures this overlap of absorption and excitation bands
should minimize.

Intersystem Crossing

Intersystem crossing (ISC) is a non-radiative process between two vibrational
levels of the same energy that belong to different multiplicities. An example
for intersystem crossing is the transition S; — 7;, from the lowest vibrational
level in S; to the energetically equivalent vibrational level in 7},. Intersystem
crossing takes place in 107 s to 10~7s and competes with other de-excitation
processes such as fluorescence and internal conversion S; — Sy. Changing the
state of multiplicity M is in principle forbidden however the spin-orbit coupling
may be large so that intersystem crossing is still observed (see section 1.1.2).

Phosphorescence

There are two possible paths of de-excitation from the triplet state T;: ra-
diative transition (phosphorescence) and non-radiative transition. Typically
non-radiative transitions are favored however decreasing the temperature can
increase the amount of radiative transition. Furthermore the time an electron
stays in the T; state (lifetime) is considerably larger than the lifetimes in .S;.
This due the forbidden nature of the intersystem crossing process which makes
electron in 7T} become effectively “trapped” in this electronic state. Thus phos-
phorescence can be observed in significantly large time frames than fluorescence.

10



1.1. Luminescence

Also phosphorescence exhibits higher wavelengths than fluorescence due to T}
being energetically lower than 5.

Delayed Fluorescence

There are two ways how reverse intersystem crossing 7) — S can occur: Via
thermal activation or via triplet-triplet annihilation. When the energy difference
between T} and S; is low enough it possible for the electron to undergo reverse
intersystem crossing via thermal activation. Since this electron has resided in 7}
state for a significant amount of time the resulting fluorescence is delayed. The
efficiency of this thermally activated reverse intersystem crossing increases with
temperature. When the solution is of high enough chromophore concentration
a collision between two molecules in 7T} state can provide enough energy to
cause one of the excited electrons to undergo reverse intersystem crossing and
return to the S; state. This process is called triplet-triplet annihilation. The
resulting fluorescence is also delayed due to the electron’s prior residence in
T, state.

Triplet-Triplet Transitions

An electron in T} state can absorb photons of a different wavelength and
transition into a higher T), state. This is due to the fact that triplet-triplet
transitions are spin-allowed.

Table 1.1.: Luminescence: characteristic times

process characteristic time
absorption 10755

vibrational relaxation 10725 to 107105
lifetime of the excited state S; 107'%s to 107 7s
intersystem crossing 1079 to 10785
internal conversion 107 "s to 107 %s

lifetime of the excited state 7} 10 %sto 1s
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1. Theoretical Background

1.1.5. Intermolecular De-Excitation Processes

Aside from intrinsic de-excitation processes there are also intermolecular de-
excitation processes. A process that leads to a decrease in fluorescence is
generally referred to as quenching. There are several known intermolecular
processes which can lead to quenching such as photoinduced electron transfer
(PET), photoinduced proton transfer (PPT), formation of excimers / exciplexes
or collision with heavy atoms. It is important to realize that these processes do
not alter the chemical configuration of an excited molecule but rather quench
its luminescence. All quenching mechanisms can be divided into two categories:
static quenching and dynamic quenching. For describing the quenching mech-
anism the excited molecule is denoted as M and the quenching molecule as

Q.
Static Quenching

\\,

complex formatlon

ground state no emission

Dynamic Quenching

@@

energy transfer

excited state no emission

Figure 1.6.: Static vs. dynamic quenching

Static quenching takes place when the molecule M and the quenching
molecule () form a complex that shows no luminescence emission. This re-
sults in a reduction of the concentration of the fluorophore M which in turn

12



1.1. Luminescence

decreases the luminescence intensity. Static quenching can be mathematically
described as

01K (1.4)

with K, being the association constant of the M@ complex and [@Q)] being the
concentration of the quenching molecule ). In static quenching the lifetime of
the fluorophore stays unaffected.

Dynamic quenching describes the collision between the excited molecule M x
and the quenching molecule Q). It is therefore a diffusion rate controlled process.
During dynamic quenching the excited molecule M transfers its energy to the
quenching molecule () which causes the molecule M to return to its ground
state without photon emission. Since in dynamic quenching the rate constant
is time dependent both the fluorescence intensity and the lifetime are affected.
Dynamic quenching can be mathematically described as

2= ? =1+ Kgy[Q] = 1 + k,70[Q)] (1.5)

with k, being the bimolecular quenching constant, 7y the unquenched lifetime
of the fluorophore and Kgy being the Stern-Volmer constant. A Stern-Volmer
plot of both static and dynamic quenching as well as both combined can be
seen in fig. 1.7.

Photoinduced Electron Transfer

The photoinduced electron transfer (PET) is one of the mechanisms responsible
for fluorescence quenching. During this quenching mechanism the excited fluo-
rophore either accepts or receives an electron from a quenching molecule. Which
mechanism takes place is determined by the HOMO and LUMO orbitals respec-
tive to the same orbitals of the excited molecule. An electron rich quenching
with a higher LUMO than the excited molecule’s HOMO will donate an electron
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1. Theoretical Background

Io/T I/ Iy/1
To/T To/T To/T

[Ql [Ql [Ql

Figure 1.7.: Stern-Volmer plots - Left: dynamic quenching Middle: static quenching
Right: dynamic and static quenching

to the partially occupied HOMO of the excited molecule thus quenching its
fluorescence. Conversely, when the quenching molecule’s HOMO and LUMO
are both lower than their excited molecule’s counterparts the excited molecule
donates an electron to the lower lying LUMO of the quenching molecule. This
also quenches the excited molecule’s fluorescence.

excitation * uenchin o- ot
M ANANAND M +Q q—>g M7+Q

-+
O -
+ £ g

Figure 1.8.: Photoinduced electron transfer
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1.2. Host Guest Chemistry

1.2. Host Guest Chemistry

In 1987 Lehn, Cram and Pedersen won the Nobel prize for their leading
discoveries in supramolecular chemistry.® This kick-started the rapid developing
research field of supramolecular chemistry. The key component of optical ion
sensors is the receptor which belongs to an area of research that is called host
guest chemistry. Host guest chemistry describes the formation of a complex that
is formed between two ions or molecules through non-covalent binding. These
molecules / ions are held together because of their complementary structural
relationship. In the last few decades this concept has been applied numerous
times in a lot of different areas of research such as catalysis, sensors, electronic
devices, nanomedicine, functional materials etc..1° Usually the host moiety
is an organic molecule that provides a cavity and a binding site for the guest
component. The guest moiety can be any molecule or ion that can fit into
the cavity of the host and form a non-covalent binding relationship. Host
moieties are usually highly specialized molecules that are specifically designed
to accommodate only a specific type of guest compound. After the last few
decades an enormous amount of research effort has gone into this area and a
lot of different types of hosts have already been developed. Among those are
cyclodextrines,'! cyclophanes,'? calixarenes!® and crown ethers'# to name a
few.

OH

Figure 1.9.: Left: Cyclodextrine Middle: Calixarene Right: Crown ether

Since the interactions between host and guest are non-covalent there needs to be
some form of binding interaction between those in order to form a complex. Usu-
ally this includes coulomb forces in case of charged compounds, Van-der-Waals
forces for uncharged compounds or H-bonding for suitable molecules. Because
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1. Theoretical Background

of this non-covalent linkage by relatively weak interactions supramolecular ma-
terials have a reversible character which allows the association and dissociation
processes at low energy cost.'® Another important factor is the complexation
enthalpy and entropy which contribute to the solvophobic force.! Since guest
molecules are commonly solvated they are surrounded by a solvatation shell
of solvent molecules. In order for the guest to form a complex with the host
the former must lose its solvent shell which is accompanied by an increase
in entropy ASy. This change in entropy also contributes to a change in the
Gibbs free energy AG(. Usually the chance of a host-guest complex formation
decreases with increasing solvent polarity. This is due to the increased solvation
forces of the host molecule.”

The stability of a host-guest complex can be described with stability constant
K. This constant is defined by a simple equilibrium equation between the host
H, the guest G and the host-guest complex HG.

H+ G — HG (1.6)
. ma,
K= G0 (L)

Another very useful constant is the dissociation constant K, which is the inverse
of the association / stability constant K.

Ky = tcalle (1.8)

The benefit of this transformation is the fact that similarly to the pKs it directly
correlates to a guest concentration [G]., when [l[f(}ﬁzq equal one. Hence K is
a great value to compare different complexation affinities of host-guest pairs.
K4 can be determined via titration of the host with guest molecule followed by
detection of the complexed and the uncomplexed compound. This can be done
via a variety of measurement methods such as measurement of electrochemical

potential,'® mass spectroscopy,' NMR and UV-VIS spectroscopy.?’
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1.2. Host Guest Chemistry

1.2.1. History of Crown Ethers and Crown-type Ligands
Crown ethers

The first synthetic ionophores were described by Pedersen®! which were simply
denoted [18]-crown-6 and dibenzol[18]-crown-6 as in contrast to their cumber-
some IUPAC names (see fig. 1.10). “dibenzo” stands for the benzene moieties
annexed to the ring while “[18]” stands for the number of ring atoms. The class
is specified as “crown” and is followed the number of heteroatoms in the the
ring - in this case “6”. Nowadays the above mentioned Pedersen nomenclature®?
is universally accepted and serves as a rough description of cyclic polyethers in
which the oxygen atoms are typically separated by ethano bridges.

K\

SR
@) @) 0 0
L J O, JO
@) 0] X o o
K/O\) K/O\)
Figure 1.10.: Left: [18]-crown-6 Right: dibenzol[18]-crown-6

Since then there have been constant research activities around crown ethers
(coronands). These research efforts resulted in a large variety of crown ethers
that vary in size, distribution and type of heteroatoms.

