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Abstract
Supramolecular interactions play an essential role within a variety of natural systems, such as
in proteins and nucleic acids. The dynamicity and reversibility of these intermolecular interactions are
inspiring for scientist to create systems based on biological systems. A variety of techniques can be
used to characterize such systems, allowing us to increase the understanding about nature.
Furthermore, it could be possible to eventually mimic, or improve nature using this knowledge.
Over the last decades, our group already studied benzene-1,3,5-tricarboxamide (BTA)-based
monomers intensively, gaining lots of knowledge on these systems. To obtain further understanding
on the general field of supramolecular chemistry, a pyrene-1,3,6,8-tetracarboxamide-based monomer
containing a tetradecanyl side chain was synthesized. This monomer was selected due to the
similarities in the monomeric structure with the BTA-monomer. More specific, these similarities
include an aromatic core with amide functionalities directly attached to it, resulting in a symmetrical
monomeric structure. These pyrene-1,3,6,8-tetracarboxamide (pyrene tetraamide)-based monomers
are highly interesting due to its stronger intermolecular interactions compared to the BTAs. This
difference in interaction strength could introduce a change in the energy landscape which may lead to
a metastable or a kinetically trapped state instead of a thermodynamically stable state, which makes
it possible to work out-of-equilibrium. Consequently, after optimizing the conditions, it would be
possible to study the kinetics of the system to gain further understanding of how the monomers will
interact before the thermodynamically most stable state has reached.
In order to study the supramolecular behaviour of this monomer, its dependency on solvent
polarity, concentration, and temperature was investigated in chapter 3 using both absorption and
emission spectroscopy. In this way, it was possible to observe an increase in monomer emission and a
decrease of aggregate emission with increasing polarity of the solvent. Furthermore, the aggregate
emission also increases relative to the monomer emission with increasing concentration. Finally, the
temperature dependency was probed in chloroform using absorption spectroscopy. However, it was
suggested that the effect of increasing probability to reach the excited state with increasing
temperature has a too significant contribution to study the monomer to aggregate transition.
Consequently, it was impossible to determine the mechanism of self-assembly. Next, a cooling curve
was measured in dichloroethane, indicating a cooperative mechanism of self-assembly.
Finally, a reference system; i.e. pyrene, was studied under identical conditions and compared
with pyrene tetraamide. Pyrene was chosen because it has an identical aromatic core, but no hydrogen
bonding substituents. Comparing these two systems, it could be possible to obtain information about
the effect of the hydrogen bonding substituents. Afterwards, equimolarly mixing experiments were
i

performed allowing us to suggest that there is no interaction between both monomers assuming that
if there was a significant amount of interaction, the experimental data would differ from the linear
combination of both the individual solutions.
In this report, several plausible explanations for the supramolecular features of the pyrene1,3,6,8-tetracarboxamide-based monomer are postulated. However, further research must be
conducted in order to elucidate the system in detail.
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Chapter 1
Introduction
1.1. Supramolecular polymers
Over the last decades, scientists have been developing systems containing supramolecular
polymers.1,2,3 A supramolecular polymer is a polymer consisting out of repeating monomer units which
are exclusively held together by non-covalent interactions.4,5,6 The most common types of noncovalent interactions are hydrogen bonds, π-π-interactions, ionic interactions, and Van der Waals
forces.7,8,9 These interactions are crucial for the formation of a three-dimensional structure in many
biological systems, such as proteins and nucleic acids.10,11,12 Furthermore, these interactions are very
interesting for creating new types of systems using nature as a source of inspiration.13,12 An interesting
property of systems containing non-covalent interactions is that they could be used as smart
materials.14,15,16 The properties of these smart materials can be regulated in a controlled fashion using
external stimuli, such as temperature, and pH.17,18,19. This ability to control the properties could result
in materials which can be processed or recycled more easily.19 Furthermore, these systems can be used
in, for example, biomedical applications due to their tunable mechanical properties, the regulation of
degradability, the possibility of incorporating bioactivity, and they can mimic natural environments.20,21
Another example for the use of these systems is as self-healing materials, due to the reversible and
dynamic nature of the non-covalent interactions.22

1.2. Copolymerization
As discussed in the previous section, supramolecular polymers are very promising due to their
reversible and dynamic non-covalent interactions.23 Additionally, it is important to distinguish two
types of supramolecular polymers. First, a supramolecular polymer consisting exclusively out of
identical monomer units, which is called a homopolymer, and second, a supramolecular polymer
consisting out of two or more different monomer units, which is called a copolymer.24 Obviously, the
latter could result in a more complex system, because the extra interaction between the two different
types of monomers should be taken into account. Moreover, a wider range of properties can be
obtained due to the fact that two types of monomers can form a wider range of structures compared
to a homopolymer.25
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In comparison with covalent copolymerization, the understanding of supramolecular
copolymerization is still poorly developed. To obtain a better understanding, more research should be
conducted on developing a model to predict the composition, average length, and molecular structure
of a supramolecular copolymer. Further understanding of such a model can be obtained by
investigating the mechanism of self-assembly of a supramolecular copolymer; via an isodesmic,
cooperative, or anti-cooperative model.26,27,28 The focus here will be on the isodesmic and cooperative
mechanism as shown in Figure 1.1. The isodesmic model assumes that every addition of a monomer
to a growing chain is described by one single equilibrium constant K, regardless of the length of the
polymer.27,28,29 This equilibrium constant depends on the chemical structure of the monomer, the
solvent, and the temperature.30 The cooperative model, on the other hand, assumes that the addition
of a monomer is effected by the length of the chain. Therefore, this model is described by two
equilibrium constant: one that describes the thermodynamically unfavourable nucleation phase; Kn,
and one that describes the thermodynamically favoured elongation phase; Kg.27,31,28,29 It is possible to
determine the mechanism of self-assembly by monitoring the aggregated fraction as a function of
temperature using spectroscopic techniques.30 The cooperative factor; σ = Kn/Ke, is a dimensionless
number that describes the degree of cooperativity.29 Consequently, there are three types of selfassembly depending on the magnitude of σ. If σ is equal to 1, an isodesmic model is described, if σ is
smaller than 1, a negative cooperative model is described, and if σ is greater than 1, a positive
cooperative model is described.29

Figure 1.1: Schematic representation of two self-assembly mechanisms for polymerization into tubular structures: a)
Isodesmic model where every monomer is added with the same equilibrium constant. b) The nucleation and elongation
stages of the positive cooperative model. In the nucleation phase, no secondary interactions between the monomers. In
the elongation phase, additional secondary interactions between the monomers are present.31

These three mechanisms are already clearly understood for homopolymerization; whereas;
the copolymerization of two different types of monomers is much more complex and is not clearly
understood yet. For example, the mechanism of formation of a copolymer could be completely
different than the mechanism of formation for both the individual monomers.29 Developing an
2

understanding of these two self-assembly mechanisms applied to copolymerization could make it
possible to obtain a supramolecular copolymer with desired properties.32
Next to the different self-assembly mechanisms, different processes are observed when
performing a copolymerization under thermodynamic or kinetic control as shown in Figure 1.2.30,33 A
copolymerization under thermodynamic control will reach a stable stationary state when the
monomers interact with each other over a long period of time. Once this system is located in the global
minimum of the energy landscape, it is considered it has reached the equilibrium state.34 This means
that the copolymer has a higher stability relative to the monomeric state. Moreover, it is important to
notice that a copolymer in its equilibrium state is still dynamic; i.e. there is still a continuous exchange
of monomers. Furthermore, a copolymerization that is kinetically stable, will reach a state that is
trapped in a local minimum in the energy landscape.35,36 Next, two processes can occur depending on
both the activation energy (Ea) and the magnitude of kbT (with kb the Boltzmann constant and T the
temperature). If the activation energy is much higher that the magnitude of kbT, the copolymer will
stay trapped in the local minimum and it cannot spontaneously reach the global minimum within an
experimental time-scale.37,38 If the activation energy is on the same order of magnitude as kbT, the
system will overcome the energy barrier allowing it to reach a more stable configuration. The latter is
called a metastable state.39 Consequently, it is possible to go from a kinetically trapped state to a
thermodynamically stable state by introducing a sufficient energy influx to the system. To conclude,
when this concept is clearly understood, it is possible to create different non-equilibrium structures
opening a wide variety of structural possibilities.30

Figure 1.2: A schematic representation of the energy landscape with the different thermodynamic states. (#1) A system
under thermodynamic equilibrium. This state is situated in the global minimum of the energy landscape. (#2) A kinetically
trapped state. This state is trapped in a local minimum of the energy landscape and it is not possible to reach the global
minimum. (#3) A metastable state. This state is situated in a local minimum of the energy landscape, but it is possible to
overcome the energy barrier to reach a new minimum.12
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Furthermore, two different types of monomers can form different supramolecular structures
depending on the kinetics of their mutual interactions, which can be described using following two
equations that can be applied for covalent copolymers: rA = kAA/kAB and rB = kBB/kBA. In these equations,
kAA and kBB are the velocity constants for the ‘homoaddition’; i.e. the addition of a monomer identical
to the last unit at the growing end of the chain. Correspondingly, kAB and kBA refer to the
‘heteroaddition’ of a different monomer to the last unit at the growing end. Next, rA and rB can be used
to describe the structure of the supramolecular copolymer. If this value is greater than 1, which means
that the homoaddition faster happens than the heteroaddition, the final structure will be a block
copolymer. Moreover, if the r-value is smaller than 1, which means that the heteroaddition happens
faster than the homoaddition, the final structure will be an alternating copolymer. Finally, if the r-value
is equal to 1, a random copolymer will be formed.40

