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Introduction

1 Introduction

Scientific work performed in the course of this thesis is divided into three parts with individual goals
that are all related to the controlled self-assembly of supramolecular micro- and nanofibers. The
introduction of this thesis provides a brief overview of selected topics that will be essential to the
individual parts presented later. Each of these parts is concerned with the preparation of fibers with
diameters down to the nanometer range. So called “top-down” approaches that are commonly used
in industrial fiber production for the preparation of mostly polymer microfibers as well as nanofibers
will therefore be introduced briefly. Research carried out in the course of this thesis focuses on a very
different “bottom-up” approach and the preparation of supramolecular fibers with diameters in the
nanometer range. In this context, the field of supramolecular chemistry and the self-assembly of low
molecular weight compounds into nanostructures will be discussed. In particular, work presented in
chapter 3 focuses on the controlled preparation of supramolecular nanofibers from solution under
defined conditions. However, the parts presented in chapters 4 and 5 are mostly concerned with the
adaption of supramolecular nanofibers to potential real-life applications such as filtration of gases or
liquids. Principles of separation technology will also be discussed in the introduction with special

emphasis on the field of filtration.

1.1 Preparation of micro- and nanofibers

Many technologies affecting everyday life rely on the controlled preparation of micro- and nanofibers
with defined morphology such as filtration applications, protective clothing, or tissue engineering.*-®!
Much academic and industrial research focuses on the development of a variety of different fiber
preparation methods to obtain tailored fibers exhibiting the desired dimensions and morphology as

well as chemical and physical properties.l’#!

In principle, preparation methods of micro- and nanofibers can be divided into two conceptually
different approaches as shown in Figure 1.1. The first approach relies on so called “top-down”
processes. Here, polymers are transformed from the macroscale into fibers with diameters in the range
of micro- or nanometers by spinning and a mechanical deformation process. Common production
methods are based on spinning processes, whereas “spinning” refers to an extrusion process of a liquid
material (spinning dope) through a small spinneret to obtain continuous fibers. This spinning dope

typically consists of a polymer melt or solution. Among others, melt-blowing, centrifugal spinning and
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electrospinning are well-established examples of top-down processes to obtain micro- and/or

nanofibers.8!

In contrast, supramolecular chemistry provides a “bottom-up” approach for the preparation of fibers
with dimensions in the micro- and nanometer scale. Systems consisting of low molecular weight
compounds assemble into nano- or microfibers driven by the formation of non-covalent
intermolecular interactions, such as hydrogen bonding or m-it interactions.””! However, it has to be
mentioned that structures that can be obtained from such processes are not limited to the formation

of fibrillary structures, also two dimensional objects (sheets) are possible.

[ ] Maﬁ:ro /\

1mm

Fibers based on polymer materials ﬂ

Micro Fibers based on supramolecular building blocks

i

1pm

0

Nano

v 11n]m

Figure 1.1: Schematic representation of so-called “top-down” and “bottom-up” approaches for the
preparation of fibers with diameters ranging from the macro- to the nanoscale.

= Electrospinning

@  Meltblowing @ Supramolecular self-assembly

Top-down
Bottom-up

=B Centrifugal spinning

Electrospinning

One well-established top-down preparation method of polymer micro- and nanofibers is given by
electrospinning.>4%8 Therein, charged liquid materials are transformed into solid fibers with
diameters in the nanometer range. A schematic illustration of the basic experimental setup is displayed
in Figure 1.2. The spinning dope, which can either be a polymer melt or a solution, is filled into a syringe
equipped with a metal needle usually featuring an inner diameter of less than 1 mm. High voltage
needs to be applied between the needle of the syringe and a suitable collector, for example aluminum
foil. By applying pressure on the plunger of the syringe, the spinning dope is forced through the metal
needle and the spinning process starts. As the spinning dope leaves the needle, a so-called “jet” forms
that moves from the needle to the collector. Charges carried by the liquid material interact with the
generated electric field and result in a tensile force on the spinning jet. Thereby, the diameter of the

jet constantly decreases during the spinning process. In case of solution electrospinning, the solvent
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evaporates during the spinning process to yield a solid polymer fiber, while during melt electrospinning
cooling of the polymer results in solidification.!®® Electrospun nanofibers have been investigated in
different potential applications including tissue engineering,!*® heterogeneous catalysis***? or

filtration applications. 1314

ﬂ/ Pressure

Plunger Syringe
Needle Polymer solution or melt
Jet >
i 7 High voltage -
Collector =t _—

Figure 1.2: Schematic representation of the general electrospinning setup. A syringe is filled with the
spinning dope such as polymer melt or solution. High voltage is applied between the needle and the
collector. Upon applying pressure on the syringe, a spinning jet forms that moves from the tip of the
needle to the collector. (Figure is based on refl®)

However, in many cases the transfer from laboratory scale to large scale applications is limited due to
the low cost to yield efficiencies of the process.’®! For example, issues like interference between
neighboring jets were observed in upscaling.*! In solution electrospinning, one major drawback of the

process is the utilization of solvents, which are volatile organic compounds in most cases.?!
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Melt-blowing

The preparation of polymer micro- and nanofibers by melt-blowing is another example for one of the
most established processes.!>®1%171 Mostly used in the production of polymer fibers, melt-blowing is a
gas-assisted extrusion process of a low viscosity polymer melt. Figure 1.3 displays a schematic
representation of the general setup of a spinning die used in melt blowing that is typically used for
fiber production. After extrusion of the polymer melt through the spinning die, elongation of the
polymer is achieved by dragging forces on the melt by two air streams exhibiting high velocities of up
to 250 m/s.l”? Among others, the resulting fiber morphology obtained by this process is dependent on
many different parameters such as the feeding rate, viscosity of the polymer melt, extrusion
temperature as well as the velocity of the assisting air streams. Besides, the technical difficulties of the
melt-blowing process are in the number of different polymers that can be processed and mostly

polyolefines are industrially processed this way.

Supply of hot air @
\’4 g
%

!
Heated die l/

!

!

D,

—> —>—>

=
/V
/

il i

o

|
o
D
Figure 1.3: Schematic illustration of a melt-blowing spinning die. The polymer melt is fed into the
heated die under application of pressure. Once the polymer melt leaves the die, the melt deformation

is assisted by a continuous strong flow of hot air through two separate channels (red arrows). (Figure
is based on refl®l)

I
I

Due to the difficult control of the fiber diameters, a lot of research effort has been put on the design

of novel geometries of spinning dies and the spinning process for the preparation of fibers in the
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nanometer-range.®% polymer fibers produced by melt-blowing can be found in different applications

such as in filtration or for medical purposes.!’2%-22

Centrifugal spinning

The preparation method of centrifugal spinning is also based on an extrusion process of a polymer
melt or solution through a spinneret. This drawing process is additionally enhanced only by application
of centrifugal forces.®?3! Figure 1.4 schematically illustrates a typical experimental setup utilized for
the preparation of polymer fibers by centrifugal spinning. The liquid material for the spinning process
is fed continuously into the rotating reservoir from the top of the system. Upon rotation, the resulting
centripetal force drives the spinning dope out of the spinnerets, which are located at the sides of the
reservoir. The resulting fibers shown in red are then deposited on the collector in the periphery of the

system. A flexible foil ensures air-turbulences inside the setup during the spinning process.?

Polymer feed

Flexible foil \ .

Rotating
Polymer reservoir

Collector

Figure 1.4: Schematic representation of the general experimental setup of a centrifugal spinning
process. A rotating polymer reservoir is fed with the spinning dope from the top of the system. A
flexible foil ensures air turbulences during the process. Upon rotation, the liquid material is forced
through the spinnerets and fibers are deposited on the collector. (Figure is based on ref®)

Important parameters are temperature of the spinning dope, the geometrical dimensions of the

reservoir, the applied rotational speed and the distance between the spinneret and the collector.®
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Parameter studies of centrifugal spun fibers comprising polymers such as polyacrylonitrile,
polyvinylpyrrolidone or polyethylene oxide confirmed the accessibility of fibers with diameters in the

nanometer range.?42?!

In contrast to the three described top-down processes for the preparation of micro-and nanofibers,
this thesis is based on a different bottom-up approach utilizing controlled self-assembly of small
molecules. Therefore, a brief introduction of supramolecular chemistry and the corresponding
concepts are introduced in the following. Due to the fact that chapters 4 and 5 are additionally
concerned with the utilization of these supramolecular fibers for filtration applications, the principles

of separation technology, in particular filtration, are discussed in the course of this introduction.
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1.2 Supramolecular Chemistry

The field of supramolecular chemistry refers to the build-up of chemical systems that are mainly based
on non-covalent interactions between individual molecules. It is a fast growing scientific discipline,
often inspired by the chemistry of living biological systems such as enzyme catalysis.””! The field of
supramolecular chemistry encompasses a large variety of different systems, which are exemplarily
illustrated by the literature references.l??°! A |ot of scientific effort is put on the employment of
supramolecular chemistry in various research areas such as for example catalysis,3%32

photochemistry,33! gelation of organic solvents or water®* and electronics.?!

Interactions in supramolecular systems

Apart from the classic covalent bond, non-covalent interactions involve a variety of different effects
between individual molecules including hydrogen bonding, ion-ion, dipole-dipole, ion-dipole, cation-
T, anion-m, T-Tt interactions as well as van-der-Waals forces. However, these interactions differ
significantly in their binding energy. In many cases, combinations of two or more of these interactions
are present in supramolecular systems.”” To illustrate the diversity of supramolecular chemistry, one
example of supramolecular systems is briefly introduced for ion-dipole interactions as well as cation-

T interactions and hydrogen bonds.

lon-dipole interactions

One example for an ion-dipole interaction that was utilized to design a system that self-assembles into
linear chain-like structures involves host-guest interactions between a crown-ether and a
dialkylammonium-ion.® Figure 1.5 displays the molecular structure of the individual molecular
building block of this supramolecular system and a schematic representation of the resulting self-
assembly into linear chains. The building block has two functional units that allow for a defined ion-
dipole interaction between the individual molecules to yield an A-B-type monomer capable of forming
a linear supramolecular polymer. The benzo-21-crown-7 group (red) can coordinate to the
dialyklammonium-ion (blue) resulting in highly viscous solutions of chloroform indicating the self-

assembly. Concentration dependent *H-NMR analysis proofed the formation of linear chains.?®
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\ J
Y Chain-like self- Y

organization by
formation of ion-
dipole interactions

benzo-21-crown-7 dialkylammonium salt

Figure 1.5: Example of a supramolecular system that self-assembles via a host-guest coordination of a
dialkylammonium-ion by a crown-ether in solution. Top: Molecular structure of the individual building
blocks that self-assemble into large linear structures. The highlighted parts of the structure serve as
the host (red) and the guest (blue). Bottom: Schematic representation of four individual molecules that
self-organize by the ion-dipole interaction to a linear chain. (Figure is based on ref(®!)

It has been shown that solutions containing these supramolecular structures can be electrospun to
obtain fibers with diameters in the nanometer range. Further investigations focused on the formation
of shape-persistent gels of solutions containing the linear structures and additionally a metal-
crosslinker [PdCl,(PhCN),].B” These systems are responsive to different external stimuli such as
variations in temperature or pH-value. In addition to the presented example for ion-dipole interactions
in supramolecular chemistry, for example other systems have been reported featuring such
interactions.*8% |n contrast to classical polymers, these systems are fully based on non-covalent

interactions.

Cation-mt interactions

Supramolecular systems have been reported that utilize cation-nt interactions between individual
molecules. Such interactions are part of many different systems and are investigated for example as
artificial receptors and found in many biology systems." In analogy to the previously displayed system
in Figure 1.5, another linear self-assembly system yielding a supramolecular polymer based on non-
covalent interactions was achieved by cation-mt interactions. Figure 1.6 displays the molecular

structure of an A-B-type building block that exhibits two functional groups that allow for a controlled
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intermolecular host-guest coordination.“? Concentration dependent *H-NMR studies in chloroform
showed that the pillar[5]arene-unit (host) can incorporate the imidazole-unit (guest) resulting in high
viscosities of the corresponding solutions in chloroform. By pH-dependent viscosity measurements,

also pH-responsiveness was demonstrated.

Figure 1.6: Example of a multifunctional molecule that exhibits a charged imidazole-unit (guest) and a
pillar[5]arene-unit (host) consisting of 5 hydroquinone-derivatives linked via methylene units in para-
position. This supramolecular A-B-type monomer is capable of forming linear supramolecular
polymers. (Figure is based on ref!*?)

Hydrogen bonds

A very prominent example of supramolecular interactions is the formation of hydrogen bonds. These
interactions can be regarded as a special kind of dipole-dipole interaction, hydrogen bonds involve a
hydrogen-atom that is attracted to an electronegative atom such as oxygen or nitrogen. The presence
of interactions strongly influences the physical properties of a compound. 43! One example for a
supramolecular system that is capable of self-assembly into one-dimensional structures by formation
of hydrogen bonds are cyclic peptides with alternating D- and L-amino acids.[**! As schematically shown
in Figure 1.7, these compounds form supramolecular columns of individual molecules that are
arranged parallel to each other. Thereby, each molecule forms four hydrogen bonds to neighboring
molecules into the direction of the individual column. The glutamine side chains contribute additional
hydrogen bonds that stabilize the arrangement of the columns by intracolumnar interactions.
Furthermore, the primary amide groups in the periphery of the molecular structure result in the

formation of hydrogen bonds between adjacent columns stabilizing the parallel arrangement.
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Figure 1.7: Example of a supramolecular system that is based on the formation of intermolecular
hydrogen bonds between cyclic peptides consisting of alternating D-Leucine and L-Glutamine amino
acids. This supramolecular building block can self-assemble from solution into parallel arrays of solid

nanotubes. (Figure is based on ref!**)

Apart from the displayed example, many other cyclic peptides have been synthesized and

investigated.[***®! These compounds have even been identified to exhibit antiviral activity against

hepatitis C viruses.[*”!

A very versatile motif in supramolecular chemistry are 1,3,5-benzenetrisamides. This thesis focuses on

the controlled preparation of supramolecular nanofibers based on the formation of directed threefold

hydrogen bonds between these molecules. Therefore, this class of supramolecular building blocks will

be discussed in more detail in the following.
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1.3 Materials class of 1,3,5-benzenetrisamides

One well-established supramolecular motif that is capable of forming ordered structures by the
formation of hydrogen bonds is given by the materials class of 1,3,5-trisamides. The general molecular
structure of such compounds is schematically shown in Figure 1.8 and consists of a central core (red),
which can be for example a benzene- or a cyclohexane-ring. This core is symmetrically substituted by
three amide groups (blue), which can be connected to the ring-structure in two different ways. They
can be either be attached with the carbon-atom of the C=0-bond or with the nitrogen-atom to the
core. In the periphery of the molecular structure, substituents are connected to the amide groups that
control the solubility and aggregation behavior as well as the thermal properties of the system. The
amide groups are able to form directed threefold hydrogen bonds between individual molecules that
can result into the formation of one-dimensional supramolecular columns either in the solid-state, in

the liquid crystalline state or in dilute solution. (4851

central core

m benzene- or cyclohexane-ring
s symmetrically substituted
amide groups
m formation of hydrogen bonds to adjacent molecules

m enabling one-dimensional growth into supramolecular columns

substituents in the periphery

o large variety of different substituents possible

m tailoring of solubility and aggregation behavior

Figure 1.8: General molecular structure of 1,3,5-trisamides. The amide groups (blue) are connected to
the central core (red) either by the carbon-atom of the C=0-bond or by the nitrogen-atom to the core.
The amide moiety can be substituted by a variety of different substituents (green) in the periphery
allowing for a very large number of different molecules.

Work performed in the course of this thesis focused on the utilization of this self-assembly motif with
a benzene-core in the center and amide groups that are connected to the central ring by the carbon-
atom. Therefore, supramolecular systems based on 1,3,5-benzenetrisamides (BTAs) will be introduced

in more detail in the following.

In the past decades, a lot of research activities have been put on the synthesis and characterization of

BTAs featuring a variety of different substituents in the periphery. Matsunaga et al. reported for the
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first time on the liquid crystalline behavior of alkyl-substituted 1,3,5-benzenetrisamides.? In addition,
the phase behavior of a variety of different alkyl-substituted BTAs was investigated and compared to
analogue trisamide-structures with the cyclohexane-core. Even small changes in molecular structure
resulted in significant changes of the thermal behavior of the investigated compounds.® Detailed
work on alkyl-substituted BTAs has been reported recently comparing the properties and self-assembly
behavior of N-centered and C=0 centered compounds utilizing different analytical methods such as
differential scanning calorimetry, polarization optical microscopy and IR-spectroscopy.® Further,
supramolecular systems of BTAs exhibiting aryl-substituents in the periphery have been reported.>*!
In particular, the impact of additional m-nt-interactions between individual molecules by introducing
aryl-substituents into the molecular structure of BTAs was studied by van Gorp et al.’® Among many
others, further reported 1,3,5-benzenetrisamides feature a variety of different substituents and

functionalities for example amino acids®”! or benzo-crown ethers.®!

Formation of columnar stacks in the solid state

The formation of supramolecular columns can be observed for many BTA systems either in the bulk
material or in dilute solution. As mentioned before, the aggregation behavior of the individual
molecular building blocks is very dependent on the selected substituents in the periphery.®Y Crystal
structure analysis of many BTAs have been performed to give more insight on the non-covalent

interactions between individual molecules in the solid state.*%4

For instance, Lightfoot et al. reported the crystal structure of N,N’,N”-tris(2-methoxyethyl)benzene-
1,3,5-tricarboxamide that was recrystallized from ethanol.[®® The molecular structure as well as the
hydrogen bond formation between adjacent molecules in the crystal structure is shown in Figure 1.9.
The BTA molecule does not exhibit coplanarity of the benzene-ring and the amide groups. Instead, the
amide groups are tilted out of plane to form hydrogen bonds with amide groups of the neighboring
molecule. As a result of threefold hydrogen bonding, the BTA molecules form helical supramolecular
columns, while all amide groups of one molecule point into the same direction. Along the axis of the

column of BTA molecules a crystallographic 2; screw axis can be found.
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Figure 1.9: Left: Molecular structure of N,N’,N”’-tris(2-methoxyethyl)benzene-1,3,5-tricarboxamide.
Right: Formation of threefold directed hydrogen bonds between two neighboring molecules in the
solid state of the bulk material recrystallized from ethanol. (Figure is based on ref()

Theoretical investigations on supramolecular columns consisting of 1,3,5-benzenetrisamides as well as
1,3,5-cyclohexanetrisamides have been performed.’®! It was found that each individual building block
exhibits a dipolar moment, because all amide groups point into the same direction. The aggregation of
molecules by directed threefold hydrogen bonds leads to the formation of a macrodipole belonging to
the supramolecular column. Depending on the molecular structure of the building block, the resulting
macrodipole may vary significantly. In molecules containing a cyclohexane-core, the amide groups
point more along the axis of the column compared to molecules with benzene-cores resulting in larger

values for the macrodipoles. By aggregation of two or more supramolecular columns, these
macrodipoles can interact.

In addition, the crystal structure of a very prominent BTA has been reported by utilization of a
combination of X-Ray powder diffraction and solid-state NMR spectroscopy.® In industry, 1,3,5-
tris(2,2-dimethylpropionylamino)benzene is used as a very efficient clarifying agent for isotactic
polypropylene. This material also forms supramolecular columns exhibiting a 2, screw axis and
threefold directed hydrogen bonds. However, in the resulting crystal structure, the supramolecular

columns are arranged anti-parallel to each other leading to a net-dipolar moment of zero.

Though many of the BTAs show formation of directed threefold hydrogen bonds, it was found that the

BTA crystal structures are not limited to threefold directed hydrogen bond formation to yield
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supramolecular columns as shown in Figure 1.9. For example, the crystal structure of N,N’,N”-
trimethyl-benzene-1,3,5-tricarboxamide revealed the formation of hydrogen bonds that interact with
molecules within one column as well as with molecules from adjacent columns.® This is only observed
for very small substituents. Also a BTA containing fluorine-atoms in the periphery of the molecular
structure has been found to exhibit amide groups pointing in different directions inside individual

columns.[®4

Formation of one-dimensional structures from solution

The formation of threefold directed hydrogen bonds allows under defined processing conditions for
the preparation of one-dimensional supramolecular structures by self-assembly of
1,3,5-benzenetrisamides from solution with dimensions on the nanoscale. Such self-assembled
nanostructures from solutions of BTAs are usually obtained from the preparation of a clear BTA
solution in a given solvent and subsequent application of an external influence to the system to trigger

the self-assembly process. Figure 1.10 schematically displays such a self-assembly process.

Dissolved trisamide Primary aggregation
trisamide —_| '-_ ) K external influence
medium‘—_- Jooe S 1-2nm
self-assembly
self-assembly
Supramolecular nanofibers

| 10-20nm

Figure 1.10: Schematic representation of a self-assembly process of a 1,3,5-benzenetrisamide from
solution. Upon some external influence to a clear solution of the BTA in a given solvent, primary
aggregation of the BTA molecules occurs, which further assemble into larger one-dimensional
structures.

Possible methods to initiate the self-assembly process are changes in temperature of the BTA solution,

evaporation of the solvent resulting in a change of BTA-concentration, changes of the pH-value,
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addition of a non-solvent to the solution or a combination of these possibilities. Some examples of self-
assembly systems from a BTA solution will be introduced in the following. One of the most common
approaches in self-assembly experiments utilizing BTAs to gelate a given solvent is by varying the
temperature of a BTA solution. Lee et al. reported on a self-assembly system applying a BTA exhibiting
diacetylenic substituents in the periphery of the molecular structure. By heating and subsequent
cooling, gelation of a solvent-mixture of THF and cyclohexane was achieved. Transmission electron
microscopy (TEM) revealed the presence of supramolecular nanofibers with diameters of down to 50
nm."*”' In analogy, self-assembly experiments based on temperature changes were reported using BTA
featuring ester groups in the molecular structure to obtain organogels of different solvents.[ Other

BTA systems have been developed that are capable of forming gels of organic solvents.[>%°%6%70

For the investigation of mechanical properties of supramolecular BTA nanofibers featuring different
alkyl substituents, self-assembly experiments were conducted by heating of a BTA solution and
subsequent cooling at a constant cooling rate. The resulting suspension was dried at ambient
conditions and the remaining supramolecular structures were subjected to mechanical analysis’*7? It
was found that supramolecular fibers of different alkyl-substituted BTAs exhibit Young’s moduli in the

lower GPa range.

In addition to gelation of organic solvents, BTA systems have been developed to enable gelation of
water to form hydrogels by varying the temperature of a BTA solution.>’#! The morphology of the

resulting supramolecular material was verified to be fibrous structures by Cryo-TEM analysis.

Apart from changes in temperature, Bernet et al. reported on a self-assembly system using a BTA with

p-carboxylphenyl-substituents in water that forms hydrogels upon variation of the pH-value.>”

Upon addition of water to a solution of a BTA with an ethyl cinnamate substituent in
N,N-dimethylformamide, a thermo-reversible gelation of the resulting aqueous mixture was
obtained.” By utilization of scanning electron microscopy (SEM), fibrous structures were found

featuring diameters in the nanometer range.

Applications of 1,3,5-benzenetrisamides

Supramolecular nanostructures of 1,3,5-benzenetrisamides with well-defined morphology are suitable
for a variety of applications. As previously mentioned, many self-assembly BTA systems exist that are
capable of forming organo-P%%¢7-7% or hydrogels.>>73747¢1 |n consequence, it opens applications

ranging from the manipulation of organic fluids to tissue engineering.
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In biological studies, a BTA system with mannose as part of the molecular structure was found to be

capable to binding and detecting E. coli bacteria in water.””!

Furthermore, this materials class has been investigated as additives to improve the electret properties
of polypropylene.’®7°! One way to improve the electret performance of a given polymer material is to
insert additives that act as traps for electrical charges.®” The selected 1,3,5-benzenetrisamide with
cyclohexyl-substituents was soluble in the polypropylene melt at 260 °C. During preparation of the
polymer film, a cooling process triggered the self-assembly in the polymer melt resulting in the
formation of supramolecular fibrous structures throughout the polymer material. The result
demonstrated that 1,3,5-benzenetrisamides have a potential to serve as additives to prepare efficient

electret materials.

Furthermore, 1,3,5-benzenetrisamides have been found to be efficient nucleation and clarification
agents for different polymers. Blomenhofer et al. investigated the applicability of 18 different BTAs to
function as a nucleating agent for isotactic polypropylene yielding a highly transparent polymer
material, which normally appears to be very turbid. By introducing about 0.02 — 0.2 wt.-% of selected
BTAs, different modifications of the crystal structures of the polypropylene can be obtained.
Additional work was performed on selected systems to provide a deeper understanding on the

nucleation and clarification of isotactic polypropylene by 1,3,5-benzenetrisamides. %8283l

Apart from isotactic polypropylene, the utilization of 1,3,5-benzenetrisamides has also been
transferred to other polymers. For example, Abraham et al. reported on the nucleation of
polyvinylidene fluoride by screening experiments of a variety of different 1,3,5-benzenetrisamides.®
In addition, nucleation studies of polybutylene terephthalate and polylactide by 1,3,5-

benzenetrisamides were reported.57]

Recently, supramolecular nanofibers based on the self-assembly of 1,3,5-benzenetrisamides from
solution were prepared inside a polymer nonwoven to yield a nanofiber-microfiber composite
material. These composites with nanofibers featuring diameters of around 500 nm were subjected to
air-filtration experiments to remove particulate matter from air.!®®%% |t was found that supramolecular

nanofibers have a great potential to be used in filtration applications.

16



Introduction

1.4  Principles of filtration technology

One of the unit operations in process engineering refers to the separation of a mixture containing at
least two components into two distinct fractions.®® In general, separation processes can be classified

into two main categories, namely thermal and mechanical separation processes.

Thermal separation processes are based on the utilization of mass and/or heat transfer that occurs at
interfaces between two different phases that are far from being at equilibrium state.* For example
during distillation processes, a homogenous liquid phase tries to achieve equilibrium state with a gas
phase by mass transfer from the liquid into the gas phase. By mass exchange between these two
phases a separation effect can be achieved. Mostly homogenous mixtures containing different
components are separated by thermal separation processes. Such processes encompass different
techniques like liquid-liquid solvent extraction, distillation and rectification, adsorption and
absorption. In chemical industry, distillation processes are one of the most commonly used separation
techniques.®>%3! A possible application of adsorption and absorption processes is the purification of

gases.

In contrast, mechanical separation processes are based on the application of mechanical forces to
heterogeneous mixtures of different components. Examples of such processes are sedimentation,
centrifugation or filtration. Due to the time required for sedimentation processes, centrifugation or
filtration is often preferred in chemical industry.®? Due to the fact that much of the work performed
in the course of this thesis is closely related to filtration processes to remove solid particles from a

fluid, the principles of filtration will be introduced in the following.

Separation by filtration

Filtration processes are used for the separation of heterogeneous mixtures of at least two different
phases. Although many filtration operations exist that correspond to the separation of a liquid phase
from a gas, in most cases filtration is referred to the separation of a solid phase from a fluid phase,
while the fluid can either be a liquid or a gas.®® In general, filtration processes are performed for
different reasons in industrial applications. For example, a valuable fluid may be treated to remove a
solid impurity or a desired solid may be collected from a fluid. Depending on the purpose of the process
different kinds of filters or filtration systems have to be applied. A typical filtration operation normally
exhibits different individual stages such as pre-treatment, solids-concentration, separation and post-
treatment. The pre-treatment step corresponds to a modification of the suspension that has to be

filtered such as by adjustment of the pH-value or by addition of flocculant. During concentration of the
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suspension, the liquid is partially removed to reduce the volume that has to be filtered. Post-treatment
processes mostly refer to improvements of quality of the separated products.> However, the most
essential part of a filtration operation is given by the separation stage based on the use of a filter

medium. Purchas and Sutherland define a filter medium as follows:™

“A filter medium is any material that, under the operating conditions of the filter, is permeable to one
or more components of a mixture, solution or suspension, and is impermeable to the remaining

components.”

Filter media can be obtained from a variety of different materials such as polymer fibers, metals, glass,
ceramic materials or carbon.!°®1%! These materials are transformed into a permeable form to serve as
filter media.!”! Each filter medium exhibits a set of characteristic properties that makes each medium
suitable for a specific application. Among others, such properties include thermal and chemical
stability, wettability, particle sizes that can be retained, filtration efficiency, dirt-holding capacity and
resistance to flow of the fluid medium resulting in a pressure building up before and after the filter

medium and finally cost.

In real life applications many compromises have to be made in the design of a filter medium for a
specific application. A filter medium should meet the following requirements to be favorable for a
specific application: 1. Capability of removing up to all undesired contaminants from the fluid
regardless of the particle size. 2. Low resistance of the filter medium to an applied flow. 3. Large dirt

holding capacity. 4. Very small in size. 5. Low costs for production of the filter medium.E!

Mechanisms of filtration

In general, separation of solid particles from a fluid can be classified into four different mechanisms.
The first mechanism refers to the so-called surface straining. Thereby, the particles are greater than
the pore size of the filter medium and once the particle, which is carried by the fluid flow, reaches the
filter medium it is separated close to the surface and blocks a pore of the filter (see Figure 1.11 (A)).
Particles separated by cake filtration (see Figure 1.11 (B)) can be smaller than the size of the individual
pores. However, bridging processes lead to an accumulation of particles (filter cake) close to the
surface without fully blocking them. As the filter cake builds up, an additional filtration effect is
generated by the deposited particles. A filtration system that is based on cake filtration usually involves
an initial period of time after the filtration operation started during which the filter does not reach the
desired filtration efficiency. In contrast to the first two mechanisms, depth filtration (see Figure 1.11

(C)) is based on particle deposition inside the filter medium after the individual particle entered
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through a pore. Thereby, particle sizes can be smaller than the pores of the filter medium. In most
cases, a filtration process mostly consists of a combination of these three mechanisms. In addition,
another separation process exists that corresponds to a combination of surface straining and depth
filtration, the so-called depth-straining. It is based on variations of the pore diameter as the particle
passes through the filter medium. The diameter of the pore might become too small for such a particle

resulting in the blocking of the pore and deposition inside the filter medium.

A

Flow direction Flow direction Flow direction

i B

Figure 1.11: Basic filtration mechanisms for the separation of solid particles from a fluid stream.
Surface straining (A) refers to the deposition of particles close to the surface of the filter if the particle
size is larger than the pores of the filter medium. In cake filtration (B) the particles are smaller than the
pores, but are gathered close to the surface by bridging of the pores. Accumulation results in filter cake
formation. In case of depth filtration (C) the particles are smaller than the pore and attach to the wall
of the pore inside the filter. (Figure is based on refl®™)

Depending on the desired application for a filtration system, filters are designed to feature specific
filtration mechanisms. For example, the recovery of a valuable solid from the fluid is usually
accomplished by filtration systems that are based on surface straining or cake filtration. Due to the
fact that the particles are deposited near the surface of the filter, the solid particles can easily be
removed from the filter. In contrast, clarification of a fluid can also be achieved by depth filtration and
depth straining mechanisms. Apart from the valuable fraction of the filtered mixture to be obtained
from the process, other factors such as the particle concentration in the feed have to be considered.?’!
Usually filters based on cake filtration mechanism are fed with high concentrations of solid material
suspended in the fluid and the filtration system is cleaned after reaching a limiting resistance of the

filter to the flow.

The complexity of important influences in the deposition of particles by depth filtration mechanism
exceeds those for the other three processes. Most of the work performed is concerned with fibrous
media. Thereby, depth filtration is one very important separation mechanism. In consequence, the

concept of depth filtration will be introduced in more detail.
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Depth filtration

Hutten describes four major influences that affect the separation by depth filtration mechanism.!!
Particles carried by the fluid transported through the filter medium generally follow the streamlines of
the fluid. However, if a particle gets into contact with the material of the filter medium, it usually gets
deposited due to physical attractive forces. Figure 1.12 displays the major influences leading to particle
deposition that will be introduced in the following. The inertial impaction (a) refers to particles that
exhibit an inertia too high to be carried around an intersecting fiber. Therefore, the particle collides
with the fiber and is deposited. The second way of particle deposition is given by interception (b). A
particle does not particularly collide with a fiber, but approaches the fiber to the point where attractive

forces capture the particle.’>%!

Diffusion

Inertial impaction

Flow streamlines

Interception Electrostatic attraction

Figure 1.12: Schematic representation of influences contributing to particle deposition by depth
filtration mechanism. (Figure is based on reft®)

Deposition by diffusion (c) is mainly based on the Brownian diffusion of small particles that allows for
motion away from the streamlines of the fluid resulting in contact with the fibrous filter material. The
last influence is given by electrostatic attractions (d) of the filter material and the particles. However,
depending on the particle sizes, different influences in depth filtration dominate the separation
process. Large particles with diameters of around 300 nm and higher are usually separated by
interception, whereas particles with diameters of way below 100 nm are captured by diffusion. In most

cases, filter media based on depth filtration exhibit the largest penetration of particles in the
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intermediate region of particle diameters between the two influences. Figure 1.13 displays a schematic
correlation between the particle diameter and the penetration of a filter medium. The particle size

corresponding to the most penetration is referred to as the “most penetration particle size” (MPPS).E!
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Figure 1.13: Correlation between the diameter of filtered particles and the penetration of a filter
medium. Depending on the particle size, either interception or diffusion processes dominate the
particle deposition. The combination of these influences yields the resulting penetration. The location
of the most penetration particle size (MPPS) depends on the linear velocity of the filtration process.
(Figure is based on ref®!)

