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Summary
The assembly of molecules into supramolecular polymers results in materials with promising
properties for applications in material science, biotechnology, and supramolecular electronics. In
contrast to covalent polymers, supramolecular polymers are formed by weak interactions like π-π
stacking and hydrogen bonding. As a result of these non-covalent labile interactions, the supramolecular
materials are stimuli-responsive. Supramolecular materials can adopt multiple specific conformations
in response to their environment, called polymorphism. These polymorphs have different stabilities
which, due to the dynamic character of supramolecular materials, can easily convert between the
different states. Our group has done a lot of research into supramolecular building blocks that form
helical aggregates due intermolecular hydrogen bonding and π-π interactions. Here, we aim to
understand the subtle differences in the chemical structure of C2-symmetric benzene-1,4dicarboxamide monomers leading to polymorphism in supramolecular polymers. This knowledge might
be a step towards development of a broad range of responsive materials.
For this study, five different nitrogen centered benzene-1,4-dicarboxamides (BDAs) were
synthesized. To increase solubility, the core was decorated with peripheral gallic acid units. In addition,
formation of lateral hydrogen bonds was hindered by addition of a methyl group on the benzene core.
The latter enhances formation of intermolecular hydrogen bonds by tilting the amide functionalities.
Finally, chiral side chains were used to study the chiral amplification using circular dichroism (CD)
spectroscopy. All BDAs were successfully synthesized by an addition-elimination reaction of acyl chloride
derivatives on the aromatic diamine and characterized using different methods. (Chapter 2)
In Chapter 3 the solid state assembly was investigated using FT-IR spectroscopy and differential
scanning calorimetry (DSC), in combination with polarized optical microscopy (POM). All BDAs form
intermolecular hydrogen bonds in solid state. The substitution of the methyl group on the aromatic core
has an enormous impact, resulting in much stronger hydrogen bond formation validated by all different
analyzing techniques. Although, these results were not conclusive, they gave a good indication on the
strength. Furthermore, all BDAs lack formation of liquid crystalline phases and presence of ordered solid
crystal phases. Strong crystallinity was measured by DSC as could be concluded from the enthalpy
release of the BDA monomers.

i

Summary
With FT-IR, CD, and 1H-NMR spectroscopy, the assembly was investigated in solution (Chapter
4). As a result of poor solubility, intermolecular hydrogen bonds were detected in chloroform. At low
concentrations, no formation of intermolecular hydrogen bonding was observed, while upon increasing
the concentration these were formed. Again, due to abundance of LD effects, and reproducibility issues
for the non-methylated BDAs, only successful CD measurements were performed with the peripheral
gallic acid derivatives, methylated BDAs in apolar solvent. Supramolecular aggregates were formed with
a preferred helicity. However, due to the low mismatch penalty between the monomers, no chiral
amplification was observed in “soldiers and sergeants” experiments in multiple apolar solvents and at
different temperatures, meaning that the chiral sergeants were not able to bias the helicity of the achiral
assemblies. The amide functionalities in the methylated molecules appear not to be symmetric and they
most probably form two different self-sorted hydrogen bonding patterns, but these results need to be
confirmed by further analysis. Some C3-symmetric BTA derivatives were previously reported in literature
and used for comparison.
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Chapter 1
Introduction
1.1.

Supramolecular polymers
In 1987, Cram1,2, Lehn3,4, and Pedersen5,6 received the Nobel prize for their study on molecular

recognition and host-guest molecular interactions. Due to the formation of weak, reversible noncovalent interactions such as hydrogen bonds, π-π interactions, van der Waals interactions, or metalligand coordination, supramolecular systems with high selectivity were obtained. With this concept,
they laid the basis of supramolecular chemistry. In literature, supramolecular polymers are defined as:
“polymeric arrays of monomeric units that are brought together by reversible and highly directional
secondary interactions, resulting in polymeric properties in dilute and concentrated solutions, as well as
in the bulk.” 7 Organization of these supramolecular polymers into their thermodynamically stable state
occurs by molecular recognition.8,9 In contrast to covalent polymers, supramolecular polymers result in
dynamic materials in view of the lability and the reversibility of the non-covalent interactions. As a result
of these non-covalent interactions, the supramolecular materials are dynamic, stimuli-responsive and
adaptive.10–12 Over the last decades, many examples of stimuli-responsive supramolecular materials
have been described, adapting to a variety of stimuli, e.g., temperature13,14, light15, pH16, mechanical
force17, chemicals18, biomolecules19, and electric/magnetic fields.20 These supramolecular systems are
inspired by complex systems found in Nature.21 Investigation of synthetic supramolecular polymers
might bring a better understanding into the formation of multi-component biomaterials.22 For decades,
scientists have been investigating supramolecular polymers for many material applications. In addition,
supramolecular polymers are studied in the field of energy transport.23
One example of a synthetic supramolecular polymer is Kevlar, which belongs to the class of
aramid fibers (see Figure 1.1). Kevlar was developed by Stephanie Kwolek at DuPont in 1965 and was
first used as a replacement of steel due to its high strength for a low weight. Kevlar fibers consist of
poly(p-phenylene terephthalamide) (PPTA) polymer chains with stiff para-linked aromatic rings and
densely arranged hydrogen bond donors and acceptors throughout their backbones. Both molecular
rigidity and strong intermolecular hydrogen bonding result in excellent alignment with neighbors which,
in combination with covalent bonds, gives extremely strong fibers.24,25 For this reason, Kevlar is a nondynamic supramolecular polymer. This unique combination of high stiffness and strength results in
resistance to chemicals, elevated melting temperatures (>500°C), moisture, and creep.26,27 In
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comparison to Nylon, Kevlar forms long fibers due to the presence of these rigid aromatic rings. The
adjacent phenyl rings stack on top of each other due to the coplanar configurations. The absence of free
bond rotation around the phenylamide or phenylcarbonyl, in addition, results in this rod-like character.
This makes the fibers even stronger. From wide angle X-ray diffraction it could be concluded that the
distance between the amide and carbonyl groups is approximately 3 Å, resulting in the formation of
strong hydrogen bonds.28 All of the previously mentioned effects result in highly crystalline Kevlar fibers.

Figure 1.1: A (supra)molecular structure of Kevlar with formation of hydrogen bonds (dotted lines).

1.2.

Supramolecular polymerization mechanisms
Covalent polymerization often occurs under kinetic control due to the large energy barrier for

the forward reaction. For non-covalent polymerization, however, formation of reversible bonds will
strongly depend on the thermodynamic forces, such as concentration, temperature, and pressure. 29
Apart from this, the mechanisms of polymerization are highly comparable. There are two distinct
mechanisms to describe the formation of supramolecular polymers. The simplest assembly mechanism
is the isodesmic mechanism having the same properties as covalent step-growth polymerization (see
Figure 1.2.A). In this process, growing monomers into a polymer chain decreases the free energy in a
linear fashion. Therefore, a single equilibrium constant Ke describes the step-wise polymerization and
the model lacks a critical temperature or concentration for assembly. For this model a gradual increase
in length of polymers is observed. As a result, mainly multiple small stacks are made at low
concentrations. The cooperative mechanism, on the other hand, is the counterpart of chain-growth
polymerization and contains two major distinct steps (see Figure 1.2.B). First, a nucleus needs to be
formed with association constant Ka. This unfavorable activation step leads to an increase in Gibbs free
energy, hence a thermodynamic instability. After a certain maximum Gibbs free energy, rapid favorable
formation of longer polymers occurs with association constant Ke. For a cooperative polymerization, a
certain critical concentration of temperature Te must be reached for nucleation and elongation to
happen (see Figure 1.2.C). This eventually results in large aggregated species and usually formation of
fibers or crystals originated from nucleation. The cooperativity parameter σ can be calculated by
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dividing Ka by Ke, being unity for the isodesmic model. Decreasing the σ results in an increasing
cooperativity. When plotting the molecular weight as a function of the degree of polymerization, which
is shown in Figure 1.2.D, a single maximum is obtained for the isodesmic regime. Two maxima are
observed for the cooperative regime assigned to the monomers and elongated supramolecular
polymers, respectively.30–32
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Figure 1.2: Supramolecular polymerization of the isodesmic (A) and cooperative (B) mechanism. C) Plot of
aggregated species α as a function of either concentration or temperature. D) Plot of molecular weight distribution
as a function of degree of polymerization.33

Apart from the different mechanisms of supramolecular aggregation, different pathways
towards the formation of the assemblies play a major role into the stability of the product. The
thermodynamic equilibrium depicts the most stable state, where a global minimum is obtained when
following the energy landscape in Figure 1.3. When this state is reached, no additional energy is required
to remain in this stable state and the system keeps into this minimum overtime. However, local minima
can be formed due to the formation of non-covalent interactions, resulting in non-equilibrium states.
These states can either be assigned as a kinetically trapped state, or metastable state and are highly
dependent on the energy landscape around the thermodynamically stable state. When a system is in
the kinetically trapped state, the energy barrier for reaching the thermodynamic equilibrium is higher
than kBT (where kB is the Boltzmann constant and T the temperature). The system remains relatively
long into this state and needs experimental help to escape the trapped state. This can obtained by
changing for example the experimental step-up or sample preparation.34–36 When reaching the
metastable state, however, the energy barrier is on the order of kBT meaning that the system slowly
relaxes into the most stable state. There can be multiple pathways into reaching the metastable state.
Finally, when a system needs a constant input of energy to remain into a state, this is called a dissipative
state. This will not be treated in this project.37
3
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Figure 1.3: Schematic landscape of Gibbs free energy presenting the different types of supramolecular
polymerization.37

1.3.

Supramolecular organogelators
One promising application of supramolecular polymers is the ability to form reversible

organogels. The term gel is a commonly used, yet quite a vague concept. In literature, many definitions
are reported. A gel is a semi-solid material composed of low concentrations (< 15%) of gelator molecules.
Due to self-assembly via physical or chemical interactions in appropriate solvent, an extensive network
is created preventing the solvent from flowing.38 Depending on the solvent used as continuous phase,
gels can be classified into two different categories. In hydrogels (which will not be further discussed)
water is the liquid medium39, whereas an organic solvent is the medium for organogels.40 Organogels
are studied for many industrial applications such as liquid crystals41, food42,43, cosmetics44, and
cleaning.45 Although the organic solvents were quite toxic some years ago, major adjustments made
them more biodegradable and environmental friendly46, making them perfect candidates for
pharmaceutical applications and drug delivery as well.38,40,47
Some organogels are composed of less than 1% gelator (monomeric units). These monomers
assemble through non-covalent interactions resulting in one dimensional polymers, usually fibers. Such
supramolecular polymers can entangle into branched structures forming a three dimensional entangled
network. Compared to a conventional organogel consisting of cross-linked polymers, the
supramolecular organogel behaves in a completely reversible and dynamic manner.48,49 A schematic
representation is given in Figure 1.4.
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(B) Conventional polymer

(A) Supramolecular polymer

Polymerization (covalent)

Polymerization (non-covalent)
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Figure 1.4: Schematic representation of supramolecular organogelation (A) and conventional organogelation (B).48

Although many gelation processes and gelators were published in literature, it remains difficult
to predict the structure of a potential gelator.50 However, there are factors which modulate the
formation of the entangled networks giving more insight in controlling the gelation. One major factor is
the solvent effect. A study by Dordick et al. revealed that a limited interaction of (usually) non-polar
solvent with the gelator molecules results in formation of stable gels. However, strong interactions
between gelator and solvent induces clustering and therefore less stable gels. 51,52 Another factor is the
effect of steric repulsion. Due to steric interactions between monomers, formation of supramolecular
networks might be hindered resulting in less stable gels.53 A third factor playing a role is the chirality of
the monomeric gelators. Chirality seems to play a major role in gelation process and most
organogelators reported possess at least one stereogenic center. The presence of a chiral center results
in a more closed molecular packing, resulting in both thermodynamic and kinetic stability.54,55

1.4.

Polymorphism in supramolecular polymers
Polymorphism is defined as the ability of a molecule or substance to adopt more than one

crystal structure, having different arrangements or conformations in the crystal lattice. 56,57,58 This
property is found in a wide range of molecular materials. Polymorphs have different stabilities which
makes it possible to convert between a metastable and stable state. The formation of different
polymorphs is induced by various conditions, such as solvent, impurities, nucleation growth, and
temperature.57 In addition, the strength of the intermolecular interactions plays a major role, which will
be discussed later. To avoid trapping in a metastable state, insights into the mechanism of nucleation
and aggregation are required. An example of a molecule containing multiple polymorphs is the
quarterthiophene reported by Stupp et al.59 In hydrogen-bond accepting solvent the molecule exists in
molecularly dissolved state, whereas in toluene aggregation is induced. When mixing both solvents with
dioxane, a solution is obtained which induces the aggregation. Dropcasting this solution on teflon sheets
5
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results in formation of fibers (see Figure 1.5.A). When toluene vapor is present, however, rhombohedra
are formed (see Figure 1.5.B). Increasing the concentration, on its turn, results in the formation of
hexagonal prisms (see Figure 1.5.C).