1.3. Benzene-1,3,5-tricarboxamide (BTA)
In the field of supramolecular polymers, previous research has already been conducted on
benzene-1,3,5-tricarboxamide (BTA)-based monomers. These BTAs consist of a benzene core
containing amide functionalities on the 1, 3, and 5 positions. These are highly interesting monomers
due to their simple structure containing a C3-symmetry, and their easy synthetic accessibility.41,42 The
amide groups, which are situated directly on the benzene core, can form intermolecular hydrogen
bonds to create a helical, one-dimensional supramolecular polymer as can be seen in Figure 1.3.41

Figure 1.3: Schematic representation of the self-assembly of BTA into one-dimensional helical polymer stabilized with
three H-bonds between the monomers.41

Generally, BTAs self-assemble through a cooperative mechanism, which can be explained by
the threefold hydrogen bonding. The strength of these hydrogen bonds increases when the chain
becomes longer due to the redistribution of the electron density along the chain.43 This feature
explains the cooperative model where the monomers will bind easier to the chain after the nucleation
phase, creating the ordered, helical, one-dimensional supramolecular polymer.44
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Furthermore, a wider variety of properties can be obtained when going from a singlecomponent system, containing exclusively one type of BTAs, to a multicomponent system where two
or more different types of BTAs are mixed. This mixing could lead to two types of assembly, they will
either completely self-sort, or they will completely co-assembly, depending on the mutual interactions.
An excellent example of a system that shows co-assembly is a mixture of an alkyl-substituted BTA
(alkyl-BTA), with a BTA monomer containing a short oligodimethylsiloxane (oDMSi-BTA). The
monomeric structures of these two different types of BTAs are shown in Figure 1.4 (left). Before mixing
them, the assembly of the individual monomers were studied. First, the homopolymerization of the
alkyl-BTA was studied and it can be concluded that it will self-assemble in a helical, one-dimensional
homopolymer following a highly cooperative mechanism. Next, the homopolymerization of the
oDMSi-BTA was investigated showing a lower precedency to assemble when comparing it to the alkylBTA. This could be explained due to the presence of the bulky siloxanes on the side chains. Moreover,
it is shown that the oDMSi-BTA monomer self-assembles via an isodesmic mechanism. Furthermore, a
“sergeant-and-soldiers” approach was applied using circular dichroism (CD) experiments where the
achiral variant of the alkyl-BTA, used as a soldier, was mixed with the chiral R-variant of the oDMSiBTA, used as a sergeant. Remarkably, upon mixing these two CD-silent monomers, a chiral induction
was observed; moreover, the mechanism of assembly differs with the fraction of sergeant added. At
low fractions of sergeants (<10 mol%), the assembly occurs via a cooperative mechanism, and its
helicity is biased by the preference of the sergeant. At higher fractions of sergeants (>25 mol%), the
assembly occurs via an isodesmic mechanism and a coexistence of different species will occur. This
complete process is clearly illustrated in Figure 1.4 (right). In conclusion, it is possible to gain a deeper
insight into the structure and composition of multicomponent BTA-based systems, and more general
in supramolecular systems, by combining experimental and theoretical approaches.29

Figure 1.4: (left) Molecular structure of the used monomers. (right) Schematic representation of the dependency of the
fraction of R-oDMSi-BTA on the formed aggregate.29
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However, when changing the aliphatic side chains by chromophores, the self-assembly
becomes increasingly interesting. For example, when an oligo(p-phenylenevinylene) (OPV)-group is
covalently connected to the amide functionality present on the benzene core, a two-step assembly
process can be observed. The stability of the stacks of this structure could be dependent on the
additional secondary interactions which are introduced by the OPV-side chain.45 Furthermore, George
and co-workers synthesized a BTA-based monomer containing three naphthalene diimide (NDI)chromophores. The self-assembly of these monomers was suggested to follow an isodesmic
mechanism, which is in contrast to what was generally observed from other BTA-based monomers.
This could be due to the extra benzene spacer along the NDI moiety which could influence the
conformation of the amide bonds.46
To summarize, it is possible to synthesize a wide variety of monomers containing a benzene
core with different side chains. Furthermore, it can be concluded that the structure of the side chain
has an important effect on the type of self-assembly mechanism. Today, scientists have already gained
a lot of knowledge on the supramolecular self-assembly of such systems.

1.4. Pyrene
Our group has been conducting research into the BTAs for over 20 years to clearly understand its
self-assembly.29 However, it could be interesting to develop a system, similar to the BTAs, but with
several adjustments to the monomeric structure. An interesting adjustment is the extension of the πsystem from one phenyl ring to four combined phenyl rings; i.e. pyrene. This adjustment also allows
adding one extra hydrogen bonding substituent onto the conjugated core. Due to the stronger
intermolecular interactions relative to the BTAs, these pyrene monomers could have a high potential
in supramolecular copolymerization. These stronger interactions could change the energy landscape
drastically compared to the energy landscape of BTAs, which could lead to a kinetically trapped or a
metastable state, instead of a state in thermodynamic equilibrium as can be seen in Figure 1.2.30
Furthermore, the energy landscape of a specific monomer composition could be changed by varying,
for example, the temperature, and solvent polarity.47,48 By optimizing the conditions, it could be
possible to create a metastable system and analyse the kinetics of the copolymerization. Moreover, it
could be possible to study the process how the two different types of monomers will interact before
eventually forming a copolymer.
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Next to its potential in the field of supramolecular copolymerization, pyrene and its derivatives
are mainly used as a dye due to its high molar extinction coefficient.49 Its colour is strongly dependent
on the type of substituents added onto its pyrene core.50,51 Furthermore, pyrene is a molecule with a
variety of interesting properties, such as its long-lived excited state52, which can interact with its own
ground state forming an excimer.53 This excimer will emit light with a wavelength larger than the
emission wavelength of the monomer as can be seen in Figure 1.4.54

Figure 1.4: Schematic representation of excimer formation of pyrene.54

A first interesting application for pyrene excimers can be found in the field of
biotechnology.55 The characteristic intense excimer emission of pyrene can be used as a 5’ fluorophore
on a molecular beacon to detect the presence of a target DNA or RNA. This molecular beacon consists
out of a probe sequence of typically 25 nucleotides long, where the middle 15 nucleotides are
complementary to the target DNA or RNA. The 5 remaining nucleotides at each end of the sequence
are complementary to each other resulting in a loop with on the 3’ end a quencher and on the 5’ a
fluorophore. In the absence of a target DNA or RNA, the fluorophore is nearby the quencher so no
emission is observed; however, when a target DNA or RNA is present, the middle 15 nucleotides will
bind to the DNA or RNA strand. Consequently, the fluorophore and the quencher will be brought to a
larger distance, resulting in emission.56,57,58 Consequently, molecular beacons are an interesting tool to
detect a specific sequence of nucleic acids. Conlon and co-workers have created a molecular beacon
where the excimer emission of pyrene was used as fluorophore to detect the presence of cDNA.56 The
spatial arrangement of this molecular beacon in both the presence and absence of a cDNA is clearly
illustrated in Figure 1.5 (left). When there is no cDNA nearby, the pyrene excimer emission is quenched;
however, when there is a cDNA in close proximity, the strand will unfold and bind to the
complementary cDNA. Consequently, the quencher will not be near the two pyrene molecules,
resulting in excimer emission. The actual structure of the molecular beacon that is used, is shown in
7

Figure 1.5 (right), where is illustrated how the two pyrene molecules are connected to the 5’ end of
the strand, and a (4-(4-(dimethylamino)phenylazo)benzoic acid) (DABCYL) molecule was used as a
quencher on the 3’ end. Moreover, this figure clearly shows how the two pyrene molecules are
covalently bridged together to bring them in close proximity ensuring efficient excimer emission.56

Figure 1.5: (left) Schematic representation of a molecular beacon in the presence of a cDNA. (right) Chemical structure of
the molecular beacon used by Colon and co-workers.56

A second interesting application for pyrene is based on the fact that it is an electron-rich molecule,
which could result to an interaction with an electron-deficient monomer, such as naphthalene diimide
(NDI), in an alternating manner.59 This interaction leads to a strong charge transfer (CT) complex with
a high binding constant. It already has been shown that a 1,3-dihydroxyl derivative of the electrondeficient NDI will self-assembly due to both weak π-π interactions and hydrogen bonding interactions
between the oxygen and two hydrogen atoms, as can be seen in Figure 1.6.60 These interactions will
result in a six-membered ring held together by intermolecular hydrogen bonds forming an extended
chain. However, when pyrene is added to this system, it is shown that they will co-assemble in an
alternating manner promoted by the CT-interaction between the electron rich pyrene and the preassembled NDI monomers. Moreover, the spacing which is present between the pre-assembled NDI
monomers facilitates the intercalation of the pyrene monomers. Additionally, an organogel was made
of the system both with, and without the pyrene monomers resulting in two different colours.60 The
interesting interaction between NDI and pyrene molecules leads to promising applications in, for
example, organic field-effect transistors (OFETs), organic photovoltaic calls (OPVs), and organic light
emitting diodes (OLEDs).61

8

Figure 1.6: Self-assembly of a system containing exclusively 1,3-dihydroxyl derivatives resulting in a yellow coloured
organogel (top). Co-assembly of a mixed system containing both 1,3-dihydroxyl derivatives and pyrene resulting in a red
coloured organogel (bottom).60