The particle size of the MPPS depends on many factors such as the flow velocity of the fluid during
filtration or the material the particles are composed of. Apart from the particle deposition, additional
effects like reentrainment have to be considered, whereas this process corresponds to the detachment
of particles that where already captured by the filter medium due to mechanical forces of the fluid

medium on the particle.t

Characterization of filter media

21



Introduction

Among others, filter media are usually characterized by two main properties. The percentage of
particles removed from the fluid is referred to as filtration efficiency (f) and corresponds to the quality
of separation that can be achieved by the selected filter medium. Values are typically given for defined
particle diameters and are generally calculated according to equation 1.1. By investigation of the
filtration efficiency of particles with different diameters, typically particle size dependent filtration

efficiency curves are displayed.
N
f=(1-135)-100% (L)

N corresponds to the number of particles that penetrated the filter medium and N° refers to the

number of all particles that were applied to the filter.

The second property corresponds to the resistance of the filter to the fluid during the filtration process.
The flow of the fluid through the filter medium requires some kind of driving force. Therefore, normally
a pressure difference is applied to the filter to start the filtration process, which can be induced either
by gravity, vacuum or utilization of a pump. In theory, the flow through a filter is sometimes compared
with the flow through individual capillaries representing the individual pores. However, in many filter
media, such as nonwovens, the so-called pores are rather void spaces inside the porous medium

without a regular cross-section.%l

One of the simplest approaches to describe the flow of a fluid through a porous medium is based on
work by Darcy, who performed series of experiments of water flowing vertically through an iron pipe
filled with sand representing a porous structure. The relationship between flow velocity and a

permeability constant is given by equation 1.2.5°%

u=_T'E=_T'Ap (12)

u represents the linear flow velocity of the fluid measured in m/s. k is the permeability constant and p
is the viscosity of the fluid. dp refers to changes in pressure over a porous medium with thickness dz,
which can also be written as a pressure difference Ap before and after the filter. For nonwoven media,
most systems can be described by Darcy’s law. However, the exact form of the permeability constant
is not clear and has to be investigated for each material separately. One of the most important
information obtained by equation 1.2 is that the linear flow velocity u is directly proportional to the
difference in pressure before and after the filter medium. Therefore, comparison between two
different filter media is often difficult due to differences in setup and testing conditions. The so-called
quality factor was established to allow for the evaluation and comparison of different filtration

systems. The quality factor QF is given by equation 1.3. Here, N is the number of particles that
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penetrated the filter medium, N° refers to the number of all particles that were applied to the filter
and Ap is the differential pressure before and after the filter.

QF = _ (o) (1.3)

Ap

By taking into account the filtration efficiency of a filter and the corresponding differential pressure at

defined operating conditions, different filters can be compared.

Applications of filters

Filtration systems are applied in a variety of different technologies of the everyday life. In solid gas
separation, filters can be found for example in living and working space purification systems, industrial
dust removal or respirators. In liquid filtration, one of the most prominent examples for the application
of filtration systems is the treatment of ground and surface water to obtain safe drinking water.[*% |n
addition, one of the most widespread technologies containing many different filters are automobiles

involving the filtration of the air intake, fuel filtration and cabin air filtration.?!

The choice of a suitable filter for a specific application mainly depends on the particles that have to be
removed from the fluid. Figure 1.14 provides an overview of contaminations that are often removed
by liquid filtration applications. These applications are generally classified into four different filtration
processes depending on the size of particles that need to be removed from the fluid. These are
microfiltration, ultrafiltration, nanofiltration and reverse osmosis.®! In general, the removal of small
particles is associated with a higher differential pressure during operation of the filter, whereas less

pressure is needed in filtration systems separating larger particles.
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Reverse osmosis | | Ultrafiltration |
| 1
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Figure 1.14: Schematic overview of contaminations with different particle sizes removed by reverse

osmosis, nanofiltration, ultrafiltration and microfiltration. (Figure is based on reff!)

Based on the topics discussed in this chapter, the following chapters will present the work performed
in the course of this thesis. In contrast to conventional top-down approaches, the self-assembly of
small molecules provides a bottom-up approach for the preparation of supramolecular nanofibers. The
influence of processing parameters on the morphology of the fibers was investigated under defined
self-assembly conditions. In addition, prepared nanofibers were employed into support structures to

obtain composites that were suitable for air- and liquid filtration applications.
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2 Aim and Motivation

One essential goal within the scope of this thesis is the preparation of supramolecular nanofibers from
solution based on the self-assembly of 1,3,5-benzenetrisamides (BTAs). This process is driven by the
formation of controlled and directional non-covalent interactions between individual molecular
building blocks. The resulting fiber morphology is governed by parameters such as the molecular
structure of the BTA, the concentration, the used solvent and the selected processing conditions. The
research of this thesis encompasses three different parts that are all related to the self-assembly

process of BTAs. Each of these three parts will be introduced in more detail in the following:

Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled conditions

Self-assembly of 1,3,5-benzenetrisamides from solution is an efficient way for the preparation of
supramolecular nanofibers. During processing, different experimental parameters may influence the
resulting nanofiber morphology such as the molecular structure of the BTA, the selected processing

solvent, BTA concentration, operating temperature range and mechanical stirring of the BTA solution.

Therefore, this chapter of the thesis aims for a deeper understanding of the possibilities to control the
resulting morphology of supramolecular fibers by performing a series of self-assembly experiments

under controlled conditions and variations of the processing conditions.
Several objectives for this part are defined:

e Design of an experimental setup to conduct self-assembly experiments to control the number
of influencing processing parameters, allowing for a series of experiments under defined
conditions.

e Understanding of the experimental setup and operating conditions, in particular heat transfer
processes.

e Implementation of a series of self-assembly experiments under variation of mechanical stirring
velocity and the temperature range with the aim to control the resulting fiber diameter and
the fiber diameter distribution.

e Analysis of the resulting fiber morphology by scanning electron microscopy (SEM) to evaluate

the influences and correlate to the processing conditions.
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Supramolecular nanofibers for air filtration applications

Exposure to airborne particulate matter with particle diameters of less than 2.5 pm has been identified
as one major risk factor to human health.[*%?! Therefore, enormous interest exists on the development
of novel filter media involving fibers with diameters in the nanometer range to remove such particles
from ambient air.122%103.104 Mostly, related research is based on fibers produced by common top-
down-approaches such as electrospinning, melt-blowing or centrifugal spinning.!*42>1%! A very new
approach, recently reported by our research group utilizes for the first time supramolecular fibers
based on 1,3,5-benzenetrisamides for the preparation of supramolecular nanofiber-microfiber

composites. Such composites have a great potential in air filtration applications.

Beyond the initial findings, this thesis covers research to gain a deeper insight into the preparation of
supramolecular nanofiber-microfiber composites and the influence of processing parameters on the

morphology of the resulting composites related to their filtration performance.
This chapter encompasses the following goals:

e Influence of solvent and BTA concentration on the in-situ preparation of nanofiber-microfiber
composites based on a polyester/viscose model nonwoven.

e |nvestigation of the temperature dependent solubility and self-assembly behavior of selected
BTA and solvent combinations by turbidity measurements.

e Characterization of the prepared nanofiber-microfiber composites by different analytical
methods such as SEM analysis, IR-spectroscopy or capillary flow porometry.

e Filtration test experiments to remove particulate matter from air to demonstrate the
applicability of these composites for air filtration applications.

o Transfer of the concept from aliphatic substituted 1,3,5-benzenetrisamides to a system with
alkoxy-substituents in the periphery of the molecular structure and implementation into a

technical nonwoven.
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Sand - supramolecular nanofiber filters for the removal of bacteria from water

Ingestion of ground and surface water that is contaminated by microbial pathogens causes millions of
people around the world to suffer from waterborne diseases such as acute diarrheas, typhoid fever,
bacillary dysentery and cholera.l*®! Interventions for the treatment of contaminated water have been
proven to reduce the occurrences of infections by consumption of contaminated water. Many of those
water treatment solutions are based on filtration processes by porous media such as ceramic materials

or granulate materials,[#7/100:107-109]

Recent results obtained by utilization of supramolecular nanofibers based on the in-situ self-assembly
of 1,3,5-benzenetrisamides from solution to prepare nanofiber-microfiber composites demonstrated
the enormous potential of supramolecular materials in filtration. Therefore, this chapter aims for the
first time for the development of a filter that incorporates supramolecular nanofibers inside a
granulate material to yield a filter unit that is capable of removing microbial contamination such as

E. coli from water.
The main objectives of this chapter are:

e Development of a preparation process to obtain filter media containing supramolecular
nanofibers inside a granulate material such as sea sand.

e Design of a filter unit containing a combination of sand and supramolecular nanofibers that
can be subjected to liquid filtration test experiments.

e Characterization of such filter units by means of dimensional stability and SEM analysis.

e Development a liquid filtration test setup for the evaluation of prepared units by means of
filtration performance to remove polymer particles from water.

e Monitoring of relevant operating parameters during the filtration process like for example
differential pressures.

e Filtration experiments with E. coli bacteria from water.*

1In cooperation with the DWI — Leibniz Institute for Interactive Materials, RWTH Aachen, Germany
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3 Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled

conditions

3.1 Introduction

Methods to self-assemble 1,3,5-benzenetrisamides from solution

The design of supramolecular nanostructures by self-assembly of low molecular weight building blocks
from solution has attracted much research interest.!?6110-1121 Most of these self-assembly systems are
based on the formation of reversible non-covalent interactions such as hydrogen bonds, m-m-stacking
or metal-ligand coordination. A variety of studies have been reported on a very simple structural motif
based on 1,3,5-benzenetrisamides (BTAs) and on the preparation of supramolecular nanostructures of
these compounds from solution.[*>*%%¢! These materials are designed to form supramolecular columns
by directed threefold hydrogen bonding of the amide moieties between the individual building
blocks.[®%65%¢] To obtain supramolecular BTA-nanostructures, usually a solution of BTA in a given
solvent is prepared with a defined concentration. The self-assembly process is then triggered by an
external influence to this solution to induce the formation of supramolecular columns, which can result
in the formation of nanofibers. Change of the pH-value, changes of solvent quality, evaporation of the

solvent or temperature changes are possible methods to initiate such a self-assembly process.

For instance, Bernet et al. reported on a pH-sensitive self-assembly system from water utilizing a BTA
with three p-carboxylphenyl substituents. Thereby, the sodium-salt of the BTA is fully dissolved in a
solution of NaOH in water and upon decreasing the pH-value the self-assembly process starts yielding
a supramolecular hydrogel.®® Another method of inducing the self-assembly of
1,3,5-benzenetrisamides is the addition of a non-solvent to a BTA solution. Shen et al. reported on the
gelation of N,N-dimethylformamide containing a BTA with ethyl cinnamate-substituents upon addition
of water to the system.”” Another commonly used method to start the self-assembly of BTAs from
solution is by variation of temperature for example upon cooling. The resulting supramolecular
structures can subsequently be separated from the solvent. For example, a 1,3,5-benzenetrisamide
with the methyl ester of y-aminobutyric acid in the periphery of the molecular structure has been
demonstrated to form organogels of aromatic solvents upon cooling of the system from a solution at
elevated temperatures. The resulting gels were dried in vacuo to yield fibrous supramolecular
structures.”" Leenders et al. prepared a hydrogel by heating of a solution of a 1,3,5-benzenetrisamide

in water to a temperature of 80 °C and subsequent cooling to 20 °C without any further specification
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of the temperature profile or mechanical stirring of the solution during the cooling process. *!The
resulting structures were analyzed by Cryo-TEM. A combination of cooling and simultaneous
evaporation of the solvent was used recently to prepare composites based on supramolecular

nanofibers inside a polymer nonwoven scaffold.®

To investigate the mechanical properties of supramolecular BTA nanofibers featuring different alkyl
substituents by nanomechanical bending experiments. Here, the BTA-fibers were prepared by cooling
of a BTA solution at a constant linear cooling rate and subsequent drying at air.’*7? In addition, it has
been described that the morphology of supramolecular nanofibers prepared by cooling of a BTA

solution can be strongly dependent on the applied temperature profile.[!3!

Influences described earlier utilized to start self-assembly processes such as changes of temperature,
evaporation of the solvent and changing solvent compositions exhibit many similarities to tools used
in industrial crystallization processes. Therefore, the principles of industrial crystallization processes

are briefly introduced in the following.

Industrial crystallization from solution

Crystallization from solution is an universal tool for the separation and purification of chemicals in fine
chemical industry, food industry, and pharmaceuticals.**! Each crystallization process starts by
preparing a solution of the solid, which is supposed to be purified, in a selected solvent. Then, an
external influence to generate supersaturation and to induce nucleation and crystal growth is applied

to the system.

Solution crystallization is defined as a process, which yields a solid crystalline product from a liquid
solution.[**>1®1 Sych a solution is generated by adding a solid compound to a solvent resulting in a
homogenous system. The maximum amount of solid dissolvable in a defined amount of solvent at a
known temperature is called the solubility. Solutions containing this specific amount of solid are
considered to be saturated.'®! Technically, crystallization processes can be performed in batch or
continuous processes, whereas continuous crystallizers are usually preferred if large amounts of the
desired product have to be prepared. In contrast, batch crystallizers can be adjusted easily to process

a variety of different compounds in small amounts.

Three different types of batch crystallizers are commonly used: cooling crystallizers, evaporation
crystallizers, and salting-out crystallizers. Each type of crystallizer applies a different influence to the
system to create supersaturation of the solution.[**®! In evaporation crystallizers, the concentration of

a dissolved compound in a solution is increased by evaporation of the solvent to create supersaturation
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of the system. Another way to achieve supersaturation of a solution is by addition of another liquid
that reduces the solvent quality of the system. For instance, in salting-out crystallizers, a solution
exhibiting a high ionic strength can be added to the system that causes the desired solid compound to
crystallize. A very relevant type of crystallizer for this thesis is given by cooling crystallizers. These
setups are suitable for systems exhibiting a strong temperature dependent solubility of the solid
compound in the selected solvent. Therefore, it is essential to obtain accurate temperature dependent
solubility data for the development of the crystallization process. Today, many research effort is put
on the temperature dependent solubility behavior of various organic compounds in different solvents
as well as of inorganic compounds for example sodium chromate.!**"12% |n most cases, the solubility
of a compound in a given solvent increases with increasing temperature, whereas the intensity of the
temperature dependency itself may vary drastically between different compounds. Furthermore, the
solubility of a compound may be significantly enhanced in solvent mixtures compared to the solubility
in the pure solvents. For example, it was found that phenanthrene exhibits increased solubility in
mixtures of diiodomethane and cyclohexane compared to the two individual pure solvents.[*?! Precise
control of the temperature profile during the cooling process can significantly influence the resulting
particle size distribution.?? Temperature controlled crystallizers are often combined with controlled
seeding during the cooling process. This additional impact may influence the particle size distribution

as much as differences in the temperature profiles.*?*!

Approach in this thesis

This chapter reports on the design of an experiment under controlled conditions to prepare
supramolecular fibers of 1,3,5-benzenetrisamides from solution by application of a temperature
change and mechanical stirring of a hot BTA solution. In principle, the experimental setup to perform
the self-assembly experiments can be compared to a simple batch cooling crystallizer. However, the
work focused on the application of different conditions of mechanical stirring during the self-assembly
process and, in consequence, different cooling characteristics, on the influence on the resulting fiber
morphology. The underlying steps of the experiment are illustrated schematically in Figure 3.1. The
fully dissolved BTA (red dots) in a selected solvent (blue dots) at elevated temperatures (A) is cooled
against a constant cooling temperature on the outside of the system with a suitable cooling agent,
while the overall concentration of the self-assembly system was kept constant by preventing
evaporation of the solvent. The self-assembly system and the cooling agent are separated by a glass
wall. The change in temperature leads to a supersaturation of the system resulting in the formation of

supramolecular nanofibers (red fibers) suspended in the solvent (B). After the cooling process is
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complete, the prepared fibers are separated from the solvent. The solvent of the suspension is

evaporated at ambient conditions yieliding supramolecular fibers.

Self-assembly process
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Figure 3.1: Schematic representation of thermally induced self-assembly to form supramolecular fibers
upon cooling (solvent: blue dots; dissolved 1,3,5-benzenetrisamide: red dots; supramolecular
nanofibers: red lines). At elevated temperatures, a solution of fully dissolved BTA (A) is cooled to
induce the formation of supramolecular fibers via self-assembly, resulting in suspensions of
supramolecular fibers in the solvent (B). Complete solvent evaporation yields the supramolecular
fibers (C).

In a self-assembly system that is investigated by this experiment under controlled conditions, the
solubility of the BTA in a given solvent needs to be strongly temperature dependent, while at low
temperatures the solubility has to be negligible to ensure that the supramolecular fibers obtained from
this experiment are only due to the cooling process. However, the self-assembly into supramolecular
nanofibers needs to be inducible by a change in temperature. This process might be inhibited if the

self-assembly system tends to strong supersaturation upon cooling resulting in a metastable solution.

In this thesis, the influence of shear forces during the self-assembly process on the resulting
morphology of the supramolecular fibers will be analyzed by applying different conditions of
mechanical stirring to the system. However, variation of the stirring speed of the BTA solution during
the self-assembly process has a strong influence on the resulting temperature profiles. Since, it was
already found that different cooling rates result in a change of the resulting nanofiber morphology,
temperature profiles as well as the mechanical stirring have to be precisely monitored during the

experiments.!*3 A second experimental series in this thesis is the variation of the applied cooling
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temperature to investigate the influence on the resulting fiber morphology apart from variations of
conditions of mechanical stirring. A custom-made experimental setup was developed enabling the
cooling and controlled stirring of a hot BTA solution while preventing evaporation of the solvent. The
time dependent temperature profiles were monitored during each experiment. The detailed
experimental setup, the selection of a suitable self-assembly system as well as the results of the self-

assembly experiments are presented in the following.
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3.2 Experimental setup for self-assembly upon cooling

One essential part of the work presented in this chapter is the design of a custom-made experimental
setup fitting the task to investigate the self-assembly behavior of a selected 1,3,5-benzenetrisamide
from solution. The process focused on temperature changes and simultaneously mechanical stirring
during self-assembly. A change of the overall BTA concentration by evaporation of the solvent had to
be avoided. Figure 3.2 displays a schematic representation of the developed custom-made setup. The
chosen vessel was a screw-mountable laboratory glass bottle (250 mL; Duran Group) with an outer-
diameter of 70 mm and a height of 143 mm. A customized cap allowed for the insertion of a mechanical
stirrer (RZR 2051; Heidolph) and a thermocouple (type K), while keeping the vessel sealed and avoiding
any evaporation of the solvent. The selected mechanical stirrer ensured a reproducible mechanical
stirring by enabling precise digital control of the stirring velocity measured in revolutions per minute
(rpm). The thermocouple was linked to a Datalogger (PCE-T390; PCE-Instruments) to record time

dependent temperature profiles of the self-assembly system inside the glass during the process (Tinside)-

7

T

outside

Figure 3.2: Schematic representation of the custom-made experimental setup for thermal induced self-
assembly experiments consisting of a temperature control bath (A), a thermocouple (B), a mechanical

stirrer (C), a screw-mountable vessel (D), a customized cap (E) and a guide for the mechanical
stirrer (F).
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The vessel can be heated from the outside with a water bath and cooled with a cooling bath of a
cryostat (Haake F3; cooling agent: ethylene glycol/water (1:1)). The cooling agent inside the cryostat
was circulated constantly to improve the heat exchange. The experimental setup is designed in a way
that it was possible that the vessel could be placed quickly from the heating bath into the cooling bath.
Heating and cooling temperatures (Tousidce) Were being kept constant during each experiment, so no
temperature profiles of the cooling agent outside the vessel were recorded. Since changes in
temperature are one key parameter of this experimental setup, the mechanism of heat exchange
between the BTA solution on the inside of the glass and the cooling agent on the outside has to be

introduced.

Transport processes such as heat transfer are of great importance in many industrial operations.!®?
The rate of heat flow Q in this experimental setup is based on the indirect heat exchange between two
liquid media through a wall. If the experiment is performed without any mechanical stirring, the
movement of the fluid inside the vessel is governed by natural convection and due to insufficient
mixing a temperature gradient arises from the glass wall to the inside of the vessel. Mechanical stirring
during the cooling process enhances the heat transport from inside the vessel leading to a more
homogenous temperature distribution throughout the liquid medium. Assuming an ideal mixing of the
fluids, Figure 3.3 displays a simplified schematic representation of the heat exchange through a wall
for very small time intervals in which all parameters are assumed to be constant.*?*! The process can
basically be divided into three individual steps.[*? The first step consists of the heat transfer from the
self-assembly system to the wall on the inside of the glass Q. This transfer is directly proportional to
the thermal conductivity coefficient A; of the BTA solution and to the surface area of the wall Ay. Tinside
represents the temperature of the self-assembly system inside the vessel and Toutside COrresponds to
the constant cooling temperature outside the vessel. Ty refers to the temperature of the wall on the
inside of the laboratory glass. According to equation 3.1, the greater the difference between Tinsige and

Tw1, the greater is the resulting heat transfer Q;.

Ql = ?_1 *Aw * (Tinside — Tw1)- (3.1)

ai

6, represents a boundary layer in which the heat transfer is mainly governed by thermal
conduction.!’?! On the one hand, a high thermal conductivity A; of the fluid inside the vessel leads to
high values for the heat transfer, whereas on the other hand, a thick boundary layer 6; close to the

wall reduces the heat flow Q;.
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Figure 3.3: Schematic representation of the heat transfer from the self-assembly system on the cooling
agent. The transfer consists of three individual steps: 1. Heat transfer from the self-assembly system
on the wall. 2. Heat conduction through the wall. 3. Heat transfer from the wall to the cooling agent.
A1: Thermal conductivity coefficient of the self-assembly system. A;: Thermal conductivity coefficient
of the cooling agent. Awai: Thermal conductivity coefficient of the material of the wall. Tinside:
Temperature inside the vessel. Toutside: TeMperature of the cooling agent. Tw1: Temperature of the wall
on the inside. Ty,: Temperature of the wall on the outside. 6:1: Boundary layer between self-assembly
system and wall. 6,: Boundary layer between cooling agent and wall. d: Thickness of the wall.

The second step in the cooling process is the transfer of heat through the wall of the vessel Q, which

is given by equation 3.2.

Q2 == Ay * (Ty1 — Tw). (3.2)

Even though the wall of the vessel is curved, differences in the surface area of the wall A,, between the
inside and outside are assumed to be negligible. Awan is the thermal conductivity coefficient of the
material of the wall and d corresponds to its thickness. Ty, describes the temperature of the wall on

the outside of the vessel.

The third step of the heat exchange describes the transfer from the outside of the wall of the vessel to
the cooling agent Q3 through a boundary layer 6,. High thermal conductivity A, of the cooling agent

allows for large values of heat being transferred.
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Q3 = Z_z'Aw " (Twz — Toutside)- (3-3)

The total amount of heat exchanged is equal for all three individual steps, so that the overall heat
exchange Q from the solution inside the glass to the cooling agent on the outside can be represented

by equation 3.4.12?7)
Q = Q1 = Qz = Q3- (3.4)

Transformation of equations 3.1 and 3.3 and substitution into equation 3.2 yields the overall heat flow

rate Q from the self-assembly system to the cooling agent under stationary conditions:

. Ay
Q=57 5 (Tinside ~ Toutside)- (3.5)

€1 @wan €2

The temperature profile of the BTA solution during the cooling process is directly related to the overall
heat flow Q. While most variables are directly accessible such as thermal conductivities A; and A; as
well as the differences in temperature, the thickness of the boundary layers 6; and &, on the inside
and on the outside of the system have to be derived from dimensionless quantities such as the Nusselt
number (Nu), the Reynolds number (Re) and the Prandtl number (Pr), which are frequently used in

chemical reaction engineering. The value of the Nusselt number is given by equation 3.6.1%¢

Nu =22 (3.6)
1
4, = :_1 3.7)

a, is called the heat transfer coefficient and is given by the ratio of & and d; as shown equation 3.7.D
corresponds to a characteristic length depending on the geometry of the experimental setup. For a
mechanically stirred batch reactor, this length corresponds to the inner diameter of the reactor. The
Nusselt number depends on varying equations depending on the experimental boundary conditions.
In case of no applied mechanical stirring inside the vessel, the Nusselt number is governed by a
phenomenon called natural convection. Local differences in density of the fluid medium cause
movement of the individual particles. However, most experiments were performed under constant
stirring. In this case, Nusselt number can be described by equation 3.8, which can be used for forced

flow conditions.?®!
L\P
Nu = CRe™Pr" (E) (3.8)

The values of C, m, n and p have to be determined empirically for a certain experimental setup.
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The Reynolds number (Re) is a dimensionless quantity that is frequently used in fluid mechanics,
whereas the Prandt! number (Pr) corresponds to the ratio of the kinematic viscosity of the fluid and its
thermal diffusivity. L and d represent characteristic lengths depending on the geometry of the selected
setup. Equation 3.9 describes a possible relation for the Reynolds number of a mechanically stirred

batch reactor.[2¢!

Re = NP (3.9)

i

N represents the stirring velocity in revolutions per minute and b is the geometric width of the stirrer.
i is the kinematic viscosity of the system.[*?! Increasing the mechanical stirring velocity inside the vessel
results in an increase of the Reynolds number and in consequence an increase of the Nusselt number.
According to equation 3.6, an increase in the Nusselt number leads to higher values of 4; and thereby
a decrease of the boundary layer ;. A low thickness of this boundary layer improves the cooling
process of the BTA solution. In addition, high kinematic viscosities of the fluid result in high values for
the boundary layer limiting the cooling rate. Therefore, a cooling agent with a rather low viscosity was
used as cooling agent (water and ethylene glycol (1:1)). The viscosity of pure ethylene glycol is around

22 mPas (20 °C), whereas pure water only exhibits a viscosity of 1 mPas (20 °C).

During the experiment the temperature of the cooling agent is kept constant by the use of a cryostat,
while the temperature of the self-assembly system changes with time. Figure 3.4 displays
schematically an estimated theoretical temperature profile of the self-assembly system during the
cooling process. Thereby, the cooling rate of the system changes continuously as the temperature
difference between the BTA solution inside the vessel and the cooling agent on the outside becomes
smaller. However, during the cooling process, the variation in temperature results also in significant
changes of the viscosity of the BTA solution, which also influences the thickness of the boundary layer

d; and yet the heat exchange.

Two series of experiments will be conducted in the course of this work. The first series will focus on
the variation of mechanical stirring velocities during the self-assembly process to investigate the
influence of different mechanical conditions on the resulting morphology of supramolecular
structures. This change in stirring will also lead to a change in the temperature profiles. During the
second series of experiments, the cooling temperatures on the outside of the glass will be varied and

therefore change temperature profiles by constant influence of shear force.
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Figure 3.4: Schematic representation of an expected temperature profile of a liquid inside the glass
based on equation 3.5 if the temperature of the cooling agent is kept at a constant value.
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3.3 Experimental details for materials selection

This section provides the experimental details for section 3.4 “Materials selection of a suitable self-
assembly system”, which presents screening self-assembly experiments and results of temperature
dependent solubility and self-assembly experiments on a series of 5 alkoxy-substituted
1,3,5-benzenetrisamides. A suitable BTA and solvent combination is identified to be subjected to a
series of experiments under controlled conditions. Experimental details on the materials selection are

described in the following.

Implementation of preliminary self-assembly experiments

In order to identify the most suitable self-assembly system for the developed experimental setup
under controlled conditions, screening experiments were performed to evaluate the tendency of each
alkoxy-substituted 1,3,5-benzenetrisamide to form supramolecular fibers from solution. Therefore,
solutions of each BTA at a concentration of 0.1 wt.-% were prepared and heated to a temperature of
50 °C, respectively. The total mass of each sample corresponded to a value of 20 g. Subsequently, these
solutions were cooled to a temperature of 0 °C without further control of the temperature profile for
30 min and a few droplets of each BTA suspension were transferred into an aluminum pan normally
used in differential scanning calorimetry. Evaporation of the solvent at ambient conditions yielded
supramolecular structures. Samples were sputtered with platinum with a thickness of 2 nm and
analyzed by utilization of a Scanning Electron Microscope (SEM) from Zeiss 1530 equipped with a field

emission cathode. Images were taken using a SE2 detector and an accelerating voltage of 2 kV.

Determination of solubility

The identification of a suitable self-assembly system required knowledge about the temperature
dependent solubility of a selected BTA in a given solvent. Each solubility measurement was started by
suspending a defined amount of solid BTA in a given solvent or solvent mixture. The obtained
suspension was then stirred at constant temperature. After 30 min the system was assumed to be at
equilibrium state and investigated for remaining particles in the solvent. Based on the Tyndall effect,
a Laser pointer was used to verify that no microscopic particles remained in the solvent that were not
visible to the unaided eye. If no particles were detected, the suspended amount of BTA was considered
to be soluble at the corresponding temperature. In this case, additional solid BTA was added to the

solution and the procedure was repeated. If particles of solid BTA remained, the corresponding
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amount of BTA was considered to be partially insoluble. Temperature dependent solubility may be

obtained by performing a series of experiments at different temperatures.
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3.4 Materials selection for a suitable self-assembly system

Temperature dependent solubility in water and aqueous mixtures as well as the tendency to form
supramolecular fibers by self-assembly from solution of a selection of five different
1,3,5-benzenetrisamides were investigated with the procedures described before. Figure 3.5 displays
the molecular structures of the alkoxy-substituted 1,3,5-benzenetrisamides (BTA 1 — 5). Instead of
frequently used alkyl substituents in the periphery of the molecular structure, alkoxy groups were
introduced to enhance solubility of the BTAs in water and aqueous solvent mixtures. Therefore,
investigations in terms of temperature dependent solubility and self-assembly behavior mainly
focused on the use of water and water/isopropanol mixtures. The synthesis and characterization of
these 1,3,5-benzenetrisamides is described in detail in the appendix. They are synthesized based on
the reaction between the acid chloride of trimesic acid and the corresponding amine. BTA 2 has already
been reported in the literature.[6%28-130 A|| other alkoxy-substituted 1,3,5-benzenetrisamides are not

known to the literature to this point.
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Figure 3.5: Chemical structures of selected 1,3,5-benzenetrisamides (BTAs 1 — 5) with different
branched substituents containing ether groups to enhance solubility in water and aqueous systems.

For the selection of a proper BTA and solvent combination, two key characteristics of each system have
to be investigated. Knowledge about the solubility behavior and the tendency to form supramolecular
fibrous structures from solution are essential in order to evaluate whether a system BTA and solvent

combination can be investigated by the developed experiment under controlled conditions.

Therefore, screening experiments were performed to first determine the solubility behavior at room

temperature of the selected alkoxy-substituted 1,3,5-benzenetrisamides in aqueous systems. Based
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on these first results, the tendency to form supramolecular fibers from solution was investigated by
self-assembly screening experiments. The BTA and solvent combinations exhibiting the most promising
results were then subjected to deeper temperature dependent solubility studies to identify the self-
assembly system that is most suitable for the investigation in self-assembly experiments under

controlled conditions.

Self-assembly screening experiments

Investigations on the formation of supramolecular fibers by self-assembly of the selected BTAs from
solution were performed. First, a 0.1 wt.-% solution of each selected BTA had to be prepared involving
basic experiments concerning the solubility in a given solvent. Due to the introduction of alkoxy groups
in the periphery of the BTAs, the first selected solvent for solubility measurements was water.
Experiments were performed to determine the solubility of each BTA in pure water at room
temperature. Table 3.1 presents the resulting solubility of BTAs 1 — 5 in water at room temperature in
weight percentages. The values demonstrate that BTAs 1, 2 and 5 are already soluble to a significant
amount in pure water. Based on the Tyndall-effect, even at very low concentrations, remaining
microscopic particles of BTA 3 and 4 were visible in water. Therefore, above these concentrations only

partial solubility was obtained.

Table 3.1: Solubility of selected 1,3,5-benzenetrisamides in water at room temperature.

BTA Solubility at 25 °C
1 < 1.50 wt.-%
2 <0.70 wt.-%
3 <0.01 wt.-%
4 <0.01 wt.-%
5 <0.50 wt.-%

Isopropanol was found to be a better solvent for BTAs 3 and 4. Therefore, the preparation of solutions
of BTA 3 and 4 with a concentration of 0.1 wt.-% required a water/isopropanol (60:40) solvent mixture.
To perform the screening self-assembly experiments, each solution was heated to a temperature of

50 °C and subsequently cooled to 0 °C.
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H,0/Isopropanol (60:40)

H,0/Isopropanol (60:40)

Figure 3.6: SEM-images showing the resulting morphology of self-assembled structures of BTA 1to 5
from screening self-assembly experiments from solution. The BTA concentration in all experiments
was 0.1 wt.-%. Due to the low solubility of BTA 3 and BTA 4 in pure water, the corresponding
experiments were performed from a water/isopropanol mixture (60:40).

