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Chapter 1

Introduction

1.1 Background

Supramolecular gels are receiving significant attention due to their versatile

-4 >8 and in electronics °.

applications as biomaterials '™, sensors and catalysts
Supramolecular gels form as a result of the non-covalent self-assembly of small
molecules, also known as low molecular weight gelators (LMWG), in a solvent
medium. LMWGs consist of a diverse range of chemical structures including simple
alkanes, sugars, modified amino acids, oligopeptides, dendrimers, bola-amphiphiles,
peptide-amphiphiles, nucleobases, and C3-symmetric molecules in a solvent

medium 10716,

The assembly of these molecules into primary structures- particularly long one-
dimensional objects such as fibers, tapes, tubes and helical structures- occur under
specific conditions. These primary structures are not able to efficiently entrap the
solvent or simply form a gel unless their interactions, entanglements, or branching
lead to a sample-spanning network. In fact, structural features like the size of
primary structures and their spatial arrangements, the number of junctions or
entanglements between these structures and their strength ultimately determine
the gel properties such as reversibility and the associated rheological properties *’.

1.2 From serendipity to rational design of gelators

Since the mid-90s when the first attempts were made to design LMWGs, a
substantial effort has been dedicated to move from fortuitous discovery towards
scientific engineering of the required molecular structure: the first generation of
LMWGs were purely the result of trial-and-error processes '#1°. For instance, one of
the key characteristics of LMWGs, which was found to be crucial for design is
anisotropy. Anisotropic intermolecular interaction directs assembly into forming



one-dimensional primary structures 2°. The anisotropy can be created by the
incorporation of specific functional moieties into the backbone structure of the
gelators 1. Some of the known moieties which can guide anisotropy via hydrogen
bonds are amides, ureas, and urethanes %2. Many gelators entailing amide groups
have been developed 233! since amide groups are one of the effective motifs due to
their self-complementarity, directionality, and ability to form thermodynamically
favorable hydrogen bonds in a variety of solvents 32,

During the course of developing diverse LMWGs, most of the attention was
dedicated to boost the design parameters, so as to improve the gelling capacity of
these gelators, optimize the gel production, and predict the structure-properties
correlations. This approach paved the way to produce the next generation of
LMWGs which are the outcome of exploring the conventional structures,
understanding the underlying principles to deduct the design rules, and ultimately
incorporating the desired structural features to obtain functional gels for the target
applications 103343,

1.3 Why multi-component gels

While versatile single-component LMWG systems for different applications have
been explored for decades, recent research in this field has focused on alternative
approaches to produce gels with tailored properties. One of the main approaches in
this regard is to add other molecular compounds so as to have more freedom of
formulation and have the ability to create new functionalities **~>°: for instance, one
way is the careful design or selection of an additive which is added to the gelator/gel
that can influence the gelation process itself, or can modify the gel functional
properties *1°2, Multi-component LMWG gels can also be designed based on two
non-gelling agents which cannot form a gel on their own but their complementary
self-assembly yields the gel with desired properties 3. Another example is when a
second gelator is added to a parent gelator system which can modify the rheological
properties of the final gel through encouraging co-assembly or self-sorting of these
molecules into specific primary structures or networks with a diverse range of gel
properties. The question which arises in this realm is whether we can control the
gels spatially in terms of co-assembly and self-sorting of gelators. The answer to this
question facilitates the fabrication of gels with diverse yet well-defined
morphologies that are dedicated to the application at hand.



1.4 Research goals

To understand the assembly pattern in binary systems, our approach is to blend a
homologous series of bisamide gelators, that act as model systems, to investigate
their mixing behavior in the solid and gel state and to assess the subsequent impact
it has on the final gel properties. The odd and even number of methylene groups in
the bridging spacer between amide groups affecting the properties, the so-called
“odd-even effect”, is the prominent design feature of these gelators which has been
widely observed in LMWGs and has been extensively studied >°. Sumiyoshi et al.
60 examined how the odd and even spacer lengths control the self-complementary
assembly of diamides (bisamides) forming gels with woven- and ribbon structures
(Figure 1.1). In fact, the parity of the spacer length controls the spatial arrangement
of the amide groups in these gelators which is proposed to dictate the parallel and
antiparallel direction of hydrogen bonding .. Based on these investigations, the
positioning and self-complementarity of hydrogen bonding between the bisamides
with odd and even spacer length make bisamide systems ideal to study their
assembly patterns in binary mixtures.

0 n=5 0 n=6 H
” odd spacer length || ” even spacer length |
N P e N N 0 T e e W
| | | |
t‘ H E‘ 2
,
u A A .
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] | Iy
H odd spacer length H H even spacer length Ie)

Figure 1.1 The parallel and antiparallel positions (shown by red arrows) of amide
groups in bisamide molecules with odd-numbered and even-numbered spacer
length respectively leading to different hydrogen bonding patterns between the
amide moieties.

A fundamental study of single LMWG gels requires the full characterization of the
gels across all length-scales which still remains quite challenging 2. This complexity
arises in multi-component gel systems due to the introduction of new variables into
the system. A simple example of this complexity is investigating the assembly
pattern across primary structures in bi-component systems: in the binary systems
consisting of odd and even bisamides, molecules can conceptually assemble in three
different ways (Figure 1.2):



a. 0dd and even molecules co-assemble to form a new alternating primary
structures.

b. Random interaction of odd and even molecules form stochastic primary
structures consisting of a random amount of each group.

C. 0dd and even molecules self-sort to discrete structures where each entity
consists of either odd or even molecules.

(a) (b)

Figure 1.2 Simple classification of assembly behavior in bi-component LMWG gels:
a) co-assembly, b) random assembly, and c) self-sorting.

In the context of this research, we also aim at addressing the above-mentioned
problem by improving the quantitative description of phase behavior in multi-
component systems by accessible methods like differential scanning calorimetry
(DSC).

1.5 Thesis outline

This thesis reports on the “structure and supramolecular assembly in multi-
component organogels”. It guides readers how the aim of this research has been
achieved by division of the main question into subgoals in different chapters. This
introduction chapter gives a brief overview on the research theme, it is followed by
the second chapter extracted from our literature review on “From molecular
assembly to gel formation: what is going on behind the scenes of supramolecular
gel formation”. This tutorial review discusses three different assembly mechanisms
in molecular gels namely: supramolecular polymerization, crystallization, and



spinodal decomposition. The second chapter of this thesis is based on the section
on the crystallization mechanism from the larger tutorial review paper, since
crystallization is found to be the dominant mechanism of gel formation in bisamide
systems throughout our research. It provides a general background on molecular
gels followed by how crystallization can lead to the order in the gel network. The
third chapter elaborates the study of single bisamide gelators in the solid state. It
aims at understanding how odd-even spacer length in the chemical structure affects
the complementarity of hydrogen bonding which determines the molecular
structure and gelator properties. The fourth chapter describes the supramolecular
arrangement and rheological properties of single bisamide gels. In the fifth chapter
of this thesis, we explain how we developed and validated the DSCn(T) analytical
model. This model empowered our research toolkit to quantitatively analyze the
experimental data obtained from DSC. This reliable analysis enabled us to
understand the phase behavior of bisamide molecules in the solid state (chapter 3),
gel state (chapter 4), and binary systems (both solid and gel state in the subsequent
chapter). The last chapter (chapter 6) focuses on the ultimate goal of this thesis: to
develop design rules to control the supramolecular assembly pattern in the solid
and gel state of multi-component systems. In the course of this phase of research,
we made an attempt to understand how compound formation/ co-assembly and
phase separation/ self-sorting impact the rheological properties of bisamide gels.
The summary of this scientific journey is provided at the end of this thesis.
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Chapter 2

From molecular assembly to gel formation via
crystallization: what is going on behind the scenes
of supramolecular gel formation

Introduction

Gels and gel-like substances have been in use for thousands of years. For instance,
Arabic gum has been applied by ancient Egyptians as a binder for inorganic pigments
to produce coatings or as a glue for wood ?, while Irish moss and carrageenan have
been used in southern Ireland as a thickener for food already since 400 AC. 2.
Nowadays, there is a variety of applications for gels in many fields, such as the food
industry 3, biomedical applications, including drug delivery systems %5, tissue
engineering ©, sensors and other electronics 78, cosmetics °, art conservation 1%,
and photography 2.

Despite the diversity of gels and the difficulty to give a general definition of gels- as
stated by Jordan Lloyd, “The colloidal condition, the gel, is one which is easier to

” 13, all definitions agree on a major rule: a gel consists of a

recognize than to define.
liqguid component (solvent) as the predominant content and a solid component, a
gelator, in the minor portion which ultimately constructs a network with viscoelastic
properties. Small organic molecules, surfactants, peptides, micelles, and globular
proteins are groups of materials which can act as gelators in polymer and colloid
gels 1420 A particular interesting class of gelators are the Low Molecular Weight
Organic Gelators (LMWGs), which are organic compounds with low molecular mass
(molecular weights <2000 Da 2!) and are very efficient gelling agents for a wide
variety of solvents, including water. These LMWG gelling agents have the distinctive
property that they form so-called supramolecular gels. In a supramolecular gel a
three dimensional network is a result of non-covalent intermolecular interactions

between gelator molecules such as van der Waals interactions, m—mt stacking,
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hydrogen bonding, metal coordination, or donor—acceptor interactions. These weak
interactions endow supramolecular gels with reversibility, in contrast to the
permanent covalent linkages in cross-linked polymeric gels 2223 (Figure 2.1).

N
Gel
! ) )
Covalent interaction Non-covalent interaction
(Chemical gel) (physical gel)
supramacromolecular Supramolecular gels

Ty 190
I._. N $ ~ XY
T A

Figure 2.1 Gels categorized based on the nature of the interaction bonds between
the gelators as building blocks of gels.

As a result of the reversible intermolecular interactions, the transformation from a
sol state (fluid) to a gel state (non-fluid) or vice versa, gelation or dissolution can
respectively occur. These interactions are induced via stimuli such as pH, light, heat,
sound, mechanical stress, magnetic or electric fields, anions, metal cations, enzymes,
or other chemicals depending on the molecular structure of the gelator and solvent
components 24733,

One of the main characteristics of supramolecular gels are their viscoelastic
properties which means they possess both viscous properties of the entrapped
solvent and elastic properties of the network 3*3; in rest or when a small scale of
stress is applied, they behave as elastic solids but when stress exceeds a certain
threshold value, the yield stress, they turn into viscoelastic fluid. The instant method
to test if a gel has formed qualitatively is ‘tube inversion test” in which the tube
containing the sample to be examined is turned over 3. If the sample does not flow
over a long period of time, it is considered to be a gel, and if the sample flows it is a
viscous fluid. However, the viscoelastic properties of gels encompasses a broad
spectrum, ranging from highly dynamic viscoelastic liquid to static viscoelastic solids
37 Therefore, a quantitative rheological test is required to determine whether the
sample has truly gelled or not, and where a supramolecular gel stands in this
spectrum 3%3°, The most common rheology test measures the elastic (storage)
modulus G' and the viscous (loss) modulus G” as functions of frequency w. When G'
reaches a plateau and is greater than G” over a reasonably accessible frequency
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range (mostly agreed on 103 rad.s? to 10% rad.s?), the sample is considered to
exhibit the gel-like behavior %,

From the first attempts to design supramolecular gels, characterization of structural
properties has been the dominant strategy to engineer the microstructure and
achieve the required functionalities for specific applications 14148, In one approach,
considerable focus has been given to understanding of the supramolecular
chemistry of the main constituents, the gelator and solvent, to reach a recipe with
certain chemical structures 4749° The success of the recipe was evaluated by
studying the manifestation of the chemical features at gel microstructure and at the
next level, their macroscopic behavior, particularly rheological properties 1641436061
In the course of these investigations, much attention has been paid to why do gels
form, i.e. the driving forces for gelator-gelator and gelator-solvent interaction, but
much less attention has been paid to how gels form, the mechanisms of assembly
which lead to the formation of a gel network ®2. However, it is the driving force for
the assembly of the gelator molecules in conjunction with the mechanism directing
the assembly towards the gel formation, which are the main gearwheels that relate
the chemical structure with the final gel properties (Figure 2.2).

properties

Gelation
mechanism

Figure 2.2 Gelation mechanisms, the physical-chemical mechanisms bridging the
structure and properties of supramolecular gels.

13



To address the mechanism of gelation and network formation, first one needs to
understand what is the driving force for the aggregation of the gelator molecules,
how they assemble to supramolecular, often fibrous assemblies, and finally how
these assemblies can develop a gel network. In our tutorial review ®, we focus on
the mechanism of supramolecular assembly and the subsequent network formation.
We explicitly distinguish three dominant assembly mechanisms in supramolecular

64-68 crystallization %771, and

gel systems, namely supramolecular polymerization
spinodal decomposition 72774, In this chapter, the part of the review dealing with the
crystallization mechanism is discussed because it is the dominant mechanism of
assembly in LMWG systems and bisamide LMWGs are central to this research,
appeared to form gels through the crystallization mechanism. In the following
discussion on the gel formation through crystallization, the basic stages of
nucleation, growth, and the formation of multi-level crystal networks are explained.
Accordingly, the effect of the developed microstructural features on the

macroscopic properties of some supramolecular gels as examples will be described.

In the classic method, thermally-triggered gels are prepared from molecular gelators
as follows: a solid gelator is fully dissolved in an appropriate liquid solvent upon
heating until an apparent solution (sol) is obtained (Figure 2.3a). By cooling the
solution, the concentration of the solute gelators exceeds the equilibrium solubility,
known as supersaturation. When crystallization occurs from the melt state,
supersaturation can be defined by use of the heat of fusion (A ) in Equation 2.1:

_ AHy AT Equation 2.1
R T.T;

This equation explains why cooling below the equilibrium temperature does not
lead to an immediate precipitation. In fact, a considerable cooling (undercooling
(AT)) with associated levels of supersaturation is the prerequisite to the emergence
of a relatively opaque phase in the initially transparent mixture (Figure 2.3b). As a
result, at a certain temperature (Tsg) where sufficient separation of the solutes from
the solvent occurs, a new phase forms which might ultimately lead to the gel
formation (Figure 2.3c) .

The microstructure of the gel (Figure 2.3c) characterized using electron microscopy
and X-ray experiments have evidenced the presence of crystalline structures such
as 1D objects like fibers 763 and 2D objects like platelets 5 in a three-dimensional
(3D) network °1. Therefore, the formation of crystalline structures and development
of 3D network in a gel can be explained using the common model for crystallization,
nucleation and growth. In fact, many of the self-assembly principles that have been
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elegantly found by exploring crystalline materials are applicable to molecular gels
92,93

Figure 2.3 Classic gel preparation using the heat-cool process: a)
macroscopically homogeneous solution mixture, b) the coexistence of
precipitated phase in non-gelled liquid zones, insets showing some non-gelled
microstructures due to the insufficient supersaturation, c) the whole sample
volume is completely gelled upon considerable cooling reaching the required level
of supersaturation, insets showing some possible microstructures of the fibrous
or platelet-like network in the gel imaged by scanning electron microscopy.

2.1 Classical nucleation

According to the classical nucleation theory, in the solution state, entropic factors
dominate the system, and therefore molecularly dissolved gelator molecules and
solvent molecules are in equilibrium, and assembly of the molecules is negligible.
Upon decreasing the temperature or increasing the concentration, enthalpic
interactions becomes dominant over entropic factors, and this drives assembly of
the gelator molecules once their concentration exceeds the solubility limit. In this
stage, the molecules form clusters, driven by a reduction of the volume or bulk free
energy contribution (AGv) to the total free energy of the system (AGr) °#°°. However,
despite the intrinsic driving force for aggregation and emergence of many clusters
in the early stage of cooling, only a fraction of them would become sufficiently large
to successfully grow into nuclei. The reason for this is that the formation of clusters
creates a new surface with the solution phase, which is associated with an
unfavorable interfacial energy (AGs). Hence, the balance between the volume free
energy (AGv) and the interfacial energy (AGs) determines the total Gibbs free energy
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of the system for nucleation (AGrt). The former describes how favorable it is to have
a phase change and the latter is the amount of energy needed to create an interface.

AGg=4mr? Y

/ AG”

AG=0Gg+ AG,

r (m)

. |

solution ge .
in formation
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equilibrium \ i K
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Figure 2.4 Energy contribution of the nucleation in the total Gibbs free energy, the
embryos (clusters of a few molecules) are prone to dissociate. Above the solubility
limit, the density of the clusters increases which increases the probability of these
clusters to meet each other thereby exceeding the critical size at which the bulk
energy overtakes the interfacial energy. These clusters reach a critical size and form
nuclei. Initially the density of the clusters is low so that the rate at which nucleation
appears is very small and when the density of the clusters become larger, the rate
of cluster-cluster aggregation increases accordingly.

The mathematical expression of total energy of the system for spherical clusters is
given in Equation 2.2 where Agy is the Gibbs free energy per unit of volume and r is

the radius of spherical clusters. The optimization of AGtotaiin Equation 2.2 yields the
critical radius in Equation 2.3:

4 .
AGoral = AGy + AGg = —§1TI'3AgV + 4mr?y Equation 2.2

2Y

L= 2L Equation 2.3
¢ Agy

From Figure 2.4 it is apparent that only for clusters whose sizes exceed the critical

radius (rc), further growth leads to a further reduction of AGtoetal While clusters with
r<rc can only decrease the Gibbs free energy by dissolving back in the solution.
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Hence, only clusters with a radius r > rc have overcome the nucleation barrier AG*(rc)

and are sufficiently stable for further growth driven by the decrease of AGiota °*1%.

In the kinetic formalism of Gibb’s theory, the nucleation rate (J)- the number of
nuclei formed per unit time per unit volume- is controlled by (AG"). The steady-state
rate of nucleation is expressed in the form of Arrhenius reaction rate in Equation
2.4:

_AG™ Equation 2.4
J =)o KaT !

where kg is the Boltzmann’s constant and Jo is the pre-exponential factor which is
related to the rate of attachment of molecules to the critical nucleus. The rate of
molecular attachment depends on the molecular mobility which is also sensitive to
temperature (T).

2.2 Non-classical nucleation

The classic nucleation theory based on the thermodynamics description by Gibbs
along with kinetic theories from the 1930s and 1940s has successfully addressed
many aspects of nucleation particularly in the case of low supersaturation 194192, The
classical nucleation theory assumes that nuclei create constituents with sharp
interfaces within the parent phase. It is also based on the assumption that the
constituents have exactly the same arrangement as the final crystal (Figure 2.5a). In
the last two decades, experiments have shown that many nucleation processes
cannot be simply explained by classical nucleation theory. The classical nucleation
theory can be extended by four major amendments %3

1. Nucleation can occur in two steps where the formation of disordered
precursors precedes the development of crystalline nuclei (Figure 2.5b)
104,105'

2. Single atoms or molecules can form nuclei if the nucleation barrier drops
sufficiently at a given temperature (Figure 2.5c¢) 1.

3.  Nuclei with non-equilibrium shapes form which have similar shape to the
final crystal phase (Figure 2.5d) 107108,

4. Another scenario goes beyond the classical and non-classical nucleation
theory: it explains how the order parameter of a nucleus changes moving
outwards from the core, consisting of one or a few atoms. Therefore, there
is no sharp interface between the nucleus and its surrounding phase and it
is changing over time as the nucleus grows (Figure 2.5e) 1%,
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Figure 2.5 Classical versus non-classical nucleation theories: a) classical nucleation
which explains how clusters of atoms or molecules which grow into nuclei with a
particular shape, size, and sharp edges with the same crystal structure as the final
crystal (dissolved molecules in the solution are in pale blue and ordered constituents
of a nucleus are shown in dark blue), b) the non-classical two-step model proposes
that initial precursors can form which are completely disordered and nuclei emerge
in a separate step, c) in another non-classical theory, one atom or very few atoms
can act as a nucleus, d) nuclei with the same lattice as the emerging crystal but not
the ideal ‘equilibrium’ shape of the classical theory is expected, e) nuclei with non-
equilibrium shapes emerge which can change over time, reprinted with permission
from ref. 103,

2.3 Crystal growth

After nucleation has occurred, the solution usually remains supersaturated thereby
providing a driving force for further crystal growth. It should be noted that this
growth is a dynamic process, in which the adsorption rates of molecules from the
solution to the nuclei exceeds desorption rates of molecules from the nuclei into the
solution. While desorption rates only depend on the interaction energy of the
molecule with the surface, the adsorption rates increase with increasing the solute
concentration, and hence, crystal growth rates increase with increasing
supersaturation.
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2.3.1 Equilibrium growth

Nuclei grow over time until they reach a state of equilibrium, where the rate of
crystal growth is equal to the rate of the dissolution, which can be explained to some
extent by Gibbs—Curie—Wulff theorem % the equilibrium state is reached when the
crystal is in a thermodynamically stable state and has the minimum level of surface
energy. In fact based on Gibbs theory about heterogeneous phase equilibria,
crystals grow at equilibrium such that the total surface area times the surface free
energy is at a minimum. This form of crystal is called the equilibrium crystal shape
(Figure 2.6), which is exclusive to a constant temperature and pressure. The normal
growth rates of crystal faces are proportional to the surface free energies as
proposed by Curie. In the equilibrium crystal shape, the relative areas of the
different faces are inversely related to the ratio of the interfacial free energies as
suggested by the Wulff theorem 10, Based on Wulff theory, the central distances of
the crystal faces from a point within the crystal (Wulff point) are proportional to the
corresponding specific surface free energies of these faces (Figure 2.6b). In other
words, the crystal faces with the highest interfacial free energy have the smallest
interfacial area, conversely, those with the lowest interfacial free energy have the
largest interfacial area. Crystal faces with the highest interfacial energy (or
attachment energies) grow the fastest, as a result of this growth mode, the
interfacial area of the adjacent faces increases. Therefore, as long as the growth
rates of the crystal faces are sufficiently slow to allow the growing crystal to
equilibrate towards a minimal interfacial energy via interfacial migration and
annealing, the ratio between the interfacial areas of the various crystal faces
remains preserved and an equilibrium crystal shape is obtained.

Although Gibbs—Curie-Wulff theory can explain many aspects of crystallization, the
lack of concrete experimental proof makes the theory imperfect to some degree.
Moreover, there is little quantitative evidence to support this theorem in the field
of supramolecular gels, which are mainly based on organic materials: for inorganic
materials, the crystal-forming components (atoms or ions) are spherical (ball shape).
Therefore, the orientation of atoms/ions do not matter when they are transported
to the crystal phase during the crystal growth. However, for organic materials like
molecular gels, the crystal-forming components (gelator molecules) are composed
of more than one atom which makes them anisometric. This feature of (many)
organic molecules make their crystal growth processes more complex than that of
the inorganic materials and brings new questions, e.g., what is the orientation of the
molecules approaching the crystal interface?
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Figure 2.6 Equilibrium shapes of crystals: a) lateral growth and resulting crystal
shapes according to Gibbs-Curie-Wulff theory, b) some equilibrium shapes
corresponding to Wulff plots, reprinted with permission from ref. 110111,

(a) classical growth mechanism (b) oriented attachment mechanism
spiral growth
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Figure 2.7 Illustration of the growth theories: a) classical growth mechanisms in the
forms of spiral growth and 2D island nucleation-growth, b) non-classical growth via
oriented attachment which occurs in three steps for gold nano particles, approach,
rotation, and contact, reprinted with permission from ref. 112,

In a solution, nuclei of gelator molecules grow into lager crystals by migration of
primary constituents (atoms, molecules, etc.) and their attachments to the pre-
existing nuclei to form a layer. This process is driven by the minimization of the
interfacial free energy manifested by the multiple intermolecular interactions at the
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edges as compared to single interaction for isolated adsorbed molecules and further
attachment/migration to the layer edges to grow the layer (Figure 2.7).

2.3.2 Non-equilibrium growth

At larger supersaturations, the rate of attachment of the molecules exceeds the rate
of migration or annealing of the growing edge. Hence, the growth rate of one or
more crystal faces may become too large to maintain the equilibrium shape.
Depending on the degree of supersaturation, different growth modes may occur
each leading to different morphologies, each with their own characteristics
deviating from the equilibrium shapes. Non-equilibrium growth encompasses a
wide range of growth processes that occur far from thermodynamic equilibrium.
The first growth mode may occur when the rate of the crystal growth is no longer
governed by the relative interfacial energies (i.e. desorption rates), but become
limited by the rate of molecular diffusion to the grown interfaces. In the diffusion-
limited growth, the diffusion rate (flux) of molecules towards the crystal face
increases with the local curvature of the front tip: at regions of high curvature, the
diffusion rate is typically higher due to the increased concentration gradient, which
results in a larger driving force for diffusion. In general, these will be the crystal faces
with the highest interfacial free energy that were already growing fast. Thus,
diffusion-limited growth will favor the growth of the already fastest growing
interfaces, leading to crystal shapes that are more elongated along their fastest
growing axis, compared to the equilibrium shape. The diffusion rate is even larger
towards the crystal edges because of the larger local curvature, and this may lead
to stronger growth of the edges, also known as tip growth. Tip growth has the
tendency to become a self-amplifying process as a growing tip has an even larger
local curvature, and hence diffusion towards such a tip becomes faster thereby even
more accelerating its growth.

2.3.2.1 Small-angle tip splitting (side branching)

These diffusion-controlled growth modes are often mingled with the growth modes
that are more related to the local annealing of defects by interfacial migration,
which is driven by a local minimization of the interfacial free energy. At high
supersaturation, the adsorption rates may become too fast, thus there is insufficient
time for the local defects to be annealed by short-range diffusion. Therefore, such
a defect at the growing tip becomes a tip by itself. It starts to grow independently
from the growing tip via molecular deposition in a different direction, resulting in
splitting of the tip, known as tip-splitting (Figure 2.8a). Tip splitting is a phenomenon
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that occurs during the growth of fibers where the growing fiber splits into two or
more separate fibers at the tip which forms branched or bifurcated fibers. This type
of tip splitting, i.e. the occurrence of defects leading to tip-splitting is also known as
non-crystallographic mismatch or small-angle branching. Generally, tip splitting
occurs at high supersaturation or due to other factors like variations in the chemical
composition of the growth medium, changes in the temperature or flow rate of the
growth medium, changes in the direction or rate of growth of the fiber.

Defects which are not annealed may also occur at the lateral face of growing crystal
rather than at the edges or tips. In such cases the defect often becomes the nucleus
for the growth of a new crystal, a so-called daughter crystal, that is merged to the
lateral face of the parent crystal (known as side-merging which is shown in the inset
of Figure 2.8a). This growth mode is caused by secondary or heterogeneous
nucleation leading to the formation of daughter crystals. The growth of the daughter
crystal in this growth mode is typically faster than that of the parent crystal face
which is due to its larger associated diffusion front.
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Figure 2.8 Illustration of fiber growth modes: a) small angle (non-crystallographic
mismatch), b) wide-angle branching (crystallographic mismatch) which occurs at
relatively higher supersaturation level compared to small-angle branching,
reprinted with permission from ref. 113,

2.3.2.2 Wide-angle tip branching (crystallographic mismatch)

Another form of splitting can occur when the crystallographic alignment between
the adjacent crystallites may be lost by an abrupt increase in supersaturation 114117,
This is known as wide-angle branching which occurs at relatively higher
supersaturation than the small-angle tip splitting (Figure 2.8b). In fact, the
crystallographic orientation of the branches (daughter crystals) significantly
deviates from the main growing crystal (the parent crystal), thus, a new crystal
domain forms. The anisotropy between the interface of daughter branches and their
parent results in this different growth pattern, known as a wide-angle
crystallographic mismatch or a non-crystallographic branching 8. This mode of
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growth occurs in 3D where the parent fiber acts as a substrate for the radial growth
of the crystals developing a Cayley tree structure.

In systems where the supersaturation is the only driving force for the growth, the
above mentioned modes of growth can be explained via different terminologies.
The deposition of a thin layer of atoms/molecules on the top of the crystal substrate
is called epitaxial growth if the crystal structure of the deposited layer matches with
the substrate. The term “epitaxial” comes from the Greek words “epi” which means
“on top of” and “taxis” meaning arrangement. If the deposited layer is aligned with
the underlying substrate and follows the orientation of the substrate crystal, the
lattice parameters of the substrate and the deposited material will be similar,
thereby epitaxial growth occurs. Self-epitaxial growth is dominant in the systems
where growth is not mediated by external means like impurities. Thus, a thin layer
of material on top of the substrate from the same material deposits. In this case, the
term “self” refers to the fact that the substrate and the deposited layer are made of
the same material. Figure 2.9 summarizes how the mode of self-epitaxial growth
can change with the degree of supersaturation: at low supersaturation where the
nucleation energy barrier (AG") is too high, a complete self-epitaxial match is
dominant whereas increasing the supersaturation encourages the mismatch of the
daughter crystals from the parent crystals 13,

Well Self-epitaxial Match
1.5
e
= 1.04 Small-angle Self-epitaxial
< Mi tch
K. 1smate Daughter Crystal
* Wide-angle Self-epitaxial
LD Mismatch
<
0.5 Parent Crystal
0.0 T T v T b4 L] . L]
0 5 10 15 20

o (a.u.)

Figure 2.9 Energy barrier change (AG*) with supersaturation (o), reprinted with
permission from ref. 11°,
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2.4 Network formation

Nucleation and growth can lead to the gel formation if the self-assembly of gelator
molecules ultimately forms the three dimensional gel network permeating the
solvent. From a hierarchical perspective, the assembly of gelator molecules builds
primary structures (microscale) which grow further to form secondary structures
(mesoscale). The interconnection of individual secondary structures leads to the
tertiary structure, i.e., the gel network (macroscopic scale) *°.

2.4.1 Network formation via different modes of assembly

The network formation in a gel driven by the above-mentioned growth modes can
occur via different assembly-modes in supramolecular gels.

a) one-step assembly

gelator molecules joining growing crystals

b) two-step assembly

gelator molecules forming growing crystals
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Figure 2.10 The crystal network formation in a gel can occur with different modes
of assemblies: (a) one-step process of assembly, (b) two-step process of assembly.

These assembly modes have been very well explained by Liu et al. and are briefly
summarized here 12°;
a) One-step assembly
Gelator molecules can directly participate in the crystal network formation
without the formation of intermediate crystal entities. This mode of
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assembly is known as the one-step assembly process. In fact, in this mode
of assembly, nucleation and growth occur at the same time (Figure 2.10a).
b) Two-step assembly
Compared to the direct one-step assembly mode, the network formation
occurs in two stages: first, the assembly of the molecules to form crystalline
entities, then growth/network formation occurs via coalescence of the
growing crystallites (Figure 2.10b).
c¢) Hybrid modes of assembly (simultaneous one-step and two-steps
assemblies)
It is also possible that the crystal network develops by the co-occurrence
of the one-step and two-step assembly processes.

The tip splitting/branching and the side branching belong to the one-step process
and mixed mode of assembly while two-step crystallization occurs mainly at

nano/mesoscale and is mainly the dominant mechanism in typical atomic systems
121

2.4.2 How do different network structures develop via different
growth/branching modes?

Different modes of growth occured via different pathways can construct gel
network patterns with their characteristic rheological properties. One of the well-
known patterns which occurs in nature are dendrites (Figure 2.11). For example,
when water supersaturates and starts to crystallize, the nuclei grow and star-shaped
snowflakes form 122,

LTw<TM

Figure 2.11 schematic illustration of the solidification of a liquid in a vessel whose
walls are at a temperature (Tw) below the melting temperature of a pure substance
(Tm), thus the generated latent heat is eliminated through the walls: a) the solidifying
front S starts to form from the walls, b) the liquid is undercooled below the melting
temperature, c) dendritic growth, reprinted with permission from ref. 123,
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In classic epitaxial growth, the daughter crystals form with well-defined orientation
with respect to the parent crystals which can develop dendritic structures 24, The
relative orientation of the new crystalline layer with respect to the parent substrate
differentiates epitaxial growth pattern from multi-crystalline or random amorphous
structures. As mentioned previously, in self-epitaxial growth, the parent substrate
is a growing surface of the same type of crystallites which is a dominant growth
mode at low supersaturation levels. This growth pattern forms periodic zigzag
branches where there is a strong anisotropy. In fact, the microscopic interfacial
anisotropy is essential to stabilize the dendritic growth (Figure 2.12a) while an
insufficient or a weak anisotropy encourages the development of fractal patterns
(Figure 2.12b).

Dendrites and fractal patterns have the same origin: in dendrites, continuous
annealing reduces the tip splitting frequency by removing local tips. Gel networks
with dendritic morphologies form when the rate of growth is not yet very fast, for
example at a low supersaturation level while gel networks with fractal morphology
form at higher supersaturation levels where there is a wide-angle mismatch
between the crystallographic orientation of daughter crystals and of the parent
crystal. At high supersaturations where the mismatch nucleation barrier is
overcome, fiber branching indeed occurs at the tip of fibers growing one-
dimensionally. Thereby, the frequency of tip splitting increases leading to the
formation of fractals (Figure 2.12b). Fractal patterns embody self-similar parts
representing the properties of the whole pattern. Therefore, their geometric
properties are independent of the length scale %, In this pattern, there is a
symmetrical relationship between the daughter and parent crystals; they are from
the same structure but with different crystallographic orientations.

The fractal pattern transforms via self-epitaxial nucleation and growth which can
develop a Cayley tree network by going through a cycle of branching-growth-
branching.
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Figure 2.12. Simulated model and microscopic morphologies of two different
network patterns in molecular gels: fractal versus dendritic morphologies; a) the
dendritic growth when sufficient anisotropy is included, b) tip splitting growth
leading to a densely branched pattern in the absence of anisotropy or presence of
weak anisotropy, reprinted with permission from ref. 124,

This structure is defined using three main parameters (Figure 2.13):
1. thelength of the branches which is also known as correlation length (), the
length of the fiber between two neighboring branching points.
2. the branching rate (z)
3. the activity of the growth sites
In the course of the development of the usual Cayley tree with fractal mode of
growth, the parameters z and T are constant and the branching takes place on all

sites simultaneously 12°.
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ey
Figure 2.13 Fractal Cayley tree structure: a) the microstructure image of fiber
networks in the GP-1 gel, b) schematic illustration of Cayley fractal tree where
branching growth has started via branching from a single branch. The correlation
ength (7) is the length of branches along the tree which is not equal to the Euclidean
distance | within the embedding space, reprinted with permission from ref. 1%,

Liu and Sawant explained the growth of fractal nanofiber networks in organogels
using the Avrami relation ?°. The Avrami relation (Equation 2.5) describes the
nucleation and growth of bulk crystals where k is a rate constant, tis time, and Xcr is
the crystallinity.

Xep = 1 —ekt" Equation 2.5

The parameter D represents the dimension of growing bulk crystals: for the one-
dimensional such as rod-like growth (D=1), the two-dimensional such as sheet-like
growth (D=2), and the three-dimensional or spherical growth (D=3). For fractal
growth, the expression is given in Equation 2.6 where the length of bulk crystals as
a function of t (in Equation 2.5) is substituted by the radius of gyration of fiber
networks and the dimension D is replaced by the fractal dimension Ds.

In(1 =X, (1) = —K(t —t,)"* Equation 2.6

The expression for fractal growth in Equation 2.6 is introduced to describe the
growth of the three-dimensional network occurring after tg. Thus, the parameter t
in the Avrami equation is then replaced by t-tg.
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2.4.3 How do different network morphologies impact the rheological
properties?

The flow behavior and deformation properties of gels are studied using rheology
which provides information about the structure and dynamics of the assemblies.
The rheological properties, particularly the viscoelastic behavior of molecular gels
are governed by microstructural features of solid networks entrapping the viscose
solvent. These structural characteristics in a fibrillar network include symmetry and
crystallinity of fibers (for example the bending modulus of the individual fibers), the
correlation length of fibers (network density and mesh size), the degree of
branching, and the strength of the entanglements or interactions between the fibers.

Liu et al. have shown that the rheological properties of the gel is engineered via

126 Dynamic rheological

controlling the supersaturation of the system
measurements of the microstructural evolution at different stages of nucleation and
growth have shown that a permanent fiber network with a high G' can be formed
by changing the architecture of a biocompatible organogel. This network can be
produced by intensive entanglement or branching which reinforces the 3D solid
network through reducing the mesh size of a network. Therefore, a network with an
entangled or a sufficiently branched fibers forms smaller meshes which entrap the

solvent more efficiently.

As discussed in previous sections, the degree of supersaturation controls the degree
of crystallographic mismatch branching; at high supersaturation levels, the wide-
angle mismatch branching occurs which can construct a denser network with better
elasticity due to a shorter correlation length (Figure 2.14a). On the contrary, at low
supersaturation levels, the good structural match between the growing daughter
crystals and the parent phase develops the network with a larger correlation length
(2) which has a larger mesh size.

Figure 2.14c shows the evolution of G' of N- lauroyl-L-glutamic acid di-n-butylamide
system as a function of the degree of supersaturation in the system. Upon increasing
supersaturation, G’'max increases in the beginning due to the formation of more fibers
with higher degree of branching.
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Figure 2.14 The crystal formation in N- lauroyl-L-glutamic acid di-n-butylamide
system: a) the effect of supersaturation on the correlation length, b) the formation
of fibrous network via nucleation-growth- crystallographic mismatch branching, c)
change of G'max upon changing supersaturation, d) development of multi-domain
networks from abundant nuclei due to high supersaturation, reprinted with
permission from ref. 126,

At very high concentrations, G'max reaches a plateau. Van Esch et al. described the
correlation of G'max with the concentration difference from the equilibrium
concentration in bis-ureas based organogels using Equation 2.7 1?7

Glnax = a. (C — C)P Equation 2.7

In this power law equation, a and b are constants; C and Ce are respectively the
gelator concentration at each temperature and the concentration at the equilibrium.
However, this equation is valid at low supersaturation and cannot comprehensively
explain the evolution of G'max at entire supersaturation range for this gel or other
gels.

