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“Science may be described as the art of systematic over-simplification 
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Abstract. Many functional materials rely on a well-organized internal structure for their 

functional properties. The length scale of this organization can vary from the atomic level (e.g., 

piezoelectric crystals) to a macroscopic length scale exceeding the dimensions of individual 

molecules (e.g., porous materials). This thesis explores the possibility to use columnar liquid 

crystals as a basis for nanostructured functional materials with the specific aim to develop new 

membrane materials with well-defined nanopores (1-5 nm). 

This chapter introduces liquid crystals (LCs) as self-assembled soft materials that possess 

orientational order without three-dimensional positional order. The possibility to engineer 

complex structures in LC phases as well as their responsiveness, processability, and self-

healing properties make LCs extremely suitable to develop self-organized functional materials. 

For actual applications such as nanoporous materials it is of prime importance to combine the 

desirable properties of LC phases with the mechanical stability of polymers by using 

polymerizable LC monomers. Columnar LC phases are an attractive option to create 

nanoporous materials, because they display ordered supramolecular assemblies in the 1-5 nm 

size range. The columnar LC phases studied in this thesis consist of discotic molecules with a 

benzene-1,3,5-tricarboxamide (BTA) core that form columns with an axial macrodipole due to 

the head-to-tail alignment of hydrogen bonded amides. The presence of the macrodipoles 

might give rise to ferroelectric properties in columnar LC phases formed by BTAs and opens 

up possible applications in the area of non-volatile memory devices. As a general design 

approach, we aim for highly ordered, polymerizable columnar LCs in which two components 

are phase separated on a nanometer scale in a so-called superlattice. Such materials offer a 

potential route to nanostructured and, after selective removal of one of the components, 

nanoporous polymers that combine a superlattice structure with the dipolar properties of 

BTAs.  
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Many functional materials rely on a well-organized internal structure for their functional 

properties. The length scale of this organization can vary from the atomic level (e.g., 

piezoelectric crystals1) to a macroscopic length scale exceeding the dimensions of individual 

molecules. In porous materials, for example, the structure and size of the pores determine the 

functionality of the material and allow these materials to be applied as membrane filters for 

size-selective separations ranging from the desalination of seawater (nanometer scale) to the 

clarification of beer and wine (micrometer scale).2 Furthermore, materials with a well-ordered 

structure on a nanometer length scale are highly sought after for many application areas 

including organic solar cells3, non-volatile memory devices4, and patterning templates5. This 

thesis explores the possibility to use columnar liquid crystals as a basis for nanostructured 

functional materials with the specific aim to develop new membrane materials with well-

defined nanopores (1-5 nm). 

This chapter starts with a general introduction to liquid crystals (LCs), the characteristics of 

their molecular structure, and the possibilities that LCs offer to design functional materials 

(Section 1.1). The emphasis lies on porous materials and the use of the specific subclass of 

columnar LCs. Section 1.2 deals with the structure and characterization of columnar LCs in 

more detail and gives a literature review of the different approaches that have been used to 

create superstructures in these LC phases. In Section 1.3, the basic building blocks for all the 

columnar LCs described in this thesis are introduced: discotic molecules with a benzene-1,3,5-

tricarboxamide (BTA) core. The dipolar supramolecular structure of BTAs in the LC phase and 

two relevant characterization techniques for polar LC phases are also addressed. Finally, the 

aim and outline of this thesis are summarized in Section 1.4. 

 

1.1 Liquid Crystals for Functional Materials 

 

Liquid Crystals 

The transition from the crystalline solid phase to the isotropic liquid does not occur directly 

in many systems, but proceeds via one or more intermediate phases also referred to as 

mesophases. The degree of order of the molecules in this state of matter is somewhere in 

between the perfect three-dimensional order found in crystals and the completely unordered 

arrangement characteristic for the liquid state. When the molecules posses orientational order 

without or with only low-dimensional positional order (less than 3D), the mesophase is 

designated as a liquid crystal (LC).6-8 LC phases can form in pure compounds or mixtures as a 

function of temperature (thermotropic) or in mixtures in which one component acts as a 

solvent depending on both composition and temperature (lyotropic). Although the exact 

internal structure and the extent of ordering of the molecules in LC phases varies widely, they 

all combine self-assembled molecular order with a certain degree of mobility. This unique 

combination yields well-organized materials that are able to respond to external stimuli (e.g., 

electrical, chemical or mechanical).9-11 The best-known examples of applications exploiting this 
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the selective removal of one of the microdomains of the block-copolymer by reactive etching or 

UV degradation methods.49 Two elegant examples in the more recent literature have shown 

that block-copolymers can be used to obtain porous materials with pore sizes down to 10 nm 

without the need for an etching step (Figure 1.2). 

Russel and co-workers used a block-copolymer consisting of poly(styrene) (PS) and 

poly(methyl methacrylate) (PMMA) blocks and mixed in a small amount of PMMA 

homopolymer to obtain a single cylindrical phase (Figure 1.2a).47 A neutral polymer brush was 

applied on the substrate to balance the interfacial interactions and obtain perpendicular 

alignment of the cylindrical domains. Subsequently, the substrate was removed under acidic 

conditions and the film was transferred onto a microporous support membrane. Finally, the 

PMMA homopolymer was removed by acetic acid to yield a nanoporous membrane that could 

be used successfully for virus filtration. 

In the second example, the group of Abetz used poly(styrene)-block-poly(4-vinylpyridine) 

(P4VP) to create a asymmetric nanoporous membrane in a single step procedure eliminating 

the need for a support membrane (Figure 1.2b).48 This procedure starts by casting a thin film of 

the block-copolymer dissolved in a mixture of solvents containing tetrahydrofuran (THF) as 

highly volatile component. This film is left open to the air for about 10 s during which time 

mainly THF evaporates resulting in a high polymer surface concentration and self-assembly of 

the block-copolymer in the top layer. The evaporation of THF from the top of the film also aids 

the perpendicular alignment of the self-assembled cylindrical domains. Next, the film is 

immersed in water acting as non-solvent to induce phase separation and the formation of the 

microporous sublayer. During this process, the solvent exchange takes place predominantly 

through the hydrophilic P4VP domains explaining the formation of hollow P4VP-lined 

channels in these domains. The end result is a non-ordered microporous structure typical for 

phase-inversion membranes that is covered by a layer of 200–300 nm thickness exhibiting well-

ordered cylindrical pores perpendicular to the film surface. 

 

Although the structures described above are beautifully ordered and functional, these 

systems present the lower limit of feature sizes that can be obtained by using the phase 

separation induced self-assembly of large polymeric molecules. To create monodisperse 

porous structures with a pore size below this limit, the self-assembly of smaller molecules in 

LC phases offers an attractive alternative. The group of Percec, for instance, recently showed 

that the self-assembly of peptide functionalized dendritic molecules in the LC phase can yield 

cylinders with a central pore of around 1.5 nm that could be combined with polymeric vesicles 

to mimic the proton transport in cell membranes.50 In the context of membranes suitable for 

molecular separations, several LC based systems that can be polymerized in situ have been 

reported.21,51,52 The group of Broer and Bastiaansen developed a nanoporous system based on a 

smectic LC phase containing both covalent and hydrogen bonded supramolecular monomers 

with polymerizable acrylate groups.53 In its polymerized state, the hydrogen bonds between 

the supramolecular monomers can be reversibly broken by applying heat or by treatment with 

an alkaline solution and the material becomes porous. This system provides periodic lateral 
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the example shown in Scheme 1.3 can also give rise to columnar LC phases with a 

characteristic length scale in the order of 4-5 nm.32 

 

Scheme 1.5: Chemical structures of discotics molecules with a triphenylene (left) and hexabenzocoronene (right) 

core. The hexagonal lattice parameter (ahex = column diameter) in the LC phase is indicated at the right of the 

structures.57,58 

To exploit the columnar LC phase for porous materials it is essential to design polymerizable 

LC phases with well-organized superstructure of different domains. Analogous to the concept 

used in the block-copolymer systems, selective removal of one of the domains would yield 

porous materials with pores in the same size range as the columns in the parent LC structure. 

In many ways, the materials accessible via polymerizable columnar LCs with a well-ordered 

superstructure can be regarded as scaled down versions of block-copolymers where the lack of 

χΝ is compensated for by specific interactions and excluded volume interaction. Accordingly, 

we envision that such materials have more general potential to be used in similar bottom-up 

approaches toward nanostructured materials that are now slowly reaching maturity for block-

copolymers (e.g., templating of functional nanodots and -wires, surface patterning, density 

multiplication of preexisting patterns).5,59 Apart from the smaller feature size that can be 

reached by using columnar LC phases, the inherent electro-optical properties of many discotic 

molecules offers the opportunity to incorporate multiple functionalities into a single 

material.35,56 

 

1.2 Structures and Superstructures in Columnar LCs 

In order to design columnar LC phases that display an additional level of supramolecular 

order, the basic structure of the molecules making up these phases should be changed by 

adding moieties that can form separate microdomains in the LC phase. A simple and 

convenient molecular design strategy for this purpose is to desymmetrize discotic molecules 

by introducing different, functional side chains in the periphery. The following section will 

focus on the possibilities that desymmetrized discotics offer to create ordered superstructures 

in columnar LC phases. First, we briefly introduce the LC phases that are commonly observed 



 

for discotic molecules

experimental techniques for t

subsequent

by desymmetrized discotics 

emphasis on systems where 

Basic 

strong tendency to stack and self

by the fact that the vast majority of LCs formed by discotic molecules fall in the general 

category of columnar LC phases. In these LC phases the supramo

in a 2D lattice exhibiting long range positional order, while the arrangement of the individual 

discotic molecules within the column is much more disordered and reminiscent of a fluid. 

T

positional correlation between the discotics along the column varies widely among various 

columnar LCs. Therefore, it is common practice in the literature to distinguish between 
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The most important experimental tools to investigate the phase behavior and structure of LC 

systems are Differential Scanning Calorimetry (DSC), Polarizing Optical Microscopy (POM) 

and X-ray scattering techniques. In general, the phase transition temperatures and 

corresponding enthalpies are determined by DSC, while observation of birefringent textures 

by POM gives additional information on the phase identity and structure. Nematic and 

smectic LC phases display different and highly characteristic textures offering the opportunity 

of reliable phase assignment based solely on POM analysis.73 Unfortunately, the textures 

observed for the columnar LC phases are much less distinctive and make conclusive 

identification of the phase type impossible in most cases.56,71 Therefore, a complete structural 

characterization of columnar LC phases often involves Small and Wide Angle X-ray Scattering 

experiments (SAXS and WAXS respectively). A typical scattering pattern of a columnar LC 

phase displays three general features. First, the small angle region of the scattering pattern 

exhibits a number of sharp diffraction maxima related to the intercolumnar order in the 2D 

columnar lattice. Second, the intermediate angle region is dominated by a broad and intense 

halo attributed to the liquid-like order between the molten side chains typical for LC phases. 

Third, a relatively weak maximum is often observed in the WAXS region arising from the 

regular intracolumnar stacking of the discotic molecules. As discussed previously, the latter 

maximum is often used to assess the extent of positional correlation of the discotics along the 

column either qualitatively or more quantitatively in terms of the correlation length.61,74 

Table 1.1: Extinction Rules for the Plane Groups of Rectangular Columnar LCs.56 

Plane group Extinction rule
 [a]

 

c2mm hk: h + k = 2n+1 

p2gg h0: h = 2n + 1, 0k: k = 2n + 1, hk: all observed 

p2mg 0k: k = 2n + 1, hk: all observed 

[a] These reflections are not observed. 

 

The columnar LC type can be determined from the relative spacing between the SAXS 

diffraction peaks arising from the 2D lattice planes (h,k) of the columnar lattice, while the 

lattice dimensions follow from the absolute positions of the scattering maxima. For example, 

the characteristic ratios between the d-spacings of the first four lattice planes for hexagonal 

columnar LCs are: 1:1/√3:1/√4:1/√7. For the less symmetric rectangular columnar LCs the ratio 

between the lattice parameters a and b is mainly determined by the shape of the columns and, 

consequently, there is no fixed ratio between the observed d-spacings. However, the difference 

in lattice symmetry between the various rectangular mesophases results in systematic absences 

of reflections related to certain lattice planes which can be used in the phase assignment (Table 

1.1).56,67,68 It should be noted that the number of reflections observed for columnar LCs is often 

too low to differentiate unambiguously between the different rectangular lattices. To 

corroborate the proposed lattice type, the number of molecules per unit cell (Z) is often 

calculated based on the lattice dimensions deduced from the scattering experiments, the 

known molecular weight of the discotic, and an assumed density of close to 1 g/mL. In 

addition, such calculations are useful to identify systems where columns are not formed by 
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leads to the formation of a nematic columnar phase.88 Unlike the BTAs, however, substitution 

of the phthalocyanine core with two tri(ethylene oxide) chains on adjacent positions leaves the 

thermal stability of the LC phase virtually unchanged compared to the symmetric counterpart 

bearing only apolar side chains, while the resulting columnar LC phase posses a well-ordered 

layered substructure due to phase separation between the polar and non-polar side chains.89 

For triphenylene and HBC based discotics there are examples of desymmetrized derivatives 

where one of the peripheral chains is functionalized with a terminal aromatic group. Wendorff 

et al. showed that triphenylenes bearing several small aromatic units form Colh mesophases 

with transition temperatures close to the more symmetric parent compound.90 Interestingly, 

the additional aromatic units phase separate from the aliphatic periphery on a local scale to 

form a superstructure within the hexagonal columnar lattice as was shown by X-ray scattering 

experiments. Conversely, a low-symmetry HBC derivative functionalized with an aromatic 

pyrene moiety was shown to have a somewhat higher melting point and much lower 

isotropization temperature compared to the corresponding symmetrically substituted HBC. In 

line with this phase behavior, extensive WAXS experiments revealed that the Colh LC phase is 

rather disordered as a result of the steric demands of the bulky pyrene group and that a well-

ordered phase separated structure only forms in the crystalline state.58 

 

Single and Multicomponent Superstructures via Ionic Interactions 

Desymmetrization of discotic molecules by the introduction of functional side chains capable 

of ionic interactions has attracted some interest as a means to introduce additional order in 

columnar LC phases.91-93 The examples of Kato et al. of mesomorphic ionic liquids displaying 

anisotropic ionic conductivity that were discussed earlier have only added to this interest.34,40,94 

In this context, several groups prepared desymmetrized hexalkoxy triphenylene derivatives by 

tethering pyridinium, guanidinium and imidazolium salts to the discotic core using linkers of 

variable length. In most cases the introduction of the ionic moieties results in a slight 

stabilization of the columnar mesophase compared to the symmetric parent compound. In 

some cases nanosegregation of the ionic moieties leads to the formation of superstructures in 

the columnar LC phase, such as a rare Colo phase with a well-ordered layered structure 

(Figure 1.6). For a desymmetrized HBC with two adjacent imidazolium functionalized side 

chains no LC phase was found, although a rectangular columnar arrangement with an 

alternating layer structure was determined in the solid state by WAXS experiments.95 
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Supramolecular Structure and Properties of BTAs 

Over 20 years ago, Matsunaga en co-workers first showed that BTAs form columnar 

hexagonal LC phases over a wide temperature range when side chains of sufficient length are 

attached (50-215 °C).99,100 Since that time BTAs have been studied extensively in the solid 

state101-103, as organo-gelators104-107 and as a model system to study self-assembly mechanisms in 

dilute solution108-110. These studies have shown consistently that BTAs form supramolecular 

columnar assemblies through three-fold hydrogen bonding between the amide groups 

connected to the core. From crystal structures and X-ray scattering studies on the columnar LC 

phase, it is known that the three amide bonds of each BTA point in the same direction and are 

rotated approximately 40° out of plain with respect to the central benzene ring in the 

supramolecular columns. This arrangement results in an overall helical columnar structure in 

which two neighboring BTAs are rotated about 60° relative to each other with a core 

separation of around 0.35 nm.101,102,111 The effective electric dipole moment of the three amide 

groups in each individual BTA is directed perpendicular to the benzene ring for both the left- 

and right-handed helical structure. Due to head-to-tail stacking of the BTAs in the 

supramolecular columns, these individual dipole moments add up and result in a large 

macroscopic dipole pointing along the column axis (Scheme 1.8). 

 

Ferroelectric Properties in Polar LCs 

Ferroelectrics are materials in which stable, spontaneously generated electric polarization 

can be reversed by inverting the external electric field.1 Because of their intrinsically bistable 

nature, ferroelectric materials have been investigated extensively for applications in memory 

devices that are able to retain information in absence of a power source (non-volatile 

memories).4 Moreover, all ferroelectric materials are also piezoelectric and, consequently, 

ferroelectrics materials often find application as actuators, ultrasonic motors, and transducers 

for headphones and loudspeakers. 

In general, examples of proper ferroelectric behavior in organic materials have not been 

abundant.1 The best known examples of organic materials with ferroelectric properties are 

derivatives of the polymer poly(vinylidene fluoride) (PVDF) and some classes of LC phases. 

The ferroelectric properties of PVDF stem from the uniform alignment of the strongly dipolar 

CF2-groups in its backbone that is found in some polymorphs of this polymer.112 Ferroelectric 

behavior in LC phases is mostly observed for smectic phases consisting of polar chiral 

molecules with a tilted arrangement within the layers.113,114 The appearance of a macroscopic 

spontaneous polarization in these phases is due to the impossibility of a complete averaging of 

individual molecular dipole moments within the layered structure as a result of the chirality of 

the molecules.15 Analogously, ferroelectric columnar LC phases with a spontaneous 

polarization perpendicular to the column axis have been reported for chiral discotic 

compounds.115,116 More recently, chirality and polar order was observed in smectic phases of 

achiral molecules with a rigid, banana-shaped core. Here, polar order and ferroelectric 
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such materials is demonstrated by recent work of Asadi et al. who showed that a phase 

separated interpenetrating blend of a ferroelectric and semiconducting polymer can be used to 

fabricate a non-volatile memory device that operates by virtue of the different electronic 

properties of both components.128 The presence of the macrodipole also offers opportunities to 

incorporate additional functionality in nanoporous materials based on BTAs. Nanoporous 

materials with a strong macroscopic dipole moment parallel to the nanochannels can be used 

to develop membranes with a highly asymmetric conductance that results from the different 

electrostatic environment on both sides of the pores.129 Such membranes are currently 

investigated for various applications including nanofluidic diodes or complete circuits, 

sensors, and separation membranes with enhanced selectivity or antifouling properties.130-132 

 

Dielectric Relaxation Spectroscopy and Ferroelectric Switching Experiments 

Dielectric Relaxation Spectroscopy (DRS) is a spectroscopic technique that probes the 

interaction of electromagnetic waves with matter in the frequency regime between 10-6 and 1012 

Hz.133 In contrast to more conventional spectroscopic techniques that use infrared, ultraviolet, 

and visible light, the electromagnetic waves in DRS are applied by sandwiching the sample 

between two electrodes and applying an AC electric field. In this sense, DRS can be regarded 

as a continuation of optical spectroscopy for solid insulating materials and polar liquids to 

lower frequencies. The processes occurring in this frequency range are generally referred to as 

dielectric relaxations and can be linked to reorientational motions of molecular dipoles and 

charge transport in the material under investigation. A DRS measurement in the frequency 

domain yields the dielectric spectrum of a material which is defined as the dielectric constant 

as a function of the frequency of the applied field. In analogy to dynamic rheological 

techniques, the dielectric spectrum is a complex quantity that is characterized by a dielectric 

loss and storage contribution. In principle both parts of the dielectric spectrum contain the 

same information about the system, but the dielectric loss is most commonly used to identify 

the different relaxation processes occurring in a material and their characteristic relaxation 

times. In addition, by collecting dielectric spectra in a wide temperature range, the 

thermodynamic parameters governing the dynamics of the relaxation processes can be 

extracted from the temperature dependence of the relaxation time. Therefore, DRS is ideally 

suited to gain more insight in both the dynamic nature of polar columnar LC phases and the 

molecular processes involving polar groups. 

 

In order to establish and characterize ferroelectric behavior in polar columnar LCs, 

ferroelectric switching experiments under application of a triangular wave voltage are 

commonly conducted.120,134,135 In such experiments, the columnar LC is sandwiched between 

two electrodes and all columns are first aligned and poled uniformly by application of a DC 

field (Figure 1.7, top left). The polarization caused by the uniform poling of the dipolar 

columns gives rise to a surface charge on both electrodes. Subsequently, the field over the 

sample is varied linearly from -Emax to Emax and the current flowing between the two electrodes 
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Dielectric Relaxations and Ferroelectric Switching 

in Symmetric BTAs 
 
 
 
 
 
Abstract. The hydrogen bonded hexagonal columnar LC (Colhd) phases formed by benzene-

1,3,5-tricarboxamide (BTA) derivatives are not ferroelectric but can be aligned uniformly by an 
electric field and display ferroelectric switching behavior with a high spontaneous 
polarization. The dielectric relaxations and ferroelectric switching in three symmetrically 
substituted BTAs with alkyl chains varying in length between six and eighteen carbon atoms 
(C6, C10 and C18) were investigated by dielectric relaxation spectroscopy (DRS), solid-state 
NMR, differential scanning calorimetric (DSC) and electro-optical switching experiments. The 
goal was to investigate the electric field alignment and ferroelectric properties of BTA 
columns, which display a macroscopic axial dipole moment due to the head-to-tail stacking of 
hydrogen bonded amides. DRS revealed two local processes in the crystalline phase and two 
collective processes in the LC phase. In the low-temperature region of the LC phase, a 
columnar glass transition is observed related to collective vibrations in the hydrogen bonded 
columns that freeze out below 41-54 °C. At higher temperatures, a relaxation process is present 
originating from the collective reorientation of amide groups along the column axis (inversion 
of the macrodipole). The Colhd phase of all three BTAs can be aligned uniformly by a DC field 
~30 V/µm. Moreover, C10 and C18 display extrinsic ferroelectric switching characterized by a 
spontaneous polarization and coercive field of 1-2 µC/cm2 and 20-30 V/µm, respectively. In the 
absence of an external field, the polarization is lost in 1-100 s. Hence, the ground state of the 
Colhd phases of BTAs is nonpolar and the phases are not ferroelectric. The glass transition 
related to the amides might be used to freeze in the orientation of the macrodipoles and the 
associated polarization. These results illustrate that our general approach to design 
multicomponent LC phases based on BTAs has great potential to integrate permanent 
polarization with other functionalities in a single material (e.g., porosity, conductance). 
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2.1 Introduction 

The main building blocks for all columnar liquid crystalline (LC) phases studied throughout 
this thesis are discotic molecules with a benzene-1,3,5-tricarboxamide (BTA) core. These 
molecules are attractive components for functional LC phases, because they are easy to access 
synthetically and they are known to form columnar hexagonal LC phases over a wide 
temperature range when side chains of sufficient length are attached (50-215 °C).1,2 Apart from 
the LC phase, BTAs have been studied extensively in the solid state3-5, as organo-gelators6-9 and 
as a model system to study self-assembly mechanisms in dilute solution10-12. These studies have 
shown consistently that BTAs form supramolecular columnar assemblies through three-fold 
hydrogen bonding between the amide groups connected to the core. From crystal structures 
and X-ray scattering studies on the columnar LC phase, it is known that the three amide bonds 
of each BTA point in the same direction and are rotated approximately 40° out of plain with 
respect to the central benzene ring in the supramolecular columns. This arrangement results in 
an overall helical columnar structure in which two neighboring BTAs are rotated about 60° 
relative to each other with a core separation of around 0.35 nm.3,4,13 The effective electric dipole 
moment of the three amide groups in each individual BTA is directed perpendicular to the 
benzene ring for both the left- and right-handed helical structure. Due to head-to-tail stacking 
of the BTAs in the supramolecular columns, these individual dipole moments add up and 
result in a large macroscopic dipole pointing along the column axis (Scheme 2.1). The presence 
of this macrodipole has been verified experimentally in gels formed by BTAs in n-decane 
through a combination of rheology and dielectric relaxation spectroscopy (DRS).6,7 

There are two main reasons why the macrodipole makes BTAs even more appealing when 
considering a discotic moiety for the design of functional columnar LC. First, the strong dipole 
offers a direct handle to align the LC phase uniformly by application of an electric field as has 
been shown previously for two columnar LC phases formed by discotics with a BTA core.14,15 
Such uniform alignment is of prime importance when we want to take full advantage of the 
anisotropic properties of columnar phases in porous or other functional materials.16-18 Second, 
if both the columns and the macrodipoles pointing along their axis can be aligned uniformly, 
BTA based columnar LCs would exhibit a large polarization in the axial direction giving rise to 
potential ferroelectric and piezoelectric properties. Indeed, Sugita and co-workers recently 
reported on the ferroelectric properties of BTA derivatives from room temperature up to 100 
°C in three separate contributions.19-21 Even though the results obtained in these studies for 
different BTAs were not consistent and the exact structure of the phases was not completely 
clear, some of the measurements indicated a significant ferroelectric effect.  

In general, ferroelectrics are materials in which stable, spontaneously generated electric 
polarization can be reversed by inverting the external electric field.22 The most abundant and 
best known examples of organic materials with ferroelectric properties are found in polar 
smectic and columnar LC phases that are formed by chiral molecules.23-26 Insofar, polar 
columnar LC phases with a polarization along the column axis that consist of achiral molecules 
like simple BTAs present a rare class of potential organic ferroelectrics. However, despite 
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compounds in both the crystalline and LC phase as determined by a DRS study are discussed. 
Subsequently, the alignment and ferroelectric switching experiments performed for C10 and 
C18 in the LC phase will be treated. In the final two sections, all experimental results are 
discussed in a more general context to clarify the molecular picture of the columnar LC phases 
emerging from our study and to highlight the implications and opportunities for BTA based 
functional materials. 

 

2.2 Results and Discussion 

 

Synthesis, Phase Behavior and LC structure 

The three BTAs with different side chains lengths were synthesized in a one step procedure 
starting from benzene-1,3,5-tricarboxylic acid chloride and the corresponding primary amines. 
The identity and purity of the products was confirmed by 1H and 13C NMR spectrometry, 
MALDI-TOF mass spectrometry and elemental analysis. The phase behavior of all three 
compounds was investigated by Differential Scanning Calorimetry (DSC) experiments. The 
phase transition temperatures and the transition enthalpies were determined from the first 
cooling and second heating traces in DSC and are tabulated below (Table 2.1). 

Table 2.1: Phase Behavior of the BTAs with Different Alkyl Side Chains C6, C10 and C18. 

Compound T, °C (∆∆∆∆H, kJ/mol)
 [a]

 

C6 Heating Cr 67 (1.7) Colrd 167 (0.4) Colhd 210 (21.7) I 

 Cooling Cr 40 (3.3) Colrd 164 (0.5) Colhd 209 (19.9) I 

         

C10 Heating Cr 19 (18.0)   Colhd 211 (17.9) I 

 Cooling Cr 14 (15.9)   Colhd 211 (17.2) I 

         

C18 Heating Cr 79 (74.1) 
[b]

   Colhd 210 (16.0) I 

 Cooling Cr 60 (90.8)   Colhd 209 (14.6) I 

[a] Onset temperatures and transition enthalpies are reported based on the first cooling and second 
heating run in DSC (10 °C/min). The observed phases are identified by following abbreviations: Cr = 
crystalline, Colrd = disordered rectangular columnar LC, Colhd = disordered hexagonal columnar LC, 
I = isotropic liquid. 

[b] The main melting transition is preceded by a very broad and weak transition with a peak at 63 °C. 

 
The transition from the LC phase to the isotropic liquid takes place around 210 °C for all 

three compounds in the heating run and occurs at approximately the same temperature upon 
cooling. These transition temperatures and corresponding enthalpies (15-22 kJ/mol) are 
comparable to the literature values reported by Matsunaga et al..1,2 Upon heating, the 
transition from the crystalline to the LC phase occurs well above room temperature for C6 and 
C18 (67 °C and 79 °C respectively) and slightly below room temperature for C10 (19 °C). The 
transition temperatures from the crystalline to the LC phase are considerably lower for C6 and 
C10 than the corresponding literature values, because we choose to evaluate the transition 
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the columnar structure is held together by three hydrogen bonds per discotic that should all 
have an equal length, making tilt very unlikely as a cause for the structural difference between 
the columns. A perfect alternation of the direction of the macrodipole in the hexagonal lattice 
and, thus, the orientation of the amide groups in the core of the columns of C6, could also 
explain the appearance of two types of columns. This explanation is also improbable, because 
the phase transition between the pseudohexagonal and hexagonal LC phase of C6 does not 
affect the relaxation process related to the inversion of the macrodipole (see DRS results 
below). Yet another possible cause for the observation of a pseudohexagonal lattice is that 
some degree of positional correlation exists between the BTA columns in the direction 
perpendicular to the 2D columnar lattice in the low temperature LC phase of C6.36 Although 
the X-ray data does not offer conclusive evidence as to the exact nature of the positional 
correlation, we propose that the column in the center of the unit cell has an offset in axial 
direction equal to half the interdisk distance to allow the short side chains in C6 to pack 
slightly more efficiently in the columnar LC phase (Figure 2.1b). The loss of this additional 
positional correlation is the only minor structural rearrangement that takes place during the 
phase transition to the hexagonal columnar LC phase, explaining the low transition enthalpy 
observed in the DSC experiments. 

 

Dielectric Relaxation Spectroscopy 

DRS is a spectroscopic technique that probes the interaction of electromagnetic waves with 
matter in the frequency regime between 10-6 and 1012 Hz. Dielectric relaxations, that is, 
dielectric dispersion and absorption in solid insulating materials and polar liquids, occurring 
in this frequency range can be linked to reorientational motions of molecular dipoles and 
charge transport in such materials.37 By collecting dielectric spectra in a wide temperature 
range the thermodynamic parameters governing the dynamics of these relaxation processes 
can be determined. Therefore, investigation of the dipolar relaxations in BTAs by means of 
DRS is ideally suited to gain more insight in both the dynamic nature of the columnar LC 
phases and the molecular processes in which the amide bonds are involved. DRS 
measurements were performed between -140 and 250 °C upon cooling from the isotropic melt 
in a frequency range from 10-1 to 106 Hz. The complete dielectric spectrum recorded for C10 is 
shown in Figure 2.2. For each BTA, one or two relaxation processes can be observed in the 
crystalline phase (γ and β) below room temperature and two more relaxation processes are 
present at higher temperatures in the columnar LC phase (α and R). The characteristic 
relaxation times and thermal activation parameters (Arrhenius behavior) were determined for 
each of the relaxation processes using a fitting procedure described elsewhere.38 Additionally, 
from the Arrhenius parameters, the activation enthalpy and entropy for all processes were 
computed using the Starkweather analysis.39 The main results of the DRS study for C6, C10 
and C18 are summarized in Table 2.2 and will be discussed in more detail in the following 
three subsections. 
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motions in the system. The activation energy (Ea) of 20-30 kJ mol-1 for the lowest temperature 
process for each BTA agrees well with Ea-values found for γ-relaxations reported for other 
systems with a high amide content such as oligopeptides, various nylons and hyperbranched 
polyamides based on discotic moieties.40-43 As for these systems, the γ-relaxation in the BTAs 
can be attributed to local motion of the alkyl chains connected to the amide bonds. The weaker 
β-relaxation appears at higher temperature and can only be detected for C6 and C10. In 
accordance with the literature examples mentioned earlier, the activation energy of this 
process is roughly 2-3 times as high as that of the γ-relaxation. The β-relaxations are generally 
attributed to local rotations of hydrogen bonded or non-hydrogen bonded amide groups. 
Based on the known crystal structures, BTAs are arranged in either a columnar or a sheet-like 
structure in the solid state.4,44 However, both of these general structure types feature 
intermolecular hydrogen bonds for all three amides, supporting assignment of the β-
relaxations in BTAs to local rotations of the hydrogen bonded amides (Figure 2.4). 

Low-temperature Relaxation Process in the LC-phase: a Columnar Glass Transition 

The dielectric spectra for all three BTAs reveal an α-relaxation in the low-temperature range 
of the LC phase. The temperature dependence of the relaxation time (τ) of the α-relaxations is 
not Arrhenius-like and can be described by the Vogel-Fulcher-Tammann (VFT) equation 
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parameters (R, τ0) have the standard meaning.45 The VFT-equation is a generally accepted 
relation that describes the temperature dependence of the structural relaxation time or 
viscosity of supercooled (glass-forming) liquids above the glass transition very well. Based on 
the VFT-parameters, it is convenient to define the operational glass transition temperature (Tg) 
as the temperature at which τ equals 100 s.46 For the BTAs investigated here, the glass 
transition temperature ranges from 41 °C to 54 °C. Apparently, the molecular motions 
involved in the α-relaxation start slowing down in a temperature region where the BTAs are in 
the LC phase and the alkyl side chains attached to the core are still highly mobile. 
Consequently, the α-relaxation must be associated with freezing of certain molecular motions 
within the columnar structure of the LC phase. 

Glass transitions with similar characteristics have been reported in the literature for 
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The value of the steepness index has theoretical limits of 16 and 200 for so-called ideal strong 
and fragile glass-formers, respectively, and is a measure for how progressively the degree of 
cooperativity of the dynamic glass transition evolves towards the glass transition 
temperature.45,49 Apart from the specific interactions occurring in the system, the steepness 
index is related to the dimensionality of the network that allows the growth of the 
cooperativity volume near the glass transition temperature. The steepness indices that were 
determined from the dielectric spectra of the BTAs are between 54 and 88. The rather low 
values for m are in good agreement with the results obtained for columnar glass transitions in 
a number of triphenylene discotics forming hexagonal LC phases and favor the idea that the α-
relaxation in BTAs is predominantly an intracolumnar process.49 

Based on extensive solid-state NMR studies, the α-processes in columnar mesophases 
formed by hexabenzocoronene and triphenylene based discotics have been attributed to 
collective rotations of the discotics around the columnar axis.47,48,50 However, whereas these 
discotics are held together mainly by favorable π−π interactions that remain intact during 
rotational motions, the individual discotics or column segments in the BTA columns would 
have to break six hydrogen bonds to neighboring molecules in the column in order to rotate. 
Such a molecular picture is not consistent with the rather low activation energy of the α-
process and makes a similar assignment highly unlikely. As an alternative we propose that the 
hydrogen bonds are dynamic enough to allow for collective vibrations of the BTAs along the 
column axis in the LC phase that give rise to significant dielectric relaxations. The cooperative 
vibration of discotics will locally unwind the helical structure somewhat leading to straighter 
alignment of the amide bonds with respect to the column axis and a stronger macrodipole. 
Therefore, we tentatively assign the α-process to collective vibrations in the hydrogen bonded 
columns that freeze out at ambient temperatures below the glass transition temperature 
(Figure 2.4). 

The decrease in molecular mobility below the glass transition temperature is generally 
reflected in a stepwise decrease in the heat capacity of the material. Therefore, we performed 
modulated DSC (MDSC) experiments to further support the columnar glass transition 
observed by DRS. The difference between regular DSC and MDSC is that a sinusoidal 
modulation is superimposed on the average heating or cooling rate applied during the 
experiment. The modulation allows one to differentiate between the heat flow effects resulting 
from the heat capacity of the sample and other effects making these experiments ideally suited 
to detect small changes in the absolute heat capacity.51 We measured the absolute heat capacity 
as a function of temperature for all three BTAs using MDSC under experimental conditions 
optimized to detect weak glass transitions.52,53 Unfortunately, none of the MDSC traces exhibit 
a step in the heat capacity in the temperature range that we investigated, although it is not 
uncommon for columnar glass transitions to be undetectable by calorimetric techniques.49 

Finally, solid-state 1H NMR spectra were recorded using magic-angle spinning (MAS) 
around the glass transition temperature (30-120 °C) for C10 to corroborate the abrupt change 
in mobility that is expected in this temperature range based on our DRS study (Figure 2.3a). 
The spectra were recorded upon cooling and the sample was annealed at 150 °C for 15 min in 
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the NMR setup prior to measurement. By conducting the experiment in this manner, we can be 
sure that the sample is in the columnar hexagonal LC phase and that crystallization does not 
interfere with our measurements up to 30 °C as indicated by our earlier WAXS and DSC 
results for C10. 

At high temperature, the NMR signals are relatively sharp, which is typical for highly 
mobile materials in the LC phase. As the temperature is lowered from 120 °C to 60 °C, the 
mobility in the material decreases and, accordingly, the line-widths of the NMR signals are 
progressively broadened by the anisotropic dipole coupling between the hydrogen atoms. 
Strikingly, all the signals sharpen up considerably when the temperature decreases further to 
30 °C, below the glass transition determined by DRS (50 °C). A similar trend can be seen when 
we consider the transverse relaxation times (T2) for the N-H and alkyl protons determined in 
the same NMR experiments (Figure 2.3b). Both relaxation times show a roughly parabolic 
shape as a function of temperature with a minimum at 50-70 °C, even though the absolute 
values of the two relaxation times are completely different. 

 

      

Figure 2.3: Solid-state NMR results for C10. a) Magic-angle spinning (MAS) 1H spectra at various temperatures 

around the columnar glass transition. Temperatures are indicated on the right and the peaks are labeled on top.54 b) 

Relaxation times for the alkyl (black, left axis) and N-H (dark gray, right axis) protons in the 1H-MAS 

experiments. The lines serve only to guide the eye. 

To explain this qualitatively similar, non-monotonous temperature dependence of the T2-
values, it is important to note that the width of the NMR resonances in the MAS spectra is 
influenced by the match between two time scales of completely different origin, namely the 
characteristic relaxation time of the α-process in the sample and an experimental time scale 
determined by the sample rotation. Molecular mobility at the sample-rotation timescale 
interferes destructively with the line narrowing caused by the coherent rotation of the sample 
about the magic angle with respect to the magnetic field.55 Indeed, we can calculate from the 
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VFT-parameters of the α-process that the sample relaxation time equals the sample-rotation 
time (50 µs) around 105 °C and drops rapidly for lower temperatures. As the sample becomes 
increasingly more rigid on the experimental time scale near the glass transition temperature, 
MAS averages out the 1H-1H dipolar coupling exceedingly better, resulting in a reduced 
linewidth of the NMR signal and an increase of the T2-values. The fact that the alkyl protons 
have a relaxation time that is one order of magnitude higher than the relaxation time of the 
hydrogen bonded amide protons clearly shows that the alkyl chains are much more mobile 
than the BTA core. At the same time, the similar temperature dependence of both relaxation 
times indicates that the motion of the alkyl chains is not completely isotropic but coupled to 
that of the BTA core as a result of the ordered columnar arrangement in the LC phase. In 
conclusion, the difference in mobility between the side chains and core regions as well as the 
abrupt change in the overall dynamics of the BTAs around 50-70 °C as established by solid-
state NMR are consistent with the assignment of the α-process in DRS to a columnar glass 
transition. 

High-temperature Relaxation Process in the LC phase: Reorientational Dynamics of the Macrodipole 

In the high-temperature region (~120-200 °C) of the LC phase, the much slower R-relaxation 
process is observed in the dielectric relaxation spectra for all three BTAs. The dielectric 
spectrum for C6 in this region does not exhibit a discontinuity at the transition from the Colrd 
to the Colhd phase showing that the R-relaxation is not influenced by the slight change in the 
LC structure. The thermal activation of this process obeys the Arrhenius equation and is 
characterized by a substantial activation energy (124-138 kJ/mol). Moreover, the calculated 
activation entropy for the R-relaxation is very high (111-168 J/mol.K) indicating that this 
process is associated with strongly cooperative molecular motions involving longer length 
scales. 

Slow and cooperative processes at higher temperatures have been reported earlier for 
columnar mesophases in hexabenzocoronene derivatives and vanadyl complexes. In these 
studies the slow relaxation processes were assigned to collective reorientations of whole 
(short) columns and, respectively, to collective 180° reorientational jumps of polar groups 
within the columnar structure.48,56 Given the structural similarity between the LC phases 
formed by the polar vanadyl complexes and the hydrogen bonded columnar LC phase of the 
BTAs, we ascribe the R-process to the latter relaxation mode, although a conclusive assignment 
is not possible solely based on the dielectric relaxation data (Figure 2.4). It is important to 
realize that the collective reorientation of amide groups in BTAs corresponds to inversion of 
the macrodipole over a certain length along the columns. Therefore, the presence of the R-
process is a strong indication that the direction of the macrodipole can be manipulated by an 
external field and that BTAs might exhibit ferroelectric switching behavior in uniformly 
aligned samples. To further confirm the assignment of the R-relaxation and to investigate the 
ferroelectric properties of BTAs, we carried out a set of electro-optical experiments that are 
described in the next section. 
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ionic impurities in the samples and the geometric capacitance of the LC cell. The polarization 
reversal peaks are not completely symmetric, especially in the case of C18, pointing to an 
inhomogeneous switching process. Finally, it is worth mentioning that the initial black POM 
textures of both BTAs remain unchanged throughout the switching process. 

  

  

Figure 2.6: Results of the ferroelectric switching experiments under a triangular wave input voltage for C10 (top, 

a & b) and C18 (bottom, c & d) at 100 °C. a, c) The input voltage (dark gray, left axis) and the voltage over the 

measurement resistance resulting from the polarization current as function of time (black, right axis). 

Measurement conditions are noted on the top right and the baseline used for integration of the current peak is 

indicated by the dotted lines. b, d) Polarization against field (P-E hysteresis loops) calculated from the data in a) 

and c), respectively. The polarization evaluated based on the total area under measured voltage curves is plotted in 

dark gray and the polarization based solely on the area of the peak is plotted in black. 