Samples of each solution were taken and dried at ambient conditions on aluminum pans typically used
in differential scanning calorimetry (DSC). Overview images of dried samples of each BTA were taken

by scanning electron microscopy (SEM) and are displayed in Figure 3.6. The self-assembly experiment
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of BTA 1 from water yielded a film-like structure partially covering the surface of the aluminum DSC-
pan. Formation of supramolecular fibers was not observed for BTA 1. The corresponding experiment
of a solution BTA 2 in water resulted in a very different morphology. Large ribbon-type structures were
formed that were connected to each other covering large areas of the aluminum surface. In addition,
smaller ribbon-type structures with a width of about 1-3 um appeared. The length of these structures
was around 10 to 30 um. The mass fraction of the large structures appeared to be significantly higher
compared to the smaller structures. In contrast, self-assembly of BTA 3 from water/isopropanol (60:40)
resulted in the formation of supramolecular fibers with diameters of around 10 um. For BTA 4,
formation of more supramolecular fibers with even smaller fiber-diameters was observed. In contrast,
the self-assembly experiment of BTA 5 resulted in the formation of a patterned and flat film-like
structure. Due to good solubility in isopropanol even at room temperature, no fiber formation of BTAs
1, 2 and 5 was investigated from water/isopropanol solvent mixtures. Only experiments utilizing BTA
3 and BTA 4 resulted in the formation of supramolecular fibrous structures. Based on these
experiments results, BTAs 3 and 4 appear to be the most promising compounds to be subjected to
further investigations, due to the low solubility at room temperature as well as the formation of fibrous

structures.

Temperature dependent solubility of selected BTAs

Since SEM sample preparation required a drying process of suspended supramolecular structures in
the solvent, the low solubility of BTAs 3 and 4 were favorable for further experiments. Therefore,
temperature dependent solubility in pure water was studied for these two alkoxy-substituted BTAs.
During the drying process additional self-assembly based on changes in concentration could not be
excluded and might influence the resulting morphology of supramolecular fibers. Apart from that, fiber
formation of BTAs 1, 2 and 5 could not be observed. Due to a significant solubility of BTAs 1,2 and 5 in

pure water at room temperature, these BTA and solvent combinations were not applicable.

Figure 3.7 displays the results concerning temperature dependent solubility behavior of BTA 3 in pure
water for temperatures ranging from 25 °C to 50 °C. While the solubility of the BTA 3 at room
temperature is less than 0.01 wt.-%, it increases upon heating to a value of around 0.12 wt.-% at 50 °C.
This temperature dependency basically fits very well the conditions of the developed experiment
under controlled conditions. However, upon cooling of such a solution no formation of supramolecular
fibers occurred. The system tends to strong supersaturation resulting in a metastable solution. Since
the formation of fibrous structures is not inducible by a change in temperature, no further

investigations on the self-assembly behavior of BTA 3 were performed.
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Therefore, the temperature dependent solubility of BTA 4 in water was measured. The results are
presented in Figure 3.8. Upon increasing the temperature of the system, the solubility remains very
close to zero and only a slight increase is observed. However, the temperature dependence of the
solubility behavior of BTA 4 in pure water was found too small to be applied to the experiment under

controlled conditions.
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Figure 3.7: Temperature dependent solubility of BTA 3 in pure water.
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Figure 3.8: Temperature dependent solubility of BTA 4 in pure water.
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To modify the solubility behavior of BTA 4, additional experiments were performed with
water/isopropanol mixtures of varying compositions. Figure 3.9 presents results from temperature
dependent solubility measurements of BTA 4 in different water/isopropanol mixtures. An increasing
isopropanol content in the solvent mixtures results in an increased temperature dependency of the
solubility. Almost no differences in solubility behavior can be observed between pure water and a
mixture of water/isopropanol (90:10), whereas a mixture of 80 wt.-% water and 20 wt.-% isopropanol
exhibits a solubility of 0.002 wt.-% at 25 °C and increases to a value of 0.06 wt.-% at 70 °C. This
corresponds to an increase by a factor of 30. In case of a water/isopropanol mixture of 70 wt.-% water
and 30 wt.-% isopropanol, the solubility at room temperature corresponds to a value of 0.025 wt.-%.
However, it was found that upon cooling, the BTA solutions become hazy and fiber formation starts.
In consequence, the self-assembly system consisting of BTA 4 and a solvent mixture of water and
isopropanol is the most suitable to be investigated in the developed custom-made experiment. The
temperature dependent change in solubility of BTA 4 in solvent mixtures containing 30 wt.-% and 40
wt.-% isopropanol was smaller considering the solubility at room temperature compared to a mixture
of water and isopropanol (80:20). For instance, solubility of BTA 4 in water/isopropanol (60:40) only
increased by a factor of 10 in a temperature range from 25 °C up to 70°C. Therefore, these mixtures
were not selected for further investigations. Due to the very low solubility at room temperature of BTA
4 in the solvent mixture water/isopropanol (80:20), this system was found to fit the best for further
investigations in experiments under controlled conditions. The next section (3.5) describes the
experimental details of the series of self-assembly experiments using the combination of BTA 4 and

the solvent mixture of water and isopropanol (80:20)
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Figure 3.9: Temperature dependent solubility of BTA 4 in water/isopropanol mixtures with varying
compositions ranging from 0 to 40 wt.-% isopropanol.
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3.5 Self-assembly under controlled conditions

After a suitable BTA and solvent self-assembly system was identified. A series of experiments under
controlled conditions using the experimental setup discussed before was conducted. The relevant

experimental details on all performed investigations are described in this section.

Implementation of self-assembly experiments from solution under controlled conditions

The experimental setup described in section 3.2 was utilized to investigate the thermal controlled self-
assembly of N,N’,N”-tris(1-methoxybutan-2-yl)benzene-1,3,5-tricarboxamide (BTA 4) from solution.
First, BTA 4 was suspended in a water/isopropanol mixture (80:20) at a concentration of 0.05 wt.-%
featuring a total mass of 200 g. The obtained mixture was then filled into the glass vessel and heated
to 70 °C under constant stirring until a clear solution was obtained. The custom-made cap kept the
vessel sealed to avoid evaporation of the solvent. Subsequently, the vessel was quickly removed from
the water heating bath and placed into the cooling bath of the cryostat. The selected cooling agent
was a mixture of ethylene glycol and water (1:1). The temperature of the cooling bath was kept
constant during one experiment. All samples remained in the cooling bath for 2 h at a constant stirring
velocity. Experiments were performed with cooling bath temperatures ranging from -15 °C to 25 °C
and mechanical stirring velocities between 0 and 450 rpm. The vessel was then removed from the
cooling bath and allowed to warm to room temperature overnight. Due to the very low solubility at

room temperature, the self-assembled BTA remained unchanged in the water/isopropanol mixture.

Sample preparation for scanning electron microscopy

In order to characterize the resulting supramolecular nanostructures by means of scanning electron
microscopy (SEM), 2 mL of the obtained suspension were dropped on a clean glass object slide and
dried at room temperature under ambient pressure. After complete removal of the solvent, a SEM
sample holder equipped with adhesive and conductive foil was used to pick up the supramolecular
nanostructures. Figure 3.10 shows this sample preparation. Each sample was sputtered with platinum

with a thickness of 2 nm.
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Figure 3.10: Sample preparation for SEM investigations of supramolecular nanostructures with a
Pasteur pipette around 2 mL of the suspension were dropped on a glass object slide and dried at room
temperature and ambient pressure. The nanostructures were collected via a SEM sample holder.

Evaluation of SEM-images

SEM investigations of prepared samples of supramolecular structures were performed on a Zeiss 1530
equipped with a field emission cathode. Images were taken utilizing a SE2 detector and an accelerating
voltage of 2 kV. Images of each sample were recorded at different positions and different
magnifications. Typically, SEM-images with a magnification of a factor of at least 5000 were used to
determine the fiber diameters. A suitable software (Axiovision Release 4.8.3; Carl Zeiss) was utilized
for the determination of fiber diameters of supramolecular nanofibers. Figure 3.11 shows exemplarily
a SEM image. The displayed fiber diameters show the fiber diameter determination assisted by the
software. The fiber diameter distribution of a sample as well as the mean fiber diameter is based on
at least 150 individual measured supramolecular fibers. Normalized histograms were generated with
intervals of 100 nm. Figure 3.12 shows exemplarily a fiber diameter histogram of supramolecular
nanofibers of N,N’,N"’-tris(1-methoxybutan-2-yl)benzene-1,3,5-tricarboxamide (BTA 4) prepared from
a mixture of water/isopropanol (80:20) with a BTA-concentration of 0.05 wt.-%. The sample was
mechanically stirred with a velocity of 300 rpm. The starting temperature was 70 °C and the applied

cooling temperature was 5 °C.
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Figure 3.11: SEM-image of supramolecular nanofibers for the evaluation of the fiber-diameter. The
determination of the fiber diameter utilizing a suitable software is exemplarily shown for three
different fibers. The fibers of BTA 4 were prepared from a solvent mixture of water/isopropanol (80:20)
with a concentration of 0.05 wt.-%. The temperature range was from 70 °C to 5 °C with a total mass of
the sample of 200 g. The cooling agent was ethylene glycol/water (1:1). The mechanical stirring velocity
was 300 rpm.
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Figure 3.12: Exemplarily fiber diameter histogram of supramolecular nanofibers of BTA 4 prepared by
utilization of the developed experimental setup. The fibers of BTA 4 were prepared from a solvent
mixture of water/isopropanol (80:20) with a concentration of 0.05 wt.-%. The temperature range was
from 70 °C to 5 °C with a total mass of the sample of 200 g. The cooling agent was ethylene glycol/water
(1:1). The mechanical stirring velocity was 300 rpm. The histogram is based on fiber diameters of at
least 150 individual supramolecular nanofibers.
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3.6  Morphology of supramolecular fibers from different experiments under controlled conditions

The combination of BTA 4 and a mixture of water/isopropanol (80:20) with a concentration of
0.05 wt.-% was identified to be the most suitable system for the self-assembly experiments. Two
experimental series were performed. The first series was conducted in a temperature range from 70 °C
to 5 °C with varying mechanical stirring velocities ranging from 0 rom to a maximum of 450 rpm, while
the temperature profiles of these experiments were recorded. In the second experimental series, the
applied cooling temperature on the outside of the vessel was varied between 25 °C and -5 °C at a
constant stirring velocity of 300 rom. The results concerning the morphology of the supramolecular

fibers are based on SEM investigations will be presented in the following.

Influence of stirring velocities on temperature profiles

Even though the experiments are designed to enable self-assembly of a BTA in a given solvent just by
a change in temperature and by application of different mechanical stirring velocities, a variety of
parameters have to be additionally considered. Apart from the selected molecular structure of BTA 4
and the solvent system, parameters such as BTA concentration, temperature range, total mass of the
sample, composition of the cooling agent, thickness of the wall of the vessel and the material can have
an effect. These parameters may also indirectly influence the cooling process. Furthermore, one key
parameter during the cooling process is given by the flow conditions inside the vessel and these
conditions can be significantly influenced by changes in mechanical stirring velocity of the BTA solution.
Therefore, temperature profiles during the cooling process were recorded at different stirring
velocities ranging from 0 rpm up to a value of 450 rpm. The results displayed in Figure 3.13 show that
stirring the BTA solution inside the vessel yields a significant acceleration of the cooling process
compared to the results corresponding to no mechanical stirring. If no stirring is applied to the system,
the flow conditions inside the vessel are dominated by natural convection occurring due to local
differences in density of the BTA solution. This variation exhibits the slowest cooling process compared
to an ideally mixed system. The temperature profile recorded at a stirring velocity of 50 rpm already
shows a strong acceleration. Further increase of the stirring velocity to a value of 150 rpm also results
in faster cooling rates but the difference compared to the curve at 50 rpm is less distinct. Even less
differences in the temperature profiles are observed between velocities of 150 rpm and 300 rpm,
whereas the temperature profiles of at 300 rpm and 450 rpm are almost identical. These results can
be explained by the correlation of flow conditions and the heat exchange from the inside of the glass

to the cooling agent described by equation 3.5.
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Figure 3.13: Exemplary temperature profiles during thermal induced self-assembly experiments with
different stirring velocities ranging from 0 rpm to 450 rpm. Preparation conditions - Solvent:
water/isopropanol (80:20); temperature range: 70 — 5 °C; BTA-concentration: 0.05 wt.-%; total mass
of sample: 200 g; cooling time: 2 h; cooling agent: ethylene glycol/water (1:1).

By increasing the stirring velocity, the Reynolds number of the system is also increased corresponding
to equation 3.9. In consequence, the value of the Nusselt number also rises as well as the value of a;.
If the thermal conductivity €; of the self-assembly system is assumed to be independent of the stirring
velocity, the thickness of the boundary layer 6; close to the wall of the vessel is decreased. Evaluation
of equation 3.5 shows that a decrease of &; yields an increase of the amount of heat exchanged
through the wall and results in an accelerated cooling process. However, by stirring the BTA solution,
only flow conditions inside the vessel can be changed. If the thickness of the boundary layer 6:

becomes very small, equation 3.5 may be reduced to equation 3.10.

. A .
Q=—3 v:_a_z (Tinside - Toutside) if:

éwall €2

g 4 4%

é €wall é

(3.10)

At this point, the cooling process of the self-assembly system inside the vessel cannot be accelerated
anymore because the thermal conductivity of the wall, the wall thickness, the thermal conductivity of
the cooling agent and the thickness of the boundary layer on the outside of the vessel become rate-
determining. In consequence, the stirring velocities exceeding a value of 150 rpm do not result in

significant changes of the cooling process.
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Sample preparation

The supramolecular BTA-fibers prepared under controlled conditions were dried and fixed on a SEM
sample holder. Figure 3.14 shows exemplarily an overview image of fibers obtained from a solution of

BTA 4 in water/isopropanol (80:20) and a concentration of 0.05 wt.-%.

Figure 3.14: SEM-Image showing supramolecular fibers prepared by thermal induced self-assembly.
Preparation conditions - Solvent: water/isopropanol (80:20); temperature range: 70 — 5 °C; BTA-
concentration: 0.05 wt.-%; stirring velocity: 150 rpm; total mass of sample: 200 g; cooling time: 2 h;
cooling agent: ethylene glycol/water (1:1).

The starting temperature for the cooling process was 70 °C and the cooling temperature applied on
the outside of the vessel was 5 °C. The stirring velocity was 150 rpm and the total mass of the sample
corresponded to a value of 200 g. While the morphology of most fibers appears to be rather like a
straight line, many fibers are aligned parallel to each other. This alignment of the structures might
result from the drying process during sample preparation for SEM analysis during which the fibers are
pushed together. Figure 3.15 displays a series of photographs taken of a suspension of BTA 4 in the
water/isopropanol (80:20) mixture at different times during the drying process. Right after the
suspension was placed on the object slide, the solid particles in the suspension appear mostly to be
equally distributed throughout the solvent. As the drying process continues, the BTA starts to further
aggregate. Upon complete solvent removal, the solid supramolecular structures mostly gather close
to the edges of the object slide. It is assumed that the formation of larger aggregates as shown in

Figure 3.14 during the drying process corresponds to the alignment of individual fibers.
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Figure 3.15: Series of photographs displaying drying of a suspension of supramolecular fibers in
water/isopropanol (80:20) on a glass object slide. Over time, the supramolecular fibers aggregate
during the drying process towards the edge of the object slide.

Influence of stirring velocity on fiber morphology

A series of different experiments was performed to prepare supramolecular fibers of BTA 4 from
solution with different stirring velocities. Subsequently, suspensions containing the prepared fibers
were dried and the morphology of the supramolecular fibers was investigated by SEM analysis. Figure
3.16 displays exemplarily a series of SEM micrographs of BTA-fibers self-assembled at different
mechanical stirring velocities during the cooling process. Apart from differences in stirring velocity,
these fibers were prepared under identical conditions. The self-assembly process was performed in a
temperature range between 70 °C and 5 °C. Fibers displayed on SEM micrographs in Figure 3.16
already show a visible decrease in fiber diameters with increasing stirring velocity as evidenced by fiber
diameter histograms. Each fiber diameter histogram was prepared in 100 nm intervals and is based on
fiber diameters of at least 150 individual fibers. It was found that supramolecular fibers prepared
without any mechanical treatment during the self-assembly process feature a very broad fiber
diameter distribution. The corresponding mean fiber diameter of the presented sample was 1459 nm.
However, the sample prepared with a stirring velocity of 50 rpm exhibits a mean fiber diameter of
617 nm and a narrower fiber diameter distribution compared to the corresponding sample at 0 rpm.
Additional increase of mechanical stirring up to 300 rpm leads to a further decrease of fiber diameters
and an even narrower fiber diameter distribution. The mean fiber diameter of the displayed sample

corresponds to a value of 344 nm.
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Figure 3.16: SEM micrographs of supramolecular nanofibers of BTA 4 prepared by thermal induced
self-assembly and varying stirring velocities of 0 rpm, 50 rpm and 300 rpm. Corresponding fiber
diameter histograms are based on at least 150 fibers. Preparation conditions - Solvent:
water/isopropanol (80:20); temperature range: 70 — 5 °C; BTA-concentration: 0.05 wt.-%; total mass
of sample: 200 g; cooling time: 2 h; cooling agent: ethylene glycol/water (1:1).

It has already been reported that the morphology of supramolecular fibers based on the self-assembly
of a 1,3,5-benzenetrisamide with tert-butyl substituents in the periphery of the molecular structure
can be significantly influenced by variations of linear temperature profiles.[**3 These self-assembly
experiments were performed with 2,2,4,4,6,8,8-heptamethylnonane as solvent at linear cooling rates
of 10 and 60 K/min. It was found that faster cooling rates result in smaller fiber diameters. However,
the changes in morphology of prepared supramolecular fibers in the current study may be attributed
to an acceleration of the cooling process, due to differences of the flow conditions by application of

mechanical forces to the system or to a combination of both influences.
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Therefore, additional experiments were conducted with stirring velocities of 150 rpm and 450 rpm. To
ensure the results to be reproducible, three individual experiments were performed for each set of
conditions. Figure 3.17 shows the values of mean fiber diameters of supramolecular fibers as a function
of mechanical stirring velocity in the range from 0 to 450 rpm. Each displayed data point is the average
of three experiments. The error bars correspond to the standard deviation of the three individual mean
fiber diameters and do not reflect the distribution widths of the prepared fiber diameter histograms.
The size of the error bars demonstrates the high reproducibility of the experiments under controlled

conditions.

The largest decrease of the mean fiber diameters on the stirring velocity is observed from 0 to 150 rpm.
For experiments at 300 and 450 rpm, no significant additional decrease in the mean fiber diameter
was observed. As described earlier, it was found that only for stirring velocities in the range from 0 to
150 rpm, the cooling process of the self-assembly process is significantly accelerated. Beyond values
of 150 rpm, only minor differences in the temperature profiles could be observed. Even though the
stirring velocity was increased by a factor of three from 150 rpm to 450 rpm, no change in the
morphology of the fibers was observed. These results clearly indicate that the resulting morphology of
supramolecular fibers based on the self-assembly of BTA 4 from water/isopropanol mixtures is mainly
dependent on the temperature profile during the cooling process. A possible influence of shearing

forces on the morphology was not observed.
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Figure 3.17: Influence of the stirring velocities on the resulting mean fiber diameters of supramolecular
fibers of BTA 4. Each data point displayed is based on three independent experiments. The error bars
represent the standard deviation of the three obtained mean fiber diameters. Each individual mean
fiber diameter takes into account at least 150 fibers. Preparation conditions - Solvent:
water/isopropanol (80:20); temperature range: 70 — 5 °C; BTA-concentration: 0.05 wt.-%; total mass
of sample: 200 g; cooling time: 2 h; cooling agent: ethylene glycol/water (1:1).
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Influence of applied cooling temperature on fiber morphology

A second experimental series was performed by variation of the applied cooling temperatures of the
cooling agent on the outside of the glass, while the other experimental conditions were kept constant.
A reduction of the cooling temperature leads to greater temperature differences and according to
equation 3.5 to an increasing heat exchange. The influence of changes in the temperature profiles
were verified by conducting experiments with varying cooling temperatures at constant flow

conditions inside the vessel.

Figure 3.18 shows exemplarily a series of three SEM micrographs of supramolecular BTA fibers
prepared with different cooling temperatures. All other experimental conditions such as stirring
velocity were kept constant. The SEM micrograph of the sample prepared in the temperature range
from 70 °C to 25 °C exhibits thick fibers with diameters in the micrometer range. The corresponding
fiber diameter histogram shows a very broad fiber diameter distribution with a mean fiber diameter
of 1013 nm. By decreasing the temperature of the cooling agent to a value of 15 °C and therefore
increasing the heat exchange, the mean fiber diameter equals to 544 nm and the fiber diameter
distribution becomes less broad. The SEM image at the bottom of Figure 3.18 shows supramolecular
fibers of a sample prepared at a cooling temperature of 5 °C and the corresponding histogram features
the narrowest fiber diameter distribution with an average of 344 nm. In addition, a series of three
independent experiments was performed for each set of experimental parameters for cooling

temperatures of 25, 15, 5 and -5 °C.
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Figure 3.18: SEM micrographs of supramolecular nanofibers of BTA 4 prepared by thermal induced
self-assembly and varying cooling temperatures of 25 °C, 15 °C and 5 °C. Corresponding fiber diameter
histograms are based on at least 150 fibers. Preparation conditions - Solvent: water/isopropanol
(80:20); stirring velocity 300 rpm; BTA-concentration: 0.05 wt.-%; total mass of sample: 200 g; cooling
time: 2 h; cooling agent: ethylene glycol/water (1:1).

Figure 3.19 shows the obtained mean fiber diameters as a function of the applied cooling temperature.
Each displayed data point is based on three individual experiments. The error bars correspond to the
standard deviation of the three individual mean fiber diameters and do not reflect the distribution
widths of the prepared fiber diameter histograms. The results clearly show that apart from changes in
mechanical conditions, changing the applied cooling temperature has a strong impact on the resulting

morphology of supramolecular fibers of BTA 4.
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Figure 3.19: Influence of the applied cooling temperature on the resulting mean fiber diameters of
supramolecular fibers of BTA 4. Each data point (error bars represent the standard deviation) displayed
is based on three independent experiments. Each individual mean fiber diameter takes into account
at least 150 fibers. Preparation conditions - Solvent: water/isopropanol (80:20); stirring velocity: 300
rpm; BTA-concentration: 0.05 wt.-%; total mass of sample: 200 g; cooling time: 2 h; cooling agent:
ethylene glycol/water (1:1).
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3.7 Conclusion

The work described in this chapter focused on the development of an experiment under controlled
conditions to investigate the formation of supramolecular fibers based on 1,3,5-benzenetrisamides via
self-assembly from solution upon changes in temperature and the impact of the variation of
mechanical stirring velocities during the process. Screening experiments on a series of five alkoxy-
substituted 1,3,5-benzenetrisamides revealed that the combination of BTA 4 and a solvent mixture of
isopropanol and water (80:20) at a concentration of 0.05 wt.-% was the most suitable system for the

developed experimental setup.

Two series of experiments under controlled conditions were performed and the results were found to
be highly reproducible. In the course of the first experimental series upon variations in mechanical
stirring, the morphology of obtained supramolecular fibers was strongly influenced. However, these
influences only correlate to changes in the cooling process. Once no increase of the cooling
performance was achieved by increasing the stirring velocity, the morphology of BTA fibers did not
change further. Therefore, an influence of mechanical forces during the self-assembly process was not
observed. In the second experimental series, the cooling temperature outside the vessel was varied
and confirmed that an increased cooling performance leads to smaller fiber diameters and that the

self-assembly process is strongly dependent on the cooling conditions.
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4 Supramolecular nanofibers for air filtration applications

4.1 Introduction

Fine particulate air-pollution

Air-pollution has been recognized as a major risk factor for human health.™*%?! An air pollutant is defined
as a substance that is released into the environment and exhibits the potential to harm humans as well
as animals and vegetation. These pollutants can be divided into four different categories such as
particulate matter, heavy metals (e.g. mercury), persistent organic compounds (e.g. dioxins) and
gaseous pollutants (e.g. sulphur dioxide).*3% In particular, the exposure to ambient particulate matter
has been identified to cause adverse effects to human health. Particulate matter comprises of a
complex mixture of solid and liquid particles suspended in atmospheric air. However, for health related
issues, particulate matter is usually subdivided into two main categories: Particulate matter with
particles featuring diameters below 10 um (PM1o) and fine particulate matter with diameters of less
than 2.5 um (PM,5).1*327134 various emission sources contribute to air-pollution by particulate matter
and are either based on natural sources®* or on anthropogenic sources such as industrial processes
(e.g. energy production, mining).[*3? Apart from commonly known exhaust emissions of road traffic,
vehicle use can even contribute to particulate matter emissions by resuspension of road dust which
arises for example from wearing of brakes, tires and pavement.'*® In ambient air suspended
particulate matter is inhalable and associated with serious health effects to the human body such as
lung cancer, low birth weight and reduced life expectancy.[**”7** For instance, it was found that
especially fine particulate matter exhibits more negative effects compared to larger particles like
increased mutagenic activity™4%1%1 |n 2010, 3.2 million human deaths were attributed to the exposure
to fine particulate matter (PMzs), whereas HIV-AIDS was considered to cause death of 1.5 million
people. Even Malaria was accounted “only” for the death of 1.2 million people demonstrating that
particulate matter really is a serious threat to human health.[**>*%3! |n consequence, new approaches
have to be developed to control the exposure of particulate matter including the design of novel

filtration systems for the efficient removal of such small particles from ambient air.
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Preparation of nanofibers for filtration applications

In general, a vast number of different air filtration systems exist to separate solid and liquid particles
from a gas. These systems are utilized in a variety of applications including air conditioning systems of
living and office spaces, purification of the air intake of engines in automobiles, avoidance of air
pollutants to enter vehicle cabins, respirators and vacuum cleaners.™3! For a specific application, a
suitable filter medium has to be selected depending for example on the size of particles that have to
be removed or the conditions of the filtration process such as the flow velocity of the fluid. Mostly in
air filtration, the high efficiency removal of solid particles with diameters in the micrometer range is
achieved by the use of fibrous filter media.®® One example for frequently used systems in air filtration
are nonwoven filter media, which are defined as porous fabrics comprised of fibers or filaments that
are randomly arrayed and capable of removing solid or liquid particles from a gas stream.?! Thereby,
many research effort is put on the utilization of nanofibers, because of their highly beneficial surface
to volume ratio compared to microfibers resulting in an increased probability of particle deposition on
the surface of the fibers.[2%°%% Typically, nanofibers are based on polymer materials and are fabricated
via top-down processes such as electrospinning, melt blowing or centrifugal spinning.2¢2>1%! Many
studies have been conducted to evaluate the suitability of such fibers for air filtration applications. For
instance, Qin et al. reported on the preparation of nanofibers of polyvinyl alcohol via electrospinning
on top of a melt-blown polypropylene support and subsequent testing to remove uniform NaCl
particles with diameters of 600 nm from an air stream.™™¥ Furthermore, it was demonstrated that
electrospinning of various polyamides results in filter media capable of removing such small particles
from air.**1%% Apart from classical polymers, electrospinning of recombinant spider silk protein on top
of a polymer support can be utilized to improve the filtration efficiency of existing filters to remove
liquid droplets from air streams. Experiments were performed using different support materials such
as polypropylene, polyamide and polyester.[*** Cho et al. demonstrated the improvement of cellulose
filters by electrospun fibers incorporating titanium dioxide nanoparticles.'® Apart from
electrospinning, melt-blown fibers of polypropylene were investigated by means of air filtration
efficiency of small particles and have proven to be suitable for air filtration applications.?°22 Usually,
the rate of production of the previously mentioned fabrication methods is significantly reduced with

decreasing fiber diameters down to the nanometer range.

In contrast to previously described top-down approaches, supramolecular chemistry provides a

bottom-up approach for the preparation of fibrous structures via self-assembly of small

g [26110-

molecule 1121 One system based on this bottom-up approach was utilized for liquid filtration

applications, demonstrating that supramolecular fibrous structures exhibit potential to be used as
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filter media.[**>*%71 However, so far, little is known about the applicability of supramolecular fibers for
air filtration applications. The formation of such structures is driven by secondary interactions such as
hydrogen bonding, m-rt-stacking or metal ligand coordination. One intensively studied self-assembly
motif that is capable of forming supramolecular nanofibers with diameters in the nanometer range is
based on 1,3,5-benzenetrisamides (BTAs).[*515256] These compounds can form supramolecular

columns by formation of directed threefold hydrogen bonds of the amide moieties.[6%656¢!

Recently it was demonstrated for the first time that supramolecular nanofibers based on a
1,3,5-benzenetrisamide can be employed in a nonwoven support to form a stable nanofiber-microfiber

composite that can potentially be utilized in air filtration applications. 8

The basic concept of this in situ preparation process is displayed in Figure 4.1. First, the BTA is fully
dissolved at elevated temperatures in a suitable solvent to yield a clear solution with a defined
concentration. A nonwoven scaffold is immersed into the solution until it is fully soaked (Figure 4.1 A).
Subsequently, the nonwoven is removed from the solution resulting in a combination of cooling and
drying of the soaked nonwoven (Figure 4.1 B). During this process, self-assembly of the BTA starts and
supramolecular nanofibers inside the nonwoven scaffold are formed in situ connecting the individual
microfibers of the support structure. Complete removal of the solvent yields a mechanically stable

composite (Figure 4.1 C).
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Figure 4.1: Schematic representation of the in situ preparation process of supramolecular nanofiber-
microfiber composites (nonwoven scaffold: grey fibers; solvent: blue dots; dissolved 1,3,5-
benzenetrisamide: red dots; supramolecular nanofibers: red fibers). The nonwoven microfiber scaffold
isimmersed into a 1,3,5-benzenetrisamide solution (A) at elevated temperatures and removed. During
cooling and simultaneous solvent evaporation, self-assembly occurs and supramolecular nanofibers
are formed within the nonwoven microfiber scaffold (B). Complete solvent evaporation yields the
nanofiber-microfiber composite (C).
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This bottom-up approach allows for the in situ preparation of fibers inside a support structure. In
contrast, nanofibers prepared from top-down processes such as electrospinning are usually deposited
on top of a support structure.[»1314104144] Typica|ly, these processes do not allow to fully penetrate a

porous support such as a nonwoven.

This chapter focuses on further investigations of nanofiber-microfiber composites containing
supramolecular nanofibers based on 1,3,5-benzenetrisamides. This work is based on previous
investigations by Misslitz and provides a deeper understanding of the preparation process.[®8!
Partially, previous experiments were repeated to ensure comparable results. Figure 4.2 shows the
chemical structure of investigated 1,3,5-benzenetrisamides. BTA 4 contains a methoxy group in the
periphery of the molecular structure, while BTAs 6, 7 and 8 exhibit branched alkyl substituents of

different lengths. BTAs 6 and 7 are constitutional isomers.

This chapter is divided in two sections. The first section (4.3.1) describes experiments performed with
BTAs 6, 7 and 8 and focuses on the preparation of nanofiber-microfiber composites from solutions
with different BTA concentrations as well as from different processing solvents such as 2-butanone,
isopropanol and ethanol. A viscose/polyester model nonwoven was used for the preparation of these
composites. In addition, temperature dependent turbidity measurements provide insight into the
solubility and self-assembly behavior of these three BTAs in each of the solvents. Infrared
spectroscopic investigations were performed to evaluate the formation of supramolecular columns by
directed threefold hydrogen bonds. Capillary Flow Porometry of selected composite was used to

evaluate the resulting pore-size distributions of the nanofiber-microfiber composites.
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Figure 4.2: Chemical structures of 1,3,5-benzenetrisamides 4, 6, 7 and 8 with different peripheral
substituents.
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The second part of this chapter (4.3.2) focuses on the preparation of nanofiber-microfiber composites
containing supramolecular nanofibers of BTA 4. A solvent mixture of water and isopropanol (60:40)
was selected as processing solvent. In contrast to the first part of this chapter, the selected nonwoven
scaffold was a technical polyester nonwoven featuring microfibers with larger diameters and an
increased overall thickness. Concentration dependent experiments to prepare nanofiber-microfiber
composites with different nanofiber contents were performed and the resulting composites were

tested in air filtration experiments.
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4.2 Experimental

Many of the experimental details are applicable to both sections (4.3.1 and 4.3.2) such as the basic
procedure for the preparation of nanofiber-microfiber composites containing supramolecular
nanofibers based on 1,3,5-benzenetrisamides as well as the evaluation of the composites by means of
filtration efficiency to remove particulate matter from air. Therefore, the experimental part of this
chapter covers the experimental work performed for both sections. All materials used and the
experimental details on the preparation and characterization of nanofiber-microfiber composites are

described in the following.

Materials

The synthesis and characterization of the selected 1,3,5-benzenetrisamides is described in detail in the
appendix. BTAs utilized for the preparation of nanofiber-microfiber composites were N,N’,N”-tris(1-
methoxybutan-2-yl)benzene-1,3,5-tricarboxamide (BTA 4), N,N’,N”’-tris(2-ethylhexyl)benzene-1,3,5-
tricarboxamide (BTA 6), N,N’,N”-tris(6-methylheptyl)benzene-1,3,5-tricarboxamide (BTA 7) and
N,N’,N”’-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide (BTA 8) All solvents were commercially

available from Aldrich and used without further purification.

Figure 4.3: Selected nonwoven scaffolds for the preparation of composites containing supramolecular
nanofibers. A viscose/polyester nonwoven with a thickness of 0.15 mm and a basis weight of 32.2 g/m?
(A). Polyester nonwoven with a thickness between 2 and 2.6 mm and a basis weight of 120 g/m? (B).