Weiss et al. studied the microstructures of fibrillar network in 5a-Cholestan-33-yl N-
(2 Naphthyl) carbamate/ n-Alkane organogel system %8, They found that upon
increasing the supersaturation, spherulitic structures form as a result of radial
growth mode while the nucleation rate also increases at the same time. Therefore,
the emergence of the spherulites from different nucleation centres leads to multiple
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individual network domains in a gel system, a multi-domain structures. Multi-
domain networks with transient junctions at domain-domain boundaries which are
normally weaker than single domain of fibers with uniform junctions. In these
systems, the degree of fiber branching determines the domain size of the
spherulites. When it is intense, the individual fibers from one spherulite can overlap
the fibers of adjacent spherulites, while a relatively milder degree of branching
isolates the spherulites resulting in clear boundaries. Those boundaries separate
spherulites from their neighbors. As a result, spherulitic gels with multi-domain
networks develop where the size and the density of spherulites, and the strength of
the domain-domain interactions (G'domain) influence the rheological properties of the
gels (schematically shown in Figure 2.15a) 1312,

Similar to the spherulitic structure, the degree of supersaturation regulates the size
and number of fiber bundles in an interconnected fibrous networks 3132, |n those
systems, the fibers grow by side-branching (one-dimensionally alongside each other)
and interact via transient junctions or entanglements. As a result of this specific
growth mode caused by a relatively low degree of supersaturation, the bundling of
the fibers occurs where individual fibers meet each other and fuse together within
a certain angle and level of proximity, forming a single-domain interconnected
network (Figure 2.15b); a higher degree of supersaturation, by increasing the
gelator concentration for example, encourages the evolution from scattered
bundles to larger 3D bundles. The rheological properties of the gel with a single
domain depends on the strength of the individual fibers (G'river), the density of the
fibers, the thickness of the bundles, in addition to the strength of the transient

junctions in the networks 33

The mechanical properties of the gels with different topologies, i.e. single and multi-
domain networks, were compared by investigating the in situ formation of the gel
networks in the N-lauroyl-L-glutamic acid di-n-butylamide (GP-1)/propylene glycol
(PG) system and studying their rheological properties '3*. The results have shown
that although the fibrillar network can possess higher elastic modulus in the first
stage, spherulitic domain-domain interactions can show more resistance to the
breakage compared to the transient junctions within the bundles. In other words,
the breakage of the spherulitic network occurs at larger strains (Figure 2.16). The
elastic modulus of the gel network can be tuned by the number of the spherulites
(the density of the domain-domain interactions) and the strength of the junctions
in spherulitic gels and via the average length of the fiber segments, mesh size, the
aspect ratio of the fibers, and their stiffness in single domain networks.
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Figure 2.15 The schematic comparison of G’ evolution in two different network
morphologies: a) single and multi-domain spherulitic network, b) the network
formed from fibrillar bundles, L is the length of the system, reprinted with
permission from ref. 113,
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Figure 2.16 Two supersaturation-driven growth modes, the correlation of
morphology and rheological properties in multi-domain spherulitic and fibrillar
network, reprinted with permission from ref. 113134,

Figure 2.17 schematically shows how the elasticity of the gels can be tuned by the
level of supersaturation. The gelation via crystallization at higher temperature
reduces the supersaturation while the nucleation rate is also low. The presence of
less nuclei leads to the formation of a network with better interpenetrating fibers
within the domain-domain boundaries which can improve the gel elasticity. On the
other hand, at higher temperature, i.e. less supersaturation, the fibers may form
isolated and large spherulites with junctions susceptible to the breakage under
shear stress 113,
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Figure 2.17 The effect of the degree of supercooling on the size of spherulites and
joint densities, reprinted with permission from ref. 13,

The contribution of the strength of the domain-domain junctions in the network to
the mechanical properties of multi-domain structures has been studied by
Hanabusa et al. 3>, The gels prepared by the incubation of a sol at lower
temperature have shown thixotropic behavior upon shear removal while the
incubation at a higher temperature did not assist the recovery of the gel state. The
progressive shear-recovery cycles reveal how the decrease in recovery time and
reduced steady-state storage modulus are affected by the network morphology:
depending on the packing degree of crystals in the network, the stress
concentration on single and multi-domain networks can be expressed in different
ways; in the spherulitic networks with less crystalline fibers, the network
disintegration is limited to the domain-domain junctions. The stress
accommodation occurs by disintegration of 3D network to 1D fibers which rather
reform a network upon stress removal. However importantly, the sol obtained by
applying shear does not have the required kinetics to reconstruct spherulites.
Instead it appears that the molecules reassemble to lamellae-like structures driven
by van der Waals interactions 3°. As Figure 2.18 shows, the gel state reformed after
the breakage under shear has a different network morphology than the original 3D
structure with overlapping spherulites. This is due to the fact that the junctions of
spherulitic domains are less resistant to shear force and show signs of fatigue which
finally results in gel disintegration; upon increasing the number of shear and
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recovery cycles, the spherulitic structure transforms into a long fibrillar morphology
which lacks thixotropic properties.
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Figure 2.18 Polarized light microscope and schematic images of microstructures of
a) the gel with spherulitic structure, b) the broken gel to sol-like structure under
shear, c) reformed gel after standing, reprinted with permission from ref. 13,

Heterogeneous network structures (in terms of morphology, mesh size, and spatial
distribution of fiber networks) can originate from uncontrolled nucleation due to
non-isothermal cooling processes in a gel preparation procedure (Figure 2.19a). Liu
et al. have investigated that homogeneous fiber networks with uniform mesh sizes
can be obtained by controlling the nucleation via the addition of polymer additives.
They inhibited the early-stage nucleation of N-lauroyl-L-glutamic acid di-n-
butylamide (GP-1) as the molecular gelling agent in benzyl benzoate (BB) using
ethylene/vinyl acetate copolymer (EVACP) as the copolymer additive which is
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strongly adsorbed on the surface of the fibers 3¢, As a result, at the early cooling
stage no intermediate fibrillar network forms (Figure 2.19b) which causes a uniform
spherulitic network instead of a mixture of spherulites and interconnected fibers
which can exclusively form at higher and lower levels of supercooling, respectively.

(a) (b) normal
growth
uncontrolled inhibited directed

nucleatlo \ nucleation growth '
T

mixed fiber pure
network fiber network

Figure 2.19 The evolution of nucleation and growth studied using real-time
observation of the early stage GP-1 fiber formation in BB (1,2) in the absence of an
additive EVACP and (3,4) in the presence of an additive EVACP: a) the effect of
uncontrolled nucleation caused by non-isothermal cooling processes on the
homogeneity of network structure, b) direct growth of uniform spherulitic using
copolymer additives to avoid the formation of the mixture of spherulites and
interconnected fibers, reprinted with permission from ref. 3¢,

The elasticity of gels is governed by the strength of the individual fibers and their
interactions in the network: in the fibrillar network structure with well-
interconnected fibers, the gel behaves like a single uniform network. To encourage
this mode of fiber growth, Liu et al. used the non-ionic surfactant Tween 80 which
is effectively adsorbed on the surface of the growing tips of fibers in gels from N-
lauroyl-L-glutamic acid di-n- butylamide (GP-1) and lanosterol (LS). In the presence
of the surfactant, the elasticity of the gels was found to increase significantly
followed by a constant level with increasing the surfactant concentration.
Introduction of Tween 80 to these gel systems has evolved the network structure
from transient entanglement of individual fibers to a well-interconnected fibrous
network. As a result, the storage modulus of the gels has enhanced in the order of
30%-266% 6.
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In spherulitic structures, the strength of the junctions among spherulites determines
the strength and the integrity of the network. Indeed, the domain-domain junctions
at the boundaries of spherulites can act as mechanically weak regions under shear
stress 137, The stiffness of these gels can be increased by increasing the polymer
additive concentration. The polymer additive retards the nucleation rate in the
solution. As a result, larger spherulites grow which form less number of weak
junctions at the boundary zones.

The elastic properties of spherulitic structures can be weakened or improved by
reconstruction of the network’s topology. One example is the microstructural
evolution in gels from N-lauroyl-L-glutamic acid di-n-butylamide in propylene glycol

138: at the lower

by adjusting the concentration of Span 20 as the additive
concentration, the lateral adsorption of the surfactant molecules on the surface of
the parent fibers encourages a transverse nucleation and growth of the new fibers.
By increasing the concentration above a critical micelle concentration, radial fibers
grow from the nucleation sites. The rheological properties of the gels change by
structural transformation from spherulitic to comb-like and subsequent spherulitic
topology with smaller length-scales (Figure 2.20); the latter growth pattern forms
spherulitic domains with a higher elastic modulus compared to the former comb-

like structure.
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daughter fiber

T

Figure 2.20 The transformation of the lateral growth mode to the comb-like

structure in the presence of Span 20 additive, reprinted with permission from ref.
138

Another approach to improve the viscoelasticity of gels is to combine these two
methods: thermal supersaturation with the addition of suitable additives which can
impede the nucleation process of gelators in the solvent. As an example,
Poly(methyl methacrylate co-methacrylic acid) was added in small amounts (0.01-
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0.06%) to N-lauroyl-L-glutamic acid di-n-butylamide (GP-1) system. The results have
shown that the polymer molecules adsorbed on the surface of the fibers of GP-1 in
propylene glycol (PG) impede the fiber growth from the formation of an integrated
fibrillar network. The higher the concentration of the polymer additives, the larger
the size of the spherulites (Figure 2.21) which could dramatically increase the

viscosity of the gel up to 3.5 times **’.
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Figure 2.21 Engineering of the fiber network using additives to control the gel
morphology by decreasing the joint density at the boundaries between spherulites
which act as mechanically weak areas in the network, reprinted with permission
from ref. 137,
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Chapter 3

Molecular arrangement and thermal
properties of bisamide organogelators in the
solid state

Abstract

To shed light on the gelation behavior of bisamide organogelators, it is essential to
investigate the properties of the main components, the gelator compounds
themselves. In this study the crystal structure and phase behavior of bisamide
gelator molecules are investigated using DSC, FTIR, XRD and molecular modelling. A
homologous series of bisamide model compounds (nBAs) was prepared with (CH2)n
spacer between the two amide groups, where n varies from 5 to 10, and with two
symmetric C17 alkyl tails. With increasing the spacer length the thermal properties
show a clear odd-even effect which was reliably detected using our newly developed
DSCn(T) analytical model, determining the melting transition measured by DSC and
allowing accurate calculation of the enthalpy of fusion and the change in heat
capacity of nBA compounds. Using XRD, all studied nBA compounds show 00/
reflections, the characteristic of layer-like structures with a highly defined layer
spacing. The XRD patterns of the odd BA series are very similar, but show marked
differences compared to the XRD patterns of the even series, which in turn are very
similar. Crystal structure analysis shows that the odd-membered 5BA molecules are
nearly perpendicular to the stacked layers, as described by a pseudo orthorhombic
unit cell, whereas the even-membered 6BA molecules are tilted at an angle with
respect to the layer normal, as described by a triclinic unit cell. In both the odd and
even series the inter-layer interaction is the Van der Waals interaction. The intra-
layer packing of molecules in the 6BA structure not only differs from that of 5BA in
terms of tilting, but also in terms of H-bonding: the 6BA hydrogen-bonding scheme
is very similar to that of Nylon 6,10 «, unlike the 5BA H-bonding scheme. The packing
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of the C17 alkyl tails in the 5BA layers has a pseudo-orthorhombic Z = 2 projection
cell, similar to the orthorhombic cell of polyethylene and unlike 6BA. The 6BA
gelator has a slightly higher crystalline density (1.038 g.cm™) than 5BA (1.018 g.cm’
3). This is in agreement with its higher melting point and the presence of N-H bands
at higher wave numbers observed by FTIR. The XRD reflections of 5BA and 6BA
disappear around 132 °C and 145 °C respectively, which is in reasonable agreement
with the melting temperatures obtained from DSCn(T). The structural differences
observed between the odd and even BA series reflect the different structure-
directing effect of parallel versus anti-parallel amide hydrogen bonding motifs.
These differences underly the odd-even effects observed in the thermal properties.

3.1 Introduction

Low molecular weight organic gelators (LMWGs) are low molecular mass gelling
agents that are able to form supramolecular gels *. They can construct gels via self-
assembly leading to the formation of micrometer-long crystals in various
morphologies which entangle into an overall three-dimensional network and entrap
the solvent in the network 2. The self-assembly of LMWGs occurs through non-
covalent reversible bonds such as nt-stacking, hydrogen-bonding, and Van der Waals
interactions >,

As most of the LMWGs used as additives to increase the viscosity of liquid products
were discovered fortuitously 8%, there was little theoretical understanding on their
mechanisms of gel formation. Finding and screening numerous compounds has
directed research toward the systematic study of gelator structure, their interaction
with solvents, and the correlation to the rheological properties of their final gels '~
13, New LMWSGs are designed rationally by stepwise modification of the molecular
structure of the former gelators to optimize the rheological properties of the final
gels >4,

The efficiency of LMWGs is determined by the tendency to form a stable gel at the
lower gelator concentrations ¢, LMWGs with long aliphatic chains or aromatic
groups with a large surface combined with moieties such as ureas, urethanes,
carbamates, and amides forming three dimensional networks via strong
intermolecular hydrogen bonds have shown efficient immobilization of a variety of
organic solvent 722, Hanabusa et al. designed LMWGs which gelate a wide variety
of organic liquids via thermoreversible intermolecular hydrogen bonds between the
N-H and C=0 groups of both the amide and urethane bonds 2.

50



Among these structures, amide groups are effective structural units for the
formation of supramolecular gels since the formation of hydrogen bonds (H-
bonding) between amides is thermodynamically favored in a variety of solvents *°.
Therefore, low molecular weight gelators which contain single 2> or multiple

26-28

amide groups can act as efficient gelators due to inducing directional

intermolecular H-bonding for self-assembly.

Thermal properties such as melting of these gels were found to be associated with
the strength of intermolecular H-bonding and Van der Waals interactions %°. One of
the main challenges in the rational design of these molecules has been
understanding the degree of intermolecular interactions and their inherent
characteristics. So far some attempts have been made to correlate the position of
amide groups in the molecular structure to the conformation of H-bonding in the
network, i.e. in the presence of different solvents, but still an elaborate study on the
structure and properties of the solid LMWGs as the main building units of these gel
networks is required. In fact, the first step toward successful gel design and
preparation is to fully characterize the structure and properties of the gelator
molecules themselves.

Here, we study solely the thermal properties and molecular arrangement of
bisamide LMWGs in the solid state as they are the main active components of the
gels. Understanding the structure can best be achieved by a systematic study of the
structure-properties relations of a homologous series of such molecules. Therefore,
a series of bisamide compounds (nBA) was synthesized with two linear alkyl tails
attached to bisamide groups bridged with n carbon spacer length. Both odd and
even linear spacers were prepared with length n increasing from 5 to 10. These can
be considered as simple model compounds for bisamide LMWGs. The properties of
bisamide gelators with this generic structure, i.e. bisamides with the same tails,
different tails, different tail lengths, or a different core structure have been studied
so far for different applications such as injectable gels, drug delivery systems, tissue

engineering, and rheological modifiers in coating applications 30-3¢,

Tomioka et al. studied the effect of spacer length in the bisamide structure with a
series of 10-didodecanoylamides on the gelability which has shown significantly
different morphologies in the gel state ¥’. The dodecanoyl tails of the molecules
interact with Van der Waals forces of these bisamides. The zigzag arrangement of
an odd spacer directs the two amide carbonyl groups into a parallel position and an
even spacer would appear to dictate an antiparallel alignment of amide groups. As
aresult of the spatial arrangement of amide groups in these two groups of bisamides,
even bisamides form two pairs of hydrogen bonds with two other molecules in a
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single plane while bisamide molecules with odd spacer length can potentially form
four independent hydrogen bonds with four other molecules not in one plane. This
however would require a substantial change in the molecular conformation. By
analogy, the different H-bonding patterns may cause specific self-assembly behavior
for odd and even bisamides in the gel state. In fact, in the presence of appropriate
organic solvents, this class of bisamide gelators can form gels with different
morphologies and microstructural properties 33, The gelation process and final
morphology of a series of a,w-polymethylene bisamides, with the two amide groups
bridged by even or odd numbers of spacer carbons, has been studied in a variety of
solvents %°. It was found that the odd-even effect has a determining role on the
gelability and the final properties of the gels; the bisamide gelators with even spacer
length have shown the ability to gelate Mesitylene. However, the longer the
bridging spacer, the poorer the efficiency of gelation due to the formation of ribbon-
like structures. In contrast, gelators with odd spacer length exhibited efficient
immobilization of Mesitylene via a fine woven fibrous network.

The present study is limited to linear symmetric bisamide gelators with a simple
structure in order to understand the relation of H-bonding via amide groups with
packing of these molecules in the solid state. It seems not only logical but also
necessary to obtain information on the relationships between spacer length parity
and the spatial arrangement of two amide groups of molecules in the solid state to
be able to understand their effects on the microscopic structures in the gel state.
The thermal properties and crystal structure of the molecules in the solid state have
been addressed for further systematic experiments due to the fact that both the
solubility and the rate of crystallization are influenced by the regularity of the H-
bonding pattern ***2, In fact, the analysis of structural evolution of bisamide
compounds at elevated temperature is of great importance to complement our
understanding of the stability of these gelators in the presence of usually poor
solvents, the thermodynamics of gelation, and intermolecular interaction i.e.
dissolution or recrystallization of these compounds during the self-assembly process.

3.2 Materials and methods

3.2.1 Materials

Diamines varying in the number of methylene groups (n) between amine groups
from 5 to 10, i.e. 1,5-Diaminopentane (NH2(CH2)sNH2), 1,6-Diaminohexane
(NH2(CH2)6NH2),  1,7-Diaminoheptane  (NH2(CH2);NH2),  1,8-Diaminooctane
(NH2(CH2)sNH2),  1,9-Diaminononane  (NH2(CH2)sNH2),  1,10-Diaminodecane
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(NH2(CH2)10NH2), and stearic acid (CH3(CH2)1sCOOH), Sigma Aldrich (95-97%
analytically pure), Hypophosphorous acid solution, H3PO2 (50 wt. % in H20), were
used as received for the synthesis of bisamide molecules. Dimethyl sulfoxide-ds
(DMSO Ds) (*H NMR reference standard grade) was used as a solvent for the analysis
by nuclear magnetic resonance (*H NMR).

3.2.2 Synthesis and characterization

A series of bisamide compounds was produced with (CH2), spacer between the
amide groups, where n =5 to 10, and with C17 alkyl tails at each side of the amide
groups. The bisamides were notated according to the number of carbon atoms in
the spacer (n) with ‘BA’ as the suffix for ‘bisamide compound’. The general chemical
structure of nBA compounds is shown in Figure 3.1, using 5BA as example.

The nBA series was synthesized by condensation of stearic acid and a series of
diamines. 2 moles of stearic acid and 1 mole of the appropriate N,N’-diamine were
heated above their melting points and mixed via a mechanical stirrer. The synthesis
was done in a neutral environment provided with N2 purge (99 % purity). HsPO2 in
negligible amounts was added as an anti-oxidizing agent. As a result of an
amidification reaction, the bisamide compounds were synthesized in the melt state.
A homogeneous yellowish white compound was produced upon cooling of the
molten product.

ﬁ
H,C C CH,
16 16

Figure 3.1 Chemical structure of synthesized bisamides (nBAs) with (CHz)n spacer
between the amide groups (n =5 in this example) and with C17 alkyl tails.

3.2.3 Proton-Nuclear magnetic resonance spectroscopy (*H NMR)

Proton NMR spectroscopy was used for all nBA compounds to check the successful
synthesis of the compounds with the formation of amide groups. *H NMR spectra
were recorded on an Agilent 400-MR DDz NMR spectrometer equipped with a5 mm
ONE NMR Probe. The nBA compounds were dissolved in Dimethyl sulfoxide ds (5
wt%) at 80 °C. Tetramethylsilane (TMS) was used as an internal reference. The
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resolution of the spectra was compromised due to the poor solubility of nBA
compounds in almost any solvent.

3.2.4 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was employed to characterize the thermal
behavior of nBA compounds. Perkin Elmer-Pyris Diamond differential scanning
calorimeter with two 1 g-furnaces (working on the Power-compensation
temperature null principle with accuracy < + 1 % and precision < £ 0.1 %). Nitrogen
(99.99 % purity) was used to purge the thermal analysis system at a rate of 50
mL/min. Temperature and heat flow calibration were done before each
measurement using the heating scan of indium, a highly pure metal provided by
Perkin EImer with accurately known enthalpies of fusion and melting point, AHfusion=
28.47 J.gt and Tm® = 156.4 °C, under the same condition as the to-be-measured
samples. The onset of the melting transition and the area under the peak, calculated
by PYRIS analytical software, were chosen respectively for the calibration of the
melting temperature and the enthalpy of fusion.

A bisamide compound (6 + 1 mg) was placed in a 40 pL aluminum sample pan and
was weighed on a microbalance. The sample pan and a reference pan (an identical
empty pan), both covered by aluminum lids, were placed in the furnaces of the DSC
apparatus. Both pans were heated from room temperature to at least 30 °C above
and below the temperature range of interest. Isothermal melting was followed by a
fixed cooling cycle preceding a second heating cycle, all scans at the rate of 10 K.min"
! In fact, the identical method was performed in order to eliminate the thermal
history of the compounds which might have been caused during the compound
synthesis and sample preparation processes. Therefore, the data recorded from the
second heating cycle can be used for further analysis to obtain information solely
on the effect of different spacer lengths of nBA on their thermal properties. Prior to
the data collection for the analysis, the heat flow of the raw data (mW) was
normalized per weight of the sample (mg) resulting in ‘normalized heat flows’ (W/g).
The normalized data were transferred from the Perkin-EImer computer into ASCII
format. The data visualization was done by Python and the endothermic peaks were
plotted in upward direction in all graphs.

3.2.5 DSCn(T) analytical model and curve fitting

Based on the thermodynamics of melting phenomena, an analytical DSC model
DSCn(T) has been developed which fits the DSC experimental traces by capturing the
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peak shape *. The model allows fitting of the DSC peaks taking an assumed
Arrhenius crystal size distribution together with instrumental and sample-related
peak broadening into account and yields a much more accurate determination of
the equilibrium melting point, enthalpy of fusion, and change in heat capacity of
nBA compounds. The non-linear curve fitting of DSCn(T) to the experimental DSC
traces has been done using the Python 3 programming language. The non-linear
least squares (NLLS) function from the scipy.optimize.curve_fit module was used,
which takes the independent variable and the function parameters and optimizes
the parameters within defined lower and upper bounds to minimize the sum of
squares of nonlinear functions. The curve fitting consisted of the entire temperature
range on the x—axis, which is broad enough to cover the peak region and to precisely
determine the baseline on the tails at both sides of the peak minimum. This method
improves the reproducibility of the fitting process and the precision of the fitted
parameters.

To extract accurate information from DSC measurements, at least three nBA
samples with nearly identical weight were measured under the same condition. The
standard deviation of the melting temperature, enthalpy of fusion, and heat
capacity change were obtained by fitting DSCn(T) analytical model to the three sets
of raw data which contain the experimental error along with the fitting procedure
error. The fitting deviation for each parameter was obtained from the residuals of
NLLS. The reported error margins of the fit parameters in tables are the residuals of
NLLS rounded to two digits.

3.2.6 Powder X-ray diffraction (XRD) and molecular modelling

X-Ray diffraction combined with molecular modelling was used to obtain
information on the crystal structure of nBA compounds. X-ray diffraction patterns
were recorded at room temperature with a Bruker D8 Advance ECO diffractometer
in Bragg-Brentano geometry, equipped with a Cu X-ray source (Ka1 = 1.54060 A and
Koz = 1.54439 A) and LYNXEYE-XE-T position sensitive detector. A knife-edge has
been used to reduce the background due to the scattering of the primary beam. The
patterns were measured from 0.6°(26) to 50°(26) with a step size of 0.01° and
measuring time of 0.5 s/step. The Cerius2 software package (version 4.2, from
Accelrys, now owned by Biovia) was used to build the crystal structure models,
employing the COMPASS force field. Simulated XRD patterns were calculated using
the Cerius2 diffraction module and the GSAS-2 software system %4, The Lorentz and
polarization factors were included in the calculated reflection intensities. The
crystallite sizes were chosen to match the observed diffraction patterns.
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Temperature-dependent XRD measurements were performed with a Bruker D8
Advance in reflection mode equipped with a Co X-ray source (K = 1.78897 A and
Ka2 = 1.79285 A) and a LynxEYE-XE position sensitive detector. Variable divergence
slits were used to achieve a constant footprint on the sample, itself located inside
an Anton Paar XRK900. The sample was loaded into a Macor ceramic sample holder
designed to minimize systematic errors on the data (i.e. shift in 26 position) caused
by the thermal expansion of the sample holder resulting in a different height of the
sample. The measurements were performed by stepwise increasing the
temperature at the rate of 10 K.min%.

3.2.7 Fourier transform infrared spectroscopy (ATR-FTIR)

To study the supramolecular interaction of bisamide compounds, Fourier transform
infrared (FTIR) spectroscopy with an attenuated total reflection (ATR) method was
carried out. ATR-FTIR spectra were recorded on a FTIR spectrophotometer (Nicolet
6700 from Thermo Fisher Inc., USA) equipped with an ATR attachment with a
diamond crystal. The appropriate amount of nBA compound was placed on the
crystal, and then its FTIR spectrum was measured. The resolution of the spectra was
2 cmL. The final spectra were acquired as the average of 32 scans.

3.3 Results and discussion

3.3.1 Synthesis of bisamide gelators

Bisamide compounds nBA with spacer length n =5 to 10, and with C17 alkyl tails at
both amide groups were synthesized. The H NMR spectra show that the
amidification reaction has occurred and the nBA compounds were produced in high
yield (Table S3.1). The *H NMR spectra of all nBA compounds (Figure $3.1) were
comparable with those reported in the literature.

3.3.2 Thermal analysis

The effect of spacer length on the phase behavior of nBA compounds was studied
with DSC. Figure 3.2a shows the second heating DSC traces of nBA compounds
scanned from 25 °C to 180 °C. All nBA compounds exhibit transition peaks between
120 °Cand 150 °C. The melting points of the solid state bisamide gelators with even
spacer lengths and C17 alkyl tails have been reported to be around 140 °C %,
Therefore, the transition peaks in heat flow vs. temperature diagram (Figure 3.2a)
are assigned to the melting transitions of the nBA compounds.
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The thermodynamic melting point of a fully crystalline and 100 % pure compound is
in theory an infinitely sharp peak in a DSC thermogram #’. However, in real nBA
samples a distribution of crystal sizes exists which causes an asymmetric shape for
the melting transitions in the DSC trace (Figure 3.2a). Other factors broadening the
peak include limited instrumental resolution and thermal gradients in the sample.
Moreover, the presence of impurities in the samples can cause additional
broadening. As a result of these effects, the DSC signal would turn into a symmetric
Gaussian distribution. The onset of the melting peak is usually considered as the
onset of the melting transition where the extrapolated baseline and the tangent of
the rising edge intersect; we find however that this method of analysis should be
changed in the case of severely asymmetric peaks, as is the case for nBA compounds.

In case of a broad, crystal size-induced, asymmetric melting point depression, the
convolution of a truncated Arrhenius base function with Gaussian broadening
provides a convenient and rather versatile asymmetric melting peak function.
Equation 3.1 gives DSCn(T) analytical model that we derived which yields the
equilibrium melting temperature (Tm°), the enthalpy of fusion (AH), and the change
in heat capacity prior and after the transition (ACp,m) as described by Equation 3.2 4.
The mathematical terms and physical attributions of the parameters of DSCn(T) are
summarized in Table 3.1.

« @ «
DSCy(T) = AH.—. e#F. ("), erfc <\/E(T-Tr?,+2— ) Equation 3.1
+AC,(T) + B+ C(T — Tg) + D(T — T3)?

2 a2
AC,(T) = ACp,m.%. e *f . (e, e*(T-Th) erfc (\/E(T

T9+22)) + e, (erf(/B(T-13)) + 1)) Fquation 3.2

Figure 3.2a shows that the DSCn(T) analytical model fits the second experimental
heating traces of all nBA compounds remarkably well (R?>0.99) (Table S3.2). Shown
by the dashed-blue line in the inset for 5BA as an example, the equilibrium melting
point (Tm°) obtained from the DSCn(T) model is at a different location than the onset
of the peak. In fact, it occurs on the trailing edge of the DSC peak.

Calculated based on DSCn(T), Figure 3.2b manifests the odd-even alternation of the
equilibrium melting temperature (Tm°), enthalpy of fusion (AH) (Figure 3.2c), and
change in heat capacity prior to and after transition (ACp,m) (Figure 3.2d) versus the
spacer length of nBA compounds. We find that Tm® AH, and ACp,m of even nBAs are
higher than those of the odd nBAs, where the not too dramatic difference refers to
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the similarities in crystal structure and molecular arrangement that will be discussed
in the XRD analysis section.

Figures 3.2b,c compare the melting temperature and enthalpy of fusion of nBA
compounds calculated from the DSCn(T) analytical model and from the tentative
values of enthalpy and entropy change of melting of methylene (CH2) and amide
groups (CONH) suggested by Van Krevelen et al. %8. All bisamides consist of 2 amide
groups and n+34 methylene groups (n as spacer length and 17 in each tail) in their
structures. The enthalpy of fusion of the bisamide increases upon increasing the
spacer length since the length of the entire backbone increases which reinforces the
Van der Waals interaction among these molecules. The calculation of enthalpy of
fusion from the enthalpy per CONH and CH: results in average values between odd
and even converging to the enthalpy of Polyethylene where CH; groups are the only
moieties in the backbone. Thus the Van der Waals force is the sole force controlling
the interactions between these ‘infinite’ bisamide molecules, however the
alternation in DSCn(T) values indicates that the H-bonding via amide moieties
contributes to the enthalpy, which is known as the odd-even effect. The enthalpy of
fusion for the contribution of the CONH group for even bisamides and odd bisamides
is 7.8 kl.mol* and 5.8 kJ.mol respectively, indicating that the odd-even alternation
in properties results from the packing of the molecules in the solid state *°.
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Table 3.1 The variables, functions, and parameters of DSCn(T).

parameter power thermodyna
units mic units

physical attributions and
mathematical terms

Tm? °C K

The equilibrium melting
point of the phase
transition

B W.g! lglk?

Baseline offset

(@]

W.gtK? Jgtst

Linear baseline slope

D W.gl.K? JgtslK?

Second order baseline
curvature

Strength of the linearized
Arrhenius  function (o=
Ea/(R.(Tm°%)?) describing the
crystal size distribution.

The parameter in relation

to the Gaussian

distribution of the peak
1 .y

(B= ﬁ)' describing the

peak broadening in the
declining edge.

ACom W.glK! J K1

The difference between
the heat capacity of the
solid and liquid states.

e(T=Th) - -

The Arrhenius function
determining the rising edge
of the curve.

erfc (JE(T-TI(TH % ) ) )

Erfc, the complementary
error function, describes
the falling edge of the peak
as it returns to the
baseline.

AH W.g? lg?

The coefficient of DSCn(T)
function representing the
change in the enthalpy
associated with the phase
transition.

The statistical measure for
the goodness of fit in a
regression function.
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Figure 3.2 DSC thermogram of nBA compounds (curves were shifted vertically for
clarity): a) DSCn(T) function fitted to the second heating traces (endo up)
representing the melting transition of nBA compounds measured at 10 K.min! after
calibration at the onset for the given sample weight and scan rate, the thermal
properties of nBA compounds showing the odd-even effect: b) melting
temperatures (Tm®) obtained from the DSCn(T) analytical model and calculated using
tentative values of methylene and amide group contributions, c) the enthalpy of
fusion obtained from the DSCn(T) analytical model and calculated using tentative
values of methylene and amide group contributions, d) change in heat capacity
obtained from DSCn(T) analytical model (the errors of change in enthalpy and heat
capacity are the experimental errors obtained from measurements on three
samples analyzed by DSCn(T) and for the melting points obtained from DSCn(T), the
errors are the fitting residuals calculated using DSCn(T), SD=0.00 °C).
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3.3.3 Crystal structure

3.3.3.1 Room-temperature XRD

To investigate the molecular arrangement and crystal structure of the BA
compounds in the solid state, XRD patterns of the synthesized nBA compounds were
measured at ambient temperatures. Figure 3.7 displays the XRD patterns of the odd
BAs and Figure 3.8 those of the even BAs (see also Figure S3.2). The 5BA and 6BA
crystal structures were investigated in detail, as they represent odd and even BAs
respectively.

5BA (odd nBAs)

An initial model for the crystal structure of 5BA was built and energy-minimized with
free unit cell parameters using the Cerius2 software. Calculation of the XRD pattern
based on this model allows indexing of the observed XRD pattern. Subsequently,
unit cell refinement was carried out via least-squares refinement using a suitable set
of observed 26 peak positions (Figure S3.3). The final unit cell for the 5BA model is
triclinic; parameters are given in Table 3.2. The calculated 26 peak positions based
on the refined unit cell are very close (within 0.8 %) to the observed values
(Table 3.3), implying successful unit cell determination and refinement.

Table 3.2 Refined unit cell parameters of 5BA and 6BA respectively
compared to polyethylene (PE) and Nylon 6,10 a (from literature > >1).

compound 5BA PE 6BA Nylon 6,10
a
unit cell Triclinic orthorhombic triclinic triclinic
(pseudo-
orthorhombic)
a(A) 8.55 7.39 5.02 4.95
b (A) 4.36 430 5.29 5.40
c(A) 55.58 2.54 57.46 22.40
a(?) 90.0 90 48.7 49.0
6(°) 92.1 90 76.8 76.5
Y(°) 91.9 90 65.2 63.5
V4 2 - 1 -
symmetry P1 - P-1 -
p (g.cm3) 1.018 0.96 1.038 1.07-1.09
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The refined unit cell was used as constraint in subsequent COMPASS energy
minimizations to obtain the final 5BA crystal structure models. Two different models
(see Figure 3.6) match the data, as will be discussed in more detail later: a sheet-like
model and a bi-directionally hydrogen bonded model (2D H-bonding), sharing the
same unit cell dimensions. Atomic coordinates are available in Table S3.3 and S3.4.
The sheet-like model was used to produce the calculated intensities listed in
Table 3.3, assuming random crystallite orientation in the powder. The 00/ intensities
are reproduced very well, including the near absence of the 00/ reflections marked
as very weak (vw) or weak (w). The presence of higher order 00/ reflections up to /
=20 at 26 = 32.16° indicates an exceptionally regular layer spacing. The observed
non-00/ reflections show severe overlap, unlike the 00/ reflections. They are weaker
than calculated, indicating preferred orientation.

Figure 3.3a presents the calculated XRD pattern based on the sheet-like crystal
structure model of 5BA, together with the observed XRD pattern of 5BA. The
simulated pattern was calculated using the GSAS-2 software package %4, taking
preferred orientation into account via the March-Dollase model with unique
reflection 001. The simulated pattern (not shown) for the bi-directional H-bonding
model of 5BA is very similar to that of the sheet-like model. Figure 3.3a shows that
the simulated 5BA pattern matches the observed pattern very well, even the weak
peaks in the high angle region are nicely reproduced. The observed pattern shows
one extra peak (indicated in red in Table 3.3), which may be due to a different
polymorph.

The 5BA crystal structure has a triclinic unit cell which is pseudo-orthorhombic since
the angles are very close to 90° (Table 3.2). The 5BA molecular axes (in both models)
are not completely parallel to the c-axis but show pronounced tilting in the ac-plane,
referred to as axis tilting. The tilted axes are reasonably parallel to the (-2 0 1) planes
(indicated in red), as is clear from Figure 3.4. This contributes to the high intensity
of the -2 0 1 reflection listed in Table 3.3.
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Figure 3.3 Calculated XRD pattern (upper curve) compared to the observed XRD
pattern (lower curve) for: a) the sheet-like model of 5BA, b) 6BA (curves were shifted
vertically for clarity). In the calculated patterns preferred orientation is taken into

account.
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Table 3.3 Observed versus calculated peak positions and intensities for the sheet-

like 5BA model, assuming random orientation[®,

dabs (A)

54.065
28.583
18.382
13.821
11.087
9.233
7.923
6.934
6.176
5.551
5.051
4.630
4.275

4.111
3.938

3.826
3.710

3.474
3.089
2.925
2.783
2.142

reflection positions
2 eabs( o) 2 ecalc( o)

1.63
3.09
4.81
6.40
7.97
9.58
11.17
12.77
14.34
15.97
17.56
19.17
20.78

21.62
22.58

23.25
23.99

25.64
28.90
30.57
32.16
42.20

1.59
3.18
4.77
6.36
7.96
9.55
11.15
12.75
14.35
15.96
17.56
19.17

20.79
20.79
20.80

22.58
22.62
22.67
22.76

23.21

23.80
23.82

25.66
28.93
30.58
32.23

42.24
42.31

indexing
h k
0 o0
0 o0
0 o0
0 o0
0 o0
0 o0
0 o0
0 0
0 0
0 0
0 o0
0 o0
0 o0
2 0
2 0
1 -1
101
1 -1
1001
1 1
1 1
-1 -1
0 0
0 0
0 o0
0 o0
2 0
2 0

I

W oONDMULNWNR

[ O N
N RO

13

Y

intensities
Iabs

vw
vw
vw
vw

lealc

1000
0.3
13.1
30.0
2.6
27.4
1.5
7.4
0.6
<0.1
4.1
0.5

3.4
60.3
169.9

50.1
12.2
72.2
61.2

101.0

15.2
12.7

0.4
0.9
0.1
1.0

8.2
13.5

[a] Intensities of 00/ reflections are marked as very weak (vw), weak (w), medium
(m), strong (s) or very strong (vs); the other reflections are not on the same intensity
scale due to preferred orientation. The reflection indicated in red is not explained
by the model and may point to polymorphy.
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Figure 3.4 Molecular axis tilting of SB, tilting of molecules is in the ac-plane (blue-
dashed lines) and white ellipses highlight the methyl groups which avoid each other
to minimize steric hindrance. The red lines indicate the (-2 0 1) planes.