To determine the spontaneous polarization (Ps) and coercive field (Ec) that characterize the 
ferroelectric switching process in the BTAs, the observed polarization was plotted as a function 
of the applied electric field (Figure 2.6b & d). These P-E loops were constructed by integrating 
the cell response voltage as a function of time and using the known values of the measurement 
resistance, cell spacing and electrode area.58 When the total area under the cell response curves 
is used for this procedure a total polarization is obtained that contains contributions from both 
the spontaneous polarization of the ferroelectric switching process as well as the conductive 
and capacitive effects (gray lines in Figure 2.6b & d). The P-E loops show clear hysteresis as 
well as a concave and fairly symmetric shape indicative for ferroelectric behavior. Nonetheless, 
the P-E loops also have a convex region that is typical for a imperfect or lossy dielectric 
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material exhibiting conductance.59 As expected, the lossy character of the samples makes a 
significant contribution to total current through the circuit and, thus, to the calculated 
polarization, especially in the case of C10. Therefore, the values for the coercive field and 
residual polarization were estimated based on the area of the voltage peak due to polarization 
reversal by assuming a linear baseline under this peak (black lines in Figure 2.6b & d, baseline 
indicated by dotted lines in Figure 2.6a & c). The parameters Ps and Ec were determined from 
the axis crossings of the P-E loops obtained in this manner and resulted in values of 25-30 
V/µm and 1-2 µC/cm2, respectively, for both BTAs. 

Analogous measurements were performed for multiple samples at several temperatures in 
the columnar LC phase of C10 and C18. During these experiments the frequency of the 
triangular wave voltage was adjusted to allow the polarization to saturate completely. All 
measurements were conducted at or slightly below the maximal switching frequency (Fmax) and 
P-E loops were constructed as described above to determine the ferroelectric parameters. The 
average spontaneous polarization, coercive field and the maximal attainable switching 
frequency for the different experimental conditions are collected in Table 2.3. 

Table 2.3: Results of Ferroelectric Switching Measurements under Triangular Wave Input Voltage. 

T, °C Ps, µµµµC/cm
2 [a]

 Ec, V/µµµµm 
[a]

 Fmax, Hz 
[b]

 

 C10 C18 C10 C18 C10 C18 

70 NA 
[c]

 1.6 ± 0.2 NA 25.8 ± 0.3 NA 0.1 

100 1.8 ± 0.3 1.7 ± 0.1 29.2 ± 1.9 25.2 ± 0.9 0.2 0.5 

120 1.5 ± 0.3 1.6 ± 0.1 28.1 ± 1.7 23.1 ± 1.5 0.6 1.0 

150 1.6 ± 0.3 1.4 ± 0.1 26.6 ± 2.3 21.0 ± 1.1 3.0 5.0 

[a] Values are averaged over at least three measurements from at least two unique cells. The reported 
error margin is the standard deviation of the measured values. 

[b] Maximum driving frequency that allowed the polarization to saturate at the given temperature. All 
measurements were conducted at or slightly below this frequency. 

[c] The polarization did not saturate completely at this temperature, even at the lowest measurement 
frequency (0.1 Hz). 

 
In general, there is a significant spread in the experimental values for the spontaneous 

polarization, while the reproducibility of the coercive fields is far better. We attribute the 
larger experimental error in the polarization values mainly to the unavoidable presence of 
small air bubbles in the electrode area that were observed by POM in most of our samples. The 
average Ps-values for both BTAs vary between 1.4 and 1.8 µC/cm2 and do not differ much over 
the 70-150 °C temperature range. The coercive fields decrease with increasing temperature and 
are somewhat lower for C18 than for C10 indicating that switching is somewhat easier in the 
former compound. In line with the trend in Ec-values, the maximum switching speed for both 
compounds increases significantly over the same temperature interval with C18 displaying 
somewhat faster polarization reversal. 

The spontaneous polarization of the BTAs is almost one order of magnitude higher 
compared to the two main literature examples of switchable columnar phases with axial 
polarity (70-600 nC/cm2)28,29,60,61 and typical values reported for ferroelectric smectic and 
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columnar LC phases (50-500 nC/cm2).23,26,57,62,63 Moreover, both the coercive field and the 
spontaneous polarization are very much comparable to the well-known organic ferroelectric 
poly(vinylidene fluoride) (PVDF, Ec = 50 V/µm and Ps = 8 µC/cm2).22,64 The maximum switching 
frequencies fall slightly below the range reported for comparable columnar LC phases (up to 
18 Hz), but are far lower than for PVDF, which can easily reach switching speeds in the kHz 
range.28,29,65 

 
The switching behavior of the BTAs exhibits the hallmarks of a proper ferroelectric material, 

namely a single switching peak every half-period of the triangular wave input signal with a 
delayed onset with respect to the applied field. However, as has been pointed out in studies by 
Haase and Kishikawa, ionic and charge relaxation phenomena can give rise to comparable 
switching behavior at sufficiently low frequencies.29,56,66 Therefore, these authors have stated 
that it is important to consider the dependence of the polarization on temperature and 
switching frequency. The constant value of the spontaneous polarization for both BTAs, even 
at relatively high frequencies at 150 °C, strongly indicates that the switching process indeed 
originates from the polar character of the BTA columns. 

Alternatively, the absolute value of the spontaneous polarization provides additional 
evidence for the origin of the switching behavior. The switching mechanism we propose 
implies that all BTA columns are aligned and poled uniformly at the highest field in the 
triangular wave experiments and that the observed polarization corresponds to a complete 
reversal of the orientation of the macrodipoles. Under these assumptions, we can simplify the 
general equation defining the spontaneous polarization in the following manner62 

 

µµ
m
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i
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VV

P
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== ∑         (3) 

 
where Vm is the molecular volume of the BTA in the hexagonal columnar phase and µ is the 
total effective dipole moment of the three amide bonds in each BTA. If we enter the known 
molecular volume of the BTAs at 150 °C from our WAXS results and the polarization values 
from Table 2.3 in Equation (3), we arrive at dipole moments of 5.8 D and 8.3 D for C10 and 
C18, respectively. These values are in excellent agreement with the average dipole moments 
calculated for stacked BTAs in several molecular modeling studies (6-14 D).7,67,68 

Finally, it is good to draw a parallel between ferroelectric switching process and the R-
relaxation in DRS that we assigned to the inversion of the macrodipole. The fact that the 
switching occurs without changes in the homeotropic black texture of the samples shows that 
the columnar structure stays intact during the switching event and is in line with the 
assignment of the R-process to cooperative amide rotations. A notable difference between the 
two processes is that the time scale associated with switching at 150 °C is three orders of 
magnitude lower than the relaxation time of the R-process at the same temperature (~10-1 
vs.~10-4 s). The conflicting time scales can be explained by the very different experimental 
conditions in both measurement techniques. In the switching experiments, the macrodipoles 
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are forced to reorient over macroscopic distances in uniformly aligned samples by applying 
fields in the order of 40 V/µm. In contrast, DRS typically operates far from saturation (~0.1 
V/µm) in a multidomain sample and probes the natural time scale of dipolar relaxation 
processes on a local scale. We propose that the different length scales that are involved in both 
techniques are the main reasons for the divergence between the speed of polarization reversal 
in the switching experiments and the relaxation time of the R-relaxation in DRS. 

Characterization of the Switching Process: Extrinsic Switching 

There are two general mechanisms via which the polarization switching process in a 
ferroelectric can occur. In an ideal ferroelectric, the dipoles in the system are perfectly 
correlated and they switch either coherently or not at all. This process does not involve a 
nucleation step and is therefore called intrinsic switching. The alternative mechanism, referred 
to as nucleated or extrinsic polarization switching, is almost invariably observed for all real 
ferroelectric materials.69-71 The overall speed of polarization reversal in the extrinsic switching 
process is determined by the interplay between the nucleation of domains with an opposite 
polarity and their subsequent growth.72 

To further confirm the dipolar origin of the polarization reversal and to characterize the 
nature of the switching process, we performed switching experiments by applying a low 
frequency rectangular wave over the sample cells with variable input voltages (0.1-1.0 Hz, 160-
400 Vp-p). The cell response current was captured in two separate time frames to allow us to 
monitor both the fast and slow processes occurring after inversion of the applied field. The 
combined data of the current response directly after field inversion for C10 and C18 are 
plotted on a double-logarithmic scale in Figure 2.7a & b for selected field strengths. 

     

Figure 2.7: Cell response currents after field reversal for selected values of the electric field. The current was 

measured over a 10 kΩ resistance under application of a low frequency rectangular wave input voltage. a) for C10. 

The curves at 28 V/µm and 22 V/µm clearly show the presence of second current peak (inset). b) for C18. 
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The transient current response for both BTAs exhibits the same general characteristics. The 
initial response of the cells up to approximately 10-4 s shows a rapid exponential decrease of 
the current typical for an RC-circuit. In the range of 10-4-10-1 s, the transient current is 
dominated by a broad peak attributed to the ferroelectric switching process in the BTAs. The 
top of these switching peaks shifts to longer times and the peaks fall off more slowly with 
decreasing field strength. At very long times (10 s), the transient current drops to an 
approximately constant value that scales linearly with the applied electric field. We attribute 
this feature to ohmic conduction in the samples.73 The fact that the conduction related current 
at long times is higher for C10 than for C18 samples is consistent with the results obtained 
earlier for the switching experiments with a triangular wave voltage. Another difference 
between the two BTAs is the appearance of a second switching peak at longer times and lower 
fields for C10 (see inset in Figure 2.7a). At higher fields the two switching peaks coincide, 
whereas the second peak is not detectable for fields below 20 V/µm, indicating that the 
switching event associated with the second peak slows down much more strongly with 
decreasing electric field than the reversal of the macrodipole. Therefore, we assign the second 
switching event to an ionic or charge relaxation process that is strongly activated by the 
electric field. 

 

Figure 2.8: The switching time (time of the top of the switching peak, tp) for C10 and C18 as function electric field 

at 80 °C, 100 °C and 120 °C (double-logarithmic scale). 

The observation of a field dependant peak in the transient current originating from the 
ferroelectric switching process in C10 and C18 is typical for a nucleated or extrinsic 
polarization switching process.69 At high field strengths, the nucleation is very fast and the 
speed of the switching process is dominated by the domain growth. Under these high field 
conditions, a single power law dependence is expected between the switching time and the 
applied field.74-77 If we conveniently take the time for the switching peak to reach its maximum 
current (tp) as a measure for the switching time, the expected linear relation between switching 
time and electric field on a double-logarithmic scale is observed for both BTAs (Figure 2.8). In 
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line with the results presented earlier in Table 2.3, the graph in Figure 2.8 shows clearly that 
the switching speeds for C10 and C18 are similar and become faster with increasing 
temperature. Although our results clearly indicate that the switching process in the BTAs is 
extrinsic, it is unclear whether domain growth occurs predominantly along the column axis, in 
the plane of the hexagonal columnar lattice or simultaneously along both directions. Finally, 
we want to note that extrinsic switching is inherently an inhomogeneous process that can be 
initiated by defects in the phase structure or small amounts of impurities. Therefore, the 
asymmetric peak shapes obtained during some of the triangular wave measurements can well 
be explained by the extrinsic nature of the switching mechanism. 

Like in the previous switching experiments, the area under the polarization reversal peak is 
proportional to the spontaneous polarization of the sample. To evaluate the spontaneous 
polarization of the BTAs as a function of the applied field, we corrected our transient current 
data for the RC-behavior of the cells (RC-time 5-10 µs) and integrated the complete switching 
peak. Since the total current that is observed in these experiments corresponds to the complete 
reversal of the spontaneous polarization, the total polarization based on the peak area should 
equal 2.Ps. The calculated total polarization for both BTAs in the rectangular wave switching 
experiments is plotted as a function of the applied field in Figure 2.9a & b. 

 

Figure 2.9: Total polarization observed during the switching experiments under a rectangular wave input voltage 

at 80, 100 and 120 °C. a) for C10. The gray line indicates the average value of the coercive field in Table 2.3. b) for 

C18. The gray lines show the construction used to estimate the values of the coercive field that are reported on the 

bottom right. Lines connecting the data points serve only to guide the eye. 

For C18, the polarization remains fairly constant around 3.6 µC/cm2 at high fields and drops 
rapidly in the low field region. The maximum polarization value is in good agreement with the 
spontaneous polarization determined from the triangular wave experiments (1.4-1.7 µC/cm2). 
Moreover, the coercive fields that can be estimated by extrapolating the two regions of the P-E 
plots (Figure 2.9b) feature the expected decrease with temperature and match closely with the 
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completely relaxed during tr, both the positive and negative pulse will lead to a build-up of 
polarization (with a opposite polarity) and the integrated response signal will equal Ps in both 
cases. Figure 2.10b shows the results of such a measurement for different time intervals tr for 
C18 at 140 °C. Indeed we see the signals resulting from positive and negative pulses 
converging rapidly from their starting values (0 and 2.Ps respectively) to the value of Ps with 
increasing relaxation time. In this measurement it takes about 0.5 s for the spontaneous 
polarization to drop to half its initial value. 

Similar experiments were performed using only positive pulses for both C10 and C18 at 
different temperatures. Fortunately, the secondary polarization process in C10 did not appear 
in these positive pulse measurements. This observation indicates that the corresponding 
polarization relaxes very slowly in absence of an electric field and corroborates our earlier 
assignment of this second polarization process to a strongly field activated process. The 
absence of the secondary polarization process allowed us to accurately determine the 
polarization arising from C10. The total polarization in the lifetime measurements normalized 
to the spontaneous polarization of the samples is depicted in Figure 2.11a for C10 and C18 at 
different temperatures. 

 
Figure 2.11: Results of the temperature dependant lifetime experiments for C10 and C18. a) Normalized total 

polarization upon application of a positive repolarization pulse as a function of the relaxation time (tr). The lines 

represent a stretched exponential fit to the data sets (β = 0.4-0.6) b) Activation plot for the depolarization process 

in C10 and C18. The error bars correspond to the standard deviations from the stretched exponential fits in Figure 

2.11a. The lines result from a fit of the data points to Arrhenius’ law. The corresponding activation parameters are 

reported on the top right (C10) and bottom left (C18). 

The half-life of the spontaneous polarization for both BTAs increases strongly with 
decreasing temperature to a maximum value of ~50 s at 80 °C. Most importantly, these results 
prove that the spontaneous polarization in the BTAs has a finite lifetime and that the columnar 
LC phases are not properly ferroelectric. The increase of the depolarization time with 
decreasing temperature matches the trend we noticed earlier for the maximum switching 
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frequency and the switching time, although depolarization proceeds significantly slower than 
the field induced switching. For comparison, the time scale on which depolarization takes 
place for he urea based polar columnar LC system studied by Kishikawa and co-workers is 10 
ms at 160 °C, about ten times faster than for the BTAs studied here.30-32 

Concerning the exact time dependence of the depolarization, our first approach was to 
describe this process with a single time constant by fitting the curves in Figure 2.11a with a 
simple exponential function. However, this procedure yielded rather poor fits to our data sets. 
Alternatively, we fitted our data to a so-called stretched exponential function of the form 
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where τ is the characteristic relaxation time of the process and β is a constant (β < 1). Such 
functions are commonly used to describe the time dependence of processes that are 
characterized by a distribution in relaxation times, such as glass transitions.49,78,79 As can be 
seen in Figure 2.11a, Equation (4) describes the depolarization process in the BTAs very well 
with β-values between 0.4 and 0.6. By further assuming Arrhenius behavior for the 
temperature dependence of the relaxation time, we were able to make a quantitative estimate 
of the characteristic activation parameters of the depolarization process from our results 
(Figure 2.11b). The activation energy values that follow from this analysis are 108 kJ/mol and 
87 kJ/mol for C10 and C18, respectively. 

Despite the limited number of data points available for the depolarization process, there is a 
striking agreement between the activation energies associated with depolarization and the R-
relaxation in the DRS study (147 kJ/mol and 124 kJ/mol). The match in activation energies 
strongly suggests that the molecular mechanism for both processes is identical and involves 
the cooperative rotation of amides along the column axis. However, the absolute time scale of 
the two processes at a given temperature, as determined by the pre-exponential factor in the 
Arrhenius equation, differs over three orders of magnitude. Again, we propose that the R-
relaxation is considerable faster mainly because DRS probes the inversion of the macrodipole 
locally over small sections of the columns. In contrast, the slower depolarization process takes 
place over macroscopic distances requiring nucleation and subsequent growth of domains 
with an opposite polarity. 

 

Structural Models for the Nonpolar Ground State 

The two main conclusions from our electro-optical investigation of C10 and C18 are (i) that 
the macrodipoles in BTAs can be switched collectively by an external field in the columnar LC 
phase and (ii) that this phase has a macroscopically nonpolar ground state, hence it is not 
ferroelectric. At the same time, our X-ray results clearly show that the columns are arranged in 
a hexagonal lattice in the LC phase. It is well-known that perfect anti-ferroelectric ordering of 
the columns is not possible in the hexagonal lattice due to its triangular symmetry.27 
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Consequently, the ground state of the LC phase must consist of randomly ordered 
microdomains of opposite polarity in which the macrodipoles cancel out on average. This 
raises the question as to what the exact structure of these microdomains might be. Analogous 
to the point briefly touched upon in the discussion regarding the extrinsic switching 
mechanism, two extreme cases are possible. First, separate domains of opposite polarity can 
form along the column axis, rendering each individual column nonpolar. Second, one can 
envision uniformly poled columns with a 1:1 ratio of both polarities to be arranged randomly 
within the hexagonal lattice. 

Monte Carlo simulations on disk-like particle with a dipole moment along their short axis 
(along the column axis) have revealed equilibrium structures that correspond to both of these 
extreme cases. Berardi and co-workers found a columnar phase with separate dipolar domains 
along the column axis that were paired with polar domains of opposite polarity in neighboring 
columns.80 In contrast, two other studies found that hard-core disk-like particles with strong 
point dipoles gave rise to nonpolar phases consisting of fully polarized columns with a 
random orientation of the macrodipole.81,82 

Kishikawa et al. have recently addressed this issue in an experimental study for a 
comparable polar columnar LC system based on intermolecular hydrogen bonding between 
urea moieties along the column axis.83 On the basis of POM texture observations and the 
interpretation of their second-harmonic generation experiments in the framework of an Ising 
model, the authors proposed a structure with alternating polar domains with a length of about 
77 nm along the column axis (Figure 2.12). An important feature in this model is the 
undulation along the column axis which results from the lower density in the defect areas 
where two domain of opposite polarity meet. The column undulation is expected to disrupt a 
regular hexagonal packing in the LC phase and was later used to explain the broadness of the 
higher order reflections in the WAXS pattern for the columnar LC phase of this compound.31 

 

Figure 2.12: The structural model proposed by Kishikawa et al. for the nonpolar ground state of a polar columnar 

phase featuring an undulated columnar structure. Microscopic polar domains are illustrated by arrows, and the 

slightly hatched portion stands for higher molecular density. The difference in birefringence as observed under 

POM resulting from the undulations is illustrated at the bottom.83 

The bulk WAXS patterns of the hexagonal LC phases for our BTAs only feature two 
relatively broad higher order reflections, arguably consistent with the undulated column 
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model. However, columnar LC phase regularly show a limited number of reflections and 
column undulation does not have to be related to the formation of polar domains.84,85 
Moreover, none of the other experimental evidence obtained in the current study allows us to 
differentiate between randomly arranged, uniformly poled columns and alternating polar 
domains along the columns as the structure of the nonpolar state. In this respect, a detailed X-
ray scattering study of uniformly aligned and polarized samples is likely to provide more 
definite proof for the structure of the ground state in columnar LC phases of BTAs. 

 

Escaping Depolarization: BTAs as Functional Material with Permanent Polarization 

The ferroelectric switching behavior of BTAs ultimately stems from the fact that spontaneous 
depolarization is significantly slower in the LC phase than the field induced switching process 
that aligns the macrodipoles of each column. To mimic real ferroelectric properties in our BTA 
system, we should decrease the speed of depolarization, while maintaining the ability to 
switch between the two polar states. Since we have shown that the molecular basis and the 
corresponding energy barriers for both processes are the same, it is unfeasible to influence the 
depolarization process selectively by e.g., temperature or minor changes in the molecular 
structure. However, based on the temperature dependence that we determined for C10 and 
C18 in the LC phase, the relaxation time of the collective rearrangement of hydrogen bonded 
amide groups that leads to depolarization is already in the order of 6-20 h at 25 °C. In addition, 
we have uncovered a columnar glass transition by DRS at temperatures slightly above room 
temperature attributed to a complete loss of mobility in the hydrogen bonded columnar 
structure of the BTAs. This unique feature sets BTAs apart from other examples of axially 
polar columnar LCs and offers the possibility to freeze in the orientation of the macrodipoles 
by cooling the LC phase in its polarized state to a temperature below the columnar glass 
transition. The resulting materials are evidently not switchable, but expected to display a large 
permanent macroscopic polarization and piezoelectric activity. 

On the whole, the results obtained in the current study illustrate that our general approach 
to design multicomponent LC phases based on BTAs has great potential to integrate 
permanent polarization and piezoelectric properties with other functionalities in a single 
material (e.g., porosity, conductance). To establish the full potential of BTAs to serve as a 
scaffold for functional electronic materials we are pursuing three lines of investigation. First, it 
is of key importance to design the molecular structure of the BTAs in such a manner that 
crystallization into non-columnar structures is prevented. The simplest approach is to simply 
mix BTAs with different side chains to further suppress the crystallization to far below room 
temperature. Alternatively, we are investigating polymerizable BTA derivatives in order to 
bypass crystallization and ensure good mechanical properties through polymerization of fully 
aligned and polarized LC phases. Second, preliminary measurements by pulsed radiolysis 
microwave conductivity (PR-TRMC) on C6, C10 and C18 in the columnar LC phase have 
shown that these systems display an appreciable charge mobility in the order 1-3 × 10-2 cm2/Vs, 
comparable with the highest values reported for discotics with a triphenylene core.86 The 
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combination of permanent polarization and charge mobility in a single material opens up 
possible applications in the area of non-volatile memory devices.33 Finally, the possibility to 
manipulate the polarity of the dipolar columns on a microscopic scale is currently being 
investigated using AFM and Scanning Kelvin Probe Microscopy (SKPM). 

 

2.3 Conclusions 

The dielectric relaxations and ferroelectric switching in three BTAs with different chain 
lengths (C6, C10 and C18) have been investigated. In the DRS study, two local and two 
collective relaxation processes were uncovered for the BTAs. The two local relaxation 
processes (γ- and β-relaxation) occur below room temperature in the crystalline phase and are 
related to local motion of the alkyl chains connected to the amide bonds in the BTA core. The 
α-relaxation is observed in the low-temperature region of the LC phase and is attributed to a 
columnar glass transition. The α-process is assigned to collective vibrations in the hydrogen 
bonded columns that freeze out at ambient temperatures under the glass transition 
temperature (41-54 °C). In the high-temperature region (~120-200 °C) of the LC phase, the 
much slower R-relaxation process is observed for all three BTAs. This relaxation process is 
assigned to the collective reorientation of amide groups in the BTAs and corresponds to an 
inversion of the macrodipole along the column axis. 

Due to the presence of the macrodipole, the hexagonal columnar LC phase of all three BTAs 
can be aligned uniformly in LC cells with a spacing of 5 µm by applying a DC field in the order 
of 30 V/µm. Moreover, temperature dependant switching experiments showed that C10 and 
C18 display extrinsic ferroelectric switching characterized by a spontaneous polarization and 
coercive field of 1-2 µC/cm2 and 20-30 V/µm, respectively. The value of the spontaneous 
polarization is in line with the expected value based on the effective dipole moment of BTAs in 
columnar stacks reported in the literature and is fairly constant between 70 °C and 150 °C, 
supporting the assignment of the ferroelectric switching process to complete inversion of the 
macrodipoles in the BTA columns. In the absence of an external field, the spontaneous 
polarization for both C10 and C18 is lost in 1-100 s depending on temperature. Hence, the 
ground state of the columnar LC phases of BTAs is nonpolar and the phases are not 
ferroelectric. The results obtained in the present study do not allow us to differentiate between 
randomly arranged, uniformly poled columns and alternating polar domains along the 
columns as the structure of the nonpolar state. 

The columnar glass transition related to hydrogen bonded amides observed by DRS is 
unique for BTAs and offers the possibility to freeze in the orientation of the macrodipoles by 
cooling the LC phase in its polarized state to a temperature below the glass transition. The 
resulting materials are not switchable, but are expected to display a large permanent 
macroscopic polarization and piezoelectric activity. These combined results illustrate that our 
general approach to design multicomponent LC phases based on BTAs has great potential to 
integrate permanent polarization and piezoelectric properties with other functionalities in a 
single material (e.g., porosity, conductance). 
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2.4 Experimental Section 

Materials. All solvents used were of AR quality or better and purchased from Biosolve, Sigma-
Aldrich or Acros. All other chemicals were purchased from Sigma-Aldrich. Triethylamine was stored on 
KOH pellets and CHCl3 was dried over molsieves (4 Å). All other chemicals were used as received. 

 
Measurements. 1H NMR and 13C NMR spectra were recorded at room temperature on a Varian 

Mercury NMR spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton chemical shifts are 
reported in ppm downfield from tetramethylsilane (Si(CH3)4, TMS). Carbon chemical shifts are reported 
downfield from TMS using the resonance of deuterated chloroform (CDCl3) as internal standard. 
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) was 
performed with a PerSeptive Biosystems Voyager-DE PRO spectrometer using an α-cyano-4-
hydroxycinnamic acid matrix. Elemental analysis was conducted on a Perkin Elmer 2400. Regular and 
modulated differential scanning calorimetry (DSC and MDSC) measurements were performed in 
hermetic T-zero aluminum sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a 
RCS90 cooling accessory. The DSC experiments were conducted at a rate of 10 °C/min for all 
compounds. All transition temperatures and enthalpies were determined from the first cooling and 
second heating run using Universal Analysis 2000 software (TA Instruments, USA). MDSC experiments 
were performed at a rate of 2 °C/min (modulation: 1.27 °C every 60 s). In order to measure the absolute 
heat capacity of the samples, a calibration run was performed prior to the MDSC measurements under 
identical conditions using a sapphire reference sample. The Wide Angle X-ray Scattering (WAXS) 
patterns for all compounds were measured on a Bruker AXS D8 Discover X-ray diffractometer with a 
Hi-Star 2D detector using CuKα-radiation (λ  = 1.54 Å) filtered by cross-coupled Göbbel mirrors at 40 kV 
and 40 mA. The sample–detector distance was set at 6 cm. The sample holder was a home-built graphite 
oven. The temperature was controlled by a thermo-couple and a fast-response power supply (maximum 
heating rate, 300 °C/min), which allowed a temperature range of 25–350 °C. Samples were prepared in a 
capillary-type glass cell with a diameter of 0.7 mm and a wall thickness of 0.01 mm (Mark-Röhrchen, 
Germany). The WAXS intensities were corrected by subtracting a background measured with an empty 
capillary cell. The Fit2D computer program (version 12.077) was used to integrate the two-dimensional 
scattering data.87 Dielectric relaxation spectroscopy (DRS) measurements were performed from 10-1 to 
106 Hz using a Novocontrol dielectric spectrometer. Samples were measured in the parallel plate 
configuration using gold plated metal electrodes (diameter 20 mm) together with quartz spacers, which 
ensured a stable sample geometry during the measurements in both the liquid and solid state. All DRS 
spectra were recorded between -140 and 250 °C upon cooling from the isotropic melt and analyzed 
according to a literature strategy.38 The solid-state NMR experiments were performed on a Bruker 
DMX500 spectrometer, operating at a 1H NMR frequency of 500.13 MHz. A 2.5 mm magic-angle 
spinning (MAS) probe head was used with a sample rotation rate of 20 kHz. The radio-frequency power 
was adjusted to obtain a 5 µs 90° pulse for the protons. The proton transverse relaxation time, T2, as well 
as single pulse spectra were determined at several (externally calibrated) temperatures ranging from 30 
°C to 120 °C, using a BVT-3000 variable temperature unit. Prior to the measurements the sample was 
annealed at 150 °C for 15 min in the NMR setup without spinning. The decay of the transverse 
magnetization was measured with the Hahn-echo pulse sequence (HEPS, 90°x – τ - 180°x – τ - 
acquisition). An echo signal is formed after the second pulse in the HEPS with a maximum at time t = 2τ 
after the first pulse. By varying the pulse spacing in the HEPS, the amplitude of the transverse 
magnetization, A(t), was measured as a function of time t. For the electro-optical experiments the BTAs 
were introduced in LC cells (Linkam, United Kingdom) coated with indium tin oxide (electrode area 
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0.81 cm2, cell spacing 5 µm) at 230 °C under a reduced pressure of 20 mbar. Electrical contacts were 
attached to the sample cells using a highly conductive two-component silver loaded epoxy adhesive (RS 
Components, United Kingdom) with a maximum operating temperature of 150 °C. During the 
switching experiments the samples were clamped in a Linkam THMS 600 heating stage and monitored 
by polarizing optical microscopy (POM) using a Jeneval microscope equipped with crossed polarizers 
and a Polaroid DMC Ie CCD camera. The input signal (triangular or rectangular wave) was generated 
with an Agilent 33250A waveform generator and amplified with a Krohn-Hite Corporation model 7600 
wideband amplifier. The cell response was measured over a 10 kΩ resistance in series with the 
measurement cell and recorded simultaneously with the input signal using a Tektronix TDS5052B 
digital oscilloscope. Prior to measurement, all samples were aligned perpendicular (checked by POM) 
by applying a DC voltage (100-170 V) over the cells at a temperature of 100-150 °C. For the triangular 
wave measurements, the frequency of the input signal was adjusted so that the cell response just 
saturated. To determine the spontaneous polarization and coercive field of the samples, the switching 
peak in the cell response curves was integrated after subtracting a straight baseline between the 
saturation point and the onset of the peak. Both parameters were determined from the axis crossings of 
the P-E loop constructed from the integrated cell response. For the rectangular wave switching 
experiments, frequencies between 0.1 Hz and 1.0 Hz were used to ensure the samples were uniformly 
poled (saturated) during the voltage pulse and to be able to monitor the complete cell-response during 
polarization reversal. The peak position in the rectangular wave experiments (tp) was determined as the 
time at which the differentiated cell response signal equals zero (dI(t)/dt = 0). The total polarization was 
determined by integrating the switching peak from t = 0 (reversal of the field) up to t = te (polarization of 
the sample switched completely) after correcting for the RC-contribution (5-10 µs) and the background 
caused by ohmic conduction. The time te was determined as the crossing point of two lines constructed 
by linear extrapolation of the right edge of the switching peak and the background signal due to 
conduction on a double-logarithmic scale. Due to the presence of the secondary polarization process in 
C10 at lower voltages (see main text), te for this compound was determined only at 180 V and this value 
was used for the integration of all data measured at a given temperature. The values of the ohmic 
conduction reported in Appendix 1 were determined by measuring the current at 10 s after the 
switching pulse. The polarization lifetime experiments were conducted by first poling the samples 
uniformly using a 1 s pulse of 200 V after which the field was removed for a period of time tr. 
Subsequently, another voltage pulse (1 s, ±200 V) was applied and the cell response was recorded. The 
total polarization that was built up during the repolarization pulse was determined as described above 
for the rectangular wave switching experiments. The saturation value of the polarization (tr = 100 s) for 
each cell at 140°C was used to normalize the polarization values obtained for each cell. All data analysis 
(curve fitting, integration, differentiation) was performed using OriginPro 8 (OriginLab Corporation, 
USA). Unless otherwise indicated, error margins and error bars are reported as the standard error of the 
corresponding least-square fit. 

 
General procedure for the synthesis of BTAs (C6, C10, C18). 

A 100 mL three-necked round-bottom flask was charged with a solution of the appropriated amine 
(12.4 mmol), triethylamine (1.1 eq., 1.37 g, 13.6 mmol) in dry CHCl3 (20 mL, stabilized with amylene) 
under inert atmosphere. A solution containing benzene-1,3,5-tricarboxylic acid chloride (0.3 equiv, 1.0 g, 
3.77 mmol) in dry CHCl3 (10 mL, stabilized with amylene) was slowly added dropwise to this solution 
while cooling with an ice bath. Subsequently, the ice bath was removed and the solution was stirred 
overnight under inert atmosphere. The reaction mixture was then transferred to a separating funnel and 



Chapter 2 

 56 

washed three times with 1M HCl (40 mL). The organic layer was collected and the solvent was removed 
in vacuo. The obtained crude product was then purified by column chromatography and/or 
recrystallization from an appropriate solvent to obtain a white powder. 

 
N,N’,N”-trihexylbenzene-1,3,5-tricarboxamide (C6). 

The crude product was recrystallized from ethyl acetate and obtained as a white solid (1.1 g, 61%). 1H 
NMR (CDCl3): δ = 7.89 (s, 3H, Ar-H), 7.14 (t, 3H, N-H), 3.39 (q, 6H, NHCH2), 1.61-1.33 (m, 24H, CH2), 0.90 
(t, 9H, CH3). 13C NMR (CDCl3): δ = 167.1, 135.5, 127.3, 40.2, 31.5, 29.3, 26.7, 22.6, 14.0. Elemental analysis: 
Calculated for C27H45N3O3: C, 70.55; H, 9.87; N, 9.14, found: C, 70.86; H, 9.87; N, 9.24. MALDI-TOF MS: 
Calculated: [M+H]+ = 459.35 Da, observed: [M+H]+ = 459.35 Da. 

 
N,N’,N”-tridecylbenzene-1,3,5-tricarboxamide (C10). 

The crude product was purified by column chromatography (CHCl3/methanol, 95:5) and 
recrystallized from ethyl acetate to obtain a white solid (1.7 g, 71%). 1H NMR (CDCl3): δ = 8.18 (s, 3H, Ar-
H), 6.80 (t, 3H, N-H), 3.42 (q, 6H, NHCH2), 1.62-1.27 (m, 48H, CH2), 0.88 (t, 9H, CH3). 13C NMR (CDCl3): δ 
= 166.8, 135.6, 127.6, 40.4, 32.1, 29.8-29.5, 27.2, 22.8, 14.2. Elemental analysis: Calculated for C39H69N3O3: 
C, 74.59; H, 11.07; N, 6.69, found: C, 74.78; H, 11.15; N, 6.69. MALDI-TOF MS: Calculated: [M+H]+ = 
627.53 Da, observed: [M+H]+ = 627.54 Da. 

 
N,N’,N”-trioctadecylbenzene-1,3,5-tricarboxamide (C18). 

The crude product was recrystallized from CHCl3/ethanol (1:1) and obtained as a white solid (0.7 g, 
73%). 1H NMR (CDCl3): δ = 8.33 (s, 3H, Ar-H), 6.41 (t, 3H, N-H), 3.47 (q, 6H, NHCH2), 1.64–1.26 (m, 96H, 
CH2), 0.90 (t, 9H, CH3). 13C NMR (CDCl3): δ = 165.9, 135.5, 128.0, 40.6, 32.1, 29.9-29.5, 27.2, 22.8, 14.3. 
Elemental analysis: Calculated for C63H117N3O3: C, 78.44; H, 12.23; N, 4.36, found: C, 78.37; H, 12.23; N, 
4.30. MALDI-TOF MS: Calculated: [M+H]+ = 964.91 Da, observed: [M+H]+ = 964.89 Da. 
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Thermotropic Columnar Liquid Crystalline Phases 

Formed by Amphiphilic BTAs 
 
 
 
 
 
Abstract. Several amphiphilic discotics based on a benzene-1,3,5-tricarboxamide (BTA) core 

form hexagonal and nematic columnar liquid crystalline (LC) phases, some of which show a 
disordered superstructure of phase separated microdomains. The thermotropic phase behavior 
and LC structure of the amphiphilic BTAs were studied by a combination of polarizing optical 
microscopy, differential scanning calorimetry, infrared spectroscopy and X-ray scattering. 
Aiming for a well-ordered LC superlattice of phase separated microdomains two types of 
amphiphilic discotics were designed and synthesized: (i) discotics with two alkyl chains and 
one incompatible moiety coupled directly to the core and (ii) essentially symmetric discotics 
where one of the alkyl chains is extended with a chemically dissimilar chain. The BTAs with a 
directly coupled tri(ethylene oxide) (EO) chain display an enantiotropic disordered hexagonal 
columnar LC phase when the volume of the EO-chain is comparable to that of the alkyl chain. 
The EO-chains destabilize the LC phase and phase separate locally to form a highly disordered 
superstructure within the hexagonal lattice. The BTA with a directly coupled fluorocarbon (F) 
chain of about the same volume exhibits a disordered hexagonal columnar LC phase in which 
the intracolumnar structure is stabilized by the stiff F-chain. The extended amphiphilic 
discotics form nematic columnar phases upon heating as a result of the packing frustration 
caused by the extending F-chains. Only the BTA with the shortest F-chain forms a disordered 
hexagonal columnar LC phase upon cooling. In conclusion, none of the amphiphilic discotics 
display the targeted well-ordered superlattice structure in the LC phase. This observation can 
be rationalized in terms of the limited conformational freedom in the molecular and 
supramolecular structure of the columns and insufficient phase separating ability of the 
dissimilar chains. An improved design approach should include flexible incompatible moieties 
and specific supramolecular interactions.  
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chemical components in a single, amphiphilic discotic molecule. In particular, we aim for a 
columnar superlattice in which the minor component phase separates into microdomains that 
are parallel to the column axis of the LC. By studying a relatively simple set of amphiphilic 
discotics we want to gain insight into the phase behavior and structure of these systems and 
verify our design strategy to obtain a superlattice structure. Achieving a model system with 
the desired superlattice structure would be an ideal starting point for the development of 
polymerizable analogs where removal of the minor phase results in porosity in the size range 
of single columns (1-5 nm). 

All amphiphilic discotics included in this study are based on the benzene-1,3,5-
tricarboxamide (BTA) core. Compounds with a BTA core are well-known to form helical 
columnar stacks through threefold intermolecular hydrogen bonding and form columnar LC 
phases over a wide temperature range when side chains of sufficient length are attached.22-26 
Starting from the C3-symmetrical BTA core, we investigated two design approaches to arrive at 
asymmetric amphiphilic discotics capable of the desired phase separation. 

In the first approach the two incompatible types of side chains are coupled directly to the 
BTA core in a 2:1 ratio (Scheme 3.1, bottom). As a result of the helical structure of the hydrogen 
bonded columns, the cores of two neighboring BTAs in a column are rotated about 60° relative 
to each other leading to six possible side chain positions when the column is viewed from the 
top.25,27 Assuming the volumes of all side chains are approximately equal and phase separation 
will force the chains of the minor component to occupy neighboring positions along the 
column, the self-assembly of the amphiphilic discotics in the LC phase would lead to the 
formation of circular yet amphiphilic columns. These amphiphilic columns can phase separate 
further to form three column clusters resulting in a LC phase in which the domains of the 
minor component are ordered in a superlattice within the parent hexagonal lattice of the 
columnar LC. 

The second approach starts out with an essentially symmetric BTA of a single chemical 
nature that is then extended by addition of an incompatible chain to one of the three side 
chains (Scheme 3.1, top). If the volume of the incompatible chain equals about one sixths of the 
volume of the symmetric discotic, the extended chains of six columns can phase separate into a 
central domain that has exactly the same volume as one column in the hexagonal lattice. In this 
case, phase separation would result in a LC phase with a superlattice of columnar domains of 
the minor component within the hexagonal lattice of columns formed by the symmetric BTA. 

 
The chemical structures of all amphiphilic discotics that were studied are depicted in 

Scheme 3.2. For the directly coupled BTAs the amphiphilic character was accomplished by 
combining two linear hydrocarbon chains as the major component with either hydrophilic 
tri(ethylene oxide) (EO) or fluorocarbon (F) side chains as the minor component. As can be 
seen in Table 3.1, the estimated volume of the minor component side chain is roughly between 
20% and 30% of the total side chain volume. As such, these volume ratios are in the range 
where formation of the superlattice depicted in Scheme 3.1 is anticipated when simple volume 
arguments are considered. For the extended amphiphilic discotics only short fluorocarbon 
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chains were connected to an essentially symmetric alkyl BTA. Based again on the rough 
volume estimates in Table 3.1, the volume ratio of the fluorocarbon side chain to the central 
BTA (alkyl side chains and core) in the series of derivatives under investigation spans the 
range around 0.17 for which superlattice formation is expected to take place. 

 

 

Scheme 3.2: Chemical structures of the directly coupled and extended amphiphilic BTAs. 

Table 3.1: Estimated Amphiphilic Volume Ratios for the Amphiphilic BTAs. 

Compound Amphiphilic volume ratio’s 
[a]

 

Directly coupled EO- or F-chain / all side chains 
[b]

 

EO-C10 0.30 

EO-C12 0.27 

EO-C14 0.24 

EO-C16 0.22 

F-C10 0.26 

  

Extended F-chain / central BTA 
[c]

 

F5 0.15 

F7 0.20 

F8 0.23 

[a] Volume ratios are based on molar volumes calculated using ACD/ChemSketch (v. 4.01) software. 
[b] The volume of the corresponding amines was used to estimate the volume of the side chains. 
[c] The volume of the fluorinated chain divided by the volume of the central BTA (A1). 

 
The results obtained in this study will be discussed in four parts. First, the synthesis of all 

amphiphilic BTAs is treated with emphasis on the synthesis of the precursor for the extended 
discotic (A1), which will be used in other LC systems throughout this thesis. Subsequently the 
phase behavior, LC structure and evidence for phase separation in the LC phase are discussed 
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separately for the directly coupled and extended discotics. Finally, the results for both types of 
amphiphilic BTAs are compared and the corresponding design strategies are evaluated. 

