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Chapter	1.	Photoswitchable	Hydrogels	
 
 
In this chapter the supramolecular gels are introduced together with photoresponsive 
moieties used to influence gelating behavior. 
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Chapter	1.	Photoswitchable	Hydrogels	
 
 
1.1 Gels 
 
Whether it is through food, cosmetics, medicine, cushioning or, undoubtedly the most 
important use, providing rigidity and stability to our own cells, gels are omnipresent in 
our everyday lives, sometimes without us even realizing it. If asked to form a mental 
picture of a gel it is likely that one would come up with a realistic picture. However, 
defining what a gel is, has been an ongoing struggle for over more than a century. 
Ironically, the experimental proof for gel formation is among the technically simplest of 
experiments. Simple inversion of a gel’s container, followed by observing whether the 
sample is able to hold its own weight has proven to be an excellent initial method for 
determination of gelation. This so called ‘inverted test tube’ method is used widely and 
has proven its value as the first experiment in many gelation studies.1  
 
 
1.2 Defining Gelation 
 
Various different definitions of gelation have been proposed over the years. This by itself 
is already a testament that gels are difficult, if not impossible, to define. The reason for 
this lies partly in that it is not clear which substances we would like to include under the 
gel definition and partly in that it is unclear, which parameters we want to use to define 
a gel. Both the mechanical properties and the microscopic properties form a vital part of 
what we experience as a gel. In other words, should a gel be defined by its properties, or 
by its microscopic content. The (seemingly) easy solution to this is to take both factors 
into consideration, but this inevitably results in either the inclusion of too many 
substances, or the exclusion of substances that we in fact perceive as gels. 
 
Early observations of gels are typified by the description of their macroscopic 
appearances and mechanical properties, whereas later descriptions also try to tie 
macroscopic appearance to microscopic properties.2,3 In modern science, the definition of 
a gel given by Paul Flory has stood the test of time for a long time: “A gel is a two 
component, colloidal dispersion with a continuous structure with macroscopic dimensions 
that is permanent on the time scale of the experiment and is solid like in its rheological 
behavior.”4 Although also here footnotes have been added, showing the ongoing 
evolution of the description of gels.5 IUPACs current definition of a gel remains very close 
to Flory’s: A non-fluid colloidal network or polymer network that is expanded throughout 
its whole volume by a fluid, and has a finite, usually rather small, yield stress.6 
 
For the description of gels as we perceive them every day, perhaps the 
phenomenological definition as proposed by Ole Kramer is more appropriate: “A gel is a 
soft, solid or solid-like material of two or more components one of which is a liquid, 
present in substantial quantity. Solid-like gels are characterized by a storage modulus, 
G’(ω), which exhibits a pronounced plateau extending to times at least of the order of 
seconds, and by a loss modulus, G’’(ω), which is considerably smaller than the storage 
modulus in the plateau region. Systems which are heterogeneous to the naked eye 
cannot be accepted as gels.”7 While this definition seems rather complicated it is not 
much more than a (more) scientific version of a famous gel description proposed by 
Dorothy Jordan Lloyd: “If it looks like a gel, it must be a gel.”3 
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It should be noted that for these fibers to be formed, there should be a preferential 
aggregating direction one level lower in the aggregation hierarchy. In other words, the 
aggregation properties of the gelator should be anisotropic. If this were not the case, the 
molecules would essentially stack equally in all three dimensions, yielding a crystalline 
precipitate.11  
 
 
1.4 Hydrogels 
 
The importance of anisotropic growth for gel formation is evident in the solvent 
dependency of most molecular gelators. If gelation was an isotropic event, the only 
important parameter for gelation to occur would be for the gelator to be above the 
critical aggregation concentration. However, most materials that reach their critical 
aggregation concentration will not form gels, but simply precipitate. Gelator molecules 
usually also precipitate in some solvents, whereas other solvents lead to the formation of 
gels, clearly showing that the aggregation of gelator molecules is solvent dependent. The 
reason for this is that each solvent has different interactions with the gelator and 
through these interactions indirectly influences the intermolecular gelator-gelator 
interactions. Even subtle changes in both the gelator and the solvent, can induce a shift 
in the interactions large enough to turn a gel into a precipitate or vice versa.  
 
Some of the most dramatic changes in gelation properties occur when water is used as 
solvent.12 Not only is the polarity of water such that many gelator molecules cannot even 
dissolve in it, it also significantly reduces the role of hydrogen bonds, as water competes 
with hydrogen bond formation. As hydrogen bonds are one of the most common driving 
forces in anisotropic aggregation, molecules that gelate organic solvents due to 
hydrogen bonding often do not gelate water. The role of large apolar (organic) groups on 
the other hand, starts to play a more important role in water gelation, due to their 
hydrophobic interactions. These hydrophobic interactions can induce systematic 
anisotropic stacking of these groups in the polar environment of water, whereas their 
influence in organic solvents is often more limited to effects on solubility.  
 
Although the property requirements for organo and hydrogelators are not completely 
opposite; apolar groups can stack in organic solvents and hydrogen bonds can still be 
formed in water, molecules that gelate both organic solvents and water are rare.13 It is 
therefore common, to distinguish organogelators and hydrogelators as separate 
subcategories. Organogel(ator) research often focusses on fundamental, proof of concept 
research, but also finds its use in catalysis,14 environmental chemistry15 and non-
aqueous food additives. Hydrogels, however, possess the extra feature that unlike most 
organogels, they are compatible with biological systems, thus opening opportunities in 
the fields of medicine and biology.16,17  
 
 
1.5 Measuring a Gel 
 
 
1.5.1 Preparation of Gels 
 
The first thing which should be considered when a gelating system is being studied is the 
way the gel has been prepared. Gels can be made in a wide variety of ways, with one 
common denominator: at a certain point during the preparation, the gelators have to 
come out of a solvated state and start to aggregate. In some cases the stimulus that 
triggers gelation is actually altering the composition of the gelator, such as (enzymatic) 
chemical reactions, pH change, and light induced conformational changes. In other cases 
also the surroundings (solvent) of the gelator are altered, with gelation as a result.18 
Changes in solvent composition, ionic strength and temperature are examples of this. In 
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recent years gelation due to temporary changes in solubility have been achieved by the 
use of ultrasonic waves.19 Although the formation of a gel can often be achieved in more 
than one way, the method of gelation is not a trivial component of the investigation. The 
mode of preparation can have great impact on the strength and the morphology of the 
gel.20 Even when the same method is used, factors including cooling rate, sample aging 
and agitation time may influence gel formation.21 To obtain high reproducibility, it is 
therefore necessary to clearly state the preparation method which is used for the 
gelation studies.  
 
 
1.5.2 Mechanical Properties 
 
Usually the first indications hinting towards gel formation are the mechanical properties 
of the formed sample. Samples are prudentially characterized as gels when they pass 
the inverted test tube test. However, as it is not standardized in terms of vial type, size, 
sample volume or even temperature, the inverted test tube is only a qualitative test, 
providing first evidence of gelation. 
 
In order to obtain more data about the mechanical properties, oscillatory rheometry can 
be employed.1 Using this technique, the storage modulus (G’) and loss modulus (G’’) of 
the sample can be measured under different conditions, which provides valuable 
mechanical information (scheme 1.02).  
 
 

 
 
Scheme 1.02. Schematic representation of a rheological measurement with a parallel 
plate setup. (a) When a sample is introduced between two plates, one plate can 
introduce an oscillating strain on the sample (black line). The corresponding stress 
response of the sample can then be measured. (b) For a solid (elastic) material the 
stress response is in phase with the strain (red line), for a liquid (viscous) sample the 
stress response is 90° out of phase (blue dotted line). Gel (and many other) samples are 
viscoelastic (purple broken line) and possess a stress response which has both an elastic 
and a viscotic component, putting the stress response somewhere between 0° and 90° 
out of phase. This response can mathematically be divided into its solid-like part, which 
is called G’ (storage modulus), and its liquid-like part, or G’’ (loss modulus). G’ and G’’ 
are usually strain, frequency and temperature dependent and provide information about 
the samples composition through these dependencies.  
 
Although oscillatory rheometry provides quantitative data about the gel samples, it does 
have a few practical drawbacks: To obtain reliable data, the samples must make full 
contact with the rheometer. To do so, in situ preparation of the sample is necessary. 
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Although a simple listing of maximum resolution would suggest electron microscopy and 
scanning probe microscopy to be far superior to optical techniques, it should be noted 
that gels are macroscopic structures. High resolution techniques observe smaller areas 
and might therefore not give a good representation of the entire sample. Even though 
high magnification might give insight into the buildup of single fibers, it does not 
necessarily provide information about other properties such as average fiber lengths, 
micro domain formation and homogeneity of the samples. Higher resolution techniques 
might provide better insight into the smallest dimensions of the structure, but are also 
more prone to provide artifacts. Whereas lower magnification techniques usually provide 
images of unaltered samples, higher magnification techniques might require the samples 
to be diluted, stained, dried or altered in some other manner. Most supramolecular 
structures that are to be studied are not necessarily inert to these manipulations. Also, 
optical effects, such as fluorescence and birefringence can only be observed using optical 
microscopy. In order to obtain an accurate and complete representation of the measured 
sample it is therefore preferable to image samples at several different levels of 
magnification, using different techniques if possible. 
 
 
1.5.4 Spectroscopy 
 
Mechanical and microscopic investigations can provide some information about the 
supramolecular interactions involved in the aggregation. However, spectroscopy has 
proven to be invaluable in determining the way the molecules interact with each other 
within the aggregate.10 As many different spectroscopic techniques are available, it is 
wise to decide beforehand which interaction or process is to be studied, so the 
appropriate technique can be used. 
 
The absorbance and fluorescence of molecules can be strongly influenced by the 
environment they experience. This is for instance expressed in the solvatochromic 
behavior of compounds. However, even within the same solvent, molecules can possess 
different absorption spectra depending on their local environment. When a molecule is in 
an aggregated state it is surrounded by other aggregated molecules and experiences a 
different local environment than a fully solvated molecule. The effects arising from 
aggregation can be even more pronounced when J or H aggregation occurs.26 Using 
these spectroscopic properties, aggregation processes can often be followed by 
fluorescence and absorption spectroscopy.  
 
Another spectroscopic feature that arises when molecules start to form aggregates is 
that the aggregates start to scatter light. This can happen once the aggregates’ 
dimensions approach sizes equal to the wavelength of the incoming light, and often 
manifests itself in samples becoming turbid or opaque. As it is often inadvertently 
overlooked that transmission based absorbance measurements detect the light not lost 
through absorbance and scattering; it is appropriate to change the quantity used for 
these measurements from absorbance to attenuance when aggregates are being 
measured. The theory behind light scattering is rather complex,27 but scattering can be 
easily distinguished from absorbance by the failure to accord with the Lambert-Beer law 
and can, as for regular absorption spectroscopy, be used to follow aggregation 
processes.28  
 
IR absorption and Raman scattering spectroscopy are two complementary techniques 
which can give information about intramolecular vibrations.29 As specific groups have 
signals at a typical position in the spectra, changes in these spectra can not only be used 
to tell whether a group has been formed or disappeared, but also changes in the 
interactions of the groups are observed. Hydrogen bonding alters the energy of 
vibrational modes of both groups involved and therefore affect the FTIR absorption and 
Raman scattering in well documented ways, making IR and Raman spectroscopy 
excellent methods for the characterization of some intramolecular interactions.23 
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Wide Angle X-Ray Spectroscopy (WAXS) and Small Angle X-Ray Spectroscopy (SAXS) 
are complementary X-ray diffraction techniques. In gel research they are mainly used to 
determine distances between repeating units, giving insight in the packing within the gel 
fibers.30 As many different conformations can come to the same intermolecular distance, 
care should be taken during the (supramolecular) structure assessment.  
 
 
1.6 Photoresponsive Molecular Switches 
 
Molecules that can reversibly change their conformation or structure upon irradiation 
with light are called photoresponsive molecular switches.31 The two major transitions 
observed for these systems are double bond isomerization and ring opening/closing 
reactions, with some systems being able to perform both transitions. The reverse 
reaction is usually observed when the switch is irradiated at a different wavelength or by 
a thermal reaction (figure 1.02). The change in conformation is often accompanied by a 
change in other properties, such as optical absorbance, fluorescence, polarity, 
conductivity, etc. 
 

 
Figure 1.02. A selection of commonly used photochromic molecules with two individually 
addressable states. 
 
Due to their synthetic accessibility, high functionizability, good photostationary state 
ratios and low fatigue, azobenzenes have become the workhorses of photochromic 
systems. Especially in cases were a large spatial change is required, azobenzenes 
provide an excellent option. However, in other cases, when a large change in 
conductivity or polarity is required, when specific spectroscopic properties are needed, 
when a high thermostability is necessary or when a transfer of chiral information to the 
switch is desired, other molecular switches can be advantageous.  
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Figure 1.04. An azobenzene based photoswitchable hydrogelator formed by enzymatic 
cleavage.37 
 
 
Some examples of photoreversible hydrogelation which are better suited to biochemical 
purposes, are presented by the introduction of azobenzenes as the switching moiety. Xu 
et al.37 reported on the enzymatic formation of the photoresponsive supramolecular 
peptide based hydrogel depicted in figure 1.04. The enzymatic cleavage of a phosphate 
group reveals the free alcohol at the tyrosine position. This small change in structure 
converts the molecule from a fully water soluble compound (at pH:8.0) into a gelator. In 
the E (trans) form, the molecule stacks to form a fibrous three dimensional network. 
Upon irradiation at 365 nm, the azobenzene moiety isomerizes to its Z (cis) isomer. The 
Z isomer disrupts the packing in such a way that the long fibers are turned into short 
soluble fragments, thus effectively changing the sample from a gel to a solution. 
Subsequent irradiation with visible light regenerates long fibers, which form a gel.  
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Qiu et al. designed a spiropyran functionalized dipeptide connected via a succinate 
spacer. The compound showed excellent hydrogelating properties in its protonated open 
(merocyanine) form. Irradiation at wavelengths longer than 400 nm caused the 
merocyanine to ring close to its corresponding spiropyran form (figure 1.07). The 
spiropyran, through its non-planar conformation, is not able to maintain π-π interaction 
induced stacks and forms a solution. Subsequent ring opening results in the original 
compound, although it should be noted that a change from pH 3 to basic conditions and 
back is required for the regeneration of the original gel.  
 
 

 
Figure 1.08. Sugar based hydrogelator 2 forms photoresponsive gels once mixed with 
spiropyran functionalized sugar 1.44 
 
A slightly different approach has been taken by Lee et al.44 A known sugar based 
hydrogelator was doped with 5-100% of a spiropyran functionalized sugar (figure 1.08). 
The resulting hydrogels proved to be photoresponsive, as UV irradiation induced ring 
opening caused the gels to collapse. Heating and subsequent cooling of the samples 
caused the molecules to thermally ring close again and regenerated the original gel.  
 
 
1.8 Conclusions 
 
In conclusion, gel research encounters the interesting problem that its field is not fully 
defined and many, slightly different, definitions are being used. Most definitions of gels 
do however possess a description of the mechanical properties of the sample as well as 
its microscopical structure. Additional spectroscopic methods can often give vital insight 
into the structure, stacking and dynamics of the gels. 
 
The introduction of photoswitchability into hydrogels is an emerging field which still has 
many unexploited areas. Azobenzenes have thus far shown most promising results due 
to their large spatial change upon switching and their small hydrophobic area. In many 
cases however, full reversibility is not obtained by photoswitching itself, and other 
stimuli are necessary to recover the original sample. The next challenges in this field will 
be not only to open the field towards more and different types of switches, but also to 
implement more specific photoreversible functionalities (e.g. spatial control and induced 
chirality), into the hydrogels.34,45,46  
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1.9 Aim and Outline of this Thesis 
 
The aim of this thesis is to introduce stimuli responsiveness into supramolecular 
systems. Especially the introduction of stimuli with good temporal resolution, such as 
light and mechanical stimulation are explored. 
 
In chapter 2 the synthesis of complex gelator dithienylethene photoswitch systems is 
described. The encountered solubility problems and considerations for redesigning these 
systems are discussed. 
 
In chapter 3 the connection of imide based dithienylethene photoswitches to dipeptides 
is described, followed by the investigation of the resulting gels. The relation of the 
structure of different dipeptides to their solvation and gelation properties is described. 
 
In chapter 4 a new class of organogelator, the 3,6-bisurea carbazole, is described. A 
close examination is given to the different gelation behavior for various side chain 
lengths and solvents. 
 
In chapter 5 the response of 1,1'-(9-dodecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) 
based DMSO gels towards mechanical stimuli is explored. The gelation process is studied 
as a function of time and a mechanism for mechanically induced gelation is proposed. 
 
In chapter 6 an amphiphilic cholesterol bearing dithienylethene switch is described, along 
with the characterization of its photoswitchable organogelating properties. Furthermore 
its vesicle forming properties in aqueous environments is described. 
 
Finally in chapter 7 the synthesis and characterization of several spiropyran systems are 
described, along with the explanation of observed phenomena and the incorporation of 
these phenomena into more complex systems. 
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Chapter	2.	A	Photochromic	Hydrogelator	
 
2.1 Dithienylethene Switches in Water 
 
Dithienylethene switches1 possess an intrinsic dynamic chirality, this chirality is free to 
alternate between P and M helicity when the molecules are in solution, showing 
conformational interconversion, but can be locked when ring-closed photochemically. 
Ring-closing yields a racemic mixture of RR and SS enantiomers if the molecules are 
closed while in isotropic solution (figure 2.01). When the molecules are in an aggregate, 
however, they are restrained within a certain conformation and any chirality present in 
the supramolecular structure can be transferred to chirality in the molecule.  
 

 
Figure 2.01. Two different helical states of the dithenylethene switches and the 
corresponding enantiomers obtained after photochemical ring-closing. 

 
 

Preferred helicity of the aggregates can be achieved by the introduction of groups with 
fixed chirality (figure 2.02).2 Although there are systems reported in which the fixed 
chiral groups also influence the dynamic chirality of the dithienylethene in solution,3 
these specific functionalizations do not have an effect on this, but can direct the chirality 
of supramolecular aggregates. Locking the system by photochemical ring-closing yields a 
molecule possessing a diastereomeric excess (d.e.) which directly corresponds to the 
helicity of the supramolecular aggregate. 
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Figure 2.02. Bis-(R)-N-(1-Phenylethyl)amide functionalized dithienylcyclopentene with 
both fixed and dynamic chirality.  
 
Our group reported previously that dithienylcyclopentenes, functionalized with amides 
with either aromatic or aliphatic side groups, are able to form gels in a wide range of 
organic solvents.4 The gel-fibers were found to possess a specific helicity, depending on 
the sidegroup and solvent used. The open dithienylcyclopentene molecules that formed 
the gel-fibers could be closed to the photostationary state (PSS) mixture while within the 
fiber, reaching diastereomeric excesses (d.e.) up to 96%. Interestingly, when the fibers 
were heated a solution containing the closed switch was formed, which upon subsequent 
cooling formed gel-fibers with a helicity opposite to that of the original fibers. The closed 
switches within these fibers could be photochemically ring-opened to give a fourth 
individually addressable aggregated state. The original solution was recovered when the 
sample was heated again (figure 2.03).2  
 
 

 
Figure 2.03. A systematic depiction of the various addressable states. Gel a and gel b 
possess opposite helicities.(o = open, c = closed dithienylethene) 
 
Due to their apolar nature, reports on the dithienylethene switches in aqueous solutions 
are scarce. Although several types of aggregates of dithienylethene switches in water 
have been reported,5,6,7 gelation of such a moiety has not been successful so far. 
Therefore a strategy was followed to introduce the dithienylethene moiety into a 
hydrogelator structure. 
 
 
2.2 1,3,5-Triamide-cis,cis-cyclohexane Based Hydrogelators 
 
1,3,5-Triamide-cis,cis-cyclohexane based hydrogelators were developed earlier in our 
group.8 The hydrogelator is based on a 1,3,5-cyclohexane tricarboxylic acid motif, with 
one, two or (usually) three amino acids providing further anisotropic stacking properties 
through hydrogen bonding and hydrophobic interactions. The three amino acids attached 
at the 1, 3 and 5 positions, all in cis configuration, can be functionalized further if 
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dithienylethene switch forms a large hydrophobic area, the possibility that the molecule 
would become insoluble in water was considered. Therefore, two approaches were taken 
in the design of the gelator; one with a phenylalanine group and one without the 
phenylalanine group, in which case the hydrogen bonding and hydrophobic interactions 
would come mostly from the switch (figure 2.06a). 
 
Another way of ensuring solubility, or in other words decreasing the tendency to stack, is 
to introduce methoxy groups on the dithienylethene switch, which not only provide 
increased polarity, but are also known to disrupt tight packing through steric 
interactions;10 both these interactions would contribute towards a more (water) soluble 
compound. Therefore three switches, two of which containing methoxy groups, were 
designed for the gelation studies (figure 2.06b). 
 

 
Figure 2.06. Proposed hydrogelating (a) and photoswitching (b) moieties. 
 
 
2.4 Synthesis 
 
Cyclohexane tricarboxylic acid was mono-protected as a benzylic ester. The two 
unprotected carboxylic acids were activated with DMT-MM followed by coupling with 2-
(2-aminoethoxy)ethanol. Removal of the benzylic ester by hydrogenation with Pd/C 
yielded the first gelator as a carboxylic acid.  
 

Scheme 2.01. Synthesis of 2.04. 
 
The synthesis of the second gelator, bearing a phenylalanine group, originally continued 
from compound 2.04, with the introduction of the benzyl ester protected phenylalanine 
group, and removal of this protection by palladium catalyzed hydrogenation, yielding the 
second gelator in 14% overall yield (scheme 2.02).  
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Scheme 2.02. First synthesis of 2.06. 
 
However, a different, more efficient, strategy was adopted later. In this method, the 
benzyl ester protected phenylalanine was introduced first, after which the 2-(2-
aminoethoxy)ethanol groups were introduced. Again the removal of the benzyl 
protection group by palladium catalyzed hydrogenation gave the product in good yields. 
This strategy gave the compound in three steps with an overall yield of 41% (scheme 
2.03). 
 

Scheme 2.03. Second synthesis of 2.06. 
 
Interestingly, in both the synthesis of compound 2.02 and compound 2.07 a higher 
yield was obtained than a regular distribution would give for a 1:1 molar ratio of both 
reactants. When the reactivity of the carboxylic acids remains the same for the non, 
mono or di functionalized products, 44% of mono-functionalized product would be 
expected. As 52 and 49 % yields of the mono-functionalized products were obtained, 
there appears to be a small preference for the reaction to stop after the first 
functionalization. This might be caused by the molecules already showing some 
aggregating behavior after the first functionalization. This would remove the mono-
functionalized molecules, at least partially, from solution, thus giving an overall higher 
yield of mono-functionalized product.  
 
Switch 2.08 was synthesized in three steps according to a literature procedure.11 The 
switch was then mono-functionalized through a Suzuki coupling with a phenyl, a 
methoxy phenyl or a trimethoxy phenyl side group. A second Suzuki coupling was used 
to introduce an ethyl ester functionalized benzene group on the other side of the switch. 
It was found experimentally that this order of functionalization was more efficient than 
the reverse order, in which the ester was introduced first. Subsequently the esters were 
hydrolyzed and reacted with mono BOC protected diaminoethane to yield the protected 
switches. Finally, the BOC protection was removed by treatment of the switches with 
TFA. 
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Scheme 2.04. Synthesis of 2.21-2.23. 
 
 
After full deprotection of the phenyl switch was confirmed by TLC, it was immediately 
reacted with compound 2.04, using DMT-MM as coupling reagent. The coupling only 
occurred in low yields, and two more extra equivalents of coupling reagent had to be 
used to increase the yields. The poor coupling might be a result of the increase in 
viscosity due to aggregation as the products formed. The purification of the product 
proved to be very troublesome due to its extremely low solubility. An extensive washing 
procedure eventually gave pure 2.24 in 15% yield.  
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Scheme 2.05. Synthesis of 2.24. 
 
Gelation tests showed that 2.24 did not gelate water. Whenever gelation was attempted 
through heating and cooling of the sample or changing the pH to lower and higher levels, 
a precipitate was formed. This could be attributed due to a lack of anisotropic 
aggregation in this compound. 
  
A similar synthetic approach was taken for the coupling between the gelator with the 
phenylalanine moiety and the switch. Also in this case the yield was poor, but could be 
improved by prolonged reaction times and extra equivalents of coupling reagent. Even 
after extensive washing, impurities were still observed in the 1H-NMR spectrum. 
Therefore a different purification method was needed. Eventually it was found that 
reversed phased column chromatography over a C18-functionalized silica column at 40 
°C in a 1:3 mixture of 30% HCl (aq.) and acetonitrile gave pure 2.25.I 
 

 
Scheme 2.06. Synthesis of 2.25. 
 
 
 
                                                            [I]		 The	 products	 identity	 and	 purity	 were	 determined	 by	 1H-NMR	 and	 MALDI-TOF	 data.	 Low	solubility	did	not	allow	for	representative	13C-NMR	spectra	to	be	taken.	
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Figure 2.09. Schematic representation of two different conformations of dithienylethene 
switches (adapted from ref. 13).  
 
 
A similar approach as for 2.25 was used for the synthesis of compounds 2.26 and 2.27 
(scheme 2.07). 
 

 
Scheme 2.07. Synthesis of 2.26-2.27. 
 
Although coupling did occur in both cases, as determined by 1H NMR spectroscopy, 
purification of the compounds proved to be challenging. Attempts were made to purify 
compounds 2.26 and 2.27 by washing, column chromatography, selective precipitation 
and centrifugation, using many different conditions but it was found to be impossible to 
completely separate the products from their starting materials. It was therefore decided 
to create a doubly functionalized dithienylethene, to enhance the solubility of the 
compound to such an extent that the product could be purified. Compound 2.31 was 
synthesized from 2.08 by a similar route as for 2.21-2.23, starting with a double Suzuki 
coupling with ethyl-4-bromobenzoate, followed by ester hydrolysis, amide coupling and 
deprotection of the BOC groups (scheme 2.08). 

- 36 -



 

 

 
Scheme 2.08. Synthesis of 2.31. 
 
The final (double) coupling to the gelator moieties provided the double functionalized 
switch 2.32 (scheme 2.09). As the solubility of 2.32 in DMSO was significantly higher 
than that of 2.21-2.23, it was found that purification by reversed phase 
chromatography, followed by crash precipitation from DMSO, using THF as precipitation 
agent, yielded pure product in 32% yield. 
 

 
Scheme 2.09. Synthesis of 2.32. 
 
As compound 2.32 did not gelate water, but rather formed precipitates, the concept of 
connecting the switch to the triamide cyclohexane hydrogelator was abandoned. It 
should, however, be noted that although 2.32 forms a precipitate by itself, it still might 
function as a dopant to other gelators. 
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2.5 Redesign 
 
To obtain gelators that were less difficult to solubilize and therefore easier to synthesize, 
purify and characterize, a different design based on the organogelating dithienylethene 
switches (figure 2.01) was adopted. A carboxylic acid sidegroup was chosen to increase 
hydrophilicity compared to the organogelator shown in figure 2.01. Addition of the 
carboxylic acid, effectively turns the sidegroups into monopeptides. Continuing with this 
rational, two dipeptides were also used as sidegroups, in order to increase polarity and 
hydrogen bonding ability (figure 2.10).  
 

 
 
Figure 2.10. Design of 2.37-2.39. 
 
The synthesis of compounds 2.37-2.39 involved the carboxylation of compound 2.08 
following literature procedures, yielding dicarboxylic acid 2.33.14 Subsequently, double 
amide bond formation yielded the final compounds, as their tert butyl protected esters, 
while the lysine groups also possess a BOC group to protect the free amine. Synthesis of 
compounds 3.10e and 3.10h is described in chapter 3. Finally, deprotection of the tert 
butyl and BOC groups was achieved using TFA. 
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Scheme 2.10. Synthesis of 2.37-2.39. 
 
Compounds 2.37-2.39 were tested for their water gelating capabilities under several 
different conditions. In deionized water, no gelation was observed for any of the 
compounds. Special interest was taken in the gelation of salt solutions with different 
anions, as recent reports have shown that peptide based hydrogels can show strong 
anionic dependence related to the Hofmeister series.15 The Hofmeister series is a series 
of anions that range from having water structure making (kosmotropic) to water 
structure breaking (chaotropic) properties.16 The effect was discovered by Franz 
Hofmeister in 1888 when he observed different solubilities of proteins in salt solutions 
when different anions were used.17 The exact mechanisms behind the empirically 
constructed series are still not fully understood, but many peptide based compounds 
have been reported to follow this series.18 
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A small selection of anions, ranging from kosmotropic to chaotropic was used to test for 
hydrogelation (table 2.01). 
 
 
Table 2.01. Gelation results for 2.37-2.39 in open and closed (pss) state in several 
solutions.(a)(b)(c) 

 kosmotropic neutral chaotropic
NaCitrate  
(100 mM) 

NaHPO4

(100 mM) 
- NaCl 

(100 mM) 
NaSCN  
(100 mM) 

2.37open p p p p i 
2.37closed p p p p i 
2.38open i i i i i 
2.38closed i i i i i 
2.39open p p p p i 
2.39closed p p p p i 

(a) The closed compounds were prepared by irradiating the open compound in ethanol at 
312 nm until the photostationary state (pss) was reached. Ethanol was subsequently 
removed in vacuo. (b) All used solutions were 100 mM sodium phosphate buffer (pH 8) 
with additional sodium salts added (c) p = precipitate, i = insoluble. 
 
The compounds did not form gels under any of the tested conditions although there were 
significant differences in behavior between different compounds and solutions. Unlike 
compound 2.37 and 2.39, compound 2.38 was insoluble in all tested conditions. 
Compounds 2.37 and 2.39 also seemed insoluble in the chaotropic NaSCN solution, but 
were soluble upon heating in more kosmotropic solutions. The resulting solutions did not 
form gels upon cooling though, but precipitates were formed. The kosmotropic sodium 
citrate solution provided a precipitate in the form of a suspension, whereas the other 
solutions gave sediments (figure 2.11). Although attempts to increase the concentration 
did eventually lead to insoluble product instead of the anticipated gels, it appears that 
the design of 2.37 and 2.39 does allow for some metastable aggregate formation. 
 
 

       
 
Figure 2.11. A selection of results of attempted gelation experiments (a) 2.37open in 
NaCitrate solution (b) 2.37closed in NaCl solution (c) 2.38open in NaSCN solution.  
 
 
 
 
 
 
 

(a) (b) (c) 
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2.6 Conclusions and Perspective 
 
In conclusion, the synthesis of hydrogelator functionalized dithienylcyclopentene 
switches was successful. The final steps of the synthesis and purification are however 
severely hampered by the extremely poor solubility of the compounds. Gelation tests of 
the compounds gave a gel in the case of compound 2.25 but the resulting gel was not 
found to be photoresponsive.  
 
A modified design did increase the ease of synthesizing and handling the potential 
gelators significantly. Unfortunately, no gels but precipitates were formed. However, the 
observed changes in handling and synthesizing did provide some key points for further 
redesign of the gelator functionalized dithienylethene switch. It appears that the 
decrease in apolar groups is beneficial for the handling of the compounds. Furthermore, 
simple addition of a switch to a known gelator might not be the ideal situation when you 
want to influence the aggregation properties of this gelator. Making the photoswitch an 
integral part of the gelator might give better results. In chapter 3 the design changes are 
taken one step further, when the design of the switch is combined with that of a known 
peptide based gelator.  
 

 
2.7 Experimental Section 
 
 
2.7.1 General Remarks 
 
Reagents were purchased from Aldrich, Acros, Merck or Fluka. DCM was distilled over 
calcium hydride and THF was distilled over sodium before use, all other chemicals were 
used as provided unless stated otherwise. Technical grade solvents were used for 
extraction and chromatography. UVASOL grade solvent were used for spectroscopic 
measurements. Organic solutions were concentrated by rotatory evaporation at 40˚C. 
Chromatography was performed using silica gel, Merck type 9385 230-400 mesh, unless 
stated otherwise. Mass spectra were obtained using a ThermoScientific LTQ Orbitrap XL. 
MALDI-TOF spectra were obtained using a Sciex Qstar XL QTOF. 1H NMR and 13C NMR 
spectra were recorded on a Varian Mercury Plus 399,93 MHz spectrometer. Chemical 
shifts are reported in parts per million scale (δ scale) and referenced to the solvents 
residual proton signal for 1H NMR and the solvents carbon resonance signal for 13C NMR 
spectra (Solvent:1H reference signal, 13C reference signal, CDCl3: 7.26, 77.16; CD2Cl2: 
5.32, 53.80; DMSO: 2.50, 39.52; CD3OD: 3.31, 49.00; CD3CN: 1.94, 118.26; D2O: 
4.79,- ) Data are reported as follows: chemical shift in ppm (δ), multiplicity (s = singlet, 
d = doublet, t = triplet, br = broad singlet, m = multiplet), coupling constant (Hz) and 
relative integration. UV/vis spectra were obtained using a Hewlet-Packard HP 8543 diode 
array. Melting trajectories were taken on a Büchi B-545 Melting point apparatus. (Cryo) 
TEM samples of gels were vitrified on holy carbon coated grids (Quantifoil 2/2) in liquid 
ethane in a Vitrobot (FEI, Eindhoven The Netherlands). Vitrified grids were observed in a 
Philips CM 120 electron microscope operating at 120 keV, equipped with a Gatan cryo-
stage (model 626). Images were recorded under low-dose conditions with a slow-scan 
CCD camera. 
 
 
2.7.2 Gelation Procedure 
 
In a typical gelation experiment a weighed amount of gelator was added to a 2 mL vial, 
after which 1 mL solvent was added. The sealed vial was subjected to ultrasonication 
(~1 min) to disperse the gelator, after which the sample was heated until a clear 
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solution appeared. The solutions were then allowed to cool slowly (>24 h) to room 
temperature. 
 
 
2.7.3 Synthesis and Characterization 
 
Compounds 2.0219, 2.0811, 2.0920 and 2.3314 were synthesized according to literature 
procedures. 
 
(1s,3R,5S)-Benzyl 3,5-bis((2-(2-
hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxylate (2.03) 
(1R,3S,5S)-5-((Benzyloxy)carbonyl)cyclohexane-1,3-dicarboxylic acid (2.02) (3.70 g, 
12.1 mmol) was dissolved in 100 mL methanol at 0°C. DMT-Cl (4.38 g, 25.0 mmol) and 
N-methyl morpholine (2.50 g, 25.0 mmol) were added and the mixture was stirred for 
30 min. 2-(2-Aminoethoxy) ethanol (2.70 g, 25.0 mmol) was added and the reaction 
mixture was stirred overnight at room temperature under a nitrogen atmosphere. After 
filtration, the filtrate was concentrated in vacuo. The product was suspended in 150 mL 
water, and centrifuged for 10 min at 20000 rpm. The precipitate was resuspended in 150 
mL water and centrifuged once more, giving 2.03 as a white solid in 62 % yield (3.60 g, 
7.5 mmol). 1H NMR (400 MHz, DMSO) δ 7.92-7.72 (m, 2H), 7.45-7.17 (m, 5H), 5.08 (s, 
2H), 4.69-4.50 (bs, 2H), 4.23-4.03 (m, 4H), 3.81-3.69 (m, 4H), 3.50-3.38 (m, 4H), 
3.07-2.91 (m, 4H), 1.97-1.85 (m, 2H), 1.73-1.60 (m, 1H), 1.46-1.17 (m, 6H). 13C-NMR 
(DMSO): δ 175.8, 174.3, 136.3, 128.6, 128.2, 128.0, 72.2, 69.1, 63.8, 60.3, 53.0, 48.7, 
43.2, 42.2, 31.1. HRMS (ESI): 503.2580 calcd. for C24H36N2O8Na: 503.2369 
 
(1s,3R,5S)-3,5-bis((2-(2-
Hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxylic acid (2.04) 
(1S,3R,5S)-Benzyl 3,5-bis((2-(2-
hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxylate (2.03) (3.60 g, 7.5 mmol), and 
10% Pd/C (0.200 g) were added to 100 mL MeOH/water 7:3. The mixture was stirred 
vigorously for 48 h at room temperature under a H2 atmosphere. Subsequently, the 
mixture was filtered and volatiles were removed in vacuo, yielding 2.04 in 99 % yield 
(2.90 g, 7.5 mmol). (400 MHz, DMSO) δ 7.92-7.72 (m, 2H), 4.69-4.50 (bs, 2H), 4.23-
4.03 (m, 4H), 3.81-3.69 (m, 4H), 3.50-3.38 (m, 4H), 3.07-2.91 (m, 4H), 1.97-1.85 (m, 
2H), 1.73-1.60 (m, 1H), 1.46-1.17 (m, 6H). 13C-NMR (DMSO): δ 174.3, 172.1, 69.3, 
63.5, 60.0, 52.6, 48.7, 43.0, 41.9, 31.0. HRMS (ESI): 391.20715 calcd. for C17H31N2O8: 
391.2083  
 
(S)-Benzyl 2-((1s,3R,5S)-3,5-bis((2-(2-
hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxamido)-3-
phenylpropanoate (2.05) 
Method A: 
(1S,3R,5S)-3,5-bis((2-(2-Hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxylic acid 
(2.04) (3.1 g, 8.0 mmol), DMT-Cl (1.75 g, 10 mmol) and N-methyl morpholine (1.01 g, 
10 mmol) were dissolved in 200 mL of methanol and the mixture was stirred for 1 h at 
room temperature. Phenylalanine benzyl ester hydrochloride (2.91 g, 10.0 mmol) and 
triethylamine (1.5 g, 15 mmol) dissolved in 50 ml MeOH were added and the mixture 
was stirred overnight under a N2 atmosphere at room temperature. The reaction mixture 
was concentrated in vacuo to 50 mL. Compound 2.05 was obtained in 46 % yield (2.6 g, 
3.7 mmol) as a white solid after filtering the cold (0°C) solution. The product contained 
30 mol % DMT-MM, which was removed in the following step.  
 