Similar results are observed by Burattini and co-workers.62 They showed that if nitroaromatic
compounds (NACs) are added to a pyrene-functionalized copolymer, as can be seen in Figure 1.7, they
will interact in an alternating manner. Before adding the NACs, pyrene excimer emission is observed;
however, when the NACs are added, the newly induced interactions will block the excimer formation
of pyrene, and they will thus quench its excimer emission. This fluorescence quenching can be used to
visualize the presence of volatile nitro aromatic compounds, which are common to many explosives.62

Figure 1.7: Schematic representation of the alternating interaction obtained after adding a NAC to the pyrenefunctionalized copolymer.62

Finally, Anetai and co-workers already synthesized a pyrene monomer containing four amide
substituents on the 1, 3, 6, and 8 positions to investigate its fluorescence, ferroelectric, and electron
transport properties. First, they showed, using both absorption and emission spectroscopy, that πoligomers were formed in solution due to the non-covalent intermolecular interactions present within
the system. Second, they proved that a discotic hexagonal columnar liquid crystalline phase is formed,
as can be seen in Figure 1.8 (left), above a temperature of approximately 22 °C. Third, they reported
that when an external electric field is applied along the π-stacking column, the direction of the
hydrogen bonded chains are inverted. This inversion could give rise to ferroelectric polarizationelectric field (P-E) hysteresis, which results in a local electric field that can affect the carrier transport
9

properties on the π-stack of pyrene. The inversion of the hydrogen bonded chains, and the resulting
directional change of the local electric field are clearly shown in Figure 1.8 (right).63

Figure 1.8: (left) The discotic hexagonal columnar liquid crystalline phase which is formed above 295 K. (right) The dipole
inversion of the intermolecular hydrogen-bonded chains which generates a local electric field along the π-stacking
direction.63

To conclude, pyrene is a molecule which has intently been studied in a variety of fields within
chemistry; however, the supramolecular polymerization in solution of a pyrene core containing four
amide groups has not been studied in depth. Nevertheless, it has a great potential in the field of
supramolecular chemistry.

1.5. Aim of the project
Inspired by the wide variety of supramolecular properties obtained by changing the
monomeric structure, this research will further explore this effect by expanding the aromatic core of
the monomeric structure of the benzene-1,3,5-tricarboxamide (BTA) from one to four combined
phenyl rings allowing the addition of one extra amide group. These adjustments will create an
innovative monomer containing both a stronger hydrogen bonding interaction and a stronger π-πinteraction between the monomers when comparing with BTAs. These stronger non-covalent
interactions will create a stable system, which could lead to interesting properties such as the
possibility to work out-of-equilibrium, which could result in a variety of new types of supramolecular
structures.30 Furthermore, due to the presence of the four amide groups, a cooperative mechanism is
expected to form long stable stacks which could lead to the possibility to work with gels and materials
introducing a wider variety of material properties.43 Next, the intense characteristic excimer emission
of pyrene-based monomers and its long fluorescence lifetimes will greatly facilitate the study of its
supramolecular properties.64 Furthermore, the molecular structure of pyrene can easily be used as a
multimodel platform allowing to functionalize it with a variety of side chains. This possibility to easily
modify the monomeric structure could be used to control the mechanism of assembly, and eventually
the structure of the supramolecular polymers.
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In this research, we aim to create and investigate a new type of supramolecular polymer
containing a pyrene-1,3,6,8-tetracarboxamide (pyrene tetraamide)-based monomer. The molecular
structure of this target molecule is shown in Figure 1.9.

Figure 1.9: Target molecule pyrene tetraamide.

First, an achiral derivative of the pyrene tetraamide monomer will be synthesized. This is
employed in Chapter 2 to create a new type of monomeric structure which can be investigated within
the field of supramolecular chemistry.
In Chapter 3, this monomer will be studied in detail to get more insight into its dependence on
solvent polarity, concentration, and temperature. For this, both UV-Vis absorption spectroscopy and
fluorescence emission spectroscopy will be used. Thereafter, the conditions will be optimized in order
to investigate the mechanism of self-assembly using fluorescence emission spectroscopy. This selfassembly mechanism will help us to design new, similar systems in the future.
In Chapter 4, the self-assembly of pyrene will be studied and used as a reference system for
the pyrene tetraamide. Pyrene is chosen because its aromatic core is identical to the core of pyrene
tetraamide; however, it lacks the four hydrogen bonding substituents. By comparing both systems, an
estimate can be made of the effect of the hydrogen bonding substituents. Furthermore, these two
systems will be used to perform mixing experiments to examine how they would interact. A first option
is that they will self-sort, meaning that a supramolecular homopolymer is formed. A second option is
that they will co-assemble in an alternative manner, and a third option is that a supramolecular blockcopolymer is formed. Finally, a fourth option is that that the two monomers will arrange in a random
manner, resulting in random copolymer. All these different arrangements of monomers could be
characterized as a thermodynamically stable, or kinetically trapped system. Furthermore, investigating
the preferred interactions after mixing pyrene tetraamide and pyrene could give us an idea of the
effect of hydrogen bonding substituents on the assembly; more specific, if they self-sort, it could
indicate that the hydrogen bonding plays an important role in the assembly. Next, if they co-assemble,
a wide variety of properties, and thus applications could be obtained.
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Chapter 2
Synthesis of pyrene tetraamide
2.1. Introduction
Small adjustments to the monomeric structure can drastically change the assembly properties.41
Over the past decades, scientists have studied the effect of such modifications on the assembly;
nevertheless, it remains difficult predicting these effects. Our group, however, has already clearly
investigated the effect of a variety of modifications on benzene-1,3,5-tricaboxamide (BTA)-based
monomers.41 Next, it would be interesting to do the same with a monomeric structure similar to that
of the BTA-based monomers.
In this chapter, the synthesis of the desired pyrene-1,3,6,8-tetracarboxamide (pyrene tetraamide)based monomers via two different synthesis routes is described in detail. In both cases, the
commercially available starting material; 1,3,6,8-tetrabromopyrene (tetrabromopyrene) (1), is
converted into 1,3,6,8-tetracarboxylic acid pyrene (pyrene tetracarboxylic acid) (3) via 1,3,6,8tetracyanopyrene (tetracyanopyrene) (2). As can be seen in Figure 2.1, for the first synthesis route,
pyrene tetracarboxylic acid is converted into 1,3,6,8-tetraacid chloride pyrene (pyrene tetraacid
chloride) (4), which is afterwards converted into a pyrene tetraamide-based monomer with the desired
hydrocarbon chain-length. The length of the hydrocarbon chain should be sufficiently long to ensure
solubility. The synthesis of the desired compound containing first, a tetradecanyl chain and second, a
branched octyl chain was examined. Compounds 1, 2, and 3 were exclusively analyzed using infra-red
measurements due to the poor solubility in NMR-solvents, while compound 5 and 6 were analyzed
using both infra-red measurements and 1H-NMR.
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Figure 2.1: Synthesis route 1.

As can be seen in Figure 2.2, for the second synthesis route, pentafluorophenyl trifluoroacetate is
used to obtain a different intermediate: tetrakis(perfluorophenyl)pyrene-1,3,6,8-tetracarboxylate (7).
Thereafter, identical conditions as in synthesis route 1 were used for the synthesis of compound (8).

Figure 2.2: Synthesis route 2.
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2.2. Route 1: General procedure
A yellow mixture containing compound (1), Zn(CN)2 and Pd(PPh3)4 in dry DMF turned brown within
minutes, black within a few hours, and dark brown after 21 h at 90 °C, forming compound (2). Next,
both the Pd(PPh3)4, and the Zn(Br)2 salt were removed from the solution. Figure 2.3 shows the infrared spectra of all obtained compounds, it can be concluded that compound (1) was fully converted due
to the disappearance of the CBr peak at 494 cm-1, indicated with a red, dashed line, and appearance of
the CN stretching bond between 2150 and 3300 cm-1.
Compound (2) was added to a mixture of ethanol and a 10 M NaOH solution, this mixture turned
yellow immediately before it became orange within the first hour. After 65 hours, a yellow suspension
had been formed. Then hydrochloric acid 37% was added until a pH of 1 is reached. The mixture was
filtrated and a yellow, sticky solid stayed behind. After analyzing the product using infra-red
spectroscopy, it can be concluded that the conversion to compound (3) was completed due to the
disappearance of the CN stretching bond between 2150 and 2250 cm-1, and the appearance of the
carboxylic acid OH stretching bond between 2500 and 3300 cm-1 and the carbonyl stretching bond at
1690 cm-1 as can be seen in Figure 2.3.
Compound (3) was thereafter dissolved in thionyl chloride to convert the carboxylic acid
functionality to an acid chloride functionality. At first, compound (3) was not soluble in thionyl chloride;
however, within 2 hours, it dissolved and the solution turned yellow, and after 5 hours, the solution
turned red. After removing the excess of thionyl chloride, a red solid was obtained.