A

C

B

Figure 1.5: Scanning electron microscopy (SEM) images of aggregated quarterthiophene assemblies into fibers (A),
rhombohedra (B), and hexagonal prisms (C).59

Apart from the solvent effects, nucleation plays a major role in cooperative aggregation
pathways.29 Nucleation can either be homogeneous or heterogeneous. Homogeneous nucleation is
characterized by formation of nuclei without preferential nucleation sites. For this type of nucleation to
happen, high saturation is required.60 A new phase is created in the absence of foreign agents or
surfaces.61 The change in Gibbs free energy ΔG for homogeneous nucleation follows the trend as
depicted in Figure 1.6.A. The formation of a solid particle is balanced between two competitive factors.
Upon formation of a solid-liquid interface, the energy increases resulting in a positive energy. The
negative energy term relates to the free volume term. Increasing the radius, the first term dominates,
increasing the ΔG. At the critical radius r* (the minimal size of the nucleus to continue with the
nucleation), ΔG reaches a maximum. Until the maximum is reached, smaller clusters are likely to dissolve.
After this maximum, it is more favorable to continue with nucleation and larger nuclei are formed.61,62
Apart from homogeneous nucleation, heterogeneous nucleation can occur. This type of nucleation
happens more often than homogeneous nucleation, since the formation of a stable nuclei is not
required and this process is surface catalyzed. Possible nucleation sites are impurities63,64, dust65, and
solid surfaces (see Figure 1.6.B).66 One example of heterogeneous nucleation is the formation of
condensed droplets on leaves. Due to the presence of a surface, the interfacial tension is reduced and
the ΔG barrier is reduced as well. Therefore, formation of stable nuclei is much more pronounced.67
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A

B

Homogeneous nucleation
ΔG

Homogeneous nucleation

Energy difference

r*
Heterogeneous nucleation

r

Heterogeneous nucleation

Figure 1.6: Gibbs free energy plotted over the radius for homogeneous and heterogeneous nucleation (A) and
schematic representation of both nucleation mechanisms (B).60

1.5.

C3-symmetrical benzene-1,3,5-tricarboxamide (BTA) motif
One example of a synthetic supramolecular motif that has been extensively studied within our

group, is the benzene-1,3,5-tricarboxamide (BTA) motif.68 The first BTA was reported by Curtius in 1915
who used it as starting material.69 This C3-symmetric, disc shaped molecule consists of an aromatic
benzene core, three amide functionalities on the 1,3,5 positions, and three side chains (see Figure 1.7).
The BTA monomers form α-helical type supramolecular polymers in apolar solvent due to the formation
of threefold intermolecular hydrogen bonds, in combination with π-π interactions. In addition,
solvophobic interactions play a major role in supramolecular aggregation. The nature of the side chains
has been extensively studied, for example to increase hydrophilicity, increase solubility or amplify
chirality.68,70 In addition, these BTAs are studied for multiple applications such as organogels 71, liquid
crystals72, and nucleating agents.73

≡

Benzene-1,3,5-tricarboxamide
(BTA)
Figure 1.7: Molecular structure of a benzene-1,3,5-tricarboxamide (BTA) motif. The schematic representation
illustrates the helical supramolecular aggregation upon formation of threefold intermolecular hydrogen bonding
(red) and π-π interactions.68
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X-ray crystallography investigations on the supramolecular aggregates concluded that all
carbonyl groups are slightly tilted out-of the plane with angles of 36.8, 42.4 and 45.5°, forming
intermolecular helical three-fold hydrogen bonds between the motifs.74 Many molecular adjustments
have been made in the past in order to fully understand the polymerization mechanism, as well as to
expand the library for possible applications. Apart from C-centered BTAs (C-BTA), N-centered BTAs (NBTA) were synthesized (see Figure 1.8.A). The assembly of C-BTA closely resembles that of the N-BTA.
Both form helical stacks due to intermolecular hydrogen bonding. However, aggregation of N-BTA is less
pronounced indicating a larger cooperativity factor (σ), which will be discussed in the next paragraph.
DFT studies revealed that the energy barrier for rotation around the Ph-NH bond is higher compared to
rotation around a CO-Ph bond. This results in less favorable formation of helical stacks for N-centered
BTA. A plot of the increase in energy versus the rotation angle is shown in Figure 1.8.B.75,76

A

B

R

R

C-BTA
σC = 1.3x10-7
θC = 40.8°

40

N-BTA

θN
∆Eθ/kJ mol-1

θC

30

θopt ≈ 0°
17

20

C-BTA
10

7

N-BTA
σC = 2.9x10-5
θC = 38.6°

0

0

10

20

θopt ≈ 12°
30

40

50

60

70

θ/degrees

Figure 1.8: A) Molecular structures of C-BTA (red) and N-BTA (blue). B) Plot showing the increase in free energy
versus the angle of rotation around the Ph-NH and Ph-CO bond.76

The existence of homochirality in Nature77,78, has intrigued scientists for centuries, and many
approaches to elucidate how initial symmetry breaking resulted in a homochiral end situation have been
investigated. Soai and coworkers reported a remarkable example of an alkylation reaction where an e.e.
of 0.00005% was amplified to an e.e. of 99.5% in three cycles.79,80 Amplification of chirality in polymeric
and supramolecular polymeric systems has been investigated in much detail and two distinct
phenomena can be distinguished; “sergeants and soldiers” and “majority rules” effects. The assembly
of achiral BTAs results in an equimolar mixture of both left-handed (M) and right-handed (P) helical
aggregates resulting in a racemic mixture. In a “sergeants and soldiers” system, both achiral (soldiers)
and chiral (sergeants) BTAs are mixed. The helicity of the achiral compounds is biased by usually a small
amount of chiral monomers, resulting in a preferred handedness. For majority rules, two enantiomers
with opposite handedness are mixed. The excess of one monomer towards the other strongly influences
the chirality for the supramolecular polymers.81,82,83
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Apart from the C3-symmetric disc shaped BTA molecule, linear C2-symmetric derivatives are
promising materials to study polymorphism in carboxamides. Although polymorphism in BTA has been
reported84, most often well-defined helical supramolecular aggregates are formed.68 Multiple examples
of the assembly of C2-symmetric molecules are known in literature. The group of Sánchez has applied
the “sergeants and soldiers” principle on chiral and achiral bisamides. Isodesmic self-assembly of the
achiral compounds results in microcrystalline lamellae due to formation of hydrogen bonds, π-π
interactions, and van der Waals interactions, which could be concluded from scanning electron
microscopy (SEM) images. Addition of the chiral sergeant results in co-assembly of both monomers and
in the formation of twisted ribbons. The presence of only two hydrogen bonding arrays is not sufficiently
strong to form highly stabilized structures.85 In Figure 1.9 a schematic representation is shown.

Figure 1.9: Structures of achiral bisamide (left, blue), which self-assembles into sheets, and chiral bisamide (right,
green) which coassembles into twisted ribbons.85

The group of Wärnmark reported the remarkable assembly of helical, tubular supramolecular
polymers based on two-fold hydrogen bonding, without additional stabilization of π-π interactions or
liquid-crystalline properties. With concentration-dependent 1H-NMR measurements, a clear trend was
observed for the chemical shift of the N-H proton. Upon increasing the concentration a downfield shift
was observed due to formation of hydrogen bonds. The exact mechanism of polymerization was
determined to be isodesmic, yielding a Ka of 1.1 x 103 M-1. By molecular modeling a tubular helical stack
was determined giving the ability to host small molecules within its cavity.86 In Figure 1.10 a schematic
representation is reported.
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Figure 1.10: Cavity compound, functionalized with 2-pyridone groups (left), with a side view (right) of the proposed
homochiral helical assembly.86

The last example comes from the group of Bouteiller who reported the cooperative
supramolecular polymerization of bisurea-based benzenes. Upon spontaneously dissolving these
monomers in apolar solvent, large assemblies are formed as indicated by FT-IR spectroscopy. However,
the size of the cross-section is strongly dependent on the temperature and solvent quality. At high
temperatures, a filament structure is formed with one single monomer in the cross-section due to the
formation of intermolecular hydrogen bonds. The absence of circular dichroism (CD) activity rules out
the formation of helical stacks. On the other hand, a tube structure is formed at low temperatures. From
scattering data it could be concluded that the cross-section is twice as large containing up to three
monomers.87,88 In a separate study by the same group, the strength of self-organization was investigated
by changing the phenyl core. Upon substitution at the ortho position the formation of intermolecular
hydrogen bonds is strongly enhanced. These substituents at the ortho positions strongly enhance the
noncoplanar conformation of the urea units resulting in a better organization of the monomers.
Substitution with a methyl group is most favorable, since larger or branched alkyl groups increase the
steric hinderance.89,90 In Figure 1.11 a schematic representation is reported.

Filament

Tube

Figure 1.11: Molecular structure (middle) of the bis-urea motif with schematic structure of the filament (left) and
tube (right) structures. The red dots visualize the hydrogen bonds.87
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1.6.

Aim of this work
In this study, we aim to understand the subtle differences in the chemical structure of

monomers leading to polymorphism in supramolecular polymers. This knowledge might be a big step
towards development of diverse responsive materials. The building blocks chosen are linear 1,4disubstituted benzene carboxamides (BDAs) because the electronic coupling of both para substituents
could be of interest for further studies of electronic properties. However, it is well documented that
linear polymers, such as Kevlar, form lateral hydrogen bonding resulting in crystallization. To avoid this
crystallization, structural adjustments on the design of the monomers have been made to form the
supramolecular polymers in solution. The BDAs were varied in core substitution, side chain extension,
and the addition of a stereogenic centrum on the side chains. The strategy is to decorate the
carboxamide with peripheral gallic acid derivatives to improve the solubility or the structure formed in
apolar solvent. Moreover, a methyl group is added on the central benzene core to adjust the amide tilt
and enhance the helical assembly. Finally, chirality of the chains will be adjusted to study the chiral
amplification.
First, five different BDA molecules have been synthesized derived from previously reported
protocols and concepts in literature (see Scheme 1.1).76,89,91 The synthetic routes are reported in
Chapter 2. Then, the solid state properties of these molecules are reported in Chapter 3. The results
obtained are compared with previous studies on BTA monomers. Finally, the assembly properties of the
monomers in solution are studied, the formation of gels in concentrated solutions, and the formation
of well-defined supramolecular aggregates in dilute apolar solvents. This is reported in Chapter 4.

Scheme 1.1: Overview of the molecules synthesized and studied during this project. The abbreviation gal indicates
decorated with peripheral gallic acid derivatives, and me indicates methylated core.
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Chapter 2
Synthesis and characterization of C2-Symmetrical
benzene-1,4-dicarboxamide monomers
2.1. Introduction
The assembly of benzene-1,3,5-tricarboxamide (BTA) monomers has been extensively studied
in the past.1,2 As described in the previous chapter, the amide groups of the BTAs are either nitrogen
centered or carbonyl centered. There are multiple methods described in literature to synthesize Ncentered BTAs, using for example Raney nickel and Pd/C, from commercially available nitro
compounds.3 In 2003 van Gorp et al. introduced the successful multistep synthesis of N-BTA using
commercially available 3,5-dinitroaniline.4 The N-BTA was synthesized to analyze the influence of the
amide connectivity (C- centered against N- centered BTA), as well as to expand the library. This trisamine
was acylated with benzoyl chloride, resulting in the trisamide with a yield of 80%. To synthesize the N
centered benzene-1,4-dicarbocamide (BDA) molecule, the same synthetic procedure was used starting
with 1,4-amino substituted aromatics. In the first part of this chapter, the molecular design of the BDA
monomers is explained. Next, the synthesis and characterization of the desired monomers are described
accompanied by the experimental section.

2.1.1. Molecular design of the BDA monomers
As discussed in the introductory chapter, five different BDA monomers were synthesized. The
synthetic routes were inspired from the work reported on BTA molecules.5–7. Due to the easy
accessibility of the commercial compounds, N-centered BDA monomers were synthesized. Para
substitution of the carboxamides was chosen to investigate the effect of electronic coupling of the side
chains on the assembly properties. Either para-phenylenediamine of 2,5-diaminotoluene were used as
core building block. To prevent the formation of lateral hydrogen bonds, BDAs with a methyl on the
central benzene core were synthesized. This methyl group strongly enhances intermolecular
interactions between hydrogen bonded aromatic amides as a result of enforcing a noncoplanar
conformation of the amide and phenyl moieties.6 Due to this amide tilt, hydrogen bonding is optimized
and the formation of 1D polymers is favored. For this project, (S)-3,7-dimethyloctyl was chosen as chiral
side chain, as reported previously with BTA monomers. Incorporation of this stereogenic center induces
the formation of aggregates with a specified helicity which can easily be followed with CD spectroscopy.
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To increase solubility, the core was decorated with peripheral gallic acid derivatives.7 As achiral aliphatic
side chains, n-dodecyl was used due to the availability of tris-dodecane substituted gallic acid. The
structures of the different BDA molecules are shown in Scheme 2.1. From now on, the molecules are
referred as depicted in this scheme.

Scheme 2.1: Overview of the molecules synthesized and studied during this project. The abbreviation gal indicates
decorated with peripheral gallic acid derivatives, and me indicates methylated core.

2.2. Synthesis of the BDA Molecules
2.2.1. Synthesis of (S)-BDA and (S)-Me-BDA
The first molecules synthesized for this study are (S)-BDA and (S)-Me-BDA. These compounds
closely resemble the N-BTAs published in the literature.2,5 In the first step, commercially available (S)(−)-β-citronellol 1 was reduced by treatment with Pd/C under a hydrogen atmosphere, using the
protocol of Wong et al.6 Based on the disappearance of the signal of the carbon-carbon double bond at
δ = 5.04 ppm in 1H-NMR, it can be concluded that the reduced alcohol-functionalized 2 was synthesized
with a quantitative yield. In the second step, the alcohol was converted to the carboxylic-acid 3 using
the protocol of Nieuwenhuizen et al.8 A catalytic amount of pyridinium chlorochromate (PCC) was used
as oxidizing reagent in this step.9 After 72 hours, the acid was obtained with a yield of 91%. Then, the
carboxylic acid was converted to acyl chloride 4 using oxalyl chloride in dry dichloromethane (DCM). The
conversion was followed using 1H-NMR. Due to the high reactivity of the product, it was used as obtained
without further purification. In the final step towards (S)-BDA, an addition-elimination reaction with 0.5
eq. of p-phenylenediamine was performed in the presence of pyridine as a base, using the procedure
published by Akdag et al.10 The white product was washed with water and DCM respectively, resulting
in the pure (S)-BDA as a white solid with a yield of 30%. In order to improve the solubility of the product,
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dry-DCM was used instead of dry-tetrahydrofuran (THF) for synthesis of (S)-Me-BDA, using 2,5diaminotoluene as core. As a result of changing the solvent quality, a different purification method had
to be used. Work-up was performed using 1M HCl, 1M NaOH, H2O, and brine-solution. Finally, column
chromatography yielded a pure brown powder (300 mg) and slightly unidentified impure brown fraction
(550 mg) with a total yield of 30%. Scheme 2.2 shows the synthetic route to both products.