 

3.2 Results and Discussion 

 

Synthesis 

The directly coupled amphiphilic BTAs with two alkyl chains and one EO-chain (EO-C10, 

C12, C14, C16) were synthesized in a straightforward manner by reacting benzene-1,3,5-
tricarboxylic acid chloride with a 1.2:1 mixture of 2-(2-(2-methoxyethoxy)ethoxy)ethyl amine 
and the appropriate primary amine.28 The resulting statistical reaction mixture was 
subsequently subjected to column chromatography to isolate the desired product. All 
compounds were obtained as waxy white solids and fully characterized by 1H and 13C NMR 
spectrometry, MALDI-TOF mass spectrometry and elemental analysis. 

 
In case of the EO functionalized BTAs the statistical synthetic approach is convenient 

because the relatively large difference in polarity between the components of the statistical 
mixture ensures a fast and easy separation of the product. Apart from possible separation 
problems, however, such an approach is inherently wasteful and inflexible when a series of 
analogous compounds is required. Therefore, we developed a step-wise route based on a 
literature procedure to synthesize two useful precursors for directly coupled and extended 
amphiphilic BTAs (Scheme 3.3).29 In the first step, the commercially available trimethyl 
benzene-1,3,5-tricarboxylate (1) was hydrolyzed with sodium hydroxide to form 5-
methoxycarbonyl-benzene-1,3-dicarboxylic acid (2). This diacid was then converted into the 
corresponding diacid chloride (3) and reacted with n-decylamine to form methyl 3,5-bis-n-
decylaminocarbonyl-benzoate (4). The remaining methyl ester was subsequently hydrolyzed 
with lithium hydroxide to form 3,5-bis-n-decylaminocarbonyl-benzoic acid (5), which can 
serve as a valuable starting material for directly coupled amphiphilic BTAs. In the next 
reaction step, the benzoic acid was reacted with aminoundecanoate using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) as a coupling reagent and 4-
(dimethylamino)pyridine (DMAP) as a catalyst to form the ethyl ester protected A1 precursor 
(6). Finally, the ester was hydrolyzed with LiOH in dioxane/water and recrystallized to yield 
the desired A1 precursor (7) as a white solid. 

The fluorinated directly coupled BTA (F-C10) was synthesized starting from the 
intermediate product 5 of the step-wise synthesis route outlined above. The free acid group in 
this precursor was reacted with 2,2,3,3,4,4,4-heptafluorobutylamine via an EDC-coupling using 
DMAP as a catalyst. The product was obtained as sticky white solid in a good yield after work-
up and purification by column chromatography. The fluorinated extended BTAs (F5, F7, F8) 
were also obtained in a single step by esterification of the terminal acid group of precursor A1 
with the appropriate fluorinated alcohol. In this case a 1:1 complex of p-toluenesulfonic acid 
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and DMAP (DPTS) was used as catalyst in the EDC mediated coupling reaction.30 The reaction 
was completed after 48h in all cases and yielded the target compounds as sticky white solids 
after work-up and purification by column chromatography. The purity of all partially 
fluorinated amphiphilic BTAs was confirmed by 1H and 13C NMR spectrometry, MALDI-TOF 
mass spectrometry and elemental analysis. 

 

Scheme 3.3: Step-wise synthesis route for the precursor (A1) for the extended amphiphilic BTAs. 

 

Directly Coupled Amphiphilic BTAs: Phase Behavior and Mesophase Structure 

The phase behavior of all directly coupled amphiphilic BTAs was studied by Differential 
Scanning Calorimetry (DSC) and Polarizing Optical Microscopy (POM). Additionally, a 
combination of Small and Wide Angle X-ray Scattering (SAXS and WAXS) and infrared (IR) 
spectroscopy was used to investigate the internal structure of LC phases formed. 

Phase Behavior 

When heating EO-C16 under POM a birefringent and movable texture was observed starting 
from approximately 35 °C up to the melting point around 60 °C indicating the presence of a 
mesophase. Upon slow cooling, however, a very weakly birefringent and ill-defined texture 
could only be observed after shearing the sample. The POM investigation of EO-C14 gave 
similar results, apart from the narrower mesophase region starting at around 50 °C. The DSC 
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traces for the heating run of EO-C16 and EO-C14 both show multiple, broad and overlapping 
endothermic transitions in the temperature region where mobile textures were observed by 
POM (Figure 3.1a). The cooling traces for both compounds are featureless around the 
isotropization temperature observed in the heating run and only show a single sharp 
transition below room temperature attributed to crystallization. The results obtained by POM 
and DSC clearly show that the phase behavior of both compounds is complex in the 
mesophase region, featuring multiple and possibly mixed phase regions with a limited 
thermal stability window. Most importantly, neither of these compounds forms a stable 
enantiotropic columnar LC phase, since no transition is observed in the cooling trace and no 
clear texture is formed upon cooling from the isotropic melt. The phase behavior of EO-C16 
and EO-C14 is summarized in Table 3.2 together with the phase behavior of all other BTAs 
discussed in this chapter. 

 
a)

 

b)

 

 

Figure 3.1: DSC and POM results for the directly coupled amphiphilic BTAs. a) DSC traces of the first cooling 

and second heating run (endothermic up, rate 10 °C/min). b) POM micrographs of EO-C10 (top) and EO-C12 

(bottom) after slow cooling from the isotropic melt. 

For compound EO-C10 and EO-C12 a much clearer picture arises from the DSC and POM 
analyses (Figure 3.1a and b, Table 3.2). In case of EO-C10, we observed birefringent and mobile 
textures by POM from room temperature up to about 100 °C where the compound became an 
isotropic liquid. Moreover, when cooling slowly from the isotropic melt we were able to grow 
clear textures consisting of pseudo focal conic fan-like features characteristic for columnar 
mesophases and similar to textures observed before for other BTA derivatives.25,26,31,32 The DSC 
results are consistent with these findings displaying a single transition with an onset at 96 °C 
in both cooling and heating traces and a transition related to crystallization far below room 
temperature. Indeed, the crystallization of EO-C10 is so slow at room temperature that 
textures consisting of coexisting LC conical features and crystalline spherulites can be 
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observed on a time scale of days.33 For EO-C12 the texture observed by POM only became 
clearly mobile around 55 °C and the transition to the isotropic melt occurred around 90 °C. For 
this compound a pseudo focal conic fan-like texture also readily developed when cooling 
slowly from the isotropic melt. From the DSC heating trace it becomes apparent that EO-C12 
actually forms at least two stable crystalline phases. The high temperature crystalline form 
melts to the LC phase at 53 °C in agreement with POM observation. Comparing the DSC 
cooling and heating trace, the transition between the LC phase and the isotropic liquid sets on 
at 89 °C with virtually no supercooling, while the LC phase can be supercooled to -2 °C under 
the conditions of the DSC experiment. 

Table 3.2: Phase Behavior of the Amphiphilic BTAs. 

Compound T, °C (∆∆∆∆H, kJ/mol)
 [a]

 

Directly coupled 

EO-C10 Cr -12 (-) 
[b]

   Colhd 96 (2.0) I 

EO-C12 Cr1 9 (-) 
[b]

 Cr2 53 (-) 
[b]

 Colhd 89 (1.0) I 

EO-C14 Cr 35 (-) 
[c]

   M 
[d]

 56 (-) 
[b]

 I 

EO-C16 Cr 50 (-) 
[c]

   M 
[d]

 55 (-) 
[b]

 I 

F-C10     Colhd 234 (21.0) I 

 

Extended 

F5 Cr1 17 (12) Cr2 76 (4.5) Ncol/Colhd 
[e]

 166 (2.4) I 

F7 Cr1 19 (6.0) Cr2 82 (4.0) Ncol 161 (0.0) I 

F8 Cr1 15 (6.0) Cr2 76 (6.8) Ncol 144 (-) 
[c]

 I 

[a] Unless otherwise indicated onset temperatures and transition enthalpies are reported based on the 
second DSC heating run (10 °C/min). The observed phases are identified by following abbreviations: 
Cr = crystalline, M = unknown mesophase, Colhd = disordered hexagonal columnar LC, Ncol = 
nematic columnar LC, I = isotropic liquid. 

[b] The value reported is the peak maximum due multiple overlapping peaks. 
[c] Determined by POM in the first heating run. 
[d] Identified by DSC and POM as unknown (mixture of) mesophases based on the appearance of 

mobile and birefringent texture and multiple melting transitions. 
[e] The hexagonal columnar phase is only formed upon cooling, see main text for details. 

 
In contrast to the two analogs carrying longer alkyl chains, both EO-C10 and EO-C12 form a 

single enantiotropic columnar LC which is stable over at least a 40 degree temperature range. 
The large difference in phase behavior and the fact that EO-C10 forms the most stable LC 
phase is probably related to relative volumes of the alkyl and hydrophilic components in the 
molecular structure. Where the estimated volumes of each of the two types of side chains in 
EO-C10 are nearly equal, the increasing imbalance in side chain volumes in the other three 
derivatives might hamper efficient packing in a hexagonal columnar LC lattice. Nonetheless, 
the isotropization temperature and the accompanying transition enthalpy of both EO-C10 and 
EO-C12 are considerably lower than reported for comparable symmetric alkyl BTAs (around 
210 °C and 18 kJ/mol respectively).22 In general, short oligo(ethylene oxide) chains are known 
to have a destabilizing effect on hydrogen bonded supramolecular assemblies. The main 
reason for the destabilization is that the ethylene oxide chain competes with intermolecular 
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hydrogen bonding by folding back to form an intramolecular hydrogen bond.34 In case of 
BTAs the formation of columnar LC phases relies mainly on the strong three-fold hydrogen 
bonding between the cores. Consequently, and in accordance with results for similar 
hydrophilic BTAs, the stability of the LC phase is expected to be lowered drastically when 
ethylene oxide side chains are connected directly to the BTA core.28 

 
For comparison, and to benefit from the very strong tendency of fluorocarbons to phase 

separate from alkyl chains, a BTA containing a directly coupled F-chain was synthesized (F-

C10), which has an amphiphilic volume ratio in the same range as the two EO derivatives 
forming a stable enantiotropic LC phase (EO-C10 and EO-C12). The phase behavior of F-C10 is 
very different than observed for the EO based BTAs discussed so far. Following from POM 
analysis, the compound is clearly LC at room temperature and shows a transition to the 
isotropic liquid state only around 235 °C. Cooling back slowly to the LC phase resulted in 
textures consisting of large fan-like features consistent with a columnar phase.35 In line with 
these POM results, DSC shows only a single sharp transition above room temperature in the 
heating trace at 234 °C (Figure 3.1). The transition from the isotropic liquid to the LC phase 
appears at the same temperature in the DSC cooling trace and no other transition can be 
observed down to -50 °C. Intriguingly, the presence of the directly coupled F-chain increases 
the thermal stability of the LC phase by almost 30 degrees compared to its symmetric alkyl 
counterpart, while the transition enthalpy of the isotropization is roughly equal. Generally, 
peripheral fluorinated chains are well known to induce higher thermal stability in columnar 
LCs, especially in symmetric discotic systems.15,16,36-38 On the other hand, it was found for 
triphenylene based discotics that substituting only one of the six alkyl chains by a partially 
fluorinated chain decreased the thermal stability of the columnar mesophase from 122 °C to 98 
°C.38 Therefore, the huge stabilizing effect of the single and relatively short fluorinated chain in 
F-C10 is quite remarkable. 

Mesophase Structure: Hexagonal Lattices with Weakly Ordered Superstructures 

As discussed previously, EO-C16 and EO-C14 display very rich phase behavior in a narrow 
temperature window without any sign of a columnar LC phase, making reliable phase 
assignment difficult and strongly reducing the usability of these compounds to achieve 
materials with a well-defined, phase separated structure. Therefore, we focused our attention 
on the characterization of the LC phases formed by the other directly coupled amphiphilic 
BTAs. In this respect, IR spectroscopy is particularly informing when studying BTAs, because 
this technique allows one to differentiate between the strong helical hydrogen bonding pattern 
present in the columnar structure and other types of hydrogen bonding.25,26,39-41 

Variable temperature IR spectra were recorded for EO-C10 and EO-C12 between 35°C and 
160 °C starting at high temperature in the isotropic liquid phase (Figure 3.2). The N-H stretch 
absorption for EO-C10 is very broad and centered around 3325 cm-1 at high temperatures in 
the isotropic state. When cooling down to the mesophase this absorption band sharpens up 
considerably and shifts to a lower wavenumber (3255 cm-1). In the same temperature range the 
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In order to investigate the structure of the columnar LC phases of EO-C10 and EO-C12 in 
more detail, SAXS and WAXS experiments were performed at 80 °C. The WAXS patterns for 
both compounds are nearly identical and feature a diffuse halo centered around 0.46 nm-1 and 
a weaker maximum at higher q-values corresponding to a distance of 0.35 nm (Figure 3.3c). 
The diffuse halo is a commonly observed feature for LC mesophases and is related to liquid-
like order between molten alkyl chains. In accordance with the IR results, the second 
maximum is attributed to the distance between the regularly stacked discotics along the 
column axis.25 However, based on the width of the WAXS reflection the estimated correlation 
length along the column is in the order of 12 discotics showing clearly that the positional order 
of the discotics along the columns is rather limited.42,43 The SAXS patterns for both compounds 
are dominated by a sharp and intense peak around 3.6 nm-1 and a much weaker maximum just 
above 6 nm-1 (Figure 3.3a). In both cases these peaks are spaced relative to each other as 1:√3 in 
q-space indicating a hexagonal columnar lattice with a lattice constant of 1.92 nm and 2.03 nm 
for EO-C10 and EO-C12, respectively.44 Based on the combined results of POM, IR 
spectroscopy and X-ray scattering we conclude that these amphiphilic discotics both exhibit a 
disordered hexagonal columnar LC phase (Colhd). 

 
The SAXS patterns in Figure 3.3a contain one more striking feature that has not been 

discussed so far. In both patterns the main hexagonal reflection is superimposed on a broad 
halo with a maximum at a smaller q-value of approximately 3 nm-1 demonstrating the 
presence of a structure with a periodicity exceeding that of the hexagonal columnar lattice. 
This small angle halo is much more pronounced in EO-C12 than in EO-C10 and corresponds 
to a distance of 2.09 nm and 1.94 nm, respectively. Generally speaking, there are two possible 
explanations for the observed halo, namely the presence of a superstructure of EO-domains 
within the two-dimensional hexagonal LC lattice or an additional periodicity along the column 
axis resulting from the helical structure of the columns. 

For BTAs it takes six discotics for the helix to make a full turn and, consequently, every sixth 
discotic would occupy an equivalent position along the column if the EO-chain follows the 
helicity of the BTA core perfectly. Therefore, one would indeed expect a reflection related to 
the helical structure to correspond to a distance of ~2.1 nm, equal to six times the interdisk 
distance. On the other hand, if the EO-chains are randomly distributed over the column, the 
helical nature of the columns would not result in additional diffraction maxima. The position 
of the small angle halo for EO-C10 and EO-C12 is clearly different, while the stacking distance 
observed in WAXS for both compounds is equal offering strong evidence against this second 
explanation. Nonetheless, we decided to measure a two-dimensional SAXS pattern of a shear 
aligned sample of EO-C12 to provide additional experimental evidence regarding this issue 
(Figure 3.3b and d). From the aligned SAXS pattern and the azimuthal intensity distribution it 
is clear that the halo and the main hexagonal reflection split up in two opposing maxima in the 
same, equatorial direction. Since helical order in columnar LCs is well known to give rise to 
non-equatorial reflections in a four spot pattern in diffraction patterns of aligned samples, this 
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absorption bands are both located at wavenumbers indicative for helical hydrogen bonding 
between the discotics and confirming the formation of columnar LC phase (Figure 3.5a). 
Correspondingly, the diffraction pattern recorded in the wide angle region at low temperature 
(50 °C) shows a clear maximum at ~18 nm-1 attributed to a disk-disk stacking distance of 0.35 
nm (Figure 3.5b, inset). The correlation length along the column calculated from the width of 
this maximum amounts to ~16 discotics indicating a slightly better ordered columnar phase 
compared to the discotics with a directly coupled EO-chain. The WAXS pattern at 50 °C 
further shows a broad and asymmetric halo between 10 nm-1 and 17 nm-1 with two maxima 
corresponding to distances of 0.52 nm and 0.46 nm. These maxima can be attributed to the 
characteristic distance between molten fluorocarbons and hydrocarbons, respectively, and are 
commonly observed for LC phases of discotic mesogens bearing both types of side chains.20,50,51 

At even lower q-values, the WAXS pattern at 50 °C displays one very intense diffraction 
peak and two weaker maxima with a relative position of 1:√3:2 in q-space typical for a 
hexagonal lattice. At 200 °C, the disk-disk stacking reflection is still clearly discernable but 
somewhat broadened, which translates into a slightly reduced correlation length of around 14 
molecules. Furthermore, the two maxima related to the molten side chains have merged into a 
single symmetric halo corresponding to a distance of 0.51 nm and the higher order reflections 
of the hexagonal lattice cannot be detected. The separately recorded SAXS patterns for both 
temperatures are nearly identical, showing the main hexagonal reflection around 3.9 nm-1 and 
no additional features at lower q-values (Figure 3.5b). Based on all the structural evidence 
presented above it can be concluded that the F-C10 forms a disordered hexagonal columnar 
LC phase (Colhd) with a lattice parameter of 1.82 nm at 50 °C. 

 

Figure 3.5: IR and X-ray scattering results for F-C10. a) IR spectrum for F-C10 at room temperature. b) SAXS 

and WAXS (inset) patterns for F-C10 at 50 °C and 200 °C. The arrows in the WAXS pattern indicate the (110) 

and (200) reflections of the hexagonal lattice. 
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From the marked increase in the isotropization temperature of the LC phase compared to 
both the EO-based amphiphiles and symmetric alkyl analogs it is clear that the presence of the 
directly coupled F-chain has a stabilizing effect on the structure of the columnar LC. In 
contrast to its EO-based counterparts with very similar amphiphilic volume ratios, however, 
the SAXS pattern of F-C10 does not offer any reason to assume that a phase separated 
structure exists within the two-dimensional columnar lattice. What is more, the higher order 
reflections of the hexagonal lattice are very weak at 50 °C and undetectable at 200 °C showing 
that the hexagonal lattice in F-C10 is relatively disordered. Conversely, the WAXS pattern at 50 
°C does indicate a slightly increased intracolumnar order and demonstrates further that the F-
chains and alkyl chains are preferentially surrounded by chains of the same chemical nature 
with their own characteristic inter-chain distance. Therefore, we propose that the F-chain does 
not stabilize the LC structure by enhancing intercolumnar order, but rather by reinforcing the 
internal columnar structure in the direction perpendicular to the hexagonal plane. As a 
tentative molecular picture accounting for this observation we propose that the rather stiff F-
chain locally follows the helical structure of the core to ensure maximum contact between F-
chains and leading to a more stable columnar structure. However, the proposed enhanced 
helical order does not persist along the column over large enough length scales to give rise to 
additional diffraction peaks related to the helical pitch and diminishes gradually with 
increasing temperature as indicated by the changes in the wide angle diffraction pattern. 

 

Extended Amphiphilic BTAs: Phase Behavior and Mesophase structure 

Having observed only very weak phase separation and a strong destabilizing effect in the 
directly coupled EO containing discotics, we decided to employ only F-chains as phase 
separating component to study the design approach based on extended discotics (Scheme 3.1). 
Taking the desired volume ratios for phase separation into account, we synthesized a small 
series of three alkyl discotics extended with F-chains, namely F5, F7 and F8. The phase 
behavior and LC structure of these compounds was investigated with the same set of 
techniques used for the directly coupled amphiphilic discotics. 

Phase Behavior 

When studied by POM, F5 exhibited a mobile but rather viscous phase at temperatures 
above roughly 70 °C and yielded brightly birefringent textures after shearing the sample 
between two glass slides (Figure 3.6b, top). The compound showed a transition to the isotropic 
liquid phase around 165 °C as indicated by a drop in viscosity and a black field under crossed 
polarizers. After entering the mesophase from the isotropic liquid state with a low cooling rate, 
a texture composed of fused fan-like features appeared (Figure 3.6b, bottom). Sporadically, 
very small single fans could be observed in regions where dewetting had created air gaps in 
the texture. The POM analysis of F7 and F8 gave very similar results, although the textures 
obtained upon cooling were even less well-defined than for F5 and the isotropization occurred 
at slightly lower temperatures (160 °C and 145 °C respectively). 
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The DSC heating and cooling traces that were recorded between -40 °C and 175 °C are 
qualitatively similar for all three compounds (Figure 3.6a). In the heating trace two clear 
endothermic transitions are present below 100 °C, the latter of which is preceded by cold 
crystallization and corresponds to the transition to the mesophase observed by POM. Around 
the isotropization temperature observed by POM a very weak transition appears, attributed to 
melting of the mesophase. It should be noted that both the isotropization temperature and the 
accompanying transition enthalpy decrease notably with increasing length of the F-chain. In 
fact, the enthalpy effect of this transition in F8 is so low that it could not be determined 
accurately by DSC. The transition back to the mesophase appears without significant 
supercooling in the cooling traces for all three discotics together with a single exothermic 
transition below room temperature. To rule out simultaneous thermal degradation as cause for 
the weak and broad transitions to the isotropic liquid, we established that the transitions are 
reproducible in subsequent DSC cycles and confirmed that no significant mass loss occurs up 
to 250 °C by thermal gravimetric analysis. 

 
a)

 

b)

 

 
Figure 3.6: DSC and POM results for the extended amphiphilic BTAs. a) DSC traces of the second cooling and 

heating run (endothermic up, rate 10 °C/min). b) POM micrographs of F5 after shearing at 135 °C and after slow 

cooling from the isotropic melt (bottom). 

The results of the POM and DSC analysis for the extended amphiphilic discotics are 
summarized in Table 3.2 (page 68). These combined results indicate that all three discotics 
form enantiotropic mesophases that are considerably less stable than reported for comparable 
symmetric alkyl BTAs both in terms of isotropization temperature and enthalpy. The ill-
defined textures observed by POM further point to the formation of rather poorly ordered 
columnar phases in all three cases. Unlike the situation for the directly coupled BTAs bearing 
EO-chains, the fluorocarbons are not expected to destabilize the columnar structure of the LC 
by interfering with hydrogen bonding along the column. The decreasing transition enthalpies 

-50 0 50 100 150 200
-1

0

1

2

F5

F7

F8

Heating

H
e

a
t 
fl
o

w
 (

W
/g

)

Temperature (°C)

Cooling

-50 0 50 100 150 200

90 µm

F5, heat

90 µm

F5, cool



Chapter 3 

 76 

for isotropization with increasing F-chain length along the series of extended BTAs much 
rather suggests that the length of the extending F-chain is the destabilizing factor for these 
compounds. 

Mesophase Structure: Columnar Nematic and Hexagonal Columnar Phases 

We started our structural investigation of the LC phases found in the extended discotics by 
recording the IR spectrum in the mesophase close to the isotropization temperature (Figure 
3.7a). The spectra obtained for the three compounds are virtually identical and show the N-H 
stretch (3258 cm-1) and C=O (1638 cm-1) amide absorption bands at wavenumbers typical for 
helical hydrogen bonding and consistent with a columnar LC structure. Correspondingly, the 
most important feature in all the WAXS patterns obtained at 140 °C is a diffuse maximum 
around 18 nm-1 attributed to the disk-to-disk stacking distance of 0.35 nm commonly found for 
BTAs (Figure 3.7b, inset). In line with the trend observed for the isotropization enthalpy in 
DSC, the correlation length calculated from these maxima is limited and amounts to 12 and 11 
discotics for F5 and F7, respectively, while the weak maximum present in the pattern of F8 
proved too weak to determine the correlation length. Additionally, the WAXS patterns for all 
compounds display a single, symmetric halo centered on a distance of 0.50 nm arising from the 
liquid-like order between the side chains. 

 

Figure 3.7: IR and X-ray scattering results for the extended BTAs. a) IR spectra for F5 (160 °C), F7 (160 °C) and 

F8 (100 °C). b) SAXS and WAXS (inset) patterns for F5, F7 and F8 at 140 °C. The pattern labeled “F5, heat” was 

recorded during the first heating run in the scattering experiment. All other patterns were measured upon cooling 

from the isotropic state. The arrows in the “F5, heat” SAXS pattern indicate the (100) and (110) reflections of the 

hexagonal lattice. 

To elucidate the two-dimensional columnar lattice of the LC phases separate SAXS patterns 
were recorded at 140 °C both upon heating the pristine sample and after cooling from the 
isotropic melt at a heating rate of 5 °C/min (Figure 3.7b). In case of F7 and F8, the two discotics 
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carrying the longest F-chains, the patterns recorded during the heating run and upon cooling 
are identical and only show a diffuse and asymmetric halo corresponding to respective 
distances of 1.93 nm and 1.95 nm. For discotic F5 with the shortest F-chain, the pattern 
measured during the initial heating ramp features a similar halo with a maximum at a distance 
of 1.88 nm. After cooling from the isotropic liquid the SAXS pattern changes dramatically and 
exhibits a sharp reflection at 3.3 nm-1 superimposed on a diffuse halo and a very weak second 
maximum at a higher q-value of 5.8 nm-1. Noticeably, the position of the sharp peak matches 
exactly with the maximum of the halo observed during the heating run. Furthermore, the ratio 
between the sharp reflection and the weaker maximum at higher q-value is 1:√3 in q-space 
indicating that the columnar phase for F5 adopts a hexagonal lattice with a lattice parameter of 
2.17 nm upon cooling from the isotropic liquid. 

The hexagonal superlattice of fluorocarbon microdomains we were aiming for with the 
extended amphiphilic discotics (Scheme 3.1 on page 62) would have a √7 times larger lattice 
parameter than the parent hexagonal lattice of the alkyl BTA columns. Assuming a column 
diameter of about 2 nm, the fundamental reflection of the superlattice should appear in the 1.0-
1.5 nm-1 q-range. Evidently, such a superstructure is not formed in any of the extended 
discotics as the low q-range of the SAXS patterns is featureless. However, from the 
characteristic IR absorptions and the disk-disk stacking distance observed in the WAXS 
patterns it is also clear that the mesophases for all three compounds are columnar in nature. 
Moreover, the distance associated with the diffuse small angle halo found for F7 and F8 
corresponds well to the intercolumnar distance expected for columns with a diameter slightly 
larger than 2 nm. In summary, all structural evidence shows clearly that columns do form, but 
lack long range positional order in the LC phase. Consequently, we assign a nematic columnar 
(Ncol) LC phase to both F7 and F8. Following this line of reasoning and based on the SAXS 
pattern obtained for F5 during the initial heating ramp the phase assignment is the same. 
However, for this compound hexagonal reflections appear upon cooling showing that long 
range positional ordered develops to a certain degree. Therefore, we conclude that F5 forms a 
monotropic disordered hexagonal columnar (Colhd) phase when cooled down from the 
isotropic liquid. 

Nematic columnar phases are quite frequently observed in lyotropic discotic systems where 
the loss of positional correlation between the columns is simply due to the addition of 
solvent.52 In thermotropic LCs, nematic columnar phases are much less common and have 
mainly been observed for liquid crystalline polymers carrying discotic moieties and oligomers 
comprised of discotic or other mesogenic groups.53-57 From a structural point of view, there are 
two main reasons for the formation of a nematic columnar phase in the polymeric and 
oligomeric systems. First, due to the covalent linkage, the individual discotics lack sufficient 
mobility to rearrange and form highly ordered columnar phases and, second, the steric 
requirements of the polymeric or oligomeric linker itself can disturb the regular columnar 
packing of the discotic moieties. The thermotropic phases of the extended discotics 
investigated in the present study are clearly different because they consist of single discotic 
molecules. Therefore, we propose that the reason for the formation of nematic columnar 
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phases is mainly steric in this case and related to the asymmetric shape of the extended 
discotics combined with the absence of phase separation. The resulting BTA columns are 
randomly decorated with the rather stiff F-chains that frustrate a regular columnar packing. A 
similar argument has been used before to explain the formation of a columnar nematic phase 
for an extended phthalocyanine discotic substituted with a single oligo(ethylene oxide) chain.58 

The phase behavior of F5 is especially interesting because its F-chain is just short enough to 
allow long range two-dimensional order to develop when entering the mesophase region from 
the highly mobile isotropic phase. However, there is still a certain degree of disorder present 
in this columnar lattice as evidenced by the diffuse halo underneath the main hexagonal 
reflection. Such diffuse features have been observed before in columnar LCs and were ascribed 
to static defects in the columnar lattice, thermal fluctuations or, more specifically, to thermally 
activated column undulation.49,57,59 The proposed existence of undulations along the column 
axis agrees with the limited correlation length observed for all three extended BTAs. 
Alternatively, a X-ray scattering pattern showing very similar broad characteristics was 
reported for a hexabenzocoronene discotic desymmetrized with a single bulky pyrene 
substituent and rationalized in terms of steric perturbation of the 2D lattice caused by the 
substituent.60 Nevertheless, none of the possible structural causes for the formation of a 
disordered hexagonal lattice are mutually exclusive and we cannot determine which of these 
factors is dominant in F5 based on our experimental evidence. 

 

Design Approach versus Experimental Mesophase Structure 

The structure of mesophases formed by amphiphilic molecules is ultimately determined by a 
variety of factors falling into either one of two broad categories, namely molecular topology 
and phase separation between the different chemical species united in these molecules. Based 
on this subdivision, we aim to briefly compare and discuss the mesophase structures found for 
both types of amphiphilic discotics in relation to our design approaches in this section. 

The most important element in the molecular structure of all amphiphilic discotics in this 
work is the BTA core. Even though these discotics are built around a single aromatic core, the 
strong tendency of the BTA unit to form intermolecular hydrogen bonds ensures columnar 
stacking and accounts for the exclusive observation of columnar mesophases in this study. 
However, the crucial role of interdisk hydrogen bonds in LC formation of BTAs also makes the 
columnar structure sensitive to the introduction of other moieties that can disrupt the regular 
hydrogen bonding pattern and severely restricts the rotational freedom of individual disks in 
the stack when compared to discotics with larger aromatic cores. The first effect has been 
clearly observed in case of the EO-modified directly coupled discotics EO-C10 and EO-C12, 
while the latter effect influences structure formation for all compounds. The design approaches 
outlined in the introduction do not rely solely on relative volume ratios, but also on the ability 
of the side chains to rearrange freely and fill space to form separate microdomains within the 
columnar lattice. In order to fill space evenly, the side chains need a certain degree of 
conformational flexibility. As noted before, fluorocarbons are quite rigid compared to 
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hydrocarbons due to the steric requirements of the larger fluorine atoms. Although EO-chains 
are much more flexible, both the polymer as well as short oligomers are known to 
preferentially adopt a more compact helical conformation in bulk and certain solvents, 
effectively limiting their conformational freedom.61-65 Moreover, a recent study on triphenylene 
discotics functionalized with short (2-4 repeats) EO side chains showed convincingly that EO-
chains mostly adopt a helical conformation in the LC phase as well.66 In short, we envision that 
the combination of limited rotational freedom in BTA based columns and the rather short and 
inflexible side chains is an important reason for the formation of the disordered LC structures 
encountered in this study. 

In the theoretical framework developed to describe phase behavior in block-copolymer 
systems, the tendency of two incompatible chains to phase separate is governed by the product 
of χ and N, respectively related to the energy cost of mixing the two dissimilar chains and the 
length of these chains. In amphiphic LCs formed by small molecules, the value of χN is 
generally much lower than in block-copolymers and their self-assembly into ordered phases is 
assisted by excluded volume and specific interactions.8,67 From the results described in this 
chapter it is clear that phase separation is not sufficient to yield well-defined structures within 
the limitations imposed by the molecular topology. This is true irrespective of type of the 
coupling and the type of dissimilar side chain that is used. To enhance the overall phase 
separation, one can increase the incompatibility between the chain types (increase χ), simply 
use longer side chains (increase N) or introduce additional specific interactions. Indeed, when 
comparing our systems to literature examples of well-ordered amphiphilic LCs containing F-
chains, the length of the side chains in these systems is significantly longer (> 13 fluorine 
atoms).11,17,18 Analogously, longer EO-chains (> 3 EO repeats) are frequently used for systems 
employing hydrophilic side chains, often in combination with free alcohol or acid groups 
capable of hydrogen bonding.9,10,12,13 Alternatively, addition of lithium salts to EO containing 
systems has been used to increase the attraction between these chains types and induce 
ordered LC structures.68-70 

In this broader context, one of the major results of the work described in this chapter is that 
it presents us with a number of leads to modify our original design strategy to successfully 
obtain systems with well-ordered phase separated microdomains. The most straightforward 
option is to simply increase the length and thus volume of all side chains attached to the BTA 
core within the same design approaches. Although stable BTA mesophases have been reported 
for symmetric alkyl derivatives up to a chain length of 18 carbon atoms, a corresponding 
doubling of the length of the F-chains (10-14 fluorine atoms) would still be around the lower 
limit of the chain lengths used in literature examples. In the hydrophilic BTAs, lengthening of 
the EO-chains or incorporation of additional hydrogen bonding groups will not diminish and 
may even increase the observed destabilizing effect on the column structure. Preliminary 
experiments with EO-C10 and EO-C12 have further shown that the alternative approach to 
enhance phase separation by addition of lithium salts is not compatible with BTA systems and 
yields isotropic oils after the addition of small amounts of lithium triflate.71 Presumably, the 
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loss of mesomorphic behavior is again due to the fact that the lithium ions disrupt hydrogen 
bonding between the BTA cores by coordinating to the central amides. 

In view of these arguments, we prefer to slightly change two crucial aspects of the original 
design. First, the phase separating component should be replaced by a flexible and highly 
branched moiety which is preorganized to fill space evenly. Second, the covalent linkage 
between the two chemically dissimilar components should be replaced by a specific 
supramolecular interaction that acts orthogonally to the hydrogen bonding along the column 
axis. If this additional interaction is relatively strong and yet reversible, it will not only 
promote the formation of phase separated microdomains, but also allow for facile and 
selective removal of the minor component in a cross-linked system to yield porous materials. 
In the next chapter we will explore the phase behavior of a mixed BTA system based on these 
design criteria. 

 

3.3 Conclusions 

The current study has explored the thermotropic phase behavior and LC structure of two 
types of amphiphilic discotics based on a BTA core: (i) discotics with two alkyl chains and one 
incompatible moiety coupled directly to the core and (ii) essentially symmetric discotics where 
one of the alkyl chains is extended with a chemically dissimilar chain. In the series of 
amphiphiles with a directly coupled EO-chain only the two compounds with the shortest alkyl 
chains (EO-C10 and EO-C12) display an enantiotropic disordered hexagonal columnar LC 
phase, while the analogs with longer alkyl chains show rich mesomorphic behavior in a 
narrow temperature window upon heating as result of the increasing imbalance in side chain 
volumes. The thermal stability of the LC phases of EO-C10 and EO-C12 (isotropization 96 °C 
and 89 °C respectively) decreases by roughly 100 degrees compared to symmetric alkyl BTAs 
of the same size as a result of the interference of the EO-chains with the intermolecular 
hydrogen bonding along the column axis. The structural investigation showed further that the 
EO-chains phase separate to form a highly disordered superstructure within the hexagonal 
lattice that might be related to local formation of dimers in the columnar lattice. Intriguingly, 
the amphiphile with a directly coupled fluorocarbon chain of about the same volume, F-C10, 
exhibits a disordered hexagonal columnar LC phase that is almost 40 degrees more stable than 
the corresponding symmetric alkyl BTA (isotropization 234 °C). Based in part on X-ray 
scattering evidence, we propose that the rather stiff F-chain enhances the intracolumnar order 
in the LC phase by locally following the helical structure of the BTA core. No phase separation 
takes place at all in the series of extended amphiphilic discotics and all compounds display 
nematic columnar phases upon heating. The isotropization temperatures (between 145-160 °C) 
decrease with increasing length of the extended F-chain and long range two-dimensional order 
develops only in the compound with the shortest side chain (F5) upon cooling from the 
isotropic liquid, when it forms a disordered hexagonal columnar phase. We ascribe the lower 
thermal stability and the lack of two-dimensional order in these LC phases to the rather stiff F-
chains that randomly decorate the BTA columns and frustrate a regular columnar packing. 
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None of the amphiphilic discotics included in this study displays the well-ordered 
superlattice of phase separated microdomains that we were aiming for. From a structural point 
of view, the phase behavior can be explained in part by the hindered rotation of individual 
discotics in BTA based columns and the limited conformational freedom of the EO- and F-
chains. Additionally, the tendency of the dissimilar chains used in the current study to phase 
separate is most likely not strong enough. In further work, the use of flexible, branched phase 
separating moieties and incorporation of specific supramolecular interactions in the molecular 
design might lead to the desired phase separated structures in BTA based LCs. 

 

3.4 Experimental Section 

Materials. All solvents used were of AR quality or better and purchased from Biosolve, Sigma-
Aldrich or Acros. The fluorinated alcohols 1H,1H,5H octafluoro-1-pentanol (98%), 1H,1H heptafluoro-1-
butanol (99%) and 1H,1H pentafluoro-1-propanol (97%) were obtained from Fluorochem Ltd. and 2-(2-
(2-methoxyethoxy)ethoxy)ethyl amine was prepared as described by Scherman et al..72 Amino 
undecanoic acid methylester was prepared according to a literature procedure.73 All other chemicals 
were purchased from Sigma-Aldrich or Acros. Ethylene glycol dimethyl ether was distilled prior to use, 
THF was dried over molsieves (4 Å) and subsequently distilled, CHCl3 and toluene were dried over 
molsieves and triethylamine was stored on KOH pellets. All other chemicals were used as received. 

 

Measurements. 1H NMR, 13C NMR and 19F NMR spectra were recorded at room temperature on a 
Varian Mercury NMR spectrometer (400 MHz for 1H NMR, 376 MHz for 19F NMR, 100 MHz for 13C 
NMR). Proton chemical shifts are reported in ppm downfield from tetramethylsilane (Si(CH3)4, TMS). 
Carbon chemical shifts are reported downfield from TMS using the resonance of deuterated chloroform 
(CDCl3) as internal standard. Fluor chemical shifts are reported relative to trichlorofluoromethane 
(CFCl3). Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) 
was performed with a PerSeptive Biosystems Voyager-DE PRO spectrometer using an α-cyano-4-
hydroxycinnamic acid matrix. Elemental analysis was conducted on a Perkin Elmer 2400. For EO-C10, 
C12, C14 and C16, differential scanning calorimetry (DSC) measurements were performed under a 
nitrogen atmosphere on a Perkin-Elmer Differential Scanning Calorimeter Pyris 1 with Pyris 1 DSC 
autosampler and Perkin-Elmer CCA7 cooling element. The samples of these ethylene oxide containing 
discotics were prepared in a sample pan with a hole and annealed in the DSC apparatus at 120 °C for a 
minimum of 10 min to remove all water. For all other compounds DSC measurements were performed 
in hermetic T-zero aluminum sample pans using a TA Instruments Q2000 – 1037 DSC equipped with a 
RCS90 cooling accessory. The DSC experiments were conducted at a rate of 10 °C/min for all 
compounds. All transition temperatures and enthalpies were determined from the second heating run 
using Universal Analysis 2000 software (TA Instruments, USA). Thermal gravimetric analysis (TGA) 

was performed on a TA Instruments Q500 TGA between 30 °C and 600 °C with a heating rate of 2 

°C/min. Variable temperature infrared (IR) spectra were recorded at an Excalibur TS 3000 MX from 
Biorad equipped with a Specac Golden Gate diamond ATR. All samples were allowed to equilibrate for 
2 min at each temperature before recording the IR spectra, which were signal-averaged over 50 scans at 
a resolution of 2 cm-1. The room temperature IR spectrum for F-C10 was recorded on a Perkin Elmer 
Spectrum One FT-IR spectrometer with a Universal ATR sampling Accessory. Polarizing optical 
microscopy studies were conducted using a Jeneval microscope equipped with crossed polarizers, a 
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Linkam THMS 600 heating stage and a Polaroid DMC Ie CCD camera. For EO-C10, C12, C14 and C16, 
Wide and Small Angle X-ray Scattering (WAXS and SAXS) measurements were made using an in-house 
setup with a rotating anode X-ray generator (Rigaku RU-H300, 18 kW) equipped with two parabolic 
multilayer mirrors (Bruker, Karlsruhe), giving a highly parallel beam (divergence about 0.012°) of 
monochromatic CuKα radiation (λ  = 1.54 Å). The SAXS intensity was collected with a two-dimensional 
gas-filled wire detector (Bruker Hi-Star). A semitransparent beamstop placed in front of the area 
detector allowed monitoring of the intensity of the direct beam. The WAXS intensity was recorded with 
a linear position sensitive detector (PSD-50M, M. Braun, Germany). The SAXS and WAXS intensities 
were corrected by subtracting a background that was normalized to the intensity of the direct beam. The 
unaligned powder samples were prepared between two pieces of Kapton foil (5 mm diameter, 20 µm 
thickness) spaced with an O-ring (Viton, 5 x 1 mm) in a custom made brass sample holder. Aligned 
samples were prepared by shear alignment in a capillary-type glass cell with a diameter of 1.0 mm and a 
wall thickness of 0.01 mm (Mark-Röhrchen, Germany). For measurement, the capillaries were fitted in 
another custom made bras sample holder which allowed for rotation of the capillary perpendicular to 
the beam. A Linkam THMS600 temperature-controlled system was employed as sample stage for both 
sample types. The glass windows in the sample stage were replaced by Kapton foil (20 µm) to minimize 
background signal. For the SAXS and WAXS measurements of all fluorinated BTAs a different setup 
was used, namely a Bruker AXS D8 Discover X-ray diffractometer with a Hi-Star 2D detector using 
CuKα-radiation (λ  = 1.54 Å) filtered by cross-coupled Göbbel mirrors at 40 kV and 40 mA. The sample–
detector distance was set at 6 cm (WAXS) or 30 cm (SAXS). The sample holder was a home-built 
graphite oven. The temperature was controlled by a thermo-couple and a fast-response power supply 
(maximum heating rate, 300 °C/min), which allowed a temperature range of 25–350 °C. Samples were 
prepared in a capillary-type glass cell with a diameter of 0.7 mm and a wall thickness of 0.01 mm (Mark-
Röhrchen, Germany). The SAXS and WAXS intensities were corrected by subtracting a background 
measured with an empty capillary cell. The Fit2D computer program (version 12.077) was used to 
integrate the two-dimensional scattering data obtained from both set-ups.74 
 

Synthetic Procedures. 