Figure 2.3: Infra-red spectra of tetrabromopyrene (red), tetracyanopyrene (blue), pyrene tetracarboxylic acid (green), and
pyrene tetraamide (black).
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To prevent the hydrolysis of compound (4), dry DCM was added directly to the red crude obtained
from the previous reaction forming a brown suspension. After adding the tetradecylamine, the
suspension turned orange and after adding the triethylamine, it turned brown. After 24 h, the yellow
mixture was extracted and the organic phase was washed with brine, dried and filtrated. Using NMRspectroscopy, it could be concluded that the desired product was present in the orange filtrate. After
removing the solvent, a brown oil was obtained, which was purified using column chromatography
(CHCl3), recrystallization with ethanol (6x) and with DMF (4x), column chromatography
(EtOAc/heptane:78/22), column chromatography (EtOAc/heptane:65/35), precipitation with
chloroform/acetonitrile (2x). Afterwards, the purest fraction was isolated, and its infra-red spectrum
is shown in Figure 2.3, where the characteristic amide peaks are visible in the region between 2700
cm-1 and 3400cm-1. Furthermore, Figure 2.4 shows the 1H-NMR of the final compound in chloroform-d
where one drop of trifluoroacetic acid (TFA) was added to prevent the stacking. In this figure, it can be
seen that in the aromatic area, besides two singlets are present at 8.51 ppm and 8.35 ppm, a third
peak is present at 9.72 ppm. This third peak can be assigned to the added TFA, which could also cause
a variation of the chemical shift of other peaks, especially in the aromatic area. The two other singlets
present in the aromatic area can be assigned to the two different types of aromatic protons present
on the pyrene tetraamide. Moreover, the peaks present between 0.79 ppm and 1.84 ppm can be
assigned to the aliphatic chain.

b
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Figure 2.4: 1H-NMR spectrum (400 MHz, CDCl3, TFA) of pyrene tetraamide.
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Figure 2.5 shows a magnification of the aromatic area of Figure 2.4, where the impurities are
clearly visible. Using the integrations, it is possible to calculate the purity of the final compound by
dividing the sum of the integrations of both peaks at 8.51 ppm and 8.35 ppm by the total integration
of peaks that can be assigned to the product and the peaks that can be assigned to impurities. After
this calculation, it can be concluded that the purity of the final compound is 89.75%.

Figure 2.5: Zoom of 1H-NMR spectrum (400 MHz, CDCl3, TFA) of pyrene tetraamide.

Figure 2.6 shows the MALDI-TOF of the final compound. As can be seen in this figure, there
are, besides an m/z value of 159.76, which can be assigned to the final compound, two other main
peaks at an m/z value of 440.93 and 598.51. These two values could be assigned to the 10.25%
impurities present in the final compound. It is suggested that, using both 1H-NMR spectroscopy and
MALDI-TOF-MS, the impurities could be assigned to a molecule containing an aromatic pyrene core
with four substituents; i.e. 1,3,6,8-tetrasubstituted pyrene. However, it was not possible to identify
the molecular structure of these impurities using its chemical shift in 1H-NMR and its m/z value
obtained via MALDI-TOF-MS.

Figure 2.6: MALDI-TOF (CHCA matrix) spectra of pyrene tetraamide.
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To increase the purity of the final compound, it could be possible to use a branched amine,
which could increase the solubility. The last reaction step has been performed a second time, however,
an (S)-3,7-dimethyloctan-1-amine salt was used instead of the linear tetradecylamine. This chiral
amine salt was obtained starting from an impure solution of (S)-3,7-dimethyloctan-1-amine, which was
synthesized by Daan van Rijen. This impure amine solution was diluted with diethyl ether, and
afterwards, a 2 M HCl solution in diethyl ether was added dropwise to obtain the purified chiral amine
salt as a white solid. This white solid was added to compound (4), under identical conditions as before.
After 16 h, the mixture was extracted and the combined organic phase was washed with brine, dried
and filtrated. The yellow crude was purified using column chromatography (EtOAc/CHCl3:10/90).
However, it was not possible to separate the pure product from the impurities, which are suggested
to be pyrene derivatives where only one, two, or three substituents are converted into an amide group.

2.3. Route 2: General procedure
The first two reaction steps are identical to the first pathway. However, instead of using chloride
as a leaving group, perfluorophenyl formate was used.
Compound (3) was dissolved in acetonitrile and triethylamine was added. Afterwards,
trifluoroacetate was added. The mixture was stirred overnight and the obtained green solution was
cooled down in an ice bath. After filtration, a yellow solid was obtained which was pure enough to be
used for the next reaction. This can be proved using both 1H-and 19F-NMR spectroscopy: in the proton
NMR spectrum, two singlets were visible at 9.86 ppm and at 9.68 ppm with an integration of two and
four, respectively. In the fluorine NMR spectrum, one doublet at -152.00 ppm integrating for eight,
and two triplets at -156.50 ppm and -161.50 ppm integrating for four and eight, respectively.
Compound (7) was dissolved in dry THF and then a mixture of (S)-3,7-dimethyloctan-1-amine salt
and triethylamine in dry THF was added. After 12 h, the solvent was removed and a green solid stayed
behind. This solid was washed with 1 M NaOH, 1 M HCl, and brine and extracted. Thereafter, the
organic phase was dried and filtrated; however, the final product was not pure and the scale was too
small to perform additional purifications. The impurities are suggested to be pyrene derivatives where
only one, two, or three substituents are converted into an amide group.
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2.4. Conclusion
After investigating two possible pathways for the synthesis of pyrene tetraamide-based monomers
with variated hydrocarbon chain-lengths, it can be concluded that the desired monomer was not
obtained in a purity of 100%.
When using pyrene tetraacid chloride as an intermediate (route 1), it is possible to obtain the
pyrene tetraamide monomer with a tetradecanyl chain with a purity of 90%.
When using tetrakis(perfluorophenyl)pyrene-1,3,6,8-tetracarboxylate as an intermediate (route
2), it is not possible to obtain the desired pyrene tetraamide monomer with a branched octyl chain
with a reasonable yield.

2.5. Experimental section
2.5.1. Materials
All reagents were purchased from Sigma Aldrich and used as received, unless otherwise
specified. The impure (S)-3,7-dimethyloctan-1-amine was synthesized by Daan van Rijen. All solvents
were purchased from Biosolve and dry solvents were obtained using MBraun solvent purification
system (MB SPS-800). Deuterated compounds were obtained from Cambridge Isotopes Laboratories.

2.5.2. Methods
Automated column chromatography was performed on a Biotage Isolera system. 1H-NMR was
recorded on a Varian Mercury Vx 400 MHz. Proton chemical shifts are reported in ppm (δ) downfield
from trimethylsilane (TMS) using the resonance frequency of the deuterated solvent as the internal
standard. Peak multiplicity abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: multiplet; dd:
double doublet; dt: double triplet and dq: double quartet.
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2.5.3. Synthetic procedure

2.5.3.1. Route 1
1,3,6,8-tetracyanopyrene (2)65
In a 100 mL round bottom flask, a mixture of 1,3,6,8-tetrabromopyrene (1) (2.00 g, 3.85 mmol, 1 eq),
Zn(CN)2 (1.90 g, 16.16 mmol, 4.2 eq) and Pd(PPh3)4 (1.42 g, 1.23 mmol, 0.32 eq) was dissolved in 30 mL
of dry DMF. This mixture was stirred under reflux and argon atmosphere for 21 h; afterwards, the
solvent was filtered off. The crude was washed with water and a yellow solid was obtained in
quantitative yield. IR spectra (KBr, cm-1): v = 3071 (w), 2229 (w), 2174 (w), 1668 (m), 1604 (m), 1552
(w), 1386 (m), 1296 (w), 1225 (w), 1179 (w), 1113 (w), 1069 (w), 931 (m), 836 (s), 715 (m), 679 (m), 550
(s).

Pyrene-1,3,6,8-tetracarboxylic acid (3)66
90 mL of ethanol and afterwards compound (2) (2.15 g, 7.05 mmol) were added to a NaOH (50 mL, 10
M) solution. This solution was stirred under reflux and argon atmosphere for 65 h. After cooling down
to room temperature, the solution was acidified to a pH of 1 with hydrochloric acid 37%. The solution
is filtered off and the residue was washed with water and ethanol. A yellow solid was obtained in
quantitative yield. IR spectra (KBr, cm-1): v = 2923 (m), 2859 (m), 2614 (m), 2510 (m), 1692 (s), 1557 (s),
1408 (s), 1289 (s), 1254 (s), 1121 (w), 901 (m), 843 (s), 768 (s), 706 (m), 664 (m), 582 (w).

Pyrene-1,3,6,8-tetrachloric acid (4)63
Compound (3) (1.27 g, 3.35 mmol) was dissolved in thionyl chloride (75 mL) and the solution stirred
under reflux and argon atmosphere for 5 h. The excess of thionyl chloride was removed under vacuum
and a red solid was obtained in quantitative yield.