For the preparation of nanofiber-microfiber composites two different nonwoven scaffolds where
utilized. Figure 4.3 shows photographic images of the selected nonwovens. A microfiber
viscose/polyester nonwoven (see Figure 4.3 A) was used for the preparation of nanofiber-microfiber

composites with 1,3,5-benzenetrisamides featuring different alkyl substituents in the periphery. This
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nonwoven was commercially available with a basis weight of 32.2 g/m? and a thickness of 0.15 mm
(AmPri). Results of experiments performed using this nonwoven are described in section 4.3.1. Figure
4.4 shows a SEM micrograph displaying the morphology of this selected nonwoven scaffold. The
average fiber diameter of the microfibers was 13 um. Consolidation of this nonwoven was achieved by

a binder that forms layers partially connecting the individual microfibers.

Figure 4.4: Overview SEM micrograph of the selected viscose/polyester nonwoven for the preparation
of nanofiber-microfiber composites.

Figure 4.5: Overview SEM micrograph of the selected technical polyester nonwoven for the
preparation of nanofiber-microfiber composites.

A second technical nonwoven (see Figure 4.3 B) was selected for the preparation of nanofiber-
microfiber composites from a water/isopropanol mixture (60:40) with a 1,3,5-benzenetrisamide with

an alkoxy substituent in the periphery of the molecular structure. This nonwoven featured thicknesses
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between 2 and 2.6 mm and a basis weight corresponding to a value of 120 g/m?. Results obtained by
using this nonwoven are presented in section 4.3.2. Figure 4.5 shows a SEM micrograph of the
microfiber morphology with fiber diameters between 25 and 30 um. The nonwoven was mechanically

and thermally bonded to ensure consolidation.

Preparation of nanofiber-microfiber composites

First, a solution of the selected BTA in a given solvent and with a defined concentration was prepared
at elevated temperatures. Results presented in section 4.3.1 are based on experiments utilizing
solutions of BTAs 6, 7 and 8 in 2-butanone, isopropanol and ethanol, respectively. Clear BTA solutions

with concentrations between 0.6 and 1.0 wt.-% were prepared at a temperature of 50 °C.

Each individual solutions was filled into a custom-made immersion bath with a volume of about 200 mL
and kept at the corresponding elevated temperature. The immersion bath was placed in a thermostat
to ensure temperature control. Besides, it was sealable to avoid solvent evaporation and thereby

changes in concentration of the 1,3,5-benzenetrisamide.

Figure 4.6 illustrates the four step preparation process of the composites exemplarily utilizing the
viscose/polyester nonwoven used for experiments presented in section 4.3.1. First, a nonwoven was
fixed in a holding frame featuring an open area of 8.5 cm x 8.5 cm (see Figure 4.6 A). Subsequently,
the fixed nonwoven was then vertically immersed into the prepared immersion bath containing the
hot BTA solution (see Figure 4.6 B). To ensure complete soaking of the nonwoven scaffold, it was kept
inside the immersion solution for 30 s. To avoid evaporation of the solvent during the preparation
process, the immersion bath was sealable by the supporting frame. (see Figure 4.6 C). The frame
containing the soaked nonwoven was removed from the solution and placed in a horizontal position.
The samples were dried at ambient conditions for at least 30 min (see Figure 4.6 D). After complete
removal of the solvent nanofiber-microfiber composites were obtained. Due to the solvent uptake of
the nonwovens, the filling level of the immersion bath decreased after each prepared sample.
Therefore, the BTA solution was replaced with 200 mL of a freshly prepared solution after a maximum

of 6 individual samples.

For filtration applications, a homogenous distribution of supramolecular nanofibers throughout the
entire nonwoven is essential. Therefore, nonwoven scaffolds had to be fixed evenly in the supporting
frame during the drying process. If the position of the sample in the supporting frame was shifted

during the immersion process, the corresponding sample was discarded. During the drying process,
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the nonwoven had no contact to any other object or surface, besides the supporting frame, to prevent

dewetting.

Work performed in section 4.3.2 was based on the preparation of composites containing
supramolecular nanofibers of BTA 4 from a solvent mixture of water/isopropanol (60:40).
Corresponding BTA solutions were heated to 75 °C with concentrations of 0.2, 0.4, 0.6, 0.8 and

1.0 wt.-%, respectively.

A: Mounting of nonwoven scaffold in metal frame

* Dimensions of nonwoven: 9.5 x 9.5 cm
* Accessible area in frame: 8.5 x 8.5 cm
* Nonwoven was fixed on the edges of

metal frame

* BTA solution was filled in immersion
bath and kept at elevated
temperatures

* Vertical immersion of metal frame

and nowoven into BTA solution

C: Complete soaking of nonwoven by BTA solution

* Immersion of the nonwoven for 30 s
* To avoid solvent evaporation,
immersion bath was sealable by

handle of metal frame

* Drying of nonwovens at ambient
conditions in horizontal position
* Drying time dependent on utilized

solvents

Figure 4.6: Series of photographs displaying the experimental process for the in situ preparation of
nanofiber-microfiber composites. The selected nonwoven scaffold (9.5 x 9.5 cm) is placed in a
supporting frame (A). The mounted nonwoven support was immersed vertically into a BTA solution at
elevated temperatures (B). The nonwoven was kept in the BTA solution for 30 s to ensure that the
scaffold is fully soaked (C). Drying at ambient conditions yielded nanofiber-microfiber composites (D).
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Sample preparation for SEM investigations

For SEM investigations, a piece of a prepared composite of about 1 cm x 1 cm was fixed via double-
sided adhesive conductive tape on a SEM sample holder and sputtered with carbon. The sputtering
process was performed utilizing a MED 010 (Balzers Union) sputter coater. SEM micrographs were
recorded by utilization of a Zeiss 1530 FESEM. The applied acceleration voltage was 2 kV and images
were taken with a SE2 detector. As described in detail in the previous chapter (see section 3.3), images
were taken at different positions of each sample. By utilization of a suitable software (Axiovision
Release 4.8.3; Carl Zeiss), the fiber diameters of at least 150 individual fibers were determined. Based

on the recorded data, fiber diameter histograms were prepared in intervals of 100 nm.

Determination of supramolecular fiber content

The content of supramolecular nanofibers inside the prepared composites was determined
gravimetrically. Therefore, the initial mass of the nonwoven support before the preparation process
was measured and subsequently, the dried composite obtained by the preparation process was
weighed. Considering these two values, the supramolecular nanofiber content can be calculated. In
order to consider possible mass losses of the nonwoven support, experiments were performed without
any 1,3,5-benzenetrisamide present in the solvents accordingly to the described process to prepare

nanofiber-microfiber composites. Calculated BTA-fiber contents took these results into account.

Air filtration test rig setup

Prepared nanofiber-microfiber composites were evaluated by means of filtration efficiency of
particulate matter from air. The corresponding air filtration tests were conducted by utilization of a
suitable air filtration test rig (MFP 2000, PALAS GmbH). This modular test system allows for the
determination of the efficiency of flat filter media to remove particles depending on their size from an
air stream. Figure 4.7 displays schematically the experimental setup of the utilized test rig. Filtration
performance of a filter can be investigated by applying varying aerosols. Therefore, different aerosol
generators capable of suspending particles with a defined particle size distribution and at a constant
concentration depending on the desired test conditions can be equipped to the test system.
Experiments performed focused on the use of the generation of a solid fine test dust from Powder
Technology Inc. (Iso 12103-1, A2). The main part of these test particles exhibited sizes in the range
from 0.2 to 2 um. An initial volumetric air flow was fed into the aerosol generator (RBG 1000, PALAS

GmbH). A cylindrical reservoir of the selected generator was filled with the selected test particles.
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Figure 4.7: Schematic representation of the filter test rig utilized to test the filter performance of
prepared nanofiber-microfiber composites to remove particulate matter from air. An aerosol
generator was used to feed an aerosol of fine dust particles into an initial air flow. This aerosol was
diluted by additional air, treated by a corona discharging unit to remove electrical charges from the
dust particles and applied to a filter. A particle sensor in combination with a computer enabled
monitoring of remaining particles in the air stream after the filtration process.

These particles were continuously suspended in small amounts in the initial air flow by a rotating brush.
Subsequently, the initial air stream was combined with an additional volumetric air flow allowing for
precise control of the particle concentration in the air stream that is applied to the filter. Due to the
mechanical treatment of the suspended particles by the rotating brush, each individual particle
exhibited an electrical charge on the surface, which may have influenced significantly the filtration
efficiency of a tested filter. Therefore, the aerosol passed through a corona discharging unit (CD 2000,

PALAS GmbH) to minimize electrical charges on the surface. After the discharging process, the aerosol
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was fed into an air channel, which allowed for insertion of a flat filter medium. The circular filter area
was around 28.3 cm?. Before and after the filter, pressure detectors were installed to monitor the
differential pressure during the filtration process. After the aerosol passed through the channel, a
representative sample of the air was collected and analyzed by a suitable light scattering detector
(welas digital 2100, PALAS GmbH, detection range: 0.2 um — 10 um). The detector was capable of
measuring the particle size distributions and the particle concentration in the air stream. A computer
was used to control and monitor important parameters during a measurement such as the volumetric

air flow and in consequence the linear flow velocity applied to the filter.

In addition, the measuring time was precisely controlled as well as the amount of particles generated
by the aerosol generator. Acquired data of a filtration experiment were the amounts of particles
counted depending on the size and the differential pressure before and after the measurement. Based
on measurements performed with and without a filter, particle size dependent filtration efficiencies
were accessible. Tested filter media had to be inserted manually into the air channel by opening the

channel for a short period of time.

Implementation of filtration tests

Prepared composites were tested by utilization of the previously described air filtration test rig. First,
operation conditions of the test rig had to be adjusted. The volumetric flow rate was around 42.5 L/min
and considering the size of the diameter of the air channel, the resulting linear flow velocity was
approximately 25 cm/s. The particle concentration was around 30000 particles/cm3. Once constant
operating parameters were reached, the amount of particles and the corresponding particle size
distribution in the gas stream was measured for 30 s without any filter inserted in the test rig. This
measurement served as reference. Subsequently, a filter was placed manually in the air filtration test
rig and the aerosol was applied to the filter for 30 s at identical conditions. Remaining particles in the
air stream after the filtration process were quantified by the detector. The differential pressure was

recorded at the beginning and at the end of the measurement.

Turbidity measurements

The solubility and self-assembly behavior of the selected 1,3,5-benzenetrisamides in different solvents
was investigated by means of temperature dependent turbidity measurements. Therefore, BTA

solutions in a given solvent with a concentration of 1.0 wt.-% were prepared.
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Figure 4.8: Schematic representation of a turbidity measurement. The BTS-solution is filled in a quartz
glass cuvette and placed in a temperature control unit. Detector monitored the transmitted light
through the sample emitted by a monochromatic light source. Each sample was continuously stirred
during the experiment.

Figure 4.18 displays a schematic representation of the experimental setup for temperature dependent
turbidity measurements. These solutions were filled into quartz glass cuvettes (optical path length: 10
mm) through a syringe filter (Chromafil Xtra PTFE-20/13; pore size 0.2 um). Turbidity experiments were
conducted on a Jasco V-670 UV-Vis spectrometer. A multi cell sample holder (PAC-743R) enabled
precise control of the sample temperature. The solubility behavior during cooling of the sample was
investigated in a temperature range between 0 and 50 °C. Samples were analyzed with cooling rates
of 1 K/min. Determined cloud-points correspond to a transmittance of 50%. All samples were

constantly stirred during the measurement.

Infrared spectroscopy

The presence of supramolecular columns based on threefold hydrogen bond formation inside the self-
assembled nanofibers was investigated by means of infrared spectroscopy. Experiments were
performed by attenuated total reflection (ATR) technique on a Fourier transform infrared
spectrometer (PerkinElmer Spectrum 100 FT-IR). Background measurements were performed on

ambient air. Spectra were recorded in the range from 400 cm™ to 4000 cm'?

Capillary flow porometry

Pore size distributions of supramolecular nanofiber-microfiber composites were investigated by
means of a capillary flow porometer (PSM 165, manufacturer: TOPAS). Each sample was placed in the
sample holder with a circular opening (diameter: 6 mm). Volumetric flow rates ranging between 0 and
7.5 L/min were applied using compressed air, and the corresponding pressure was recorded online. As

wetting liquid, TOPOR was used (supplier: TOPAS). The determination of the pore size distributions
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was performed by two measurements. One measurement with wetting liquid and one without. Both
measurements were carried out under identical parameters. Each pore size distribution is based on
five individual samples and the resulting pore size distributions were calculated using PSM Win

software (TOPAS).
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4.3 Results and Discussion

The results based on the work conducted in this chapter will be presented and discussed in two
different sections. The preparation of nanofiber-microfiber composites by utilization of
1,3,5-benzenetrisamides with different alkyl substituents (BTAs 6, 7 and 8) will be shown in section
4.3.1 as well as the corresponding characterization including fiber diameter histograms, mass content
of supramolecular fibers in the composites and the filtration performance. Section 4.3.2 will focus on
the use of a BTA exhibiting alkoxy substituents (BTA 4) in the periphery of the molecular structure. The
nanofiber-microfiber composites were processed from a water/isopropanol mixture (60:40) in a
technical polyester nonwoven. Characterization involves mass content of supramolecular nanofibers,

fiber diameter histograms based on SEM analysis and filtration experiments.

4.3.1 Nanofiber-microfiber composites based on 1,3,5-benzenetrisamides with branched alkyl chains

The characterization of nanofiber-microfiber composites with alkyl-substituted
1,3,5-benzenetrisamides (BTAs 6, 7 and 8) prepared from solutions in 2-butanone, ethanol or

isopropanol and by using the viscose/polyester model nonwoven will be described in the following.

Turbidity measurements

Turbidity measurements upon cooling of BTA solutions with a given concentration of 1.0 wt.-% were
performed to evaluate the temperature dependent solubility behavior of the selected BTAs in the
processing solvents. Therefore, solutions of either BTAs 6, 7 or 8 were prepared at elevated
temperatures in 2-butanone, ethanol and isopropanol, respectively. Each sample was sealed to
prevent evaporation of the solvent and to ensure a constant overall BTA concentration. Figure 4.9
shows the recorded cooling curves of the transmittance during the turbidity measurements of
solutions containing BTA 6 in the three selected solvents. Experiments were performed in a
temperature range from 0 to 50 °C with a constant cooling rate of 1 K/min. The y-axis represents the
relative amount of transmitted light through the sample at each temperature in relation to the initial
amount of transmitted light of the clear solution at 50 °C. All samples were continuously stirred during
the measurement. Upon cooling, the intensity of transmitted light decreases significantly until no
remaining light can be detected. Once a critical temperature is reached during the cooling process, the

intensity almost instantaneously decreases to 0% for all three solvents.
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Figure 4.9: Turbidity measurements of BTA 6 upon cooling and constant stirring of solutions containing
1 wt.-% BTA. Experiments were performed in 2-butanone, isopropanol and ethanol, respectively. Each
experiment started with a clear BTA solution corresponding to 100% transmittance. The curves
represent the differential intensity detected at each temperature compared to the initial intensity at
a wave length of 670 nm. Turbidity temperatures corresponding to a transmittance of 50% correspond
to 32 °C for 2-butanone, 6 °C for isopropanol and 7 °C for ethanol.

The determined cloud points for the investigated solutions were 32 °C for 2-butanone, 6 °C for
isopropanol and 7 °C for ethanol. These values correspond to a value of 50% transmitted light.
Solubility behavior of BTA 6 in 2-butanone has been found to be very different compared to
isopropanol and ethanol. Upon cooling a defined transition occurs from a clear solution to a suspension
of solid BTA in the solvent for 2-butanone. In contrast, the intensity of transmitted light gradually
decreases between 100 and 90% for BTA solutions in isopropanol and ethanol and subsequently a very
fast transition with no remaining light occurs. While the solution in 2-butanone becomes opaque upon
cooling above room temperature, solutions in isopropanol and ethanol have to be actively cooled to
yield supramolecular structures below room temperature. Figure 4.10 displays corresponding turbidity
measurements of BTA solutions containing BTA 7 either in 2-butanone, isopropanol and ethanol. The
results were found to be comparable to turbidity measurements of BTA 6 shown in Figure 4.10. Upon
cooling, the transition from a clear solution in 2-butanone to an opaque solution occurs at much higher
temperatures compared to isopropanol and ethanol. The corresponding values for the cloud points

are 30 °C for 2-butanone, 6 °C for isopropanol and 6 °C for ethanol.
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Figure 4.10: Turbidity measurements of BTA 7 upon cooling and constant stirring of solutions
containing 1 wt.-% BTA. Experiments were performed in 2-butanone, isopropanol and ethanol,
respectively. Each experiment started with a clear BTA solution corresponding to 100% transmittance.
The curves represent the differential intensity detected at each temperature compared to the initial
intensity at a wave length of 670 nm. Turbidity temperatures corresponding to a transmittance of 50%
correspond to 30 °C for 2-butanone, 6 °C for isopropanol and 6 °C for ethanol.
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Figure 4.11: Turbidity measurements of BTA 8 upon cooling and constant stirring of solutions
containing 1 wt.-% BTA. Experiments were performed in 2-butanone, isopropanol and ethanol,
respectively. Each experiment started with a clear BTA solution corresponding to 100% transmittance.
The curves represent the differential intensity detected at each temperature compared to the initial
intensity at a wave length of 670 nm. Turbidity temperature corresponding to a transmittance of 50%
corresponds to 25 °C for 2-butanone. In isopropanol and ethanol, no turbidity temperature was
detected in the investigated temperature range.

As previously found for BTA 6, experiments performed in isopropanol and ethanol also exhibit a

gradually decrease of the intensity before a sharp transition occurs, but the effect is less intense
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compared to the results of solutions containing BTA 6. Only minor differences were found in the
solubility behavior of the two constitutional isomers BTA 6 and 7 in the three selected processing
solvents at a concentration of 1.0 wt.-%. Figure 4.11 displays corresponding results from turbidity
measurements of BTA solutions containing BTA 8 in all three selected solvents. In contrast to previous
experiments with solutions in isopropanol or ethanol, no cloud points were determined in the
investigated temperature range. The samples did not turn opaque upon cooling. The remaining
solubility close to a temperature of 0 °C appeared to be still high enough to prevent the formation of
supramolecular structures just by changes in temperature. However, the BTA solution with 2-butanone
exhibits a cloud point at a temperature of 25 °C. Compared with results for BTAs 6 and 7 from 2-
butanone, the value of the cloud point is slightly lower and the decrease in the intensity of transmitted
light is not as defined. The results demonstrate that the temperature dependent solubility of all three

BTAs in 2-butanone is very different to the behavior in isopropanol or ethanol.

Reproducibility of nanofiber-microfiber preparation process

A key element in the development of a preparation process is whether or not the nanofiber-microfiber
composites can be obtained in a reproducible quality. Apart from filtration testing, the characterization
of composites relied mainly on SEM analysis of the supramolecular nanofiber morphology inside the
nonwoven scaffold. Therefore, experimental series were performed to prepare nanofiber-microfiber
composites and to evaluate the reproducibility of the preparation process by means of SEM analysis
in repeated experiments. The work conducted involved the preparation of composites in different
experimental series with varying parameters. To demonstrate the reproducibility of the process, three
individual experiments were performed involving the preparation of the composite, the SEM sample
preparation and the generation of a fiber diameter histogram for each set of preparation parameters.
These parameters were the used 1,3,5-benzenetrisamide, the selected processing solvent, the BTA
concentration, the immersion temperature and the time the nonwoven was immersed into the hot
BTA solution. All samples were dried at ambient conditions. Figure 4.12 shows exemplarily determined
fiber diameter histograms of three individual experiments. Each composite was prepared by utilization
of BTA 7 with a concentration of 1.0 wt.-% in 2-butanone. The fiber diameter histograms are based on
at least 150 individual fibers and were prepared in intervals of 100 nm. Determined mean fiber
diameters and corresponding standard deviations are 445 nm * 202 nm for sample 1, 453 nm + 182
nm for sample 2 and 424 nm % 163 nm for sample 3. It was found that the developed preparation
process features very high reproducibility of the obtained supramolecular fibers with respect to the

mean fiber diameter. In addition, the corresponding standard deviations that represent the width of
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the fiber diameter distributions are comparable. These results prove that the preparation process
features very high reproducibility and based on that further experimental series to prepare nanofiber-

microfiber composites were performed.

Fiber histograms of BTA 7 processed from 2-butanone
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Figure 4.12: Supramolecular nanofiber diameter histograms of nanofiber-microfiber composites
prepared from a solution of 1 wt.-% BTA 7 in 2-butanone. Each composite was prepared under identical
conditions. The histograms correspond to independently prepared samples and are based on at least
150 individual supramolecular fiber diameters.
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Concentration dependent preparation of nanofiber-microfiber composites

To evaluate the influence of the BTA concentration in the immersion solution on the nanofiber
morphology inside the composites as well as the corresponding filtration performance, experiments
were performed to prepare nanofiber-microfiber composites from BTA solutions with different
concentrations. The preparation of nanofiber-microfiber composites involved the full soaking of a
nonwoven scaffold with a BTA solution. Upon solvent removal, the composite is obtained. In
consequence, the BTA concentration in the immersion solution has to be directly related to the
resulting mass content of BTA nanofibers in the composite. Experimental series were conducted using
solutions of either BTA 6, 7 or 8 with varying concentrations in the immersion solution. Figure 4.13
shows exemplarily overview SEM images (left column) as well as magnified images (right column) of
prepared samples with different BTA concentration in solution of 0.6, 0.8 and 1.0 wt.-%. Composites
were prepared from 2-butanone at a temperature of 50 °C during the immersion process. According
to previous investigations, it was found that for increasing concentrations of BTA 6 in 2-butanone, the
nonwoven support becomes more densely filled with supramolecular nanofibers.®! Obtained
composites were characterized by means of nanofiber content, SEM analysis and filtration
performance. The preparation of each sample was repeated two more times to prove reproducibility.
While at a concentration of 0.6 wt.-% BTA in solution many pores of the nonwoven remain unfilled,
supramolecular nanofibers appear to fully penetrate the entire nonwoven with almost no remaining
openings for the composite prepared with a BTA concentration of 1.0 wt.-%. For each displayed
sample, the corresponding fiber diameter histograms of supramolecular fibers based on the self-
assembly process are shown. The average mean fiber diameters and the corresponding standard
deviations of three individual experiments are 504 nm + 28 nm at a concentration of 0.6 wt.-%, 446
nm + 34 nm for 0.8 wt.-% and 457 nm £ 49 nm for 1.0 wt.-%. It has to be noted that these standard
deviations do not represent the width of the fiber diameter distribution but correspond to the standard
deviation of the mean fiber diameters between individual experiments. The mean fiber diameter of
each individual experiment is based on at least 150 measured fiber diameters. In consequence, the
given values represent an average over more than 450 fibers in repeated experiments. The results
clearly show that only minor differences in the fiber diameter distributions can be found upon changes
of the BTA concentration. These differences might be attributed to the accuracy of the fiber diameter
determination. However, increasing BTA concentrations of the immersion solution yields more
supramolecular fibers distributed throughout the nonwoven covering the distances between
individual microfibers. Gravimetrically determined mass contents of BTA fibers and the standard
deviations correspond to 5.9 wt.-% * 0.6 wt.-% for samples prepared from a solution containing 0.6

wt.-% BTA 6. The content increases to 6.5 wt.-% * 0.5 wt.-% for a BTA 6 concentration in solution of
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0.8wt.-% and to 7.3 wt.-% * 0.7wt.-% for solutions containing 1.0 wt.-%. As expected, an increase in
BTA concentration of the immersion solution, results in increased BTA content in the resulting

composite.
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Figure 4.13: SEM micrographs of composites containing supramolecular nanofibers of BTA 6.
Composites were prepared from 2-butanone with BTA concentrations of 0.6 wt.-%, 0.8 wt.-% and
1.0 wt.-%. The amounts of supramolecular nanofibers in composites prepared from 0.6 wt.-% solutions
are 5.9 wt.-% and from 0.8 wt.-% solutions 6.5 wt.-%. A BTA concentration of 1.0 wt.-% in solution
resulted in a supramolecular fiber content of 7.3 wt.-% in the dried composite. The corresponding
histograms are based on at least 150 fibers.

A corresponding experimental series was performed utilizing solutions containing different amounts
of BTA 7. SEM-images and corresponding fiber diameter histograms of nanofiber-microfiber
composites containing BTA 7 are shown in Figure 4.14. The results were found to be comparable to

those obtained by utilization of solutions of BTA 6. While many openings remain unfilled with
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supramolecular nanofibers at a concentration of 0.6 wt.-%, the distribution of nanofibers throughout
the nonwoven scaffold becomes more homogenous with increasing BTA concentrations in the
immersion solution. The displayed fiber diameter histograms indicate that no significant difference in
the mean fiber diameter as well as the fiber diameter distribution depending on the BTA concentration
in the immersion solution. Corresponding values and standard deviations of three individual
experiments for the mean fiber diameter are 597 nm + 124 nm at a concentration of 0.6 wt.-%, 443 nm

* 54 nm for 0.8 wt.-% and 441 nm £ 15 nm for 1.0 wt.-%.
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Figure 4.14: SEM micrographs of composites containing supramolecular nanofibers of BTA 7.
Composites were prepared from 2-butanone with BTA concentrations of 0.6 wt.-%, 0.8 wt.-% and
1.0 wt.-%. The amounts of supramolecular nanofibers in composites prepared from 0.6 wt.-% solutions
are 5.1 wt.-% and from 0.8 wt.-% solutions 6.2 wt.-%. A BTA concentration of 1.0 wt.-% in solution
resulted in a supramolecular fiber content of 7.3 wt.-% in the dried composite. The corresponding
histograms are based on at least 150 fibers.
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Supramolecular nanofibers in composites prepared from 0.6 wt.-% solutions of BTA 7 exhibit slightly
increased fiber diameters compared to higher concentrations. Upon an increase of the BTA
concentration, the fiber distribution throughout the nonwoven becomes more homogeneous. Mass
contents and standard deviations of self-assembled nanofibers in the resulting composites with BTA 7
were 5.1 wt.-% * 0.6 wt.-% for samples prepared from a solution containing 0.6 wt.-%. The content
increases to 6.2 wt.-% + 0.6 wt.-% for a BTA 7 concentration in solution of 0.8 wt.-% and to 7.3 wt.-%
+ 0.6 wt.-% for a concentration of 1.0 wt.-%. The mean values for the mass content are based on 9
independently prepared samples. According to results obtained for composites containing BTA 6, the
mass content increases with increasing BTA concentration in the immersion solution. Comparing

composites with BTA 6 and 7, no difference in the amount of supramolecular material was detected.

Furthermore, BTA 8 was used for the preparation of nanofiber-microfiber composites with varying BTA
concentration in the immersion solution ranging from 0.6 to 1.0 wt.-%. SEM micrographs and
corresponding fiber diameter histograms of the obtained composites are exemplarily shown in Figure

4.15.

In contrast to the previously shown results, supramolecular nanofibers cover only very few openings
of the nonwoven support by application of a concentration of 0.6 wt.-% in solution. Mostly, small
distances between the microfibers are covered, while large distances remain free of self-assembled
fibers. Upon increasing the BTA 8 concentration in the immersion solution, the distribution of
supramolecular fibers throughout the nonwoven becomes more homogenous. Although, composites
prepared from 1.0 wt.-% solutions still exhibit larger remaining openings between the individual
supramolecular fibers compared to composites containing BTA 6 and 7. Corresponding values for mean
fiber diameters and standard deviations of three individual experiments are 538 nm + 64 nm for
0.6 wt.-%, 446 nm % 14 nm for 0.8 wt.-% and 471 nm + 56 nm for 1.0 wt.-%. Determined mass contents
for composites containing BTA 8 and standard deviations are 5.5 wt.-% * 0.4 wt.-% from a solution
containing 0.6 wt.-% BTA 8. For concentrations of 0.8 wt.-%, the resulting contents were 6.5 wt.-% +
0.9 wt.-% and for 1.0 wt.-% the corresponding value was 7.3 wt.-% + 0.7 wt.-%. These numbers are in
very good agreement with previously presented results on the mass content of supramolecular
nanofibers in prepared nanofiber-microfiber composites. For all investigated BTAs, a concentration of
1.0 wt.-% in the immersion solution was identified to be sufficient to yield homogenously distributed
supramolecular fibers throughout the nonwoven support. Independently of the utilized BTA, all
composites prepared from the lowest BTA concentration in the immersion solution exhibit slightly

increased values for the mean fiber diameters and feature the least homogeneous distribution of fibers
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throughout the nonwoven scaffold. However, the morphology of supramolecular nanofibers with

respect to the fiber diameter is comparable for all investigated BTAs.
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Figure 4.15: SEM micrographs of composites containing supramolecular nanofibers of BTA 8.
Composites were prepared from 2-butanone with BTA concentrations of 0.6 wt.-%, 0.8 wt.-% and
1.0 wt.-%. The amounts of supramolecular nanofibers in composites prepared from 0.6 wt.-% solutions
are 5.5 wt.-% and from 0.8 wt.-% solutions 6.5 wt.-%. A BTA concentration of 1.0 wt.-% in solution
resulted in a supramolecular fiber content of 7.3 wt.-% in the dried composite. The corresponding
histograms are based on at least 150 fibers.

Filtration efficiencies of composites prepared from BTA solution with different concentrations

In addition to the characterization of prepared nanofiber-microfiber composites by means of SEM
analysis, filtration experiments were conducted to evaluate the capability of removing particulate

matter from air. Therefore, composites containing either BTA 6, 7 or 8 prepared from 2-butanone with
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varying concentrations between 0.6 and 1.0 wt.-% were subjected to filtration testing by utilization of
the described air filtration test rig. The results of corresponding experiments are based on a minimum
of at least six independently prepared samples. Figure 4.16 shows particle size dependent filtration
efficiencies in the range from 0.2 um to 2.0 um of prepared composites containing BTA 6 with varying
BTA concentrations in the immersion solution. As reference, the filtration efficiency of the neat
nonwoven scaffold is displayed (filled squares). It only exhibits very low efficiencies of mostly below

10% for the removal of particulate matter from air.
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Figure 4.16: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 6 prepared from 2-butanone with different BTA concentrations in the immersion solutions of
0.6 wt.-% (open circles), 0.8 wt.-% (triangles up) and 1.0 wt.-% (triangles down). As reference, the
nonwoven scaffold without supramolecular nanofibers is shown (filled squares). The curves are based
on an average of at least six independently prepared samples. Test conditions were: Filter area: 28.3
cm?;, flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm?; measuring time: 30 s.

Nanofiber-microfiber composites prepared from solutions containing 0.6 wt.-% of BTA 6 already show
a significant increase of the filtration efficiency ranging from 30 up to 60% depending on the particle
size (open circles). The lowest efficiency was detected for particles with diameters of 0.3 um. Further
increase of the supramolecular fiber content leads to efficiencies between 90 and 100%. Almost no
difference can be observed between composites prepared from solutions either containing 0.8 wt.-%
(triangles up) or 1.0 wt.-% (triangles down). Considering the applied flow velocity of 25 cm/s, the neat
nonwoven causes a differential pressure of 3 Pa. In contrast, the composites containing
supramolecular fibers covering partially the spaces between the microfibers are associated with an
increased differential pressure. Composites prepared from a solution with a BTA content of 0.6 wt.-%
show an average differential pressure and standard deviation of 117 Pa + 61 Pa. For 0.8 wt.-%, the

differential pressure was 1380 Pa + 637 Pa and for 1.0 wt.-% the differential pressure corresponded to
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a value of 1300 Pa + 446 Pa. It was found that within the accuracy of the measurement, no difference
in the differential pressure between composites prepared from 0.8 wt.-% and 1.0 wt.-% solutions was
detected. This finding might be attributed to an already homogeneous and dense filling of the spaces
between the individual microfibers by utilization of a solution with a concentration of 0.8 wt.-%. Even
though SEM analysis revealed remaining openings in the nonwoven support, the filtration efficiency
of these two composites showed only minor differences. Thus, in this case, the remaining unfilled

openings did not affect the filtration efficiency of the composites.

Figure 4.17 displays corresponding filtration data for composites containing BTA 7 prepared from 2-
butanone with varying concentrations. Recorded filtration efficiencies are very much alike those
displayed in Figure 4.16. The composite preparation from a 0.6 wt.-% solution results in an increased
filtration performance compared to the neat nonwoven with values varying between 30 and 60%
depending on the particle size. Furthermore, almost no difference in filtration performance between
composites prepared from 0.8 wt.-% solutions and 1.0 wt.-% solutions were observed featuring

efficiencies between 90 and 100%.

120
oD QS oG ¢

x
~
> 804
(&)
[
@
(@] O
£ 00000 % " 9
3] 00000
[y OOOOO
2 Y7, o~ v LOWt-% A 0.8wt-%
©
=} o 0.6wt.-% m nonwoven
&= 204

ST AL LI I

02 04 06 08 10 1,2 14 16 18 20

particle size / um

Figure 4.17: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 7 prepared from 2-butanone with different BTA concentrations in the immersion solutions of
0.6 wt.-% (open circles), 0.8 wt.-% (triangles up) and 1.0 wt.-% (triangles down). As reference, the
nonwoven scaffold without supramolecular nanofibers is shown (filled squares). The curves are based
on an average of at least six independently prepared samples. Test conditions were: Filter area: 28.3
cm?;, flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm?; measuring time: 30 s.