Scheme 2.2: Synthesis of (S)-BDA and (S)-Me-BDA. a) H2, Pd/C (cat.), EtOAc, RT, 24 h, 95–100%; b) periodic acid,
PCC, acetonitrile, 0-25 °C, 72 h, 91%; c) oxalyl chloride, DCM, 0-20 °C, 3 h, 95%; (S)-BDA; d) p-phenylenediamine,
pyridine, THF, RT, 4 h, 32%.; (S)-Me-BDA; d) 2,5-diaminotoluene, pyridine, DCM, RT, 24 h, 30%.

Both products were characterized by 1H NMR,

13

C NMR, and MALDI-TOF spectroscopy. In

addition, COSY and NOESY 2D NMR spectra were measured. In Figure 2.1 and Figure 2.2, the 1H-NMR
spectrum of respectively (S)-BDA and (S)-Me-BDA are shown, including the assignment of the signals.
Both the chemical shifts and the integration are consistent with the literature and with the structure of
the final molecules.7,8 Furthermore, Figure 2.3 and Figure 2.4 show the MALDI-TOF analysis of (S)-BDA
and (S)-Me-BDA, respectively, which is consistent with the desired products. In conclusion, the final
molecules were synthesized and obtained pure for further research.
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Figure 2.12: 1H-NMR spectrum (400 MHz, CDCl3) of (S)-BDA including assignments and integrations.
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Figure 2.2: 1H-NMR spectrum (400 MHz, CDCl3) of (S)-Me-BDA including assignments and integration.
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[M+H]+

Matrix

Figure 2.3: MALDI-TOF of (S)-BDA.

[M+H]+

Matrix

Figure 2.4: MALDI-TOF of (S)-Me-BDA.

2.2.2. Synthesis of gallic acid BDA monomers
Due to solubility issues of previous BDA molecules in apolar solvent, gallic acid derivatived NBDAs were designed. These N-BDAs were substituted with the more solubilizing peripheral gallic acid
derivatives with chiral aliphatic side chains.7 In addition, both the chiral and achiral derivaties with a
methyl on the central phenyl ring were prepared.
The achiral derivative was synthesized using available 3,4,5-tri-dodecyloxybenzoic acid. For the
chiral side chains, tosylate 6 was kindly provided by J. Verhoeven, synthesized using the protocol of
Schoenauer et al.11 As concluded from the 1H-NMR spectrum, where two doublets at δ = 7.8 and 7.34
ppm are visible, the batch was not completely pure due to the presence of unreacted tosylate-residuals
(approximately 10%) but the synthesis was continued without any further purification. Taking this
impurity fraction into consideration, methyl gallate was added and dehydrated to gallic-ester 7. During
the reaction, the conversion was followed with TLC (hept/DCM 70:30). Additionally, the aromatic proton
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signals shift downfield from δ = 7.07 ppm to 7.26 ppm, as well as the ester methyl signal shifts downfield
from δ = 3.81 ppm to 3.89 ppm, indicating the successful reaction. The yield of this reaction after flash
column chromatography (Biotage; (SNAP 100 g), 30% → 100% DCM/heptane) was 45% of pure product.
Next, the ester was converted to the benzoic acid 8a using sodium hydroxide with a quantitive yield.10
Without further purification the same procedure was followed as for (S)-Me-BDA.8 For the synthesis of
(S)-gal-BDA, benzoic acid 8a was converted to acyl-chloride 9a in dry-DCM and dry-DMF was used as
catalyst.11 The solvent and oxalyl chloride residues were evaporated in vacuo. An addition-elimination
reaction was performed with p-phenylenediamine. The final product was purified by column
chromatography and the collected fractions were stored open under the fumehood over the weekend.
As a result of the slow evaporation of ethyl acetate, and poor solubility in heptane, a pure white solid
precipitated from the first fractions. This white pure precipitate was recovered with a yield of 15%. In
addition, more product was recovered and washed with heptane resulting in 0.5 g of brown precipitates.
According to TLC, a small impurity was present in the brown precipitate which could not be identified
and was not removed. The synthesis of the other molecules resulted in the following: (S)-gal-Me-BDA
appears as a white-brown solid paste with an incredible yield of 75%. The same method for synthesis of
the achiral compound was performed converting achiral 3,4,5-tris(dodecyloxy)benzoic acid 8b to 9b12,
prior to the addition of 2,5-diaminotoluene. Gal-Me-BDA appears as a white powder with a yield of 40%.
Scheme 2.3 shows the synthetic route towards the final products.

Scheme 2.3: Synthesis of (S)-gal-BDA, (S)-gal-Me-BDA, and gal-Me-BDA. a) K2CO3, TBAB, acetone, RT, overnight,
45%; b) NaOH, MeOH, RT, overnight, 95–100%; c) oxalyl chloride, DMF (cat.), DCM, RT, 95–100%; (S)-gal-BDA; d)
p-phenylenediamine, TEA, 0-25°C, 48 h, 15-30%.; (S)-gal-Me-BDA; d) 2,5-diaminotoluene, pyridine, DCM, RT,
overnight, 75%; gal-Me-BDA; d) 2,5-diaminotoluene, pyridine, DCM, RT, overnight, 38%. TBAB =
tetrabutylammonium bromide.
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The final product was characterized by 1H NMR, 13C NMR, and MALDI-TOF spectroscopy. In
addition, COSY, NOESY, and HSQC 2D NMR spectra were measured. In Figure 2.5 to 2.7 the 1H-NMR
spectra are shown with the corresponding proton assignments. Furthermore, in Figure 2.8 to 2.10, the
MALDI spectra are shown depicting the formation of the final molecules.
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Figure 2.5: 1H-NMR spectrum (400 MHz, CDCl3) of (S)-gal-BDA including assignments and integration.
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Figure 2.9: MALDI-TOF of (S)-gal-Me-BDA.

[M+H]+

Fragment
Matrix

Matrix

Matrix

Figure 2.10: MALDI-TOF of gal-Me-BDA.

2.3. Conclusions
We have demonstrated the successful synthesis of (S)-BDA, (S)-Me-BDA, (S)-gal-BDA, (S)-gal-MeBDA, and gal-Me-BDA. For the synthesis of the first two compounds, (S)-(−)-β-citronellol was reduced,
oxidized, converted to acyl chloride, and added to the diamino core, being either paraphenylenediamine and 2,5-diaminotoluene, respectively. The chiral gallic BDAs were synthesized by
adding the tosylate of (S)-(−)-β-citronellol to gallic acid, prior to the conversion to acyl chloride. Again,
these were added to the core. Finally, achiral 3,4,5-tris(dodecyloxy)benzoic acid was converted to the
acyl chloride and added to the aromatic core. All derivatives were successfully characterized using 1HNMR, MALDI-TOF, and 2D NMR, and were used for further research.
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2.4. Experimental section
2.4.1 Materials
All reagents were purchased from Sigma Aldrich, Across Organics, TCI, and Merck and were used
as received. Solvents were purchased from Biosolve and dry solvents were obtained using the MBraun
solvent purification system (MB SPS-800). Deuterated solvents were obtained from Cambridge Isotopes
Laboratories. During reactions, the conversion was followed by thin layer chromatography (TLC) using
60-F254 silica gel plates from Merck. Compounds were visualized with an ultraviolet lamp of 254 nm, or
with potassium permanganate stain.

2.4.2 Methods
Automated column chromatography was performed on a Biotage Isolera Spektra One Flash
Column Chromatography using KP-Sil Silica Gel SNAP columns.
1

H-NMR (400MHz) and 13C-NMR (100MHz) were measured on the Bruker UltraShield 400 MHz.

Measurements were typically performed on 1 to 5 mg/mL solutions in CDCl3 and chemical shifts are
reported in ppm (δ) downfield from tetramethylsilane (TMS) internal standard. Peak multiplicities are
abbreviated as follows: s: singlet; d: doublet; m: multiplet; ds: double singlet; dd: double doublet; mm:
multiple multiplets. Ortho, meta, and para aromatic hydrogen shifts in the methylated BDAs are
reported from the toluene functionalization.
Matrix assisted laser absorption/ionization mass time of flight (MALDI-TOF) spectra were
obtained as 1 to 5 mg/mL solutions in CDCl3 on a Bruker Autoflex Speed. α-cyano-4-hydroxycinnamic
acid (CHCA) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCBT) were
used as matrix.