N1,N3,N6,N8-tetrakis(tetradecyl)pyrene-tetracarboxamide (5)63
The obtained crude of compound (4) (1.27 g, 2.79 mmol, 1 eq) was dissolved in dry DCM (60 mL) and
tetradecylamine (2.65 g, 12.42 mmol, 4.45 eq) was added, followed by triethylamine (3.50 mL, 25.13
mmol, 9.01 eq). The suspension was stirred at room temperature under argon atmosphere for 24 h.
The yellow mixture was diluted with water and chloroform and the mixture was extracted. The
combined organic layer was washed with brine, dried over MgSO4 and filtrated. The organic solvent
was removed and a brown oil was obtained. The product was purified using column chromatography
(EtOAc/heptane : 3.5/6.5). The H1-NMR was measured using one drop of trifluoroacetic acid to
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improve the solubility. IR spectra (KBr, cm-1): v = 3245 (m), 3073 (w), 2919 (s), 2853 (s), 1628 (s), 1548
(s), 1467 (m), 1372 (w), 1314 (s), 1285 (m), 1234 (w), 1159 (w), 721 (m), 633 (w), 1H-NMR (400 MHz,
CHCl3): δ (ppm) 8.52 (s, 4H, Ar-H), 8.34 (s, 2H, Ar-H), 7.4 (s, 4H, O=C-N-H), 3.68 (q, 8H, N-CH2), 1.77 (p,
8 H, N-CH2-CH2), 1.55-1.10 (m, 88H, N-CH2-CH2- CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2), 0.86
(t, 12H, N-CH2-CH2- CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH2-CH3)

(S)-3,7-dimethyloctan-1-amine
100 mL diethyl ether was added to 40 mL of the impure (S)-3,7-dimethyloctan-1-amine. Then 15 mL of
a 2 M HCl solution in diethyl ether was added. The white precipitate was filtrated off. 1H-NMR (400
MHz, CHCl3): δ (ppm) 2.97 (t, 2H, NH2-CH2), 1.83-1.09 (m, 12H, NH2-CH2-CH2-CH-CH2-CH2-CH2-CH(CH3)2), 0.91 (d, 3H, NH2-CH2-CH2-CH-CH3), 0.86 (d, 6H, NH2-CH2-CH2-CH-CH2-CH2-CH2-CH-(CH3)2)

N1,N3,N6,N8-tetrakis(3,7-dimethyloctyl)pyrene-tetracarboxamide (6)63
The obtained crude of compound (5) (0.68 g, 1.49 mmol, 1 eq) was dissolved in dry THF (50 mL) and
the (S)-3,7-dimethyloctan-1-amine (1.29 g, 6.63 mmol, 4.45 eq) was added, followed by the
triethylamine (0.98 mL, 1.34 mmol, 9 eq). The suspension was stirred under reflux and argon
atmosphere over the weekend. The mixture became pink and was cooled down to room temperature.
Afterwards, a white precipitate was filtrated off. The organic solvent was removed from the filtrate
using rotary evaporation and a brown oil was obtained. However, it can be concluded compound (5)
has not been fully converted using this procedure.

N1,N3,N6,N8-tetrakis(3,7-dimethyloctyl)pyrene-tetracarboxamide (6)63
The obtained crude of compound (5) (2.93 g, 6.48 mmol, 1 eq) was dissolved in dry DCM (150 mL) and
the (S)-3,7-dimethyloctan-1-amine (5.80 g, 29.93 mmol, 4.45 eq) was added, followed by the
triethylamine (8.42 mL, 83.28 mmol, 9 eq). The suspension was stirred at room temperature under
argon atmosphere for 16 h. The yellow mixture was diluted with water and chloroform and the mixture
was extracted. The combined organic layer was washed with brine, dried over MgSO4 and filtrated.
The organic solvent was removed using rotary evaporation and a brown oil was obtained. It was not
possible to purify compound (6) using column chromatography.
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2.5.3.2. Route 2
Tetrakis(perfluorophenyl)pyrene-1,3,6,8-tetracarboxylate (7)65
Compound (3) (2.192 g, 5.79 mmol, 1 eq) was dissolved in 75mL acetonitrile and triethylamine (6.46
mL, 46.36 mmol, 8 eq) was added. Then pentafluorophenyl trifluoroacetate (5.97 mL, 34.77 mmol, 6
eq) was added and the mixture was stirred overnight under Argon atmosphere at room temperature.
The green solution was cooled down in an ice bath and a yellow solid (7) was obtained after filtration,
which was pure enough to be used for the next reaction. 1H-NMR (400 MHz, CHCl3): δ (ppm) 9.86 (s,
2H, Ar-H), 9.68 (s, 4H, Ar-H), 19F-NMR (400MHz, CHCl3): δ (ppm) -152.00 (d, 8F, O-C-CF), -156.50 (t, 4F,
O-C-CF-CF-CF), -161.50 (t, 8F, O-C-CF-CF)

N1,N3,N6,N8-tetrakis(3,7-dimethyloctyl)pyrene-tetracarboxamide (8)63
Compound (7) (0.040 g, 0.038 mmol, 1 eq) was dissolved in 1mL dry THF and then a mixture of (S)-3,7dimethyloctan-1-amine salt (0.06 g, 0.305 mmol, 8 eq) and triethylamine (0.05 mL, 0.305 mmol, 8 eq)
in 1 mL dry THF was added. Next, this mixture was stirred overnight under Argon atmosphere and
under reflux. Then the solvent was removed and a green solid stayed behind. This solid was dissolved
in CHCl3 and washed with 1 M NaOH, 1 M HCl, and brine. Then the organic phase was dried and
filtrated; however, the desired compound (7) has not been converted completely, and the scale was
too small to perform additional purifications.
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Chapter 3
Homopolymerization of pyrene tetraamide in
solution
3.1. Introduction
The

supramolecular

homopolymerization

of

tetrakis(tetradecyl)-pyrene-1,3,6,8-

tetracarboxamide (pyrene tetraamide) in solution has not been studied yet, so it is essential to first
study its concentration dependency in several common used solvents to see how this monomer
behaves in solvents with different polarities. When the conditions of the homopolymerization of this
new compound are optimized, it would be possible to investigate the mechanism of self-assembly.
Furthermore, it would be interesting to compare this system with a reference system under exactly
the same condition.
In this chapter, the thermal properties of pyrene tetraamide are studied. Furthermore, four
aspects of the homopolymerization are investigated; first, the formation of organogel. Second, the
concentration dependency in different solvents and the effect of temperature. Third, the mechanism
of self-assembly, and fourth, the comparison with a reference system under identical conditions. An
interesting reference system is pyrene, since it is commercially available and it has the four combined
phenyl rings similar to the molecule of interest. Moreover, it lacks the four hydrogen bonding
substituents, which makes it possible to investigate the contribution of the hydrogen bonding
substituents since this is the only structural difference.
To investigate the homopolymerization of pyrene tetraamide in solution, two main techniques
can be used. A first technique is UV-Vis absorption spectroscopy, where ultra violet or visible light is
absorbed by π- and lone pare electrons. These electrons can absorb the energy from the incoming light
beam to get excited to an excited state. Generally, the S0 to S1, and the S0 to S2 transitions are clearly
visible for pyrene derivatives in the absorption spectrum.67 Both the absorbance intensity and the
wavelength at which these electrons absorb energy are dependent on the aggregation state;
moreover, it has already been shown that pyrene derivatives tend to aggregate. The tendency to
aggregate could be influenced by four variables.68 A first variable is the solvent used, the better the
monomeric structure dissolves in a specific solvent, the lower the degree of aggregation.69 A second
variable is concentration, which also influences the aggregation state; the higher the concentration,
the higher the fraction of aggregation.70 A third variable is temperature, in this specific case of pyrene
tetraamide, it is possible to obtain a transition of a kinetically trapped state to a thermodynamically
stable system upon heating.30 Moreover, an increase of temperature could lead to an increase of the
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probability of excitation.71,72 A fourth variable is time, which is of major importance for a system
containing pyrene tetraamide monomers, because this system is suggested to acquire the ability to
form a kinetically trapped, or metastable system. Consequently, it is thus essential to wait a sufficient
amount of time before doing the measurements, so all the data are obtained from a system in its
thermodynamic most stable state possible under the conditions used.30
A second technique to analyze the behaviour in solution is fluorescence emission
spectroscopy, which is complementary to the UV-Vis absorption spectroscopy. This technique uses
typically ultra violet light to excite the electrons to a higher vibrational energy state. These electrons
can ‘fall’ back to its original ground state emitting light with a wavelength larger than the wavelength
of the absorbed light. This process is called fluorescence as shown in the Jablonski diagram in Figure
3.1. This is an extremely interesting technique to analyze the photophysical properties of pyrene
derivatives, because it has already been reported that pyrene derivatives show an intense,
characteristic emission. Similar to the UV-Vis absorption spectroscopy, the fluorescence intensity is
dependent on the aggregation state of the monomers, which is influenced by the five variables
discussed earlier.

Figure 3.1: Jablonski diagram: in blue: possible absorption transitions, in green: possible fluorescence emissions, and in
red: possible phosphorescence emissions.

As shown in Figure 3.1, it is possible to return to the ground state via phosphorescence instead
of via fluorescence after absorption of energy. However, before phosphorescence can occur, a process
called intersystem crossing must happen. This process implies a transition from the singlet state S1 to
the triplet state T1, which can only be achieved by an inversion of the spin of an electron. Moreover,
the transition to a triplet state is a ‘forbidden’ spin transition; therefore, these transitions are rare.
Nevertheless, in some systems, intersystem crossing occurs frequently due to a process called ‘spinorbit coupling’, which is increased in frequency when a heavy atom, such as halogens or metals, is
present. Considering this is not the case here, and taking into account that the separation between the
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S1 and T1 state for pyrene is relatively large, it can be assumed that phosphorescence does not have a
major contribution for these systems.73

3.2. Thermal properties of pyrene tetraamide
The thermal properties of pyrene tetraamide were determined using differential scanning
calorimetry (DSC) and the second heating run is shown in Figure 3.2. As can be seen in this figure, a
transition was observed at 36.1 °C, which is suggested to be the result of a transition from a crystalline
phase to a liquid crystalline phase. Anetai and co-workers observed a similar transition at a
temperature of approximately 22 °C; moreover, they have shown that above this temperature, the
monomers will arrange in a discotic hexagonal columnar liquid due to the non-covalent interactions
between the monomers.63 This difference in temperature could be caused by the setting chosen to
perform the DSC measurement.