-~ » o

d o N
¢ ° 9 = =S
o} O NH HN
e o0 SRS

Figure 1.11.: Various types of crown ethers
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1. Theoretical Background

Crpytands

The bridging of classical monocylic crown ethers with an additional oligoether
chain produced a new bicyclic type of ligand.?® Their discoverer, Lehn, named
them “cryptands” (greek word cryptos = cave) to describe their topological
shape.?* A conventional cryptand consists of two bridgehead nitrogen atoms
which are connected to three oligooxa chains that can vary in length and
number of donor moieties. A simple notation is used to describe cryptands: it
is derived from the number of bridges and oxygen donor atoms in each bridge.
Thus the term “[2.2.2]cryptand” is used for the most common member of the
cryptand family which is depited in fig. 1.12. Various forms of cryptands have
since been synthesized such as nitrogen-lacking cryptands,?® sulfur analogous
crpytands®® or crpytands with heteroatomic rings as replacement for donor
sites.?”

o/_\o
é: o O_?}

N
Lo o
/

Figure 1.12.: The structure of a [2.2.2]-cryptand

Podands

“Podand” is a term used for open-chain crown type compounds and cryptands.
The first open-chain crown compound with glyme-like structure (glyme =
oligoethylene glycol dimethyl ethers) was the bis(quinoline)oligo-ether.?® In
comparison to its cyclic counterparts isolation of stochiometric alkali and earth
alkali metal complexes were easily obtained. This podand is commercially
available as “Kryptofix-5”. It contains two quinoline residues at both ends of
a glyme polyether moiety.

This construction principle is based on stiffening the polyether chain with rigid
terminal end groups. A variety of end groups can be incorporated to modify

18



1.2. Host Guest Chemistry

o™
Co)
O O
N N
e N
NS /
Figure 1.13.: Kryptofix-5 - A common podand

the “stiffness” of the polyether chain. Besides 8-quinoline, 2-methoxyphenol,
2-nitrophenol and salicyclic ester have proven to be particularly good donor
end groups. This donor end-group concept? was then combined with the
cryptand idea which resulted in the synthesis of three- and four-armed open
chain cryptands.®® Overall, podands comprise all ligands that possess an open-
chain oligoether moiety or consist of chains bearing heteroatoms in a particular
arrangement.

Podandocoronands

The class of “podandocoronands” (also known as lariat ethers) is a structural
borderline case of all three ligands classes described in this section. The idea
behind podandocoronands was to combine some of the individual features of
the other ligand types.3! The donor-active side arms dictate whether a spherical
cryptand-type structure or a two-dimensional crown ether type structure is
favored.

o’ 0 \
7 o S
<O O 03 )<O O Oj

O 0} (0] H3C O o 0]
Figure 1.14.: Podandocoronads - The additional sidearms increase the complex sta-
bility with alkali- and earth alkali cations
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1. Theoretical Background

Oxocrowns and Sperands
The principle of oxocrowns®? was based on incorporating functional groups
as donors. Despite the absence of ether oxygen atoms oxocrowns retain their
crown ether properties and thus their complexation properties. In spherands
donor groups are attached to a rigid framework which results in a spherical
complex arrangement.?® They are counted among the most rigid arrangements
of donor groups.

O O
O O

Figure 1.15.: Left: Oxocrown. Right: Spherand

1.2.2. Properties of Crown Ethers
Hydrophilicity / Lipophilicity

Crown ethers and all other crown-type ligands consist of a series of lipophilic
(alkyl chains / methylene groups) as well as hydrophilic groups (ether oxygen,
nitrogen atoms etc.). Thus their behavior in a hydrophilic medium is very
similar to that of a (molecular) fat droplet in water. The hydrophobic moieties
are centered inwards while the hydrophilic structures are arranged at the outer
edge of the molecule. Conversely, this polarization is shifted in a lipophilic
medium. The lipophobic moieties are then shifted toward the molecular center
while the lipophilic groups are arranged at the outer edge of the molecule. The
crown then behaves like a (molecular) water droplet in oil. While the lipophilic
interior is too small for the complexation of a lipophilic guest the hydrophilic
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1.2. Host Guest Chemistry

electronegative cavity is perfectly suited to accommodate alkali and earth alkali
metal ions provided the sizes are compatible.?*

1.2.3. Crown Ethers as Cation Receptors

The high selectivity of crown ethers towards cations can be based on the
spatial fit concept which describes the relationship between the diameter of the
uncomplexated ion and the diameter of the (hydrophilic) crown ether cavity.
In case of the ion being too big or too small for the crown ether cavity the
noncovalent binding forces between the crown ether’s heteroatoms and the
ion are not optimal thus resulting in lower complexation rates and stabilities.
Therefore it is important to match the crown ether cavity diameter and the ion
diameter accordingly to achieve the optimal complexation interaction. Spatially
less fitting cations may be tolerated within certain limits, for example by moving
the cation out of the ring plane or small deformation of the ring itself. For drastic
diameter discrepancies for example the cation diameter being a lot bigger then
the cavity diameter or vice versa sandwich complexes (2:1 stochiometry) and
two-nuclei complexes (1:2) can be formed. Measured complexation constants
confirm the excellent fit of K™ for the 18-crown-6 ring.** However, as can be
seen in table table 1.2 the ammonium ion NH," possesses almost the same ion
diameter as the K ion. This possible cross-sensitity will be briefly discussed in
section 1.2.3.

To distinguish between different cations from each other a crown ether has to
have differences in their respective complexation stabilities. This discrimination
ability towards different cations is expressed in their respective stability con-
stants K, which is defined by the law of mass equilibrium of the complexation
reaction and is always based on a specific solvent.?> If a crown ether displays
a high selectivity for several ions (similar of size and charge) but for another
group of ions the selectivity is lower one speaks of “plateau selectivity”?* In
another case when crown ether clearly distinguishes all foreign ions (irrespective
of size and charge) it is called “peak selectivity”. Generally one can expect
spatially rigid crown ether with a well defined cavity to show peak selectivity
behavior.
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1. Theoretical Background

Table 1.2.: Uncomplexated ion and crown ether cavity diameters
O
o (Y 5L LT
Cutl e S C e ) Lo
o0 O 0 0 & \)
/ _o_J o9

12-crown-4 15-crown-5 18-crown-6 21-crown-7

cation cation diameter [A] crown ether cavity diameter [A]

Li* 1.36  [12]crown-4 1.2-1.5
Na™ 1.90 [15]crown-5 1.7-2.2
K* 2.66  [18]crown-6 2.6-3.2
NH," 2.68

Cs* 3.38 [21]crown-7 3.4-4.3

The Concept of Donor-Site Variation

The cavity geometry is not the only factor playing a big part in complexation
selectivity.®* An example for this is the incorporation of (soft) sulfur atoms
which enhances the complexation of transition metal ions such as Ag’ and
simultaneously hinders that of alkali metal ions. On the other hand nitrogen
plays a mediator role increases the complexation stability of transition metal
ions while not drastically decreasing the complexation of alkali metals (see
fig. 1.16 for comparison of K values). Nitrogen incorporated in the form a
pyridine unit seems to favor the complexation of Na® over K*.3637 Another
example are carbonyl groups of esters and amides which show an affinity
towards earth alkali metal ions (Ca®*, Sr*"). This is in agreement with the
higher electrostatic attraction between a twice positively charged ion and the
electronegative center of this carbonyl group.3%39

Kinetics and Dynamics of Complexation

The kinetics of complexation are an important factor in understanding the
stability and selectivity of crown ether complexes. Complexation and decom-
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1.2. Host Guest Chemistry

SN NS DR
Ligand E& oj] E(t sjj E& oj] [‘L U]
K+l 6.10 1.15 3.90 2.04
Agtlt] 1.60 4.34 3.30 7.80

[a] = in metanol, [b] = in water
Figure 1.16.: A comparison of log K, values of K and Ag™ of 18-crown-6 and its

sulfur and nitrogen analogues*’

plexation in a system composed of ligand, metal and cation can be described
by

. k¢ .
Ms—c')_lvated + ngandsolvated k—r [M+L1gandsolvated] (19)

with k; being the rate of complex formation and £, the rate of decomplexation.

These two rate constants are directly connected with each other through the

stability constant K, = ’;—f

— . Y
O (@) o E O
o/ o/

Figure 1.17.: 18-crown-6 complexation of a potassium ion

The process of metal complex formation generally is very fast. However complex
formation is not a simple one step reaction between ligand and cation*' and
is often proceeded by conformation changes of the ligand and changes in the
solvatation shell of the ion and within the ligand cavity. A low cation binding
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1. Theoretical Background

energy, ligand flexibity and a not too high complex stability favor fast exchange
rates. Therefore some of the most stable cryptands bind cations very strongly
while also releasing them only slowly.*? This is because cryptands envelop the
cation three-dimensionally which causes the access of the solvent to be limited.
Crown ethers form two-dimensional complex structures and can provide a
suitable balance between complex stability and exchange rates / reversibility.*?
A comparison of the complexation kinetics of a crown ether and a cryptand
can be found in table 1.3.

99 G
v -

O (o_ N
C _) oo~
O O
0 0 (@] 0‘5
‘/_O O_\) ‘;\l_ ﬁN)
N N _—
o o S—o0 o0~

Figure 1.18.: Top: Lariat ether Bottom: Cryptand

Table 1.3.: Complexation and decomplexation rates of 18-crown-6 and [2.2.2]-
cryptand compared (KCI in Hy,O)

Ligand ky mol=ts™t k. st K, mol™! log K,
18-crown-6 4.8 x 108 3.7 x10% 115 2.06
2.2.2-cryptand 7.5 x 10° 38 2.0 x 10> 5.3

Lariat ether are modeled to be flexible and dynamic when unbound while
also incorporating an enveloping character while complexated (fig. 1.18). Bind-
ing constant studies showed clearly that through introduction of a side arm
with appropriately placed donors the equilibrium constants were significantly
increased.®! Another important factor for complexation is the topology. For
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1.2. Host Guest Chemistry

example, the smallest molecular cation NH," is very similar to K™ in size* (see
table 1.2). However there is clear difference in charge distribution between those
two. While the charge distribution for K is obviously uniform and spherical the

charge distribution of the ammonium ion is tetrahedral accord to its geometry.

For 18-crown-6 there is clear difference in selectivity and complexation strength
between a potassium ion and an ammonium ion. This is due to one of the

hydrogen atoms being out of the planar binding plane of a simple 18-crown-6.

It is however possible to coordinate the hydrogen out of plane using cryptands
or lariat ethers. These ligand types form three-dimensional complex structures
and thus can also bind the fourth hydrogen atom efficiently.

\Q/\

' '“OW (—orr\o—\j
¥O H O_) &O H O_/

Figure 1.19.: NH," complexation - Left: planar 18-crown-6 Right: three-dimensional
lariat ether
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1. Theoretical Background
1.3. Concepts of Sensors

1.3.1. Fluorescent PET Cation Sensors

Sensors of this particular type have been extensively researched and stud-
ied.*>19 The attachment of a functional group (PET-group) can initiate a redox
process between the excited fluorophore and the PET-group thus quenching
the fluorophore’s fluorescence.