Method B: 
(1R,3S,5R)-5-(((S)-1-(Benzyloxy)-1-oxo-3-phenylpropan-2-yl)carbamoyl)cyclohexane-
1,3-dicarboxylic acid (2.07) (1.00 g, 2.21 mmol) was dissolved in 30 mL MeOH. DMT-Cl 
(1.15 g, 6.6 mmol) and N-methyl morpholine (0.66 g, 6.6 mmol) were added and the 
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mixture was stirred for 15 min. A solution of 2-amino(2-ethoxy)ethanol (0.48 g, 4.63 
mmol) in 30 mL MeOH was added and the reaction mixture was stirred overnight at 
room temperature. The reaction mixture was concentrated in vacuo to 20 mL, after 
which 10 mL water was added and the mixture was cooled to 10 °C. The precipitate was 
filtered and washed with 15 mL cold water and 15 mL cold MeOH, yielding 2.05 in 82% 
yield as a white solid. (1.18 g, 1.88 mmol) 1H NMR (DMSO) δ 8.32 (d, J = 7.8 Hz, 1H), 
7.96-7.75 (m, 2H), 7.38-7.09 (m, 10H), 5.04 (s, 2H), 4.54-4.34 (m, 1H), 3.87 (s, 2H), 
3.64-3.53 (m, 2H), 3.53-3.48 (m, 2H), 3.48-3.42 (m, 4H), 3.42-3.31 (m, 6H), 3.23-
3.10 (m, 4H), 2.31-2.09 (m, 2H), 1.92-1.76 (m, 1H), 1.76-1.47 (m, 2H), 1.44-1.10 (m, 
4H). 13C-NMR (DMSO): δ 176.1, 174.6, 173.6, 162.7, 156.6, 153.9, 150.1, 138.1, 129.2, 
128.1, 126.4, 72.2, 69.2, 66.5, 64.9, 60.3, 53.9, 53.6, 48.8, 42.6, 36.9, 31.4. HRMS 
(ESI): 628.3128 calcd. for C33H46N3O9: 628.3234 
 
(S)-2-((1s,3R,5S)-3,5-bis((2-(2-
Hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxamido)-3-phenylpropanoic 
acid (2.06) 
(S)-Benzyl 2-((1S,3R,5S)-3,5-bis((2-(2-hydroxyethoxy)ethyl)carbamoyl)cyclohexane-
carboxamido)-3-phenylpropanoate (2.05) (2.6 g, 3.7 mmol) and 10% Pd/C (0.10 g) 
were added to 100 mL MeOH and 100 mL water. The mixture was vigorously stirred for 
2 d at room temperature under H2 atmosphere. Subsequently, the mixture was filtered, 
volatiles were removed in vacuo, and the product was washed with 100 mL water, 
yielding 2.06 after drying in vacuo in 99 % yield (1.99 g, 3.7 mmol). 1H NMR (DMSO) δ 
8.08 (d, J = 7.9 Hz, 1H), 7.96-7.75 (m, 2H), 7.37-7.18 (m, 5H), 4.48-4.39 (m, 1H), 
3.87 (s, 2H), 3.64-3.53 (m, 2H), 3.53-3.48 (m, 2H), 3.48-3.42 (m, 4H), 3.42-3.31 (m, 
6H), 3.23-3.10 (m, 4H), 2.31-2.09 (m, 2H), 1.92-1.76 (m, 1H), 1.76-1.47 (m, 2H), 
1.44-1.10 (m, 4H). 13C-NMR (DMSO): δ 176.3, 174.4, 172.4, 153.8, 138.1, 129.2, 
128.2, 72.2, 69.2, 66.5, 64.9, 53.9, 53.6, 48.8, 42.6, 36.9, 31.4. HRMS (ESI): 538.2714 
calcd. for C26H40N3O9: 538.2764 
 
(1R,3S,5R)-5-(((S)-1-(Benzyloxy)-1-oxo-3-phenylpropan-2-
yl)carbamoyl)cyclohexane-1,3-dicarboxylic acid (2.07) 
(1S,3S,5S)-Cyclohexane-1,3,5-tricarboxylic acid (2.01) (5.57 g, 25.76 mmol) was 
dissolved in 107 mL DMSO and 1,1’-carbonyldiimidazole (2.78 g, 17.14 mmol) was 
added over 30 min. The mixture was stirred for 3 h under N2 atmosphere at room 
temperature. Phenylalanine benzyl ester hydrochloride (5.00 g, 17.14 mmol) and 
triethylamine (2.2 g, 21.8 mmol) dissolved in 40 ml DMSO was added drop wise, after 
which the mixture was stirred overnight at room temperature. The majority of solvent 
was removed in vacuo at 70 °C, after which 100 mL 10% HCl (aq) and 400 mL ethyl 
acetate were added and the temperature was increased until all the solid was dissolved. 
The layers were separated, the aqueous layer was discarded and the organic layer was 
washed with 5x 100 mL water, 100 mL brine, dried on MgSO4 and evaporated to dryness 
in vacuo, yielding 2.07 in 49 % yield (5.71 g, 12.6 mmol). 1H NMR (400 MHz, DMSO) δ 
8.33 (d, J = 7.2 Hz, 1H), 7.52-6.97 (m, 10H), 5.06 (d, J = 8.0 Hz, 2H), 4.60-4.38 (m, 
1H), 3.11-3.00 (m, 1H), 2.93 (d, J = 9.4 Hz, 2H), 2.40-2.13 (m, 3H), 2.13-1.65 (m, 
3H), 1.41-1.08 (m, 3H).13C-NMR (DMSO): δ 175.8, 174.2, 171.5, 137.3, 135.8, 129.1, 
128.4, 128.2, 128.1, 127.8, 126.6, 66.0, 53.6, 41.9, 40.9, 40.8, 36.5. HRMS (ESI): 
452.16942 calcd. for C25H26NO7: 452.1709 
 
5-Chloro-3-(2-(5-(4-methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-
yl)-2-methylthiophene (2.10) 
1,2-Bis(5-chloro-2-methylthiophen-3-yl)cyclopent-1-ene (2.08) (3.0 g, 9.0 mmol) was 
dissolved in 90 mL dry THF under N2 atmosphere at 0°C. n-BuLi in pentane (1.6 M, 5.7 
mL, 9.1 mmol) was added slowly and the mixture was allowed to reach room 
temperature while stirring under N2 atmosphere for 45 min. B(OBu)3 ( 3.7 mL, 3.15 g, 
13.71 mmol) was added and the mixture was stirred for another hour, before it was 
added to a solution of Pd(PPh3)4 (0.3 g, 0.25 mmol), 4-iodoanisole (2.14 g, 9.15 mmol) 
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and 10 drops of ethylene glycol in 30 mL THF and 15 mL 2M (aq.) Na2CO3 at 80 °C. The 
reaction mixture was heated at reflux for 48 h, after which the reaction mixture was 
brought to near dryness in vacuo and 200 mL diethyl ether and 200 mL water were 
added. The layers were separated and the water layer was extracted with 2 x 200 mL 
diethyl ether. The combined organic layers were dried on MgSO4 and dried in vacuo. The 
product was obtained after column chromatography (SiO2, pet. ether 40-60 + 12% 
diethyl ether, Rf=0.7) yielding 2.10 as a white solid in 64% (2.36 g, 6.0 mmol). 1H NMR 
(400 MHz, CDCl3) δ 7.51 (dd, J = 8.8 Hz, 2.1 Hz, 2H), 6.98 (d, J = 1.8 Hz, 1H), 6.95 
(dd, J = 8.8 Hz, 2.0 Hz, 2H), 6.73 (d, J = 2.0 Hz, 1H), 2.89 (t, J = 6.5 Hz, 2H), 2.83 (t, 
J = 6.6 Hz, 2H), 2.18-2.09 (m, 3H), 2.08 (d, J = 1.9 Hz, 3H), 1.98 (d, J = 1.9 Hz, 3H). 
13C-NMR (DMSO): δ 158.9, 139.8, 133.3, 126.5, 125.0, 122.7, 114.2, 55.2, 38.5, 38.4, 
23.0, 14.4, 14.2. HRMS (ESI): 401.07654 calcd. for C22H22ClOS2: 401.0795 
 
5-Chloro-2-methyl-3-(2-(2-methyl-5-(3,4,5-trimethoxyphenyl)thiophen-3-
yl)cyclopent-1-en-1-yl)thiophene (2.11) 
The synthesis was similar to that of compound 2.10, using 1,2-bis(5-chloro-2-
methylthiophen-3-yl)cyclopent-1-ene (2.08) (0.82 g, 2.5 mmol) n-BuLi in pentane (1.6 
M, 1.78 mL, 2.7 mmol), B(OBu)3 ( 0.69 g, 3.0 mmol), Pd(PPh3)4 (0.08 g, 0.07 mmol) 
and 3,4,5-trimethoxy iodobenzene (1.00 g, 3.4 mmol) The product was obtained after 
column chromatography (SiO2, pet. ether 40-60:diethyl ether 1:1, Rf=0.8) as a white 
solid in 62% (0.72 g, 1.57 mmol). The product contained 15 mol % 3,4,5-trimethoxy 
iodobenzene which was removed in the following step.  
1H NMR (500 MHz, CDCl3) δ 6.88 (s, 1H), 6.70 (s, 2H), 6.66 (s, 1H), 3.94 (s, 6H), 3.87 
(s, 3H), 2.86 (t, J = 6.5 Hz, 2H), 2.75 (t, J = 6.5 Hz, 2H), 2.11-2.03 (m, 4H), 1.92 (s, 
3H).13C-NMR (CDCl3): δ 153.6, 139.8, 135.5, 134.5, 133.5, 130.4, 127.0, 125.1, 124.2, 
102.9, 61.1, 56.3, 38.4, 38.3, 23.1, 14.6, 14.3. HRMS (ESI): 461.09714 calcd. for 
C24H26ClO3S2: 461.1006 
 
Ethyl 4-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-
yl)thiophen-2-yl)benzoate (2.12) 
The synthesis was similar to that of compound 2.10, using 5-chloro-3-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-2-methylthiophene (2.09) 
(2.27 g, 6.1 mmol) t-BuLi in pentane (1.6 M, 5.0 mL, 8.0 mmol), B(OBu)3 ( 2.3 g, 10.0 
mmol), Pd(PPh3)4 (0.1 g, 0.1 mmol) and ethyl 4-bromobenzoate (2.75 g, 12.0 mmol), 
yielding the product after column chromatography (SiO2, pet. ether 40-60 + 0% to 50 % 
gradient of diethyl ether) as a white solid in 49% yield (1.44 g, 3.0 mmol). 1H NMR (500 
MHz, CDCl3) δ 7.99 (d, J = 8.5Hz, 2H), 7.54 (d, J = 8.5Hz, 2H), 7.49 (d, J = 7.3Hz, 2H), 
7.33 (t, J = 7.7Hz, 2H), 7.23 (t, J = 7.4Hz, 1H), 7.14 (s, 1H), 7.03 (s, 1H), 4.37 (q, J = 
7.1Hz, 2H), 2.85 (t, J = 7.5Hz, 4H), 2.13-2.05 (m, 2H), 2.01 (s, 3H), 2.00 (s, 3H), 1.39 
(t, J = 7.1Hz, 3H). 13C-NMR (CDCl3): δ 166.4, 139.8, 138.8, 138.4, 137.3, 136.5, 136.4, 
135.3, 134.2, 133.5, 130.4, 130.3, 128.6, 127.5, 126.7, 125.7, 124.9, 122.9, 114.3, 
61.0, 44.5, 38.60, 38.57, 23.2, 14.7, 14.5. HRMS (ESI): 507.1387 calcd. for 
C30H28O2S2Na: 507.1428 
 
Ethyl 4-(4-(2-(5-(4-methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-
yl)-5-methylthiophen-2-yl)benzoate (2.13) 
The synthesis was similar to that of compound 2.10, using 5-chloro-3-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-2-methylthiophene (2.10) 
(2.37 g, 5.9 mmol) t-BuLi in pentane (1.6 M, 5.0 mL, 8.0 mmol), B(OBu)3 ( 2.3 g, 10.0 
mmol), Pd(PPh3)4 (0.2 g, 0.18 mmol) and ethyl 4-bromobenzoate (2.75 g, 12.0 mmol) 
The product was obtained after column chromatography (SiO2, pet. ether 40-60 + 0% to 
50 % gradient of diethyl ether) as a white solid in 60% yield (1.82 g, 3.54 mmol). 1H 
NMR (300 MHz, CDCl3) δ 8.01 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 
8.6 Hz, 2H), 7.16 (s, 2H), 6.92 (s, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.38 (q, J = 7.1 Hz, 
2H), 3.82 (s, 3H), 2.85 (t, J = 7.4 Hz, 4H), 2.17 – 2.06 (m, 2H), 2.03 (s, 3H), 2.00 (s, 
3H), 1.41 (t, J = 7.1 Hz, 3H). 13C-NMR (CDCl3): δ 166.4, 159.0, 139.8, 138.8, 138.4, 
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137.3, 136.5, 136.4, 135.3, 134.2, 133.5, 130.3, 128.6, 127.5, 126.7, 125.7, 124.9, 
122.9, 114.3, 61.0, 55.5, 44.5, 38.60, 38.57, 23.2, 14.7, 14.5. HRMS (ESI): 537.1528 
calcd. for C31H30O3S2Na: 537.1529 
 
Ethyl 4-(5-methyl-4-(2-(2-methyl-5-(3,4,5-trimethoxyphenyl)thiophen-3-
yl)cyclopent-1-en-1-yl)thiophen-2-yl)benzoate (2.14) 
The synthesis was similar to that of compound 2.10, using 5-chloro-3-(2-(5-(3,4,5-
trimethoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-2-methylthiophene 
(2.10) (0.72 g, 1.66 mmol) t-BuLi in pentane (1.6 M, 1.5 mL, 2.0 mmol), B(OBu)3 (0.7 
g, 3.0 mmol), Pd(PPh3)4 (0.2 g, 0.18 mmol) and ethyl 4-bromobenzoate (0.92 g, 4.0 
mmol) The product was obtained after column chromatography (SiO2, pet. ether 40-60 
+ 0% to 50 % gradient of diethyl ether) as a white solid in 76% yield (0.73 g, 1.27 
mmol). 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 
7.17 (s, 1H), 6.89 (s, 1H), 6.65 (s, 2H), 4.38 (q, J = 7.2 Hz, 2H), 3.83 (s, 6H), 2.85 (dt, 
J = 16.1, 7.9, 4H), 2.14 – 2.07 (m, 2H), 2.06 (s, 3H), 2.02 (s, 3H), 1.40 (t, J = 7.1 Hz, 
3H). 13C-NMR (CDCl3): δ 166.4, 153.6, 139.8, 138.7, 138.5, 137.4, 136.5, 136.4, 135.3, 
134.6, 134.4, 130.4, 130.3, 128.7, 125.6, 124.8, 124.2, 102.9, 61.10, 61.09, 56.2, 
38.5, 38.4, 23.2, 14.66, 14.65, 14.3. HRMS (ESI): 575.1908 calcd. for C33H35O5S2: 
575.1920 
 
4-(5-Methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-
yl)thiophen-2-yl)benzoic acid (2.15) 
Ethyl 4-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-
2-yl)benzoate (2.12) (0.17 g, 0.36 mmol) and lithium hydroxide (0.024 g, 1.0 mmol) 
were dissolved in 5 mL water and 15 mL THF and the mixture was stirred overnight at 
room temperature. The pH was brought to 1 using 10% HCl (aq.), after which the 
product was extracted with 3 x 25 mL DCM. The combined organic layers were washed 
with 25 mL brine and dried on Na2SO4, providing the product after evaporation of the 
organic solvent in vacuo as a white solid in 89% yield (0.15 g, 0.32 mmol). 1H NMR (400 
MHz, CDCl3) δ 8.07 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 7.2 Hz, 
2H), 7.34 (t, J = 7.8 Hz, 2H), 7.24 (t, J = 6.8 Hz, 1H), 7.19 (s, 1H), 7.05 (s, 1H), 2.86 
(t, J = 7.4 Hz, 4H), 2.11 (dt, J = 15.0 Hz, 7.5 Hz, 2H), 2.03 (s, 3H), 2.01 (s, 3H). 13C-
NMR (CDCl3): δ 171.8, 140.0, 139.8, 138.3, 137.4, 136.8, 136.7, 135.3, 134.63, 
134.57, 134.4, 131.0, 129.0, 127.3, 127.2, 126.0, 125.5, 125.0, 124.0, 38.64, 38.62, 
23.2, 14.8, 14.6. HRMS (ESI): 457.1282 calcd. for C28H25O2S2: 457.1290 
 
4-(4-(2-(5-(4-Methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-
methylthiophen-2-yl)benzoic acid (2.16) 
The synthesis was similar to that of compound 2.15, using ethyl 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)benzoate (2.13) (1.82 g, 3.5 mmol) and lithium hydroxide (0.25 g, 11.0 mmol) 
Compound 2.16 was obtained as a white solid in 96% yield (1.63 g, 3.36 mmol). 1H 
NMR (400 MHz, CDCl3) δ 8.08 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 
8.8 Hz, 2H), 7.19 (s, 1H), 6.92 (s, 1H), 6.89 (d, J = 8.9 Hz, 2H), 3.82 (s, 3H), 2.86 (t, J 
= 7.4 Hz, 4H), 2.10 (dt, J = 15.1 Hz, 7.6 Hz, 2H), 2.04 (s, 3H), 2.00 (s, 3H). 13C-NMR 
(CDCl3): δ 172.1, 159.1, 140.0, 139.9, 138.3, 137.5, 136.9, 136.6, 135.5, 134.3, 133.6, 
131.1, 127.6, 127.4, 126.8, 126.1, 125.1, 123.1, 114.5, 55.6, 38.73, 38.68, 23.3, 14.9, 
14.6. HRMS (ESI): 487.1389 calcd. for C29H27O3S2: 487.1396 
 
4-(5-Methyl-4-(2-(2-methyl-5-(3,4,5-trimethoxyphenyl)thiophen-3-
yl)cyclopent-1-en-1-yl)thiophen-2-yl)benzoic acid (2.17) 
The synthesis was similar to that of compound 2.15, using ethyl 4-(4-(2-(5-(3,4,5-
trimethoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)benzoate (2.14) (0.73 g, 1.28 mmol) and lithium hydroxide (0.1 g, 3.9 mmol) 
Compound 2.17 was obtained as a white solid in 99% yield (0.69 g, 1.26 mmol). 1H 
NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H), 7.20 (s, 
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1H), 6.90 (s, 1H), 6.66 (s, 2H), 3.84 (s, 9H), 2.95-2.73 (m, 4H), 2.17-2.07 (m, 2H), 
2.06 (s, 6H), 2.04 (s, 6H). 13C-NMR (CDCl3): δ 172.2, 153.4, 139.6, 138.5, 138.2, 
137.1, 136.3, 136.2, 135.3, 134.6, 134.4, 130.4, 130.3, 128.7, 125.6, 124.8, 124.2, 
102.9, 61.1, 56.2, 38.5, 38.4, 23.2, 14. 7, 14.6. HRMS (ESI): 547.1609 calcd. for 
C31H31O5S2: 547.1613 
 
tert-Butyl (2-(4-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-
en-1-yl)thiophen-2-yl)benzamido)ethyl)carbamate (2.18) 
4-(5-Methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-
yl)benzoic acid (2.15) (1.43 g, 3.1 mmol) and N-methyl morpholine (0.35 g, 3.5 mmol) 
were dissolved in 50 mL DCM at 0 °C. DMT-Cl (0.61 g, 3.5 mmol) and another 
equivalent of N-methyl morpholine (0.35 g, 3.5 mmol) were added and the mixture was 
stirred for 2 h at 0 C. t-Butyl (2-aminoethyl)carbamate (0.53 g, 3.3 mmol) was added 
and the mixture was stirred overnight at room temperature. After removal of the solvent 
in vacuo, column chromatography (SiO2, diethyl ether + gradient 0 to 10 % MeOH) 2.18 
was obtained as a white solid in 77% yield (1.43 g, 2.39 mmol). 1H NMR (500 MHz, 
CDCl3) δ 7.78 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 7.2 Hz, 2H), 
7.32 (t, J = 7.7 Hz, 2H), 7.22 (m, 2H), 7.11 (s, 1H), 7.03 (s, 1H), 5.05 (t, J = 4.8 Hz, 
1H), 3.55 (dd, J = 10.7, 5.1 Hz, 2H), 3.40 (d, J = 4.8 Hz, 2H), 2.84 (t, J = 7.4 Hz, 4H), 
2.13-2.04 (m, 2H), 2.00 (s, 3H), 1.99 (s, 3H), 1.42 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 
167.4, 157.7, 139.9, 138.6, 137.5, 137.1, 136.7, 136.0, 135.1, 134.6, 134.6, 134.5, 
132.3, 128.9, 127.8, 127.1, 125.4, 125.3, 125.1, 124.0, 80.1, 42.3, 40.1, 38.6, 38.6, 
28.5, 23.2, 14.7, 14.6. HRMS (ESI): 621.30426 calcd. for C28H25O2S2: 621.2216 
 
tert-Butyl (2-(4-(4-(2-(5-(4-methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-
1-en-1-yl)-5-methylthiophen-2-yl)benzamido)ethyl)carbamate (2.19) 
The synthesis was similar to that of compound 2.18, using 4-(4-(2-(5-(4-
methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-
yl)benzoic acid (2.16) (1.78 g, 3.65 mmol), N-methyl morpholine (0.43 g, 4.2 mmol), 
DMT-Cl (0.75 g, 4.2 mmol) and tert-butyl (2-aminoethyl)carbamate (0.64 g, 4.0 mmol), 
providing 2.19 as a white solid in 79% yield (1.82 g, 2.89 mmol). 1H NMR (500 MHz, 
CDCl3) δ 7.78 (d, J = 8.1 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 5.7 Hz, 2H), 
7.26 (bs, J = 6.1 Hz, 1H), 7.11 (s, 1H), 6.91 (s, 1H), 6.87 (d, J = 8.6 Hz, 2H), 5.09 (t, J 
= 5.9, 1H), 3.81 (s, 3H), 3.55 (dd, J = 10.6, 5.0 Hz, 2H), 3.43-3.37 (m, J = 10.1 Hz, 
2H), 2.84 (t, J = 7.4 Hz, 4H), 2.11-2.03 (m, 1H), 2.01 (s, 3H), 1.98 (s, 3H), 1.42 (s, 
9H). 13C NMR (126 MHz, CDCl3) δ 167.3, 158.9, 157.6, 139.7, 138.4, 137.4, 137.1, 
136.4, 135.8, 135.1, 134.2, 133.4, 132.1, 127.6, 127.4, 126.6, 125.2, 125.0, 122.9, 
114.2, 80.0, 55.4, 42.2, 40.0, 38.49, 38.46, 28.4, 23.0, 14.6, 14.4. HRMS (ESI): 
628.2399 calcd. for C36H40N2O4S2: 628.2424 
 
tert-Butyl (2-(4-(4-(2-(5-(3,4,5-trimethoxyphenyl)-2-methylthiophen-3-
yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)benzamido)ethyl)carbamate 
(2.20) 
The synthesis was similar to that of compound 2.18, using 4-(5-methyl-4-(2-(2-methyl-
5-(3,4,5-trimethoxyphenyl)thiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-yl)benzoic acid 
(2.17) (0.54 g, 1.0 mmol) ), N-methyl morpholine (0.14 g, 1.4 mmol), DMT-Cl (0.25 g, 
1.4 mmol) and tert-butyl (2-aminoethyl)carbamate (0.19 g, 4.0 mmol), compound 2.20 
was obtained as a white solid in 95% yield (0.71 g, 2.89 mmol). 1H NMR (CDCl3) δ 7.78 
(d, J = 8.1 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 7.44-7.37 (bs, 1H), 7.13 (s, 1H), 6.88 (s, 
1H), 6.63 (s, 2H), 5.28 (t, J = 5.8 Hz, 1H), 3.81 (s, 3H), 3.81 (s, 6H), 3.53 (d, J = 5.2 
Hz, 2H), 3.38 (d, J = 4.3 Hz, 2H), 2.91-2.76 (m, 4H), 2.08 (dd, J = 14.3 Hz, 7.0 Hz, 
1H), 2.05 (s, 3H), 2.00 (s, 3H), 1.41 (s, 9H).13C-NMR (101 MHz, CDCl3): δ 167.4, 157.6, 
153.5, 139.6, 138.5, 137.5, 137.3, 137.2, 136.4, 135.9, 135.1, 134.5, 134.3, 132.3, 
130.4, 127.8, 125.1, 124.9, 124.2, 102.8, 79.9, 61.0, 56.1, 42.1, 40.1, 38.4, 38.3, 
28.4, 23.1, 14.6, 14.5. HRMS (ESI): 711.24976 calcd. for C38H44O6S2Na: 711.2533 
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Deprotection of compounds 2.18-2.20 (2.21-2.23) 
Compounds 2.18-2.20 were dissolved in DCM + 10 % TFA at a concentration of 0.05 M 
and the mixture was stirred under N2 at room temperature. Deprotection was considered 
to be complete when the original spot on TLC (DCM + 1% MeOH) had disappeared, 
which generally took less than 30 min. The products were collected as their TFA salts by 
removal of the excess TFA in vacuo. 
 
(1R,3S,5R)-N1,N3-bis(2-(2-Hydroxyethoxy)ethyl)-N5-(2-(4-(5-methyl-4-(2-(2-
methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-
yl)benzamido)ethyl)cyclohexane-1,3,5-tricarboxamide (2.24)  
(1S,3R,5S)-3,5-bis((2-(2-Hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxylic acid 
(2.04) (0.23 g, 0.6 mmol), DMT-Cl (0.10 g, 0.6 mmol) and N-methyl morpholine (0.06 
g, 0.6 mmol) were dissolved in 5 ml methanol. Meanwhile freshly prepared (4-(5-
methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-
yl)benzamido) methanaminium trifluoroacetate (2.21) (0.30 g, 0.5 mmol) was stirred 
with N-methyl morpholine (0.12 g, 1.2 mmol) in 5 ml methanol for 10 min and added to 
the original solution. The mixture was stirred for 2 d at room temperature after which 
DMT-Cl (0.10 g, 0.6 mmol) and N-methyl morpholine (0.06 g, 0.6 mmol) were added 
and after 24 h of subsequent stirring another batch of DMT-Cl (0.10 g, 0.6 mmol) and N-
methyl morpholine (0.06 g, 0.6 mmol) were added. Subsequently, the product was 
filtrated, suspended in hot methanol (~5 mL) and filtrated twice more and finally 
dissolved in DMSO and allowed to precipitate upon addition of methanol, giving the 
product in 15% yield (0.06 g, 0.075 mmol). 1H NMR (DMSO, 50 °C) δ 8.55 (bs, 1H), 
8.47 (bs, 1H), 7.87 (bs, 2H), 7.83-7.72 (m, 4H), 7.65 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 
8.5 Hz, 1H), 7.51 (d, J = 7.4 Hz, 1H), 7.42-7.34 (m, 1H), 7.25 (d, J = 7.9 Hz, 2H), 4.56 
(s, 2H), 4.09 (s, 2H), 3.66 (s, 5H), 3.46 (s, 5H), 3.22-3.12 (m, 13H), 2.82 (d, J = 4.9 
Hz, 4H), 2.75 (bs, 4H), 2.15 (d, J = 13.1 Hz, 4H), 2.03 (s, 2H), 1.92 (d, 6H), 1.76-1.61 
(m, 4H), 1.47-1.31 (m, 4H). MS (ESI): 871.345 calcd. for C47H59N4O8S2: 871.3774 
 
(1R,3S,5S)-N1,N3-bis(2-(2-Hydroxyethoxy)ethyl)-N5-((S)-1-((2-(4-(5-methyl-
4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-
yl)benzamido)ethyl)amino)-1-oxo-3-phenylpropan-2-yl)cyclohexane-1,3,5-
tricarboxamide (2.25)  
(S)-2-((1S,3R,5S)-3,5-bis((2-(2-
Hydroxyethoxy)ethyl)carbamoyl)cyclohexanecarboxamido)-3-phenylpropanoic acid 
(2.06) (0.4 g, 0.7 mmol), DMT-Cl (0.10 g , 0.6 mmol) and N-methyl morpholine (0.06 
g, 0.6 mmol) were dissolved in 5 ml methanol. Meanwhile a solution of freshly prepared 
(4-(5-methyl-4-(2-(2-methyl-5-phenylthiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-
yl)benzamido)methanaminium trifluoroacetate (2.21) (0.30 g, 0.5 mmol) was stirred 
with N-methyl morpholine (0.12 g, 1.2 mmol) in 5 ml methanol for 10 min and added to 
the original solution. The mixture was stirred for 48 h at room temperature after which 
DMT-Cl (0.10 g, 0.6 mmol) and N-methyl morpholine (0.06 g, 0.6 mmol) were added. 
Subsequently, the product was filtrated, suspended in hot methanol (~5 mL) and 
filtrated twice more and finally pure compound was obtained using flash column 
chromatography on SiO2-C18 using 1:3 HCl (30%):Acetonitrile at 40 °C as eluent in 18% 
yield (0.12 g, 0.1 mmol). 1H NMR (400 MHz, DMSO) δ 8.56 (bs, J = 18.5 Hz, 1H), 8.45 
(bs, 1H), 8.15 (bs, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.95-7.72 (m, 7H), 7.63 (d, 4H), 7.51 
(d, J = 7.6 Hz, 2H), 7.46-7.28 (m, 4H), 7.28-7.03 (m, 8H), 4.42 (bs, 1H), 3.41-3.32 (m, 
7H), 3.30-3.21 (m, 5H), 3.21-3.08 (m, 5H), 2.96 (d, J = 13.3 Hz, 1H), 2.82 (s, 4H), 
2.79-2.66 (m, 2H), 2.27-2.09 (m, 4H), 2.05 (t, J = 6.3 Hz, 3H), 1.91 (s, 6H), 1.78-1.60 
(m, 2H), 1.60-1.43 (m, 2H), 1.43-1.15 (m, J = 33.0 Hz, 4H). MS (MALDI-TOF): 1018.6 
calcd. for C56H68N5O9S2: 1018.5 
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Diethyl 4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-
diyl))dibenzoate (2.28) 
1,2-bis(5-Chloro-2-methylthiophen-3-yl)cyclopent-1-ene (2.08) (15.15 g, 46.0 mmol) 
was dissolved in 60 mL dry THF under N2 atmosphere at 0°C. t-BuLi in pentane (1.6 M, 
68.0 mL, 110 mmol) was added slowly while cooling the mixture with an ice bath and 
the mixture was allowed to reach room temperature, while stirring under N2 atmosphere 
for 60 min. B(OBu)3 ( 25.3 g, 110 mmol) was added and the mixture was stirred for 
another hour, before it was added to a solution of Pd(PPh3)4 (0.6 g, 0.5 mmol), ethyl-4-
bromobenzoate (25.2 g, 110 mmol) in 300 mL THF and 200 mL 2 M Na2CO3 (aq.) at 80 
°C. The reaction mixture was heated at reflux for 48 h, after which the reaction mixture 
was brought to near dryness in vacuo and 600 mL diethyl ether and 300 mL water were 
added. The layers were separated and the water layer was extracted with 2x200 mL 
diethyl ether. The combined organic layers were dried on MgSO4 and dried in vacuo. The 
product was obtained after column chromatography (SiO2, pet. ether 40-60 + 20% 
diethyl ether), providing 2.28 as a white solid in 24% (6.1 g, 11.0 mmol). 1H NMR 
(CDCl3) δ 7.99 (d, J = 8.3 Hz, 4H), 7.54 (d, J = 8.3 Hz, 4H), 7.14 (s, 2H), 4.37 (q, J = 
7.0 Hz, 4H), 2.85 (t, J = 7.4 Hz, 4H), 2.16-2.07 (m, 2H), 2.02 (s, 6H), 1.40 (t, J = 7.1 
Hz, 6H). 13C NMR (CDCl3) δ 166.5, 138.7, 138.7, 137.2, 136.4, 134.9, 130.3, 128.8, 
125.6, 125.0, 61.1, 38.6, 23.2, 14.7, 14.5. HRMS (APCI-neg): 555.16510 calcd. for 
C33H31O4S2: 555.1667 
 
4,4'-(4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))dibenzoic 
acid (2.29) 
Diethyl 4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))dibenzoate 
(2.28) (6.09 g, 10.9 mmol) was dissolved in 50 mL water, 50 mL MeOH and 150 mL 
THF. LiOH ( 1,4 g, 60 mmol) was added and the mixture was stirred overnight at room 
temperature. The reaction mixture was brought to near dryness in vacuo and 50 mL 
10% HCl was added. After sonication the product was obtained by filtration followed by 
washing with water (10 mL) and drying in vacuo, providing 2.29 as a white solid in 90% 
(4.9 g, 9.8 mmol). 1H NMR (DMSO) δ 7.91 (d, J = 8.3 Hz, 4H), 7.62 (d, J = 8.3 Hz, 4H), 
7.42 (s, 2H), 2.85 (t, J = 7.4 Hz, 4H), 2.16-2.07 (m, 2H), 1.96 (s, 6H).  
 
Di-tert-butyl (((4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-
4,2-diyl))bis(benzoyl))bis(azanediyl))bis(ethane-2,1-diyl))dicarbamate (2.30) 
4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))dibenzoic acid 
(2.29) (1.0 g, 1.99 mmol) was suspended in DCM at 0 °C. N-methyl morpholine (0.51 
g, 5.0 mmol) was added and the mixture was stirred for 1h. DMT-Cl (0.87 g, 5.0 mmol) 
and N-methyl morpholine (1.0 g, 10.0 mmol) were added and the mixture was stirred 
for 2 h at 0°C. tert-butyl (2-aminoethyl)carbamate (0.72 g, 4.5 mmol) was added and 
the mixture was stirred for 72 h at room temperature. The product was brought to 
dryness in vacuo and pure product was obtained by column chromatography (SiO2, Ethyl 
acetate + 1% MeOH), providing the product in 89 % yield (0.62 g, 1.78 mmol). 1H NMR 
(CDCl3) δ 7.78 (d, J = 7.2 Hz, 4H), 7.51 (d, J = 6.8 Hz, 4H), 7.24 (s, 2H), 7.10 (s, 2H), 
5.05 (s, 2H), 3.56 (d, J = 4.4 Hz, 4H), 3.41 (s, 4H), 2.85 (t, J = 7.4 Hz, 4H), 2.14-2.05 
(m, 2H), 2.02 (s, 6H), 1.42 (d, J = 2.1 Hz, 18H). 13C NMR (CDCl3) δ 167.3, 157.6, 
138.6, 137.3, 136.9, 135.8, 134.7, 132.2, 127.7, 125.1, 125.0, 80.0, 42.1, 40.0, 38.5, 
28.4, 23.0, 14.6. HRMS (ESI): 785.33685 calcd. for C43H53N4O6S2: 785.3401 
 
4,4'-(4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-diyl))bis(N-(2-
aminoethyl)benzamide) (2.31) 
Di-tert-butyl(((4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-4,2-
diyl))bis(benzoyl))bis(azanediyl))bis (ethane-2,1-diyl))dicarbamate (2.30) was dissolved 
in DCM + 10 % TFA at a concentration of 0.05 M and stirred under N2 at room 
temperature. Deprotection was considered to be complete when the original spot on TLC 
(DCM + 1% MeOH) had disappeared, which took less than 30 min. The product was 
collected as its TFA salts by removal of the excess TFA in vacuo. 
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(1S,1'S,3R,3'R,5S,5'S)-N1,N1'-(((((4,4'-(4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-
methylthiophene-4,2-diyl))bis(benzoyl))bis(azanediyl))bis(ethane-2,1-
diyl))bis(azanediyl))bis(1-oxo-3-phenylpropane-2,1-diyl))bis(N3,N5-bis(2-(2-
hydroxyethoxy)ethyl)cyclohexane-1,3,5-tricarboxamide)(2.32) 
(S)-2-((1S,3R,5S)-3,5-bis((2-(2-Hydroxyethoxy)ethyl)carbamoyl)cyclohexane-
carboxamido)-3-phenylpropanoic acid (2.06) (0.62 g, 1.1 mmol), DMT-Cl (0.21 g, 1.2 
mmol) and N-methyl morpholine (0.12 g, 1.2 mmol) were dissolved in 50 ml methanol. 
Meanwhile a solution of freshly prepared 4,4'-(4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-
methylthiophene-4,2-diyl))bis(N-(2-aminoethyl)benzamide) (2.31) (0.30 g, 0.5 mmol) 
was stirred with N-methyl morpholine (0.12 g, 1.2 mmol) in 50 ml methanol for 10 min 
and added to the original solution. The mixture was stirred for 48 h at room temperature 
after which DMT-Cl (0.10 g, 0.6 mmol) and N-methyl morpholine (0.06 g, 0.6 mmol) 
were added. Subsequently, the product was filtrated, suspended in hot methanol (~5 
mL) and filtrated twice more. Subsequently, flash column chromatography on SiO2-C18 
using 4:1 THF : MeOH as eluent was performed. Finally, resuspending the compound 
from DMSO by addition of THF provided pure product in 32% yield (0.25 g, 0.16 mmol). 
1H NMR (DMSO, 70°C) δ 8.52 (bs, 2H), 8.19 (bs, 2H), 7.94 (bs, 2H), 7.87 (d, J = 8.0 
Hz, 4H), 7.73 (s, 4H), 7.58 (d, J = 8.2 Hz, 4H), 7.39 (s, 2H), 4.53 (m, 4H), 4.44 (m, 
4H), 3.46 (s, 4H), 3.38 (d, J = 5.7 Hz, 10H), 3.18 (s, 8H), 2.99 (d, J = 13.5 Hz, 2H), 
2.83 (d, J = 7.2 Hz, 4H), 2.16 (bs, 3H), 2.04 (bs, 2H), 1.94 (s, 6H), 1.69 (s, 2H), 1.52 
(s, 2H), 1.30 (dd, J = 35.1, 23.3, 4H). 
 