 
General procedure for EO-C10, C12, C14 and C16. 

A 50 mL two-necked round bottom flask was charged with a solution of 2-(2-(2-
methoxyethoxy)ethoxy)ethyl amine (0.54 g, 3.31 mmol), triethyl amine (0.70 g, 6.93 mmol) and 
appropriate primary aliphatic amine (2.70 mmol) in 5 mL of dry chloroform (amylene stabilized), and 
stirred under inert atmosphere. This mixture was cooled in an ice bath and a solution of benzene-1,3,5-
tricarboxylic acid chloride (0.50 g, 1.88 mmol) in 5 mL of dry chloroform (amylene stabilized), was 
added dropwise. After the addition was complete, the reaction mixture was stirred overnight at room 
temperature under inert atmosphere. The solvent was evaporated from the reaction mixture and the 
crude product (yellowish/orange oil) was subjected to column chromatography (silica-gel, ethylene 
glycol dimethyl ether/n-heptane, 6/4 v/v). The fractions containing the desired product were collected 
and evaporation in vacuo yielding a white, sticky solid. 

 
N-{2-[2-(2-methoxyethoxy)-ethoxy]-ethyl}-N’,N”-di(decyl)benzene-1,3,5-tricarboxamide (EO-C10). 
EO-C10 was obtained as sticky white solid (0.33 g, 23%). 1H NMR (CDCl3): δ = 8.34 (d, 3H, Ar-H), 7.34 

(t, 1H, N-H), 6.75 (t, 2H, N-H), 3.67 (m, 10H, O-CH2), 3.51 (dd, 2H, NH-CH2), 3.43 (qua, 4H, NH-CH2), 
3.23 (s, 3H, OCH3) 1,60 (m, 4H, CH2CH2), 1.25 (bs, 28H, CH2), 0.87 (d, 6H, CH3). 13C NMR (CDCl3): δ = 
166.1, 165.9, 135.4, 135.0, 128.5, 128.1, 71.8, 70.6, 70.4, 70.3, 69.7, 58.7, 40.4, 40.2, 31.9, 29.7-29.3, 27.0, 22.7, 
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14.1. Elemental analysis: Calculated for C36H63N3O6: C, 68.21; H, 10.02; N, 6.63, found: C, 68.51; H, 10.26; 
N, 6.54. MALDI-TOF MS: Calculated: [M+Na]+ = 656.46 Da, observed: [M+Na]+ = 656.35 Da. 

 
N-{2-[2-(2-methoxyethoxy)-ethoxy]-ethyl}-N’,N”-di(dodecyl)benzene-1,3,5-tricarboxamide (EO-C12). 
EO-C12 was obtained as sticky white solid (0.32 g, 25%). 1H NMR (CDCl3): δ = 8.36 (d, 3H, Ar-H), 7.35 

(t, 1H, N-H), 6.64 (t, 2H, N-H), 3.68 (m, 10H, O-CH2), 3.52 (dd, 2H, NH-CH2), 3.44 (qua, 4H, NH-CH2), 
3.24 (s, 3H, OCH3), 1.61 (m, 4H, CH2CH2), 1.25 (bs, 36H, CH2), 0.87 (d, 6H, CH3). 13C NMR (CDCl3): δ = 
166.0, 165.9, 135.4, 135.1, 128.4, 128.0, 71.8, 70.6, 70.5, 70.3, 69.7, 58.7, 40.4, 40.2, 31.9, 29.6-29.3, 27.0, 22.7, 
14.1. Elemental analysis: Calculated for C40H71N3O6: C, 69.63; H, 10.37; N, 6.09, found: C, 69.88; H, 10.56; 
N, 6.12. MALDI-TOF MS: Calculated: [M+H]+ = 690.53 Da, observed: [M+H]+ = 690.65 Da. 

 

N-{2-[2-(2-methoxyethoxy)-ethoxy]-ethyl}-N’,N”-di(tetradecyl)benzene-1,3,5-tricarboxamide (EO-C14). 
EO-C14 was obtained as sticky white solid (0.23 g, 14%). 1H-NMR (CDCl3): δ = 8.40 (d, 3H, Ar-H), 7.27 

(t, 1H, N-H), 6.60 (t, 2H, N-H), 3.68 (m, 10H, O-CH2), 3.58 (dd, 2H, NH-CH2), 3.48 (qua, 4H, NH-CH2), 
3.21 (s, 3H, OCH3), 1.62 (m, 4H, CH2CH2), 1.30 (bs, 44H, CH2), 0.90 (t, 6H, CH3). 13C NMR (CDCl3): δ = 
166.0, 165.8, 135.4, 135.1, 128.4, 128.0, 71.8, 70.6, 70.5, 70.4, 69.7, 58.7, 40.4, 40.2, 31.9, 29.6-29.3, 27.0, 22.7, 
14.1. Elemental analysis: Calculated for C44H79N3O6: C, 70.83; H, 10.67; N, 5.63, found: C, 70.98; H, 10.89; 
N, 5.49. MALDI-TOF MS: Calculated: [M+Na]+ = 768.60 Da, observed: [M+Na]+ = 768.52 Da 

 
N-{2-[2-(2-methoxyethoxy)-ethoxy]-ethyl}-N’,N”-di(hexadecyl)benzene-1,3,5-tricarboxamide (EO-C16). 
EO-C16 was obtained as sticky white solid (0.30 g, 20%). 1H NMR (CDCl3): δ = 8.36 (d, 3H, Ar-H), 7.36 

(t, 1H, N-H), 6.59 (t, 2H, N-H), 3.69 (m, 10H, O-CH2), 3.54 (dd, 2H, NH-CH2), 3.45 (qua, 4H, NH-CH2), 
3.24 (s, 3H, OCH3), 1.61 (m, 4H, CH2CH2), 1.25 (bs, 52H, CH2), 0.87 (t, 6H, CH3). 13C NMR (CDCl3): δ = 
166.0, 165.8, 135.3, 135.1, 128.4, 128.0, 71.8, 70.6, 70.5, 70.3, 69.8, 58.8, 40.4, 40.2, 31.9, 29.7-29.3, 27.0, 22.7, 
14.1. Elemental analysis: Calculated for C48H87N3O6: C, 71.86; H, 10.93; N, 5.24, found: C, 72.22; H, 11.18; 
N, 5.14. MALDI-TOF MS: Calculated: [M+Na]+ = 824.65 Da, observed: [M+Na]+ = 824.63 Da. 

 

Synthesis of 5-methoxycarbonyl-benzene-1,3-dicarboxylic acid (2). 
Trimethyl benzene-1,3,5-tricarboxylate (1, 25 g, 0.099 mol) was added to a solution containing 2.2 eq. 

NaOH (8.72 g, 0.218 mol) in MeOH (500 mL) in a 1 L round bottom flask. The mixture was stirred for 21 
hours under reflux at 85 °C, after which the mixture was allowed to cool down to room temperature. 
Subsequently, the mixture was concentrated to about 200 mL in vacuo, poured in 700 mL 1 M HCl in a 
separation funnel of 2 L and extracted with diethylether (3 x 300 mL). The organic layers were collected 
and the solvent was removed in vacuo. The crude product was recrystallized twice from ethyl acetate 
and obtained as a white solid (16.06 g, 72%). 1H NMR (CDCl3): δ = 8.66 (t, 1H, Ar-H), 8.64 (d, 2H, Ar-H), 
3.93 (s, 3H, O-CH3). 

 

Synthesis of methyl-3,5-bis-chlorocarbonyl-benzoate (3). 
A 250 mL three-necked round bottom flask was charged with a solution of 2.0 g 5-methoxycarbonyl-

benzene-1,3-dicarboxylic acid (8.92 mmol) in 60 mL of dry THF under an argon atmosphere and a 
catalytic amount of DMF (2 droplets) was added to the solution. To this solution was added dropwise a 
solution of 2.2 eq. oxalyl chloride (2.49 g, 0.0196 mol) in 40 mL of dry THF. The reaction was stirred for 
90 min at room temperature (completion checked with 1H NMR), after which the THF was removed in 

vacuo and the excess of oxalyl chloride was removed by co-evaporation with toluene (2 x 150 mL). The 
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product was obtained as a yellowish oil in a quantitative yield. 1H NMR (CDCl3): δ = 9.02 (d, 2H, Ar-H), 
8.97 (t, 1H, Ar-H), 4.10 (s, 3H, O-CH3). 

 
Synthesis of methyl-3,5-bis-n-decylaminocarbonyl-benzoate (4). 
A 250 mL three-necked round bottom flask was charged with a solution of n-decylamine (4.21 g, 0.027 

mol) and triethylamine (3.16 g, 0.031 mol) in 80 mL dry CHCl3 under an argon atmosphere. To this 
solution was added dropwise a solution of all obtained methyl-3,5-bis-chlorocarbonyl-benzoate in 40 
mL of dry CHCl3. The reaction was stirred for 24 hours at room temperature under argon atmosphere. 
The obtained mixture was transferred to a separation funnel and washed with 1 M HCl (100 mL) and 
NaCl (sat) (100 mL). The crude product was purified with a short silica-gel column filtration using 
CHCl3/MeOH (95:5) as eluens. The obtained product was then purified further by recrystallization from 
ethyl acetate (three times) to obtain a white product (1.00 g, 22.3 %). 1H NMR (CDCl3): δ = 8.52 (d, 2H, 
Ar-H), 8.40 (t, 1H, Ar-H), 6.28 (t, 2H, N-H), 3.97 (s, 3H, O-CH3), 3.48 (m, 4H, NH-CH2), 1.67-1.27 (m, 32H, 
CH2), 0.88 (m, 6H, CH3). MALDI-TOF MS: Calculated: [M+Na]+ = 525.72 Da, observed [M+Na]+ = 525.35 
Da. 

 
Synthesis of 3,5-bis-n-decylaminocarbonyl-benzoic acid (5). 
A 250 mL round bottom flask was charged with a solution of methyl-3,5-bis-n-decylaminocarbonyl-

benzoate (1.00 g, 1.98 mmol) and 4 eq. LiOH.H2O (0.332 g, 7.92 mmol) in 80 mL methanol and 3 mL 
water. The solution was stirred for two days at room temperature after which the solution was poured 
into 300 mL H2O (acidified with 2 M HCl to pH<1). A white powder precipitated and was isolated by 
filtration. The product was dried in vacuo (0.83 g, 85 %). 1H NMR (CDCl3/CD3OD 99:1): δ = 8.55 (s, 2H, 
Ar-H), 8.40 (s, 1H, Ar-H), 7.16 (t, 2H, N-H), 3.47 (m, 4H, NH-CH2), 1.66-1.28 (m, 36H, CH2), 0.89 (m, 6H, 
CH3). MALDI-TOF MS: Calculated: [M+Na]+ = 511.99 Da, observed: [M+Na]+ = 511.34 Da. 

  
N-(ethyl 11-undecanoate)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (6). 

A 500 mL three-necked round bottom flask was charged with a solution of 3,5-bis-n-
decylaminocarbonyl-benzoic acid (0.32 g, 0.66 mmol), 2.0 eq. DMAP (0.16 g, 1.31 mmol), 2.0 eq. 
triethylamine (0.13 g, 1.31 mmol) and 2.0 eq. ethyl 11-aminoundecanoate (0.329 g, 1.31 mmol) in 80 mL 
of dry CHCl3 under an argon atmosphere; the solution was cooled in an ice-salt bath. To this solution, a 
solution containing 2 eq. EDC (0.251 g, 1.31 mmol) in 20 mL of dry CHCl3 was quickly added. The 
solution was stirred for two days under an argon atmosphere. The mixture was then transferred to a 
separation funnel and filled up with 50 mL of CHCl3 and subsequently washed with 1 M HCl (100 mL), 
10% NaHCO3(aq) (100 mL), brine (100 mL). The solvent was removed in vacuo and the product was used 
in the next step without further purification (0.450 g., 98%). 1H NMR (CDCl3): δ = 8.34 (s, 3H, Ar-H), 6.49 
(t, 3H, N-H), 4.13 (q, 2H, O-CH3), 3.46 (m, 6H, NH-CH2), 2.28 (t, 2H, CH2-CO), 1.63-1.25 (m, 51H, CH2), 
0.88 (m, 6H, CH3). MALDI-TOF MS: Calculated: [M+Na]+ = 722.54 Da, observed: [M+Na]+ = 722.45 Da. 

 
N-(11-undecanoic acid)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (A1). 

A 100 mL round bottle flask was charged with a solution of N-(ethyl 11-undecanoate)-N’,N”-di(n-
decyl)benzene-1,3,5-tricarboxamide (0.650 g, 0.929 mmol) and 10 eq. of LiOH.H2O (0.5 g, 0.012 mol) in 75 
mL of dioxane and 25 mL of H2O and stirred overnight at room temperature. The mixture was then 
transferred to a separation funnel filled with 400 mL 1 M HCl and extracted with CHCl3 (three times 150 
mL). The collected organic layers were washed with 1 M HCl (three times 100 mL) and water (three 
times 100 mL), the solvent was removed in vacuo and the crude white product was purified further by 
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recrystallization from acetone (two times) to obtain a white product (0.36 g, 58%). 1H NMR (CDCl3): δ = 
8.60 (s, 2H, Ar-H), 8.42 (s, 1H, Ar-H), 7.59 (t, 1H, N-H) 6.96 (t, 2H, N-H), 3.44 (m, 6H, NH-CH2), 2.36 (t, 
2H, CH2-CO), 1.63-1.25 (m, 48H, CH2), 0.88 (m, 6H, CH3). Elemental analysis: Calculated for C40H69N3O5: 
C, 71.49; H, 10.35; N, 6.25, found: C, 71.52; H, 10.40; N, 6.26. MALDI-TOF MS: Calculated: [M-H]- = 
670.52 Da, observed: [M-H]- = 670.37 Da. 

 
General procedure for F5, F7 and F8. 

A 100 mL two-necked round bottom flask was charged with a solution of N-(11-undecanoic acid)-
N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (0.108 g, 0.161 mmol), 1.7 eq. DPTS (0.081 g, 0.274 mmol)  
and 1.7 eq. of the appropriated alcohol (0.274 mmol) in 40 mL of dry CHCl3 under an argon atmosphere; 
the solution was cooled in an ice-salt bath. To this solution, a solution containing 3 eq. EDC (0.093 g, 
0.865 mmol) in 15 mL of dry CHCl3 was quickly added. The solution was stirred for two days under an 
argon atmosphere. The mixture was then transferred to a separation funnel and filled up with 50 mL of 
CHCl3 and subsequently washed with 1 M HCl (100 mL), 10% NaHCO3(aq) (150 mL), brine (50 mL) and 
water (50 mL). The solvent was removed in vacuo, after which the crude product was purified by 
column chromatography. The silica was equilibrated in CHCl3 and column chromatography was 
performed using 10 g silica in a column with a diameter of 1.5 cm. Because of the relatively poor 
solubility of the crude product in chloroform, the crude product was dissolved in a large volume of 
chloroform, silica was added, the mixture was stirred for 15 minutes and was evaporated to dryness in 

vacuo. This impregnated silica was then poured on top of the column. The eluent was then applied 
(chloroform/methanol 96/4 v/v) and the product fractions were collected (checked with TLC). The 
solvent was removed in vacuo, to obtain a white solid. 

 

N-(2,2,3,3,3-pentafluoropropyl 11-undecanoate)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (F5). 

F5 was obtained as a sticky white solid (0.072 g, 79%).1H NMR (CDCl3): δ = 8.34 (s, 3H, Ar-H), 6.53 (t, 
3H, N-H), 4.54 (t, J=13 Hz, 2H, O-CH2-CF2), 3.45 (m, 6H, NH-CH2), 2.45 (t, 2H, CH2-CO) 1.63-1.25 (m, 
48H, CH2), 0.88 (t, 6H, CH3). 19F NMR (CDCl3): δ = -83.9 (s, 3F), -123.5 (t, 2F), -127.7 (s, 2F). 13C NMR 
(CDCl3): ): 171.1, 165.2, 134.3, 126.8, 118.4 (t, 1JC-F = 37 Hz, d 2JC-F = 283 Hz), 112.0 (q, 1JC-F = 37 Hz, t 2JC-F = 
234 Hz), 57.9 (t, JC-F = 28 Hz), 39.4, 32.6, 30.9, 28.6, 28.5, 28.3, 28.3, 28.3, 28.1, 27.9, 26.0, 26.0, 21.7, 13.1. 
Elemental analysis: Calculated for C43H70F5N3O5: C, 64.23; H, 8.78; N, 5.23, found: C, 64.03; H, 8.63; N, 
5.01. MALDI-TOF MS: Calculated: [M+Na]+ = 826.51 Da, observed: [M+Na]+ = 826.31 Da.  

 

N-(2,2,3,3,4,4,4-heptafluorobutyl 11-undecanoate)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (F7). 

F7 was obtained as a sticky white solid (0.220 g, 85%). 1H NMR (CDCl3): δ = 8.33 (s, 3H, Ar-H), 6.44 (t, 
3H, N-H), 4.59 (t, J=14 Hz, 2H, O-CH2-CF2), 3.46 (m, 6H, NH-CH2), 2.40 (t, 2H, CH2-CO) 1.63-1.26 (m, 
48H, CH2), 0.88 (t, 6H, CH3). 19F NMR (CDCl3): δ = -80.9 (t, 3F), -120.5 (q, 2F), -127.7 (s, 2F). 13C NMR 
(CDCl3): 172.1, 166.2, 135.3, 127.9, 122-107 (broad multiplet of 3 carbons), 59.1 (t, JC-F = 27 Hz), 40.4, 33.6, 
31.9, 29.6, 29.5, 29.5, 29.3, 29.3, 29.3, 29.1, 28.9, 27.0, 27.0, 24.6, 22.6, 14.1. Elemental analysis: Calculated 
for C44H70F7N3O5: C, 61.88; H, 8.26; N, 4.92, found: C, 61.81; H, 8.10; N, 4.75. MALDI-TOF MS: Calculated. 
[M+Na]+ = 876.51 Da, observed: [M+Na]+ = 876.83 Da. 

 

N-(2,2,3,3,4,4,5,5-octafluoropentyl 11-undecanoate)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (F8). 

F8 was obtained as a sticky white solid (0.120 g, 84%).1H NMR (CDCl3): δ = 8.32 (s, 3H, Ar-H), 6.72 (t, 
3H, N-H), 6.06 (3xt, J=52 Hz, 1H, CF2-H), 4.59 (t, J=14 Hz, 2H, O-CH2-CF2), 3.43 (m, 6H, NH-CH2), 2.41 (t, 
2H, CH2-CO) 1.62-1.33 (m, 48H, CH2), 0.88 (t, 6H, CH3). 19F NMR (CDCl3): δ = -119.7 (m, 2F), -125.4 (t, 2F), 
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-130.1 (m, 2F), -137.2 (d, 2F). 13C NMR (CDCl3): δ = 172.2, 165.8, 135.3, 135.3, 128.0, 108-104 (broad 
multiplet of 4 carbons), 59.2 (t, JC-F = 26 Hz), 40.4, 40.4, 33.7, 31.9, 29.6, 29.6, 29.4, 29.3, 29.3, 29.3, 29.1, 28.9, 
27.0, 27.0, 24.6, 22.7, 14.1. Elemental analysis: Calculated for C45H71F8N3O5: C, 61.00; H, 8.08; N, 4.74, 
found: C, 61.22; H, 8.00; N, 4.69. MALDI-TOF MS: Calculated: [M+Na]+ = 908.52 Da, observed: [M+Na]+ = 
908.49 Da. 

 
N-(2,2,3,3,4,4,4-heptafluorobutyl)-N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (F-C10). 

A 100 mL three-necked round bottom flask was charged with a solution of 3,5-bis-n-
decylaminocarbonyl-benzoic acid (0.120 g, 0.246 mmol), 1.7 eq. DMAP (0.058 g, 0.417 mmol), 1.7 eq. 
2,2,3,3,4,4,4-heptafluorobutylamine (0.083 g, 0.418 mmol) in 30 mL of dry CHCl3 under an argon 
atmosphere; the solution was cooled in an ice-salt bath. To this solution, a solution containing 1.7 eq. 
EDC (0.080 g, 0.418 mmol) in 10 mL of dry CHCl3 was quickly added. The solution was stirred for two 
days under an argon atmosphere. The mixture was then transferred to a separation funnel and filled up 
with 25 mL of CHCl3 and subsequently washed with 1 M HCl (50 mL), 10% NaHCO3(aq) (50 mL), brine 
(50 mL) and water (50 mL). The solvent was removed in vacuo, after which the crude product was 
purified by means of column chromatography using chloroform/methanol 96/4 v/v as eluent. The 
obtained product fractions (checked with TLC) were collected and the solvent was removed in vacuo, to 
obtain a white sticky solid (0.140 g, 85%). 1H NMR (CDCl3): δ = 8.36 (s, 3H, Ar-H), 6.74 (t, 1H, N-H), 6.39 
(t, 2H, N-H), 4.25 (3xd, J=16 Hz, 2H, NH-CH2-CF2), 3.47 (m, 4H, NH-CH2), 1.63-1.27 (m, 32H, CH2), 0.88 
(t, 6H, CH3). 19F NMR (CDCl3): δ = -80.8 (t, 3F), -118.8 (s, 2F), -127.9 (s, 2F). 13C NMR (CDCl3): 167.1, 166.2, 
135.7, 134.0, 128.1, 127.6, 120-107 (broad multiplet of 3 carbons), 40.3, 39.3 (t, JC-F = 25 Hz), 31.9, 29.6, 29.3, 
29.3, 27.0, 22.7, 14.1. Elemental analysis: Calculated for C33H50F7N3O3: C, 59.18; H, 7.52; N, 6.27, found: C, 
59.49; H, 7.42; N, 6.26. MALDI-TOF MS: Calculated: [M+Na]+ = 692.36 Da, observed: [M+Na]+ = 692.37 
Da. 
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Nanostructured Materials through Orthogonal 

Self-Assembly in a Columnar Liquid Crystal 
 
 
 
 
 
Abstract. A system is described in which an acid functionalized discotic molecule and 

poly(propylene imine) dendrimer self-assemble into a new type of oblique columnar liquid 
crystalline (LC) phase that displays a well-ordered superlattice. The orthogonal combination of 
hydrogen bonding in the columnar direction and ionic interaction in the plane perpendicular 
to the columns gives rise to a structure in which the dendrimer is confined to separate 
columnar domains. The structure of the mesophases formed in the mixed system has been 
elucidated by infrared spectroscopy and X-ray scattering. Investigation by differential 
scanning calorimetry and polarizing optical microscopy has shown that the LC phase is most 
stable in an 8:1 molar mixture but remains stable over a wide temperature and composition 
range. In dendrimer enriched mixtures the lattice swells to take up more dendrimer, while 
discotic enriched mixtures show the appearance of lamellar phases with a columnar structure 
that is probably closely related to the oblique superlattice. Additionally, the structure of the 
oblique superlattice can be covalently stabilized at elevated temperature via amidation of the 
ionic carboxylic acid-amine complexes. The results show the potential of orthogonal self-
assembly in columnar LC phases to obtain nanostructured materials with a periodicity of 1-5 
nm.  
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4.1 Introduction 

Liquid crystals (LCs) are self-assembled soft materials that possess orientational order 
without or with only low-dimensional positional order (less than 3D).1,2 The combination of 
order and mobility found in LCs yields well-organized materials that are able to respond to 
external stimuli (e.g., electrical, chemical or mechanical).3-5 At the molecular level, LC behavior 
is directly related to structure and can be induced by a combination of structural factors that 
fall in three broad classes, namely, anisotropic shape of the molecules, micro-segregation 
between incompatible molecular segments (at least one of which should be flexible), and 
specific interactions between individual molecules.5,6 A number of recent fundamental studies 
have shown that it is possible to design LC systems with intricate structures by carefully 
combining and balancing these factors.7-9 The possibility to engineer complex structures in LC 
phases as well as their inherent properties make LCs extremely suitable to develop self-
organized functional materials.10 One of the many potential application areas for LC based 
functional materials are mesoporous materials (IUPAC definition: pore size 2–50 nm). Several 
examples of polymerizable LC assemblies with well-defined nanopores were reported 
recently, most notably by Gin and his co-workers.11-15 However, the pore size in the 
nanoporous materials obtained by this elegant approach is around 1 nm. 

In Chapter 3, we have investigated the LC phase behavior of several discotics based on a 
benzene-1,3,5-tricarboxamide (BTA) core that were functionalized with different chemically 
incompatible moieties. For none of these systems we observed the desired well-ordered 
superlattice of phase separated columnar microdomains because of the limited conformational 
freedom in the molecular and supramolecular structure of the columns and the insufficient 
phase separating ability of the dissimilar chains. Therefore, the aim of this chapter is to design 
and characterize a mixed columnar LC phase based on BTAs in which the phase separation of 
a second, highly flexible component into a well-ordered superlattice is aided by reversible 
supramolecular interactions acting orthogonal to the hydrogen bonding along the columns.16 
Moreover, by using reversible interactions, the minor component should easily be removed or 
substituted in a later stage to yield functional porous materials with pore sizes in the size 
range of single columns (1-5 nm). 

In the present study we want to exploit the ability of BTA based discotics to form stable, 
hydrogen bonded LC phases by synthesizing a carboxylic acid-modified derivative (A1).18 
Secondly, the ionic complexation between the acid groups of this BTA and the amino groups 
in a poly(propylene imine) dendrimer (PPI-dendr) is used as the orthogonal supramolecular 
interaction to obtain a columnar LC phase with a superlattice of microdomains containing the 
dendrimer (Scheme 4.1). PPI-dendr is a well-defined and flexible molecule that has a large 
number of terminal amino groups.19,20 As is well-known, covalent attachment of mesogenic 
units to PPI-dendr can lead to LC behavior.21 In general, the use of ionic interactions is an 
established method to prepare mixed LC materials and several ionic columnar LCs were 
reported recently.22-25 For PPI-dendr, specifically, self-assembled ionic LCs based on 
complexation with carboxylic acids were described by Serrano et al. and others.26-29 Recently, 
Tschierske et al. showed that ionic interactions between PPI-dendr and acid functionalized 
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supramolecular LCs based on ionic interactions between carboxylic acids and PPI-dendr, it is 
known that the ionic acid-amine complexes are converted to covalent amide bonds above 100 
°C.26 Owing to this covalent linkage of the two components, it was impossible to obtain well-
defined textures by slowly cooling from the isotropic melt. Therefore, we drop-cast the 
mixtures directly from a methanol solution, allowed the solvent to slowly evaporate at room 
temperature and annealed at 100 °C. Samples prepared in this manner yielded POM textures 
with domains extending over several tenths of micrometers (Figure 4.1b). The brightly 
birefringent and mobile textures prove that the mixed phases are indeed liquid crystalline in 
nature. Moreover, the focal conic fan-like texture observed after annealing resembles the 
texture of pure A1 and is consistent with a columnar mesophase. DSC experiments on the 
A1/PPI-dendr system showed a considerable depression of the phase transition temperatures 
as well as broadening of the corresponding peaks in subsequent heating and cooling cycles. 
These observations indicate that also during regular DSC experiments amidation occurs in the 
mixtures. Therefore, we decided to quantify the phase transitions of the mixtures based on 
DSC experiments in which the samples were first annealed at 100 °C for 15 min before 
performing a single cooling and heating cycle at a relatively high rate (40 °C/min). 

 

Table 4.1: Phase Behavior of Pure A1 and A1/PPI-dendr Mixtures. 

Composition 

(A1/PPI-dendr)
 [a]

 
T, °C (∆∆∆∆H, J/g)

 [b]
 

1:0 Cr 38 (15.1)
 [c]

 Colhd   116 (6.4)
 [d]

 I 

        

4:1   Colod   123 (7.2) I 

5:1   Colod   125 (9.6) I 

6:1 Cr 61 (1.2) Colod   135 (14.5) I 

7:1 Cr 66 (1.9) Colod   139 (16.0) I 

8:1 Cr 69 (2.7) Colod   141 (17.6) I 

10:1 Cr 70 (3.5) Colx
 [e]

 114 (1.0) Colod 140 (16.2)
 [f]

 I 

12 1 Cr 62 (2.5) Colx 115 (3.2) Colx 137 (13.1)
 [g]

 I 

15:1 Cr 55 (2.1) Colx   133 (11.8) I 

[a] The composition of the samples is reported as mol A1:mol PPI-dendr. 
[b] The onset temperatures and transition enthalpies of the transitions for pure A1 (1:0 entry) are based 

on the second heating run in DSC at 10 °C/min. The transitions of the mixtures are based on the first 
heating run after annealing at 40 °C/min. The observed phases are identified by the following 
abbreviations: Cr = crystalline, Colod = disordered oblique columnar LC, I = isotropic liquid. 

[c] Corresponding to 10.1 kJ/mol 
[d] Corresponding to 4.3 kJ/mol 
[e] Colx designates a mixture of columnar phases or an unknown columnar phase. See the main text for 

a detailed discussion of the nature of these phases. 
[f] The reported enthalpy is the combined energy of the Colx-Colod and Colod-I transitions to allow for 

comparison across the mixture series. 

 
The transition corresponding to isotropization as observed by POM is clearly seen in the 

DSC heating run for all mixtures with a A1/PPI-dendr ratio of 4:1 or higher (Figure 4.2 and 
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Table 4.1). The onset of isotropization ranges from 123 °C to 141 °C. Realizing that PPI-dendr is 
an isotropic liquid at room temperature and pure A1 is isotropic above 116 °C, these high 
isotropization temperatures for the mixtures are remarkable. Clearly, at least one new, mixed 
LC phase is formed that is thermally more stable than the columnar mesophase of the pure 
acid-modified discotic. The DSC data indicate that the 8:1 mixture has the highest clearing 
temperature, sharpest transition and highest transition enthalpy: hence it forms the most stable 
mixed mesophase. The stability of the 8:1 mixture can be explained by the fact that at this 
composition primary amines and carboxylic acid groups are present in a stoichiometric ratio. 
In this situation, the complexation between the amines in the periphery of PPI-dendr and the 
acid-modified discotic is most effective. On the time scale of the DSC experiments 
crystallization only takes place at mixing ratios of 6:1 or higher, which gives rise to the crystal-
mesophase transitions observed between 55 °C and 70 °C. Finally, all mixtures with a higher 
mixing ratio than 8:1 show a second melting peak around 115 °C, just below the isotropization 
temperature. This transition is probably due to melting of the lamellar phases that appear in 
the discotic rich composition region (see section “Mesophase Structure” on page 103). 

 

Figure 4.2: DSC traces for A1/PPI-dendr mixtures (heating runs at 40 °C/min after annealing at 100 °C). The 

composition of the samples is indicated on the right side of the traces as mol A1:mol PPI-dendr. 

 

Mesophase Structure 

We determined the mesophase structure of pure A1 and the structure of the mesophases 
formed in mixtures of A1 and PPI-dendr by Small and Wide Angle X-ray Scattering (SAXS and 
WAXS) and infrared (IR) spectroscopy, both at variable temperature. For clarity, the discussion 
of the mesophase structures will be divided in four parts. First, the mesophase structure for 
pure A1 is treated. Second, we discuss how orthogonal ionic and hydrogen bonding 
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interactions direct the self-assembly of pure A1 and PPI-dendr into an oblique columnar 
superlattice in the most stable 8:1 mixture. Subsequently, we give a qualitative description of 
the phase behavior of the mixtures enriched in dendrimer and acid-modified discotic, 
respectively, relative to the most stable composition. 

Pure A1: a Hexagonal Columnar LC Phase 

In many columnar LC phases of discotic molecules based on large aromatic cores (e.g., 
triphenylenes) π-π interactions between the cores play an important role.41 This is less so for 
discotics with aliphatic chains coupled directly to a single BTA core that mostly rely on 
hydrogen bonding interactions for their self-assembly into columnar mesophases.42 Here the 
strong, three-fold hydrogen bonding along the column axis in the mesophase leads to 
characteristic shifts in a number of amide related absorption bands in the IR spectrum when 
compared to the weaker hydrogen bonded isotropic state.43,44 Therefore, IR spectroscopy is an 
ideal technique to probe the columnar structure of the mesophases formed in the present 
system. 

      

Figure 4.3: IR spectra at 100 °C. a) Pure A1 (bottom) and the 8:1 mixture (A1/PPI-dendr, top), arrows indicate 

the most important absorption bands and the top spectrum is plotted with a vertical offset for clarity, b) 

Magnification of the carboxylic acid absorption bands for pure A1 and the 5:1, 8:1, 10:1, 12:1, 15:1 mixtures 

(A1/PPI-dendr). The spectra for the 5:1 mixture and pure A1 are plotted with a heavy line and the arrow indicates 

the observed trend with increasing content of A1. 

The IR spectrum for pure A1 in the mesophase at 100 °C shows a strong amide C=O stretch 
absorption band at 1638 cm-1 and a relatively sharp amide N-H stretch band around 3247 cm-1 
(Figure 4.3a). Both features are characteristic for strong hydrogen bonding between the 
individual discotics along the column axis.42 More evidence for the regular columnar nature of 
the mesophase of A1 comes from the WAXS data recorded at the same temperature (Figure 
4.4b). Here we observe an intense and diffuse halo centered around a distance of ~0.47 nm and 
a weaker maximum at a higher q-value corresponding to a distance of 0.35 nm. The diffuse 
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halo is commonly observed for discotic LCs in their mesophase and is attributed to the liquid-
like order between the molten alkyl chains. The second maximum corresponds to the interdisk 
stacking distance along the column axis. From the width of this peak a correlation length of 
approximately 14 discotics can be estimated indicating a fairly disordered arrangement of the 
discotics along the column axis in the mesophase.45,46 The stacking distance of 0.35 nm arises 
from the interplay between hydrogen bonding and π-π interactions between the benzene cores 
and was reported earlier for other BTA derivatives, both in their crystalline and LC state.47-49 

Table 4.2: Indexing of the SAXS Data for A1 and the 5:1, 8:1, and 10:1 Mixtures (A1/PPI-dendr). 

Composition 

(1:PPI-dendr)
 [a]

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

1:0 100 100 1.73 1.73 type: 
[b]

 Colhd (p6mm) 

(pure A1)  110 1.00 1.00 a = 2.00 nm 

  200 0.88 0.87 c = 0.35 nm 

  001 0.35  ρ  = 0.92 g/mL 

        

5:1 100 100 4.87 4.87 type: Colod (p1 or p2)
 [c]

 

  200 2.43 2.44 a = 5.19 nm 

  020 1.67 1.67 b = 3.56 nm 

  300 1.62 1.62 c = 0.35 nm 

  320 1.45 1.44 γ  = 69.9 ° 

  420 1.21 1.20 ρ
 [d]

 = 1.13 g/mL 

  -320/520 1.01 1.00    

  001 0.35     

 120 100 4.84 4.84 type: Colod (p1 or p2) 

  200 2.41 2.42 a = 5.18 nm 

  020 1.71 1.71 b = 3.66 nm 

  300 1.61 1.61 c = 0.35 nm 

  320 1.46 1.46 γ = 69.3 ° 

  420 1.21 1.21 ρ = 1.11 g/mL 

  -320/520 1.02 1.01    

  001 0.35     

        

8:1 100 100 4.88 4.88 type: Colod (p1 or p2) 

  200 2.43 2.44 a = 5.19 nm 

  020 1.66 1.66 b = 3.54 nm 

  300 1.63 1.63 c = 0.35 nm 

  320 1.44 1.43 γ = 70.1 ° 

  420 1.21 1.20 ρ = N/A
e 

 

  -320/520 1.01 1.00    

  001 0.35     

 120 100 4.86 4.86 type: Colod (p1 or p2) 

  200 2.42 2.43 a = 5.19 nm 

  020 1.71 1.71 b = 3.64 nm 

  300 1.62 1.62 c = 0.35 nm 

  320 1.46 1.46 γ = 69.4 ° 

  420 1.22 1.21 ρ = 1.05 g/mL 

  -320/520 1.02 1.01    

  001 0.35     
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Table 4.2 (continued): Indexing of the SAXS Data for A1 and the 5:1, 8:1, and 10:1 Mixtures (A1/PPI-dendr). 

Composition 

(1:PPI-dendr)
 [a]

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

10:1 100 100 4.93 4.93 type: Colod (p1 or p2) 

  200 2.47 2.47 a = 5.24 nm 

  020 1.65 1.65 b = 3.50 nm 

  300 1.64 1.64 c = 0.35 nm 

  320 1.41 1.43 γ = 70.5 ° 

  420 1.21 1.20 ρ = N/A g/mL 

  -320/520 1.02 1.01    

  001 0.35     

 120 100 4.91 4.91 type: Colod (p1 or p2) 

  200 2.44 2.45 a = 5.23 nm 

  020 1.69 1.69 b = 3.60 nm 

  300 1.64 1.64 c = 0.35 nm 

  320 1.46 1.45 γ = 69.9 ° 

  420 1.22 1.21 ρ = 1.01 g/mL 

  -320/520 1.03 1.01    

  001 0.35     

[a] The composition of the mixtures is reported as the molar ratio A1/PPI-dendr. 
[b] The abbreviation of the mesophase type (following the conventions in references 50 and 51) is given, 

followed by the plane group of the lattice between brackets. 
[c] Since the mesophase type is oblique, the plane group is either p1 or p2. The SAXS data did not allow 

us to discriminate between the two possibilities. 
[d] Calculated assuming a single phase is present with a uniform composition equal to the mixing ratio. 

See Appendix 3 for a sample calculation. 
[e] No density was calculated because the SAXS pattern clearly shows the presence of multiple phases. 

 
The two-dimensional arrangement of the columns in the plane perpendicular to the column 

axis has been investigated by SAXS. The pure acid-modified discotic displays a characteristic 
hexagonal diffraction pattern with three clear diffraction peaks spaced in q-space at relative 
positions 1:√3:2 (Table 4.2). Therefore, we have indexed the SAXS data as a hexagonal lattice 
and, also based on the limited correlation length observed for the disk-disk stacking by WAXS, 
determined the mesophase type for pure A1 to be disordered hexagonal columnar (Colhd). 

The 8:1 Mixture: an Oblique Columnar LC phase Featuring a Superlattice 

In the IR spectrum for the 8:1 mixture (Figure 4.3a) of the acid-modified discotic and PPI-
dendr, the bands that are indicative for hydrogen bonding of the amide group appear at 
approximately the same wavenumbers as in pure A1 (C=O stretch 1638 cm-1, N-H stretch 3245 
cm-1). The corresponding regular columnar stacking in the mixed mesophase is confirmed by 
the practically constant interdisk distance as observed in the WAXS patterns of all the mixtures 
in the 8:1 composition range (Figure 4.4b). In addition, the correlation lengths for the columnar 
stacking calculated from these patterns is comparable to that found for pure A1 (14-17 
discotics). The formation of the ionic complex between the carboxylic acid and the amine in the 
mixed mesophase is demonstrated by the IR spectra as well. The absorption bands of the free 



Chapter 4 

 98 

and dimerized carboxylic acid at 1739 cm-1 and 1715 cm-1, respectively, are completely absent 
in the IR spectrum of the 8:1 mixture, while the maximum of the broad absorption band in the 
amide II region shifts to a slightly higher wavenumber (1553 cm-1) due to the contribution of 
the asymmetric stretching band of the carboxylate anion in this region.26,52 

The combination of IR and WAXS data demonstrates the columnar stacking of the discotics 
in the mixed mesophase of the 8:1 mixture, while IR also clearly shows that both hydrogen 
bonding and ionic interactions are present. The presence of the ionic interactions does not 
change or weaken the hydrogen bonding interactions along the column axis of the acid-
modified discotic to an appreciable extent, proving that the two interactions are indeed 
orthogonal in the present system. 

   

Figure 4.4: X-ray scattering data for the 5:1, 8:1 and 10:1 mixtures of A1 with PPI-dendr. a) Integrated SAXS 

patterns for the 5:1, 8:1 and 10:1 mixtures at 100 °C (bottom) and 120 °C (top).The double arrows in the patterns 

at 100 °C indicate the position of peaks that originate from a second, lamellar phase which coexists with the oblique 

columnar phase. b) WAXS patterns for pure A1 and mixtures with different molar composition ratios (A1/PPI-

dendr) at 100 °C. 

The SAXS pattern of the 8:1 mixture turns out to be rather complicated (Figure 4.4a). The 
most prominent features are the intense maximum in the low q-region (1-2 nm-1) and the 
complete disappearance of reflections from the original hexagonal lattice of the acid-modified 
discotic. At 120 °C, the SAXS pattern shows one intense low-q maximum, two partly 
overlapping peaks with nearly equal intensity around 4 nm-1 and a number of weaker 
reflections. The SAXS pattern at 100 °C is qualitatively the same except for an additional set of 
three very weak peaks (indicated by the double arrows in Figure 4.4a). This second set of 
peaks has a relative spacing of 1:2:3 in q-space and is attributed to the presence of a small 
amount of a coexisting lamellar phase (also see subsection concerning discotic enriched 
mixtures on page 103). 
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The low-q maximum in the mixed mesophase originates from molecular order with a 
periodicity of about 5 nm, much larger than the diameter of the individual columns in the 
lattice of pure A1 (2 nm). Furthermore, two-dimensional SAXS of a weakly aligned sample of 
the mixtures in the LC state prove that all observed diffraction peaks arise from order in the 
same single plane.53 Evidently, addition of PPI-dendr to the acid-modified discotic and the 
ionic interaction between the two components generate a completely new and well-developed 
columnar superlattice in the mixed LC phase. 