Values for the differential pressure and corresponding standard deviations are 81 Pa + 76 Pa for
composites prepared from 0.6 wt.-% solutions. For 0.8 wt.-%, the differential pressure was 762 Pa +

168 Pa and for 1.0 wt.-% the average value was 1529 Pa + 594 Pa. In contrast to results related with
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composites containing BTA 6, additional supramolecular material leads to even higher differential

pressures.

Results of filtration experiments with composites containing BTA 8 are shown in Figure 4.18. While the
neat nonwoven shows almost no filtration efficiency for particles with diameters of up to 2 um,
composites prepared from BTA solutions with a concentration of 0.6 wt.-% do not show a significant
improvement of the filtration performance. This may be attributed to the very inhomogeneous
distribution of supramolecular fibers throughout the nonwoven scaffold as revealed by SEM analysis.
Upon increasing the BTA concentration, the filtration performance can be improved. Composites
prepared from solutions with a BTA concentration of 1.0 wt.-% are capable of removing between 60
and 80% of the particles from the air stream. Compared to previously shown results, the efficiency to
remove particulate matter from air is lower than for composites which either contain BTA 6 or 7. Even
at a concentration of the BTA solution of 1.0 wt.-%, more remaining spaces between the individual
supramolecular fibers were visible in SEM analysis, probably affecting the filtration performance. The
corresponding values for the average differential pressure during the filtration process are 5 Pa £ 2 Pa
(0.6 wt.-%), 46 Pa £ 23 Pa (0.8 wt.-%) and 348 Pa + 110 Pa (1.0 wt.-%). The relative inhomogeneous
distribution of self-assembled nanofibers inside composites compared to those containing BTA 6 and

7 probably results in less filtration performance.
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Figure 4.18: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 8 prepared from 2-butanone with different BTA concentrations in the immersion solutions of
0.6 wt.-% (open circles), 0.8 wt.-% (triangles up) and 1.0 wt.-% (triangles down). As reference, the
nonwoven scaffold without supramolecular nanofibers is shown (filled squares). The curves are based
on an average of at least six independently prepared samples. Test conditions were: Filter area: 28.3
cm?; flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm?; measuring time: 30 s.
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Capillary flow porometry

The filtration performances of composites containing BTA 6 or BTA 7 are very similar. However,
composites containing BTA 8 feature rather low filtration efficiency values. Therefore, selected
composites that either contained BTA 7 or BTA 8 were investigated by means of capillary flow
porometry. Figure 4.19 displays the pore size distribution of the neat nonwoven and of nanofiber-
microfiber composites containing either BTA 7 or BTA 8. The neat nonwoven exhibits rather large
pores, while more than 99% of all pores are in the range from 20 to 92 um. The majority of pores
(around 70%) correspond to values from 60 to 70 um. However, the introduction of supramolecular
nanofibers of BTA 7 into the nonwoven scaffold leads to pore sizes between 6 and 20 um. 80% of these
pores are in the range from 6 to 10 um. These results demonstrate that nanofibers of BTA 7 in the
corresponding composites densely cover all pores of the microfiber nonwoven. In contrast, composites
containing BTA 8, show a very broad pore size distribution with remaining pores of 8 to 86 um. Only
62% of these pores are in the range from 18 to 38 um. This result indicates that the pore size
distribution corresponds to a mixture between pores resulting from the microfiber scaffold as well as
pores generated by supramolecular nanofibers. These differences are attributed to the complex drying
process and the differences in temperature dependent solubility behaviors of BTA 7 and 8 as found by

temperature dependent turbidity measurements.
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Figure 4.19: Pore size distributions of supramolecular nanofiber-microfiber composites containing
either BTA 7 (blue) or BTA 8 (red) as measured by capillary flow porometry. As reference, the pore size
distribution of the neat nonwoven is shown (black). Each pore size distribution is based on 5
independent measurements. Test conditions are: sample diameter: 6 mm, wetting liquid: TOPOR, fluid:
compressed air, volumetric flow rate: 0 — 7.5 L/min.
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Solvent dependent preparation of nanofiber-microfiber composites

Apart from concentration dependent experiments, nanofiber-microfiber composites were prepared
from different processing solvents involving 2-butanone, isopropanol and ethanol to investigate the
influence on the resulting nanofiber morphology with respect to the fiber diameter and the fiber
diameter distribution by means of SEM analysis. Composites were prepared utilizing BTAs 6, 7 and 8,
respectively. Figure 4.20 shows overview and magnified SEM images of composites that contain BTA

6 and that were processed from either 2-butanone (top), isopropanol (middle) or ethanol (bottom).
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Figure 4.20: SEM micrographs of composites containing supramolecular nanofibers of BTA 6.
Composites were prepared from solutions containing 1 wt.-% BTA 6 in 2-butanone, isopropanol and
ethanol, respectively. The amounts of supramolecular nanofibers in composites prepared from 2-
butanone are 7.3 wt.-%. Processed from isopropanol the resulting supramolecular nanofiber content
relates to 6.5 wt.-% and from ethanol 6.4 wt.-%. The corresponding histograms are based on at least
150 fibers.
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All displayed samples were processed with a BTA concentration of 1.0 wt.-% in the immersion solution.
The composite processed from 2-butanone corresponds to the sample already displayed in Figure
4.13. It was found that the distribution of supramolecular nanofibers throughout the entire nonwoven
is most homogeneous when processed from 2-butanone. In contrast, the processing from isopropanol
results in a gathering of supramolecular fibers in small spaces between the individual microfibers, while
large openings remain unfilled. However, supramolecular fibers processed from ethanol appear to be

fewer but with increased fiber diameters.
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Figure 4.21: SEM micrographs of composites containing supramolecular nanofibers of BTA 7.
Composites were prepared from solutions containing 1 wt.-% BTA 7 in 2-butanone, isopropanol and
ethanol, respectively. The amounts of supramolecular nanofibers in composites prepared from 2-
butanone are 7.3 wt.-%. Processed from isopropanol the resulting supramolecular nanofiber content
relates to 7.0 wt.-% and from ethanol 6.2 wt.-%. The corresponding histograms are based on at least
150 fibers.
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Evaluation of the corresponding fiber diameter histograms show that composites processed from 2-
butanone exhibit the smallest mean fiber diameters as well as the most narrow fiber diameter
distribution. Utilization of isopropanol as processing solvent leads to thicker fibers with a broader fiber
diameter distribution. This effect becomes even larger when the composite is prepared from ethanol.
Each histogram is based on at least 150 individual fibers. The resulting mean fiber diameters of three
independently prepared samples and the corresponding standard deviations are 457 nm = 49 nm
processed from 2-butanone, 1139 nm + 49 nm processed from isopropanol and 1942 nm + 28 nm for
ethanol. In addition, the mass contents of supramolecular fibers in the resulting composites are
7.3 wt.-% + 0.7 wt.-% (2-butanone), 6.5 wt.-% * 0.6 wt.-% (isopropanol) and 6.4 wt.-% * 0.4 wt.-%
(ethanol). Considering the accuracy of the measurements, only minor differences are determined in

the nanofiber content in composites processed from different solvents.

Another experimental series was performed by utilization of BTA 7 for the preparation of nanofiber-
microfiber composites. Figure 4.21 exemplarily shows SEM images as well as corresponding fiber
diameter histograms of composites processed from 2-butanone, isopropanol and ethanol,
respectively. The obtained results are very much alike previously discussed data. The most
homogeneous fiber distribution in the nonwoven scaffold as well as the smallest mean fiber diameter
and the most narrow fiber diameter distribution can be obtained by processing from 2-butanone. In
contrast, utilization of either isopropanol or ethanol yields composites with thicker supramolecular
fibers. Supramolecular fibers prepared from isopropanol appear to gather mainly in the pores with
small diameters, whereas the larger pores are not covered and many unfilled openings remain.
Composites processed from ethanol feature a more homogeneous distribution in the nonwoven.
However, these fibers exhibit increased fiber diameters and broader fiber diameter distributions. The
corresponding values of the mean fiber diameters and the standard deviations of three independently
prepared samples of each set of processing parameters are 441 nm + 15 nm processed from
2-butanone, 1075 nm * 165 nm processed from isopropanol and 1876 nm * 137 nm for ethanol.
Gravimetric evaluation of the mass content of supramolecular nanofibers in the prepared nanofiber-
microfiber composites of nine independently prepared samples are 7.3 wt.-% * 0.6 wt.-% (2-
butanone), 7.0 wt.-% * 0.4 wt.-% (isopropanol) and 6.2 wt.-% + 0.6 wt.-% (ethanol). The results for BTA

7 were found to be very similar to those obtained by utilization of BTA 6.

Furthermore, BTA 8 has been used to prepare nanofiber-microfiber composites from the different
processing solvents. Exemplarily, SEM images of obtained composites and the fiber diameter
histograms are shown in Figure 4.22. Partially, the results are in good agreement with previous

findings. Smallest mean fiber diameters are obtained by preparation of composites from 2-butanone.
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Utilization of isopropanol and ethanol yields supramolecular fibers with thicker fiber diameters and
broader fiber diameter distribution. The distribution of supramolecular fibers throughout the
nonwoven support appears to be even more inhomogeneous compared to composites containing
either BTA 6 or 7. The corresponding mean fiber diameters of three individual experiments and the
standard deviations are 471 nm + 56 nm processed from 2-butanone, 1147 nm + 113 nm processed

from isopropanol and 2382 nm * 11 nm for composites process from ethanol.

. Composites containing BTA 8 processed from different solvents
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Figure 4.22: SEM micrographs of composites containing supramolecular nanofibers of BTA 8.
Composites were prepared from solutions containing 1 wt.-% BTA 8 in 2-butanone, isopropanol and
ethanol, respectively. The amounts of supramolecular nanofibers in composites prepared from 2-
butanone are 7.3 wt.-%. Processed from isopropanol the resulting supramolecular nanofiber content
relates to 6.1 wt.-% and from ethanol 6.4 wt.-%. The corresponding histograms are based on at least
150 fibers.
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One major difference compared to results obtained by using BTAs 6 and 7 is the more inhomogeneous
distribution of supramolecular material throughout the nonwoven, whereas the values of the mean
fiber diameters are comparable. The mass content of BTA in the composites is 7.3 wt.-% + 0.7 wt.-%
(2-butanone), 6.1 wt.-% + 0.5 wt.-% (isopropanol) and 6.4 wt.-% + 0.5 wt.-% (ethanol). Within the
accuracy of the measurements, no difference in the mass contents of supramolecular material in

prepared composites was observed.

Filtration efficiencies of composites prepared from different solvents

Prepared nanofiber-microfiber composites processed from different solvents were evaluated by
means of filtration efficiency to remove particulate matter from air. The obtained samples were
subjected to air filtration tests. Presented results of performed experiments are based on a minimum
of at least six independently prepared samples. Figure 4.23 shows particle size dependent filtration
efficiencies in the range from 0.2 um to 2.0 um of prepared composites containing BTA 6 with varying
processing solvents. Nanofiber-microfiber composites prepared from 2-butanone feature the highest
observed filtration efficiencies between 90 and 100%. In contrast, supramolecular nanofibers inside
the nonwoven scaffold based on the use of isopropanol or ethanol do not lead to significant
improvements of the capability of removing particulate matter from air. This finding may be attributed
to a combination of the inhomogeneous filling of the scaffold with self-assembled fibers and the
differences in fiber diameters. Even though SEM analysis revealed that samples prepared from
isopropanol appeared to exhibit more remaining openings, the filtration performance is slightly higher
than for corresponding samples prepared from ethanol. The average values for the differential
pressure are 1300 Pa + 446 Pa for composites prepared from 2-butanone, 26 Pa + 15 Pa from
isopropanol and for composites from ethanol 16 Pa + 3 Pa. These results correlate to previously
discussed SEM analysis because of large remaining openings in the nonwoven that are not covered
with any supramolecular fibers. However, another experimental series of filtration testing was
performed on composites containing BTA 7 that were processed either from 2-butanone, isopropanol
or ethanol. Figure 4.24 displays the recorded filtration efficiency curves for particle sizes ranging from
0.2 pum to 2.0 um. It was found that results obtained for composites with BTA 7 are much alike those
recorded for BTA 6. Samples processed from 2-butanone exhibit the highest values for the filtration
efficiency, whereas samples with supramolecular fibers from isopropanol or ethanol show rather low

efficiencies to remove particulate matter from air.

95



Supramolecular nanofibers for air filtration applications

120
L0 EIRWIVVIVY VY VYV VYV VYV VY
N
Z v 2-butanone
§ 80+ A isopropanol
@ O ethanol
2 604
% B nponwoven
S
O 401 A
E ANANA N a &8
F 204 apd 0o ?° o0
4= 5600 0ooo
000 o) . .. 5 m
HEg_n m B
0 Ny Vm Ill. [ ] [ | . 1
0,4 0,8 1,2 1,6 2,0

particle size / um

Figure 4.23: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 6 prepared from 2-butanone (triangles down), isopropanol (triangles up) and ethanol (open
circles), respectively. The BTA concentration in solution was 1 wt.-%. As reference, the nonwoven
scaffold without supramolecular nanofibers is shown (filled squares). The curves are based on an
average of at least six independently prepared samples. Test conditions were: Filter area: 28.3 cm?;
flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm3; measuring time: 30 s.
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Figure 4.24: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 7 prepared from 2-butanone (triangles down), isopropanol (triangles up) and ethanol (open
circles), respectively. The BTA concentration in solution was 1 wt.-%. As reference, the nonwoven
scaffold without supramolecular nanofibers is shown (filled squares). The curves are based on an
average of at least six independently prepared samples. Test conditions were: Filter area: 28.3 cm?;
flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm3; measuring time: 30 s.

As revealed by SEM analysis, supramolecular fibers from isopropanol feature smaller fiber diameters

compared to fibers from ethanol. Composites containing these fibers also show slightly higher filtration
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performances even if the distribution of fibers throughout the nonwoven scaffold appears to be more
inhomogeneous. Determined average differential pressures and corresponding standard deviations
are 1529 Pa + 594 Pa for composites prepared from 2-butanone, 31 Pa + 9 Pa from isopropanol and

for composites from ethanol 18 Pa + 4 Pa.

Figure 4.25 shows filtration efficiency curves obtained for composites prepared from the three
selected solvents with BTA 8. As SEM analysis already indicated, utilization of BTA 8 during the
preparation process lead to nanofiber-microfiber composites with lower filtration efficiencies
compared to composites containing BTA 6 and 7. Samples prepared from 2-butanone exhibit the best
results. In contrast, composites prepared from isopropanol or ethanol did not lead to any improvement
of the filtration efficiency compared to the neat nonwoven. The corresponding average values for the
differential pressure are 348 Pa + 110 Pa for composites prepared from 2-butanone, 4 Pa + 1 Pa from
isopropanol and for composites from ethanol 8 Pa + 3 Pa. The difference of the measured average
differential pressure of prepared composites either from isopropanol or ethanol is very small
compared to the neat nonwoven indicating that the pores of the nonwoven support are not sufficiently

covered with supramolecular fibers to result in an improved filtration performance.
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Figure 4.25: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 8 prepared from 2-butanone (triangles down), isopropanol (triangles up) and ethanol (open
circles), respectively. The BTA concentration in solution was 1 wt.-%. As reference, the nonwoven
scaffold without supramolecular nanofibers is shown (filled squares). The curves are based on an
average of at least six independently prepared samples. Test conditions were: Filter area: 28.3 cm?;
flow velocity: 25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration:
30000 Particles/cm?; measuring time: 30 s.
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Infrared spectroscopy of nanofiber-microfiber composites

The formation of nanofibers based on the self-assembly of 1,3,5-benzenetrisamides is involves the
formation of supramolecular columns by threefold directed hydrogen bonding. To ensure that these
intermolecular secondary interactions are present in the prepared supramolecular fibers inside the
nonwoven scaffolds, infrared spectroscopic measurements of the composites were performed.
According to the literature, BTAs organized in supramolecular columns feature characteristic IR signals
for the N-H-stretch (3240 cm™), the C=0-stretch (1640 cm™) and the amide-II-stretch (1560 cm™)
vibrations.P*1?%l Therefore, the composites were investigated by utilization of attenuated total
reflection (ATR) technique enabling investigation of solid samples. Figure 4.26 shows recorded
normalized IR spectra in the range from 1500 cm™ to 1800 cm™. The neat nonwoven (black curve)
exhibits a strong signal at 1730 cm™ representing a carbonyl vibration of the polyester. In contrast the
neat BTA 6 shows two signals at 1640 cm™ and 1560 cm™. Another Signal at 3240 cm™ can be also
found but is not shown at this point due to reasons of clarity. Composites prepared from the different
processing solvents at a BTA concentration of 1.0 wt.-% in the immersion solution also exhibit a very
strong signal that belongs to the carbonyl vibration of the nonwoven scaffold. Corresponding signals
of the BTA can clearly be observed for the composite processed from 2-butanone. In contrast,
composites processed from isopropanol and ethanol only show very weak signals exhibiting the same
wavelength. This finding may be attributed to the very inhomogeneous distribution of supramolecular

fibers throughout the nonwoven scaffold.
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Figure 4.26: Normalized infrared spectra of the neat nonwoven scaffold (black), the neat BTA 6 (red)
and nanofiber-microfiber composites prepared from three different processing solvents (2-butanone
(blue), isopropanol (green) and ethanol (pink)) in the range of 1500 cm™ to 1800 cm™.
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Even though some signals are very weak, no other signals for the amide moieties can be found. Thus,
it is assumed that the prepared supramolecular fibers contain supramolecular columns with directed
threefold hydrogen bonds. In addition, infrared spectroscopic experiments were conducted on the
neat BTAs 7 and 8 as well as the corresponding composites processed from the different solvents 2-
butanone, isopropanol and ethanol. The top of Figure 4.27 presents recorded IR spectra of BTA 7 and
the corresponding composites, while the bottom of Figure 4.27 shows the corresponding data

obtained for BTA 8.
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Figure 4.27: Normalized infrared spectra of the neat nonwoven scaffold (black), the neat BTA (red) and
nanofiber-microfiber composites prepared from three different processing solvents (2-butanone
(blue), isopropanol (green) and ethanol (pink)) in the range of 1500 cm™ to 1800 cm™. Top: Composites
containing BTA 7. Bottom: Composites containing BTA 8.
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It was found that the corresponding signals at 1640 cm™ and 1560 cm™ were observed in all samples
containing a 1,3,5-benzenetrisamide, although the intensity of the signals in samples processed from
isopropanol and ethanol with BTA 8 appeared to be very weak but still visible. In all cases, the
composites processed from 2-butanone exhibit the most visible signals for the BTA. This finding may

be due to the most homogeneous distribution of the fibers throughout the nonwoven scaffold.

Conclusion

Partially, the work performed in this chapter was reproduced based on previous work.'®¥ However,
experiments were repeated and extended investigations provide a much deeper insight in the
preparation of nanofiber-microfiber composites containing supramolecular nanofibers. The
temperature dependent self-assembly behavior of the BTAs in all selected solvents was investigated
by means of turbidity measurements correlating to results obtained by SEM analysis and filtration
testing. It was shown that the developed preparation process for nanofiber-microfiber composites is
highly reproducible and that prepared self-assembled nanofibers contain supramolecular columns
featuring directed threefold hydrogen bonds connecting adjacent BTA molecules as evidenced by
infrared spectroscopy. The morphology of supramolecular fibers based on 1,3,5-benzenetrisamides is
very sensitive to processing parameters such as the selected solvent or the BTA concentration. It was
demonstrated by capillary flow porometry that the homogeneity of supramolecular nanofiber
distribution throughout the nonwoven is highly dependent on the selected BTA Therefore, the
nanofiber morphology can be influenced by selection of suitable processing parameters. One essential
factor was found to be the temperature dependent solubility and self-assembly behavior, which has
been investigated by means of turbidity measurements. BTA and solvent combinations that show
formation of supramolecular structures during a cooling process at higher temperatures appear to be
favorable for a more homogeneous preparation of nanofiber-microfiber composites compared to
those exhibiting high solubility even at low temperatures. Filtration testing revealed that nanofiber-
microfiber composites can be capable of removing more than 95% of particulate matter from air
streams in air filtration. By proper selection of processing parameters, the in situ preparation of
supramolecular nanofibers inside a nonwoven scaffold yields nanofiber-microfiber composites that

have great potential for air filtration applications.
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4.3.2  Nanofiber-microfiber composites based on BTA 4

Previously described results demonstrated that by utilization of alkyl-substituted
1,3,5-benzenetrisamides and a viscose/polyester model nonwoven, a nanofiber-microfiber composite
can be prepared that is capable of efficiently removing particulate matter from air. So far, in all
experiments the preparation process involved the use of polar organic solvents such as 2-butanone,
isopropanol and ethanol. Therefore, work was conducted to adapt the preparation of nanofiber-
microfiber composites from aqueous solvent systems to reduce the amount of these solvents towards
aqueous solvent mixtures. Due to sufficient solubility of BTA 4 in a water/isopropanol mixture (60:40)
at 75 °C and it’s self-assembly behavior, this BTA and solvent combination was selected for further
investigations. In addition, a technical polyester nonwoven was utilized for the preparation of the
composites. This nonwoven features an increased thickness compared to the previously used
viscose/polyester model nonwoven and exhibits larger fiber diameters of the individual microfibers.
Concentration dependent experiments to prepare nanofiber-microfiber composites using a technical
polyester nonwoven were performed to evaluate the possibility to transfer this approach from the

model nonwoven to a technical nonwoven scaffold.

Concentration dependent preparation of nanofiber-microfiber composites

Nanofiber-microfiber composites containing supramolecular nanofibers of BTA 4 were prepared from
a water/isopropanol mixture (60:40) with varying BTA concentrations in the immersion solution
ranging between 0.2 wt.-% and 1.0 wt.-%. The resulting nanofiber morphology was investigated by
means of SEM analysis. Figure 4.28 shows exemplarily SEM-images taken from nanofiber-microfiber

composites as well as corresponding fiber diameter histograms.

It was found that increasing BTA concentrations in the immersion solution yield more densely filled
composites with supramolecular fibers connecting the individual microfibers inside the nonwoven
scaffold. The corresponding fiber diameter histograms are based on at least 150 individual fibers.
Determined values for the mean fiber diameter of supramolecular nanofibers displayed in Figure 4.28
are 567 nm for the composite prepared from a solution containing 0.2 wt.-% BTA. The corresponding
value for the sample prepared from a 0.4 wt.-% solution is 540 nm. Remaining values are 563 nm
(0.6 wt.-%), 553 nm (0.8 wt.-%) and 648 nm (1.0 wt.-%). It was found that changes of the BTA
concentration in the immersion solution do not result in significant changes of the mean fiber diameter

as well as the fiber diameter distribution. Only the sample prepared from a 1.0 wt.-% solution exhibited
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a slightly increased value. In consequence, the fiber diameter of supramolecular nanofibers based on

BTA 4 appears to be independent from the used concentration in the immersion solution.
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Mass fraction of supramolecular nanofibers in nanofiber-microfiber composites

Differences in BTA concentration during the preparation process lead to varying mass content of
supramolecular nanofibers in the resulting composites. Therefore, the amount of self-assembled fibers
was determined gravimetrically in a series of experiments. Figure 4.29 shows determined values for
the BTA mass content depending on the BTA 4 concentration in the immersion solution. The results
clearly show a linear correlation between the BTA concentration in the immersion solution and the

resulting fiber content.
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Figure 4.29: Content of BTA 4 in prepared nanofiber-microfiber composites as a function of BTA
concentration in the immersion solution. Each data point displayed is based on the independent
preparation of four composites.

The corresponding values and standard deviations of the mass content are 1.40 wt.-% * 0.22 wt.-%
(0.2 wt.-% in solution), 2.89 wt.-% + 0.17 wt.-% (0.4 wt.-% in solution), 4.54 wt.-% + 0.20 wt.-% (0.6 wt.-
% in solution), 6.03 wt.-% * 0.38 wt.-% (0.8 wt.-% in solution) and 7.43 wt.-% * 0.58 wt.-% (1.0 wt.-%

in solution). These values are based on 4 independently prepared nanofiber-microfiber composites.

Filtration efficiencies of composites prepared from BTA solution with different concentrations

Composites containing BTA 4 in different amounts were subjected to air filtration test experiments to
evaluate the ability to remove particulate matter from air. Figure 4.30 shows the recorded particle size
dependent filtration efficiencies of composites prepared from solutions with different BTA
concentration. Each curve represents an average of three independently prepared and tested samples.
As reference, the filtration performance of the neat polyester nonwoven is displayed in Figure 4.30

(filled squares). Without any supramolecular fibers inside the nonwoven, determined filtration
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efficiencies were found to be mostly below 10%. By incorporating supramolecular nanofibers inside
the scaffold, increased filtration efficiencies were observed. Even at low concentrations of BTA in the

immersion solution of 0.2 wt.-%, the filtration efficiency increased to around 10%.
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Figure 4.30: Particle size dependent filtration efficiencies of nanofiber-microfiber composites with
BTA 4 prepared from water/isopropanol (60:40) with different BTA concentrations in the immersion
solutions of 0.2 wt.-%, 0.4 wt.-%, 0.6wt.-%, 0.8 wt.-% and 1.0 wt.-%. As reference, the nonwoven
scaffold without supramolecular nanofibers is shown. The curves are based on an average of at least
three independently prepared samples. Test conditions were: Filter area: 28.3 cm?; flow velocity:
25 cm/s; test aerosol: iso fine dust; upstream aerosol concentration: 30000 Particles/cm?; measuring
time: 30 s.

Samples prepared from 1.0 wt.-% solutions exhibited efficiencies between 55 and 80% depending on
the corresponding particle size, whereas the lowest values were recorded for particles with diameters
between 0.3 and 0.4 um. The neat nonwoven showed a differential pressure of 4 Pa + 1 Pa.
Corresponding values of the differential pressure and standard deviations are 7 Pa + 2 Pa for samples
prepared from 0.2 wt.-%, 26 Pa + 10 Pa for 0.4 wt.-%, 35 Pa £ 10 Pa for 0.6 wt.-%, 47 Pa + 16 Pa for
0.8 wt.-% and 57 Pa * 6 Pa for a BTA concentration of 1.0 wt.-%. Even though the filtration efficiencies
of these composites do not reach values as high as composites previously discussed in section 4.3.1,
the corresponding differential pressures for these composites are about one and a half orders of
magnitude lower than for composites containing either BTAs 6, 7 or 8 inside the viscose/polyester

model nonwoven.
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Conclusion

The work performed in this section focused on the concentration dependent preparation of nanofiber-
microfiber composites from an aqueous solution of BTA 4. Replacement of pure organic solvents such
as 2-butanone, isopropanol and ethanol by a mixture of water/isopropanol (60:40) demonstrates that
the preparation process can be adapted to more environmentally friendly conditions. Furthermore,
the process was transferred from the viscose/polyester model nonwoven to a technically relevant
polyester nonwoven scaffold with differing morphology showing that the concept of preparation is not
limited to a single support structure. The resulting composites were tested by means of air filtration
efficiency and were found to exhibit improved filtration performances with very low differential
pressures. The described results prove that supramolecular nanofiber based on
1,3,5-benzenetrisamides have a great potential to be used in air filtration applications and that further

adaption of the preparation process may lead to even more efficient systems.
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4.4 Conclusion

This chapter described within two main sections the preparation of nanofiber-microfiber composites
containing supramolecular nanofibers of different 1,3,5-benzenetrisamides and the corresponding
filtration performance of these composites in potential air filtration applications. In section 4.3.1,
critical processing parameters such as the selected processing solvent were identified for the
preparation of highly efficient composites to remove particulate matter from air. Solubility and self-
assembly behavior of BTAs 6, 7 and 8 have been investigated in three chosen solvents (2-butanone,
isopropanol, and ethanol) by means of turbidity measurements. Composites prepared from
2-butanone exhibited the most homogeneous fiber distribution throughout the entire nonwoven
resulting in composites with filtration efficiencies between 90 and 100% depending on the size of
particles. Capillary flow porometry revealed that the pore sizes of the microfiber nonwoven can be
significantly reduces by the incorporation of supramolecular nanofibers in the nonwoven scaffold. In
addition, the preparation process has proven to be highly reproducible and infrared spectroscopic
measurements confirmed the presence of supramolecular columns containing directed threefold

hydrogen bonds in the resulting supramolecular structures.

In the second part of this chapter (4.3.2), the preparation process was transferred from the
viscose/polyester model nonwoven to a technical polyester nonwoven and the self-assembly system
has been adapted to the use of solvent systems featuring lower contents of organic solvents. The
resulting composites exhibited high filtration efficiencies with low values for the differential pressure.
Work presented within this chapter proves supramolecular nanofibers to have high potential for air

filtration applications when employed inside a nonwoven scaffold.
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5 Sand - supramolecular nanofiber filters for the removal of bacteria from water

5.1 Introduction

Current situation in water treatment

Due to the consumption of untreated ground or surface water that is contaminated with microbial
pathogens, millions of people suffer each year from waterborne diseases. Especially children under
the age of five as well as human immunodeficiency virus (HIV) —infected adults in developing countries
are at risk of becoming infected by water transmitted microbial diseases.!*%! Among others, acute
diarrheas, bacillary dysentery, typhoid fever and even cholera can result from the consumption of such
contaminated water.[**®! Today, approximately 748 million people around the world do not have access
to a source providing safe drinking water.[***! A field study in Lima, Peru revealed that the majority of
patients with acute diarrheal diseases originate from regions of low socioeconomic status.[*>"
Interventions to improve water quality by removing microbial contamination have proven to reduce
the number of occurring diarrheal diseases. Such interventions can be divided in two main categories.
On the one hand, they can be based on a facility that treats the drinking water at one central location
and the treated water has to be delivered to the individual households. Other approaches to treat
water rely on the decontamination of water at the individual households.*>! Due to possible
recontamination during delivery or storage, household based water treatment solutions appear to be
potentially more effective. These solutions rely on the empowerment of people to treat their own
drinking water right at the point of use (POU). Sobsey et al. reported that any water treatment
technology at the point of use has to be integratable into the daily life of people using it. Besides the
ability to efficiently remove pathogen bacteria from drinking water, many key characteristics have to
be fulfilled by a possible solution such as low costs, quantities of water produced per time interval and
the time a user has to spend to treat drinking water.[*>? Apart from the pure development of a filter
unit that is capable of removing microbial pathogens from water, successful application of products
for point of use water disinfection has to be assessed by field studies and depends on many different

parameters. 153154

A variety of different POU technologies have been developed and evaluated by means of social and
economic sustainability.[%1% For example, irradiation of untreated and aerated water with solar UV-
light is a suitable method to treat microbial contamination in water. Therein, bottles comprised of

polyethylene terephthalate (PET) are filled with source water and are exposed for several hours to
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sunlight.[**® Even though this kind of treatment has been proven to reduce to the occurrence of
diarrheal diseases, very turbid source water cannot be treated efficiently this way due to insufficient
UV light penetration.[?021521 |n addition, this method usually utilizes PET bottles with common volumes
of 1 to 2 L and is therefore associated with a low yield compared to other technologies. However,
further studies have been performed to investigate the combination of photocatalytic nanoparticles

and UV light for the disinfection of water, 19815715

Another common and inexpensive method to treat source water is by chlorination allowing for a fast
preparation of large amounts of drinking water. By adding small amounts of a concentrated solution
of hypochlorite to source water, most microbial pathogens are significantly reduced. Nevertheless, the
disinfection of water with high contents of organic matter results in the generation of byproducts and
decreases the efficiency. Due to the fact that for very turbid water no visible improvement of water
quality can be observed by this method, many consumers tend to question the effectiveness.!*0%152]
Therefore, water treatment units have been reported that combine the concept of physical filtration
and chlorination.[*®” In addition, generation of byproducts usually also yield changes in taste of the

treated water.

Apart from the previously described technologies, it was found that porous ceramic media can also be
used as ceramic filter that can also be used to improve the quality of drinking water.[*710%108] Thereby,
the filter media can be produced in the developing countries close to the point of use and are usually
operated by gravity driven filtration. To ensure constantly sufficient flow rates, the ceramic filters
require periodic cleaning of the surface to prevent clogging. Comparing a central water treatment right
at the source and in contrast the utilization of ceramic filters at the point of use, this household based

solution was identified to be more cost-effective.?®152

In addition, biosand filters have been promoted as suitable point of use technology to treat drinking
water. One of the most common setups utilizes a concrete housing that is filled with a sand material
in large amounts. Over a period of around two weeks, a biofilm establishes inside the filter, which is
essential to reach the maximum filtration efficiency.[19710%%61 |t was found that the use of such

filtration systems can lead to reduced occurrences of diarrheal diseases.*®%

Even though all of the described point of use water treatment technologies are capable of removing
bacteria from water, all of these solutions feature strengths as well as weaknesses, for example with
respect to cost, treatment time, yield or potential taste problems. Therefore, there is still a need for

new ways to prepare filters that are capable of treating water by means of microbial contamination.
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It was already demonstrated by Krieg et al. that a membrane comprised of supramolecular fibers that
was deposited on top of a syringe filter can be utilized for liquid filtration applications. The
supramolecular fibers can be used for the size-selective separation of nanoparticles from water,[14>146]
Also biomolecules can be separated from water and immobilized enzymes still exhibit catalytic

activity.!147]

In this thesis, a new approach utilizing supramolecular chemistry is developed to prepare a filter unit
to remove microbial contamination from water. As shown before, supramolecular chemistry provides
a bottom-up approach for the in situ preparation of supramolecular nanofibers via self-assembly of
small molecules. Based on the previously conducted work on nanofiber-microfiber composites for air
filtration applications, this chapter reports on the development of a sand bed that contains
supramolecular nanofibers formed by the in situ self-assembly of 1,3,5-benzenetrisamides inside the
voids of the granulate material. The underlying concept of the preparation of such a filter is
schematically shown in Figure 5.1. A granulate material is placed in a suitable container and soaked
with a clear solution of BTA at elevated temperatures (Figure 5.1 (A)). By applying a cooling step and a
solvent replacement step, the supramolecular nanofibers inside the granulate material are formed in
situ. The nanofibers interconnect the individual sand particles and are present in the voids of the

granulate material (Figure 5.1 (B)).