2.4.3. Synthetic procedures
Synthesis of (S)-3,7-dimethyloctanol 2.
Commercially available (S)-3,7-dimethyl-6-octenol 1 (99.4 g, 0.64 mol) was dissolved in 100 mL
ethyl acetate in a special Parr vacuum flask. Argon was bubbled through the solution for 15 minutes.
Palladium on activated carbon (1.2 g) was added and argon was bubbled through for an additional five
minutes. Compound 1 was reduced overnight with hydrogen gas in the Parr. Afterwards, the resulting
solution was filtrated with celite and the solvent was evaporated in vacuo, resulting in a colorless liquid
(94.15 g, 0.60 mol). Yield: 95-100%. 1H-NMR (CDCl3, 400 MHz): δ = 3.67 (m, 2H, CH2OH), 1.61-1.10 (m,
11H, OH, 2CH, 4CH2), 0.88 (d, 3H, CHCH3), 0.86 (d, 6H, CH(CH3)2). 13C-NMR (CDCl3, 100 MHz): δ = 61.3
40.2, 37.4, 39.3, 24.7, 29.5, 28, 22.65, 19.7.
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Synthesis of (S)-3,7-dimethyloctanoic acid 3.
Periodic acid (32.3 g, 0.14 mol, 2.2 eq.) was dissolved in 500 mL acetonitrile using the ultrasonic
bath at 45 °C. Compound 2 (10.20 g, 0.064 mol) in 80 mL acetonitrile was slowly added dropwise at 0°C
while stirring. Pyridinium chlorochromate powder (0.29 g, 0.0013 mol, 0.021 eq.) was added at 0°C and
the complete mixture was stirred for 20 minutes. Then, the solution was stirred for 16 hours straight at
ambient temperature resulting in an orange liquid with white precipitate. The solvent was evaporated
and 500 mL ethyl acetate was added. The organic layer was extracted with H2O:brine 1:1 v/v (250 mL),
saturated NaHSO3 solution (250 mL), and with brine solution (250 mL). After drying with Mg2SO4 and
solvent evaporation, a yellow crude oil was obtained (10.06 g, 0.058 mol). Yield: 91%. 1H-NMR (CDCl3,
500 MHz): δ = 2.36 (dd, 1H, CH2COOH), 2.15 (dd, 1H, CH2COOH), 2.0-1.93 (m, 1H, CH2CHCH3), 1.58-1.48
(m, 1H, CH2CH(CH3)2), 1.35-1.12 (m, 6H, -CH2-), 0.97 (d, 3H, CHCH3), 0.87 (d, 6H, CH(CH3)2). 13C-NMR
(CDCl3, 100 MHz): δ = 179.2, 41.5, 39.0, 36.9 24.6, 30.2, 27.9, 22.6, 19.7.
Synthesis of (S)-3,7-dimethyloctanoyl chloride 4.
Compound 3 (2.698 g, 0.0157 mol) was dissolved in 30 mL dry DCM under argon atmosphere
at 0°C. Oxalyl chloride (2.442 g, 0.0192 mol, 1.23 eq.) was dissolved in 20 mL dry DCM. This solution was
added dropwise to the acid solution at 0°C, and stirred for an additional three hours under argon
atmosphere at ambient temperature. The solvent and the excess of oxalyl chloride were evaporated,
resulting in the product as a yellow oil (2.8336 g, 0.0015 mol). Yield: 95%. 1H-NMR (CDCl3, 500 MHz): δ
= 2.88 (dd, 1H, CH2COCl), 2.67 (dd, 1H, CH2COCl), 2.2-2.12 (m, 1H, CH2CHCH3), 1.58-1.48 (m, 1H,
CH2CH(CH3)2), 1.35-1.12 (m, 6H, -CH2-), 1.0 (d, 3H, CHCH3), 0.87 (d, 6H, CH(CH3)2). 13C-NMR (CDCl3, 100
MHz): δ = 173.2, 54.3, 38.9, 36.3 24.5, 30.8, 27.9, 22.6, 19.3.
Synthesis of (S)-BDA.
P-phenylene diamine (0.706 g, 0.0065 mol) was dissolved in 80 mL dry-THF. Pyridine (1.2 mL,
0.0149 mole, 2.3 eq.) was added to the solution. Acyl chloride 4 (2.836 g, 0.0149 mole, 2.3 eq.) was
added dropwise resulting in a white precipitate. Stirring was continued for four hours at room
temperature. The substance was filtrated and the filter cake was washed with water and cold DCM. The
powder was put in the vacuum oven overnight at 60°C, resulting in pure white product (0.881 g, 0.0021
mol). Yield: 32%. 1H-NMR (CDCl3, 400 MHz): δ = 7.47 (s, 4H, Ar-H), 7.07 (s, 2H, NH), 2.4-2.3 (m, 2H,
CH2CONH), 2.14-2.00 (m, 4H, CH2CONH and (CH2)2CHCH3), 1.58-1.48 (m, 1H, CH2CH(CH3)2), 1.40-1.12
(m, 12H, -CH2-), 1.0 (d, 3H, CHCH3), 0.86 (d, 6H, CH(CH3)2). 13C-NMR (CDCl3, 100 MHz): δ = 171.8, 134.2,
120.6, 45.1, 39.0, 37.1, 30.9, 27.9, 24.7, 22.6, 22.5, 19.5. MALDI-TOF-MS: Calc. C26H44N2O2: 417.34;
found: 417.36.
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Synthesis of (S)-Me-BDA
Compound 4 (3.43 g, 0.018 mol, 2.3 eq.) was synthesized as described previously. The same
procedure for synthesis of 5 was used with 2,5-diamino-toluene (0.967 g, 0.0079 mol), using 80 mL dryDCM instead of dry-THF. For the work-up, the organic layer was washed with 1M HCL, 1M NaOH, H2O,
and brine-solution. The resulting mixture was dried over Mg2SO4, and the solvent was evaporated in
vacuo. After a column (Biotage; (SNAP 100 g), 3% → 100% MeOH/CHCl3), pure brown solid precipitate
(0.3 g, 0.7 mmol), and brown precipitate (0.55 g, 1.2 mmol) were obtained. Yield: 30%. 1H-NMR (CDCl3,
400 MHz): δ = 7.60 (s, 1H, NH), 7.43 (d, 1H, meta Ar-H), 7.38 (s, 1H, ortho Ar-H), 7.14 (s, 1H, NH), 7.03
(d, 1H, para Ar-H), 2.43-2.30 (m, 2H, CH2CONH), 2.19-2.00 (m, 4H, CH2CONH and (CH2)2CHCH3), 2.14 (s,
3H, Ar-CH3), 1.63-1.45 (m, 1H, CH2CH(CH3)2), 1.45-1.10 (m, 12H, -CH2-), 1.0 (d, 3H, CHCH3), 0.86 (d, 6H,
CH(CH3)2). 13C-NMR (CDCl3, 100 MHz): δ = 171.5, 171.4, 135.4, 131.8, 131.3, 124.9, 122.5, 118.6, 45.5,
45.3, 39.3, 37.3, 31.2, 31.0, 28.1, 24.9, 22.8, 22.7, 19.9, 18.1. MALDI-TOF-MS: Calc. C27H46N2O2: 431.36;
found: 431.41.
Synthesis of methyl 3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)benzoate 7.
(S)-3,7-dimethyloctyl-4-methylnenzneesulfonate 6, obtained from J. Verhoeven, (32.78 g, ±10%
tosylate impurity, 0.095 mol, 3.3 eq.) was dissolved in 100 mL acetone and put under argon atmosphere.
To this mixture, methyl gallate (5.34 g, 0.029 mol, 1 eq.), potassium carbonate (41.49 g, 0.3 mol, 10.4
eq.), and tetrabutylammonium bromide (3.23 g, 0.01 mol, 0.35 eq.) were added and refluxed overnight
under argon atmosphere. The acetone was evaporated in vacuo and water (700 mL) was added. The
product was then extracted with diethyl ether (3x100 mL). The ether layers were washed with water,
brine, and dried over Mg2SO4. The solvent was evaporated in vacuo resulting in a brown oil. After
purification by column (Biotage, 20%→100% DCM/Heptane, SNAP 100g) a light yellow oil was obtained
(7.86 g, 0.13 mol). Yield: 45% (still tosylate impurity left). 1H-NMR (CDCl3, 400 MHz): δ = 7.26 (overlap
CDCl3, s, 2H, Ar-H), 4.04 (m, 6H, (CH2CH2O)3), 3.89 (s, 3H, CH3), 1.92-1.08 (mm, 30H, CH2CH(CH3)2 and –
(CH2)4- and (CH2)2CHCH3), 0.94 (dd, 9H, CHCH3), 0.87 (d, 18H, CH(CH3)2). 13C-NMR (CDCl3, 100 MHz): δ =
171.5, 153.0, 143.3, 123.7, 108.6, 71.9, 67.6, 39.5, 39.4, 37.6, 37.5, 36.4, 30.0, 29.8, 28.2, 24.9, 22.9,
22.8, 19.8, 19.7.
Synthesis of 3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)benzoic acid 8a.
Compound 7 (1.13 g, 0.002 mol) was suspended in approximately 25 mL methanol under argon
atmosphere and sodium hydroxide (1 g, 0.025 mol, 12.5 eq.) was added. The mixture was refluxed
overnight. Next, the methanol was evaporated in vacuo and a water/DCM mixture was added (40 mL,
1:1 v%). The organic layer was washed once with 1M HCl, two times with water, and once with brine.
The solvent was dried with Mg2SO4 and evaporated in vacuo following residual solvent drying in the
vacuum oven, resulting in a light yellow oil (1.4 g, 0.0023 mol, solvent residues). Yield: 95-100%. 1H26
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NMR (CDCl3, 400 MHz): δ = 7.32 (s, 2H, Ar-H), 4.06 (m, 6H, (CH2CH2O)3), 1.92-1.08 (mm, 30H,
CH2CH(CH3)2 and –(CH2)4- and (CH2)2CHCH3), 0.94 (dd, 9H, CHCH3), 0.87 (d, 18H, CH(CH3)2). 13C-NMR
(CDCl3, 100 MHz): δ = 170.4, 152.9, 143.1, 123.4, 108.5, 71.7, 67.4, 39.4, 39.3, 37.4, 37.3, 36.3, 29.9,
29.6, 28.0, 24.7, 22.7, 22.6, 19.6.
Synthesis of 3,4,5-tris((S)-3,7-dimethyloctyloxy)benzoyl chloride 9a.
Compound 8 (1.9 g, 0.0032 mol) was dissolved in approximately 15 mL dry-DCM together with
3 drops dry-DMF as catalyst under argon atmosphere. In addition, oxalyl chloride (0.303 mL, 0.0035
mol, 1.1 eq.) was added to approximately 20 mL dry-DCM, and this mixture was added dropwise to the
solution of compound 8. The complete mixture was stirred overnight under argon atmosphere. After
completion according to 1H-NMR, the solvent was evaporated in vacuo, and the yellow oil was taken as
such. 1H-NMR (CDCl3, 400 MHz): δ = 7.34 (s, 2H, Ar-H), 4.08 (m, 6H, (CH2CH2O)3), 1.92-1.08 (mm, 30H,
CH2CH(CH3)2 and –(CH2)4- and (CH2)2CHCH3), 0.93 (dd, 9H, CHCH3), 0.87 (d, 18H, CH(CH3)2). 13C-NMR
(CDCl3, 100 MHz): δ = 167.7, 152.9, 144.7, 127.3, 110.0, 72.0, 67.6, 39.4, 39.3, 37.4, 37.3, 36.7, 29.8,
29.6, 28.0, 24.7, 22.7, 22.6, 19.6.
Synthesis of (S)-gal-BDA.
The crude 9 was dissolved in 20 mL dry-DCM. A solution of p-phenylenediamine (0.17 g, 0.0016
mol) and tri-ethylamine (0.14 g, 0.19 mL, 0.0014 mol, 0.85 eq.) in 25 mL dry-DCM was prepared and
cooled to 0°C. The crude solution was added dropwise to the ice-cooled solution and stirred for two
hours at this temperature. Additionally, the solution was stirred for 48 hours at ambient temperature.
Next, more DCM was added and the solution was washed twice with water, and twice with brine. The
resulting mixture was dried over Mg2SO4, and the solvent was evaporated in vacuo. After a column
(Biotage; (SNAP 50 g), 6% → 30% → 100% EtOAc/hept), white solid precipitate (0.33 g, 0.26 mmol), and
a brown precipitate were obtained. Yield: 15%. 1H-NMR (CDCl3, 400 MHz): δ = 7.8 (s, 2H, NH), 7.63 (s,
4H, Ar-H core), 7.07 (s, 4H, Ar-H chains), 4.06 (m, 12H, (CH2CH2O)6), 1.93-1.09 (mm, 60H, CH2CH(CH3)2
and –(CH2)4- and (CH2)2CHCH3), 0.94 (dd, 18H, CH(CH3), 0.87 (d, 36H, CH(CH3)2). 13C-NMR (CDCl3, 100
MHz): δ = 165.6, 153.3, 141.5, 134.5, 129.8, 120.8, 105.7, 71.8, 67.8, 39.4, 39.3, 37.5, 37.4, 36.4, 29.9,
29.7, 28.0, 24.8, 22.7, 22.6, 19.6. MALDI-TOF-MS: Calc. C80H136N2O8: 1276.04; found: 1276.02.
Synthesis of (S)-gal-Me-BDA
Analogous to the procedure of (S)-BDA, compound 9 (3.46 g, 0.0057 mol) and 2,5diaminotoluene (0.34 g, 0.00274 mol, 2.1 eq.) with pyridine (0.47 mL. 0.0058 mol, 1 eq.) in dry-DCM
gave the product as a light-brown solid paste (2.57 g, 0.0002 mol). Yield: 75%. 1H-NMR (CDCl3, 400 MHz):
δ = 7.87 (d, 1H, meta Ar-H), 7.69 (ds, 2H, NH and ortho Ar-H), 7.53 (s, 1H, NH), 7.38 (d, 1H, para Ar-H),
7.07 (d, 4H, Ar-H chains), 4.07 (m, 12H, (CH2CONH)6), 2.35 (s, 3H, Ar-CH3), 1.93-1.09 (mm, 60H,
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CH2CH(CH3)2 and –(CH2)4- and (CH2)2CHCH3), 0.95 (dd, 18H, CH(CH3), 0.87 (d, 36H, CH(CH3)2). 13C-NMR
(CDCl3, 100 MHz): δ = 165.8, 165.7, 153.4, 141.8, 141.7, 135.4, 132.4, 130.8, 129.9, 124.1, 122.4, 118.64,
106.0, 71.9, 71.4, 67.9, 67.8, 39.5, 39.4, 37.7, 37.5, 36.5, 30.0, 29.8, 28.1, 24.9, 22.9, 22.8, 19.7, 18.
MALDI-TOF-MS: Calc. C81H138N2O8: 1269.00; found: 1268.16.
Synthesis of 3,4,5-tris(dodecyloxy)benzoyl chloride 9b
Analogous to the procedure of compound 9a, 3,4,5-tris(dodecyl)benzoic acid (6.36 g, 0.0094
mol) and oxalyl chloride (0.97 mL, 0.011 mol, 1.2 eq.) gave a light-yellow liquid (6.39 g, 0.0092 mol).
Yield: 98%. 1H-NMR (CDCl3, 400 MHz): δ = 7.33 (s, 2H, Ar-H), 4.08 and 4.02 (dt, 6H, (CH2CH2O)3), 1.871.69 (m, 6H, CH2CH2O)3), 1.53-1.41 (m, 6H, -(CH2)3-), 1.40-1.20 (mm, 48H, -(CH2)n-), 0.88 (t, 9H, CH2CH3).
Synthesis of gal-Me-BDA
Analogous to the procedure of (S)-BDA, compound 9b (3.18 g, 0.0047 mol, ) and 2,5diaminotoluene (0.25 g, 0.002 mol, 2.4 eq.) with pyridine (0.35 mL, 0.0043 mol, 0.9 eq) in dry-DCM gave
a dark brown paste. After a column (Biotage; (SNAP 100 g), 1% → 18% MeOH/hept) colored fractions
were obtained which were stored under the fume hood over the weekend. After slow evaporation, a
pure white powder was obtained (1.09 g, 0.00076 mol). Yield: 38%. 1H-NMR (CDCl3, 400 MHz): δ = 7.87
(s, 1H, NH), 7.80 (d, 2H, meta Ar-H), 7.66 (s, 1H, ortho Ar-H), 7.58 (s, 1H, NH), 7.35 (d, 2H, para Ar-H),
7.07 (d, 4H, Ar-H chains), 4.03 (m, 12H, (CH2CONH)6), 2.32 (s, 3H, Ar-CH3), 1.88-1.69 (mm, 12H, -(CH2)3), 1.54-1.40 (m, 12H, -(CH2)3-), 1.40-1.19 (mm, 96H, -(CH2)n-), 0.88 (t, 18H, CHCH3). 13C-NMR (CDCl3, 100
MHz): δ = 153.3, 141.7, 135.2, 132.2, 130.6, 129.8, 123.9, 122.2, 118.4, 105.9, 105.8, 73.6, 69.5, 32.0,
31.9, 30.3, 29.8 – 29.6, 29.4 – 29.7, 26.1, 22.7, 14.3. MALDI-TOF-MS: Calc. C93H162N2O8: 1435.23; found:
1435.24.
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Assembly properties of BDA monomers in solid state
3.1. Introduction
Different methods have been developed to study the assembly of supramolecular monomers
in the solid state, giving insight into the structures and packing of the supramolecular polymers. For
example, the assembly of various BTA derivatives has been demonstrated in bulk, with adjustment of
their amide connectivity1,2 or side chains.3 All BTA monomers used for comparison in this study, form
intermolecular hydrogen bonds resulting in helical architectures. Interestingly, branched nitrogen
centered BTAs show liquid crystalline phases, being absent for the unbranched derivatives.2,4 Commonly
used methods to study the bulk properties are FT-IR spectroscopy, differential scanning calorimetry
(DSC), and polarized optical microscopy (POM). With the large literature existing on BTA monomers, the
bulk properties of the BDA molecules can be compared to the BTA. In addition, properties of linear
polymers were taken into account to understand the properties of BDA. Altogether, the experimental
characterizations and the literature on BTA and linear polymers give a good insight into the assembly of
the synthesized BDA molecules in solid state.
In this chapter, the assembly of the synthesized molecules in solid state is described. The
assembly was investigated using FT-IR spectroscopy, POM and DSC, as described in the introduction.
The first part of the chapter describes the assembly of the non-methylated BDA molecules. In the second
part, the methylated BDAs are presented. Finally, the conclusions of this chapter are listed. The
molecular structures are depicted in Scheme 3.1.