A

LUMO jL LUMO jL

4H— HOMO >

HOMO jﬁé HOMO jL
<H— HOMO

free receptor

B occupied receptor
L ¢
—

strong fluorescence

weak fluorescence

Figure 1.20.: Sensor utilizing PET to increase its fluorescence upon complexation

Usually the receptor acts as donor (e.g. amino group) and the fluorophore is the
acceptor. During excitation of the fluorophore an electron is promoted from the
HOMO to its LUMO. This enables an uncomplexed receptor to donate one of
its electrons in the HOMO to the partially occupied HOMO of the fluorophore.
Since radiative de-excitation of the excited fluorophore electron to its ground
state is not possible it undergoes the non-radiative process of back electron
transfer (BET) to the singly occupied receptor orbital. This in turn results
in an effective quenching of the fluorescence. Upon binding of a cation the
HOMO of the receptor is lowered so that it is lower in energy than that of the
fluorophore. PET is not possible anymore and the can fluorophore de-excite
radiatively thus emitting fluorescence. Usually a PET sensor’s cation receptor
is based on aliphatic or aromatic amines that can act as quenchers. A large
variety of PET based sensor system have already been proposed ranging from
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1.3. Concepts of Sensors

simple anthracene fluorophore® to more sophisticated and tunable BODIPY
fluorophores.!

Y

Figure 1.21.: PET sensors - Left: Anthracence fluorophore®® Middle: Lariat ether
fluorophore®? Right: Tunable BODIPY fluorophore®!

1.3.2. Fluorescent PCT Cation Sensors

Aside from electron transfer (PET) fluorophores can also undergo photoinduced

charge transfer (PCT). A fluorophore that contains an electron donating (e.g.

amino group) and and an electron withdrawing group conjugated to it it can
undergo intramolecular charge transfer when excited by photons. This results in
a change of the dipole moment and consequently also a Stokes shift depending
on the microenvironment. This effect can also be utilized in polarity probes.?
Furthermore it can be expected that a cation that is in interaction with a
donating or accepting moiety also affects the photophysical properties of the
fluorophore. When a cation interacts with a donating group of a fluorophore

such as an amine at reduces the electron donating character of said group.

This results in lowering of the HOMO which in turn causes a blue shift in the
absorption spectrum due to the higher energy difference between donor and
acceptor orbitals. Conversely, an interaction of a cation with the accepting
group reduced its electron-withdrawing character even more. The result is a
lowering of the LUMO orbital thus reducing the energy needed to promote

an electron. A red-shift in the absorption spectrum can then be expected.

Generally, the fluorescence spectra are also shifted in the same directions as
the absorption spectra. However the fluorescence shifts are much smaller than
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1. Theoretical Background

those in the absorption spectra. This can be explained by the fact that a
charge transfer makes an electron donating group more positively polarized.
A disruption in the bond between cation and receptor can be the result thus
breaking the coordination bond between both. Since the complex between
receptor and cation then is not or barely present anymore the fluorescence is
only slightly effected and the shift is much weaker than that of the absorption
spectrum. Obviously a photoinduced de-complexation can only be possible of
the time for the total release of the cation is lower than the lifetime 7 of the
excited state.

Interaction with Donor Group

T 5

hypsochromic shift

Interaction with Acceptor Group

bathochromic shift

Figure 1.22.: PCT sensors - Spectral shifts due to interactions of electron withdrawing
and donating groups with cation

1.3.3. Fluorescent RET Sensors

Resonance Energy Transfer is a non-radiative energy transfer between a donat-
ing and an accepting molecule. Often the term FRET (Fluorescence Resonance
Energy Transfer) is used, however this term is incorrect since it is not flu-
orescence that is transferred. This type of energy transfer can occur if the
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//\0’3 NG
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Figure 1.23.: PCT sensors - Various examples of PCT based sensors in which the
donor group interacts with the cation

)

emission spectrum of the donor overlaps with the absorption spectrum of the
acceptor. The spectral overlap implies that the donor possesses several vibronic
transitions which have the same energy as the transitions of the acceptor - they
are thus in resonance with each other (fig. 1.24).

RET can arise when an excited state donor interacts with an acceptor molecule
which returns the donor to its ground state and the emission may arise from
the acceptor molecule. The efficiency of RET generally depends on the three
factors: distance between donor and acceptor, spectral overlap of donor and
acceptor and the relative orientations of the emission dipole moment of the
donor and the acceptor absorption moment.? One example of a RET based
sensor is the calixarene based Na® sensor developed by Jin.**

In the depicted FRET sensor (see fig. 1.25) the emission spectrum of the
pyrene group (donor) overlaps with the absorption band of the anthroyloxy
group (acceptor). Upon complexation of a Na™ ion the emission intensity of
the anthroyloxy group increase 10-fold confirming an effective energy transfer
between the (complexating) ligands. This increase in emission intensity can
be explained by the donor and acceptor substituents moving closer in distance
upon Na* complexation. This allows for a more efficient energy transfer as
this mechanism is distance dependent. Other RET sensor system such as the
utilization of gold nanoparticles using linked recognition molecules such as
proteins or nucleic acids have also been proposed.®® Additionally, RET based
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1. Theoretical Background

Donor Acceptor
] ]
| I | I

abs. em. abs. em.

A*

D A i A

Figure 1.24.: RET - Left: Overlap of absorption and emission spectra between donor
and acceptor Right: Resonance transitions between donor and acceptor

2

et ;
R1 =)J\O Rs= O O

Ri Ro Ry Ra 0.

Figure 1.25.: RET sensor - Calixarene based RET sensor with donor (R;) and
acceptor (R4) moieties

system or often used as a molecular ruler®® for detecting structural changes in
peptides.
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1.4. Determination of Stability Constants

One of the most important characteristics of a supramolecular complex is
its complex stability. Therefore the right choice of method to determine this
stability constant K is of high significance. The first step towards determining a
stability constant is to understand how a typical equilibrium in supramolecular
chemistry is defined. For the simple case of a 1:1 host-guest stochiometry the
equilibrium can be described as

K= (1.10)

with [HG] being the concentration of the host-guest complex, [H] being the
free host concentration and [G] being the free guest concentration. Often Kj is
also often substituted with K, which stand for association constant. In this
case K, = kka with k; being the forward (formation) rate constant and k_;
being the backwards rate constant. For a typical 1:1 host-guest system the
equations

[H]o = [H] + [HG] (1.11)
Glo = [G] + [HG] (1.12)

describe the mass balance between host, guest and host-guest complex. If [HG]
was known the remaining concentrations could be determined and thus K could
easily be obtained by using eq. (1.10). Unfortunately it is generally not possible
to determine [H G| in supramolecular compelx chemistry experiments. However,
there a few accurate methods to indirectly determine [HG] and thus K via
titration experiments. Usually this is done by keeping the host concentration
[H] constant while varying the guest concentration [G]. During the process of
this titration the physical properties of the measured system change and are
monitored (commonly via spectroscopy). This change can then be plotting
as function of guest added to host. The resulting titration curve is generally
referred to as binding isotherm. This binding isotherm can the be fitted with a
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1. Theoretical Background

mathematical model based on the (assumed) equilibrium to calculated K. The
mathematical models are generally bases on the idea that a change in [HG|
(and therefore also [H] and [G]) will induce a change in the physical properties
AY of the medium.

Y =Yy[H|+ Ye|G] + Yuc|HG] (1.13)
Y =Yufu+Yefc+ Yucfuc (1.14)

When combining eq. (1.14), egs. (1.11) and (1.12) with the equation for the
stability constant (eq. (1.10)) the general binding isotherm for a 1:1 host-guest
system is received.

K,[G]
= _ %74 1.15
fre =17 K,[G] (1.15)
Furthermore, assuming frqg = %, eq. (1.15) can also be written as
[H]oK,|G]
HG) = ——— 1.16
[HG] 1+ K,[G] (1.16)

It is not uncommon to have non-absorbing guest [G] which is also referred
to as silent guest. This circumstance can be used to simplify eq. (1.14) by
substituting [H]o = [H] 4+ [HG] as well as fyg = % The resulting equation

can be simplified further to

= Yanc ([HG]) (1.17)
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1.4. Determination of Stability Constants

This is the general equation for a change in the mole fraction depending on the
physical property Y during titration. Conversely, if the change of AY is based
on absolute concentrations eq. (1.13) can similarly be rearranged to yield

AY = Yanc ([HG]) (1.18)

Those two equations (egs. (1.17) and (1.18)) are the basis which can be used to
calculate the two unknown parameters (K, and Yagg) from the two known
parameters [H]p and [G]p. This is done via a non-linear regression of the
experimental data. For non-linear regression a computer algorithm guesses
values for K, and Yape until the desired fit between the experimental data
and eq. (1.18) is obtained. Various technique specific equations are directly
derived from eqs. (1.17) and (1.18).575

NMR: Changes upon titration

Abd = dana (%) (1.19)

UV-Vis: Changes upon titration
AAgps = eanc ([HG)) (1.20)
Fluorescence: Changes in fluorescence of host-complex (no dynamic quenching)
AFpps = kanc ([HG]) (1.21)
Calorimetry: Heat of transformation upon titration

Q =AHpuqcV ([HG)) (1.22)

There are also various ways how to transform the aforementioned equations and
expressions can be transformed into linear equations that can then be plotted to
obtain K via the the knowledge slopes and intercepts. Although these methods
have some drawbacks such as distorting the experimental error through linear
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1. Theoretical Background

regression®®! or implementing assumptions such as [G] = [G]y they are still

widely used as they can be utilized without the use of advanced computer based
algorithms. Among those methods are the popular Benesi-Hildebrandt plot®?
(known as Lineweaver-Burk plot® in enzyme kinetics), the Scott / Hanse-Woolf
transformations®%% and the Scatchard plot.5

Benesi-Hildebrandt plot / Lineweaver-Burk plot:
SN (1.23)
fua K, [G] '

1 1 1
= + 1.24
AY  YancK.G] = Yanc (1.24)
Scott / Hanse-Woolf transformation:
G] 1
— =G+ — 1.25
iite ] K, (1.25)
G] 1 G]
= — 1.26
AY ~ YanoKa | Yo (1.26)
Scatchard plot:
Jne = K, — Kofne (1.27)
G]
AY

1.4.1. NMR Titrations

H!-NMR counts among the most informative techniques for most situations.
Not only can an NMR titration give quantitative information but the relative
shifts and the symmetry changes can give information about the interaction
between host and guest as well as the stochiometry of the reaction. For a
classical NMR titration experiment it is assumed that the resonance of interest
is a weighted average between the free host H and the host-guest complex
HG. That is assuming the simple case of a 1:1 host-guest stochiometry. A
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1.4. Determination of Stability Constants

modern NMR-instrument can obtain good quality spectra in the sub-millimolar
concentration range.®” The real limiting factor for NMR titration experiments
are the rate constants k; and k_; between the host and guest and the time
scale of the NMR experiment.