Figure 3.2: DSC trace for pyrene tetraamide. Method: heating to 180 °C and cooling to -80 °C (10 °C/min).

3.3. Organogelation
To get a better insight into the aggregation of pyrene tetraamide, the critical concentration
value for the formation of organogel in hexane was investigated. 29.3 mg of the pyrene tetraamide
was dissolved in 0.29 mL of hexane, and it was found that these monomers will form a yellow
fluorescent organogel at a concentration of 84 mM, as can be seen in Figure 3.3. This indicates that
fibers are formed at relatively low concentrations. Similar experiments were already performed by
Anetai;63 however, they found, under the exact same conditions, a critical concentration value of 7
mM. This difference could be the result of the 10% impurity present in the system discussed in this
report. Due to this significant difference, no additional experiments in bulk were performed.
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Figure 3.3: Organogelation of pyrene tetraamide at a concentration of 84 mM. (left) Not under UV-light. (right) Under
UV-light.

3.4. Concentration dependency in different solvents
To investigate the solvent dependency of pyrene tetraamide, fluorescent emission
spectroscopy was used. Pyrene tetraamide was found to be soluble in CHCl3, methylcyclohexane, and
THF. Figure 3.4 shows the concentration-dependent fluorescence spectrum (c = 2 x 10-7 M – 5 x 10-5
M) of pyrene tetraamide in chloroform. This experiment was already performed by Anetai and coworkers; therefore, the exact same excitation wavelength of 315 nm was used in order to allow
comparison with literature.63 Moreover, it can be concluded that similarly shaped spectra are obtained
as in literature. The first emission band is situated between about 380 nm and 410 nm, which
corresponds to the symmetry-allowed S2 ← S0 transition. A second emission band is situated between
about 410 nm and 440 nm, which corresponds to the symmetry-forbidden S1 ← S0 transition. The
emission band corresponding to the latter transition becomes increasingly intense with increasing
concentration.74 A third transition band is situated between about 440 nm and 600 nm, which
corresponds to the fluorescence of the aggregated state. The emission band corresponding to this
transition becomes increasingly intense with increasing concentration.
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Figure 3.4: Concentration dependent normalized fluorescence emission in chloroform.

Figure 3.5 shows the concentration-dependent fluorescence spectrum (c = 2 x 10-7 M – 5 x 105

M) in methylcyclohexane excited at 315 nm, which is a less polar solvent than chloroform. As can be

seen in this figure, the ratio of the intensity of the monomer (at 400 nm) and aggregate emission band
(at 503 nm) has been decreased drastically when comparing with the fluorescence spectra measured
in chloroform. Consequently, it can be concluded that chloroform dissolves the monomeric structure
better than methylcyclohexane.

Figure 3.5: Concentration dependent fluorescence emission in methylcyclohexane.

Figure 3.6 shows the normalized concentration-dependent fluorescence spectrum (c = 2 x 107

M – 5 x 10-5 M) in tetrahydrofuran excited at 315 nm, which is a more polar solvent than chloroform.

As can be seen in this figure, the ratio of the intensity of the monomer (at 400 nm) and aggregate
emission band (at 503 nm) has been increased drastically. This means that tetrahydrofuran dissolves
the monomeric structure better when comparing it with chloroform.
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Figure 3.6: Concentration dependent normalized fluorescence emission in tetrahydrofuran.

It can be concluded that within the concentration range used, both monomer and aggregate
emission are present in chloroform, which is not the case for methylcyclohexane and tetrahydrofuran.
This is the reason why chloroform is the most interesting solvent for further experiments.

3.5. Temperature dependency
In earlier studies with similar structures containing both an aromatic core and hydrogen
bonding substituents, it was observed that the monomer absorption will decrease, while the aggregate
absorption will increase upon cooling down.75 To investigate this effect for pyrene tetraamide, a
temperature dependent absorption spectrum (T = 20 °C - 60 °C) was measured as can be seen in Figure
3.7 (left). This figure shows that there are three maxima, a first one at 277 nm, a second one at 288
nm, and a third one at 361 nm. The first two peaks can be assigned to the monomer absorption, while
the third peak can be assigned to the aggregate absorption. It can be observed that all three peaks
increase with decreasing temperature, which is contradictive with the expectations. A possible
explanation could be that, next to the expected monomer-to-aggregate transition upon cooling, a
second effect will make a significant contribution to the absorption intensity. This second effect could
be the fact that absorption transitions become more probable with increasing temperature, which
could result in a decrease of both the absorbance of the monomer and the aggregate upon cooling,
due to the temperature dependency of the molar absorption coefficient. Consequently, the sum of
these two effects could explain the observed increase of both peaks.
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Figure 3.7: (left) Temperature dependent UV-Vis absorption spectrum in chloroform (5 µM). (right) Cooling curve
monitored at 288 nm.

The mechanism of self-assembly can be studied for a system containing exclusively monomers to a
completely stacked system by cooling down. The steepness of this transition is characteristic for each
mechanism. Figure 3.7 (right) shows the plot of the maximum of the monomer peak around 288 nm
at each temperature. This figure shows a linear plot, which indicates that it is not possible to go from
a system containing exclusively monomers to a completely stacked system under these conditions. To
study the self-assembly mechanism, further optimization is required.
An interesting alternative for chloroform as a solvent could be dichloroethane, because the
aggregate emission band of pyrene tetraamide in dichloroethane is pronounced in the fluorescence
emission spectra. This feature could make it easier to analyze the mechanism of self-assembly by
investigating the emission instead of the absorption. However, before studying the emission spectra,
an absorption spectrum should be measured to know at which wavelengths the system absorbs the
most. Figure 3.8 shows the temperature-dependent absorption spectrum of pyrene tetraamide in
dichloroethane ranging from 52 °C to 24 °C. In this figure, it can be seen that there are three peaks at
274 nm, 287 nm, and 361 nm indicating that at these wavelengths, the solution absorbs the largest
amount of photons. Therefore, which these wavelengths could be used for the excitation wavelengths
for the cooling curves.
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Figure 3.8: Temperature dependent UV-Vis absorption spectrum of pyrene tetraamide dichloroethane in dichloroethane
(25 µM).

Next, to investigate the mechanism of self-assembly, it is possible to excite at the wavelength
which gives the maximum of an absorption band. In this case, the most promising excitation
wavelength is 287 nm and the emission is monitored at 396 nm. Figure 3.9 (left) shows the
experimental cooling curve from 80 °C to 15 °C in black and the overlay of the theoretical cooperative
fit in red. Figure 3.9 (right) shows the same experimental cooling curve than shown in Figure 3.9 (left),
but with the theoretical isodesmic fit in green. When comparing these two figures, it can be concluded
that the system containing 25 µM pyrene tetraamide in dichloroethane the best overlap shows with
the cooperative fit. Consequently, this system preferably self-assembles in a cooperative manner.

Figure 3.9: (left) Overlay of the theoretical fluorescence cooling curve following a cooperative self-assembly mechanism
(red) and the experimentally determined fluorescence cooling curve (black). (right) Overlay of the theoretical
fluorescence cooling curve following an isodesmic self-assembly mechanism (green) and the experimentally determined
fluorescence cooling curve (black).
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3.6. Homopolymerization of pyrene
The optimal conditions are found for the homopolymerization of pyrene tetraamide. Next, it
would be interesting to do identical experiments with pyrene so it would be possible to compare the
two similar systems. Figure 3.10 shows the absorption spectrum of pyrene under identical conditions
as for pyrene tetraamide. As can be seen in this figure, the intensity of the absorption bands increases
upon cooling down. This can be explained by an increased fraction of aggregation at lower
temperatures resulting in an increase of absorption intensity. Furthermore, a small red-shift of a
magnitude up to 0.9 nm is absorbed. Generally, such a red-shift indicates the formation of Jaggregates; however, since its magnitude here is relatively small, further experiments should be
conducted to investigate the type of aggregation.

Figure 3.10: Temperature dependent UV-Vis absorption spectrum of pyrene in dichloroethane (25 µM).

Figure 3.11 shows the fluorescence cooling curve of a 25 µM pyrene solution in dichloroethane
where 337 nm is used as the wavelength of excitation, and the cooling curve was monitored at 374
nm. As can be seen in this figure, a gradual increase of fluorescence intensity is observed upon cooling
down. This could be explained by an increase of the fraction of aggregation at lower temperatures
resulting in an increase of fluorescence intensity.
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Figure 3.11: Fluorescence cooling curve, excited at 337 nm and monitored at 374 nm.