Zooming out from a single unit cell to a 5BA crystallite, it is clear that the 5BA gelator
molecules are packed in layers with the long axis of the molecules nearly
perpendicular to the layers (Figure 3.5a). The interaction between the layers is
governed by Van der Waals forces. In fact, the above mentioned tilting effect allows
optimal packing of the methyl groups and adequately takes into account the
influence of neighboring layers, or in other words the typical layer stacking. The
layer stacking may, however, be influenced by a typical form of layer stacking
polymorphy often seen in layer-like materials, i.e. by the particular polytype
exhibited by the 5BA crystallites. The presented models are mono-layer models.
Two-layer polytype models can be constructed simply by doubling the unit cell along
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the c-axis and (e.g.) introducing inversion symmetry. This results in Z=4, P-1 models
with the same unit cell parameters as the mono-layer models except for the c-axis,
which is twice as long. Although it is good to be aware of the possibility of polytype
polymorphy, such models are not explored here, since they are out of the scope of
the present investigation.

o

oy
PP A ik ki a4

(a) (b)

Figure 3.5 Crystal structure of 5BA and 6BA showing layer stacking: a) the long axes
of the 5BA molecules are nearly perpendicular to the stacked layers as described by
the pseudo-orthorhombic unit cell (with two molecules per cell), b) 6BA molecules
are at an angle to the stacked layers as described by the triclinic unit cell. The 6BA
unit cell has one molecule per cell and shows the molecular axis tilting effect, just
like 5BA. Sheet-like H-bonding between 6BA molecules occurs along the (010)
planes in the stacked layers.

The 5BA structural models show 1D and 2D H-bonding as schematically illustrated
in Figure 3.6b and a, respectively. Clearly this intra-layer H-bonding interaction is
stronger than the Van der Waals interaction between the stacked layers (i.e. the
inter-layer interaction). The molecules are hydrogen bonded along the (110)
diagonal planes for the sheet-like structure and along both (110) and (1-10), for the
bi-directionally hydrogen bonded structure. The sheet-like structure is lower in
energy by 8.37 kl.mol. The actual structure may be a mixture of both hydrogen-
bonding schemes.

Figures 3.6c,d show the sheet-like 5BA model viewed along two different diagonal
directions, i.e. along the (110) and (1 -1 0) crystallographic planes. The backbone of
the two C17 alkyl tails (i.e. the “zig-zag”) is positioned in the crystal structure in such
a way that the backbones of the two tails are in the two different diagonal planes,
instead of only in one plane. This C17 alkyl tail rotation effect is attributed to the
odd C5 spacer, which induces a rotation of the alkyl tail from one diagonal plane in
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the pseudo-orthorhombic unit cell to the other. The C5 alkyl spacer backbone is
parallel to the (1 -1 0) planes. Compared to the polymer chain packing in
polyethylene (PE), the packing of the C17 alkyl tails in the ab-plane of 5BA is similar,
since they both have a pseudo-orthorhombic Z = 2 projection cell (exactly
orthorhombic for PE as shown in Table 3.2). However, the molecular packing of 5BA
is more dense than the polymer chain packing in PE, especially along the a axis.
Moreover, the alkyl tails do not have a herringbone-like packing as in PE °°.

C17 zig-zag
«— parallel to
110 planes

C5 zigzag | é €5 zig-zag
=+ not parallel o parallel to
to 110 planes " 1-10 planes

C17 zig-zag : 7 C17 zig-zag
not parallel parallel
to 110 planes - to 1-10 planes

(a) 2D H-bonding along the 110 (b) 1D H-bonding along the 110 (c) Sheet-like H-bonding viewed (d) Sheet-like H-bonding viewed
and 1-10 diagonal planes diagonal planes along the 110 diagonal planes along the 1-10 diagonal planes

Figure 3.6 The 5BA structural models: a) 2D H-bonding in the bi-directionally
hydrogen bonded structure, b) 1D H-bonding in the sheet-like structure, viewed
along two different diagonal directions: c) along the (110) diagonal planes, d) along
the (1 -1 0) diagonal planes.

The observed XRD patterns of the three odd BAs are shown in Figure 3.7. The
characteristic lamellar 00/ reflections observed for 5BA (Table 3.3) are observed for
7BA and 9BA as well, indicating a highly defined layer spacing. The shift to lower
angles with increasing spacer length from 5BA to 9BA is due to an increasing c-axis
length. The reflections in the 20 - 25° (26) range are very similar for all odd gelators,
implying that the side-by-side packing of 7BA and 9BA molecules is very similar to
that found for 5BA.
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Figure 3.7 Observed XRD patterns of odd nBA gelators, including zoomed-in figure
(curves were normalized to the highest intensity and shifted vertically for clarity).
The 00/ reflections shift to lower angles with increasing spacer length. The black box
emphasizes reflections in the 20 -25°(26) range, which are hardly influenced by the
spacer length.

6BA (even nBAs)

An initial crystal structure model for 6BA was built using molecular modelling and
diffraction pattern matching. The model allowed indexing of an inset of observed
XRD peak positions (Figure S3.4), which was subsequently employed in a least
squares refinement of the cell parameters. A zero-shift correction was applied,
which refined to -0.061° (26). The refined unit cell parameters are listed in Table 3.2.
COMPASS energy minimization using the refined unit cell parameters as constraints
produces the final model of which the atomic coordinates are listed in Table S3.5.
The simulated XRD pattern based on the model, taking into account preferred
orientation, shows a good match with the observed XRD pattern (Figure 3.3b). The
calculated 26 peak positions based on the refined unit cell are very close (within
0.8 %) to the observed values (Table 3.4), implying successful unit cell determination
and refinement. The refined model was used to produce the calculated intensities
listed in Table 3.4, assuming random orientation.

The refined model is a mono-layer model (Figure 3.5b), which exhibits similar layer
stacking as found for 5BA, again with the Van der Waals interaction as inter-layer
interaction. Also similar to 5BA, 6BA exhibits a molecular axis tilting effect, i.e. the
molecular axes are tilted in the ac-plane, with respect to the c-axis, which ensures
minimal steric hindrance between the methyl groups. However, 6BA has a triclinic
unit cell with one molecule per cell (Z = 1), very different from the pseudo-
orthorhombic unit cell of 5BA with Z = 2 (Table 3.2). The inversion symmetry of the
6BA molecules translates to P-1 space group symmetry, unlike 5BA, where the
molecules do not have inversion symmetry and the space group symmetry is P1.
There is no alkyl tail rotation effect in 6BA unlike in 5BA, where the odd C5 spacer
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induces alkyl tail rotation. 6BA has a slightly higher crystalline density (1.038 g.cm™3)
as compared to 5BA (1.018 g.cm). The long axes of the 6BA molecules are at an
angle to the layers, as described by the triclinic unit cell.

Comparing the molecular packing of 6BA with that of nylons, the 6BA cell
parameters are very close to those of Nylon 6,10 a !, except for the c-axis, which is
much longer for 6BA (Table 3.2). The 6BA molecules exhibit sheet-like H-bonding
(Figure S3.6) in each stacked layer along the (010) planes, very similar to Nylon 6,10
a. In fact, the molecular backbones of the C6 spacer and C17 tails are in the plane
of the hydrogen bonded sheets, which is similar to Nylon 6,10 .

6000 2000
6BA gelator 1750 6BA gelator

_ 5000 ——— 8BA gelator 1500 ——— 8BA gelator
El —— 10BA gelator El —— 10BA gelator
5 4000 3 1250
23000 21000
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Figure 3.8 Observed XRD patterns of even bisamide gelators, including the zoomed-
in figure (curves were normalized to the highest intensity and shifted vertically for
clarity). The 00/ reflections shift to lower angles with increasing spacer length. The
black box emphasizes the reflections in the 19 - 25° (26) range, which are hardly
influenced by the spacer length.

The XRD patterns of the even BAs displayed in Figure 3.8 not only show 00/
reflections for 6BA, but also for 8BA and 10BA. The c-axis length increases with
increasing spacer length which leads to a low-angle shift of the 00/ peaks. The
reflections in the 19 - 25° (26) range are very similar for the even gelators, implying
that the side-by-side packing of 8BA and 10BA is very similar to that of 6BA.
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Table 3.4 Observed versus calculated peak positions and intensities based on the

6BA model, assuming random orientation!?!,

reflection positions indexing intensities
dobs (A) zeabs( o) Zecalc( o) h k I lobs lealc

42.657 2.07 2.05 0 0 1 vs 1000.0
21.394 4.13 4.11 o o0 2 w 2.8
14.280 6.19 6.16 0o 0 3 s 14.5
10.707 8.26 8.22 0 0 4 s 27.4
8.562 10.33 10.28 0 0 5 w 1.0
7.140 12.40 12.34 0 0 6 s 20.1
6.125 14.46 14.41 o 0 7 w 0.4
5.356 16.55 16.48 0o 0 8 m 3.6
4.762 18.63 18.51 0o 1 8 2.3
18.56 0 0 9 w 1.2
18.71 0 1 6 7.1
18.75 0o 1 9 1.4

4.538 19.56 19.48 -1 0 1 226.0
19.52 1 0 O 116.2

19.66 -1 0 2 14.4

4.486 19.79 19.78 1 0 1 27.2
4.377 20.29 20.05 -1 0 3 11.9
4.077 21.80 21.90 1 1 3 8.0
3.906 22.76 22.74 0 0 11 m 3.4
3.747 23.75 23.71 1 1 1 40.0
3.688 24.13 24.09 0 1 o0 338.6
3.580 24.87 24.83 1 1 o0 42.5
3.496 25.48 25.48 0 -1 1 14.7
2.187 41.29 41.26 0o 2 23 9.8

[a] The intensities of 00/ reflections are marked as very weak (vw), weak (w),
medium (m), strong (s) or very strong (vs); the other reflections are not on the same
intensity scale due to preferred orientation.

3.3.3.2 High-temperature XRD

To investigate the structural evolution of the nBA compounds and their phase
behavior at high temperatures, their XRD patterns at elevated temperatures were
measured. Inspecting the X-ray diffraction patterns (Figure 3.9a,b) at elevated
temperatures it is clear that the crystalline peaks of these compounds disappear and
turninto a very broad peak around 132.5 °Cand 145 °C for 5BA and 6BA, respectively.
These broad peaks are due to the amorphous structure of the liquid state formed
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upon melting, which is in agreement with the melting transitions obtained from
DSCN(T) (Tm®= 135.52 °C for 5BA and Tm® = 147.46 °C for 6BA). The melting transition
detected by XRD differs from DSC measurement by a few degrees, which is due to
the different measurement equipment and conditions.

35007 ] — 145(°C)
30000 ; —— 140 (°C)
2500 135 (°C)
3 : —— 132.5 (°C)

& 2000 H——— ;‘L
2 P : —— 127.5 (°C)
£ 1500 1 :
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5 P : ’\
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Figure 3.9 XRD patterns at different temperatures for a) 5BA, b) 6BA (curves were
shifted vertically for clarity) showing that melting of 5BA and 6BA have occurred
around 132.5 °C and 145 °C respectively, dashed lines show the shifting 00l
reflections.

The XRD patterns in Figure 9 were measured with Co radiation, unlike the XRD
patterns in Figures 3.7 and 3.8, which were measured with Cu radiation. Hence the
patterns in Figure 3.9 are shifted to higher angles compared to the measurements
with Cu radiation due the different wavelength (Bragg’s law). With increasing
temperature, the 00/ peaks slightly shift to higher angles (Figure 3.9a), which is in
agreement with thermal motion causing a slight contraction of the molecular axes.
The reflections in the 25 - 28° (26) range start to merge with increasing temperature
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suggesting a gradual change to a somewhat higher symmetric structure, which may
be a disordered phase.

The structural evolution of 6BA is quite different from that of 5BA. While for 5BA
the 00/ reflections indicate a small contraction of the molecular length, the 00/
reflections for 6BA show a marked shift to lower angles (Figure 3.9b), indicating that
the layer spacing increases. This points to a change in lattice angles leading to a
smaller angle of the molecular axes with respect to the normal to the stacked layers.
At the same time the reflections in the 23 —30° (26) range change considerably, but
they do not gradually merge as in the case of 5BA. These changes point to a solid
state transition to a very different high temperature structure occurring in the
temperature range below 120 °C. Remarkably this structure seems to be quite
robust, since it remains intact up to melting.

3.3.4 Fourier transform infrared spectroscopy (ATR-FTIR)

FTIR spectroscopy was used to probe the H-bonding interactions where several
absorption bands in the infrared region are related to the H-bonding pattern. ATR-
FTIR spectra of the nBA compounds in the solid state are displayed in Figure 3.10.
The symmetric and asymmetric stretching peaks of —CH, and —CHs groups were
observed around 2844 cm™ and 2918 cm™, respectively. As expected, the relative
intensity of the —CH2 peak increases with increasing spacer length. N-H (stretch),
C=0 (amide I), and N-H bending (amide II) are the characteristic bands involved in
the H-bonding between nBA molecules, thus they are sensitive to changes in the H-
bonding pattern. The C=0 (amide 1) band was found to be sensitive to molecular
arrangement since an alternating shift was detected between the spectra of the odd
and even series (Table 3.5), for instance the C=0 (amide I) band shifts from 1635 cm”
! for 5BA to 1633 cm™ for 6BA as can be seen most clearly from the inset on top of
Figure 3.10.

Similarly, N-H (stretch) bands alternate significantly between the odd and even
members of the series, for example the N-H (stretch) band is observed at 3291 cm’
! for 5BA and at 3309 cm™ for 6BA. The change in N-H (stretch) is much more
dramatic as compared to the C=0 band since the hydrogen is more directly
influenced by the H-bonding via the N-H bond than the C=0 engaged in the H-
bonding interaction. In fact, C=0 is present in the BA molecule as a more stiff bond
but the hydrogen in N-H is slightly close or slightly further away from the N,
depending on the H-bonding network (Table 3.5).
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Figure 3.10 FTIR spectra of nBA compounds (curves were shifted vertically for
clarity), the inset shows the shift in the positions of three characteristic FTIR bands
for 5BA and 6BA compounds.

Table 3.5 The positions of FTIR bands for odd and even bisamide compounds: N-H
(stretch) bands and amide Il bands alternate between odd and even members but
no significant shift observed between the members of odd or even nBA series.

compound N-H stretch C=0 (Amide 1) N-H bending
(cm™) (cm™) (Amide I1) (cm™)
5BA 3291 1635 1563
6BA 3309 1633 1533
7BA 3291 1634 1564
8BA 3313 1633 1532
9BA 3290 1634 1564
10BA 3314 1633 1531
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The amide Il band is another characteristic band for nBA compounds and is observed
at 1563 cm™ for 5BA, shifting to 1533 cm™ for 6BA. The systematic alternation of N-
H (stretch) bands and amide Il bands between odd and even members, with no
significant shift observed between the members of odd or even nBA series, is in
agreement with the difference in the odd and even H-bonding patterns observed by
XRD. The H-bonding network is confining the freedom of the motion of the
molecules such that the molecules in odd bisamides feel slightly less constrained
than the even molecules since the N-H bands have emerged at lower wave numbers.
This systematic shift to higher frequencies for even bisamides compared with odd
bisamides can be attributed to stronger H-bonding between N-H and C=0 as the H-
bond donor and acceptor respectively, which is in agreement with the observation
of XRD showing a higher packing density for 6BA than 5BA %4

3.4 Conclusions

This study provides insights into the effect of odd-even spacer length on the
molecular arrangement of model bisamide gelators (nBA compounds) in the solid
state and their thermal properties aimed at a better understanding of the gel
systems based on nBA compounds. To this end, a homologous series of nBA
compounds was designed with (CH2)» spacer (n =5 - 10) between the amide groups
and with C17 alkyl tails. Thermal properties as a function of the spacer length n were
measured by DSC and subsequently FTIR spectroscopy, X-ray diffraction analysis and
molecular modelling were employed to investigate their structural origin. A new
analytical model, DSCn(T), was developed to reliably investigate the odd-even
alternation in melting temperatures, the change in enthalpy and in heat capacity of
nBA compounds. The not too dramatic difference in thermal properties between
the odd and even nBA series indicates that the crystal structures of these two groups
of bisamides show both differences and similarities.

XRD analysis shows that the studied compounds consist of stacked layers of nBA
molecules with highly defined layer spacings, since they exhibit a series of 00/
reflections extending up to very high order (/ = 20). The unit cell of the odd-
membered 5BA gelator is pseudo-orthorhombic, whereas that of the even-
membered BA6 gelator is triclinic. Their crystalline densities are 1.018 and 1.038
g.cm respectively. The c-axis length increases with increasing the spacer length in
both odd and even nBAs, and is close to the length of the gelator molecule, although
the molecular axes are tilted somewhat with respect to the c-axis. The latter tilting
ensures optimal packing of the methyl groups located at each layer surface; the
inter-layer interaction is the Van der Waals interaction. The layer spacing of the odd-
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membered 5BA gelator (54.06 A) is close to the 5BA c-axis length (55.58 A), as
described by the pseudo-orthorhombic lattice. The layer spacing of the even-
membered 6BA gelator (42.66 A) however, is much smaller than its c-axis length
(57.46 A), and hence much smaller than the 6BA molecular length, due to the
triclinic lattice. The very different crystal lattice of odd-membered BAs compared to
even-membered BAs translates into a layer spacing close to the molecular length for
the odd nBAs and with the long molecular axes almost perpendicular to the stacked
layers. For the even nBAs the molecular axes are tilted at an angle with respect to
the layer normal, which results in a layer spacing markedly smaller than the
molecular length. As for the intra-layer structure, the XRD analysis shows that the
side-by-side packing of molecules and the H-bonding pattern is similar within the
odd/even series, but differs markedly between the series. The H-bonding pattern of
5BA can be either sheet-like or bi-directional (or both in different domains). It is
different from that of 6BA, which exhibits sheet-like H-bonding very similar to that
of Nylon 6,10 a.. Moreover, the unit cell parameters of 6BA are remarkably close to
those of Nylon 6,10 a (except of course for the c-axis length).

The latter observation lends support to the conclusion that the anti-parallel amide
groups in the even-membered 6BA gelator exhibit a strong structure-directing effect:
even though the number of amide groups in 6BA with its C17 alkyl tails is far lower
thanin Nylon 6,10 o, the 6BA amide groups are still capable of inducing a Nylon 6,10
a type packing and H-bonding scheme. In contrast with the even-membered 6BA,
the unit cell parameters of the odd-membered 5BA are quite close to those of
polyethylene (except for the c-axis length). The C17 alkyl tails of 5BA have a pseudo-
orthorhombic Z = 2 ab projection cell, similar to the orthorhombic projection cell of
polyethylene, and unlike the Z = 1 projection cell of 6BA. These differences in the
packing of 5BA and 6BA nicely illustrate the different (i.e. lower) structure-directing
influence of the parallel amide hydrogen bonding motif in the odd BA series as
compared to the anti-parallel amide hydrogen bonding motif in the even BA series.

Upon increasing the temperature, melting of the nBA compounds is observed in the
temperature range 120 - 150 °C. The melting temperatures obtained from XRD are
in good agreement with the ones obtained from DSCn(T). The structural evolution
with temperature of the odd-membered 5BA is quite different from that of the
even-membered 6BA. The 5BA crystal structure shows a change with temperature
to a somewhat higher symmetric structure, which may be a disordered phase. The
6BA crystal structure shows a transition with temperature to a structure with a
markedly larger layer spacing than that at ambient temperatures, indicating a
reduction of the molecular tilt with respect to the layer normal. Moreover the high-
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temperature 6BA structure seems to be quite robust, since it remains largely intact
up to melting, again indicating the stronger structure-directing effect of anti-parallel
amide groups, as compared to parallel amide groups. The N-H stretch bands
observed using FTIR show an odd-even effect, with the N-H stretch bands of even
BAs shifted to higher wavenumbers, pointing to stronger hydrogen bonding
between the anti-parallel amide groups in the even series than between the parallel
amide groups in the odd series. This is in agreement with the XRD results and with
the higher melting points of the even BA series.

Summing up, the structural differences observed between the odd and even BA
series reflect the different structure-directing effect of parallel versus anti-parallel
amide hydrogen bonding motifs. These differences, together with the structural
evolution with temperature as observed using high-temperature XRD, explain the
odd-even effects observed via DSC.
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3.6 Supplementary Information

Full details of the NMR spectra of the whole series of nBA compounds, the X-ray
structure determination and X-ray crystallographic data are presented in this
section.

3.6.1 Preparation of bisamide gelators

The resulting solid nBA compounds from the synthesis (described in the main text)
were ground and recrystallized in ethanol (33 g.L) which yielded yellowish white
compounds. The melting points were measured by melting point apparatus and DSC,
using the PYRIS analyzer software and DSCn(T) model as shown in the Table S3.1.
The melting transition is already starting for the smaller crystals considerably earlier
than the temperature identified as the melting point using the capillary because the
melting point apparatus does not detect the melting point but it detects the point
at which a substantial part of the sample has turned into a fluid, which is assessed
by a visual observation. Therefore, the melting point measured by the capillary is
only able to detect the final stage of melting phenomenon while by DSC the onset
of melting can be detected as soon as the melting starts. However, the melting point
obtained using a DSC analyzer software is inaccurate due to the asymmetric peak
shape for nBA compounds, so the data from DSCn(T) model are more reliable to
deduce the precise melting points of the compounds.

Table $3.1 Melting point (Tm) of recrystallized nBA compounds!?.

nBA Yield Tm (°C) Tm (°C) Tm (°C) obtained
compounds (%) measured by measured from the DSCn(T)
melting apparatus by DSC model
5BA 91 13241 13541 135.49 +0.00
6BA 89 143+1 14741 147.46 £0.00
7BA 86 13241 13541 135.97 £0.00
8BA 83 14041 143+1 143.53 +0.00
9BA 94 129+1 134+1 132.50 +0.00
10BA 85 138+1 14141 139.60 +0.00

[a] The melting points were measured by melting point apparatus (MP apparatus)
and DSC (the errors are experimental errors for the melting points measured by
melting apparatus and from DSC measurements and obtained by Pyris software
while the melting points obtained from DSCn(T) model are the errors from the fitting
residuals).
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Table S3.2 Fitted parameters of the DSCn(T) for experimental curves of 621 mg of
odd and even nBA compounds heated at 10 K.min™ after calibration at the onset for
the given weight and rate (the error margins are errors from the nonlinear fitting,
excluding errors from the instrument calibration).

gelators 5BA 6BA 7BA 8BA 9BA 10BA
AH (J.g™Y) 126.18+0.04 168.660.07 140.88+0.09 155.12+0.12 149.21+0.08 172.20+0.06
T’ (°C) 135.49+0.00 147.46+0.00 135.97+0.00 143.53+0.00 132.50+0.00 142.11+0.00
a(K?) 0.39+0.00 0.63+0.00 0.52+0.00 0.31+0.00 0.52+0.00 0.48+0.00
B(K?) 3.01+0.04 1.19+0.02 1.50£0.03 1.69+0.04 2.68+0.05 1.40£0.02
ACpm -0.44£0.01 -0.31£0.01 -0.40£0.01 -0.28+0.01 -0.35£0.01 -0.29+0.01
(W.gt.K?)
B(W.g?) 1.120.00 1.12+0.01 1.040.01 0.94+0.01 1.07+0.01 1.19+0.01
c(w.gtk?) 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.01+0.00
D (W.g'.K?) 0.000.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.000.00
R? 0.99 0.99 0.99 0.99 0.99 0.99
- 5BA gelator
~— 6BA gelator
7BA gelator J L “l
- 8BA gelator

——— 9BA gelator
—— 10BA gelator

L

5 4 3

Jofw
YW,
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Figure S3.1 NMR spectra of nBA compounds in DMSO-ds (5 wt%) at 80 °C where

DMSO signal on the spectra is at 2.5 ppm and water is at 3.3 pm @,
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odd series.
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Figure $3.2 XRD patterns of synthesized nBA compounds (curves were normalized
to the highest intensity and shifted vertically for clarity).
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Figure S3.3 Observed 26 positions of the XRD diffraction pattern of 5BA.
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Figure S3.4 Observed 26 positions of the XRD diffraction pattern of 6BA.

3.6.2 Crystal structure of odd BAs

The peak at 26=42.20° (Figure 3.7) is invariant within the odd series, although 5BA
indexing shows that it has a very high | index (Table 3.3). For 5BA the latter peak is
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indexed as (-2 0 23) and (2 0 22). Figure S3.5 shows the (-2 0 23) planes, suitably
shifted and all atoms in the unit cell are located in the (-2 0 23) planes (to good
approximation). Therefore the diffracted X-rays from these planes are all (nearly) in
phase, which explains why the (-2 0 23) reflection is relatively strong. A similar figure
applies to 7BA, but with the (-2 0 23) planes replaced by the (-2 0 24) planes, since
the 7BA spacer has two extra CHz groups, i.e. one extra zig-zag. Likewise, a similar
figure also applies for 9BA, with two extra zig-zags and therefore with the (-2 0 23)
planes replaced by the (-2 0 25) planes. Clearly, with increasing the odd spacer
length, the crystal structure remains the same, except for a c-axis length increase by
one or two zig-zags, then the indexing of the 42.20° peak will change from (-2 0 23)
(5BA) to (-2 0 24) for 7BA and (-2 0 25) for 9BA, in order to accommodate the extra
CH: groups, while the spacings of these reflections remains the same. Therefore, the
position of the 42.20 °(26) peak will be invariant within the odd series.
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Figure S3.5 Crystal structure of 5BA showing the (-2 0 23) planes suitably shifted
(which is allowed, since the origin of the unit cell is arbitrary).
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Figure S3.6 Sheet-like H-bonding between 6BA molecules along the (010) planes in
the stacked layers.
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Table S3.3 Fractional atomic coordinates of 5BA (1D-H bonding model).

unit cell: a= 8.55 (A) b=4.36 (A) c=55.58 (A)
®=90.00 (°) B=92.09 (°) Y=91.92 (°)

Atom X y z
c1 0.3123 0.5215 0.0888
C2 0.8116 0.0230 0.0886
H3 0.3114 0.4521 1.0038
H4 0.8120 -0.0501 1.0035
C5 0.3972 0.5725 0.0653
c6 0.8978 0.0684 0.0651
c7 0.2983 0.4743 0.0429
c8 0.7983 -0.0261 0.0426
c9 -0.1145 0.0216 0.0193
C10 0.3844 0.5266 0.0195
c11 0.4122 0.6168 0.1112
C12 0.9126 0.1119 0.1110
c13 0.4460 0.6914 0.2032
C14 0.9467 0.1758 0.2030
C15 0.3275 0.5667 0.1348
C16 0.8260 0.0719 0.1345
c17 0.4655 0.7058 0.2492
C18 0.9660 0.1789 0.2490
C19 0.4884 0.6832 0.2952
C20 0.9879 0.1470 0.2948
c21 0.4284 0.6580 0.1572
C22 0.9289 0.1498 0.1570
C23 0.3436 0.6092 0.1807
C24 0.8410 0.1203 0.1804
C25 0.3796 0.6582 0.2727
C26 0.8782 0.1739 0.2725
c27 0.3606 0.6436 0.2267
c28 0.8578 0.1601 0.2264
029 0.3280 0.4888 0.4107
030 0.8345 1.0110 0.4111
C31 0.4596 0.4003 0.4079
C32 0.9610 0.9010 0.4079
C33 0.5655 0.2267 0.4699
C34 1.0648 0.7298 0.4698
C35 0.4360 0.5494 0.3645
C36 0.9373 0.0487 0.3644
C37 0.4037 0.6336 0.3188
C38 0.9043 0.1418 0.3187
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C39 0.4683 0.1446 0.4470
C40 0.9659 -0.3531 0.4471
N41 0.5398 0.2462 0.4249
N42 1.0373 -0.2623 0.4247
C43 0.5170 0.6026 0.3406
C44 1.0153 0.0683 0.3400
C45 0.5502 0.4549 0.3848
C46 1.0488 -0.0677 0.3843
C47 0.4826 0.1294 0.4928
C48 0.9823 0.6349 0.4929
049 0.3711 0.4562 0.5755
050 0.8714 -0.0423 0.5755
C51 -0.0001 -0.1514 0.5785
C52 0.4996 0.3474 0.5785
C53 0.0753 0.7110 0.5163
C54 0.5748 0.2075 0.5163
C55 0.0006 0.9949 0.6221
C56 0.5006 0.4948 0.6220
C57 -0.0047 1.0913 0.6679
C58 0.4953 0.5916 0.6679
C59 0.4868 0.1072 0.5387
C60 0.9873 0.6100 0.5386
N61 0.0683 0.6906 0.5613
N62 0.5679 0.1888 0.5613
C63 0.0899 0.9938 0.6465
Ce4 0.5899 0.4941 0.6464
C65 0.1000 0.8740 0.6020
C66 0.5998 0.3736 0.6020
C67 0.1637 1.0201 0.8747
C68 0.6638 0.5201 0.8747
C69 0.1138 1.0722 0.7831
C70 0.6137 0.5727 0.7831
C71 0.0601 1.1080 0.8528
C72 0.5602 0.6080 0.8528
C73 0.0965 1.0756 0.7374
C74 0.5964 0.5763 0.7374
C75 0.0881 1.0540 0.6918
C76 0.5881 0.5545 0.6917
C77 0.1372 1.0519 0.8289
C78 0.6372 0.5521 0.8289
C79 0.0349 1.1360 0.8068
C80 0.5348 0.6362 0.8068
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C81 0.0000 1.1377 0.7142
C82 0.4999 0.6381 0.7142
C83 0.0140 1.1487 0.7606
C84 0.5138 0.6491 0.7606
C85 0.0868 1.0699 0.8987
C86 0.5870 0.5698 0.8987
H87 0.1612 0.9599 0.9832
H88 0.6616 0.4590 0.9832
C89 0.1908 0.9801 0.9205
C90 0.6910 0.4799 0.9205
Ca1 0.1138 1.0241 0.9446
C92 0.6141 0.5237 0.9446
C93 0.2192 0.9316 0.9660
Co4 0.7195 0.4308 0.9660
H95 0.2036 0.6515 0.0883
H96 0.7054 0.1601 0.0880
H97 0.2762 0.2769 0.0903
H98 0.7715 0.7806 0.0900
H99 -0.0639 0.3117 0.0635
H100 0.4324 0.8175 0.0637
H101 0.0052 0.9347 0.0658
H102 0.5064 0.4442 0.0659
H103 0.2634 0.2292 0.0444
H104 0.7607 0.7302 0.0442
H105 0.1890 0.6020 0.0422
H106 0.6905 0.1065 0.0418
H107 -0.0078 0.8870 0.0195
H108 0.4927 0.3969 0.0196
H109 -0.0796 0.2649 0.0170
H110 0.4166 0.7712 0.0172
H111 0.0177 0.9715 0.1117
H112 0.5206 0.4861 0.1118
H113 -0.0453 0.3530 0.1094
H114 0.4487 0.8612 0.1097
H115 0.0384 1.0033 0.2035
H116 0.5508 0.5502 0.2035
H117 0.0077 0.4021 0.2017
H118 0.4884 0.9328 0.2020
H119 0.2198 0.6994 0.1343
H120 0.7230 0.2182 0.1340
H121 0.2899 0.3227 0.1362
H122 0.7805 0.8326 0.1358
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H123 0.0412 0.3892 0.2484
H124 0.5152 0.9426 0.2487
H125 0.0449 0.9837 0.2489
H126 0.5654 0.5520 0.2491
H127 0.0529 0.9337 0.2932
H128 0.5793 0.5107 0.2939
H129 0.0759 0.3380 0.2950
H130 0.5499 0.9098 0.2957
H131 0.0293 0.9970 0.1577
H132 0.5356 0.5237 0.1576
H133 -0.0218 0.3861 0.1554
H134 0.4669 0.9014 0.1557
H135 0.3027 0.3669 0.1819
H136 0.7853 0.8888 0.1815
H137 0.2379 0.7478 0.1805
H138 0.7453 0.2841 0.1801
H139 0.2866 0.8267 0.2738
H140 0.8100 0.3833 0.2738
H141 0.3206 0.4289 0.2724
H142 0.7930 0.9780 0.2723
H143 0.2593 0.7936 0.2268
H144 0.7744 0.3476 0.2266
H145 0.3130 0.4052 0.2274
H146 0.7874 0.9434 0.2269
H147 0.0911 -0.0208 0.4701
H148 0.5906 0.4765 0.4703
H149 0.1782 0.6176 0.4692
H150 0.6797 0.1169 0.4694
H151 0.3764 0.7595 0.3694
H152 0.8945 0.2758 0.3692
H153 0.3450 0.3654 0.3619
H154 0.8344 0.8895 0.3627
H155 0.3251 0.8247 0.3216
H156 0.8504 0.3647 0.3216
H157 0.3289 0.4227 0.3173
H158 0.8079 0.9669 0.3178
H159 0.4455 -0.1063 0.4464
H160 0.9403 0.3968 0.4469
H161 0.3528 0.2472 0.4481
H162 0.8516 -0.2452 0.4481
H163 0.1393 -0.3581 0.4207
H164 0.6457 0.1650 0.4211

90




H165 0.1123 0.2417 0.3411
H166 0.5946 0.8093 0.3422
H167 0.0684 0.8461 0.3365
H168 0.5929 0.4081 0.3373
H169 0.1506 0.0919 0.3869
H170 0.6415 0.6358 0.3881
H171 0.0931 0.7096 0.3787
H172 0.6088 0.2463 0.3792
H173 0.3683 0.2399 0.4930
H174 0.8686 -0.2525 0.4931
H175 0.4567 -0.1204 0.4922
H176 0.9552 0.3855 0.4922
H177 0.1892 0.5996 0.5163
H178 0.6890 0.0974 0.5164
H179 0.1013 -0.0398 0.5173
H180 0.6001 0.4570 0.5172
H181 0.3938 0.3473 0.6233
H182 0.8938 0.8475 0.6233
H183 0.4627 0.7284 0.6177
H184 0.9628 0.2286 0.6178
H185 -0.0392 0.3315 0.6656
H186 0.4607 0.8317 0.6656
H187 0.3859 0.4506 0.6683
H188 0.8858 0.9505 0.6683
H189 0.3710 0.2108 0.5381
H190 0.8715 -0.2861 0.5381
H191 0.4637 -0.1436 0.5380
H192 0.9640 0.3593 0.5379
H193 0.1728 0.5960 0.5651
H194 0.6725 0.0948 0.5651
H195 0.1311 0.7597 0.6499
H196 0.6312 0.2601 0.6498
H197 0.1958 0.1443 0.6455
H198 0.6957 0.6447 0.6455
H199 0.1439 0.6480 0.6074
H200 0.6440 0.1480 0.6074
H201 0.2026 0.0284 0.5994
H202 0.7024 0.5283 0.5993
H203 0.1939 0.7767 0.8731
H204 0.6940 0.2768 0.8731
H205 0.2753 0.1547 0.8745
H206 0.7753 0.6548 0.8744
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H207 0.2260 0.2043 0.7828
H208 0.7259 0.7051 0.7828
H209 0.1430 0.8276 0.7825
H210 0.6431 0.3281 0.7825
H211 0.4481 0.4752 0.8532
H212 0.9481 0.9752 0.8532
H213 0.5312 0.8521 0.8542
H214 1.0311 0.3520 0.8542
H215 0.1274 0.8316 0.7377
H216 0.6275 0.3324 0.7376
H217 0.2081 0.2098 0.7371
H218 0.7080 0.7108 0.7371
H219 0.1232 0.8130 0.6933
H220 0.6233 0.3137 0.6933
H221 0.1976 0.1949 0.6913
H222 0.6975 0.6957 0.6913
H223 0.2492 0.1848 0.8286
H224 0.7492 0.6851 0.8286
H225 0.1666 0.8078 0.8277
H226 0.6666 0.3080 0.8277
H227 0.5065 0.8810 0.8077
H228 1.0067 0.3809 0.8077
H229 0.4224 0.5049 0.8072
H230 0.9224 1.0049 0.8072
H231 0.3884 0.5036 0.7144
H232 0.8884 1.0035 0.7145
H233 -0.0304 0.3815 0.7135
H234 0.4693 0.8819 0.7134
H235 0.4014 0.5178 0.7609
H236 0.9014 1.0177 0.7609
H237 0.4853 0.8940 0.7608
H238 0.9855 0.3937 0.7608
H239 0.5568 0.8129 0.9004
H240 1.0566 0.3130 0.9004
H241 0.4755 0.4349 0.8989
H242 0.9754 0.9349 0.8989
H243 0.2221 0.7377 0.9187
H244 0.7223 0.2375 0.9186
H245 0.3017 0.1169 0.9204
H246 0.8020 0.6166 0.9204
H247 0.5829 0.7657 0.9466
H248 1.0826 0.2661 0.9466
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H249 0.5033 0.3867 0.9447
H250 1.0031 0.8870 0.9447
H251 0.3287 0.0721 0.9669
H252 0.8290 0.5713 0.9668
H253 0.2505 0.6895 0.9645
H254 0.7508 0.1888 0.9645

Table $3.4 Fractional atomic coordinates of 5BA (2D-H bonding model).

unit cell: a= 8.55 (A) b=4.36 (A) c=55.58 (A)
2=90.00 (°) B 92.09 (°) Y=91.92 (°)