Di-tert-butyl 2,2'-((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(3-phenylpropanoate) (2.34) 
4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-carboxylic acid) (2.33) (1.00 g, 
2.86 mmol), DMT-Cl (1.05 g, 6.0 mmol) and N-methyl morpholine (0.60 g, 6.0 mmol) 
were dissolved in 100 ml DCM at 0°C. After 10 min 1-(tert-butoxy)-1-oxo-3-
phenylpropan-2-aminium chloride (1.55 g, 6.0 mmol) was added and the mixture was 
allowed to reach room temperature overnight while stirring. Subsequently, the solvent 
was removed in vacuo and the product was purified by column chromatography (SiO2, 
toluene/diethyl ether 2:1) to provide pure product in 27% yield (0.58 g, 0.77 mmol). 1H 
NMR (CDCl3) δ 7.36-7.08 (m, 12H), 6.35 (d, J = 7.4 Hz, 2H), 4.88 (dt, J = 13.0 Hz, 5.7 
Hz, 2H), 3.18 (d, J = 5.6 Hz, 4H), 2.77 (t, J = 7.4 Hz, 4H), 2.13-1.99 (m, J = 14.7 Hz, 
7.4 Hz, 2H), 1.88 (s, 6H), 1.41 (s, 18H). 13C NMR (CDCl3) δ 170.8, 161.2, 140.5, 
136.60, 136.33, 134.9, 134.2, 129.8, 129.7, 128.6, 127.2, 82.8, 54.0, 38.90, 38.4, 
28.2, 23.1, 14.9. HRMS (ESI): 755.31827 calcd. for C43H51N2O6S2: 755.3183 
 
Di-tert-butyl 2,2'-((2,2'-((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-
methylthiophene-2,2'-carbonyl))bis(azanediyl))bis(3-
phenylpropanoyl))bis(azanediyl))diacetate (2.35) 
4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-carboxylic acid) (2.33) (0.45 g, 
1.30 mmol), DMT-Cl (0.47 g, 2.7 mmol) and N-methyl morpholine (0.27 g, 2.70 mmol) 
were dissolved in 100 ml DCM at 0°C. After 10 min H2N-Phe-Gly-OtBu (3.10e) (0.77 g, 
2.76 mmol) was added and the mixture was allowed to reach room temperature 
overnight while stirring. Subsequently, the solvent was removed in vacuo and the 
product was purified by column chromatography (SiO2, ethyl acetate +1% methanol) 
providing pure product in 34% yield (0.38 g, 0.44 mmol). 1H NMR (DMSO) δ 8.66-8.15 
(m, 2H), 7.43-6.99 (m, 14H), 4.20-3.92 (m, 2H), 3.92-3.58 (m, 8H), 3.35-3.07 (m, 
4H), 3.07-2.86 (m, 2H), 1.88 (s, 6H), 1.44 (s, 18H). 13C NMR (CDCl3) δ 172.1, 168.5, 
162.2, 140.5, 137.2, 136.3, 134.5, 130.6, 129.2, 128.6, 128.4, 126.6, 82.2, 55.3, 42.1, 
38.4, 37.7, 28.0, 22.9, 14.8. HRMS (ESI): 869.36621 calcd. for C47H57N4O8S2: 869.3612 
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Di-tert-butyl 2,2'-((2,2'-((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-
methylthiophene-2,2'-carbonyl))bis(azanediyl))bis(6-((tert-
butoxycarbonyl)amino)hexanoyl))bis(azanediyl))diacetate (2.36) 
4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2-carboxylic acid) (2.33) (0.45 g, 
1.30 mmol), DMT-Cl (0.47 g, 2.7 mmol) and N-methyl morpholine (0.27 g, 2.70 mmol) 
were dissolved in 100 ml DCM at 0°C. After 10 min H2N-Lys-Gly-OtBu (3.10h) (0.97 g, 
2.7 mmol) was added and the mixture was allowed to reach room temperature overnight 
while stirring. Subsequently, the solvent was removed in vacuo and the product was 
purified by column chromatography (SiO2, ethyl acetate +10% methanol) providing pure 
product in 12% yield (0.16 g, 0.16 mmol). δ 7.61-7.78 (m, 2H), 7.32 (s, 2H), 6.35 (d, J 
= 7.4 Hz, 2H), 4.82-4.95 (m, 2H), 4.50-4.78 (br, 2H), 3.89 (d, J= 5.4 Hz, 4H), 3.30-
3.39 (m, 2H), 2.95-3.14 (m, 4H), 2.15-2.01 (m, 2H), 1.45-1.90 (m, 14H), 1.84(s, 6H), 
1.43 (s, 18H), 1.39 (s, 18H), 1.16-1.33 (m, 4H). 13C NMR (CDCl3) δ 175.4, 168.5, 
162.2, 156.3, 140.5, 137.2, 136.3, 130.6, 128.4, 82.2, 79.2, 55.3, 42.1, 38.4, 40.2, 
37.7, 34.5, 29.7, 28.1, 28.0, 22.9, 14.8. HRMS (ESI): 1031.5378 calcd. for 
C51H79N6O12S2: 1031.5197 
 
2,2'-((4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(3-phenylpropanoic acid) (2.37) 
Di-tert-butyl 2,2'-((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-carbonyl)) 
bis(azanediyl))bis(3-phenylpropanoate) (2.34) (0.58 g, 0.77 mmol) was dissolved in 10 
mL DCM + 10% TFA and stirred for 1 h. Removal of the volatiles in vacuo yielded pure 
product in 99% yield (0.49 g, 0.76 mmol). 1H NMR (DMSO) δ 8.57 (d, J = 8.1 Hz, 2H), 
7.62 (s, 2H), 7.32-7.10 (m, 10H), 4.57-4.46 (m, 2H), 3.20-2.92 (m, 4H), 2.77 (t, J = 
7.1 Hz, 4H), 2.10-1.98 (m, 2H), 1.78 (s, 6H). 13C NMR (DMSO) δ 173.7, 161.6, 139.9, 
138.6, 136.7, 135.7, 134.8, 130.1, 129.7, 128.8, 127.1, 54.7, 39.1, 37.1, 23.0, 14.9. 
HRMS (ESI): 643.19865 calcd. for C35H35N2O6S2: 643.1931 
 
2,2'-((2,2'-((4,4'-(Cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(3-phenylpropanoyl))bis(azanediyl))diacetic acid 
(2.38) 
The synthesis was similar to that of compound 2.37, using di-tert-butyl 2,2'-((2,2'-
((4,4'-(cyclopent-1-ene-1,2-diyl)-bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(3-phenylpropanoyl))bis(azanediyl))diacetate (2.35) (0.38 
g, 0.44 mmol), yielding 2.38 as a light brown solid in 99% yield (0.33 g, 0.44 mmol). 1H 
NMR (DMSO) δ 8.49 (d, J = 8.5 Hz, 2H), 8.43 (bs, 2H), 7.67 (s, 2H), 7.35-7.05 (m, J = 
29.8 Hz, 23.6 Hz, 7.0 Hz, 10H), 4.64 (t, J = 7.5 Hz, 2H), 3.78 (s, 4H), 3.17-2.85 (m, 
4H), 2.77 (s, 4H), 2.09-1.99 (m, 2H), 1.74 (s, 6H). 13C NMR (DMSO) δ 172.4, 171.7, 
161.4, 139.7, 138.9, 136.7, 135.9, 134.7, 130.1, 129.8, 128.7, 126.9, 55.2, 41.4, 39.1, 
38.0, 22.9, 14.8. HRMS (ESI): 757.2378 calcd. for C39H41N4O8S2: 757.2365 
 
Mono(5,5'-((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(6-((carboxymethyl)amino)-6-oxohexan-1-
aminium)) tris(2,2,2-trifluoroacetate) (2.39) 
The synthesis was similar to that of compound 2.37, using di-tert-butyl 2,2'-((2,2'-
((4,4'-(cyclopent-1-ene-1,2-diyl)bis(5-methylthiophene-2,2'-
carbonyl))bis(azanediyl))bis(6-((tert-butoxycarbonyl)amino)hexanoyl))-bis(azanediyl)) 
diacetate (2.36) (0.16 g, 0.16 mmol), providing 2.39 as a light brown solid in 98% yield 
(0.15 g, 0.15 mmol). 1H NMR (DMSO) 1H NMR (DMSO) δ 8.45 (d, J = 8.1 Hz, 2H), 8.18 
(t, J = 5.5 Hz, 2H), 7.34 (s, 2H), 4.23-4.45 (m, 2H), 3,79-3.69 (m, 2H), 3.20-2.92 (bs, 
2H), 2.92-2.65 (m, 8H), 2.10-1.98 (m, 2H), 1.78 (s, 6H), 1.75-1.62 (m, 2H), 1.56-1.40 
(m, 6H), 1.42-1.23 (m, 4H). 13C NMR (DMSO) δ 169.2, 168.8, 166.0, 140.3, 136.8, 
136.0, 130.3, 128.1, 55.0, 41.7, 38.1, 39.9, 37.4, 34.2, 27.8, 22.6, 14.2. HRMS (ESI): 
719.2913 calcd. for C33H47N6O8S2: 719.2897 
 
 

- 50 -



 

 

2.8 References 
                                                            [1]		 For	an	overview	of	dithienylethene	switches	see:	a)	Molecular Switches, Vol. 1.	B.	L.	Feringa,	W.	R.	Browne,	Wiley-VCH:	Weinheim,	Germany,	2011;	b)	Irie,	M.,	Mohri,	M.	J. Org. Chem.	1988,	53,	803-808;	c)	Matsuda,	K.;	Irie,	M.	J. Photochem. Photobiol., C.	2004,	5,	169-182;	d)	Myles,	A.	J.;	Branda,	N.	R.	Adv. Funct. Mater.	2002,	12,	167-173.	[2]		 De	Jong,	J.	J.	D.;	Lucas,	L.	N.;	Kellogg,	R.	M.;	Van	Esch	J.	H.;	Feringa,	B.	L.	Science	2004,	304,	278-281.	[3]		 M.	Walko,	PhD	Thesis:	Molecular	and	Biomolecular	Switches,	University	of	Groningen,	2009.	[4]		 De	Jong,	J.	J.	D.;	Van	Rijn,	P.;	Tiemersma-Wegeman,	T.	D.;	Lucas,	L.	N.;	Browne,	W.	R.;	Kellogg,	R.	M.;	Uchida,	K.;	Van	Esch,	J.	H.;	Feringa,	B.	L.	Tetrahedron	2008,	64,	8324-8335.	[5]		 a)	Hirose,	T.;	Matsuda,	K.;	Irie,	M.	J. Org. Chem.	2006,	71,	7499-7508;	b)	Zhou,	X.;	Duan,	Y.;	Yan,	S.;	Liu,	Z.;	Zhang,	C.;	Yao,	L.;	Guanglei	C.	Chem. Commun.	2011, 47,	6876-6878.	[6]		 Y.	He,	Y.	Yamamoto,	W.	 Jin,	T.	Fukushima,	A.	Saeki,	S.	Seki,	N.	 Ishii,	T.	Aida,	Adv. Mater.	2010,	22,	829-832.	[7]		 a)	Liang,	J.;	Yin,	J.;	Li,	Z.;	Zhang,	C.;	Wu,	D.;	Liu,	S.	H.	Dyes Pigm.	2011,	91,	364-369;	b)	Jukes,	R.	T.	F.;	Adamo,	V.;	Hartle,	F.;	Belser,	P.;	De	Cola,	L.	Inorg. Chem.	2004,	43,	2779-2792.	[8]	 Van	 Bommel,	 K.	 J.	 C.;	 van	 Esch,	 J.	 H.;	 de	 Loos,	 M.;	 Heeres,	 A.;	 Feringa,	 B.	 L.	 Pat.	 Appl.	 WO	03/097587,	2002.		[9]		 Van	Bommel,	K.	J.	C.;	van	der	Pol,	C.;	Muizebelt,	I.;	Friggeri,	A.;	Heeres,	A.;	Meetsma,	A.;	Feringa,	B.	L.;	van	Esch,	J.	H.	Angew. Chem. Int. Ed.	2004,	43,	1663-1667.	[10]		 Jin.	J.	-I.;	Kang,	C.	-S.	Polymer 1993,	34,	2407-2412.		[11]		 Akazawa,	M.;	Uchida,	K.;	De	Jong,	J.	J.	D.;	Areephong,	J.;	Stuart,	M.	C.	A.;	Caroli,	G.;	Browne,	W.	R.;	Feringa,	B.	L.	Org. Biomol. Chem.	2008,	6,	1544-1547.	[12]		 Ohsumi,	M.;	Hazama,	M.;	Fukaminato,	T.;	Irie,	M.	Chem. Commun.	2008,	3281-3283.	[13]	 Irie,	M.;	Sayo,	K.	J. Phys. Chem.	1992,	96,	7671-7674.		[14]		 L.	Lucas,	PhD	Thesis:	Dithienylcyclopentene	Optical	Switches,	University	of	Groningen,	2001.		[15]		 Roy,	S.;	 Javid,	N.;	Frederix,	P.	W.	 J.	M.;	Lamprou,	D.	A.;	Urquhart,	A.	 J.;	Hunt,	N.	T.;	Halling,	P.	 J.;	Ulijn,	R.	V.	Chem. Eur. J.	2012,	18,	11723-11731.		[16]		 Zhang,	Y.;	Cremer,	P.	S.	Curr. Opin. Chem. Biol.	2006,	10,	658-663.	[17]		 Hofmeister	F.	Arch. Exp. Pathol. Pharmacol.	1888,	24,	247-260.	[18]		 Kunz,	W.;	Lo	Nostro,	P.;	Ninham,	B.	W.	Curr. Opin. Colloid Interface Sci.	2004,	9,	1-18.	[19]		 Frigerri,	A.;	Van	der	Pol,	C.;	Van	Bommel,	K.	 J.	C.;	Heeres,	A.;	Stuart,	M.	C.	A.;	Feringa,	B.	L.;	Van	Esch,	J.	H.	Chem. Eur. J.	2005,	11,	5353-5361.	[20]		 T.	Kudernac,	PhD	Thesis:	Light-Controlled	Conductance	Using	Molecular	Switches,	University	of	Groningen,	2007.	

- 51 -



 

- 52 -



 

C
 
 
In this
dipeptid
of the 
describ
 
 

 
 
 
 
 
 
 
 
Part of 
Feringa
 
 
 
 
 
 
 
 

Chapt
s chapter 
des are des
structure 

ed. 

this chapte
a, B. L., ma

ter	3.Rewr
the conne

scribed, fol
of differe

er will be pu
anuscript su

.	A	Diritabl
ection of 
lowed by th
nt dipeptid

ublished: V
ubmitted. 

thiene	Hyd
imide bas

he investiga
des to the

Van Herpt, J

nylethdroge
sed dithien
ations of th

e solvation

J. T.; Stuar

hene	Belator
nylethene 
he resulting
 and gela

rt, M. C. A.

Basedr	
photoswitc

g gels. The 
tion prope

; Browne, W

d	
ches to 
relation 

erties is 

W. R.; 

 

- 53 -



 

Chapter	3.	A	Dithienylethene	Based	Rewritable	Hydrogelator	
 
3.1 Introduction 
 
The development of responsive hydrogels is of importance for several fields of research, 
including controlled release of drugs, cell growth and adaptive materials.1 Light induced 
transformations, in particular, are of great interest because they are non-invasive, allow 
high temporal and spatial control, do not result in the build-up of reaction byproducts 
and have potentially fast response times.2 This is an important advantage over other 
triggers such as pH changes, chemical reactions and even temperature changes, which 
will have response times considerable longer than the initial trigger event. Because of 
their tunable spectroscopic properties, high thermostability, good closed to open ratios in 
the photostationary state, high fatigue resistance and the possibility to address several 
distinct (chiral) states,3 dithienylethene photoswitches are primary candidates for 
incorporation as functional units in hydrogels.4 However, due to their hydrophobicity, the 
application of dithienylethene photoswitches in gels has, so far, to the best of our 
knowledge, only been achieved in organic solvents. Nonetheless, dithienylethene 
switches have seen successful application in systems that form aggregates in water, 
including vesicles,5 DNA complexes,6 guest-host complexes,7 nanospheres8 and one 
dimensional fibre like aggregates.9 In this chapter, we report the incorporation of a 
dithienylethene switch in a hydrogelator system and the characterization of the resulting 
gels.  

Dithienylethene switches are amongst the more hydrophobic photoswitchable moieties 
reported in the literature and incorporating them in a hydrophilic system is non-trivial. 
Several approaches have been taken towards the production of light sensitive (hydro)gel 
systems. Molecular switches have been added as dopants to hydrogels,10 covalently 
attached to known gelator motifs and incorporated into known gelators, replacing parts 
of the original gelator.11 Dithienylethene switches do not show large changes in 
molecular geometry or dipole moment upon switching, in contrast to azobenzenes 
(Δµ≈3D)12 and spiropyrans (Δµ≈12D),13 and hence the effects of switching 
dithienylethene dopants are relatively minor. This has limited their use as dopant to 
highly organized supramolecular structures such as liquid crystals.14 As shown in chapter 
2, covalent attachment of a dithienylethene switch to a known gelator would result in a 
substantial increase in hydrophobicity. This turned out to be detrimental to its gelation 
properties. Therefore we took the approach to redesign fluorenyl methoxycarbonyl 
diphenylalanine a known hydrogelator that already incorporates an aromatic group of 
similar size (figure 3.01).15  

 

 

 

 

 

 

Figure 3.01. Fluorenyl methoxycarbonyl diphenylalanine, a well-known hydrogelator.15  
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In recent years the ability of fluorenyl functionalized oligopeptides, and especially 
dipeptides to gelate water, has received attention towards many hydrogel related 
functionalities.16 It has already been shown that for oligopeptide based gelators, the 
fluorenyl moiety can be replaced by other aromatic groups, such as pyrenes,17 
naphthalenes18 and coumarines,19 which can induce highly organized stacking, providing 
hydrogelation.20 As the dithienyl switch has some similarity in size and shape to the 
fluorenyl group, we focussed on incorporating a new maleimide based dithienylethene 
switch (figure 3.02). 

 

 

 

 

 

 

 

 

Figure 3.02. Dithienylethene functionalized tripeptide hydrogelators 3.01a-h. 

 
Maleimide based dithienyl switches were first reported by Irie in 1988.21 A glycine moiety 
provides the carboxylic acid functionality necessary to couple the switch to the dipeptide, 
de facto rendering the system a tripeptide. The maleimide motif was used because it 
allows for functionalization of the switch in a symmetric manner, instead of 
functionalization at the thienyl groups as would be the case for the ‘conventional’ 
cyclopentene based dithienyl switches.4 This approach allows for closer resemblance to 
the fluorene moiety, but more importantly, also increases the polarity of the switch, 
thereby increasing the water solubility of the entire system. As gels are a metastable 
phase and the gelator needs to be soluble enough to be dissolved on the one hand, but 
insoluble enough to aggregate anisotropically afterwards, the polarity of the molecules 
was tuned by the dipeptides that were attached to the switch. Eight dipeptides were 
used including apolar (phenylalanine), neutral (glycine) and polar (lysine) amino acids, 
to tune polarities. 
 
 
3.2 Synthesis 

Dithienylethene based tripeptides 3.01a-h were synthesized according to the route 
depicted in scheme 3.01. Maleic anhydride was brominated using a modified literature 
procedure.22 Imide formation with methyl 2-aminoacetate was followed by trans-
halogenation affording diiodo compound 3.04, which was coupled to thienyl boronic acid 
3.06 in a double Suzuki coupling. Compound 3.06 was obtained in two steps from 
commercially available 2,5-dimethyl thiophene.23 Both the use of a (methoxy) protected 
carboxylic acid instead of a free carboxylic acid and diiodo derivative of the maleic 
anhydride proved to be essential for the Suzuki coupling to proceed in good yields. Ester 
hydrolysis of compound 3.07 was found to proceed best using lithium ion coordinated 
iodide based dealkylation.24 This yielded a free carboxylic acid that was then used to 
couple the switch to a series of O-t-butyl protected dipeptides, which were prepared in 
two steps from commercially available protected amino acids. A final deprotection step 
yielded the desired compounds as solids.  
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Scheme 3.01. Synthesis of 3.01a-h. 

3.3 Gelation 

The hydrogelation properties of 3.01a-h were tested (table 3.01), using several different 
gelation methods, as described in paragraph 3.7. It was found that most compounds 
formed gels in water with a critical gelation concentration (cgc) in the 20-40 mg/mL 
range. The incorporation of lysine increased the cgc and the bis-lysine compound 
(3.01d) remained soluble in water even at concentrations above 100 mg/mL. The 
presence of phenylalanine on the other hand, has an opposite effect, as anticipated, 
exemplified by the insolubility of the diphenylalanine compound (3.01a). The lysine-
phenylalanine compound (3.01b) was also found to be insoluble or to form precipitates, 
depending on the preparation method applied. Differences in gelation behavior between 
compounds with similar structures, i.e. only the order of amino acids was varied, as with 
compounds 3.01b and 3.01c, have been reported before.15, 25 This is an illustrative 
example of the subtle changes in interactions that enhance or disrupt anisotropic 
aggregation.  

Table 3.01. Hydrogelation of 3.01a-h (deionized water). [a] 

 3.01a 3.01b 3.01c 3.01d 3.01e 3.01f 3.01g 3.01h 

cgc 
(mg/ml) 

p p 34 s 21 24 38 40 

[a] p = precipate, s = solution at 100 mg/ml. Numbers represent the critical gelation concentration (cgc) in 
mg/ml. 
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Figure 3.06. Change in UV/Vis absorbance of 3.12h (pH 10) upon irradiation (360 nm). 

Changes to the UV/vis absorption spectrum of 3.01h in solution below the critical 
gelation concentration (0.10 mg/mL) at pH 7 were observed upon irradiation at 312 nm 
(figure 3.07). New absorbance bands appeared at 360 and 530 nm, with a decrease in 
absorbance at 290 nm.28 An isosbestic point was maintained at 326 nm, indicating that 
side reactions were not occurring, e.g., hydrolysis or degradation. The ratio of open and 
closed form at the photostationary state ratio was determined by UV/vis absorption 
spectroscopy to be 92:8 for solutions of the gelator.29 The changes were fully reversed 
upon irradiation at longer wavelengths (>500 nm).  

 

Figure 3.07. Ring closing of 3.01h in water at pH=7 (0.10 mg/mL) at 312 nm followed 
by UV/vis absorption spectroscopy. 

Irradiation of 3.01h in the gel state at 312 nm resulted in a change in color, turning the 
samples from bright yellow to red. The macroscopic appearance and mechanical 
properties of the gel itself remained unchanged, however (figure 3.08). When the 
gelators were dissolved in methanol and ring closed by irradiation at 312 nm, a 
photostationary state ratio of 52:48 was reached, as was determined by 1H NMR. 
Removal of methanol in vacuo and attempts to form hydrogels using the obtained 
partially closed sample gave rise to suspensions, indicating that there is an intrinsic 
difference in aggregating properties between open and closed states. 
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All water soluble hydrogelators examined provided similar UV absorption spectra, as 
expected. The CD spectra, however, showed significant variation between the gelators. 
Although CD spectra could not be obtained from as-formed gel samples due to their 
opacity, dilution of the gels to ca 2.6 mMIII could be carried out without redisolving the 
gel-fibres. In this way CD spectra could be obtained. As the dipeptide moieties show no 
absorption or CD signal at wavelengths longer than 250 nm, absorption at longer 
wavelengths can be assigned to the dithienylethene switch unit (figure 3.12). The switch 
moieties by themselves are achiral and the compounds do not exhibit a CD signal at 
concentrations at which aggregation is also not observed. Therefore a CD signal at these 
wavelengths is indicative for supramolecular aggregation of a type that forces the switch 
preferentialy into one of the two chiral conformation.  

 

Figure 3.12. Hydrogel of 3.01h diluted to 2.6 mM. — = original spectrum (3.01h open), 
−··− = after irradiation at 312 nm, - - - = after subsequent irradiation with visible light 
(>470 nm) ···· = after heating and subsequent cooling of the 2.6 mM solution. 

When the diluted gel samples were irradiated at 312 nm, (partial) closure of the switch 
occured to some extent, manifested in the appearance of an absorption band at 530 nm. 
The closing of the switch was accompanied by a decrease in the CD signal, indicating 
that the closed switch does not maintain its aggregation state in the same manner as the 
open switch. A possible reason for this is that unlike the open form, the closed 
dithienylethene system contains two methyl groups that are oriented almost 
perpendicular with respect to the rest of the switch. This disrupts tight stacking of the 
aromatic region (figure 3.13), a similar effect is discussed in chapter 6. Irradiation with 
visible light subsequently caused the system to ring open fully again, without a change in 
the CD spectrum. Finally, heating and subsequent cooling of the sample caused a near 
complete disappearance of the CD signal, due to the dissolution of the gelators from 
their aggregated state. 

                                                 [III]		 Due	 to	 different	 gelation	 concentrations	 and	 the	 difficulty	 of	 transfering	 and	 diluting	 an	 exact	amount	 of	 gel,	 it	 was	 found	 more	 convenient	 to	 calculate	 the	 exact	 concentration	 of	 the	 CD	samples	by	their	UV	absorbance.	
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Figure 3.13. Methyl orientation in open and closed dithienylethene switch.  

Most gels showed a negative Cotton effect around 390 nm (figure 3.14), coinciding with 
their UV/vis absorption spectra. As expected 3.01d does not show a CD signal at these 
wavelengths as it does not form aggregates. The lack of a CD signal for 3.01g is due to 
dissolution of the fibres upon dilution.IV This could be attributed to the high polarity of 
3.01g, however, 3.01h, containing the same amino acids in a different order, remains 
in an aggregated state, showing the fine balance of interactions responsible for the 
aggregation (vide supra). The lack of signal for 3.01e cannot be explained by 
dissolution, as the samples still show turbidity upon dilution. A possible explanation 
would be that 3.01e stacks in an achiral manner. 

Figure 3.14. CD spectra of diluted gels (conc. ~2.5 mM in H2O). 

The fluorescence spectra of 3.01h, which forms a gel in water, and 3.01d, which is 
completely soluble in water at high concentrations, were measured in both ethanol and 
water (figure 3.15). In ethanol, switch 3.01h and 3.01d behave similarily, showing 
fluorescence at 400 nm, in the solid state both 3.01d and 3.01h show similar emission 
spectra which are red shifted by 40 nm from that observed in solution, indicating 
substantial intermolecular interactions between the chromophoric units (figure 3.15c). 
When the concentration is increased, a new emision appears at 560 nm. This emission 
was red-shifted from the original emission and suggests the formation of aggregates. In 
water 3.01h and 3.01d behave very differently. 3.01h shows broad emission at 580 nm 
even at low concentrations, whereas the emission of 3.01d appears to be completely 
quenched (figure 3.15b).V 

 

                                                 [IV]		 Increasing	the	concentration	of	1g	to	the	critical	gelation	concentration	does	indeed	result	in	a	CD	signal.	[V]		 The	peak	at	370	nm	was	identified	as	Raman	scattering.	
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a)       b) 

  
c) 

 

Figure 3.15. a) Fluorescence of 3.01d and 3.01h (λexc:265 nm) in ethanol at high (4*10-

3 mM) and low (4*10-5 mM) concentrations. b) Fluorescence spectrum of 3.01d and 
3.01h in water (pH = 6.5) at high (4*10-3 mM) and low (4*10-5 mM) concentrations. c) 
Fluorescence of 3.01d and 3.01h in their solid state. 

The lack of emission from compound 3.01d in water is consistent with quenching. By 
contrast, for 3.01h the 560 nm emission is typical of emission from aggregates and thus 
consistent with substantial intermolecular interaction, i.e., stacking of the 
dithienylethene units in the gel-state. 

 
 
3.5 Microscopy 

Cryo-transmission electron microscopy (cryo-TEM) imaging of the gels revealed that they 
do not possess a fibrilar or ribbon like structure, unlike the corresponding FMOC 
functionalized gelators.25 Instead, tube like structures, which appeared to be formed by 
curled sheets, were observed (figures 3.16 and 3.17).31 This provides a rationalization as 
to why relatively high gelator concentrations are necessary to provide gelation. 
Formation of a three dimensional network with sufficient entanglement to provide 
rigidity, is most efficient with thin long fibres, which have substantial supramolecular 
interaction with other fibres (junctions). The tube like structures found for the present 
gels, however, show intrastructural interactions mainly, which accounts for the rolled up 
sheet shape. In order to have enough interaction between these supramolecular 
structures to form a gel, a high concentration is necessary. 
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As can be concluded from the histogram of the inner and outer diameters of the tubes 
(figure 3.19), the inner diameter is has a more defined size, hinting that aggregation is 
probably happening from the inside out, with the tubes growing to different outer widths. 
It appears that the decreased curvature required for the outer layers of the tubes is 
energetically unfavorable, as the major part of the outer widths remains below 300 nm 
in diameter. 

 
Figure 3.19. Histogram of inner and outer diameters of the tubes observed in cryo-TEM 
samples of 3.01h.  
 
 
3.6 Conclusion 
 
We have shown that it is possible to include dithienylethene switches into hydrogels. The 
gelators form stable gels under acidic and neutral conditions, and are hydrolyzed under 
basic conditions to their corresponding amides, which form solutions in water. The 
hydrogels seem to obtain their stability from large rod like structures, which are formed 
by steeply curved sheets.  

The high concentration of light absorbing switch in the sample prevents the light from 
penetrating the gel completely, making the gelator maintain its macroscopic and 
mechanical properties, while the spectral properties can be altered photochemically. 

The gelating behavior of the compounds, substantiated by cryo-TEM microscopy and CD 
and IR spectroscopy, suggests that the switch moiety is mainly responsible for the 
aggregation mode, whereas the dipeptide moiety provides for solubility. 

 
 
3.7 Experimental Section 
 
 
3.7.1 General Remarks 
 
For general comments, see chapter 2. Diffuse reflectance UV/vis absorption spectroscopy 
was performed on a JASCO V-570 Spectrometer equipped with a JASCO ISN 470 
accessory. Fluorescence spectra were recorded using a Jasco FP-6200 fluorimeter. FTIR 
spectra were obtained using a Perkin Elmer Spectrum 400 spectrometer. CD spectra 
were recorded on a JASCO-815 CD spectrometer. Rheological measurements were 
performed on a MCR 300 rheometer (Anton Paar) using a parallel plate setup, equipped 
with a 50 mm plate (PP50 SS). Samples were introduced as liquids after which the 
sample was sealed and allowed to rest for at least 60 min before measurement.  
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3.7.2 Preparation of Gels 
 
In a typical gelation experiment a weighed amount of gelator was added to a 2 mL vial, 
after which 1 mL of solvent was added. The sealed vial was subjected to ultrasonication 
(~1 min) to disperse the gelator, after which the sample was heated until a clear 
solution was obtained. Most compounds formed a clear solution at 50-80 °C. The 
solutions were then allowed to cool slowly (>1 h) to room temperature. As a control 
experiment, FMOC- Phe-Phe was gelated in the same manner and yielded the 
characteristic fibrous gels. The samples were deemed gels when samples were able to 
maintain their own weight upon inversion of the vial without visible deformation. No 
clear spectroscopic or mechanical differences could be found between the use of pure 
water and tris or sodium phosphate buffers (10 mM), therefore all further experiments 
were performed in sodium phosphate buffers. Adjustments to pH were made by addition 
of concentrated aqueous NaOH or HCl solutions. Attempts to prepare gels by increasing 
the pH with NaOH (aq.) until a solution was formed and restoring the pH to neutral using 
HCl (aq.) did not give the desired results, but yielded solutions. Dissolving the gelator in 
a minimal amount of DMSO or methanol and rapid mixing with the main solution (water) 
did result in gelation in some cases, but the gels did not appear to be uniform and the 
addition of an organic solvent was not deemed to be ideal to investigate the effects of 
the water gelation. 
 
 
3.7.3 Irradiation Experiments 
 
For the irradiation experiments gels were prepared at 40 mg/mL in a 1 mm cuvette. 
Masks were prepared from aluminum foil and mounted on the cuvette. Irradiation was 
done at 312 nm for ring closing and above 500 nm for ring opening (figure 3.20).  
 

 
Figure 3.20: Irradiation of gel: (a) and (b) Application of mask (c) irradiation of samples 
results in (d) written hydrogels. 
 
 
3.7.4 Synthesis and Characterization 
 
3,4-Dibromofuran-2,5-dione (3.02)22 
A mixture of maleic anhydride (5.0 g, 51.0 mmol), aluminum bromide (0.1 g, 0.37 
mmol) and bromine (21.7 g, 7.0 mL, 271.3 mmol ) were heated in a sealed tube to 
130°C overnight. The pressure tube was allowed to cool to room temperature, pressure 

a) b)

d)c) 
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was released and excess bromine was removed by airflow. Recrystallization from 
dichloromethane yielded 3.02 as white crystals in 90 % yield. (11.7 g, 4.6 mmol). 
mp:114.1-114.8°C 13C NMR (CDCl3): δ 158.6, 131.4.  
 
Methyl 2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetate (3.03) 
3,4-Dibromofuran-2,5-dione (3.02) (3.5 g, 13.8 mmol) and 2-methoxy-2-
oxoethanaminium chloride (2.8 g, 22.3 mmol ) were dissolved in 40 mL acetic acid and 
heated at reflux overnight. Acetic acid was removed in vacuo. Purification of the crude 
product by column chromatography over silica gel, with ether : pentane 1:1 gave 3.03 
as yellow crystals in 68% yield. (9.4 g, 28.7 mmol). mp:108.9-113.6°C. 1H-NMR 
(CDCl3): δ 4.34 (s, 2H), 3.75 (s, 3H). 13C NMR (CD3CN): δ 168.6, 164.5, 130.6, 53.4, 
40.6.  
 
Methyl 2-(3,4-diiodo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetate (3.04) 
Methyl 2-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetate (3.03) (1.8 g, 5.5 
mmol) and sodium iodide (4.0 g, 26.7 mmol) were dissolved in 100 mL acetic acid and 
heated at reflux overnight. The mixture was concentrated to 30 mL in vacuo. The liquid 
was poured into 150 mL saturated (aq) Na2CO3 solution and extracted with 3 x 100 mL 
diethyl ether. The combined organic layers were dried over MgSO4. Purification of the 
crude product by column chromatography over silica gel, with ether : pentane 1:4 going 
to 1:1 gave 3.04 as yellow crystals in 87% yield. (2.0 g, 4.78 mmol). mp:160.0-
160.4°C 1H-NMR (CDCl3): δ 4.35 (s, 2H), 3.74 (s, 3H). 13C NMR (CDCl3): δ 167.2, 165. 
7, 118.0, 53.0, 40.4. Anal. Calcd for C7H5NO4I2: C, 19.97; H, 1.20; N, 3.33. Found: C, 
20,23; H, 1.17; N, 3.40.  
 
3-Bromo-2,5-dimethylthiophene (3.05)23 
NBS (31.7 g, 17.8 mmol) was added over 1 h to a solution of 2,5-dimethylthiophene 
(20.0 g, 17.8 mmol) dissolved in 750 mL acetic acid. After 1 h stirring the solution was 
poured into 1 L ice water and the mixture was extracted with 3 x 300 mL DCM. The 
combined organic layers were washed with 2 x 200 mL (aq) Na2CO3 solution and dried 
over MgSO4. Solvent was removed in vacuo. Purification of the crude product by column 
chromatography over silica gel, with hexane gave the product as a white solid in 75% 
yield. (2.55 g, 13.35 mmol). 1H-NMR (CDCl3): δ 6.56 (s, 1H), 2.40 (s, 3H), 2.33 (s, 3H). 
13C NMR (CDCl3): δ 137.0, 131.7, 127.7, 108.1, 15.4, 14.6.  
 
(2,5-Dimethylthiophen-3-yl)boronic acid (3.06) 
A solution of 3-bromo-2,5-dimethylthiophene (3.05) (2.0 g, 10.4 mmol) in 50 mL THF 
was cooled to -78°C, and 7.5 mL of a 1.6 M solution of n-butyl lithium in hexane was 
added under argon. The mixture was stirred at that temperature for 15 min, 
tributylborate (3.2 g, 14.0 mmol) was added in one portion and the mixture was stirred 
for 1 h at -78°C. The mixture was allowed to reach room temperature overnight. THF 
was removed in vacuo. 100 mL diethyl ether was added to the residue and a mixture of 
5 mL concentrated HCl (aq) and 35 mL ice water was added. The mixture was stirred for 
1 h, the organic phase was separated, and the aqueous phase was extracted with diethyl 
ether (3 x 20 mL). The extracts were combined with the organic phase and extracted 
with a 5% solution of sodium hydroxide (aq) (4 x 20 mL). The alkaline solution was 
washed with ether (2 x 20 mL), cooled to -5°C and acidified with 10 mL concentrated 
hydrochloric acid under stirring. The precipitate was collected by filtration, washed with 
water and dried in vacuo providing 3.06 in 51% yield as a trimer. (0.83 g, 5.32 mmol). 
mp:171.4-174.1°C 1H-NMR (CDCl3): δ 7.06 (s, 1H), 2.80 (s, 3H), 2.45 (s, 3H). 13C NMR 
(CDCl3): δ 153.8, 135.9, 131.6, 105.7, 16.2, 15.0. ESI-MS m/z 157.04828 [M+H]+ Calcd 
for C6H10BO2S: 157.0489  
 
Methyl 2-(3,4-bis(2,5-dimethylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-
1-yl)acetate (3.07) 
Methyl 2-(3,4-diiodo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)acetate (3.04) (1.0 g, 2.4 
mmol), (2,5-dimethylthiophen-3-yl)boronic acid (0.72 g, 5.3 mmol), Pd(PPh3)4 (0.30 g, 

- 69 -



 

0.1 mmol) and cesium fluoride (4.00 g, 26 mmol) were dissolved in 100 mL dry argon 
purged dioxane and heated at reflux for 3 h under argon atmosphere. 300 mL water and 
500 mL chloroform were added and the phases were separated. The water phase was 
extracted with chloroform (2 x 200 mL) and the organic layers were combined. The 
solvent was removed in vacuo and the crude product was purified by column 
chromatography on SiO2 with pet. ether 40/60: diethyl ether 10:1 providing 7 as an 
orange solid in 40% yield. (0.37 g, 0.94 mmol). mp:150.0-152.7°C 1H-NMR (CDCl3): δ 
6.73 (s, 2H), 4.37 (s, 2H), 3.78 (s, 3H), 2.41 (s, 6H), 1.89 (s, 6H). 13C NMR (CDCl3): δ 
170.1, 168.0, 139.7, 136.8, 133.1, 126.3, 126.3, 52.6, 39.0, 15.2, 14.7. ESI-MS m/z 
412.0656 [M+Na]+ Calcd for C19H19NO4S2Na: 412.0648  
 
2-(3,4-Bis(2,5-dimethylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)acetic acid (3.08) 
Methyl 2-(3,4-bis(2,5-dimethylthiophen-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)acetate (7) (0.40 g, 1.02 mmol) and lithium iodide (1.3 g, 10 mmol) were dissolved in 
200 mL ethyl acetate and heated at reflux overnight. Ethyl acetate was removed in 
vacuo. The residue was washed with chloroform. The crude product was purified by 
column chromatography on SiO2 with ethyl acetate + 1% formic acid giving 3.08 as an 
orange solid in 62% yield. (0.24 g, 0.64 mmol). mp:219.8-220.6°C 1H-NMR (CDCl3): δ 
6.73 (s, 2H), 4.43 (s, 2H), 2.41 (s, 6H), 1.89 (s, 6H). 13C NMR (CDCl3): δ 172.3, 170.1, 
140.0, 137.0, 133.3, 126.5, 126.4, 38.9, 15.3, 14. 9. ESI-MS m/z 376.0670 [M+H]+ 
Calcd for C18H18NO4S2: 376.0672  
 
Fmoc-Phe-Phe-OtBu (3.09a) 
Fmoc-Phe-OH (1.00 g, 2.58 mmol), HOBt (0.35 g, 2.58 mmol) and EDCI (0.49 g, 2.58 
mmol) were dissolved in 10 mL dry DCM and stirred for 30 min under N2 atmosphere. A 
solution of H2N-Phe-OtBu·HCl (0.67 g, 2.58 mmol) and DIEA (1.06 mL, 0.79 g, 6.1 
mmol) in 10 mL DCM was added drop wise over 1 h. The reaction mixture was stirred 
overnight at RT. The mixture was washed with saturated (aq) NaHCO3 solution (2 x 20 
mL) and brine (2 x 20 mL) and afterwards dried on Na2SO4. The solvent was removed in 
vacuo and the crude product was purified by column chromatography on SiO2 with DCM 
+ 4% MeOH affording 3.09a as a white viscous semi-solid in 69% yield. (1.06 g, 1.79 
mmol). 1H-NMR (CDCl3): δ 7.70 (t, J=7.5Hz, 2H), 7.53 (t, J=7.4Hz, 2H), 7.40 (t, 
J=7.5Hz, 2H), 7.26-7.33 (m, 4H), 7.16-7.24 (m, 6H), 7.02 (d, J=6.9Hz, 2H), 6.20 (br, 
1H), 5.25 (br, 1H), 4.64 (q, J=6.1Hz, 1H), 4.44 (dd, J1=7.0Hz, J2=10.5Hz, 2H), 4.30 (m, 
1H), 4.19 (t, J=6.9Hz, 1H), 3.06 (br, 2H), 3.02 (d, J=6.0Hz, 2H), 1.37 (s, 9H). 13C NMR 
(CDCl3): δ 170.1, 170.0, 155.9, 143.9, 141.5, 136.3, 136.0, 129.6, 129.5, 128.9, 128.5, 
127.9, 127.2, 127.1, 120.1, 82.6, 67.3, 56.2, 53.8, 47.3, 38.6, 38.2, 28.1. ESI-MS m/z 
591.2863 [M+H]+ Calcd for C37H39N2O5: 591.2859 
 
Fmoc-Lys(Boc)-Phe-OtBu (3.09b) 
Synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using Fmoc-
Lys(Boc)-OH (1.20 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 
mmol), H2N-Phe-OtBu·HCl (0.73 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 mmol) 
affording 3.09b as a white viscous semi-solid in 73% yield. (1.27 g, 1.88 mmol). 1H-
NMR (CDCl3): δ 7.77 (d, J=7.5Hz, 2H), 7.70 (t, J=7.5Hz, 2H), 7.40 (t, J=7.4Hz, 2H), 
7.31 (t, J=7.1Hz, 2H), 7.15-7.25 (m, 3H), 7.12 (d, J=6.9Hz, 2H), 6.43 (br, 1H), 5.43 
(br, 1H), 4.74 (q, J=6.3Hz, 1H), 4.64 (br, 1H), 4.32-4.44 (m, 2H), 4.21 (t, J=7.0Hz, 
1H), 4.10-4.17 (m, 1H), 3.03-3.14 (m, 4H), 1.76-1.85 (m, 1H), 1.55-1.75 (m, 2H), 1.43 
(s, 9H), 1.40 (s, 9H), 1.28-1.35 (m, 2H), 1.04-1.20 (m, 1H). 13C NMR (CDCl3): δ 171.2, 
170.4, 156.2, 143.9, 141.4, 136.1, 129.5, 128.5, 127.2, 127.0, 125.22, 125.16, 120.0, 
82.5, 67.2, 54.8, 53.7, 47.2, 40.0, 38.0, 32.3, 29.7, 28.1, 28.5, 28.0, 22.5. ESI-MS m/z 
672.3624 [M+H]+ Calcd for C39H50N3O7: 672.3649 
 