1.4.2. UV-Vis Titrations

Another very common titration technique in supramolecular chemistry is the
UV-Vis titration technique. With this method, even concentrations down
to 107" mol can be measured granted the right chromophore is used. The
concentrations ranges must lie within a region where the absorption peaks of
both guest and host are within the limits of the Lambert-Beer law. Usually this
means absorption peaks between 0.3 A to 1 A. It is also desirable that the added
guest does not have an absorption of its own in the region of interest. This is
usually the case for simple host-guest complexes with cations and anions added.
Additionally, there has to be a noticeable change in the molar absorptivity (¢)
upon complexation. UV-Vis titration is particularly sensitive to impurities as
well as dilution effects and temperature changes.5”

1.4.3. Fluorescence Titrations

The third most popular technique is fluorescence spectroscopy. Especially
notable is this technique’s outstanding sensitivity which makes it possible to
determine concentrations down to the nanomolar range. This makes fluorescence
spectroscopy particularly well suited to determine large K (or very small Kj)
values. For a suitable linear response it is necessary that the absorbance at the
excitation wavelength does not exceed 0.05 A. Above this absorbance value the
fluorescence response F' is not linear anymore. This is due to the absorption of
the excitation light before it can reach the heart of the cell where the emission
is detected. Therefore the concentrations used or the excitation wavelengths
have to be adjusted to keep the absorbance below the mentioned target value.
Fluorescence is especially useful when there is only one fluorescent species in
the system. This is the case when either the host or guest are “silent” / inactive
and the other remaining species’ fluorescence is turned “oftf” (quenched) or “on”
upon complexation.
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1. Theoretical Background

1.4.4. Other Titration Techniques
There are also other titration techniques such as ESI / MS based titration'® or

caliorimetric titration'®%” which will not be discussed in more detail in this

thesis.
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Part II.

Experimental
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2. Materials and Methods

2.1. Chemicals

All chemicals and solvents that were used during the experimental work for
this thesis are listed in table 2.1.

2.2. Nuclear Magnetic Resonance Spectrometry

The 'H-NMR spectra were measured using a Bruker AVANCE III (300.36
MHz) equipped with an autosampler. As reference for the chemical shifts either
the signal of the deuterated solvent itself or the (in the deut. solvent premixed)
standard Tetramethylsilane was used. For analysis of the record NMR spectra
the software MestReNova NMR was used.

NMR solvents:

Chloroform D: + 0.03 % TMS, 99.80 % D, supplier: Eurisotop

2.3. Mass Spectrometry

The mass spectra to check reaction yields and products were performed using
an Advion expression L mass spectrometer. The device was used in APCI mode
with default preset.
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2. Materials and Methods

2.4. Absorption Spectra

The absorption spectra were measured using a Varian cary 50 conc UV-Vis
spectrometer. The cuvette used was a precision cell of quartz glass by Hellma
Analytics (type 100-QS 10mm, art. no. 100-10-40). All spectra were recorded in
“fast” mode and the spectra were baseline corrected by a sample containing
only solvent (blank sample).

2.5. Emission and Excitation Spectra

The emission and excitation spectra were recorded using a Hitachi-F7000
spectrofluorometer. The cuvettes used were high precision cells by Hellma
Analytics (type 100-QS 10mm, art. no. 100-10-40). The software used to operate
the spectrofluorometer was the company’s own Fluorescence software.

2.6. Thin Layer Chromatography (TLC)

For thin layer chromatography, TLC plates from Merck (silica gel 60, F254) were
used. The eluent was varied depending on the product. For detection a UV lamp
(A=254 nm and A=366 nm) was used. Additionally, standard staining agents
were occasionally used to highlight and indicate certain functional groups.

2.7. Flash Column Chromatography

The silica gel used for packing the columns was purchased from Roth (0.04-0.063
mm, 60 A). The amounts of silica used for separating the products were varied
depending on the separation difficulty. Generally, a silica amount of 80-100
times the weight of the crude product was used for preparative flash column
chromatography. During eluation a polarity gradient was applied to improve
the separations of the products.
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2.7. Flash Column Chromatography

Table 2.1.: List of all chemicals used -g
Name CAS Supplier g
N,N-bis-(2-hydroxyethyl)aniline 120-07-0 TCI 463
2-Methylbenzenamine 95-53-4 TCI E
2-Methoxybenzenamine 90-04-0 TCI -
2-Chlorobenzenamine 95-51-2 TCI c
2-Methoxy-6-methylbenzenamine 50868-73-0 TCI ®
Anthrilic acid 118-92-3  Aldrich =
p-Anisidin 104-94-9 TCI e
2-Methoxyethyl chloride 627-42-9 TCI 3
2-Nitroresorcinol 601-89-8 TCI ©
2-Bromoethanol 540-51-2  TCI =
Tetraethylenglycol 112-60-7  Aldrich .
Tosylchloride 98-59-9 TCI AN
TRIS 77-86-1 Roth
KOH 1310-58-3 Merck
NaH 7646-69-7 TCI
Fe (powder) 7439-89-6 Merck
HCI, 37% 7647-01-0 VWR
CaCOg 471-34-1 Merck
KI 7681-11-0 Roth
KCl 7447-40-7 Roth
NH,CI 12125-02-9  Aldrich
MgCl, 7786-30-3 Roth
NaCl 7647-14-5 VWR
CaCl, 10043-52-4 Roth
LiCl 7447-41-8 LiCl
Tetrahydrofurane 109-99-9 Roth
Ethanol 64-17-5 Fisher
Dimethylformamide 68-12-2 Roth
Methanol 67-56-1 VWR
Dichloromethane 75-09-2  Fisher
Cyclohexane 110-82-7 VWR
Ethyl acetate 141-78-6 VWR
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3. Synthesis

3.1. Crown Ether 1

NaH (\O/ﬁ

0 0
HO _ -~ ~—~_-OH %g)fox,Ofo\,C()jé) “ [
@ THF, reflux N

e

1

)

Figure 3.2.: Synthesis of Crown Ether 1

N,N-Bis(2-hydroxyethyl)aniline (1.00 g, 5.52 mmol) was dissolved in 60 mL
THF. NaH (827 mg, 40 wt%, 2.5 eq) was added carefully while stirring and
using an ice bath to control the solution’s temperature. The mixture was then
heated to reflux. 1,17-ditosyl-3,6,9,12,15-pentaoxaheptadecane (2.77 g, 5.52
mmol, 1.00 eq) was dissolved in THF and slowly added to the solution while
stirring. The mixture was then stirred for 4 h at reflux. The product was
purified by column chromatography (silica) using ethyl acetate as eluent.

Yield: 450 mg (24 %)

"H NMR (300 MHz, Chloroform-d) § 7.20 (t, 2H), 6.80 — 6.60 (m, 3H), 3.73 —
3.55 (m, 24H).
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3.2. Crown Ether 3

3.2. Crown Ether 3

3.2.1. Synthesis of Precursor 3a

Catos HO._~ ~_ OH
NH
2 HO/\/Br N
O ONG
H>0, 80°C
3a

Figure 3.3.: Synthesis of Precursor 3a

2-Methoxy-6-methylaniline (1.00g, 7.29 mmol) was mixed with 2-Bromoethanol
(2.73 g, 21.87 mmol, 3 eq) and CaCOj3 (1.46 g, 14.58 mmol, 2 eq) in purified
water and stirred at overnight at 80°C. The mixture was filtrated and the
solid phase washed with DCM. Sat. NaCl (brine) was added to the H,O phase
and extracted with DCM (3x). The organic phase was dried over NaSO, and
evaporated. Purification by column chromatography (silica): ethyl acetate as
eluent.

Yield: 1.24 g (76 %)

"H NMR (300 MHz, Chloroform-d) § 7.10 (t, J = 7.9 Hz, 1H), 6.80 (dd, J =
20.0, 8.0 Hz, 2H), 3.87 (s, 3H), 3.51 (d, J = 29.1 Hz, 4H), 3.30 - 3.13 (m, 6H),
2.33 (s, 3H).
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3. Synthesis

3.2.2. Synthesis of Crown Ether 3

) @)
@)

NaH
HO\/\N/\/OH QC%)/\O'\O/*O'\,OOé)@\ [

\@/O\ Q
THF, reflux (N

Figure 3.4.: Synthesis of Crown Ether 3

2,2’-((2-methoxy-6-methylphenyl)azanediyl)bis(ethan-1-ol) (250 mg, 1.11 mmol)
was dissolved in dry THF and transferred into a Schlenk under Ar atmosphere.
NaH (111 mg, 2.77 mmol, 60 wt%, 2.50 eq) was slowly added while stirring. After
addition of NaH the solution was stirred for 30 min. 1,17-ditosyl-3,6,9,12,15-
pentaoxaheptadecane (558 mg, 1.11 mmol, 1 eq) was dissolved in dry THF and
slowly added to the solution while stirring. The solution was stirred for 3 h at
reflux. Afterwards, the solution was filtrated and the organic solvent evaporated.
The product was extracted with DCM /brine (3x) and the organic solvent was
again evaporated. Purification via column chromatography (silica): MeOH in
DCM (0-5 v%) as eluent.

Yield: 70.0 mg (16 %)

'H NMR (300 MHz, Chloroform-d) & 7.02 (t, J = 7.9 Hz, 1H), 6.73 (dd, J =
23.4, 7.9 Hz, 2H), 3.79 (s, 3H), 3.74 — 3.13 (m, 24H), 2.34 (s, 3H).
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3.3. Crown Ether 4

3.3. Crown Ether 4

3.3.1. Synthesis of Precursor 4a

CaC0s HO OH
NH» Br ~ N N
ol H o/\/
Cl
H-0, 80°C
4a

Figure 3.5.: Synthesis of Precursor 4a

2-Chlorobenzenamine (1.00g, 7.84 mmol) was mixed with 2-Bromoethanol
(3.92 g, 31.36 mmol, 4 eq) and CaCOj3 (2.35 g, 23.52 mmol, 3 eq) in purified
water and stirred at overnight at 80°C. The mixture was filtrated and the
solid phase washed with DCM. Sat. NaCl (brine) was added to the H,O phase
and extracted with DCM (3x). The organic phase was dried over NaSO,4 and
evaporated. Purification by column chromatography (silica): ethyl acetate as
eluent.