A B

Figure 5.1: Schematic representation of the in situ preparation process of supramolecular nanofibers
inside a granulate material. (granulate material: yellow grains; solvent: blue dots; dissolved
1,3,5-benzenetrisamide: red dots; supramolecular nanofibers: red fibers) First, the granulate material
is fully soaked at elevated temperatures with a clear solution of a 1,3,5-benzenetrisamide (A). During
cooling, self-assembly occurs and supramolecular nanofibers are formed within the granulate material

(B).
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The same 1,3,5-benzenetrisamides as used for the preparation of nanofiber-microfiber composites for
air filtration applications (chapter 4) was selected to prepare the sand beds containing supramolecular
nanofibers. The 1,3,5-benzenetrisamide (BTA 7) exhibits a branched alkyl-substituent (Figure 5.2) and
shows a temperature dependent solubility in 2-butanone. In contrast to the preparation of nanofiber-
microfiber composites for air filtration, the approach for the preparation of supramolecular nanofibers
in the voids of a granulate material is only based on a temperature change of a BTA solution and not
on the additional evaporation of the solvent. Therefore, a strongly temperature dependent solubility

behavior of the BTA in the selected solvent is essential.

H

BTA 7

Figure 5.2: Molecular structure of the selected 1,3,5-benzenetrisamide (BTA 7) with branched alkyl

substituents.

The work presented in this chapter includes the development of a suitable preparation process to
obtain mechanically stable filters with supramolecular nanofibers inside a granulate material that are
applicable to liquid filtration processes. SEM analysis of the granulate material — supramolecular
nanofiber material was performed to evaluate the resulting nanofiber morphology of supramolecular
nanofibers inside the granulate bed. All filters were prepared inside a selected container with defined
geometry. A filtration test setup and a filter test based on a suspension of polystyrene micro-particles
in water was developed allowing to evaluate and optimize prepared sand beds with supramolecular
nanofibers. In addition, the differential pressure during the filtration test experiments was monitored

to investigate the stability of the filter units during the process. After optimization of the system by
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filtration test experiments of polymer particles from water, the sand bed — nanofiber filters were

subjected to further experiments to filter E. coli bacteria from water.
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5.2  Preparation of filter units composed of sand and supramolecular nanofibers

Work performed in the course of this project involved the preparation and characterization of sand
beds containing supramolecular nanofibers. All materials used and the experimental details on the

preparation and characterization procedures are described in the following.

Materials

N,N’,N”’-tris(6-methylheptyl)benzene-1,3,5-tricarboxamide (BTA 7) was selected for the preparation of
the filters with sand grains. The synthesis and the characterization are described in detail in the
appendix (chapter 8.8). All solvents were commercially available from Aldrich and were used as

received.

As granulate material, purified and calcinated sea sand (Grissing, listed grain size: 0.3 mm, acid
purified and calcinated) was selected. This granulate material was used without further purification.
Figure 5.3 shows an overview SEM image of the individual sand particles featuring various sizes mainly
between 50 and 200 um with different shapes and surface roughness. This material is commonly used

in liquid column chromatography and is free of any supporting additives.

Figure 5.3: SEM-image of sea sand (Grissing, listed grain size: 0.3 mm, acid purified and calcinated)
utilized for the in situ preparation of sand bed - supramolecular nanofiber filters.
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Preparation and modification of the containers

Each sand bed containing supramolecular nanofibers was prepared in a commercially available
cylindrical film canister as shown in Figure 5.4. These containers comprised of HDPE were resistant to
the utilized solvents. The inner diameter of the containers was 30 mm, the outer diameter was 32 mm
and the height was 48 mm. The sand bed — supramolecular nanofiber filters were directly prepared

inside these containers. Prior to the filter preparation process, the film canisters had to be modified.

As shown in Figure 5.4 (A), in the bottom of the containers 30 to 40 homogeneously distributed holes
were punched with a cannula with an outer diameter of around 0.9 mm. To prevent the sand from
falling through the holes, the bottom of the container was covered with a filter paper (type: 601A)
featuring a pore size of 5 — 13 um (see Figure 5.4 (B)). The diameter of this round filter paper was
30 mm corresponding to the inner diameter of the container. 25 g of commercially available sand were
utilized as granulate material for the preparation of sand beds containing supramolecular nanofibers.
Figure 5.4 (C) displays a finished container with a filter paper and 25 g of sand suitable for the in situ

preparation process of supramolecular nanofibers in the voids of the sand bed.

Figure 5.4: Film canisters utilized as filter containers for the preparation of sand beds with
supramolecular nanofibers. The bottom of the containers was homogeneously equipped with around
30 to 40 holes with a diameter of around 0.9 mm (A). A filter paper was used to cover the bottom of
the container (B). The containers were filled with 25 g of granulate material (C).
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Preparation of sand beds with supramolecular nanofibers

First, 200 g of a solution of BTA 7 in 2-butanone with a concentration of 1.0 wt.-% was prepared in a
250 mL storage glass by dissolving solid BTA at a temperature of 50 °C. The mixture was constantly
stirred until a clear solution was obtained. For the in situ preparation of supramolecular nanofibers
inside the sand, a four step preparation process was developed. Figure 5.5 illustrates schematically
this process. During the first step, a prepared container with a filter paper on the bottom and 25 g of
sand on top is immersed into a clear solution of BTA 7 in 2-butanone at 50 °C, until the sand is fully
soaked. During this immersion process, the BTA solution fills the voids of the granulate material and
penetrates the material through the holes on the bottom of the canister. The solution is not allowed
to enter the canister through the top opening avoiding movement of the sand particles. The immersion
process is exemplarily shown in Figure 5.6. The canister containing the soaked sand is placed in a
polyethylene bag and the closed. The bag is cooled to a temperature of -78 °C for 30 min (Step 2) by
use of a mixture of ethanol and dry ice. The cooling temperature was selected to ensure complete self-
assembly of the BTA from the solution. After 30 min of cooling, the containers were allowed to warm
to room temperature within 3 to 5 min. The change in temperature induces the formation of
nanofibers that connect the individual sand particles forming a network throughout the entire
granulate material. Due to the fact that the self-assembly process is very sensitive to the used solvent,
the plastic bag ensured that 2-butanone remains the only solvent inside the canister. Mixing of the

cooling agent with 2-butanone would result in drastic changes of the resulting nanofiber morphology.

Step 1 Step2 Step 3
Composite for
solvent BTA-nanofiber filtration non-solvent

BTA

Figure 5.5: Schematic representation of the in situ preparation process of filter units containing
supramolecular nanofibers inside a granulate material here sand. A container filled with a defined
amount of sand is immersed into a clear BTA solution at elevated temperatures until the sand is fully
soaked (Step 1). The system is cooled down to induce the in situ formation of supramolecular
nanofibers within the voids of the granulate material (Step 2). The solvent of the BTA solution is
replaced by water (non-solvent) without damage to the supramolecular nanofiber network (Step 3).
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Figure 5.6: Photographs of the experimental immersion process of modified film canisters filled with
sand in a clear BTA solution. The BTA solution is not allowed to swap over the edge of the container.
The granulate material is fully soaked through the holes at the bottom of the container until the solvent
reaches the surface.

In the third step, a solvent exchange was performed replacing 2-butanone by water, which is a non-
solvent for the supramolecular nanofibers. The sand bed with supramolecular nanofibers is purged
with pure water (around 50 mL) and a stable unit is obtained that can be sealed and stored for several
days before filtration testing. During this step the supramolecular nanofiber network is preserved from

being damaged during the storage at room temperature.

For further characterization of the unit’s structure by SEM analysis, drying of the material is possible.
A film canister containing the dried material was turned upside down and gently tapped until it
loosened from the wall of the container. The remaining and dimensionally stable combination of sand
and supramolecular nanofibers was then carefully divided into two pieces with a scalpel. Then, a SEM
sample holder equipped with adhesive and conductive foil was utilized to pick up the supramolecular

nanofibers and the sand particles from the cut surface.

Characterization of sand - supramolecular nanofiber filters

The characterization of the sand with supramolecular nanofibers can be divided into two parts. The
first part corresponds to the characterization of the morphology of the supramolecular nanofibers in
the voids of the sand by SEM analysis. The second part will be discussed in the following sections and

refers to the analysis of units by means of liquid filtration performance.
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One key requirement for a filter unit containing sand with supramolecular nanofibers is a homogenous
distribution of fibers throughout the entire granulate material. An inhomogenous distribution might
result in pathways through the unit that allows particles to penetrate the filter without being separated

from the liquid phase.

The concept of the preparation of these filter units was already designed in a way that the individual
particles can be fully connect resulting in a stable network. To prove that a stable material can be
obtained, a sample was prepared with the following preparation parameters: Solvent: 2-butanone,
BTA concentration: 1.0 wt.-%, immersion temperature: 50 °C, cooling temperature: -78 °C, cooling
time: 30 min, non-solvent: water, total mass of granulate material: 25 g. After the filter unit was fully
dried, it was removed from the container by turning it upside down and tapping on the outside of the
container until the material left the container. Figure 5.7 shows a comparison between 25 g of just
plain sand (left) and the corresponding dried sand with BTA (right). It was found that the combination
of sand and supramolecular nanofibers features dimensional stability upon removal from the
container, whereas the plain granulate material without any supramolecular fibers falls apart. Only
50 mg of BTA 7 are already sufficient to stabilize an amount of 25 g of the sand, which corresponds
roughly a nanofiber content of only 0.2 wt.-%. The material could even be lifted up by hand without
any damage to the structure. This result indicates that supramolecular nanofibers were homogenously
distributed throughout the granulate material. An inhomogeneous distribution of nanofibers might

have resulted in a far less stable material.

25 g sand 25 g sand + 50 mg BTA 7 (dried)

Figure 5.7: Photograph of 25 g of sea sand and a sand bed with supramolecular fibers consisting of
25 g of sand and about 50 mg BTA 7 demonstrating the dimensional stability of the prepared samples.
Preparation parameters: Solvent: 2-butanone, BTA concentration: 1.0 wt.-%, immersion temperature:
50 °C, cooling temperature: -78 °C, cooling time: 30 min, non-solvent: water, total mass of granulate
material: 25 g.
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The sample displayed in Figure 5.7 was investigated by means of SEM analysis. Therefore, it was cut
horizontally in two equally sized pieces and a sample was taken from the inside of the granulate
material utilizing a SEM sample holder that was equipped with adhesive and conductive tape. Figure
5.8 shows an overview SEM image of two sand particles that are connected by supramolecular

nanofibers based on the self-assembly of BTA 7 and the corresponding fiber-diameter histogram.

304 |— mean fiber-diameter: 505 nm + 215 nm
N =153

counts

0 05 10 15 2,0

fiber diameter / um

Figure 5.8: SEM-Images of supramolecular nanofibers of BTA 7 connecting individual sand particles.
Corresponding fiber diameter histogram is based on at least 150 fibers. The mean fiber diameter of
the supramolecular nanofibers is 505 nm. Preparation parameters: Solvent: 2 butanone, BTA
concentration: 1.0 wt.-%, immersion temperature: 50 °C, cooling temperature: -78 °C, cooling time: 30
min, non-solvent: water, total mass of granulate material: 25 g.

Even though due to the sample preparation, a shift of the individual sand particles relative to each
other could not be avoided, the nanofibers still connect the particles. The fiber diameter histogram
was prepared in intervals of 100 nm and is based on 153 fiber diameters of individual nanofibers. The
mean fiber diameter was found to be 505 nm with a standard deviation of 215 nm. Since the SEM
sample was taken from the inside of the granulate material, it is assumed that supramolecular
nanofibers are distributed throughout the entire granulate material. This assumption is supported by

the remarkable dimensional stability of the material after removal from the container.
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5.3 Development of a liquid filtration test setup

In order to evaluate the function of the sand - supramolecular nanofiber filters, a custom-made liquid
filtration test setup was developed. The development involved two main parts. First, the overall
structure of the liquid filtration test setup had to be designed and build that allowed for the filtration
of water under pressure and a constant flow rate. The second part corresponds to the development of
a custom-made sample holder that is optimized to the selected geometry of the filter units. The
experimental setup as well as all details concerning the implementation of the test experiments are

described in the following.

Setup for liquid filtration experiments

A custom-made test setup for liquid filtration testing was developed. The top of Figure 5.9 is a scheme
of the designed test setup for continuous filtration test experiments to remove polymeric micro-

particles from water.

The water with micro-particles is kept in a storage vessel (30 L), which was equipped with a mechanical
stirrer to ensure a homogenous distribution of polymer micro-particles throughout the entire
suspension. In addition, clean water is kept in a second storage vessel (5 L) that enables purging of the
system. A three-way valve (PTFE; bore diameter: 3.5 mm; outer diameter connectable tubing: 8 mm;
BOLA) allows for the switching between a storage vessel for clean water and a storage vessel for water
with micro-particles. All components schematically associated in Figure 5.9 with solid lines are
connected with PTFE-tubes (outer diameter: 8 mm; BOLA) and straight screw-in plug connections
featuring a thread connection of %4”. A gear pump (MCP-Z; Ismatec; pump head No.: M| 0018) allows
for the transportation of water through the filtration test setup. If no tubing is connected to the low
pressure side of the pump, it is capable of reaching flow rates of up to 5.6 L/min. The maximum
differential pressure corresponds to a value of 3.5 bar. A flow-meter (FLR-1605A; Omega) in
combination with a custom-made control system (electronic workshop; University of Bayreuth)
provides precise control of the volumetric flow through the entire test setup. The differential pressure,
which is the difference in pressure before and after the filtration unit, can be measured with two
installed pressure transducers (PAA33X-V-10; Omega). A detector (Welas 2100 FL; PALAS) at the end of
the filter test setup is used for the online determination of the particle size distribution as well as the
particle number being in the water after passing through the setup. A particle range with sizes between
0.6 and 29 um is detectable. The detector requires a consistent volumetric flow without any significant

variations as well as a minimum flow of 500 mL/min. The detector is connected to an analyzing unit

118



Sand - supramolecular nanofiber filters for the removal of bacteria from water

(Welas digital 2000, PALAS). All data are recorded on a Laptop. The filtered water was gathered in a

collection vessel.

storage vessel
contaminated water

pump — flow-meter ‘mi

storage vessel
clean water pressure
control- det. 1
system
- sample-
greroeeemeeeed holder
computer — pressure
"""""" ' det. 2

collecting
vessel detector 4@7

Figure 5.9: Top: Scheme of the test setup for the evaluation of filter units by means of liquid filtration
performance of polymeric micro-particles from water. Bottom: Photographic image of the liquid
filtration test setup.
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Sample holder

In the course of the project, a sealable and pressure resistant sample holder for filtration test
experiments of prepared filter units had to be designed. During the development of the preparation

process to sand - supramolecular nanofiber filters, a variety of different geometries were tested.

The use of many different filter geometries during the project required the possibility to quickly adapt
a sample holder to a new geometry. To enable these quick changes, 3D printing technique based on
fused deposition modelling (FDM) was utilized to prepare suitable sample holders. Polylactic acid (PLA)
was selected as material for manufacturing of the sample holders. To illustrate the development of
such a sample holder, Figure 5.10 displays a technical drawing and a photographic image of an early
version of such a sample holder consisting of different individual components. The technical drawing
corresponds to the 3D-printed objects that were further modified after the printing process was
completed. A hole with a diameter of 4 mm was drilled through the sample holder along the
longitudinal axis after the manufacturing process was finished. This opening enabled purging the
sample holder. The 14 mm opening in the top and the bottom part were equipped with straight screw-
in plug connections featuring a thread connection of %”’. The connection was mounted by the use of
multicomponent glue. The bottom part of the sample holder was equipped with a semi-circle shaped
indentation to provide enough space to place a polymer sealing ring with a diameter of the cross
section of 5.4 mm into this indentation to improve the contact between the sealing ring and the PLA
material of the sample holder. By pressing the top and the bottom part together with a clamping ring,
the sample holder was sealed and pressure resistant. However, the selected container geometry
shown in Figure 5.10 had some disadvantages due to technical reasons. First, the particle detector at
the end of the test setup requires a minimum volumetric flow of 500 mL/min. Considering the small
diameter of the container, differential pressures building up during the filtration process were reaching
the limit of the gear pump and other parts on the setup. In consequence, the sample holder had to be

developed further.

The previously described film canister as container with an inner diameter of 30 mm, an outer
diameter of 32 mm and a bottom area of 7.06 cm? was selected to provide the final geometry for the
filter unit. The sample holder was modified to the geometry shown in Figure 5.11. The bottom part of
the sample holder was produced via 3D printing technique and equipped with a straight screw-in plug
connection connectable to tubing with an outer diameter of 8 mm. As material, this version of the
sample holder was also made of polylactic acid. A filter cartridge consisting of a container and the

prepared material was first placed in an inner centering ring typically used in vacuum technology. In

120



Sand - supramolecular nanofiber filters for the removal of bacteria from water

addition, it was equipped on the outside with an additional sealing ring and placed in the bottom part

of the sample holder.
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Figure 5.10: Technical drawing and photographic images of an early version of a custom-made sample
holder for filter units prepared inside a polymer cartridge. The bottom part of the sample holder was
manufactured by utilization of 3D printing and equipped with a straight screw-in plug connection. A
filter cartridge was placed in the bottom part of the sample holder being equipped with a sealing ring.
The top part of the sample holder is placed on top of the filter cartridge and sealed with a clamping

ring.
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Figure 5.11: Technical drawing and photographic images of the final version of a custom-made sample
holder that allows the easy exchange of the filter containers. The bottom and the top part of the
sample holder was manufactured by utilization of 3D printing and equipped with a straight screw-in
plug connection. A container is placed in the bottom part of the sample holder being equipped with a
sealing ring and an inner centering ring. The top part of the sample holder is placed on top of the filter

cartridge and sealed with a clamping ring.
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Analogous to the bottom part, the top part of the sample holder was also fabricated by 3D printing
and placed on top of the filter container (Figure 5.11). The sample holder can be sealed with a clamping
ring pressing both parts together providing pressure resistance of at least 1.5 bar. As shown in Figure
5.9, two three way valves (PTFE; bore diameter: 3.5 mm; outer diameter connectable tubing: 8 mm;
BOLA) allowed for disconnection of the sample holder from the rest of the test rig. The application of
a continuous water flow at elevated pressures as well as the possibility to quickly exchange the filter

containers is realized with this sample holder.

One basic requirement for the function a liquid filtration test setup is the possibility to purge the filter
unit with water including polystyrene micro-particles as test contamination at a constant flow rate and
under pressure. Therefore, an experiment to demonstrate the applicability of the developed setup was
performed. A container filled with 25 g of sand and including the filter paper was placed in the sample
holder and purged with water with micro-particles at a constant flow rate of 500 mL/min. The
evolution of the differential pressure during the experiment is displayed in Figure 5.10. It was found
that the differential pressure remains constant during the measurement with values of around
150 mbar. The applied volumetric flow rate during such an experiment is directly proportional to the
differential pressure. The observed results demonstrate that the volumetric flow rate is stable,
because the differential pressure remains constant during the whole measurement. Also in 24 h

experiments, the volumetric flow rate was kept constant.
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Figure 5.12: Time dependence of the differential pressure during filtration process of a container filled

with 25 g of pure sand including the filter paper. Measuring parameters: Total mass of granulate
material: 25 g, Volumetric flow rate: 500 mL/min, Total volume filtered: 2.5 L, Filter area: 7.06 cm?.
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Filtration of polymer micro-particles as model system

Evaluation of the filtration efficiency of a prepared sand - supramolecular nanofiber filter was
performed as follows. First, a suspension of polymer micro-particles in water was prepared by adding
25 uL of a 10 wt.-% suspension of polystyrene particles (mean diameter: 1.1 um; Aldrich) to 30 L of
water. These particles were selected because many bacteria exhibit sizes in the range of 1 um. Figure
5.13 shows an SEM image of the employed particles after drying of the suspension. The suspension
was continuously stirred for at least 30 min with a mechanical stirrer. Constant stirring during the
entire measuring process provided a homogeneous suspension. The particle size-distribution as well
as the particle number of a defined amount of the pure suspension was measured. Experiments were
performed with total volumes of either 2.5 Lor 10 L. Therefore, the suspension was conducted through
the liquid filtration test setup at a volumetric flow rate of 500 mL/min with an empty container placed

inside the sample holder.

Figure 5.13: Overview SEM image of polystyrene micro-particles that were used for filtration test
experiments by suspending these particles in water. The particles feature an average diameter of
1.1 pm.

Subsequently, a prepared sand - supramolecular nanofiber filter was placed in the sample holder and
sealed with the clamping ring. Before the actual measurement, remaining particles in the system of a
previous test had to be removed. The filter unit was purged with pure water for 2.5 min featuring a
volumetric flow rate of 500 mL/min. In addition, the purging of the filter unit ensures that remaining
air bubbles in the system were also removed. Then, the actual filtration measurement started. This
measurement was performed with a volumetric flow of 500 mL/min and a total volume of 2.5 L of
water with micro-particles. Recording of particle size distributions and particle numbers before and

after the filtration process allowed to determine the filtration efficiency of a filtration unit.
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As example, Figure 5.14 displays the initial particle size distribution of the total number of particles
recorded prior to filtration with only an empty container placed in the sample holder in a total volume
of 10 L at a volumetric flow rate of 500 mL/min. Particles with sizes ranging from 0.6 um to 29 um were
detected. The micro-particle suspension was prepared by addition of 0.025 mL of a 10 wt.-%
suspension of polystyrene micro-particles to a total volume of 30 L of water. The recorded particle size
distribution was found to be unimodal and the determined particle sizes are in very good agreement
with provided data by the supplier. Micro-particles were detected in the range from 0.8 um to 1.3 um.
The filtration efficiencies are only calculated within this particle-size range. All particle-size
distributions displayed in this chapter represent the total number of particles counted in the total

volume.
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Figure 5.14: Particle size distribution of the total number of particles of the suspension of polystyrene
micro-particles in water. The data correspond to the initial particle size distribution before filtration in
a total volume of 10 L. Measuring parameters: Volumetric flow rate: 500 mL/min, Total volume
measured: 10 L, Measuring time: 20 min, Filter area: 7.06 cm?.

125



Sand - supramolecular nanofiber filters for the removal of bacteria from water

Filtration performance of polymer micro-particles from water

Filter media to remove solid particles from fluids are usually characterized by two fundamental criteria.
On the one hand, each filtration unit has to be able to efficiently remove particles from the fluid
featuring the selected dimensions. On the other hand, the filtration process requires the fluid mixture
to be forced through the filter unit by applying an external pressure. Therefore, filter media are
normally characterized by a difference in pressure that is measured before and after the filtration unit
at a certain volumetric flow rate. This difference is commonly referred to as the differential pressure
as described in chapter 1. In addition, monitoring the differential pressure during the filtration process
provides information concerning the stability of the filter. These two characteristics were evaluated

with the custom-made liquid filtration test setup.

The earlier described sand - supramolecular nanofiber filters were investigated in liquid filtration test

experiments.

For the evaluation of the filtration performance of the prepared filter units, the total number of
particles and the particle size distributions of the polymer micro-particles in the suspensions were
recorded before the filtration measurement and during the entire filtration process. In both cases, the
same amount of the suspension was analyzed. Therefore, the initial particle size distribution of the
polymer micro-particle suspension was measured by pumping the suspension through the liquid
filtration test setup with an empty container being employed. These two particle size distributions and
particle numbers allows for the calculation of the corresponding filtration efficiency in the investigated

particle size range.

As reference, a filtration unit only containing 25 g of the sand and the filter paper on the bottom of the
container, but without supramolecular nanofibers was investigated. Figure 5.15 displays the
corresponding particle size distributions of the total number of particles recorded of the suspension
before filtration and after filtration with a filter unit containing 25 g of sand on top the filter paper. The
filter area of the unit was 7.06 cm? and the filtration process was performed at a volumetric flow rate
of 500 mL/min. During this specific measurement, the total volume passing through the filter unit was
10 L. It was found that only a minor reduction of the number of particles was observed. 704204
particles were detected in the suspension before the filtration measurement. The corresponding value
after filtration with a filter unit containing 25 g of sand and the filter paper was 597596. In
consequence, the total number of particles detected was reduced by around 15% utilizing the filtration
unit containing only sand without nanofibers. These results prove no significant filtration effect of just

sand and the filter paper on the bottom of the filter container.
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Figure 5.15: Particle size distributions of the total number of particles of a suspension of polystyrene
particles in water. The black curve corresponds to the initial particle size distribution before filtration
with a total volume of 10 L. The blue curve was recorded during the filtration measurement of the
suspension by a container filled with 25 g of pure sand including the filter paper at the bottom of the
container. Measuring parameters: Volumetric flow rate: 500 mL/min, Total volume filtered for each
curve: 10 L, Filter area: 7.06 cm?.

In the following, filter units containing sand and supramolecular nanofibers based on
1,3,5-benzenetrisamides were prepared and subjected to the same liquid filtration test experiments.
Figure 5.16 displays the two cumulative particle size distributions recorded during filtration test
experiments of a total volume of 10 L for each curve. The black curve corresponds to the distribution
and the total number of particles of the initial suspension of polymer micro-particles. The filter unit
was prepared from a 1.0 wt.-% solution of BTA 7 from 2-butanone as described before. The filter unit
was placed in the sample holder and 10 L of water with micro-particles were filtered at a volumetric
flow rate of 500 mL/min. The red curve is the distribution of remaining particles in the water after
filtration with a filter unit containing the sand and supramolecular nanofibers. As shown in Figure 5.16,
by utilization of sand - supramolecular nanofiber filters the particle size distribution of the remaining
polymer micro-particles in the filtrate is significantly reduced compared to the initial suspension.
662782 particles were detected in the suspension before the filtration measurement and the
corresponding value after filtration with a filter unit containing 25 g of sand with supramolecular
nanofibers was 52452. The total number of particles in a volume of 10 L was reduced by around 90%.

These results clearly demonstrate that the incorporation of supramolecular nanofibers inside
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granulate material leads to a filter unit that is suitable to remove particles with diameters of around

1.1 pum from water.
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Figure 5.16: Particle size distributions of the total number of particles of a suspension of polystyrene
particles in water. The black curve corresponds to the initial particle size distribution before filtration
measured in a volume of 10 L. The red curve was recorded after filtration of the suspension by a
container filled with a prepared combination of supramolecular nanofibers of BTA 7 and the granulate
material. Filter unit preparation parameters: Solvent: 2-butanone, BTA concentration: 1.0 wt.-%,
Immersion temperature: 50 °C, Cooling temperature: -78 °C, Cooling time: 30 min, Non-solvent: water,

Total mass of granulate material: 25 g. Measuring parameters: Volumetric flow rate: 500 mL/min, Total
volume filtered for each curve: 10 L, Filter area: 7.06 cm?.

Differential pressure during the filtration process

Apart from monitoring of the total number of particles and the corresponding particle size
distributions, the pressure of the system during the filtration process before and after the sample
holder was monitored. Due to the relatively large inner diameter of the tubing installed in the liquid
filtration test setup (7 mm) and an inner diameter of 32 mm inside the sample holder, the resulting
differential pressure before and after the sample holder without any inserted filtration unit is close to
zero and can be neglected under the standard measuring conditions. Employment of a filtration unit
that either contains pure sand or the sand - supramolecular nanofiber material leads to an increase in
the differential pressure. Figure 5.17 displays recorded differential pressures during a filtration test
experiment with a total volume of 2.5 L. The black curve corresponds to the pressure building up by

inserting a filter unit containing 25 g of pure sand, while the red curve refers to a measurement with a
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filtration unit that contained sand with supramolecular nanofibers. Both measurements were

performed at a volumetric flow rate of 500 mL/min.
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Figure 5.17: Evolution of differential pressure during filtration experiments of water with micro-
particles. Black curve: Differential pressure of a container filled with 25 g of pure sand (black curve).
Red curve: Differential pressure of a filter unit with supramolecular nanofibers of BTA 7 and sand. Filter
unit preparation parameters: Solvent: 2-butanone, BTA concentration: 1.0 wt.-%, Immersion
temperature: 50 °C, Cooling temperature: -78 °C, Cooling time: 30 min, Non-solvent: water, Total mass
of granulate material: 25 g. Measuring parameters: Volumetric flow rate: 500 mL/min, Total volume

filtered: 2.5 L, Filter area: 7.06 cm?.

Two important findings can be derived from the data shown in Figure 5.17. Due to the introduction of
supramolecular nanofibers inside the granulate material, the differential pressure is significantly
increased to a value of around 900 mbar compared to the filtration unit that only contains 25 g of pure
sand with a differential pressure of only 150 mbar. This result reveals that the connection of the
individual sand particles by self-assembled supramolecular nanofibers leads to smaller pore sizes of
the sand with supramolecular fibers compared to the initial granulate material without any
supramolecular material, which greatly increases the filtration performance to remove polymer micro-
particles from water. In addition, the differential pressure of the filtration unit containing sand with
supramolecular nanofibers remains constant during the whole measurement, which indicates that it
is sufficiently stable under the selected testing conditions. If a significant amount of supramolecular
nanofibers would be damaged during the process, the differential pressure would decrease during the

filtration process and approach the differential pressure of pure sand.
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However, potential real life applications of such a filtration unit might require a stability that exceeds
a total volume of 2.5 L being filtered over a time period of 5 min. Even though the supramolecular
material exhibits a very low solubility in pure water, constant exposure of this material to a flow of
water might damage the network of self-assembled fibers by solving only minor fractions of the
supramolecular material. Therefore, a 24 h measurement was performed to evaluate the long term
stability of the system by purging the filtration unit with pure water at a constant volumetric flow rate
of 500 mL/min. Figure 5.18 shows the monitored differential pressure during the stability test (red
curve). Even though the pressure varies slightly over time, the value of the pressure does not fall below
a value of 900 mbar indicating that the nanofiber network was still present. After purging the unit for
24 h, the sample was removed from the sample holder and the material was stirred with a spatula.
During this process, the nanofiber network that connected the individual sand particles was destroyed
by shifting the particles relative to each other. Subsequently, the filter unit was placed back into the
sample holder and purged for another two hours with pure water at a volumetric flow rate of 500

mL/min.
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Figure 5.18: 24 h measurement of the differential pressure of a container filled with sand and
supramolecular nanofibers of BTA 7 (left). In this case, pure water was purged through the sample
without any particles present. After 24 h, the filter unit was stirred with a spatula to crack the
remaining network of the supramolecular nanofibers. This sample was then placed again in the filter
test setup and purged for additional 2 h (right). Measuring parameters: Volumetric flow rate:
500 mL/min, Filter area: 7.06 cm?.

It was found that the remaining differential pressure after reinsertion of the filter unit only reached a

value of around 300 mbar, which is in the range of 25 g of just pure sand. This result proves that the
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supramolecular nanofibers are remarkably stable. Even after the filtration unit has been purged over

a period of time of 24 h an intact nanofiber network was still present.

Preparation of sand - supramolecular nanofiber filters from solutions with different concentrations

So far, all prepared combinations of supramolecular nanofibers with a granulate material were
processed from a solution of BTA 7 in 2-butanone at a concentration of 1.0 wt.-%. All these samples
exhibited dimensional stability and very good filtration efficiency to remove polymer micro-particles
from water. However, to gain a deeper insight of the required amounts of nanofibers in such a material
to obtain a dimensionally stable filter, experiments were performed with varying concentrations of
BTA 7 in the immersion solution. Apart from the BTA concentration, all units were prepared under
identical conditions. Different concentrations of BTA 7 in the immersion solution result in different
supramolecular nanofiber contents. The containers containing 25 g of the granulate material were
immersed at a temperature of 50 °C, placed in polymer bags and subsequently cooled to -78 °C for
30 min. The solvent 2-butanone was replaced by water. To evaluate the dimensional stability of the

samples, each unit was dried at room temperature and it was carefully removed from the containers.

Considering the solution uptake of the granulate material in the containers, the preparation from a
1.0 wt.-% solution yields around 50 mg of remaining BTA in the filter units. Corresponding amounts for
other investigated concentrations are 40 mg (0.8 wt.-%), 30 mg (0.6 wt.-%) and 20 mg (0.4 wt.-%).
Figure 5.19 shows a photographic image of prepared samples that were dried and carefully removed
from the container. The sample prepared from a solution containing 0.4 wt.-% of BTA 7 almost
completely fell apart and exhibited no dimensional stability. Increasing the nanofiber content by
utilizing a solution with 0.6 wt.-% of BTA 7, a sand - nanofiber combination that is partially stable is
obtained. The inner part of the material appears to be most stable, which may be attributed to the
sample preparation. Further increase of the nanofiber content appears to yield even more stable
samples. While the sample prepared from a 0.8 wt.-% solution appears to be mostly stable except for
some regions that were close to the wall of the container during the preparation, the sample prepared
using the highest BTA-concentration of 1.0 wt.-% shows to be almost fully stable. These results indicate
that a minimum of supramolecular material is required to yield a homogenously distributed nanofiber
network throughout the entire granulate material to generate a stable network of supramolecular
nanofibers in the sand. A BTA concentration in the immersion solution of 1.0 wt.-% appears to be most

suitable to obtain dimensionally stable structures.
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Figure 5.19: Photograph combinations of supramolecular nanofibers and sand prepared with different
BTA concentrations in the immersion solutions: 0.4 wt.-%, 0.6 wt.-%, 0.8 wt.-%, 1.0 wt.-%. Preparation
parameters: Solvent: 2-butanone, Immersion temperature: 50 °C, Cooling temperature: -78 °C, Cooling
time: 30 min, Non-solvent: water, Total mass of granulate material: 25 g.