Scheme 3.1: Overview of the molecules synthesized and studied during this project. The abbreviation gal indicates
decorated with peripheral gallic acid derivatives, and me indicates methylated core.
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3.2. Solid state assembly of non-methylated (S)-BDA and (S)-gal-BDA
3.2.1. Intermolecular hydrogen bonding characterized by FT-IR
FT-IR Spectroscopy is a very suitable method to detect intermolecular hydrogen bonding in solid
state. Typically, the N-H stretch found at ≈ 3278 cm-1, the C=O stretch signals at ≈ 1649 cm-1 and 1607
cm-1, and the amide II at ≈ 1551 cm-1 indicate the presence of threefold alpha-helical type intermolecular
hydrogen bonding for linear achiral N-centered BTA. Non-hydrogen bonded amides, however, show
vibrations between 3400 and 3500 cm-1 for N-H, and around 1670 cm-1 for C=O.2–5 Due to the presence
of two amide units in the BDAs instead of three in BTA, intermolecular hydrogen bonds are less strong.
This weaker binding will result in longer hydrogen bonds and therefore show vibrations at slightly higher
wavenumbers.6
In solid state, (S)-BDA and (S)-gal-BDA show an N-H vibration at 3298 cm-1 and 3302 cm-1
respectively (see Figure 3.1). Additionally, the C=O vibrations were located around 1650 cm-1. It can
immediately be concluded that both BDAs form intermolecular hydrogen bonds in solid state as a result
of the absence of the non-hydrogen bonded signals listed in previous paragraph. The value of (S)-BDA
deviated slightly from the value for the BTA showing an N-H vibration at higher wavenumbers (of about
20 cm-1).This means that indeed less strong hydrogen bonds are formed. N-H vibrations around 3331
cm-1 were assigned to non-helical structures.7 This might suggest that (S)-BDA and (S)-gal-BDA form
helical aggregates in bulk. However, due to formation of only two intermolecular hydrogen bonds, no
clear conclusion could be drawn on the morphology of these BDAs.
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Figure 3.1: FT-IR spectroscopy data of solid (S)-BDA and (S)-gal-BDA with the amide vibrations listed in the table.
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3.2.2. Thermal properties of the non-methylated BDAs
The thermal properties of the non-methylated BDA molecules were measured using differential
scanning calorimetry (DSC). With this method, the amount of heat required to increase the temperature
was measured as a function of temperature, resulting in a record of the phase transition. These
temperatures give insight into the various crystal structures, as well as on the strength of the crystal
structure. Both non-methylated (S)-BDA and (S)-gal-BDA were heated to 250°C and 180°C, respectively,
and the results are depicted in Figure 3.2.
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Figure 3.2: DSC traces of the second heating and cooling run of (S)-BDA (from -50°C to 250°C with 10°C/min, A) and
(S)-gal-BDA (from -50°C to 180°C with 10°C/min, B).

(S)-BDA is a crystalline, white solid that melts into its isotropic (I) phase at 195°C indicated by a
sharp transition, with an enthalpy release ∆H of 39 kJ.mol-1. Cooling only shows one crystallization signal
in the absence of a liquid crystalline (LC) phase. Comparing this to the N-BTA from literature, having a
transition at 224°C and a LC phase, the BDA clearly shows deviating behavior. In addition, much higher
enthalpy release values for the BDA were measured compared to BTA.2 This might be the result of a
very strong packing in the solid state due to the small size of the BDA. (S)-gal-BDA, on the other hand,
shows multiple transitions which might indicate the presence of independent liquid crystalline phases.
When heating the white solid BDA, at 149°C the isotropic melt was reached with a very high enthalpy
release of ca. 85 kJ/mol. This indicates the strong packing of the monomer in crystalline state. Upon
cooling, a sharp phase transition was reached at 143°C with a small enthalpy release of 6.4 kJ.mol-1,
indicating a possible presence of an I → LC transition. Around 133°C this phase changes into another
phase. A final crystalline phase was observed at 109°C with an enthalpy release of 42 kJ.mol-1. In Table
3.1 the transition temperatures are listed.
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Compound

T1
(°C)

Table 3.1: Appearance and thermal properties of non-methylated BDAs.
∆H1
Tm2
∆Hm1
Tc1
∆Hc1
Tc2
∆Hc2

[a]

(kJ/mol)

(°C)

[b]

(kJ/mol)

(°C)

[c]

(kJ/mol)

(°C)

[d]

(kJ/mol)

Tc3
(°C)

[e]

∆Hc3
(kJ/mol)

(S)-BDA

-

-

194.6

39.2

179.9

41.8

-

-

-

-

(S)-gal-BDA

43.6

4.7

149.0

84.8

142.6

6.4

132.8

18.3

108.6

41.7

[a]

First transition temperature. [b]Second transition temperature, K → I melting transition. [c]First crystallization
temperature from isotropic melt. [d]Second crystallization temperature. [e]Third crystallization temperature.

3.2.3. Assembly characterized by polarized optical microscopy
The crystals were observed under the POM to reveal information about the crystal formation
of the BDA monomers. With POM characterization, optically anisotropic specimens can be
characterized. Interaction between birefringent crystals and the polarized light results in contrast giving
information on the three-dimensional structure and composition.8 The solid samples of BDAs were
placed in between two glass plates. Then, the temperature was increased to 210°C for (S)-BDA, and
165°C for (S)-Me-BDA, which is approximately 15°C above the isotropic melt determined by DSC
measurements, and the solids were cooled with 10°C per minute.
For (S)-BDA, slow cooling from the isotropic phase induced the formation of birefringent crystals
(see Figure 3.3.A). No liquid crystalline phase was observed, which was also concluded from the DSC
data. For (S)-gal-BDA multiple transitions upon cooling from the isotropic melt were observed in DSC.
After the first transition temperature, the formation of multiple blue ordered spherulites was observed
indicative of the formation of ordered domains (see Figure 3.3.B).4 When applying pressure on the glass
plates, no liquid behavior was observed, indicating the transition from isotropic melt to an ordered solid
state. Further cooling resulted in a color change of these spherulites from blue to purple which, again,
did not show mobility. The change in color indicates a change in the nature of the ordering (see Figure
3.3.C). Finally, formation of large yellow crystals was observed at temperatures around 124°C, of which
the shape exactly matches with literature (see Figure 3.3.D).4 No optical change was observed when
further cooling to ambient temperature. Concluding, multiple different solid phases were observed for
(S)-gal-BDA, in the absence of a liquid crystalline mesophase. The transition temperatures did not
correspond to DSC data due to the inaccuracy of the oven from the POM.
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Figure 3.3: POM (crossed polarizers) photographs of (S)-BDA at 183°C (A), (S)-gal-BDA at 146°C (B), at 137°C (C),
and at 124°C (D).

3.3. Solid state assembly of methylated (S)-Me-BDA, (S)-gal-Me-BDA, and
gal-Me-BDA
3.3.1. Intermolecular hydrogen bonding characterized by FT-IR
In Chapter 3.2.1. both non-methylated (S)-BDA and (S)-gal-BDA were investigated with FT-IR
spectroscopy. It could be concluded that both molecules form intermolecular hydrogen bonds in solid
state. The hydrogen bonds, however, appeared less strong than with the BTAs due to the presence of
less amide functionalities, hence weaker intermolecular hydrogen bonds. Substitution of the methyl
group to the aromatic core was done to adjust the amide tilt and induce formation of intermolecular
hydrogen bonds in a helical stacking fashion, and not lateral fashion.9,10 Again FT-IR spectroscopy was
used to detect the hydrogen bonds and to give an indication of the strength of assembly for (S)-MeBDA, (S)-gal-Me-BDA, and gal-Me-BDA (Figure 3.4). The results show intermolecular hydrogen bonds in
solid state for all BDAs, which was indicated by the N-H and C=O vibrations. Comparing these vibrations
to the non-methylated BDAs, the methylated BDAs clearly show lower N-H vibrations with a difference
of 35 cm-1 on average. This validates the formation of stronger hydrogen bonds upon substitution of the
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methyl to the aromatic core. In addition, a large difference in hydrogen bonding strength was observed
for (S)-Me-BDA compared to (S)-gal-Me-BDA, and gal-Me-BDA. This might indicate a difference in crystal
morphology.
100

ν(N-H)
[cm-1]

ν(C=O)
[cm-1]

ν(amide II)
[cm-1]

3280

1651

1542

(S)-gal-Me-BDA 3266

1637

1580

gal-Me-BDA

1644

1583

95

Transmittance (T%)

90

(S)-Me-BDA

85

ν (N-H)

80
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-1
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Figure 3.4: FT-IR spectroscopy data of solid (S)-Me-BDA, (S)-gal-Me-BDA, and gal-Me-BDA with the amide vibrations
listed in the table.

To conclude, the methylated BDAs form stronger hydrogen bonds compared to the nonmethylated derivatives, which can be related to the presence of the methyl functionality on the
aromatic core resulting in an out of the plane tilt of the amide bonds and gives intermolecular hydrogen
bonding in a stacking fashion. These results are consistent with the literature, where the bound N-H
vibrations for non-methylated motif was 50 cm-1 higher compared to the methylated derivative.9,11 Due
to the unknown morphologies, the results on their own are not conclusive and more research needs to
be performed.

3.3.2. Thermal properties of the methylated BDAs
The thermal properties of the methylated BDA molecules were measured with DSC. Both
methylated (S)-Me-BDA and gal-Me-BDA were heated to 200°C, and (S)-gal-Me-BDA was heated to 220°C
(Figure 3.5).
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Figure 3.5: DSC traces of the second heating and cooling run of (S)-Me-BDA (from -50°C to 200°C with 10°C/min,
A), (S)-gal-Me-BDA (from -50°C to 220°C with 10°C/min, B), and gal-Me-BDA (from -50°C to 200°C with 10°C/min,
C).

(S)-Me-BDA is a light brown solid at room temperature and shows a K → I transition at 167°C,
with a relatively high enthalpy release of ca. 29 kJ.mol-1. Upon cooling, a sharp transition at 149°C, and
a broad small transition at 80°C were observed, the latter with an enthalpy release of 2.0 kJ.mol-1. Due
to the presence of these two transitions, an LC phase might be formed. Only a single, sharp signal for
(S)-gal-Me-BDA (being a sticky light brown solid) was observed at 199°C when heating, which is indicative
for the K → I phase transition. Upon cooling, again only one transition was observed at 193°C. Finally,
gal-Me-BDA is a white solid and when heating from -50°C a first broad transition was observed at -9°C,
indicating a change in the crystal morphology. A second transition was observed at 69°C, prior to the K
→ I transition at 162°C. Cooling from the isotropic melt resulted in a sharp transition to the crystalline
phase at 159°C. At -17°C a small broad signal appears. According to these data only, (S)-Me-BDA might
contain a liquid crystalline phase, but this needs to be confirmed with POM. In Table 3.2 the transition
temperatures are listed.
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Table 3.2: Appearance and thermal properties of methylated BDAs.
∆H1
∆Hm2
∆Hc1
T1
Tm2
Tc1
Tc2

∆Hc2

(°C)[a]

(kJ/mol)

(°C)[b]

(kJ/mol)

(°C)[c]

(kJ/mol)

(°C)[d]

(S)-Me-BDA

96.6

2.4

167.0

28.8

149.3

25.7

80.3

2.0

(S)-gal-Me-BDA

-

-

198.5

20.7

192.5

16.8

-

-

gal-Me-BDA

68.8

8.6

161.6

9.2

159.3

8.1

-16.6

28.4

[a]

(kJ/mol)

First transition temperature. [b]Second transition temperature, K → I melting transition.
crystallization temperature from isotropic melt. [d]Second crystallization temperature.

[c]

First

To get a clear image on the differences in the order of crystallinity between the different BDAs,
the K → I temperatures were compared with the ones of the BTAs (see the histogram in Figure 3.6). All
transition temperatures of the BTAs were reported in literature and the abbreviations are explained in
the caption.2,4,12 First, it can be concluded that the isotropic temperature of the (S)-BDA was 20°C lower
than N-(S)-BTA. Due to less amide functionalities in BDA, weaker hydrogen bonds were formed resulting
in less strong interactions. Substitution of the methyl group in (S)-Me-BDA, however, decreases the
isotropic temperature even more to 167°C, which was also observed in literature.13 The authors
attributed this to the reduced formation of intermolecular forces of attraction. Since stronger hydrogen
bonds are formed when the methyl is added, which should in its turn result in higher melting
temperatures, it is hypothesized that both BDAs form different morphologies resulting in different
melting temperatures. In contrast, the isotropic temperature of (S)-gal-BDA increases significantly
compared to (S)-gal-BTA. Even though less hydrogen bonds are formed, steric hindrance was reduced
significantly for the BDA. Most likely the decrease in steric hindrance results in stronger packing hence
an increase in melting temperature. When adding the methyl group stronger hydrogen bonds are
formed resulting in stronger packing and higher isotropic temperatures. Finally, the isotropic
temperatures of both gal-BTA and gal-Me-BDA are similar. This indicates that formation of less hydrogen
bonds in combination with decreased steric effects (resulting in lower temperatures) for gal-Me-BDA
compensates with induced formation of hydrogen bonds due to the methyl group (resulting in higher
temperatures). The melting temperature of (S)-gal-Me-BDA is even higher than without methyl
functionality indicating the strong formation of intermolecular non-covalent interactions. It appears
that by increasing the bulkiness of the side chains, the steric effect of the methyl group becomes
negligible. For that reason, a huge effect is observed upon substitution of the methyl for BDA, and
almost no effect is observed for gal-BDA.
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Figure 3.6: A) Molecular structures of the synthesized BDA monomers. B) Histogram with comparison of isotropic
transition temperatures of all BTA and BDA monomers. The names closely correspond to the ones used in this
report for simple comparison. [a]Refers to 1c from ref. 2.[b]Refers to sBTA-S-3Me from ref. 12. [c]Refers to 3b and
3a, respectively, from ref. 4.