Yield: 637 mg (38 %)

'H NMR (300 MHz, Chloroform-d) § 7.40 (d, 1H), 7.34 — 7.21 (m, 2H), 7.10 (t,
1H), 3.59 (t, J = 5.2 Hz, 4H), 3.27 (t, J = 5.3 Hz, 4H), 2.87 (d, J = 20.9 Hz,
2H).
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3. Synthesis

3.3.2. Synthesis of Crown Ether 4
NaH O(\O/E
HO OH O.~A~0.~A~0
\/\N/\C/l QC% (@) @) Oé)(:l\ [O Oj
ij THF, reflux (N
°

4

Figure 3.6.: Synthesis of Crown Ether 4

2,2’-((2-chlorophenyl)azanediyl)bis(ethan-1-ol) (300 mg, 1.39 mmol) was dis-
solved in dry THF and transferred into a Schlenk under Ar atmosphere. NaH
(139 mg, 3.48 mmol, 60 wt%, 2.50 eq) was slowly added while stirring. After
addition of NaH the solution was stirred for 30 min. 1,17-ditosyl-3,6,9,12,15-
pentaoxaheptadecane (699 mg, 1.39 mmol, 1 eq) was dissolved in dry THF and
slowly added to the solution while stirring. The solution was stirred for 4.5 h at
reflux. Afterwards, the solution was filtrated and the organic solvent evaporated.
The product was extracted with DCM /brine (3x) and the organic solvent was
again evaporated. Purification via column chromatography (silica): MeOH in
DCM (0-5 v%) as eluent.

Yield: 125 mg (24 %)

"H NMR (300 MHz, Chloroform-d) § 7.30 (dd, J = 16.4, 7.3 Hz, 2H), 7.19 (t,
J = 7.6 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 3.77 - 3.40 (m, 24H).
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3.4. Crown Ether 5

3.4. Crown Ether 5

3.4.1. Synthesis of Precursor 5a

NH2 Br HO\/\N/\/OH
o HO/\/ o
H»>0, 80°C
5a

Figure 3.7.: Synthesis of Precursor 5a

2-Methoxybenzenamine (1.00g, 8.12 mmol) was mixed with 2-Bromoethanol
(4.06 g, 32.48 mmol, 4 eq) and CaCOs3 (1.63 g, 16.24 mmol, 2 eq) in purified
water and stirred at overnight at 80°C. The mixture was filtrated and the
solid phase washed with DCM. Sat. NaCl (brine) was added to the HyO phase
and extracted with DCM (3x). The organic phase was dried over NaSO, and
evaporated. Purification by column chromatography (silica): ethyl acetate as
eluent.

Yield: 857 mg (50 %)

'H NMR (300 MHz, Chloroform-d) § 7.26 — 6.87 (m, 4H), 3.88 (s, 3H), 3.50
(t, J = 5.1 Hz, 4H), 3.20 (t, J = 5.0 Hz, 4H).
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3. Synthesis

3.4.2. Synthesis of Crown Ether 5

) @)
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Figure 3.8.: Synthesis of Crown Ether 5

2,2’-((2-methoxyphenyl)azanediyl)bis(ethan-1-ol) (250 mg, 1.18 mmol) was
dissolved in dry THF and transferred into a Schlenk under Ar atmosphere. NaH
(118 mg, 2.96 mmol, 60 wt%, 2.50 eq) was slowly added while stirring. After
addition of NaH the solution was stirred for 30 min. 1,17-ditosyl-3,6,9,12,15-
pentaoxaheptadecane (595 mg, 1.18 mmol, 1 eq) was dissolved in dry THF and
slowly added to the solution while stirring. The solution was stirred for 3 h at
reflux. Afterwards, the solution was filtrated and the organic solvent evaporated.
The product was extracted with DCM /brine (3x) and the organic solvent was
again evaporated. Purification via column chromatography (silica): MeOH in
DCM (15 v%) as eluent. Filtration of eluated silica afterwards was necessary.

Yield: 67 mg (15 %)

'H NMR (300 MHz, Chloroform-d) ¢ 7.19 — 6.80 (m, 4H), 3.82 (s, 3H), 3.75 —
3.13 (m, 24H).
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3.5. Crown Ether 6

3.5. Crown Ether 6

3.5.1. Synthesis of Precursor 6a

Catos HO OH
NH2 Br \/\N/\/
Ho™ "
H,0, 80°C ©/
6a

Figure 3.9.: Synthesis of Precursor 6a

2-Methylbenzenamine (1.00g, 9.33 mmol) was mixed with 2-Bromoethanol
(4.66 g, 37.33 mmol, 4 eq) and CaCOj3 (2.80 g, 28.00 mmol, 3 eq) in purified
water and stirred at overnight at 80°C. The mixture was filtrated and the
solid phase washed with DCM. Sat. NaCl (brine) was added to the H,O phase
and extracted with DCM (3x). The organic phase was dried over NaSO,4 and
evaporated. Purification by column chromatography (silica): ethyl acetate as
eluent.

Yield: 905 mg (49 %)

"H NMR (300 MHz, Chloroform-d) § 7.25 — 6.98 (m, 4H), 3.60 (t, J = 5.4 Hz,
AH), 317 (t, J = 5.4 Hz, 4H), 2.83 (s, 2H), 2.35 (s, 3H).
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3. Synthesis

3.5.2. Synthesis of Crown Ether 6

£
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HO_~~~-OH @C%)fo\ofox%so L [
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2,2’-(o-tolylazanediyl)bis(ethan-1-ol) (320 mg, 1.64 mmol) was dissolved in
dry THF and transferred into a Schlenk under Ar atmosphere. NaH (164
mg, 4.10 mmol, 60 wt%, 2.50 eq) was slowly added while stirring. After ad-
dition of NaH the solution was stirred for 30 min. 1,17-ditosyl-3,6,9,12,15-
pentaoxaheptadecane (824 mg, 1.64 mmol, 1 eq) was dissolved in dry THF
and slowly added to the solution while stirring. The solution was stirred for
3 h at reflux. Afterwards, the solution was filtrated and the organic solvent
evaporated. The product was extracted with DCM /brine (3x) and the organic
solvent was again evaporated. Purification via column chromatography (silica):
ethyl acetate.

Yield: 160 mg (32 %)

'"H NMR (300 MHz, Chloroform-d) § 7.24 — 6.93 (m, 4H), 3.76 — 3.26 (m, 24H),
2.29 (s, 3H).

Figure 3.10.: Synthesis of Crown Ether 6
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3.6. Crown Ether 7

3.6. Crown Ether 7

3.6.1. Synthesis of Precursor 7a

©aCos HO OH
NH2 Br \/\N/\/
Ho >~
H,0, 80°C
/O O\
7a

Figure 3.11.: Synthesis of Precursor 7a

p-Anisidin (1.00g, 8.12 mmol) was mixed with 2-Bromoethanol (3.04 g, 24.36
mmol, 3 eq) and CaCOj3 (1.63 g, 16.14 mmol, 2 eq) in purified water and stirred
at overnight at 80°C. The mixture was filtrated and the solid phase washed
with DCM. Sat. NaCl (brine) was added to the H,O phase and extracted

with DCM (3x). The organic phase was dried over NaSO, and evaporated.

Purification by column chromatography (silica): ethyl acetate as eluent.
Yield: 678 mg (40 %)

'H NMR (300 MHz, Chloroform-d) § 6.77 (dd, 4H),3.82 — 3.68 (m, TH), 3.44
(t, J = 5.0 Hz, 4H), 3.14 (s,2H).
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3. Synthesis

3.6.2. Synthesis of Crown Ether 7

NaH (\O/\

HO\/\N/\/OH /@%?/\ONO/\O\?Q [z Z]
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Figure 3.12.: Synthesis of Crown ether 7

2,2’-((4-methoxyphenyl)azanediyl)bis(ethan-1-ol) (250 mg, 1.18 mmol) was
dissolved in dry THF and transferred into a Schlenk under Ar atmosphere. NaH
(118 mg, 2.96 mmol, 60 wt%, 2.50 eq) was slowly added while stirring. After
addition of NaH the solution was stirred for 30 min. 1,17-ditosyl-3,6,9,12,15-
pentaoxaheptadecane (595 mg, 1.18 mmol, 1 eq) was dissolved in dry THF and
slowly added to the solution while stirring. The solution was stirred for 3.5 h at
reflux. Afterwards, the solution was filtrated and the organic solvent evaporated.
The product was extracted with DCM /brine (3x) and the organic solvent was
again evaporated. Purification via column chromatography (silica): MeOH in
DCM (15 v%) as eluent. Filtration of eluated silica afterwards was necessary.

Yield: 13 mg (3 %)

'H NMR (300 MHz, Chloroform-d) & 6.83 (d, J =8.8 Hz, 4H), 3.75 (s, 3H),
3.70 — 3.50 (m, 24H).
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3.7. Synthesis of Crown Forming Agent

3.7. Synthesis of Crown Forming Agent

KOH
Tos—Cl

HO o~ O~ OH
DCM, 0 °C

Tos\/\o/\/O\/\O/\/Tos
Crown Forming Agent

Figure 3.13.: Synthesis of Crown Forming Agent

Tetraethylene glycol (20 g, 103 mmol) was dissolved in 300 mL DCM and cooled
to 0°C. Tosylchloride (58.9 g, 309 mmol, 3 eq) was slowly added followed by
the slow addition of KOH (46.22 g, 824 mmol, 8 eq) over 60 min while stirring.
After 2h of stirring the solution was extracted with H,O (3x) and the organic
phase was dried over NaSO, followed by evaporation of the organic solvent.
Purification via column chromatography (silica): (CH+EA 1+2) as eluent.