Fmoc-Phe-Lys(Boc)-OtBu (3.09c) 
Synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using Fmoc-
Phe-OH (1.00 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 mmol), 
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H2N-Lys(Boc)-OtBu·HCl (0.96 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 mmol) 
affording 3.09c as a white viscous semi-solid in 91% yield. (1.55 g, 2.30 mmol). 1H-
NMR (CDCl3): δ 7.76 (d, J=7.5Hz, 2H), 7.54 (t, J=6.2Hz, 2H), 7.40 (t, J=7.3Hz, 2H), 
7.12-7.35 (m, 7H), 5.45 (br, 1H), 6.41 (br, 1H), 4.60-4.69 (br, 1H), 4.35-4.50 (m, 3H), 
4.24-4.35 (m, 1H), 4.18 (t, J=6.9Hz, 1H), 2.98-3.16 (m, 4H), 1.70-1.83 (m, 2H), 1.55-
1.68 (m, 2H), 1.43 (s, 9H), 1.41 (s, 9H), 1.10-1.30 (m, 2H). 13C NMR (CDCl3): δ 171.0, 
170.5, 156.1, 155.9, 143.9, 143.8, 141.4, 136.4, 129.5, 128.8, 127.2, 125.2, 120.1, 
82.4, 79.3, 67.3, 56.3, 52.7, 47.2, 40.3, 38.6, 32.2, 29.5, 28.6, 28.1, 22.2. ESI-MS m/z 
694.3458 [M+Na]+ Calcd for C39H49N3O7Na: 694.3463 
 
Fmoc-Lys(Boc)-Lys(Boc)-OtBu (3.09d) 
Synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using Fmoc-
Lys(Boc)-OH (1.20 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 
mmol), H2N-Lys(Boc)-OtBu·HCl (0.96 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 
mmol) affording 3.09d as a white viscous semi-solid in 51% yield. (0.95 g, 1.29 mmol). 
1H-NMR (CDCl3): δ 7.76 (d, J=7.7Hz, 2H), 7.60 (d, J=7.4Hz, 2H), 7.39 (t, J=7.5Hz, 2H), 
7.31 (t, J=7.5Hz, 2H), 6.53-6.63 (br, 1H), 5.55-5.65 (br, 1H), 4.63-4.78 (br, 2H), 4.34-
4.48 (m, 3H), 4.22 (t, J=7.0Hz, 1H), 4.15-4.21 (m, 1H), 3.01-3.20 (m, 4H), 1.76-1.93 
(m, 2H), 1.58-1.73 (m, 2H), 1.46-1.47 (m, 4H), 1.45 (s, 9H), 1.43 (s, 9H), 1.41 (s, 9H), 
1.27-1.38 (m, 4H). 13C NMR (DMSO- d6): δ 171.6, 171.1, 156.2, 156.11, 156.05, 143.8, 
141.2, 127.6, 127.0, 125.1, 119.9, 82.0, 79.0, 67.1, 54.6, 52.6, 47.0, 40.0, 39.9, 32.2, 
31.7, 29.6, 29.4, 28.39, 28.38, 27.9, 22.4, 22.3. ESI-MS m/z 775.4211 [M+Na]+ Calcd 
for C41H60N4O9Na: 775.4258 
 
Fmoc-Phe-Gly-OtBu (3.09e) 
Synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using Fmoc-
Phe-OH (1.00 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 mmol), 
H2N-Gly-OtBu·HCl (0.48 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 mmol) affording 
3.09e as a white viscous semi-solid in 76% yield. (0.98 g, 1.95 mmol). 1H-NMR (CDCl3): 
δ 7.76 (d, J=7.6Hz, 2H), 7.53 (t, J=8.1Hz, 2H), 7.40 (t, J=7.5Hz, 2H), 7.31 (d, J=7.5Hz, 
2H), 7.15-7.31 (m, 5H), 6.21-6.30 (br, 1H), 5.27-5.36 (br, 1H), 4.26-4.54 (m, 3H), 
4.18 (t, J=6.8Hz, 3H), 3.87 (dd, J1=39.3Hz, J2=45.4Hz, 2H), 3.07-3.13 (br, 2H), 1.45 
(s, 9H). 13C NMR (CDCl3): δ 171.0, 168.6, 156.1, 143.8, 141.4, 136.5, 129.4, 128.8, 
127.8, 127.2, 125.2, 120.1, 118.6, 82.6, 67.2, 56.2, 47.2, 42.1, 38.6, 28.1. ESI-MS m/z 
523.2200 [M+Na]+ Calcd for C30H32N2O4Na: 523.2203 
 
Fmoc-Gly-Phe-OtBu (9f) 
Synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using Fmoc-
Gly-OH (0.77 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 mmol), 
H2N-Phe-OtBu·HCl (0.73 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 mmol) affording 
3.09f as a white viscous semi-solid solid in 79% yield. (1.01 g, 2.01 mmol). 1H-NMR 
(CDCl3): δ 7.71 (d, J=7.3Hz, 2H), 7.53 (d, J=7.2Hz, 2H), 7.34 (t, J=7.3Hz, 2H), 7.25 t, 
J=7.2Hz, 2H), 7.02-7.20 (m, 5H), 6.40 (d, J=7.7Hz , 1H), 5.35-5.49 (br, 1H), 4.71 (dd, 
J1=6.2Hz, J2=13.5Hz, 2H), 4.34 (d, J=6.9Hz, 1H), 4.16 (t, J=7.0Hz, 1H), 3.78-3.83 (m, 
2H), 3.01-3.08 (d, J=5.9Hz, 2H), 1.35 (s, 9H). 13C NMR (CDCl3): δ 170.4, 168.4, 156.6, 
143.9, 141.4, 136.0, 129.6, 129.5, 128.5, 127.22, 127.18, 125.2, 120.1, 82.8, 67.5, 
53.7, 47.2, 44.6, 38.1, 28.1. ESI-MS m/z 523.2199 [M+Na]+ Calcd for C30H32N2O4Na: 
523.2203 
 
Fmoc-Gly-Lys(Boc)-OtBu (3.09g) 
The synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using 
Fmoc-Gly-OH (0.77 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 
mmol), H2N-Lys(Boc)-OtBu·HCl (0.96 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 
mmol) affording 3.09g as a white viscous semi-solid in 89% yield. (1.20 g, 2.26 mmol). 
1H-NMR (CDCl3): δ 7.76 (d, J=7.2Hz, 2H), 7.60 (d, J=7.2Hz, 2H), 7.39 (t, J=7.2Hz, 2H), 
7.29 (t, J=7.2Hz, 2H), 6.62 (d, J=7.8Hz , 1H), 5.52-5.70 (br, 1H), 4.56-4.70 (br, 1H), 
4.49 (dd, J1=7.3Hz, J2=12.5Hz, 1H), 4.35-4.45 (m, 2H), 4.23 (t, J=7.1Hz, 1H), 3.92 (d, 
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J=5.6Hz, 2H), 3.07(q, J=6.3Hz, 2H), 1.50-1.93 (m, 4H), 1.45 (s, 9H), 1.42 (s, 9H), 
1.21-1.36 (m, 2H). 13C NMR (CDCl3): δ 171.4, 168.7, 156.7, 156.2, 143.9, 141.4, 127.9, 
127.2, 125.2, 120.1, 82.5, 79.3, 67.5, 52.7, 44.6, 40.2, 29.7, 28.6, 28.1, 22.3. ESI-MS 
m/z 604.2996 [M+Na]+ Calcd for C32H43N3O7Na: 604.2993 
 
Fmoc- Lys(Boc)-Gly-OtBu (3.09h) 
The synthesis was analogous to the synthesis of Fmoc-Phe-Phe-OtBu (3.09a), using 
Fmoc-Lys(Boc)-OH (1.20 g, 2.58 mmol), HOBt (0.39 g, 2.84 mmol), EDCI (0.54 g, 2.84 
mmol), H2N-Gly-OtBu·HCl (0.48 g, 2.84 mmol) and DIEA (1.1 mL, 0.87 g, 6.8 mmol) 
affording 3.09h as a white viscous semi-solid in 49% yield. (0.78 g, 1.34 mmol). 1H-
NMR (CDCl3): δ 7.76 (d, J=7.5Hz, 2H), 7.59 (d, J=7.2Hz, 2H), 7.40 (t, J=7.5Hz, 2H), 
7.31 (t, J=7.5Hz, 2H), 6.41-6.49 (br, 1H), 5.40-5.55 (br, 1H), 4.57-4.69 (br, 1H), 4.22 
(t, J=6.8Hz, 1H), 4.15-4.18 (br, 1H), 3.92 (s, 2H), 3.02-3.18 (br, 2H), 1.50-1.93 (m, 
4H), 1.46 (s, 9H), 1.43 (s, 9H), 1.21-1.36 (m, 2H). 13C NMR (CDCl3): δ 171.9, 168.8, 
156.3, 143.91, 143.87, 141.4, 127.8, 127.2, 125.2, 120.1, 82.5, 79.2, 67.2, 54.8, 47.3, 
42.1, 40.0, 32.2, 29.8, 28.5, 28.1, 22.5. ESI-MS m/z 604.2989 [M+Na]+ Calcd for 
C32H43N3O7Na: 604.2993 
 
H2N-Phe-Phe-OtBu (3.10a) 
Fmoc-Phe-Phe-OtBu (3.09a) (0.60 g, 1.01 mmol) was dissolved in 10 mL dry DCM. 1 
mL piperidine was added and the mixture was stirred for 3 h under a N2 atmosphere. 
The mixture was concentrated in vacuo, the residue was dissolved in 10 mL pet. ether : 
diethyl ether 1:1 and filtered. The filtrate was evaporated to dryness in vacuo. The crude 
product was purified by column chromatography on SiO2, pet. ether : diethyl ether 1:1 
removed the fluorene, further eluting with ethyl acetate afforded 3.10a as a white sticky 
oil in 53% yield. (0.20 g, 0.54 mmol). 1H-NMR (DMSO- d6): δ 8.15 (t, J=8.5Hz, 1H), 
7.09-7.32 (m, 10H), 4.42 (q, J=7.7Hz, 1H), 3.39 (dd, J1=4.6Hz, J2=8.5Hz, 1H), 2.93 (d, 
J=6.9Hz, 2H), 2.89 (dd, J1=4.6Hz, J2=11.2Hz, 1H), 2.56 (dd, J1=8.3Hz, J2=13.6Hz, 1H), 
1.63 (br, 2H), 1.32 (s, 9H). 13C NMR (DMSO- d6): δ 170.7, 170.5, 138.7, 137.3, 129.3, 
129.2, 128.4, 128.1, 126.7, 126.0, 80.8, 64.7, 54.1, 37.4, 35.2, 27.6. ESI-MS m/z 
391.1968 [M+Na]+ Calcd for C22H28NaN2O3: 391.1992 
 
H2N-Lys(Boc)-Phe-OtBu (3.10b) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (3.10a), using Fmoc-
Lys(Boc)-Phe-OtBu (3.09b) (1.27 g, 1.88 mmol), column chromatography over SiO2 
with ethyl acetate + 10%MeOH afforded 3.10b as a white sticky oil in 95% yield. (0.80 
g, 1.78 mmol). 1H-NMR (DMSO- d6): δ 8.11 (d, J=7.8Hz, 1H), 7.12-7.30 (m, 5H), 6.69 
(t, J=5.0Hz, 1H), 4.38 (q, J=6.8Hz, 1H), 3.70 (t, J1=5.2Hz, J2=7.4Hz, 1H), 2.93 (t, 
J1=7.5Hz, 2H), 2.84 (q, J=6.8Hz, 2H), 1.40-1.52 (m, 2H), 1.34 (s, 9H), 1.30 (s, 9H), 
1.10-1.26 (m, 4H). 13C NMR (DMSO-d6): δ 175.29, 170.69, 141.35, 137.14, 129.39, 
128.33, 126.71, 81.08, 54.50, 53.66, 40.35, 39.92, 37.31, 34.81, 29.57, 28.43, 27.70, 
22.55. ESI-MS m/z 472.2742 [M+Na]+ Calcd for C24H39N3O5Na: 472.2782 
 
H2N-Phe-Lys(Boc)-OtBu (3.10c) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (3.10a), using Fmoc-
Phe-Lys(Boc)-OtBu (3.09c) (1.32 g, 1.96 mmol), column chromatography over SiO2 
with ethyl acetate + 10% MeOH afforded 3.10c as a colorless sticky oil in 70% yield. 
(0.62 g, 1.38 mmol). 1H-NMR (CDCl3): δ 7.72 (d, J=8.2Hz, 1H), 7.07-7.27 (m, 5H), 
4.76-4.86 (br, 1H), 4.37 (dd, J1=7.7Hz, J2=13.0Hz, 1H), 3.54 (dd, J1=3.9Hz, J2=8.9Hz, 
1H), 2.93-3.05 (m, 2H), 2.67 (dd, J1=9.0Hz, J2=13.6Hz, 1H), 1.50-1.80 (m, 2H), 1.36-
1.45 (m, 2H), 1.36 (s, 9H), 1.33 (s, 9H), 1.10-1.25 (m, 2H). 13C NMR (CDCl3): δ 173.9, 
171.3, 155.9, 137.5, 129.2, 128.5, 126.6, 81.7, 78.8, 56.1, 51.9, 40.8, 40.1, 32.1, 
29.3, 28.3, 22.2. ESI-MS m/z 450.2948 [M+H]+ Calcd for C24H40N3O5: 450.2963 
 
H2N-Lys(Boc)-Lys(Boc)-OtBu (3.10d) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (3.10a), using Fmoc-
Lys(Boc)-Lys(Boc)-OtBu (3.09d) (0.95 g, 1.26 mmol), column chromatography over 
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SiO2 with ethyl acetate + 10% MeOH afforded 3.10d as a colorless sticky oil in 86% 
yield. (0.55 g, 1.04 mmol). 1H-NMR (CDCl3): δ 7.71(d, J=7.3Hz, 1H), 4.61-4.74 (br, 
2H), 4.43 (dd, J1=12.9Hz, J2=7.4Hz, 1H), 3.33-3.41 (m, 1H), 3.01-3.15 (m,4H), 1.74-
1.86 (m, 2H), 1.47-1.71 (m, 6H), 1.45 (s, 9H), 1.42(s, 18H), 1.20-1.39 (m, 4H). 13C 
NMR (CDCl3): δ 174.9, 171.8, 156.22, 156.15, 82.1, 79.2, 55.1, 52.2, 40.4, 40.3, 34.7, 
32.5, 30.0, 29.7, 28.6, 28.1, 22.9, 22.6. ESI-MS m/z 531.3733 [M+H]+ Calcd for 
C26H51N4O7: 531.3752 
 
H2N-Phe-Gly-OtBu (3.10e) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (3.10a), using Fmoc-
Lys(Boc)-Lys(Boc)-OtBu (3.09e) (0.98 g, 1.80 mmol), column chromatography over 
SiO2 with ethyl acetate + 10% MeOH afforded 3.10e as a colorless sticky oil in 99% 
yield. (0.50 g, 1.80 mmol). 1H-NMR (DMSO- d6): δ 8.11 (t, J=5.6Hz, 1H), 7.07-7.27 (m, 
5H), 3.51-3.78(m, 3H), 2.80 (d, J=6.8Hz, 2H), 1.29 (s, 9H) 13C NMR (DMSO-d6): δ 
171.2, 168.9, 139.1, 129.1, 127.9, 125.8, 80.6, 64.7, 41.3, 34.4, 27.7. ESI-MS m/z 
279.1706 [M+H]+ Calcd for C15H23N2O3: 279.1703 
 
H2N-Gly-Phe-OtBu (3.10f) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (3.10a), using Fmoc-
Gly-Phe-OtBu (3.09f) (1.01 g, 2.02 mmol), column chromatography over SiO2 with ethyl 
acetate + 10% MeOH afforded 3.10f as a colorless sticky oil in 53% yield. (0.30 g, 1.08 
mmol). 1H-NMR (CDCl3): δ 8.11 (d, J=7.6Hz, 1H), 7.11-7.35 (m, 5H), 4.78 (dd, 
J1=6.2Hz, J2=14.4Hz,1H), 3.25-3.40 (br, 2H), 3.10 (d, J=6.2Hz, 2H), 1.40 (s, 9H). 13C 
NMR (CDCl3): δ 172.4, 170.8, 136.5, 129.6, 128.5, 127.0, 82.3, 53.2, 44.9, 38.4, 28.1. 
ESI-MS m/z 279.1704 [M+H]+ Calcd for C15H23N2O3: 279.1703 
 
H2N-Gly-Lys(Boc)-OtBu (3.10g) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (10a), using Fmoc-Gly-
Lys(Boc)-OtBu (3.09g) (1.20 g, 2.06 mmol), column chromatography over SiO2 with 
ethyl acetate + 10% MeOH afforded 10g as a colorless sticky oil in 69% yield. (0.60 g, 
1.42 mmol). 1H-NMR (CDCl3): δ 7.65 (d, J=7.9Hz, 1H), 4.53-4.60 (br, 1H), 4.46-4.53 
(m, 1H), 3.37 (s, 2H), 3.04-3.14 (m, 2H), 1.48-1.90 (m, 7H), 1.46 (s, 9H), 1.42 (s, 9H), 
1.26-1.40 (m, 2H). 13C NMR (CDCl3): δ 172.7, 171.7, 156.1, 82.2, 79.3, 52.1, 44.9, 
40.4, 32.6, 29.7, 28.6, 28.2, 22.5. ESI-MS m/z 360.2495 [M+H]+ Calcd for C17H34N3O5: 
360.2490 
 
H2N-Lys(Boc)-Gly-OtBu (10h) 
The synthesis was analogous to the synthesis of H2N-Phe-OtBu (10a), using Fmoc-
Lys(Boc)-Gly-OtBu (3.09h) (0.78 g, 1.34 mmol), column chromatography over SiO2 with 
ethyl acetate + 10% MeOH afforded 3.10h as a colorless sticky oil in 95% yield. (0.46 
g, 1.28 mmol). 1H-NMR (CDCl3): δ 7.60-7.75 (m, 1H), 4.50-4.78 (br, 1H), 3.89 (d, 
J=5.4Hz, 2H), 3.30-3.39 (m, 1H), 2.95-3.14 (m, 2H), 1.45-1.90 (m, 7H), 1.43 (s, 9H), 
1.39 (s, 9H), 1.16-1.36 (m, 2H). 13C NMR (CDCl3): δ 175.3, 169.2, 156.2, 82.1, 79.1, 
55.1, 41.7, 40.3, 34.6, 29.9, 28.5, 28.1, 22.9. ESI-MS m/z 360.2489 [M+H]+ Calcd for 
C17H34N3O5: 360.2493 
 
Switch-NH-Phe-Phe-OtBu (3.11a) 
Compound 7 (0.23 g, 0.60 mmol), HOBt (0.08 g, 0.58 mmol) and EDCI (0.11 g, 0.58 
mmol) were dissolved in 10 mL dry DCM and stirred for 30 min under a N2 atmosphere. 
A solution of H2N-Phe-Phe-OtBu (3.10a) (0.20 g, 0.54 mmol) and DIEA (0. 2 mL, 0.16 
g, 1. 2 mmol) in 10 mL DCM was added to the mixture. The reaction mixture was stirred 
overnight at RT. The solution was evaporated to dryness in vacuo and the crude product 
was purified by column chromatography on SiO2 with toluene + 20% ethyl acetate, 
affording 3.11a as an orange solid in 63% yield. (0.25 g, 0.34 mmol). 1H-NMR (CDCl3): 
δ 7.14-7.25 (m, 8H), 7.05 (d, J=6.3Hz, 2H), 6.73 (s, 2H), 6.40 (d, J=7.5Hz, 1H), 6.03 
(d, J=7.3Hz, 1H), 4.60 (m, 2H), 4.24 (d, J=3.3Hz, 2H), 2.94-3.14 (m, 4H), 2.41 s, 6H), 
1.89 (s, 6H), 1.37 (s, 9H). 13C NMR (CDCl3): δ 169.5, 168.9, 168.6, 165.1, 138.9, 
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135.9, 135.1, 135.0, 132.2, 128.6, 127.8, 127.6, 126.3, 126.2, 125.6, 125.6, 81.6, 
53.7, 53.0, 40.2, 37.4, 37.2, 27.0, 14.3, 13.9. ESI-MS m/z 742.2448 [M+Na]+ Calcd for 
C40H43N3NaO6S2: 748.2485 Anal. Calcd for C40H43N3O6S2: C, 66.18; H, 5.97; N, 5.79; S, 
8.83. Found: C, 66.10; H, 6.03; N, 5.85; S, 8.75. 
 
Switch-NH-Lys(Boc)-Phe-OtBu (3.11b) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.23 g, 0.60 mmol), H2N-Lys(Boc)-Phe-OtBu (3.10b) (0.26 g, 0.58 
mmol), HOBt (0.08 g, 0.58 mmol), EDCI (0.11 g, 0.58 mmol) and DIEA (0. 2 mL, 0.16 
g, 1. 2 mmol) yielding 3.11b as an orange solid in 36% yield. (0.17 g, 0.21 mmol). 1H-
NMR (CDCl3): δ 1.26-1.38 (m, 2H), 1.39 (s, 9H), 1.42 (s, 9H), 1.55-1.70 (m, 1H), 1.76-
1.85 (m, 1H), 1.88 (s, 6H), 2.39 (s, 6H), 2.96-3.14 (m, 4H), 4.27 (d, J=1.2Hz, 2H), 
4.39 (q, J=6.3Hz, 1H), 4.65-4.73 (m, 2H), 6.41 (d, J=7.3Hz, 1H), 6.59 (d, J=7.1Hz, 
1H), 6.72 (s, 2H), 7.11-7.30 (m, 4H). 13C NMR (CDCl3): δ 170.7, 170.5, 170.3, 166.4, 
156.3, 139.8, 136.9, 136.1, 133.3, 129.5, 128.6, 127.2, 126.6, 126.6, 82.6, 77.2, 53.9, 
53.3, 41.2, 38.0, 32.1, 29.7, 28.6, 28.1, 22.4, 15.3, 14.9. ESI-MS m/z 829.3282 
[M+Na]+ Calcd for C42H54N4NaO8S2: 829.3275 Anal. Calcd for C42H54N4O8S2: C, 62.51; H, 
6.74; N, 6.94; S, 7.95. Found: C, 61.41; H, 6.73; N, 6.75; S, 7.55. 
 
Switch-Phe-NH-Lys(Boc)-OtBu (3.11c) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.10 g, 0.27 mmol) H2N-Phe-Lys(Boc)-OtBu (3.10c) (0.25 g, 0.55 mmol), 
HOBt (0.04 g, 0.30 mmol), EDCI (0.06 g, 0.30 mmol) and DIEA (0.1 mL, 0.09 g, 0.65 
mmol) yielding 3.11c as an orange solid in 46% yield. (0.10 g, 0.12 mmol). 1H-NMR 
(CDCl3): δ 7.14-7.29 (m, 5H), 6.99 (d, J=6.9Hz, 1H), 6.72 (s, 2H), 6.55 (d, J=7.1Hz, 
1H), 4.77-4.85 (m, 1H), 4.68-4.76 (m, 1H), 4.32-4.40 (m, 1H), 4.27 (s, 2H), 3.07-3.15 
(m, 2H), 3.00-3.07 (m, 2H), 2.40 (s, 6H), 1.88 (s, 6H), 1.72-1.83 (m, 2H), 1.56-1.70 
(m, 2H), 1.45-1.52 (m, 2H), 1.43 (s, 18H), 1.20-1.35 (m, 2H). 13C NMR (CDCl3): δ 
170.7, 170.4, 170.2, 166.5, 156.0, 139.4, 136.4, 136.3, 132.9, 129.3, 128.3, 126.7, 
126.4, 81.8, 78.8, 77.3, 54.5, 52.8, 40.5, 40.1, 37.8, 31.6, 29.3, 28.4, 27.8, 22.3, 15.0, 
14.6. ESI-MS m/z 829.3272 [M+Na]+ Calcd for C42H54N4NaO8S2: 829.3275  
 
Switch-Lys(Boc)- Lys(Boc)-OtBu (3.11d) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.23 g, 0.60 mmol) H2N-Lys(Boc)-Lys(Boc)-OtBu (3.10d) (0.32 g, 0.60 
mmol), HOBt (0.08 g, 0.60 mmol), EDCI (0.12 g, 0.60 mmol) and DIEA (0.2 mL, 0.16 g, 
1. 2 mmol) yielding 3.11d as an orange solid in 46% yield. (0.23 g, 0.26 mmol). 1H-
NMR (CDCl3): δ 7.24 (d, J=7.81 Hz, 1H), 6.91 (d, J=7.7Hz, 1H), 6.65 (s, 2H), 4.80-4.95 
(br, 2H), 4.38-4.55 (m, 1H), 4.27-4.38 (m, 1H), 4.26 (s, 2H), 2.89-3.12 (m, 4H), 2.33 
(s, 6H), 1.82 (s, 6H), 1.43-1.80 (m, 6H), 1.38 (s, 9H), 1.37 (s, 18H), 1.10-1.35 (m, 
6H). 13C NMR (CDCl3): δ 171.4, 171.2, 170.5, 166.8, 156.3, 139.7, 136.7, 133.2, 126.6, 
82.0, 79.0, 54.5, 53.2, 53.0, 40.81, 40.77, 40.2, 40.1, 31.8, 31.6, 29.54, 29.45, 28.5, 
28.1, 22.6, 15.2, 14.8. ESI-MS m/z 910.4069 [M+Na]+ Calcd for C44H65N5NaO10S2: 
910.4065  
 
Switch-Phe- Gly-OtBu (3.11e) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.23 g, 0.60 mmol) H2N-Phe-Gly-OtBu (3.10e) (0.23 g, 0.60 mmol), HOBt 
(0.08 g, 0.58 mmol), EDCI (0.11 g, 0.58 mmol) and DIEA (0.2 mL, 0.16 g, 1.2 mmol) 
yielding 3.11e as a yellow solid in 75% yield. (0.29 g, 0.45 mmol). 1H-NMR (DMSO- d6): 
δ 8.47-8.53 (m, 2H), 7.17-7.25 (m, 5H), 6.65 (s, 2H), 4.47-4.57 (m, 1H), 4.10 (q, 
J=11.7Hz, 2H), 3.73 (t, J=5.2Hz, 2H), 2.97-3.07 (m, 1H), 2.71-2.83 (m, 1H), 2.36 (s, 
6H), 1.81(s, 6H), 1.43-1.80 (m, 6H), 1.40 (s, 9H). 13C NMR (DMSO- d6): δ 171.3, 169.7, 
168.8, 166.0, 138.4, 137.7, 136.1, 132.8, 129.1, 128.1, 126.6, 126.5, 126.3, 41.4, 
40.2, 37.8, 27.1, 14.8, 14.2. ESI-MS m/z 658.2010 [M+Na]+ Calcd for C33H37N3NaO6S2: 
658.2043  
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Switch-Gly- Phe-OtBu (3.11f) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.37 g, 1.0 mmol) H2N-Gly-Phe-OtBu (3.10f) (0.28 g, 1.0 mmol), HOBt 
(0.13 g, 1.0 mmol), EDCI (0.19 g, 1.0 mmol) and DIEA (0.45 mL, 0.38 g, 3.0 mmol). 
Column chromatography was performed on SiO2, using a gradient from 100% Et2O to 
100% EtOAc, yielding 3.11f as an orange solid in 20% yield. (0.13 g, 0.20 mmol). 1H-
NMR (CDCl3): δ 7.10-7.28 (m, 6H), 6.73 (d, J=8.1Hz, 1H), 6.72 (s, 2H), 4.68 (dt, 
J=14.1Hz, J=6.6Hz, 1H), 4.28 (s, 2H), 3.94 (dd, J1=16.7Hz, J2=5.4Hz, 1H), 3.84 (dd, 
J1=16.7Hz, J=5.4Hz, 1H), 3.03 (dd, J1=6.3Hz , J2=4.1Hz , 2H), 2.37 (s, 6H), 1.86 (s, 
6H), 1.36 (s, 9H). 13C NMR (CDCl3): δ 171.56, 171.55, 168.4, 167.1, 139.8, 136.8, 
136.1, 133.2, 129.5, 128.5, 127.1, 126.53, 126.51, 82.5, 54.0, 43.1, 41.0, 38.1, 28.0, 
15.2, 14.8. ESI-MS m/z 636.2201 [M+H]+ Calcd for C33H38N3O6S2: 636.2197  
 
Switch-Gly-Lys(Boc)-OtBu (3.11g) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.51 g, 1.36 mmol) H2N-Gly-Lys(Boc)-OtBu (3.10g) (0.49 g, 1.36 mmol), 
HOBt (0.18 g, 1.36 mmol), EDCI (0.26 g, 1.36 mmol) and DIEA (0.60 mL, 0.51 g, 4.0 
mmol), yielding 3.11g as an orange solid in 43% yield. (0.42 g, 0.58 mmol). 1H-NMR 
(CDCl3): δ 7.17-7.29 (bs, 1H), 6.82 (d, J=7.8Hz, 1H), 6.70 (s, 2H), 4.62-4.85 (m, 1H), 
4.35-4.49 (m, 1H), 4.31 (s, 2H), 3.96 (d, J=5.0Hz, 2H), 2.91-3.12 (m, 2H), 2.37 (s, 
6H), 2.12-2.31 (m, 2H), 1.85 (s, 6H), 1.58-1.83 (m, 2H), 1.42 (s, 6H), 1.41 (s, 
6H),1.20-1.35 (m, 2H). 13C NMR (CDCl3): δ 171.3, 170.5, 168.8, 167.3, 156.1, 139.6, 
136.6, 133.0, 126.42, 126.41, 82.0, 78.9, 52.8, 43.1, 40.9, 40.0, 31.4, 29.3, 28.4, 
27.9, 22.4, 15.1, 14.6. ESI-MS m/z 717.2987 [M+H]+ Calcd for C35H49N4O8S2: 717.2986  
 
Switch-Lys(Boc)-Gly-OtBu (3.11h) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OtBu (3.11a), using 
compound 7 (0.51 g, 1.3 mmol) H2N-Gly-Lys(Boc)-OtBu (3.10h) (0.47 g, 1.36 mmol), 
HOBt (0.18 g, 1.36 mmol), EDCI (0.26 g, 1.36 mmol) and DIEA (0.4 mL, 0.39 g, 3.0 
mmol). Column chromatography was performed on SiO2, using a gradient from 100% 
Et2O to 100% EtOAc, yielding 3.11h as an orange solid in 76% yield. (0.75 g, 1.04 
mmol). 1H-NMR (CDCl3): δ 6.81 (d, J=6.8Hz, 1H), 6.71 (s, 2H), 6.63 (t, J=4.4Hz, 1H), 
4.70-4.78 (m, 1H), 4.47 (dd, J=13.2Hz, 1H), 4.30 (s, 2H), 3.88-3.93 (m, 2H), 3.02-3.15 
(m, 2H), 2.39 (s, 6H), 1.89-1.95 (m, 1H), 1.88 (s, 6H), 1.64-1.76 (m, 1H), 1.46-
1.54(m, 2H), 1.45 (s, 6H), 1.42 (s, 6H),1.33-1.41 (m, 2H). 13C NMR (CDCl3): δ 171.4, 
170.6, 168.7, 166.7, 156.4, 139.9, 136.9, 133.3, 126.57, 126.56, 82.5, 79.3, 53.4, 
42.2, 41.1, 40.1, 32.0, 29.7, 28.6, 28.2, 22.5, 15.3, 14.9. ESI-MS m/z 717.2996 
[M+H]+ Calcd for C35H49N4O8S2: 717.2986  
 
Switch-NH-Phe-Phe-OH (3.01a) 
Compound 3.11a (0.20 g, 0.28 mmol) was dissolved in 2 mL dry DCM after which 0.2 
mL TFA was added. The mixture was stirred for 4 h under N2 atmosphere. The solvents 
were removed in vacuo, after which 3 mL water was added. The mixture was sonicated 
for 30 min after which it was freeze dried, yielding compound 3.01a as an orange sticky 
solid in 99% yield. (0.19 g, 0.28 mmol). 1H-NMR (CDCl3): δ 7.11-7.25 (m, 8H), 6.85 (d, 
J=8.0Hz, 1H), 6.72 (s, 2H), 6.54 (d, J=7.3Hz, 1H), 4.70 (m, 2H), 3.13 (dd, J1=5.4Hz, 
J2=13.9Hz, 1H), 2.94-3.05 (m, 2H), 2.88 (dd, J1=7.1Hz, J2=14.0Hz, 1H), 2.39 (s, 6H), 
1.88 (s, 6H). 13C NMR (CDCl3): δ 173.5, 170.8, 170.6, 166.8, 140.0, 137.0, 136.1, 
135.9, 133.3, 129.5, 129.4, 128.9, 128.8, 127.29, 127.28, 126.55, 126.52, 80.4, 54.7, 
54.0, 41.1, 38.0, 37.3, 15.3, 14.9. ESI-MS m/z 692.1831[M+Na]+ Calcd for 
C40H43N3NaO6S2: 692.126  
 
Switch-NH-Lys-Phe-OH (3.01b) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11b (0.17 g, 0.60 mmol). The product was purified by column 
chromatography on C18 functionalized silica gel, using methanol as eluent, yielding 
3.01b as an orange solid in 36% yield. (0.17 g, 0.21 mmol). 1H-NMR (DMSO- d6): δ 
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8.39 (d, J=7.6Hz, 1H), 7.76 (d, J=7.6Hz, 1H), 7.10-7.25 (m, 5H), 6.68 (s, 2H), 4.20-
4.35 (m, 2H), 4.16 (s, 2H), 3.05-3.12 (m, 1H), 2.78-2.90 (m, 1H), 2.67-2.78 (m, 2H), 
2.37 (s, 6H), 1.84 (s, 6H), 1.51-1.65 (m, 4H), 1.26-1.38 (m, 2H). 13C NMR (DMSO- d6): 
δ 170.5, 169.9, 165.7, 138.9, 138.4, 136.1, 132.9, 129.2, 127.9, 126.6, 126.5, 125.9, 
52.3, 40.3, 38.3, 37.3, 31.6, 26.4, 21.5, 14.8, 14.2. ESI-MS m/z 651.2297[M+H]+ Calcd 
for C33H39N4O6S2: 651.2306  
 
Switch-NH-Phe-Lys-OH*TFA (3.01c) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11c (0.10 g, 0.12 mmol) yielding 3.01c as an orange solid in 99% yield. 
(0.09 g, 0.12 mmol). 1H-NMR (DMSO- d6): δ 8.43 (br, 1H), 8.38 (br, 1H), 7.62-7.75 (br, 
3H), 7.15-7.28 (m, 5H), 6.66 (s, 2H), 4.54-4.60 (m, 1H), 4.18 (s, 2H), 4.08 (s, 1H), 
3.02-3.08 (m, 1H), 2.73-2.82 (m, 3H), 2.37 (s, 6H), 1.83 (s, 6H), 1.68-1.80 (m, 1H), 
1.49-1.66 (m, 3H), 1.31-1.43 (m, 2H). 13C NMR (DMSO): δ 173.3, 171.0, 169.7, 165.9, 
138.4, 137.5, 136.0, 132.8, 129.2, 128.0, 126.51, 126.46, 126.2, 53.8, 53.5, 51.8, 
40.2, 38.6, 37.6, 30.4, 26.6, 22.4, 14.7, 14.1. ESI-MS m/z 651.2310[M+H]+ Calcd for 
C33H39N4O6S2: 651.2306  
 
Switch-NH-Lys-Lys-OH*2TFA (3.01d) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11d (0.23 g, 0.26 mmol) yielding 3.01d as an orange solid in 99% yield. 
(0.18 g, 0.26 mmol). 1H-NMR (DMSO- d6): δ 8.42 (d, J=8.1Hz, 1H), 8.26 (d, J=7.6Hz, 
1H), 7.65-7.85 (br, 6H), 6.66 (s, 2H), 4.17-4.34 (m, 1H), 4.17 (s, 2H), 4.09-4.14 (m, 
1H), 2.69-2.78 (m, 4H), 2.35 (s, 6H), 1.82 (s, 6H), 1.45-1.75 (m, 8H), 1.27-1.39 (m, 
4H). 13C NMR (DMSO- d6): δ 173.56, 171.66, 170.11, 166.33, 138.60, 136.32, 133.05, 
126.67, 126.62, 52.29, 51.95, 40.43, 38.90, 38.77, 31.86, 30.42, 26.82, 26.70, 22.63, 
22.22, 14.90, 14.33 ESI-MS m/z 632.2563[M+H]+ Calcd for C30H42N5O6S2: 632.2577 
 
Switch-NH-Phe-Gly-OH (3.01e) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11e (0.29 g, 0.45 mmol) yielding 3.01e as an orange solid in 99% yield. 
(0.26 g, 0.45 mmol). 1H-NMR (DMSO- d6): δ 8.48 (d, J=8.7Hz, 1H), 8.46 (t, J=5.8Hz, 
1H), 7.13-7.36 (m, 5H), 6.65(s, 2H), 4.43-4.60 (m, 1H), 4.09 (dd, J1=16.9 Hz, J2=42.6 
Hz, 2H), 3.76 (s, 2H), 3.02 (dd, J1=13.8 Hz, J2=4.0 Hz, 1H), 2.76 (dd, J1=13.7 Hz, 
J2=9.9 Hz, 1H), 2.35 (s, 6H), 1.80 (s, 6H). 13C NMR (DMSO- d6): δ 171.7, 171.4, 170.2, 
166.6, 138.8, 137.8, 137.8, 136.5, 133.2, 129.5, 128.5, 126.83, 126.82, 126.77, 52.29, 
54.4, 41.0, 40.5, 38.0, 15.1, 14.5 ESI-MS m/z 580.1572[M+H]+ Calcd for C29H30N3O6S2: 
580.1571 
 
Switch-NH-Gly-Phe-OH*2TFA (3.01f) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11f (0.13 g, 0.20 mmol). Subsequent freeze drying yielded 3.01f as an 
orange solid in 99% yield. (0.12 g, 0.20 mmol). 1H-NMR (DMSO- d6): δ 8.45 (t, 
J=5.7Hz, 1H), 8.21 (d, J=8.0Hz, 1H), 7.14-7.30 (m, 5H), 6.69 (s, 2H), 4.44 (td, 
J=8.5Hz, J=5.2Hz, 1H), 4.17 (s, 2H), 3.78 (dd, J1=16.8Hz J2=5.8Hz, 2H), 3.69 (dd, 
J1=16.8 Hz, J2=5.7 Hz, 1H), 2.35 (s, 6H), 1.83 (s, 6H). 13C NMR (DMSO- d6): δ 173.0, 
170.2, 168.7, 166.9, 158.7 (q, J=38.3Hz ), 138.7, 137.7, 136.3, 133.1, 129.4, 128.5, 
126.81, 126.75, 126.69, 115.4(q, J=288.2Hz),53.8, 41.9, 40.6, 37.1, 14.9, 14.4. ESI-
MS m/z 602.1366[M+Na]+ Calcd for C29H29N3NaO6S2: 602.13965 
 
Switch-NH-Gly-Lys-OH*TFA (3.01g) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11g (0.42 g, 0.58 mmol). Subsequent freeze drying yielded 3.01g as an 
orange solid in 99% yield. (0.39 g, 0.58 mmol). 1H-NMR (DMSO- d6): δ 8.54 (t, 
J=5.7Hz, 1H), 8.18 (d, J=7.8Hz, 1H), 7.71-7.94(bs, 3H), 6.71 (s, 2H), 4.14-4.28 (m, 
3H), 3.85 (dd, J1=16.7Hz J2=5.8Hz, 1H), 3.77 (dd, J1=16.8Hz J2=5.6Hz, 2H), 2.70-2.86 
(m, 2H), 2.34(s, 6H), 1.85 (s, 6H), 1.68-1.80 (m, 1H), 1.46-1.68 (m, 3H), 1.29-1.46 
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(m, 2H). 13C NMR (DMSO- d6): δ 173.5, 170.1, 168.7, 166.8, 158.7 (q, J=33.4Hz), 
138.6, 136.2, 133.0, 126.7, 126.6, 116.4(q, J=295.1Hz), 51.8, 41.9, 40.5, 38.7, 30.6, 
26.7, 22.5, 14.9, 14.3. ESI-MS m/z 561.1810[M+H]+ Calcd for C26H33N4O6S2: 561.1842 
 
Switch-NH-Lys-Gly-OH*TFA (3.01h) 
Synthesis was analogous to the synthesis of Switch-NH-Phe-Phe-OH (3.01a), using 
compound 3.11h (0.75 g, 1.04 mmol). Subsequent freeze drying yielded 3.01h as an 
orange solid in 99% yield. (0.70 g, 1.04 mmol). 1H-NMR (DMSO-d6): δ 8.41 (d, J=8.3Hz, 
1H), 8.18 (t, J=5.8Hz, 1H), 7.60-7.71 (bs, 3H), 6.66 (s, 2H), 4.26-4.34 (m, 1H), 4.20 
(dd, J1=30.3Hz J2=16.8Hz, 2H), 3.77 (m, 2H), 2.67-2.80 (m, 2H), 2.36 (s, 6H), 1.83 (s, 
6H), 1.62-1.75 (m, 1H), 1.44-1.58 (m, 3H), 1.26-1.39 (m, 2H). 13C NMR (DMSO- d6): δ 
171.8, 171.2, 170.0, 166.3, 158.6 (q, J=37.5Hz), 138.5, 136.2, 133.0, 126.7, 126.6, 
115.4(q, J=289.4Hz), 52.3, 40.7, 40.4, 38.8, 31.7, 26.7, 22.2, 14.8, 14.2. ESI-MS m/z 
561.1807[M+H]+ Calcd for C26H33N4O6S2: 561.1836 
 
Base catalyzed hydrolysis of 3.01h (3.12h) 
Compound 3.01h (20 mg) was dissolved in 1 ml D2O. The pH was brought to 10 using 
1M sodium hydroxide in D2O and the mixture was stirred for 1 h, after which NMR 
spectroscopy was performed. 1H NMR (500 MHz, D2O) δ 6.25 (s, 1H), 6.17 (s, 1H), 4.24 
(dd, J = 9.4, 4.8 Hz, 1H), 3.88 (s, 2H), 3.70-3.56 (m, 2H), 2.55 (t, J = 6.8 Hz, 2H), 
2.17 (s, 2H), 2.15 (s, 2H), 1.91 (s, 3H), 1.87 (s, 3H), 1.82-1.64 (m, 2H), 1.44-1.19 (m, 
4H). 13C NMR (126 MHz, D2O) δ 179.1, 178.7, 176.5, 175.0, 174.6, 143.7, 139.3, 139.1, 
138.6, 138.5, 135.8, 134.7, 132.6, 129.0, 56.5, 46.0, 45.7, 42.7, 33.2, 32.7, 25.0, 
16.8, 16.7, 15.7, 15.6.  
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Chapter	4.	A	Versatile	Gelating	System	
 
4.1 Introduction 
 
A distinction drawn by gel researchers is that between a chemical gel and a physical gel.1 
Whereas chemical gels comprise of a network connected through covalent bonds, 
physical gels are often composed of small molecules (low molecular weight gelators) that 
form extended networks solely through supramolecular interactions. An important 
difference between physical and chemical gels is that the former more often have the 
ability to return reversibly to the original solution upon heating than the latter.  
 