To get a clear image of the miscibility of (S)-gal-Me-BDA and gal-Me-BDA, a blend was made and
investigated with DSC. Both solids were mixed in a 50:50 w% ratio prior to solubilizing in chloroform.
The solvent was evaporated in vacuo, the sample was dried overnight, and prepared for the DSC
measurement.14,15 The pan was heated to 200°C, and the traces are shown in Figure 3.7. As was
concluded before, the melting temperatures of (S)-gal-Me-BDA and gal-Me-BDA were found to be 199°C
(20.7 kJ.mol-1) and 162°C (9.2 kJ.mol-1) respectively. The melting temperature of the blend was found to
be 178°C (12.2 kJ.mol-1), for which the K → I is exactly in between the temperatures of the single
supramolecular polymers. The appearance of only this single one signal transition indicates to miscibility
of both monomers, resulting in mixed supramolecular aggregates.
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Figure 3.7: DSC traces of the second heating and cooling run of mixed (S)-gal-Me-BDA and gal-Me-BDA (from 50°C to 200°C with 10°C/min) accompanied by the individual traces reported previously.

3.3.3. Assembly characterized by polarized optical microscopy
The DSC results were verified with the POM to study the crystal structure. The solids were
placed in between two glass plates. Then, the temperature was increased to 180°C for (S)-Me-BDA,
215°C for (S)-gal-Me-BDA, and 175°C for gal-Me-BDA, which is approximately 15°C above the isotropic
melt determined by DSC measurements, and cooled with 10°C per minute.
Cooling (S)-Me-BDA from isotropic melt resulted in slow growth of clear birefringent needle
shaped structures (see Figure 3.8.A). This indicates the growth of fibers in one direction, which further
crystallizes into larger species (Figure 3.8.B). After further cooling below 83°C, an order-order transition
occurs and no liquid crystalline phase was present, indicated by the absence of a mobile liquid phase.
The DSC results of (S)-gal-Me-BDA showed a single transition upon cooling from the isotropic melt to
the crystalline state, depicted in Figure 3.8.C. Finally, gal-Me-BDA was cooled from the isotropic melt
resulting in highly ordered structures (Figure 3.8.D left). These structures grow differently depending
on the cooling rate. In Figure 3.8.D, a faster cooling rate on the right side of the picture resulted in the
growth of spherulites. Again, none of the BDA monomers show LC phases as could be concluded by
pressing the samples.
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Figure 3.8: POM (crossed polarizers) photographs of (S)-Me-BDA at 150°C (A) and 145°C (B), (S)-gal-Me-BDA at 63°C
(C), and gal-Me-BDA at 163°C (D).

3.4. Conclusions
To conclude, the assembly of all BDA molecules was investigated in solid state and described in
this chapter. The characterizations were achieved by FT-IR spectroscopy, DSC measurements, and POM
imaging.
The non-methylated (S)-BDA and (S)-gal-BDA form intermolecular hydrogen bonds in solid state.
When comparing these to previously reported BTA molecules, it can be concluded that these bonds are
less strong. On the one hand, this is due to the coplanar arrangement of the amides, as well as the lack
of one amide functionality compared the BTA. Finally, both (S)-BDA and (S)-gal-BDA lack the presence of
liquid crystalline phases as could be validated with POM. The high enthalpy release for both monomers
at the K → I transition indicates strong packing.
The addition of a methyl to the aromatic core for (S)-Me-BDA, (S)-gal-Me-BDA, and gal-Me-BDA
resulted in much stronger hydrogen bonding. For these molecules, no liquid crystalline phases were
observed. Upon cooling from the isotropic melt, (S)-Me-BDA forms highly birefringent needle shaped
crystals growing into large structures. (S)-gal-Me-BDA, however, shows similar structures. Finally, slow
cooling of gal-Me-BDA results in highly ordered crystalline structures.
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3.5. Experimental Section
Infrared spectroscopy was performed on a Perkin Elmer Spectrum Two FT-IR spectrometer
equipped with a Perkin Elmer Universal ATR two accessory.
For optical properties a Jeneval Polarization microscope equipped with a Linkam THMS 600
heating device with crossed polarizers was used. POM images were taken with an Infinity 1 Lumenera
2.0 megapixel camera. The temperature was increased until the isotropic phase was reached and
subsequently cooled with 10°C/min, prior to taking pictures at the desired temperature.
DSC data were recorded on a DSC Q2000 TA instrument, calibrated with indium as an internal
standard. The samples were measured in Tzero pans containing approximately 5 mg solid. The pans
were heated to either 200°C, 220°C or 250°C (40 °C/min), cooled to – 50 °C (10°C/min) and reheated to
previously mentioned maximum temperatures (10°C /min). Cooling and reheating was performed twice,
prior to cooling to 40°C (40 °C/min). The observed peak maxima are noted as a melting transition state
(Tm), a crystallization transition state (Tc). The data was derived from the second heating and cooling
run.
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Assembly properties of BDA monomers in solution
4.1. Introduction
In the previous chapter, the assembly of benzene-dicarboxamides in solid state was described.
It was concluded that all BDAs form intermolecular hydrogen bonding resulting in assembly into
supramolecular polymers. As was written in Chapter 3, these results were not conclusive. Apart from
bulk investigation, assembly in solution provides valuable information about e.g. the polymerization
mechanism, chiral amplification, and solvent interactions. Again, literature is used in order to compare
the BDA derivatives with the BTA monomers. Dilute solutions of both alkyl branched N- and C-centered
BTAs show a Cotton effect at room temperature due to the formation of supramolecular helices via a
cooperative polymerization mechanism. As was described in Chapter 1, the amplification of chirality for
N-centered BTAs is less pronounced than for C-centered BTA due to the increased energy of rotation of
the N-centered BTAs.1 Interestingly, both gallic functionalized N- and C-BTA from literature2 do not show
a Cotton effect in 100 and 10 μM heptane solutions, which indicates the absence of well-defined chiral
supramolecular aggregates. However, the formation of intermolecular hydrogen bonds was observed
with FT-IR spectroscopy. Therefore, apart from CD spectroscopy, FT-IR spectroscopy is a commonly used
method to investigate the aggregation in solution with possible adjustment of the solvent polarity or
the concentration. Finally, by variable concentration 1H-NMR the hydrogen bonding can be evaluated
due to changes in the electronic environment upon aggregation.3,4
In this chapter, the assembly of the synthesized monomers in solution is described. The
assembly was investigated using FT-IR spectroscopy, CD spectroscopy, and 1H-NMR as described in the
introduction. In the first part of this chapter, the sample preparation is described. Chapter 4.3. presents
the assembly in solution of the non-methylated BDAs. The assembly of the methylated BDAs is
presented in the subsequent chapter. Finally, the conclusions of this chapter are listed. The molecular
structures are depicted in Scheme 4.1.
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Scheme 4.1: Overview of the molecules synthesized and studied during this project. The abbreviation gal indicates
decorated with peripheral gallic acid derivatives, and me indicates methylated core.

4.2. Sample preparation
Multiple methods for solubilizing BTAs have been reported in literature. Most of the BDA
molecules used in this thesis seemed to encounter major solubility issues in apolar solvent. All molecules
dissolved nicely at concentrations up to 5 mM in chloroform, which is a solvent of medium polarity.
These solutions were used for FT-IR spectroscopy, as well as for 1H-NMR studies in deuterated
chloroform.
For CD spectroscopy, dilute solutions in apolar solvent were prepared. (S)-BDA was soluble in
both MCH and heptane at low concentrations up to 40 μM and remained solubilized over time. Heptane
appeared to be the best solvent for solubilizing 20 μM (S)-gal-BDA. To insure reproducibility of the
measurements, a specific sample preparation was used. First, the solvent was added to the solid,
resulting in a suspension. When heating the sample with a heat gun, a clear solution was obtained.
Immediately after this heating step, the solution was sonicated for 15 minutes. Apart from the (S)-galMe-BDA¸ the samples showed degradation overtime. Therefore, the samples were used immediately
after preparation. The same method was used for (S)-Me-BDA and gal-Me-BDA. However, gal-Me-BDA
crashed out of the 50 μM heptane solution after four days which was solved by using MCH as solvent.
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4.3. Assembly studies in solution of non-methylated BDAs
4.3.1. Assembly characterized using FT-IR spectroscopy
As mentioned previously, (S)-BDA shows very poor solubility in apolar solvents such as heptane.
For solution FT-IR measurements, chloroform was used. Due to the medium polarity of chloroform, the
BDAs are expected to be molecularly dissolved at low concentrations. Upon increasing the
concentration, formation of intermolecular hydrogen bonds might result in aggregated species. In
Chapter 3, the typical carbonyl and amide vibrations are listed. Significant shifts of the N-H and C=O
signals to higher frequencies, and amide II vibration to lower frequency, indicates the existence of free
N-H bonds and therefore existence in the molecularly dissolved state.5,6
At low concentrations in chloroform, indeed no intermolecular hydrogen bonds were detected
for (S)-BDA, dominantly indicated by the free N-H vibration at 3435 cm-1. Upon increasing the
concentration to 5 mM, a signal appeared at 3294 cm-1 corresponding to the formation of
intermolecular hydrogen bonds, and aggregated states. In Figure 4.1, the FT-IR spectra of (S)-BDA in
chloroform are shown and the amide vibrations are reported in the corresponding table.
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Figure 4.1: FT-IR spectroscopy data of (S)-BDA at variable concentrations in chloroform with corresponding
wavenumbers of the amide vibrations in the table. (l = 0.05 cm)

The same trend was observed for (S)-gal-BDA. Due to its better solubility in chloroform, solutions
of higher concentrations could be prepared and measured. Similarly to (S)-BDA, at low concentrations
only non-hydrogen bonded N-H signals were present. Around 33 mM, hydrogen bonds were starting to
form, indicated by the appearance of a signal at 3336 cm-1, becoming more intense at higher
concentrations. In Figure Figure 4.4.2, the spectra are shown with corresponding wavenumbers. Note
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that due to high concentration, the C=O stretch signal and the amide II signal are saturated. Therefore
the values cannot be accurately determined.
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Figure 4.2: FT-IR spectroscopy data of (S)-gal-BDA at variable concentrations in chloroform with corresponding
wavenumbers of the amide. vibrations in the table. (l = 0.05 cm)

In conclusion, FT-IR spectroscopy measurements of the non-methylated BDAs in dilute solutions
at low concentrations in chloroform showed no formation of intermolecular hydrogen bonds, indicating
the exclusive presence of molecularly dissolved monomers. Upon increasing the concentration,
intermolecular hydrogen bonds were formed which indicates the formation of supramolecular motifs.

4.3.2. Assembly followed by 1H-NMR
The aggregation behavior of (S)-gal-BDA was studied by concentration dependent 1H-NMR
experiments. As concluded previously, chloroform hinders formation of intermolecular hydrogen bonds
at low concentrations. Upon increasing the concentration, hydrogen bonds are formed. This
aggregation could also be followed by 1H-NMR in deuterated chloroform. At a concentration of 1 mM,
(S)-gal-BDA was molecularly dissolved. The free amide protons were located at 7.80 ppm. Upon
increasing the concentration, the formation of aggregates was enhanced. Due to the formation of
hydrogen bonds, the N-H protons become deshielded, shifting the signal to higher chemical shifts. This
downfield shift was observed, which confirmed the results of FT-IR measurements in chloroform. Apart
from hydrogen bonding, π-π interactions between the aromatic cores were detected, indicated by the
small upfield shift of the aromatic protons due to shielding of neighboring aromatics at higher
concentrations.7,8 This is shown in Figure.4.14.
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Figure 4.313: Variable concentration 1H-NMR spectra for (S)-gal-BDA in deuterated chloroform. The N-H signals
and aromatic core signals are depicted in orange and red, respectively.

4.3.3. Chiroptical properties
Circular Dichroism (CD) is a convenient technique to identify the presence of chiral, non-racemic
species. With CD spectroscopy, the difference in absorption of right- and left-circularly polarized light is
measured (∆ε = εL – εR) attributed to electronic changes in the molecular environment upon
aggregation. This observed signal, named a Cotton effect, indicates on the one hand the presence of a
defined chiral structure, and on the other hand it can be used to study the mechanism of assembly (as
described in Chapter 1).9 Together with ultraviolet (UV) spectroscopy, these species can be
characterized and followed. This was done in different apolar solvents at various concentrations and
temperatures.
As presented previously, solubility problems were encountered for (S)-BDA. Although
methylcyclohexane (MCH) appeared to be the best solvent to solubilize the monomers, a completely
clear solution could not be obtained for concentrations above 40 μM. However, a small bisignated
Cotton effect could be measured with a maximum at λmax = 273 nm at 20°C which is depicted in Figure
4.4.A. for multiple concentrations When comparing this maximal wavelength with the BTA from
literature, being 223 nm, an increase of 50 nm is observed.1 This increase can be attributed to the
electronic coupling between the amide functionalities, resulting in a change in the electronic transitions.
Next, linear dichroism (LD) was measured for these concentrations, which is depicted in Figure 4.4.B.
With LD spectroscopy, the absorption of linearly polarized light perpendicular to the orientation axis is
subtracted from the absorbed light in the parallel direction.9 A significant LD value was measured for
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this BDA with a specific shape of the spectrum resembling the CD signal. This indicated the formation of
either linear aggregates or bundling of the helical aggregates into linear structures.10,11

A

0,010

B

0,005

OD (-)

Δε (L.mol-1.cm-1)

10

0

10 μM
20 μM
30 μM
40 μM
50 μM

-10

225

250

275

300

325

0,000

10 uM
20 uM
30 uM
40 uM
50 uM

-0,005

-0,010

350

225

Wavelength (nm)

250

275

300

325

350

Wavelength (nm)

Figure 4.4: CD spectra (A) and LD spectra (B) at variable concentrations of (S)-BDA in MCH at 20°C. (l = 1cm)

Due to the coplanar structure of the amide bonds with the benzene core in (S)-BDA, formation
of hydrogen bonds and π-π stacking in a helical 1D fashion might be hindered. In Figure 4.5, a similar
crystal structure reported from literature is depicted which shows the formation of lateral hydrogen
bonds in a 1D fashion.12 As can be concluded for this example, no helical arrangement was present. This
LD effect is too high to perform an accurate study on the assembly mechanism, and CD studies were
therefore abandoned.