Yield: 43 g (83 %)

'H NMR (300 MHz, Chloroform-d) § 7.79 (d, J = 8.2 Hz, 4H), 7.34 (d, J = 8.0
Hz, 4H), 4.15 (dd, J = 5.9, 3.7 Hz, 4H), 3.68 (dd, J = 5.7, 3.9 Hz, 4H), 3.56 (s,
8H), 2.4 (s, 6H).
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3. Synthesis

3.8. Synthesis of Crown Ether 2

3.8.1. Synthesis of Precursor 2a

\O/\/CI
KoCO
NO, ZEI s ~o NO, o~
HO OH Ll_o o
DMF, 110 °C

2a

Figure 3.14.: Synthesis of Precursor 2a

2-Nitroresorcinol (2.00g, 12.89 mmol), KI (1.07 g, 6.45 mmol, 0.50 eq), K,CO4
(3.74 g, 27.08 mmol, 2.10 eq) and chloroethyl methyl ether (2.56 g, 27.08 mmol,
2.10 eq) were mixed in DMF. The mixture was heated to 110°C and stirred
for 6 h. Afterwards the mixture was filtrated and the solvent evaporated. The
product was dissolved in DCM / H,O and extracted with 2.5 v% Nay,CO4
solution and brine. The organic solvent was evaporated. Purification via column
chromatography (silica): EA in CH 10-80 v% as eluent.

Yield: 2.06 g (59 %)

'H NMR (300 MHz, Chloroform-d) § 7.29 (t, 1H), 6.65 (d, J = 8.4 Hz, 2H),
4.19 (t, J = 4.9 Hz, 4H), 3.72 (t, J = 5.7, 4.0 Hz, 4H), 3.41 (s, 6H).
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3.8. Synthesis of Crown Ether 2

3.8.2. Synthesis of Precursor 2b

NO, HCI NHa

Fe
\O/\/O O\/\o/ .. . \O/\/O O\/\O/
EtOH, 65 °C

Figure 3.15.: Synthesis of Precursor 2b

Fe (1.65 g, 29.49 mmol, 5eq) was added to 170 mL EtOH in a round bottom
flask and stirring bar was added. HCI (290.6 mg, 2.95 mmol, 37 wt%, 0.5
eq) was added and the mixture was stirred at 65°C for 1 h. The mixture
/ solution turned from clear / yellowish to orange / red. 50 mL of 25 wt%
NH,CI were added to the mixture and the heating bath was removed while
still stirring. After 5 min 1,3-bis(2-methoxyethoxy)-2-nitrobenzene (1.60 g, 5.90

mmol) was added to the mixture and heated again to 65°C while stirring.

After 3 h the reaction was stopped and the solids filtered off. The solvent was
evaporated. Extraction with EA / sat. NaHCO3 and brine. The organic solution
was dried over NaSO, and the solvent evaporated. Purification via column
chromatography (silica): EE in CH 20-80 v% as eluent.

Yield: 900 mg (63 %)

"H NMR (300 MHz, Chloroform-d) ¢ 6.72 — 6.47(m, 3H), 4.13 (dt, J = 9.3, 4.5
Hz, 4H), 3.78 — 3.71(m, 4H), 3.44 (d, J = 2.4 Hz, GH).
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3. Synthesis

3.8.3. Synthesis of Precursor 2c

NH, PN HO\/\N/\/OH

~g O O~ HO o 0

O = O o ~"No”
« | H,0, 80°C

Figure 3.16.: Synthesis of Precursor 2c

2,6-bis(2-methoxyethoxy)aniline (500 mg, 2.07 mmol) was dissolved in purified
water and 2-Bromoethanol (777 mg, 6.22 mmol, 3 eq) and CaCO;3 (415 mg,
4.14 mmol, 2 eq) were added. The mixture was stirred overnight at 80°C. The
mixture was filtrated and the solid phase washed with DCM. Sat. NaCl (brine)
was added to the HyO phase and extracted with DCM (3x). The organic phase
was dried over NaSO, and evaporated. Purification by column chromatography
(silica): EtOH in EA 0-15 v% as eluent.

Yield: 487 mg (71 %)

"H NMR (300 MHz, Chloroform-d) ¢ 7.10 (t, J = 8.4Hz, 1H), 6.54 (d, J = 8.4
Hz, 2H), 4.10 (t, 4H), 3.75 (t,J = 5.4, 3.7 Hz, 4H), 3.48 - 3.35 (m, 10H), 3.20
(t, J =5.6, 3.7 Hz, 4H).
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3.8. Synthesis of Crown Ether 2
3.8.4. Synthesis of Crown Ether 2

HO_ -~y -~ OH @%)/\O\owo\%@(l [‘?O/\Oj

o o NaH 0 o
0 \©/ 0 THF, reflux N

\O/\/O O\/\O/

Figure 3.17.: Synthesis of Crown Ether 2

2,2’-((2,6-bis(2-methoxyethoxy)phenyl)azanediyl)bis(ethan-1-ol) (250 mg, 759
pmol) was dissolved in dry THF and transferred into a Schlenk under Ar
atmosphere. NaH (66.78 mg, 1.67 mmol, 60 wt%, 2.20 eq) was slowly added

while stirring. After addition of NaH the solution was stirred for 30 min.

1,17-ditosyl-3,6,9,12,15-pentaoxaheptadecane (595 mg, 1.18 mmol, 1 eq) was
dissolved in dry THF and slowly added to the solution while stirring. The
solution was stirred for 2 h at reflux. Afterwards, the solution was filtrated and

the organic solvent evaporated. Purification via column chromatography (silica):

MeOH in DCM (10-40 v%) as eluent. Filtration of eluated silica afterwards
was necessary. Product could not be isolated purely!
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Part Ill.

Results and Discussion

61






4. Synthetic Considerations

One of the goals of this thesis was, on the one hand, the synthesis of an improved
potassium ion receptor based an phenyl aza crown ethers. On the other hand,
we wanted to further investigate the influence of the side groups on the phenyl
moiety and how it affects the complexation ability of the crown ether. The main
assumption was that the more electron density is present in the crown ether
ring, specifically the nitrogen atom, the higher the complexation stability will
be. Provided with a higher electron density at the lone pairs of the nitrogen and
oxygen atoms of the crown ether a stronger interactions between the positively
charged guest (K") and the electron rich crown ether is formed. Therefore we
expected improved complexation characteristics when incorporating electron
donating side groups such as methyl or methoxy groups into the phenyl moiety.
Aside from Crown Ether 2 all crown ethers were synthesized in a two step
synthesis. The first step of the crown ether synthesis involves using the phenyl
amines with the corresponding side groups already attached. Most of these
phenyl amines are readily commercially available and quite cheap. The reaction
is performed in aqueous medium at 80 °C using 2-Bromoethanol and CaCO5 as
reagents. The nucleophilic nitrogen undergoes nucleophilic substitution with the
bromine atom of the 2-Bromoethanol. Since the bromine ion is a good leaving
group this reaction usually shows high yields and short reaction times. The
workup consists of a filtration (of the insoluble salts) and an extraction followed
by purification via column chromatography. This reaction step converts the
primary amine into a tertiary amine with two ethanol groups attached.

The second synthesis step has to be performed using dry solvent and under
inert atmosphere. This is mainly due to the high reactivity of NaH as both the
educt and and the reagent are stable under normal atmosphere. The previously
synthesized diole is dissolved in dry THF and activated by deprotonating the
hydroxy groups using NaH. This results in highly reactive and nucleophilic
alkoxides. Upon addition of the tosyl substituted reagent the alkoxide groups
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4. Synthetic Considerations

| HO OH Rm_ scl !
E NH2 Ho/\/Br I J/ - o-Me E
| X CaCOj N gzgmg ;
! _ N . g i
1 N o o0-Me,o0-OMe !
: R H20, 80 °C | g 0-OEtOMe |
' R !

Figure 4.1.: General scheme for the first step of the crown ether synthesis

undergo nucleophilic substition with the tosyl groups. To prevent polymerization
only one equivalent of tosylated reagent is used. Additionally, the tosylated
reagent is dissolved beforehand and only added dropwise. The resulting dilution
prevents the polymerization from occurring. This solution was performed in
dry THF at reflux temperature. Depending on the reactivity of the educt (more
electron density at the hydroxy groups means higher reactivity) the reaction
time was between 3 and 4.5 hours. The workup consists of an extraction
following by column chromatography. This reaction converts the diole educt
into an 18-crown-6 phenyl aza crown ether.

1 oo ° 0.0 o)
, HO OH P andh gy - =N R= ocCl
: TSN "o S Q 5 . ‘*?)""\9/'
NaH 0-OMe
=
N p-OMe ‘
\\| THF, reflux N 0-Me,0-OMe !
R =~ | 0-OEtOMe
N
R

Figure 4.2.: General scheme for the second step of the crown ether synthesis

The purification of the yielded crown ethers via column chromatography proved
to be tricky. One of the reasons for that is the fact that crown ether tend to
“drag” down the column which means that clear separation is hard to achieve.
This behavior is most likely caused by the interactions of the crown ether
oxygen atoms that interact with silica forming hydrogen bonds. Subsequently,
the product cannot be efficiently eluated as one concentrated fraction but it
is rather dragged out throughout the column. This results in several difficulties.
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First of all, the yield is decreased significantly as the product cannot be gathered
as one pure concentrated fraction and some fractions are mixed with impurities.
Due to the high dilution of the product caused by the “dragging” it is hard to
detect the product. Additionally, the crown ethers can only be detected under
UV light. In this case the product could not be seen even when shining UV
light onto the column. In order to eluate the products a methanol amount of
at least 2 v% has to be used. This amount has to be increased when additional
oxygen containing side groups such as a methoxy group are present on the
crown ether. To effectively eluate these crown ethers often 10 v% of methanol
was necessary. At this point the silica used for packing the column also dissolves
and is eluated. This silica then has to be removed after evaporation via filtration
of the solvent.

Despite these difficulties it was possible to purely yield all crown ethers except
for Crown Ether 2. This receptor is also the only one that was not synthesized
in two but rather in four steps. The main reason for this was the fact that
the corresponding amine was not commercially available. This resulted in two
additional synthesis steps in which both the desired side groups and the amine
had to be incorporated.

Figure 4.3.: Two additional synthetic steps that were necessary for the synthesis of
Crown Ether 2. See section 3.8 for detailed description.