In recent years interest in low molecular weight organo gelators (LMOGs) has increased 
dramatically.2,3 LMOGs have seen an increase in (potential) use in fields as varied as 
foodstuffs,4 medicine,5 sensoring,6 waste disposal,7 light harvesting,8 and catalysis.9 
Despite the ever increasing number of reports on the subject, one of the questions that 
remains to be answered, is which non-covalent interactions (and to what extent) are 
necessary to promote gelation, and how they can be incorporated in a gelating system to 
obtain gelation in an efficient manner. Van der Waals interactions, electrostatic 
interactions, π-π stacking, hydrogen bonding, hydrophobic (or solvophobic) effects and 
metal complexation have all been identified as factors that can promote gel formation.10 
Although attempts have been made to quantify the interactions involved in gel 
formation, to date, serendipity is still the major contributor towards new gelator 
systems, with rational design remaining beyond reach. 11,12  
 
In this chapter the design of a new family of organo gelators is reported, which are 
based on a carbazole core, functionalized with two urea groups and a long alkyl chain 
(figure 4.01). Through systematic variation of the alkyl chain lengths, selective gelation 
if a wide variety of solvents, over a wide range of polarities, is demonstrated. 
 

 
Figure 4.01. Carbazole bisurea gelators 1a-6g. 
 
To determine which interactions are responsible for this phenomenon, we decided to 
vary systematically several components of the first developed gelator (compound 4.01f, 
see figure 4.02). In addition to the urea groups, nitro groups, primary amine groups and 
amide groups were tested for their gelation properties. The length of the main alkyl 
chain was varied and even replaced by the more hydrophilic tetra-ethylene glycol chain 
to determine its influence on gelation. Furthermore, the side chains were also varied in 
length to determine the effect this modification has on gelation. Variation in this manner 
gave rise to a wide range of gelation behaviors, with the compound gelating various 
solvents depending on the alkyl chains employed. 
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Figure 4.02: Depiction of moieties present in a carbazole gelator (4.01f) and their 
proposed function in the control of anisotropic self assembly. Whereas the carbazole 
moiety (B) remains the same for all the compounds, both the main alkyl chain (A) and 
the side groups (C) are varied in length.  
 
 
4.2 Synthesis 
 
The full range of potential gelators, as shown in figure 4.01, including the corresponding 
nitro and amine compounds, was synthesized following the general reaction route 
depicted in scheme 4.01. Commercially available carbazole, was nitrated following a 
literature procedure.13 Subsequently the dinitrocarbazole was treated with a base and 
alkylhalide, thus introducing the main alkyl chain (R’). Palladium on charcoal was used 
as a catalyst to reduce the nitro groups to amines with H2, yielding the corresponding 
carbazole diamines. Finally, a double urea formation or acetylation was carried out to 
yield the desired bisurea or bisamide, respectively. Although the synthetic procedure was 
similar for all synthesized compounds, the workup and purification depended heavily on 
the introduced (side) groups (see experimental section). 

A

B

CC

A: Main alkyl chain, van der Waals interactions. 
B: Carbazole center, π-π interactions
C: Urea groups, hydrogen bonding
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Scheme 4.01. Synthesis of carbazole based potential gelators. 
 
 
4.3 Gelation Behavior 
 
The gelation properties of the compounds were tested for a range of solvents, varying in 
polarity from polar (water) to apolar (cyclohexane).I It was found that the bisurea 
compounds were able to gelate a wide range of solvents (table 4.01). A change in the 
functional groups from ureas to amides, amines or nitro compounds resulted in a loss of 
gelation, regardless the length of the main alkyl chain (R’). Also the presence of a 
hydrophilic tail (tetraethylene glycol) did not result in gelation when amides, amines or 
nitrogroups were used. Although the lack of gelation of the nitro and amino substituted 
compounds could be anticipated by their lack of hydrogen bonding moieties, the amide 
functionalized compounds do possess the ability to form hydrogen bonds and often 
gelating molecules allow urea groups to be substituted with amide groups without 
compromising the ability to gelate.14  
 
 
 
 
 
 
 

                                                            [I]	 Some	 compounds	 and	 gels	 gave	 a	 purple	 color.	 It	 should	 be	 noted	 that	 this	 purple	 color	 is	 not	indigenous	to	the	carbazoles,	which	are	yellow	when	functionalized	with	nitrogroups	and	colorless	when	amines,	amides	or	urea	groups	are	used	for	the	functionalization.	Gels	made	with	these	compounds	are	colorless	 for	 most	 solvents	 and	 yellow/brown	 for	 DMF	 and	 DMSO.	 The	 purple	 color	 appears	 and	increases	 over	 time	 in	most	 gels	 and	 is	 tentatively	 ascribed	 to	 slow	 oxidation	 of	 the	 gelators.	 Indeed,	adding	an	oxidant	 (TFA)	 to	a	solution	of	gelator	 instantly	 turns	 the	solution	purple.	Although	the	color	change	 is	 very	 dramatic,	 the	 mechanical	 properties	 of	 the	 gels	 do	 not	 seem	 to	 be	 affected	 by	 this	oxidation,	most	likely	due	to	the	small	amount	of	oxidized	material	(sub	NMR	observable	quantities).		
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Table 4.01. Gelation of bis ethyl urea carbazoles (compounds 4.01a-j).[a] 
 

 
[a] p = precipitate, i = insoluble, number = critical gelation concentration in mg/ml. 
Yellow fields = mechano sensitive gelation (see chapter 5). 
 
 
As expected, the hydrogen bonding abilities of the urea groups seems to play a key role 
in the gelation, a feature which was not only supported by the gelation studies, but also 
by infrared absorbance spectroscopy (vide infra). The importance of the urea groups 
towards the aggregation is manifest not only from the fact that a lack of urea groups 
results in non-gel forming compounds, but also from the critical gelation concentrations 
(cgc’s) in DMSO, DMF and acetic acid. These three solvents are capable of disrupting 
hydrogen bonds20 and are thus competing with the gelator-gelator hydrogen bond 
formation which would lead to aggregation. DMSO, DMF and acetic acid have cgc’s that 
are an order of magnitude greater than those of solvents which are less efficient in 
hydrogen bond disruption, thus demonstrating the role the urea groups play in gelation, 
through hydrogen bond formation. Interestingly, some gelators turned out to be 
sensitive towards mechanical stimulation, a feature that will be discussed further in 
chapter 5. 
 
When the ethyl side groups are replaced by hexyl groups, some interesting changes 
occur (table 4.02). As expected, the introduction of longer (apolar) side groups, result in 
increased solubility in apolar solvents, most dramatically observed in cyclohexane. 
Another typical feature is the loss of the ability to gelate DMSO and DMF. It could be that 
the hexyl groups provide increased steric hindrance for hydrogen bond formation, 
resulting in the loss of gel forming abilities, which, judging by the high cgc of the bis 
ethyl urea carbazoles, was already weak. It might however also simply be the case that 
the decreased polarity diminishes the anisotropic character of the fiber growth, resulting 
in the loss of its gelating capabilities. This would also explain the lack of gel formation for 
the C18 functionalized bis ethyl urea carbazole compound (table 4.01), and would 

 Tetraethylene 
glycol 

C2 C8 C11 C12 C13 C14 C15 C16 C18

Water p p i i i i i i i i

MeOH p p p 10 p 6 6 1.5 3 3

EtOH p p p 10 p 6 1.5 3 3 6

n-PrOH p p p 20 10 6 3 3 3 p

i-PrOH p p p 20 p 6 1.5 3 3 p

AcOH p p p 30 30 30 30 p p p

DMSO p 40 40 40 40 30 20 20 20 p

DMF p p 60 40 30 30 20 20 20 p 

AcN p p p p p 3 3 1.5 1.5 p

DCM 3.0 i 1.5 p p p p p p p

CHCl
3
 p p 1.5 3 10 p p p p p

toluene p p p p 3 3 3 3 p p

c-
hexane 

i i i i i i i p p p
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support the argument that for the gelation of solvents by a specific compound, an often 
very delicate balance between interaction types is necessary, and that alterations to 
these interactions are only allowed up to a certain point. As the purification of the bis 
hexyl urea carbazoles proved to be more challenging than the bis ethyl urea carbazoles, 
the remainder of this chapter focusses on the latter.  
 
 
 
 
Table 4.02. Gelation of bis hexyl urea carbazoles (compounds 4.06a-g).[a] 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
[a] p = precipitate, i = insoluble, number = critical gelation concentration in mg/ml. 
 
 
4.4 Odd-Even Effects 
 
Plotting the melting points of the nitro functionalized carbazoles (compounds 4.03) 
against the lengths of their alkyl chains reveals an interesting relation (figure 4.03). As 
expected, longer alkyl chains disrupt the crystallinity of the packing and drastically 
reduce the melting point in the range from chain length n = 0 to n = 8. In the n = 11 to 
n = 18 range, the rate of decline actually drops off and an alternating pattern between 
higher and lower melting points becomes apparent.  

 C2 C11 C13 C14 C15

Water i i i i i

MeOH p 3 p p p

EtOH p p p p p

n-PrOH p 6 3 3 p

i-PrOH p 6 6 p p

AcOH p 20 20 20 20

DMSO p p p p p

DMF p p p p p

AcN 3 3 3 p p

DCM p 3 3 3 p

CHCl
3
 p 3 3 3 3

toluene p 6 3 3 3

c-
hexane 

i p p 3 6
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Odd-even effects are sometimes observed in gels18 and could possibly provide 
information about their packing. Whereas the solid dinitro compounds (compounds 4.03) 
clearly exhibit an odd-even effect in their melting temperature, both the diamine and 
bisurea compounds decompose rather than melt. This makes it impossible to observe an 
odd-even effect in the solid state for these compounds, as the decomposition 
temperature is a point at which covalent rather than intramolecular bonds are broken. In 
the gel state, however, the molecules dissolve rather than decompose, therefore making 
an analysis possible. Attempts to form a phase diagram using DSC gave inconclusive 
results both in DMSO and n-propanol, with the melting trajectories being poorly 
distinguishable and spread over a rather wide temperature range. Dropping ball 
measurements did, however, give reproducible results, showing clear melting points for 
the gel networks. When a phase diagram is constructed from four distinct gelators 
(n=13-16) in n-propanol, it becomes clear that there are no significant odd-even effects 
(figure 4.05).II  
 
 

 
Figure 4.05. Phase diagram for compounds 4.01e-h, with main tail lengths ranging from 
n=13 to n=16 in n-propanol, measurements were performed in duplo, error bars were 
left omitted for clarity. 
 
It should however be noted that, as mentioned earlier in chapter 1, the dropping ball 
method observes melting of the fibrous gel network, rather than dissolution of individual 
molecules. Therefore, the occurance of an odd-even effect at lower hierarchical levels 
cannot be completely excluded. The previously mentioned DSC measurements, however, 
had revealed that the gels lack a distinct melting point, indicative of a rather irregular 
packing. Additionally, SAXS measurements revealed a similar pattern, showing a clear 
signal for the pre-gelation solid, with peaks at 0.173, 0.35 and 0.68 A-1. Once the 
compound is in the gel state, these signals disappear (figure 4.06).  

                                                            [II]	 Due	 to	 their	 opaque	 appearance	 at	 higher	 concentrations,	 it	 was	 impossible	 to	 perform	 accurate	dropping	ball	measurements	on	DMSO	gels.		
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Figure 4.06. SAXS measurements on compound 4.01f as a solid and as a xerogel. Peaks 
at 0.4 and 0.8 A-1 originate from the sample holder. See experimental section for details. 
 
 
4.5 Infrared Spectroscopy 
 
FTIR spectroscopy was performed on solid samples and solutions in n-propanol and 
deuterated DMSO. These solvents were chosen because they allow for spectra to be 
recorded in the amide I and amide II region (1500-1800 cm-1). Spectra were obtained 
for a set of gelators, both below (4 mg/mL) and above (40 mg/mL) the cgc, to be able to 
ascertain the hydrogen bond formation within the gel, thus enabling qualitative analysis.  
 

 
Figure 4.07. FTIR spectra of 4.01f in the gel state, dissolved state and as a dried gel 
(1800-1500 cm-1 region).  
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FTIR spectroscopy in deuterated DMSO revealed that upon increasing the concentration 
of 4.01f to concentrations at which gelation occurs spontaneously (upon cooling), 
absorptions corresponding to amideIII vibrations at 1687 cm-1 and 1549 cm-1 shift 
towards 1623 cm-1 and 1568 cm-1, respectively, indicative of hydrogen bond formation 
(figure 4.07).19,20 The incomplete disappearance of the 1687 cm-1 and 1549 cm-1 
absorptions suggests that not all the urea groups are hydrogen bonded in the gel state. 
Similar spectra were obtained for compounds 4.01b-4.01h (table 4.03). 

 
Table 4.03. Amide I and Amide II absorption bands of compounds 4.01b-h in DMSO and 
n-propanol. 

solid DMSO propanol 

 
Amide I 
(cm-1) 

Amide II 
(cm-1)  

Amide I
(cm-1) 

Amide II
(cm-1) 

Amide I 
(cm-1) 

Amide II
(cm-1) 

4.01b 
(C8) 

1630 1563 low conc. 1692 1557 
-             - high conc. 1642 1596 

4.01c 
(C11) 

1636 1570 low conc. 1685 1556 1685 1533 
high conc. 1639 1591 1639 1572 

4.01d 
(C12) 

1634 1569 low conc. 1686 1558 1688 1529 
high conc. 1636 1592 1635 1591 

4.01e 
(C13) 

1634 1569 low conc. 1686 1556 1681 1564 
high conc. 1631 1592 1644 1598 

4.01f 
(C14) 

1624 1568 low conc. 1687 1549 1683 1563 
high conc. 1623 1568 1628 1589 

4.01g 
(C15) 

1625 1567 low conc. 1688 1558 
    -                - high conc. 1628 1587 

4.01h 
(C16) 

1628 1570 low conc. 1686 1557 

-             - high conc. 1634 1597 
 
The general observation for compounds 4.01b-h is that in both solvents (DMSO and n-
propanol) the amide I absorption is red-shifted when the cgc is reached, whereas a blue 
shift is observed for the amide II band. As these shifts are indicative for hydrogen 
bonding of urea groups, it becomes evident that hydrogen bond formation plays an 
important role in the aggregation process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            [III]	 Although	 the	 signals	 originate	 from	 urea	 groups,	 they	 are	 still	 generally	 referred	 to	 as	 amide	vibrations.	
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4.6 Macroscopic Appearance 
 
Although the compounds are capable of gelating a wide variety of solvents, the resulting 
gels can often differ considerably in appearance. As mentioned earlier, the cgc of DMSO, 
DMF and AcOH gels is often an order of magnitude above those of other solvents. In 
addition, the color and transparency of these gels is different to those of n- propanol and 
toluene (figure 4.08). 
 

             
 
Figure 4.08. Gels of compound 4.01f in (a) DMSO, (b) n-propanol and (c) toluene.  
 
The changes in turbidity correspond to aggregate sizes,21 whereas the color change is 
caused by a solvatochromic effect, with the absorption shifted towards slightly longer 
wavelengths when dissolved in DMSO compared to n-propanol and toluene (figure 4.09).  
 

 
Figure 4.09. UV/vis absorption spectra of compound 4.01f in DMSO, n-propanol and 
toluene at 2 * 10-5 M.IV 

                                                            [IV]	 Compound	 4.01f	 appeared	 to	 form	 aggregates	 at	 these	 concentrations	 in	 toluene,	 affecting	 the	corresponding	absorption	spectrum	to	some	extent.		
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4.8 Aggregation Model 
 
An appropriate aggregation model, requires certain considerations. Unlike the cis-cis 
configuration, which is considered to be energetically unfavorable, the (calculated) 
energy differences between cis-trans and trans-trans urea groups (figure 4.15) are small 
but depend heavily on the side groups.22  
 

 
Figure 4.15. Trans-trans, trans-cis and cis-cis configurations of N-N’ functionalized urea 
groups. 
 
However, the poor gelation properties of the amide compounds, compared to the urea 
compounds, suggests that the urea groups most likely are involved in a double hydrogen 
bond, which arises from the trans-trans configuration as opposed to the one proton 
hydrogen bond which arises from trans-cis configured urea groups and is similar to that 
of amides (figure 4.16). Additionally, the infrared absorption does not show amide (I) 
signals above 1700 cm-1, which are typical for cis configurations.19 It seems therefore 
likely that the urea groups are predominantly in their trans-trans configuration.  
 

 
 
Figure 4.16. Hydrogen bonding in (a) an amide (b) a trans-cis urea and (c) a trans-trans 
urea group.  
 
Calculations show it is energetically favorable for urea groups of monomers to adopt an 
near coplanar orientation with respect to their aromatic sidegroups (figure 4.17a),22 This 
is, however, not necessarily the case when intramolecular hydrogen bonding is involved. 
When the formation of intramolecular hydrogen bonds energetically outweighs the 
energy loss of the extended conjugation and the weak hydrogen bonding between the 
carbonyl and the ortho hydrogen that are responsible for the coplanar configuration, an 
orthogonal configuration can be adopted. This orthogonal orientation of the urea groups 
allows for the compounds to stack on top of each other, providing additional stabilization 
through π-π and van der Waals interactions, yielding fibrils (figure 4.17b) which can 
bundle to form fibers.  
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which may lead to a different packing inside the fibers.23 This would explain the different 
morphologies observed for the various gels, although further bundling of the fibrils could 
also be responsible for the formation of larger aggregates. 
 
 
4.9 Conclusions 
 
In conclusion, a new bisurea based gelator has been developed which, to some extent, 
can be altered systematically in order to obtain the desired gelation properties. The 
gelators are shown to be strongly dependent on the presence of the double urea 
moieties for aggregation to occur. The gelators tend to form a fibrous network upon 
gelation, with the exact structure of both the fibers and the network being solvent 
dependent. Remarkably, under the right conditions, some gelators showed 
mechanosensitivity, as will be further discussed in chapter 5.  
 
 
4.10 Experimental Section 
 
 
4.10.1 General Remarks 
 
For general comments, see chapter 2. FTIR spectra were recorded on a Perkin Elmer 
Spectrum 400 spectrometer. Solid samples were recorded using an ATR setup. Liquid 
and gel samples were recorded in a liquid cell equipped with CaF2 windows and a 0.2 
mm lead spacer. DSC measurements were carried out on a Perkin-Elmer DSC 7. Small 
Angle X-Ray Spectroscopy (SAXS) were performed on a Bruker Nanostar operating with 
a Cu Kα source providing X-Ray at 35 kV and 30 mA. The distance between the sample 
and the 2D detector was 31 cm, thereby covering a range of 0.05 – 0.8 A-1 or 12.5 – 0.8 
nm. Xerogels were prepared by the removal of the solvent (DMSO), by freeze drying of 
the gel samples. Fluorescence microscopy was carried out with an Andor DSD Confocal 
microscope system, using a Nikon Eclipse Ti Microscope. Epi-fluorescence analysis was 
carried out using a Nikon Illuminator CoolLED system with Semrock Filters: LF488-A-NTE 
(median wavelength 482 nm, bandwidth = 18 nm) and an IXON DU-888 camera using a 
500-630 bandgap filter.  
 
 
4.10.2 Critical Gelation Concentration (cgc) Determination 
 
The cgc’s of the compounds were determined by adding a weighed amount of gelator in 
1 mL of solvent to a 2 mL vial and heating it until a solution was formed. If the cooled 
sample remained as a solution for one day, then an increased amount of gelator was 
tested. Gels were determined to be formed when the solution was able to hold its own 
weight upon inversion of the vial (inverted test tube method).  
 
 
4.10.3 Gel Melting Temperature Determination 
 
Gels were prepared at least 2 h prior to melting experiments. A stainless steel ball with a 
diameter of 2.5 mm (6.238 mg) was placed on the gels and heated at 5° C/h, during 
which its position was monitored via a video camera. The gel was considered to be 
melted when the ball had reached the bottom of the vial. Dropping-ball experiments 
were carried out at least in duplicate, and the melting temperatures obtained were 
reproducible to within 1 °C. 
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4.10.4 Differential Scanning Calorimetry 
 
A known quantity of gelator together with a known amount of solvent was placed in a 60 
μL stainless steel sample cup, which was sealed immediately. The resulting 
concentrations of gelator are 20-40 mg/mL of solvent. The sample cup was placed in the 
DSC apparatus together with an empty sample cup as a reference. The cups were heated 
for 15 min at 20°C above the melting temperature of the corresponding gel, as 
determined by the dropping ball technique. Subsequently, the cups were cooled at a rate 
of 5 °C/min to 25 C, at which point the gels formed were allowed to age for 1 h. Scans 
were recorded at a scan rate of 5 °C/min. It was confirmed that gels were formed by 
opening the cups after the measurements. 
 
 
4.10.5 Synthesis and Characterization 
 
3,6-Dinitrocarbazole (4.02) 
Compound 4.02 was synthesized according to an adapted literature procedure.1 
Carbazole (83.6 g, 0.5 mmol) was dissolved in 600 mL of AcOH at 30°C and sodium 
nitrite (34.6 g, 0.5mol) was slowly added over a 1h period. The mixture was stirred for 2 
h at 40°C. A mixture of 75 mL 65% HNO3 (51 g, 3.0 mol) and 100 mL of AcOH was 
added slowly over a 1 h period. The mixture was stirred overnight at 35°C, followed by 
stirring for 1 h at 65°C. After filtration the residue was washed with 1 x 100 mL AcOH 
and 2x 100 mL water and dried overnight at 140°C. The solid was dissolved in 6 L EtOH 
with 360 g KOH. The solution was filtered and the filtrate was acidified with concentrated 
HCl (aq.) until a yellow precipitate formed. The precipitate was collected and washed 
with 6x 500 mL water after which the product was dried overnight at 140°C, giving 2 as 
a yellow solid in 36% yield. (48 g, 180 mmol). Mp : 381.1-384.6°C (dec.) 1H-NMR 
(DMSO-d6): δ 9.46 (d, J=2.3 Hz, 2H), 8.37(d, J1=9.0 Hz J2=2.3 Hz, 2H), 7.75 (d, J=9.0 
Hz, 2H). 13C-NMR (DMSO-d6): δ 146.1, 142.6, 124.0, 123.0, 118.1, 109.4. HRMS (ESI): 
280.0318 calcd. for C12H7N3O4Na: 280.0329  
 
3,6-Dinitro-N-ethylcarbazole (4.03a) 
3,6-Dinitrocarbazole (5.0 g, 19.4 mmol), bromoethane (2.51 g, 23.0 mmol) and K2CO3 
(8.3 g, 60.5 mmol) were added to 50 mL of DMF and the mixture was stirred at 100°C 
overnight. The solvent was removed in vacuo and the resulting solid was washed with 
diethyl ether (2 x 50 mL) and water (3x 50 mL). Drying the solid overnight at 80 °C 
yielded 4.03a as a yellow solid in 70 % yield. (3.8 g, 11 mmol). mp:307.0-308.4°C 1H-
NMR (DMSO-d6): δ 9.40 (d, J=2.1 Hz, 2H), 8.42 (dd, J1=2.2 Hz, J2=9.1 Hz, 2H), 7.89 
(d, J=9.1 Hz, 2H), 4.57 (q, J=7.1 Hz, 2H), 1.37 (t, J=7.1 Hz, 3H). 13C-NMR (DMSO-d6): 
δ 144.1, 141.2, 122.6, 122.1, 118.7, 110.6, 38.2, 13.7. HRMS (ESI): 286.0822 calcd. 
for C14H12N3O4: 286.0822 Anal. Calcd for C14H11N3O4: C, 58.95; H, 3.89; N, 14.73. 
Found: C, 58.88; H, 3.82; N, 14.57.  
 
3,6-Dinitro-N-octylcarbazole (4.03b) 
3,6-Dinitrocarbazole (5.0 g, 19.4 mmol), bromooctane (4.50 g, 23.3 mmol) and K2CO3 
(8.3 g, 60.5 mmol) were added to 50 mL of DMF and the mixture was mechanically 
stirred at 100°C overnight. The mixture was poured into 200 mL of water and filtered. 
The residue was dissolved in 400 mL of chloroform, washed with 2 x 100 mL water, 100 
mL brine, dried on Na2SO4 and concentrated in vacuo. Recrystallization from ethyl 
acetate, followed by column chromatography (SiO2, toluene) yielded 4.03b as yellow 
crystals in 5 % yield. (0.37 g, 1.0 mmol). mp: 195.2-198.4°C 1H-NMR (CDCl3): δ 9.08 
(d, J=2.1 Hz, 2H), 8.48 (dd, J1=2.2 Hz, J2=9.1 Hz, 2H), 7.53 (d, J=9.0 Hz, 2H), 4.41 (t, 
J=7.3 Hz, 2H), 1.84-2.00 (m, 2H), 1.15-1.45 (m, 10H), 0.86 (t, J=6.8 Hz, 3H). 13C-NMR 
(CDCl3): δ 145.0, 142.3, 123.3, 122.9, 118.1, 109.9, 44.6, 32.0, 29.6, 29.4, 29.3, 27.5, 
22.9, 14.4. HRMS (ESI): 370.1758 calcd. for C20H24N3O4: 370.1761  
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3,6-Dinitro-N-undecylcarbazole (4.03c) 
3,6-Dinitrocarbazole (1.5 g, 5.8 mmol), iodo-undecane (1.70 g, 5.8 mmol) and K2CO3 
(2.5 g, 18.1 mmol) were added to 50 mL of DMF and the mixture was stirred at 100°C 
overnight. The solvent was removed in vacuo and the resulting solid was washed with 
pet. ether 60:40 (2 x 50 mL) and water (3 x 50 mL). Drying the solid overnight at 80 °C 
yielded 4.03c as a yellow solid in 86 % yield. (2.05 g, 5.0 mmol). mp:187.0-189.2°C 
1H-NMR (CDCl3): δ 9.06 (s, 2H), 8.47 (d, J=9.0 Hz, 2H), 7.52 (d, J=9.1 Hz, 2H), 4.41 (t, 
J=7.1 Hz, 2H), 1.80-2.01 (m, 2H), 1.14-1.47 (m, 16H), 0.86 (t, J=6.3 Hz, 3H), 13C-NMR 
(CDCl3): δ 145.0, 142.2, 123.3, 122.9, 118.1, 109.9, 44.6, 32.2, 29.9, 29.8, 29.7, 
29.62, 29.60, 27.5, 23.0, 14.4. HRMS (ESI): 434.2048 calcd. for C23H29N3O4Na: 
434.2050  
 
3,6-Dinitro-N-dodecylcarbazole (4.03d) 
3,6-Dinitrocarbazole (2.0 g, 7.7 mmol), bromododecane (2.16 g, 9.8 mmol) and K2CO3 
(1.38 g, 10.0 mmol) were added to 50 mL of DMF and the mixture was stirred at 100°C 
overnight. The solvent was removed in vacuo and the resulting solid was washed with 
pet. ether 60:40 (2 x 50 mL) and water (3x 50 mL). Drying the solid overnight at 80 °C 
yielded 4.03d as a yellow solid in 40 % yield. (1.30 g, 3.05 mmol). mp:190.9-191.2°C 
1H-NMR (CDCl3): δ9.14 (s, 2H), 8.41 (d, J=9.0 Hz, 2H), 7.48 (d, J=9.1 Hz, 2H), 4.52 (t, 
J=7.0 Hz, 2H), 1.78-1.99 (m, 2H), 1.12-1.44 (m, 18H), 0.89 (t, J=6.8 Hz, 3H). 13C-NMR 
(CDCl3): δ 144.4, 141.4, 122.5, 122.0, 117.9, 109.7, 44.5, 32.6, 31.4, 29.7, 29.6, 
29.54, 29.49, 29.3, 28.9, 27.2, 22.6, 14.1. HRMS (ESI): 448.2206 calcd. for 
C24H31N3O4Na: 448.22078  
 
3,6-Dinitro-N-tridecylcarbazole (4.03e) 
3,6-Dinitrocarbazole (1.41 g, 5.5 mmol), bromotridecane (1.52 g, 5.77 mmol) and K2CO3 
(0.83 g, 6.0 mmol) were added to 20 mL of DMF and the mixture was stirred at 100°C 
overnight. The mixture was poured into 50 mL of water and filtered. The residue was 
washed with 2 x 50 mL water and recrystallized from ethyl acetate. Drying the solid 
overnight in vacuo yielded 4.03e as a yellow solid in 65 % yield. (1.58 g, 3.59 mmol). 
mp:173.0-175.0°C 1H-NMR (CDCl3): δ9.02 (d, J=1.9 Hz, 2H), 8.45 (dd, J1=2.1 Hz, 
J2=9.1 Hz, 2H), 7.52 (d, J=9.1 Hz, 2H), 4.41 (t, J=7.2 Hz, 2H), 1.85-1.99 (m, 2H), 
1.17-1.44 (m, 20H), 0.86 (t, J=6.6 Hz, 3H). 13C-NMR (CDCl3): δ 144.9, 142.2, 123.2, 
122.8, 118.0, 109.8, 44.5, 32.2, 29.87, 29.86, 29.81, 29.75, 29.67, 29.58, 29.5, 29.2, 
27.5, 22.9, 14.3. HRMS (ESI): 462.2365 calcd. for C25H33N3O4Na: 462.2368  
 
3,6-Dinitro-N-tetradecylcarbazole (4.03f) 
3,6-Dinitrocarbazole (9.6 g, 38.0 mmol), bromotetradecane (11.0 g, 40.0 mmol) and 
K2CO3 (25.0 g, 180 mmol) were added to 100 mL of DMF and the mixture was 
mechanically stirred at 100°C overnight. The mixture was poured into 200 mL of water 
and filtered. The residue was dissolved in 400 mL of chloroform, washed with 2 x 100 mL 
water, 100 mL brine, dried on Na2SO4 and concentrated in vacuo. Recrystallization from 
ethyl acetate, followed by column chromatography (SiO2, toluene) yielded 4.03f as 
yellow crystals in 30 % yield. (5.2 g, 11 mmol). mp:177.9-178.8°C 1H-NMR (CDCl3): 
δ9.08 (s, 2H), 8.48 (d, J=9.1 Hz, 2H), 7.53 (d, J=9.1 Hz, 2H), 4.41 (t, J=7.1 Hz, 2H), 
1.81-2.00 (m, 2H), 1.15-1.42(m, 22H), 0.88 (t, J=6.7 Hz, 3H). 13C-NMR (CDCl3): δ 
144.7, 141.9, 123.0, 122.5, 117.8, 109.6, 44.3, 32.8, 31.9, 29.7, 29.61, 29.58, 29.51, 
29.47, 29.38, 29.28, 28.9, 27.2, 22.7, 14.1. HRMS (ESI): 453.2623 calcd. for 
C26H35N3O4: 453.2628  
 
3,6-Dinitro-N-pentadecylcarbazole (4.03g) 
3,6-Dinitrocarbazole (1.5 g, 5.8 mmol), bromopentadecane (1.75 g, 6.0 mmol) and 
K2CO3 (2.5 g, 18.1 mmol) were added to 50 mL of DMF and the mixture was stirred at 
100°C overnight. The solvent was removed in vacuo and the resulting solid was washed 
with pet. ether 60:40 (2 x 50 mL) and water (3 x 50 mL). Drying the solid overnight at 
80 °C and subsequent column chromatography (SiO2, toluene) yielded 4.03g as a yellow 
solid in 38 % yield. (1.02 g, 2.18 mmol). mp:156.2-160.2°C 1H-NMR (CDCl3): δ9.09 (d, 
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J=2.2 Hz, 2H), 8.49 (dd, J1=9.1 Hz, J2=2.2 Hz, 2H), 7.53 (d, J=9.1 Hz, 2H), 4.41 (t, 
J=7.2 Hz, 2H), 1.82-2.00 (m, 2H), 1.12-1.45 (m, 24H), 0.87 (t, J=6.4 Hz, 3H). 13C-NMR 
(CDCl3): δ 145.0, 142.3, 123.3, 122.9, 118.1, 109.9, 44.6, 32.3, 30.01, 29.99, 29.98, 
29.95, 29.89, 29.83, 29.74, 29.69, 29.6, 29.2, 27.5, 23.0, 14.5. HRMS (ESI): 468.2860 
calcd. for C27H38N3O4: 468.2857  
 
3,6-Dinitro-N-hexadecylcarbazole (4.03h) 
3,6-Dinitrocarbazole (2.0 g, 7.7 mmol), bromohexadecane (3.0 g, 9.8 mmol) and K2CO3 
(3.0 g, 21.7 mmol) were added to 50 mL of DMF and the mixture was stirred at 100°C 
overnight. The solvent was removed in vacuo and the resulting solid was washed with 
pet. ether 60:40 (2 x 50 mL) and water (3 x 50 mL). Drying the solid overnight at 80 °C 
yielded 4.03h as a yellow solid in 27 % yield. (1.30 g, 2.1 mmol). mp:169.0-171.2°C 
1H-NMR (CDCl3): δ9.07 (s, 2H), 8.48 (dd, J1=9.0 Hz, J2=1.8 Hz, 2H), 7.52 (d, J=9.1 Hz, 
2H), 4.41 (t, J=7.2 Hz, 2H), 1.83-2.02 (m, 2H), 1.12-1.48 (m, 26H), 0.87 (t, J=6.4 Hz, 
3H). 13C-NMR (CDCl3): δ 145.0, 142.3, 123.4, 122.9, 118.1, 109.9, 44.6, 32.3, 30.03, 
30.02, 30.00, 29.99, 29.96, 29.90, 29.84, 29.75, 29.69, 29.6, 29.3, 27.5, 23.0, 14.5. 
HRMS (ESI): 482.3010 calcd. for C28H40N3O4: 482.3019 
 
3,6-Dinitro-N-octadecylcarbazole (4.03i) 
3,6-Dinitrocarbazole (1.47 g, 5.7 mmol), bromooctadecane (2.33 g, 7.0 mmol) and 
K2CO3 (1.10 g, 8.0 mmol) were added to 10 mL of DMF and the mixture was stirred at 
100°C overnight. The solvent was removed in vacuo and the resulting solid was washed 
with water (3 x 50 mL). Recrystallization from ethyl acetate followed by drying the solid 
overnight at 80 °C yielded 4.03i as a yellow solid in 99 % yield. (2.90 g, 5.68 mmol). 
mp:174.8-175.2°C 1H NMR (CDCl3) δ 9.08 (d, J = 2.1 Hz, 2H), 8.48 (dd, J = 9.1, 2.2 Hz, 
2H), 7.52 (d, J = 9.1 Hz, 2H), 4.41 (t, J = 7.2 Hz, 2H), 1.98-1.80 (m, 2H), 1.48-1.15 
(m, J = 19.2 Hz, 30H), 0.87 (t, J = 6.3 Hz, 3H). 13C-NMR (CDCl3): δ 145.1, 142.3, 
123.4, 123.0, 118.2, 109.9, 44.7, 32.4, 30.06, 30.04, 30.02, 30.00, 29.98, 29.92, 
29.90, 29.83, 29.73, 29.72, 29.68, 29.6, 29.4, 27.5, 23.1, 14.4. HRMS (ESI): 510.3318 
calcd. for C30H44N3O4: 510.3332  
 
3,6-Dinitro-N-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethylcarbazole (4.03j) 
3,6-Dinitrocarbazole (2.0 g, 7.7 mmol), 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 
tosylate (3.48 g, 10.0 mmol) and K2CO3 (2.76 g, 20.0 mmol) were added to 50 mL of 
DMF and the mixture was stirred at 100°C overnight. The solvent was removed in vacuo 
and the resulting solid was washed with diethyl ether (2 x 50 mL) and water (3 x 50 
mL). recrystallization from MeOH/Ethyl Acetate 5:1 yielded 4.03i as a yellow solid in 69 
% yield. (2.30 g, 5.31 mmol). mp:143.6-144.9°C 1H-NMR (CDCl3): δ9.05 (d, J=2.2 Hz, 
2H), 8.46 (dd, J1=9.1 Hz, J2=2.2 Hz, 2H), 7.65 (d, J=9.1 Hz, 2H), 4.63 (t, J=5.3 Hz, 
2H), 4.63 (t, J=5.3 Hz, 2H), 3.40-3.78 (m, 26H), 2.55 (bs, 1H). 13C-NMR (CDCl3): δ 
145.4, 142.3, 123.2, 122.8, 117.8, 110.6, 72.7, 71.2, 71.0, 70.8, 70.4, 69.6, 62.0, 
44.8. HRMS (ESI): 434.1558 calcd. for C20H24N3O8: 434.1558  
 