In addition to the evaluation of the dimensional stability, filtration test experiments were performed.
In contrast to previously shown results, these experiments only involved filtration of a total volume of
2.5 L at a constant flow rate of 500 mL/min. Figure 5.20 shows particle size dependent filtration
efficiency curves of units containing different contents of supramolecular nanofibers. Due to the
particle size distribution of the selected polystyrene micro-particles, the filtration efficiency was only
calculated for particles with diameters between 0.8 um and 1.3 um. Each curve displayed in the figure

is based on at least 4 individual filtration test experiments of independently prepared samples.

It was found that samples that were prepared from 0.1 wt.-% solutions with a resulting nanofiber
content of only 5 mg do not show any significant filtration efficiency. Even though samples prepared
from 0.4 wt.-% solutions of BTA 7 in 2-butanone do not exhibit dimensional stability, polymer micro-
particles can be removed from water at efficiencies of up to 90%. Further increase of the nanofiber
content only results in minor improvements of the filtration efficiency. Independently of the nanofiber

content, no filtration efficiency beyond 90% could be detected.

This finding might be attributed to the custom-made measuring process using the developed liquid
filtration test setup and the corresponding filtration test procedure. In the course of filtration
experiments, the water with micro-particles was conducted through mainly the same tubing than the
filtered water. The tubing exhibited an inner diameter of 7 mm and the volumetric flow rate of the
fluid was 500 mL/min. Under these conditions, the flow profile of the fluid is laminar and particles
transported through these tubes may be partially deposited on the walls of the tubing. While
measuring the filtered water, these particles may detach from the walls and get detected at the end

of the test setup. Even with extensive purging of the test setup, these particles could not be fully
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removed. In consequence, filtration efficiencies of fully 100% cannot be reached by the use of this

setup.
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Figure 5.20: Particle size dependent filtration efficiencies of filter units with different contents of
supramolecular nanofibers of BTA 7 inside 25 g of sand. Each curve displayed contains different
amounts of BTA nanofibers and is based on a minimum of 5 independently prepared samples and
filtration measurements. Preparation parameters: Solvent: 2-butanone, Immersion temperature:
50 °C, Cooling temperature: -78 °C, Cooling time: 30 min, Non-solvent: water, Total mass of granulate
material: 25 g. Measuring parameters: Volumetric flow rate: 500 mL/min, Total volume filtered: 2.5 L,
Filter area: 7.06 cm?.
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5.4 Filtration of E.coli bacteria from water

To this point, all filter units were only investigated by means of liquid filtration of polymer micro-
particles from water until an optimized system was identified. Subsequently, these units were
subjected to liquid filtration test experiments to remove E. coli bacteria from water. These experiments
were performed in cooperation with the DWI — Leibniz Institute for Interactive Materials at the RWTH

in Aachen.

The filtration test experiments were performed in a two-step process. First, a suspension of bacteria
in water was filtered through a prepared filtration unit. Second, bacterial growth test experiments

were performed to determine the exact bacteria concentrations before and after filtration.

Implementation of filtration process

The experiments were performed in two different sessions. During the first session, a set of
experiments was performed by testing of filtration units that only contained 25 g of sand without any
supramolecular material. During the second session, only the filtration performance of samples
containing supramolecular nanofibers was tested. Samples and experiments of both sessions were
subjected to the complete preparation process. Only the reference experiments were performed

without any supramolecular material.

For the first session, samples that only contained 25 g of pure sand were treated by previously
described processing conditions, while any microbial contamination was avoided. The specific
preparation parameters were: Solvent: 2-butanone, immersion temperature: 50 °C, cooling
temperature: -78 °C, cooling time: 30 min, non-solvent: water, total mass of granulate material: 25 g.
For filtration test experiments, suspensions of E. coli strains were incubated at 37 °C in nutrient
solution consisting of Mueller-Hinton Broth (Beef infusion: 2 g/L; casein peptone (acidic hydrolysate):
17.5 g/L; corn starch: 1.5 g/L; pH value: 7.4) for 18 h to provide a suspension with a known bacteria
concentration of around 10° CFU/mL. By dilution of this stock suspension with a 0.9 wt.-% solution of
NaCl in water, four different suspensions were prepared with E. coli concentrations of 2.4 x 103

CFU/mL, 2.4 x 10* CFU/mL, 2.4 x 10° CFU/mL and 2.4 x 10° CFU/mL (CFU = colony forming units).
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Figure 5.21: Photograph of the testing procedure to evaluate the efficiency of prepared filter units to
remove E. coli from water.

To enable purging of the samples, each unit was placed in a sample holder as previously described. In
contrast to earlier versions, this sample holder comprised of aluminum and was equipped with a
female luer lock fitting at the top part. A dosing syringe (0.5 - 5 ml; Sartorius) exhibiting a male luer
lock connection was connected to the sample holder and used to pump water through the prepared

sample as depicted in Figure 5.21.

Each unit was first purged with 25 mL of a 0.9 wt.-% solution of NaCl in water to remove potential
remaining microbial contamination. 15 mL was assumed to be the dead volume of the dosing syringe,
the corresponding tubing and the filtration unit in combination with the sample holder. Therefore, 15
mL of the corresponding suspension of E. coli in water was pumped through the unit to replace the
clean solution of NaCl by contaminated water. Afterwards, 50 mL of the contaminated suspension was
filtered into a sterile Erlenmeyer flask (see Figure 5.12). This filtrate was then used for bacterial growth

tests, which will be discussed in detail later.

The second session included testing of units that contained sand with supramolecular nanofibers.
These samples were subjected to the complete preparation process. The specific preparation
parameters were: Solvent: 2-butanone, BTA concentration: 1.0 wt.-%, immersion temperature: 50 °C,
cooling temperature: -78 °C, cooling time: 30 min, non-solvent: water, total mass of granulate material:
25 g. Suspensions of E. coli were prepared according to the first session with resulting E. coli
concentrations of 1.8 x 10°* CFU/mL, 1.5 x 10* CFU/mL, 1.9 x 10° CFU/mL and 1.5 x 10® CFU/mL. The

filtration process itself was performed in an identical way for both sessions.
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Time dependent bacterial growth curves

Evaluation of the filter units by means of filtration efficiency to remove E. coli from water required
bacterial growth tests of samples of the initial bacterial suspensions as well as of the filtered
suspensions. Two different methods of testing were performed to determine the microbial content of

each tested suspension.

First, time dependent bacterial growth curves were recorded on a Multiwell Reader (Infinite 2000 Pro;
Tecan). Therefore, different samples were prepared on a 96 space well plate. Table 5.1 shows all
samples that were investigated during the first session of the filtration experiments. Each suspension
was tested twice in two different wells. All wells except for those containing the leaching control
experiments, were filled with 20 uL of the corresponding suspension and 180 pL of a nutrient solution
(0.5 wt.-% peptone from caseine and 0.3 wt.-% meat extract in water). Bacterial growth was followed
for 20 h with cycles of 30 min during incubation at 37 °C and shaking for 1000 s at 100 rpm per cycle.
After each cycle the optical density of each suspension inside a well was measured, which reflects the

total number of E. coli bacteria present in the sample.

The series involved two experiments to verify that the samples were sterile and were not
contaminated with bacteria in the course of the preparation process. During this test, the samples
were purged with a sterile solution of NaCl in water (0.9 wt.-%) and the filtrate was tested on bacterial
growth. In addition, each of the four initially prepared E. coli suspensions was investigated. Eight
prepared filter units were tested by means of filtration of E. coli from water, whereas the filtration of

each suspension was tested twice in independent experiments and each sample was only used once.

Table 5.1: Prepared samples on the 96 space well plate during the first session of bacterial filtration
test experiments. The first column refers to the specific samples tested. The second column
corresponds to the concentration of E. coli bacteria in the filtered suspension. Two independent
bacteria growth curves were recorded in two separate wells for each sample.

Sample E. coli concentration of filtered water | Number of wells
Sterile control — 1 0 CFU/mL 2
Sterile control — 2 0 CFU/mL 2
Initial suspension 2.4 x 10° CFU/mL 2
Filtered by sand - 1 2.4 x 103 CFU/mL 2
Filtered by sand - 2 2.4 x 10° CFU/mL 2
Initial suspension 2.4 x 10* CFU/mL 2
Filtered by sand - 3 2.4 x 10* CFU/mL 2
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Sample E. coli concentration of filtered water | Number of wells

Filtered by sand - 4 2.4 x 10* CFU/mL

Initial suspension 2.4 x 10° CFU/mL

Filtered by sand - 5 2.4 x 10° CFU/mL

Filtered by sand - 6 2.4 x 10° CFU/mL

Initial suspension 2.4 x 10° CFU/mL

Filtered by sand - 7 2.4 x 10° CFU/mL

N (N[NNI DNNN

Filtered by sand - 8 2.4 x 10% CFU/mL

Table 5.2 displays all samples prepared on the well plate during the second session of the filtration
test experiments. To ensure that no potential antibacterial components were leaching out of the filter
units, E. coli contaminated water was added to the filtrate of the sterile control samples and the
resulting mixtures were analyzed in separate wells. The corresponding wells were filled with 20 pL of
the filtrate from sterile control experiments, 20 ulL of E. coli suspension (10° CFU/mL) and 160 pL of

nutrient solution.

Table 5.2: Prepared samples on the 96 space well plate during the second session of bacterial filtration
test experiments. The first column refers to the specific sample that was investigated by the bacterial
growth test. The second column corresponds to the E. coli concentration of the filtered suspension.
The leaching experiments were performed without any bacteria in the filtered water, but E. coli were
added afterwards. Preparation parameters: Solvent: 2-butanone, BTA concentration: 1.0 wt.-%,
immersion temperature: 50 °C, cooling temperature: -78 °C, cooling time: 30 min, non-solvent: water,
total mass of granulate material: 25 g.

Sample E. coli conc. of filtered water Number of wells
Sterile control — 1 0 CFU/mL
Sterile control — 2 0 CFU/mL
Leaching—1 E. coli added to filtered sterile water
Leaching —2 E. coli added to filtered sterile water

Initial suspension

1.8 x 10° CFU/mL

Filtered by sand with nanofibers — 1

1.8 x 103 CFU/mL

Filtered by sand with nanofibers — 2

1.8 x 10° CFU/mL

Initial suspension

1.5 x 10* CFU/mL

Filtered by sand with nanofibers — 3

1.5 x 10* CFU/mL

Filtered by sand with nanofibers — 4

1.5 x 10* CFU/mL

Initial suspension

1.9 x 10° CFU/mL

NN IN NI DNIDNDNINNNDN

137




Sand - supramolecular nanofiber filters for the removal of bacteria from water

Sample E. coli conc. of filtered water Number of wells
Filtered by sand with nanofibers — 5 1.9 x 10° CFU/mL 2
Filtered by sand with nanofibers — 6 1.9 x 10° CFU/mL 2
Initial suspension 1.5 x 10% CFU/mL 2
Filtered by sand with nanofibers — 7 1.5 x 10° CFU/mL 2
Filtered by sand with nanofibers — 8 1.5 x 10° CFU/mL 2

Colony counting experiments

Apart from the time dependent measurements of bacterial growth utilizing the Multiwell-Reader,
colony counting experiments on ST1-Agar plates were performed. Therefore, 50 uL of each initial E. coli
suspension as well as of the filtrates were dropped on Agar plates. The suspensions were dried and
subsequently incubated at 37 °C overnight. Colony counting on the plates of bacterial suspensions and
filtrates allows for calculation of the filtration performance of samples containing supramolecular

nanofibers.

Results of filtration experiments to remove E. coli bacteria from water

One major objective of this project was the employment of supramolecular nanofibers inside a
granulate material to create a unit that is capable of removing microbial contaminations from water
to provide a new approach to potential future water treatment solutions. Therefore, the optimized
system that has been characterized by the custom-made liquid filtration test setup was subjected to
filtration test experiments with suspensions of E. coli bacteria in water. As reference, filter units
containing only 25 g of plain sand without any supramolecular nanofibers were also tested in filtration

experiments.

The experiments involved two independent parts. First the 50 mL of a suspension of E. coli with a
known concentration were filtered through a filter unit utilizing a dosing syringe and the custom-made
sample holder. The second part involved the microbial investigation of the filtrates as well as the initial
suspensions. These investigations were performed in two individual experiments. Monitoring of time
dependent bacterial growth curves and bacterial growth on agar plates with subsequent colony

counting were the two independent analyzing methods.

For the measurement of time dependent bacterial growth, a sample of each suspension was mixed
with a nutrient solution and incubated at 37 °C for 20 h. Optical density of the mixture was recorded

in time intervals of 30 min (1800 s). In consequence, 40 data points (40 cycles) were monitored for
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each sample. Figure 5.22 displays the time dependent bacterial growth curves of suspensions of E. coli
before filtration (blue curve) and the corresponding curves after filtration with a filtration unit that
only contained 25 g of pure sand. It was found that the bacterial growth of the filtrates (orange and

grey curves) is slightly retarded compared to the initial suspension.
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Figure 5.22: Bacterial growth curves of a suspension of E. coli in water before and after filtration with
a filter unit that contained 25 g of pure sand. The samples were subjected to the full preparation
process without any BTA in the immersion solution. The initial E. coli concentration was 2.4 x
10° CFU/mL and the total volume filtered was 50 mL. Filter unit preparation parameters: Solvent:
2-butanone, Immersion temperature: 50 °C, Cooling temperature: -78 °C, Cooling time: 30 min, Non-
solvent: water, Total mass of granulate material: 25 g.

This result shows that the filter unit that contains just pure sand does separate some of the bacteria
from the water. In cooperation with the DWI - Leibniz-Institute for interactive materials (Aachen), a
filtration efficiency by orders of magnitude was derived. This calculation is based on calibration
measurements with different concentrations of E. coli bacteria. The recorded difference in bacterial
growth corresponds to a reduction of bacteria by less than one order of magnitude. This result is
referred to as a reduction by “<log 1”. Experiments were performed with four different concentrations
of 2.4 x 10° CFU/mL, 2.4 x 10* CFU/mL, 2.4 x 10° CFU/mL and 2.4 x 10° CFU/mL. Independently of the
concentration of the filtered suspension, the filtration efficiency corresponded always to a reduction
of < log 1 (less than 90%). In terms of microbiology, these reference filter units can be classified as
ineffective for the separation of E. coli from water due to the fact that bacteria can still reproduce after
the filtration process. Sterile control samples revealed, that no contamination of the filter units was

present before the filtration test.
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In addition, prepared filter units from a solution of BTA 7 in 2-butanone with a concentration of
1.0 wt.-% were subjected to bacterial filtration experiments. During the preparation process, any
microbial contamination was avoided. Figure 5.23 displays exemplarily the corresponding time
dependent bacterial growth curves for filtration with units containing supramolecular nanofibers and
with an E. coli concentration of 1.8 x 10° CFU/mL in the initial suspension. It was found that the
bacterial growth is significantly retarded compared to the growth originating from the initial

suspension.

0,7
0,6
0,5
0,4
0,3
0,2
0,1 joswesooone

0,0 T T T T T T T |
1 6 11 16 21 26 31 36 41

before filtration

after filtration

optical density

performance: >log 3

cycle times / 30 min

Figure 5.23: Bacterial growth curves of a suspension of E. coli in water before and after filtration with
a filter unit of supramolecular nanofibers of BTA 7 inside 25 g of sand. The initial E. coli concentration
was 1.8 x 10% CFU/mL and the total volume filtered was 50 mL. Preparation parameters: Solvent:
2-butanone, BTA concentration: 1 wt.-%, Immersion temperature: 50 °C, Cooling temperature: -78 °C,
Cooling time: 30 min, Non-solvent: water, Total mass of granulate material: 25 g.

The difference in bacterial growth corresponds to a reduction of E. coli concentration by > log 3, which
corresponds to filtration efficiency of more than 99.9%. In consequence, the introduction of
supramolecular nanofibers inside the granulate material creates a material that exhibits a filtration
effect that allows for the removal of the E. coli bacteria from water. Apart from the results exemplarily
shown in Figure 5.22 and Figure 5.23, three additional concentrations of E. coli were filtered by units
that either contain 25 g of pure sand or the sand - supramolecular nanofibers combination. Table 5.3
shows an overview of filtration efficiencies derived from time dependent bacterial growth curves for

all investigated concentrations of E. coli in water.
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Table 5.3: Filtration efficiencies of filter units containing either 25 g of sand or prepared filter units to
remove E. coli from water at different initial concentrations. Preparation parameters: Solvent:
2-butanone, BTA concentration: 1 wt.-%, Immersion temperature: 50 °C, Cooling temperature: -78 °C,
Cooling time: 30 min, Non-solvent: water, Total mass of granulate material: 25 g

. . Initial Volume . . -

Filter unit . Filtration efficiency

concentration tested
2.4 x 103 CFU/mL <90%
2.4 x 10* CFU/mL <90%

25 g of sand

2.4 x 10° CFU/mL < 90%
2.4 x 10° CFU/mL <90%

50 mL
1.5 x 103 CFU/mL = 100%
Sand with 1.9 x 10* CFU/mL ~ 100%

supramolecular

nanofibers 1.5x 10° CFU/mL 99.9% - 100%
1.8 x 10° CFU/mL 99.9%

In all cases, the total volume filtered was 50 mL. It was found that no significant filtration performance
was determined for any of the samples containing only 25 g of sand. Even though the bacterial growth
has been slightly retarded, the reduction was always below one order of magnitude (< log 1). By
utilization of the prepared units with supramolecular nanofibers in filtration experiments, microbial
contamination was significantly reduced in the filtrates. The results indicate that there might be a
concentration dependence of the initial bacteria suspensions on the resulting filtration performance.
The filtrates of suspensions with initial concentrations of 10® CFU/mL and 10* CFU/mL did not show
any bacterial growth after filtration proving the filtrates to be completely free of microbial
contamination. Filtration of a suspension containing E. coli at a concentration of 10° CFU/mL results in
an efficiency between 99.9% and 100%. The highest concentration of bacteria always showed
remaining bacteria in the filtrates. This filtration performance might be enhanced by increasing the
residence time of bacteria inside the filter unit during the filtration process. This enhancement can for
example be achieved by adjustment of the geometry of the filtration unit or the amount of granulate

material being equipped in the current unit.

In addition to the time dependent bacterial growth curves, samples of 50 plL from each filtrate as well
as the initial suspensions were placed on agar plates and incubated overnight. Colony counting of the
samples allowed for the calculation of the filtration efficiency of the unit filled with sand as well as with

the samples containing supramolecular material.
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Table 5.4 displays the resulting filtration efficiency values obtained by colony counting experiments.
By analysis of the different filtrates, it was found that units filled with 25 g of sand without any
supramolecular material do reduce the microbial contamination by around 50% independently of the
initial concentration of bacteria in the filtered suspension. This is in very good agreement with the
results from the time dependent bacterial growth curves. By utilization of a prepared unit with
supramolecular nanofibers, the filter effect of the units is significantly increased. Even though the
filtration efficiency does not reach 100% for any of the investigated concentrations, the filtration

performance is strongly increased and therefore it is in good agreement with previous results.

Table 5.4: Filtration efficiencies of filter units containing either 25 g of sand or filter units containing
nanofibers to remove E. coli from water at different initial concentrations. Preparation parameters:
Solvent: 2-butanone, BTA concentration: 1 wt.-%, Immersion temperature: 50 °C, Cooling
temperature: -78 °C, Cooling time: 30 min, Non-solvent: water, Total mass of granulate material: 25 g

Filter unit Initial Filtration efficiency
concentration from colony counting
2.4 x 10° CFU/mL 48%
2.4 x 10* CFU/mL 53%

25 g of sand

2.4 x 10° CFU/mL 51%
2.4 x 10° CFU/mL 49%
1.5 x 103 CFU/mL 99.0%

Sand with 1.9 x 10* CFU/mL 99.9%

supramolecular

nanofibers 1.5x 10° CFU/mL 99.0%

1.8 x 10° CFU/mL 98.7%

Filtration experiments with E. coli bacteria revealed a remarkable filtration performance of the
prepared filter units containing the supramolecular nanofibers, while results from two independent

analyzing methods were found to be in very good agreement.

142



Sand - supramolecular nanofiber filters for the removal of bacteria from water

5.5 Conclusion

This chapter reports on the preparation of dimensionally stable combinations of sand and
supramolecular nanofibers based on the self-assembly of 1,3,5-benzenetrisamides that can be utilized
in filtration applications. The work focused especially on the ability of the filter units to remove
microbial contamination such as E. coli bacteria from water. Therefore, an easy multistep preparation
process was developed for the in situ preparation of material inside a suitable container to create a

filtration unit that can be used for subsequent filtration test experiments.

The prepared filter units were characterized by means of dimensional stability as well as SEM analysis.
It was found that by utilization of the developed preparation process, supramolecular nanofibers can
be prepared throughout a granulate material such as sand to establish a network connecting the
individual sand particles featuring dimensional stability. Concentration dependent studies
demonstrated that a minimum of the supramolecular material has to be present to obtain a fully stable
structure. Only 50 mg of supramolecular nanofibers of BTA 7 with a mean nanofiber diameter of
around 500 nm in 25 g of sand are already sufficient. This amount corresponds to a mass content of

only 0.2 wt.-% in the dried samples.

Employed in the selected containers, filtration units were prepared and intensively studied by means
of their filtration performance. Therefore, a custom-made liquid filtration test setup was designed and
built that allowed for the purging of the units with water under pressure. Filtration test experiments
with a suspension of polymer micro-particles in water were carried out . A custom-made sample holder
was designed and by application of 3D-printing technique optimized to the selected geometry of the
filtration unit. Filter testing revealed that the introduction of supramolecular nanofibers inside sand
yields a structure, which is capable of removing polymer micro-particles with an average diameter of
1.1 um. Monitoring of the differential pressure before and after the filter unit demonstrated that the
units remain stable during the filtration process. Compared to containers that only contained the pure
granulate material without any supramolecular fibers, the prepared filter units exhibited an increased
differential pressure indicating that the pore sizes of the material were reduced by the supramolecular
nanofibers. Even under exposure of the filter units to filtration conditions for 24 h, a remarkable
pressure stability of up to 1.2 bar was demonstrated. Concentration dependent experiments showed
that even with lower contents of supramolecular nanofibers down to 0.4 wt.-% a filtration effect can

be observed.

Once the preparation process was optimized and the filtration properties were characterized on the

liquid filtration test setup, filtration units containing the nanofibers of BTA 7 in sand were subjected to
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liquid filtration tests with suspensions of E. coli in water. 50 mL of four different suspensions with
varying concentrations were filtered and the filtrates were analyzed by two different methods. Time
dependent monitoring of the bacterial growth showed significant reduction of E. coli by filtration.
Filtration efficiencies between 99.9% and 100% were obtained depending on the initial concentration
of the suspension. Results obtained from colony counting experiments on agar plates were found to

be in very good agreement with the time dependent bacterial growth curves.

It has been shown that the formation of supramolecular nanofibers provides a possibility to introduce
fibrous structures into a complex porous structure. In consequence, supramolecular nanofibers based
on the self-assembly of 1,3,5-benzenetrisamides have been successfully employed inside a granulate
material and it has been shown that the resulting filter units have a great potential in real life filtration

applications.
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6 Summary

The in situ preparation of supramolecular nanofibers based on the self-assembly of
1,3,5-benzenetrisamides (BTAs) from solution is the essential element of the scientific work performed
during this thesis. These BTAs are based on a symmetrically substituted benzene-core connected to
three amide moieties which can be substituted with a vast number of different groups. By proper
selection of these substituents, important properties of the BTAs can be tailored. Most important for
this thesis is the solubility at elevated temperatures and the aggregation behavior upon cooling and

evaporation of a BTA solution.

Three different chapters utilizing the supramolecular bottom-up approach to prepare nanofibers are
covered in this thesis. The topic of each chapter involves basic scientific challenges, also in connection

with potential applications. The thesis addresses the following topics:

e Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled conditions
e Supramolecular nanofibers for air filtration applications

e Sand - supramolecular nanofiber filters for the removal of bacteria from water

In the chapter “Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled
conditions”, the influence of processing parameters on the morphology of supramolecular nanofibers
from solution is investigated. The self-assembly results are strongly influenced by the molecular
structure of the selected BTA, the BTA starting concentration or the selected processing solvent. The
self-assembly experiments are typically performed preparing a clear solution of a BTA in a selected
solvent at elevated temperatures and applying an external influence to start the self-assembly process

such as a temperature change (e.g. cooling).

In a first step, a custom-made experimental setup was built to control processing parameters and to
allow for a series of self-assembly experiments under controlled conditions. Changes in temperature,
especially cooling of a BTA solution, were selected to initiate the formation of supramolecular
nanofibers. The investigations focused on the influence of controlled mechanical stirring during the
self-assembly process and possibilities to control the resulting fiber morphology by variation of the
cooling and the stirring conditions. The heat transfer during the cooling process was theoretically

described to understand the influences of mechanical stirring on the cooling process.

Based on a series of five different alkoxy-substituted 1,3,5-benzenetrisamides, N,N’,N”-tris(1-
methoxybutan-2-yl)benzene-1,3,5-tricarboxamide (BTA 4) in a solvent mixture of water and

isopropanol (80:20) at a concentration of 0.05 wt.-% was identified as the most suitable system. This
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system showed the best temperature dependent solubility behavior and the best fiber formation from

solution with respect to length and diameter.

During the first series of experiments under controlled conditions, the mechanical stirring velocity was
varied, while other processing parameters were kept constant. The results demonstrated that the
experiments were highly reproducible. Preliminary, it was found that an increase in the stirring velocity
results in a decrease of the mean fiber diameter and the fiber diameter distributions were found to be
narrower. However, analysis of the corresponding temperature profiles for different stirring velocities
confirmed an improved cooling performance of the BTA solution by increasing the stirring velocity.
Beyond a stirring velocity of 150 rpm, only minor changes of the temperature profile during cooling
were found. The differences in supramolecular nanofiber morphology and the dependence of the
cooling process on the mechanical stirring demonstrates that the nanofiber morphology obtained from
these experiments is mainly dependent on variations of the cooling process. Above a stirring velocity
of 150 rpm, only minor changes of the fiber morphology were detected, which relates to changes of

the temperature profile above 150 rpm.

A second series of experiments was performed by variation of the applied cooling temperature. It was
found that the supramolecular nanofiber-morphology can also be controlled by variation of the applied
cooling temperature and a constant mechanical stirring velocity. It was revealed that the mechanical
stirring has no direct influence on the supramolecular nanofiber morphology. Changes in mechanical

stirring velocity only influence the nanofiber morphology by a parallel change in the cooling process.

The second part “Supramolecular nanofibers for air filtration applications” involved the preparation
and characterization of nanofiber-microfiber composites based on the self-assembly of BTAs from
solution inside a polymer microfiber nonwoven scaffold. In contrast to the previous chapter, the

preparation of nanofiber-microfiber composites involves cooling as well as evaporation of the solvent.

The research performed within this chapter can be divided into two main sections. The first section
involves the preparation of nanofiber-microfiber composites from solutions with three different BTAs:
N,N’,N”’-tris(2-ethylhexyl)-benzene-1,3,5-tricarboxamide  (BTA 6), N,N’,N”-tris(6-methylheptyl)-
benzene-1,3,5-tricarboxamide (BTA 7) and N,N’,N”’-tris(3-methylbutyl)-benzene-1,3,5-tricarboxamide
(BTA 8). A polyester/viscose nhonwoven was selected as microfiber scaffold. Samples were processed
from different solvents such as 2-butanone, isopropanol and ethanol. The temperature dependent
solubility behavior of each BTA and solvent combination was investigated and demonstrated the

importance of this behavior on the resulting supramolecular fiber morphology inside the prepared
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composites. It was found that BTA and solvent combinations featuring a high solubility of the BTA

appear to be less favorable for the preparation of supramolecular nanofiber microfiber composites.

Different series of nanofiber-microfiber composites were prepared and subsequently characterized by
methods like SEM analysis or filtration test experiments to remove particulate matter from air.
Concentration dependent experiments to prepare composites from 2-butanone showed that a BTA
concentration of 1.0 wt.-% is usually sufficient to obtain a homogeneous distribution of nanofibers
throughout the voids of the nonwoven scaffold. Corresponding filtration test experiments to remove
particulate matter (iso fine dust) from air demonstrated that these nanofiber-microfiber composites
can reach remarkable high filtration efficiencies. Several repetitions of these experiments revealed the
high reproducibility of this fast and easy preparation process. In addition, some selected composites
were analyzed by capillary flow porometry. The results demonstrate that composites containing BTA
8 exhibited rather broad pore size distributions compared to composites containing BTA 7 and the
results relate to observed filtration efficiencies. Experiments with variations of the selected processing
solvent demonstrated that composites prepared from 2-butanone exhibit the most homogeneously
distributed supramolecular nanofibers throughout the voids of the nonwoven scaffold compared to
composites prepared from isopropanol or ethanol. The preparation process to obtain supramolecular
nanofiber-microfiber composites is very sensitive to the selected processing parameters such as the
processing solvent or the molecular structure of the selected BTA. IR-spectroscopic investigations
confirmed that the supramolecular nanofibers inside the nonwoven material consist of supramolecular

columns based on threefold directed hydrogen bond formation of the BTAs.

In summary, the results presented in this section demonstrate that supramolecular nanofibers have a
great potential for air filtration applications and the resulting morphology of the composites can be

tailored by proper selection of the processing parameters.

In the second section of this chapter, the preparation of nanofiber-microfiber composites was
extended for the first time to a BTA with alkoxy-substitutents processed from a mixture of water and
isopropanol (60:40). As scaffold, a technical polyester nonwoven was used to prepare composites.
Concentration dependent experiments demonstrated that mean fiber diameters were uniformly in the
range from 500 to 650 nm. The samples prepared inside the technical polyester nonwoven exhibit
filtration efficiencies between 50 and 80% with differential pressures of only 57 Pa. Comparing the
filtration performance of these composites to those from the first part using the model nonwoven, the
differential pressure here is more than one order of magnitude lower. By proper selection of the

processing parameters and materials, the preparation concept to obtain nanofiber-microfiber
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composites for filtration applications is not limited to the previously used polyester/viscose model

nonwoven and can be tailored towards a specific application.

The last chapter “Sand - supramolecular nanofiber filters for the removal of bacteria from water”’
covers the development of a process for the in situ preparation of supramolecular nanofibers inside a
granulate material for liquid filtration applications. Therefore, two main issues had to be solved. The
first issue addresses the preparation and subsequent characterization of a filter unit containing a
dimensionally stable filter material that was capable of removing solid particles from water. The
second part involved the development of a liquid filtration test setup that allowed for the evaluation
of the filtration performance of prepared units by means of filtration efficiency and differential
pressure during the filtration process and subsequent filtration test experiments to remove microbial

contamination from water.

Sea sand was selected as granulate material and by implementation of an immersion process in a BTA
solution at elevated temperatures followed by subsequent cooling and solvent replacement, a
dimensionally stable material of sand with supramolecular nanofibers was obtained. Only 50 mg of the
supramolecular nanofibers were found to fully connect individual sand particles throughout a total
mass of 25 g of sand. SEM analysis demonstrated that the supramolecular mean fiber diameter in the
voids of the sand is around 500 nm. The filtration performance was first tested on the developed
custom-made liquid filtration test setup to remove polystyrene micro-particles with a mean diameter
of 1.1 um from water. The results showed that depending on the amount of supramolecular material
inside the sand, around 90% of the micro particles were removed. In a 24 h measurement of liquid
filtration, the supramolecular nanofiber network inside the granulate material is stable. After all
preparation parameters were optimized, filtration test experiments were performed to remove E. coli
bacteria from water at different microbial contaminations. The prepared filter units exhibited a
remarkable filtration efficiency of up to 100% to remove bacteria from water depending on the initial

microbial concentration.
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7 Zusammenfassung

Die Selbstassemblierung von 1,3,5-Benzoltrisamiden (BTAs) zur Praparation von supramolekularen
Nanofasern ist ein essentieller Bestandteil der wissenschaftlichen Arbeiten, die im Rahmen dieser
Dissertation durchgefiihrt wurden. BTAs bestehen aus einem symmetrisch substituierten Benzolkern
und in den Positionen 1, 3 und 5 befinden sich Amidgruppen, die ihrerseits wiederum mit
verschiedensten chemischen Seitengruppen substituiert sein kénnen. Durch die Wahl geeigneter
Substituenten kdnnen wichtige Eigenschaften der BTAs angepasst werden. Von besonderer Bedeutung
sind dabei sowohl die Léslichkeit in verschiedenen Losungsmitteln bei erhdhten Temperaturen als

auch das Aggregationsverhalten durch Kiihlen und Verdampfen des Losungsmittels.