C1 0.3088 0.4120 0.0810
C2 0.8088 -0.0880 0.0810
H3 0.3249 0.4140 0.9960
H4 0.8249 -0.0860 0.9960
C5 0.3987 0.4820 0.0582
C6 0.8987 -0.0180 0.0582
Cc7 0.3044 0.4002 0.0350
C8 0.8044 -0.0998 0.0350
C9 -0.1045 -0.0289 0.0124
C10 0.3955 0.4711 0.0124
Cl1 0.4020 0.4967 0.1042
C12 0.9020 -0.0033 0.1042
C13 0.4059 0.5107 0.1962
Cl4 0.9059 0.0107 0.1962
C15 0.3113 0.4248 0.1269
C16 0.8113 -0.0752 0.1269
C17 0.4118 0.5040 0.2421
C18 0.9118 0.0040 0.2421
C19 0.4248 0.4907 0.2879
C20 0.9248 -0.0093 0.2879
C21 0.4037 0.5079 0.1503
C22 0.9037 0.0079 0.1503
C23 0.3130 0.4314 0.1729
C24 0.8130 -0.0686 0.1729
C25 0.3261 0.4165 0.2650
C26 0.8261 -0.0835 0.2650
C27 0.3168 0.4285 0.2189
C28 0.8168 -0.0715 0.2189
029 0.3021 0.2166 0.4041
030 0.8021 0.7166 0.4041
C31 0.4307 0.3404 0.4022
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C32 0.9308 0.8405 0.4022
C33 0.5890 0.3548 0.4661
C34 1.0890 0.8548 0.4661
C35 0.3822 0.3765 0.3574
C36 0.8822 -0.1235 0.3574
C37 0.3454 0.3985 0.3112
C38 0.8453 -0.1016 0.3112
C39 0.4792 0.2694 0.4446
C40 0.9792 -0.2306 0.4446
N41 0.5292 0.3850 0.4214
N42 1.0292 -0.1151 0.4214
C43 0.4503 0.4748 0.3334
C44 0.9503 -0.0252 0.3334
C45 0.4967 0.4580 0.3784
C46 0.9967 -0.0420 0.3784
C47 0.5189 0.2497 0.4898
C48 1.0189 0.7497 0.4898
049 0.4182 0.5842 0.5715
050 0.9182 0.0842 0.5715
C51 0.0467 -0.0239 0.5747
C52 0.5467 0.4761 0.5747
C53 0.1166 0.8322 0.5127
C54 0.6166 0.3322 0.5127
C55 0.0439 1.1312 0.6180
C56 0.5439 0.6312 0.6180
C57 0.0318 1.2334 0.6636
C58 0.5317 0.7334 0.6636
C59 0.5343 0.2247 0.5354
C60 1.0343 0.7248 0.5354
N61 0.1155 0.8133 0.5579
N62 0.6155 0.3133 0.5579
C63 0.1301 1.1351 0.6426
C64 0.6301 0.6351 0.6426
C65 0.1456 1.0079 0.5983
C66 0.6456 0.5079 0.5983
C67 0.1699 1.0803 0.8701
C68 0.6699 0.5802 0.8701
C69 0.1295 1.1842 0.7790
C70 0.6295 0.6842 0.7790
C71 0.0665 1.1771 0.8485
C72 0.5665 0.6771 0.8485
C73 0.1201 1.2064 0.7334
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C74 0.6201 0.7064 0.7334
C75 0.1203 1.1955 0.6878
C76 0.6203 0.6955 0.6878
Cc77 0.1468 1.1401 0.8246
C78 0.6468 0.6401 0.8246
C79 0.0464 1.2326 0.8026
C80 0.5464 0.7326 0.8026
C81 0.0278 1.2748 0.7099
C82 0.5278 0.7748 0.7099
C83 0.0330 1.2691 0.7563
C84 0.5330 0.7691 0.7563
C85 0.0917 1.1091 0.8943
C86 0.5917 0.6091 0.8943
H87 0.1723 0.9432 0.9782
H88 0.6723 0.4432 0.9782
C89 0.1968 1.0079 0.9156
C90 0.6968 0.5079 0.9156
Co1 0.1209 1.0320 0.9400
€92 0.6209 0.5321 0.9400
C93 0.2283 0.9255 0.9607
Co4 0.7283 0.4255 0.9607
H95 0.1987 0.5375 0.0803
H96 0.6987 0.0375 0.0803
H97 0.2750 0.1655 0.0814
H98 0.7750 0.6655 0.0814
H99 -0.0666 0.2282 0.0579
H100 0.4334 0.7282 0.0579
H101 0.0083 0.8548 0.0588
H102 0.5083 0.3548 0.0588
H103 0.2696 0.1542 0.0352
H104 0.7696 0.6542 0.0352
H105 0.1950 0.5276 0.0344
H106 0.6950 0.0276 0.0344
H107 0.0026 0.8380 0.0122
H108 0.5026 0.3380 0.0122
H109 -0.0699 0.2163 0.0116
H110 0.4301 0.7163 0.0116
H111 0.0123 0.8720 0.1050
H112 0.5123 0.3720 0.1050
H113 -0.0647 0.2435 0.1040
H114 0.4354 0.7435 0.1040
H115 0.0170 0.8886 0.1966
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H116 0.5170 0.3886 0.1966
H117 -0.0622 0.2582 0.1965
H118 0.4378 0.7582 0.1965
H119 0.2009 0.5494 0.1262
H120 0.7009 0.0494 0.1262
H121 0.2780 0.1779 0.1271
H122 0.7780 0.6779 0.1271
H123 -0.0571 0.2518 0.2426
H124 0.4429 0.7518 0.2426
H125 0.0233 0.8834 0.2420
H126 0.5233 0.3834 0.2420
H127 0.0369 0.8730 0.2871
H128 0.5369 0.3730 0.2871
H129 -0.0454 0.2390 0.2884
H130 0.4546 0.7390 0.2884
H131 0.0145 0.8848 0.1509
H132 0.5145 0.3848 0.1509
H133 -0.0639 0.2552 0.1502
H134 0.4361 0.7552 0.1502
H135 0.2799 0.1844 0.1728
H136 0.7799 0.6844 0.1728
H137 0.2026 0.5557 0.1723
H138 0.7026 0.0557 0.1723
H139 0.2150 0.5380 0.2654
H140 0.7150 0.0380 0.2654
H141 0.2946 0.1689 0.2645
H142 0.7946 0.6689 0.2645
H143 0.2061 0.5519 0.2187
H144 0.7061 0.0519 0.2187
H145 0.2842 0.1813 0.2186
H146 0.7842 0.6813 0.2186
H147 0.1107 0.1055 0.4665
H148 0.6107 0.6055 0.4665
H149 0.2036 0.7514 0.4639
H150 0.7036 0.2514 0.4639
H151 0.2700 0.4886 0.3598
H152 0.7700 -0.0114 0.3598
H153 0.3570 0.1266 0.3571
H154 0.8570 0.6266 0.3571
H155 0.2336 0.5162 0.3123
H156 0.7336 0.0162 0.3123
H157 0.3159 0.1500 0.3108
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H158 0.8159 0.6500 0.3108
H159 0.4638 0.0169 0.4438
H160 0.9638 0.5169 0.4438
H161 0.3627 0.3598 0.4479
H162 0.8627 -0.1403 0.4479
H163 0.1374 -0.0199 0.4195
H164 0.6374 0.4801 0.4195
H165 -0.0230 0.2243 0.3339
H166 0.4770 0.7243 0.3339
H167 0.0634 0.8634 0.3316
H168 0.5634 0.3634 0.3316
H169 0.0174 0.2090 0.3792
H170 0.5174 0.7090 0.3792
H171 0.1099 0.8537 0.3753
H172 0.6099 0.3538 0.3753
H173 0.4028 0.3512 0.4912
H174 0.9028 -0.1489 0.4912
H175 0.4974 -0.0014 0.4892
H176 0.9974 0.4986 0.4892
H177 0.2323 0.7288 0.5121
H178 0.7323 0.2288 0.5121
H179 0.1382 0.0827 0.5136
H180 0.6382 0.5827 0.5136
H181 0.4373 0.4829 0.6191
H182 0.9373 0.9829 0.6191
H183 0.5059 0.8638 0.6134
H184 1.0060 0.3638 0.6134
H185 -0.0024 0.4736 0.6612
H186 0.4976 0.9736 0.6612
H187 0.4222 0.5925 0.6636
H188 0.9222 1.0925 0.6636
H189 0.4159 0.3171 0.5351
H190 0.9159 -0.1829 0.5351
H191 0.5171 -0.0274 0.5348
H192 1.0171 0.4726 0.5348
H193 0.2203 0.7209 0.5618
H194 0.7203 0.2209 0.5618
H195 0.1718 0.9022 0.6464
H196 0.6718 0.4022 0.6464
H197 0.2357 0.2869 0.6419
H198 0.7356 0.7869 0.6419
H199 0.1903 0.7840 0.6041
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H200 0.6903 0.2840 0.6041
H201 0.2478 0.1634 0.5957
H202 0.7478 0.6634 0.5957
H203 0.2033 0.8402 0.8676
H204 0.7033 0.3402 0.8676
H205 0.2798 0.2206 0.8705
H206 0.7798 0.7206 0.8706
H207 0.2409 0.3196 0.7795
H208 0.7409 0.8196 0.7795
H209 0.1607 0.9411 0.7777
H210 0.6607 0.4411 0.7777
H211 0.4561 0.5386 0.8481
H212 0.9561 1.0386 0.8481
H213 0.5343 0.9182 0.8508
H214 1.0343 0.4182 0.8508
H215 0.1520 0.9629 0.7333
H216 0.6520 0.4629 0.7333
H217 0.2313 0.3425 0.7338
H218 0.7313 0.8425 0.7338
H219 0.1560 0.9549 0.6894
H220 0.6560 0.4549 0.6894
H221 0.2296 0.3378 0.6879
H222 0.7296 0.8378 0.6879
H223 0.2574 0.2783 0.8250
H224 0.7574 0.7783 0.8250
H225 0.1793 0.8986 0.8226
H226 0.6793 0.3986 0.8226
H227 0.5157 0.9754 0.8042
H228 1.0157 0.4754 0.8042
H229 0.4350 0.5972 0.8021
H230 0.9350 1.0972 0.8021
H231 0.4160 0.6407 0.7095
H232 0.9160 1.1407 0.7095
H233 -0.0023 0.5188 0.7094
H234 0.4977 1.0188 0.7094
H235 0.4208 0.6363 0.7559
H236 0.9208 1.1362 0.7559
H237 0.5036 1.0134 0.7571
H238 1.0036 0.5134 0.7571
H239 0.5589 0.8491 0.8970
H240 1.0589 0.3491 0.8970
H241 0.4817 0.4693 0.8939
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H242 0.9817 0.9693 0.8939

H243 0.2299 0.7684 0.9127

H244 0.7299 0.2684 0.9127

H245 0.3067 0.1481 0.9160

H246 0.8067 0.6481 0.9160

H247 0.5889 0.7715 0.9431

H248 1.0889 0.2715 0.9431

H249 0.5107 0.3930 0.9397

H250 1.0107 0.8930 0.9397

H251 0.3381 0.0647 0.9618

H252 0.8381 0.5647 0.9618

H253 0.2588 0.6846 0.9582

H254 0.7588 0.1846 0.9582

Table S3.5 Fractional atomic coordinates of 6BA.
unit cell: a= 5.02 (A) b=5.29 (&) c=57.46 (A)
a=48.65 (°) p=76.80 (°) Y=65.17 (°)

Atom X v z
Cc1 -0.2030 0.0149 0.1029
C2 -0.3744 0.0462 0.1054
C3 -0.1795 -0.0056 0.1074
Cca -0.3480 0.0278 0.1099
C5 -0.1521 -0.0245 0.1119
C6 -0.3210 0.0137 0.1143
c7 -0.1252 -0.0385 0.1164
C8 -0.2950 0.0027 0.1188
C9 -0.0996 -0.0492 0.1209

C10 -0.2698 -0.0064 0.1232
Cl11 -0.0741 -0.0575 0.1253
C12 -0.2433 -0.0148 0.1277
C13 -0.0465 -0.0640 0.1297
Cl4 -0.2139 -0.0223 0.1321
C15 -0.0160 -0.0671 0.1341
Cil6 -0.1810 -0.0270 0.1365
Cc17 0.0194 -0.0654 0.1385
C18 -0.1632 -0.0255 0.1408
C19 -0.1643 0.0238 0.1447
C20 0.0440 -0.0212 0.1466
c21 -0.1065 0.0212 0.1491
o1 -0.4183 -0.0038 0.1412
N1 -0.0135 -0.0243 0.1425
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H1 -0.0238 -0.2517 0.1041
H2 -0.3461 0.0482 0.1015
H3 -0.1046 0.2235 0.1014
H4 -0.4793 -0.1568 0.1068
H5 -0.5540 0.3141 0.1042
H6 -0.0004 -0.2740 0.1086
H7 -0.0735 0.1964 0.1060
H8 -0.4545 -0.1737 0.1113
H9 -0.5267 0.2966 0.1087
H10 0.0255 -0.2942 0.1132
H11 -0.0438 0.1752 0.1105
H12 -0.4981 0.2839 0.1131
H13 -0.4297 -0.1855 0.1158
H14 0.0512 -0.3092 0.1177
H15 -0.0154 0.1596 0.1150
H16 -0.4049 -0.1952 0.1203
H17 -0.4713 0.2736 0.1176
H18 0.0764 -0.3203 0.1221
H19 0.0108 0.1482 0.1194
H20 -0.4458 0.2647 0.1220
H21 -0.3799 -0.2040 0.1247
H22 0.0359 0.1403 0.1238
H23 0.1020 -0.3284 0.1266
H24 -0.4201 0.2556 0.1264
H25 -0.3525 -0.2133 0.1292
H26 0.1309 -0.3340 0.1310
H27 0.0619 0.1353 0.1282
H28 -0.3922 0.2470 0.1309
H29 -0.3210 -0.2229 0.1336
H30 0.0898 0.1349 0.1326
H31 0.1634 -0.3355 0.1353
H32 -0.3619 0.2401 0.1353
H33 -0.2821 -0.2334 0.1381
H34 0.1201 0.1411 0.1369
H35 0.1998 -0.3329 0.1397
H36 0.1923 -0.0213 0.1420
H37 -0.2713 -0.1762 0.1463
H38 -0.3414 0.2940 0.1435
H39 0.1503 0.1794 0.1451
H40 0.2221 -0.2899 0.1478
H41 -0.2852 0.2900 0.1479
H42 -0.2116 -0.1805 0.1507
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Chapter 4

Supramolecular arrangement and rheological
properties of bisamide gels

Abstract

We report a systematic study of the gelation behavior of nBA gelators in xylene, with
odd and even n-methylene spacers between the amide groups (n=5-10) and 17
carbons at each end.

The melting temperature (Tm°) of nBA gels are obtained from fitting our DSCn(T)
model to the experimental DSC data. The found Tm? of nBA gels are about 35°C lower
than Tm® of the pure nBA gelators. This is reasonably explained by a simple model
combining theories of Flory-Huggins and Gibbs free energy of melting (FHM model).
We attribute this depression to an increase in entropy upon melting of the gel due
to mixing with the solvent.

The odd-even alternation in Tm® of nBA gels, which was also found for the nBA
gelators, indicates the solid structures inside the gels are somewhat similar. This was
studied using XRD: similar 00/ reflections were found in the XRD patterns of all nBA
gels and their nBA gelators. For even nBA gels, the same reflections in the 19-25°
(26) region confirms that the sheet-like supramolecular structure of the gels is
analogous to the lamellar structure of the solid gelators. For odd nBA gels, a slight
difference in the reflections around 20-25° (26) implies a somewhat different side-
by-side packing of odd nBA gels compared to the solid state. This variation is found
for all the odd gels, and indeed they show distinctly different morphologies
compared to the even nBA gels. The possible effect of this on the rheological
properties is discussed using some inspiration from the Halpin-Tsai model for
composites where nBA gels are considered to be analogous to composite materials.
The change of the storage modulus (G') with the shape factor of woven fibers and
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sheets in nBA gels (20wt%) indicates a rheological odd-even effect might indeed be
present.

4.1 Introduction

Low molecular weight gelators (LMWGs) are small organic compounds (molecular
weight<3000 Da) * which can transform different types of organic liquids into solid-
like viscoelastic gels 277. In recent years, such gel systems have found many potential

811 such as biomedicine 12718

applications in a variety of fields , cosmetics, and food
industry 12, LMWGs can form physical gels via specific non-covalent
intermolecular interactions such as hydrogen bonding, Van der Waals, - it stacking
etc. 2272 and, hence, the gel formation is reversible, which makes this type of

gelators an excellent subject for studies into supra-molecular chemistry 2°.

Thermally triggered LMWG gels usually form via dissolution in a suitable solvent to
obtain sol and cooling to a certain temperature where the sol-to-gel transition
occurs 2528 In fact, heating to elevated temperatures assists overcoming
intermolecular interaction forces among the gelator molecules in the crystalline
solid state and dissolution of the gelators leading to the sol formation. Upon cooling
to below the gel transition temperature, molecules reassemble into a (new)
crystalline state at a lower free energy 2°731. The assembly of gelator molecules into
an interconnected solid-like three-dimensional (3D) network can immobilize the
organic solvent which results in the formation of a strong or weak gel depending on
the gelator-gelator interactions as well as the solvent properties 32734,

Due to a large structural diversity, gelators cannot be categorized into a single group
representing their abilities to form a gel. However, some features such as anisotropy
in intermolecular interactions between the LMWGs is known as the driving force for
their unidirectional assembly. As a result, they form fibers with large aspect ratios
(length to cross-sectional diameter) which are able to efficiently immobilize a large
quantity of the solvent due to surface tension 3>3¢, A general requirement for a gel
regardless of the solvent and gelator chemistry and their specific applications is the
stability of the network on the time scale of observation, showing solid-like
rheological properties 32,

The production of a gel with desirable rheological properties for a certain
application necessitates a good understanding of how rheological properties are
governed by the microstructure and network properties ¥’. There is a need for a
comparative study of molecular arrangement of gelators in the solid and
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supramolecular assembly of molecules in the gel state which can probe the link
between the microscopic interactions between the constituent crystals of the gel
network and the rheological properties of gels 3%3°. Moreover, the formation of
LMWG gels has been usually studied at relatively low mass fractions of LMWGs. A
clear fundamental understanding of the physical properties of these gels at higher
concentrations and how this impacts their rheological properties can provide
essential information for potential applications and the optimization of the
production processes.

For this purpose, LMWGs that contain amide groups are among the best candidates

to be studied. They have the most effective structural units for the formation of
supramolecular gels due to their thermodynamically-favored directional hydrogen
bonding in a variety of solvents °. Recently, in our research group, model bisamide
gelators (nBAs) with the simplest structure were synthesized: linear aliphatic
bisamides with two symmetric C17 alkyl tails, where the (CHz) spacer connecting
the two amide groups was systematically varied from n = 5 to 10, see Figure 4.1.
These were studied so as to determine their molecular arrangement and thermal
properties in the solid state !, and to compare the corresponding gels state as we
report here. Here, in this study, the effect of the spatial arrangement of amide
groups on the supramolecular arrangement in the gel state and its influence on the
microstructure and rheological properties is the topic of interest. The similarities
and differences in molecular and supramolecular arrangement of the nBA gelators
were investigated using calorimetry and X-ray diffraction. The differences in thermal
properties of gels compared to the solid gelator state can be reasonably well
explained by our Flory Huggins-melting (FHM) model, as described here. Finally, the
implication of the odd-even effect on the microstructure and rheological properties
of nBA gels is discussed using some inspiration from the Halpin-Tsai model.

4.2 Materials and methods

4.2.1 Materials

Xylene ((CHz)2CeH4, analytical reagent grade, CAS:1330-20-7, purchased from Fisher
Scientific) and a series of bisamide compounds (nBA) where n is the spacer length
between amide groups (varying from 5 to 10) with 17 carbons at each side of the
amide groups (C17) were used. The synthesis and characterization of the nBA
gelators have been described in chapter 3 1. The general chemical structure of nBA
compounds is shown in Figure 4.1, using 5BA as an example:
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Figure 4.1 Chemical structure of synthesized bisamides (nBAs) with (CH2)n spacer
between the amide groups and with C17 alkyl tails (n = 5 in this example).

4.2.2 Gel preparation

A certain amount of the synthesized nBA gelator was ground, weighed, and
dispersed in the required weight of xylene in a vial. The mixture was used to prepare
the nBA gel at different concentrations (5 wt%, 10 wt%, 20 wt%, 40 wt%) by
mechanical stirring using a magnetic stir bar at 500 rpom and heating up to around
120 °C to dissolve the nBA gelator in the solvent using a heating block. Once the
mixture became transparent, the vial was taken out and allowed to cool down to
ambient temperature. A tube inversion test was conducted as a quick assessment
of the gel formation immediately after cooling down, and after 72 hours.

4.2.3 Differential Scanning Calorimetry (DSC)

The thermal behavior of nBA gels was determined using a Perkin Elmer-Pyris
Diamond Differential scanning calorimeter with two 1(g)- furnaces (working on the
Power-compensation temperature null principle). Nitrogen (99.99% purity) was
used to purge the thermal analysis system at the rate of 50 (mL/min). The calibration
of temperature and heat flow was done before each measurement using a heating
scan of indium, a highly pure metal provided by Perkin ElImer with accurately known
enthalpy of fusion and melting point, AHfusion= 28.47 J. g and Tm%=156.4 °C, under
the same condition as the to-be-measured samples. A nBA gel (8+1 mg) was placed
in a 40 pL stainless steel sample pan by weighing on a microbalance. The sample pan
and a reference pan (identical in terms of geometry and weight), both covered by
stainless steel lids, were placed in the furnaces of the DSC apparatus. Both the pans
were heated to 130 °C, cooled to 25 °C, and subsequently followed the same heating
cycle at a constant rate of 5 K.min. The samples were kept isothermally for 2
minutes at the end of each scan.
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4.2.4 DSCn(T) analytical model and curve fitting

DSChn (T) function recently developed in our research group was fitted to the DSC
traces of nBA gels %%,

a & 0 a
DSCx(T) = AH.- . ef. e(T-Ti), erfc (JE <T —-TY + 2_B)> Equation 4.1

+AC,(T) + B+ C(T = Tg) + D(T — Tg)?

This model captures the shape of the experimental DSC peaks taking an assumed
Arrhenius crystal size distribution, together with instrumental and sample-related
Gaussian peak broadening, into account. Relying on DSCn(T), a much more accurate
determination of the equilibrium melting point (Tm%), enthalpy of fusion, and change
in heat capacity of nBA gels has become possible. The non-linear curve fitting of
DSCn(T) to the experimental DSC traces was done using a Python 3 script %%, and
yields optimized values for the following parameters: AH (the coefficient of DSCn(T)
function representing the change in enthalpy associated with the phase transition),

Tm? (the equilibrium temperature of the phase transition), a (the strength of the
Ea
R.(T$,)?
roughly proportional to the steepness of the rising edge of the peak), B (the

linearized Arrhenius function (a =

) describing the crystal size distribution,

parameter in relation to the Gaussian broadening of the peak (f = #), describing

the peak broadening in the declining edge of the peak), and ACpm (the difference
between the heat capacity of the pre- and post-transition states). The parameters
B, C, and D respectively correct for baseline offset, a linear baseline slope, and a
second order baseline curvature.

To assure the accuracy of the thermal properties obtained from DSC measurements,
at least three nBA samples with a similar weight were measured under the same
condition and the data were analyzed after the normalization per weight of the
sample. The standard deviation of the thermal properties, melting temperature,
enthalpy of fusion, and heat capacity change, and the other fit parameters were
obtained by fitting DSCn(T) analytical model to the three sets of raw data which
contains the experimental error along with the fitting procedure error. The
experimental errors for the thermal properties of all nBA samples were less than 1%.
The fitting deviation for each parameter was obtained from the residuals of non-
linear least squares (NLLS). The reported errors margins of the fit parameters are
the residuals of the NLLS rounded to two digits.
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4.2.5 X-ray diffraction (XRD)

X-Ray diffraction was used to obtain information on the crystal structure of nBA gels.
X-ray diffraction patterns were recorded at room temperature with a Bruker D8
Advance ECO diffractometer in Bragg-Brentano geometry, equipped with a Cu X-ray
source (Ka1=1.54060 A and Ka2=1.54439 A) and LYNXEYE-XE-T position sensitive
detector. A knife-edge has been used to reduce the background due to the
scattering of the primary beam. The patterns were measured from 0.6° to 50°(26)
with a step size of 0.01° and measuring time of 0.5 s per step. The intensity of
reflections was recorded in counts.s™ which is then normalized with respect to the
reflection with the highest intensity, the reflection of (001). This method of
normalization enables us to compare the low-intensity reflections of the gels with
their respective reflections of the gelators which have higher intensities.

4.2.6 Scanning Electron Microscopy (SEM)

The microstructure of nBA gels was observed by using a JEOL JSM 6010LA scanning
electron microscope. A SEM sample was prepared by taking a small amount of a
freshly made gel gently placed on aluminum foil covering a microscope slide. All
samples were dried in a VT6025 vacuum oven (Thermo Electron Corporation) for 3
hours at 60 °C. This temperature has been chosen safely below the melting point of
the gel and its constituents to avoid any morphological change in the samples.
Subsequently, the prepared sample was coated with gold particles at 20 mA for30 s
to increase conductivity for better image quality. The images were recorded using
the following setting: secondary electron images (SEI) mode, 8 kV, WD10 mm, and
SS40 at different magnifications (500x, 1000x, and 2500x). The dimensions of the
fibers and sheets in the SEM images from the microstructures of the gels were
measured. At least, ten SEM images were collected from different parts of the gel
sample to assess its structure and the dimension of crystalline entities more
accurately.

4.2.7 Rheology

The rheological properties of the nBA gels were assessed by DISCOVERY HR-3 hybrid
rheometer (TA Instrument). The used geometry was 40 mm parallel steel plate
Peltier plate steel-999580. The temperature was set at 25 °C and the gap was set to
500 um. The inertia, friction and rotational mapping were calibrated. Zero gap was
determined after the calibration of the geometry. Around 1.0£0.2 g of a freshly
prepared nBA gel sample was placed evenly on the bottom plate. The upper parallel
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plate was lowered to the geometry gap. To avoid solvent evaporation during the
measurement, a few drops of xylene was added to the solvent trap covering the gap
prior to each measurement. The linear viscoelastic region was found by conducting
a strain sweep from 0.001 % to 1 % strain. The strain was set to 0.01 % selected from
the linear viscoelastic region. The angular frequency was set from 0.1 rad.s™* to
100 rad.s? and the strain 0.01 % was applied to measure the storage modulus (G’),
as a measure of the solid-like, and the loss modulus (G”), as a measure of the liquid-
like characteristics of viscoelastic gels. To ensure the reliability and reproducibility
of the experiments, three independent samples of each nBA gel were prepared
under the same condition and frequency sweep tests were performed on them
using the same protocol.

4.3 Results and discussion

The nBA gelators (5BA, 6BA,7BA, 8BA, 9BA, and 10BA) were dissolved in xylene at
different concentrations (5 wt%, 10 wt%, 20 wt%, and 40 wt%) by heating to obtain
homogeneous and transparent solution without any clear supramolecular features
remaining. After cooling down to the room temperature, gels with more turbid
appearance were produced. It was observed that the solubility of the nBA gelators
is remarkably low at room temperature which is a common feature among similar
low molecular weight gelators . The gelling capacity of the nBA gelators was
qualitatively assessed by macroscopic observation of nBA gels upon tube inversion
(Figure 4.2). In the odd series, 5BA and 7BA have formed stable gels at all given
concentrations while 9BA can only form gel at 20 wt% and 40 wt%. In the even series,
6BA gels were stable at all of the concentrations. Similar to the odd series, upon
increasing the spacer length of gelators in the even group, the gelling capacity of the
gelators decreases; 8BA and 10BA at low concentrations (5 wt% and 10 wt%) form
gels that are less stable against gravity. Screening the macroscopic appearance of
the gels after 72 hours did not show disintegration or a change of colour. Further
characterizations on the gels, described below, were carried out within 24 hours of
gel preparation.
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(@) SBA 78A 9BA

S5wt% 10wt% 20wt% 40wt% S5wt% 10wt% 20wt% 40wt% S5wt% 10wt% 20wt% 40wt%
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(b) 6BA 8BA

5 wt% 10wt% 20wt% 40 wt% 5 wt% 10wt% 20wt% 40 wt% 5 wt% 10wt% 20wt% 40 wt%

Figure 4.2 nBA gels at different concentrations (wt%) : a) odd nBA gels: 5BA gel, 7BA
gel (all gels at different concentrations remain stable against the gravity), 9BA (gels
at (5 wt%) and (10 wt%) start to flow as soon as the vial was inverted), b) even nBA
gels : 6BA gel (all concentrations remained stable against gravity), 8BA gel (at low
concentrations (5 wt% and 10 wt%) partially flowed), 10BA gel (5 wt% gel was too
fluidic and could not bear the gravity upon inversion and 10 wt% gel partially
flowed).

The nBA gels at 20 wt% were chosen for further analysis mainly because 20 wt% was
the lowest concentration where all nBA gelators form stable gels as assessed by the
vial inversion test. To identify the phase behavior of nBA gels 20 wt%, DSC
measurements were conducted. Figure 4.3a shows a single endothermic transition
in the second heating traces of the nBA gels which were heated from 25 °Cto 130 °C
(the first heating trace of 5BA gel (20 wt%) shows a double peak as seen in
Figure S4.1 in supplementary Information section). Compared to the thermogram
of the nBA gelators in the solid state (Figure 4.3b and 4.3c), those endothermic
transitions can be attributed to the melting of the nBA gels *. Similar to the DSC
traces of nBA gelators, the DSCn(T) function fits the second heating traces of all nBA
gels (20 wt%) rather well (R?>0.95) yielding melting temperature (Tm°) of the gels as
listed in Table 4.1 (Figure S4.2 shows the fit features in more details and all the fit
parameters of all nBA gels are available in Table S4.1, in the supplementary
information section).
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Figure 4.3 DSC thermogram of nBA gels (20 wt%) (curves were shifted vertically for
clarity): a) DSCn(T) function fitted to the second heating traces (endo up) measured

at5

K.min! after calibration at the onset for the given sample weight and the scan

rate, the second heating traces, fits, and Tm® of b) 5BA (as an example of the odd
series), c) 6BA (as an example of the even series) were compared in the gelator and

gels

tates, the results in the gelator solid state are from chapter 3 #*.
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Table 4.1 Melting temperature (Tm®) and the statistical coefficient (R?) obtained
from DSCn(T) model fit on the experimental curves of nBA gels®!.

nBA gels (20 wt%) Tm? (°C) R?
5BA 101.92+0.02 0.97
6BA 111.49+0.03 0.96
7BA 103.60+0.01 0.98
8BA 112.71+0.01 0.96
9BA 104.82+0.01 0.98
10BA 108.42+0.04 0.95

[a] All gels are 20 wt% heated at 5 K.min after calibration at the onset for the given
weight and rate (the error margins are the errors from the non-linear fitting).

As Figure 4.3b,c show, the melting temperatures of 5BA and 6BA, as examples from
odd and even series respectively, are somewhat lower than the melting
temperatures of their respective gelators in the solid state (approximately 35 °C
lower). To gain more insight into the dissolution behavior of these gelators, we
determined the solubility curves of these gelators. The solubility curve can be
derived from DSC experiments via the following two methods:

1. The first approach is to plot the curve based on the Tm® obtained from
DSCn(T) model fit to the second heating traces of the gels at different
concentrations which were measured by DSC (Figure S4.3).

2. The second approach is obtaining the curve from the cumulative
integration of the melting transition in the second heating DSC trace of the
gels (20 wt%). This method is described in more details in the
supplementary information (Figure S4.4).
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Figure 4.4 Solubility curves obtained from two different methods for: a) 5BA, b) 6BA
gelators showing the melting temperature of the systems versus the mole fraction
of the gelators present in xylene as solvent (in the case of both gelators, the mole
fraction =1 is pure gelator). The unit of temperature in FHM model is (K), however,
the curves were plotted based on (°C) scale to be consistent with DSC thermogram
in Figure 4.3.

Figure 4.4 shows the solubility curves for 5BA and 6BA gelators which are obtained
from two different methods. The Tr® of 5BA and 6BA gels at different concentrations
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fit to the solubility curve obtained from the cumulative integration of their gels
(20 wt%) up to ¢=0.040 and =0.039, which are respectively the mole fraction of
5BA and 6BA in their 20 wt% gels.

To gain insight into the mechanism of dissolution of nBA systems, we combined the
well-known Flory-Huggins theory for mixing with the thermodynamics of melting,
briefly FHM model, as described by Equation 4.2 (the route we took to develop FHM
model is described in the supplementary information section).

AHy | @.(1 = 9). Wy,
R R

®.

S Equation 4.2
¢.ZRE— (g In @ +(1—@).In(1- )
R X4

Tm,s =

FHM model combines the theories of melting, describing the thermodynamics of
the phase behavior in the solid crystalline or melt state, and Flory-Huggins, which
originally elaborates the thermodynamics of polymer solutions, explains the
thermodynamics of nBA gelators melting in the presence of solvent. FHM model is
based on thermodynamic parameters which describe how the melting point of a
nBA gel (Tm,s) changes with the volume fraction of the gelator (¢) (accordingly, (1-¢)
is the volume fraction of the solvent). The change in enthalpy and entropy of melting
for a solid gelator are notated as AHm and ASm respectively. These two values are
known from our previous research on the nBA gelators #': the thermal properties of
nBA gelators in the solid state, AHm and T, were obtained via fitting DSCn(T) to the
second heating DSC traces where the melting transition occurs. Given AHm and Tm°
of the gelators, ASm is calculated from ASm= AHm/Tm? for each nBA gelator (since AG
is zero at the equilibrium). Therefore, the only adjustable parameters in Equation
4.2 are W12 and Xi: the enthalpy of dissolution (W12) is used to describe the
interactions between the solvent and nBA gelator molecules. The parameter X is
the degree of association of the molecules after melting.

FHM model fits to the solubility curves of 5BA and 6BA gels obtained from the first
method quite well (Figure 4.5 a,b). However, the second method provides the
solubility curve with more data points. Figure 4.5 c,d shows that FHM model fits the
melting-dissolution curve obtained from the latter method very well (R?>0.99
according to Table 4.2). At room temperature the gelators dissolve negligibly in
xylene, after raising the temperature to close to their melting points (Tm°),
101.9240.02 °C and 111.49+0.03 °C for 5BA and 6BA gels (20 wt%) respectively,
more fraction of gelators start to melt and above Tm° all the melted gelators start
mixing with the solvent.
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Figure 4.5 FHM model fitted to the solubility curves obtained from a, b) Tm° obtained
from DSCn(T) model fit to the second heating traces of the gels at different
concentrations for 5BA and 6BA respectively, c, d) from the cumulative integration
of the second heating DSC traces of the 5BA and 6BA gels (20 wt%) respectively (the
melting-dissolution curves for the rest of the gels can be found in the supplementary
information (Figure S4.6)). The unit of temperature in FHM model is (K), however,
the curves were plotted based on (°C) scale to be consistent with DSC thermogram
in Figure 4.3.

Table 4.2 Fitted parameters and the statistical coefficient (R?) of the FHM model
fitted to the cumulative integration curves of second heating DSC traces of nBA

gelsl,
nBA gels (20 wt%) W32 (J.mol?) X1 R?
5BA -870.50+9.28 1.96%0.00 0.99
6BA -939.10£29.31 3.7210.03 0.99
7BA -620.33+9.04 2.69+0.04 0.99
8BA -155.33£33.65 2.09+0.01 0.99
9BA -814.19+£17.29 3.1310.01 0.99
10BA -1512.64+33.51 2.11+0.01 0.99

[a] All gels are 20 wt% heated at 5 K.min* after calibration at the onset for the given
weight and rate (the error margins are the errors from the non-linear fitting).
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W12 is negative and less than 2% of AHm for all nBA gels (Table 4.2). It indicates that
after melting of the gelators, there is a small affinity between nBA gelators and
xylene to interact. In fact, W12 term allows the fine-tuning of the initial slope of the
solubility curves. X1 is larger than 1 for all nBA gelators which indicates that after
melting, there is still some degree of association between these molecules.

FHM model basically says that nBA gelators with a rather large AHm are not inclined
to dissolve because there is a AH penalty, thus below the melting point only a small
concentration of the nBA gelator is dissolved in xylene solvent. Once the gelator
solid crystal melts, the gelator molecules mix with the solvent which increases the
entropy via the entropy of mixing. Therefore, the melting point of the system
decreases. As Figure 4.6 shows, the melting points of the pure nBA gelators are
generally about 35 °C higher than their melting-dissolution temperatures in the
presence of xylene which is in agreement with FHM model theory. Other than that,
the transition temperatures show a remarkably similar odd-even effect.

150
140 1
130
o
— 120 1
iE
;8
/‘l‘x ,” S
110 P L e -
e i w77
100{ " —e— T9 of nBA gelators
-#- T9 of nBA gels (20 wt%)
90 T T T T . .
5 6 7 8 9 10

Spacer length

Figure 4.6 The melting temperature (Tm°) of nBA gelators *! and the melting-

dissolution temperature (Tm®) of NBA gels (20 wt%) obtained from DSCn(T) fit to their
second heating DSC traces.

Like the solid nBA gelators, the nBA gels also show a clear odd-even effect in Tm®

upon increasing the spacer length from 5 to 10 (Figure 4.6). Tm® of even nBA gels is
generally higher than the odd ones, similar to the trend in nBA gelators, which is
attributed to their molecular arrangement . In fact, odd nBA gelator molecules are
in less favorable conformations, i.e. not at their lowest conformational energy to
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allow the H-bonding network to develop [38]. Therefore, the odd members are
under more internal stress. The even nBA gelators have higher melting points
because the H-bonding is more regular as is achieved while keeping conformations
close to the optimum lowest energy state. The question now arises whether the
underlying crystal structures of the gels are actually similar to those of the pure
gelator crystals? Figure 4.6 already indicates that this might be the case.

To investigate the supramolecular arrangement of the nBA molecules in the gel
state, XRD patterns of gels (20 wt%) were measured at ambient temperatures under
the same conditions as the nBA gelators in the solid state (Figure 4.7). In chapter 3,
the XRD patterns of 5BA and 6BA gelators in the solid state were fully indexed which
revealed a pseudo-orthorhombic lattice for odd and a triclinic one for even nBA
gelators %, Unfortunately, the XRD patterns of gel samples could not be indexed
independently due to a relatively low resolution of the reflections, and therefore
they were analyzed more globally by comparing them with the XRD patterns of the
gelators in the solid state (Figure S4.7).
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Figure 4.7 Observed XRD patterns of nBA gelators in the solid state and nBA gels (20
wt%): (a) 5BA, (b) 6BA, curves were normalized to the highest intensity and shifted
vertically for clarity and solid boxes were added to guide eyes.