Figure 4.5: Crystal structure of N,N'-(1,4-phenylene)dibenzamide with intermolecular hydrogen bonds (green).
(grey: C; blue: N; red: O; white: H).12
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Modifying the side chains into more solubilizing peripheral gallic acid derivatives for (S)-gal-BDA
resulted in better solubility in apolar solvent. The assembly was investigated by addition of polar
dichloroethane (DCE) and studying these cosolvent mixtures in heptane. Two separate 20 μM solutions
of (S)-gal-BDA in DCE and heptane were prepared, prior to mixing the solutions. At high percentages of
DCE, the absence of a Cotton effect indicated a fully molecularly dissolved state, as expected. In
addition, the UV spectra showed a maximum absorbance at λ = 300 nm. Around 6% DCE in heptane, a
bisignated negative Cotton effect was observed at λmax = 298 nm resulting from the formation of chiral
aggregates with a preferred helicity. Moreover, the λmax in the UV undergoes a hypsochromic shift due
to the formation of H-type aggregates. Further decreasing the amount of DCE to 3%, and finally pure
heptane, resulted in an increase of the negative Cotton effect to -200 L.mol-1.cm-1. The CD spectra are
shown in Figure 4.6.A, accompanied by the UV spectra in Figure 4.6.B. For this (S)-gal-BDA, no linear
dichroism was detected; most probably due to the steric effects of the gallic acid chains preventing
formation of bundles of the fibers. As discussed in the introduction of this chapter, the nitrogen
centered tris-amides of van Gorp et al. did not show a Cotton effect in heptane.2 However, the branched
N-centered BTA by Stals et al. did show a strong Cotton effect of which the shape is comparable with
the (S)-gal-BDA.1 The CD spectra were, however, not reproducible resulting in both different λmax, as well
as a different molar ellipticity for identical solutions with identical sample preparation.
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Figure 4.6: CD spectra (A) and UV spectra (B) of variable concentrations of (S)-gal-BDA in DCE/n-Heptane mixtures.
(c = 20 μM, l = 1 cm).

Temperature-dependent CD measurements provided similar information as for solvent polarity
dependent measurements. A 20 μM solution of (S)-gal-BDA in heptane was heated and subsequently
cooled with 60°C/hour. Upon heating, the Cotton effect disappeared completely in a small window of
temperatures, between 40°C and 50°C, indicative for a completely molecularly dissolved state.

47

Chapter 4
Following CD at the wavelength where the maximum intensity can be observed (300 nm), a nonsigmoidal curve was revealed, characteristic for a cooperative mechanism. To validate this observation,
the Van der Schoot nucleation-elongation model was used to fit the heating data.13,14 An enthalpy
release, he, of -138 kJ mol-1, was found for (S)-gal-BDA with a cooperativity factor of 7.16x10-4 (see
Appendix 1). This σ is one order of magnitude larger than previously reported N-BTA.15 The enthalpy
release is two times higher than the BTA, indicating strong aggregation. The elongation temperature,
Te, at this concentration was 48°C. As observed in FT-IR spectroscopy, weaker hydrogen bonds are
formed for N-BDA compared to N-BTA, validated by the lower σ. Upon cooling, however, no Cotton
effect was observed over the whole temperature range (see Figure 4.7.A). Additionally, a full wavelength
scan resulted in no CD. To ensure the assembly was under thermodynamic control, different cooling
rates were performed and all showed no recovery of the CD signal.
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Figure 4.7: Variable temperature CD (A) and UV (B) spectra of (S)-gal-BDA at 300 nm. (c = 20 μM in heptane, l = 1
cm, 60°C/hour)

Inside the cuvette, white precipitates were formed as visualized in Figure 4.8. The precipitates
were observed under the POM showing structures of about 0.1 mm in average size without clear
birefringence. These precipitates were present as milky substances attached to the glass, or white flakes
floating through the solvent. This strange precipitation of the material upon heating and subsequent
cooling could be related to heterogeneous nucleation.16 Another cause of this undesirable precipitation,
however, can be the existence of two polymorphs. When dissolving, a stable and soluble solution was
obtained. Heating and subsequently cooling might result in another morphology which was not soluble
and therefore aggregates resulting in precipitates. By adjusting the solvent conditions, upon addition of
a good polar solvent, the association of monomer was decreased.17 This induces the formation of stable
polymers and reduces the formation of precipitates. VT-CD spectra were measured on previously used
samples of (S)-gal-BDA with 3 v% and 6 v% DCE in heptane. However, the same heating cooling trends
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were observed when adding small amount of DCE resulting in hysteresis and no Cotton effect recovery.
The formation of precipitates was reduced, but still present.

Figure 4.8: Precipitates of (S)-gal-BDA in heptane after variable CD spectroscopy measurements in cuvette and with
POM (crossed polarizers).

To get an understanding of this undesired precipitation, more temperature-dependent
measurements were performed on a 20 μM heptane solution. The sample was heated to 45°C, prior to
cooling (see Figure 4.9). As could be concluded from the CD spectra, no hysteresis was observed when
cooling and no precipitates were formed. This same procedure was performed for 48°. Surprisingly, a
negative Cotton effect is obtained at this temperature which, according to the theoretical model and
previously obtained experimental data, should not be the case. Upon cooling the large Cotton effect
was recovered and only a limited amount of precipitates was formed. When heating to higher
temperatures, the Cotton effect was not recovered, resulting in precipitates. All together, these results
showed that a kinetic process is ongoing, which is related to crystallization and precipitation of the
compounds.
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Figure 4.9: Variable temperature measurements of (S)-gal-BDA at 300 nm. (c = 50 μM in heptane, l = 1 cm,
60°C/hour)

49

7

Chapter 4
With CD spectroscopy, it could be concluded that both non-methylated BDAs form
supramolecular aggregates. (S)-BDA shows a significant LD effect indicating the probable formation of
sheets due to lateral hydrogen bonding. (S)-gal-BDA aggregates via a cooperative mechanism. However,
due to reproducibility issues and formation of precipitates after cooling, the spectroscopic study of
these molecules was abandoned.

4.4. Assembly studies in solution of methylated BDAs
4.4.1. Gelation study
As described in the introduction, it is very hard to predict gelation properties of molecules. Apart
from the (S)-Me-BDA, none of the BDA monomers were able to form stable organogels in solvents such
as chloroform, toluene or ethyl acetate at various concentrations. However, the methylated (S)-Me-BDA
spontaneously forms stable organogels in chloroform. After one night in the NMR tube, a stable
organogel was formed of approximately 1 mg.mL-1 (see Figure 4.10.A). Interestingly, after transferring
the organogel to a 1.5 mL HPLC vail the solution remained liquid over several months without recovering
to the gel. Additionally, new attempts to form gels remained unsuccessful. When the gel was prepared
by heating a saturated solution until optically dissolved and cooled to room temperature, a new opaque
gel was obtained (Figure 4.10.B). This gel, however, remained stable overtime and with POM a network
was observed (see Figure 4.10.C). The image clearly shows a birefringent, highly entangled network,
showing the needle-like fibers.

A

B

C

Figure 4.10: Gelation of a ± 2 mM solution of (S)-Me-BDA in chloroform in the NMR tube (A) and a saturated solution
in a vail (B). POM image of the solution shown in B (C).
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4.4.2. Assembly characterized using FT-IR spectroscopy
(S)-Me-BDA showed very poor solubility in apolar heptane and that is why FT-IR spectroscopy
was measured in chloroform. At low concentrations (1-5 mM), no intermolecular hydrogen bonds were
detected, indicated by the free N-H vibration at 3434 cm-1. At 10 mM, a band appeared at 3301 cm-1
corresponding to the formation of intermolecular hydrogen bonds, and aggregated states. Moreover, a
new signal at 1616 cm-1 for the amide II arises which also indicates formation of hydrogen bonds. In
Figure 4.11 the spectra are shown, with corresponding amide vibrations in the table.
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Figure 4.11: FT-IR spectroscopy data of (S)-Me-BDA at variable concentrations in chloroform with corresponding
wavenumbers of the amide and carbonyl vibrations in the table. (l = 0.05 cm)

It is hypothesized that both the combination of six long side chains and substitution of the
methyl group in (S)-gal-Me-BDA will result in high solubility. Indeed, solutions with concentrations up to
11 mM in heptane could be prepared. In chloroform, the same trend as previously reported for (S)-galBDA was observed: formation of intermolecular hydrogen bonds at higher concentration (see Appendix
2). In heptane, solutions of various concentrations (2 mM, 8 mM and 11 mM) were measured. The low
polarity of heptane results in aggregates species over molecularly dissolved BDAs. Indeed, in heptane,
a band at 3280 cm-1 was observed originating from hydrogen bonded amides. No free N-H signals are
detected meaning that indeed only aggregated species are present. Additionally, lowering of the
carbonyl stretch was observed, again as a result of formation of hydrogen bonds and increasing of the
C=O bond length. Due to problems with the FT-IR apparatus, the achiral gal-Me-BDA was not measured
in solution. In Figure 4.12 the spectra are shown, with corresponding amide vibrations in the table.
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Figure 4.12: FT-IR spectroscopy data of (S)-gal-Me-BDA at variable concentrations in heptane with corresponding
wavenumbers of the amide and carbonyl vibrations in the table. (l = 0.05 cm)

4.4.3. Assembly followed by 1H-NMR
The assembly of the achiral gal-Me-BDA was investigated by 1H-NMR in chloroform, which is
visible in Figure 4.13. Upon increasing the concentration, an upfield shift was observed for both amide
protons (depicted in red and blue) indicating the formation of intermolecular hydrogen bonds.
Furthermore, the aromatic protons (depicted in orange, grey, and green) and the methyl protons
attached to the aromatic core undergo a downfield shift when increasing the concentration. This can
again be assigned to formation of π-π interactions. The same results were obtained for (S)-gal-Me-BDA
(see Appendix 3).
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Figure 4.13: Variable concentration 1H-NMR spectra for gal-Me-BDA in chloroform. The N-H signals are depicted in
red and blue, the aromatic core signals are depicted in grey, orange, and green..
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Due to the methyl group, only one of both amides gets tilted. This amide functionality forms
stronger hydrogen bonds between the monomers. However, the direction of the methyl groups within
the aggregated species was not investigated. Taking a closer look into the change in chemical shift upon
increasing the concentration (inset of previous figure), it could be observed that the variation in shift
between both amide protons differs. This valuable result might indicate the amide functionalities stack
in a way depicted in Figure 4.14.A, where the tilted amides on the ortho position form hydrogen bonds
with each other. For case B (where the amides on ortho and meta position bind) it is expected that both
bonds would be the same, resulting in a comparable shift upon changing the concentration as well.
Although these are speculations, and no proof was found in literature, further investigation needs to be
conducted to validate this hypothesis.

A

B

Figure 4.14: Schematic presentation on the intermolecular formation of hydrogen bonds where either the same (A)
or opposite (B) amide functionalities bind.

4.4.4. Chiroptical properties
a) Assembly in apolar solvent followed by circular dichroism
Since CD spectroscopy measurements of (S)-BDA were unreliable, due to the abundant LD
effect, no further studies were performed. Adding a methyl substituent to the benzene core in (S)-MeBDA results in the formation stronger hydrogen bonds, which was concluded from previous paragraphs.
The chiroptical properties of this monomer were measured in 25 μM MCH solution and both the Cotton
effect and absorbance were followed overtime (see Figure 4.15.A). A negative Cotton effect for a fresh
sample was observed at λ = 258 nm, accompanied by a maximal absorbance at both 212 and 250 nm.
Due to the absence of LD effect, it can be concluded that the methyl group indeed hinders the formation
of lateral hydrogen bonds. Interestingly, a sigmoidal decrease of the Cotton effect was obtained
overtime, accompanied by a decrease in absorbance. After approximately 36 minutes, the solution
remained stable (see inset of Figure 4.15.A). This loss of Cotton effect and decrease in absorbance might
be the result of slow precipitation out of solution, although, no precipitates were observed.
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Figure 4.15: CD spectra (A) and UV spectra (B) of a (S)-Me-BDA. (c = 25 μM in MCH, l = 1 cm). The inset in A depicts
the sigmoidal decrease in Cotton effect overtime.