9-Ethyl-9H-carbazole-3,6-diaminium acetate (4.04a) 
3,6-Dinitro-N-ethylcarbazole (4.03a) (3.8 g, 11 mmol) was dissolved in 200 mL i-PrOH, 
200 mL MeOH and 50 mL AcOH. 5% Pd/C (0.5 g) was added and the mixture was stirred 
vigorously overnight, under H2 atmosphere at room temperature. The reaction mixture 
was filtered and solvents were removed in vacuo. The product was redissolved in 100 mL 
chloroform and washed with 10% aqueous NaHCO3 solution (3x 50 mL). Freeze drying 
yielded compound 4.04a as a gray solid in 97 % yield. (3.7 g, 10.7 mmol). 1H-NMR 
(CDCl3): δ 7.37 (d, J=1.5 Hz, 2H), 7.16 (dd, J1=8.5 Hz, J2=2.1 Hz, 2H), 6.94 (d, J1=8.5 
Hz, J2=2.1 Hz, 2H), 6.48 (s, 6H), 4.21 (q, J=7.1 Hz, 2H), 2.07 (s, 6H), 1.33 (t, J=7.2 
Hz, 3H). 13C-NMR (CDCl3): δ 177.5, 137.7, 129.6, 122.8, 119.1, 111.7, 109.3, 37.6, 
21.7, 13.9. HRMS (EI): 226.1338 calcd. for C14H16N3: 226.1339  
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9-Octyl-9H-carbazole-3,6-diaminium acetate (4.04b) 
3,6-Dinitro-N-octylcarbazole (4.03b) (0.6 g, 1.6 mmol) was dissolved in 20 mL i-PrOH, 
20 mL MeOH and 5 mL AcOH. 5% Pd/C (0.05 g) was added and the mixture was stirred 
vigorously overnight, under H2 atmosphere at room temperature. The reaction mixture 
was filtered and solvents were removed in vacuo. Compound 4.04b was obtained as a 
gray solid after recrystallization from ethyl acetate in 92 % yield (0.65 g, 1.5 mmol). 1H-
NMR (CDCl3): δ 7.35 (d, J=1.9 Hz, 2H), 7.16 (d, J=8.5 Hz, 2H), 6.89 (dd, J1=8.5 Hz, 
J2=2.1 Hz, 2H), 5.43 (bs, 6H), 4.16 (t, J=7.2 Hz, 2H), 2.08 (s, 6H), 1.71-1.88 (m, 2H), 
1.12-1.44 (m, 10H), 0.86 (t, J=6.6 Hz, 3H). 13C-NMR (CDCl3): δ 177.5, 137.7, 129.6, 
122.8, 119.1, 111.7, 109.3, 37.6, 21.7, 13.9. HRMS (ESI): 310.2273 calcd. for C20H28N3: 
310.2278  
 
9-Undecyl-9H-carbazole-3,6-diaminium acetate (4.04c) 
3,6-Dinitro-N-undecylcarbazole (3c) (1.9 g, 4.6 mmol) was dissolved in 50 mL DCM and 
50 mL MeOH, 5% Pd/C (0.10 g) was added and the mixture was stirred vigorously 
overnight, under H2 atmosphere at room temperature. The reaction mixture was filtered 
and solvents were removed in vacuo. Compound 4.04c was obtained as a gray solid 
after recrystallization from ethyl acetate in 76 % yield (1.65 g, 3.5 mmol). 1H-NMR 
(DMSO-d6): δ 8.28 (bs, 6H), 7.11 (d, J=6.8 Hz, 2H), 7.10 (s, 2H), 6.72 (d, J=6.8 Hz, 
2H), 4.09 (t, J=6.8 Hz, 2H), 1.90 (s, 6H), 1.52-1.74 (m, 2H), 0.98-1.30 (m, 16H), 0.80 
(t, J=6.6 Hz, 3H). 13C-NMR (DMSO-d6): δ 172.2, 140.3, 134.2, 122.5, 114.9, 109.1, 
104.4, 31.4, 29.12, 29.07, 29.06, 29.0, 28.81, 28.76, 14.1. HRMS (ESI): 352.2745 
calcd. for C23H34N3: 352.2747 
 
9-Dodecyl-9H-carbazole-3,6-diaminium acetate (4.04d) 
3,6-Dinitro-N-dodecylcarbazole (4.03d) (1.3 g, 3.05 mmol) was dissolved in 50 mL DCM 
20 mL AcOH and 50 mL MeOH, 5% Pd/C (0.10 g) was added and the mixture was stirred 
vigorously overnight, under H2 atmosphere at room temperature. The reaction mixture 
was filtered and solvents were removed in vacuo. Compound 4.04d was obtained as a 
gray solid after recrystallization from ethyl acetate in 74 % yield (1.10 g, 2.26 mmol). 
1H-NMR (CDCl3): δ 7.34 (d, J=2.1 Hz, 2H), 7.15 (d, J=8.5 Hz, 2H), 6.89 (d, J1=8.4 Hz, 
J2=2.0 Hz, 2H), 4.94 (bs, 6H), 4.15 (t, J=7.1 Hz, 2H), 2.06 (s, 6H), 1.72-1.83 (m, 2H), 
1.10-1.37 (m, 18H), 0.87 (t, J=6.4 Hz, 3H). 13C-NMR (DMSO-d6): δ 176.7, 137.9, 
136.3, 123.3, 116.2, 109.5, 107.1, 43.5, 32.3, 29.95, 29.93, 29.92, 29.86, 29.77, 
29.67, 29.4, 27.7, 21.3, 14.5. HRMS (ESI): 366.2902 calcd. for C24H36N3: 366.2904 
 
9-Tridecyl-9H-carbazole-3,6-diaminium acetate (4.04e) 
3,6-Dinitro-N-tridecylcarbazole (4.03e) (1.48 g, 3.37 mmol) was dissolved in 30 mL 
DCM 20 mL AcOH and 30 mL i-PrOH, 5% Pd/C (0.10 g) was added and the mixture was 
stirred vigorously overnight, under H2 atmosphere at room temperature. The reaction 
mixture was filtered and solvents were removed in vacuo. Compound 4.04e was 
obtained as a gray solid after recrystallization from ethyl acetate in 98 % yield (1.65 g, 
3.30 mmol). 1H-NMR (CDCl3): δ 7.34 (s, 2H), 7.16 (d, J=8.6 Hz, 2H), 6.90 (d, J=8.5 Hz 
2H), 6.32 (bs, 6H), 4.15 (t, J=7.0 Hz, 2H), 2.09 (s, 6H), 1.69-1.91 (m, 2H), 1.13-1.46 
(m, 20H), 0.88 (t, J=6.5 Hz, 3H). 13C-NMR (CDCl3): δ 176.7, 137.6, 136.2, 123.1, 
116.1, 109.3, 107.0, 43.4, 32.1, 29.78, 29.77, 29.75, 29.73, 29.66, 29.57, 29.48, 29.2, 
27.5, 22.8, 21.0, 14.2. HRMS (ESI): 380.3052 calcd. for C25H38N3: 380.3060 
 
9-Tetradecyl-9H-carbazole-3,6-diamine (4.04f) 
3,6-Dinitro-N-tetradecylcarbazole (4.03f) (5.2 g, 11 mmol) was dissolved in 200 mL i-
PrOH, 200 mL MeOH and 50 mL AcOH. 5% Pd/C (0.5 g) was added and the mixture was 
stirred vigorously overnight, under H2 atmosphere at room temperature. The reaction 
mixture was filtered and solvents were removed in vacuo. Compound 4.04f was 
obtained as a gray solid after recrystallization from ethyl acetate in 72 % yield. (3.1 g, 
7.9 mmol). 1H-NMR (CDCl3): δ 7.33 (s, 2H), 7.16 (d, J=8.5 Hz, 2H), 6.88 (d, J=8.4 Hz, 
2H), 4.05-4.25 (m, 8H), 1.69-1.87 (m, 2H), 1.08-1.40 (m, 22H), 0.87 (t, J=6.3 Hz, 3H). 
13C-NMR (CDCl3): δ 138.1, 136.2, 123.3, 116.1, 109.5, 106.9, 43.5, 32.3, 30.02, 30.00, 
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29.99, 29.96, 29.94, 29.88, 29.8, 29.7, 29.4, 27.7, 23.0, 14.5. HRMS (EI): 393.3128 
calcd. for C26H39N3: 393.3144  
 
9-Pentadecyl-9H-carbazole-3,6-diamine (4.04g) 
3,6-Dinitro-N-pentadecylcarbazole (4.03g) (1.02 g, 2.18 mmol) was dissolved in 100 
mL i-PrOH, 100 mL DCM and 50 mL AcOH. 5% Pd/C (0.2 g) was added and the mixture 
was stirred vigorously overnight, under H2 atmosphere at room temperature. The 
reaction mixture was filtered and solvents were removed in vacuo. Compound 4.04g 
was obtained as a gray solid after recrystallization from ethyl acetate in 93 % yield. (0.8 
g, 1.96 mmol). 1H-NMR (DMSO-d6): δ 7.51 (d, J=2.0 Hz, 2H), 7.40 (d, J=8.8 Hz, 2H), 
7.04 (dd, J1=8.6 Hz, J2=2.2 Hz, 2H), 6.95 (d, J=8.5 Hz, 2H), 4.24 (t, J=6.7 Hz, 2H), 
3.30 (bs, 4H), 1.61-1.75 (m, 2H), 1.10-1.30 (m, 24H), 0.83 (t, J=6.1 Hz, 3H). 13C-NMR 
(DMSO-d6): δ 172.0, 135.4, 122.0, 116.5, 109.5, 106.8, 31.3, 29.02, 29.01, 29.00, 
28.99, 28.98, 28.96, 28.94, 28.92, 26.5, 22.1, 21.0, 13.9. HRMS (ESI): 408.3377 calcd. 
for C27H42N3: 408.3373  
 
9-Hexadecyl-9H-carbazole-3,6-diaminium acetate (4.04h) 
3,6-Dinitro-N-hexadecylcarbazole (4.03h) (1.3 g, 2.1 mmol) was dissolved in 100 mL i-
PrOH, 100 mL DCM and 50 mL AcOH. 5% Pd/C (0.2 g) was added and the mixture was 
stirred vigorously overnight, under H2 atmosphere at room temperature. The reaction 
mixture was filtered and solvents were removed in vacuo. Compound 4.04h was 
obtained as a gray solid after recrystallization from ethyl acetate in 93 % yield. (1.0 g, 
1.95 mmol). 1H-NMR (CDCl3): δ 7.55 (bs, 6H), 7.37 (s, 2H), 7.15 (d, J=8.3 Hz, 2H), 
6.95 (d, J=8.5 Hz, 2H), 4.12 (t, J=6.9 Hz, 2H), 2.03 (s, 6H), 1.68-1.83 (m, 2H), 1.17-
1.35 (m, 26H), 0.88 (t, J=6.1 Hz, 3H). 13C-NMR (CDCl3): δ 177.2, 136.8, 136.0, 123.1, 
116.9, 109.5, 108.2, 43.5, 32.2, 30.01, 30.00, 29.99, 29.97, 29.96, 29.8, 29.74, 29.67, 
29.4, 27.6, 23.0, 21.5, 14.4 HRMS (ESI): 422.3533 calcd. for C28H44N3: 422.3535 
 
9-Octadecyl-9H-carbazole-3,6-diaminium acetate (4.04i) 
3,6-Dinitro-N-octadecylcarbazole (4.03i) (1.9 g, 3.7 mmol) was dissolved in 100 mL i-
PrOH, 100 mL DCM and 50 mL AcOH. 5% Pd/C (0.2 g) was added and the mixture was 
stirred vigorously overnight, under H2 atmosphere at room temperature. The reaction 
mixture was filtered and solvents were removed in vacuo. Compound 4.04i was 
obtained as a gray solid after recrystallization from ethyl acetate in 87 % yield. (1.85 g, 
3.24 mmol). 1H NMR (CDCl3) δ 7.33 (s, 2H), 7.15 (d, J = 8.5 Hz, 2H), 6.88 (d, J = 8.3 
Hz, 2H), 4.15 (t, J = 7.1 Hz, 2H), 2.17 (s, 6H), 1.79 (s, 2H), 1.38-0.98 (m, 30H), 0.87 
(d, J = 6.8 Hz, 3H). 13C NMR (CDCl3) δ 176.2, 137.7, 135.9, 122. 9, 115.8, 109.1, 
106.6, 43.2, 31.9, 30.9, 29.70, 29.69, 29.68, 29.67, 29.66, 29.64, 29.59, 29.5, 29.4, 
29.3, 29.1, 27.3, 22.7, 21.0, 14.1. HRMS (ESI): 450.3833 calcd. for C30H48N3: 450.3848 
 
9-2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl-9H-carbazole-3,6-diaminium 
acetate (4.04j) 
3,6-Dinitro-N-2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethylcarbazole (4.03j) (2.2 g, 
5.07 mmol) was dissolved in 100 mL i-PrOH, 100 mL MeOH and 50 mL AcOH. 5% Pd/C 
(0.2 g) was added and the mixture was stirred vigorously overnight, under H2 
atmosphere at room temperature. The reaction mixture was filtered and solvents were 
removed in vacuo. Compound 4.04j was obtained as a gray solid after washing with cold 
diethyl ether (3 x 20 mL) in 88 % yield. (2.2 g, 4.48 mmol). 1H-NMR (DMSO-d6): δ 7.87 
(s, 2H), 7.60 (d, J=8.7 Hz, 2H), 7.27 (d, J=8.7 Hz, 2H), 4.36-4.58 (m, 2H), 3.64-3.82 
(m, 2H), 3.01-3.62 (m, 19H), 1.92 (s, 6H). 13C-NMR (DMSO-d6): δ 172.1, 138.4, 127.9, 
121.7, 119.7, 111.9, 110.8, 72.30, 70.04, 69.86, 69.77, 69.76, 69.73, 68.9, 60.2, 
21.15. HRMS (ESI): 374.2073 calcd. for C20H28N3O4: 374.2074  
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1,1'-(9-Ethyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01a) 
9-Ethyl-9H-carbazole-3,6-diaminium acetate (4.04a) (2.05 g, 9.1 mmol), triethylamine 
(1.8 g, 18.2 mmol) and ethyl isocyanate (1.30 g, 18.2 mmol) were dissolved in 50 mL of 
DCM and the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 100 mL of acetonitrile and filtered. The residue 
was then washed with water (3x 50 mL) and drying in vacuo yielded compound 1a as an 
off white solid in 43% yield. (1.44 g, 3.92 mmol). 1H-NMR (DMSO-d6): δ 8.27 (s, 2H), 
8.00 (s, 2H), 7.38 (d, J=8.8 Hz, 2H), 7.28 (d, J=7.6 Hz, 2H), 6.02 (t, J=5.7 Hz, 2H), 
4.28 (q, J=7.6 Hz, 2H), 3.05-3.14 (m, 4H), 1.22 (t, J= 7.0 Hz, 3H), 1.04 (t, J=7.1 Hz, 
6H). 13C-NMR (DMSO-d6): δ 155.7, 135.7, 132.2, 122.0, 118.2, 109.7, 108.8, 36.9, 
34.0, 15.6, 13.7. HRMS (ESI): 368.2076 calcd. for C20H26N5O2: 368.2081 Anal. Calcd for 
C20H25N5O2: C, 65.37; H, 6.86; N, 19.06. Found: C, 65.04; H, 7.00; N, 18.84.  
 
1,1'-(9-Octyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01b) 
9-Octyl-9H-carbazole-3,6-diaminium acetate (4.04b) (0.33 g, 1.07 mmol), 
triethylamine (0.30 g, 3.0 mmol) and ethyl isocyanate (0.13 g, 1.9 mmol) were 
dissolved in 10 mL of DCM and the mixture was stirred overnight at room temperature. 
After the volatiles were evaporated the solid was suspended in 10 mL of chloroform and 
centrifuged for 5 min at 4000 rpm. The sediment was suspended in 10 mL H2O and 
centrifuged for 5 min at 4000 rpm twice and dried in vacuo yielding compound 4.01b as 
an off-white solid in 50% yield. (0.24 g, 0.53 mmol). 1H-NMR (DMSO-d6): δ 8.35 (s, 
2H), 8.07 (s, 2H), 7.36 (d, J=8.7 Hz, 2H), 7.28 (d, J=8.7 Hz, 2H), 6.10 (t, J=5.4 Hz, 
2H), 4.24 (t, J=6.6 Hz, 2H), 3.05-3.18 (m, 4H), 1.62-1.76 (m, 2H), 1.10-1.29 (m, 10H), 
1.06 (t, J= 7.1 Hz, 6H), 0.79 (t, J=6.6 Hz, 3H). 13C-NMR (DMSO-d6): δ 155.7, 136.1, 
132.1, 121.8, 118.2, 109.6, 108.9, 42.2, 34.0, 28.7, 28.51, 28.49, 28.4, 21.9, 15.5, 
13.8. HRMS (ESI): 452.3014 calcd. for C26H38N5O2: 452.3020  
 
1,1'-(9-Undecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01c) 
9-Undecyl-9H-carbazole-3,6-diaminium acetate (4.04c) (0.83 g, 1.84 mmol), 
triethylamine (0.61 g, 6.0 mmol) and ethyl isocyanate (0.27 g, 3.8 mmol) were 
dissolved in 25 mL of DCM and the mixture was stirred overnight at room temperature. 
After the volatiles were evaporated the solid was suspended in 30 mL of chloroform and 
centrifuged for 5 min at 4000 rpm. The sediment was suspended in 30 mL H2O and 
centrifuged for 5 min at 4000 rpm, the sediment was resuspended in 50 mL cold 
acetonitrile and centrifuged for 5 min at 4000 rpm. The sediment was dried in vacuo 
yielding compound 4.01c as an off white solid in 77% yield. (0.70 g, 1.42 mmol). 1H-
NMR (DMSO-d6): δ 8.31 (s, 2H), 8.07 (s, 2H), 7.35 (d, J=9.4 Hz, 4H), 6.08 (t, J=5.4 
Hz, 2H), 4.24 (t, J=7.1 Hz, 2H), 3.07-3.15 (m, 4H), 1.70-1.77 (m, 2H), 1.16-1.30 (m, 
16H), 1.08 (t, J= 7.2 Hz, 6H), 0.84 (t, J=7.0 Hz, 3H). 13C-NMR (DMSO-d6): δ 155.8, 
136.1, 132.3, 121.8, 118.1, 109.5, 108.9, 34.0, 31.3, 28.95, 28.91, 28.87, 28.76, 
28.73, 28.65, 28.52, 26.5, 22.1, 15.6, 13.9. HRMS (ESI): 494.3493 calcd. for C29H44N5-

O2: 494.3490  
 
1,1'-(9-Dodecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01d) 
9-Dodecyl-9H-carbazole-3,6-diaminium acetate (4.04d) (0.49 g, 1.34 mmol), 
triethylamine (0.30 g, 3.0 mmol) and ethyl isocyanate (0.19 g, 2.70 mmol) were 
dissolved in 20 mL of DCM and the mixture was stirred overnight at room temperature. 
After the volatiles were evaporated the solid was suspended in 30 mL of chloroform and 
centrifuged for 5 min at 4000 rpm. The sediment was suspended in 30 mL chloroform 
and centrifuged again for 5 min at 4000 rpm, the sediment was dried in vacuo yielding 
compound 4.01d as a purple solid in 45% yield. (0.42 g, 0.83 mmol). 1H-NMR (DMSO-
d6): δ 8.28 (s, 2H), 8.05 (s, 2H), 7.36 (d, J=8.9 Hz, 2H), 7.28 (d, J=8.6 Hz, 2H), 6.02 
(t, J=6.6 Hz, 2H), 4.24 (t, J=6.5 Hz, 2H), 3.07-3.15 (m, 4H), 1.62-1.74 (m, 2H), 1.11-
1.31 (m, 18H), 1.06 (t, J= 7.0 Hz, 6H), 0.82 (t, J=6.4 Hz, 3H). 13C-NMR (DMSO-d6): δ 
155.8, 136.1, 132.2, 121.8, 118.2, 109.6, 109.0, 34.0, 31.3, 29.02, 28.99, 28.96, 
28.92, 28.99, 28.76, 28.67, 28.56, 26.5, 22.1, 15.6, 14.0. HRMS (ESI): 530.3462 calcd. 
for C30H44N5O2Na: 530.3466  
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1,1'-(9-Tridecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01e) 
9-Tridecyl-9H-carbazole-3,6-diaminium acetate (4.04e) (0.78 g, 1.56 mmol), 
triethylamine (0.35 g, 3.5 mmol) and ethyl isocyanate (0.23 g, 3.30 mmol) were 
dissolved in 20 mL of DCM and the mixture was stirred overnight at room temperature. 
After the volatiles were evaporated the solid was suspended in 15 mL of chloroform and 
15 mL acetonitrile and centrifuged for 5 min at 4000 rpm. The sediment was suspended 
in 30 mL acetonitrile and centrifuged again for 5 min at 4000 rpm, the sediment was 
dried in vacuo yielding compound 4.01e as a light purple solid in 82% yield. (0.67 g, 
1.28 mmol). 1H-NMR (DMSO-d6): δ 8.30 (s, 2H), 8.09 (s, J=1.7 Hz, 2H), 7.37 (d, J=8.6 
Hz, 2H), 7.28 (dd, J1=8.7 Hz, J2=1.9 Hz, 2H), 6.03 (t, J=5.5 Hz, 2H), 4.18-4.30 (m, 
2H), 3.07-3.19 (m, 4H), 1.57-1.79 (m, 2H), 1.10-1.40 (m, 20H), 1.06 (t, J= 7.2 Hz, 
6H), 0.83 (t, J=6.6 Hz, 3H). 13C-NMR (DMSO-d6): δ 155.7, 136.2, 132.1, 121.8, 118.2, 
109.6, 108.9, 42.3, 34.0, 31.2, 28.93, 28.91, 28.90, 28.86, 28.69, 28.61, 28.49, 26.4, 
23.8, 22.0, 15.5, 13.9. HRMS (ESI): 530.37845 calcd. for C31H48N5O2: 522.3803  
 
1,1'-(9-Tetradecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01f) 
3,6-Diamino-N-tetradecylcarbazole (4.04f) (0.5 g, 1.27 mmol), triethylamine (0.14 g, 
2.0 mmol) and ethyl isocyanate (0.30 g, 3.0 mmol) were dissolved in 50 mL of DCM and 
the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 100 mL of acetonitrile and filtered. The residue 
was suspended in 100 mL of chloroform and the mixture was filtered. The residue was 
then taken up in 10 mL of hot DMSO, after which the solution was cooled to room 
temperature and 5 mL water was added. Filtration, followed by washing with water (3x 5 
mL) and drying in vacuo yielded compound 4.01f as an off white solid in 82% yield. 
(0.53 g, 1.04 mmol). 1H-NMR (DMSO-d6): δ 8.29 (s, 2H), 8.08 (s, 2H), 7.38 (d, J=8.8 
Hz, 2H), 7.28 (d, J=8.7 Hz, 2H), 6.03 (t, J=5.4 Hz, 2H), 4.16-4.32 (m, 2H), 3.00-3.20 
(m, 4H), 1.61-1.79 (m, 2H), 1.10-1.30 (m, 22H), 1.06 (t, J=7.1 Hz, 6H), 0.83 (t, J=6.1 
Hz, 3H). 13C-NMR (DMSO-d6): δ 156.2, 136.6, 132.6, 122.3, 118.7, 110.1, 109.4, 
42.70, 34.5, 31.7, 29.5, 29.4, 29.4, 29.4, 29.3, 29.2, 29.1, 29.1, 29.0, 26.9, 22.5, 16.1, 
14.4. HRMS (ESI): 536.3953 calcd. for C32H50N5O2: 536.3959 Anal. Calcd for C32H49N5O2: 
C, 71.74; H, 9.22; N, 13.07. Found: C, 71.59; H, 9.39; N, 12.87.  
 
1,1'-(9-Pentadecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01g) 
9-Pentadecyl-9H-carbazole-3,6-diamine (4.04g) (0.39 g, 0.74 mmol), triethylamine 
(0.30 g, 3.0 mmol) and ethyl isocyanate (0.11 g, 1.50 mmol) were dissolved in 20 mL of 
DCM and the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 30 mL of chloroform and centrifuged for 5 min at 
4000 rpm. The sediment was suspended in 30 mL acetonitrile and centrifuged again for 
5 min at 4000 rpm, the sediment was dried in vacuo yielding compound 4.01g as a 
purple solid in 19% yield. (0.08 g, 0.15 mmol). 1H-NMR (DMSO-d6): δ 8.26 (s, 2H), 8.08 
(s, 2H), 7.35 (d, J=8.8 Hz, 2H), 7.28 (d, J=8.6 Hz, 2H), 6.00 (t, J=5.2 Hz, 2H), 4.24 (t, 
J=6.5 Hz, 2H), 3.06-3.19 (m, 4H), 1.61-1.77 (m, 2H), 1.10-1.35 (m, 24H), 1.06 (t, J= 
7.1 Hz, 6H), 0.82 (t, J=6.5 Hz, 3H). 13C-NMR (DMSO-d6): δ 155.7, 136.1, 132.1, 121.8, 
118.2, 109.6, 108.9, 42.21, 34.0, 31.3, 28.99, 28.97, 28.96, 29.91, 28.88, 28.74, 
28.66, 28.53, 26.4, 22.1, 15.6, 13. 9. HRMS (ESI): 550.4113 calcd. for C33H52N5O2: 
550.4116 Anal. Calcd for C33H51N5O2: C, 72.09; H, 9.35; N, 12.74. Found: C, 71.99; H, 
9.36; N, 12.37.  
 
1,1'-(9-Hexadecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01h) 
9-Hexadecyl-9H-carbazole-3,6-diamine (4.04h) (0.30 g, 0.71 mmol), triethylamine 
(0.20 g, 2.0 mmol) and ethyl isocyanate (0.15 g, 1.35 mmol) were dissolved in 20 mL of 
DCM and the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 30 mL of chloroform and centrifuged for 5 min at 
4000 rpm. The sediment was suspended in 30 mL acetonitrile and centrifuged again for 
5 min at 4000 rpm, the sediment was dried in vacuo yielding compound 4.01h as a 
purple solid in 19% yield. (0.08 g, 0.15 mmol). 1H-NMR (DMSO-d6): δ 8.26 (s, 2H), 8.08 
(s, 2H), 7.35 (d, J=8.8 Hz, 2H), 7.28 (d, J=8.6 Hz, 2H), 6.00 (t, J=5.2 Hz, 2H), 4.24 (t, 
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J=6.5 Hz, 2H), 3.06-3.19 (m, 4H), 1.61-1.77 (m, 2H), 1.10-1.35 (m, 26H), 1.06 (t, J= 
7.1 Hz, 6H), 0.82 (t, J=6.5 Hz, 3H). 13C-NMR (DMSO-d6): δ 155.7, 136.1, 132.1, 121.8, 
118.2, 109.6, 108.9, 42.21, 34.0, 31.3, 28.99, 28.97, 28.96, 29.91, 28.88, 28.74, 
28.66, 28.53, 26.4, 22.1, 15.6, 13. 9. HRMS (ESI): 550.4113 calcd. for C33H52N5O2: 
550.4116  
 
1,1'-(9-Octadecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) (4.01i) 
9-Octadecyl-9H-carbazole-3,6-diamine (4.04i) (0.90 g, 1.53 mmol), triethylamine (0.31 
g, 3.1 mmol) and ethyl isocyanate (0.30 g, 3.1 mmol) were dissolved in 20 mL of DCM 
and the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 30 mL of chloroform and centrifuged for 5 min at 
4000 rpm. The sediment was suspended in 30 mL acetonitrile and centrifuged again for 
5 min at 4000 rpm. The sediment was suspended in 30 mL diethyl ether and centrifuged 
again for 5 min at 4000 rpm, the sediment was dried in vacuo yielding compound 4.01i 
as a purple solid in 39% yield. (0.35 g, 0.60 mmol). 1H-NMR (DMSO-d6): δ 8.23 (s, 2H), 
8.04 (s, 2H), 7.35 (d, J=8.4 Hz, 2H), 7.23 (d, J=8.3 Hz, 2H), 6.05 (t, J=5.0 Hz, 2H), 
4.22 (t, J=6.6 Hz, 2H), 3.06-3.19 (m, 4H), 1.61-1.77 (m, 2H), 1.10-1.35 (m, 30H), 1.10 
(t, J= 5.9 Hz, 6H), 0.86 (t, J=6.1 Hz, 3H). 13C-NMR (DMSO-d6): δ 156.0, 136.3, 132.4, 
122.0, 118.4, 109.8, 109.1, 43.1, 34.0, 31.8, 30.8, 29.65, 29.64, 29.63, 29.62, 29.61, 
29.59, 29.54, 29.4, 29.3, 29.2, 29.0, 27.2, 22.6, 21.0, 15.6, 14.0. HRMS (ESI): 
592.4458 calcd. for C36H58N5O2: 592.4590  
 
1,1'-(9-2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl-9H-carbazole-3,6-
diyl)bis(3-ethylurea) (4.01j) 
9-2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl-9H-carbazole-3,6-diaminium acetate 
(4.04j) (1.05 g, 2.80 mmol), triethylamine (0.62 g, 6.1 mmol) and ethyl isocyanate 
(0.43 g, 6.00 mmol) were dissolved in 40 mL of DCM and the mixture was stirred 
overnight at room temperature. After the volatiles were evaporated 15 mL of MeOH and 
85 mL ethyl acetate were added and the suspension was sonicated for 1 h, after which it 
was centrifuged for 5 min at 4000 rpm and decanted. The procedure was repeated twice, 
after which the sediment was dried in vacuo yielding compound 4.01i as a purple solid 
in 34 % yield. (0.49 g, 0.95 mmol). 1H-NMR (DMSO-d6): δ 8.28 (s, 2H), 8.07 (s, 2H), 
7.40 (d, J=8.7 Hz, 2H), 7.27 (d, J=8.8 Hz, 2H), 6.01 (t, J=5.4 Hz, 2H), 4.55 (t, J=5.3 
Hz, 1H), 4.32-4.48 (m, 2H), 3.65-3.80 (m, 2H), 3.27-3.51 (m, 12H), 3.01-3.22 (m, 4H), 
1.05 (t, J=5.0 Hz, 6H). 13C-NMR (DMSO-d6): δ 155.8, 136.4, 132.3, 121.9, 118.2, 
109.5, 109.4, 72.3, 70.0, 69.8, 69.74, 69.69, 68.9, 42.7, 34.1, 15.6. HRMS (ESI): 
538.2624 calcd. for C26H37N5O6Na: 538.2636  
 
 N,N'-(9-Ethyl-9H-carbazole-3,6-diyl)diacetamide (4.05a) 
3,6-Diamino-N-ethylcarbazole (4.04a) (1.5 g, 6.66 mmol) and triethylamine (1.12 g, 
11.1 mmol) were dissolved in 50 mL of DCM and the mixture was cooled to 0 °C. Acetyl 
chloride (1.42 g, 18.1 mmol) was added drop wise and the mixture was allowed to reach 
room temperature overnight while being stirred. After the volatiles were evaporated the 
product was washed with diethyl ether (2 x 30 mL) and water (2 x 30 mL). 
Recrystallization from methanol yielded the product as an off white solid in 15% yield. 
(0.31 g, 1.00 mmol). 1H-NMR (DMSO-d6): δ 9.92 (s, 2H), 8.35 (s, 2H), 7.49 (d, J=3.0 
Hz, 4H), 4.34 (q, J=6.9Hz, 2H), 2.07 (s, 6H), 1.27 (t, J=7.0 Hz, 3H). 13C-NMR (DMSO-
d6): δ 167.9, 136.5, 131.3, 121.8, 118.8, 110.7, 109.1, 37.1, 24.0, 13.8. HRMS (ESI): 
310.1538 calcd. for C18H20N3O2: 310.1550  
 
N,N'-(9-Octyl-9H-carbazole-3,6-diyl)diacetamide (4.05b) 
3,6-Diamino-N-octylcarbazole (4.04b) (0.27 g, 0.87 mmol) and triethylamine (0.20 g, 
2.0 mmol) were dissolved in 100 mL of DCM and the mixture was cooled to 0 °C. Acetyl 
chloride (0.16 g, 2.0 mmol) was added drop wise and the mixture was allowed to reach 
room temperature overnight while being stirred. After the volatiles were evaporated the 
product was washed with diethyl ether (2 x 30 mL) and water (2 x 30 mL), yielding the 
product as a light blue solid in 95% yield. (0.32 g, 0.55 mmol). 1H-NMR (DMSO-d6): δ 
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9.91 (s, 2H), 8.34 (s, 2H), 7.38-7.55 (m, 4H), 4.29 (t, J=6.3 Hz, 2H), 2.06 (s, 6H), 
1.57-1.81 (m, 2H), 1.04-1.38 (m, 22H), 0.83 (t, J=6.2 Hz, 3H). 13C-NMR (CDCl3): δ 
168.9, 138.3, 129.6, 122.6, 120.3, 113.3, 108.8, 43.3, 32.1, 29.81, 29.80, 29.79, 
29.78, 29.75, 29.65, 29.53, 29.50, 29.1, 27.4, 24.4, 22.8, 14.3. HRMS (ESI): 478.3423 
calcd. for C30H44N3O2: 478.3428  
 
N,N'-(9-Tetradecyl-9H-carbazole-3,6-diyl)diacetamide (4.05f) 
3,6-Diamino-N-tetradecylcarbazole (4.04f) (0.5 g, 1.27 mmol) and triethylamine (0.30 
g, 3.0 mmol) were dissolved in 50 mL of DCM and the mixture was cooled to 0 °C. Acetyl 
chloride (0.24 g, 3.0 mmol) was added drop wise and the mixture was allowed to reach 
room temperature overnight while being stirred. After the volatiles were evaporated the 
product was purified using column chromatography (SiO2, hexane: EtOAc) yielding the 
product as an off-white solid in 45% yield. (0.26 g, 0.55 mmol). 1H-NMR (DMSO-d6): δ 
9.91 (s, 2H), 8.34 (s, 2H), 7.38-7.55 (m, 4H), 4.29 (t, J=6.3Hz, 2H), 2.06 (s, 6H), 1.57-
1.81 (m, 2H), 1.04-1.38 (m, 22H), 0.83 (t, J=6.2 Hz, 3H). 13C-NMR (CDCl3): δ 168.9, 
138.3, 129.6, 122.6, 120.3, 113.3, 108.8, 43.3, 32.1, 29.81, 29.80, 29.79, 29.78, 
29.75, 29.65, 29.53, 29.50, 29.1, 27.4, 24.4, 22.8, 14.3. HRMS (ESI): 478.3423 calcd. 
for C30H44N3O2: 478.3428  
 
1,1'-(Ethyl-9H-carbazole-3,6-diyl)bis(3-hexylurea) (4.06a) 
3,6-Diamino-N-ethylcarbazole (4.04a) (0.47 g, 2.09 mmol), hexylisocyanate (0.55 g, 
4.6 mmol) and triethylamine (0.43 g, 4.3 mmol) were dissolved in 20 mL of DCM and 
the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 30 mL of chloroform and centrifuged for 5 min at 
4000 rpm. The sediment was suspended in 30 mL H2O and centrifuged for 5 min at 4000 
rpm, the sediment was resuspended in 50 mL cold acetonitrile and centrifuged for 5 min 
at 4000 rpm. The sediment was suspended in 10 mL water and freeze dried, yielding 
compound 4.06a as a pale blue solid in 75% yield. (0.75 g, 1.56 mmol). 1H NMR (201 
MHz, DMSO-d6) δ 8.37 (s, 2H), 8.06 (d, J = 1.8 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 7.37 
(dd, J = 8.6 Hz, 2.0 Hz, 2H), 6.31- 6.56 (m, 2H), 6.12 (t, J = 5.7 Hz, 2H), 5.75 (t, J = 
5.7 Hz, 4H), 3.07 (dd, J = 12.7 Hz, 6.7 Hz, 2H), 2.92 (q, J = 6.4 Hz, 4H), 1.51-1.11 (m, 
16H), 0.94-0.71 (m, 9H). 13C-NMR (DMSO-d6): δ 156.3, 136.2, 132.5, 121.8, 118.2, 
109.6, 109.2, 42.2, 31.3, 31.1, 28.82, 28.81, 26.5, 22.4, 14.1. HRMS (ESI): 480.3320 
calcd. for C28H42N5O2: 480.3338  
 
1,1'-(9-Undecyl-9H-carbazole-3,6-diyl)bis(3-hexylurea) (4.06c) 
3,6-Diamino-N-undecylcarbazole (4.04c) (0.70 g, 1.55 mmol), hexylisocyanate (0.42 g, 
3.3 mmol) and triethylamine (0.50 g, 5.0 mmol) were dissolved in 25 mL of DCM and 
the mixture was stirred overnight at room temperature. After the volatiles were 
evaporated the solid was suspended in 30 mL of chloroform and centrifuged for 5 min at 
4000 rpm. The sediment was suspended in 30 mL H2O and centrifuged for 5 min at 4000 
rpm, the sediment was resuspended in 50 mL cold acetonitrile and centrifuged for 5 min 
at 4000 rpm. The sediment was dried in vacuo yielding compound 4.06c as a blue solid 
in 54% yield. (0.51 g, 0.84 mmol). 1H-NMR (DMSO-d6): δ 8.52 (s, 2H), 8.09 (s, 2H), 
7.35 (d, J=8.8 Hz, 2H), 7.29 (d, J=8.5 Hz, 2H), 6.17-6.34 (m, 2H), 4.24 (t, J=6.1 Hz, 
2H), 2.98-3.17 (m, 4H), 1.62-1.81 (m, 2H), 1.36-1.48 (m, 4H), 1.03-1.36 (m, 28H), 
0.71-0.93 (m, 9H). 13C-NMR (DMSO-d6): δ 155.9, 136.1, 132.3, 121.8, 118.0, 109.4, 
108.9, 42.2, 31.3, 31.1, 29.9, 28.96, 28.92, 28.90, 28.76, 28.66, 28.55, 26.5, 26.1, 
22.12, 22.08, 13.96, 13.94. HRMS (ESI): 606.4755 calcd. for C37H60N5O2: 606.4742  
 
1,1'-(9-Trisdecyl-9H-carbazole-3,6-diyl)bis(3-hexylurea) (4.06e) 
Synthesis and purification were similar to that of 4.06c, using 3,6-diamino-N-
trisdecylcarbazole (4.04e) (0.35 g, 0.66 mmol), hexylisocyanate (0.18 g, 1.40 mmol) 
and triethylamine (0.16 g, 1.6 mmol) in 25 mL of DCM yielding compound 4.06e as a 
purple solid in 65% yield. (0.28 g, 0.43 mmol). 1H NMR (DMSO-d6) δ 8.26 (s, 2H), 8.07 
(s, 2H), 7.36 (d, J = 8.8, 2H), 7.27 (d, J = 7.7, 2H), 6.04 (t, J = 5.3, 2H), 4.24 (t, J = 
6.3, 2H), 3.08 (dd, J = 12.2, 6.2, 4H), 1.77-1.63 (m, 2H), 1.50-1.38 (m, 4H), 1.38-1.06 
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(m, 36H), 0.98-0.76 (m, 9H). 13C-NMR (DMSO-d6): δ 155.8, 136.0, 132.3, 121.7, 
117.9, 109.3, 108.9, 42.2, 31.2, 31.1, 29.8, 28.92, 28.91, 28.89, 28.80, 28.76, 28.72, 
28.66, 28.55, 26.5, 26.0, 22.13, 22.07, 14.0, 13.9. HRMS (ESI): 634.5012 calcd. for 
C37H60N5O2: 634.5060 
 
1,1'-(9-Tetradecyl-9H-carbazole-3,6-diyl)bis(3-hexylurea) (4.06f) 
Synthesis and purification were similar to that of 4.06c, using 3,6-diamino-N-
tetradecylcarbazole (4.04f) (2.10 g, 5.35 mmol), hexylisocyanate (1.40 g, 11.0 mmol) 
and triethylamine (1.11 g, 11.0 mmol) in 50 mL of DCM yielding compound 4.06f as a 
purple solid in 39% yield. (1.35 g, 2.08 mmol) 1H-NMR (DMSO-d6): δ 8.55 (s, 2H), 8.12 
(s, 2H), 7.36 (d, J=8.9 Hz, 2H), 7.29 (d, J=8.6 Hz, 2H), 6.16-6.33 (m, 2H), 4.27 (t, 
J=6.1 Hz, 2H), 2.92-3.21 (m, 4H), 1.62-1.86 (m, 2H), 1.38-1.49 (m, 4H), 1.04-1.35 (m, 
38H), 0.70-0.97 (m, 9H). 13C-NMR (DMSO-d6): δ 155.9, 136.0, 132.4, 121.7, 117.9, 
109.4, 108.9, 42.3, 31.3, 31.2, 29.8, 28.92, 28.91, 28.89, 28.80, 28.75, 28.71, 28.67, 
28.64, 28.54, 26.6, 26.1, 22.2, 22.1, 14.0, 13.9. HRMS (ESI): 648.5215 calcd. for 
C40H66N5O2: 648.5217 
 
1,1'-(9-Pentadecyl-9H-carbazole-3,6-diyl)bis(3-hexylurea) (4.06g) 
Synthesis and purification were similar to that of 6c, using 3,6-diamino-N-
pentadecylcarbazole (4.04g) (0.35 g, 0.66 mmol), hexylisocyanate (0.18 g, 1.4 mmol) 
and triethylamine (0.16 g, 1.6 mmol) in 10 mL of DCM yielding compound 4.06g as a 
purple solid in 42% yield. (0.19 g, 0.28 mmol). 1H NMR (DMSO-d6) δ 8.23 (s, 2H), 8.00 
(s, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 7.7 Hz, 2H), 6.02 (t, J = 5.3 Hz, 2H), 4.24 
(t, J = 6.2 Hz, 2H), 3.10 (dd, J = 12.0, 6.3 Hz, 4H), 1.69 (dd, J = 7.5, 5.1 Hz, 2H), 
1.56-1.00 (m, 40H), 0.87 (m, 9H). 13C-NMR (DMSO-d6): δ 156.0, 136.0, 132.3, 121.8, 
117.8, 109.6, 108.7, 42.3, 31.2, 31.1, 29.7, 28.90, 28.89, 28.86, 28.78, 28.74, 28.71, 
28.66, 28.63, 28.60, 28.51, 26.5, 26.1, 22.2, 22.1, 14.0, 13.9. HRMS (ESI): 661.5289 
calcd. for C41H67N5O2: 661.5295 
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For the synthesis and characterization of 4.01f, see chapter 4. Transition from a 
transparent solution of 4.01f in DMSO to a rigid stable gel occurred upon agitation, 
although shaking stirring and ultrasound treatment all resulted in mechanically induced 
gelation. In this chapter, shaking is used as agitation method unless stated otherwise 
(See section 5.12 for exact stimulation conditions). The macroscopic appearance of the 
gel depends on the duration of agitation, yielding turbid gels upon both vigorous shaking 
and continuous stirring, whereas milder and shorter periods of agitation gave rise to 
more translucent gels. Notably, heating of the sample yields the original solution, which 
is stable if left undisturbed, but forms gels again upon further mechanical stimulation.  
 