 
To construct a two-dimensional structural model for the mixed mesophase that accounts for 

the observed scattering pattern, we first consider the three strongest reflections. The low-q 
peak, which corresponds to the largest d-spacing, is attributed to an ordered arrangement of 
dendrimer domains in a columnar lattice of the acid-modified discotic and therefore taken to 
be the (100) reflection of the superlattice. In all SAXS patterns the positions of this first-order 
reflection and the second reflection of the pair of overlapping reflections around 4 nm-1 have 
exactly a relative ratio of 1:3. The combination of a high intensity of the third-order reflection 
and a very weak second-order one suggests an additional periodicity in the lattice in this 
direction that is exactly three times smaller than the first-order spacing. Comparing the SAXS 
patterns at different temperatures and compositions (Figure 4.4a), it is clear that the position of 
the last intense reflection has no fixed ratio relative to that of the other two strong ones. 
Consequently, this reflection must originate from a set of lattice planes not parallel to the (100) 
and (300) planes. By ascribing a (120) index to the nonparallel reflection in a rectangular lattice 
we can accurately reproduce all observed d-spacings. 

Starting from a simple rectangular lattice, we have developed the more detailed structural 
model for the mixed mesophase depicted in Figure 4.5. The rectangular lattice is depicted by 
the light gray lines in Figure 4.5 and the planes are labeled using monoclinic indices, 
transforming the (120) planes into (020) planes (see below). In this model, the discotic columns 
and dendrimer domains are located on the crossing points of a grid made up of the (100), (120) 
and (300) lattice planes in the rectangular lattice. This arrangement assures that the electron 
density is highest along these lattice planes and, thereby, accounts for the fact that these three 
sets of planes give rise to the most intense X-ray diffraction peaks. The PPI-dendr domains, 
which are responsible for the formation of the super structure, are only present in the (100) 
planes. The individual PPI-dendr domains are separated by a single column of the acid-
modified discotic within the (100) plane and by a complete layer of discotic columns on each 
side in the perpendicular direction. Note that the dendrimer domains in subsequent (100) 
planes are shifted by one grid position in the direction along the plane. Since the periodicity of 
the dendrimer domains in this direction is two grid positions, this half-period shift explains 
why reflections from planes perpendicular to (100) are systematically absent in the SAXS 
patterns. 

Although the structural model was constructed starting from a rectangular lattice, the 
smallest possible unit cell (enclosed by the heavy black lines in Figure 4.5) is actually a 
parallelogram with an angle of around 70°. In this way we are able to index all the SAXS peaks 
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the 8:1 mixture in the mesophase is 1.05 g/mL, somewhat higher than the densities of the 
separate components (pure A1 ~0.93 g/mL and PPI-dendr ~0.99 g/mL).54 Since the mixed 
mesophase is partly ionic in nature, a slightly higher density is reasonable.55, 56 

We consider the structure of the oblique columnar superlattice as found in the 8:1 
composition region quite astonishing and, to the best of our knowledge, unique in the 
literature so far. Starting out, we did not anticipate that mixing the isotropic PPI-dendr with a 
hexagonal columnar LC could give rise to a well-ordered non-hexagonal super structure. 
Deviations from the hexagonal symmetry as such are not unique in columnar LC phases. 
Numerous examples of rectangular and oblique columnar mesophases exist, which form 
because their columns have a certain degree of asymmetry.51,57-59 The most common cause of 
such asymmetry is a uniform tilt of the individual discotics in the column with respect to the 
column axis.60 Since in our system the columns of the acid-modified discotic are held together 
by three hydrogen bonds per discotic that should all have an equal length, tilt is very unlikely 
as a cause of dissymmetry in the columns. Another possible cause for asymmetric columns is a 
strongly anisotropic distribution of the volume occupied by the liquid-like alkyl chains around 
the discotic core.57,61 Although the molecular structure of the acid-modified discotic is fairly 
symmetric, the mobility of the acid-modified side chains in the mixed mesophase is severely 
restricted by the strong ionic interactions with the dendrimer domains. The asymmetry 
imposed by this loss of free liquid-like volume is most probably the reason for the deviation 
from hexagonal symmetry in the mixed A1/PPI-dendr system. 

Finally, note that two other strong and opposing driving forces direct the mesophase 
structure in the present system: (i) phase separation between the strongly hydrophilic PPI-
dendr and the rather hydrophobic discotic, and (ii) favorable ionic interactions between the 
two components. The oblique columnar structure clearly combines microphase separated PPI-
dendr domains with a high contact area allowing for ionic complexation. Considering these 
arguments, we can understand, at least on a qualitative level, that this unanticipated oblique 
columnar superlattice offers an optimal balance between the main driving forces and packing 
constraints acting in mixtures of the acid-modified discotic and PPI-dendr. 

Dendrimer Enriched Mixtures: a Swollen Superlattice 

The SAXS patterns of dendrimer enriched mixtures A1 and PPI-dendr all show the same 
general features as the patterns of the 8:1 mixture, even at a much lower temperature (60 °C, 
see Figure 4.4a and Figure 4.6). Accordingly, all the reflections have been indexed with the 
same oblique superlattice.62 Evidently, the mixed mesophase can take up a much larger 
amount of dendrimer than in the most stable 8:1 composition by swelling the dendrimer 
domains in the oblique superlattice. In this swollen state, the oblique columnar mesophase 
does not crystallize out anymore upon cooling to 60 °C. The lack of any appreciable 
crystallization is in accordance with the DSC results and the waxy solid physical appearance of 
the dendrimer enriched mixtures at room temperature. 
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Figure 4.6: SAXS patterns for the 3:1 and 4:1 mixture (A1/PPI-dendr) at 60 °C (bottom) and 100 °C (top). 

 

Figure 4.7: The (100) spacing (top) and lattice parameter b (bottom) of the superlattice for the Colod phase at 100 

°C as a function of the mixture composition (A1/PPI-dendr). The solid lines through the data points serve as a 

guide to the eye. 

Swelling of the superlattice is immediately apparent when we compare the (100) spacings 
and b lattice parameters as calculated from the SAXS data (Figure 4.7). While the (100) spacing 
is constant within 0.1 nm over the complete composition range between 10:1 and 3:1, the cell 
parameter b increases about 0.2 nm for the dendrimer rich mixtures. As a consequence, the 
overall cell volume increases by roughly 4%. Interestingly, the swelling of the lattice is 
anisotropic and most pronounced in the direction along the (100) planes. Figure 4.7 further 
indicates that the unit cell volume does not increase anymore when the A1/PPI-dendr ratio 
decreases from 4:1 to 3:1. Apparently, the ability of the superlattice to incorporate more 
dendrimer reaches its limit in this composition range. Pushing the lattice beyond this limit 
leads to a two phase region in which the columnar phase coexists with an isotropic phase that 
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probably contains mostly free dendrimer. Indeed, the diffraction peaks of the oblique 
superlattice in the SAXS pattern of the 3:1 mixture are superimposed on a broad diffuse halo 
which is centered around a q-value of ~3.5 nm-1 and belongs to the coexisting isotropic phase 
(see Figure 4.6). 

Discotic Enriched Mixtures: Appearance of Lamellar Phases 

The SAXS patterns for 12:1 and 15:1 mixtures of A1 and PPI-dendr are considerably different 
from those observed for the other mixtures (Figure 4.8). At 100 °C, there are three coexisting 
phases in both mixtures with strong reflections in the low q-range, one of which is the oblique 
columnar phase. However, there are no reflections that can be attributed to the original 
hexagonal lattice of the pure acid-modified discotic. The WAXS patterns for both the 12:1 and 
15:1 mixtures clearly show the interdisk distance of 0.35 nm, which strongly indicates that all 
coexisting phases are columnar.63 The two unknown phases, arbitrarily denoted as Col1 and 
Col2, both have a characteristic lamellar scattering pattern with clear multiple orders of 
reflection that are equally spaced along the q-axis. The d-spacings of 5.65 nm for Col1 and 6.46 
nm for Col2 are larger than those found for the oblique columnar lattice (4.8-4.9 nm). At 120 °C, 
all peaks related to the lamellar phases have completely disappeared and the SAXS patterns 
closely resemble the patterns obtained for the oblique columnar phase. Although the d-spacing 
of the (100) reflection is the same, the high-q reflections except the (300) are weaker as well as 
broader than in the patterns measured at lower mixing ratios. These broader and less-defined 
peaks suggest a large degree of disorder in the packing of the columns in this composition 
range. 

 

Figure 4.8: Integrated SAXS patterns for the 12:1 and 15:1 mixture of A1/PPI-dendr at 100 °C (bottom) and 120 

°C (top). The lines indicate the position of the various orders of reflection for the three phases that coexist in this 

composition region: Col2 (black dotted), Col1 (gray dashed) and Colod (black dashed). 
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Let us now take a closer look at the possible structure of the unknown columnar lamellar 
phases Col1 and Col2. First of all, for various reasons a simple structure consisting of 
alternating continuous layers of PPI-dendr and the acid-modified discotic does not seem very 
likely. In that case, compared to the oblique lattice found in the 8:1 mixture, the dendrimer 
domains would be surrounded by a smaller number of discotics. Since the lamellar phases 
only appear in mixtures that contain a larger amount of discotic, there is no reason to assume a 
lower number of surrounding discotic columns that would lead to less efficient ionic 
complexation between the two components. Furthermore, we should take into account that the 
oblique columnar phase offers – as discussed before – the best possible balance between all the 
constraints and interactions involved in the current system (e.g., hydrogen bonding and ionic 
interactions, efficient packing of the columns, phase separation between A1 and PPI-dendr). A 
lamellar phase consisting of continuous layers is structurally completely different from this 
optimal arrangement and would also imply a large structural rearrangement between 100 °C 
and 120 °C when the Col1 and Col2 phases melt into a phase that closely resembles the oblique 
columnar phase. Such a major structural rearrangement would not be consistent with the low 
transition enthalpy observed by DSC in the 12:1 and 15:1 mixtures just below isotropization. In 
view of these arguments the structure of the lamellar phases should be closely related to that 
of the oblique columnar phase. 

Taking the structural model of the oblique phase as a starting point, we can accommodate 
more columns of discotics by either inserting a complete layer of columns in the middle of the 
unit cell (in the (200) plane) or by putting additional columns in between de dendrimer 
domains along the original (100) plane. Furthermore, the overall density of the lamellar phases 
should be between that of the 8:1 mixture and that of the separate components: hence close to 
unity. In addition, the stoichiometry of the lamellar phases must exceed 12:1, because the 
lamellar phases coexist with the 8:1 phase in the 12:1 mixture. Based on these considerations 
and the lamellar spacings observed by SAXS, one can calculate that the average distance 
between two dendrimer domains along the (100) planes must be larger than in the original 
oblique lattice.64 Therefore, we propose that the structure of the lamellar phases arises from the 
original oblique lattice by inserting both separate columns along the (100) plane and one or 
two complete layers of columns for the Col1 and Col2 phase, respectively. Due to these 
additional layers of columns all correlation between the positions of the columns at both sides 
of the inserted layers is lost resulting in a lamellar structure without any mixed reflections in 
the SAXS pattern. 

Although the direct experimental evidence to support our tentative structural model is 
limited, it does account for the strikingly high intensity of the second-order reflection in both 
lamellar phases when compared to the scattering patterns of the oblique columnar mesophase. 
While the oblique columnar phase has a minimum in its electron density in the (200) plane, the 
inserted layers in the lamellar phases lead to a high electron density in this plane. Such 
modulations of the electron density within the layer will give rise to strong second-order 
lamellar reflections.65 A similar argument might also explain why the Col1 phase, which 
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essentially consists of four layers of columns, even has a clearly detectable fourth-order 
reflection in contrast to the Col2 phase. 

According to the structure proposed for the lamellar phases, the columns in the inserted 
layers do not have neighboring dendrimer domains and, therefore, cannot form any ionic 
complexes. Two lines of experimental evidence support this specific feature of the structural 
model. First, comparing the IR spectra for A1/PPI-dendr mixtures with an increasing mixing 
ratio, the characteristic bands of the carboxylic acid start to come up at a composition of 10:1 
where the lamellar phases first appear (Figure 4.3b). This observation proves that free and 
dimerized carboxylic acid groups are indeed present in the lamellar phases. Second, the DSC 
traces and SAXS patterns show that the lamellar phases melt at a temperature close to 
isotropization of pure A1. Since the columns in the inserted layers are not stabilized by ionic 
bonds to the dendrimer, the local environment of these columns is similar to that in the 
mesophase of pure A1 and nearly equal melting temperatures can be expected. On the 
structural level, we assume that the inserted layers of uncomplexed columns melt while the 
layers of complexed columns remain intact during the phase transition to form a three-layered 
structure that is similar to the oblique columnar lattice found in the 8:1 mixture. The disorder 
in the lattice of this high-temperature phase, which is revealed by the broad reflections in the 
SAXS patterns at 120 °C, could be explained by the presence of additional discotic columns 
along the (100) planes. 

 

Covalent Stabilization of the Colod Mesophase 

A remarkable feature of the current system is the stability of the mixed columnar mesophase 
in the 8:1 mixture in a temperature region where the ionic complexes that help stabilize the 
phase react to form covalent amide bonds (~100-130 °C). As noted before, the amidation of the 
ionic complexes complicates the characterization of the phase behavior of the system, but it 
also offers the interesting possibility to covalently stabilize the mesophase structure by simply 
annealing at a temperature between 100 °C and the isotropization temperature of the mixtures. 
To investigate if it is indeed possible to use the amidation process to our advantage and 
stabilize the structure of the Colod mesophase, we annealed an 8:1 mixture for 16 h at 120 °C 
and studied the resulting structure at room temperature by SAXS and WAXS. 

The physical appearance of the annealed mixture changes from the initial flakey solid to a 
somewhat brittle solid after the annealing procedure, indicating that amidation has taken 
place. The formation of the amide bonds from the ionic complexes has also been confirmed by 
MALDI-TOF mass spectrometry.66 The SAXS and WAXS patterns obtained for the annealed 
mixture at room temperature are comparable to the patterns obtained for the same mixture at 
the annealing temperature of 120 °C and do not show any signs of lamellar phases or 
crystallization (Figure 4.9). Accordingly, the SAXS pattern for the stabilized mixture can be 
indexed in a similar fashion as the Colod mesophase.67 The only difference between the two 
patterns in Figure 4.9 is the diffuse halo in the q-region around ~3.5 nm-1 for the annealed 
mixture. The initial DSC experiments already showed that the amidation lowers the 
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isotropization temperature of the mixed mesophase and, therefore, we attribute the diffuse 
halo to partial melting of the sample during the annealing period. 

 

Figure 4.9: SAXS and WAXS (inset) patterns for the 8:1 mixture (A1/PPI-dendr) at 20 °C after annealing 

(bottom) and at 120 °C (top) for comparison. The arrow in the inset indicates the position of the reflections that 

correspond to the interdisk distance of 0.35 nm. 

 

4.3 Conclusions 

We have shown that an 8:1 molar mixture of an acid functionalized discotic and PPI-dendr 
self-assembles into a new type of oblique columnar mesophase that displays a well-ordered 
superlattice. The orthogonal combination of hydrogen bonding in the columnar direction and 
ionic interaction in the plane perpendicular to the columns gives rise to a structure in which 
PPI-dendr is confined to separate columnar domains. Moreover, the oblique superlattice found 
in the 8:1 mixture is stable over a wide temperature and composition range. In dendrimer 
enriched mixtures the lattice swells to take up more dendrimer, while discotic enriched 
mixtures show the appearance of lamellar phases with a columnar structure that is probably 
closely related to the oblique superlattice. Furthermore, we have demonstrated that the 
structure of the oblique superlattice can be covalently stabilized at elevated temperature by 
amidation of the ionic carboxylic acid-amine complexes. 

The results obtained for this system clearly show the potential of our approach to obtain 
nanostructured materials with a periodicity of 1-5 nm. The current system also offers the 
straightforward possibility to tune the periodicity by varying the length of the alkyl chains in 
the BTA discotic. In terms of functionality, the system has potential to be used as a selective 
barrier due to the presence of the polar dendrimer channels in an apolar discotic matrix. 
Moreover, the design reported in this chapter offers great promise to achieve more advanced 
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functional materials if two important issues are addressed, namely the alignment of the 
columnar mesophase and the incorporation of polymerizable groups. Removal of the 
reversibly bound dendrimer from an analogous cross-linked system offers a direct route to 
highly ordered mesoporous films with sufficient mechanical integrity to be applied as 
membranes in size-selective separations. In addition, the principle of orthogonal self-assembly 
might be used to obtain materials with a variety of functional properties if other, functional 
polymers can be used to form a LC superlattice instead of PPI-dendr. In the next chapter, we 
will investigate the self-assembly of other amine containing polymers in mixed columnar LC 
phases. A modular approach to introduce polymerizable groups in the current model system 
will be addressed in Chapter 6. 

 

4.4 Experimental Section 

Materials. The second generation poly(propylene imine) dendrimer was obtained from SyMO-Chem 
BV (Eindhoven, the Netherlands). Amino undecanoic acid methylester was prepared according to a 
literature procedure.68 All other starting materials were obtained from Sigma-Aldrich and used as 
received without further purification. 

Measurements. 1H NMR and 13C NMR spectra were recorded at room temperature on a Varian 
Mercury (400 MHz for 1H NMR, 100 MHz for 13C NMR) NMR spectrometer using tetramethylsilane 
(TMS) as an internal standard. Matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS) was performed with a PerSeptive Biosystems Voyager-DE PRO 
spectrometer using an α-cyano-4-hydroxycinnamic acid matrix. Elemental analysis was conducted on a 
Perkin Elmer 2400. Differential scanning calorimetry (DSC) measurements were performed under a 
nitrogen atmosphere on a Perkin-Elmer Differential Scanning Calorimeter Pyris 1 with Pyris 1 DSC 
autosampler and Perkin-Elmer CCA7 cooling element. The DSC experiments for pure A1 were 
conducted at a rate of 10 °C/min. The DSC experiments for the A1/PPI-dendr mixtures were conducted 
at a rate of 40 °C/min after annealing at 100 °C for 15 min prior to the measurement. All transition 
temperatures and enthalpies were determined from the heating run (second heating run in case of pure 
A1) using Universal Analysis 2000 software (TA Instruments, USA). Variable temperature infrared (IR) 
spectra were recorded at an Excalibur TS 3000 MX from Biorad equipped with a Specac Golden Gate 
diamond ATR. All samples were allowed to equilibrate for 2 min at each temperature before recording 
the IR spectra, which were signal-averaged over 50 scans at a resolution of 2 cm-1. Polarizing optical 
microscopy studies were conducted using a Jeneval microscope equipped with crossed polarizers, a 
Linkam THMS 600 heating stage and a Polaroid DMC Ie CCD camera. Wide and Small Angle X-ray 
Scattering (WAXS and SAXS) measurements were made using an in-house setup with a rotating anode 
X-ray generator (Rigaku RU-H300, 18 kW) equipped with two parabolic multilayer mirrors (Bruker, 
Karlsruhe), giving a highly parallel beam (divergence about 0.012°) of monochromatic CuKα radiation 
(λ  = 1.54 Å). The SAXS intensity was collected with a two-dimensional gas-filled wire detector (Bruker 
Hi-Star). A semitransparent beamstop placed in front of the area detector allowed monitoring of the 
intensity of the direct beam. The WAXS intensity was recorded with a linear position sensitive detector 
(PSD-50M, M. Braun, Germany. The SAXS and WAXS intensities were corrected by subtracting a 
background that was normalized to the intensity of the direct beam. The unaligned powder samples 
were prepared between two pieces of Kapton foil (5 mm diameter, 20 µm thickness) spaced with an O-
ring (Viton, 5 x 1 mm) in a custom made brass sample holder. Aligned samples were prepared by shear 
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alignment in a capillary-type glass cell with a diameter of 1.0 mm and a wall thickness of 0.01 mm 
(Mark-Röhrchen, Germany). For measurement, the capillaries were fitted in another custom made bras 
sample holder which allowed for rotation of the capillary perpendicular to the beam. A Linkam 
THMS600 temperature-controlled system was employed as sample stage for both sample types. The 
glass windows in the sample stage were replaced by Kapton foil (20 µm) to minimize background 
signal. The Fit2D computer program (version 12.077) was used to integrate all the two-dimensional 
data.69 

Synthesis of the acid functionalized BTA (A1). The acid-modified BTA, N-(11-undecanoic acid)-
N’,N”-di(n-decyl)benzene-1,3,5-tricarboxamide (A1), was prepared by a conventional reaction of 
benzene-1,3,5-tricarboxylic acid chloride and amines; decyl amine and amino undecanoic acid 
methylester. Preparation details were as follows: decyl amine (0.90 g, 5.7 mmol), amino undecanoic acid 
methylester (1.23 g, 5.7 mmol), and triethyl amine (0.60g, 5.9 mmol) were dissolved in 15 mL of 
chloroform. Under vigorous stirring, a chloroform solution of benzene-1,3,5-tricarboxylic acid chloride 
(0.50 g, 1.9 mmol) was added slowly. After 24 h of additional stirring, chloroform was evaporated and 
the residue was dissolved in 100 mL of methanol. 5 mL of water and 1 g of NaOH were added to this 
solution. After stirring overnight, 50 mL of 1 N HCl was added and solvents were evaporated. The 
resulting products were dissolved in chloroform, washed with 1 N HCl and subjected to column 
chromatography with a chloroform/acetone gradient (CHCl3 � CHCl3/acetone 3:1 v/v). The desired 
product was further purified by recrystallization from methanol: yield 0.22 g (19 %). 1H NMR (CDCl3): δ 
= 8.58 (s, 2H, Ph-H), 8.51 (s, 1H, Ph-H), 7.66 (t, 1H, -NH-), 7.47 (t, 2H, -NH-), 3.38 (m, 6H, -CH2NH-), 2.31 
(t, 2H, CH2COOH), 1.54 (m, 8H, -CH2CH2NH- and -CH2CH2CO-), 1.2-1.4 (m, 40H, other CH2) and 0.85 (t, 
6H, -CH3). 13C NMR (CDCl3): δ = 176.8, 166.4, 166.2, 134.9, 134.8, 128.8, 128.6, 40.5, 40.3, 34.0, 31.2, 29.6, 
29.4, 29.3, 29.2, 28.9, 28.8, 28.7, 27.0, 26.7, 24.7, 22.7, 14.1. Elemental analysis: Calculated for C40H69N3O5: 
C, 71.49; H, 10.35; N, 6.25, found: C, 71.20; H, 10.15; N, 6.13. MALDI-TOF MS: Calculated: [M-H]- = 
670.52 Da, observed: [M-H]- = 670.52 Da. 
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Self-Assembled Superlattices of Amine Containing 

Polymers in a Columnar Liquid Crystal 
 
 
 
 
 
Abstract. We show that the principle of orthogonal self-assembly as introduced in Chapter 4 

is generally applicable to create liquid crystalline (LC) superlattices of amine containing 
polymers. The structure and phase behavior of mixtures of an acid-modified discotic (A1) with 
the small molecule 2-dimethylaminoethylamine (DMA), different generations poly(propylene 
imine) dendrimer (Gn), branched and linear poly(ethylene imine) (b-PEI and l-PEI), and the 
linear organometallic polymer poly(ferrocenylsilane) (PFS) were investigated. The main goal 
was to establish the structural factors that affect the self-assembly into a well-ordered LC 
phase displaying a superlattice and confirm the structural model previously proposed for this 
phase. All mixtures were studied by polarizing optical microscopy, differential scanning 
calorimetry, infrared spectroscopy and X-ray scattering. Mixtures of A1 with G1-G4 and b-PEI 
all form a disordered oblique columnar LC phase featuring separate columnar microdomains 
of the polymer as a result of the orthogonal combination of hydrogen bonding and ionic 
interactions. The mixtures with DMA and G5 do not form a LC superlattice, while mixtures 
containing l-PEI and PFS form a superlattice that is somewhat less ordered. The superlattice 
only forms when the phase separated structure is reinforced through supramolecular ionic 
cross-links provided by relatively large molecules. Branching stabilizes the superlattice 
structure, but the perfect dendritic structures and the polydisperse b-PEI are almost equally 
stable. The largest dendrimer, G5, does not form the superlattice, because it cannot deform 
into the columnar structure of the superlattice. These effects of the structure of the amine 
containing component are consistent with the structural model. In addition, the structure of 
the superlattice allows l-PEI with a molecular weight up to 250 kDa to be incorporated. The 
results show that the LC superlattice can serve as a general platform to achieve nanostructured 
functional materials by using various functional polymers.  
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5.1 Introduction 

In the previous chapter we have shown that the second generation poly(propylene imine) 
dendrimer (PPI-dendr) and an acid functionalized discotic with a benzene-1,3,5-
tricarboxamide (BTA) core self-assemble to form a mixed columnar liquid crystalline (LC) 
phase through orthogonal hydrogen bonding and ionic interactions. In the LC phase, the PPI-
dendr is confined to phase separated microdomains which form a well-ordered superlattice 
within the 2D columnar lattice of discotic. A combination of phase separation between the 
strongly hydrophilic PPI-dendr and the hydrophobic discotic and a high contact area between 
the two components to allow for ionic complexation provides the main driving forces for the 
formation of a superlattice. The molecular structure of the second generation PPI-dendr makes 
it ideally suitable for such a mixed system, because it has a large number of amino groups for 
ionic complexation and its flexibility and branched nature permit efficient space filling.1 In 
addition, the molecular size of this dendrimer matches closely with the column diameter of the 
acid-modified discotic (~2 nm). However, the results of our previous study clearly show that 
the dendrimer microdomains should be regarded as column-shaped continuums without any 
periodicity along the column axis, implying that not the matching size of the PPI-dendr but 
rather the high flexibility of the molecule is important for formation of the LC superlattice. 
Several other studies have also shown that due to their flexible structure, PPI dendrimers can 
be combined with mesogens by both covalent and supramolecular means to yield a variety of 
smectic and columnar LC phases.2-7 Based on our structural model and these literature reports, 
we expected that lower and higher dendrimer generations would give rise to identical LC 
structures as long as the dendrimer is able to deform and fill the columnar microdomains in 
the superlattice. 

Although these perfectly branched dendrimers are well-defined and esthetically appealing 
molecules, they are inherently hard to synthesize and to purify compared to randomly 
branched analogs.1 Therefore, it is worthwhile to explore the use of randomly branched amine 
containing polymers for well-ordered mixed LC phases. Moreover, if availability of amino 
groups for complexation, hydrophilicity and a flexible structure are indeed the most important 
prerequisites for superlattice formation, even small molecules, and linear polymers with a high 
amine content might be expected to self-assemble into a similar superlattice structure in the LC 
phase. Such systems are in the realm of what is sometimes referred to as Ionic Self-Assembly 
(ISA).8 In this field, the use of supramolecular ionic interactions between polymers and small 
molecules has been studied extensively to obtain nanostructured phases in both block-
copolymers and liquid crystals.8,9 Poly(ethylene imine) (PEI) is an excellent polymer alternative 
for PPI-dendr, because it is structurally similar, has a high amine content and is commercially 
available as a linear and randomly branched polymer. Ionic complexes with smectic LC phases 
have been reported for PEI varying in molecular weight between 25-50 kDa.10-14 More notably, 
Müllen and coworkers reported an example of ionic self-assembly between hydrophobically 
modified linear PEI (Mw ~7 kDa) and an acid functionalized hexabenzocoronene discotic.15 In 
this system, however, the complexation does not result in a well-ordered superlattice structure 
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in the LC phase and the polymer chains are randomly dispersed in the periphery of the 
discotics. 

The use of polymers such as PPI-dendr as a component in a columnar LC superlattice has 
great potential because the superlattice can either serve as a mold to structure the polymer 
component on a nanometer length scale or, alternatively, the LC phase itself can be 
functionalized in a supramolecular fashion by complexation of polymers with desirable 
properties. To fully realize this potential it is important to confirm that the orthogonal self-
assembly approach is more generally applicable to other, technologically relevant polymer 
classes. An example of such a class are derivatives of the main-chain organometallic polymer 
poly(ferrocenylsilane) (PFS). Due to its organometallic backbone PFS is redox active, 
conductive after partial oxidation and highly etch resistant.16 These properties have led to 
considerable interest in PFS as etch resistant block in block-copolymers and water soluble PFS 
as an electroactive polyelectrolyte to form ultrathin multi-layers via layer-by-layer deposition 
techniques.17-19 Reports on LC materials with a PFS main-chain are scarce and only very 
recently a system based on supramolecular ionic interactions was reported.20,21 In this study a 
PFS polyelectrolyte was complexed with trisubstituted benzoic acid dendrons to yield smectic 
LC phases with an isotropization temperature of about 170 °C. 

This chapter focuses on the structure of mixed LC phases formed by orthogonal self-
assembly between the previously reported acid-modified discotic (A1, see page 91) and 
various amine containing molecules and polymers with a twofold goal. First, we aim to 
establish which structural factors are important to obtain a well-defined superlattice structure 
and, in doing so, we want to further confirm the structural model previously proposed for this 
LC superlattice. Our second aim is to demonstrate that the orthogonal self-assembly approach 
to obtain well-ordered polymer containing LC phases is generally applicable for amine 
containing polymers with varying molecular weight and chemical nature of the polymer 
backbone. 

The molecular structures of the amine rich molecules and polymers investigated are 
depicted in Scheme 5.1 (next page). The small molecule 2-dimethylaminoethylamine (DMA) 
was selected because it is approximately equal to the second generation PPI-dendr in terms of 
chemical composition, but lacks the connectivity of the dendritic structure.22 To study the effect 
of dendrimer size, the first to fifth generation PPI-dendr (G1-G5) was included in this work. 
Branched PEI (b-PEI) was singled out as a suitable polymeric analog of PPI dendr to assess the 
importance of the perfect branched structure of PPI-dendr. As depicted schematically in 
Scheme 5.1, b-PEI is highly, albeit randomly branched and has an approximate ratio of 
primary, secondary and tertiary amines of 1:2:1.23 To further address the issue of branching 
and molecular weight, the structures of complexes formed by A1 and three linear PEIs with 
molecular weights of 2.5, 25 and 250 kDa (l-PEI-low, -med and -high) were determined as 
well. Finally, a linear PFS derivative with one primary amino group per monomeric unit 
(poly(ferrocenyl(3-aminopropyl)methylsilane), PFS) was included in this study to investigate 
whether well-ordered mixed LC phases are also feasible for polymers with a completely 
different backbone structure. 
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Scheme 5.1: Molecular structures of the amine containing molecules and polymers used in this chapter for 

orthogonal self-assembly with the acid-modified discotic A1 (chemical structure see page 91). 

The findings of this work will be presented and discussed in two separate sections. First, the 
preparation of the mixtures and the synthesis of PFS will be treated. Next, the phase behavior 
and the LC structure are described for mixtures of A1 with the different generations PPI-
dendr, branched and linear PEI, and PFS, respectively. Finally, the results obtained for these 
three classes of compounds are compared and discussed in relation to the main goals of this 
study. 
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5.2 Results 

 

Synthesis and Preparation of Mixtures 

The acid-modified BTA A1 was synthesized as previously described in Chapter 2. All amine 
containing molecules and polymers were procured from commercial sources except for PFS. 
This polymer was obtained as an orange-brown solid from poly(ferrocenyl(3-
ammoniumpropyl)methylsilane)24,25 after a basic extraction with dichloromethane and 
subsequent precipitation in pentane. The product was characterized by 1H NMR and 13C NMR 
spectrometry. All mixtures were prepared by dissolving the appropriate amounts of A1 and 
the amine containing component in a common solvent, evaporating the solvent and drying the 
mixture overnight under vacuum. The mixtures of A1 and DMA were prepared in methanol 
and were obtained as sticky, opaque solids. The components for all mixtures containing Gn 
and PEI were also dissolved in methanol and yielded flakey white solids after vacuum drying. 
The mixtures of A1 and PFS were obtained from a 1:1 methanol/dichloromethane mixture as 
flakey orange solids. 

 

Mixtures of A1 with DMA and PPI-dendr 

The study of mixtures of A1 and G2 with different compositions has shown that the oblique 
columnar LC phase displaying a superlattice structure is most stable in the mixture with a 1:1 
ratio between acid groups and terminal amines. The mixed system further displayed this LC 
phase exclusively up to an acid/amine ratio of at least 5:8. Both the interaction between the two 
components and the volume ratios are expected to influence the LC phase formation and 
stability in mixed systems with other dendrimers. Unfortunately, the number of terminal 
amino groups relative to the molecular weight of PPI-dendr differs per generation due to its 
dendritic structure. The interaction between the two components was effectively kept constant 
in this study by using acid/amine ratio of 1:1 or 5:8. The phase behavior of mixtures of A1 with 
DMA and the different generations of PPI-dendr was studied by Differential Scanning 
Calorimetry (DSC) and Polarizing Optical Microscopy (POM). Additionally, Small and Wide 
Angle X-ray Scattering (SAXS and WAXS) and infrared (IR) spectroscopy were combined to 
elucidate the internal structure of LC phases. 

Phase Behavior 

The 5:8 and 1:1 mixtures of A1 and DMA showed birefringent optical textures when 
analyzed by POM from room temperature up to 85 °C and 90 °C, respectively, at which point 
the mixtures underwent a transition to the isotropic liquid. Upon slowly cooling the mixtures 
back to room-temperature, no texture was formed and very weak birefringence was only 
observed when shearing the sample. Corresponding with the POM observations, the DSC 
traces measured for the A1/DMA mixtures show only one very weak and broad transition in 
the first heating run around 85 °C and no other transitions in subsequent heating and cooling 
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cycles. The low initial isotropization temperature compared to pure A1 (116 °C) and the 
absence of any other transitions in POM and DSC, strongly indicate that the mixtures 
containing DMA form stable, mixed phases that are, however, not liquid crystalline. 

 

Figure 5.1: DSC traces of the 5:8 and 1:1 mixture of A1 and Gn (endothermic up, heating run at 40 °C/min after 

annealing at 100 °C). The individual traces are labeled on the right and grouped per dendrimer generation. 

Brightly birefringent and mobile textures were observed by POM for all the mixtures of A1 
and Gn above 80-100 °C. The transition to the isotropic liquid state was complete around 140-
160 °C at which temperature the sample showed no birefringence. As noted before in the 
literature and for the A1/G2 mixtures in the previous chapter, it was impossible to obtain well-
defined optical textures by slowly cooling from the isotropic state as a result of the covalent 
amide bonds that form between PPI-dendr and A1 at temperatures above 100 °C.6 Therefore, 
the phase transition temperatures for all mixtures were determined from the first DSC heating 
run after annealing the samples at 100 °C for 15 min (Figure 5.1 and Table 5.1). When 
considering the DSC results for the three smallest dendrimers (G1-G3), it is clear that the 1:1 
mixtures show sharper transitions and have considerably higher isotropization temperatures 
than the corresponding 5:8 mixtures. Furthermore, the transitions from the crystalline state to 
the LC phase between 70 and 100 °C are only clearly detectable in the DSC traces for the 1:1 
mixtures. The 1:1 mixture with G1 is most notable in this respect, because the DSC trace 
exhibits multiple transitions preceding the isotropization. However, it is noteworthy that the 
lower temperature transitions for all mixtures are fairly broad and weak compared to the 
transition to isotropic liquid. Comparing the thermal stability of the LC phase across the first 
three generations, we notice that the isotropization temperature increases slightly from G1 to 
G2, while the increase is more pronounced when going from G2 to G3. The mixtures with G4 
display transitions from the LC phase to the isotropic liquid well above 120 °C as well, but 
break the trend observed for the three smallest dendrimers, because the 1:1 mixture is 
markedly less stable than the 5:8 mixture. The phase behavior of the mixtures containing G5 is 
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quite different, since the thermal stability of the LC phase is much lower than for the other 
generations PPI-dendr and the associated DSC peaks are rather ill-defined. 

In general, the thermal stability of the mixed LC phases found for the A1/PPI-dendr 
mixtures is much higher than for pure A1, with the exception of the G5 mixtures. The DSC 
results further show that the increased size of the dendrimer actually stabilizes the mixed LC 
phase of G3 and G4 compared to the two lowest generations of PPI-dendr. Finally, it should be 
noted here that quantitative comparison between the results for the different generations is 
somewhat hampered by the fact that not only the size of the dendrimer varies across the series 
but also the weight fraction of PPI-dendr differs at constant acid/amine ratio in the mixture 
(see Table 5.1). 

Table 5.1: Phase Behavior of A1/Gn Mixtures. 

Gn Acid/Amine
 [a]

 wt% Gn T, °C (∆∆∆∆H, J/g)
 [b]

 

G1 5:8 15.8 Colx 75 (-) Colod 124 (21.0) I 

 1:1 10.5 Colx 110 (4.8) Colod 141 (19.9) I 

        

G2 5:8 18.7   Colod 125 (9.6) I 

 1:1 12.6 Cr 69 (2.7) Colod 141 (17.6) I 

        

G3 5:8 20.0 Cr 80 (1.4) Colod 148 (16.2) I 

 1:1 13.6 Cr 90 (2.2) Colod 154 (21.1) I 

        

G4 5:8 20.7   Colod 151 (17.1) I 

 1:1 14.0 Colx 109 (5.7) Colod 139 (14.2) I 

        

G5 5:8 21.2 Colx1 67 (-) Colx2 124 (16.1) I 

 1:1 14.3 Colx1 68 (3.3) Colx2 120 (13.3) I 

[a] The molar ratio of acid groups in A1 to terminal amino groups in PPI-dendr. 

[b] The onset temperatures and transition enthalpies of the isotropization and, if present, the last phase 
transitions preceding the isotropization are reported based on the first heating run in DSC after 
annealing (40 °C/min). The observed phases are identified by following abbreviations: Cr = 
crystalline, Colx = mixture of columnar phases or an unknown columnar phase, Colod = disordered 
oblique columnar LC, I = isotropic liquid. 

 

Mesophase Structure: Colod Phases with PPI-dendr Superlattice for G1-G4 

The POM and DSC results for the mixtures of A1 with DMA proved that no stable, mixed 
LC phases are formed in these mixtures. Therefore, we decided to exclude these mixtures from 
our study into the mesophase structure and to concentrate on the containing PPI-dendr. To 
investigate if the mixed LC phases are columnar in nature, IR and WAXS measurements were 
performed at temperatures just below the isotropization temperature of the mixtures (see 
Appendix 4). The IR spectra for all generations and all mixing ratios are virtually identical to 
the spectra obtained in our previous study of the mixture between A1 and G2. The absorption 
bands for the N-H stretch (~3250 cm-1) and C=O stretch (~1640 cm-1) vibration of the amide 
bonds in A1 are located at positions characteristic for strong hydrogen bonding between the 
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helically stacked BTAs.26-30 The absorption bands of free and dimerized acid groups in the 
region around 1730 cm-1 have almost disappeared in the IR spectra of the mixtures, indicating 
complexation between PPI-dendr and the acid-modified discotic.31 

In order to compare the extent of complexation quantitatively, the percentage of complexed 
carboxylic acid groups in A1 was calculated based on the intensity of the C=O stretch 
absorption at 1715 cm-1 relative to the amide band at 1640 cm-1. As reference for the completely 
uncomplexed state we took the IR spectrum for pure A1 in the Colhd phase at 100 °C.32 The 
calculated fraction of ionic complexation varies between 74% and 94 % and is generally 
somewhat lower for the mixtures with a 1:1 acid/amine ratio (selected values in Table 5.2). The 
WAXS patterns of the mixtures invariably show an intense halo attributed to the liquid-like 
order between alkyl chains in the LC phase and a weaker peak centered around 18 nm-1 
corresponding to an interdisk stacking distance of 0.35 nm. The correlation lengths along the 
column that were estimated from the width of these wide angle reflections amount to 10-14 
discotics for all mixtures that were analyzed.33,34 These values are in the same range as reported 
earlier for pure A1 and mixtures between A1 and G2 and show that the extent of 
intracolumnar order in all mixed LC phases is limited. In conclusion, the combined results of 
IR and WAXS confirm that A1 forms regularly stacked columns in the mixed LC phases 
irrespective of the mixing ratio and PPI-dendr generation and that hydrogen bonding and 
ionic interactions act orthogonal to one another. 

In order to elucidate the two-dimensional packing of the columns in the mixed LC phases, 
separate variable-temperature SAXS measurements were performed for all mixtures of A1 
with PPI-dendr after annealing the samples at 100 °C for 5 min (Figure 5.2a-d). Let us start by 
considering the SAXS patterns of the G1 mixture at three temperatures between transitions in 
DSC for this mixture (Figure 5.2a). The scattering pattern at 60 °C is dominated by three sharp 
peaks spaced relatively as 1:2:3 in q-space indicating an ordered lamellar superstructure with a 
periodicity of about 5.6 nm, much larger than the diameter of a single column of A1 in the LC 
phase (2 nm). At 100 °C, above a clear DSC transition for this mixture, a second set of peaks 
appears in addition to the reflection attributed to the lamellar structure. Only after heating past 
another DSC transition to just below the isotropization temperature does the mixed system 
enter a single phase region that displays a scattering pattern characteristic for the oblique 
columnar superlattice observed before for the mixtures with G2 (see below). In the scattering 
patterns of the mixtures containing G1-G4 at an intermediate temperature of 100 °C (Figure 
5.2b) multiphase regions with at least one lamellar component are a general feature. Moreover, 
the peak positions of the first three maxima related to the lamellar phase for the mixture of A1 
and G1 correspond precisely to diffraction peaks of mixtures with G2, G3 and G4. As 
discussed in Chapter 4, the structure of these lamellar phases is probably closely related to the 
structure of the superlattice (see page 103). The coexistence of multiple phases in these 
mixtures is consistent with the broad transitions that are present in the DSC traces in this 
temperature range. The striking agreement between the lamellar peak positions demonstrates 
that all mixtures containing G1-G4 form very similar LC phases. 
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Figure 5.2: Integrated SAXS patterns for the mixtures of A1 with Gn. a) 1:1 mixture of A1/G1 at various 

temperatures between DSC transitions. b) 1:1 mixtures of A1/Gn at 100 °C (generation indicated next to 

patterns). The gray lines indicate the positions of diffraction maxima related to the presence of a lamellar columnar 

phase. c) 5:8 mixtures of A1/Gn in the high temperature LC phase (generation and temperature indicated above 

patterns). d) 1:1 mixtures of A1/Gn in the high temperature LC phase (generation and temperature indicated 

above patterns). 