3.7. Conclusion
It is suggested that pyrene tetraamide shows a transition from a crystalline phase to a discotic
hexagonal columnar liquid crystalline phase at a temperature of 36.1 °C. Next, it can be concluded that
pyrene tetraamide will form an organogel at a solution of 38 mM in hexane, which means that fibers
are formed. Furthermore, concentration-dependent emission spectra were recorded in chloroform,
methylcyclohexane, and tetrahydrofuran, concluding that the more polar the solvent, the higher the
aggregate emission relative to the monomer emission. Next, it can concluded that for the
determination of the self-assembly mechanism, dichloroethane is the most suitable solvent. By first
measuring the temperature dependent absorption spectra under these conditions, the wavelength of
excitation can be determined. Thereafter, the mechanism of self-assembly can be determined by
overlaying the experimental fluorescence cooling curve with both the theoretical fluorescence cooling
curve following a cooperative and the theoretical fluorescence cooling curve following an isodesmic
mechanism. By comparing these data, it can be concluded that the pyrene tetraamide monomers
preferably self-assemble in a cooperative manner. Furthermore, identical experiments were
performed using pyrene monomers. The absorbance of the 25 µM of pyrene in dichloroethane
increases with decreasing temperature. Moreover, using these absorbance spectra, the excitation
wavelength for the fluorescence cooling curve was determined. This curve shows a gradual increase in
fluorescence intensity upon cooling down. These observations of the pyrene solution could be
explained by an increase of the fraction of aggregation upon cooling down.
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3.8. Experimental section
3.8.1. Materials
Absorption measurements were conducted on a Jasco V-750 spectrophotometer, fluorescence
measurements were conducted on a Jasco FP-6500 Spectrofluorometer, and fluorescence cooling
curves were conducted on a jasco J-815 spectropolarimeter with a Jasco PFD-425S/15 Peltier
temperature controller with a temperature range of -10 °C to 110 °C. In all cases, the relevant settings
were chosen appropriately, and a cell with an optical path length of 10 x 10 mm was used. Differential
Scanning Calorimetry (DSC) data were collected on a DSC Q2000 TA Instruments, calibrated with
indium as a standard. The samples were heated to 180 °C (20 °C/min), cooled to -80 °C (10 °C/min),
heated to 180 °C (10 °C/min). The last cooling and heating cycle were repeated.

3.8.2. Sample preparation
The way of preparing the samples for spectroscopic measurements is enormously important,
because different sample preparation methods could result in different results. Therefore, all samples
that are measured for the discussion in this report are prepared in the same way as reported in this
section. To prepare the samples required for the measuring the emission spectra to investigate the
concentration dependency in different solvents, a stock solution of 500 µM was prepared for all three
solvents. Moreover, all samples were carefully closed using parafilm, and sonicated to ensure optimal
solubility.
The stock solution of chloroform was prepared by dissolving 3.18mg of the pyrene tetraamide
in 4.91 mL chloroform. Next, from this stock solution was 0.40mL taken and supplemented to 3.98 mL
with chloroform to obtain a concentration of 50µM. Then, out of the stock solution, 0.17 mL taken and
supplemented to 4.41 mL with chloroform to obtain a concentration of 20 µM. To prepare a
concentration of 5 µM, 0.04 mL was taken from the stocks solution, and supplemented to 4.37 mL with
chloroform. Furthermore, from the earlier prepared sample of 20 µM was 0.37mL taken, and
supplemented to 3.94 mL with chloroform to obtain a concentration of 2 µM. Next, from the solution
with a concentration of 5 µM was 0.40 mL taken and supplemented to 3.98 mL with chloroform
obtaining a concentration of 0.5µM. Finally, a sample with a concentration of 0.2 µM was prepared by
taking 0.04 mL out of the solution with a concentration of 20 µM, and was then supplemented to 3.86
mL with chloroform.
The stock solution of methylcyclohexane was prepared by dissolving 2.90 mg of the pyrene
tetraamide in 5.00 mL of methylcyclohexane. Next, from this stock solution was 0.40 mL taken and
supplemented to 4.00 mL with methylcyclohexane to obtain a concentration of 50 µM. Then, out of
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the stock solution, 0.16 mL was taken and supplemented to 4.00 mL with methylcyclohexane to obtain
a concentration of 20 µM. To prepare a concentration of 5 µM, 0.04 mL was taken from the stock
solution, and supplemented to 4.00mL with methylcyclohexane. Furthermore, from the earlier
prepared sample of 20µM was 0.04mL taken, and supplemented to 4.00mL with methylcyclohexane
to obtain a concentration of 2 µM. Next, from the solution with a concentration of 50 µM was 0.04 mL
taken and supplemented to 4.00 mL with methylcyclohexane obtaining a concentration of 0.5 µM.
Finally, a sample with a concentration of 0.2 µM was prepared by taking 0.04 mL out of the solution
with a concentration of 20 µM, and was then supplemented to 4.00 mL with methylcyclohexane.
The stock solution of tetrahydrofuran was prepared by dissolving 2.90 mg of the pyrene
tetraamide in 5.00 mL of tetrahydrofuran. Next, from this stock solution was 0.40 mL taken and
supplemented to 3.98 mL with methylcyclohexane to obtain a concentration of 50 µM. Then, out of
the stock solution, 0.16 mL was taken and supplemented to 3.99 mL with methylcyclohexane to obtain
a concentration of 20 µM. To prepare a concentration of 5 µM, 0.04 mL was taken from the stock
solution, and supplemented to 3.96 mL with methylcyclohexane. Furthermore, from the earlier
prepared sample of 20 µM was 0.40 mL taken, and supplemented to 4.01 mL with methylcyclohexane
to obtain a concentration of 2 µM. Next, from the solution with a concentration of 50 µM was 0.04 mL
taken and supplemented to 3.88mL with methylcyclohexane obtaining a concentration of 0.5µM.
Finally, a sample with a concentration of 0.2 µM was prepared by taking 0.04 mL out of the solution
with a concentration of 20 µM, and was then supplemented to 4.09 mL with methylcyclohexane.
To measure the temperature dependent absorption spectra and the fluorescent cooling curve
of the pyrene tetraamide in dichloroethane, a concentration of 25 µM was preferred. First, a stock
solution of 250 µM was prepared by dissolving 0.215 mg of the pyrene tetraamide in 7.41 mL of
dichloroethane. Afterwards, 0.63 mL was taken from the stock solution, and supplemented to 6.27 mL
of dichloroethane to obtain a concentration of 25 µM.
The sample with a concentration of 25 µM of pyrene in dichloroethane was prepared similarly
than the 25 µM solution of pyrene tetraamide in dichloroethane. A stock solution of 250 µM was
prepared by dissolving 0.223 mg in 4.38 mL dichloroethane. Then, from this stock solution was 0.57
mL taken and supplemented to 5.65 mL with dichloroethane.
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Chapter 4
Mixing experiments
4.1. Introduction
The major focus in the field of supramolecular chemistry so far is on single-component selfassembly to investigate the relation between structure and property; however, multicomponent
assembly shows an increasing complexity relative to the single-component self-assembly.
Consequently, multicomponent assemblies are highly promising, because they can achieve a wider
variety of applications. Moreover, two types of multicomponent assemblies can be distinguished; i.e.
complete self-sorting and co-assembly. This first type describes a system consisting out of two or more
components, and where these components preferably interact with each other. An excellent example
for a self-sorted supramolecular system has been studied by Hamachi and co-workers. They have
shown that when two gelators, which both individually form single-component fibers, are mixed, they
will form a fibrous gel where the distinct fluidity and chemical responsiveness of the two individual
fibres remains intact. Furthermore, Aida and co-workers have studied the assembly of graphitic,
conjugated hexabenzocoronene (HBC)-based monomers. They have showed that these monomers can
self-assemble into well-defined, semiconducting nanotubes. Moreover, they reported a co-assembly
of two nanotubes, each containing its own semiconducting properties, resulting in a block-copolymer
with highly interesting energy transfer features. This example also shows clearly that an interaction
between two different assemblies could result in structures with innovative properties. This leads to
the second type of multicomponent assembly, which is co-assembly, where the different components
within the system preferably interact with each other. The complexity of this type of multicomponent
assembly has been shown by mixing two different types of benzene tricarboxamide (BTA) monomers,
both having a different mechanism of self-assembly. Remarkable was that the mechanism of
copolymerization was dependent on the relative fraction of the monomers added. Furthermore,
Würthner and co-workers have shown the importance of the dynamics of multicomponent assemblies.
They describe that two different types of perylene bisimide (PBI) molecules will assemble into a
kinetically stable mixture. Moreover, the structure of this mixture is completely different than the
structures obtained from the self-assembly of its individual counterparts. However, after heating this
kinetically stable mixture, a thermodynamically stable self-sorted structure is obtained.
In this chapter, absorption and emission spectra of both pyrene tetraamide and the pyrene
monomers were reported and the absorption and emission spectra of the equimolarly mixed solution.
Next, the spectra obtained from the mixed solution is compared with the calculated linear combination
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of the individual systems. It is assumed that if there is a significant interaction between both
monomers, the shape of the spectrum obtained from both the absorption and emission measurements
will differ from the shape of the linear combination of the individual systems. Moreover, if there is no
interaction between both monomers, it is assumed that the shape of the spectrum of the mixing
experiment is similar to the calculated linear combination. This assumption is supported by a work of
Shimada and co-workers, wherein is shown that upon mixing two similar porphyrin monomers
equimolarly, the absorption spectrum of the mixed system coincides well with the sum of the
absorption spectra of the two individual porphyrin monomers. Consequently, they suggest that there
is no interaction between the ground states of both monomers.76 Moreover, Y. Zhao and co-workers
reported similar results upon equimolarly mixing graphene oxide (GO) and perylene diimide (PDI). They
have shown that the absorption spectra of the 1:1 mixture are almost identical to the sum of the
absorption spectra of the isolated GO and PDI systems. Therefore, it was suggested that there is no
interaction between the GO and PDI monomers after being mixed.77 However, the monomers used for
the mixing experiments discussed in this report contain identical cores which could result in similar
interactions upon mixing. Consequently, further experiments are needed to obtain a complete, and
accurate understanding of the interactions between pyrene and pyrene tetraamide monomers.