The general diffraction pattern of 5BA gel (20 wt%) is somewhat analogous to the
5BA gelator (Figure 4.7a), the characteristic lamellar 00/ reflections are observed for
both states, except for an extra reflection at 1.99°(26) which is due to
polymorphism . More notably though, the pattern of the 5BA gel (20 wt%) shows a
much higher background intensity and all reflections are strongly attenuated in
intensity indicating substantially less crystallinity in the 5BA gel. Moreover, the
reflections in the 20-25°(26) region of 5BA in the gelator and gel states are quite
different which suggests that the side-by-side packing of the of 5BA molecules in the
gel state is actually different than that in the solid state. The observed XRD patterns
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of the three odd nBA gels are shown in Figure S4.7d. The characteristic lamellar 00/
reflections observed for the 5BA gel are observed for 7BA and 9BA gels as well,
indicating a highly defined layer spacing. The shift to lower angles with increasing
the spacer length from 5BA to 9BA is due to an increasing c-axis length. The
reflections in the 20-25°(26) range are different among odd gels, implying a slightly
different lateral packing for odd nBA gels.

The diffraction patterns of 6BA gel (20 wt%) shows many similarities with the
pattern of the pure 6BA compound in the solid state (Figure 4.7b). The larger
background and lower intensity of the reflections observed for 5BA gel (20 wt%) are
also observed for the 6BA gel (20 wt%) compared to the 6BA pure gelator, but to a
much lesser extent. The reflections of 6BA gel and solid gelators in the 1-19°(26)
low angle and 19-25°(26) wide angle range are identical. This similarity suggests that
the supramolecular arrangement of 6BA molecules in the 20 wt% gel is very similar
to the molecular arrangement in the pure compound. The XRD patterns of the even
nBA gels in Figure S4.7b show 00/ reflections for all even nBA gels. The c-axis length
increases with increasing the spacer length which leads to a low-angle shift of the
00l peaks. The reflections in the 19-25°(26) range are very similar for the even gels,
implying that the lateral packing of 8BA and 10BA is very similar to that of 6BA.

The similarity in XRD patterns of nBA gels and their gelators facilitates their analysis
using the indexing of nBA gelators in the solid state %%; like the XRD pattern of nBA
gelators, the 00/ reflections are present in both odd and even nBA gels which
indicates regular layer spacing even though some higher order reflections have
relatively lower intensities. The gel state patterns also show a clear odd-even
difference suggesting the less favorable molecular conformation of odd molecules
in the gel state. SEM was used to investigate the effect of the supramolecular
structure on the gel morphology. As SEM images of nBA gels (20 wt%) in Figure 4.8
show, even nBA gels exhibit sheet-like crystals which are clearly distinguishable from
the woven fibrous-like structure of odd nBA gels. This can be attributed to the
packing model proposed for the even nBA molecules in the solid state *!; the
stacking of several layers of molecules with the tilted lamellar geometry can self-
assemble as sheet-like microcrystals observed for all even nBA gels. Odd nBA gels
show three rather distinct morphologies which might be in line with their different
XRD reflections in the 20-25°(26) region (Figure S4.7d); the 5BA gel shows a
combination of woven fibers and spherical structures which is in agreement with
the first two 00/ reflections in its XRD pattern while 7BA and 9BA gels show a more
uniform woven fibrillar structure. This variation in the microstructures of odd nBA
gels is in reasonable agreement with the different microstructures as displayed by
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their XRD patterns. A question might be whether these microstructural differences
between odd and even nBA gels are reflected in their rheological properties?

| 6BA gel (20 wi%) l 5BA gel (20 wt%)
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Figure 4.8 SEM images of nBA gels (20 wt%) depicting sheet-like structure of even
gels versus woven fibrous morphology of odd gels.
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To study the flow and deformation properties of nBA gels, initially, oscillatory
rheological measurements (amplitude-sweep tests) were conducted on nBA gels
(20 wt%). For all these gels, the elastic component (G') dominates over the viscous
component (G") at small applied shear and reaches a plateau in the linear response
viscoelastic region (LVR). As shown in Figure 4.9a, the yield strain is independent of
the spacer length and for all nBA gels, it is below 1 % resulting in a much smaller LVR
compared to hydrogels in general 2. The nBA gels are remarkably strain-sensitive
compared to many cross-linked gels and other supramolecular and complex fluid
systems, that can often withstand strains 10-100 % strain if not more. This
observation in itself may indicate that bisamide organogelator gels might be highly
sensitive to strain and strain history, which makes reliable rheological
characterization quite challenging. Note that even at strains around 10 % there is
still some, admittedly mild, amplitude dependence, a strain of 1 part in 100,000
would normally be considered totally safe within the linear region.

Once LVR for every nBA gel was established, at the low strain of 0.01 % in the LVR,
frequency sweep experiments were conducted to evaluate the storage and loss
moduli of the nBA gels (Figure 4.9b). Under this condition, the storage modulus of
nBA gels increases only very slightly with frequency, so the gel does not have any
appreciable internal dynamics. Clearly, at the probed timescales, the gel network
fails to rearrange and show an elastic behavior. At all frequencies, G'>G” which
indicates the gel behavior for all nBA gels (20 wt%). Interestingly, G” decreases
slightly with increasing w while one could anticipate an increasing trend based on
G"=1.w.

The relation between storage modulus and angular frequency can be explained by
the simplified power law equation below:

G =Sw"* Equation 4.3

In Equation 4.3, S is a material-specific constant, w is the angular frequency, n is the
viscoelastic exponent. In our test, n is close to 0 for all nBA gels which confirms their
solid-like behavior where G’ is invariant of the measured frequency while depending
on the material-specific constant (S); the higher the S value, the higher the gel
network modulus.
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Figure 4.9 Rheological measurements on nBA gels (20 wt%): a) amplitude-sweep
measurements from 0.001 % to 1 % strain rate at the constant frequency of 1 Hz, b)
evolution of G’ and G” as a function of angular frequency (w): the inset shows the
change in storage modulus (G') with spacer length in nBA gels (20 wt%), the red solid
lines were added to guide eyes for odd-even alternation amounting to about 25 %
deviation from the overall (between the grey guidelines), c) the change of G’ with
the shape factor of woven fibers and sheets in odd and even nBA gels (20 wt%)
respectively.

To compare the moduli of nBA gels, the values of G’ at the constant frequency (w=10
rad-s*) for all gels were selected (Figure 4.9b). The storage modulus (G’) of nBA gels
(20 wt%) decreases by increasing the spacer length which is in a good agreement
with the table-top rheology trend as observed from inverting the vials. Quantitative
rheological measurements show that this decrease is not linearly related to the
spacer length, but a slight odd-even alternation is observed, which is amounting to
about 25 % deviation from the overall trendline.

The relation between gel morphology and rheological properties can be explained
with inspiration from Halpin-Tsai model which discusses the effect of particle aspect
ratio on the modulus of a composite material **. The Halpin-Tsai model is based on
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the work by Hill, Kerner, and Hermans. It is often considered as a semi-empirical
model. However, it has some unique features, such as taking the geometry of the
filler in a composite into account, that are absent in other models *°. Although
applying this model to the nBA gel systems is not fully justified, we found the model
valuable to investigate the effect of particle geometry on the rheological properties
of the gels. It is reasonable to surmise that a nBA gel is a type of composite material
which consists of two components, a space filling 3D gel network and the solvent
matrix with some molecularly dissolved gelator at a low concentration. To justify the
application of the Halpin-Tsai model, the matrix would be required to have a
sufficient stiffness for stress transfer, and the gel fibrils or sheets should act as a
reinforcement, without taking any effect of fibril or sheet crosslinking into account.
This evidently is not quite what we imagine an organogel to look like, because the
matrix might be a viscous fluid and the crosslinks are the essence of what we might
consider a required feature for a gel. The Halpin-Tsai model is given in Equation 4.4:

E. = (1+mVp) Equation 4.4
M-
n= (Ef —Ep) Equation 4.5
(Ef + CEm)

Where E. refers to the storage modulus of the composite material, Er refers to the
modulus of the fiber and Em refers to the modules of the matrix material. Vs is the
fiber volume fraction and T is the reinforcing efficiency or the shape factor. The
shape factor (C) is determined by the fiber geometry, molecular arrangement,
packing fraction and loading conditions 6.
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Figure 4.10 Schematic assignment of dimensions of: a) woven fibers in odd nBA gels
(L>>D), b) sheets in even nBA gels (W1 = W2 and W>>T).
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The stress-partitioning factor n is obtained from Equation 4.5. Assuming that the
reinforcement only happens along the principal fiber direction, the formula of o for
fibers with circular or rectangular cross-section is given as Equation 4.6:

L Equation 4.6
Co = 25

Where L is the length of the fiber in its elongated direction and D is the diameter of
the circular or width of the rectangular cross section in the rod-like fibers
(Figure 4.10a). The shape factor for a sheet-like structure (Z) is given by Equation
4.7, where W refers to the average width (W) of the sheets and T refers to the
thickness of the sheets (Figure 4.10b):

= ﬂ Equation 4.7
ST

If we substantially simplify the Halpin-Tsai in Equation 4.4 for Ef>> Em at a low filler
fraction, the stiffness of the composite is obtained from Equation 4.8:

Ec=En 1+ 1+7.Vp Equation 4.8

As a result, the storage modulus of the composite material is linearly proportional
to the aspect ratio of the fillers at the same gel concentration based on the Equation
4.8. It is worth observing that this equation is actually similar to the Einstein law for
viscosity (Equation 4.9).

n=po(1+2.5¢) Equation 4.9

Where p is the viscosity of the homogeneous suspension fluid, the Einstein
coefficient is 2.5 which is related to the spherical shape of the particles, po is the
liquid viscosity and ¢ is the particle volume fraction.

Figure 4.9c shows that the storage modulus of even and odd nBA gels are indeed
linearly proportional to the shape factor of sheets and fibers respectively (e and {o),
albeit with a rather different slope. Because the Halpin Tsai model is only partially
applicable to the gel system at hand, due to the physically crosslinked network, it
should not be expected to give a very accurate prediction of the gel behavior.
However, it does serve to underline the effect of the morphology on the gel
properties which obviously deserves a more extensive analysis #"%8,

Another approach we considered was to estimate whether the organogels could be
modelled as an open or closed cell foam, where the stiffness is wholly due to the
‘sponge’ of solid gelator and the solvent/solution contribution would be negligible
(Equation 4.10). For a closed-cell foam the modulus is linear with the volume
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fraction, whereas for an open-cell foam the modulus is proportional to the square
of the volume fraction, i.e. p = 1 and p = 2 respectively 4>,

Efoam = Esotida- ®P Equation 4.10
If we fill this in using Esoid is about 3 GPa and f = 0.2, we end up with gel moduli in
the 120-600 MPa regime which is far too high. Some reduction to these values due
to some Brownian motion of the gel fibrils and sheets might improve things slightly
but it is clear quite more work needs to be done which is outside the scope of the
current chapter.

4.4 Conclusions

To study the gelation behavior of bisamide gels, nBA gelators with simple structure
where n is the spacer length between amide groups (varying from 5 to 10) with 17
carbons at each side of the amide groups (C17) were used. The relatively simple
chemical structure of these gelators makes them ideal as model compounds to
study their supramolecular assembly, gelation, and the gel properties of bisamide
molecules in general. The spatial arrangement of gelator molecules in the gel state
has been compared with the molecular arrangement in the solid state. The
microscopic properties of the gels and their impacts on the final gel rheological
properties have been investigated.

The instant table-top tube inversion test indicated that gellability of nBA gelators
decreases upon increasing the spacer length in both odd and even gels; as a result,
around at least 20 wt% gelators is required for the formation of homogeneous
stable gels suitable for the further analysis. Tm® obtained from fitting of DSCn(T) to
the DSC traces of nBA gels is about 35 °C lower than Tm® of the respective nBA
gelators. This substantial difference is explained via FHM model, combining the
theories of Flory-Huggins and Gibbs free energy of melting. FHM model fitting to the
melting-dissolution curves of nBA gels includes the entropy of mixing term changing
the level of order as the gelators transform from the solid state to the melted and
dissolved state. Lower Tm® and AH of nBA gels compared to the nBA gelators is
primarily caused by the entropy of mixing. The XRD patterns of the nBA gels (20 wt%)
show 00/ reflections matching with the respective pure gelators in the solid state,
implying a regular structure. The similar reflections in 19-25 °(26) region of even
nBA gels and gelators were observed which confirm the observation of SEM images:
the sheet-like microstructures of even gels are in a reasonable agreement with the
analogous lamellar spacing of the even gelators in the solid state. In contrast, the
20-25 °(26) region of odd nBA gels was quite different than the gelators in the solid
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state, and also in comparison to each other. Apparently, the supramolecular
arrangement of these molecules in the gel state is distinctly different for the odd
and even nBA gelators but the complete analysis of this is outside of the scope of
this study. It is worth noting the very close trends in the melting temperatures
suggest that the differences might still be rather despite substantial changes in the
XRD patterns. Concerning the observed mixed morphologies of woven fibers and
spheres found in the SEM images of odd nBA gels this could indicate some
polymorphism. The relation between the microstructure and rheological properties
was explained using some inspiration from Halpin-Tsai model and indeed the results
were also compared to foam mechanics. Here the nBA gels are considered as
composite materials consisting of two components, the gel network crystals and the
entrapped solvent with a certain degree of stiffness. The change of the storage
modulus (G’) with the shape factor of woven fibers and sheets in nBA gels (20wt%)
indicates an odd-even effect. The G' of even and odd nBA gels are linearly
proportional to {eand {o respectively which is in some agreement with the simplified
Halpin-Tsai model, the difference in slope however seems unexplained as yet.
Analogously, we found that foam mechanics substantially overestimates the moduli
of the gels again indicating that more subtle approaches to bisamide organogelator
mechanics are required. Once such a rheological model is established, it will allow
for more rapid optimization of gel properties and will provide a solid theoretical
framework to build on.
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4.6 Supplementary information

Here, more information about the methodologies and the analytical data for all nBA
gels are provided.

4.6.1 DSC thermogram of 5BA gel (20 wt%)

The DSC thermogram of 5BA gel (20 wt%) is shown in Figure S4.1. The first heating
trace shows two peaks for the melting-dissolution transition while the second
heating trace (Figure S4.2) shows a single endothermic peak. To obtain Tm® DSCn(T)
was fitted to the normalized traces. The fit parameters are listed in Table S4.1.
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Figure S4.1 First heating DSC trace of 5BA gel (20 wt%) showing a double peak at
the melting-dissolution transition.
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Figure S4.2 The second heating DSC trace, just as an example of a nBA gel, to show
how Tm® and ACpm are obtained from the fitting of the DSCn(T) function to the
experimental trace.

Table S4.1 Fitted parameters, standard deviations, and goodness of fit obtained
from fitting DSCn(T) model to the second heating DSC traces of nBA gels (20 wt%)®!.

nBA gels 5BA 6BA 7BA 8BA 9BA 10BA
AH (J.g1) 34.32+0.02 53.88+0.06 51.84+0.01 52.44+0.02 64.08+0.01 47.64+0.07
T (°C) 101.92+0.02 111.49+0.03 103.60+0.01 112.71+0.01 104.82+0.01 108.42+0.04
o (K?) 0.17+0.00 0.15+0.00 0.14+0.00 0.11+0.00 0.15+0.00 0.16+0.00
B (K?) 0.31+0.01 0.31+0.02 0.31+0.01 0.35+0.01 0.44+0.01 0.32+0.03
ACym 0.01+0.00 0.03+0.01 0.03+0.00 0.13+0.00 0.04+0.00 0.05+0.01
(W.g1.K?1)
B(W.g?) 0.55+0.00 0.20+0.01 0.39+0.00 0.39+0.00 1.59+0.00 0.44+0.01
C -7.97+0.03 -5.50+0.02 -1.43+0.03 -3.43+0.07 0.09+0.04 -4.40+0.28
(mW.g1.K?)
D 0.03+0.00 -0.02+0.00 0.01+0.00 0.01+0.00 0.05+0.00 0.00+0.00
(mW.g1.K?)
R? 0.97 0.96 0.98 0.96 0.98 0.95

[a] All gels are 20 wt% and heated at 5 K.min! after calibration at the onset for the
given the sample weight and the scan rate (the error margins are exclusively the
errors from the non-linear fitting itself).

4.6.2 FHM model development

The underlying principle of melting theory explains that the Gibbs free-energy (per
volume) of the solid (Gsy) and liquid state (Gv) at the equilibrium melting is the same,
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therefore AG=0 at the melting point (Equation S4.1). Thus, the melting point is
obtained from Equation S4.2 where Tm is the equilibrium melting point and AS and
AH are the change in entropy and enthalpy respectively.

AG = Gy, — Ggy = AH, — TAS, Equation S4.1
T AH, Equation S4.2
™ AS,

Flory-Huggins theory is frequently used for polymer solutions (Equation $4.3) where
p1and @ 2are volume fractions of polymer (gelator in the case of LMWG gels) and

| _ Ny _ xNp
solvent (¢, NN P2 T
1+Xx.No N;+x.N,

), N1 and N2 are the number of moles of

polymer/gelator and solvent components respectively. The x parameter is a free
energy parameter thus including entropic component. Accordingly, W12 describes
the enthalpy interaction between the solute and solvent (W;, = x.R.T). The
parameter X1 is the degree of polymerization or the degree of association of the
gelator molecules in the solution (in the vicinity of the gel melting-dissolution
transition).

AG,, = R.T.(n;.In@; + ny.In@, + n;.@,.%) Equation S4.3
FHM model combines the free energy of melting with the free energy of dissolution
into the same framework in Equation S4.4.

AG = @(AH,, ~T.AS,.) + R.T. ((X3> Ing Equation 4.4
1
+ (1 —-@)In(1—-¢)+¢.(1—- ¢). W)

Upon dissolution, AG becomes 0 which ultimately yields Equation S4.5, where the

@.(1-@).w12 @.AHmM .
R.(¢.In(¢)+(1-¢).In(1-)) @.ASm term is
derived from the melting theory of the pure compounds.

AH .(1—-09).W.
. Rm_|_(P( R(P) 12

term is derived from Flory-Huggins, and the

Ts = Equation S4.5

0. 58— G @ + (1= ) In (1 - )
1

4.6.3 Solubility curves of nBA gels

4.6.3.1 First method based on T..°

The solubility curves for 5BA and 6BA gels, as representatives of odd and even gels,
were plotted using Tm® of gels at different concentrations which were obtained from
fitting DSCn(T) model to the second heating trace of 5BA and 6BA gels at different
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concentrations (Figure S4.3). It is worth to note that the DSC traces of 5BA gels at
different concentrations show that the increase of both the melting temperature
and enthalpy is proportional to the increase in the concentration of 5BA gels
(Figure S4.3a). However, this is not the case for 6BA gels (Figure S4.3b). This could
have been caused due to not scooping out homogeneous samples for DSC
measurements, although gels looked uniform, or due to the solvent evaporation
during sample preparation, although hermetically sealed pans were used for the
measurements.
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1 ® 5BAgel (40 wt%)
41 A —— DSCy(T) fit
- | : @ 5BAgel (20 wt%)
23 1 —— DSCy(T) fit
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(T | 1 §
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|
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1
- T TI%
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0 . . —t . "
60 70 80 90 100 110 120
Temperature (°C)
(b)
5
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4- —— DSCy(T) fit
|
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5 ! .
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Figure S4.3 DSCn(T) model fitted to the second heating traces of: a) 5BA gels, b) 6BA
gels at different concentrations yielding Tm® of the gels (curves were shifted
vertically for clarity).
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4.6.3.2 Second method based on the cumulative integration of DSC trace
The second approach that we implemented was to obtain the solubility curve based
on the cumulative integration of the melting transition of the nBA gel (20 wt%). The
underlying rationale of this method is that DSC technique measures the heat uptake
for an endothermic transition while the temperature increases. The consumed heat
in DSC corresponds to the necessary heat for dissolution of a fraction of the gel
crystals. Evidently the total heat taken up in the DSC heating trace corresponds to
the heat consumed during the dissolution process.

As Figure S4.3 shows, the nearly similar shape of the DSC curves for nBA gels at
different concentrations allows to obtain the solubility curve of the gel from a single
DSC trace. In this method, the cumulative integration of the peak area in the single
DSC trace (20 wt%) up to the endpoint, the maximum concentration, is calculated.
At low temperatures of the heating trace, the solubility of the gelator is assumed to
be reasonably close to zero and at the end of the transition peak all gelator
molecules are dissolved. By assuming that the uptake of the heat is linearly
proportional to the concentration, as heat capacity hardly changes over a small
temperature window (on average 20 °C), the solubility curve of 5BA as an example
is obtained using the integration of the DSC trace (Figure S4.4a) and inversion of x
and y axes (Figure S4.4b). The resulting solubility curve for 5BA is plotted in
Figure S4.4c.
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Figure S4.4 Cumulative integration method used to plot the solubility curve for 5BA
gel as an example: a) the second heating DSC trace of 5BA gel (20 wt%) and the
integration of the peak region, b) cumulative integration of 5BA DSC trace versus
temperature, c) the solubility curve for 5BA gel showing temperature change with
change in concentration.

4.6.4 Microstructure evolution of gels with change in the
concentration

Increasing the concentration of 5BA gelators in xylene results in a microstructural
evolution in the gel state; the woven structure at 5 wt% turns into the mixture of
woven and spheres at 10 wt% and 20 wt%. The woven fibers change to sheet-like
structure at 40 wt% (Figure S4.5). For 6BA gels at all concentrations, sheet-like
structures are observed which are more densely aggregated at lower concentrations.
At higher concentrations (20 wt% and 40 wt%), larger sheets have formed.
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Figure S4.5 SEM images (at 1000x magnification) of 5BA and 6BA gels at
different concentrations showing the microstructural evolution upon increasing
the concentration from 5 wt% to 40 wt%.

4.6.5 FHM model fitted to the solubility curves of nBA gels (20 wt%)
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Figure S4.6 FHM model fitted to the solubility curves of gels (20 wt%): a) 7BA, b)
8BA, c) 9BA, and d) 10BA. These solubility curves were obtained from the cumulative
integration of DSC traces from the onset up to the endpoint, where 100 % of the
gels dissolve.
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4.6.6 XRD patterns of nBA gels (20 wt%) in comparison with their
gelators in the solid state

Using the indexing of the nBA gelators in the solid state (chapter 3) ¥, the 00/
reflections are present in both odd and even nBA gels (Figure S4.7) which indicate
the regular layer spacing even though some higher order reflections have relatively
lower intensities 37; the d-spacings of the peaks corresponding to (00/) family of
planes representing the lamellar structure of the molecules which is known as the
one-dimensional array of molecules stacked on top of one another with a constant
bilayer thickness 2. The c-axis length increases with increasing spacer length which
leads to a low-angle shift of the 00/ peaks. This similarity between the packing in the
gel phase and the solid phase is seen in many bisamide and biscarbamate systems;
the monocarbamates studied by Sundararajan et al. observed structural similarities
between the gel phase and the solid state of the gelators 3. Terech et al. reported
similar X-Ray diffraction patterns in organogels, xerogels, and crystalline powder of
12-hydroxystearic acid *.
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Figure S4.7 Observed XRD patterns of nBA gelators and gels, a) even nBA gelators in
the solid state, b) even nBA gels (20 wt%), c) odd nBA gelators in the solid state, d)
odd nBA gels (20 wt%). All curves were normalized to the highest intensity and
shifted vertically for clarity (the boxes have been added to guide the eyes toward
the similarities and differences between the characteristic reflections in the
patterns of the solid and gel states).
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Chapter 5

Analysis of differential scanning calorimetry
(DSC): Determining the transition
temperatures, and enthalpy and heat
capacity changes in multi-component
systems by analytical model fitting

Abstract

We have developed an analytical method to quantitatively analyze differential
scanning calorimetry (DSC) experimental data. This method provides accurate
determination of thermal properties such as equilibrium melting temperature,
latent heat, and change of heat capacity which can be performed automatically
without an intervention of a DSC operator. DSC is one of the best techniques to
determine the thermal properties of materials. However, the accuracy of the
transition temperature and enthalpy change can be affected by artefacts caused by
the instrumentation, sampling, and the DSC analysis methods which are based on
graphical constructions. In the present study, an analytical function (DSCn(T)) has
been developed based on an assumed Arrhenius crystal size distribution together
with instrumental and sample-related peak broadening. The DSCn(T) function was
successfully applied to fit the experimental data of a substantial number of
calibration and new unknown samples, including samples with an obvious
asymmetry of the melting peak, yielding the thermal characteristics such as melting
and glass transition temperatures, and enthalpy and heat capacity change. It also
allows very accurate analysis of binary systems with two distinct but severely
overlapping peaks and samples that include a cold crystallization before melting.
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5.1 Introduction

Differential scanning calorimetry (DSC) is a widely and commonly-used
thermoanalytical technique to characterize the thermal properties of materials such
as transition temperature (T°:) and change in enthalpy (AH) 1. There are different
types of DSC technique such as heat flux and power compensation. In power
compensation DSC, the heat flow in the form of electrical power as a function of
time (isothermal experiments) or temperature (non-isothermal experiments),
respectively, is measured by the instrument. The principle underlying the power
compensating DSC is that during endothermic or exothermic chemical reactions or
physical phase transitions occurring in the sample, a compensating power needs to
be released or absorbed in a sample relative to the reference. In fact, the furnace is
heated up or down at a constant rate to keep the temperature of the sample and
reference the same. The difference in the heat flow is due to the difference in the
heat capacity of the sample and the reference which appears as an endothermic or
exothermic peak in the DSC trace 2.

The DSC trace recorded for melting of an ideal sample, fully crystalline or 100% pure
compound with low thermal resistance, is in theory an infinitely sharp precisely-
defined temperature, which could be imagined as a delta function spike in the heat
capacity (Figure 5.1a) 3. However, in practice DSC records the heat flow as a
distribution, which for simplicity could be assumed to be a Gaussian bell-shaped
curve (Figure 5.1a). The Gaussian broadening is a combination of some artefacts
caused by sampling (such as mass and geometry), the sample quality itself (such as
the presence of a distribution of crystal sizes and/or impurities), and the
instrumentation which may cause the sharp symmetric DSC peak turning into an
asymmetric distribution as schematically shown in Figure 5.1b. The instrumental
artefacts may be due to imbalances in the instrument which can cause instrument
baseline features that include (at least) an offset, slope, and curvature. It can also
be due to the heat capacity effects caused by the different thermal resistance of
different compartments, in other words, the thermal conductivity through the outer
and inner interfaces (calorimeter/pan and pan/sample respectively) which can
reduce the resolution of the recorded trace *.

Recorded DSC traces are usually analyzed by an operator via the built-in software of
the DSC equipment. The determination of the key elements, such as the peak
positions and peak area are usually done manually for the further analysis which is
typically as follows; the section of the curve between Ti, where the curve of
measured values begins to deviate from the extrapolated initial baseline, and Ty,
where it reaches again the extrapolated final baseline, is defined as the peak
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(Figure 5.1). In practice, various methods are applied to interpolate the baseline
between the initial and the final peak temperature. The linear extrapolations of the
initial and final baseline are usually used to determine the extrapolated onset and
endset temperature of the peak. The point where the auxiliary line through the
rising edge of the peak intersects the linearly extrapolated baseline is usually
considered as the onset of transition, which is taken as the transition temperature
during calibration; taking a melting transition as an example, the temperature
during the melting remains constant which is plausibly valid for reasonably uniform
large crystalline materials with a high thermal conductivity such as metals °. The
determination of the peak area with visual-manual examination is substantially
subjective depending on the range of temperature selected by a data analyst for the
integration of the area under the peak.
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Figure 5.1 Schematic anatomy of DSC trace, the measured heat flow versus
temperature: a) sharp spike (blue curve) versus Gaussian distribution (black curve)
in the DSC trace with a flat baseline, Tonset is the temperature used as the calibration
temperature (Tcal), b) asymmetric endothermic peak with a skewed baseline.
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The possible errors due to the artefacts on top of the visual-manual examination of
the DSC data necessitates a reliable method which can determine the main feature
of the DSC trace by eliminating the possible variabilities, especially in the case of
asymmetric and broad peaks. In this study, an analytical model, DSCn(T) function,
has been developed to provide accurate and reproducible analysis of experimental
DSC output data. DSCn(T) analytical model is based on thermodynamics concepts
which takes the baseline features, limited instrumental resolution, and the sample-
related effects into account to capture the key features of experimental DSC traces.
It is based on the assumption that the sample crystalline structure develops via a
rate-limited growth, for instance governed by the temperature-dependent viscosity
which has been described by a simple Arrhenius activated process. This gives rise to
a crystal size distribution which causes a distribution of melting points. Upon heating,
the DSC trace will reflect this Arrhenius-like distribution of melting points. The
model also includes the accuracy of the measurement which we assume is limited
by a Gaussian smearing of the data which accounts for the shape of the peak.

5.2 Materials and methods

5.2.1 Differential Scanning Calorimetry (DSC) measurement

All the DSC measurements in this study were performed on Perkin Elmer-Pyris
diamond Differential scanning calorimeter with two 1g- furnaces (working on the
Power-compensation temperature null principle with accuracy/precision: <+ 1% / <
+0.1%). Nitrogen (99.99% purity) was used to purge the thermal analysis system at
a rate of 50 mL.minl. Temperature and heat flow calibration were done by the
heating scan of indium, a highly pure metal provided by Perkin Elmer with accurately
known enthalpies of fusion and melting point, AH fusion=6.80 cal.g* or 28.47 J.g*
and Tm®=156.4 °C, under the same condition as the to-be-measured samples before
each measurement. The onset of melting transition (Tonset in Figure 5.1a) and the
area under the peak from Ti to Tr were chosen respectively for the calibration of the
melting temperature and enthalpy of fusion.

Samples were weighed in an aluminum sample pan on a microbalance and the
sample pan and an identical empty pan as the reference. Both sample and reference
pans were covered by identical aluminum lid and placed in the furnaces of the DSC
apparatus. Heating and cooling scans were run at the given heating rate, annotated
by R, (R=dT/dt ). Both pans were heated over a certain temperature range where
the transition temperature of the compound is expected (at least 30 °C below and
above the temperature range of interest). A first isothermal/heating scan was run
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followed by a fixed cooling cycle preceding a second heating cycle. The traces
recorded for the second heating cycles were used for further analysis since the
previous thermal histories of the compounds through the synthesis or sample
preparation have been eliminated via the first two cycles. Moreover, the pre-
heating and cooling scans could also eliminate the sample geometry effect and
provide the measurement with a sample with more flat and uniform layer which has
a proper contact with the bottom of the pan. The contact between the sample and
the sample pan and the location of the pan in the crucible can affect the
reproducibility of the extrapolated onset temperature of the melting peak. As the
heat transfer between the sample and sample pan can change due to the fusion and
this might influence the extrapolated peak onset temperature, each sample must
be subjected to at least two subsequent measurements under the same condition.

To validate the applicability of DSCn(T) model for different materials, DSC
experiments on a variety of organic and inorganic compounds were conducted and
DSCn(T) model was fitted to the experimental data sets; two sets of experiments
were performed on indium: 1) variable heating rates, investigated between 2—
50 K.min™* for a small sample of 7 mg and variable sample mass with constant
heating rate of 2 K.min™%, for different samples within 1-54 mg. To assess the level
of errors associated with the experiment and the fitting procedure, three samples
with nearly identical mass from the identical benzoic acid (99%, Metler Toledo) were
heated at 2 K.min™. The heating of stearic acid with two different degrees of purity
(95% and 97%, Sigma-Aldrich), Poly((R)-3-hydroxybutyrate-co-(R)-3-
hydroxyvalerate-co-(R)-3-hydroxyhexanoate), commonly known as PHBVH, with the
composition of 3-Hydroxyhexanoic acid content, 4.1%, 3-Hydroxyvaleric acid
content, 2.3%, PHH content, 4.1%, PHV content, 2.3% in powder form
(Mn=1,000,000, Sigma-Aldrich), and 80OCB (4’-octyloxy-4- cyanobiphenyl),
commercially available in the form of powder (crystalline phase) were performed
under the above-mentioned conditions. Likewise, the bisamide gelators varying in
the number of bridging carbons between amide groups (5, 6, 7, 8, 9, and 10) used
in all the experimental studies were synthesized based on the protocol of our
previous study ©. Binary bisamides of SBA6BA have been prepared by mixing the
single 5BA and 6BA at different molar ratios which were mechanically stirred in the
molten state. The subscripts show the molar ratio of the individual compounds, for
example (5BA)1(6BA); indicates that 5BA and 6BA were molecularly mixed in 1:7
molar ratio.

The initial estimation of the transition temperatures on the raw data of the DSC
experiments were done by means of the built-in software of Diamond DSC machine,
Pyris. Prior to the data collection for the analysis by Pyris or DSCn(T) analytical model,
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the heat flow of the raw data (mW) was normalized per mass of the sample (mg)
resulting in ‘normalized heat flows’ (W/g). The normalized data were transferred
from the Perkin-Elmer computer into ASCIl format. The data visualization has been
done by Python and in all graphs the endothermic peaks were plotted in an upward
direction. The non-linear curve fitting have been done by Python programming
language. Non-linear least squares (NLLS) from scipy.optimize.curve_fit module has
been used to fit the DSCn(T) function to the experimental data. It takes the
independent variable and the function parameters and optimizes the parameters
within a defined Lower and upper bounds to minimize the sum of squares of
nonlinear functions. In some cases, a manual fitting was applied to improve the
optimized parameters by finding the global minimum using the solver in Microsoft
excel. The curve fitting consisted of the entire temperature range on the X—axis
which is broad enough to cover the peak region and the precise baseline
determination on the tails at both sides of the peak minimum. This improves the
reproducibility of the fitting process and the precision of the fit statistics. For the
purpose of improving the illustration resolution, the temperature ranges were
further narrowed to the peak and baseline domain in all subsequent figures,
although experimental data and fit are available over the entire experimental
domain.

5.2.2 Theoretical principles and calculation of DSCn(T) analytical
model

There are abundant models and theoretical methods explaining the thermodynamic
of phase transitions in materials using DSC experimental data 7®. However, the
quantitative description of DSC which can deconvolute the superposition of the
underlying thermal phenomena is missed. In DSC trace of heat flow versus
temperature, the slope is representative of the heat capacity of the samples
(Equation 5.1) (if the trace has been normalized with respect to the entire mass of
the sample, then the slope is representative of the specific heat capacity) Y’. The
heat capacity itself at Tm’ in an ideal DSC measurement (Figure 5.1a) would be
infinite but in practice is a rather broad trace due to instrumental broadening, non-
isothermal conditions, and impurity effects 182°,
dH .

Cp =7 Equation 5.1
In fact, the DSC instrument measures the differential heat flow absorbed or released
by the sample with respect to the reference in terms of the power which is the heat
exchange rate (Equation 5.2).
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dH i
P(t) = . Equation 5.2

By division of the fraction in Equation 5.2 with respect to Equation 5.1, Equation 5.3
is obtained where R is the heating rate imposed by the instrument.

by - Q1 _ dH dT
O=%~arx

According to the Equation 5.4, Cy(T) can be directly measured by division of power

Equation 5.3
=Cp(T).R

to the rate of heating which for a semi-crystalline polymer is shown schematically in
Figure 5.2.

~——

Cp (J.°C?)

|

m

i Temperature (°C) T

Figure 5.2 A schematic DSC (Cp versus Temperature) of semi-crystalline polymers
over the range of temperature where glass transition and melting transition occur
at Tg and Tm respectively.

P(t) i
Cp(T) = = Equation 5.4

The heat capacity of the sample in different states can be defined as following:
below Tg where the amorphous and crystalline regions exist in semi-crystalline
materials, the specific heat capacity can be calculated by Equation 5.5 where Ok is
the fraction of the crystalline phase, accordingly (1- ®«) is the fraction of an
amorphous glassy state. The parameters, Cpx and Cpg, are respectively the heat
capacity of the crystalline and glassy phases of the partially melted material. In
region Il, between Tg and Tn?, Cpis defined as Equation 5.5:

Cp = b Cpie + (1 — dy). Cppg Equation 5.5
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In region lll, where the entire material has melted and is in the liquid state, Cp is
defined as Cp,.. In practice, the melting transition spreads out as a Gaussian
distribution trace due to the distribution of crystal size or lamellar domains giving
rise to a melting point distribution, notated as p(T). The latent heat of melting is
driven by the transition of the crystalline state to the liquid state which therefore is
(1- Ok).AHm.

The total heat capacity of a melted material is the summation of the heat capacity
in the three regions, namely below (l), during (Il), and above the melting transition
or region (1) which is represented in Equation 5.6:

P(T) dH T
Cp(T) = T = ﬁ = Cp_k‘l' (Cp,L - Cp'k).fo p(T)dT

The normalized heat flow at a given temperature in the DSC endothermic curve is

Equation 5.6

proportional to the mass fraction of the molten crystals at that temperature . The
crystal size distribution p(T) can be derived from the Arrhenius function® (Equation
5.7) which is linearized around the equilibrium melting point (Tm?).

—Ea

K = A.eRT Equation 5.7

The crystal size distribution, p(T), is calculated by defining the Arrhenius Equation
around Tm® with a small AT, the melting point distribution, where E, is the activation
energy of the T which is dependent of the viscosity around T;%, (Equation 5.8).

Ea_ _Ea Equation 5.8
p(T) = eRTm eRT

Ea
Ea . . . — .
Here, =S the activation energy of the process per mole, therefore eR is a large

Ea

constant value, notated as A, where linearizing around Tm® and a=R(T0 )2 with the
unit of (K) solves the Equation 5.9 to give Equation 5.10:
p(T) = e*AT Equation 5.9

The crystal size distribution, p(T) calculated based on Equation 5.10 is not the
normalized surface area since the area under the melting transition is associated to

L Arrhenius function describes the dependence of the rate constant of a chemical reaction or physical
transition on the absolute temperature (Equation 5.7) where K is the rate constant, T is the absolute
temperature (Kelvins), A is the pre-exponential factor, Eais the activation energy for the reaction ( in the
same units as RT), and R is the universal gas constant).
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the crystalline fraction of the material, therefore [ p(T).dT=1. The surface under the
melting transition trace (Z) is calculated by Equation 10 as follow:

7= fweo‘x dx = leaX|0 — 1 Equation 5.10
0 . (o4 ™ a

The normalized p(T) around Tm® where AT<O0 is given in Equation 5.11 which yields

a

. . T - .
in Equation 5.12 where o« = —-and the activation temperature is denoted as T, =

Th
Ea
p(T) = p(Ty, +AT) = e Equation 5.11
1 .
pn(T) = a.e""AT Equation 5.12

The limited resolution of a DSC instrument and difference in the thermal
conductivity, for example in the case of organic compounds, could cause a non-
isothermal measurement which leads to a Gaussian distribution of the heat flow
versus temperature where impurities may also influence the sharpness of the
transition peak which gives rise to the additional broadening in Gaussian distribution
explained by p(T) The Gaussian function, fn(AT), taking the broadening effect into
account is defined as Equation 5.13.
-1 g)z Equation 5.13

1
£, (AT) = Gm.e?(c

The convolution of pn(T) and fn(AT) expressing how the shape of one function is
modified by the other produces a third function defined as the integral of the
product of the two functions after one is reversed and shifted. Therefore, the
integral is evaluated for all values of the shift, producing the convolution function
(Equation 5.14).