At higher concentrations (>30 mg/ml) the gels tended to form crystals upon standing for 
12 h or more. The solutions containing these crystals were however still able to gelate 
upon mechanical input, indicating that crystallization is an independent process that 
competes with fiber formation. The rate of crystallization appears, in contrast to the 
gelation, unaffected by mechanical input.  
 
 
5.3 Different Accessible Phases 

 
As shown in the phase diagram in figure 5.01 gelator 4.01f forms stable gels upon 
standing in DMSO at room temperature at concentrations above 40 mg/ml. In the 
concentration range of 20 to 40 mg/ml gels only appear upon shaking or stirring and in 
the concentration range of 10 to 20 mg/ml gels could only be obtained by ultrasonication 
of the solution. Heating the sampless will lead to solutions that will return to a gel state 
upon cooling down when the temperature stays below ~75 °C. When samples below the 
spontaneous gelation concentration (40 mg/ml) are heated above this temperature they 
remain solutions upon cooling back to room temperature. 

 
 

Figure 5.01. Dependence of gel melting temperatures on concentration of 4.01f (in 
DMSO).  

 

This behavior is rationalized, tentatively, as follows. When the gel is heated to <75°C the 
fibers disperse into fibrils but the individual gelator molecules do not dissolve fully. 
Above 75°C all fibrils dissolve completely and the solution returns to a supersaturated 
state upon cooling. This rationalization is supported by NMR studies, comparing peak 
intensities with an internal standard at different temperatures before and after 
mechanical induction (vide infra). The solution obtained after cooling can again be 
returned to the gel state by mechanical induction (scheme 5.02). 
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Scheme 5.02. Addressable states within 20-40 mg/ml concentration range. 

 

 

5.4 NMR Solubility Studies 

 

As shown in figure 5.02, NMR studies were performed to support the aforementioned 
rationalization. A 20 mg/ml solution of 4.01f in deuterated DMSO was prepared and 
heated to 80 °C for 30 minutes to ensure full dissolution of the gelator. Upon cooling of 
this solution to 50 °C and 25 °C the ratio between the gelator and the internal standard 
did not change. This shows that no (observable amount of) gelator was removed from 
solution due to aggregation. Upon mechanically induced gelation of the sample, the ratio 
changes dramatically, as would be expected when large amounts of gelator molecule are 
not in a dissolved state (and therefore not visible by regular proton 1H-NMR) anymore. 
Heating the gel sample to 50 °C restores the ratio almost completely, but heating to 
80°C is necessary to fully obtain the original ratio. 
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a) 80 °C IDMSO/Igelator: 1.9±0.2       b) Cooled to 50 °C IDMSO/Igelator:1.9±0.2 

       
   

c) Cooled to 25 °C IDMSO/Igelator: 1.9±0.2         d) After sonication at 25 °C 

  IDMSO/Igelator:6.7±0.2 

        

e) Reheated to 50 °C IDMSO/Igelator:2.1±0.2  Overview of the complete cycle. 

   

Figure 5.02. Quantitative NMR studies of dissolved gelator prior and after mechanical 
induction, using the residual d5-DMSO (δ = 2.50 ppm) peak as internal standard. The 
same sample is used during the entire experiment, the sample was allowed to age for 30 
min at the specified temperature before spectra were acquired. Gelation was induced by 
sonication (5 sec). 
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Figure 5.08. Strain sweep experiment (ω=1 rad/s) on a 20 mg/mL gel. 

 
A frequency sweep of the gel at a non-destructive strain (γ=0.1%) was conducted, 
showing G’ to be frequency independent over the entire frequency range, indicating that 
no significant rearrangement of the fibers occurs at these timescales. The storage 
modulus G’ is greater than the loss modulus G’’ at any frequency, indicating that the gels 
possess a dominantly elastic character (figure 5.09). 

 

 

Figure 5.09 Frequency sweep at a non-destructive strain (γ=0.1%). 
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room temperature over 1h, yielding the solutions that could be turned into gels by 
mechanical stimulation. Shaking experiments were performed with a self built benchtop 
vertical shaker, with an amplitude of 8 mm and a frequency set to 9.6 Hz. Shaking times 
were set with a built in timer. Stirring experiments were performed with a 6x1 mm 
magnetic stirring bar at 200 rpm. 
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Chapter	6.	Light	Controlled	Formation	of	Vesicles	 and	 Supramolecular	 Organogels	by	 a	 Cholesterol	 Bearing	 Amphiphilic	Molecular	Switch	
 
6.1 Introduction 
 
The self-assembly1 of small functional molecules into supramolecular structures,2 
including nano fibers,3 tubes,4 vesicles,5 micelles6 and gels7 is central to the construction 
of molecular based soft nanotechnological devices and materials for applications as 
diverse as drug delivery,8 controlled cell growth9 and sensing.10 Despite considerable 
progress, achieving control of organization by physical and chemical trigger elements 
remains a major challenge.11 A highly promising approach towards this goal is the use of 
responsive, or smart, materials through the integration of addressable functionality, e.g., 
intrinsic photoresponsive moieties, within the supramolecular building blocks.12 This 
approach opens the possibility of controlling self-assembled nanostructures formed from 
individual molecules or to change the properties of supramolecular arrays non-invasively 
in time and space, by using light.4 Dithienylethene photoswitches13 have played a central 
role in addressing such supramolecular systems, including nanofibers,14 nanotubes,15 
metal complexes,16 surfaces,17 organogels,18 polymer aggregates19 and liquid crystals.20 
However, most of these systems form supramolecular aggregates only in an organic 
media, severely limiting the possibilities for biological applications. 
 
In this chapter, we report a unique single molecule system that shows responsive 
assembly, both in water and organic solvents, allowing reversible photochemical control 
over both vesicle and organogel formation, using the amphiphilic photochromic 
diarylethene 6.01, functionalized with a cholesterol unit and a polyethylene glycol 
modified pyridinium moiety (Scheme 6.01). The cholesterol unit provides hydrophobic 
functionality with possible applications to biological membranes. The polyethylene glycol 
pyridinium group facilitates sufficient hydration in aqueous environments when 
aggregation is predominantly driven by hydrophobic interactions. 
The aggregation behavior of 6.01 in aqueous solutions represents one of the very few 
examples of fully reversible light driven control over vesicle formation in aqueous 
media21 and is to the best of our knowledge the first system based on a single compound 
as opposed to a mixture of compounds.11 Photoresponsive organogelation is a well 
described phenomenon, but this property does not often arise from molecules which also 
form distinct aqueous supramolecular aggregates, and provides more insight in the 
behavior of the compound.22 This behavior could provide opportunities in applications as 
diverse as controlled release of compounds in biological systems, selective labeling and 
in controlling cell growth. 
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6.2 Synthesis 
 

The synthesis of compound 2.10 was described in chapter 2. A Suzuki coupling to 4-
bromopyridine yielded compound 6.02 in 63% yield. Deprotection of the methoxy ether 
by tribromoborane and the consecutive coupling of the formed phenol with cholesteryl 
chloroformate yielded the resulting carbonate ester in 61% over 2 steps. Finally, 
alkylation of the pyridine moiety by 1-bromotetraethyleneglycol yielded compound 6.01 
in 60% yield (Scheme 6.02), which was characterized by 1H and 13C NMR, mass 
spectrometry and elemental analysis. 
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Scheme 6.02. Synthesis of amphiphilic dithienylethene 6.01 

6.3 Results 
 
The photochromic behavior of 6.01 was characterized in toluene, ethanol and H2O 
(Figure 6.01). As expected, compound 6.01 shows reversible absorbance and 
fluorescence intensity changes upon alternate irradiation with ultraviolet (365 nm) and 
visible light (>500 nm). Upon irradiation in toluene at 365 nm, the colorless solution 
turned blue and the absorption band assigned to 6.01c appeared at 649 nm (ε = 2.32 x 
104 M-1 cm-1, Figure 6.01a). Concomitantly the absorption of 6.01o at 372 nm (ε = 1.87 
x 104 M-1cm-1) decreased. The ratio of 6.01c to 6.01o at the photo stationary state 
(pss) was found by UV/vis absorption spectroscopy to be higher than 98:2.23 Upon 
irradiation at λ > 500 nm, the blue color faded and the open-ring isomer 6.01o was 
regenerated.  
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The absorption maxima of 6.01o and 6.01c in ethanol are 376 nm (ε = 1.29 x 104 M-

1cm-1) and 663 nm (ε = 1.4 x 104 M-1cm-1), respectively (figure 6.01b). 

The absorption maxima of 6.01o and 6.01c in H2O are 377 nm (ε = 1.34 x 104 M-1cm-1) 
and 647 nm (ε = 7.3 x 103 M-1cm-1), respectively (Figure 6.01e). In the open state, 
6.01o is fluorescent whereas the closed form, 6.01c, is non-fluorescent, allowing the 
switching process to be followed readily. Dithienylethene 6.01o fluoresces at 516 nm 
(λexc 380 nm) in toluene (Figure 6.01b) at 605 nm in ethanol (figure 6.01d) and at 550 
nm in water (figure 6.01f). The shift in emission maximum is most likely solvatochromic, 
with the molecules experiencing the most polar environment in ethanol, in which they 
are fully dissolved; in water aggregation (vide infra) reduces somewhat the effect. The 
fluorescence in both organic and aqueous solution could be switched off and on by 
irradiation at 365 nm and >500 nm, respectively (Figure 6.01f, insert).24 

 

Figure 6.01. UV-vis absorbance (a, c and e) and fluorescence (b,d and f) spectra of 6.01 
in (a, b) toluene (2.6 ±0.1 x 10-5 M), (c, d) ethanol (3.2 x 10-5 M) and (e, f) H2O (2.0 ± 
0.1 x10-5 M) Insert: Modulation of fluorescence at 600 nm in water over several 
switching cycles. 
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solvents, where ring closing led to the disappearance of supramolecular aggregates, in 
aqueous systems the distinct packing parameters of the amphiphilic molecule now lead 
to formation of vesicles, probably due to a less tight packing of 6.01c in the 
supramolecular aggregate compared to 6.01o.  
 

The changes in packing arise most likely arising from two cumulative effects. The 
cholesterol and ethylene glycol chain are forced into a specific orientation by the switch 
moiety when it is in its rigid closed state. The molecule can adopt more favorable 
orientations of these side groups in the open, less rigid, state of the switch, as rotations 
around more bonds become available. A second factor which affects the packing is that 
in the closed form the methyl groups are attached to a tetrahedral (sp3) hybridized 
carbon instead of a trigonal (sp2) hybridized carbon. As a result the methyl groups are 
oriented out of plane and thus interfere more with the packing of the otherwise flat 
dithienylethene. The less tight packing provides increased lateral mobility of the 
individual molecules, and allows for a stronger curvature in the aggregates, thus 
providing the right circumstances to form vesicles from pre-existing lamellar bilayers 
(Figure 6.05d).27 

 

6.4 Conclusions 
 
In conclusion, a new responsive material composed of a light switchable dithienylethene 
unit functionalized with a hydrophobic cholesterol unit and a hydrophilic polyethylene 
glycol pyridinium group was developed (figure 6.01a). The incorporation of the light 
switchable functionality allows for photochemical control over vesicle formation in water, 
with the compound forming vesicles upon photoinduced ring-closing of the switch moiety 
(figure 6.01b). Additionally, light controlled self-assembly of organogel fibers in apolar 
aromatic solvents is achieved, with the compounds forming organogels in their open 
form, which can reversibly break down to the corresponding solution upon ring-closure 
(figure 6.01c). These features demonstrate that light control of supramolecular structure 
can be achieved in aqueous as well as organic media and that this ability can be present 
in a single molecule. This opens the way towards effective development of new 
strategies in soft nanotechnology for applications in controlled chemical release systems. 

 
 
6.5 Experimental Section 
 
 
6.5.1 General Remarks 
 
For general comments, see chapter 2. Rheological measurements were performed on a 
MCR 300 rheometer (Anton Paar) using a parallel plate setup, equipped with a 25 mm 
plate (PP25 SS) and a 1 mm gap setting. Samples were introduced as hot liquids after 
which the samples were sealed and allowed to cool and rest for at least 60 min before 
measurement. 
 
 
6.5.1 Synthesis and Characterization 
 
4-(4-(2-(5-(4-Methoxyphenyl)-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-
methylthiophen-2-yl)pyridine (6.02) 
Compound 2.10 (1.45 g, 3.6 mmol) in THF 100 ml was treated with t-BuLi (1.5 M in 
pentane, 2.71 ml, 5.76 mmol) under N2 atmosphere. After 1h, B(OBu)3 (1.17 ml, 5.67 
mmol) was added and the mixture was stirred for 1h at room temperature. A separate 
flask was charged with 4-bromopyridine (1.40 g, 7.2 mmol), THF (100 ml), aqueous 
Na2CO3 (2 M, 20 ml) and ethylene glycol (20 drops). The mixture was heated to 80 oC 
and the separately prepared boronic ester was added slowly. The reaction mixture was 
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heated at reflux overnight, cooled to room temperature, diluted with diethyl ether (100 
ml) and washed with H2O (100 ml). The aqueous layer was extracted with diethyl ether 
(100 ml). The combined organic layers were dried over Na2SO4. After evaporation of the 
solvent, the product was purified by column chromatography on silica gel (1:5, ethyl 
acetate : heptane) to afford compound 6.02 as a viscous oil (1.02 g, 63% yield). 1H 
NMR (CDCl3) δ: 2.00 (s, 3H), 2.06 (s, 3H), 2.12 (m, 2H), 2.86 (m, 4H), 3.81 (s, 3H), 
6.89 (d, J= 8.43 Hz, 2H), 6.93 (s, 1H), 7.25 (s, 1H), 7.36 (d, J= 4.77 Hz, 2H), 7.44 (d, 
J= 7.69 Hz, 2H), 8.54 (d, J= 4.76 Hz, 2H). 13C NMR (CDCl3) δ 14.4 (q), 14. 6 (q), 22.9 
(t), 38.30 (t), 38.38 (t), 55.2 (q), 114.1 (d), 119.1 (d), 122.6 (d), 126.43 (d), 126.47 
(d), 127.2 (s), 133.3 (s), 133.7 (s), 135.5 (s), 136.19 (s), 136.23 (s), 137.22 (s), 
137.26 (s), 139.7 (s), 141.3 (s), 150.1 (d), 158.8 (s). ESI-MS m/z 444.1444 [M+H]+ 
Calcd. for C27H26NOS2: 444.1450. 
 
(3S,10R,13R,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl (4-(5-methyl-4-(2-(2-methyl-5-(pyridin-4-
yl)thiophen-3-yl)cyclopent-1-en-1-yl)thiophen-2-yl)phenyl) carbonate (6.03) 
Compound 6.04 (0.90 g, 2.0 mmol) was dissolved in 50 ml of dichloromethane and BBr3 
(0.60 ml, 6.0 mmol) was added slowly. The mixture was stirred for 24 h at room 
temperature. The reaction mixture was quenched with water and extracted with 
dichloromethane (2 x 50 ml). The organic layer was washed with water and dried over 
MgSO4. After evaporation of the solvent, the product was used in the next step without 
purification. The crude product was dissolved in 50 ml of dichloromethane and 
triethylamine (0.42 ml, 3 mmol) was added. After 10 min stirring, cholesteryl 
chloroformate (1.36 g, 3 mmol) was added. The reaction mixture was stirred overnight. 
The organic layer was washed with sat. aq. NaHCO3, H2O, sat. aq. NaCl, dried over 
Na2SO4, and the solvent removed in vacuum. The product was purified by column 
chromatography on silica gel (1:4 ethyl acetate : heptane) to afford compound 6.03 
(1.0 g, 61% yield). 1H NMR (CDCl3) δ: 0.85 (d, J= 1.4 Hz, 3H), 0.87 (d, J= 1.46 Hz, 3H), 
0.92 (d, J= 6.23 Hz, 3H), 1.04 (s, 3H), 1.1-1.25 (m, 8H), 1.26 (s, 3H), 1.3-1.7 (m, 
16H), 1.8-1.9 (m, 2H), 1.99 (s, 3H), 2.02 (s, 3H), 2.11 (m, 2H), 2.48 (m, 2H), 2.84 (m, 
4H), 4.59 (m, 1H), 5.14 (m, 1H), 6.96 (s, 1H), 7.15 (d, J= 8.79 Hz, 2H), 7.22 (s, 1H), 
7.34 (d, J= 6.23 Hz, 2H), 7.48 (d, J= 8.80 Hz, 2H), 8.52 (d, J= 4.76 Hz, 2H). 13C NMR 
(CDCl3) δ: 11.8 (q), 14.4 (q), 14.6 (q), 18.7 (q), 19.3 (q), 21.0 (t), 22.5 (q), 22.8 (q), 
23.0 (t), 23.8 (t), 24.3 (t), 27.6 (t), 28.0 (q), 28.2 (t), 31.80 (d), 31.88 (t), 35.8 (q), 
36.2 (t), 36.5 (t), 36.8 (t), 37.9 (s), 38.38 (t), 38.41 (t), 39.5 (t), 39. 7 (t), 42.3 (s), 
49.9 (d), 56.1 (d), 56.6 (d), 78.9 (d), 119.2 (d), 121.4 (d), 123.2 (d), 124.1 (d), 126.3 
(d), 126.4 (d), 132.3 (s), 134.1 (s), 134. 7 (s), 135.3 (s), 136.4 (s), 136.5 (s), 137.2 
(s), 137.3 (s), 138.8 (s), 139.1 (s), 141.4 (s), 150.1 (s), 150.2 (d), 152. 9 (s). MALDI-
TOF C54H67NO3S2 (M+1): 842.9 Calcd:842.5. 
 
4-(4-(2-(5-(4-(((((3S,10R,13R,17R)-10,13-dimethyl-17-((R)-6-methylheptan-
2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)carbonyl)oxy)phenyl)-2-methylthiophen-
3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)-1-(2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethyl)pyridin-1-ium bromide (6.01) 
A solution of 12-bromo-3,6,9,12-tetraoxadodecan-1-ol (1.14 g, 3.0 mmol), which was 
prepared according to a literature procedure,28 and compound 6.03 (0.86 g, 1 mmol) in 
100 mL acetonitrile was heated at reflux in for 3 days. After removing the volatiles in 
vacuo the product was obtained as a green solid by column chromatography 
(dichloromethane : methanol 50:1) (0.67 g, 60% yield). 1H NMR (CDCl3) δ: 0.81 (d, J= 
1.47 Hz, 3H), 0.83 (d, J= 1.46 Hz, 3H), 0.86 (d, J= 6.6 Hz, 3H), 1.00 (s, 3H), 1.04-1.18 
(m, 8H), 1.22 (s, 3H), 1.25-1.60 (m, 16H), 1.8 (m, 2H), 1.94 (s, 3H), 2.01 (s, 3H), 2.06 
(m, 2H), 2.45 (m, 2H), 2.80 (m, 4H), 3.40-3.70 (m, 12H), 4.07 (m, 2H), 4.55 (m, 1H), 
5.03 (m, 2H), 5.39 (s, 1H), 6.90 (s, 1H), 7.11 (d, J= 8.80 Hz, 2H), 7.43 (d, J= 8.43 Hz, 
2H), 7.62 (s, 1H), 7.84 (d, J= 6.97 Hz, 2H), 9.17 (d, J= 6.96 Hz, 2H). 13C NMR (CDCl3) 
δ: 11.7, 14.4, 15.1, 18.6, 19.2, 20.9, 22.4, 22.7, 22.8, 23.7, 24.1, 27.5, 27.9, 28.1, 
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31.7, 31.8, 35.6, 36.0, 36.4, 36.7, 37.8, 38.35, 38.44, 39.4, 39.6, 42.2, 49.8, 56.0, 
56.5, 59.9, 61.1, 69.5, 69.9, 70.15, 70.22, 72.34, 78.8, 121.1, 121.4, 123.07, 123.12, 
126.2, 131.9, 132.4, 132.5, 132.9, 134.6, 136.0, 136.8, 139.0, 139.2, 139.4, 144.8, 
145.2, 148.6, 150.1, 152.8. MALDI-TOF C62H84BrNO7S2 (M-Br)+ : 1018.9 Calcd:1018.6. 
Anal. Calcd. (%): C, 65.59; H, 7.81; N, 1.23; S, 5.65. Found: C, 65.24; H, 7.47; N, 
1.34; S, 5.64.  
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Chapter 7. Functionalized Spiropyrans for Solvent and Surface Studies 
 
 
In this chapter the synthesis and characterization of several spiropyran systems are 
described, along with the explanation of observed phenomena and the incorporation of 
these phenomena into subsequent designs. 
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Chapter 7. Functionalized Spiropyrans for Solvent and Surface Studies 
 

7.1 Introduction 
 

Spiropyrans are complex polycyclic molecules known since the early 20th century. It was 
not until 1952, however, that Hirshberger and Fisher reported on the photochromic 
properties of these compounds.1 They found that spiropyrans are photoswitchable 
molecules, which, under the right conditions, will undergo ringopening towards their 
open zwitterionic merocyanine state. This switching of the (closed) spiropyran to the 
(open) merocyanine state is accompanied by a change in dipole moment of about 15 
Debye,2 which is larger than that of other switches such as azobenzenes (~3 Debye) and 
dithienylethenes (~0 Debye).3 The cis form (figure 7.01) is not usually observed as it is 
typically >3 Kcal mol-1 higher in energy than the trans-merocyanine, to which it rapidly 
converts.4 It should be noted that the specific equilibria, energy barriers and excitation 
wavelengths of these compounds are dependent on solvent, temperature and the nature 
of the sidegroups. 

It is for these reasons that spiropyrans and their corresponding merocyanines have 
attracted considerable interest, especially for their photochromic, electrochromic and 
solvatochromic properties, both in solution and on surfaces.5  

 

  

Figure 7.01. Typical example of photoswitching between the spiropyran and merocyanine 
forms.  

Although spiropyrans have been studied intensively, there are still many unexplained (or 
poorly explained) phenomena, especially in the fields of surface chemistry and 
electrochemistry. Therefore it was of interest to explore the behavior of spiropyrans, 
both on surfaces and in solution and try to obtain some conclusive explanations on the 
observed phenomena.I 

 

 
 
 
 
                                                            [I] This chapter focusses on the synthesis and characterization of the spiropyran compounds. For a detailed report on the spectroscopic and electrochemical properties of these compounds see: O. Ivashenko, PhD Thesis: Dual photo- and redox active molecular switches for smart surfaces, University of Groningen, 2013.  
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7.2 Synthesis of Alkyl Linker Functionalized Spiropyrans 
 

Spiropyrans 7.01, 7.02 and 7.03 were designed to study the switching of spiropyrans 
both in solution and on a surface. Compounds 7.01 and 7.02 bear (protected) thiols and 
disulfides, which anchor to gold surfaces, hence enabling surface studies. Compound 
7.03 on the other hand lacks the sulfide functionality, making it useful for studies in 
solution and assignment of specific signals to sulfur gold interactions.6  

 

Figure 7.02. Disulfide, thiol (acetyl protected) and alkyl terminated spiropyrans 7.01-
7.03. 

 

The synthesis of compounds 7.01-7.03, started with the preparation of literature 
compound 7.07, 7 which is depicted in scheme 7.01.  
 

 
Scheme 7.01. Synthesis of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-
yl)ethanol. 
 
The first step is the alkylation of 2,3,3-trimethyl-3H-indole with 2-bromoethanol, yielding 
compound 7.05 (scheme 7.02). The yield (45%) is lower than that reported in literature 
(69%), most likely due to inefficient recrystallization of the product from chloroform 
during purification. Subsequent oxazole formation under basic conditions occurs almost 
quantitatively, yielding product 7.06 in 97% yield (lit. 88%). Finally, condensation of 2-
hydroxy-5-nitro-benzaldehyde and 7.06 provided 2-(3',3'-dimethyl-6-
nitrospiro[chromene-2,2'-indolin]-1'-yl)ethanol (7.07) in good yield.  
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Scheme 7.02. Functionalization of spiropyran 7.07 with various alkyl chains. 
 
Compound 7.01 was obtained in moderate yields using a standard DCC esterification 
procedure. When the same method was applied in the synthesis of 7.03, it was found 
that N,N’-dicyclohexyl urea, a side product of the coupling reaction, was inseparable 
from the target compound. Therefore a different coupling reagent was used. HOBt 
assisted EDCI coupling gives urea side products, which are water soluble (unlike N,N’-
dicyclohexyl urea) and can therefore be removed readily during work-up. Compound 
7.02 was designed with an acetyl moiety protecting the reactive thiol, and could be 
synthesized in two steps from 7.07 via a bromine functionalized intermediate followed 
by replacement of the bromine with thioacetate. Deprotection of the thiol was carried out 
using hydrazine, which selectively deprotects the thiol, while leaving the ester moiety 
undisturbed. Compound 7.09 was used directly when full conversion was observed; the 
deprotection was monitored with TLC. 
 
 
7.3 Reduction of the Nitro-group at a Roughened Gold Surface 
 
When the spiropyran moieties were attached to a roughened gold surface, used for 
surface enhanced Raman Scattering (SERS) spectroscopy it was found that irradiation 
with X-rays (hυ=1486.6 eV) yielded a new species. Raman and XPS measurements 
suggested the new species to be the product of reduction of the nitro group.6 
Compounds 7.10 and 7.11 were designed to test this hypothesis (scheme 7.03). 7.10 is 
the product of the esterification of nitrophenol and thioctic acid and is to all intent and 
purposes a simplification of the spiropyran, with only the essential aromatic nitrogroup. 
Further reduction of the nitrogroup was achieved by stannous chloride mediated 

- 146 -



reduction. This method was found to be compatible with the other functional groups and 
did not give rearrangement of the ester to the corresponding amide. 

 

Scheme 7.03. Synthesis of compounds 7.10 and 7.11. 

XPS and Raman spectroscopy on compound 7.10 revealed that nitro-aromatic groups, 
self-assembled on roughened gold beads, undergo reduction by the XPS electron beam, 
giving spectra similar to those of 7.11. These results show that the assumption that XPS 
provides an inert method for the study of monolayers of these compounds on roughened 
gold beads is not correct. 
 

 
7.4 Identification of Products of the Electrochemical Oxidation of 
Spiropyrans 
 

When compound 7.03 was subjected to cyclic voltametry, it became apparent that a 
new stable species was being formed upon oxidation at 1.0 V. This new species has two 
characteristic redox waves in the voltamogram at 0.7 and 0.9 V (figure 7.03). 

 
Figure 7.03. Cyclic voltammetry of 7.03 at a glassy carbon electrode in 1,2-
dichloroethane (0.1 M TBAPF6) (in an O2 and H2O free solution).6  
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Similar observations had been noted previously in the literature, but a definitive 
description of the mechanisms involved was elusive (figure 7.04). Therefore it was 
decided to perform preparative oxidative electrolysis on the compound and isolate and 
identify the newly formed species. 
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Figure 7.04. Mechanisms and products of oxidation proposed by Preigh et al. (a),8 
Doménech et al. (b),9 and Wagner et al. (c).10  
 
After bulk electrolysis, the product was subjected to flash column chromatography, using 
SiO2 with pentane and 20% diethyl ether as eluent. This yielded two significant fractions, 
7.03 (starting material) (Rf=0.5) and an unidentified compound 7.12 (Rf =0.1) in the 
ratio 5:4. 
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Figure 7.05. Mass spectrogram (ESI-positive mode) of compound 7.03 (a) and 
compound 7.12 (b). 
 
Mass spectrometry gave the first clue to the nature of compound 7.12 (figure 7.05). The 
mass of 955.6 m/z found for 7.12 equals [2M7.03 -1], suggesting that the newly formed 
species is a dimer, formed by oxidative coupling of two molecules of 7.03 with the 
effective loss of H2. NMR spectroscopy was used in order to determine at which position 
this coupling occurred. However, due to the small amount of isolated material, only 1H 
and COSY NMR spectra could be obtained in good quality. Therefore it was necessary to 
look closely to the original compound 7.03 and identify and assign all the signals in the 
1H-NMR spectrum. 
 
With the help of the COSY-NMR spectrum, it was possible to identify most of the signals 
in the 1H-NMR spectrum (See inset figure 7.06). 
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Figure 7.06. 1H NMR and COSY-NMR spectra of 7.03 with the corresponding signal 
assignment (inset)  
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In a similar manner, 13C signals were labeled and identified by their chemical shift (figure 
7.07 inset). Further identification proceeded through cross assigning known 1H signals 
with 13C signals, using HSQC NMR, leading to the assignment shown in the inset of figure 
7.08. 

 
  

 
Figure 7.07. 13C NMR spectrum of 7.03 with the corresponding signal assignment 
(inset). 
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Figure 7.08. HSQC spectrum of 7.03 with the corresponding signal assignment (inset). 
  
Finally, HMBC NMR spectroscopy helped to assign the remaining unidentified signals, 
leading to the full assignment as shown in the inset of figure 7.09. 

 
Figure 7.09. HMBC spectrum of 7.03 with the corresponding signal assignment (inset). 
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7.12 has a very similar 1H-NMR spectrum to that of 7.03 but lacks one signal in the 
aromatic region, indicating symmetric dimerization to form a biphenyl moiety. 1H and 
COSY NMR show two doublets and a singlet in the indoline aromatic ring, consistent with 
two different structures A and B (figure 7.10).  
 

  
Figure 7.10. Two possible structures of compound 7.12. 
 
Comparison of the NMR spectra of 7.12 with that of 7.02 shows that signal f has 
disappeared, both in the 1H NMR spectrum, and in the interaction with signal d in the 
COSY spectrum. Signal c, d and h have remained at their position with respect to their 
meta and ortho orientation towards the nitrogen (figure 7.11). Therefore structure A can 
be assigned as the correct one, which is the expected position for oxidative coupling.11 
These observations are in agreement with earlier reports on similar compounds formed 
through copper(II) mediated dimerization.12 
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Figure 7.11. 1H and COSY spectra of 7.12, with the corresponding signal assignment 
(inset).  
 
Cyclic voltammetry on the isolated compound 7.12 was performed (figure 7.12a). Its 
oxidative chemistry can now be explained as a two-step oxidation of the benzidine 
moiety towards a quinone like dicationic species (figure 7.12b).  
 

 
Figure 7.12. (a) Cyclic voltammogram of 7.12 at a glassy carbon electrode in 
dichloromethane (0.1 M TBAPF6). (b) Reversible two step oxidation of dimers 7.12 
formed after initial oxidation of 7.03.6 
 
Finally, to confirm that this oxidative coupling was the cause of the newly formed 
species, a methyl group was introduced at the para position of the indoline group, 
effectively blocking the oxidation intermediate from coupling at this position (scheme 
7.04).  
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Scheme 7.04. Synthesis of para methyl substituted spiropyran 7.16. 
 
The synthesis of 7.16 started with the formation of 2,3,3,5 tetramethyl indoline from p-
tolylhydrazine, using the Fischer indole related synthesis. The subsequent reactions were 
parallel to the synthesis of compound 7.03 and all proceeded with satisfactory yields.  
 
The cyclic voltammetry of compound 7.16 shows that the compound’s oxidation is 
reversible, meaning that no new stable species are generated during oxidation (figure 
7.13), thus supporting the para directionality of the oxidative coupling and showing that 
the generation of the dimer oxidation product can be blocked by methyl substitution.  
 

 
Figure 7.13. Cyclic voltammogram of 7.16 in acetonitrile (0.1 M TBAPF6) showing 
reversible oxidation at ca. 1 V, measured at a glassy carbon electrode at a scan rate of 
0.1 V s-1.6 
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7.5 Towards Electropolymerized Spiropyran Backboned Polymers  
 
With the electrochemical dimerization identified, it seemed reasonable to assume that 
electropolymerization could be achieved when two spiropyrans were tethered together 
by a short spacer. Polymers with spiropyrans incorporated on the side chains or in the 
backbone have been reported before, but not through electropolymerisation.13 Therefore 
compounds 7.17 and 7.18 were designed (See scheme 7.05). 
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Scheme 7.05. Synthesis of tethered dimers 7.17 and 7.18. 
 
Both compounds were subjected to cyclic voltammetry and showed the appearance of 
redox waves at the oxidation potential corresponding to the formation of spiropyran 
dimer (figure 7.14).  
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Figure 7.14. Cyclic voltammogram of (a) 7.17 and (b) 7.18 in DCM (0.1 M TBAPF6) 
showing irreversible oxidation at ca. 1 V and the corresponding increase of peaks at 0.6-
0.9 V, measured at a glassy carbon electrode at a scan rate of 0.1 V s-1.  
 
When the electrodes with the newly formed species were transferred to a monomer-free 
solution the oxidation peak at 1.0 V largely disappeared (figure 7.15), thus showing that 
the species formed at the electrode is coupled product and implying that the formation of 
spiropyran bearing polymers through electro polymerisation is a viable option. As the 
polymer still possesses uncoupled end groups, a small oxidation wave still remains at 1.0 
V. 
 
 

(a) (b) 
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Figure 7.15. Cyclic voltammogram of (a) 7.17 and (b) 7.18 in DCM (0.1 M TBAPF6) after 
initial cyclic voltammetry and subsequent transfer to a monomer free solution, measured 
at a glassy carbon electrode at a scan rate of 0.1 V s-1. 
 
 
7.6 Conclusions and Perspective 

In conclusion we found that the irradiation of spiropyran covered roughened gold 
surfaces with X-rays, is not an orthogonal method for the study of these surfaces. 
Instead, reduction of the nitro group occurs. 

 
Secondly we found that under appropriate conditions, spiropyrans will undergo 
electrochemical oxidative coupling. We found that this coupling can be prevented by the 
introduction of a simple methyl group at the para position. Alternatively, the novel C-C 
coupling was used in preliminary studies to create the first electropolymerized spiropyran 
backboned polymers. Further research is necessary to fully study the characteristics of 
these responsive surfaces and develop them towards usable smart materials. 
 
 
7.7 Experimental Section 
 
 
7.7.1 General Remarks 
 
For general comments, see chapter 2.  
 