Even after multiple attempts starting from scratch the product of the last
step for Crown Ether 2 was not isolated purely. This can be explained by the
additional interaction of the ether groups on the phenyl moiety with the silica.
This made the eluation process very difficult as the product spread over a
large amount of fractions that were contaminated with dissolved silica and
byproducts.
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5. Stability Constants

The specific stability constants / dissociation constants were measured using
UV-Vis spectrometry in combination with a K™ titration. As medium a solution
of ethanol 4 water 8 + 2 was utilized. Using only water was not possible due
to the crown ether’s low solubility in water. However the crown ethers are
decently soluble in ethanol which makes a mixture of ethanol and water a viable
choice. All samples were measured with a buffer system of 20 mM Tris at pH
7.4. For the measurements potassium chloride was chose to be the titration
agent. The crown ether (receptor) concentration was adapted to the specific
absorption intensities to stay in the optimal absorption range of 0.3 - 0.8. The
concentration of all receptors ranged between 1075 and 10~ M. All spectra
were background corrected against a blank sample (containing the 20 mM
Tris pH 7.4 buffer). To calculate the specific K, values a double logarithmic
Benesi-Hildebrand®? plot was utilized.

Aside from all the synthesized crown ethers two additional receptors were
measured for better comparison: an ortho-methoxyethoxy substituted phenyl
aza crown ether (Miiller et al. [51] proposed a potassium sensor based on this
receptor) as well as a cryptand called triazacryptand (TAC) that is commonly
used as a potassium receptor.

5.1. Calibration Method

In order to determine the stability constants a KCI titration has to be performed.
This is done by varying the KCI concentration in the measurement sample
while keeping the solvent mixture as well as the buffer concentrations the same.
Crown ethers, similarly to most other detection systems, have a dynamic range.
This means that the crown ether can only be used as a receptor for certain
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5. Stability Constants

Figure 5.1.: Left: Triazacryptand (TAC) Right: Methoxyethoxy Crown Ether

potassium concentration ranges. This dynamic range revolves around the Ky
as can be seen in

[Hleq[Gleq

K pu—
T [HG).,

(5.1)

The dissociation constant K is the inverse of the stability constant K. It is
particularly useful as it directly relates to a specific guest concentration. When
assuming that the concentrations of both the host molecule H and the formed
complex HG are equal the free guest concentration directly correlates to the
dissociation constant K. This also implies that K, represents the middle of the
dynamic range of the host molecule. Outside of this dynamic range, at both too
high and too low guest concentrations, no measurements can be performed.

The nitrogen lone pair of an uncoordinated phenyl aza crown ether plays a
crucial role for measuring using UV-Vis. It can be assumed that this lone
pair occupies the HOMO of the receptor molecule. When excited by light the
electrons of this lone pair undergo an electronic transition followed by relaxation
back to the HOMO. Since this transition originates from the HOMO it exhibits
the highest wavelengths of all observed transitions. Upon complexation the
nitrogen lone pair coordinates to the potassium ion. Due to the fact that it
is coordinated the lone pair is not readily available for the aforementioned
electronic transitions. This results in a decrease of absorption intensity. By
varying the guest concentration within the dynamic range the receptor responds
by matching the concentration change with a decrease or increase in absorption
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5.1. Calibration Method

SoUYep'
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-

free nitrogen lone pair coordinated lone pair

Figure 5.2.: Left: The uncoordinated nitrogen lone pair is available for an electronic
transition upon excitation Right: The nitrogen lone pair is coordinated
and not available for an electronic transition upon excitation

intensity. Additionally, upon coordination the nitrogen lone pair’s energy is
lowered by a small amount. This results in a slight blue shift in the absorption
spectrum.

After performing a KT titration the data can be displayed by plotting the
absorption against the wavelength. In case the receptor responds to the titration
a pattern will develop with different KCI1 concentrations. The titration spectra
from the unsubstituted receptor Crown Ether 4 can be seen in fig. 5.3. Looking

at the figure there are two distinct peaks that respond to the KCI titration.

However, for the determination of the dissociation constants only one the peak
at the highest wavelength was utilized. It can be seen that by increasing the KCI
concentration the receptor exhibits a lowered absorption value for the responsive
peak. This confirms that the receptor can effectively coordinate the potassium
ion. During these titrations the limits of solubility for the guest and the host
moieties at the specific temperature have to be considered. A concentration
of 0.1 M KClI in an ethanol 4+ water 8 + 2 mixture at room temperature is
very close to its saturation point. Increasing the KCIl concentration by another
factor of 10 resulted in precipitation of the salt. These particles interfere with
the UV-Vis measurement causing scattering and additional absorption thus
rendering the data useless. However, the range of solubility of KCl in the used
sample medium was sufficient to effectively determine the Ky values. After
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5. Stability Constants
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Figure 5.3.: Absorption KCI titration spectra for Crown Ether 4

plotting the measured spectra the absorption maxima of th respective graphs
are noted. These can now be plotted in a double logarithmic Benesi-Hildebrand
plot (see fig. 5.4).5% In this plot

°J (Amax - A)
is plotted against log[ K C1]. Since the this titration can only be performed in
the dynamic range of the specific receptor data points outside of that range
need to be omitted from this plot. After plotting the data points they should,
assuming the measurements were performed correctly, form a linear line. These
data plots are then fitted using a standard y = kd + d linear fit. The intercept
of this linear fit at y = 0 is directly correlated to logK . This value can easily

be converted to a K, value in mol L™!. For this example case of Crown Ether
4 the measured K, value is 0.21 mM KCI.
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5.1. Calibration Method
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Figure 5.4.: Double logarithmic Benesi-Hildebrand plot for Crown Ether 4
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5. Stability Constants

5.2. Crown Ether 1
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Figure 5.5.: Absorption KCI titration spectra for Crown Ether 1

As expected the unsubstituted version of the 18-crown-6 ether exhibits the
lowest complex stability constant of all measured crown ethers. This is due to the
missing ortho substituents at the phenyl moiety that provide the coordinating
crown ether with more electron density. It also exhibits an additional absorption
peak that responds to KCI titration which is not present for all other crown
ethers.Substitution: none; Absorption peak: 302 nm; K, for K: 4.2
mM
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5.3. Crown Ether 3

5.3. Crown Ether 3
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Figure 5.6.: Absorption KCI titration spectra for Crown Ether 3

Crown Ether 3 exhibits no apparent response to the KCI titration. A reason
for the optical inactivity of this receptor is its substituents located on both
ortho positions of the phenyl moiety. The substitution at both ortho positions
induces a change in the molecules geometry due to sterical hindrance. This
results in the fact that there is no photophysical response upon complexation.
Thus it was not possible to determine the dissociation constant of Crown Ether
3 by using UV-Vis spectrometry. Substitution: ortho-methoxy, ortho-methyl;
Absorption peak: 275 nm; K, for K*: n.a.
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5. Stability Constants

5.4. Crown Ether 4
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Figure 5.7.: Absorption KCI titration spectra for Crown Ether 4

The chloro-substituted version of the receptor has an absorption peak that has
a much smaller wavelength compared to the unsubstituted Crown Ether 1. This
agrees with the assumption that electron drawing substituents lower the energy
of the HOMO thus resulting in a higher energy necessary to excite the electrons
that occupy this orbital. However, the dissociation constant is lower than that
of Crown Ether 1 which makes the chloro-substituted receptor a better host
for potassium. A possible explanation could be that the relatively big chlorine
atom additionally interacts with the complexated K* thus stabilizing it further.
Substitution: ortho-chloro; Absorption peak: 250 nm; K, for K': 0.21
mM
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5.5. Crown Ether 5

5.5. Crown Ether 5
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Figure 5.8.: Absorption KCI titration spectra for Crown Ether 5

The ortho-methoxy substituted crown ether is expected to have higher complex
stability due to the methoxy group donating electron density into the crown
ether ring. This in turn results in a stronger interaction between guest and host
molecule. Interestingly, this crown ether’s stability constant is not higher than
the chloro-substituted version. Consequently it can be assumed that not only a
higher electron density but also the right placement of additionally coordinating
atoms plays a role in forming a good host guest interaction. Apparently the
oxygen from the methoxy group cannot contribute to the additional complexa-
tion due to its position close to the phenyl ring. Substitution: ortho-methoxy;
Absorption peak: 253 nm; K, for K*: 0.65 mM
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5. Stability Constants

5.6. Crown Ether 6
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Figure 5.9.: Absorption KCI titration spectra for Crown Ether 6

Crown Ether 6 is the ortho-methyl substituted phenyl aza crown ether. Gen-
erally, we can expect a higher complex stability compared to the unsubstituted
receptor and a lower complex stability compared to the methoxy substituted
crown ether. Using UV-Vis spectrometry a slightly higher complex stability
was measured for the methyl substituted receptor compared to the methoxy
substituted version. This difference might be caused by the inaccuracies of
the linear regression in the plotting method. However, it also confirms the
assumption that electron density does not play that big of a role when try-
ing to improve the host guest complex stability. Substitution: ortho-methyl;
Absorption peak: 252 nm; K, for K*: 0.49 mM
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5.7. Crown Ether 7

5.7. Crown Ether 7
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Figure 5.10.: Absorption KCI titration spectra for Crown Ether 7

The para-methoxy substituted version of the crown ether exhibits an absorption
maximum of 230 nm which as around 20 nm lower than all the other measured
crown ethers. Additionally, the absorption peak does not respond to KCI
titration apart from an area around the peak’s shoulder. The low absorption

peak can be explained by the methoxy substituent being in para position.