0 Equation 5.14
DSCy(AT) = py(T) * fy(AT) = f p(P)F(AT — p). dp
[0 4

2B

The normalization by dividing by %.eﬁ gives AH = %.e_ﬁ which with Equation

5.15 yield in Equation 5.16:

Equation 5.15

A
DSC(T) = 5. e?("=Ti), erfe (\/B(T-Ta+ =)

o Equation 5.16

DSC(T) = 5. 4. (e=TH.erfe ((B(T-T4+ 28"

N Q
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The DSC(T) in Equation 5.16 requires to be normalized, regardless of the peak shape,

the total energy required to melt the same amount of material remains constant,

i.e. the area under the melting trace is constant. Therefore, the total energy to melt

the material, AH, which is obtained by integration of the DSC trace is equal to 1
2

(f_oo00 % eZ_B. (e“(T—Tgl). erfc (\/E(T-Tr%+ 2%)) = 1). By changing the variables as z =

AT + %thus, AT =z — % and solving the integration, the cumulative function is

obtained by Equation 5.17:

a o«
H(z) = —. e,
@ =5

QIH

-2 Equation 5.17
(e, erfc(\/ﬁ, Z) 4 4B, (erf (\/B (Z _ %)) quation

+1)

Changing the variables with the original notations yields in Equation 5.18 where the
second term represents AC, m (T) which can be given in the separate Equation,
Equation 5.19:

DSCy(T) Equation 5.18
a «
= AH.—.e*B. e(T-Th) erfc <\/E(T T°+— )
2 2B
1 = 0‘_ o
+ AC p,m- E e B ( B ea(T—Tm)_ erfc (\/E(T TO '|'2—[3 )

+ eZ_ﬁ. (erf({/B(T-TY)) + 1))
AC,(T) Equation 5.19

1
- L G (o calr-1h) ( 0 )
= ACy m- > .e 4B (e?P.e .erfc \/_(TT 23

ej_ﬁ. ((erf(\/B(T-T2)) + 1))

Adding functions to adjust the fit for baseline and its shifting level gives rise to the
equation below:

o

2 .
a &£ Equation 5.20
DSC(T) = AH..eF.e e*(T-Th)_erfc (\/_(T TO+ o )

+ AC,(T)
+B + C(T —T2) + D(T — T2)?

The analytical function (Equation 5.20) formulates the heat flow of the DSC trace for
melting transition and extends to the other phenomena such as crystallization, glass
transition, liquid-crystal phase transitions to calculate the equilibrium transition
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temperature. The equilibrium melting temperature, Tm®, can be calculated by this
function for crystals with infinite size irrespective of how fast or how slow the
crystallites crystallize or melt. This function is based on two main functions; the

. L . . . _0
convolution of the Arrhenius-like crystal size distribution function, e®(T-Tm) and

«(T-Th)) as shown in Figure 5.3. The Arrhenius

the Gaussian peak broadening (e
function can cause a negative skew at the low temperature side of the peak
(negative asymmetry in peak shape) which is usually the case for a melting transition.
Positive asymmetry can occur in the melting peak shape if there are serious thermal
gradients caused by a (too) high rate of measurement or too thick sample. Positive
asymmetry might also be observed upon crystallization and from thermal

decomposition processes, however, this is outside the scope of this manuscript.

The a and B parameters are inversely proportional to the width of the peak,
therefore they determine the peak shape in terms of the width and the asymmetry
as shown schematically in Figure 5.3c-f. The mathematical terms and physical
attributions of the fit parameters of DSCn(T) are summarized in Table 5.1.

The part of the DSC trace in pre- and post-transition, where no change occurs in the
heat flow, is defined as the baseline (Figure 5.1). According to the Equation 5.7, at
the end of the melting transition, the whole Cy(T) term turns into (Cp,i- Cox) which is
the summation of heat capacity during the transition and the post-transition in the
liquid state. Above the melting transition in the DSC of heat-flow versus
temperature, where the melting of all crystals has completed (p(T)=0), if the heat
capacity of the solid and liquid state are equal (ACp= Cp,-Cpk=0), the baseline
becomes a horizontal flat line. As highlighted in Equation 5.19, in DSCn(T), ACp,m as
one of the fit parameters can be fitted (Table 5.1) and absolute Cp is very inaccurate.
For transitions where AC, >1 or ACp<1, the baseline steps up or down respectively.
This step has defined in the function by the partial adjustment of the slope which
smoothly changes from pre- to post-transition, depending on how far the melting

transition develops. In fact, fOT p(T)dT is the partial melting point which indicates

that how much solid is still present in the system by subtracting the amount of the
molten compound. On top of this theoretical equation, there is an instrumental
calibration-related linear slope in the baseline or a quadratic curvature of the
baseline.
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Figure 5.3 Schematic underlying mathematics representing the convolution of the
analytical DSC function to two main functions and the effect of a and 8 on the peak
shape, symmetry, and width; a) the Arrhenius function (AT<O : p(T).erfc(AT/w)), b)
the first order guess of a step-wised function, complementary error function ((AT>0:
pmax.erfc(AT/w)), ¢) symmetrical narrow peak by large a and B (a=50, B =100), d)
symmetrical broad peak by small a and B (a=0.5, =0.1), e) asymmetrical narrow
peak by small a and large B (a=5, B =100), f) asymmetrical broad peak by small a
and large B (a=0.5, B =50).
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Table 5.1 The variables, functions, and the parameters of the DSCn(T).

parameter

power
units

thermodynamic
units

physical attributions
and mathematical
terms

Tm?

°C

The equilibrium melting
point of the phase
transition

W.g?

Jgtk?

Baseline offset

@]

W.gtK?

-1 -1

J.g*s

Linear baseline slope

W.gtK?

JgtslK?

Second order baseline
curvature

K-l

K—l

Strength of the
linearized Arrhenius
function (a=
Ea/(R.(Tm%)?) describing
the crystal size
distribution.

K-Z

K-Z

The parameter in
relation to the Gaussian
distribution of the peak

(B=)

ACo,m

W.gtK?!

J.K?

The difference between
the heat capacity of the
solid and liquid state.

e (T-Th)

The Arrhenius function
determining the rising
edge of the curve.

erfc (\/E(T-Tgﬁ 2%3

Erfc, the complementary
error function, describes
the falling edge of the
peak as it returns to the
baseline.

AH

J.g

The coefficient  of
DSCn(T) function
representing the change
in enthalpy associated
with the phase
transition.

RZ

The statistical measure
for the goodness of a fit
in a regression function.
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5.2.3 Experimental error and fitting residuals

To extract accurate information from a raw DSC trace, three samples with nearly
identical mass from the identical benzoic acid were heated under the same
condition. The standard deviation of characteristic thermal properties such as Tm°
and AH were obtained once by averaging the values from the raw data analyzed
with the Pyris analyzer software which contain the experimental error and graphical
examination error, depending on the selected temperature range. The standard
deviation of function parameters were obtained by fitting the analytical model
DSCn(T) to the three sets of raw data which contains the experimental error along
with the fitting procedure error (Table 5.2). The fitting deviation for each parameter
was obtained from the residuals of NLLS. The reported error margins of the fit
parameters in this study are the residuals of NLLS rounded to two digits.

Table 5.2 Experimental versus fit errors for DSC measurements®.

characteristic measured measured measured fitting deviation
parameters with DSC with DSC with DSC (residuals of
(from the and and NLLS)
literature ) analyzed analyzed
with Pyris with
DSCn(T)
AH (J.gY) 141.6 127.94+2.39 | 147.50+1.86 | 147.5022+0.0018
T (°C) 121.4 122.23+0.06 | 123.51+0.07 | 123.5146+0.0002
a (K?) 1.95+0.18 1.9595+0.0009
B (K?) 10.84+4.18 | 10.8491+0.0529
ACpm 0.12+0.03 0.1184+0.0006
(W.gt.K?) NA NA
B (W.g?) 0.32+0.13 0.3242+0.0003
Cc(w.gt.K?) 0.00+0.00 -0.0007+1.3804
D (W.gt.K?) 0.00+0.00 (2.83+1.27)x10°

[a] The values and the errors were obtained by measuring DSC traces of 3 samples
of the same Benzoic acid under the same condition and analyzed using Pyris
software and fitting of DSCn(T) to the raw data, NA stands for not available.
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5.3 Validation of DSCn(T) analytical method for different
types of materials

5.3.1 Indium as a metal calibration sample

To check the validity of the DSCn(T), the function was fitted to the experimental DSC
curves of indium measured at different mass and heating rates. The traces in Figure
5.4 were measured by heating from 25 °C to 170 °C at different scanning rates after
the temperature and heat calibration for each given condition and normalization
per mass of the sample. As it is seen in Figure 5.4, the onset has remained constant
due to the calibration of the melting temperature defined at the onset of the peak.
However, upon increasing the rate of heating the peak and endset values shift to
higher temperatures due to the non-isothermal heating at high rates which is a well-
known feature of a DSC 2.

35 : 2 Kmin~?!
: : —— DSCy(T) fit
_ 301 : : --=- ACp,m
g | : 10 K.min=!
g2 - 4N —— DSCu(T) fit
& ¥4 G
3 20+ ! ! 20 K.min~!
E o —— DSCy(T) fit
: A o Lo
B : AR DSCy(T) fit
T 5] o -
M === Tonset=Tcal
0 - -y - - --=T9
150 155 160 165 170

Temperature (°C)
Figure 5.4 DSC of indium during heating from 25 °C to 170 °C at different scanning
rates and DSCn(T) function fitted to the measured curves which were calibrated at
the onset for the given rate, the heat flow has been normalized per mass of each
sample, the unit of heat flow in each trace is (W.g™), curves were shifted vertically
for clarity.

DSCn(T) analytical function was fitted to the normalized experimental curves with a
good correlation coefficients (R?>>0.99) for all rates (Table S5.1). The Tm° obtained
from DSCn(T) is 157.2240.00 °C which shifts to 158.62+0.61 °C upon increasing the
heating rate from 2 to 50 K.min™* due to the superimposition of the fit on the shifting
peak (Table 5.3). At lower rates where the sample is at a better thermal equilibrium,
Tm? obtained from the model, 157.22+0.00 °C, is within less than 1 °C different from
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156.59 °C reported by National Institute of Standards and Technology (NIST) for
indium 23,

Table 5.3 Fit parameters of the DSCn(T) for experimental curves of indium heated at
different rates!l.
parameters | literature | R=2 K.min? | R=10 K.min! | R=20 K.min! | R=50 K.min"!

values 23
AH 28.51 30.15+0.00 29.3740.01 28.62+0.01 27.98+0.04

(-8
Tm? (°C) 156.60 157.22+0.00 157.81+0.00 158.11+0.00 158.62+0.61
a (K1) 4.88+0.01 3.50+0.03 4.44+0.08 19.67%*

B (K?) NA 37.44+0.14 4.01+0.02 1.54+0.01 0.48+0.03
ACo,m 0.01+0.00 0.01+0.00 -0.02+0.00 0.00+0.00

(W.glK™1)

[a] The measurements were done using 7 mg of indium after calibration for the
given rate (the error margins are from the nonlinear fitting),*nonlinear least squares
error out of the bounds due to indeterminate high a value, NA stands for not
available.

In the case of indium, the melting peaks measured at the all heating rates are
symmetric. The width of the peak in the rising edge has been captured by a which
decreases upon increasing the rate. In fact, a is in linear relationship with the
activation energy (Ea), depending on the rate and mass of the sample ?*. The value
of Ea determines the temperature sensitivity of the melting transition; the higher
the a and the larger the Ea becomes, the stronger the melting rate changes per the
same change in temperature, thus the steeper the slope of the rising edge becomes
25 Although indium has a relatively good thermal conductivity, B decreases by
increasing the heating rate, consequently the peaks become broader. The peak area
gets larger due to the peak broadening and the incorporated heating rate in the heat
flow, which is measured by the DSC instrument as power (mW) (Equation 5.3). The
change in enthalpy of the fusion of indium varies from 27.98+0.04).g" to
30.15+0.00 J.g 't which is comparable with the reported value by NIST 28.66 J.g. The
change in the heat capacity, ACy,m, at different rates has remained very close to zero
as the baseline levels remains at the same level in pre- and post-transition states.
Figure 5.5 presents the DSC curves measured and normalized per mass of the
samples (W.g?) for different sample mass 1-54 mg at the common heating rate of
2 K.min* which is slow enough to keep the sample at the thermal equilibrium. The
detected melting peak for 1 mg sample is extremely sharp and symmetric which turn
to an asymmetric broad peak for the 54 mg sample where an overload effect causes
a non-isothermal heat regime.
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Figure 5.5 DSC of different mass of indium measured with heating from 25 °C to
170 °C at 2 K.mint and DSCn(T) function fitted to the experimental curves calibrated
at the onset for the given mass, the heat flow has been normalized per mass of each
sample, the unit of heat flow in each trace is (W.g}), curves were shifted vertically
for clarity.

Similar to the rate effect, the onset values have remained constant due to the
calibration at the onset while the peak and endset values have shifted toward the
higher temperatures due to the increase in the thermal resistance of the samples at
larger mass. As thermal transfer is much better across the contact zone between
the solid indium and the aluminum pan, initial partial melting occurs with the
formation of an interface liquid layer with different thermal properties than the
solid indium. Therefore, the higher the mass of indium sample, the higher the
thickness of sample, the larger the thermal gradient and temperature lag between
these two parts.

The DSCn(T) fits the DSC experimental traces (Figure 5.5) with a good correlation
coefficients (R2>0.97) for all rates (Table S5.2). Tm® obtained by fitting of the DSCn(T)
on the measurement with 1 mg of indium is 156.86+0.00 °C, which is the closest to
the melting point of indium reported by NIST. It slightly shifts to higher temperature
for larger sample mass (Table 5.4). B decreases by increasing the mass of the sample
due to the larger thermal gradient which makes the peak broader. Similarly, a
decreases which leads to the decrease in the slope of the rising edge of the peak
due to the higher thermal gradient caused by higher mass for 7 mg sample.
Progressively, increasing the mass to 54 mg decreases the slope of the rising edge
since a decreases due to the recrystallization of the molten crystals on the existing
non-molten crystals which spreads the crystal size distribution. A dramatic increase
in the width of the peak at 54 mg is indeed caused by the increase in the domain of
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erfc at the decaying edge, the decrease in § and a, manifesting the width of the peak
in the rising edge. AH obtained from the function fitted to the trace of 1 mg indium
is the closest to the reported enthalpy for indium by NIST. The change in heat
capacity, ACpm, is zero which is manifested in the same baseline level of pre- and
post-transition tails (Table 5.4).

Table 5.4 Fit parameters of the DSCn(T) for experimental curves of indium samples
with different mass[®.

parameters | literature values 2 m=1 mg m=7 mg m=54 mg
AH (Jg?) 28.51 29.61:0.00 | 30.27+0.00 29.7120.00
Tw? (°C) 156.60 156.8640.00 | 157.24+0.00 157.69+0.00
a (K1) 10.25+0.03 4.43+0.01 1.87+0.00
B (K?2) NA 98.60:0.27 = 34.490.11 8.34+0.03
ACpm 0.06+0.00 0.01+0.00 0.00£0.00
(W.g1.K1)

[a] all samples were heated at 2 K.min"! measured after calibration at the onset for
the given mass (the error margins are from the nonlinear fitting), NA stands for not
available.

5.3.2 Stearic acid as an organic compound

The DSC traces of 6 mg of stearic acid (SA) with two different purities (95% and 97%)
were measured at 2 K.min after calibration of indium for the given rate and sample
mass (Figure 5.6).

12
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2
S g -——= ACpm
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o_
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Temperature (°C)

Figure 5.6 DSC of 6 mg SA with different purities heated at 2 K.min and DSCn(T)
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function fitted to the measured curves after calibration at the onset for the given
mass and rate (curves were shifted vertically for clarity).

The DSCn(T) fits well to the both heating curves, R?=0.99 (Table S5.6). Tm° obtained

from the function is 70.5 °C for both SA samples which is in a good agreement with

the reported Tm® in the literature 25. The temperature shifts to the lower

temperatures due to the presence of impurity. This shift is not significant enough to

be detected by the DSC instrument due to its low resolution. However, it has

affected the B values relating to the peak width; B increases for the SA (97%) which

has shown the less broad peak (Figure 5.6). Compared to indium trace measured for

nearly the same rate and mass, B of SA samples (Bsa95%=6.08+0.07 K2 and

Bsa97%=7.05+0.08 K2) are significantly smaller than B of indium (Bindium=34.49+0.11 K"
2). As a result the melting peaks of SA samples have become more asymmetric and

broader at the declining edge of the peak due to its relatively lower thermal

conductivity. Despite B, a has not changed significantly (Table 5.5); in fact, the
presence of more impurity could lead to the faster crystallization but not necessarily
narrower crystal size distribution. The latent heat obtained from DSCn(T) for SA (95%)
and SA (97%) are in good agreement with the enthalpy of fusion of SA measured

with DSC at 10 K.min? by Xu et al ?’. The deviation can be due to the weighing
accuracy. The negative ACpm for both samples (-0.02+0.00 W.g*.K ) indicates the
step-down in the baseline moving from pre- to the post-transition tail.

Table 5.5 Fit parameters of the DSCn(T) fitted to the experimental curves of stearic
acid (SA) with different degrees of impurities!.

parameters literature values SA 95% SA 97%
AH (J.g1) 216.5 %6 215.73+0.01 213.99+0.01
Tm? (°C) 69.3 27 70.57+0.00 70.48+0.00
o (K1) 0.82+0.00 0.81+0.00
B (K?) NA 6.08+0.07 7.05+0.08
ACp,m (W.g1.K?) -0.02+0.00 -0.02+0.00

[a] The samples were heated at 2 K.min™* after calibration at the onset for the given
mass and rate, NA stands for not available.

5.3.3 Phase transitions in a liquid crystal compound

Three endothermic peaks were observed in the DSC experimental trace of 80CB (4'-
octyloxy-4- cyanobiphenyl) heated from 0 °C to 100 °C at 2 K.min! (Figure 5.7).
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Figure 5.7 DSC of 80CB and DSCn(T) function fitted to the measured curves for 6 mg
of 80CB heated at 2 K.min* after calibration for the given mass and rate, ACp,is the
change in heat capacity for different liquid crystal transitions: a) K to Sm-A, b) Sm-A
toN,andc)Ntol.

o
]

The DSCn(T) function fits to the first and third transition peaks with asymmetric
shape very well (R?> 0.99) and (R?=0.97) respectively (Table S5.7). The obtained
temperature of each transition, T, for these peaks are respectively at 55.62+0.00 °C,
66.96+0.00 °C, and 80.16+0.00 °C which could be attributed to the transitions from
crystalline to Smectic-A phase (K-SmA) at 53.54 °C, Smectic-A to Nematic (SmA-N)
at 65.25 °C, and Nematic to isotropic (N-1) at 78.53 °C respectively (Table 5.6). The
enthalpy change of these transitions were obtained from the DSCn(T) were in good
agreement with the values reported in literature 253, The difference in the obtained
enthalpy change and the reported values is due to different calibration approaches,
setting peak value instead of the onset value.
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Table 5.6 Fit parameters of the DSCn(T) for experimental curves of 6 mg of 80CB (4'-

octyloxy-4- cyanobiphenyl)(,

80CB 1st peak (K-SmA) | 2 peak (SmA-N) | 3 peak (N-I)
AH (J.g%) 97.05+0.00 0.21+0.00 1.74+0.00
literature AH (J.g) 140.32 29 0.9+0.9 3 1.55+0.05 30
Tm? (°C) 55.62+0.00 66.96+0.00 80.16+0.00
literature T,,° (°C) 53.54 29 65.25 29 78.53 29
a (K1) 2.31+0.00 1.014£0.01 10.3610.12
B (K2) 5.72+0.02 36.2142.16 91.10%1.15
AC, (W.g1.K?) -0.06+0.00 0.01%0.00 -0.01%0.00

[a] The samples were heated at 2 K.min! after temperature calibration of indium at
the onset for the given mass and rate (the error margins are from the nonlinear
fitting).

5.3.4 Low molecular weight bisamide gelators with different number
of methylene spacers between the amide groups

As Figure 5.8 shows, the melting peaks of bisamide low molecular mass gelators,
briefly nBA where n represents the odd and even spacer length between the amide
groups, were observed upon heating at 10 K.min™*. DSCn(T) function fits remarkably
well to the experimental traces of all these nBA compounds, R?>0.98 (Table S5.8).
Tm®and the AH of fusion for our newly synthesized bisamide compounds (Table 5.7)
were obtained more reliably from the DSCn(T) than the analyzing software .
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Figure 5.8 DSC experimental traces and DSCn(T) function fitted to the measured
curves of nBA compounds (6 mg) heated at 10 K.min! after temperature calibration
of indium at the onset for the given mass and rate (curves were shifted vertically for
clarity).
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Table 5.7 Fit parameters of the DSCn(T) for experimental curves of 6 mg of odd and
even bisamides®.

gelators 5BA 6BA 7BA 8BA 9BA 10BA
AH (J.g1) 126.18+0.04 168.66+0.07 140.88+0.09 155.1240.12 149.21+0.08 172.20+0.06
from DSCy(T)
AH (J.g1) 100.2+5.7 117.6%2.5 113.1+6.3 123.1+3.4 118.4+5.3 139.6+2.6
from Pyris
T (°C) from 135.52+0.00 147.46+0.00 135.97+0.00 143.53+0.00 132.50+0.00 142.11+0.00
DSCy(T)
Tm (°C) from 135+1 147+1 135+1 143+1 134+1 141+1
Pyris
o (K1) 0.39+0.00 0.63+0.00 0.52+0.00 0.31+0.00 0.52+0.00 0.48+0.00
B (K?) 3.01+0.04 1.19+0.02 1.50+0.03 1.69+0.04 2.68+0.05 1.40+0.02
AC, m (W.gt.K?Y) -0.44+0.01 -0.31+0.01 -0.40+0.01 -0.28+0.01 -0.35+0.01 -0.29+0.01

[a] The samples were heated at 10 K.min™! after calibration at the onset for the given
mass and rate (the error margins are from the nonlinear fitting) and calculated Tm
and AH from Pyris analyzing software, these compounds were newly synthesized
and there is no data available in the literature for comparison.

ACpm of all the traces are negative which shows a downward step in the baseline
from pre- to post-melting transition tail (Table 5.7). In crystals where the molecules
are free to rattle in the crystal lattice, the heat capacity of the solid state will be
higher than the heat capacity of the liquid state where the molecules cannot rattle
anymore and they are sterically interacting. As a result, their freedom is lost to a
great extent upon melting.

5.3.5 Binary systems (binary mixtures of low molecular weight
gelators)

The DSCn(T) for binary compounds can be obtained based on the Equation 5.21,
where Tris the reference temperature for the overall curved baseline.

2
21
DSCy(T) = (AH,. % e3f1. e (T-Tha)_erfc (./Bl(T-

T&,ﬁ:ﬁ ) + AC,,(T)) + Equation 5.21
2

© iy eta(T-Th2) 0y 2
(AH,. 5 .ethz, %2 2 .erfc( B,(T Tm'2+282 )+

AC,,(T))+B+C(T—T,) + D(T — T.)?

The DSCn(T) function fits to the heat flow curves of all binary mixtures of 5BA and
6BA in different ratios with R?=0.99 (Table S5.9). As Figure 5.9a shows, except for
(5BA)3(6BA)1, two distinct melting peaks were observed in the heating traces of all
binary mixtures which indicates the tendency of these molecules for phase
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separation. Tm®and AH for all compounds were obtained reliably from DSCn(T). For
the overlapping peaks ACp,m does not converge due to purely mathematical artefact.
However, if the peaks are sufficiently apart with sufficient baseline tail on each side,
the cumulative AC,m can be reliably determined via fitting the function to the DSC

trace.
70
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Figure 5.9 a) DSCn(T) function fitted to the experimental traces of 6 mg of
molecularly mixed binary bisamides (blends of 5BA and 6BA in different molar
ratios) heated at 10 K.min after calibration at the onset for the given sample mass
and rate, b) phase diagram of binary 5BA6BA, Trn® obtained from the DSCn(T) fitting
the DSC traces of 5BA6BA blends at different molar ratios (the error bars from the
nonlinear fitting are not visible since they are very small (Table S5.6)), c) enthalpy
change of individual phases in 5BA6BA and the total enthalpy change of the
compounds at different ratios were obtained from the DSCn(T) and plotted versus
the mole fraction of 6BA in 5BA (the error bars from the nonlinear fitting are not
visible since they are very small (Table S5.6)), the trend lines are to guide the eye.

As Figure 5.9b shows, the phase diagram of 5BA6BA mixture is plotted using the
accurate TmC obtained for each phase from the fitting of DSCn(T) to the DSC traces
of 5BA6BA (Table 5.8). The mixture with (5BA)s(6BA)1 composition shows a single
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melting transition with the lower melting point (132.21+0.02 °C) compared to single
5BA and 6BA compounds. The occurrence of the mixture at the non-equimolar ratio
can be due to the difference in H-bonding patterns of 5BA and 6BA compounds
where 5BA has more freedom than 6BA to bond to an adjacent molecule 6. The
latent heat for each phase individually has been obtained from the DSCn(T)
(Table 5.8). As shown in the enthalpy diagram (Figure 5.9c), the mixture
(5BA)3(6BA)1 has the highest latent heat (222.3+7.07 J.g%).

Table 5.8 Fit parameters of the DSCn(T) function fitted to the experimental DSC trace
of 6 mg of molecularly mixed binary bisamides (5BA6BA in different ratios) .

binary 6BA (5BA)1(6BA); | (5BA)1(6BA)s | (5BA)1(6BA); | (5BA)3(6BA); | (5BA):(6BA): 5BA
5BA6BA
First peak
AHy 22.08+0.05 37.56+0.03 69.54+0.02 222.3+7.07 56.34+0.76
(9]
Tm,2® (°C) 130.49+0.03 130.59+0.00 131.49+0.00 132.21+0.02 129.00+0.02
Single peak Single peak
a (K?) 0.17+0.00 0.38+0.00 0.61+0.00 0.07+0.00 0.07+0.00
B1(K?) 1.20+£0.12 1.41+0.04 1.94+0.02 2.43+0.28 1.62+0.21
ACpm1 NA
(W.gk?)

Second peak

AHz 168.660.07 127.44+0.06 107.76x0.11 115.02+0.12 120.6+0.23 126.180.04
(g
Tm2" (°C) 147.46+0.00 145.46+0.00 142.97+0.00 137.94+0.01 133.62+0.00 135.49+0.00
Single peak
az (K?) 0.63+0.00 0.36+0.00 0.27+0.00 0.09+0.00 0.30+0.00 0.39+0.00
B2 (K?) 1.19+0.02 1.50+0.02 1.89+0.03 1.1140.02 2.65+0.04 3.01+0.04
ACp,m,2 NA
(W.gt.K?)
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples were heated at 10 K.min™! after calibration at the onset for the given
mass and rate, in the case of (5BA)3(6BA)1, only one fitting peak is required due to
the peak overlap (the error margins are from the nonlinear fitting), ACpm is not
available (NA) due to purely mathematical artefact, if the peaks are sufficiently apart
with sufficient baseline tail on each side, the cumulative ACpm can be reliably
determined via the function.

5.3.6 Semi-crystalline polymer (PHBVH) with glass transition, cold
crystallization, and melting peaks

The DSC of PHBVH upon heating (Figure 5.10) shows multiple transitions; a glass
transition which is followed by a cold crystallization: the exothermic crystallization
process which is observed on heating of a sample that has previously been cooled
so quickly that has no time to crystallize. In fact, at temperature below the glass
transition, the molecular mobility is restricted and cold crystallization does not occur
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but above the glass transition, small crystals are formed at relatively low
temperatures. In addition, two endothermal peaks were observed subsequently
upon further heating. The glass transition was fitted by DSCn(T) function (Equation
5.20). The cold crystallization peak was fitted by using a negative AH as stated in
Equation 5.22. The melting transition peaks were fitted by DSCn(T) for binary peaks
(Equation 5.21). As Figure 5.10 shows DSCn(T) function fits all peaks remarkably well,
R2>0.99 (Table S5.10).
aZ

DSCy(T) = —AH. —. e*B, e(T-Th),

erfc (JE(T-T,%ti ) + AC,(T)

2p
+B + C(T — T) £ D(T — Ty)?

Equation 5.22

N Q

The glass transition temperature, crystallization temperature, and melting points
obtained from the corresponding DSCn(T) are Tg%=10.45+0.02 °C, T.’=68.01+0.01 °C,
and Tm,1°=138.88+0.03 °C and Tm,2°=152.72+0.01 °C 3*32, For the glass transition and
melting transitions, the baselines step up from the pre-transition tail to the post
transition state, ACpg =1.82+0.03 W.g1.K* and ACp=2.46+0.04 W.g1.K%. For the
overlapping melting peaks, ACpm does not converge (NA) due to purely
mathematical artefact. However, if the peaks are sufficiently apart with sufficient
baseline tail on each side, the cumulative ACp,m can be reliably determined via the
function (Table 5.9).
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overlapping peaks, ACp,m does not converge (Not available=NA) due to purely
mathematical artefact.

Table 5.9 Fit parameters of the DSCn(T) for experimental curves of 6 mg of PHBVH,

PHBVH 1st melting 2" melting
glass transition Crystallization peak peak
(Te) (To) (T%m.1) (T%m.2)
AH 13.54+0.08 201.90+0.24 75.57+1.35 136.31+0.75
0.8
T (°C) 10.45+0.02 68.01+0.01 138.88+0.03 152.72+0.01
a (K1) 0.45+0.01 0.28+0.00 6.77* 0.02+0.00
B (K?) 0.23+0.01 0.04+0.00 0.08+0.03 0.12+0.00
AC, ¢ 1.82+0.03 2.4610.04 NA NA
(W.gl.K?)

[a] The samples were measured after calibration at the onset for the given sample
mass and rate (the error margins are from the nonlinear fitting), *nonlinear least
squares error out of the bounds due to indeterminate high a value.

5.4 Conclusion

DSCn(T) analytical function was developed to be fitted to the DSC experimental
traces of different samples. It contains the equilibrium melting point (Tm%), a
parameter for the Arrhenius activation energy (a = Ea/(Tm?%)?), and a parameter for
the Gaussian broadening (B). It is based on the assumption that the sample
crystalline structure develops via a rate limited growth governed by a simple
Arrhenius activated process. The function also includes the Gaussian broadening to
account for instrumental accuracy. Non-isothermal conditions as governed by the
rate of heating, sample mass, and thermal conductivity may additionally reflect the
possible presence and inhomogeneous incorporation of impurities. It was found
that the function is remarkably versatile in providing an excellent fit to the DSC
experimental data. It enables a very accurate analysis of the DSC data yielding
reliable transition temperatures such as melting, crystallization, and liquid crystal
transitions. A distinct advantage of DSCn(T) to the conventional analysis methods is
that it allows the analysis of mixtures showing multiple overlapping peaks which can
differentiate the phases more accurately. In addition, changes in enthalpy are
obtained which are in excellent agreement with the reference standards in the
literature. Using the same function, the glass transition can also be analyzed. Here,
we used the same procedure as for the melting point where the primary feature is
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the step function and associated stepwise change of heat capacity (ACp,t). The value

of ACp,m although not very accurate, is a novel feature in DSCn(T) analytical model

which is not usually available in the standard analysis methods relying on the linear

baseline selected by a data analyst.
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5.6 Supplementary information

Here more information on the step by step calculation of DSCn(T) and all the

parameters of DSCn(T) fit to the DSC experimental traces are provided.
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The rout which was taken to develop DSCn(T) is as follows:

Cp=dH/dT

P(t)= dH/dT

P(t)=dH/dt=dH/dT. dT/dt=C,(T).R

Cp(T)=P(T)/R

Cp= Pr.Cpx+(1- PK).Cpa

sz Cbk.Cpk+(1 "Dk)-cp.G
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—_1(AT)2 Equation S5.13

2\o.

1
fN(AT) = .e
n(AT) py =

0 Equation S5.14
on(T) * fy(AT) = f p((AT — P). dp

Here p<0, therefore:
DSC(AT) = (pn * fn)(AT)=

0 1 1 —1(AT-p 1
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[0 ezt v “P.dp
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WhereAlsm,
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AT =xand = ﬁ, therefore {3 is the variance of distribution.
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fX:ma e~Bs” ds which is a complementary error function type of integral, in fact:
2B

erfc (z) = 2f —exp(—u?) du

X +E =1z, —(81/252) =u, dz = _ZBSdS

(X

NG Equation S5.15
DSC(x) = Ae™.e*P.— -5 .erfc (B2 (x + ZB>)

Normalization of the heat flow function gives the following equation:
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Equation S5.16

Equation S5.17

Equation S5.18

Equation S5.19

Equation S5.20

Table S5.1 Fit parameter of DSCn(T) fitted to the experimental curves of indium

heated at different ratesfl.

indium R=2 K.min R=10 K.min R=20 K.min1 R=50 K.min!
AH (J.g1) 30.15+0.00 29.37+0.01 28.62+0.01 27.9810.04
Tm? (°C) 157.2240.00 157.81+0.00 158.11+0.00 158.62+0.61
a (K1) 4.88+0.01 3.50+0.03 4.44+0.08 19.67*
B (K?) 37.44+0.14 4.01+0.02 1.54+0.01 0.48+0.03
ACpm 0.01+0.00 0.01+£0.00 -0.02+0.00 0.004£0.00
(W.g.K?)

B (W.g?) 0.54+0.00 0.86%0.00 0.58+0.00 0.5740.01
C(W.gt.K?) 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
D (W.g1.K?) 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00

R?2 0.99 0.99 0.99 0.99

[a] The samples (7 mg) were measured after calibration for the given rate (the error
margins are from the nonlinear fitting),*nonlinear least squares error out of the
bounds due to indeterminate high a value.
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Table S5.2 Fit parameters of DSCn(T) fitted to the experimental curves of indium
with different weights!?.

indium w=1mg w=7 mg w=54 mg
AH (J.g1) 29.61+0.00 30.2740.00 29.71+0.00
T (°C) 156.86+0.00 157.24+0.00 157.6940.00
o (K1) 11.86+0.03 4.43%0.01 1.87+0.00
B (K?) 98.60+0.27 34.4940.11 8.34+0.03
ACp,m (W.g1.K?) 0.06+0.00 0.01+0.00 0.00£0.00
B (W.g?) 2.09+0.00 0.56+0.00 0.07+0.00
C(W.gt.K?) 0.00+0.00 0.00+0.00 0.00+0.00
D (W.g1.K?) 0.00+0.00 0.00£0.00 0.00£0.00
R? 0.99 0.99 0.99

[a] The samples were measured at 2 K.min after calibration at the onset for the
given weight (the error margins are from the nonlinear fitting).

Table S5.3 Fit parameters of the DSCn(T) fitted to the experimental curves of stearic
acid with different degrees of impurities®.

Stearic acid (SA) SA 95% SA 97%

AH (J.g1) 215.73+0.01 213.99+0.01
Tm? (°C) 70.57+0.00 70.48+0.00

a (K1) 0.82+0.00 0.81+0.00

B (K?2) 6.08+0.07 7.05+0.08
ACpm (W.g 1K) -0.02+0.00 -0.02+0.00

B (W.g?) 0.61+0.00 0.5940.00

C(W.gt.K?) 0.00£0.00 0.00£0.00

D (W.g1.K?) 0.00£0.00 0.00£0.00

R?2 0.99 0.99

[a] The samples were heated at 2 K.min™* after calibration at the onset for the given
weight and rate.
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Table S5.4 Fit parameters of DSCn(T) fitted to the experimental curves of 80CB (4'-
octyloxy-4- cyanobiphenyl)(,

80CB 15t peak (K-SmA) 2" peak (SmA-N) 3rd peak (N-1)
AH (J.g1) 97.05+0.00 0.21+0.00 1.74+0.00
Tm? (°C) 55.62+0.00 66.96+0.00 80.16+0.00
a (K1) 2.31+0.00 1.01£0.01 10.36+0.12
B (K2) 5.72+0.02 36.21+2.16 91.10%1.15
AC, (W.g1.K?) -0.06+0.00 0.01+0.00 -0.01+0.00
B (W.g?) 0.27+0.00 0.22+0.00 0.23+0.00
C (W.g1.K1) 0.01+0.00 0.00+0.00 0.00+0.00
D (W.g1.K2) 0.00+0.00 0.00+0.00 0.00+0.00

R? 0.99 0.97 0.98

[a] The samples (6 mg) were heated at 2 K.min™* after calibration at the onset for the
given weight and rate (the error margins are from the nonlinear fitting).