The SAXS patterns for the 5:8 and 1:1 mixtures of A1 with G1-G4 shown in Figure 5.2c & d 
were recorded just below the isotropization temperature of the mixtures. The main features of 
all these patterns are intense maxima in the low q-region around 1.3 nm-1 and two partly 
overlapping peaks with nearly equal intensity around 4 nm-1. Additionally, up to four weaker 
reflections can be detected in some of the more intense patterns. The position of the low-q 
peaks in the scattering patterns corresponds to a distance of around 4.8 nm and shows clearly 
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that the LC phase structure of all mixtures is almost identical. Accordingly, the observed 
diffraction peaks in these patterns can be reproduced accurately by assuming the same oblique 
columnar superlattice structure observed for the LC phase of mixtures of A1 and G2 (see 
Figure 4.5 on page 100 for a structural model). The unit cell parameters resulting from the 
indexing procedure and the calculated densities are given in Table 5.2.35 The lattice parameters 
are fairly constant over all mixtures and show only a slight increase with PPI-dendr generation 
for mixtures with the same acid/amine ratio. As a result, the calculated densities of the 5:8 
mixtures are somewhat higher than for the corresponding 1:1 mixtures. In all cases the density 
of the mixtures is higher than 1.0 g/mL, in line with the partly ionic character of the mixed LC 
phases.36,37 Based on the scattering data, we assign the same disordered oblique columnar 
(Colod) superlattice structure to all mixed LC phases formed by A1 and G1-G4 PPI-dendr in the 
composition range that was investigated. 

Table 5.2: Unit Cell Parameters for Mixtures of A1 with Gn in the Colod LC Phase. 

Acid/Amine
 [a]

 Gn wt% Gn % compl.
 [b]

 T, °C Lattice parameters
 [c]

 ρρρρ, g/mL
 [d]

 

     a, nm b, nm γ, deg  

5:8 G1 15.8 88 120 5.16 3.60 69.6 1.09 

G2 18.7 94 120 5.18 3.66 69.3 1.11 

G3 20.0 91 120 5.20 3.61 69.7 1.13 

G4 20.7 83 140 5.20 3.67 69.3 1.13 

         

1:1 G1 10.5 85 130 5.21 3.65 69.5 1.00 

G2 12.6 86 120 5.19 3.64 69.4 1.03 

G3 13.6 79 140 5.23 3.61 69.8 1.04 

G4 14.0 74 135 5.33 3.60 70.3 1.03 

[a] The molar ratio of acid groups in A1 to terminal amino groups in PPI-dendr. 

[b] The percentage of acid groups in A1 that is complexed to the PPI-dendr was estimated from the 
normalized intensity of the C=O stretch absorbance band of the remaining free acid at 1715 cm-1. See 
main text for more details. 

[c] For full indexation see Appendix 4. 
[d] Calculated from the known composition and unit cell parameters. See Appendix 3 for a sample 

calculation. 

 
The pattern of the 5:8 mixture of A1 and G5 (Figure 5.2c) displays several sharp and intense 

reflections. However, none of these reflections coincide with maxima observed for the Colod or 
lamellar LC phases in the mixtures with other PPI-dendr generations. Moreover, there is no 
obvious relation between the relative peak positions in this pattern and, consequently, we 
were not able to assign a single columnar lattice to this LC phase. The SAXS pattern recorded 
for the 1:1 mixture of A1/G5 (Figure 5.2d) has only two broad and asymmetric maxima in the 
entire q-range, indicating a disordered arrangement of the columns in the LC phase of this 
mixture. The low-q maxima observed for both mixtures containing G5 between 0.5 and 1.5 nm1 
can only originate from molecular order exceeding the size of a single column made up from 
A1 and point to the presence of a superstructure. In addition, the IR and WAXS data for these 
mixtures are consistent with a columnar LC phase. In accordance with the POM and DSC 
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study, we conclude that mixtures of A1 and G5 form a mixed columnar LC phase with an 
unassigned superlattice that is distinctly different from the Colod found for the lower 
generations PPI-dendr. 

 

Mixtures of A1 with Branched and Linear PEI 

Both b-PEI and linear PEI have a large number of amino groups available for complexation 
to A1. However, the linear polymers exclusively contain secondary amines, while the relative 
amount of primary amino groups in b-PEI is much lower than for PPI-dendr. Therefore, we 
decided to study the phase behavior of mixtures of A1 and PEI with a fixed weight content of 
the polymers rather than a specific acid/amine ratio. As described in the previous section, the 
Colod LC phase is formed in mixtures of A1 and PPI-dendr with a dendrimer content in the 
range of 10-20 wt%. Consequently, mixing ratios of 14 wt% and 18 wt% were used for all the 
polymers in the current study. The phase behavior and LC phase structure of these mixtures 
were characterized with the same set of experimental techniques as used for the A1/PPI-dendr 
system. 

Phase Behavior 

Irrespective of the polymer and the mixing ratio, all mixtures of A1 and PEI were highly 
viscous and showed birefringent textures at temperatures above 80 °C indicating formation of 
a LC phase. Isotropization took place between 135 °C and 145 °C for the mixtures containing b-

PEI, whereas the isotropization temperatures of the mixtures with linear PEI were markedly 
lower, around 120 °C. It proved impossible to grow textures with large domain sizes and 
distinct features by entering the LC phase from the isotropic liquid with a low cooling rate (1 
°C/min). As discussed before, we ascribe this observation to the formation of covalent amide 
bonds between A1 and the amine containing polymers at temperatures above 100 °C. As a 
result of the amide formation, DSC experiments on the mixtures comprised of A1 and b-PEI 
showed considerable depression of the phase transition temperatures as well as broadening of 
the corresponding peaks in successive heating and cooling cycles, even at a high scan rate of 40 
°C/min. In contrast, the DSC traces of consecutive heating runs measured for the mixtures 
containing linear PEI exhibited no noticeable depression of the transition temperatures. 
Apparently, the secondary amino groups in the linear polymers do not form amides on the 
timescale of the DSC experiments as opposed to the primary amines that are present in b-PEI 
and PPI-dendr. These observations reflect the higher reactivity of primary amines in amide 
formation and are consistent with results obtained in a study concerning cross-linking of acid-
functionalized polymers in the melt with several difunctional amines.38  

In view of the initial DSC results, the transition temperatures and enthalpies for the mixtures 
with b-PEI were determined from the first DSC heating trace recorded using the same 
annealing protocol as for the mixtures between A1 and PPI-dendr. For PEI mixtures containing 
PEI, the second heating run at 40 °C/min was used to assess the phase transition parameters 
(Figure 5.3 and Table 5.3). Perhaps the most noticeable characteristic of the DSC traces 
recorded for the mixtures with PEI is that all transitions, especially at high temperature, are 
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extremely broad. It is inherently hard to determine the onset temperatures of such broad 
transition peaks and, therefore, we also tabulated the peak temperature for the transition from 
the LC to the isotropic liquid. Another common feature of all the DSC traces is that the 
mixtures containing 14 wt% of PEI have slightly higher isotropization temperatures and the 
associated DSC transitions are much sharper in comparison to the corresponding mixtures 
containing 18 wt% of PEI. 

 

 

Figure 5.3: DSC traces of all mixtures of A1 with PEI (endothermic up, rate 40 °C/min). The individual traces are 

labeled on the right and grouped per polymer. 

In agreement with the POM observations, both mixtures of A1 and b-PEI have a 
considerably higher clearing temperature than the mixtures with the linear polymer. The 
isotropization temperature of the mixture with 18 wt% b-PEI (top 126 °C) is comparable to 
pure A1 and the thermal stability of the LC phase in the 14 wt% mixture (top 135 °C) is still 
lower than generally found for the mixtures containing PPI-dendr. Nonetheless, the small 
increase of the thermal stability for the mixtures of A1 with b-PEI is consistent with the 
formation of a mixed LC phase that is stabilized by ionic interactions. 

Interestingly, the DSC traces for mixtures of A1 with l-PEI-low, -med and -high are 
practically equal for each mixing ratio. The transition temperatures from the LC phase to the 
isotropic state are around 115 °C and 120 °C (top) for the 18 wt% and 14 wt% mixtures, 
respectively. These results show that the thermal stability of the LC phases in the mixtures is 
not increased with respect to pure A1 and that the molecular weight of the polymers does not 
influence the phase behavior notably. The reproducibility of the broad transitions in the DSC 
traces on successive heating cycles does indicate, however, that a single mixed LC phase is 
formed in the linear PEI mixture and that macroscopic phase separation does not take place. 
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Table 5.3: Phase Behavior of Mixtures of A1 with PEI and PFS. 

Polymer wt% Acid/Amine
 [a]

 T, °C (∆∆∆∆H, J/g)
 [b],[c]

 

b-PEI 14 0.4 Cr 57 (2.0) Colod 122/135 (10.6) I 

 18 0.3 Cr 35 (1.2) Colod 104/126 (7.7) I 

        

l-PEI-low 14 0.4 Cr 53 (1.6) Colod 99/114 (8.7) I 

 18 0.3 Cr 37 (4.9) Colod 89/108 (6.3) I 

        

l-PEI-med 14 0.4 Cr 54 (1.0) Colod 106/120 (8.6) I 

 18 0.3 Cr 38 (1.9) Colod 91/111 (5.4)  

        

l-PEI-high 14 0.4 Cr 54 (2.2) Colod 98/115 (8.8) I 

 18 0.3 Cr 37 (6.4) Colod 94/112 (6.7) I 

        

PFS 25 1.3   Colod 110/124 (6.4) I 

 30 1.0   Colod 111/123 (6.2) I 

[a] Molar ratio of acid groups in A1 to amino groups in the polymer (sum of primary, secondary and 
tertiary). 

[b] The onset temperatures and transition enthalpies of the isotropization and, if present, the last phase 
transitions preceding the isotropization are reported based on DSC (40 °C/min). Temperatures were 
determined from the first heating run after annealing for the mixtures containing b-PEI and PFS, 
and the second heating run for the mixtures with l-PEI. The phases are identified by the following 
abbreviations: Cr = crystalline, Colod = disordered oblique columnar LC, I = isotropic liquid. 

[c] For the transition to the isotropic liquid both the onset and top of the DSC peak are reported as 
follows: Tonset/Ttop. 

 

Mesophase Structure: Colod Phases with a PEI Superlattice 

To investigate whether A1 forms regularly stacked columns in the mixed LC phases with 
PEI, IR spectroscopy and WAXS measurements were used. The IR spectra for all PEI mixtures 
at 100 °C in the LC phase are shown in Figure 5.4a. The IR spectra for the mixtures between A1 
and b-PEI and the mixtures containing 14 wt% linear PEI show a fairly symmetric N-H stretch 
absorption band at ~3250 cm-1 and a sharp carbonyl stretch absorption around 1640 cm-1. Both 
vibrations originate from the amide groups in A1 and their positions are indicative for strong 
three-fold hydrogen bonding between the discotics in a columnar structure. The maxima of the 
main amide absorption bands are positioned at approximately the same wavenumbers for the 
18 wt% mixtures containing linear PEI, but a shoulder is clearly visible on the high 
wavenumber side of both bands. The partial shift of these absorption bands indicates that the 
hydrogen bonding pattern along the columns is somewhat weaker than for the other mixtures 
and is consistent with the fact that 100 °C is rather close to the clearing temperature of the 18 
wt% mixtures. As can be expected based on these IR results, the WAXS patterns recorded at 
100 °C exhibit an intense alkyl halo around 13 nm-1 and a weaker but clearly detectable 
maximum at 18 nm-1 corresponding to the characteristic disk-disk stacking distance of 0.35 nm 
for A1 (Figure 5.4b). The correlation length estimated from the latter peak for selected patterns 
in each series is in the order of 8-13 discotics. These numbers are close to values found for pure 
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A1 and the mixed LC phases with PPI-dendr and demonstrate that the discotics possess only 
very short range positional order along the column axis. 

 

Figure 5.4: IR and X-ray scattering results for mixtures of A1 with PEI at 100 °C (all l-PEI data recorded after 

cooling from the isotropic liquid). a) IR spectra (labeling in the middle of the spectra). The position of the C=O 

stretch absorbance band for free acid and acid dimers is indicated by the dotted line. b) WAXS patterns (labeling 

on the right of the spectra). 

The 1700-1750 cm-1 region of the IR spectra also contains valuable information on the 
structure of these mixtures, because the carbonyl stretching vibration of uncomplexed acid 
groups gives rise to an absorption in this region. Whereas there is virtually no absorption in 
C=O stretch region of the free acid for the mixtures containing b-PEI, all mixtures between A1 
and linear PEI exhibit considerable intensity in this part of the spectrum. As for the mixtures 
with PPI-dendr, the percentage of complexed acid groups in A1 was calculated based on the 
intensity of the C=O stretch absorption the IR spectra of the mixtures. The estimated degree of 
acid complexation in all the mixtures containing 14 wt% of linear PEI is around 65% (Table 
5.4). Because of the broadness of the amide band used for normalization, we did not calculate 
the extent of complexation for the 18 wt% mixtures of the linear polymers. Still, it can be 
expected that percentage of complexed acid groups falls in the same range as for the mixtures 
with a PEI content of 14 wt% based on the spectra. In contrast, around 80% of the acid groups 
are complexed in both b-PEI mixtures, comparable to the average degree of complexation 
found for the mixtures of A1 with G1-G4. 

Evidently, the branched PEI and PPI-dendr generally allow for more efficient complexation 
in the mixed LC phase than the linear PEI. A difference in basicity between the secondary and 
tertiary amino groups and the primary amino groups, which are only present in the branched 
structures, cannot explain this fact, since the basicity of all three types of amines in solution is 
comparable for poly(imine) derivatives.39 There are two other important differences between 
the linear and branched structures that influence their ability to form ionic complexes. First, 
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the branched polymer and PPI-dendr are more preorganized to fill space evenly in the 
columnar microdomains of the superlattice, thus bringing the amino groups in close proximity 
to the acid groups in the periphery of the A1 columns. Second, the terminal amino groups in 
each branch have more conformational freedom to rearrange and form ionic complexes than 
the secondary amides in the main-chain of the linear polymer. In view of these arguments we 
ascribe the higher degree of complexation in the LC phases containing branched components 
primarily to these spatial factors. 

     

Figure 5.5: Integrated SAXS patterns for the A1/PEI mixtures. a) 14 wt% and 18 wt% mixtures of A1/b-PEI at 

100 °C. b) A1/l-PEI mixtures at 100 °C (polymer and weight percentages indicated next to patterns). 

The IR and WAXS results prove beyond doubt that all the investigated mixtures between A1 
and PEI form columnar LC phases. The exact packing of these columns in a two-dimensional 
lattice was elucidated by SAXS measurements in the LC phase (100 °C). Like the patterns for 
the PPI-dendr mixtures, the SAXS patterns for both mixtures containing b-PEI were measured 
after annealing at 100 °C. The two patterns are very similar and show the same peak positions 
and general features as the patterns obtained for the mixtures between A1 and PPI-dendr in 
the Colod phase (Figure 5.5a). The patterns were indexed with an oblique columnar lattice by 
supposing the same superlattice structure of b-PEI microdomains.40 The unit cell dimensions 
and the calculated densities for the mixed LC phase are similar to the values found for the 
A1/PPI-dendr system (Table 5.4). Therefore, we conclude that the mixed LC phase for the 
mixtures containing 14 wt% and 18 wt% b-PEI can be characterized as an oblique columnar LC 
(Colod) with a well-defined superlattice of microphase segregated b-PEI domains. 

 
In view of the earlier DSC results, SAXS experiments were performed on the mixtures 

containing l-PEI-low, -med and -high after cooling the samples quickly from the isotropic 
state to 100 °C (Figure 5.5b). The SAXS patterns of all linear PEI mixtures show a sharp low-q 
reflection around 1.3 nm-1 and another strong maximum at ~3.8 nm-1 spaced relatively to the 
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first as 1:3 in q-space. Unlike the patterns obtained for the Colod phase of the mixtures with b-

PEI and PPI-dendr, the sharp mid-range maximum is flanked on both sides by much weaker 
and broader maxima and no other reflections are detectable. The peak positions of these 
weaker maxima could not be reproduced by the same indexing procedure as applied 
previously. Apparently, a super structure is present in the LC phase of the linear PEI mixtures 
with approximately the same periodicity (~5 nm) but a different and less ordered structure as 
than the Colod superlattice found in our earlier studies. 

Table 5.4: Superlattice Unit Cell Parameters for Mixtures of A1 with PEI and PFS in the Colod LC Phase. 

Polymer wt% % compl.
 [a]

 T, °C Lattice parameters
 [b],[c]

 ρρρρ, g/mL
 [d]

 

    a, nm b, nm γ, deg  

b-PEI 14 82 100 5.29 3.56 70.4 1.05 

 18 80 100 5.22 3.58 70.0 1.11 

        

l-PEI-low 14 64 100 5.46 3.93 65.0 0.95 

 18 - 100 5.40 3.93 66.3 1.00 

        

l-PEI-med 14 68 100 5.54 3.92 64.0 0.95 

 18 - 100 5.51 3.89 65.4 1.00 

        

l-PEI-high 14 65 100 5.51 3.92 64.6 0.95 

 18 - 100 5.48 3.92 65.3 1.00 

        

PFS 25 60 100 5.11 3.73 67.2 1.21 

 30 65 100 5.07 3.77 68.3 1.28 

[a] The percentage of acid groups in A1 that is complexed to the polymer was estimated from the 
normalized intensity of the C=O stretch absorbance band of the remaining free acid at 1715 cm-1. See 
main text for more details. 

[b] For full indexation of the b-PEI patterns see Appendix 4. 
[c] The unit cell parameters for the l-PEI and PFS polymers were calculated from the positions of the 

three mid-range SAXS peaks assuming an oblique sublattice. See main text for details. 
[d] Calculated from the unit cell parameters and the mixing ratio assuming 5 molecules A1 and all 

available polymer are present in the unit cell volume. See Appendix 3 for an analogous calculation. 

 
To construct a structural model for the LC phase of the mixtures containing linear PEI, we 

first reconsidered the general structure of the original superlattice (Figure 5.6). The superlattice 
essentially consists of an oblique sublattice of A1 columns in which a number of lattice 
positions are periodically occupied by columns of the amine containing component. The exact 
1:3 peak ratio between the low-q maximum and one of the mid-range maxima in the SAXS 
patterns shows that the amine rich microdomains are located exclusively in one of the lattice 
planes of this sublattice with a periodicity that is precisely three times larger than the 
sublattice. Reversing this line of thought, one can construct a superlattice by first calculating 
the lattice parameters of the oblique sublattice from the three mid-range SAXS peaks related to 
the positional order between single columns. Subsequently, this lattice can be expanded by 
adding lattice planes that correspond to the strongest SAXS reflection of the sublattice, indexed 
in this case as (110). Finally, the superlattice structure is fixed by adding polymer columns in 
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degree of ionic complexation in the linear polymer mixtures as determined by IR spectroscopy. 
In summary, we tentatively assign an oblique columnar lattice (Colod) with a superlattice 
structure of microphase segregated polymer domains to all the LC phases formed by mixtures 
of A1 with linear PEI. 

 

Mixtures of A1 with Linear PFS 

The final compound we studied for its LC phase behavior in mixtures with A1 is the 
organometallic linear polymer PFS. Due to its high iron content, these polymers are known to 
have a high density up to 1.4 g/mL.42 Therefore, we expected that a significantly higher weight 
content of polymer would be needed to reach volume fractions of polymer comparable to the 
mixtures with PEI and PPI-dendr that were discussed previously. To allow for direct 
comparison with the other systems as well, we chose to investigate mixtures with a PFS 
content of 14 wt%, 18 wt%, 25 wt% and 30 wt%. The mixing ratios of the latter two mixtures 
correspond to acid/amine stoichiometries of 1.3:1 and 1.0:1, respectively. The phase behavior 
and structure of the mixture of A1 with PFS mixtures were characterized with the standard 
techniques used throughout this chapter. 

Phase Behavior 

The POM analysis of the mixtures between A1 and PFS revealed highly viscous phases with 
a birefringent texture up to temperatures of 130-140 °C. Above this temperature range, all 
mixtures became fluid and showed a black texture indicating a transition from a LC phase to 
the isotropic liquid. Since PFS solely contains primary amino groups, we performed the DSC 
experiments for the mixtures with a high scan rate of 40 °C/min after annealing at 100 °C 
(Figure 5.7a). The transition temperatures (onset and top) and the corresponding enthalpies for 
the 25 wt% and 30 wt% mixtures were determined from the first heating run after annealing 
and are reported in Table 5.3. The DSC traces show that the clearing temperature and 
isotropization enthalpy of the LC phases is far higher for the two mixtures with the highest 
PFS content. The temperature of the transition to the isotropic state for the mixtures containing 
25 wt% and 30 wt% PFS is roughly equal (top 124 °C) and similar to the isotropization 
temperature of pure A1. Interestingly, the mixtures with a PFS content of 25 wt% and 30 wt% 
mixture do not show appreciable crystallization on the time scale of the DSC experiments. The 
absence of any crystallization peaks attributable to A1 shows that macroscopic phase 
separation does not take place and strongly indicates that both mixtures form a mixed LC 
phase held together by ionic interactions. 

Mesophase Structure: a Colod Phase with a PFS Superlattice 

To assess the hydrogen bonding pattern and the degree of acid complexation in the mixtures 
of A1 with PFS, we measured the IR spectra of all four mixtures in the LC phase at 100 °C 
(Figure 5.7b). The N-H stretch (not shown) and C=O absorption bands are located at 
wavenumbers that are characteristic for helical hydrogen bonding in regular columnar stacks 
of A1 (~3250 cm-1 and ~1640 cm-1 respectively). The region of the IR spectra between 1700 cm-1 
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and 1750 cm-1 features two weak and overlapping peaks attributed to the C=O stretch 
absorption bands of uncomplexed carboxylic acid groups. The intensity of the C=O stretch 
bands in this region decreases sharply with increasing PFS content of the mixtures up to a 
ratio of 25 wt% and remains virtually constant in the 30 wt% mixture. Apparently, the added 
PFS can hardly participate in additional ionic bonding in this composition range despite the 
availability of free acid groups in the mixture. This trend becomes even clearer by looking at 
the extent of complexation estimated from the relative intensities of the uncomplexed acid 
absorption bands (selected values in Table 5.4). The percentage of complexed acid groups 
increases from 31% for the 14 wt% mixture to respective values of 60% and 65% for the two 
mixtures with the highest PFS content. These values are similar to the degree of complexation 
determined for the mixtures with linear PEI. 

   

Figure 5.7: DSC and IR results for mixtures of A1 with PFS. a) DSC traces (endothermic up, rate 40 °C/min). 

The individual traces are labeled on the right. b) IR spectra at 100 °C in the 1850-1500 cm-1 region for A1 and the 

mixtures containing 14, 18, 25 and 30 wt% PFS. The spectra for the 30 wt% mixture and A1 are plotted with a 

heavy line and the arrow indicates the observed trend with increasing content of PFS. 

The internal structure of the LC phase in all four mixtures containing PFS was studied in 
more detail by X-ray scattering measurements (Figure 5.8). The WAXS patterns feature an 
intense and diffuse scattering maximum around 13-14 nm-1 characteristic for LC phases. At 
wider angles a very weak peak is observed corresponding to a distance of 0.35 nm and 
ascribed to the regular stacking of A1 in a columnar fashion. The latter wide-angle peak is 
much less clearly discernable than for pure A1 and the previously studied mixtures. 
Consequently, a reliable estimate of the correlation length along the column could not be made 
from these patterns. The low intensity of the peak related to interdisk stacking distance 
compared to the halo might indicate a lower degree of positional order in these LC phases, but 
might also be due simply to increased scattering in the halo region as a result of the high 
electron density in the organometallic main-chain of the polymer. 
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The SAXS patterns for all mixtures show a sharp peak in the low-q range at ~1.3 nm-1 
pointing to a periodic structure on a length scale of roughly 5 nm. The general intensity of the 
patterns recorded for the mixtures containing 14 wt% and 18 wt% PFS is rather poor and the 3-
5 nm-1 q-range is dominated by a very diffuse maximum with superimposed sharper 
reflections. Notably, the position of one of these sharp reflections in the 14 wt% mixture 
corresponds precisely to the hexagonal main peak of pure A1 at the same temperature. These 
aspects of the SAXS patterns are in accordance with the other experimental evidence from DSC 
as well as IR and strongly suggest that the PFS content in these mixtures is too low to form a 
single, well-defined mixed LC phase. As a consequence, we made no further attempts to index 
the SAXS patterns to a single columnar lattice. 

 

Figure 5.8: SAXS and WAXS (inset) patterns for mixtures between A1 and PFS in the LC phase. All patterns are 

labeled on right according to the mixing ratio and measurement temperature. The arrows in the 30 wt% SAXS 

pattern indicate the mid-range scattering maxima used for indexation. 

The two mixtures with the highest PFS content gave rise to far more intense SAXS patterns 
featuring a sharp peak at the same position as the mixture with lower mixing ratios and a set 
of three overlapping, yet clearly resolved maxima in the intermediate q-range. Strikingly, the 
low-q reflection in both patterns is far more intense than the set of peaks around 4 nm-1. The 
position of the sharp central peak in this set relative to the strong low-q maximum is exactly 
1:3 in q-space, whereas no obvious relation between the positions of the two more diffuse 
peaks could be identified. As such, the SAXS patterns for the two nearly stoichiometic 
mixtures of A1 with PFS have the same general features as the patterns recorded for the 
mixtures of A1 with linear PEI. Therefore, we again assumed an oblique sublattice of A1 
columns and calculated the unit cell parameters for the superlattice by following the same 
strategy as depicted schematically in Figure 5.6. The results of this calculation for the 25 wt% 
and 30 wt% mixtures are given in Table 5.4 together with the estimated densities of the mixed 
LC phases. The unit cell parameters are comparable to those found for the PPI-dendr mixtures 
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(~5.1 nm and ~3.7 nm) and the monoclinic lattice angle of the superlattice is nearly 70°. As 
expected based on the high density of PFS, the overall densities of the mixed LC phases are 
1.2-1.3 g/mL, much higher than any of the other mixtures included in this study. Finally, it is 
worth noting that the proposed superlattice structure accounts qualitatively for the high 
relative intensity of the low-q peak in the SAXS patterns of the mixtures with PFS in 
comparison to patterns recorded for analogous mixtures containing PEI and PPI-dendr. 
According to our model, the low-q peak originates from the ordered arrangement of 
microdomains of the amine containing component within in a sublattice of A1 columns. Since 
X-ray scattering relies on periodic differences in electron density, the intensity of the 
superlattice reflection is indeed expected to increase when the amine rich organic component 
in the superlattice is substituted by an organometallic polymer with a high electron density. 
Combining all structural evidence presented above, we conclude that the mixtures with a PFS 
content of 25 wt% and 30 wt% form an oblique columnar LC phase (Colod) in which the 
organometallic polymer is organized in a relatively well-ordered superlattice. 

 

5.3 Discussion 

In the literature there are several examples of ionic LC systems based on PPI-dendr and 
various PEI analogs.2,4,5,7,10,12-14 These systems give rise to nematic, smectic and sometimes 
columnar LC phases depending on the volume fraction of both components and the identity of 
the moieties used for the ionic complexation. In all these cases, the exact phase structure and 
the dimensions of its features are determined by the interplay between the structural 
properties of both components. What sets our system apart from these literature examples is 
the fact that a strong, directional hydrogen bonding interaction exists between the acid-
modified discotics which acts orthogonal to the ionic self-assembly process. As a result we 
exclusively observe columnar LC phases with a basic lattice spacing that is completely dictated 
by the molecular structure of the discotic acid A1. The nearly fixed radius of the columnar 
microdomains in the LC superlattice imposes spatial constraints in two dimensions on the 
amine component that are far stricter than the mere oriental order or 1D confinement that is 
present in nematic and smectic phases, respectively. In the following discussion we will argue 
that the different effects of molecular size and topology on the LC phase behavior encountered 
in this study can all be ascribed to these specific properties of the LC superlattice. In the final 
section we will give a brief outlook on the implications of our results for the development of 
functional materials based on orthogonal self-assembly in columnar LCs. 

 

DMA, PPI-dendr and b-PEI: the Influence of Size and Connectivity 

One of the most important results obtained in this study is that all mixtures of A1 with G1-
G4 and b-PEI form Colod LC phases with a well-ordered superlattice of polymer or dendrimer 
microdomains, while mixtures with the small molecule DMA and the largest dendrimer G5 
show very different phase behavior. The absence of the LC superlattice for these two extreme 
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cases indicates that the molecular architecture as well as the overall molecular size of the 
amine rich component are important factors for the formation of the nanostructured Colod 
phase. 

Let us first compare the mixtures of A1 with DMA to the corresponding mixtures with G2. 
We expect that both phase separation between A1 and the hydrophilic DMA as well as ionic 
complexation between the two components will take place just as readily as in mixtures with 
G2, because the chemical composition and weight ratios in both systems are nearly equal. The 
important difference between these two systems is that the ionic complexes in the dendrimer 
mixture effectively cross-link 5 to 8 discotics in the columnar LC structure as a result of the 
connectivity of the molecule. Apparently, the additional stabilization provided by these 
supramolecular cross-links is essential for the formation of a stable LC superlattice. The 
superlattice can actually be regarded as a network held together by both supramolecular (ionic 
interactions and hydrogen bonding) and covalent cross-links (connectivity of the amine rich 
component). In this analogy, mixtures with higher generations PPI-dendr have a larger 
number of covalent cross-links, explaining the increased thermal stability with dendrimer 
generation observed in the mixtures of A1 with PPI-dendr up to G4. Our results stand in 
contrast to literature examples of stoichiometric ionic LCs based on PPI-dendr without 
additional, orthogonal interactions between the components, where the transition 
temperatures generally do not change much for G1-G5.2,4,5,7 

Evidently, another effect comes into play when the dendrimer size is increased even more in 
the mixtures of A1 with G5, because the Colod phase is not formed in these mixtures. It is 
known that dendrimers generally show a continuous transition from an extended structure for 
lower generation to a more compact globular shape for higher generations.1 For PPI-dendr 
specifically, studies in solution have shown that this structural effect leads to a clear change in 
the physical properties of the dendrimer around the fourth generation.43,44 In order to comply 
with the confinement imposed by the superlattice structure, the higher generations PPI-dendr 
have to undergo simultaneous compression and extension to change from an overall spherical 
to a more cylindrical shape with roughly the same volume. Therefore, we believe that the 
different phase behavior of the mixtures containing G5 is simply due to the fact that this large, 
globular dendrimer is not able to adapt its shape to fit into the columnar superlattice. 

In most studies of LC phases based on PPI-dendr, the type of LC phase that is formed and 
the characteristic dimensions of the structural features of the LC do not change up to the fifth 
generation PPI-dendr.2,4,5,7 A notable exception was reported by the group of Serrano, where 
the ionic LC phase found for PPI-dendr with long-chain carboxylic acids changes from smectic 
to columnar from G4 to G5.6 In this system, however, the different structure of the LC phase 
for G5 was ascribed to the peripheral congestion of the terminal amino groups and not to 
confinement effects. We propose that the overall stability of the Colod phase in the mixtures of 
A1 with G5 is determined by the interplay between the larger influence of confinement and 
the increased cross-link density in the larger dendrimers. The shift in this balance for higher 
generations PPI-dendr might also explain the change in the relative stability of the 5:8 and 1:1 
mixture for G4 as compared to the mixtures with G1-G3. Since the unit cell size does not 
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change significantly, the destabilizing effects of confinement will be more important for the 
large G4 dendrimer in the 1:1 mixture where there is less dendrimer available to fill the PPI-
dendr columns. 

Finally, it is good to note that the isotropization temperatures of the mixtures containing b-

PEI are far lower than the mixtures with a comparable weight fraction of G3 (122 °C vs. 154 
°C), while the molecular weight of these molecules is nearly equal. (2 kDa vs. 1.7 kDa). We 
ascribe this difference to the structural disorder in the polydisperse branched polymer as 
compared to the monodisperse dendrimer. A similar effect was observed before in a study 
concerning ionic nematic LCs based on PPI-dendr and branched PEI and explained by an 
analogous argument.2 

 

Linear PEI and PFS: Size Does Not Matter 

Compared to the mixtures containing b-PEI and PPI-dendr, the thermal stability of the LC 
phases for the mixtures of A1 with linear PEI and PFS is significantly lower and the degree of 
ionic complexation of the acids groups does not exceed 65%. Simultaneously, the lattice 
parameters of the LC superlattice are somewhat altered compared to the original superlattice 
and the 2D columnar lattice on a whole becomes less ordered as reflected by the lower number 
of observable diffraction maxima and their increased broadness. We ascribe the lower thermal 
stability of the LC phase and these structural changes to the fact that the linear polymers have 
to adopt a highly elongated, yet coiled conformation in the cylindrical microdomains of the 
superlattice to allow the amino groups in or close to the polymer backbone to interact with the 
acid groups of A1. Such conformations are feasible for both polymers, since PEI is known to 
form helical structures in solution with a diameter in the same range as the columns in the 
mixed LC phases (0.8-1.6 nm) and the backbone of PFS is highly flexible because the iron atom 
in the ferrocene acts as “molecular ball-bearing”.16,45 Even so, the linear polymers can evidently 
not combine the overall cylindrical shape enforced by the superlattice structure with a high 
degree of complexation. These results are in line with two systems reported by Ren and co-
workers in which ionic LC phases formed by linear PEI were explicitly compared with 
branched PEI and with a linear polymer with primary amino groups connected to the 
backbone by a short spacer.10,12 When wedge-shaped acids are used for complexation, the latter 
polymer is able to pack in a cylindrical shape and gives rise to a columnar LC phase, while 
linear PEI only yields a smectic LC phase. Furthermore, both studies showed that the ionic LC 
phases formed by linear PEI are thermally less stable than the corresponding phases of the 
polymers containing amino groups with more conformational freedom. 

The most striking observation in our study of the mixtures of A1 with linear PEI is that there 
is virtually no difference in either phase behavior or phase structure between l-PEI-low, -med 
and -high, even though the molecular weights of the polymers differ over two orders of 
magnitude. On the one hand, it seems logical that a clear size effect is absent in these linear 
polymers, because they lack the connectivity and inherently globular shape that prevents the 
higher generations PPI-dendr from adapting to the cylindrical confinement imposed by the 
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columnar superlattice. On the other hand, it is well-known that the average equilibrium 
conformation of flexible polymers in the melt can be described as a random coil with a 
diameter that scales with the square root of the molecular weight. Hence, longer linear 
polymers must also deform from their coiled equilibrium state to an increasingly stretched 
conformation in order to fill the columnar microdomains in the superlattice. Such stretching 
results in a loss of chain entropy and is accompanied by an increase in the free-energy of the 
system. However, assuming that the PEI chains can be regarded as molten, ideal polymer 
chains in the LC phase, the free-energy penalty of confinement is roughly estimated to be in 
the order of 0.2 kJ/mol repeat unit.46,47 This energy is about two orders of magnitude lower 
than interaction energy involved in the hydrogen bonded stacking of A1 (~50 kJ/mol BTA 
discotic) and the ionic complexation between the amino groups in the PEI backbone and the 
acid groups in A1 (50-250 kJ/mol ionic complex).8,48 Thus, the free-energy penalty of 
confinement is negligible compared to the interaction energy the system gains by adopting the 
ordered superlattice structure, as is also reflected by the fact that the isotropization 
temperature of the LC phases does not decrease with increasing molecular weight of the PEI 
chains. In addition, the lower average degree of ionic complexation in mixtures containing 
linear polymer apparently diminishes the stabilizing effect of increased molecular size that we 
saw in the PPI-dendr mixtures. The net result is that we are able to incorporate polymers with 
different lengths into the same ordered superlattice structure up to a molecular weight that is a 
factor 5-10 larger than typical literature examples of ionic LCs based on PEI.10,12-14 

 

Superlattice as a Platform for Nanostructured Functional Materials 

In this chapter we have established that the molecular design of our system based on 
orthogonal self-assembly is rather robust and allows amine containing polymers with different 
molecular weights, various degrees of branching and even a completely different backbone 
structure to be incorporated in a well-ordered LC superlattice. One of the general goals of our 
current line of research is to use a polymerizable analog of the LC superlattice to obtain cross-
linked materials that can be rendered porous by removal of the reversibly bound amine 
containing component. In this context, the results of this study are significant because they 
show that our design approach is not limited to the use of well-defined, but hard to synthesize 
dendrimers. The fact that linear polymers like PFS can be incorporated in a superlattice 
structure as well makes the scope of our research efforts even broader. We envision that the LC 
superlattice can serve as a general platform to achieve nanostructured functional materials by 
using various functional polymers for the ionic complexation. 

The PFS polymer we studied here already presents a good example, because it is known to 
be conductive after partial oxidation.16 Combining the results of this work with those of 
Chapter 2, it is clear that we have a system at hand that potentially combines conductance with 
a high permanent polarization and holds great promise for application in non-volatile memory 
devices.49 However, for all practical applications it remains of prime importance to combine 
the superlattice structure and the functional properties of the LC phase with the mechanical 
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properties of a polymer. In the next chapter, a polymerizable LC system is described based on 
modular design that displays the desired superlattice structure. 

 

5.4 Conclusions 

In this study, the structure and phase behavior of mixtures between an acid-modified 
discotic (A1) and various amine containing molecules and polymers have been investigated. 
Mixtures of A1 with dendrimers G1-G4 and b-PEI all form a disordered oblique columnar LC 
phase with isotropization temperatures of 120-155 °C. The structure of these LC phases is 
identical to that of mixtures of A1 with G2 and features separate columnar microdomains of 
the amine containing component resulting from the orthogonal combination of hydrogen 
bonding in the columnar direction and ionic interaction in the plane perpendicular to the 
columns. The phase behavior of mixtures with the small molecule DMA and the largest 
dendrimer G5 is completely different, yielding no stable LC phase and a mixture of unknown 
columnar LC phases, respectively. The mixtures of A1 with linear PEI and the linear 
organometallic polymer PFS form disordered oblique columnar LC phases with a lower 
isotropization temperatures of 100-120 °C. These LC phases display a superlattice structure of 
the polymer component as well, although the lattice is very slightly distorted and less ordered 
than the superlattice in the mixtures containing PPI-dendr and b-PEI. 

Three main structural factors influencing the LC structure in these mixed systems were 
uncovered in this study. First, a well-ordered LC superlattice only forms when the phase 
separated structure of the two components is further reinforced through supramolecular ionic 
cross-links provided by relatively large molecules such as dendrimers and polymers. Second, 
the use of branched molecules and polymers for complexation with A1 leads to a significant 
stabilization of the mixed LC phases and a far better ordered superlattice structure, because 
these molecules are more preorganized to fill space evenly in the columnar microdomains of 
the superlattice. Third, the perfect degree of branching found in the monodisperse dendrimers 
only increases the stability of the LC phase slightly with respect to the corresponding mixtures 
of randomly branched polymer and prevents higher generation dendrimers from complying 
with the confinement imposed by the superlattice structure due to their increasingly globular 
shape. In general, the effects of the structure of the amine containing component in the 
mixtures can all be rationalized by the structural model of the LC superlattice confirming the 
validity of the proposed model. An important implication of the superlattice structure is that a 
clear size effect is absent for the linear polymers allowing the incorporation of polymers with a 
molecular weight up to 250 kDa in LC phases with the same superlattice structure. The fact 
that also linear polymers with a completely different backbone can be incorporated in a 
superlattice structure broadens the scope of our system. We envision that the LC superlattice 
can serve as a general platform to achieve nanostructured functional materials by using 
various functional polymers for ionic complexation. 
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5.5 Experimental Section 

Materials. All solvents used were of AR quality or better and purchased from Biosolve or Sigma-
Aldrich. The poly(propylene imine) dendrimers (G1-G5) were obtained from SyMO-Chem BV 
(Eindhoven, the Netherlands). Branched poly(ethylene imine) (b-PEI, Mw = 2.0 kDa) was purchased as a 
50 wt% aqueous solution from Sigma-Aldrich. Linear poly(ethylene imine) (l-PEI-low, Mw = 2.5 kDa, l-
PEI-med, Mw = 25 kDa, l-PEI-high, Mw = 250 kDa) was purchased from Polysciences, Inc. (Warrington, 
Pennsylvania USA). Poly(ferrocenyl(3-ammoniumpropyl)methylsilane) (Mw = 940 kDa) was kindly 
provided by Dr. Mark Hempenius of the University of Twente.25 All chemicals were used as received. 