This results in a change in the conjugated electronic system and thus also
in a change in its photophysical properties. It can also be expected that a
methoxy substituent in para position does not increase the crown ether’s
complexation ability that much as it cannot directly interact with the guest
mc;_lecule. Substitution: para-methoxy; Absorption peak: 230 nm; K, for
K™: n.a.
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5. Stability Constants

5.8. Methoxyethoxy Crown Ether
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Figure 5.11.: Absorption Absorption KCI titration spectra for Methoxyethoxy Crown

Ether

The ortho-methoxyethoxy shows a KCI titration responsive peak at 255 nm.
Upon titration this peak decreases and a second higher wavelength peak
develops. Interestingly, this second peak at 275 nm is very similar in both shape
and wavelength to that of Crown Ether 3 (ortho-methoxy). Similarly to Crown
Ether 3 this peak does not change its shape upon titration. The spectra of this
crown ether also confirm the assumption that the incorporation of additional
complexating atoms significantly increase the crown ether’s complexation ability.
Substitution: ortho-methoxyethoxy; Absorption peak: 255 nm; K, for K™:

0.09 mM
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5.9. Triazacryptand

5.9. Triazacryptand
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Figure 5.12.: Absorption Absorption KCI titration spectra for Triazacryptand

As expected the triazacryptand exhibits the highest complexation stability of
all measured receptors. This is no surprise as its structural features allow for a
much stronger host guest interaction. The cryptand’s three bridge design enable
it to effectively “trap” the potassium inside its cavity. With a response peak
at 254 nm it exhibits a spectral properties that are very similar to that of the
other measured crown ethers. Substitution: cryptand specific; Absorption
peak: 254 nm; K, for K: 0.02 mM
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5. Stability Constants

Table 5.1.: Absorption KCI titration - Overview of substitutions, absorption peaks
and dissociation constants. Sample medium: ethanol4+water 842 (20 mM

Tris pH 7.4)
Name Substitution Absorption peak K, for KT
Crown Ether 1 none 320 nm 4.2 mM
Crown Ether 3  ortho-methyl 275 nm n.a.
ortho-methoxy
Crown Ether 4  ortho-chloro 250 nm  0.21 mM
Crown Ether 5  ortho-methoxy 253 nm  0.65 mM
Crown Ether 6  ortho-methyl 252nm  0.49 mM
Crown Ether 7 para-methoxy 230 nm n.a.
MECE ortho-methoxyethoxy 255 nm  0.09 mM
Triazacryptand cryptand specific 254 nm  0.02 mM

5.10. Cross Sensitivity

In addition to the KCl titrations the crown ethers were also measured against
their cross sensitivities towards other alkali and earth alkali ions as well as
the ammonium ion. It is known that the NH," ion is very similar to K in size
which causes cross sensitivity, particularly for the 18-crown-6 ether. For this,
the crown ethers were measured with a constant background of 10 mM of the
specific ion. To remain consistent the chloride ion was chosen to be the counter
ion for all measurements. The measurement medium also stayed the same as
with the KCI titrations which was 842 ethanol+water (20 mM Tris pH 7.4).

Using the size exclusion theory the cross sensitivities can roughly be predicted.
Based on ion diameters it is expected that the NH," (2.68 A) ion will show
the biggest cross sensitivity since it is very similar in diameter to that of KT
(2.66 A). This is followed by the Na*t ion (1.90 A) which is smaller than the
ammonium ion but still big enough to achieve a certain level of coordination.
Both Li* and Mg®" are a lot smaller than the potassium ion. Based o their
sizes they should show very weak to no cross sensitivity as the crown ether
cavity is too large to form sufficient coordination. Ca®* is very similar in size
to Na™ however it is double positively charged.
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5.10. Cross Sensitivity
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Figure 5.13.: Cross sensitivities for the chloro-substituted Crown Ether 4. All other
cross sensitivity spectra can be found in the appendix.

In fig. 5.13 the absorption spectra for the chloro-substituted Crown Ether 4
are shown. The spectra for Ca®", Mg®", Li™ as well as the blank are very
similar and overlap each other. This is in accordance with the predicted cross
sensitivities. The Ca®* ion, although very similar in size to Na™ exhibits no
apparent complexation. A reason for this might be the twice positive charge
which separates it from the sodium ion. There is a decent complexation for
Na™ followed by a strong interaction with the NH," ion. All crown ethers /
receptors showed the same cross sensitivity behaviors except for two outliers.
Both the methoxyethoxy- and methoxy (ortho) substituted crown ethers exhib-
ited enhanced complexation towards Ca”" and Na™. One explanation for this
behavior is an interaction between the ether (oxygen) group and the guest ion.
This results in an improved stability constant for both Ca*" and Na*.
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5. Stability Constants

5.11. Fluorescence Spectrometry

Since a consistent KCl titration using UV-Vis spectrometry was not possible for
both Crown Ether 3 and Crown Ether 7 an attempt was made to determine the
stability constant using fluorescence spectrometry. The principle and execution
is very similar to that of the UV-Vis method. The sample consisted of the
identical composition as when used during UV-Vis spectrometry. A wavelength
at the area of the lower shoulder end of the absorption peak was selected
as excitation wavelength. Just as with the UV-Vis method a decrease of
fluorescence emission intensity was expected upon increasing KCI concentration.
The process of determining the K, values was identical to the one that was
performed when using UV-Vis spectrometry (Benesi-Hildebrand plot).

8000 ! I ! I ! I ! I ! I !
| —1E-5 MKCI |
——1E-4 M KCI
7000 ~ - 1E-3 M KCI
| ——2E-3 MKCI| |
——1E-2 M KCI
6000 —— 1E-1 MKCI

5000 A
4000 -
3000 A

2000 A

Emission Intensity

1000 -

325 | 3é0 | 3%5 | 4(|)O | 455 | 4éO | 475
wavelength [nm]

Figure 5.14.: KCI titration using fluorescence spectrometry for Crown Ether 7. All
other fluorescence titration spectra can be found in the appendix.
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5.11. Fluorescence Spectrometry

Using fluorescence spectrometry method it was possible to determine the K, for
Crown Ether 7. However, just as with UV-Vis spectrometry Crown Ether 3 did
not yield any usable fluorescence spectra thus preventing us from calculating
a K, for it. A reason for this circumstance might be again, just as with the
UV-Vis method, the lack of a planar structure caused by the steric hindrance of
the double ortho-substituted phenyl moiety. The resulting lack of conjugation
changes the receptor’s electronic and optical properties which prevents us from
gathering usable photometric data upon titration. Also, the emission from the
ortho-chloro substituted Crown Ether 4 was too low to be used for calculating
a Ky. A reason for this might be the heavy and electron drawing chlorine atom
that influences the molecule’s electronic properties. The other calculated Ky
values using fluorescence spectrometry are very similar to those from UV-Vis
method. It can therefore be assumed that both measurement methods were
performed correctly.

Table 5.2.: Fluorescence KCI titration - Overview of substitutions, absorption peaks
and dissociation constants. Sample medium: ethanol4+water 842 (20 mM

Tris pH 7.4)
Name Substitution Emission peak Ky for K™
Crown Ether 1 none 346 nm 6.3 mM
Crown Ether 5  ortho-methoxy 365 nm  0.07 mM
Crown Ether 6  ortho-methyl 366 nm 1.0 mM
Crown Ether 7 para-methoxy 370 nm 1.6 mM
MECE ortho-methoxyethoxy 365 nm  0.11 mM
Triazacryptand specific 370 nm  0.06 mM
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6. Conclusion

For this master thesis various phenyl aza crown ethers with different substi-
tutions at the phenyl moiety were synthesized. These crown have proven to
be capable potassium ion receptors based on their specific crown ether cavity
diameter. The influence of different substituted phenyl moieties were outlined
by determining the specific complex stability constants. This was done by
conducting a KCl titration using UV-Vis spectrometry to detect changes in the
receptors’ absorption intensity. Additionally, an attempt was made to conduct
the same determination via fluorescence spectrometry. Upon complexation of a
potassium ion both the absorption and the fluorescence intensity are decreased
as the nitrogen lone pair density decreases. All stability constants were deter-
mined in ethanol4+water 842 including a 20 mM Tris pH 7.4 buffer system.
Overall, it can be concluded that by increasing the electron density of the
nitrogen lone pair increases the complex stability. This is done by incorporating
electron donating side groups such as methyl or methoxy units preferably in
ortho position of the phenyl moiety. However, another significant increase in
complex stability was observed when incorporating additional complexating
groups such as ether groups. When these complexating groups were placed in a
position where they can interact with the guest directly a significant increase in
complex stability was achieved. Since it is known that 18-crown-6 ethers show
cross sensitivity towards NH," a cross sensitivity survey was conducted. This
was done by using UV-Vis spectrometry to measure the absorption intensity
decrease upon complexation. The crown ethers were measured towards all
common alkali, earth alkali ions as well as NH;". The survey confirmed that
there is a significant cross sensitivity towards NH,". This can be explained
by the very similar ion size diameter of both ammonium and potassium ions.
Furthermore, a small cross sensitivity towards Na™ was demonstrated. When
a methoxy unit was present at the phenyl moiety a slight increase in cross
sensitivity towards Ca®" was also determined. This suggests that the methoxy
unit can interact with the double positively charged calcium ion.
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6. Conclusion

For an outlook it is worth exploring additional complexating side groups. By
incorporating additional complexating side groups in positions where they can
interact with the guest ion a significant increase in complex stability can be
achieved. This was already demonstrated by Gokel et al. in 1980%" where they
characterized differently aliphatic substituted crown ethers. This concept can
also be transferred to phenyl aza crown ethers where the the phenyl moiety
provides a lot of freedom for substitutions. The phenyl moiety provides suitable
positions for complexating side arms as well as the possibility for in addition of
a fluorophore. Some structures that are worth exploring are listed in fig. 6.1.
All of these structures have complexating side arms that should be able to
interact with the guest ion. Overall, the focus when designing new cation crown
ether receptors should be on the placement of complexating side groups that
further increase the complex stability.

5l 5%

cC9 ¢
o~ &N\)

S B

Figure 6.1.: Phenyl aza crown ether structures with additional complexating side
arms that should provide strong interaction with the guest ion
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Table 6.1.: Overview over the different crown ethers and their photophysical and complexating properties. Sample
medium: ethanol+water 842 (20 mM Tris pH 7.4)

Name Substitution

Absorption peak

Emission peak

Absorption K,

Emission K,

Crown Ether 1 none

Crown Ether 3 ortho-methyl
ortho-methoxy

Crown Ether 4  ortho-chloro

Crown Ether 5  ortho-methoxy

Crown Ether 6  ortho-methyl

Crown Ether 7 para-methoxy

MECE ortho-methoxyethoxy

Triazacryptand cryptand specific

320 nm
275 nm

250 nm
253 nm
252 nm
230 nm
255 nm
254 nm

346 nm

n.a.
365 nm
366 nm
370 nm
365 nm
370 nm

4.2 mM
n.a.

0.21 mM
0.65 mM
0.49 mM

n.a.
0.09 mM
0.02 mM

6.3 mM
n.a.

n.a.
0.07 mM
1.0 mM
1.6 mM
0.11 mM
0.06 mM
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Appendix B.

UV-Vis Spectra
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Figure B.1.: Crown Ether 1 - Zoomed response peak
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Appendix C.

Fluorescence Spectra
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Figure C.1.: Crown Ether 1 - Fluorescence
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Figure C.5.: Methoxyethoxy Crown Ether - Fluorescence
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