As explained in the previous paragraphs, (S)-gal-Me-BDA was easily dissolved in apolar solvent.
CD measurements were performed on a 50 μM solution in heptane showing a bisignated positive CD
signal with a maximum value at λ = 308 nm. Several identical solutions in heptane were prepared
showing high reproducibility, in the absence of LD signal. Measurements in a 50 μM decalin solution
resulted in a negligible Cotton effect at 20°C, meaning that an ordered aggregate is not present in this
solvent. Surprisingly, the sign of the CD signal obtained for this monomer was positive, which was
opposite to the negative CD signal obtained with (S)-gal-BDA. This result confirms that (S)-gal-BDA and
(S)-gal-Me-BDA form different aggregated states with different hydrogen bond patterns. (see Figure
4.16). As can be concluded from this figure, the molar ellipticity of (S)-gal-BDA is much higher than for
(S)-gal-Me-BDA.
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Figure 4.16: Comparison of CD spectra of both (S)-gal-BDA (20 μM in heptane) and (S)-gal-Me-BDA (50 μM in
heptane) at 20°C.
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Temperature-dependent full wavelength scans of (S)-gal-Me-BDA were performed to follow the
complete transition from fully aggregated to monomeric state. Heating the sample from 0°C to 70°C
showed a clear loss of the positive Cotton effect at 55°C for this concentration. The UV signal in
polymeric state was located around λ = 288 nm, making a bathochromic shift to λ = 295 nm (monomeric
state) upon heating due to disassembly. Around 55°C, a maximum absorbance was observed for the
monomeric state. When cooling with a constant rate (60°C/hour) from the monomeric state, no
hysteresis was observed and no precipitates were formed meaning that the system was under
thermodynamic control. In Figure 4.17 the wavelength scans and UV spectra are depicted.
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Figure 4.17: Full CD (A) and UV (B) wavelength scans as a function of temperature for (S)-gal-Me-BDA. (c = 50 μM
in heptane, l = 1 cm)

The Cotton effect was followed at 308 nm for multiple solutions of different concentrations in
heptane as a function of temperature. A typical sigmoidal shape can be distinguished, typical for an
isodesmic mechanism (he = -96 kJ.mol-1).18 This enthalpy parameter is very similar to the data of C3discotic from Eikelder et al.14 The fit is shown in the Appendix 4. In Figure 4.18 the CD and UV spectra
are depicted. As can be concluded from the figure, the aggregation temperature is the same in both CD
and UV spectra.
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Figure 4.18: VT CD (A) and UV (B) spectra of (S)-gal-Me-BDA at 308 nm. (c = 50 μM in heptane, l = 1 cm)
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b) Chiral ampllification studied by soldiers and sergeant experiments.
After characterization of the supramolecular polymerization of (S)-gal-Me-BDA, the chiral
amplification was studied in apolar solvent. The sergeants-and-soldiers experiment was performed with
(S)-gal-Me-BDA as the chiral sergeant and achiral gal-Me-BDA acted as soldier in a 50 μM solution of
heptane. Since the assembly of achiral gal-Me-BDA has no preferred helicity, both P and M helices were
present in equal amounts, resulting in no Cotton effect. Upon addition of chiral sergeant, a linear
increase in Cotton effect was observed indicating the absence of chiral amplification, see Figure 4.19.
Upon heating and cooling the samples, the same linear trend was obtained, which showed that the
thermodynamic equilibria were reached (see Appendix 5). This might indicate 1) the formation of selfsorted helical stacks of chiral gal-Me-BDA next to achiral gal-Me-BDA19,20 or 2) a co-polymerization with
low mismatch penalty.21 This free energy penalty accounts for mismatch of adding a chiral monomer in
a stack of unpreferred helicity. In other words, incorporation of the chiral sergeant in a stack of achiral
molecules of its unpreferred helicity. This penalty is related to presence of the stereogenic center
resulting in steric interactions.22 This indicates that the chiral sergeant (S)-gal-Me-BDA is unable to bias
the helical sense of the achiral gal-Me-BDA, which might be related to the weak hydrogen bonds formed
between the monomers (see discussion about IR results in paragraph 4.3.1.). In Chapter 3 the mixing of
both monomers was observed with DSC making the latter hypothesis most probable. These sergeantsand-soldiers experiments have been repeated in MCH, as well as with addition of 1 v% chloroform to
heptane (see Appendix 5 as well) and the same linear variation of CD intensity was obtained. The
solution in MCH was stable overtime without crashing out of solution. In addition, overtime no chiral
amplification was observed. These results show that the absence of chiral amplification is not related to
slow dynamics of exchange between the monomers.
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Figure 4.19: CD spectra of sergeants-and-soldiers principle of chiral sergeant (S)-gal-Me-BDA and achiral soldier
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Apart from the structurally similar chiral and achiral sergeants-and-soldiers, compounds with
different stacking core and similar side chains were mixed and CD measurements were performed. For
these, achiral gal-Me-BDA was mixed with the chiral (S)-gal-BDA. As mentioned before, (S)-gal-BDA stacks
in a cooperative manner with a Te of 48°C for a 20 μM heptane solution. Mixing 5 mol% with 95 mol%
of gal-Me-BDA in heptane resulted in a negative Cotton effect of -8 L.mol-1.cm-1. When comparing with
the molar ellipticity obtained in Figure 4.7, being approximately -200 L.mol-1.cm-1, it could be concluded
that no chiral amplification is observed (see Figure 4.20.A). As a reference, 5 v% of chiral (S)-gal-BDA
solution was added to pure MCH, resulting in the exact same Cotton effect. Moreover, the Cotton effect
and absorbance at 309 nm of a 10 mol% (S)-gal-BDA solution with 90 mol% gal-Me-BDA were followed
during heating and subsequently cooling with 60°C/min. Again, no recovery of the negative Cotton
effect was observed, hence no conclusions on the co-assembly can be drawn (see Figure 4.20.B).
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Figure 4.20: A) CD spectra of sergeants-and-soldiers principle of 5 mol% chiral sergeant (S)-gal-BDA and 95 mol%
achiral soldier gal-Me-BDA (brown), with a reference of 5 mol% sergeant in pure MCH (blue). B) Variable
temperature of 10 mol% chiral sergeant (S)-gal-BDA and 90 mol% achiral soldier gal-Me-BDA (c = 20 μM in heptane,
l = 1 cm).

4.5. Conclusions
To conclude, the assembly of all BDA molecules was investigated in solution and described in
this chapter. A special sample preparation, including heating until boiling temperature and sonication
was performed in order to obtain fully solubilized solutions in apolar solvent. (S)-gal-Me-BDA did,
however, dissolve spontaneously in multiple apolar solvents, as well as in polar chloroform.
In chloroform, non-methylated (S)-BDA and (S)-gal-BDA are molecularly dissolved and aggregate
upon increasing concentration by formation of intermolecular hydrogen bonds and π-π interactions. In
heptane, aggregation was observed only in dilute solution due to poor solubility in apolar solvent. The
formation of organized chiral aggregates for (S)-BDA could not be confirmed by CD spectroscopy due to
the formation of large bundles giving a LD signal. Addition of gallic chains improved solubility in heptane
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and aggregation of (S)-gal-BDA was observed in a cooperative manner. However, no reproducible
measurements were obtained and uncontrolled precipitation was observed.
Solubility issues were solved upon addition of a methyl group on the benzene central core. This
induces the formation of intermolecular hydrogen bonds by tilting the amide group resulting in a noncoplanar configuration. (S)-gal-Me-BDA contains both the peripheral gallic acid chains, as well as the
methyl group, and aggregates following the isodesmic mechanism in the absence of an LD effect.
However, no chiral amplification was observed with sergeants-and-soldiers measurements, most likely
due to the low mismatch penalty. Mixing (S)-gal-BDA with gal-Me-BDA (which has similar side chains but
a structural different core) also resulted in no chiral amplification. It further appears that both amide
functionalities in the methylated BDAs form different hydrogen bonding patterns, which is definitely
interesting to investigate further.

4.6. Experimental section
Infrared spectroscopy was performed on a Perkin Elmer Spectrum Two FT-IR spectrometer
equipped with a Perkin Elmer Universal ATR two accessory. The samples were measured in a CaF2 liquid
cell with an optical path length of 0.05 mm.
CD and UV spectroscopy was measured on a Jasco J-815 spectropolarimeter, for which the
sensitivity, time constants, and scan rates were chosen appropriately. Temperature-dependent
measurements with a Jasco PFD-425S/15 Peltier temperature control unit. The solvents were purchased
from TCI and Alpha Aesar. The solutions were measured in a high precision quarts glass cell from Hellma
Analytics with an optical path length of 1 cm. The Cotton effect, molar ellipticity (Δε), was calculated as
Δε=CD-effect/(32980xcxl) with concentration in mol/L and path length in cm.
1

H-NMR (400MHz),

13

C-NMR (100MHz) were measured on the Bruker UltraShield 400 MHz.

Measurements were typically performed as 0.2 to 100 mM solutions in CDCl3 and chemical shifts are
reported in ppm (δ) downfield from tetramethylsilane (TMS) internal standard.
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Conclusions and Outlook
In this study, the supramolecular assembly of multiple linear benzene-1,4-dicarboxamides
(BDAs) was studied. These BDAs were designed, synthesized, and analyzed using different methods. We
designed the molecules as such that they closely resemble structures reported in literature to simplify
the comparison of their assembly properties. The BDAs were varied in core substitution, side chain
extension, and the addition of a stereogenic centrum on the side chains. The synthesis consisted out of
two distinct steps; chain synthesis and core substitution. Their assembly was studied in both solid state
and solution.
All the BDA derivatives studied form hydrogen bonds in solid state. The intermolecular hydrogen
bonding was strongly enhanced by substitution of the methyl group on the aromatic core. Moreover,
addition of peripheral gallic motifs resulted in better hydrogen bonding as well. For all of the
investigated BDAs, no liquid crystalline phases were observed, while multiple solid ordered transitions
were present.
At low concentrations in chloroform (around 1 mM), all BDAs are molecularly dissolved
indicated by the change in FT-IR spectroscopy compared to the solid BDAs. Upon increasing the
concentration, intermolecular hydrogen bonds form resulting in supramolecular aggregation. Due to
high solubility, FT-IR spectra of (S)-gal-Me-BDA were measured in heptane showing the absence of free
N-H signals over the whole concentration range. Again it could be confirmed that substitution of the
methyl substituent enhances the formation of stronger intermolecular hydrogen bonds. Variable
concentration 1H-NMR validated the FT-IR results in chloroform for (S)-gal-BDA and (S)-gal-Me-BDA.
Upon increasing the concentration, a downfield shift was observed for the N-H protons indicating the
formation of hydrogen bonds due to deshielding. In addition, the upfield shift of the aromatic protons
indicated the formation of π-π interactions. Circular dichroism (CD) spectroscopy measurements on the
chiral BDAs gave insight into the assembly due to formation of stacks with a preferred helicity. (S)-BDA
showed a bisignated Cotton effect but, due to the abundant LD effect, no accurate studies could be
performed. A negative bisignated Cotton effect was obtained for (S)-gal-BDA. Although the shape was
reproducible, the molar ellipticity intensity as well as the λmax were not. Variable temperature CD
measurements confirmed the transition of a polymeric to molecularly dissolved state at high
temperatures and, upon cooling, polymerize via the cooperative mechanism. Changing the solvent
quality resulted in the same results where apolar solvent induces the formation of aggregates and
addition of polar solvent disassembles the stacks. To avoid hysteresis and precipitate formation upon
cooling, the methyl substituent was introduced. For (S)-Me-BDA, a decrease in negative Cotton effect
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was observed overtime. The (S)-gal-Me-BDA shows high reducibility in the CD measurements without
hysteresis and precipitates. These BDAs aggregate via the isodesmic polymerization mechanism. To
study the chiral amplification of (S)-gal-Me-BDA, sergeants and soldiers experiments in heptane and
MCH were performed using the achiral gal-Me-BDA as soldier. However, a linear decrease in net helicity
was observed for decreasing fraction of chiral BDA, hence (S)-gal-Me-BDA is unable to bias the helicity
of the achiral stacks which was assigned to the low mismatch penalty.
While the BTA molecules were extensively studied in our group, the linear benzenedicarboxamides were not. With this research, more insight into the mechanisms of supramolecular
assembly and polymorphism of these BDA molecules was provided. However, further experiments could
provide more evidence of the morphology of the different stacks. For example, this can be done by
measuring variable scattering techniques, for example SAXS or SANS, or by imaging techniques, like AFM
and TEM and to study crystals by X-Ray. For the latter, proper crystals were grown. However, the
attempts were unsuccessful and no solid single crystals were formed.
We only synthesized five relatively basic BDA molecules, while more BDA designs might be
synthesized and studied. For this, previous publications can be used from our group. In addition, it was
concluded that the methyl motif strongly enhances the formation of supramolecular aggregates. To
expand this knowledge, more BDAs can be synthesized with for example more methyl motifs, or other
substituents like for example more bulky groups, or halogen atoms. In addition, more studies on the
electronic properties between the amides might be conducted.
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1. Cooperative supramolecular assembly fit for (S)-gal-BDA
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Figure 1: Variable temperature CD spectrum of (S)-gal-BDA at 300 nm, with fit for the cooperative mechanism. (c =
20 μM, l = 1 cm, 60°C/hour)

2. FT-IR spectra of (S)-gal-Me-BDA in Chloroform
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Figure 2: FT-IR spectroscopy data of (S)-gal-Me-BDA at variable concentrations in chloroform with corresponding
wavenumbers of the amide and carbonyl vibrations in the table. (l = 0.05 cm)
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3. 1H-NMR spectra of (S)-gal-Me-BDA
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Figure 3: Variable concentration 1H-NMR spectra for (S)-gal-Me-BDA in deuterated chloroform.

4. Isodesmic supramolecular assembly fit for (S)-gal-Me-BDA
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Figure 4: Variable temperature CD spectrum of (S)-gal-Me-BDA at 308 nm, with fit for the isodesmic mechanism. (c
= 50 μM, l = 1 cm, 60°C/hour)
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5. Sergeants and soldiers of (S)-gal-Me-BDA
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Figure 5: Sergeants and soldiers principle of chiral sergeant (S)-gal-Me-BDA and achiral soldier gal-Me-BDA (A) with
a plot of net helicity over fraction of sergeant (B). (c = 50 μM in MCH, l = 1 cm).
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Figure 6: Variable temperature CD (A) and normalized UV (B) spectra of Sergeants and Soldiers experiments of (S)gal-Me-BDA at 307 nm. (c = 50 μM in MCH, l = 1 cm)
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Figure 7: Sergeants and soldiers principle of chiral sergeant (S)-gal-Me-BDA and achiral soldier gal-Me-BDA (A) with
a plot of net helicity over fraction of sergeant (B). (c = 50 μM in heptane with 1% chloroform, l = 1 cm).
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