Diese Arbeit umfasst drei verschiedene Kapitel. In jedem dieser Kapitel wird ein sogenannter ,,bottom-
up“-Ansatz zur Praparation eindimensionaler Nanofasern basierend auf der supramolekularen
Selbstassemblierung untersucht. Dabei befasst sich jedes Kapitel mit grundlegenden
wissenschaftlichen Fragestellungen, aber auch mit moglichen Anwendungen der untersuchten

Systeme. Die drei Kapitel werden im Folgenden vorgestellt:

e Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled conditions
e Supramolecular nanofibers for air filtration applications

e Sand - supramolecular nanofiber filters for the removal of bacteria from water

In dem Kapitel ,Self-assembly of alkoxy-substituted 1,3,5-benzenetrisamides under controlled
conditions” wird der Einfluss von Prozessparametern auf die Selbstassemblierung aus Losung und die
Morphologie entstehender supramolekularer Nanofasern unter kontrollierten Bedingungen
untersucht. Die Ergebnisse werden dabei stark durch Faktoren wie beispielsweise die molekulare
Struktur des BTAs, das gewahlte Lésungsmittel oder die Konzentration beeinflusst. Ublicherweise wird
zur Durchfiihrung von derartigen Experimenten zundchst eine klare Losung des BTAs bendtigt.
AnschlieBend wird durch einen dulleren Einfluss, wie zum Beispiel durch Kihlen der Losung, der

Selbstassemblierungsprozess gestartet.

Zunadchst musste ein Versuchsaufbau entwickelt werden, der die Kontrolle Uber sdamtliche
Prozessparameter ermoglicht. Der duRere Einfluss zum Start der Selbstassemblierung war das Kiihlen
einer BTA-Losung. Die Untersuchungen konzentrierten sich auf einen moglichen Einfluss durch
mechanisches Rihren der Losung wahrend der Selbstassemblierung auf die entstehende Morphologie

der supramolekularen Fasern. Da Warmeaustauschprozesse ein wichtiger Bestandteil dieser
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Experimente sind, wurde der Einfluss des mechanischen Rihrens auf den Kihlvorgang theoretisch

beschrieben.

Ausgehend von flnf verschiedenen alkoxy-substituierten 1,3,5-Benzoltrisamiden wurde N,N’,N”’-
Tris(1-methoxybutan-2-yl)-benzol-1,3,5-tricarboxamid (BTA 4) in einer Losungsmittelmischung von
Wasser und Isopropanol (80:20) und einer Konzentration von 0,05 Gew.-% als geeignetes System
identifiziert. Diese Kombination zeigte das am starksten ausgepragte temperaturabhangige
Loslichkeitsverhalten und die beste Faserbildung aus Losung hinsichtlich Lange und Durchmesser der

entstehenden Strukturen.

In einer ersten Reihe von Experimenten unter kontrollierten Bedingungen wurde die mechanische
Rihrgeschwindigkeit wahrend der Selbstassemblierung variiert. Alle anderen Parameter wurden
konstant gehalten. Die Ergebnisse erwiesen sich als duBerst reproduzierbar. Eine Erhéhung der
Riihrgeschwindigkeit fihrte zu einer Verringerung des supramolekularen Faserdurchmessers. Zudem
wurden die Verteilungen der Faserdurchmesser enger. Die Analyse zeigte, dass bis zu einer
Riihrgeschwindigkeit von 150 Umdrehungen pro Minute starke Verbesserungen der Kiihlleistung
festzustellen waren. Oberhalb dieser Geschwindigkeit konnten jedoch nur noch geringe Anderungen
im Temperaturverlauf beobachtet werden. Die Unterschiede in der Morphologie der
supramolekularen Fasern und in den Temperaturverlaufen zeigten, dass die Morphologie der
Nanofasern hauptsdchlich durch Einfliisse auf den Kiihlverlauf bestimmt wird. Oberhalb einer
Riihrgeschwindigkeit von 150 Umdrehungen pro Minute konnten keine wesentlichen Anderungen im

Faserdurchmesser festgestellt werden.

In einer zweijten Reihe von Experimenten wurde die auRen angelegte Kiihltemperatur variiert und es
wurde beobachtet, dass die supramolekulare Fasermorphologie ebenfalls durch Anderung dieses
Parameters beeinflusst werden kann, wahrend die mechanische Rihrgeschwindigkeit fir alle
Experimente gleich blieb. Folglich hat das mechanische Rihren keinen direkten Einfluss auf die
supramolekulare Fasermorphologie. Nur durch eine gleichzeitige Anderung des Kiihlverlaufs kann ein

indirekter Einfluss erzielt werden.

Im zweiten Kapitel ,Supramolecular nanofibers for air filtration applications” wurde die
Selbstassemblierung von BTAs aus Losung in einem polymeren Mikrofaservlies zur Praparation von
Nanofaser-Mikrofaser-Kkompositen untersucht. Im Gegensatz zum ersten Kapitel beinhalten die

Experimente sowohl die Kiihlung einer BTA Losung als auch das Verdampfen des Lésungsmittels.

Die Arbeiten werden in zwei Abschnitte unterteilt. Der Erste befasst sich mit der Praparation von

Nanofaser-Mikrofaser-Kkompositen aus Losung von drei unterschiedlichen BTAs: N,N’,N”-Tris(2-
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ethylhexyl)-benzol-1,3,5-tricarboxamid (BTA 6), N,N’,N”’-Tris(6-methylheptyl)-benzol-1,3,5-tri-
carboxamid (BTA 7) und N,N’,N”’-Tris(3-methylbutyl)-benzol-1,3,5-tricarboxamid (BTA 8). Das
verwendete Mikrofaservlies war ein Polyester/Viskose-Mischgewebe. Es wurden 2-Butanon,
Isopropanol und Ethanol als Losungsmittel zur Herstellung der Komposite als auch das
temperaturabhangige Loslichkeitsverhalten jeder Kombination aus BTA und Loésungsmittel untersucht.
Es zeigte sich die enorme Bedeutung dieses Verhaltens auf die entstehende Morphologie der
supramolekularen Fasern in den Kompositen. Zu hohe Loslichkeiten der BTAs in den jeweiligen

Losungsmitteln erscheinen weniger geeignet flr die Herstellung entsprechender Komposite.

Unterschiedliche Nanofaser-Mikrofaser-Komposite wurden prapariert und durch Rasterelektronen-
mikroskopie und durch Filtrationstests zur Entfernung von Feinstaub aus Luft charakterisiert.
Konzentrationsabhdngige Experimente ergaben, dass ein BTA-Anteil von 1.0 Gew.-% in der Losung
ausreichend ist, um einen Komposit mit homogen verteilten Nanofasern in den Poren des
Mikrofaservlieses zu erhalten. Entsprechende Filtrationsexperimente demonstrierten bemerkenswert
hohe Effizienzen zur Abtrennung von Feinstaub aus Luft (iso fine dust). In wiederholten Experimenten
wurde zudem die hohe Reproduzierbarkeit des Prozesses deutlich. Ausgewahlte Komposite wurden
mittels Kapillarfluss-Porometrie charakterisiert. Dabei wiesen Komposite mit BTA 8 sehr viel breitere
PorengroRenverteilungen auf als Komposite mit BTA 7. Diese Ergebnisse korrelieren mit den
Ergebnissen aus den Filtrationsexperimenten. In I6sungsmittelabhdngigen Experimenten erwies sich
2-Butanon als das geeignetste Losungsmittel fiir die Herstellung von homogenen Nanofaser-
Mikrofaser-Kompositen im Vergleich zu Isopropanol und Ethanol. Dabei ist der Prozess zur Herstellung
der Komposite duBerst sensibel hinsichtlich des gewahlten Losungsmittels oder der molekularen
Struktur des BTAs. Durch Infrarotspektroskopie konnte bestatigt werden, dass die supramolekularen
Nanofasern in den Kompositen aus Kolumnen basierend auf der Bildung von gerichteten

Wasserstoffbriickenbindungen bestehen.

Zusammenfassend wurde in diesem ersten Abschnitt gezeigt, dass supramolekulare Nanofasern in
Kompositen ein grofies Potential im Bereich der Luftfiltration aufweisen, und dass die entstehende

Morphologie der supramolekularen Fasern stark von der Wahl der Prozessparameter abhdingig ist.

Im zweiten Abschnitt dieses Kapitels wurde die Herstellung von Nanofaser-Mikrofaser-Kompositen auf
die Verwendung eines alkoxy-substituierten BTAs (BTA 4) aus einer Losungsmittelmischung von
Wasser und Isopropanol (60:40) erweitert. Als Mikrofaservlies wurde ein technisches Polyestervlies
verwendet. Konzentrationsabhangige Experimente zeigten, dass der mittlere Faserdurchmesser stets
im Bereich von 500 bis 650 nm lag. Die Komposite wiesen Filtrationseffizienzen zwischen 50 und 80%

bei Differenzdriicken von lediglich 57 Pa auf. Im Vergleich zu Kompositen aus dem ersten Abschnitt
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dieses Kapitels ist der Differenzdruck um ca. eine GréBenordnung geringer. Folglich kann das Konzept
der Herstellung von Nanofaser-Mikrofaser Kompositen vom Modellvlies aus dem ersten Abschnitt auf

weitere Systeme durch die Wahl geeigneter Prozessparameter (ibertragen und optimiert werden.

Das letzte Kapitel ,Sand - supramolecular nanofiber filters for the removal of bacteria from water”
beschaftigt sich mit der Entwicklung eines Herstellungsprozesses zur in situ Praparation von
supramolekularen Nanofasern innerhalb einer granuldaren Schittung zur Anwendung in der
FlUssigfiltration. Dabei mussten zwei grundlegende Aufgaben bearbeitet werden. Die Erste entspricht
der Herstellung und Charakterisierung einer Filtereinheit, die ein Material beinhalten soll, dass in der
Lage ist, feste Mikropartikel aus Wasser abzutrennen. Die zweite Aufgabe beinhaltete die Entwicklung
eines Prifstands zur Wasserfiltration, der die Bewertung hinsichtlich Filtrationseffizienz sowie
Druckverlust der Filtereinheiten ermdoglicht. Spater wurden diese Filtereinheiten zur Abtrennung von

Bakterien aus Wasser eingesetzt.

Als granuldre Schiittung wurde Seesand gewahlt und durch Anwendung des entwickelten Prozesses
konnte ein formstabiles Material aus Sand und supramolekularen Nanofasern hergestellt werden. Der
Prozess umfasste einen Tauchvorgang der Schiittung in eine BTA-Losung bei erhdhten Temperaturen
gefolgt von einer Kihlung und dem Austausch des Losungsmittels. Lediglich 50 mg der
supramolekularen Nanofasern reichten aus, um 25 g der Sandpartikel miteinander zu verbinden und
ein formstabiles Material zu ergeben. Rasterelektronenmikroskopische Analysen zeigten
supramolekulare Nanofasern mit einem mittleren Durchmesser von 500 nm in den Zwischenrdumen
des Sandes. Die Filtrationsleistung wurde zunachst mit dem entwickelten Priifstand untersucht. Dabei
wurden Mikropartikel aus Polystyrol mit einem Durchmesser von 1,1 um aus Wasser filtriert. In
Abhangigkeit des Anteils supramolekularer Nanofasern konnten Effizienzen bis zu 90% erreicht
werden. Selbst nach einer Filtrationszeit von 24 h war immer noch ein stabiles Netzwerk aus
supramolekularen Nanofasern in der Schiittung vorhanden. Nachdem alle Parameter zur Herstellung
der Filtereinheiten optimiert waren, wurden Filtrationsexperimente zur Abtrennung von E. coli
Bakterien aus Wasser bei unterschiedlichen Keimbelastungen durchgefiihrt. Die hergestellten
Filtereinheiten wiesen Filtrationseffizienzen von bis zu 100%, abhéngig von der zu filtrierenden

Bakterienkonzentration, auf.
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8 Appendix

8.1 Materials and Methods

The synthesis of the individual 1,3,5-benzenetrisamides investigated in the course of this thesis was
performed by Sandra Ganzleben, Jutta Failner, Rika Schneider and Doris Hanft. The analytical data

presented for BTAs 6, 7 and 8 are based on the work of Timme.[*63]

Scanning electron microscopy (SEM) investigations were performed on a Zeiss 1530 equipped with a

field emission cathode. Images were taken utilizing a SE2 detector and an accelerating voltage of 2 kV.

IH-NMR and 3C-NMR spectra were measured utilizing a Bruker Ultrashield 300. The corresponding
frequencies were 300 MHz for 1H-NMR measurements and 75 MHz for 13C-NMR measurements.
Evaluation of the obtained data was performed by utilization of a suitable software MestReNova

(MestreLab Research S.L., version 6.1.0-6224). The solvent signals were used as internal reference.

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/SDTA 851e. Data were
recorded with a scan rate of 10 K/min in a temperature range from 30 to 700 °C. All measurements

were conducted under nitrogen atmosphere.

Differential scanning calorimetry (DSC) was measured on a Perkin EImer Diamond DSC with a scan rate
of 10 K/min. Each measurement was performed in a high pressure DSC pan. The investigated

temperature range was selected according to the corresponding to the data obtained by TGA analysis.

XRD measurements were carried out on a Huber Guinier diffractometer 600 that was equipped with a
Huber germanium monochromator 611 to provide CuKs-radiation (A=154.051 pm). All samples were
analyzed in a range from 0.5 to 15°. A custom-made furnace was implemented into the experimental
setup that allowed for the investigation of each sample in a temperature range from room

temperature to 250 °C. The samples were prepared in glass capillaries with a diameter of 1.5 to 2 mm.
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8.2 Synthesis and analytical data of N,N’,N’’-tris(2-ethoxyethyl)benzene-1,3,5-tricarboxamide

Identifier: (BTA 1) (LK 1)

Synthesis:
o)
o] cl
80°C,12h

+ HzN/\/o\/ —_—
Cl (0] pyridine

Licl

(o) Cl THF

!

To a solution of 2-ethoxyethanamine (7.8 mL; 74 mmol; 3.2 eq), pyridine (5 mL; 62.1 mmol; 3.3 eq) and

a spatula tip of LiCl in THF (150 mL) was added 1,3,5-benzenetricarbonyl trichloride (6 g; 23 mmol; 1
eq) slowly at 0 °C under argon atmosphere. The reaction mixture was stirred overnight at 80 °C and
the solvent was removed in vacuo. The residue was dissolved in methylenchloride (100 mL) and the
organic phase was washed with HCl (2 M; 2 x40 mL) and brine and dried over Na,;SO4. The crude
product was recrystallized from MeOH/EE (1:9), washed with diethyl ether and dried in vacuo to yield
the product as a white solid (7.9 g; 18.6 mmol; 81%).

Characterization:

'H-NMR (300 MHz; DMSO; 6): 8.72 (m; 3-H; N-H), 8.41 (s; 3-H; Ha, Ha, He), 3.51 —3.41 (m; 18-H; Hy, Hs,
Hs), 1.15 (t; ) = 6,8 Hz; 9-H; Hs)).

13C-NMR (75 MHz; DMSO; 8): 166.0 (C-1°), 135.3 (C-1, C-3, C-5), 129.0 (C-2, C-4, C-6), 68.7 (C-3), 65.9
(C-4%), 40.8 (C-2°), 15.6 (C-5°).

MS (m/z, %): 423 (3), 394 (9), 377 (57), 352 (9), 335 (100), 306 (12), 289 (8), 263 (11), 248 (8), 219 (6),
202 (15), 173 (4), 146 (10), 133 (7), 103 (11), 75 (19), 72 (82), 44 (48).
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Thermogravimetric analysis:

e 5% decrease of mass at 350 °C.

10

TGA

mass / mg

100 200 300 400 500 600
temperature / °C

Figure 8.1: Thermogravimetric analysis curve of N,N’,N”-tris(2-ethoxyethyl)benzene-1,3,5-
tricarboxamide (BTA 1). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.

Differential scanning calorimetry:

e 1%t-heating curve: Phase transition at 117 °C (39 kJ/mol)
e No recrystallization upon cooling

J\\ 1* heating

2" heating

3" heating

1% cooling

d .
2" cooling

heat flow / mW

d .
3" cooling

T T T T
50 100 150 200 250

temperature / °C

Figure 8.2: DSC heating and cooling scans of N,N’,N"’-tris(2-ethoxyethyl)benzene-1,3,5-tricarboxamide
(BTA 1). DSC data were recorded at a scanning rate of 10 K/min at temperatures ranging from 20 to
280 °C.
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X-Ray analysis:

e Data show no crystalline structure after heating beyond 125 °C and cooling back to RT.

@RT after 1" cooling from 125 °C
]

@125 °C
At e s e oenseet e At

intensity

@RT before 1" heating

T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
theta/°

Figure 8.3: X-Ray diffraction diagrams of BTA 1 at different temperatures.
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8.3  Synthesis and analytical data of N,N’,N’’-tris(2-methoxyethyl)benzene-1,3,5-tricarboxamide

Identifier: (BTA 2) (LK 2)

Synthesis:
o
(0] cl
o 80°C,12h
+ HZN/\/ ~ e

cl o NEt,
Licl

o c THF

To a solution of 2-methoxyethanamine (11 mL; 126 mmol; 3.3 eq), triethylamine (12 mL; 87 mmol;
2.29 eq) and a spatula tip of LiCl in THF (100 mL) was added benzene-1,3,5-tricarbonyl trichloride (10
g; 38 mmol; 1 eq) slowly at 0 °C under argon atmosphere. The reaction mixture was stirred overnight
under reflux and then the solvent was removed in vacuo. The residue was dissolved in
methylenchloride (200 mL) and the organic phase was washed with HCI (2 M; 2 x 40 mL) and brine and
dried over Na;SO,. The crude product was recrystallized from ethanol (10 mL) and dried in vacuo to

yield the product as a white solid (13 mmol; 35%).
Characterization:

IH-NMR (300 MHz; DMSO; 6): 8.74 (m; 3-H; N-H), 8.40 (s; 3-H; H», Ha, He), 3.50 — 3.45 (m; 12-H; Ha,, H3),
3.28 (s; 9-H; Hq).

13C-NMR (75 MHz; DMSO; 8): 166.0 (C-1°), 135.2 (C-1, C-3, C-5), 129.0 (C-2, C-4, C-6), 70.8 (C-3), 58.4
(C-4%), 39.6 (C-2).

MS (m/z, %): 381 (3), 349 (24), 307 (100), 275 (4), 249 (11), 234 (5), 205 (6), 176 (3), 145 (3), 117 (2),
103 (4), 75 (7), 58 (10), 46 (8).
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Thermogravimetric analysis:

e 5% decrease of mass at 364 °C.

10 4
TGA

mass / mg

100 200 300 400 500 600

temperature / °C

Figure 8.4: Thermogravimetric analysis curve of N,N’,N”-tris(2-methoxyethyl)benzene-1,3,5-
tricarboxamide (BTA 2). TGA data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 30 to 700 °C.

Differential scanning calorimetry:

e 1%-heating curve: Phase transition at 158 °C (37 kJ/mol).
e Shift of phase transition in 2" (155 °C,36 kJ/mol) and 3™ (155 °C, 36 kJ/mol) heating curve.
e 2 phase transitions in 2" cooling curve. 120 °C (24 kJ/mol) and 65 °C (2 kJ/mol)
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% 1* cooling
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©
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Figure 8.5: DSC heating and cooling scans of N,N’,N”-tris(2-methoxyethyl)benzene-1,3,5-
tricarboxamide (BTA 2). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 20 to 275 °C.
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X-Ray analysis:

e No crystalline structure at 180 °C.
e No change in crystalline structure between room temperature and 90 °C.

e Different structure before and after cooling from 180 °C.
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Figure 8.6: X-Ray diffraction diagrams of BTA 2 at different temperatures.
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8.4 Synthesis and analytical data of N,N’,N”-tris(1-methoxypropan-2-yl)benzene-1,3,5-

tricarboxamide

Identifier: (BTA 3) (LK 3)

Synthesis:
0 4I
0.__¢l ~30_
2 5!
J\/o 70°C,12h
* H,N ~ -
cl o pyridine
Licl
o cl THF

To a solution of 1-methoxy-2-propylamine (5.5 mL; 56 mmol; 3.50 eq), pyridine (5 mL; 62.1 mmol; 3.88
eq) and a spatula tip of LiCl in THF (150 mL) was added benzene-1,3,5-tricarbonyl trichloride (4.24 g;
16 mmol; 1 eq) slowly at 0 °C. The reaction mixture was stirred overnight at 70 °C and then the solvent
was removed in vacuo. The residue was dissolved in methylenchloride (100 mL) and the organic phase
was washed with HCl (2 M; 2x 40 mL) and brine and dried over Na,SO4. The crude product was
recrystallized from ethanol (100 mL) and dried in vacuo to yield the product as a white solid (5.82

mmol; 35%).
Characterization:

'H-NMR (300 MHz; DMSO; 8): 8.53 (d; J = 8.0 Hz; 3-H; N-H), 8.35 (s; 3-H; H, Ha, He), 4.20 (q; J = 6.6 Hz;
3-H; Hz), 3.40 — 3.30 (m; 6-H; H3), 3.35 (s; 9-H; Hs), 1.15 (d; J = 6,8 Hz; 9-H; Ha).

13C-NMR (75 MHz; DMSO; 68): 165.61 (C-1), 135.46 (C-1, C-3, C-5), 129.06 (C-2, C-4, C-6), 75.36 (C-3),
58.56 (C-5°), 45.09 (C-2°), 17.77 (C-4°1).

MS (m/z, %): 392 (6), 379 (32), 353 (14), 336 (100), 220 (4), 45 (5).
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Thermogravimetric analysis:

e 5% decrease of mass at 333 °C.
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Figure 8.7: Thermogravimetric analysis curve of N,N’,N”’-tris(1-methoxypropan-2-yl)benzene-1,3,5-
tricarboxamide (BTA 3). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.

Differential scanning calorimetry:

e 1%-heating curve: Phase transition at 312 °C (44 kJ/mol).
e Shift of phase transition temperature to 306 °C in 2" and 3™ heating curve

1% cooling
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~
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Figure 8.8: DSC heating and cooling scans of N,N’,N”-tris(1-methoxypropan-2-yl)benzene-1,3,5-
tricarboxamide (BTA 3). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 20 to 320 °C.
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X-Ray analysis:

/ — @250°C
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Figure 8.9: X-Ray diffraction diagrams of BTA 3 at different temperatures.
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8.5 Synthesis and analytical data of N,N’,N”-tris(1-methoxybutan-2-yl)benzene-1,3,5-

tricarboxamide

Identifier: (BTA 4) (LK 4)

Synthesis:
o 3'
o« G 0\5'
70°C,12h
+ 0\ E——
H,N

Cl (o] pyridine

LiCl

o] cl THF

To a solution of 2-amino-1-methoxybutane (8 mL; 70 mmol; 3.50 eq), pyridine (7 mL; 86,7 mmol; 4.34
eq) and a spatula tip of LiCl in THF (150 mL) was added benzene-1,3,5-tricarbonyl trichloride (5.55 g;
20 mmol; 1 eq) slowly at 0 °C under argon atmosphere. The reaction mixture was stirred overnight at
70 °C and then the solvent was removed in vacuo. The residue was dissolved in methylenchloride (100
mL) and the organic phase was washed with HCI (2 M; 2x 40 mL) and brine and dried over Na,SO.. The
crude product was recrystallized from ethanol (100 mL) and dried in vacuo to yield the product as a

white solid (6.18 mmol; 31%).
Characterization:

IH-NMR (300 MHz; DMSO; 8): 8.45 (d; J = 8.0 Hz; 3-H; N-H), 8.37 (s; 3-H; Ha, Ha, He), 4.06 (m; 3-H; H2),
3.42 —3.32 (m; 6-H; Hs), 3.26 (s; 9-H; He), 1.62 — 1.49 (m; 6-H; H3), 0.89 (d; J = 6.8 Hz; 9-H; Ha).

13C-NMR (75 MHz; DMSO; 8): 166.10 (C-19), 135.53 (C-1, C-3, C-5), 129.06 (C-2, C-4, C-6), 74.33 (C-5),
58.58 (C-6°), 50.86 (C-2°), 24.39 (C-3‘), 11.03 (C-4).

MS (m/z, %): 436 (3), 421 (49), 381 (13), 364 (100), 349 (2), 317 (3), 277 (4), 262 (4), 233 (5), 206 (3),
172 (2), 160 (4), 132 (2), 86 (6), 75 (6), 46 (14).
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Thermogravimetric analysis:

e 5% decrease of mass at 338 °C.
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Figure 8.10: Thermogravimetric analysis curve of N,N’,N”’-tris(1-methoxybutan-2-yl)benzene-1,3,5-
tricarboxamide (BTA 4). TGA data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 30 to 700 °C.

Differential scanning calorimetry:

e 1%t-heating curve: Phase transition at 324 °C (45 kJ/mol).
e Shift of phase transition temperature to 318 °C in 2"¢ and 3™ heating curves
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\ st .
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©
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T T T T T
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temperature / °C

Figure 8.11: DSC heating and cooling scans of N,N’,N”’-tris(1-methoxybutan-2-yl)benzene-1,3,5-
tricarboxamide (BTA 4). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 20 to 330 °C.

X-Ray analysis:
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Figure 8.12: X-Ray diffraction diagrams of BTA 4 at different temperatures.
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8.6 Synthesis and analytical data of N,N’,N”-tris(2-isopropoxyethyl)benzene-1,3,5-

tricarboxamide

Identifier: (BTA 5) (LK 5)

Synthesis:

N g '
v A
70°C,12h .
+ /\/0 B 6
H,N
Cl (0] pyridine

Licl HN” 0
0 cl THF H
\ro
To a solution of 2-amino-ethyl-isopropylether (5 mL; 40.7 mmol; 3.4 eq), pyridine (5 mL; 62.1 mmol;
5.2 eq) and a spatula tip of LiCl in THF (150 mL) was added benzene-1,3,5-tricarbonyl trichloride (3.28
g; 12 mmol; 1 eq) slowly at 0 °C under argon atmosphere. The reaction mixture was stirred overnight
at 70 °C and then the solvent was removed in vacuo. The residue was dissolved in methylenchloride
(100 mL) and the organic phase was washed with HCI (2 M; 2x 40 mL) and brine and dried over Na,SO4.

The crude product was purified via column chromatography (silica gel 60, 10% MeOH/EE) to yield the

product as a white solid (8.41 mmol; 70%).

IH-NMR (300 MHz; DMSO; 6): 8.69 (m; 3-H; N-H), 8.40 (s; 3-H; Ha, Ha, He), 3.60—3.40 (m; 18-H;
Ha, Hs, Ha?), 1.10 (d; J = 6,1 Hz; 18-H; Hs,, He).

13C-NMR (75 MHz; DMSO; 8): 166.0 (C-1°), 135.3 (C-1, C-3, C-5), 129.0 (C-2, C-4, C-6), 71.3 (C-4"), 66.2
(C-3%), 40.5 (C-2°), 22.5 (C-5*, C-6°).

MS (m/z, %): 465 (4), 422 (78), 405 (100), 380 (28), 363 (66), 336 (48), 320 (27), 277 (16), 262 (35), 235
(10), 202 (31), 191 (13), 161 (7), 146 (17), 104 (30), 86 (32), 58 (21), 43 (56).
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Thermogravimetric analysis:

e 5% decrease of mass at 353 °C.
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Figure 8.13: Thermogravimetric analysis curve of N,N’,N”-tris(2-isopropoxyethyl)benzene-1,3,5-
tricarboxamide (BTA 5). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.

Differential scanning calorimetry:

e 1%-heating curve: 2 Phase transitions at 65 °C (2 kJ/mol) and 127 °C (23 kJ/mol).
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Figure 8.14: DSC heating and cooling scans of N,N’,N”-tris(2-isopropoxyethyl)benzene-1,3,5-
tricarboxamide (BTA 5). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 20 to 180 °C.
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X-Ray analysis:

—— @ 150 °C first heating
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Figure 8.15: X-Ray diffraction diagrams of BTA 5 at different temperatures.
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8.7 Synthesis and analytical data of N,N’,N’’-tris(2-ethylhexyl)benzene-1,3,5-tricarboxamide

Identifier: (BTA 6) (5G417)

Synthesis:

00O

\j\/\/ 125°C, 12 h
+ H,N
- o z \\V/A\\::L\v/

(o] (o]

A mixture of 2-ethylhexylamine (49 mL; 297.5 mmol; 5 eq) and trimethyl-1,3,5-benzenetricarboxylate
(15 g; 59.5 mmol; 1 eq) was stirred over night at 125 °C. Then the reaction mixture was cooled to room
temperature and acetone (200 mL) was added and stirred for 30 min. Filtration yielded the product as

a white solid (40.1 mmol; 67.4%).
Characterization:

IH-NMR (300 MHz; CDCl3+CF3COOD; 8): 11.69 (s; 3-H; N-H), 8.67 (s; 3-H; Ha, Ha, He), 3.48 (d; J = 6.6 Hz;
6-H; H1), 1.69 (m; 3-H; Ha), 1.48 — 1.15 (m; 24-H; H, Ha, Hs,H7), 1.0 — 0.8 (m; 18-H; He,Hs).

Thermogravimetric analysis:

e 5% decrease of mass at 360 °C.
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Figure 8.16: Thermogravimetric analysis curve of N,N’,N”-tris(2-ethylhexyl)benzene-1,3,5-

tricarboxamide (BTA 6). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.
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Differential scanning calorimetry:

e 1%-heating curve: 2 reversible phase transitions at 241 °C (0.18 kJ/mol) and 291 °C (46 kJ/mol)
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Figure 8.17: DSC heating and cooling scans of N,N’,N”-tris(2-ethylhexyl)benzene-1,3,5-tricarboxamide
(BTA 6). DSC data were recorded at a scanning rate of 10 K/min at temperatures ranging from 35 to

330°C.
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8.8 Synthesis and analytical data of N,N’,N”’-tris(6-methylheptyl)benzene-1,3,5-tricarboxamide

Identifier: (BTA 7) (JF 114)
Synthesis:

0% o

130°C,12h
° 0\ o /‘\/\/\/

\
]

A mixture of 6-methylheptylamine (100 g; 770 mmol; 4 eq) and trimethyl-1,3,5-benzenetricarboxylate
(48.8 g; 190 mmol; 1 eq) was stirred over night at 130 °C under argon atmosphere. Then the reaction
mixture was cooled to room temperature and hexane (800 mL) was added and stirred for 15 min. The
crude product was purified by recrystallization from methanol to yield the product as a white solid

(81 mmol; 43%)
Characterization:

IH-NMR (300 MHz; DMSO; 8): 8.62 (s; 3-H; N-H), 8.35 (s; 3-H; Ha, Ha, He), 3.20 (t; J = 5.7 Hz; 6-H; H2),
1.64 — 1.45 (m; 3-H; Hy), 1.42 — 1.14 (m; 8-H; Hs, Ha, Hs, He), 0.87 (t; ) = 6.8 Hz; 6-H; Hg).

Thermogravimetric analysis:

e 5% decrease of mass at 336 °C.
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Figure 8.18: Thermogravimetric analysis curve of N,N’,N”-tris(6-methylheptyl)benzene-1,3,5-

tricarboxamide (BTA 7). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.
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Differential scanning calorimetry:

e 1%-heating curve: 2 reversible phase transitions at 240 °C (0.12 kJ/mol) and 291 °C (48 kJ/mol)
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Figure 8.19: DSC heating and cooling scans of N,N’,N”-tris(6-methylheptyl)benzene-1,3,5-
tricarboxamide (BTA 7). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 25 to 305 °C.
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8.9 Synthesis and analytical data of N,N’,N”’-tris(3-methylbutyl)benzene-1,3,5-tricarboxamide

Identifier: (BTA 8) (5G 127)

Synthesis:

120°C, 12 h

(0] (0]

A mixture of 3-methylbutylamine (104.6 g; 1200 mmol; 5 eq) and trimethyl-1,3,5-benzene-

tricarboxylate (60.5 g; 240 mmol; 1 eq) was stirred over night at 120 °C under argon atmosphere. Then
the reaction mixture was cooled to room temperature and dispersed in water. Filtration yielded the

product as a white solid (482 mmol; 86.2%).

Characterization:

IH-NMR (300 MHz; DMSO; 8): 8.64 (t; J = 5.4 Hz, 3-H; N-H), 8.35 (s; 3-H; Ha, Ha, He), 3.30 (dd; J = 13.0,
6.8 Hz; 6-H; Hy), 1.71 — 1.52 (m, 3-H; H4), 1.43 (q; J = 7.1 Hz; 6-H; H3), 0.90 (d; J = 7.1 Hz; 18-H; Hs).

Thermogravimetric analysis:

e 5% decrease of mass at 329 °C.

10

8 1 TGA

mass / mg

L B B L L L
100 200 300 400 500 600
temperature / °C
Figure 8.20: Thermogravimetric analysis curve of N,N’,N”’-tris(3-methylbutyl)benzene-1,3,5-

tricarboxamide (BTA 8). TGA data were recorded at a scanning rate of 10 K/min at temperatures
ranging from 30 to 700 °C.
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Differential scanning calorimetry:

e 1%t-heating curve: 2 reversible phase transitions at 211 °C (3 kJ/mol) and 272 °C (34 kJ/mol)

heat flow / mW
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Figure 8.21: DSC heating and cooling scans of N,N’,N”-tris(3-methylbutyl)benzene-1,3,5-
tricarboxamide (BTA 8). DSC data were recorded at a scanning rate of 10 K/min at temperatures

ranging from 25 to 290 °C.
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