 

Measurements. 1H and 13C NMR spectra were recorded at room temperature on a Varian Mercury 
NMR spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton chemical shifts are reported 
in ppm downfield from tetramethylsilane (Si(CH3)4, TMS). Carbon chemical shifts are reported 
downfield from TMS using the resonance of deuterated chloroform (CDCl3) as internal standard. DSC 
measurements were performed in hermetic T-zero aluminum sample pans using a TA Instruments 
Q2000 – 1037 DSC equipped with a RCS90 cooling accessory. The DSC experiments were conducted at a 
rate of 40 °C/min for all mixtures. The A1/PPI-dendr, A1/b-PEI and the A1/PFS mixtures were annealed 
at 100 °C for 15 min prior to the measurement. All transition temperatures and enthalpies were 
determined from the second heating run or the first heating run after annealing using Universal 
Analysis 2000 software (TA Instruments, USA). Variable temperature infrared (IR) spectra were 
recorded at an Excalibur TS 3000 MX from Biorad equipped with a Specac Golden Gate diamond ATR. 
All samples were allowed to equilibrate for 2 min at each temperature before recording the IR spectra, 
which were signal-averaged over 50 scans at a resolution of 2 cm-1. The spectra for the A1/linear PEI 
mixtures were recorded after fast cooling from the isotropic state. Polarizing optical microscopy studies 
were conducted using a Jeneval microscope equipped with crossed polarizers, a Linkam THMS 600 
heating stage and a Polaroid DMC Ie CCD camera. The Wide and Small Angle X-ray Scattering (WAXS 
and SAXS) patterns from the A1/G2 mixtures were reproduced from an earlier study (see Chapter 4). 
The SAXS and WAXS measurements for all other mixtures were performed on a Bruker AXS D8 
Discover X-ray diffractometer with a Hi-Star 2D detector using CuKα-radiation (λ  = 1.54 Å) filtered by 
cross-coupled Göbbel mirrors at 40 kV and 40 mA. The sample–detector distance was set at 6 cm 
(WAXS) or 30 cm (SAXS). The sample holder was a home-built graphite oven. The temperature was 
controlled by a thermo-couple and a fast-response power supply (maximum heating rate, 300 °C/min), 
which allowed a temperature range of 25–350 °C. Samples were prepared in a capillary-type glass cell 
with a diameter of 0.7 mm and a wall thickness of 0.01 mm (Mark-Röhrchen, Germany). The patterns for 
the A1/PPI-dendr, A1/b-PEI and the A1/PFS mixtures were collected after annealing the capillary 
containing the sample in the setup at a temperature of 100 °C for 5 min. The patterns for the A1/linear 
PEI mixtures were recorded after fast (~10 °C/min) cooling from the isotropic state. The SAXS and 
WAXS intensities were corrected by subtracting a background measured with an empty capillary cell. 
The Fit2D computer program (version 12.077) was used to integrate the two-dimensional scattering 
data.50 

 
Preparation of poly(ferrocenyl(3-amminopropyl)methylsilane) (PFS). The crude starting compound 

poly(ferrocenyl(3-ammoniumpropyl)methylsilane) (100 mg) containing some crown ether 
(dicyclohexano-18-crown-6) was dissolved in 50 mL deionized water. The solution was brought to a pH 
of 12 using a 0.1 M solution of NaOH and extracted three times with 50 mL of dichloromethane. The 
combined organic layers were dried over MgSO4 and filtered. All solvent was evaporated from the 



Self-Assembled Superlattices of Amine Containing Polymers in a Columnar Liquid Crystal 

 137 

filtrate and the remaining solid was redissolved in 8 mL of dichloromethane. This concentrated 
dichloromethane solution was precipitated in 50 mL of pentane. The resulting pentane solution was 
filtered and the residue was subsequently dried overnight under vacuum to yield the desired product as 
an orange solid (47 mg, 57%). 1H NMR (CDCl3): δ = 4.20, 4.03, 3.99, 3.96 (m, 8H, Cp), 2.69 (t, 2H, 
CH2NH2), 1.50 (br, 2H, SiCH2CH2), 1.28 (br, 2H, NH2), 0.88 (m, 2H, fcSiCH2), 0.46 (s, 3H, fcSiCH3). 13C 
NMR (CDCl3): δ = 73.6-70.6 (Cp), 45.8 (CH2NH2), 28.8 (SiCH2CH2), 13.5 (fcSiCH2), -3.0 (fcSiCH3). 
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A Polymerizable Superlattice through Modular 

Self-Assembly in a Columnar Liquid Crystal 
 
 
 
 
 
Abstract. The liquid crystalline (LC) superlattice resulting from orthogonal self-assembly 

described in Chapter 4 is successfully polymerized after functionalizing the original system in 
a modular fashion by mixing in a polymerizable discotic. The phase behavior, LC structure 
and photopolymerization of a ternary mixture consisting of an acid functionalized benzene-
1,3,5-tricarboxamide (BTA) (A1), a methacrylate functionalized BTA (M3), and the second 
generation poly(propylene imine) dendrimer (PPI-dendr) were studied. The aim was to 
develop a polymerizable columnar LC system that displays a well-ordered superlattice by 
combining orthogonal self-assembly with a modular design strategy. All mixtures were 
investigated by polarizing optical microscopy, differential scanning calorimetry, infrared 
spectroscopy and X-ray scattering. The pure BTAs form disordered columnar hexagonal LC 
phases while the ternary 5:3:1 mixture of A1/M3/PPI-dendr displays an oblique disordered 
columnar LC phase. The structure of this oblique LC phase features a well-ordered superlattice 
of PPI-dendr microdomains and is identical to that reported earlier for mixtures of A1/PPI-
dendr. The methacrylate groups in the ternary mixture can be photopolymerized to yield 
cross-linked supramolecular polymers in which both the individual columns and the two-
dimensional columnar superlattice remain intact. The LC structure can also be fixed by 
photopolymerization in thin films (60-100 nm), which were characterized by transmission 
electron microscopy and atomic force microscopy. The thin films show limited mechanical 
integrity and the columns are not oriented uniformly perpendicular to the layer surface. 
However, the combination of orthogonal self-assembly with a modular design strategy has 
great potential to develop nanoporous and nanostructured materials based on polymerizable 
columnar LCs. Future work should address the alignment of the columnar structures and the 
improvement of the mechanical integrity of the polymer layers.  
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6.1 Introduction 

Liquid crystals (LCs) are an attractive class of materials to develop self-organized functional 
materials because it is possible to engineer complex structures in the LC phases, while the 
inherent mobility of these phases warrants responsiveness, processability, and self-healing 
properties.1-4 Despite these advantageous properties of LCs, many commercial applications 
eventually require mechanically stable films or bulk materials. An efficient general strategy to 
combine the desirable properties of LC phases with the mechanical stability of polymers 
makes use of polymerizable LC monomers.2 In such systems, it is possible to first process and 
align the well-defined self-assembled structures in the LC phase and subsequently cross-link 
the phase by polymerization. This approach has been applied successfully to fabricate optical 
compensation layers for LC displays and thin polymer films with a highly anisotropic ionic-
conductivity.5-8 More specifically, Gin and his co-workers have reported several examples of 
photopolymerizable LC assemblies with a well-defined porous structure and have shown 
convincingly that the polymerized materials can be used as a nanoporous membrane in size 
selective separations.9,10 

Chapter 4 described a model system of an acid-modified discotic and poly(propylene imine) 
dendrimer (PPI-dendr, see page 114) in which a well-ordered columnar superlattice of 
dendrimer microdomains is formed in the LC phase through the orthogonal combination of 
reversible hydrogen bonding and ionic interactions. Removal of the reversibly bound PPI-
dendr from an analogous cross-linked LC system offers a direct route to highly ordered 
nanoporous materials. To arrive at a cross-linkable system, polymerizable functional groups 
need to be introduced in the model system without interfering with the formation of the 
superlattice. An elegant, modular approach to achieve this is to simply mix another, 
polymerizable discotic together with the components of the model system. This modular 
concept can only be successful when the different discotics self-assemble into mixed columns 
in the LC phase bearing both the polymerizable groups as well as the acid functionality that 
ensures superlattice formation. The discotic molecules used in our research efforts all feature a 
benzene-1,3,5-tricarboxamide (BTA) core. For BTAs, the ability of different discotics to form 
mixed columnar stacks in dilute solution is well-known and has been exploited to study self-
assembly and chiral amplification in mixtures of chiral and non-chiral BTAs.11,12 In other 
literature examples, the formation of mixed BTA based stacks has lead to the observation of 
mixed columnar LC phases and chiral amplification in organo-gels.13-15 

The goal of the research described in this chapter is to develop and characterize a 
polymerizable columnar LC system that displays a well-ordered superlattice by combining 
orthogonal self-assembly with a modular design strategy. In particular, we aim to establish 
that such a modular polymerizable system can be used to obtain well-ordered nanostructured 
polymer thin films with potential to be used a nanoporous separation membranes. 

From our previous study of the mixtures between an acid-modified BTA (A1, Scheme 6.1) 
and the second generation PPI-dendr in Chapter 4, it is known that the oblique columnar 
phase with the desired superlattice occurs as the only phase in the composition range between 
5:1 and 8:1. Apparently, the ionic interactions provided by five A1 molecules per PPI-dendr 
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The presentation and discussion of the results obtained in this study is organized as follows. 
First, the synthesis of M3 and the preparation of the mixtures are briefly addressed. In the 
subsequent two sections the phase behavior and LC structure of the pure compounds and 5:3:1 
mixtures of A1/M3/PPI-dendr are characterized. Next, the results for the photopolymerization 
and the structural characterization of the resulting polymers are presented for bulk samples 
and spin-coated thin films, respectively. Finally, we address some of the important hurdles 
that should be overcome to obtain porous materials with well-defined nanopores based on the 
current system. 

 

6.2 Results and Discussion 

 

Synthesis and Preparation of the Mixtures 

The asymmetric acid functionalized BTA (A1) was synthesized as reported previously in 
Chapter 3. The symmetric tri(hexyl methacrylate)benzene-1,3,5-tricarboxamide (M3) was 
prepared by a reaction of benzene-1,3,5-tricarboxylic acid chloride and 6-aminohexyl 
methacrylate. Purification by column chromatography yielded M3 as a sticky opaque solid. 
The structure and purity of M3 was confirmed by 1H and 13C NMR spectrometry, MALDI-TOF 
mass spectrometry and elemental analysis. 

The mixtures for the characterization of the phase behavior and the bulk polymerizations 
were prepared by dissolving the appropriate amounts of the components (BTAs, second 
generation PPI-dendr, and inhibitor or photoinitiator) in methanol and evaporating the 
solvent. All mixtures were obtained as highly sticky, opaque solids after drying under vacuum 
overnight. The components for the mixtures used to prepare the spin-coated thin films were 
dissolved in tetrahydrofuran (THF) at an overall concentration of 10 mg/mL. 

 

Phase behavior 

To get a first indication of the phase behavior in our modular system, M3, a 5:3 mixture of 
A1/M3 and a 5:3:1 mixture of A1/M3/PPI-dendr were studied by Polarizing Optical 
Microscopy (POM). For pure M3, a birefringent mobile texture is observed starting from just 
above room temperature up to approximately 135 °C confirming the presence of a LC phase. 
When cooling the sample down from the isotropic liquid state directly with a relatively high 
cooling rate (20 °C/min), small fan-like features characteristic for columnar mesophases could 
be observed.20,21 The birefringent texture did not form over the complete sample when cooling 
with a lower rate or when the sample was kept in the isotropic phase at high temperatures for 
prolonged periods of time. In addition, these samples appeared more solid-like after the POM 
measurement and did not fully dissolve in organic solvents indicating that some thermally 
induced polymerization of the methacrylate groups takes place. The two mixtures containing 
M3 already showed a highly viscous birefringent texture at room temperature and underwent 
a transition to the isotropic liquid state around 140 and 155 °C, respectively, as evidenced by a 



A Polymerizable Superlattice in a Columnar Liquid Crystal through Modular Self-Assembly 

 143 

black and fluid texture under POM. In line with the results for M3 and the mixtures containing 
PPI-dendr reported in our previous studies, we were unable to grow well-developed textures 
for both mixtures by cooling slowly from the isotropic liquid. 

 

Figure 6.1: DSC traces of the pure A1, pure M3, 5:3 mixture of A1/M3, and 5:3:1 mixture of A1/M3/PPI-dendr 

(endothermic up, 40 °C/min). The trace for the mixture containing PPI-dendr is the first heating run after 

annealing at 100 °C, all other traces are the second heating run. 

To further quantify the phase behavior of M3 and its mixtures with A1 and PPI-dendr, 
Differential Scanning Calorimetry (DSC) measurements were conducted. We added 1 wt% of 
an inhibitor (tert-butylhydroquinone, TBHQ) to all samples prior to the measurements to 
prevent the spontaneous polymerization observed by POM from interfering with our DSC 
experiments. The mixture containing PPI-dendr was first annealed at 100 °C for 5 min to erase 
the processing history of the sample. This measurement procedure was developed earlier for 
mixtures containing A1 and PPI-dendr to accurately estimate the transition temperatures, 
despite the fact that the ionic acid-amine complexes in these mixtures are converted to 
covalent amide bonds at temperatures above 100 °C.22,23 The DSC traces recorded at 40 °C/min 
for pure M3, the 5:3 mixture of A1/M3, and the 5:3:1 mixture of A1/M3/PPI-dendr are shown 
in Figure 6.1 together with the trace for pure A1 recorded at the same heating rate as a 
reference. The traces of pure A1 and M3 both show an endothermic feature around 30-40 °C 
related to transition from the crystalline to the LC phase and a single transition at 121 °C 
corresponding to the transition to the isotropic liquid as observed by POM. For the 5:3 mixture 
of A1/M3, the clearing temperature and the corresponding enthalpy are somewhat lower than 
for the pure compounds and crystallization is completely suppressed under the experimental 
conditions of the DSC experiment indicating that a mixed LC phase is indeed formed. The 
5:3:1 mixture of A1/M3/PPI-dendr also does not exhibit any clear transitions at low 
temperatures related to crystallization and displays a single broad transition to the isotropic 
state with an onset around 130 °C. Clearly, the presence of PPI-dendr and the associated ionic 
complexation lead to a mixed mesophase with a higher thermal stability than the LC phases of 
the single components and the corresponding mixture without dendrimer. These DSC results 
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are in line with the POM observations and are comparable to the isotropization temperature 
and enthalpy reported for the 5:1 mixture of A1 and the second generation PPI-dendr in 
Chapter 4 (125 °C and 9.6 J/g). 

Table 6.1: Phase Behavior of Pure A1 pure M3, 5:3 Mixture of A1/M3, and 5:3:1 Mixture of A1/M3/PPI-dendr. 

Compound or mixture T, °C (∆∆∆∆H, J/g)
 [a]

 

A1 Cr 39 (9.9)
 [b]

 Colhd 121 (8.7)
 [c]

 I 

M3 Cr 31 (0.8)
 [d]

 Colhd 121 (10.4)
 [e]

 I 

A1/M3 (5:3)   Colhd 110 (6.2) I 

A1/M3/PPI-dendr (5:3:1)   Colod 130 (7.3) I 

[a] Unless otherwise indicated, the onset temperatures and transition enthalpies of the isotropization 
and, if present, the last phase transitions preceding the isotropization are reported based on the DSC 
traces reported in Figure 6.1 (40 °C/min). The observed phases are identified by following 
abbreviations: Cr = crystalline, Colhd = disordered hexagonal columnar LC, Colod = disordered 
oblique columnar LC, I = isotropic liquid. 

[b] Corresponds to 6.7 kJ/mol, temperature reported is the top of the last feature in the transition. 
[c] Corresponds to 5.8 kJ/mol 
[d] Corresponds to 0.6 kJ/mol 
[e] Corresponds to 7.4 kJ/mol 

 

LC Structure in Bulk: a Columnar Superlattice 

Infrared (IR) spectroscopy was used to study the interactions and stability in the current 
system, because it allows both the hydrogen bonding along the column axis and the ionic 
complexation between PPI-dendr and A1 to be probed simultaneously. The IR spectra at 100 
°C, well in the LC phase region, for pure M3, the 5:3 mixture of A1/M3 and the 5:3:1 mixture of 
A1/M3/PPI-dendr are shown in Figure 6.2. All three spectra show a strong C=O stretch 
absorption band of the amides in the BTAs around 1640 cm-1 and a relatively sharp N-H 
stretch band around 3250 cm-1. Both features are characteristic for strong hydrogen bonding 
between the amide groups of the individual discotics along the column axis.21,24-26 The shoulder 
appearing around 1740 cm-1 for the mixture of A1 with M3 is due to the absorption bands of 
free and dimerized carboxylic acid and is completely absent in the IR spectrum of the mixture 
containing PPI-dendr (Figure 6.2b).27 The absence of acid related absorption bands is a strong 
indication for a high degree of ionic complexation between A1 and PPI-dendr in the modular 
system. Unfortunately, we were not able to record Wide Angle X-ray Scattering (WAXS) 
patterns for M3 and these mixtures to further confirm the regular stacking of the BTAs in the 
LC phase as a result of practical limitations of our setup. However, based on the IR results it is 
evident that both mixtures form columnar LC phases and that the addition of the methacrylate 
functionalized BTA does not interfere with the orthogonal hydrogen bonding and ionic 
interactions in the ternary mixture of A1/M3/PPI-dendr. 

Small Angle X-ray Scattering (SAXS) experiments were performed to complete the structural 
characterization of the LC phase of M3 and to check whether the desired superlattice structure 
is retained in the modular system. The SAXS patterns at 100 °C for pure M3, the 5:3 mixture of 
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A1/M3 and the 5:3:1 mixture of A1/M3/PPI-dendr are shown in Figure 6.3a. For both the pure 
methacrylate functionalized BTA and the 5:3 mixture between A1 and M3 three maxima were 
observed spaced relatively in q-space as 1:√3:2. Such a set of reflections is characteristic for a 
hexagonal columnar LC phase and was also observed previously for pure A1 in Chapter 4. 
Accordingly, a disordered hexagonal columnar LC phase (Colho) was assigned for both 
systems and the SAXS patterns were indexed with a lattice parameter of 1.99 nm and 2.02 nm 
for pure M3 and the 5:3 mixture of A1/M3, respectively (Table 6.2). Again, these values 
compare well to the lattice parameter determined for pure A1 (2.00 nm). 

 

Figure 6.2: IR spectra at 100 °C for pure M3 (top, black), the 5:3 mixture of A1/M3 (middle, grey) and the 5:3:1 

mixture of A1/M3/PPI-dendr (bottom, black). a) N-H stretch region. b) C=O stretch region. 

The SAXS pattern for the 5:3:1 mixture of A1/M3/PPI-dendr is clearly different and shows 
eight peaks in the investigated q-range (marked by arrows in Figure 6.3a). Moreover, when 
zooming in on the strong reflections in the q-region between 3.2 nm-1 and 4.2 nm-1 (Figure 
6.3b), it is clear that none of the reflections observed in this mixture can be attributed to a 
hexagonal lattice of the discotic components. The complete disappearance of the reflections 
related to the hexagonal phases of the BTAs is a strong indication that a single mixed phase is 
present in the mixture containing PPI-dendr. Furthermore, the SAXS pattern of the ternary 
mixture is very comparable to the patterns observed for the model system without the 
polymerizable BTA. Consequently, we were able to index the pattern accurately by assuming 
the same oblique columnar lattice as in the model system (Table 6.2). Based on the combined 
results from DSC, IR and SAXS, we conclude that the 5:3:1 mixture of A1/M3/PPI-dendr forms 
a disordered oblique columnar LC phase (Colod) and retains the superlattice structure found 
previously for the binary mixtures of A1 and PPI-dendr (see structural model on page 100). 
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Figure 6.3: SAXS patterns at 100 °C for the pure M3, the 5:3 mixture of A1/M3 and the 5:3:1 mixture of 

A1/M3/PPI-dendr (all patterns are labeled on the right). a) Full q-range, arrows in the top pattern indicate the 

peaks used for indexation. b) Magnification of the 3.2-4.2 nm-1 q-range, dotted lines indicate the positions of the 

different maxima observed in this region. 

Table 6.2: Indexation of SAXS Data for M3, the 5:3 Mixture of A1/M3 and 5:3:1 Mixture of A1/M3/PPI-dendr. 

Compound or mixture T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

M3 100 100 1.72 1.72 type 
[a]

: Colhd (p6mm) 

  110 0.99 1.00 a = 1.99 nm 

  200 0.86 0.86 ρ 
[b]

 = 0.98 g/ml 

        

A1/M3 (5:3) 100 100 1.75 1.75 type: Colhd (p6mm) 

  110 1.01 1.01 a = 2.02 nm 

  200 0.87 0.87 ρ 
[c]

 = 0.92 g/ml 

        

A1/M3/PPI-dendr (5:3:1) 100 100 4.95 4.95 type: Colod (p1 or p2) 
[d]

 

  200 2.48 2.48 a = 5.29 nm 

  020 1.73 1.73 b = 3.68 nm 

  300 1.65 1.65 c = 0.35 nm 

  320 1.48 1.48 γ = 69.6 ° 

  420 1.23 1.23 ρ 
[e]

 = 1.09 g/ml 

  -320/520 1.03 1.03    

  530 0.93 0.93    

[a] The mesophase type, followed by the plane group of the lattice between brackets. 
[b] Calculated assuming an interdisk distance of 0.35 nm. 
[c] Calculated assuming an interdisk distance of 0.35 nm and an average molecular weight of the 

discotics as determined by the mixing ratio of 5:3. 
[d] The SAXS data did not allow us to discriminate between the two possible plane groups (p1 or p2). 

[e] Calculated assuming an interdisk distance of 0.35 nm and the presence of a single phase in which 
each unit cell contains five discotics with an average molecular weight (see note [c]) and all available 
dendrimer. See Appendix 3 for an analogous sample calculation. 
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Photopolymerization of the LC Superlattice in the Bulk State 

After confirming that the ternary mixture of A1/M3/PPI-dendr forms the desired LC 
superlattice, we set out to covalently cross-link this structure by photopolymerization of the 
methacrylate groups in the bulk LC phase. For the polymerization experiments, a 5:3:1 mixture 
of A1/M3/PPI containing 1 wt% of photoinitiator (Irgacure 819) was prepared and the mixture 
was applied between two glass slides. The sample was annealed for 2 min in the LC phase at 
100 °C under a nitrogen atmosphere and subsequently exposed to UV light (λmax = 365 nm) for 
15 min at the same temperature. After cooling back to room temperature, the sample was 
removed from between the glass slides as a slightly yellow and opaque polymer film (1-2 mm 
thick). The polymer film had sufficient mechanical integrity to be handled and displayed clear 
birefringence when observed by POM indicating an ordered polymeric structure. The polymer 
sample irreversibly lost its birefringence around 160 °C upon heating, but retained its shape 
and did not flow up to 200 °C. 

  

Figure 6.4: IR spectra at room temperature for the 5:3:1 mixture of A1/M3/PPI-dendr before (bottom, black) and 

after photopolymerization (top, grey). a) N-H stretch region. b) C=O stretch region. c) Region containing the 

characteristic methacrylate bands (C-H out-of-plane bend: 940 cm-1, C=C twist: 815 cm-1). The spectra were 

normalized to the C-H stretch absorption at 2924 cm-1.27 

The IR spectrum for the polymer at room temperature was recorded to quantify the 
conversion of the methacrylate groups of M3 during the photopolymerization and to probe the 
hydrogen bonding pattern in the polymer (Figure 6.4). From the decrease in the relative 
intensity of the C=C twist absorption band (815 cm-1) in the spectrum of the polymerized 
sample compared to the LC mixture, a conversion of 83% of the methacrylate groups was 
estimated.27,28 Furthermore, the position of the N-H stretch and C=O stretch vibration 
originating from the hydrogen bonded amide groups in the BTAs is virtually unaffected by the 
polymerization, although both bands are somewhat more asymmetric in the polymer due to a 
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shoulder at higher wavenumbers. These results strongly indicate that the regular hydrogen 
bonded structure of the BTA columns remains largely intact after polymerization. 

The internal structure of the polymerized sample was further investigated by separate SAXS 
and WAXS measurements. The SAXS pattern for the polymer at room temperature is shown in 
Figure 6.5a together with the pattern of the unpolymerized LC mixture at 100 °C as a reference. 
The small angle pattern of the unpolymerized sample shows the set of eight reflections that 
originate from the superlattice structure. The scattering pattern for the polymer in this region 
displays the same general features, although all reflections are somewhat broader. The 
broadness of the peaks indicates that the superlattice order extends over a shorter range in the 
polymer than in the LC phase. We confirmed this assertion more quantitatively by calculating 
the correlation length in the 2D columnar lattice based on the width of the superlattice 
reflection around 1.3 nm-1.29,30 Indeed, the correlation length decreases from about 60 nm in the 
LC phase to roughly 40 nm in the polymer, although the former value might be limited by the 
resolution of the setup. The decreased degree of order is not unexpected if one realizes that the 
superlattice structure in the polymer is effectively super-cooled by about 75 °C leading 
inevitably to small distortions in the original lattice. In the WAXS pattern of the polymer 
(Figure 6.5b, bottom) features two broad scattering maxima. The diffuse halo centered around 
13-14 nm-1 is attributed to the liquid-like order between the alkyl chains. The diffuse nature of 
this maximum confirms that the LC order is covalently fixed during polymerization without 
inducing crystallization in the sample. The reflection around 18 nm-1 corresponds to the 
interdisk stacking distance of 0.35 nm along the column axis that is characteristic for BTAs.21,24 

  

Figure 6.5: X-ray and electron scattering data for the 5:3:1 mixture of A1/M3/PPI-dendr after polymerization. a) 

SAXS pattern for the mixture after polymerization at room temperature (top) and before polymerization at 100 °C 

in the LC state as a reference (bottom). b) Integrated electron scattering (ES) pattern of a thin film (top) and the 

WAXS pattern of a bulk sample (bottom). Both patterns were recorded after polymerization at room temperature. 
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In conclusion, these results confirm that both the individual columns and the two-
dimensional columnar superlattice present in the LC phase of a 5:3:1 mixture of A1/M3/PPI-
dendr remain intact in the corresponding polymer. The relatively high conversion proves that 
the photopolymerization is fairly efficient and results in a highly cross-linked system with, on 
average, almost one covalent cross-link per BTA. Nonetheless, due to the modular nature of 
our system, all A1 molecules are only kept in the columnar structure by hydrogen bonding 
between the discotics and ionic interactions with the dendrimer. As seen by POM, the cross-
linked network of M3 in the polymerized samples is not able to stabilize the ordered 
superlattice structure when these supramolecular interactions are weakened at higher 
temperatures. Thus, the polymeric structure resulting from the photopolymerization of the 
modular system can best be described as a cross-linked supramolecular polymer. 

 

Preparation and Characterization of Nanostructured Thin Films 

The successful cross-linking of the LC superlattice structure described in the previous 
section for bulk samples is an important result. However, for application in size selective 
separations the functional layer of a membrane material should be very thin to minimize its 
resistance for mass transport and allow for a large flux.31,32 Therefore, we investigated if the 
modular system could be processed into thin layers by means of spin-coating and, 
subsequently, if it could be photopolymerized while keeping the well-ordered nanostructure 
originating from the LC superlattice intact. 

The glass substrates used for the spin-coating experiments (3x3 cm and 5x5 cm) were 
precoated with a thin layer of a water soluble polymer mixture (PEDOT/PSS33, 70 nm thick) to 
allow for easy release of the polymerized LC films by treatment with water. Next, a solution of 
the 5:3:1 mixture of A1/M3/PPI-dendr and 1.2 wt% of photoinitiator (Irgacure 819) in THF was 
used to spin-coat a thin LC layer employing spinning speeds of 2500 and 1000 rpm for 90 s. 
The samples were subsequently annealed and photopolymerized under identical conditions as 
described for the bulk LC samples. This procedure yielded polymerized LC layers with a 
thickness of 63 ± 3 nm and 100 ± 11 nm, respectively, as determined by a profilometer.34 The 
polymer films could be released from the glass substrate by gentle treatment with water. 
Unfortunately, the mechanical integrity of the samples was not sufficient to keep the films 
intact over the whole sample area during this procedure or to afford free standing films. 

Characterization of the phase behavior and structure of the polymerized samples by 
techniques employed earlier for the bulk samples like DSC, POM, IR spectroscopy and X-ray 
scattering is impossible for these very thin layers due to the correspondingly small amount of 
material that is available for analysis. We were, however, able to verify by regular microscopy 
that the polymerized films are stable up to 200 °C. In contrast, an unpolymerized reference 
sample that was spin-coated under the same conditions from a mixture without photoinitiator 
clearly shows a transition to the isotropic liquid state and subsequent dewetting from the 
PEDOT/PSS bottom layer at 145 °C (Figure 6.6). This transition temperature is highly 
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The results of the TEM study of the thin layers prove that the columnar LC phase is 
deposited in a multi-domain structure with a random orientation during the spin-coating 
process. Gin and co-workers have shown that even randomly oriented columnar LC 
microdomains can be used to obtain a functional membrane structure.9 Nonetheless, in order 
to develop a membrane with a maximal pore density and a minimal flow resistance, the 
columnar superlattice should be aligned perpendicular to the substrate surface prior to 
photopolymerization. In general, the alignment of viscous columnar phases is a challenging 
task and techniques that are universally applicable over a wide range of LC systems have not 
been reported.35,36 For our system, the most attractive option is to take advantage of the unique 
dipolar character of the BTA columns to align the LC phase by an electric field as 
demonstrated in Chapter 2. For this approach, the corona-poling technique in which the 
sample surface is bombarded with highly charged ions is ideally suited, because it allows thin 
samples to be aligned and poled without sandwiching the sample between two electrodes.37 

The general design strategy for porous materials relies on the reversible interactions between 
the polymerized discotic matrix and the non-polymerized, pore forming component. If an 
appreciable extent of covalent bonding occurs between the two components of the superlattice 
during the processing steps towards a polymerized thin film, the pore forming component 
cannot be removed by a simple washing step to yield a porous material. In the LC superlattice, 
the hydrogen bonded structure of the BTA columns and the presence of PPI-dendr in separate 
microdomains favors the formation of inter- and intracolumnar cross-links during 
photopolymerization. Nonetheless, there are three main pathways that might lead to the 
formation of covalent bonds between the BTAs and the PPI-dendr. First, the ionic complexes 
between A1 and PPI-dendr can be converted to covalent amide bonds. Second, Michael 
addition of the free amino groups of PPI-dendr to the methacrylate double bond in M3 can 
result in secondary amine linkage between these two species. Third, radical species formed 
during the photopolymerization (photoinitiator or growing chains) can abstract an α-hydrogen 
from amino groups in PPI-dendr to yield an α-aminoalkyl radical. These radicals can initiate 
further polymerization of M3 resulting in covalent bonds between PPI-dendr and the BTA 
network.18,19 

As discussed previously in Chapter 4, the rate of covalent amide formation is expected to be 
low for temperatures up to 100 °C. At room temperature, the Michael addition of amines to 
methacrylate is also reported to be very slow in absence of a catalyst.17 Accordingly, no 
significant changes are observed in the methacrylate region of the IR spectra recorded for 
freshly prepared 5:3:1 mixtures of A1/M3/PPI-dendr at room temperature compared to the 
corresponding mixture without PPI-dendr (Figure 6.8). However, if either one of these 
processes does prove to result in a significant degree of covalent cross-linking between the 
components at the higher temperatures used during polymerization, the current system could 
easily be adapted by using PPI-dendr or branched poly(ethylene imine) derivatives with 
methylated end groups. By converting all terminal groups from primary to tertiary amino 
groups, both amidation and Michael addition are prevented. At the same time, the influence of 
this minor structural change on the LC phase behavior of the mixtures is expected to be 
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minimal based on recent literature reports by the groups of Frey and Serrano as well as our 
own results presented in Chapter 5.38,39 However, the introduction of tertiary amino groups 
will not prevent the formation of covalent bonds between BTAs and PPI-dendr via the 
pathway involving α-aminoalkyl radicals. Therefore, one of the objectives of future work will 
be to investigate if excessive chain transfer to PPI-dendr does occur, either directly from the 
photoinitiator or from the growing chains. 

  

Figure 6.8: IR spectra at room temperature for the 5:3 mixture of A1/M3 (bottom, black) and the 5:3:1 mixture of 

A1/M3/PPI-dendr (top, grey). a) N-H stretch region. b) C=O stretch region. c) Region containing the 

characteristic methacrylate bands (C-H out-of-plane bend: 940 cm-1, C=C twist: 815 cm-1). 

Lastly, a functional nanoporous membrane should posses sufficient mechanical integrity to 
withstand the considerable pressures applied during nanofiltration (10-25 bar), either as free-
standing film or as a composite membrane together with a microporous support.31 Clearly, the 
spin-coated thin layers obtained in this study do not fulfill this prerequisite. The first approach 
that should be pursued to increase the mechanical strength of the layers is to simply increase 
the thickness of the layers to 0.1-1 µm by reverting to solution casting techniques. Even so, the 
supramolecular interactions that hold the A1 discotics in the cross-linked LC network might 
not be strong enough to guaranty the structural integrity of our materials, especially when the 
PPI-dendr is washed out. If this turns out to be the case, the modular design approach should 
be abandoned and the acid functionality and polymerizable moieties should be combined in a 
single BTA. The two first target compounds for this covalent strategy to render the LC 
superlattice found in the model system polymerizable are BTAs carrying one side chain with 
an acid group and two side chains with methacrylates or terminal double bonds. 
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6.4 Conclusions 

The phase behavior, LC structure and photopolymerization of a modular polymerizable LC 
system consisting of an acid functionalized BTA (A1), a methacrylate functionalized BTA (M3), 
and PPI-dendr have been investigated. Both the pure BTAs and the 5:3 mixture of A1/M3 form 
disordered columnar hexagonal LC phases with an isotropization temperature around 120 °C. 
The ternary 5:3:1 mixture of A1/M3/PPI-dendr displays an oblique disordered columnar LC 
phase up to 130 °C featuring a well-ordered superlattice of PPI-dendr microdomains. The 
structure of this oblique LC phase is identical to that reported earlier for the LC phases in 
mixtures containing only A1 and PPI-dendr. Hence, the methacrylate functionalized BTA does 
not interfere with the orthogonal hydrogen bonding and ionic interactions that warrant 
formation of the superlattice structure. The methacrylate groups in the ternary mixtures can be 
photopolymerized with a conversion of around 83% to yield cross-linked supramolecular 
polymers in which both the individual columns and the two-dimensional columnar 
superlattice present in the LC phase remain intact. The columnar LC structure can also be fixed 
successfully by photopolymerization in thin films (60-100 nm) prepared via spin-coating. 
However, the resulting films show limited mechanical integrity and the columns are not 
oriented uniformly perpendicular to the layer surface. 

Although the currently obtained thin films are not suitable for application as membrane 
materials, the combination of orthogonal self-assembly with a modular design strategy 
presented here has great potential in view of our general research goal to develop nanoporous 
and nanostructured materials based on polymerizable columnar LCs. The two most important 
issues that should be researched to realize this potential are: (i) alignment of the columnar 
structures by electric fields, (ii) improvement of the mechanical integrity of the polymer layers 
by increasing the layer thickness or by incorporating an acid group and polymerizable 
moieties in a single BTA. 

 

6.5 Experimental Section 

Materials. All solvents used were of AR quality or better and purchased from Biosolve, Sigma-
Aldrich or Acros. The second generation poly(propylene imine) dendrimer was obtained from SyMO-
Chem BV (Eindhoven, the Netherlands). The photoinitiator (Irgacure 819) was purchased from Ciba 
Specialty Chemicals (Basel, Switzerland). The PEDOT/PSS solution (Clevios P, VP Al 4083) was 
procured from H.C. Starck (Goslar, Germany). All other chemicals were purchased from Sigma-Aldrich 
or Acros. THF was dried over molsieves (4 Å) and subsequently distilled. CHCl3 was dried over 
molsieves (4 Å). All other chemicals were used as received. 

 
Measurements. 1H NMR and 13C NMR spectra were recorded at room temperature on a Varian 

Mercury NMR spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR). Proton chemical shifts are 
reported in ppm downfield from tetramethylsilane (Si(CH3)4, TMS). Carbon chemical shifts are reported 
downfield from TMS using the resonance of deuterated chloroform (CDCl3) as internal standard. 
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) was 
performed with a PerSeptive Biosystems Voyager-DE PRO spectrometer using an α-cyano-4-
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hydroxycinnamic acid matrix. Elemental analysis was conducted on a Perkin Elmer 2400. Differential 
scanning calorimetry (DSC) measurements were performed in hermetic T-zero aluminum sample pans 
using a TA Instruments Q2000 – 1037 DSC equipped with a RCS90 cooling accessory. The DSC 
experiments were conducted at a rate of 40 °C/min for all compounds and mixtures. All DSC samples 
containing M3 were stabilized by adding 1 wt% of an inhibitor (tert-butylhydroquinone, TBHQ). The 
samples containing PPI-dendr were annealed for 5 min at 100 °C prior to measurement. All transition 
temperatures and enthalpies were determined from the second heating run or the first heating run after 
annealing using Universal Analysis 2000 software (TA Instruments, USA). Variable temperature 
infrared (IR) spectra were recorded at an Excalibur TS 3000 MX from Biorad equipped with a Specac 
Golden Gate diamond ATR. All samples were allowed to equilibrate for 2 min at each temperature 
before recording the IR spectra, which were signal-averaged over 50 scans at a resolution of 2 cm-1. The 
room temperature IR spectra were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer with a 
Universal ATR sampling Accessory. Polarizing optical microscopy studies were conducted using a 
Jeneval microscope equipped with crossed polarizers, a Linkam THMS 600 heating stage and a Polaroid 
DMC Ie CCD camera. Wide and Small Angle X-ray Scattering (WAXS and SAXS) measurements were 
made on a Bruker AXS D8 Discover X-ray diffractometer with a Hi-Star 2D detector using CuKα-
radiation (λ  = 1.54 Å) filtered by cross-coupled Göbbel mirrors at 40 kV and 40 mA. The sample–
detector distance was set at 6 cm (WAXS) or 30 cm (SAXS). For all variable temperature measurements 
the samples were prepared between two pieces of Kapton foil (5 mm diameter, 20 µm thickness) spaced 
with an O-ring (Viton, 5 x 1 mm) in a home-built brass oven. The temperature was controlled by a 
thermo-couple and a fast-response power supply. The patterns for the A1/M3/PPI-dendr mixtures were 
collected after annealing the sample in the setup at a temperature of 100 °C for 5 min. For the room 
temperature measurements of the polymer, the sample was positioned in the beam directly and fixed 
with adhesive tape (Scotch Magic, 3M). For all SAXS and WAXS measurements, the intensities were 
corrected by subtracting a background measured without the sample under identical conditions (empty 
oven with Kapton foils or adhesive tape only). The Fit2D computer program (version 12.077) was used 
to integrate the two-dimensional scattering data obtained.40 The glass substrates used for spin-coating 
(3x3 or 5x5 cm) were cleaned by sonication in isopropanol (20 min) and UV/Ozone treatment (30 min). 
The PEDOT/PSS bottom layer was applied by spin-coating the aqueous solution at 1500 rpm for 60 s, 
and subsequent drying for 60 s at 3000 rpm. The LC layers were deposited by spin-coating the 
appropriate THF solutions (total concentration 10 mg/mL in all cases) at 1000 or 2500 rpm for 90 s. The 
polymerizations were carried out under nitrogen atmosphere in a custom made polymerization 
chamber equipped with a heating plate. The bulk samples for the bulk polymerization were prepared by 
sandwiching the LC mixture (1 w% Irgacure 819) between two glass microscope cover slides (sample 
thickness 1-2 mm). The spin-coated LC films (1.2 w% Irgacure 819) were polymerized directly on the 
glass substrates used for spin-coating. All samples were annealed in the polymerization chamber for 2 
min at 100 °C and subsequently photopolymerized at the same temperature by a 15 min flood exposure 
using a commercial facial solarium (Philips, λmax = 365 nm). The thickness of the PEDOT/PSS bottom 
layer and the polymerized thin films was determined with a Veeco Dektak 150 profilometer. Atomic 
Force Microscopy (AFM) measurements were conducted in tapping mode using an Asylum Research 
MFP-3D-Bio microscope with PPP-NCH-50 silicon cantilever tips (Nanosensors). For the Transmission 
Electron Microscopy (TEM) measurements, the samples were released from the substrates by treatment 
with demineralized water and picked up with copper TEM grids. The bright field TEM images and the 
electron scattering pattern were recorded on a Tecnai G2 20 TEM (FEI Company) operated at 200 kV. 
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The Fit2D computer program (version 13.008) was used to integrate the two-dimensional electron 
scattering data.40 

 
Synthesis of methacrylate functionalized BTA (M3). The methacrylate functionalized BTA, N,N’,N”-

tri(hexyl methacrylate)benzene-1,3,5-tricarboxamide (M3), was prepared by a reaction of benzene-1,3,5-
tricarboxylic acid chloride and aminohexylmethacrylate. First, aminohexylmethacrylate was prepared as 
follows: to a 40 mL CH2Cl2 solution of aminohexanol (10 g, 85 mmol), di-tert-butyl dicarbonate (24 g, 110 
mmol) was added slowly. After 3 h of additional stirring, 8 mL of triethylamine was added and 
subsequently 10 mL of methacryloyl chloride was added dropwise, while maintaining cooling in an ice 
bath. Stirring for 3 hours at room temperature was followed by filtration of the solution, and addition of 
100 mL CH2Cl2. The organic layer was washed with water and subjected to column chromatography 
(CHCl3/methanol, 95:5) to give the N-Boc-aminohexylmethacrylate as a colorless oil (23 g, 94 %). In the 
next step, N-Boc-aminohexylmethacrylate (4.0g 14 mmol) was deprotected with 2 M HCl diethylether 
solution and the obtained aminohexylmethacrylate hydrochloride was used for further reaction without 
purification. The deprotected amine and benzene-1,3,5-tricarboxylic acid chloride (1.0 g, 3.8 mmol) were 
dissolved in 20 mL of CH3Cl. To the mixture, triethylamine (4 mL, 29 mmol) was added dropwise, while 
maintaining cooling in an ice bath. Stirring for 30 minutes was followed by addition of 100 mL CHCl3 
and washing with water. After drying the organic layer with MgSO4 and evaporation of the solvents, the 
product was subjected to column chromatography with a CHCl3/acetone gradient (CHCl3 � 
CHCl3/acetone 3:1 v/v): yield 1.55 g (58 %). 1H NMR (400 MHz, CDCl3): δ = 7.98 (s, 3H, Ph-H), 7.45 (t, 3H, 
-NH-), 5.99 (s, 3H, H(H)C=C), 5.46 (s, 3H, H(H)C=C), 4.02 (t, 6H, CH2CO), 3.29 (m, 6H, -CH2NH-), 1.84 (s, 
9H, CH3 in methacrylate), 1.7 – 1.4 (m, 24H, other CH2). 13C NMR (100 MHz, CDCl3): δ = 167.5, 166.6, 
136.3, 135.4, 127.9, 125.3, 64.4, 40.0, 29.3, 28.4, 26.4, 25.5, 18.2. Elemental analysis: Calculated for 
C39H57N3O9: C, 65.80; H, 8.07; N, 5.90, found: C, 65.40; H, 7.89; N, 5.74. MALDI-TOF MS: Calculated: 
[M+Na]+ = 734.41 Da, observed: [M+Na]+ = 734.46 Da. 
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 X-ray Scattering Data C6, C10 and C18 

Table A1.1: Summary and Indexing of the X-ray Scattering Data for the C6, C10 and C18. 