Table S5.5 Fit parameters of DSCn(T) fitted to the experimental curves of odd and
even bisamides®.

nBA 5BA 6BA 7BA 8BA 9BA 10BA
AH (J.g1) 126.18+0.04 168.66+0.07 140.88+0.09 155.12+0.12 149.21+0.08 172.20+0.06
Tm® (°C) 135.52+0.00 147.46+0.00 135.97+0.00 143.53+0.00 132.50+0.00 142.11+0.00
a (K?) 0.39+£0.00 0.63£0.00 0.52+0.00 0.31+£0.00 0.52+0.00 0.48+0.00
B (K?) 3.01+0.04 1.19+0.02 1.50+0.03 1.69+0.04 2.68+0.05 1.40+0.02
AC,m -0.44+0.01 -0.31+0.01 -0.40+0.01 -0.28+0.01 -0.35+0.01 -0.29+0.01
(W.gLK1)

B (W.g?) 1.12+0.00 1.12+0.01 1.04+0.01 0.9410.01 1.07+0.01 1.19+0.01
C(W.gt.K?) 0.00+£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.01+0.00
D (W.g1.K?) 0.00£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00+0.00 0.00£0.00

R? 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate (the error margins are from the nonlinear fitting).
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Table S5.6 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of molecularly mixed binary bisamides (5BA6BA in different ratios)!.

binary 6BA (5BA)1(6BA); | (5BA)i(6BA)s | (SBA)1(6BA)1 | (5BA)3(6BA); | (5BA):(6BA)1 5BA

S5BA6BA
First peak

AH: (J.g7) 22.08+0.05 37.56+0.03 69.54+0.02 56.34+0.76

Tma1° (°C) Single peak 130.49+0.03 130.59+0.00 131.49+0.00 Single peak 129.00+0.02 Single peak

a; (K?) 0.17+0.00 0.38+0.00 0.61+0.00 0.07+0.00

Bu (K?) 1.20+0.12 1.41+0.04 1.94+0.02 1.62+0.21

ACpm1 NA
(w.gtk?)

Second peak

AH2().g™) 168.66+0.07 127.44+0.06 107.76%0.11 115.02+0.12 222.3+7.07 120.6%0.23 126.18+0.04
Tm2’ (°C) 147.46%0.00 145.46+0.00 142.97+0.00 137.94+0.01 132.21+0.02 133.62+0.00 135.49+0.00
a(K™) 0.63+0.00 0.36%0.00 0.27+0.00 0.09+0.00 0.07+0.00 0.30+£0.00 0.390.00
B2(K?) 1.1940.02 1.50+0.02 1.89+0.03 1.11£0.02 2.43£0.28 2.65+0.04 3.01£0.04

ACp,m2 NA
(w.gk?)
B 1.12£0.01 0.38+0.00 0.51+0.00 0.38+0.00 0.38+0.00 0.39£0.00 1.12+0.00
(w.g?)
C 0.00£0.00 -0.24£0.05 0.64+0.04 -0.45+0.03 -0.59+0.02 -0.54+0.04 0.00£0.00
(mw.g*.K")
D 0.00£0.00 0.01£0.00 0.01+0.00 0.01£0.00 0.01+0.00 0.01+0.00 0.00£0.00
(mw.g*.K?)
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (5BA)3;(6BA)1, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tails on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary
systems.
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Table S5.7 Fit parameter of DSCn(T) function fitted to the experimental curves of

PHBVHE.
1st peak 2nd peak 1st melting 2" melting
PHBVH glass transition | Crystallization peak peak
(Te) (Tc) (T0m,1) (T0m,2)
AH (J.g1) 13.54+0.08 201.90+0.24 75.57+1.35 136.31+0.75
TL (°C) 10.45+0.02 68.01+0.01 138.88+8.03 152.72+0.01
o (K1) 0.45+0.01 0.28+0.00 6.77* 0.02+0.00
B (K2) 0.23+0.01 0.04+0.00 0.08+0.03 0.12+0.00
ACp ¢ 1.82+0.03 2.46+0.04 NA NA
(W.gt.K?)

B (W.g?) 11.50+0.02 -18.18+0.02 13.89+0.33 13.89+0.03
C(W.gt.K?) 0.060.00 -0.12+0.00 0.08+0.00 0.08+0.00
D (W.g1.K?) 0.00£0.00 -0.12+0.00 0.00+0.00 0.00+0.00

R2 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were measured after calibration at the onset for the given
sample weight and rate (the error margins are from the nonlinear fitting),
*nonlinear least squares error out of the bounds due to indeterminate high a value.
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Chapter 6

Design rules for binary bisamide gelators:
towards gels with tailor-made structures and
properties

Abstract

This study intends to develop design rules for binary mixture of gelators that govern
their assembly behavior, and subsequently explore the impact of their
supramolecular assembly patterns on the gels rheological properties. To achieve
these goals, nBA gelators with odd and even parities (n-methylene spacers between
the amide groups (n = 5-10) and 17 carbons at each end) were blended at different
ratios. Such bisamides with the simple structures were selected to study because
their different spacer lengths offer the possibility to have matching or non-matching
hydrogen bonds.

The results show that the assembly behavior of binary mixtures of bisamide gelators
is the same in the solid and gel states. Binary mixtures of gelators, which only differ
two methylene moieties in spacer length, form compounds and co-assemble into
fibers and sheets observed for (5BA)1(7BA)1 and (6BA)1(8BA)1 mixtures, respectively.
Binary gelator mixtures of the same parity and a larger spacer length difference still
lead to mixing for the odd parity couple (5BA)1(9BA)1), but to partial phase-
separation for the even parity mixture (6BA)1(10BA)1. Binary mixtures of gelators of
different parities gave complete phase-separation in the solid state, and self-sorted
gels consisting of discrete fibers and sheets in the gels of (5BA)3(6BA): and
(5BA)3(10BA)1. The even-even binary gels (20 wt%) consisting of co-assembled
sheets show higher G’ than odd-odd binary gels (20 wt%) consisting of co-assembled
fibers. In general, the self-sorting of odd and even molecules into the separate
primary structures results in a dramatic decrease of G' compared to the co-
assembled gels (20 wt%), except for (5BA)1(9BA)1 gel (20 wt%). It might be due to
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larger woven spheres in (5BA)1(9BA):1 gel (20 wt%), which probably have a less
entangled gel network.

6.1 Introduction

Supramolecular gels are composed of two main components, a small molecule like
low molecular weight gelators (LMWGs) and a solvent system. During the gelation
process, gelator molecules respond to external stimuli such as temperatures. Many
LMWGs depending on their chemical structures are thermally triggered °; the
LMWGs are dissolved in a solvent upon heating to higher temperatures and usually
self-assemble into primary structures by cooling the solution to below the gelation
transition temperature.

In the course of cooling when sufficient undercooling has been reached, the gelator
molecules assemble through non-covalent bonds to build primary structures such
as tapes, rods, fibers, sheets, and cylinders 7. The properties of these gels are
governed by both the primary structures and their interactions in a mesoscopic scale
89 In fact, these primary structures are able to efficiently immobilize the solvent if
they form a three-dimensional entangled network %1,

Initially, structurally diverse LMWGs were developed based on saccharides '?,

13715 nucleobases '°, steroid derivatives '/, dendrimers 18,

peptides, ureas, amides
etc. to produce supramolecular gels for many potential applications 920292128 |
recent years, the field of single LMWGs was expanded from ab-initio synthesis of
new gelators with new functionalities towards designing multicomponent systems
to introduce more flexibility in gel systems for different purposes, generally aiming
at controlling the assembly pattern and study its effect on the gel properties®°. For
instance for biomedical applications, the main LMWGs in the system are used to
develop the supporting network structure, while a second assembly moiety is added
to improve the cell adhesion to the network matrix 3.

Primary structures in multicomponent gels can form either via the co-assembly of
gelators with alternating order or random organizations or via their self-sorting into
discrete structures 32734, It is also likely that the final gel structure is the mixture of
all these assembly modes 3. Another advantage of using multicomponent gelator
systems is the reinforcement in the mechanical properties of the final gel
formulation by inducing co-assembly of the gelator molecules 3¢ or via encouraging
the self-sorting of gelator molecules in pH-triggered hydrogels where each gelator
component responds to a certain pH ¥’.

Here, the aim is to develop design rules for the binary mixture of gelators that
govern the mixing or phase separation behavior, and subsequently explore its
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impact on the phase behavior and their relation to the gel properties. For that
purpose, the binary mixtures of bisamide gelators with odd-even spacer lengths
were used. These gelators were chemically designed to have the simplest structure,
n-methylene spacers between the amide groups (n = 5-10) and 17 carbons at each
end, which makes them ideal model systems to tune mixing or phase separation
behavior via hydrogen bond complementarity. Our hypothesis is that the systematic
addition of a nBA gelator with different parities or spacer-lengths to the parent nBA
gelator, inducing partial or matching complementary interactions between the
gelator molecules, can determine their phase behavior.

To achieve the above-mentioned objectives, these systems were studied in multiple
steps. In chapter 3, the molecular arrangement and hydrogen bonding pattern of a
series of single bisamide gelators with different spacer lengths have been fully
investigated 38. In chapter 4, their gelation behavior and the odd-even effect on their
rheological properties have been addressed 3°. In this chapter, binary mixtures of
these bisamide gelators in the solid state and the gels were studied. The effect of
differences in the spacer length and parity on the solid state phase behavior and the
gel structure and thermal properties were studied. Finally, the rheological
properties of the gels from the binary gelator mixtures have been studied in relation
to the phase behavior as well as the rheological properties of the gels from the single
bisamides.

6.2 Materials and methods

6.2.1 Binary mixtures of nBA gelators

The synthesis and characterization of single nBA gelators- with n-methylene spacers
between the amide groups (n varies from 5 to 10) and 17 carbons at each end- were
described in chapter 3 3. The single nBA gelators were notated according to the
number of carbon atoms in the spacer between the amide groups (n) with “BA” as
the suffix for “bisamide gelator”. The general chemical structure of nBA gelators is
shown in Figure 6.1 for 5BA and 6BA as examples of odd and even nBA gelators,
respectively 3.
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Figure 6.1 Chemical structure of single bisamide gelators (nBAs) with (CH2)n spacer
between the amide groups: a) 5BA with a parallel arrangement of amide groups, b)
6BA with an anti-parallel arrangement of amide groups.

The binary bisamides were prepared by systematic blending (odd-odd, even-even,
and odd-even spacer length) of two single nBA gelators (Table 6.1). The single
gelators were heated to their melting points and were stirred isothermally just
above their melting points to ensure that the gelators are uniformly mixed. After
mixing for 15 minutes, the mixtures were cooled down to room temperature. Binary
gelators were prepared at five different mole ratios (1:7, 1:3, 1:1, 3:1, and 7:1). The
binary gelators were named by taking the notation of their single nBA gelators with
their assigned ratios as the subscript; for example, the blend of 5BA and 6BA in 1:7
ratio is notated as (5BA)1(6BA).

Table 6.1 Systematically blended bisamide gelators based on the parity of spacer
length to produce binary BAs at five different ratios.

blending directionality of single difference in molar
based on amide groups components spacer length ratio
parity
odd-odd parallel-parallel 5BA and 7BA 2
5BA and 9BA 4 1.7
even-even antiparallel- 6BA and 8BA 2 1:3
antiparallel 6BA and 10BA 4 11
odd-even parallel- 5BA and 6BA 1 31
antiparallel 5BA and 10BA 5 7:1

6.2.2 Gel preparation

The gelation behavior of single nBA gelators was investigated in our chapter 4 *. To
prepare the gels from binary BA gelators, binary gelators were first ground into
powders. Then, they were weighed (20 wt%) and dispersed in xylene as the solvent.
The gelator-solvent mixtures were heated to 120 °C using a heating block while
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stirring using magnetic bars at 500 rpm. Once the mixtures became transparent, the
vials were taken out and cooled down to the ambient temperature. A tube inversion
test %% was conducted as a quick assessment of gel formation immediately after
cooling down to the room temperature and after 72 h.

6.2.3 Differential Scanning Calorimetry (DSC)

The melting transition of gelators and gel-sol transition temperatures of gel samples
were measured using Perkin Elmer-Pyris Diamond differential scanning calorimeter
with two 1(g)-furnaces (working on the Power-compensation temperature null
principle with temperature accuracy/precision of 0.1 °C/+ 0.01 °C and calorimetry
accuracy/precision of < 1 %/<% 0.1 %). Nitrogen (99.99% purity) was used to purge
the interior system at a rate of 50 (mL.min?). Temperature and heat flow calibration
were done before each measurement under the same condition as the
measurement of the samples.

For the solid binary gelator mixtures, about 6 £ 1 mg of binary bisamide gelator was
placed in a 40 pL aluminum sample pan with an ambient maximum pressure. The
sample pan and the identical reference pan were both covered by aluminum lids.
The sealed pans were placed in the furnaces of the DSC apparatus. Both pans were
heated from room temperature to at least 30 °C above the temperature range of
interest. Isothermal melting was followed by a fixed cooling cycle preceding a
second heating cycle, all scans were done at the rate of 10 K.min™.

A similar procedure was followed for the gel samples: a gel sample (8 + 1 mg) in a
40 uL stainless steel sample pan and an identical empty pan as reference- both
covered by stainless steel lids- were heated at 5 K.min from 25 °C to 130 °C. The
first heating cycle to eliminate the sample thermal history was followed by a cooling
cycle from 130 °C to 25 °C at 5 K.min™L. Finally, a second heating cycle was run at
5 K.min from 25 °C to 130 °C to study the thermal properties of the samples. To
assure the thermal equilibrium of the sample, the samples were kept isothermally
for 2 min at the end of each temperature scan.

6.2.4 DSCn(T) analytical model and curve fitting

DSCn (T) function has been developed in our research group #* and was extended for
binary gelators which show two endothermic peaks in their second heating DSC
traces (Equation 6.1).
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DSCy(T) Equation 6.1

az
= (AHl.%. e#1, e (T-Tha)_erfc (\/B_(T Ta, 1+231 ))
+AC, 1(T))

+ (AH,. 7 e4(32 eaz(T Th2) .erfc <\/_(T T'g‘2+2[3 ))
+AC,,(T)) + B+ C(T = T,) + D(T — T;)?

—a? o Equation 6.2

AC (T) = ACpm l e 4B (eZB eo‘(T Tih) .erfc (\/B(T Tr(l)l+2_B )
+

7. ((erf(y/B(T-TS)) + 1))

DSCn(T) is based on an assumed Arrhenius function taking the crystal size
distribution into account together with instrumental and sample-related peak
broadening. Relying on DSCn(T), melting point (Tm°) and enthalpy of fusion (AH) of
each phase in binary gelators can be obtained much more accurately. In Equation
6.1, AH1 and AH: are the coefficients representing the change in enthalpy associated

0 and Tm2°

with the phase transition of each peak, Tm: are the equilibrium
temperatures of the phase transitions. The strength of the linearized Arrhenius
function (a) is related to the crystal size distribution. The parameter B describes the
Gaussian peak broadening distribution of the peak due to the peak broadening,
related to the peak width in the declining edge. The difference between the heat
capacity of the pre- and post-transition states is represented by ACpm. The
parameters B, C, and D correct for the baseline features; the offset, linear slope, and
second order curvature, respectively. This model captures the shape of
experimental DSC peaks of binary bisamides, where T:is a reference temperature
for the overall curved baseline. The non-linear curve fitting of DSCn(T) to the
experimental DSC traces of binary compounds was done using the Python 3
programming language which has been described comprehensively in chapter 5 %%,
To assure the accuracy of thermal properties obtained from DSC measurements, at
least three samples with similar weights were measured under the same condition
and the data were analyzed after normalization per weight of the sample. The
standard deviation of the thermal properties, melting temperature, enthalpy of
fusion, heat capacity change, and the other fit parameters were obtained by fitting
the analytical model DSCn(T) to the three sets of raw data which contain the
experimental error along with the fitting procedure error. The fitting deviation for

each parameter was obtained from the residuals of non-linear least squares (NLLS).
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The reported error margins of the fit parameters in Table S6.1-56.12 are the
residuals of NLLS rounded to two digits.

6.2.5 X-ray diffraction (XRD)

To compare the crystal structures of single gelators and their gels with binary BA
systems, X-ray diffraction (XRD) patterns of these gels were studied. A dab of sample
was placed onto the standard PMMA sample holders. The measurement on binary
systems was conducted under the same condition as single nBA gelators and gels
3839; 3 Bruker D8 ADVANCE ECO diffractometer in Bragg-Brentano geometry
equipped with a Cu X-ray source (Ka1=1.54060 A and Ka2=1.54439 A) and LYNXEYE-
XE-T position sensitive detector was operated at room temperature. A knife-edge
was embedded to reduce the background due to the scattering of the primary beam.
The diffraction patterns were recorded from 0.6 ° to 50 ° (26) with a step size of
0.01 ° and measuring time of 0.5 s per step.

6.2.6 Scanning Electron Microscopy (SEM)

Samples for scanning electron microscopy (SEM) were prepared by placing a small
amount of freshly prepared gels on an aluminum foil covering a microscope glass.
To get rid of the solvent, the samples were dried in a VT6025 vacuum oven (Thermo
Electron Corporation) for 3 h at 60 °C. Due to the low volatility of xylene, applying
this temperature in addition to the vacuum drying is essential. The temperature
60 °C has been chosen safely below the melting point of the gel sample and its
constituents to avoid any morphological changes. To improve conductivity for
better image quality, the samples were placed in a benchtop SEM sputter coater to
be coated with a thin layer of gold particles at 20 mA for 30 s. The morphology of
the binary gels was observed by using a JEOL JSM 6010LA scanning electron
microscope with an accelerating voltage of 8 kV. The images were recorded at
different magnifications (500x, 1000x and 2500x) in the secondary electron image
(SEl) mode, WD10 mm, and SS40.

6.2.7 Rheology

Rheological measurements were carried out on a DISCOVERY HR-3 hybrid
rheometer (TA Instrument). Parallel steel plates (with diameter of 40 mm) and
Peltier plate steel-999580 were used. Geometry gap between the plates was set at
500 um. Zero gap was determined after calibration of inertia, friction, and rotational
mapping. A freshly prepared gel sample (1.0+0.2 g) was placed evenly on the bottom
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plate, and then the parallel plate was lowered to the set geometry gap. All the
measurements were performed at 25 °C. To avoid solvent evaporation during the
measurement, a few drops of Xylene were added on a solvent trap covering the gap
prior to each measurement. Before frequency sweep, an amplitude sweep test from
0.001 s*to 1 st strain rate at 1 Hz was conducted on each sample to find the linear
viscoelastic region. The strain rate was set to 0.01s? selected from the linear
viscoelastic region. Frequency sweep measurement was carried out setting angular
frequency from 0.1 rad-s™* to 100 rad.s and the strain 0.01 was applied to measure
the storage modulus (G’) and loss modulus (G"). To compare the modulus of binary
and single nBA gels, the values of G’ at a constant frequency (w = 10 rad-s™) for all
gels were chosen. The final G’ values are the average of the G’ from the
measurement of three independent samples. To compare the rheological properties
of the single and binary gels, the binary gel samples were prepared and measured
under the same conditions as the single nBA gels .

6.3 Results and discussion

Here, in section 6.3.1, the molecular arrangement of binary bisamide gelators in the
solid will be discussed and subsequently the supramolecular assembly in the gel
state will be explained in section 6.3.2. Finally, the effect of complementarity of
hydrogen bonding on the rheological properties will be described in section 6.3.3.

6.3.1 Binary gelators in the solid state

To investigate the effect of the addition of the second nBA gelator on the thermal
properties of the parent gelator, melting transitions of single gelators and their
binary compositions were studied by DSC. The experimental DSC traces were fitted
using the DSCn(T) function for single 38 and binary systems (Equation 6.1) to obtain
the melting point (Tm°) and enthalpy of fusion (AH) for each phase accurately. The
fit parameters for all gelators and their binary compounds are listed in the tables in
the supplementary information file.

6.3.1.1 Odd-odd binary gelators

The DSC traces and DSCn(T) fits of 5BA, 7BA, and their binary compositions at
different ratios are shown in Figure 6.2a. At all non-equimolar binary compositions,
two separate peaks are observed while the equimolar mixture (5BA)1(7BA)1shows a
single peak. The Tm® of both phases in binary 5BA7BA gelators are at lower
temperatures (Table S6.1) compared to the single gelators 5BA and 7BA gelators,
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with Tm® of 135.5 °C and 136.1 °C, respectively. However, Tm® of (5BA)1(7BA)1 has
increased to 136.1 °C, close to the Tm® of single 5BA and 7BA. The seemingly single
melting transition of (5BA)1(7BA)1 could be due to either two single overlapping
peaks or the formation of a new compound. To find out, the XRD pattern of
(5BA)1(7BA)1 was compared to the diffraction patterns of the corresponding single
compounds, 5BA and 7BA, as previously studied in chapter 3 3%, Figure 6.2b shows
that the first-order reflection of (5BA)1(7BA)1 is a single reflection at 1.55° (26) at
different 20 positions from the 001 reflection of 5BA, at 1.63° (26), but at the same
position as the 001 reflection of 7BA, at 1.55° (26). At higher angles (20°-25° (26)),
the reflections of (5BA)1(7BA)1 do not correspond to the reflections of single 5BA
and single 7BA and have shifted towards lower angles. This indicates the formation
of a single phase with a supramolecular arrangement very similar to the crystal
structure of 7BA.
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Figure 6.2 Phase behavior of 5BA7BA gelators: a) DSCn(T) fit to the second heating
DSC traces of 5BA7BA at different mixing ratios (the traces and fits were shifted
vertically for clarity), b) XRD patterns of (5BA)1(7BA):1 mixtures in comparison to
single 5BA and 7BA gelators (curves were normalized to the highest intensity), the
insets magnify high-angle (20°-25° (26)) and low-angle (0°-10° (26)) regions.
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Increasing the difference between the spacer length of binary odd-odd gelators
from 2 (in 5BA7BA) to 4 (in 5BA9BA) shows the similar trend of DSC traces as 5BA7BA
compositions (Figure S6.1a): two separate melting peaks for non-equimolar ratios
while a single melting peak for (5BA)i1(9BA):. However, on the contrary to
(5BA)1(7BA)1, the single melting transition of (5BA)1(9BA)1 has shifted to the lower
temperature (126.5°C) compared to its corresponding single gelators, 5BA
(135.5 °C) and 9BA (132.50 °C). As shown in Figure S6.1b, the single 001 reflection
of (5BA)1(9BA)1 is a broad peak at 1.55° (26) between the reflections of single 5BA
(1.63° (26)) and 9BA (1.46° (26)) implying that they have formed the compound
(5BA)1(9BA)1 3,

6.3.1.2 Even-even binary gelators

For binary gelators of 6BA8BA, where 6BA and 8BA are two spacer lengths apart and
have the same parity, the general trend of the DSC thermogram is very similar to
5BA7BA with the same above-mentioned characteristics (Figure S6.2a); at non-
stoichiometric ratios, two melting peaks are observed but they appear to merge into
a single melting transition at 1:1 ratio. This single melting transition is observed for
(6BA)1(8BA)1 at 143.5 °C, which is lower than the Tm° of the parent gelators, single
6BA (147.5 °C) and 8BA ( 143.5 °C) but higher than the Tm? of the mixtures. Similar
to the XRD pattern of (5BA)1(7BA)1 where the first-order reflection occurs at the
same position as 001 reflection of 7BA, the XRD pattern of (6BA)1(8BA): in
Figure S6.2b shows a single reflection at 2.00° (26), which is at the exact same
position as the 001 reflection of 8BA.The similar Tm® and XRD 001 reflection of
(6BA)1(8BA)1to the those of single 8BA indicates that a compound has formed at 1:1
ratio, which has a similar crystal structure to 8BA.

Keeping the parity the same and increasing the difference in the spacer length to
6BA10BA, all compositions of 6BA10BA including the equimolar composition show
two melting peaks in the DSC thermogram (Figure 6.3a) implying that 6BA and 10BA
have less tendency to mix compared to 6BA8BA. As Figure 6.3b shows, the first two
reflections of (6BA)1(10BA):1 at 1.97° and 2.08° (26) are comparable to the 001
reflections of single 6BA at 2.08° (26) and 10BA at 1.91° (26). The XRD pattern of
(6BA)1(10BA)1 is approximately a linear superposition of the single 6BA and single
10BA XRD patterns, which confirms that these molecules have mostly phase
separated. This can be due to the larger difference in the spacer length of 6BA and
10BA causing a mismatch of molecules for the paired hydrogen bonding observed
for single even bisamide gelators 3.
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Figure 6.3 Phase behavior of 6BA10BA gelators: a) the second heating traces for
various mixing ratios 6BA and 10BA. DSCn(T) fits to the experimental traces (the
traces and fits were shifted vertically for clarity), b) XRD patterns of (5BA)1(6BA)1 in
comparison to single 6BA and 10BA gelators (curves were normalized to the highest
intensity), the insets magnify high-angle (20°-25° (26)) and low-angle (0°-10° (26))
regions.
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6.3.1.3 Odd-even binary gelators

The DSC thermogram of 5BA and 6BA mixtures at different compositions (Figure
6.4a) shows double melting transitions for all compositions except for (5BA)3(6BA)1.
(5BA)3(6BA)1 melts at 131.0 °C which is lower than single 5BA and 6BA (Table S6.5).
The seemingly single melting transition of (5BA)3(6BA)1at 132.2 °C could be due to
either two single overlapping peaks or the formation of a new phase. To find out,
the XRD pattern of (5BA)3(6BA)1 was compared with the patterns of 5BA, 6BA, and
(5BA)1(6BA)1. Figure 6.4b shows the splitting of the first-order reflection both for
(5BA)3(6BA)1 -with single melting peak- and (5BA)1(6BA)1 -with double peaks. The
first and second reflections of (5BA)3(6BA)1 have shifted to lower positions of 1.61°
(26) and 1.99° (26) with respect to the first-order reflections of 5BA (at 1.64° (26))
and single 6BA (at 2.07° (26)). These two reflections are at the same angles as the
two first reflections of (5BA)1(6BA)1. This demonstrates that the single melting
transition is the result of two overlapping yet separated phases.
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Figure 6.4 Phase behavior of 5BA6BA gelators: a) the second heating traces for
various mixing ratios 5BA and 6BA. DSCn(T) fits to the experimental traces (the
traces and fits were shifted vertically for clarity), b) XRD patterns of (5BA)3(6BA)1 in
comparison to single 5BA and 6BA gelators and binary (5BA)1(6BA)1 which has two
distinct melting peaks and shows split first order reflections (curves were
normalized to the highest intensity), the insets magnify high-angle (20°-25° (26))

and low-angle (0°-10° (26)) regions.
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Although 5BA10BA has a larger difference in the spacer length than 5BA6BA, its DSC
thermogram shows a similar trend to 5BA6BA (Figure S6.3a): all binary compositions
show two distinct melting peaks. The presence of two completely distinct peak is
less obvious for (5BA)3(10BA)1 due to two peaks which are mostly overlapping. The
first reflection of (5BA)3(10BA)1is at 1.64 ° (26), at the same position as the 001
reflection of single 5BA, and the second reflection has shifted to a lower angle (1.86 °
(26)) than the 001 reflection of 10BA at 1.90 ° (26). These two reflections are at the
exact angles as the two reflections of (5BA)1(10BA)1, where two distinct melting
peaks are observed in Figure S6.3a. Similar to (5BA)3(6BA)1, phase separation occurs
for (5BA)3(10BA):.

6.3.2 Phase diagram

To gain more insights on how the addition of the second nBA affects the Tm? of the
parent nBA, the phase diagrams of all nBA gelators (temperature vs. composition)
are constructed and shown in Figure 6.5a-f. The Tm® of all phases at different
compositions were obtained from the fitting of DSCn(T) to their DSC experimental
traces.

6.3.2.1 Odd-odd binary gelators

The phase diagram of 5BA7BA (Figure 6.5a) shows that 5BA and 7BA form a
compound, (5BA)1(7BA)1 with nearly the same Tm® as the single gelators (Table $6.1).
The compound formation of 5BA and 7BA with the same parity and close spacer
length can be due to their similar crystal structure 3. A closer look into the phase
diagram of 5BA7BA shows that (5BA)1(7BA)1 forms eutectic mixtures with single 5BA
and single 7BA, respectively, at around 12.5% and 87.5% of 7BA in 5BA.

As shown in Figure 6.5b, 5BA and 9BA gelators form a single phase at the 1:1 ratio,
(5BA)1(9BA)1 which shows lower Tm? at 127.0 °C compared to single 5BA and 9BA
(Table S6.2).

6.3.2.2 Even-even binary gelators

The phase diagram of even-even binary systems (Figure 6.5c,d) follows the same
trend as odd-odd gelators (Figure 6.5a,b): 6BA and 8BA form the compound
(6BA)1(8BA)1 with very close melting point to the single 8BA gelators (Table S6.3).
Similarly, (6BA)1(8BA)1 forms eutectic mixtures with 6BA and 8BA respectively at
approximately 12.5% and 87.5% of 8BA in 6BA.
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6BA and 10BA gelators mostly phase separate at 1:1 (6BA)1(10BA)1, melting at
138.7 °C, lower than single 6BA and 10BA (Table S6.4).

6.3.2.3 Odd-even binary gelators

Mixtures of 5BA with 6BA at the non-equimolar ratio of 3:1 show a dramatically
lower melting temperature than single 5BA and 6BA gelators. The same trend is seen
for (5BA)3(10BA):1 however with the presence of two different phases. The phase
diagrams of these odd-even binary systems (Figure 6.5e,f) suggest that these two
compositions still form eutectic mixtures.
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Figure 6.5 Temperature-composition phase diagrams of binary BAs constructed
from Tm® obtained from the fitting of DSCn(T) to the experimental traces of single
nBA gelators and their binary blends at different compositions (the blue and red
curves are the Tn® of the first and second phases respectively): a) 5BA7BA, b)
5BA9BA, c) 6BA8BA, d) 6BA10BA, e) 5BA6BA, and f) 5BA10BA showing compound
formation for 5BA7BA and 6BA8SBA and mixtures with lower Tm® for (5BA)1(9BA):
and (6BA)1(10BA):.

An overview of the phase behavior in binary bisamides in the solid state has been

given in Table 6.2.
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Table 6.2 Molecular assembly behavior for binary bisamide gelators in the solid
state, X represents the unstudied mixtures.

gelators | 5BA 6BA 7BA 8BA 9BA 10BA
5BA X phase compound X compound phase
separation separation
6BA - X X compound X mostly phase
separation
7BA - X X X X
8BA X - X X X X
9BA - X X X X X
10BA - - X X X X

6.3.3 Binary bisamides in the gel state

To assess the gelation behavior of the binary compounds and mixtures compared to
their single gelators, their gels were produced. To compare the characteristics of the
binary gels with their single nBA gels from chapter 4 3, all gels were prepared at 20
(wt %) concentration of the binary BAs under the same condition as single nBA gels
(20 wt %). The gels made of binary gelators are called binary gels for simplicity. As
assessed by the tube inversion test, all binary gels resisted flow by gravity except
(5BA)1(9BA)1 (Figure 6.6).

|(SBA)1(7BA)1 (5BA),(9BA), (6BA),(8BA),  (6BA),(10BA),  (5BA),(6BA);  (5BA)4(10BA), |

Figure 6.6 Binary gels (20 wt%) prepare from the mixtures and compound binary
gelators.

To understand the assembly behavior of binary gelator molecules in the gel state,
whether they mix (co-assemble) or phase separate (self-sort), the phase behavior
and morphology of the binary gels were compared with their single nBA gels. The
DSC thermograms of all nBA single gels and the underlying thermodynamics of their
melting-dissolution transition were fully discussed in chapter 4 %,

6.3.3.1 Odd binary gels

The DSC thermogram of (5BA)1(7BA)1 gel (Figure 6.7a) shows a main melting-
dissolution transitions with a minor residual transition on top where the Tm%is 10 °C

190



lower than the T of single 5BA gel and single 7BA gel (Table S6.7). To understand
whether 5BA and 7BA molecules in (5BA)1(7BA)1 compound have co-assembled or
self-sorted in the gel state, the XRD pattern of (5BA)1(7BA)1 gel was compared with
the respective single gels, as shown in Figure 6.7b. Similar to the low-angle XRD
pattern of 5BA gel, the first-order reflection of (5BA)1(7BA):1 gel shows a clear
splitting, where the first peak is at 1.52° (26), between the first-order reflection of
7BA gel and of 5BA gel, and the second peak is at 1.97° (26). Together with the fact
that no further splitting is observed in any of the higher-order reflections, as seen
for 5BA gel, these observations indicate the tendency of these molecules for co-
assembly. The microstructure of (5BA)1(7BA)1 gel in the SEM images (Figure 6.7d)
displays common morphological features that this binary gel shares with single 5BA
and 7BA gels 3% similar to single 5BA and 7BA gels, almost entirely a single
morphology of spheres consisting of woven fibers are observed for (5BA)1(7BA)1 gel,
however with much thinner fibers, which suggests the co-assembly of 5BA and 7BA
molecules in the gel state. Co-assembly in the (5BA)1(7BA): gel state was observed
in the solid state where molecules formed the (5BA)1(7BA)1 compound. A small
fraction of coarser fibers explains the minor DSC peak which is assigned to the small
deviation from the stoichiometric ratio.
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Figure 6.7 Phase behavior of 5BA, 7BA, and (5BA)1(7BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns of single and binary 5BA7BA gels (curves were normalized to the
highest intensity), SEM images of gels (20 wt%): c) single 5BA, d) (5BA)1(7BA)1, and
e) single 7BA at 1000x magnification.

The melting-dissolution of (5BA)1(9BA):1 gel occurs as a single phase transition
(Figure S6.4a). Compared to single 5BA and 9BA gels, the melting-dissolution
temperature of (5BA)1(9BA):1 gel shifts towards the lower temperature at 103.0 °C
(Table S6.8). As Figure S6.4b shows, none of the characteristic reflections in the low-
angle XRD pattern of (5BA)1(9BA)1 gel shows splitting. Moreover, the first-order
reflection of (5BA)1(9BA)1 gel appears at 1.40° (26) which is at the lower angle than
that of 5BA gel (1.47° (26)) and 9BA gel (1.58° (26)). In a reasonable agreement with
molecular arrangement in the solid state, 5BA and 9BA molecules in Figure S6.4d
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have co-assembled into a woven fibrous structure in the (5BA)1(9BA)1gel with a new
distinct morphology from single 5BA gel and 9BA gel (Figure S6.4c,e) 3.

6.3.3.2 Even binary gels

The melting-dissolution transition of the even-even binary gels from (6BA)1(8BA)1
and (6BA)1(10BA)1 are shifted towards lower temperatures compared to their single
parent gels (Table $6.9 and S6.10). The low-angle XRD pattern (Figure 6.8b) shows
that the first-order reflection of (6BA)1(8BA): gel shifted to 1.91° (26) which is
significantly lower than 6BA gel (2.07° (26)) and 8BA gels (2.01° (26)).

Similarly for (6BA)1(10BA): (Figure S6.5b), the first-order reflection shifted to the
lower angle at 1.86° (26) compared to that of 6BA gel at 2.07° (26) and that of 10BA
gel at 1.91° (26). However, a small wedge is observed at 1.99° (26) which can refer
to a partial phase-separation. Even-even gelator molecules co-assemble to form
sheets in the (6BA)1(8BA)1and (6BA)1(10BA):1 gels (Figure 6.8d and S6.5d) which is in
line with the single melting-dissolution transition and the single first-order XRD
reflection for (6BA)1(8BA):1 and (6BA)1(10BA): gels at different angles than their
respective parent gels. However, the sheet-like structure of (6BA)1(8BA)1is uniform
than (6BA)1(10BA):1 where a mixture of sheets with higher size distribution is
observed. Investigating the molecular arrangement of single even gelators in
chapter 3 has shown that the even gelator molecules are tilted at an angle with
respect to the layer normal 38 and assemble into sheets in the gel state (Figure 6.8¢c,e
and $6.5¢,e) *°. The shift towards the lower angles in the first-order reflection in the
XRD pattern of binary gels with respect to that of single parent gels indicates the tilt
is changing.

193



(a) 6

= 6BA gel —— DSCy(T) fit
5| memm (6BA);(8BA); gel —— DSCy(T) fit

== 8BA gel —— DSCy(T) fit
4.

P

L
]

Heat Flow (a.u.)

e/

f

SEl 8kV WD10mmSS40 x1,000  10pm —

0 T v -
25 35 45 55 65 75 85 95 105 115 125
Temperature(°C)

(b)3500
- 6BA gel
3000 - (6BA)1(8BA), gel
—— 8BA gel
2500 SEI 8KV WD10mmSS50
3 =
8 2000 m (ﬁ \
- /
: NEF
E, 1500 7 |
=

1000

500

SEI 8KV WD10mmSS40 X1,000  10pm  s—

Figure 6.8 Phase behavior of 6BA, 8BA, and (6BA)1(8BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns (curves were normalized to the highest intensity). SEM images
of gels (20 wt%): c) single 6BA, d) (6BA)1(8BA)1 gel, and e) single 8BA gel at 1000x
maghnification.

6.3.3.3 Odd-even binary gels

The binary gel from (5BA)3(6BA)1 mixture shows a double melting-dissolution peak
in the DSC thermogram in Figure 6.9a. Both peaks shifted to lower temperatures
compared to the single peak of 5BA and 6BA gels (Table S6.11). The presence of two
phases, likewise odd-odd and even-even binary gels, is evident from the split first-
order and higher order reflections of (5BA)3(6BA)1 gel in their low-angle XRD
patterns (Figure 6.9b). It is controversial to deduce a full self-sorting of 5BA and 6BA
molecules in the binary gel because on the one hand the first-order reflection of 5BA
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gel is already split as discussed earlier. On the other hand, the split reflections in the
XRD pattern of (5BA)3(6BA)1 gel do not identically correspond to the reflections of a
single 5BA gel or to those of a 6BA gel. Despite this, the SEM images of (5BA)3(6BA)1
gelin Figure 6.9d show that the microstructure is the combination of woven spheres
characteristic of a 5BA gel (Figure 6.9c) and sheets of a 6BA gel (Figure 6.9e).
Altogether, these observations indicate that in the gel state these molecules tend

to self-sort.
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Figure 6.9 Phase behavior of 5BA, 6BA, and (5BA)s3(6BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns (curves were normalized to the highest intensity). SEM images
of gels: (20 wt%) c) single 5BA, d) (5BA)1(6BA)1 gel, and e) single 6BA gel at 1000x
maghnification.