4.2. UV-Vis absorption spectroscopy
Figure 4.1 shows the absorption spectra of both the 25 µM pyrene tetraamide and the 25 µM
pyrene solution in dichloroethane. As can be seen in this figure, both systems have their characteristic
absorption bands in between 250 nm and 450 nm. The pyrene tetraamide solution contains two main
peaks, the first one at 282 nm, which is divided in two, and can be assigned to the absorption by
monomers. The second peak located at 361 nm is much less intense and also broader than the first
one, and can be assigned to the absorption by aggregate. The pyrene solution contains five main peaks
at 264 nm, 275 nm, 308 nm, 322 nm, and 337 nm with similar absorption intensities as the pyrene
tetraamide solution. Moreover, all five of the absorption peaks can be assigned to absorption by
monomers. Consequently, no aggregate absorption peaks are observed for pyrene at a concentration
of 25 µM, while for pyrene tetraamide, a small fraction of aggregation is visible at a concentration of
25 µM.
When comparing the absorption spectrum of pyrene tetraamide in dichloroethane, which is
shown in Figure 4.1 (left), with the absorption spectrum in chloroform, which is shown in Figure 3.4
(right), it can be concluded that a higher fraction of monomer is present in dichloroethane.

35

Figure 4.1: (left) UV-Vis absorption spectrum of pyrene tetraamide. (right) UV-Vis absorption spectrum of pyrene.

Figure 4.2 shows the overlap of the experimental absorption spectrum of the equimolarly
mixed system (12.5 µM each) and the calculated linear combination of the individual systems;
moreover, both spectra show a clear overlap. Consequently, according to the assumption made earlier,
it can be concluded that there is no interaction between the two different types of monomers.

Figure 4.2: (black) UV-Vis absorption spectrum of mixed fraction. (red) Calculated linear combination of individual
systems.
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4.3. Fluorescent emission spectroscopy
To confirm the previous statement, a similar experiment can be conducted using emission
spectroscopy. Figure 4.3 shows the emission spectra of both the 25 µM pyrene tetraamide and the 25
µM pyrene solution in dichloroethane excited at 315 nm. The pyrene tetraamide solution has two main
emission peaks, one at 362 nm, which is split in three, and they can be assigned to the emission by
monomers. The second peak is situated between 459 nm and 600 nm and can be assigned to the
emission by aggregates. The pyrene solution has three main peaks at 374 nm, 385 nm, and at 395 nm,
which can all be assigned to the emission by pyrene monomers. Consequently, no emission by pyrene
aggregates is observed at a concentration of 25 µM. Furthermore, it is important to notice that the
absorption intensity of pyrene monomers is a factor seven higher than the absorption intensity of the
pyrene tetraamide.
When comparing the emission spectrum of pyrene tetraamide in dichloroethane, shown in
Figure 4.3 (left), with the emission spectra recorded in chloroform, methylcyclohexane, and
tetrahydrofuran, which are reported in chapter 3, it can be concluded that the general shape is similar;
i.e. a monomer emission band around 370 nm, and an aggregate emission band between 450 and 600
nm.

Figure 4.3: (left) Emission spectrum of pyrene tetraamide. (right) Emission spectrum of pyrene.

Figure 4.4 shows both the emission spectrum of the mixed system and the calculated linear
combination of the two systems, and it can be concluded that they clearly overlap. This figure confirms
what was demonstrated using absorption spectroscopy i.e. there is no interaction between the two
monomers due to the similarity between the experimental and calculated curves.
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Figure 4.4: (black) Emission spectrum of mixed fraction. (red) Calculated linear combination of individual systems.

4.4. Conclusion
In this chapter, it has been shown that when comparing both the absorption and emission of
pyrene tetraamide with the absorption and emission of pyrene, it can be concluded that upon identical
conditions, the pyrene tetraamide shows a higher tendency to aggregate. This can be explained by the
preference of forming hydrogen bonds between the pyrene tetraamide monomers. Furthermore, it is
suggested, using both absorption and emission spectroscopy, that there is no interaction between the
pyrene tetraamide and the pyrene monomers in dichloroethane upon mixing, resulting in a complete
self-sorted multicomponent system. This complete self-sorting assembly can also be explained by the
preference of the formation of hydrogen bonds between the pyrene tetraamide monomers.
Consequently, it is suggested that the presence of the hydrogen bonding substituents on the pyrene
tetraamide will have a major contribution to the self-assembly. However, this suggestion has been
made under the assumption that if the spectra of the mixed system overlaps with the linear
combination of the spectra of the individual systems, there is no interaction between the two
monomers. This assumption is supported by previous research conducted by both Shimada and coworkers, and Zhao and co-workers. However, to obtain a complete and accurate understanding of the
interaction between pyrene and pyrene tetraamide monomers, further research must be conducted.
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4.5. Experimental section
4.5.1. Materials
Absorption measurements were conducted on a Jasco V-750 spectrophotometer, and
fluorescence measurements were conducted on a Jasco FP-6500 Spectrofluorometer. In both cases,
the relevant settings were chosen appropriately, and a cell with an optical path length of 10 x 10 mm
was used.

4.5.2. Sample preparation
The sample preparation is essential for performing accurate mixing experiments since the
different compounds could interact differently upon changing the way of preparation. This section
reports in detail the preparation of the samples that are used to perform mixing experiments.
For measuring the absorption and emission spectra of both the pyrene and pyrene tetraamide
solutions of 25 µM in dichloroethane, the same samples were used as in the previous chapter.
Furthermore, for the preparation of the equimolarly mixed system, an identical volume of both the
pyrene and the pyrene tetraamide solution were mixed resulting in a solution containing 12.5 µM of
both monomers.
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Conclusions and outlook
Conclusions
In this research, we aim to study the assembly of a new type of monomeric structure similar
to benzene-1,3,5-tricarboxamide. To achieve this, we first synthesized the monomer of interest; i.e.
pyrene tetraamide. The highest purity we could obtain after examining two different synthesis
pathways, is 90%. This ensures that we must be careful drawing conclusions because we do not know
what the contribution of the 10% impurities is on the measurements.
Pyrene tetraamide was found to be soluble in chloroform, tetrahydrofuran, and
methylcyclohexane. Tetrahydrofuran was found to be the solvent that dissolves the monomers the
best, while methylcyclohexane provides the best stacking. Furthermore, in all three the solvents, the
stacking increases with increasing concentration. Chloroform appeared to be the most promising for
the determination of the self-assembly mechanism; however, this was not possible due to the
assumption that besides the monomer-to-aggregate transition, a second effect is making a significant
contribution. This effect was suggested to be an increase in probability of the absorption transitions
with increasing temperature. Moreover, if this second effect has a significant contribution compared
to the first one, it is impossible to use the monomer-to-aggregate transition to investigate the
mechanism of self-assembly using temperature as a variable. An alternative method to study the
transition could by varying the concentration; however, this is not investigated in this report.
A promising alternative solvent for the determination of the mechanism of self-assembly is
dichloroethane. Both the temperature dependent absorption spectra and the emission spectrum of a
25 µM solution of pyrene tetraamide in dichloroethane were measured. Using the information
obtained from these data, it was possible to measure a fluorescence cooling curve that clearly
illustrates the possibility of going from a system containing exclusively monomers to a fully aggregated
system. These experimental data can be overlaid with the theoretical fluorescence cooling curve
following both a cooperative and an isodesmic self-assembly mechanism. Comparing these spectra, it
can be concluded that the pyrene tetraamide monomer preferably assembles in a cooperative manner.
Identical conditions were used to study the self-assembly of pyrene, which can be used as a
reference system. By comparing these two systems, it can be concluded that at a concentration of
25 µM, the pyrene tetraamide solution mainly shows absorption by monomers; in addition, a small
aggregate absorption band is observed, while the pyrene solution only has absorption by monomers
at the same concentration. Comparable results are observed for the emission spectra at a
concentration of 25 µM where the pyrene tetraamide solution shows both monomer and aggregation
emission, while the pyrene solution only shows monomer emission. In general, it can be concluded
that at a concentration of 25 µM in dichloroethane, the pyrene tetraamide tend to aggregate easier
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compared to pyrene. Consequently, it is suggested that the hydrogen bonding substituents present on
the pyrene tetraamide play an important role in the assembly.
Finally, mixing experiments with pyrene tetraamide and pyrene were performed. It is
suggested that, by comparing both the absorption and emission spectra of the mixed system with the
linear combination of the absorption spectra of the individual compounds, there is no interaction
between these two different types of monomers when these are mixed equimolarly. This suggestion
has been made under the assumption that if the spectra of the mixed system overlap with the linear
combination of the absorption spectra of the individual compounds, there will be no interaction
between the two different types of monomers. This self-sorting assembly can be explained by the
preference of the formation of hydrogen bonds between two pyrene tetraamide monomers. However,
to obtain a complete and accurate understanding of the interaction between pyrene and pyrene
tetraamide monomers, further research must be conducted.

Outlook
In this report, the dependency of solvent polarity, temperature, and concentration on the
assembly of pyrene tetraamide has been studied and optimized. Furthermore, we were able to
investigate the mechanism of self-assembly, and finally, this monomer was mixed with pyrene, a
similar monomer but without the hydrogen bonding substituents. However, to clearly understand this
system, further research should be conducted. A first interesting feature that could be investigated is
how many monomers will assemble into one single stack under completely aggregated conditions, this
could be done using scattering experiments. Furthermore, it would be interesting to synthesize and
characterize a similar monomer; however, with a chiral instead of an achiral side chain. This will allow
to analyze it with additional spectroscopic measurements, such as circular dichroism. Moreover, when
both the chiral and the achiral derivatives are available, sergeant and soldier experiments can be
performed to obtain further insights into the supramolecular properties of pyrene tetraamide-based
monomers.
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