Compound 

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

C6 150 200/110 1.43 1.43 type: Colrd (p2gg) 

  310/020 0.83 0.83 a = 2.86 nm 

  320 0.63 0.62 b = 1.65 nm 

  230 0.50 0.51 c = 0.35 nm 

  430 0.43 0.44 ρ 
[a]

 = 0.94 g/mL 

  001 0.34     

 180 100 1.44 1.45 type: Colhd (p6mm) 

  110 0.84 0.84 a = 1.67 nm 

  200 0.73 0.72 c = 0.34 nm 

  001 0.34  ρ = 0.93 g/mL 

        

        

C10 150 100 1.72 1.73 type: Colhd (p6mm) 

  110 1.00 1.00 a = 2.00 nm 

  200 0.87 0.86 c = 0.34 nm 

  001 0.34  ρ = 0.88 g/mL 

        

C18 150 100 2.21 2.21 type: Colhd (p6mm) 

  110 1.27 1.28 a = 2.55 nm 

  200 1.11 1.10 c = 0.34 nm 

  001 0.34  ρ = 0.84 g/mL 

[a] Calculated based on unit cell volume and molecular weight. 

 

MDSC Results C6, C10 and C18 
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Figure A1.1: MDSC traces for showing the heat capacity for C6, C10 and C18 (heating gray, cooling back). 
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Ohmic Conduction of C10 and C18 LC Cells 
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Figure A1.2: Limiting current (after 10 s) against the applied field in the rectangular wave switching experiments 

at 140 °C for C10 and C18. 
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POM Micrographs EO-C10 and F-C10 
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F-C10

 

Figure A2.1: POM micrographs for (left) EO-C10 annealed at room temperature for 24h after cooling and (right) 

F-C10 after slow cooling from the isotropic melt. 

 

Indexation X-ray Scattering Data 

Table A2.1: Summary and Indexing of the X-ray Scattering Data for the Amphiphilic BTAs. 

Compound 

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

EO-C10 80 halo 1.94  type: Colhd (p6mm) 

  100 1.66 1.66 a = 1.92 nm 

  110 0.96 0.96 c = 0.35 nm 

  001 0.35  ρ 
[a]

 = 0.94 g/mL 

        

        

EO-C12 80 halo 2.09  type: Colhd (p6mm) 

  100 1.76 1.76 a = 2.03 nm 

  110 1.02 1.02 c = 0.35 nm 

  001 0.35  ρ = 0.92 g/mL 

        

        

F-C10 50 100 1.58 1.58 type: Colhd (p6mm) 

  110 0.91 0.91 a = 1.82 nm 

  200 0.79 0.79 c = 0.35 nm 

  001 0.35  ρ = 1.11 g/mL 
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Table A2.1 (continued): Summary and Indexing of the X-ray Scattering Data for the Amphiphilic BTAs. 

Compound 

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

F-C10 200 100 3.78 3.78 type: Colhd (p6mm) 

  110 - 6.54 a = 1.92 nm 

  200 - 7.56 c = 0.35 nm 

  001 0.35  ρ = 1.00 g/mL 

        

F5, heating 140 100 1.88  type: Ncol  

  001 0.35  a = 1.88 nm 

     c = 0.35 nm 

        

F7 140 100 1.93  type: Ncol  

  001 0.35  a = 1.93 nm 

     c = 0.35 nm 

        

F8 140 100 1.95  type: Ncol  

  001 0.35  a = 1.95 nm 

     c = 0.35 nm 

       

F5, cooling 140 100 3.34 3.34 type: Colhd (p6mm) 

  110 5.77 5.77 a = 2.17 nm 

  001 0.35  c = 0.35 nm 

     ρ = 0.94 g/mL 

[a] Calculated based on unit cell volume and molecular weight. 
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Sample Calculation for the Density of the Mixed Mesophases 

The following sample calculation for the density is based on the values measured for the 5:1 

mixture of A1/PPI-dendr at 100 °C. All other reported densities have been calculated in the 

same manner. 

 

Overview of the relevant constants and data: 

Avogadro’s number (Nav) 6.02×1023 mol-1 

Molecular weight of the acid-modified discotic (Mw,ad) 672 g/mol 

Molecular weight of the 2nd generation PPI-dendr (Mw,PPI) 773 g/mol 

Lattice parameters (5:1, 100 °C) 

a = 5.19 nm 

b = 3.56 nm 

c = 0.35 nm 

γ = 69.9 ° 

 

Calculations: 

The unit cell volume (Vcell) follows directly from the lattice parameters: 

=⋅⋅⋅=⋅⋅⋅= 35.0)9.69sin(56.319.5sin cbaVcell γ 6.07 nm3 

For every mixing ratio x:1, we can define the average molar mass of an imaginary complex 

formed by 5 discotics and the available PPI-dendr (Mw, av) by: 

=⋅+⋅=⋅+⋅= 773
5

5
6725

5
5 ,,, PPIwadwavw M

x
MM 4133 g/mol 

If we assume a single phase with a composition equal to the mixing ratio, this average 

molecular mass should be present in one unit cell volume. Therefore, the density should be 

equal to: 

07.61002.6

4133
23

,

⋅×
=

⋅
=

cellav

avw

VN

M
ρ =1.13×10-21 g/nm3 = 1.13 g/mL 
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SAXS Results for an Aligned 5:1 Mixture 
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Figure A3.1: SAXS results for an aligned sample of the A1/PPI-dendr mixture (5:1, 80 °C). a) Two-dimensional 

SAXS pattern. The most intense diffraction peaks are indicated by the miller indices (hkl) in the oblique 

superlattice. b) Chi-plots for the three diffractions maxima labeled in Figure A3.1a. Chi is the azimuth angle 

around the beam. The arrow indicates the position of the rod holding the beam stop, which causes the abrupt drop 

in intensity. 

 

Complementary SAXS Results and Indexing 

Table A3.1: Indexing of the Complementary SAXS Data for the Mixtures of A1/PPI-dendr. 

Composition 

(A1:PPI-dendr)
 [a]

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

3:1 60 100 4.84 4.84 type: 
[b]

 Colod (p1 or p2) 
[c]

 

  200 2.40 2.42 a = 5.15 nm 

  020 1.67 1.67 b = 3.57 nm 

  300 1.61 1.61 c = 0.35 nm 

  320 1.44 1.44 γ = 69.7 ° 

  420 1.20 1.20 ρ
 [d]

 = N/A 
[e]

  

  -320/520 1.01 1.00    

  001 0.35     

 100 100 4.83 4.83 type: Colod (p1 or p2) 

  200 2.39 2.41 a = 5.16 nm 

  020 1.72 1.72 b = 3.67 nm 

  300 1.61 1.61 c = 0.35 nm 

  320 1.46 1.46 γ = 69.2 ° 

  420 1.22 1.21 ρ = N/A  

  -320/520 1.02 1.01    

  001 0.35     
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Table A3.1 (continued): Indexing of the Complementary SAXS Data for the Mixtures of A1/PPI-dendr. 

Composition 

(A1:PPI-dendr)
[a]

 

T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

4:1 60 100 4.85 4.85 type: Colod (p1 or p2) 

  200 2.41 2.43 a = 5.16 nm 

  020 1.66 1.66 b = 3.52 nm 

  300 1.62 1.62 c = 0.35 nm 

  320 1.43 1.43 γ = 70.1 ° 

  420 1.20 1.19 ρ = N/A  

  -320/520 1.01 1.00    

  001 0.35     

 100 100 4.83 4.83 type: Colod (p1 or p2) 

  200 2.40 2.42 a = 5.17 nm 

  020 1.71 1.71 b = 3.66 nm 

  300 1.61 1.61 c = 0.35 nm 

  320 1.46 1.46 γ = 69.3 ° 

  420 1.21 1.21 ρ = N/A  

  -320/520 1.02 1.01    

  001 0.35     

        

6:1 100 100 4.86 4.86 type: Colod (p1 or p2) 

  200 2.42 2.43 a = 5.17 nm 

  020 1.66 1.66 b = 3.54 nm 

  300 1.63 1.62 c = 0.35 nm 

  320 1.44 1.43 γ = 70.0 ° 

  420 1.21 1.19 ρ = 1.10 g/mL 

  -320/520 1.02 1.00    

  001 0.35     

        

7:1 100 100 4.87 4.87 type: Colod (p1 or p2) 

  200 2.42 2.43 a = 5.18 nm 

  020 1.65 1.65 b = 3.52 nm 

  300 1.62 1.62 c = 0.35 nm 

  320 1.44 1.43 γ = 70.1 ° 

  420 1.20 1.19 ρ = 1.08 g/mL 

  -320/520 1.01 1.00    

  001 0.35     

        

8:1 20 100 5.00 5.00 type: Colod (p1 or p2) 

(annealed)  200 2.49 2.50 a = 5.30 nm 

  020 1.64 1.64 b = 3.46 nm 

  300 1.66 1.67 c = 0.35 nm 

  320 1.42 1.42 γ = 70.9 ° 

  001 0.35  ρ = N/A  

[a] The composition of the mixtures is reported as the molar ratio A1/PPI-dendr. 

[b] The abbreviation of the mesophase type is given, followed by the plane group of the lattice between 

brackets. 

[c] Since the mesophase type is oblique, the plane group is either p1 or p2. The SAXS data did not allow 

us to discriminate between the two possibilities. 



Appendix 3 

 171 

[d] Calculated assuming a single phase is present with a uniform composition equal to the mixing ratio. 

See above for a sample calculation. 

[e] No density was calculated because the SAXS pattern clearly shows the presence of two phases. 

 

WAXS Patterns 12:1 and 15:1 Mixtures. 
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Figure A3.2: WAXS patterns for the 12:1 and 15:1 mixtures (A1/PPI-dendr) at 100 °C. 

 

Calculation of the Average Distance Between Two Dendrimer 

Domains in the Lamellar Phases 

The following calculations show how the average distance between two columnar 

dendrimer domains along the (100) plane in the lamellar phases was estimated. 

 

Overview of the relevant constants and data: 

Avogadro’s number (Nav) 6.02×1023 mol-1 

Molecular weight of the acid-modified discotic (Mw,ad) 672 g/mol 

Molecular weight of the 2nd generation PPI-dendr (Mw,PPI) 773 g/mol 

Interdisk distance (c) 0.35 nm 

Lamellar spacings (d100, 100 °C): 

For Col1 5.65 nm 

For Col2 6.46 nm 
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Calculation: 

In the unit cell of the original Colod phase in the 8:1 mixture there are 5 discotic molecules and, 

on average. NPPI dendrimer molecules, where 

625.0
8

5
==PPIN

 
We now assume that (i) the lamellar phases are formed by adding columns of discotics to the 

original Colod lattice as argued in the main text of Chapter 4 and that (i) the overall 

stoichiometry of the lamellar phases is higher than 12:1, because they appear together with the 

Colod phase in the 12:1 mixture. Therefore, there are at least NAD acid functionalized discotics 

per NPPI dendrimer molecules in the lamellar phases: 

5.7625.01212 =⋅=⋅= PPIAD NN  
The combined molecular weight, Mw,tot, of NAD discotics and NPPI dendrimers is: 

=⋅+⋅=⋅+⋅= 773625.06725.7,,, PPIwPPIadwadtotw MNMNM 5523 g/mol 

This molecular weight should be present in a volume, Vlam, defined by the lamellar spacing 

(d100), the interdisk distance (c) and the average distance between two dendrimer domains 

along the (100) plane (blam), which is comparable to the b lattice parameter in the original Colod 

lattice. Hence, it follows that: 

lamlam bcdV ⋅⋅= 100  
Assuming the density of the lamellar phases to be 1 g/mL (=1×10-21 g/nm3), the minimum 

average distance between two dendrimer domains along the (100) plane is given by: 

ρ⋅⋅⋅
=

cdN

M
b

av

totw

lam

100

,
 =

×⋅⋅⋅×
=

−2123 10135.065.51002.6

5523
4.64 nm for Col1 

=
×⋅⋅⋅×

=
−2123 10135.046.61002.6

5523
4.06 nm for Col2 

Both values are significantly larger than the lattice parameter in the original Colod phase (b is 

approximately 3.6 nm). 

 

MALDI-TOF MS Data for the Covalently Stabilized 8:1 Mixture 

The formation of amide bonds from the ionic complexes in a 8:1 mixture (A1/PPI-dendr) 

during annealing at 120 °C have been confirmed by MALDI-TOF Mass Spectrometry (MALDI-

TOF MS). From Figure A3.3a and b it is clear that species with significant higher masses than 

pure A1 and PPI-dendr are present in the annealed sample, while they are absent in a mixture 

that was not subjected to any heat treatment. The main high-mass peaks correspond well to 

the expected masses of molecular species consisting of a PPI-dendr and 1 to 6 covalently 

attached discotics (Table A3.2). The mass difference between these main peaks is 654 Da in all 

cases, which is the mass of one molecule of A1 minus a molecule of water that is released 

during amidation of the ionic complex. 
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Figure A3.3: MALDI-TOF MS spectra for 8:1 A1/PPI-dendr mixtures. a) Covalently stabilized sample annealed 

for 16h at 120 °C. Main high mass peaks are labeled (also see Table A3.2). b) Control sample that was not 

subjected to a heat treatment. 

 

Table A3.2: Overview of the Main Peaks in MALDI-TOF MS for the 8:1 Mixture of A1/PPI-dendr. 

Compound
 [a]

 Calculated (m/z) Observed (m/z) 

    Annealed sample Control sample 

Discotic (A1) PPI-dendr. Mass
 [b]

 Species Mass ∆ mass
 [c]

 Mass 

1 0 671.5 [M]    

  694.5 [M+Na]
+
 694.5 NA 694.7 

  710.6 [M+K]
+
 710.6 NA  

       

0 1 772.8 [M]    

  773.8 [M+H]
+
   773.9 

  795.8 [M+Na]
+
 795.7 NA  

       

1 1 1428.3 [M+H]
+
 1428.9 NA  

2 1 2082.3 [M+H]
+
 2083.2 654.3  

3 1 2736.3 [M+H]
+
 2737.4 654.2  

4 1 3390.3 [M+H]
+
 3391.7 654.3  

5 1 4044.3 [M+H]
+
 4045.5 653.8  

6 1 4698.3 [M+H]
+
 4699.3 653.8  

[a] Compounds are indicated by the number of PPI-dendr and discotics making up the molecule. 

Discotics are covalently linked to PPI-dendr via amide bonds between a terminal amine group of the 

dendrimer and the carboxylic acid group of the discotic. 

[b] The reported calculated mass is the mono isotopic mass in case the mass < 1000 Da, and the average 

mass in case the mass >1000 Da. 

[c] Observed mass difference between a covalently bonded species formed from one PPI-dendr and x 

discotics and the covalently bonded species containing (x-1) discotic(s). 
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IR Spectra & WAXS Patterns A1/Gn mixtures 

 

 

Figure A4.1: IR and X-ray scattering results for mixtures of A1 with PPI-dendr. a) IR spectra (labeling in the 

middle of the spectra, measurement temperatures identical to the WAXS patterns in Figure A4.1b). The position of 

the C=O stretch absorbance band for free acid and acid dimers is indicated by the dotted line. b) Integrated WAXS 

patterns (labeling on the right of the spectra). c,d) Selected samples of 2D patterns (maxima indicate by arrows, 

pattern labeled on the bottom). 
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SAXS Results A1/Gn mixtures 

Table A2.1: Summary and Indexing of the SAXS Data for the Mixtures of A1 with Gn. 

PPI-dendr Acid/Amine T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

G1 1:1 120 100 4.84 4.84 type 
[a]

: Colod (p1 or p2) 
[b]

 

   200 2.42 2.42 a = 5.16 nm 

   020 1.69 1.69 b = 3.60 nm 

   300 1.61 1.61 c = 0.35 nm 

   320 1.45 1.44 γ = 69.6 ° 

   420 1.21 1.20 ρ 
[c]

 = 1.09 g/mL 

   -320/520 1.00 1.00    

   500 0.97 0.97    

   001 0.35     

 5:8 130 100 4.88 4.88 type: Colod (p1 or p2) 

   020 1.71 2.44 a = 5.21 nm 

   300 1.63 1.71 b = 3.65 nm 

   320 1.47 1.63 c = 0.35 nm 

   001 0.35 1.46 γ = 69.5 ° 

      ρ = 1.00 g/mL 

         

G3 1:1 140 100 4.91 4.91 type: Colod (p1 or p2) 

   200 2.44 2.46 a = 5.23 nm 

   020 1.69 1.69 b = 3.61 nm 

   300 1.64 1.64 c = 0.35 nm 

   320 1.46 1.45 γ = 69.8 ° 

   420 1.22 1.21 ρ = 1.04 g/mL 

   -320/520 1.00 1.02    

   001 0.35     

 5:8 120 100 4.88 4.88 type: Colod (p1 or p2) 

   200 2.44 2.44 a = 5.20 nm 

   020 1.69 1.69 b = 3.61 nm 

   300 1.63 1.63 c = 0.35 nm 

   320 1.46 1.45 γ = 69.7 ° 

   420 1.21 1.21 ρ = 1.13 g/mL 

   -320/520 1.00 1.01    

   001 0.35     
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Table A2.1 (continued): Summary and Indexing of the SAXS Data for the Mixtures of A1 with Gn. 

PPI-dendr Acid/Amine T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

G4 1:1 135 100 5.02 5.02 type: Colod (p1 or p2) 

   200 2.51 2.51 a = 5.33 nm 

   020 1.69 1.69 b = 3.60 nm 

   300 1.68 1.67 c = 0.35 nm 

   320 1.47 1.46 γ = 70.3 ° 

   420 1.22 1.23 ρ = 1.03 g/mL 

   001 0.35     

 5:8 140 100 4.86 4.86 type: Colod (p1 or p2) 

   200 2.42 2.43 a = 5.20 nm 

   020 1.72 1.72 b = 3.67 nm 

   300 1.62 1.62 c = 0.35 nm 

   320 1.47 1.46 γ = 69.3 ° 

   420 1.22 1.21 ρ = 1.13 g/mL 

   -320/520 1.01 1.01    

   001 0.35     

[a] The mesophase type, followed by the plane group of the lattice between brackets. 
[b] The SAXS data did not allow us to discriminate between the two possible plane groups (p1 or p2). 

[c] Calculated assuming a single phase is present with a uniform composition equal to the mixing ratio. 
See Appendix 3 for a sample calculation. 

 

IR Spectra: G2, l-PEI-low & PFS  

 

Figure A2.2: Infrared spectra at 25 °C for G2, l-PEI-low and PFS. The gray line indicates the position of the 

Amide I absorption band in the mixtures with A1 that was used for the estimation of the extent of complexation. 
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SAXS Results A1/b-PEI mixtures 

Table A2.2: Summary and Indexing of the SAXS Data for the Mixtures of A1 with b-PEI. 

Polymer wt% T 

(°C) 

hkl dobs 

(nm) 

dcalc 

(nm) 

lattice type and parameters 

b-PEI 14 100 100 4.99 4.99 type 
[a]

: Colod (p1 or p2)
 [b] 

   020 1.68 1.68 a = 5.29 nm 

   300 1.66 1.66 b = 3.56 nm 

   320 1.45 1.45 c = 0.35 nm 

   001 0.35  γ = 70.4 ° 

      ρ 
[c]

= 1.05 g/mL 

         

 18 100 100 4.91 4.91 type: Colod (p1 or p2) 

   020 1.68 1.68 a = 5.22 nm 

   300 1.63 1.64 b = 3.58 nm 

   320 1.45 1.45 c = 0.35 nm 

   -320/520 1.01 1.01 γ = 70.0 ° 

   001 0.35  ρ = 1.11 g/mL 

[a] The abbreviation of the mesophase type is given, followed by the plane group of the lattice between 
brackets. 

[b] Since the mesophase type is oblique, the plane group is either p1 or p2. The SAXS data did not allow 
us to discriminate between the two possibilities. 

[c] Calculated assuming a single phase is present with a uniform composition equal to the mixing ratio. 
See Appendix 3 for a sample calculation. 

 

Calculation Free-energy of Confinement l-PEI 

The following calculation was performed as a first estimate of the order of magnitude of the 
free-energy of confinement for the l-PEI chains in the columnar domains of the superlattice. 

 
Overview of the relevant constants and data: 
Avogadro’s number (Nav) 6.02×1023 mol-1 
Diameter of the pore in the superlattice (Ds) 17 Å 
Boltzman’s constant (kb) 1.38×10-23 J/K 
Temperature, 100 °C 373 K 
Characteristic ratio PEI at 100 °C (C∞)1 6.35 - 
Conformational data poly(ethylene) (average backbone 
angle θ, backbone bond length l)2 

Cos2(θ/2) = 0.69 - 
l/Cos(θ/2) = 1.86 Å 
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Calculations: 
Assuming that polymer chains of linear PEI in the LC phase can be regarded as molten, ideal 
chains of N Kuhn segments of length b following Gaussian statistics, the free-energy of 
confinement (F) for a chain in a cylinder with a diameter D equals:3 

3

5









=

D

b
TNkF b          (1) 

However, we are interested in the free-energy per mol repeat unit (Frep) and thus we have to 
divide (1) by the number of repeat units n and multiply by Avogadro’s number: 

3

5









=

D

b

n

N
TNkF avbrep

        (2) 

The Kuhn-length (b) of PEI appearing in this formula can be estimated using the characteristic 
ratio of PEI (C∞) and backbone parameters equal to poly(ethylene), via2 

=⋅== ∞ 86.135.6
)2/cos(θ

l
Cb 11.8 Å      (3) 

Using the definition of the characteristic ratio, we can calculate N/n by writing2 

===
∞ 35.6

69.0)2/(cos2

Cn

N θ
0.11  `      (4) 

The free-energy for confinement in the superlattice per mol repeat units now follows from (2) 
by using D = Ds 

=







⋅⋅×⋅⋅×=








=

−
3

5

2323
3

5

17

8.11
11.010023.63731038.1

s

avbrep
D

b

n

N
TNkF 0.2 kJ/mol repeat unit 
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Hydrogen Bonded Columnar Liquid Crystals for 

Nanostructured Functional Materials 
 

Many functional materials rely on a well-organized internal structure for their functional 

properties. The length scale of this organization can vary from the atomic level (e.g., 

piezoelectric crystals) to a macroscopic length scale exceeding the dimensions of individual 

molecules (e.g., porous materials). This thesis explores the possibility to use columnar liquid 

crystals as a basis for nanostructured functional materials with the specific aim to develop new 

membrane materials with well-defined nanopores (1-5 nm). 

Chapter 1 introduces liquid crystals (LCs) as self-assembled soft materials that possess 

orientational order without three-dimensional positional order. The columnar LC phases 

studied in this thesis consist of discotic molecules with a benzene-1,3,5-tricarboxamide (BTA) 

core that form columns with an axial macrodipole due to the head-to-tail alignment of 

hydrogen bonded amides. As a general design approach, we aim for highly ordered, 

polymerizable columnar LCs in which two components are phase separated on a nanometer 

scale in a so-called superlattice. Such materials offer a potential route to nanostructured and, 

after selective removal of one of the components, nanoporous polymers that combine a 

superlattice structure with the dipolar properties of BTAs. 

In Chapter 2, it is shown that the hydrogen bonded hexagonal columnar LC phases formed 

by BTA derivatives are not ferroelectric but can be aligned uniformly by an electric field and 

display ferroelectric switching behavior with a high spontaneous polarization. The dielectric 

relaxations and ferroelectric switching in symmetrically substituted BTAs with alkyl chains 

varying in length between six and eighteen carbon atoms were investigated. Dielectric 

relaxation spectroscopy (DRS) revealed a columnar glass transition around 41-54 °C and a 

relaxation process at higher temperatures originating from the collective reorientation of 

amide groups along the column axis (macrodipole inversion). Electro-optical switching 

experiments on aligned samples showed that this reorientation gives rise to extrinsic 

ferroelectric switching characterized by a spontaneous polarization and coercive field of 1-2 

µC/cm2 and 20-30 V/µm respectively. In the absence of an external field, the polarization is lost 

in 1-100 s proving that the phases are not ferroelectric. The columnar glass transition might be 

used to freeze the orientation of the macrodipole and achieve permanent polarization. 

In Chapter 3, several amphiphilic discotics with a BTA core are described that form 

hexagonal and nematic columnar LC phases, some of which show a disordered superstructure 

of phase separated microdomains. The thermotropic phase behavior of two types of 

amphiphilic discotics was studied: (i) discotics with two alkyl chains and one incompatible 

moiety coupled directly to the core and (ii) essentially symmetric discotics where one of the 

alkyl chains is extended with a chemically dissimilar chain. The BTAs with a directly coupled 

tri(ethylene oxide) (EO) chain and fluorocarbon (F) chain both form hexagonal columnar LC 

phases. Only incorporation of EO-chains leads to a highly disordered superstructure within 

the hexagonal lattice. The extended discotics form nematic columnar phases as a result of the 

packing frustration caused by the extending F-chains. The absence of highly ordered structures 
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can be explained by the limited conformational freedom in the molecular and supramolecular 

structure of the columns and insufficient phase separating ability of the dissimilar chains. 

In Chapter 4, a system is described in which an acid functionalized BTA and poly(propylene 

imine) dendrimer (PPI-dendr) self-assemble into a new type of oblique columnar LC phase 

that displays a well-ordered superlattice. The orthogonal combination of hydrogen bonding in 

the columnar direction and ionic interaction in the plane perpendicular to the columns gives 

rise to a structure in which the dendrimer is confined to separate columnar domains (diameter 

1-2 nm). The structure of the mesophases formed in the mixed system was elucidated by 

infrared spectroscopy and X-ray scattering. Investigation by differential scanning calorimetry 

(DSC) showed that the LC phase is most stable in an 8:1 molar mixture but remains stable over 

a wide range of temperatures and compositions. In dendrimer enriched mixtures the lattice 

swells to take up more dendrimer, while discotic enriched mixtures show lamellar phases with 

a columnar structure that is probably closely related to the oblique superlattice. 

Chapter 5 shows that the principle of orthogonal self-assembly as introduced in Chapter 4 is 

generally applicable to create LC superlattices of amine containing polymers. The structure 

and phase behavior of mixtures of the acid-modified BTA with a low molecular weight amine, 

different generations PPI-dendr, branched and linear poly(ethylene imine), and the linear 

organometallic polymer poly(ferrocenylsilane) were investigated. The superlattice only forms 

when the phase separated structure is reinforced through supramolecular ionic cross-links 

provided by large molecules and polymers, while the largest PPI-dendr cannot deform into the 

columnar structure of the superlattice. In case of linear poly(ethylene imine), the structure and 

stability of the superlattice is independent of chain length up to high molecular weight (250 

kDa). The calorimetric results further indicate that branching stabilizes the superlattice 

structure. These effects of the structure of the amine containing component are consistent with 

the structural model of the LC superlattice. 

In Chapter 6, fixation of the self-assembled LC superlattice described in Chapter 4 is 

reported. Cross-linking was made possible by functionalizing the system in a modular fashion 

by mixing in a polymerizable BTA. The phase behavior, LC structure and 

photopolymerization of a ternary mixture consisting of the acid functionalized BTA, a 

methacrylate functionalized BTA, and PPI-dendr were studied. X-ray scattering showed that 

the ternary 5:3:1 mixture displays an oblique disordered columnar LC phase featuring a well-

ordered superlattice of PPI-dendr microdomains identical to that found for the non-

polymerizable mixtures. The ternary mixture can be photopolymerized in bulk and thin films 

(60-100 nm) to yield cross-linked supramolecular polymers in which both the columns and the 

two-dimensional columnar superlattice remain intact. However, the columns are not oriented 

uniformly perpendicular to the surface of the films as indicated by transmission electron 

microscopy. 

Although the polymerized materials have not been tested as nanoporous membranes, the 

work described in this thesis illustrates that multicomponent LC superlattices obtained 

through orthogonal self-assembly based on BTAs have great potential to integrate permanent 

polarization with other functionalities in a single material (e.g., porosity, conductance). 
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Waterstofgebrugde Kolomnaire Vloeibare Kristallen 

voor Nanogestructureerde Functionele Materialen 
 

De functionele eigenschappen van veel materialen komen voort uit een goed georganiseerde 

interne structuur. De lengteschaal waarop functionele materialen georganiseerd zijn kan 

variëren van het atomaire niveau (b.v. piëzo-elektrische kristallen) tot lengteschalen die veel 

groter zijn dan de individuele moleculen waaruit het materiaal bestaat (b.v. poreuze 

materialen). Dit proefschrift onderzoekt de mogelijkheden die kolomnaire vloeibare kristallen 

bieden om nanogestructureerde functionele materialen te ontwerpen met als specifiek doel om 

membraanmaterialen te ontwikkelen met goed gedefinieerde nanoporiën (1-5 nm). 

In Hoofdstuk 1 worden vloeibare kristallen geïntroduceerd als zachte materialen waarin 

moleculen eenzelfde gemiddelde oriëntatie hebben, maar niet compleet driedimensionaal 

geordend zijn. De vloeibare kristallen die in dit proefschrift worden gebruikt, bestaan uit 

schijfvormige moleculen gebaseerd op benzeen-1,3,5-tricarboxamide (BTA). BTAs vormen 

kolommen via drievoudige waterstofbruggen tussen de amides en hebben een macroscopisch 

dipoolmoment in axiale richting, omdat alle amides in een kolom in dezelfde richting staan. 

Het doel is om polymeriseerbare vloeibare kristallen te ontwerpen waarin twee componenten 

door fasescheiding in een zogenaamd superrooster geordend zijn. Deze materialen 

combineren de nanostructuur van het superrooster met de dipolaire eigenschappen van BTAs. 

Bovendien leidt selectieve verwijdering van één component direct tot nanoporeuze materialen. 

Hoofdstuk 2 laat zien dat waterstofgebrugde hexagonale kolomnaire vloeibaar-kristallijne 

(VK) fases van BTAs niet ferro-elektrisch zijn. De fases zijn echter wel ferro-elektrisch schakel-

baar en kunnen worden uitgelijnd in een elektrisch veld. De dielektrische relaxaties en het 

ferro-elektrisch schakelgedrag van drie symmetrische BTAs met alkylketens van verschillende 

lengte zijn onderzocht. Dielektrische relaxatie spectroscopie heeft een kolomnaire glas-

overgang aan het licht gebracht en een relaxatieproces dat voortkomt uit de collectieve her-

oriëntatie van de amides parallel aan de as van de kolommen. Met elektro-optische experi-

menten is aangetoond dat BTAs ferro-elekrisch schakelen met een coërcitieveld van 1-2 

µC/cm2. De fases zijn niet ferro-elektrisch, omdat de spontane polarisatie (20-30 V/µm) zonder 

extern veld verloren gaat in 1-100 s. De glasovergang biedt mogelijkheden om de oriëntatie 

van de macrodipool in the vriezen en zo materialen met permanente polarisatie te verkrijgen. 

In Hoofdstuk 3 staan amfifiele BTAs beschreven die hexagonale en nematische kolomnaire 

VK fases vormen zonder goed georganiseerde superstructuur van fasegescheiden micro-

domeinen. Het thermotrope fasegedrag van twee soorten amfifielen is onderzocht: (i) BTAs 

met twee alkylketens en één incompatibele zijketen die direct aan de BTA-kern gekoppeld zijn 

en (ii) vrijwel symmetrische BTAs waar één van de alkylketens verlengd is met een ge-

fluoreerde (F) keten. BTAs met een direct gekoppelde tri(ethyleenoxide) (EO) keten of F-keten 

vormen hexagonale kolomnaire VK fases. Slechts voor de verbindingen met EO-ketens leidt 

fasescheiding tot een wanordelijke superstructuur in het hexagonale rooster. De verlengde 

BTAs vormen nematische fases, omdat de relatief stijve F-keten de pakking van de kolommen 

verstoort. Het feit dat er geen goed geordende superstructuren worden gevormd in deze 



Samenvatting 

 184 

systemen kan verklaard worden door onvoldoende fasescheiding van de niet-mengbare ketens 

en de beperkte conformationele vrijheid in de moleculaire en supramoleculaire structuur van 

de BTA-kolommen. 

Hoofdstuk 4 laat zien dat zelf-assemblage van een BTA met een vrij carbonzuur en een 

poly(propyleenimine) dendrimeer (PPI-dendr) leidt tot een kolomnaire VK fase met een zeer 

goed geordend superrooster. Het dendrimeer vormt in dit rooster aparte kolomnaire micro-

domeinen (diameter 1-2 nm), omdat de waterstofbrugging langs de as van de kolommen en de 

ionische interacties in het vlak van het tweedimensionale rooster elkaar niet beïnvloeden 

(orthogonale interacties). De structuur van de gemengde fases is opgehelderd met behulp van 

infraroodspectroscopie en röntgenverstrooiing. Caloriemetrische metingen lieten zien dat de 

fase met het superrooster het meest stabiel is in een molaire mengverhouding van 8:1, maar 

dat deze fase stabiel blijft in een breed temperatuurs- en samenstellingsgebied. In mengsels 

met meer dendrimeer zet het rooster iets uit, terwijl mengsels met meer BTA lamellaire fases 

vormen die qua structuur vermoedelijk sterk lijken op het superrooster. 

In Hoofdstuk 5 wordt aangetoond dat het in Hoofdstuk 4 geïntroduceerde principe van 

orthogonale zelf-assemblage algemeen toepasbaar is om polymeren met aminegroepen te 

organiseren in een VK superrooster. De structuur en het fasegedrag van mengsels van de BTA 

met een carbonzuurgroep en een amine met laag molgewicht, verschillende generaties PPI-

dendr, vertakt en lineair poly(ethyleenimine) en poly(ferrocenylsilaan) zijn onderzocht. Het 

superrooster wordt alleen gevormd in mengsels met grote moleculen en polymeren, omdat in 

die gevallen fasescheiding verder wordt versterkt door ionische crosslinks. Echter, het grootste 

PPI-dendr kan niet genoeg vervormen om in de kolomnaire structuur van het superrooster te 

passen. Voor lineair poly(ethyleenimine) is het fasegedrag en de structuur van de fase 

onafhankelijk van de ketenlengte tot een zeer hoog molgewicht (250 kDa). Met calorimetrische 

metingen is aangetoond dat vertakking de VK fase stabiliseert. De invloed van de structuur 

van de component met aminegroepen in het mengsel is in overeenstemming met de 

voorgestelde structuur van het superrooster. 

In Hoofdstuk 6 staat de fixatie van de VK fase uit Hoofdstuk 4 centraal. Door een 

polymeriseerbare BTA in the mengen, is het systeem op modulaire wijze gefunctionaliseerd en 

zijn nanogestructureerde polymeren verkregen. Het fasegedrag, de VK structuur en de 

fotopolymerisatie van een ternair mengsel bestaande uit de carbonzuur bevattende BTA, een 

BTA met methacrylaatgroepen en PPI-dendr zijn onderzocht. Röntgenvestrooiing heeft 

bevestigd dat ternaire mengsels met een molverhouding van 5:3:1 eenzelfde kolomnaire VK 

fase vormen als de niet-polymeriseerbare mengsels. Het ternaire mengsel kan gepolymeri-

seerd worden met UV-licht tot nanogestructureerde polymeren waarin het kolomnaire super-

rooster intact is. Uit elektronenmicroscopie is gebleken dat polymerisatie van dunne lagen (60-

100 nm) resulteert in materialen waarin de kolommen geen uniforme oriëntatie hebben. 

Ondanks dat de gepolymeriseerde materialen niet als nanoporeuze membranen getest zijn, 

heeft dit proefschrift duidelijke aangetoond dat de zelf-assemblage van VK superroosters 

gebaseerd op BTAs een veelbelovende methode is om permanente polarisatie in één materiaal 

te integreren met andere functionaliteiten zoals porositeit of geleiding. 
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Het is ongelooflijk. Ik ben alweer bezig de laatste, en hoogstwaarschijnlijk bestgelezen, twee 

pagina’s te schrijven van een proefschrift waarvan ikzelf nog amper vier jaar geleden bijna 

niets zou hebben begrepen. Ik ga, geheel tegen mijn natuur in, proberen dit dankwoord relatief 

zakelijk en kort te houden. Dat betekent dat ik alle studenten, kamergenoten, SMO/MST-leden 

en -alumni die hebben bijgedragen aan een geweldige promotieperiode niet bij naam en 

toenaam zal noemen. Dat doet echter niets af aan mijn waardering voor iedereen waarmee ik 
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manier van begeleiden vol kan houden, want daarin ligt, naar mijn mening, jouw grote kracht. 
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Voor het werk dat beschreven staat in Hoofdstuk 2 moet ik zoveel mensen bedanken, dat ik 

me bijna afvraag wat ik zelf nog heb bijgedragen. Allereerst wil ik Michael Wübbenhorst 

bedanken voor onze samenwerking. Ik ben blij dat je de metingen aan mijn verbindingen in 

jouw drukke schema hebt kunnen inpassen, want er zijn uiteindelijk toch twee leuke verhalen 

uitgekomen! Pieter Magusin en Brahim Mezari, bedankt voor de hulp bij de solid-state NMR 

metingen. Ik wil Stefan Meskers graag bedanken voor het feit dat zijn deur altijd open stond 

voor een fysisch-chemisch getinte vraag. Dago de Leeuw en Kamal Asadi wil ik bedanken 

voor de tijd die zij hebben genomen om mijn resultaten door te spreken en mij van tips te 

voorzien. Martijn Kemerink ben ik heel erg dankbaar voor zijn interesse in en actieve bijdrage 

aan de ferro-elektrische schakelmetingen het afgelopen halfjaar. Tot slot, Christian Roelofs, 

zonder jouw zelfstandige houding en prachtige metingen was Hoofdstuk 2 niet geworden wat 

het is en had ik een stuk minder begrepen van ferro-elektrica. Christian, bedankt! 

Voor het werk in Hoofdstuk 3 ben ik vooral dank verschuldigd aan de mensen die mij enige 

handigheid in organische synthese hebben (terug)gegeven: Jorg Roosma, Anja Palmans, 

Jolanda Spiering en Patrick Stals. Bovendien heeft Patrick de hand gehad in het leeuwendeel 
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van de verbindingen die ik gebruikt heb in dit proefschrift. Patrick, ik vond het super om jou 

te begeleiden en ik hoop dat jij net zoveel van mij hebt opgestoken als ik van jou! 

For most of my early work and especially the work described in Chapter 4, I am greatly 

indebted to Itsuro Tomatsu. As they say, you never truly appreciate what you have until it is 

gone. Itsuro, the last two years of my PhD I have really missed our frequent discussions, your 

beautifully recrystallized compounds (no column if it can be avoided!) and your presence on 

the lab. It is here that I would also like to thank Rafael Martín-Rapún en Dmitry Byelov for the 

good and the bad times we had during X-ray measurements (Grenoble and AMOLF). Both of 

you really helped me to get the hang of performing and interpreting X-ray measurements. 

Voor mijn prettige tijd bij AMOLF wil ik ook Ernst Prins en Wim de Jeu bedanken. Ernst, je 

stond altijd klaar om de generator op te lappen of mij te helpen met een sample-houder, 
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Voor de röntgenresultaten van Hoofdstuk 5 moet ik in de eerste plaats Ben Norder 

bedanken. Ik heb onze samenwerking van het begin af aan erg prettig gevonden en voor twee 
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for your input regarding the effect of branching in the LC phases described in Chapter 5. 

Voor de totstandkoming van Hoofdstuk 6 heb ik zo ongeveer alle leden uit de groep van 

Dick Broer wel minimaal één keer lastig moeten vallen, terwijl ik bijna nooit iets terug kon 

doen. An, Ko, Joost, Casper en Pit, bedankt voor jullie adviezen en geduld! Voor de nodige 
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Papen-Botterhuis, Jan Gilot, Stefan Oosterhout en Martijn Wienk. Anne Spoelstra en Svetlana 
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opmerkingen. Ik vind het echt heel gaaf dat jij mijn paranimf wilt zijn! Michel, mijn andere 
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eindstreep. Ook bedankt voor het feit dat ik heb mogen meeliften op jouw enorme 
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waarschijnlijk de enige persoon bent waarvoor ik af en toe moeilijker ben dan voor mezelf. 
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