195




Comparable observations are made for (5BA)3(10BA)1 gel, having a similar ratio as
(5BA)3(10BA): gelator (Figure S6.6). However, the low-angle XRD pattern of
(5BA)3(10BA)1 gel is the linear superposition of the patterns of single 5BA gel and
10BA gel as seen in (Figure S6.6b). Therefore, the self-sorting of 5BA and 10BA
molecules in the (5BA)3(10BA): gel is more obvious than 5BA and 6BA in
(5BA)3(6BA)1. This is probably due to the larger difference in their spacer length
impeding their co-assembly via slightly intermixing. The assembly pattern of BA
gelators in the gel state is summarized in Table 6.3.

Table 6.3 Assembly behavior of molecules in binary bisamides in the gel state, X
represents the unstudied mixtures.

gels | 5BA 6BA 7BA 8BA 9BA 10BA
5BA X self- co- X co- self-sorting
sorting assembly assembly | (sheet-fiber)
(sheet- (thin (woven
fiber) fiber) fibers)
6BA co- partial self-
- X X assembly X sorting
(sheet) (mixture of
sheets)
7BA - X X X X X
8BA X - X X X X
9BA - X X X X X
10BA - - X X X X

6.3.4 Rheological properties

To understand how the assembly behavior of molecules in the binary gels affects
the rheological properties, the rheological properties of the binary gels are
compared to those of their single parent gels which were measured under the same
condition . For a more objective comparison, all gels were measured at the same
concentration of 20 w%, and the storage modulus (G’) of binary gels were compared
with G’ of their parent nBA gels (20 w%) at a constant frequency (w=10 rad-s?, which
is in the linear viscoelastic region of all these gels at this concentration).

As shown in Figure 6.10a, the value of G’ for all binary gels is lower than their
respective single parent gels except for (6BA)1(10BA)1 where G’ is approximately the
average storage modulus of single 6BA and 10BA gels. Increasing the difference in
the spacer length of the nBA components in both odd-odd (Figure 6.10a,b) and
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even-even (Figure 6.10c,d) binary gels has caused a more dramatic drop in the G’ of
binary gels.
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Figure 6.10 Storage modulus (G’) of binary gels (20 wt%) compared to their single
parent gels (20 wt%) showing how the mechanical properties can be tailored by the
addition of the second bisamide to the parent bisamide gelator: a, b) odd-odd gels,
¢, d) even-even gels, e, and f) odd-even gels.

Co-assembly of even nBA molecules into sheets in even-even binary gels has
endowed higher G’ to their gels than the co-assembly of odd molecules into fibrous
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structures in odd-odd binary gels. The (5BA)1(9BA)1 gel has the lowest G’ among all
binary gels which is in line with the table-top inversion test (Table 6.4). The self-
sorted gels with both sheets and woven spheres in their morphologies (Figure 6.9d
and Figure S6.6d) generally display a lower G’ than the co-assembled gels (except
for the (5BA)1(9BA)1 gel). Increasing the difference between the spacer length of the
even-even BAs has decreased the G’ dramatically, which can be due to the presence
of self-sorted 10BA molecules into sheets, which have shown the lowest G’ among
all single nBA gels *°.

Table 6.4 The effect of assembly behavior in binary gels (20 wt%) on their storage
moduli (G') @I,

gels 5BA 6BA 7BA 8BA 9BA 10BA
SBA | 6.56+0.21/- | 5.22+0.04/- | 5.63+0.01/- X 4.63+0.02/- | 5.04+0.04/-
0.08 0.05 0.01 0.02 0.04
woven sheet-fiber thin fibers woven fibers sheet-fiber
fibers and
spherical
structures
6BA - 6.30+0.02/- X 6.32+0.44/- X 5.78+0.00/-
0.02 0.02 0.00
sheet sheet mixture of
sheets
7BA - X 6.1+0.11/- X X X
0.16
woven
fibers
8BA X - X 5.95+0.08/- X X
0.37
sheet
9BA - X X X 5.82+0.00 X
woven fibers
10BA - - X X X 5.51+0.15/-
0.14
sheet

[a] All samples were measured at the certain frequency (w=10 rad-s?), X represents
the unstudied mixtures, the data for single gels are from chapter 4 °,

6.4 Conclusions

This study on model binary nBA gelators aimed to establish design rules for binary
mixture of gelators that govern the mixing or phase separation in the solid and gel
states, to investigate the effect of the phase behavior on the gel rheological
properties.
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From studying the arrangement of molecules in the solid state, the molecular self-
recognition in binary bisamides with the same parity and close spacer lengths is not
strong which results in the formation of compounds ((5BA)1(7BA)1and (6BA)1(8BA)1)
with a close crystal structure and melting points to their single parent gelators. A
larger difference in the spacer length leads to the partial phase-separation of these
molecules in (6BA)1(10BA)1. Although 5BA and 9BA are also four spacer lengths apart,
these molecules still tend to mix in (5BA)1(9BA)1 which could be due to their
unpaired hydrogen bonding pattern which gives them more freedom compared to
(6BA)1(10BA)1. Different parities of BA molecules leads to the phase-separation of
these molecules in (5BA)3(6BA)1and (5BA)3(10BA):.

The gel architectures imply that in binary gels from binary compounds or (partially-
mixed) mixtures, molecules with the same parity co-assemble into fibers of the
woven spheres (odd-odd gels) and into sheets (even-even gels). In binary gels from
odd-even gelators, (5BA)3(6BA): and (5BA)3(10BA)1, the molecules self-sort to the
separate woven spheres from sheets.

Comparing the supramolecular arrangement in the solid and gel states, the
assembly pattern of molecules in the solid and gel states is the same for all binary
bisamides; the solvent is indifferent to the interaction with the molecules and does
not change their assembly patterns.

Studying the rheological properties in correlation with morphological characteristics,
all binary gels have lower G’ compared to their single parent gels except
(6BA)1(10BA)1, where the G’ is nearly the average G’ of single 6BA and single 10BA
gels. The decrease in the G’ of binary gels is more dramatic when the parity of the
gelators is different or the difference in the spacer length increases. The rheological
properties of the binary gels depend on the morphology of their gels, which can be
primarily controlled using the odd-even symmetry of the molecules, where binary
compounds or mixtures can lead to a variety of assembly behavior: from co-
assembly of even-even molecules into more homogeneous sheets to the co-
assembly of odd-odd molecules into fibers in the woven spheres with less uniformity
and ultimately the self-sorting of odd and even molecules into separate primary
structures of spheres and sheets, which results in the least elastic gel behavior. In
fact, although odd-odd molecules also show co-assembly, the microstructures of
their gels are the combination of woven spheres which apparently shows less
entanglement than even-even sheets, and consequently lower storage modulus G'.
It is in a reasonable agreement with the table-top inversion test where all binary
gels (20 wt%) from mixtures and compounds could form stable gels with more flow
resistance than the (5BA)1(9BA):1 gel (20 wt%).
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6.6 Supplementary Information

Here, the phase behavior of binary gelators and gels and more analytical data from
fitting of DSCn(T) model to the second heating traces of single and binary systems
are provided.

Table S6.1 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of molecularly mixed binary 5BA7BA at different ratios [,

binary 5BA (5BA)1(7BA); | (5BA)1(7BA)s | (SBA)i(7BA)1 | (5BA)3(7BA)1 | (5BA):(7BA)y 7BA

S5BA7BA
First peak

AH: (J.g?) 25.20+0.16 11.88+0.10 28.62+0.04 26.04+0.08

Tma® (°C) Single peak 124.60+0.05 125.09+0.06 Single peak 125.0210.01 123.32+0.03 Single peak

a1 (K'l) 0.19+0.00 0.64+0.05 0.59+0.01 0.17+0.00

B (K?) 0.88+0.13 0.54+0.08 0.52+0.01 0.41%0.02

ACpm1 NA
(W.gk?)

Second peak

AH (1.g7) 126.18+0.04 | 104.52¢0.23 | 116.64:0.29 | 131.82¢0.12 | 120.96:0.09 | 82.9840.13 | 140.88+0.09
Tm2” (°C) 135.49+0.00 | 133.31#0.00 | 131.49:0.01 | 135.94%0.00 | 131.41#0.00 | 133.25:0.00 | 135.97+0.00
a2 (KY) 0.39+0.00 0.3940.01 0.1940.00 0.59+0.00 0.18+0.00 0.30£0.00 0.52+0.00
B2 (K?) 3.01£0.04 1.84+0.04 2.4740.09 1.41#0.01 1.8840.02 1.7640.02 1.50£0.03
ACpm, -0.44+0.01 NA -0.62+0.02 NA -0.400.01
(W.g*K?)
B(W.g?) 1.12+0.00 0.45£0.00 0.1840.05 1.31#0.40 0.43£0.00 0.38+0.00 1.04£0.01
c 0.00+0.00 -0.27+0.01 -0.01£0.00 -0.010.00 -0.13+0.03 -0.68+0.02 0.00+0.00
(mw.g.K™")
D 0.00£0.00 0.00£0.00 0.120.03 0.12+0.03 0.00£0.00 0.00£0.00 0.00£0.00
(mw.g™.K?)
R? 0.99 0.99 0.99 0.99 0.9 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (5BA)1(7BA)1, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACy,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary
systems.
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Table S6.2 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 6mg of molecularly mixed binary 5BA9BA at different ratios .

binary 5BA (5BA)1(9BA); | (5BA)1(9BA)s | (5BA)i(9BA): | (5BA)3(9BA): | (5BA)7(9BA): 9BA
S5BA9BA
First peak
AH: (J.g7) 18.06+0.09 39.78+0.03 59.52+0.17 3.35+0.15
Tm,2° (°C) Single peak 124.08+3.17 | 125.94%0.01 Single peak 125.23+0.01 122.55+7.80 single peak
az (K?) 9.66+300.42 0.74+0.01 0.27+0.00 8.3+0.80
B (K?) 0.27+0.09 1.12+0.02 2.41+0.16 0.15+0.08
ACpm1 NA
(W.gk?)
Second peak
AH().g™) 126.18+0.04 189.06+0.13 138.78+0.08 150.12+0.14 49.26+0.83 184.44+0.18 149.21+0.08
Tm2" (°C) 135.49+0.00 132.47+0.00 130.33+0.00 126.54+0.00 131.31+0.02 133.44+0.01 132.50+0.00
a2 (K?) 0.39+0.00 0.21+0.00 0.17+0.00 0.44+0.00 0.41+0.05 0.14+0.00 0.52+0.00
B2(K?) 3.01+0.04 3.91+0.07 3.46+0.06 2.02+0.04 1.8040.10 2.46%0.07 2.68+0.05
ACp,m,2 -0.44£0.01 NA 0.00+0.04 NA -0.35+0.01
(W.gt.K?)
B(W.g?) 1.12+0.00 0.45+0.00 0.44+0.00 0.46+0.26 0.45+0.00 0.44+0.00 1.07+0.01
C 0.00+0.00 -0.37+0.01 -0.43+0.02 1.3240.08 0.02+0.06 -0.41+0.00 0.00+0.00
(mw.g".K*")
D 0.00+0.00 0.01+0.00 0.01+0.00 0.02+0.00 0.01+0.00 0.01+0.00 0.00+0.00
(mW.g*.K?)
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (5BA)1(9BA)i, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary
systems.
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Table S6.3 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 6mg of molecularly mixed binary 6BA8BA at different ratios®.

binary 6BA (6BA)1(8BA); | (6BA)1(8BA)s | (6BA)i(8BA): | (6BA)3(8BA)1 | (6BA);(8BA). 8BA

6BA8SBA
First peak

AH; (J.g7) 36.96+1.05 34.02+0.09 49.38+0.05 32.46+0.07
Tma1° (°C) Single peak 135.68+0.06 136.18+0.02 Single peak 137.04+0.01 136.20+0.02 Single peak

a (K) 0.09+0.01 0.50+0.01 0.59+0.01 0.28+0.00

B1(K?) 0.71+0.12 0.84+0.05 0.88+0.02 1.28+0.07

ACpm,1 NA
(w.gtk?)

Second peak

DH; 168.66:0.07 | 142.26+1.14 | 149.04+0.29 | 162.30¢1.91 | 127.02#0.11 | 120.66£0.18 | 155.12:0.12
(.87
T2’ (°C) 147.46:0.00 | 142.090.01 | 140.090.01 | 143.51#0.00 | 142.42+0.00 | 14524+0.00 | 143.53:0.00
oz (K7 0.63+0.00 0.23:0.01 0.15£0.00 0.30£0.02 0.18£0.00 0.36:0.00 0.3120.00
B2 (K?) 1.19£0.02 1.24+0.02 1.77+0.05 1.6720.04 1.610.03 1.1420.02 1.69£0.04
ACpmg2 -0.2840.01 NA 0.27£0.52 NA -0.28£0.01
(w.gk?)
B 1.120.01 0.420.00 0.440.00 0.38£0.00 0.44:0.00 0.43:0.00 0.94:0.01
(w.g?)
c 0.00£0.00 -0.29£0.06 -0.25£0.05 -0.26£0.09 0.03£0.04 0.3120.05 0.00£0.00
(mw.g™m.K")
) 0.00£0.00 0.01£0.00 0.01£0.00 0.01£0.00 0.01£0.00 0.01+0.00 0.00£0.00
(mw.g™.K?)
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (6BA)1(8BA)1, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary
systems.
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Table S6.4 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 6mg of molecularly mixed binary 6BA10BA at different ratios!®.

binary 6BA (6BA)1(10B (6BA)1(10BA) | (6BA)1(10BA) | (6BA)3(10BA) (6BA);(10BA): 10BA
6BA10BA A); 3 1 1
First peak
AH, 34.5610.13 49.3240.03 125.16+0.07 58.5610.04 31.7410.04
0g)
Tma® (°C) Single 135.2640.0 135.74+0.00 136.35£0.00 135.22+0.00 134.26+0.01 Single
peak 1 peak
a (K) 1.210.00 0.84+0.00 0.73+0.00 0.80£0.01 0.41£0.00
B1 (K?) 1.85+0.15 1.81+0.02 1.21+0.01 1.64+0.02 3.240.15
ACpma NA
(W.gt.K?)
Second peak
AH, 168.6610. 148.3810.0 310.08+1.17 164.52+1.49 136.98+0.14 122.40£0.07 172.20+
(v.eh 07 1 0.06
Tm,2’ (°C) 147.4610. 138.89£0.0 138.02+0.00 138.71+0.01 143.33+0.00 145.40+0.00 142.11%
00 7 0.00
az (K?) 0.63+0.00 0.35£0.07 0.12+0.00 0.08+0.00 0.20£0.00 0.40£0.00 0.48+0.0
0
B2 (K?) 1.1940.02 2.22+0.04 3.45£0.02 1.50+0.06 2.620.05 2.21+0.03 1.40£0.0
2
ACy,m2 - NA -1.72+0.03 NA -
(w.gK?) 0.28+0.01 0.29%0.0
1
B(W.g?) 1.12+0.01 0.46£0.00 0.62+0.00 0.39:0.00 0.00£0.00 0.44£0.00 1.190.0
1
[« 0.00£0.00 0.38£5.08 1.63£0.02 -0.39£0.04 -0.14£0.05 0.29:0.05 0.010.0
(mw.g™.K?) 0
D 0.000.00 0.010.00 0.01+0.00 0.01+0.00 0.010.00 0.010.00 0.000.0
(mw.g.K?) 0
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (6BA)1(10BA)1, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary

systems.
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Table S6.5 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 6mg of molecularly mixed binary 5BA6BA at different ratios®.

binary 5BA (5BA)1(6BA); | (5BA)1(6BA)s | (5BA)i(6BA); | (5BA)3(6BA)1 | (5BA);(6BA)y 6BA
S5BA6BA
First peak
AH: (J.g7) 22.08+0.05 37.56+0.03 69.54+0.02 56.34+0.76
Tm,1° (°C) Single peak 130.49+0.03 130.59+0.00 | 131.49+0.00 Single peak 129.00£0.02 single peak
az (K?) 0.17+0.00 0.38+0.00 0.61+0.00 0.07+0.00
Bu (K?) 1.20+0.12 1.41+0.04 1.94+0.02 1.62+0.21
ACpma NA
(w.gtk?)
Second peak
AH; (J.g'l) 126.18+0.04 127.44+0.06 107.760.11 115.02+0.12 222.3+7.07 120.6+0.23 168.66+0.07
Tm2° (°C) 135.49+0.00 145.46+0.00 142.97+0.00 137.94+0.01 132.21+0.02 133.62+0.00 147.46+0.00
az(K") 0.39+0.00 0.36+0.00 0.27+0.00 0.09+0.00 0.07+0.00 0.30+0.00 0.63+0.00
B2(K?) 3.01+0.04 1.50+0.02 1.89+0.03 1.1140.02 2.43+0.28 2.65+0.04 1.19+0.02
ACp,m2 -0.44+0.01 NA -1.85+0.52 NA -0.28+0.01
(w.gk?)
B 1.1240.00 0.38+0.00 0.51+0.00 0.38+0.00 0.38+0.00 0.39+0.00 1.12+0.01
(w.g?)
C 0.00+0.00 -0.24+0.05 0.64+0.04 -0.45+0.03 -0.59+0.02 -0.54+0.04 0.00+0.00
(mw.g.K?)
D 0.00+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00 0.00+0.00
(mW.g*.K?)
R? 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (5BA)3(6BA)1, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary
systems.
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Table S6.6 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 6mg of molecularly mixed binary 5BA10BA at different ratios!®.

binary 5BA (5BA):(10BA), (5BA):(10BA); (5BA):(10BA), (5BA);(10BA), (5BA);(10BA), 10BA
5BA10BA
First peak
BH; ().g7) 22.62+0.00 33.36+0.05 76.38+0.03 62.28+0.14 18.12+0.06
Tma® (°C) Single peak 0.00£0.00 129.87+0.01 130.71+0.00 129.98+0.01 128.44+0.02 Single peak
a (K7) 0.000.00 0.85:0.02 0.64:0.00 0.60£0.00 1.21:0.08
B: (K?) 0.99 1.41+0.04 1.29+0.01 2.08+0.05 1.16+0.07
ACym1 NA
(W.g*K?)
Second peak
AH, (1.g7) 126.18+0.04 24.57+0.07 169.32£0.13 169.26£0.40 250.98+0.90 147.30£0.09 172.20#0.06
Tm2® (°C) 135.49+0.00 139.42+0.00 137.76£0.00 133.78£0.00 131.33+0.01 133.42+0.00 142.11#0.00
a(K?) 0.39:0.00 0.400.01 0.210.00 0.110.00 0.09£0.00 0.190.00 0.48:0.00
B2 (K?) 3.01:0.04 1.8740.01 2.87:0.04 1.1740.02 3.03:0.08 2.80+0.07 1.40£0.02
ACym2 -0.44£0.01 NA -2.61#0.05 NA -0.29+0.01
(W.g*K?)
B 1.1240.00 0.42:0.00 0.44:0.00 0.43+0.00 0.36£0.00 0.58:0.03 1.19:0.01
(w.g?)
c 0.000.00 -0.15£0.03 -0.11#0.04 -0.47£0.00 -0.46+0.02 -0.12£0.04 0.010.00
(mw.g*.K")
D 0.000.00 0.010.00 0.010.00 1.44+1.91 0.01+0.00 0.010.00 0.000.00
(mw.g*.K?)
R 0.99 0.99 0.99 0.99 0.99 0.99 0.99

[a] The samples (6 mg) were heated at 10 K.min! after calibration at the onset for
the given weight and rate, in the case of (5BA)3(10BA)i, only one fitting peak is
required due to the peak overlap (the error margins are from the nonlinear fitting),
ACp,m does not converge (Not available=NA) due to purely mathematical artefact, if
the peaks are sufficiently apart with sufficient baseline tail on each side, the
cumulative ACpm can be reliably determined via the DSCn(T) function for binary

systems.
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Figure S6.1 Phase behavior of 5BA9BA gelators: a) DSCn(T) fit to the second heating
DSC traces of 5BA9BA at different mixing ratios (the traces and fits were shifted
vertically for clarity), b) XRD patterns of (5BA)1(9BA)1 in comparison to single 5BA
and 9BA gelators (curves were normalized to the highest intensity), the insets
magnify high-angle (20°-25° (26)) and low-angle (0°-10° (26)) regions.
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Figure S6.2 Phase behavior of 6BA8BA gelators: a) the second heating traces for
various mixing ratios 6BA and 8BA. DSCn(T) fits to the experimental traces (the
traces and fits were shifted vertically for clarity), b) XRD patterns of (6BA)1(8BA)1 in
comparison to single 6BA and 8BA gelators (curves were normalized to the highest
intensity), the insets magnify high-angle (20°-25° (26)) and low-angle (0°-10° (26))
regions.
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Figure S6.3 Phase behavior of 5BA10BA gelators: a) the second heating traces for
various mixing ratios 5BA and 10BA. DSCn(T) fits to the experimental traces (the
traces and fits were shifted vertically for clarity), b) XRD patterns of (5BA)3(10BA):
in comparison to single 5BA and 10BA gelators and binary (5BA)1(10BA): which also
shows two DSC peaks and two distinct first-order reflections (curves were
normalized to the highest intensity), the insets magnify high-angle (20°-25° (26))
and low-angle (0°-10° (26)) regions.
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Figure $6.4 Phase behavior of 5BA, 9BA, and (5BA)1(9BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns of 5BA, 9BA, and (5BA)1(9BA)1 gels (curves were normalized to
the highest intensity). SEM images of gels (20 wt%) c) single 5BA, d) (5BA)1(9BA)1 gel,
e) single 9BA gel at 1000x magnification.
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Figure S6.5 Phase behavior of 6BA, 10BA, and (6BA)1(10BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns (curves were normalized to the highest intensity). SEM images
of gels (20 wt%) c) single 6BA, d) (6BA)1(10BA)1 gel, e) single 10BA gel at 1000x
maghnification.
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Figure S6.6 Phase behavior of 5BA, 10BA, and (5BA)3(10BA)1 gels (20 wt%): a) DSCn(T)
fits to the second heating traces (curves are shifted vertically for clarity), b)
diffraction patterns(curves were normalized to the highest intensity). SEM images
of gels (20 wt%) c) single 5BA, d) (5BA)1(10BA)1 gel, e) single 10BA gel at 1000x
maghnification.
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Table S6.7 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 5BA, 7BA, and (5BA)1(7BA)1gels (20 wt%)!.

5BA7BA gels 5BA gel (5BA)1(7BA)1 gel 7BA gel
AH: (J.g7Y) 93.36+0.01
Tm1° (°C) 92.51+0.01
az (K?) 0.00£0.00
B1 (K?) Single peak 1.4540.07 Single peak
ACpm,1
NA
(W.gt.K?)
AH2(J.gY) 36.12+0.01 59.64+0.02 53.16+0.01
Tm,2° (°C) 101.9610.01 95.96+0.00 103.63+0.00
az (K?) 0.15+0.00 0.15+0.00 0.14+0.00
B2 (K?) 0.3340.00 0.3440.00 0.5240.00
ACp,m,2 0.01+0.00 NA 0.03%0.00
(w.gl.K?)
B (W.g?) 0.54+0.00 5.05+1.74 0.3940.00
C (mw.glK?) -0.86+0.01 -1.92+0.03 -1.30+0.02
D (mW.g1.K?) 0.03%0.00 -0.01+0.00 0.0210.00
R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min™! after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting), ACp,m does not converge (Not available=NA)
due to purely mathematical artefact, if the peaks are sufficiently apart with
sufficient baseline tail on each side, the cumulative ACp,mcan be reliably determined
via the DSCn(T) function for binary systems.
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Table S6.8 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 5BA, 9BA, and (5BA)1(9BA)1gels (20 wt%)!.

5BA9BA gels 5BA gel (5BA)1(9BA): gel 9BA gel

AH: (J.gY) 36.12+0.01 37.56+0.00 64.08+0.00
Tm,1° (°C) 101.96+0.01 103.13+0.00 104.82+0.00

o (K1) 0.15%0.00 0.18+0.00 0.15%0.00

B1 (K?) 0.3310.00 0.19+0.00 0.44+0.00

ACp,m,1 (W.gtK?) 0.01+0.00 0.08+0.00 0.0410.00

B(W.g?) 0.54+0.00 0.20+0.00 1.59+0.00

C (mw.gt.K?) -0.86+0.01 -4.20+0.01 1.02+0.01

D (mW.g'.K?) 0.03+0.00 -0.01+0.00 0.05+£0.00

R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting).

Table S6.9 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 6BA, 8BA, and (6BA)1(8BA)1gels (20 wt%)!.

6BA8BA gels 6BA gel (6BA)1(8BA)1 gel 8BA gel

AH: (J.gY) 53.04+0.01 49.56%0.00 53.8810.01
Tm,1° (°C) 111.50+0.00 104.51+0.00 112.77+0.00

a1 (K1) 0.16+0.00 0.15+0.00 0.11+0.00

B1 (K?) 0.28+0.00 0.15+0.00 0.33+0.00

ACpm1(W.gtK?) 0.00+0.00 0.01+0.00 0.01+0.00

B (W.g?) 0.22+0.00 0.24+0.00 0.41+0.00

C (mw.gt.K?) -4.45+0.03 -4.49+0.01 -2.48+0.02

D (mW.g'.K?) 0.01+0.00 -0.01+0.00 0.01+£0.00

R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min™! after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting).
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Table S6.10 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 6BA, 10BA, and (6BA)1(10BA)1 gels (20 wt%)!.

6BA10BA gels 6BA gel (6BA)1(10BA): gel 10BA gel
AH: (J.gY) 53.04+0.01 59.16+0.00 47.88+0.01
Tm,1° (°C) 111.50+0.00 104.84+0.00 108.48+0.00

az (K1) 0.16+0.00 0.15+0.00 0.174£0.00

B1 (K?) 0.28+0.00 0.21+0.00 0.28+0.00

ACp,m,1 (W.gtK?) 0.00+0.00 0.02+0.00 0.00+0.00

B (W.g?) 0.22+0.00 0.29+0.00 0.46+0.00

C (mw.gt.K?) -4.45+0.03 -5.03+0.01 -2.79%0.02

D (mW.g'.K?) 0.01+0.00 -0.01+0.00 0.02+0.00

R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting).

Table S6.11 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 5BA, 6BA, and (5BA)3(6BA)1gels (20 wt%).

5BA6BA gels 5BA gel (5BA)3(6BA)1 gel 6BA gel
AH: (J.gY) 25.44+0.18
Tm,1° (°C) 83.30+0.03
a1 (K1) 0.0410.00
B1 (K?) Single peak 2.14+0.29 Single peak
ACp,m,1 (W.gtK?) NA
AH2(J.g?) 36.12+0.01 119.88+0.49 53.04+0.01
Tm,2? (°C) 101.96+0.01 96.34+0.01 111.50+0.00
oz (K?) 0.15+0.00 0.05+0.00 0.16+0.00
B2 (K?) 0.33+0.00 0.31+0.00 0.28+0.00
ACp,m,2 0.01+0.00 NA 0.00+£0.00
(W.gt.K?)
B (W.g?) 0.54+0.00 0.231#0.01 0.2240.00
C (mw.gt.K?) -0.86+0.01 -2.64+0.03 -4.45+0.03
D (mW.g'.K?) 0.03+0.00 -0.01+0.00 0.01+0.00
R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min™ after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting), AC,,m does not converge (Not available=NA)
due to purely mathematical artefact, if the peaks are sufficiently apart with
sufficient baseline tail on each side, the cumulative ACpmcan be reliably determined
via the DSCn(T) function for binary systems.
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Table $6.12 Fit parameters of DSCn(T) function fitted to the experimental DSC trace
of 8mg of 5BA, 10BA, and (5BA)3(10BA)1 gels (20 wt%)!.

5BA10BA gels 5BA gel (5BA)3(10BA)1 gel 10BA gel
AH: ().gY) 39.84+0.31
Tm,1° (°C) 83.91+0.03
az (K?) Single peak 0.03+0.00 Single peak
B1 (K?) 1.46£0.17
ACpma1 (W.gLK?) NA
AH: ().gY) 36.12+0.01 163.20+0.78 47.88+0.01
Tm,2? (°C) 101.96+0.01 97.39+0.01 108.48+0.00
oz (K?Y) 0.15%+0.00 0.05%+0.00 0.17+0.00
B2 (K?) 0.33+0.00 0.27+0.00 0.28+0.00
ACpm,2 (W.g1.K?) 0.01+0.00 NA 0.00+0.00
B (W.g?) 0.54+0.00 0.13+0.02 0.46+0.00
C (mw.gtK?) -0.86+0.01 1.81+0.05 -2.79+0.02
D (mW.gl.K?) 0.03+0.00 -0.01+0.00 0.02+0.00
R? 0.99 0.99 0.99

[a] The samples were heated at 5 K.min™! after calibration at the onset for the given
weight and rate, in the case of single gels only one fitting peak is required (the error
margins are from the nonlinear fitting), ACpm does not converge (Not available=NA)
due to purely mathematical artefact, if the peaks are sufficiently apart with
sufficient baseline tail on each side, the cumulative ACpmcan be reliably determined
via the DSCn(T) function for binary systems.
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Summary

All gels like the well-known jello have a liquid component, a solvent, and a solid
component, a gelator. Supramolecular gels form if gelator molecules in a minor
portion self-assemble into primary structures constructing a continuous three-
dimensional network which can permeate the major liquid portion. From the
discovery of the first generation of gelators by serendipity, different gelators have
been designed to produce diverse gels for different applications. In this research,
we aim at alternative approaches to tune the gel properties: via the addition of
another gelator to the main gelator system to create more freedom of formulation
to the original system. To achieve this goal, we blend a homologous series of
bisamide gelators, as model systems, to investigate their mixing behavior in the solid
and gel state and to assess the subsequent impact of their assembly on the final gel
properties.

The thesis starts with a brief overview of the field of molecular gelators and the
objectives of this research project in chapter 1 followed by the systematic study of
single and binary systems in different steps, which are explained in the subsequent
chapters.

In chapter 2, we present a relevant part of our tutorial review on different
mechanisms of molecular assembly and supramolecular gel formation: this chapter
focuses primarily on how supramolecular gels form via crystallization which is the
dominant mechanism of microphase separation in bisamide gelator systems.

Chapter 3 describes a systematic study on the structure-property relationships of a
homologous series of bisamide gelators (nBAs) with (CHz)n spacer between two
amide groups, where n varies from 5 to 10, and with two symmetric C17 alkyl tails.
With increasing the spacer length, the thermal properties of the gelators obtained
from analytical model DSCn(T) — namely the melting transition, enthalpy of fusion,
and the change in heat capacity — show a clear odd-even effect.

The gelation behavior of the nBA gelators in xylene is studied in chapter 4. It was
found that the melting temperature (Tm®) of nBA gels are about 35 °C lower than Tm°
of the pure nBA gelators. These melting temperatures (Tm°) in both solid and gel
states are obtained from fitting our DSCn(T) model to the experimental DSC data.
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Application of the FHM model, combining theories of Flory-Huggins (FH) and Gibbs
free energy of melting (M), explains how this depression in Tn? is attributed to an
increase in entropy upon melting of the gel due to mixing with the solvent.

In chapter 5, we explain how the DSCn(T) model was developed to quantitatively
analyse differential scanning calorimetry (DSC) experimental data. The model was
validated by fitting the DSCn(T) function to the DSC thermogram of different single
and multi-component systems. The success of the model and the quality of the fit
were evaluated by comparing the obtained transition temperatures and enthalpy
with the values from the literature. This model was used throughout this research
to reliably analyse the phase behavior of bisamide molecules in the solid state
(chapter 3), gel state (chapter 4), and binary systems in the solid and gel state
(chapter 6).

Striving for the development of design rules to control the supramolecular assembly
pattern in the solid and gel state of multi-component nBA systems, in chapter 6, we
blend odd and even nBA gelators with different parities and spacer lengths at
different ratios to produce binary mixtures of these gelators. Ultimately, to
understand the role of matching or non-matching hydrogen bonds as design tools,
the effect of supramolecular assembly patterns on the gelation and the gel
rheological properties was studied.

In conclusion, it was found that the assembly behavior of binary mixtures of
bisamide gelators is similar to their gels: the self-recognition of nBA gelators
depends on the compatibility of the spacer length parity: binary mixtures of gelators
with different parities gave complete phase separation in the solid state, and self-
sorted gels consisting of discrete fibers and sheets in the gels of (5BA)3(6BA): and
(5BA)3(10BA);.

The rheological properties of binary gels can be controlled by tuning their
morphological characteristics: the storage modulus G' of all binary gels is lower than
their single parent gels, except (6BA)1(10BA)1 gel whose G' is nearly the average G'
of single 6BA and 10BA gels. Different parities of the gelators or larger difference in
the spacer lengths decreases G' of binary gels more dramatically.
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Samenvatting

Alle gels, zoals de bekende jello, hebben een vloeibaar bestanddeel, een
oplosmiddel, en een vast bestanddeel, een gelator. Supramoleculaire gels ontstaan
als een kleine fractie gelatormoleculen zichzelf assembleren tot primaire structuren
die een continu driedimensionaal netwerk vormen dat de grote meerderheid aan
vloeistof kan samenbinden. Sinds de ontdekking — bij toeval — van de eerste
generatie gelatoren zijn er verschillende gelatoren ontworpen om diverse gels voor
verschillende toepassingen te produceren. In dit onderzoek richten we ons op
alternatieve benaderingen om de gel eigenschappen te beheersen: via de
toevoeging van een andere gelator aan het gelatorsysteem om een vrijere
formulering te creéren dan in het originele systeem. Om dit doel te bereiken,
mengen we een homologe reeks bisamide gelatoren, als modelsystemen, om hun
menggedrag in vaste en in de gel vorm te onderzoeken en om het effect van hun
assemblage patronen op de uiteindelijke geleigenschappen te beoordelen.

Dit proefschrift begint met een kort overzicht van het onderzoeksgebied van de
moleculaire gelatoren en de doelstelling van dit onderzoeksproject in hoofdstuk 1
gevolgd door de systematische studie van enkelvoudige en binaire systemen in
verschillende stappen die in de volgende hoofdstukken worden uitgelegd. In
hoofdstuk 2 presenteren we een relevant deel van ons overzicht van verschillende
mechanismen van moleculaire assemblage en supramoleculaire gelvorming: dit
hoofdstuk richt zich met name op hoe supramoleculaire gels zich vormen via
kristallisatie, het dominante mechanisme van microfasenscheiding in bisamide
systemen. Hoofdstuk 3 beschrijft een systematisch onderzoek naar de structuur-
eigenschap relaties van een homologe serie bisamide gelatoren (nBA's) met een
(CH2)n-verbindingsketen tussen twee amidegroepen, waarbij n varieert van 5 tot 10,
en met twee eindstandige C17-alkylketens. Met toenemende lengte van de
verbindingsketen vertonen de thermische eigenschappen van de gelatoren,
verkregen uit het analytische model DSCn(T) — namelijk het smeltpunt, de
smeltwarmte en de verandering in warmtecapaciteit — een duidelijk even-oneven
effect. Het geleergedrag van de nBA-gelatoren in xyleen is bestudeerd in
hoofdstuk 4. Het bleek dat de smelttemperatuur (Tm®) van nBA gels ongeveer 35 °C
lager ligt dan Tm® van de pure nBA-gelatoren. De smelttemperaturen (Tm°) in zowel
vaste als geltoestanden zijn verkregen door de experimentele DSC data te
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beschrijven met ons DSCn(T) model. Het FHM-model, een combinatie van de
theorieén van Flory-Huggins (FH) en de Gibbs vrije energie van smelten (M),
verklaart hoe deze verlaging van Tm® wordt toegeschreven aan een toename van de
entropie bij het smelten van de gel als gevolg van vermenging met het oplosmiddel.

In hoofdstuk 5 leggen we uit hoe het DSCn(T)-model is ontwikkeld om
experimentele gegevens van differentiéle scanning calorimetrie (DSC) kwantitatief
te analyseren. Het model werd gevalideerd door de DSCn(T)-functie toe te passen
op het DSC-thermogram van verschillende enkele en meer-componentensystemen.
Het succes van het model en de kwaliteit van de beschrijving van de experimentele
data werden geévalueerd door de verkregen overgangstemperaturen en
smeltwarmtes te vergelijken met de waarden uit de literatuur. Dit model werd
gedurende dit onderzoek gebruikt om het fasegedrag van bisamidemoleculen in de
vaste toestand (hoofdstuk 3), de gel toestand (hoofdstuk 4) en binaire systemen in
vaste en gel toestand (hoofdstuk 6) op betrouwbare wijze te analyseren.

In het streven naar de ontwikkeling van ontwerpregels om het supramoleculaire
assemblagepatroon in de vaste en geltoestand van multi-component nBA-systemen
te beheersen, mengen we in hoofdstuk 6 oneven en even nBA-gelatoren met
verschillende pariteit en lengtes van de verbindingsketen in verschillende
verhoudingen met elkaar om binaire mengsels van deze gelatoren te produceren.
Uiteindelijk werd het effect van supramoleculaire assemblagepatronen op de
gelvorming en de reologische eigenschappen van de gel bestudeerd om de rol van
overeenkomende of niet-overeenkomende waterstofbruggen als
ontwerpgereedschap te begrijpen.

Concluderend bleek dat het assemblagegedrag van binaire mengsels van bisamide-
gelatoren vergelijkbaar is met hun gels: De zelfherkenning van nBA-gelatoren hangt
af van de compatibiliteit van de pariteit van de verbindingsketen: binaire mengsels
van gelatoren met verschillende pariteit gaven volledige fasescheiding in de vaste
toestand, en zelfgesorteerde gels bestaande uit discrete vezels en vellen in de gels
van (5BA)3(6BA)1 en (5BA)3(10BA)1. De reologische eigenschappen van binaire gels
kunnen worden geregeld door hun morfologische eigenschappen af te stemmen: de
opslagmodulus G' van alle binaire gels is lager dan hun enkele moedergels, behalve
(6BA)1(10BA)1 gel waarvan de G' bijna gelijk is aan het gemiddelde G' van de
afzonderlijke 6BA- en 10BA-gels. Verschillende pariteit of een groter verschil in de
lengte van de verbindingsketen in de gelatoren geven een sterkere verlaging van de
G' van binaire gels.
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