 
7.7.1 Synthesis and Characterization 
 
2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethanol (7.07) was 
synthesized following a literature procedure.7  
 
2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 5-(1,2-
dithiolan-3-yl)pentanoate (7.01) 
DL-thioctic acid (0.52 g, 2 mmol), 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-
1'-yl)ethanol (7.07) (0.81 g, 2 mmol) and DMAP (0.03 g, 0.25 mmol) were dissolved in 
150 mL DCM at 0ºC under argon atmosphere. A solution of N,N'-
dicyclohexylcarbodiimide (0.52 g 2 mmol) in 100 mL DCM was added over a 1 h period. 
The mixture was stirred and allowed to reach room temperature overnight. DCM was 
removed in vacuo. Purification of the crude product by column chromatography over 
silica gel, using DCM/pentane 4:1 as eluent yielded the product as a yellow solid. (0.71 
g, 66%). mp:116.0-117.0°C 1H-NMR (CDCl3): δ 1.18 (s, 3H), 1.22 (s, 3H), 1.39 (m, 
2H), 1.60 (m, 4H), 1.82 (m, 1H), 2.12 (t, J=7.4 Hz, 2H), 2.41 (m, 1H), 3.10 (m, 2H), 
3.40 (m, 1H), 3.49 (m, 2H), 4.17 (m, 1H), 4.22 (m, 1H), 5.95 (d, J=10.3 Hz, 1H), 6.63 
(d, J=8.4 Hz, 1H), 6.72 (d, J=7.8 Hz, 1H), 6.87 (m, 2H), 7.05 (d, J=7.3 Hz, 1H), 7.19 
(t, 1H), 7.98 (s, 1H), 8.00 (d, J=7.3 Hz, 1H). 13C NMR (CDCl3): δ 20.0, 24.7, 26.0, 28.8, 

(a) (b) 
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34.0, 34.7, 38.6, 40.3, 42.5, 53.0, 56.4, 62.5, 106.6, 106.9, 115.7, 118.5, 120.0, 
121.9, 121.9, 122.9, 126.1, 128.0, 128.4, 135.8, 141.2, 146.8, 159.5, 173.4. ESI-MS 
m/z 541.18054 [M+H]+ Calcd for C28H33N2O5S2: 541.18254  
 
2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 6-
bromohexanoate (7.08) 
6- Bromohexanoic acid (0.60 g, 3.1 mmol), 2-(3',3'-dimethyl-6-nitrospiro[chromene-
2,2'-indolin]-1'-yl)ethanol (7.07) (1.08 g, 3.06 mmol) and DMAP (0.045 g, 0.36 mmol) 
were dissolved in 150 mL DCM at 0ºC under argon atmosphere. A solution of N,N'-
dicyclohexylcarbodiimide (0.62 g 3.1 mmol) in 100 mL DCM was added over a 1 h 
period. The mixture was stirred and allowed to reach room temperature overnight. DCM 
was removed in vacuo. Purification of the crude product by column chromatography over 
silica gel, using pentane/ether 3:1 as eluent followed by crystallization from ether by 
addition of pentane yielded the product as a yellow solid. (0.32 g, 60%). mp:83.2-
84.0°C 1H-NMR (CDCl3): δ 1.14 (s, 3H), 1.26 (s, 3H), 1.38 (m, 2H) 1.58 (m, 2H), 1.80 
(m, 2H), 2.24 (t, J=7.37 Hz, 2H), 3.34 (t, J=6.63 Hz, 2H), 3.40 (m, 1H), 3.44 (m, 1H), 
4.17 (m, 1H), 4.24 (m, 1H), 5.87 (d, J=10.26 Hz, 1H), 6.66 (d, J=7.78 Hz,1H), 6.73 (d, 
J=8.55 Hz, 1H), 6.88 (m, 2H), 7.07 (d, J=6.98 Hz, 1H), 7.19 (t, J=7.74 Hz, 1H), 7.98 
(s, 1H), 8.00 (d, J=9.55 Hz, 1H). 13C NMR (CDCl3): δ 20.0, 24.1, 26.0, 27.7, 32.4, 33.6, 
34.0, 42.5, 53.0, 62.6, 106.6, 106.9, 115.7, 118.5, 120.1, 121.9, 122.0, 122.9, 126.1, 
128.0, 128.5, 135.8, 141.2, 146.8, 159.5, 173.4. ESI-MS m/z 529.13129 [M+H]+ Calcd 
for C26H29BrN2O5: 529.13326  
 
2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 6-
(acetylthio)hexanoate (7.02) 
A solution of thioacetate (0.076 g, 0.56 mmol), 2-(3',3'-dimethyl-6-nitrospiro[chromene-
2,2'-indolin]-1'-yl)ethyl 6-bromohexanoate (7.08) (0.238 g, 0.45 mmol), triethylamine 
(0.057 g, 0.57 mmol) and DMAP (0.05 g, 0.45 mmol) were dissolved in 10 mL DCM and 
stirred overnight under nitrogen atmosphere. DCM was removed in vacuo. Purification of 
the crude product by column chromatography over silica gel, using DCM as eluent 
yielded the product as a yellow solid. (0.15 g, 63%). mp:102.3-104.1°C 1H-NMR 
(CDCl3): δ 1.16 (s, 3H), 1.28 (s, 3H), 1.32 (m, 2H) 1.56 (m, 4H), 2.24 (t, J=7.05 Hz, 
2H), 2.32 (s, 3H), 2.82 (t, J=7.33 Hz, 2H), 3.40 (m, 1H), 3.48 (m, 2H), 4.17 (m, 1H), 
4.22 (m, 1H), 5.89 (d, J=10.35 Hz, 1H), 6.68 (d, J=7.78 Hz,1H), 6.75 (d, J=8.67 Hz, 
1H), 6.91 (m, 2H), 7.09 (d, J=7.18 Hz, 1H), 7.20 (t, J=7.62 Hz, 1H), 8.00 (s, 1H), 8.02 
(d, J=9.72 Hz, 1H). 13C NMR (CDCl3): δ 20.0, 24.4, 26.0, 28.3, 28.9, 29.3, 30.8, 34.1, 
42.5, 53.0, 62.5, 106.6, 106.9, 115.7, 118.6, 120.1, 121.9, 122.0, 122.9, 126.1, 128.0, 
128.5, 135.8, 141.2, 146.8, 159.6, 173.4, 196.0. ESI-MS m/z 525.2028 [M+H]+ Calcd 
for C28H33N2O6S: 525.2054  
 
2-(3',3'-Dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl octanoate 
(7.03) 
Octanoic acid (0.43 g, 3.0 mmol), 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-
1'-yl)ethanol (7.07) (1.06 g, 2.89 mmol ), N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDCI) (0.58 g, 3.0 mmol) and HOBt (0.41 g, 3.0 mmol) 
were dissolved in 40 mL DCM and stirred overnight under argon atmosphere. The 
organic layer was washed with 2 x 20 mL NaHCO3 (aq.), 3 x 20 mL water and dried over 
MgSO4. DCM was removed in vacuo. Purification of the crude product by column 
chromatography over silica gel, using pentane and an increasing gradient of DCM as 
eluent yielded the product as a yellow solid. (0.21 g, 41%). mp:93.8-96.2°C 1H-NMR 
(CDCl3): δ 0.86 (m, J=6.8 Hz, 3H), 1.14 (s, 3H), 1.17-1.30 (br, 8H), 1.27 (s, 3H), 1.53 
(m, 2H), 2.22 (t, J=6.8 Hz, 2H), 3.38 (m, 1H), 3.45 (m, 1H), 4.16 (m, 1H), 4.22 (m, 
1H), 5.87 (d, J=10.3 Hz, 1H), 6.66 (d, J=8.4 Hz, 1H), 6.72 (d, J=7.8 Hz, 1H), 6.87 (m, 
2H), 7.06 (d, J=7.3 Hz, 1H), 7.19 (t, 1H), 7.98 (s, 1H), 8.00 (d, J=7.3 Hz, 1H). 13C NMR 
(CDCl3): δ 14.2, 20.0, 22.7, 25.0, 26.0, 29.0, 29.2, 31.8, 34.3, 42.6, 53.0, 62.4, 106.6, 
106.9, 115.7, 118.6, 120.1, 121.95, 121.97, 122.9, 126.1, 128.0, 128.4, 135.8, 141.2, 
146.8, 159.6, 173.8. ESI-MS m/z 479.25413 [M+H]+ Calcd for C28H35N2O5: 479.25405  
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4-Nitrophenyl 5-(1,2-dithiolan-3-yl)pentanoate (7.10) 
DL-thioctic acid (0.52 g, 2.4 mmol) and 4-nitrophenol (0.34 g, 2.4 mmol ) were 
dissolved in 50 mL acetonitrile at 0ºC under argon atmosphere. A solution of N,N'-
dicyclohexylcarbodiimide (0.52 g 2 mmol) in 10 mL acetonitrile was added over a 1 h 
period. The mixture was stirred and allowed to reach room temperature overnight. 
Acetonitrile was removed in vacuo. Purification of the crude product by column 
chromatography over silica gel, using pentane and an increasing gradient of ethyl 
acetate as eluent yielded the product as a yellow liquid. (0.54 g, 68%). 1H-NMR (CDCl3): 
δ 1.58 (m, 2H), 1.79 (m, 4H), 1.95 (m, 1H), 2.51 (m, 1H), 2.65 (t, J=7.4 Hz, 2H), 3.15 
(m, 1H), 3.21 (m, 1H), 3.63 (m, 1H), 7.30 (d, J=9.1 Hz, 2H), 8.29 (d, J=9.0 Hz, 2H). 
13C NMR (CDCl3): δ 24.4, 28.6, 34.1, 34.5, 38.5, 40.2, 56.2, 122.4, 125.2, 145.3, 155.4, 
170.9. ESI-MS m/z 541.18054 [M+H]+ Calcd for C28H33N2O5S2: 541.18254  
 
4-Aminophenyl 5-(1,2-dithiolan-3-yl)pentanoate (7.11) 
4-nitrophenyl 5-(1,2-dithiolan-3-yl)pentanoate (7.10) (0.25 g, 0.75 mmol ) and SnCl2 
·2H2O (0.55 g, 3.0 mmol) were dissolved in 50 mL ethylacetate and heated at reflux 
under nitrogen atmosphere overnight. The organic layer was washed with 50 mL 10% 
Na2CO3 solution, treated with activated charcoal, and dried on MgSO4. Ethylacetate was 
removed in vacuo. Purification of the crude product by column chromatography over 
silica gel, using ethylacetate + 20% pentane as eluent yielded the product as a light 
brown oil. (0.15 g, 67%). 1H-NMR (CDCl3): δ 1.47-1.62 (m, 2H), 1.68-1.83 (m, 4H), 
1.92 (m, 1H), 2.48 (m, 1H), 2.54 (t, J=7.4 Hz, 2H), 3.12 (m, 1H), 3.19 (m, 1H), 3.58 
(m, 1H), 3.62 (br, 2H), 6.65 (d, J=8.8 Hz, 2H), 6.85 (d, J=8.7 Hz, 2H). 13C NMR 
(CDCl3): δ 24.8, 28.9, 34.2, 34.7, 38.6, 40.4, 56.5, 115.8, 122.3, 143.0, 144.3, 172.7. 
ESI-MS m/z 350.07725 [M+Na]+ Calcd for C14H19NNaO2S2: 350.07498 
 
2,3,3,5-Tetramethyl-3H-indole (7.13) 
Compound 7.13 was synthesized using an adapted literature procedure.14 p-
tolylhydrazine*HCl (4.0 g, 25.2 mmol) and 3-methyl-2-butanone (5.6 g, 57.0 mmol ) 
were dissolved in 40 mL acetic acid and the mixture heated at reflux for 3 h. The cooled 
mixture was diluted with 100 mL water and brought to neutral pH with NaOH (aq). The 
aqueous layer was extracted with DCM (3x 50 mL) and the combined organic layers 
were dried on Na2SO4. DCM was removed in vacuo and the residue was purified by 
column chromatography over silica gel, using toluene/ethyl acetate 10:1 as eluent, 
giving the product as a red liquid in 94% yield. (4.1 g, 23.6 mmol). 1H-NMR (CDCl3): δ 
1.29 (s, 3H), 2.27 (s, 3H), 2.39 (s, 3H), 7.08 (s, 1H), 7.10 (d, J=7.7 Hz, 1H), 7.42 (d, 
J=7.7 Hz, 1H). 13C NMR (CDCl3): δ 187.3, 145.8, 135.1, 128.3, 122.3, 119.5, 53.5, 
23.3, 21.6, 15.4. ESI-MS m/z 174.1277 [M+H]+ Calcd for C12H16N: 174.1277  
 
7,9,9,9-Tetramethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (7.14) 
Compound 7.13 (4.1 g, 23.6 mmol) and bromoethanol (3.25 g, 26.0 mmol ) were 
dissolved in 40 mL acetonitril and heated at reflux for 3 h. The solvent was removed in 
vacuo and 40 mL pentane was added to the residue. After 5 min sonication the product 
was cooled to -10 °C and the pentane was removed by decantation. The resulting red 
viscous liquid was added to 100 mL KOH (aq. 1M) and the mixture stirred for 1h. The 
aqueous layer was extracted with diethyl ether (3x 30 mL) and the combined organic 
layers were dried on MgSO4. The solvent was removed in vacuo and the residue was 
purified by column chromatography over silica gel, using pet. ether 40-60/diethyl ether 
5:1 as eluent, giving the product as an orange solid in 31% yield. (1.6 g, 7.4 mmol). 1H-
NMR (CDCl3): δ 6.93 (d, J = 7.9 Hz, 1H), 6.89 (s, 1H), 6.66 (d, J = 7.9 Hz, 1H), 3.91-
3.42 (m, 4H), 2.30 (s, 3H), 1.41 (s, 3H), 1.38 (s, 3H), 1.17 (s, 3H). 13C NMR (CDCl3): δ 
148.3, 140.2, 131.2, 128.1, 123.3, 111.9, 109.4, 63.1, 50.4, 47.1, 28.2, 21.1, 20.9, 
17.7. ESI-MS m/z 218.1539 [M+H]+ Calcd for C14H20NO: 218.1539  
 
2-(3',3',5'-Trimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethanol (7.15) 
Compound 7 (1.5 g, 6.9 mmol) and 2-hydroxy-5-nitrobenzaldehyde (1.33 g, 8.0 mmol) 
were dissolved in 40 mL ethanol and heated at reflux for 3 h. The solvent was removed 
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in vacuo and the residue was purified by column chromatography over silica gel, using 
diethyl ether/ethanol 10:1 as eluent, giving the product as a purple solid in 91% yield. 
(2.3 g, 6.3 mmol). 1H-NMR (CDCl3): δ 8.02 (d, J = 2.7 Hz, 1H), 7.98 (s, 1H), 6.99 (d, J 
= 7.9 Hz, 1H), 6.92 (s, 1H), 6.90 (d, J = 10.8 Hz, 1H), 6.75 (d, J = 8.5 Hz, 1H), 6.57 (d, 
J = 7.9 Hz, 1H), 5.88 (d, J = 10.4 Hz, 1H), 3.88-3.64 (m, 2H), 3.55-3.21 (m, 2H), 2.33 
(s, 3H), 2.25-1.90 (bs, 1H), 1.28 (s, 3H), 1.19 (s, 3H). 13C NMR (CDCl3): δ 159.5, 
145.0, 141.2, 136.1, 129.5, 128.3, 128.2, 126.0, 122.9, 122.1, 118.7, 115.6, 107.1, 
106.8, 77.6, 77.2, 76.7, 61.0, 52.9, 46.4, 26.1, 21.0, 20.1. ESI-MS m/z 367.1651 
[M+H]+ Calcd for C21H23N2O4: 367.1652  
 
2-(3',3',5'-Trimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl octanoate 
(7.16) 
Compound 7.15 (1.06 g, 2.89 mmol), HOBt (0.41 g, 3.0 mmol), EDCI (0.58 g, 3.0 
mmol) and octanoic acid (0.43 g, 3.0 mmol) were dissolved in 40 mL dichloromethane 
and the mixture stirred overnight at rt. The solution was washed with 3x10 mL 1M 
NaHCO3 (aq.), 3 x 10 mL water and dried over Na2SO4. The solvent was removed in 
vacuo and the residue was purified by column chromatography over silica gel, using 
toluene/pentane 3:1 as eluent, giving the product as a yellow solid in 50% yield. (0.71 
g, 1.44 mmol). mp:98.9-99.2°C 1H-NMR (CDCl3): δ 8.03 (d, J = 2.7 Hz, 1H), 8.00 (s, 
1H), 7.00 (d, J = 7.9 Hz, 1H), 6.92 (s, 1H), 6.90 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 8.5 
Hz, 1H), 6.59 (d, J = 7.9 Hz, 1H), 5.89 (d, J = 10.4 Hz, 1H), 4.37-4.06 (m, 2H), 3.62-
3.22 (m, 2H), 2.33 (s, 3H), 2.24 (t, J = 7.5 Hz, 2H), 1.68-1.45 (m, 2H), 1.37-1.21 (m, 
8H), 1.27 (s, 3H), 1.16 (s, 3H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (CDCl3): δ 173.7, 
159.6, 144.7, 141.2, 135.9, 129.3, 128.3, 128.2, 126.0, 122.8, 122.8, 122.0, 118.6, 
115.6, 106.9, 106.7, 62.4, 53.0, 42.7, 34.3, 31.7, 29.2, 29.0, 26.0, 25.0, 22.7, 21.1, 
20.0, 14.1. ESI-MS m/z 493.2698 [M+H]+ Calcd for C29H37N2O5: 493.2697 Anal. Calcd 
for C40H43N3O6S2: C, 70.71; H, 7.37; N, 5.69. Found: C, 70.75; H, 7.38; N, 5.68.  
 
Bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) 
succinate (7.17) 
Compound 7.07 (0.58 g, 1.64 mmol), DMAP (0.20 g, 1.64 mmol), DCC (0.35 g, 1.7 
mmol) and succinic acid (0.09 g, 0.82 mmol) were dissolved in 50 mL dichloromethane 
and stirred overnight at rt. The solution was washed with 3x30 mL water and dried over 
Na2SO4. The solvent was removed in vacuo and the residue was purified by column 
chromatography over silica gel, using pentane with an increasing gradient of ethyl 
acetate as eluent, giving the product as a pink solid in 58% yield. (0.75 g, 0.95 mmol). 
mp:81.0-83.5°C 1H NMR (CDCl3) δ 8.03 (d, J = 2.6 Hz, 2H), 7.98 (s, 2H), 7.19 (t, J = 
7.7 Hz, 2H), 7.09 (d, J = 6.5 Hz, 2H), 6.91 (d, J = 9.7 Hz, 2H), 6.89 (t, J = 8.1 Hz, 2H), 
6.74 (d, J = 9.7 Hz, 2H), 6.65 (d, J = 7.7 Hz, 2H), 4.32-4.14 (m, 4H), 3.60-3.28 (m, 
4H), 2.51 (s, 4H), 1.27 (s, 6H), 1.15 (s, 6H). 13C NMR (CDCl3) δ 172.1, 159.5, 146.7, 
141.2, 135.8, 128.5, 128.0, 126.1, 122.9, 122.0, 121.9, 120.1, 118.6, 115.7, 106.8, 
106.6, 62.9, 53.0, 42.5, 28.9, 26.0, 20.0. ESI-MS m/z 787.2980 [M+H]+ Calcd for 
C44H43N4O10: 787.2974  
 
Bis(2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl) adipate 
(7.18) 
Compound 7.07 (1.00 g, 2.8 mmol), DMAP (0.34 g, 2.8 mmol), DCC (0.62 g, 3.0 mmol) 
and adipic acid (0.20 g, 1.4 mmol) were dissolved in 50 mL dichloromethane and stirred 
overnight at rt. The solution was washed with 3x30 mL water and dried over Na2SO4. 
The solvent was removed in vacuo and the residue was purified by column 
chromatography over silica gel, using pentane with an increasing gradient of ethyl 
acetate as eluent, giving the product as a pink solid in 65% yield. (0.73 g, 0.91 mmol). 
mp:77.8-77.9°C 1H NMR (CDCl3) δ 8.02 (d, J = 2.6 Hz, 2H), 8.00 (s, 2H), 7.19 (t, J = 
7.7 Hz, 2H), 7.08 (d, J = 7.1 Hz, 2H), 6.92 (d, J = 10.1 Hz, 2H), 6.89 (t, J = 7.7 Hz, 
2H), 6.74 (d, J = 8.5 Hz, 2H), 6.67 (d, J = 7.8 Hz, 2H), 5.87 (d, J = 10.4 Hz, 2H), 4.31-
4.11 (m, 4H), 3.55-3.34 (m, J = 21.4 Hz, 15.1 Hz, 6.3 Hz, 4H), 2.22 (bs, 4H), 1.55 (m, 
4H), 1.28 (s, 6H), 1.16 (s, 6H). 13C NMR (CDCl3) δ 173.1, 159.5, 146.8, 141.2, 135.8, 
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128.5, 128.0, 126.1, 122.9, 122.0, 121.9, 120.1, 118.6, 115.7, 106.8, 106.6, 62.6, 
53.0, 42.5, 33.8, 26.0, 24.3, 20.0. ESI-MS m/z 815.3419 [M+H]+ Calcd for C46H47N4O10: 
815.3827  
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Samenvatting  
In dit proefschrift worden verschillende aspecten en vormen van supramoleculaire 
(letterlijk: boven moleculaire) chemie behandeld. Om uit te leggen wat supramoleculaire 
chemie is, moet men terug naar een van de fundamentele eenheden binnen de chemie: 
Het molecuul. Een molecuul wordt gedefinieerd als een groep atomen die verbonden zijn 
door covalente bindingen. Wanneer men over chemie praat, bespreekt men meestal de 
opbouw van moleculen en de interacties met andere moleculen die covalente bindingen 
maken en breken. Dit komt duidelijk naar voren wanneer men een organische chemie 
lesboek openslaat, aangezien hier zelden meer dan een van hetzelfde molecuul is 
weergegeven. Die manier van weergeven is echter enigszins verraderlijk, aangezien 
moleculen slechts zelden niet worden beïnvloed door omringende moleculen. Sterker 
nog, de meeste moleculen worden enorm beïnvloed door de omringende moleculen, door 
verscheidene aantrekkende en afstotende krachten. Een duidelijk voorbeeld hiervan is 
het toevoegen van tafelsuiker (sucrose) aan water of aan benzine. Wanneer  men suiker 
aan water toevoegt, zullen de polaire watermoleculen veel energetisch gunstige 
interacties hebben met de polaire suikermoleculen. Hierdoor worden alle individuele 
suikermoleculen omringt met zoveel mogelijk water en zal de suiker volledig oplossen in 
water. In benzine zullen de interacties veel minder gunstig zijn, aangezien de moleculen 
in benzine apolair van aard zijn en niet tot de polaire suikermoleculen aangetrokken 
worden. Daarom blijven in benzine de suikermoleculen bij elkaar en zijn ze niet 
oplosbaar benzine. Deze twee toestanden: volledig oplossen en niet oplossen, zijn twee 
extreme situaties. De supramoleculaire chemie bestudeerd de situatie waarin moleculen 
deels oplossen in een oplosmiddel, maar nog steeds genoeg interactie hebben met 
andere moleculen om specifieke structuren te maken. Gels, zepen en emulsies zijn een 
aantal alledaagse dingen die gebaseerd zijn op deze supramoleculaire interacties en zelfs 
wij zelf bestaan enkel door gebruik te maken van deze interacties. Onze eigen cellen 
bestaan als een ingewikkeld systeem van ontelbaar veel verschillende moleculen die 
continue complexen opbouwen en afbreken in water. Deze complexen, ook wel 
aggregaten genoemd, kunnen op verschillende manieren en in verschillende vormen 
gemaakt worden. Vesicles, micellen, fibers, rods, lamellaire bilagen, tubes, dimeren en 
guest-host complexen zijn slechts enkele van de vele verschillende structuren die men 
onder de juiste omstandigheden kan observeren. Het onderzoek binnen de 
supramoleculaire chemie richt zich op het maken en bestuderen van zulke structuren: 
Het zoeken naar manieren om ze te beïnvloeden, het vinden van de reden waarom 
bepaalde moleculen op een bepaalde manier aggregeren en het vinden van artificiële 
systemen die natuurlijke processen na kunnen bootsen behoren tot de grootste 
uitdagingen van het vakgebied. Om dit te doen, leunt de supramoleculaire chemie hevig 
op andere vakgebieden binnen de wetenschap. (Bio) organische synthetische chemie 
maakt het mogelijk om de te bestuderen moleculen te maken, waarna door middel van 
verschillende chemische analyse methodes zowel de individuele moleculen als de 
systemen geïdentificeerd en bestudeerd kunnen worden. Biochemical engineering, 
materiaal kunde en farmaceutische chemie ten slotte, kunnen de systemen weer 
gebruiken bij het creëren van grotere gehelen met toepassing die variëren van voeding 
en cosmetica tot afvalverwerking, geneeskunde en toegepaste materialen. 
 
In dit proefschrift wordt met name gekeken naar prikkel gevoelige supramoleculaire 
systemen. Hiermee wordt bedoeld dat de supramoleculaire systemen zich vormen, 
veranderen of verdwijnen onder invloed van de juiste condities (prikkel). 
Temperatuursveranderingen zijn vanuit een chemisch oogpunt gezien de eenvoudigste 
manier van prikkelen, aangezien het compleet omkeerbaar is, eenvoudig te doen is en 
de reactie van het systeem op de temperatuursverandering dankzij de tweede wet van 
de thermodynamica vaak relatief eenvoudig te voorspellen is. Andere veelgebruikte 
prikkels zijn veranderingen in concentraties, oplosmiddel, pH en de toevoeging van 
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andere chemicaliën zoals reactanten en katalysatoren. In dit proefschrift wordt met 
name naar licht en mechanische prikkels gekeken omdat deze niet alleen volledig 
reversibel en eenvoudig toe te brengen zijn, maar ook zeer goed te richten zijn, zowel in 
ruimte als in tijd.  
 
In hoofdstuk 1 worden supramoleculaire gels besproken en worden moleculen die op 
licht reageren en aan gelator moleculen gezet kunnen worden geïntroduceerd. Ook wordt 
een kort overzicht van water gelatoren met een ingebouwde lichtgevoelige groep 
gegeven. 
 
In hoofdstuk 2 wordt de synthese van verschillende moleculen met het hydrogelator + 
lichtgevoelige molecuul motief beschreven. Verschillende ontwerp factoren worden 
bediscussieerd en getest om zo een beter begrip te krijgen van de condities die nodig 
zijn om lichtgevoelige gels te maken. 
 
In hoofdstuk 3 wordt beschreven hoe op imide gebaseerde dithienyletheen lichtgevoelige 
moleculen aan dipeptides worden gekoppeld, gevolgd door het bestuderen van de 
daaruit resulterende gels. De relatie tussen de structuren van de verschillende dipeptides 
en de geleringseigenschappen worden beschreven. 
 
In hoofdstuk 4 wordt een nieuw type organogelator gebaseerd op een 3,6-bisurea 
carbazole motief beschreven. Er wordt met name gekeken naar het effect dat 
verschillende zijgroepen kunnen hebben op de geleringseigenschappen. 
 
In hoofdstuk 5 wordt de reactie van 1,1’-(9-dodecyl-9H-carbazole-3,6-diyl)bis(3-
ethylurea) oplossing in DMSO op mechanische prikkels beschreven. Het gelerings proces 
en de tijdsafhankelijkheid worden bestudeerd en enkele mogelijke mechanismes worden 
besproken. 
 
In hoofdstuk 6 wordt een aan cholesterol gekoppeld dithienyl etheen lichtgevoelig 
molecuul beschreven, tezamen met de karakterisatie van de desbetreffende 
lichtgevoelige organogelerende eigenschappen. Tevens worden de lichtgevoelige vesicle 
formatie in een waterige omgeving beschreven.  
 
Hoofdstuk 7 tenslotte behandeld de synthese en karakterisatie van verscheidene 
spiropyran systemen. Deze systemen worden gebruikt om verschillende geobserveerd 
fenomenen te kunnen verklaren. Ten slotte wordt ook behandeld hoe deze fenomen 
omgezet kunnen worden in nuttige ontwerpen. 
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Summary 
 
In this thesis, various aspects and forms of supramolecular (literally: above molecular) 
chemistry are studied. To explain what supramolecular chemistry is, it is best to go start 
with one of the fundamental units in chemistry; the molecule. A molecule can be defined 
as a group of atoms held together by covalent bonds. When chemistry is discussed, 
often the build-up and covalent bond breaking and forming interactions of single 
molecules are mentioned. This is represented quite strikingly when an organic chemistry 
textbook is opened at random, as very rarely more than one of the same molecule is 
depicted. It is, however, very seldom that molecules are truly by themselves and are not 
influenced by surrounding molecules. As a matter of fact, in most cases molecules are 
heavily influenced by surrounding molecules through a variety of attractive and repulsive 
interactions. This becomes evident when, for example, table sugar is added to water or 
to petroleum. In water, the sugar (sucrose) molecules are surrounded by water 
molecules, which are (like the sucrose molecules) polar and have attractive interactions 
with each other. This will lead to the sugar being completely dissolved in water. In 
petroleum on the other hand, the attraction between the polar sugar and the apolar 
petroleum molecules is very poor and both molecules will repulse each other. Therefore 
the sugar molecules prefer to stay together, which leads to the insolubility of  sugar in 
petroleum. These two stages; being completely soluble or completely insoluble, are two 
extreme cases. The field of supramolecular chemistry, however, exploits the area in 
between; where molecules can be dissolved in a solvent, but will still interact with other 
molecules in such a way that they will form small structures. Many molecules possess 
the ability to do so and form the basis of life. The cells that we are made from are a 
complex system of a myriad of different molecules, constantly breaking and forming new 
complexes within water. These complexes, sometimes called aggregates, can be formed 
in many different ways and shapes, giving rise to a wide variety of structures. Vesicles, 
micelles, fibers, rods, lamellar bilayers, tubes, dimers and guest-host complexes are just 
a few of the different structures that can be observed under the right circumstances. The 
field of supramolecular chemistry focusses on  the creation and study of such structures. 
Finding ways to influence them, finding logic in the way molecules aggregate and finding 
structures that can mimic nature are among the great challenges in this field. To do so, 
the field of supramolecular chemistry relies heavily on some other more established 
fields of science. (Bio-) organic synthetic chemistry creates the necessary molecules, 
analytical chemistry provides essential methods for the study of both the single molecule 
and complete systems. Finally, other fields such as biochemical engineering, material 
science and medicinal chemistry are used to apply the created supramolecular system 
into larger systems, ranging from cosmetics and food products, to waste treatment, 
pharmaceutics, and applied functional materials. 
 
This thesis focusses in particular on stimuli responsive supramolecular systems, meaning 
that the supramolecular structures will form, break up or transform upon certain changes 
in conditions. From a chemical perspective, the simplest change in conditions is a 
temperature change, as it is completely reversible, easy to apply and, due to the second 
law of thermodynamics, the outcome is very often easy to predict. Other stimuli are 
changes in concentration, solvent, pH and the addition of other chemicals such as 
catalysts or reactants. In this thesis the focus lies however on light and mechanical 
stimulation, two stimuli which are completely reversible, show excellent spatial and 
temporal control and are relatively easy to apply. 
 
In chapter 1 the supramolecular gels are introduced together with photoresponsive 
moieties used to influence hydrogelating behavior. A short overview is given of recent 
examples of gels that contain photochromic moieties. 
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In chapter 2 the synthesis of several molecules based on a hydrogelator + photoswitch 
motif is described. Several design factors are discussed and tested to obtain better 
understanding of the conditions necessary to obtain photoresponsive hydrogelators. 
 
In chapter 3 the connection of imide based dithienylethene photoswitches to dipeptides 
is described, followed by the investigation of the resulting gels. The relation of the 
structure of different dipeptides to their solvation and gelation properties is described. 
 
In chapter 4  a new class of organogelator, the 3,6-bisurea carbazole is described. A 
close examination is given to the different gelation behavior with various side chain 
lengths and solvents. 
 
In chapter 5 the response of 1,1'-(9-dodecyl-9H-carbazole-3,6-diyl)bis(3-ethylurea) 
based DMSO gels towards mechanical stimuli is explored. The gelation process is studied 
as a function of time and a mechanism for mechanically induced gelation is proposed. 
 
In chapter 6 an amphiphilic cholesterol bearing dithienylethene switch is described, along 
with the characterization of its photoswitchable organogelating properties. Furthermore 
its vesicle forming properties in aqueous environments is described. 
 
Finally in chapter 7 the synthesis and characterization of several spiropyran systems are 
described, along with the explanation of observed phenomena and the incorporation of 
these phenomena into more complex systems. 
 

- 166 -



Acknowledgement 
 
And so it ends……Except of course for the 98% of people who first (and probably only) 
read this part of the thesis, so let me start again. 
 
And so it begins…… a good four years and a bit I spend to be able to write this 
acknowledgement section.  
 
Of course there are many people in the group without whom this thesis would not exist, 
starting with my first promotor, Ben Feringa. Dear Ben, I don’t think somebody has 
experienced a real PhD if it wasn’t filled with many highs and lows. In my case the first 
two years were filled with frustration about projects that wouldn’t take off. If you 
average the times I wished I could speak to you a bit more often and the times I never 
wanted to speak to you again, I think we saw each other just the right amount of time. 
The last two years of my PhD were a different story however, and allowed me to look a 
little further into science than only the art of synthesis of poorly soluble compounds. 
Thank you for the opportunities and circumstances that you have created here. I’ve seen 
the group evolve from one thing into another and that was already frustrating for me, I 
can only imagine how hard it is to do this every four years or so like you do. I take my 
hat off to that because I think your continuing enthusiasm and dedication is impressive.  
 
Onto my second promotor, Wesley Browne. Wesley, as the Dutch might say: You come 
with a manual…… 
Unfortunately the manual is in Irish, so after more than four years you still sometimes 
surprise me. I am very grateful for the time and energy you invested in me and my 
projects (sometimes a bit too much energy, judging by the amount of burned gel 
samples I obtained over the years, so stop saying Raman is a non-destructive 
technique). I realize that it cannot be easy to start your own group and take care of 
many other PhD’s at the same time. You taught me to filter large amounts of jibber-
jabber and distill the useful material out of there, a skill I am sure will be very useful in 
the rest of my life. I am proud to be the first person to have you as a promotor (and 
probably the last one to have not a single Raman spectrum in his thesis) and hope you 
fare well in the rest of your lives, both academically and personal. 
 
Marc Stuart, I would like to thank you for your input during the last years, 
complementing the synthetic and spectroscopic knowledge of Ben and Wesley with some 
more supramolecular (and sometimes more realistic) feel. 
 
The members of the reading committee are gratefully acknowledged. Prof. Dr. Sijbren 
Otto, thank you for the swift and very correct corrections. Prof. Dr. Rein Ulijn, I could not 
think of a better person to correct this thesis, especially chapter 3. Prof Dr. Jan van 
Esch, Jan, I started my research career as a bachelor student in your group, it feels like 
the circle has been completed with this thesis.  
 
I would like to thank my labmates, who have been able to make this run an 
unforgettable event. When I look at the movies, awards and reputation (people came all 
the way from A-wing to steal from our well stocked/equipped lab) produced by 16.230, I 
can only say that I am very grateful to have been working there for 4 years. Jort, Jurica, 
Thom, we all started within two months from each other and all I can say about the time 
that followed is that it was intense.  
 
Jort, you’re sense of humor is epic, the amount of times we laughed about your jokes is 
only surpassed by the amount of times we laughed about the awkward silences. I hope 
that one day you grow enough “courage” to be able to show up in Erik’s movie.  
 

- 167 -



Jurica, I know for sure that my PhD time would have been different if you would not 
have been there. Different……more quiet……and more efficient. Nonetheless I am happy 
that you were around because there was always someone/something to vent off some 
steam. I hope you find whatever it is you’re looking for in life, and that it’s legal. 
 
Thom, I have seldom met anyone who can be both so serious one moment and the next 
moment make the most awesome remarks that leave everyone in a state of semi-shock. 
Rock on. By the way, I think there is something wrong with my computer, so if you could 
please check that out?... 
 
Nop, you were a beacon of politeness in a sea of political and social incorrectness. 
Giuseppe, you were a beacon of social incorrectness in a sea of politeness (until Jurica 
arrived, that is). Thank you for making your movie so easy. Further thanks for the time 
in the lab go to Martin, Tommetje, Martin, Sander, Martin, Jeroen, Anouk, Wen-Hao, 
Eljee, Tibor, physics student 1, Erik and physics student 2. 
 
Oleksii, I think that almost every final compound I handed to you, turned into a 
publication. In the end, what more can you ask for. We had an extremely successful 
collaboration and I am very happy to have had you as a partner in crime in the 
spiropyran project. All the best in Canada. 
 
Sander, I hope I was able to provide you with a little bit of guidance during the first part 
of your master research. I am convinced you will finish it in a nice manner. I’m expecting 
some publications to correct…… 
 
Of course there were many more people in the group(s) that made the atmosphere very 
special, I will probably forget more than I will mention. Nonetheless: Adi, Alena, 
Alexander, Almudena, Anne, Angela, Annick, Annika, Arjen, Appu, Ashoka, Barbara, 
Bart, Bas, Bea, Bin, Bjorn, Cati, Celine, Chris, Claudia, Danny, Davide, Derk-Jan, 
Diederik, Dirk, Emma, Ewold, Felix, Fiora, Franscesca, Francesco, Gabor, Greg, Hans, 
Hella, Heloise, Hugo, Ivica, Jack, Jeffrey, Jens, Jetsuda, Jia Jia, Jiaobing, Jiawen, Johan, 
Johannes, Johnny, Jos, Kees, Kiran, Kuang Yen, Lachlan, Lea, Lili, Lorina, Lumi, Luuk, 
Mahthild, Manolo, Manuel, Maria, Martin, Massimo, Matea, Mathieu, Milon, Miriam, 
Morteza, Natasa, Nathalie, Nicky, Nuria, Paula, Pat, Peter, Petra, Pieter, Piotr, Qian, Rik, 
Robby, Saleh, Sandeep, Santi, Shaghayegh, Stefano, Suresh, Takashi, Tati, Thomas, 
Tim, Tony, Valentin, Vittorio, Wiktor, Wim, Xiaoyang and Yange thank you all and my 
sincere apologies for any misspelling. 
 
Gerard, Adri, Ebe, Syuzi, Edwin, Hans, Theodora, Pieter, Kees, Evert, Anna, Ryan, Hilda, 
Christina, Tineke, Monique, Wim, Alphons and last but not least Prof. Engberts made up 
the staff of the Stratingh institute during the time of my PhD and their doors were 
seldom closed if there was a problem or question to be solved, for which I am thankful. 
Evgeny Polushkin, Jacob Baas and Albert Woortman are gratefully acknowledged for 
their help with SAXS, WAXS and rheology measurements, respectively. 
 
During my PhD, and especially in the months thereafter, I spent time with the people 
who make the practical courses run as smoothly as possible. Jur, René, Roelof, Wendy, 
thank you for the nice time during the few months I was employed in the team. 
 
The only subgroup that really mattered was of course football subgroup, thanks to all 
who helped turning this event from 5 people playing in a drenched park with bags for 
goalpost to a (sometimes) 11 vs 11 on a professional pitch with proper recognizable 
shirts, catering and season opening and closing. 
 
I want to thank both Lorina “I don’t give a sh*t” Gjonaj and Danny Geerdink, with whom 
a workweek to Münster was organized. Lorina, good luck finishing your thesis and thank 
you for the company in the writing office. Danny, thank you (and Chantal) for the great 
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trip to the Grand Canyon and Vegas, good luck in Austria (pas op voor de grote rode R 
groepen).  
 
Adi(tya Lakshmi Narasimha Raju Gottumukkala), Sir, I want to thank you for the good 
talks, beers and company during the USA trip, but also on many other occasion. I hope 
(and know) that you are doing well there in San Francisco.  
 
For many years pubquiz has been synonymous for wednesday evenings, thanks to all 
who joined. 
 
Wiktor ”Barzin” Szymanski, as our team statistician you taught me that the right way to 
extract answers from your brain, is by full on skull collision with the bar post. May there 
still be many Jägermeisters to come. 
 
Pieter “Chanel” Bos, the knowledge in the sections cars and perfumes seriously 
diminished when you left. All the best in Boston. 
 
Anouk, I know how important it is to you to have a sentence dedicated just to you. 
 
Lachlan, judging by the methods you usually applied to win an argument; crying, yelling, 
name calling and walking out, I am sure you are perfectly at home at Harvard lawschool 
and will make an excellent lawyer. But all jokes aside, you are one of the sweetest and 
smartest persons I know and I am very happy to have been able to spend so much time 
with you. 
 
Jos, you are slightly overconfident, stubborn and outspoken, which makes you just the 
kind of person I can deal with. Thank you for the years of friendship, climbing/hiking 
experiences, pubquizing, moviemaking, WTM-ing, sporcling and other things. 
 
Johannes “because its tradition” Teichert, thanks for the many nights that ended in Der 
Witz. I appreciate how you have been a catalyst (no pun intended) for many of the social 
events in the group, including Flunkyball, Feuerzangbowle, football (active and passive) 
and gamenights. Not unlike Jos you possess the quality that you are not afraid to say 
what you think. I am happy and proud to have you two as my paranimfs. 
 
Dear Petra, from the moment that you kicked me out of a desk chair (even though there 
were four empty seats around me), because it was apparently yours, you have been in 
my life. We are very much opposites in many things but very alike in some others. 
Thank you for keeping the dull moments very much away. 
 
Rest mij tenslotte nog mijn familie. Pa, ma, Ester, Jantinus, Heleen, Lukas, Nicole, Bjorn. 
Het voelt altijd fijn om weer terug thuis te zijn, en uiteindelijk is dat verreweg het 
belangrijkste. Dat het een van de weinige omgevingen is waar ik me geen zorgen hoef te 
maken dat het gesprek toch weer op chemie uit komt is slechts een bonus. Bedankt voor 
alles. 
 
Jochem  
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